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PREFACE

Leomidas Zervas, Emeritus Professor of organic chemistry at the University
of Athens, and past president of the National Academy of Greece, cele-
brated s seventicth birthday this past year. For almost fifty years Zervas
devoted his scientific skills and perception to the advancement of chemistry,
particularly in the field of peptides and proteins. Indeed, his efforts, along
with those of his teacher, co-worker. and friend, Max Bergmann, laid the
foundations for a new era in the chemistry of peptides and proteins.

Many of his colleagues and former students felt that it would be most
appropriate at this time to honor him with a commemorative volume. They
have contributed to this volume chapters describing some of their work and
reviewing the advancements in particular areas of polypeptide chemistry.
They dedicate this volume to Leonidas Zervas as an expression of their
esteemn and appreciation for the role he has played for the past half-century
in the field of peptides and proteins.

July, 1973 P. G. Katsoyannis
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CHAPTER 1

THE SCIENTIFIC WORK OF
LEONIDAS ZERVAS

Panayotis G. Katsoyannis

Mount Sinai School of Medicine of the City University of New York
New York. N.Y.

Leonidas Zervas was born in Megalopolis, Greece, in 1902. He graduated
from high school in the town of Kalamata in 1918 and attended the School
of Natural Sciences, Chemistry Section, University of Athens, for 2 years.
In 1921, he interrupted his studies in Athens and moved to Berlin, where he
attended the Philosophical Faculty {Chemistry Section), the University of
Berlin, and received his Ph.D. degree in chemistry in 1926.

Upon completion of his studies in Berlin, he went to Dresden to the
Kaiser-Wilhelm Institut, of the Kaiser-Wilhelm Gesellschaft, known today
as the Max Planck Gesellschaft, where he carried out his thesis work. The
late Max Bergmann was then director of the Institute. Zervas worked with
Bergmann as a research associate (1926-1929), and later as Head of the
Organic Chemistry Section (1929-1934). During the latter 5 years, he served
also as the Deputy Director of the Institute. In 1933, notwithstanding the
protests of the Kaiser-Wilhelm Gesellschaft, Bergmann suffered the fate of
many other distinguished scientists and was forced to resign. Zervas, per-
suaded by Bergmann and the Kaiser-Wilhelm Gesellschaft, remained as
Deputy Director of the Institute to finish up the work in progress. He resigned
that post in 1934 and joined Bergmann at the Rockefeller Institute of Medical
Research in New York, the present-day Rockefeller University. In 1937,
Zervas was named Professor of Organic Chemistry and Biochemistry at the
University of Thessaloniki, Greece. In 1939, he was appointed Professor of
Organic Chemistry at the University of Athens. He held this chair until his
retirement in 1968. He was elected a member of the National Academy of
Greece{Academy of Athens)in 1956 and served as its President in 1969-1970.

1



2 Chapter 1

Zervas was the recipient of many honors from distinguished scientific
societies and universities. Among these may be mentioned his honorary
membership in the American Society of Biological Chemists. The University
of Basel, on the occasion of its Fifth Centennial Celebration, conferred on
Zervas an honorary doctorate degree. He is among the founders and served
for 10 vears as a Vice-President of the Royal Hellenic Research Foundation.

The scientific work of Zervasis concerned with problems of pure organic
chemistry and with chemical problems closely related to biochemistry.
Specifically, this work deals with chemical aspects of carbohydrates, with
methods of phosphorylation of hydroxy and amino compounds, and with
the chemistry of amino acids, peptides, and proteins. Many of his publica-
tions on amino acids and peptides during the period from 1926 to 1936
represented a common effort with his teacher, coworker, and friend, Max
Bergmann. In a very real sense, the present volume is also a tribute to that
great scientist. In this chapter 1 will try to present a brief survey of the
scientific contributions of Zervas and, regretfully, omit the relevant con-
tributions of other investigators.

Throughout his scientific career, Zervas has shown a particular interest
in problems related to carbohydrates and amino sugars. In this interest, he
follows the tradition that Bergmann has inherited from Emil Fischer. Zervas,
in his first published work in this area, reported (in 1930) on the synthesis
and the determination of the stereochemical configuration of sturacitol [1]
and polygallitol[2](Fig. 1). Sturacitol was synthesized by catalytic hydrogena-
tion of tetra-O-acetyl-2-hydroxy-p-glucal. Its conversion, through a series of
intermediates, to D-fructose established sturacitol as 1,5-anhydro-p-mannitol.
Similarly, the conversion of tetra-0O-acetyl-z-D-glucosyl bromide via catalytic
hydrogenation and deacetylation to polygallitol proved the latter compound
to be 1,5-anhydro-n-sorbitol.

When it became known that in natural products D-fructose is present in
the furanoid configuration, intensive efforts were directed toward the
preparation of such compounds. The synthesis of several crystalline deriva-

|
(":Hz . CH.
HOCH J HCOH
HOCH ; HOCH
HCOH | HCOH
HCO ———— HCO
CH,OH CH,OH

Fig. 1
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CH,OH CH,0Bz CH,OH CH,0Bz
(‘Z(OH)CN HO(‘:—--—! /ocl: Hot
‘ ‘ (CHa}C . or

HOCH HOCH ocC BzOCH
HCOH— — HEOH ‘ -~ HCOH COBz
HEOH o~ HEo HEO

(‘:HZOH éHZOBz (EHROH CIEHzoBz

[3] [4] (5] [6]

Bz = C,H,CO

Fig. 2

tives of fructofuranose was accomplished. For these syntheses, the cyano-
hydrin of D-fructose [3] served as the starting material (Fig. 2). Partial
benzoylation in the 1,6-positions followed by removal of hydrogen cyanide
led to 1,6-di-O-benzoyl-p-fructose [4], which in turn was converted to
2,3-isopropylidene-nD-fructofuranose [5] or 1,3,4,6-tetra-0-benzoyl-np-fructo-
furanose {6]. Both these products proved very useful in further synthetic
processes.

Of particular interest are the studies carried out in the early 1930s related
to D-glucosamine. Isolation of chitobiose upon acetolysis of chitin led to the
elucidation of the general structure of this polysaccharide. The finding that
chitobiose is N-acetyl-f-D-glucosaminyl-(1 — 4)-N-acetyl-D-glucosamine
implied that chitin has the general structure of cellulose, the only difference
being the replacement of the hydroxyl group at C-2 in cellulose by the
N-acetyl moiety in chitin. The stereochemical configuration of p-glucosa-
mine was established as that of 2-amino-n-glucose by taking advantage of
the stereospecificity of peptidases in the hydrolysis of peptide bonds involving
L-¢-amino acids. In these studies, D-glucosamine was oxidized to D-
glucosaminic acid [7], which in turn was coupled with glycine to yield
glycylglucosaminic acid [§] or glucosaminylglycine [9] (Fig. 3). Both the
latter dipeptides were not hydrolyzed by proteolytic enzymes. The cor-
responding dipeptides of the p-mannosaminic acid [/0], obtained by epi-
merization of D-glucosaminic acid, were readily hydrolyzed by peptidases.
Tetra-0-acetyl-f-D-glucosamine [/2], which proved to be a very useful
intermediate in the synthesis of glycopeptides, was prepared in the following
manner {Fig. 4): The amino group of p-glucosamine was initially protected
by conversion to a Schiff's base, the hydroxyl groups were acetylated [1/],
and this product was partially deblocked with 1 equivalent of strong acid.
Benzoylation of compound [/2] followed by deacetylation produced
N-benzoyl-D-glucosamine { 73], which in turn, upon interaction with acetone,
was converted to an oxazolidone derivative [/4]. The oxazolidone was an
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COOH COCH CO—NHCH_,COOH
H(IINH—COCHZNHz HCNH, HCNH,
(C‘.HOH)a e—— {(CHOHW), ——— (CHOH),
C‘:HZOH CH,OH CH,OH
(8] [73 [91
| pyridine
COOH
H_NCH
(CHOH),
CH,OH
[10]
Fig. 3
AcQCH ACOEH HCOH
H(llH:CHR HC‘:NHE H(‘:NHCOCGHs
AcO(liH —F Acoc‘tH ————b HO(‘iH
HCOAc HCOAc H(‘.‘.OH
HCO—F H(EO— H(EO
cI:H,OAc CH,0Ac (’:H20H
[77] [12) (13 |
ueo_
N
| /ccsHﬁ
HCN
H0(|3H
HE
H(|30———C(CH3)2
CH,0
[14
Fig. 4

important intermediate in the synthesis of D-glucosaminofuranosides. The
acetylated Schiff's base [//] served also as the starting material for the
synthesis of D-glucosaminopyranosides.

It had been known for some time that a benzyl or substituted benzyl
group attached to an oxygen atom asin alcohols, to an amino nitrogen orto a
sulfur atom as in thicethers, is removed by hydrogenolysis as toluene or the
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1 ]
CH(CH_),CHCOOH i CHa (CH4),CHCOOH
N=CHR, NH, NH, NHCOR,
[75] [76]

Fig. 5

corresponding substituted derivative. In 1930, Bergmann and Zervas began
applying this interesting reaction in a variety of synthetic processes. The
synthetic sequence generally involved the preparation of intermediates
whose functional groups were appropriately protected, i.e., by benzylation.
The protecting groups were removed by catalytic hydrogenation in the final
step of the synthesis. Originally, this sequence was used for protection of
hydroxyl groups of carbohydrates through the formation of cyclic acetals
with benzaldehyde. Such protected intermediates were subsequently em-
ployed for the synthesis of a variety of carbohydrate denivatives. Of more
significance, however, was the extension of this reaction to the now famous
“carbobenzoxy method™ so widely used today in the synthesis of peptides.
This will be discussed subsequently.

Zervas, in his doctoral thesis, referred to Schiff's bases of amino acids
with aromatic aldehydes. The basic amino acids give rise to monoderivatives.
Thus lysine with aromatic aldehydes produces a Schiff’s base with the N*
group only [/5], and the free o-amino function can then be involved in the
synthesis of N*-acyllysine derivatives [76] {Fig. 5). Such an approach has
indeed heen used by Zervas in recent years o the synthesis of lysine-
containing peptides. The Schiff s base of arginine proved to be a very in-
soluble compound even in dilute alkali, and this property was extensively
employed for the removal of arginine from protein hydrolysates.

Because of its structure, arginine possesses many unusual properties, a
fact that did not escape the scrutiny of Bergmann and Zervas. One of their
early findings was the realization that the free ester of arginine [17] rapidly
undergoes disproportionation to give rise to racemic o,d-guanido valeric
acid anhydride [/9] and ornithine [20], presumably through an arginyl-
arginine [1§] intermediate (Fig. 6). It was further shown that with arginine
derivatives with an unprotected guanidino group, rapid racemization takes
place when the a-amino and carboxyl groups participate in some kind of
ring formation. Thus racemization of an L-phenylalanyl-L-arginine dioxo-
piperazine derivative was found to take place rapidly (half-life approxi-
mately 30 min). Racemization of cychic derivatives, e.g, hydantoins or
dioxopiperazines, of other amino acids proceeds slowly even in the presence
of dilute alkali (half-life more than 15 hr).

Of particular importance was the study of the racemization of optically
active N-acylamino acids under the action of catalytic amounts of acid
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CH2CH,CH,GHCOOCH, CHCH,CH,CHCO—NHENHCH, CH,CH, CHCOOCH,
NH NH, — | N NH, NH NH,
C=NH C==NH
NH, NH,
[17] [18]
J
CHQCHQCHZ?H*(IZO CH,CH,CH,CHCOOH
| +
|'qu HN\ /NH NH: NHz
C=NH ¢
NH, NH
[79] [20]
Fig. 6
RCHCOOH % R<|:H—(|;o . RC|:*—=(|:OH
NHCOCH A
OCH, N%/o NQ\C/O
| |
CH, CH,
Fig. 7

anhydrides such as acetic anhydride. Under such conditions, racemization
occurs rapidly, presumably through the formation and subsequent enoliza-
tion of an oxazolone (Fig. 7). Excess of acetic anhydride leads to the quantita-
tive formation of racemic oxazolones. N-Acylpeptides behave in exactly
the same fashion. In this case, however, racemization is not confined only to
the C-terminal amino acid residue. Thus interaction of acetic anhydnide
with N-acetyl-L-phenylalanyl-L-tyrosine leads not only to complete race-
mization of the tyrosine residue but also to partial racemization of the
penultimate phenylalanine residue. Apparently, this occurs because the
oxazolone [27] formed undergoes further intramolecular tautomerizations
[22] and [23] (Fig. 8). The assumption that an oxazolone intermediate is
formed was based on the fact that N-acyl derivatives of amino acids con-
taining a secondary amino group (which therefore cannot form an oxazolone)
usually are not racemized under the abovementioned conditions. It is well
known that occasionally racemization also takes place during peptide bond
formation. In recent years, intensive studies by several investigators, and
particularly by Young, on this critical matter have indicated that in many
instances this racemization also proceeds via oxazolone formation. It
should be pointed out. however. that other investigators have reporited cases



Scientific Work of Leonidas Zervas 7

where racemization without oxazolone formation may take place by simple
proton abstraction from the asymmetrical a-carbon atom.

Racemic oxazolones, obtained from amino acids with excess of acetic
anhydrides [24] or readily synthesized unsaturated oxazolones [25] (Fig.
9), on interaction with amino acids produced dipeptides. In spite of the
obvious disadvantages, this approach was used by Bergmann and Zervas
for the synthesis of peptides on several occasions in those early years.
Application of the oxazolone method of synthesis was also extended to
histidine peptides with most interesting results. Interaction of acetic an-
hydride with histidine was shown to yield the N™-acetyloxazolone [26],
which, upon reaction with an amino acid, gave a mixture of N*-acetyl-DL-
histidylamino acid and N-acetylamino acid (Fig. 10). The formation of
N-acetylamino acid occurred through the transfer of the N™-acetyl moiety of
the histidine derivative to the a-amino group of the amino acid. This was the
first time that an amide linkage was formed via an imidazole intermediate.

HOCSHACHz(,::?OH HOCGH4CH2?H——C|IO HOCGHACHQ?Hﬁﬁ:O

N N\\C/O = My O
| | |
CHCH,CH, CHCH,C H, CCH,C.H,
NHCOCH, NHCOCH, NHCOCH,
[22] (27] [23)
Fig 8
. R,
H_NCHCOOH *
RCH- €O ZZmn R,CHCO—NHCHCOOH %, dipeptide
N, O NHCOCH,
c |
CH,
(24]
”
RCH=C——CO
N O
ST R. Ra
| H,NCHCOOH | H, i
CH, %% R, CH=CCO~NHCHCOOH =R, CH,CHCH—NHCHCOOH
(25] NHCOCH, NHCOCH,

Fig. 9
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HC=——=C——CH,CH—CO N-acetyl- pL-histidylamino acid
| | ‘ amino acid +
N\\ /NCOCH3 N§ /O -
CH ‘I: N-acetylamino acid
CH,
[26]
Fig. 10

Subsequent studies have shown that acylpyrimidines, such as benzoyl
theobromine and N,N'-diacyldioxopiperazine, can also serve as acylating
reagents.

The work described thus far was concerned with chemical changes
common to almost all amino acids and with special chemical reactions
characteristic of the side chains of certain amino acids.

The principal scientific achievement of Bergmann and Zervas was the
synthesis of peptides with defined sequences and the development of the
carbobenzoxy method which revolutionized peptide synthesis and opened
new horizons in the chemistry of peptides and proteins.

In the 1930s, the peptide theory of protein structure, as advanced by
Fischer, was still considered as a working hypothesis. The possibility that
other structural features might be involved in the assembly of the protein
molecule was not excluded. The elucidation of the specificity of proteolytic
enzymes and the study of their action on proteins and synthetic peptides
were central to the resolution of this problem. The availability of synthetic
peptides containing all the naturally occurring amino acids of both the
L and D configurations was of paramount importance in this regard.

Emil Fischer, in the early 1900s, synthesized peptide derivatives with a
defined sequence by the use of methoxycarbonyl or ethoxycarbonyl as the
amino protectors, Attempts, however, to remove the blocking group without
cleavage of the established peptide bonds were unsuccessful. Although the
“alkyloxycarbonyl method” of Fischer was not successful in peptide
synthesis, it did permit Leuchs to prepare N-carboxyamino acid anhydrides,
the “Leuchs-Korper.” which proved so useful in recent years in the synthesis
of amino acid polymers, and of polypeptides with defined sequences.

The solution of the problem of synthesis of peptides with a defined
sequence was achieved in 1932, when Bergmann and Zervas reported in
the Chemische Berichte der Deutschen Chemischen Gesellschaft their epoch-
making carbobenzoxy method under the title “Uber ein allgemeines
Verfahren zur Peptidsynthese.” At that time, Bergmann was the director
of the Institute in Dresden, and Zervas was head of the Organic Chemistry
Section. In this new procedure. Fischer's ethyloxycarbonyl group was re-
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placed by the benzyloxycarbonyl (carbobenzoxy) moiety as the amino
protector, which could be readily removed by catalytic hydrogenation under
very mild conditions. The first publication dealt with the synthesis of a
variety of N-carbobenzoxyamino acids {27], their conversion to acid chlorides,
[28] or azides, and their subsequent coupling with other amino acids (Fig. 11).
The N-carbobenzoxydipeptides [29] thus produced on catalytic hydrogena-
tion were converted to the corresponding N-carbamic acids [30], which
spontaneously decompose to produce free peptides [37] and carbon dioxide.

In this same publication, 1t was also reported that N-carbobenzoxy-
amino acids, unlike other N-acylamino acids, were not racemized upon
interaction with acetic anhydride or during their conversion to acid chlorides.
The latter derivatives, however, are unstable and, on exposure to heat,
eliminate benzyl chlioride with formation of N-carboxy-e-amino acid an-
hydrides. This last reaction is a method of synthesis of “‘Leuchs-Korper.”
The first report of Bergmann and Zervas was followed by some 30 publica-
tions by the same authors, or by Zervas alone, describing applications of the
carbobenzoxy method to various amino acids and amino sugars, and to the
problem of protection of the carboxyl group and the secondary functional
groups of amino acids during peptide synthesis,

Some of the first applications of the carbobenzoxy method dealt with
the synthesis of glycopeptides of D-glucosamine [32], the preparation of
esters of amino acids with glucose [33], and some 25 years later the synthesis
of the D-glucosylamide of L-aspartic acid [34], as shown in Fig. 12.

Extension of the carbobenzoxy methed to glutarmic and aspartic acids
permitted the blocking of one of the carboxyl groups of these acids by
esterification with benzyl alcohol, allowing the other carboxyl group free

R, R,
| |
Z:Cl + H,NCHCOOH 0", Z.NHCHCOOH —==
[27]
]
R, I R R.
H NCHCOOR, ! | saponification
ZNHCHCOCI —— ZNHCHCO—NHCHCOOR, W—»
[28] (28]
R, R, R, R,
[HOOCNHCHCO—NHCHCOOH] — H,NCHCO—NHCHCOOH + CQo,
£30] [31]

Z = C H,CH_OCO {carbobenzoxy)

Fig. 11
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HCNH,, HCNHCOCHNHZ HCNHCOCHNH,
| | 1. CH,OH/NH,
Acotl:H —re—y ACOCH T HOCH
H('|.20Ac H?OAc H(IZOH
HCO (\:oﬁ H<|:0
CH_OAc CH,0Ac CH,OH
[32]
A |
HOCH ZNHCHCOOCH NH,CHCOOCH
HCOH R HCOH HCOH
| EZNHCHCOC! \ Pd/H,
HO(|)H _— HO(‘:H — HOCH
H$0 H(|:0 H(‘:OH
He CHC_H MO Nene,n HpO—
CH,0~  °°°¢ CH,07 *° CH,OH
[33]
NH,CH ZNHCHCH,CONHCH NH,CHCH,CONHCH
HCOH COOBz  HCOH COCH H(‘:OH
HOCH HOCH PdsH HOCH
| H(iZO 2 HCOH
HCO
| ™ | |
cho TICHCH H{lzo CHCH H!CO
CH0— e CH 0 T ee CH_OH
Bz = C,H,CH,— [34]
Fig. 12

for coupling reactions with other amino acids. Hydrogenolysis of the result-
ing product caused the removal of both blocking groups (Fig. 13).
The carbobenzoxy method made possible for the first time the synthesis

of proline peptides and of peptides containing amino acids with secondary
functional groups, such as lysylhistidine or lysyglutamic acid. The synthesis
of C-terminal arginine peptides was accomplished by the coupling of car-
bobenzoxyamino acids with nitroarginine. Catalytic hydrogenation of the
product resulted in the removal of both the carbobenzoxy and nitro pro-
tecting groups. In their search for methods of synthesis of arginine-containing
peptides, Zervas and coworkers have synthesized N*-carbobenzoxy-, N*,N®-
dicarbobenzoxy-. and N*.N® N”'-tricarbobenzoxyarginine. It was then
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found that coupling of N*N“-dicarbobenzoxyarginine with amino acids
results in the formation of the desired protected dipeptide along with
N*-N®dicarbobenzoxyanhydroarginine as a byproduct. Such a lactame
derivative, however, is not formed when N2 N®,N°'-tricarbobenzoxyarginine
is the starting material.

The great variety of oligopeptides, prepared by the carbobenzoxy
method, were subsequently employed as substrates for studying the specificity
of proteolytic enzymes. The first enzymatic studies were carried out in the
Institute in Dresden in collaboration with Schleich and were continued at
the Rockefeller Institute in New York. In this laboratory, Bergmann and
Zervas were joined by Fruton, Zervas departed for Greece in 1935, and the
synthetic and enzymatic studies were continued by Bergmann and Fruton
until Bergmann’s untimely death in 1944. Dr. Fruton covers the enzymatic
studies elsewhere in the present volume. It should be emphasized here that,
with the synthesis of suitable substrates for all the proteolytic enzymes, the
specificity of the enzymes was elucidated and the peptide theory of protein
structure was firmly established.

Parallel to the carbobenzoxy procedure for peptide synthesis, a method
for the stepwise degradation of peptides was developed which also utilized
the hydrogenolytic removal of the protecting benzyl group (Fig. 14). In this
procedure, an N-acylpeptide azide [35] 1s subjected to Curtius degradation
in the presence of benzyl alcohol to give a benzylurethan derivative [36].
Catalytic hydrogenation and heating of the latter product yield an N-
acylpeptide amide [37] with one amino acid residue less than the starting
peptide derivative, and an aldehyde [38] characteristic of the C-terminal
amino acid residue. The resulting N-acylpeptide amide [37], on heating with
hydrazine, is converted to the corresponding hydrazide, which could be

|COOH {CH,€Q),0 ?0\ CoH,CH,OH ‘COOCHzcsHs
ZNHCH ——"" ZNHCH ——*—2-— ZNHCH
(flle)n ((l:Hz)/ (?Hz),,
Cco0oH cO COOH
COOCH,C H, COCH
NH,E;—!COOR, ZNH?H Pd/H, NHaH
. (CHa)n —— (CHQ)n
CONHCHCOOR, CONHCHCOOR,,
R, R,
n=1or2

Fig. 13
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further degraded by the same series of reactions. This stepwise method for
peptide degradation is now only of historical interest but demonstrates the
expert chemical ingenuity of its discoverers.

The original carbobenzoxy procedure could not be applied for the
synthesis of sulfur-containing peptides because the presence of sulfur
mhibited the hydrogenolysis of the carbobenzoxy group. However, the
introduction of the sodium in liquid ammonia method by du Vigneaud and
the discovery of various acidolytic procedures by other investigators have
made possible the use of the carbobenzoxy group in the synthesis of cysteine-
or cysting-containing peptides and opened the way for the synthesis of the
pituitary hormones, and finally of insulin, The chemistry of cystine-containing
peptides, and particularly of the asymmetrical ones, presents special prob-
lems. The contribution of Zervas and his coworkers in this particular area is
discussed by Dr. Photaki elsewhere in this volume.

Even today, some 40 years after its introduction in peptide synthesis,
the carbobenzoxy moiety is the most frequently used group as an amino
protector. There are instances, however, where its removal is a difficult task.
Such is the case with carbobenzoxylated long polypeptide chains, which
possess highly unfavorable solubility properties and which are very in-
soluble even in the solvents usually used for the decarbobenzoxylation step.
Removal of the carbobenzoxy group is also problematic, particularly during
chain elongation when carboxyl groups and secondary functions of the
constituent amino acid residues are protected with blocking moieties that
are labile under conditions used for decarbobenzoxylation. In such instances,
the use of amino protectors which can be removed under very mild condi-
tions such as trityl (triphenylmethyl) and arylsulfenyl becomes obligatory.

R, R, R,
| | | C,HyCH,OH
RCONHCHCO—NHCHCO—NHCHCON, ————»

i35]
R‘l R2 R3
| | | 1. Pd/H,
RCONHCHCO—NHCHCO—NHCHNHCOOCH,CoH, g
[36]
R, R,

RCONHCHCO—NHCHCONH,, + R,CHO + NH, + C4H,CH,

371 [38)

Fig. 14
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R

| TeCl, E1,NH
NH,CHCOOH - R
water—isopropanol |
R TrNHCHCOOH
| 1. tritylation
NH_CHCOOCH,CH, o
Tr = (CSH5)3C_
Fig. 15

The use of the trityl moiety as an amino protector, and its sensitivity in
acid media, has been known for many years. However, large-scale use of this
group in peptide synthesis became possible when Zervas and his coworkers
developed efficient methods for the preparation of optically pure N-trity-
lamino acids. This was accomplished by direct tritylation of amino acids in
aqueous solution in the presence of diethylamine or indirectly by selective
hydrogenolysis of the benzyl group from the readily prepared N-tritylamino
acid benzyl esters (Fig. 15). The steric hindrance of the trityl group in coupling
N-tritylamino acids was overcome in large measure by the use of carbo-
diimides or mixed anhydrides of diphenylphosphoric acid, for peptide bond
formation. Detritylation of peptides was readily accomplished by alcoholysis
in the presence of | equivalent of a strong acid.

Steric hindrance by the trityl group in the tritylamino acids did not
permit, however, the use of all the existing peptide bond forming reagents
with these protected amino acids. To overcome this problem, it was con-
sidered desirable to set apart the massive trityl group from the crucial region
of the molecule by the use of the tritylsulfenyl moiety as the amino protector.
It was indeed found that N-tritylsulfenylamino acids could participate in
coupling reactions. although in relatively low yields. Removal of the N-
tritylsulfenyl group from the protected peptides was accomplished upon
interaction with 2 equivalents of hydrogen chloride. Further search for
amino protectors with more favorable properties led to the development of
yet another method of protection; the newest of all, the so-called NPS
method.

In this method, which is now widely used in peptide synthesis, o-
nitrophenylsulfenyl chloride (NPS chloride} interacts with amino acid
esters, or amino acids in alkaline medium, to produce in good yield NPS-
amino acids.

Coupling of NPS-amino acids with amino acid, or peptide esters, is
effected with any of the known coupling methods in very good yields.
Removal of the NPS group from the coupling product is accomplished under
very mild acidic conditions (Fig. 16).
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R, R, R,
! 0-NO,C,H,5CI ] NH,CHGCOOR
NH,CHCOOH v NO,CeH,SNHCHCOOH ——+ ",
T e T e
NQ,C H,SNHCHCO—NHCHCOOR, "% NH,CHCO—NHCHCOOR, + NO,C_H,SC!
Fig. 16
C HCH,O0 O CoH,CH,0 O HO_ O
N SETEEN H./Pd N
P—OAg + RGI — /P—OR + AgCl —=— /P—OR
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[39] (40] (47] [42]
Fig. 17
C,H,CH.,O0 0O CHgCH, 0O
€' '8 2 \” a, 6 '8 2\l ROH
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[43] [44] [45]
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The contribution of Zervas to peptide chemistry encompasses not only
the development of methods for amino protection but also the development
of methods for the blocking of the carboxyl function of amino acids. The
method of carboxyl group protection by conversion to a benzyl ester,
which can be readily deblocked by hydrogenolysis, as was mentioned
earlier, is still widely used in peptide synthesis. The spectrum of carboxyt
protectors has been further increased by the addition of the diphenyl-
methyl moiety, which can be removed either by acidolysis or by hydrogenoly-
sis. Finally, in cases where deblocking of the carboxyl group by acid or alkali
is prohibited, the use of the phenacyl moiety was the solution. The acid-stable
phenacyl ester group can be readily cleaved by sodium thiophenoxide and,
though less effectively, by catalytic hydrogenation.

Since the early years of his scientific career, Zervas has shown particular
interest in methods of synthesis and the study of the properties of phos-
phorylated amino and hydroxy compounds. His first effort in this area was in
1931, when he undertook the synthesis of dibenzylphosphorochloridate in an
attempt to synthesize phosphorarginine, which has just been found in nature.
This early work, however, was interrupted because the carbobenzoxy
method was simultaneously developed, and its exciting potential for peptide
synthesis dominated the scene in the Institute, as it did for many years to
come. Soon after he returned to Greece, Zervas returned to the problem of
phosphorylation. In a preliminary publication in 1939 under the title
“Uber eine neue Phosphorylierungsmethode,” he states that the problems
associated with the synthesis of the unstable dibenzylphosphorochloridate
have been put aside for an alternate procedure of phosphorylation. In the
new approach, the silver salt of the dibenzylphosphoric acid {39] interacts
with a halide of the compound to be phosphorylated [40] (Fig. 17). The
resulting triester phosphate [41], upon calalytic hydrogenation, is con-
verted to the desired phosphorylated compound [42].

Soon after this first publication, World War II broke out. With the
foreign occupation of Greece during World War 11, and the anomalous
conditions in the aftermath, all research efforts came to a halt. In this period,
Sir Alexander Todd. continuing work along similar lines, prepared in a
simple and ingenious manner dibenzylphosphochloridate, which he used
for various syntheses. This reagent proved, as Zervas had envisioned,
eminently suitable for the phosphorylation of hydroxy and amino com-
pounds (Fig. 18) and was utilized by Todd in his epoch-making syntheses of
nucleotides.

Resumption of research activities at the University of Athens led to the
development of a simple method for the synthesis of phosphoric acid di-
benzylesters. This method involved the anionic cleavage of tribenzyl-
phosphates by NaJ dissolved in acetone (Fig. 19). Similarly, dibenzylalkyl-
phosphates [43] with Nal are converted to the corresponding mono-
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BrC H,CH, 0 O BrC,H,CH O O
Nl NaJ N PCI,
/P*OCHZCEHdBr — /P—OH + BrC H, CH,J —»
BrC,H,CH,O BrC . H,CH_O
[46] [47]
BrC_H,CH,O 0O BrC_H,CH,O O HO O
SN ROH AN H./Pd N
/P—CI FH—’ /P‘OR W /P—OR
BrC,H,CH, 0 BrC,H,CH, O HO
(48] Fig. 21

benzylalkylphosphates [44], which can be used either for further synthetic
processes or can be hydrogenolyzed to the alkylphosphates [43] (Fig. 20).
In a similar series of reactions, and under controlled conditions, tetra-
benzylpyrophosphates can be converted to tri- or sym-dibenzyl derivatives.
p-Substituted (bromo nitro- or iodo-) tribenzylphosphates [46] are con-
verted to phosphoric diesters [47], which are transformed to crystalline acid
chlorides [48] (Fig. 21). The latter compounds can be used as phosphorylating
agents. Removal of the p-substituted benzyl groups is achieved by hydro-
genolysis or upon treatment with a dilute solution of HBr in anhydrous
organic solvents.

Interaction of the aforementioned p-substituted dibenzylphospho-
chloridates with amino acid esters and catalytic hydrogenation of the phos-
phorylated product in alkaline medium led to the synthesis of N-phos-
phorylated amino acids. The lattér compounds are extremely sensitive in
acid medium and are completely hydrolyzed even at pH 4.0 (Fig. 22).

The N-dibenzylphosphorylamino acids are stable compounds and can
be used as intermediates in peptide synthesis. Removal of the amino pro-
tector in the final synthetic step is accomplished either by catalytic hydro-
genation or by HBr in anhydrous organic solvents.

These few pages of enumeration of Zervas’s work are hardly adequate
to describe and do justice to the man and the scientist as | know him. It was

[l | -
(BrC4H,CH,0),—P—Cl + NH_CHCOOCH G H, —2

I \
(BIC,H,CH,0),—P—NHCHCOOCH,C,H, cr?
og 1 ﬁ*

P—NHCHCOOH %> NH,CHCOOH + H,PO,
HO

Fig. 22
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through his personal efforts and devotion that a level of chemical research
equal to that of the more scientifically aware and advanced countries was
achieved in Greece. I had the privilege of working in his laboratory as an
undergraduate and as a graduate student. As a teacher, he rightfully de-
manded much from his students, but equally showed a kind and generous
concern for their progress. I welcome this opportunity to express, for myself
and all his other students, our gratitude to Professor Zervas for his en-
couragement and guidance in the development of our scientific interests
and careers.
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I INTRODUCTION

After the epoch-making discovery of the still unsurpassed carbobenzoxy
groups by Bergmann and Zervas (1932), the first major breakthrough in
peptide synthesis came in the early 1950s with the introduction of mixed
anhydrides by Wieland and Bernhard (1951), Boissonnas (1951), and Vaughan
and Osato (1952). The impetus provided by the availability of an easily
removable aminoprotecting group and efficient carboxyl activation cul-
minated in the synthesis of oxytocin by du Vigneaud and his coworkers
(du Vigneaud et al.. 1953, 1954 : Katsoyannis and du Vigneaud, 1954 ; Ressler
and du Vigneaud, 1954 ; Swan and du Vigneaud, 1954). For even more am-
bitious endeavors, however, carboxyl activation in the form of mixed an-
hydrides seemed to be not entirely satisfactory. Unsymmetrical anhydrides
yield—-at least in principle—two acylation products, the desired peptide {A)
and an acyl derivative (B) of the amino component (Fig. 1). With the proper
choice of the “activating™ acid in the mixed anhydnde, the formation of the
undesired byproduct B can be kept at a minimum, but it is unlikely that the
relative electrophilicities of the two carbonyl carbons could be so different

Z—NH—CHR—C /Z—NH—CHR—CO—NH—H” (A)

"
R —CO R'—CO—NH—R" (B)
Fig. |

21



22 Chapter 2

Z—NH—CHR—CO-—O0OR" + H_,NR" — Z—NH—CHR—CO—NH—R" + R"—0OH

Fig. 2

that the main product, peptide A, would be completely uncontaminated by
some small amount of the byproduct B. [A combination of electron release
and of steric hindrance, such as in pivaloyl mixed anhydrides (Zaoral,
1962), might approach the ideal of a single acylation product.] In the prepara-
tion of smaller peptides, recrystallization of A is usually sufficient for the
removal of B, but in compounds containing several amino acid residues, the
differences in the properties of A and B are small, and more elaborate
methods of purification may become necessary. The obvious desire for
activated derivatives of acylamino acids (or peptides) that would yield a
single acylation product led to the development of activated and active
esters. In principle, aminolysis of esters results in the formation of only the
desired amide and of the alcohol corresponding to the leaving group (Fig. 2).
While the aminolysis of simple esters such as methyl esters could be applied
(Fischer, 1902) for the preparation of peptides, the reaction rates, at least at
room lemperature, are insufficient for practical synthesis. Moreover, the
protection of the carboxyl function of the amino component in the form of
methyl or ethyl esters requires that the aminolysis of the activated carboxyl
derivative should proceed orders of magnitude faster than the aminolysis of
the protecting group: otherwise, a complex mixture of products has to be
expected.

In his investigation of mixed anhydrides, Wieland included the “an-
hydrides™ of acylamino acids with thiophenol (Wieland et al., 1951). These
thiophenyl esters proved to be useful acylating agents, but, perhaps because
their thiol ester character rather than their aryl ester nature was emphasized,
no immediate development of the aryl ester principle followed. About the
same time, Schwyzer er al. (1955a) embarked on a systematic examination of
substituents that can ““activate” methyl esters. The nitril group turned out
to be most effective in this respect: and the cvanomethyl esters of protected
amino acids (Schwyzer et al. 1955h.c) were successfully applied in the
synthesis of peptides.

The fundamental studies of Gordon et al. (1948, 1949} on the ammono-
lysis esters directed the attention of one of the authors of this chapter (M.B.)
to the extremely high reactivity of vinyl and especially of phenyl esters. Since
this reactivity rests on the electron-withdrawing effect of the m-¢lectron
system, it became rather obvious that negative substituents of the aromatic
ring should further increase this effect, thus leading to an enhancement of the
electrophilic character of the carbonyl carbon. The increased electro-
philicity facilitates the formation of a—presumably tetrahedral—inter-
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1
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Z-NH—CHR—CO—NH—R’ + Ho@moz

Fig. 3

mediate with the nucleophile (the amino component) (Fig. 3). Elimination
of the leaving group (nitrophenolate) from this intermediate results in the
desired amide. At least in principle, a single acylation product is formed.
These reactions can be carried out in reasonable time even under mild
conditions. Similar considerations prompted the group of Kenner (Farring-
ton et al., 1955) to propose p-nitrothiophenyl esters as reactive intermediates.
These and the activated methyl esters of Schwyzer found a somewhat limited
application in other laboratories : the nitrophenyl ester method (Bodanszky,
1955} was better received and is still one of the most widely used coupling
procedures (Jones, 1970).

II. THE DEVELOPMENT OF ACTIVE ESTERS

Activation of methyl esters with electron-withdrawing substituents lost
much of its appeal after aryl esters found their way into the praxis of peptide
synthesis. The ethynyl group plays the role of the negative substituent in
propargyl esters (Bodanszky, 1957), but the value of this type of activated
ester remained unexplored. For the preparation of cyanomethyl esters,
bromoacetonitril rather than chloroacetonitril was proposed by Taschner
et al. (1965¢): the higher reactivity of the bromo derivative allows esterifica-
tion at room temperature, and thus the racemization previously observed,
mainly with N-benzyloxycarbonyl-S-benzylcysteine (Iselin et al., 1955), can
be avoided. Even this improvement could not overcome the disadvantage of
only moderate reactivity of cyanomethyl esters. The rate of the bimolecular
reaction between an active ester and the nucleophile (the amino component)
is highly dependent on the concentration of the reactants. In the case of larger
peptides, more activation is needed to compensate for the necessarily lower
concentrations, Such higher activation was found when a phenol or a sub-
stituted hydroxylamine is the ““alcohol™ part of the ester. Since these alcohols
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can also be described as weak acids, the question of why their acyl derivatives
should not be looked upon as mixed anhydrides is quite legitimate. A prag-
matic differentiation can be found by considering the reactivity of active
esters toward different nucleophiles. Active esters readily react when attacked
by an amino group but are rather inert to hydroxyl groups unless the reaction
is forced, e.g. by the presence of an ester-exchange catalyst. In fact, active
esters are often purified by recrystallization from boiling alcohol, a pro-
cedure inconceivable for mixed anhydrides. For the same reason a protection
of the hydroxyl groups in serine and threonine side-chains is necessary if
“overactivated™ (Brenner, 1967) derivatives such as mixed anhydrides are
applied, but not when active esters, e.g., nitrophenyl esters, are used for
acylation.

In Table I, an attempt 1s made to summarize the types of aryl esters
that gained some significance in peptide synthesis or are promising in this
respect. Their enumeration is incomplete: the literature is too abundant for
an exhaustive survey. Also. the fundamental investigations of Pless and

Table 1. Substituted Phenols Proposed as Alcohol Components of Active Esters of
Acylamino Acids

Pheno! Reference Phenol Reference
. . . Farrington
Wieland ¢ Se
HS@ ieland er ai, HSL@ ot al {1957)
- 11951)
|
HO “NO, Bodanssky f seH
(1955)
Jakubke
{1965¢)
HO Bodanszky
114535)
NO)
HO @ ON Schwyzer ¢t al.
HO O Bodanszky (1960)
{1955)
O.N
; (”) Johnson and
' Jacobs
HO NO.  Bodanscky HO@ ﬁ“’“ (1968a.b).
(1953] O Johnson and
O.N : Ruettinger
i {1970),

Farrington . Schwyzer
HS NO. o .'g(wsr.) and Sieber
e (1958)
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Tabie I (continued)
Phenol Reference Phenot Reference
Cl
Kupryszewski HO Jakubke
HO i (1961} {1965a},
: Jakubke and
N
! O Voigt (1966)

I
<

Stewirt (1961)

Barth and
N
@ Losse (1964)

z
°

HO N=
9]
(H‘('H CH Kaczmarek ei
: ! wl 11967)
Kuprvszewski
HO SO,NH, and ,
Muzalewski
11967)

0O VOOV Y

HO
N
- Mitin and
HO NICH 3. Nadezhdina
{1968}
H,
| i Losse et dl.
N
HO N {1965}
!
C.H,
HO Jones and
Young
HO {1968}

Kupryszewski |
SO, NH L@ ot al (1968} 1

HO Cl
Ct
Cl Cl
ol
i Cl
F F

Jzkubke
(1965h)

Pless and
Boissonnas
(1963)

Kupryszewski
and
Formela
(1963)

Kisfaludy et
al. (1970),
Kovacs ¢t af.

{1967)

Taschneret al.
(1965a.b)

Lloyd and
Young
(1968, 1971)

Dutia and
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(1971)
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Table II. Hydroxylamine Derivatives Proposed as “Alcohol” Components of Active
Esters of Acylamino Acids

Hydroxylamune Hydroxylamine
derivative Reference derivative Reference
O

0
0
{ N — OH
o)
i
C,H.OCNHOH

0

Il
@(‘NH()[J

Nefkens and Tesser
(1961), Nefkens et
af (1962)

Anderson ¢t al.
(1963, 1964)

Jeschkeit (1968)

Jeschkeit (1969)

Lubiewska
Nakomecznd ¢!
af $1870),
Taschner ¢ al.
{1967)

i
o {(O)-Eon

i

I
CH,—C——CNHOH

\
CH,

Govindachari
et al. (1966)

Rajappa et al.
{1967)

Beaumont et af.
{1965a.b),
Handford et af.
{1965)

Bittner et al.(1965),
Losse et al.
(1964), Fujino
and Nishimura
(1969}

Paquette (1965),
Sarantakis et al.
{1968), Tavior et
al. (1970)
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Boissonnas (1963) on the relationship between the dissociation constants of
phenols and the reactivities of the corresponding esters in aminolysis, a
study that included a large number of substituted phenols, is represented
only by the one proposed as optimal : 2,4,5-trichlorophenol.

Anovelideain the development of active esters was suggested by Nefkens
and Tesser (1961, 1962). who recommended the application of N-hydroxy-
phthalimide instead of the usual phenols as the alcohol component of active
esters (Fig. 4). These active intermediates are closer to mixed anhydrides
than most substituted aryl esters: their alcohol compoenent is a hydroxamic
acid. Nevertheless, the new acylating agents are sufficiently selective to
warrant designation as active esters. Also, while further development first
led to the quite analogous (and quite popular) esters of N-hydroxysuccini-
mide (Anderson et al., 1963, 1964), later studies focused more on the enhance-
ment in reactivity caused by the N-atom next to the hydroxyl group and
extended the investigations to a large variety of hydroxylamine derivatives,
many of which are not hydroxamic acids. Table 1 sums up the more signifi-
cant members of this group.

The high reactivity of vinyl esters, already mentioned briefly in this
chapter, was explored (Weygand and Steglich, 1961) as a practical approach
to peptide bond formation only to a limited extent. Closely related enol
esters are the reactive intermediates formed by the addition of acylamino
acids to several so-called coupling reagents. These intermediates {Table I11)
are enol esters or analogous compounds with an electron-withdrawing
n-electron system and could be regarded as active esters. In a similar sense,
the oxazolinones {azlactones) derived from acylamino acids also belong to
this category: their reactivity as acylating agents rests on the same principle
(Fig. 5).

A recent trend in peptide synthesis is the use of ““additives” with coupling
reagent, particularly with dicyclohexylcarbodiimide (DCC). The earlier
proposals, simultaneously and independently made by Rothe and Kunitz
(1957) and by Elliott and Russel (1957}, to prepare p-nitrophenyl ester from
protected amino acids, p-nitrophenol, and DCC and to use the resulting
product without isolation is a procedure somewhat similar to the one intro-
duced by Wiinsch and Drees (1966) and Weygand et al. (1966b). the applica-
tion of DCC in the presence of N-hydroxysuccinimide. There is, however, a
notable difference in the choice of additives. While p-nitrophenol does not
prevent racemization (Kovacs et al. 1969; Zimmerman and Anderson,
{1967), N-hydroxysuccinimide 1s quite efficient in this respect. Even more
effective additives, 1-hydroxybenzotriazole and its derivatives, were recom-
mended by Konig and Geiger (1970). Perhaps a few words of caution need
10 be added here. These additives are indeed useful and allow a very con-
venient “Eintopf-Verfahren.” a one-pot procedure. But, while racemization
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Coupling reagent Intermediate Reference

it

Ethoxyacetylene ZHNCHC" Arens (1953), Panneman

O et al. (1959)
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L
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( CHNHZ

Diphenylketene- Stevens and Munk (1958)
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CH,
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Fig. 5

might be greatly reduced, it 15 not necessarily entirely eliminated in each
instance. The optical purity of the product should depend on the relative
rates of the reactions of the active intermediate (O-acyl isourea derivative)
with the amino component. with the additive, and with itself (azlactone
formation). These rates obviously depend on the concentration of the
reactants and probably also on their nature. It was interesting to note
(Bodanszky et al., 1972} that in the rather hindered model system, acetyl-L-
isoleucylglycine ethyl ester (Bodanszky and Conklin, 1967}, N-hydroxy-
succinimide is a more efficient suppressor of the racemization caused by DCC
than the perhaps too bulky 1-hydroxybenzotriazole that was found superior
in other model systems (Weygand et al.. 1963a.b; 1966a). These observations
suggest that the applicability of additives for individual problems of fragment
condensation may need to be reexamined from case to case.

HI. ACTIVE ESTERS IN STEPWISE SYNTHESES

An invaluable property of the benzyloxycarbonyl group, its ability to
prevent racemization of activated derivatives of protected amino acids, was
already recognized by Bermann and Zervas (1932) at the time when they
introduced this group. The protection against racemization provided by
urcthan-type amino-protecting groups is probably the most reliable measure
found so far in combatting this central problem. Slow changes with time in
the values of specificrotations of benzyloxycarbonyl amino acid p-nitrophenyl
esters, when solutions of these are exposed to bases (Bodanszky and Birk-
himer, 1960), demonstrate that the protection is not absolute, but sufficient
for all practical purposes. Notable exceptions are the derivatives of S-benzyl-
cysteine and O-benzylserine. in which base-catalyzed racemization may take
place through mechanisms (Kovacs er al., 1968) other than the usual one,
which involves an oxazolinone (azlactone) intermediate. Since the urethan-
type protecting groups prevent azlactone formation (Bodanszky and
Ondetti, 1966), but not. e.g. the direct abstraction of the proton from the
a-carbon atom (Kovacs er al.. 1971} or the reversible elimination—addition
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of benzylmercaptane (Maclaren et al.. 1958), in these cases other measures,
such as the use of hindered amines {(Bodanszky and Bodanszky, 1967),
become necessary.

The benzyloxycarbonyl, rert-butyloxycarbonyl groups, etc., can prevent
racemization only if they are attached to the amino group of an activated
amino acid, but are ineffective in this respect if used for the protection of a
peptide. This well-documented fact (Vaughan, 1952; Vaughan, and Eichler,
1953) explains why the stepwise strategy starting with the N-terminal
residue has not been practical so far. Building of long chains through con-
densation of larger [ragments is possible if glycine or proling is the C-terminal
restdue of the carboxyl components or if procedures free from racemization
are applied. The general belief that the azide method satisfies this requirement
was badly shaken in recent years (Anderson et al., 1966; Kemp et al., 1970;
Sieber et al.. 1971), and the expectation that the racemization can be com-
pletely excluded by the use of proper additives in DCC-mediated couplings
still remains to be confirmed. Earlier claims that some coupling reagents,
e.g., isoxazolium salts {Woodward et al., 1961, 1966), yield optically pure
products could not be justified in later experiments (Kemp et al., 1970:;
Woodward and Woodman, 1969). For all these reasons, a reliable approach
to long chains is the stepwise strategy (Bodanszky and du Vigneaud, 1959%a.b;
cf. also Bodanszky, 1960) in which synthesis starts with the C-terminal
residue and proceeds through stepwise lengthening of the chain. By the
incorporation of a single amino acid in each step, full advantage is taken of
the racemization-preventing ability of the urethan-type protecting groups.

Unless a single product is formed —and in high yield—in each step of
such a synthetic approach. purification of the intermediates, losses of
valuable materials will render stepwise synthesis impractical. The expected
second products formed in mixed anhydride reactions (cf. above} leave it
questionable whether or not their stepwise application is justified, even
though some attermnpts (Sarges and Witkop, 1965; Tilak, 1970) were made in
this direction. The first proposal for the stepwise strategy was made
{Bodanszky and du Vigneaud. 1959a.b) after the use of active esters was well
established. The real significance of active esters indeed lies in chain-
lengthening. During the preparation of di- and tripeptides, diketopiperazine
formation often competes with the desired reaction, and therefore higher
activation than found in the commonly used active esters is desirable. From
the tripeptide stage on. however, it becomes more advantageous to apply
active esters exclusively for the addition of single residues. Not only is the
problem of racemization avoided, but also the difference in the properties
of active esters and those of the product, a protected peptide, is usually so
great that separation of starting material and product is relatively simple.
Often. washing the peptide with common organic solvents such as ¢thanol,
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ethyl acetate, or chloroform is sufficient for the removal of unreacted active
ester. When necessary. excess active ester can be removed via reaction with
an amine (Léw and Kisfaludy, 1965) such as

CH;
H,N—CH,CH,—N
CH,
followed by extraction of the resulting amide
CH,
Z—NH—CHR—CO—NH—CH,—CH,—N
CH,

with dilute acid.

Because of the ease of separation from the product, active esters of
protected amino acids can be applied in excess. This excess assures that all
the amino component is acylated. Complete reaction of the latter is important
both for high yields and for simple isolation techniques: no unreacted amine
has to be removed. A not umimportant aspect (Bodanszky, 1971) of the use
of active esters in excess is the suppression of intramolecular side-reactions
in the peptide. As the chain is lengthened, the excess of acylating agent can be
gradually increased, with the consquence that the reaction between the two
reactants becomes pseudo-unimolecular. The rate, therefore, can remain
more or less the same in each step.

The necessity to synthesize a long chain singlehandedly, the reduced
possibility of teamwork. is an obvious disadvantage of the stepwise strategy.
To some extent, this drawback is offset by the relative stability of active esters.
Unlike chlorides, azides, or mixed anhydrides, most active esters of protected
amino acids can be stored. and hence they can be prepared in larger amounts.
The purity and optical purity of the preparations can be checked, and samples
of the same material can be used from time to time. In fact, many such active
esters became commercially available, thus permitting a kind of cooperation
between chemists.

Stepwise application of active esters was first demonstrated on the
example of oxytocin (Bodanszky and du Vigneaud, 1959a,b; Bodanszky,
1960). Subsequently, the same approach was used for the preparation of the
vasopressins (Bodanszky et al.. 1960, 1964) and of many analogues of the
pituitary hormones (Schrioder and Liibke, 1965). A similar synthesis of
bradykinin (Nicolaides and DeWald, 1961) still involved the same chain
length :nineamino acids. Inan outstanding achievement of peptide chemistry,
the synthesis of porcine adrenocorticotropin by Schwyzer and Sieber (1966),
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a pentadecapeptide was assembled stepwise with nitrophenyl esters as acylat-
ing agents. An analogous combination of stepwise chain-building with
fragment condensation is now generally used, as shown, e.g., in the syntheses
of insutin (Katsoyannis et al.. 1964, Kung et al., 1965; Meienhofer et al,
1963}, ribonuctease A (Hirschmann ef al., 1969), and ribonuclease T, (Yanai-
hara et al., 1969 ; Beacham et al., 1971). The longest chain built so far, entirely
stepwise, with aclive esters as acylating agents through isolated intermediates
is porcine secretin {Bodanszky and Williams, 1967; Bodanszky et al., 1967),
consisting of 27 amino acid residues. There was no indication in this work that
a limit had been approached.

V. ACTIVE ESTERS IN SOLID-PHASE PEPTIDE
SYNTHESIS

While several polymer-bound active esters were proposed (Fridkin et al.,
1965, 1968 ; Wieland and Birr, 1966} as acylating agents, this kind of synthetic
approach has found only limited application so far. More important is the
use of aclive esters in syntheses where the amimo component is attached to
an insoluble polymeric support. In his first full paper on solid-phase peptide
synthesis (SPPS), Merrifield (1963} expressed the view that active esters
would be ideal in the new technique. However, he found the p-nitrophenyl
esters of protected amino acids, probably because of an unfortunate choice
of solvent, not sufficiently reactive and therefore proposed the general use
of DCC for coupling. Subsequently, it was shown (Bodanszky and Sheehan,
1964) that active esters, especially in dimethylformamide solution, can be
successfully applied in SPPS. In the introduction of asparagine and gluta-
mine residues, partial dehydration of the carboxamide group to a nitril
{Gish et al., 1956: Ressler, 1956) 1s caused by DCC, a strong argument against
the use of this coupling reagent. These two residues are indeed activated in
the form of p-nitrophenyl esters, purified (Bodanszky et al., 1963) from the
nitril formed during esterification, and then used for acylation.

Active esters offer several advantages in SPPS. Since complete acylation
of the amino component is imperative, excess acylating agent has to be used.
Whereas in DCC couplings the excess protected amino acid is lost in the form
of N-acyl-dicyclohexylurea, the excess active esters can be recovered.
Furthermore, the lcaving group appears, e.g., as p-mitrophenol in the filtrate,
and thereby the monitoring of the acylation reaction by ultraviolet absorp-
tion becomes a simple and practical possibility. More significant than these
technical details is the gain in tactical freedom when active esters are used
instead of the overactivating DCC. Several functional groups, e.g., side-
chain hydroxyls and carboxyls, can be left without protection if moderately
reactive esters are the acylating agents, but protection of the same groups is
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absolutely necessary when protected amino acids and DCC are used in excess.
Protection of side-chain carboxyl groups in the form of esters precludes the
removal of the completed chain from the resin by ammonolysis or hydra-
zinolysis (Bodanszky and Sheehan, 1966) and also by ester exchange (Beyer-
man et al., 1968). Thus the entire plan of a synthesis is a function of the
method of acylation.

These advantages led to the exclusive use of active esters in a few
syntheses (Hornle, 1967: Weber er al., 1967). The lack of more general
acceptance is probably due to the relatively low reaction rates (Rudinger and
Gut, 1967; Liibke. 1971} of active esters. In dichloromethane, the most
frequently used solvent in SPPS, p-nitrophenyl esters react extremely
slowly, but even in dimethylformamide the rates are disappointing some-
times. Further disappointment is caused when, for the sake of better rates,
highly active compounds such as pentachlorophenyl ester or hydroxy-
succinimide esters (Klostermeyer, 1968 ; Klostermeyer et al., 1967) are chosen.
The combined hindrance caused by the side-chains of the activated amino
acid and of the N-terminal residue of the amino component, by the matrix
of the resin, and by the growing peptide chain (Bath, 1970, Hagenmaier,
1970) could be sufficient to render some active esters useless in SPPS. For
similar reasons, incomplete acylations were observed (Liibke, 1971) with
p-nitrophenyl ester of (protected) isoleucine, even when applied in con-
siderable excess and for long reaction time.

The mere fact that some active esters, highly reactive in solution, per-
form poorly with a resin-bound amino component suggests that a special
search is needed for active esters tailored for SPPS. The 2,4,5-trichlorophenyl
esters seem to be superior in this respect (Bodanszky and Bath, 1969) to
p-nitrophenyl esters. Still better performance is expected from o-nitrophenyl
esters, which are more reactive, even in solution, than the p-isomers and are
remarkably fast in SPPS (Bodanszky and Bath, 1969). Moreover, the rates
observed with o-nitrophenyl esters are only slightly dependent on the solvent
{Bodanszky and Greenwald. 1972). and therefore the procedures would need
not be limited to dimethylformamide. Recent reports on esters of 2-hydroxy-
pyridine (Dutta and Morley. 1971) also offer promise for SPPS.

V. CONCLUSIONS

The choice between powerful condensing agents, such as DCC, and
moderately reactive derivatives of acylamino acids, active esters, is a decisive
one. In the building of long chains with residues that have functional side-
chains, many problems are encountered. The probability of side-reactions
is more or less proportional to the degree of activation, and therefore a gain
in efficiency requires sacrifices in selectivity. Application of DCC, even with
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additives, necessitates “global protection™ as shown in the synthesis of
glucagon (Wilnsch, 1967). With moderate carboxyl activation, it becomes
possible to plan syntheses with “‘minimal protection” {Beacham et al., 1971 ;
Hirschmann et al.. 1969 ; Hofmann, 1971; Ondetti et al., 1968 Yanaihara
et al., 1969). In principle, only the e-amino group of lysine and —SH groups
of cysteine residues need to be protected. The difficulties encountered in the
purification of longer chains carrying numerous protecting groups suggest
that, in the synthesis of large molecules, minimal protection is to be preferred,
and hence further application of active esters, both in solution and in SPPS,
can be expected in the future.
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CHAPTER 3

THE FACILITATION OF PEPTIDE SYNTHESIS
BY THE USE OF PICOLYL ESTERS*

G.T. Young

The Dyson Perrins Laboratory
Oxford University
Oxford, England

1. INTRODUCTION: THE “"FUNCTIONAL HANDLE”

It has for long been clear that the routine synthesis of large peptides and
proteins requires some facilitation of the methods used so successfully for
the synthesis of peptide hormones such as oxytocin, the vasopressins, and
their analogues and extended with some difficulty to peptides of 30-40
residues. The sohid-phase method of synthesis was the first result of this
recognition. Despite its convenience for the synthesis of small peptides, it
suffers from the “inborn defect™ that one of the reactants is a polymer and
reactions are therefore difficult to force to completion; in consequence, the
products are mixtures, which in the case of small peptides can usually be
separated fairly readily, but for large peptides and proteins purification may
be difficult or impossible. (For a valuable critical review of current methods
of peptide synthesis, see Wiinsch, 1971.) An alternative approach {Camble
et al, 1967) is to arrange that the required product is recovered after the
reaction has been completed in homogeneous solution by means of a func-
tional group acting as a "*handle.” incorporated in the growing peptide. In
this way, one can combine the advantages of homogeneous reactions—the
mild conditions. the ability to follow the progress of the reaction and to

*Abbreviations follow the Rules of the TUPAC-IUB Commission on Biochemical Nomen-
clature. Additicnal abbreviations used here are Cha, f-cyclohexylalanine ; Har, homoarginine ;
Pcp, pentachloropheny!: Pic, 4-picolyt: Tep, 2.4,5-trichlorophenyl.
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establish its completion, and the ability to characterize and, if necessary, to
purify each intermediate—with some of the convenience of the solid-phase
method.

The most appropriate position for such a “handle” is clearly as a
protection of the C-terminal carboxy group, although in particular cases a
side-chain function could be used alternatively or (as will be seen) addi-
tionally; an example has very recently appeared (Schafer and Carlsson,
1972) in which the histidine side-chain is used in this way. Since the carboxy
component is acidic, or may give rise to acidic contaminants, a basic handle
should ensure a simple separation, but other types can clearly be envisaged.
On the whole, there appeared to be advantages in using a weakly basic group
in order that the product could be liberated as the free base under mild
conditions and so transferred to organic solvents. We therefore investigated
the use of 4-picolyl esters (Fig. 1 [/]) as carboxy protection (Camble et al.,
1967, 1969 Garner et al., 1968): this first choice has proved to be very satis-
factory for our purpose and has been used in all subsequent syntheses. Simul-
taneously, Wieland and Racky (1968) had been examining the analogous use
of p-dimethylamino-azobenzyl esters [2], the colored coupled product being
adsorbed on Sulfoethyl-Sephadex ; the tripeptide L-prolyl-L-alanyl-L-pheny-
lalanine was synthesized in this way. Recently, the “handle™ principle has
been proposed for use in polynucleotide synthesis (Hata et al., 1971).

Il. 4-PICOLYL ESTERS OF a-AMINO ACIDS

4-Picolyl esters proved to be of considerable interest in themselves as
new carboxy-protecting groups (Camble et al., 1969). They are prepared by
the reaction of a benzyloxycarbonylamino acid tetramethylguanidinium
salt (or triethylammonium salt) with 4-picoly! chioride, or (better) by the
condensation of the benzyloxycarbonytamino acid with 4-picolyl alcohel
by means of dicyclohexylcarbodiimide. In contrast to benzyl esters, they
are relatively stable to acid: for example, after 24 hr in 45%; (w/v) hydrogen
bromide in acetic acid at room temperature, benzyloxycarbonylglycine
4-picolyl ester gave only glycine 4-picolyl ester dihydrobromide, and no
glycine could be detected in the product. Presumably, protonation of the
pyridyl nitrogen hinders further attack by protons. The benzyloxycarbonyl
group can therefore be removed without affecting the ester, and this is the
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usual route for the preparation of amino acid 4-picolyl esters as their dihydro-
bromides. Most of these are reasonably stable when pure, but some are
hygroscopic, and in general such salts should be stored in a desiccator and
used without undue delay. The acylamino acid 4-picolyl esters and the
amino acid 4-picolyl ester salts prepared so far are listed in Tables I and 1I,
respectively. More recently (Maclaren 1972), amino acid 4-picolyl esters have
been prepared directly using ethyl acetoacetate to provide temporary pro-
tection of the amino group, and this should prove a valuable route.

4-Picolyl esters may be cleaved readily by cold alkali, by hydrogenation
in the presence of palladium on charcoal, by sodium in liquid ammonia, and
by electrolytic reduction at a mercury cathode under the mild conditions
used for the electrolytic removal of the nitrogroup from nitroarginine
and its peptides (Scopes ¢ al.. 1963). Benzyl esters are not cleaved by electroly-
tic reduction, and this property is one of the most interesting of the 4-picolyl
group, in connection with its use as a general method of carboxy protection.
In work with Dr. Wayne B. Watkins, it has been observed that the 4-picolyl
group, but not the benzyloxycarbonyl group, is removed by the catalytic
hydrogenation of N-benzyloxycarbonyl-S-benzyl-L-cysteinylglycine 4-picolyl
ester and analogous peptides. the hydrogenation of similar peptides con-
taining methionine or $-benzylmethylcysteine failed completely, but electro-
lytic reduction successfully removed the 4-picolyl group. The main product
from the hydrogenolysis of the 4-picolyl residue appears to be 4-methyl-
piperidine, which gives a bright violet coloration with ninhydrin, but 4-
methylpyridine has also been detected (Schafer, 1970; Fletcher, 1971). Dr. M.
Fridkin of the Weizmann Institute of Sciences, Rehovoth, Israel, kindly
examined the action of anhydrous hydrogen fluoride on benzyloxycarbonyl-
glycyl-L-phenylalanine 4-picolyl ester and found only partial cleavage of the
picolyl ester group after 1 hr at room temperature. The esters may be con-
verted into amides in the usual way. and into hydrazides for the further
coupling of fragments.

III. USE OF 4-PICOLYL ESTERS FOR THE
FACILITATION OF PEPTIDE SYNTHESIS

The use of 4-picolyl esters for the facilitation of synthesis was examined
first in the synthesis of L-leucyl-L-alanylglycyl-L-valine (Camble et al., 1967,
1969}, a simple model used analogously in the early days of solid-phase
synthesis (Merrifield, 1963). x-Amino protection was provided by benzyloxy-
carbonyl. cleaved by hydrogen bromide in acetic acid. In the first step,
benzyloxycarbonylglycine was condensed with L-valine 4-picolyl ester
(liberated in situ from the dihydrobromide by triethylamine} by means of
dicyclohexylcarbodiimide in tetrahydrofuran; the acylating agents were
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used in 2.5-M proportions with respect to the amino component, and the
coupling reaction was continued until thin layer chromatography could
detect no aminocomponent. After filtration from dicyclohexylurea and
triecthylamine hydrobromde, the product was adsorbed on moist Sulfoethyl-
Sephadex C-25 (H* form): the resin was washed thoroughly with tetra-
hydrofuran to remove nonbasic contaminants (including the excess of
acylating agents), and the product was eluted by means of triethylamine in
aqueous tetrahydrofuran. Evaporation of the eluate gave analytically pure
benzyvloxycarbonylglycyl-L-valine 4-picolyl ester in 9279, yield. The benzyl-
oxycarbony! group was cleaved by means of hydrogen bromde in acetic
acid, the process being repeated until the protected tetrapeptide 4-picolyl
ester was obtained in 61 %; overall yield from L-valine 4-picolyl ester dihydro-
bromide. Hydrogenation of the whole product gave tetrapeptide, which
after precipitation from ethanol by ether but with no further purification,
was pure by elemental analysis, amino acid analysis, and thin layer chroma-
tography; no dipeptide or tripeptide could be detected in the product,
showing that each coupling reaction had proceeded to completion. A second
synthesis using p-nitrophenyl esters for coupling (4-M proportions) gave an
overall vield of protected tetrapeptide 4-picolyl ester of 65%.

The most satisfactory conclusion from this preliminary examination
was of the effectiveness of the separation procedure. It was shown at this
time that. as expected. the H™ form of the ion exchanger decomposes
t-butoxycarbonyl groups. but this difficulty was overcome by saturation of
the ion exchanger with 3-bromopyridine (Camble ez al., 1969: Garner et al.,
1968); this very weak base (pK, 2.8) is displaced by the picolyl ester.

Clearly, the acidic phase by which the weakly basic product is separated
need not be a solid phase, and in the next synthesis (Garner and Young,
1969, 1971 ;: Garner et al., 1971}, that of Val®-angiotensin II, the product from
each coupling reaction was extracted from an organic solvent into agueous
citric acid (chosen in order to avoid cleavage of r-butoxycarbonyl groups),
except in the last stage: the benzyloxycarbonyi-octapeptide 4-picolyl ester
was insoluble in aqueous citric acid, and it was therefore separated on
Sulfoethyl-Sephadex saturated with 3-bromopyridine. The synthesis is out-
lined in Fig, 2; the overall yield of protected octapeptide 4-picolyl ester from
the C-terminal component was 38 %,. The pleasing feature of this synthesis
was that the crude protected intermediates, without further purification, had
satisfactory elemental analyses and were pure as judged by thin layer
chromatography in several solvents. In all cases, the trifluoroacetate salts
obtained after the removal of t-butoxycarbonyl groups by means of tr-
fluoroacetic acid were also analytically pure.

It was recognized that as the peptide increases in size the effectiveness
of the picolyl group in separations would become weaker, and that it might
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Asp Arg Val Tyr Val His Pro Phe
Boc—1—0Tcp H—0Pic
Boc OPic
Bzl
Z OHH OPic
Bzl
zZ OPic
Bzl
Boc OTcpH OPic
Bzl
Boc OPic
zl Bzl
Boc OTcp H OPic
Bzl Bzl
Boc OPic
Bzl Bzl
Boc OTcpH OPic
Bzl Bzl
Boc OPic
/NO, Bzl Bzl
Boc OHH OPic
NO, Bzl Bzl
Boc OPic
Bzt NO, Bzl Bzl
Z—ZOTcp H OPic
zl NO, zl Bzl
z / /—B OPic

Fig. 2. Synthesis of Val"-angiotensin 11. Dicyclohexylcarbodiimide was used to effect the coupling
of protected histidine and arginine.

prove important to introduce additional picolyl groups as the chain
lengthens. The angiotensin case seemed a useful example here, and in a
further synthesis (Garner et al., 1971 ; Garner and Young, 1971) the terminal
aspartic acid residue was introduced as «-2.4,5-trichlorophenyl g-4-picolyl
benzyloxycarbonyl-L-aspartate. In contrast to the fS-benzyl ester, the
protected octapeptide (Fig. 3) so formed was readily soluble in aqueous
citric acid. It should be noted that at the stage at which this additional
picolyl group is added, the simple separation procedure may not be adequate
to remove the excess of acylating agent.
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ZA?spfArgAVaLTyeral—I-riis-Pro-Phe-OPic
OPic l'\IO2 leI Bzl
Fig. 3
Arg Pro Pro Gly Phe Ser Pro Phe Arg

NO,
Boc QOTcp H QPic
NO,
Boc OPic
NO,
Boc——QTcp H OPic
NO,
Boc OPic
Bel NO,
Boc— L OHH OPic
Bzl NO,
Boc CPic
Bzl NO,
Boc—+0OHH OPic
: ‘ } Bzl NO,
H Boc OPic
: 5 | Bzl NO,
: Boc-—+OTcp Hi %/ OPic
| j J;/le NO,
; Bog—— ;i OPic
| | Bal NO,
Boc——0Tcp H i i l‘/ OPic
‘ § | Bzl NO,
| Boe—f— — 4+ — — — —~ OPic
| “ - Bzl NO,
Boc—OH H | | OPic
: Bzl NO,
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Fig. 4. Synthesis of bradykinin. Dicyclohexylcarbodiimide was used to effect the coupling except

when active esters are indicated.
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Boc—?er—(‘:ys—Gly—Phe—OPic
Bzl Btm

Fig. 5

The procedure was next tested on a synthesis of bradykinin (Garner
et al., 1971 : Schafter et ul.. 1971}, using the steps shown in Fig. 4. The pro-
tected peptide picolyl ester was isolated at each stage except the last by
extraction into aqueous citric acid; the benzyloxycarbonyl-nonapeptide
picolyl ester was isolated on a column of Sulfoethyl-Sephadex C-25 (H*
form), the overall yield from the C-terminal residue being 42%,. In this
synthesis, the intermediate trifluoroacetate salts, which often are hydroscopic,
were not characterized, but again each intermediate protected peptide ester
was analytically pure after the usual separation, and thin layer chroma-
tography detected only traces of contaminants.

The use of Sulfoethyl-Sephadex for the absorption of the protected
peptide picolyl esters has the disadvantage that it is necessary to have some
water present (in order to swell the resin) and therefore one is restricted to
water-miscible solvents: after elution, the solvent and base must be
evaporated and there is some risk of damage during this stage. During the
synthesis (Burton and Young, 1971) of a highly lipophilic peptide fragment,
t-butoxycarbonyl-O-benzyl-L-seryl-S-benzylthiomethyl-L-cysteinylglycyl-L-
phenylalanine 4-picolyl ester (Fig. 5), it was observed that the partition
between ethyl acetate and aqueous citric acid was unfavorable, and aqueous
potassium hydrogen sulfate was no more effective. It was then found that the
macroreticular sulfonic acid resin Amberlyst-135 is advantageous, because it
can be used with anhydrous organic solvents (Burton and Young, 1971;
Burton et al., 1971). As before, for use with acid-labile protecting groups such
as t-butoxycarbonyl the exchanger is first saturated with 3-bromopyridine.
This method of isolation has been used very largely in later syntheses,
including those of nine analogues of bradykinin (Fletcher, 1971; Fletcher
and Young, 1972).

Table III lists syntheses effected by the picolyl ester method; the yields
are those for the protected peptides, since the method is concerned with the
synthesis to this stage. In nearly all cases, the removal of the protection is
described in the cited reference.

V. CONCLUSIONS FROM RECENT EXPERIENCE

It may be helpful if now the essential steps in the procedure are reviewed
in the light of our experience in these syntheses.
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A. Removal of the a-Amino Protection: “‘Deprotection Step”

t-Butoxycarbonyl has normally been used for ¢-amino protection, and
removal by trifluoroacetic acid presents no problems peculiar to this
procedure. Hydrogen chloride in dioxane was satisfactorily used for de-
protection in some early syntheses (Schafer et al., 1971), but in other cases
the reaction has been incomplete because the hydrochloride of the protected
peptide 4-picolyl ester coprecipitated with the hydrochloride of the amino
compound {unpublished work with Dr. M. Low). The choice of solvent is of
course critical here. This point should therefore be watched if acids other
than trifluoroacetic acid are used for deprotection.

B. Liberation of the Amino Component from Its Salt Before

Coupling

It is important that the amino component shall be liberated completely,
since any unchanged salt will prevent completion of the acylation step and
may follow the protected peptide 4-picolyl ester in the separation. It is true
that fractional elution of the Amberlyst column will usually separate amino
component from the t-butoxycarbonyl derivative, only the latter being
eluted by pyridine (unpublished work with P. P. Nash), but clearly it is pre-
ferable to acylate completely.

We have found the following procedures to be most satisfactory in our
work :

1. When the coupling reaction is to be carried out in dimethylforma-
mide, the salt of the amino component is dissolved in this solvent,
excess (approximately 4 equivalents) of triethylamine is added, and
after 5-15 min the excess of triethylamine is removed at room tem-
perature on a rotary evaporator. The evaporation should not be
prolonged unduly, as triethylamine may be lost from the triethyl-
ammonium triftuoroacetate, regenerating the salt of the amino
component.

2. When the coupling reaction is to be carried out in other solvents
(e.g., tetrahydrofuran), it is convenient to dissolve or suspend the
salt in chloroform and then to add an excess of triethylamine ; when
solution is complete, the solution is evaporated to dryness and the
residual amino component is taken up in the required solvent.

3. For coupling reactions involving amino acid esters or dipeptide
esters in which dioxopiperazine formation is an important side-
reaction, the salt is dissolved in the coupling solvent and the acylating
agent and lastly a slight excess of the hindered amine, ethyldiso-
propylamine, are added. The dioxopiperazine is of course readily
removed by our separation procedure [unless it has a basic side-
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chain, e.g., when using C-terminal aspartic acid as its di-4-picolyl
ester; in the only such case we have encountered, little or no dioxo-
piperazine was formed and no difficulty was experienced (un-
published work with P. P. Nash)]. Its coproduct, 4-picolyl aicohol,
can, however, be a source of impurity when dicyclohexylcarbodiimide
is the condensing agent, as some 4-picolyl ester of the acylamino acid
can be formed; this will accompany the desired produce in the
isolation step and if not removed will result in the building up of a
shortened peptide chain. Such contaminants have so far been
observed only in small amounts and can usually be removed by
virtue of their greater solubility in organic solvents such as ether or
light petroleum.

C. Coupling Reactions

In principle, of course, the picolyl ester procedure can be used with any
method of coupling which does not give rise to basic contaminants. As we
have seen, active esters were used in a number of earlier syntheses, but
completion of hindered reactions (e.g.. the coupling of proline-2 to proline-3
in bradykinin; Schafer et al., 1971) was unacceptably slow. The use of
dicyclohexylcarbodiimide alone has been found to cause extensive tri-
fluoroacetylation when such hindered reactions are effected, as in these cases,
in the presence of trifluoroacetate anion, but the addition of 1-hydroxy-
benzotriazole reduces the extent of this side-reaction to a very low figure
(Fletcher et al., 1972), and this procedure (with preformation of the ester)
has been used satisfactorily in all recent syntheses. The coupling, with tetra-
hydrofuran or dimethylformamide as solvent, is continued until thin layer
chromatography reveals no amino component (sensitivity 0.1-0.2%).
usually within 1 hr of the addition of the amino component.

D. Isolation of the Product

The citric acid procedure is convenient and usually gives high recoveries,
but its application is limited to those cases in which the protected peptide (1)
partitions satisfactorily between aqueous citric acid and a water-immiscible
solvent, and (2) can be extracted from the basified aqueous layer into an
organic solvent. The satisfaction of these conditions will of course depend
on the amino acids present and the type of protection used ; they are most
likely to be met up to the tetrapeptide stage. It is necessary to make trials to
see if this method of isolation is appropriate, and this is best done by removing
the solvent from the reaction mixture, adding 0-7 M citric acid to the residue,
and extracting with solvents of increasing polarity, starting with ether. By
thin layer chromatography. it is easily seen whether the contaminants are
being removed and whether any product is being lost. In the bradykinin
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series, a mixture of equal volumes of ether and ethyl acetate proved to be
generally satisfactory. The aqueous layer is then brought to pH 8.5 and
solvents of increasing power are used to extract the product; the effective-
ness of the purification is checked by thin layer chromatography of the
extracts. If suitable solvents cannot be found, the Amberlyst procedure is
used.

The isolation on Amberlyst-15 (saturated with 3-bromopyridine) has the
advantage of being apphicable in our experience in every case, and although
the recoveries may on average be a little lower this method is commonly
chosen because of its general applicability. The exchange of the picolyl ester
for the 3-bromopyridine on the resin appears to be rather stow, and although
it is convenient to use columns of resin the procedure is essentially batchwise.
The details will not be repeated here, but some important points resulting
from recent experience will be mentioned. The preferred solvent for applica-
tion to the column is ethyl acetate, but dichloromethane and (purified)
dimethylformamide have been used; the coupling solvent is therefore (when
necessary) evaporated and replaced. It is helpful at this stage to wash the
solution with aqueous sodium hydrogen carbonate, to remove much of the
1-hydroxybenzotriazole. and with water to remove salts which reduce the
capacity of the column. If the product is not soluble in ethyl acetate or
dichloromethane, the washing may be carried out on the residue from the
evaporation : the final residue is dried at 1-mm pressure and then taken up in
dimethylformamide for application to the column. The eluate must be re-
cycled until no product can be detected by thin layer chromatography in a
sample of eluate concentrated to 1% vol and loaded heavily (approximately
I mg). Tt is inadvisable to leave the product on the resin longer than is
necessary. Nonbasic coproducts and byproducts are then washed off by
means of ethyl acetate or by dimethylformamide; it is essential that the
dimethylformamide shall be free from dimethylamine, which will elute the
product, and it should be freshly distilled from phthalic acid. The absence of
product in these washes is again monitored by thin layer chromatography
of a concentrated sample. The product is then eluted by a solution of pyridine
in pure dimethylformamide (25°, v/v). The eluate containing product is
evaporated to dryness at |-mm pressure, and the residue is triturated with
ether. or precipitated from an organic solvent by ether or petrol, to remove
traces of 3-bromopyridine, 3-Bromopyridine is soluble in water and so may
be removed in this way from water-insoluble protected peptides. The purity
of the final product 1s confirmed at this stage by thin layer chromatography
at heavy loading. The yield, from one protected intermediate to the next
{i.e., including the deprotection step), 1s usually §5-909%, and the product s
normally pure by elemental and amino acid analysis, no contaminants, or
traces only, being detectable by thin layer chromatography at approximately
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1 mg loading. Needless to say, to obtain consistently high yields requires
skillful and careful working,

The syntheses achieved so far establish the use of this procedure for the
preparation of pure peptides of 89 residues in high overall yield. Such
protected peptides can clearly be used as {ragments for the synthesis of
larger peptides, and syntheses illustrating this route, as well as those con-
tinuing the stepwise elongation of the chain. are in progress. The picolyl
ester method has the advantage over conventional synthesis (in solution) of
the simple and effective isolation of pure product, which not only saves time
but provides high yields at each step. In comparison with solid-phase
synthesis, the advantages are in the milder conditions required for reactions
n solution, in the evidence of purity and the characterization available at
each step, and in the resulting cumulative evidence for the structure of the
final product; the protected product normally needs no further purification,
although this may of course be required after removal of the protecting
groups. The overriding importance of the purity of peptides used in pharma-
cological work has been emphasized recently (Vane, 1971 Bangham et al.,
1971). As regards scale, the Amberlyst column separation has been used ona
10 mm scale (e.g., batches of 7g of a protected tetrapeptide) (Burton and
Young, 1971). and there should be little difficulty in handling larger quanti-
ties. The procedure is no doubt more laborious and time consuming than is
solid-phase synthesis, but given the required protected amino acids, and
provided that the synthesis is not delayed by the analytical procedures, small
peptides can be prepared quite quickly : for example, protected [1-L-homo-
arginine]-bradykinin was synthesized in 16 days (Fletcher, 1971; Fletcher
and Young, 1972).
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CHAPTER 4

ON CYSTEINE AND CYSTINE PEPTIDES

Iphigenia Photaki

Laboratory of Organic Chemistry
University of Athens
Athens. Greece

I. INTRODUCTION

Of the amino acids found in natural peptides and proteins, cysteine
and cystine fall into a special group. The specific properties of the sulfhydryl
and corresponding disulfide groups become associated with the peptide
chain, creating special problems, both chemical and stereochemical, charac-
teristic of these amino acids. This chapter is mainly concerned with current
work on cysteine-cystine peptides being carried out at the Laboratory of
Organic Chemistry at the University of Athens, and for this reason does not
include a complete bibliography of the subject. From the extensive list of
references, only those dealing with the same subject or those considered
useful for an understanding of the problem have been selected.

The inclusion of cystine in the peptide allows the formation of symmetri-
cal or unsymmetrical peptides, with cross-linking of chains through —S§—8—
bridges. Furthermore, cyclic peptides can be formed by intrachain disulfide
formation when more than one cysteine group is present in the peptide
chain (Fig. 1).

I‘l\IHR1 ITIHF!1
S$—CH,—CHCOR, ?—CHR-CHCOR2
\
—CH,-CHCOR, $§—CH_,—CHCOR,
NHF{1 NHH:
"Symmetrical’”’ cystine peptide "Unsymmetrical’” cystine peptide

59
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CH, s S ?Hz —HN‘CHCO—(NHCHRCO)H—NH(liHCO—
|
—NHCHCO—(NHCHRCQ) — NHCHCO— C‘IHZ ("JHz
S S
“Cyclic” cystine peptide g g
R, = (COCHRNH) —COCHRNH, \ |
R, = (NHCHRCO),—NHCHRCOOH CH, CH,

} |
—HNCHCO—(NHCHRCO} —NHCHCO—
“Cross-linked” dicystine peptide

Fig. 1. Cystine peptides.

II. S-PROTECTION OF CYSTEINE DURING PEPTIDE
SYNTHESIS: TRANSFORMATION OF
S-PROTECTED CYSTEINE PEPTIDES TO
CYSTINE PEPTIDES

A. S-Benzylcysteines

Cystine is usually incorporated into a peptide chain as S-protected
cysteine residues which are unblocked at the end of the synthesis and oxidized
to the disulfide form.

It is a well-known fact that the first naturally occurring cysteine peptide
to be synthesized was glutathione. The discovery of its structure was followed
by its chemical synthesis by Harington and Mead (1935) and by du Vigneaud
and Miller (1936). These syntheses represent the first application of the car-
bobenzoxy method of Bergmann and Zervas {1932) to the synthesis of a
biologically active peptide. In this case, a modification of the original carbo-
benzoxy method was used, since the presence of cysteine-cystine in the
peptide did not allow removal of the benzyloxycarbonyl (Z) group by catatytic
hydrogenolysis due to poisoning of the catalyst. Harington removed the
carbobenzoxy group using phosphonium iodide, a reaction now considered
as acid catalyzed (Ben-Ishai and Berger, 1952 ; Albertson and McKay, 1953).

A more important step was made, however, in the application of the
carbobenzoxy method to cysteine peptides when Sifferd and du Vigneaud
{1935) used S-benzylcysteine [7]. This amino acid can be easily incorporated
in a peptide chain and at the end the S-protecting group as well as the N-Z
group is removed in one¢ operation by the action of sodium in liquid am-
monia (Na/lig. NH,) (Fig. 2).

By using the benzyloxycarbonyl group for N-protection and the benzyl
group for S-protection, together with new coupling methods, the problems
involved in synthesizing such sulfur peptide hormones as oxytocin, vaso-
pressin (du Vigneaud er al. 1953, 1957, 1958), and even insulin could be
overcome (Katsoyannis er al. 1963 : Meienhofer er al., 1963; Kung et al.,
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CH.SCH,CH,  NH—OCOCH,C,H, CHSH N,
: Na/lia. NH,

CHNH—COCH,CH,CHCOOH =% ™ CHNH —-COCH,CH,CHCOOH

CO—NHCH,COOH CO—NHCH,COOH

Fig. 2. Synthesis of glutathione by du Vigneaud.

1965). It 1s bevond the scope of this chapter to review the synthesis of oxytocin,
vasopressin, and insulin. Even today, S-benzylcysteine constitutes the most
widely used S-protected cysteine, since this protecting group is practically
unaffected by hydrogen bromide, which is now used in place of catalytic
hydrogenolysis to remove the N-Z group in cases where the latter method is
not feasible (Ben-Ishai and Berger, 1952 Anderson et al., 1952 ; Boissonnas
and Preitner, 1953), An example of a synthesis in which the N-Z group is
removed by hydrogen bromide in acetic acid (HBr/AcOH]) and the S-benzyl
group by Na/lig. NH; is the synthesis of L-cysteinyl-L-cysteine by Izumiya
and Greenstein {1954) (Fig. 3).

However, in recent years it has been noted that cleavage with Na/liq.
NH; can be accompanied by side-reactions such as desulfurization and
rupture of peptide bonds. particularly those involving the amino side of
prohne. According to recent findings (Katsoyannis et al., 1971), cleavage of
the chain at the amino-terminal side of the proline residue is completely
avoided by carrying out the sodium-liquid ammonia reaction in the presence
of a large excess of sodium amide.

A modified benzyl group ie., the p-nitrobenzyl group [2] has been
introduced {Berse er al.. 1957) as an S-protecting group able to be removed
by catalytic hydrogenolysis (Fig. 4). However, even if its removal under such
mild conditions were complete, something which is difficult to achieve
{Ondetti and Bodanszky. 1962 ; Hiskey and Tucker, 1962), the simultaneous
hydrogenolytic cleavage of an —S—S8— bridge already existing in the
molecule cannot be excluded, since cystine. its csters, and some cystine
products can be catalytically reduced to the corresponding SH derivatives
{Bergmann and Michalis, 1930: Theodoropoulos, 1953 ; Zervas and Theo-
doropoulos, 1955 Zervas. 1956},

CH,SBzt CH,SBz! CH,SBal CH,SBzl

|
ZNHCHCO——NHCHCOOH J—25 H_NCHCO ——NHCHCOOH
CH,SH  CH,SH

| i
H_,NCHCO—NHCHCOOH

Najlig. NH,,
—_—

Fig. 3. Synthesis of L-cysteinyl-L-cysteine.
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)

C,H,CH,—  p-NO,C,H,CH,—  p-CH,OC,H,CH,— 0

(7] (2] (3] (4]

HZC———(‘:HCOOH

—CH,OCH,CH(CH,),  (CH,),C— S _NH
C
H,c” TCH,

(5] [6] (7]
C,H,CH,—S—CH,—  C,H,5—  (CH,},C—S—  CH,CONHCH,—
(8] [9] [70] [(77]
(C4H,),C—  (C.H,),CH-  RCO— (R = C,H,, CH,,C,H,CH,0)

[12) [73] [74]
(p-CHZ0CH,) (CeH,),C— (p-CH,0CH,),CH—
[75] [76] 177
CH,OC_H,CH,0CO—  C,H,NHCO—

(78] [79]

Fig. 4. S-Protecting groups.

Another derivative of the benzyl group, i.e., the p-methoxybenzyl group
[3] which can be removed by reduction with Na/liq. NH, or by acidolytic
cleavage by anhydrous hydrogen fluoride, has been used in the synthesis of
oxytocin (Sakakibara et al.. 1967).

B. Various S-Protecting Groups for Cysteine Not Including
S-Aralkyl and S-Acyl Groups

In recent years, many other S-protecting groups (Fig. 4) such as the
tetrahydropyranyl [4] (Holland and Cohen, 1958), the isobutyloxymethy! [5]
(Brownlee et al, 1964), the tert-butyl [6] (Callahan et al., 1963), and the
2.2'-dimethylthiazolidine derivative of cysteine [7] (King et al., 1957 ; Sheehan
and Yang, 1958) have been used, and all these groups, including the thia-
zolidine derivative, can be split off under more or less mild conditions.
The S-isobutyloxymethyl group. for instance, can be removed either by
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0 CH,SCH_NHCOCH,
pHO5

i |
“H-Cys + CH,CNHCH,OH H;NCHCOOH

—_
Hg* . pH 4

Fig. 5. S-Acetamidomethyl-L-cysteine.

2~ HBr/AcOH (Pimlott and Young, 1958) or by the action of thiocyanogen
or sulfenylthiocyanate (Hiskey and Sparrow, 1970). However, these groups
have not as yet found a wide application.

The S-benzylthiomethyl group [8] introduced by Pimlott and Young
{1958) as an S-protecting group can be removed at room temperature by
means of mercuric acetate in formic acid (Brownlee et al., 1964). This method,
although reported to present difficulties to some research workers (Katso-
yannis, 1961), has been successfully used in a synthesis of glutathione and
homoglutathione (Camble et al., 1968).

The ethylmercapto group [9] has also been proposed as an S-protecting
group it can be removed by treatment with thiophenol or thioglycollic acid
at 45°C, and it is stable under acidic conditions. This group has been used ina
synthesis of glutathione and oxytocin (Inukai et al., 1967) and also in the
synthesis of an insulin A chain (Weber, 1969).

Finally, the reri-butylmercapto group [/¢] may be mentioned, which
can be removed by sulfitolysis (Wiinsch and Spangenberg, 1971). However,
to our knowledge, it has not yet been used in cysteine peptide synthesis.

A very promising S-protecting group seems to be the S-acetamidomethyl
[77] group (Veber er al., 1968). This group is stable under acidic and alkaline
conditions but is cleaved by mercury ions at pH 4 and has been used in a
ribonuclease synthesis (Hirschmann er al., 1969) (Fig. 5).

Cysteine peptides can also be formed by reduction of symmetrical
cystine peptides. The resulting SH-peptides can be converted to a suitable
S-protected derivative and used further for the preparation of longer cystine
peptides. This principle was applied in the first synthesis of oxytocin (Ressler
and du Vigneaud. 1954) and also in a synthesis of the B chain of insulin
(Zahn and Schmidt, 1970).

C. §-Trityl (Triy Cysteine

A variety of other S-protecting groups, ie., trityl [/2], diphenylmethyl
[13], and acyl [14] groups, will be more extensively described, since they
include the contribution of our laboratory in this field. The main feature of
these groups is that they can be removed selectively by procedures which do
not attack sensitive groups already existing in the molecule.

Tritylation of cysteine {(Amiard et «l, 1956) according to the method
of Zervas {1953) and Zervas and Theodoropoulos (1956) and of its methyl
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1 Tri-OH, TFA Tri
{HBr, etc.), AcOH |
Cys

.
H-Cys 2. Distillation

Fig. 6. Preparation of S-trityl-L-cysteine,

ester (Theodoropoutos, 1953 ; Zervas and Theodoropoulos, 1956) yields the
corresponding N S-ditritylderivatives. By heating the filtrate of N,S-ditrityl-
cysteine with aqueous acetic acid, which results in detritylation of the
N-trityl groups (Hiltmann-Elies er al, 1953. Theodoropoulos, 1953;
Amiard er al, 1956, Zervas and Theodoropoulos, 1956), Velluz isolated
S-tritylcysteine with mp 202-203°C, [a]y + 19° (¢ 2, 0.1 ~ NaOH). S-Trityl-
L-cysteine is prepared (Fig. 6) in good yield by selective tritylation of cysteine
protected at the amino group by protonation, ie., by the action of trityl-
chloride on cysteine salts (hydrochloride, p-toluenesutfonate) dissolved in
dimethylformamide (Zervas and Photaki, 1960, 1962) or from cysteine
hydrochloride and tritylcarbinol in acetic acid in the presence of 1.1 moles
of boron trifiuoride ethereate (Hiskey and Adams, 1963a). 8-Tritylation of
cysteine can be accomplished more easily through the interaction of trityl-
carbinol and cysteine or its salts dissolved in trifluoracetic acid (Photaki
et al, 1970) and more easily still when the solvent is acetic acid (Zervas-
Photaki; Zervas ¢t al.. unpublished data). S-Trityl-L-cysteine prepared in
our laboratory by one of the above methods or by selective N-detritylation
of isolated. pure N S-ditritylcysteine shows even after repeated recrystal-
lizations, mp 181 -182°C. {a],, + 16.2° (¢ 2, 0.1 N~ NaOH). The S-trityl-1-
cysteine thus prepared is analytically, optically, and chromatographically
pure. Several amino- or carboxyl-protected derivatives of this key inter-
mediate are also known in pure condition, ie., N-benzyloxycarbonyl,
N-formyl (Zervas and Photaki. 1962), N-o-nitrophenylsutfenyl (Nps) (Zervas
et al., 1963c}, N-tert-butyloxycarbonyl (Zervas er al., 1965 Zahn et al., 1969),
N-benzhydryl and N-phthaloyl (Hiskey et al, 1967), as well as methyl
{Zervas and Photaki. 1962), diphenylmethyl (Hiskey and Adams, 1965b), and
phenacyl esters {Zervas et al., unpublished data).

The methods used in setective removal of the S-Tri group are of especial
interest. Velluz er al. (1956). who first worked on this problem, report two
examples of splitting of the S-Tri group: (1) from S-tritylglutathione in
chloroform solution by bubbling through dry HCI gas for a few minutes
and (2) from bis-5.§-trityloxytoceine dissolved in a mixture of CH,Cl,:10
N HCI (5:1). In these cases, the yield of the final product is very low. As a
matter of fact, Velluz's reported yield in the step of detritylation is 15% in
the case of glutathione, whereas no yield of oxytocin is reported even as
biological activity in a bioassay. In our experience (Zervas and Photaki,
1962), the extent of S-detritylation of S-Tri-L-cysteine and of numerous
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CH_STri HgCi, or CH_SHgCl{Ag} CH_SH
AgNO, - pyridine | H,S (HCI) |
—NHCHCO— —————* —NHCHCO— ——— —NHCHCO—

Fig. 7. Removal of S-trityl group by Hg** or Ag*.

derivatives of it never exceeds 40-50°;, even after more than 30 min bubbling
of hydrogen chloride in a chloroform solution. An even lower percentage of
cleavage was observed using a mixture of CH,Cl; and 10N HCIL (5:1). The
low degree of S-detritylation using Velluz’s conditions is understandable
bearing in mind the experimental findings of Hanson and Law (1965) and of
our laboratory {Photaki et al.. 1970).

In the light of results obtained by the examination of numerous S-trityt
peptides (Photaki et al.. 1970), certain suggestions can be made regarding the
splitting off of the S-Tri group. The removal of this group by Hg?* or Ag*
{Zervas and Photaki, 1962). followed by the action of hydrogen sulfide on
the thiolate thus formed. is to be recommended. In some cases, the removal
of silver can be done by treatment with hydrochloric acid (Fig. 7).

Regarding the acidic conditions for splitting off the S-Tri group, one
must keep in mind that TFA and HBr, and to a lesser extent HCL, in AcOH
remove the S-Tri group by an equilibrium reaction. Therefore, in order to use
TFA or HBr (HCI) in AcOH as cleavage reagents the reaction conditions
must be carefully controtled. In order to avoid retritylation, these reagents
should not be removed by distillation. but water must be added before
proceeding to either titration {oxidation) or isolation of the S-deblocked
cysteine derivative. If this is not done. evaporation of the above sotvent
reactants results in reformation of the S-Tri derivatives (cf. p. 64). Con-
sidering this, the acidic conditions for the splitting off of the S-Tri group can
be summarized as follows:

1. Trifluoracetic acid 1s a good cleavage reagent only for S-tritylcysteine
and for peptides bearing an S-tritvlcysteine residue at the amino end.
For all other peptides. the optimal conditions for cleavage need to be
determined. In the cases so far studied. the percentage cleavage did
not exceed approximately 60°, For preparative purposes, the
percentage cleavage can be increased by isolation of the product and
repetition of the reaction with TFA.

2. The removal of S-trityl groups by TFA is almost fully suppressed in
the presence of triphenytcarbinol or triphenylmethyl chloride. This
fact can be used to great advantage in cases where a polypeptide bears
other side-chain protecting groups [e.g.. N-t-butyloxycarbonyl (Boc),
t-butyl esters {OBuv'), diphenylmethyl ester (ODpm), etc.] quantita-
tively removable bv TFA.
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3. Taking the precautions already mentioned, HBr/AcOH is the reagent
of choice for removal of the §-Tri group in all peptides. Triphenyl-
carbinol inhibits the removal of the S-Tri group, whereas triphenyl-
methyl chioride has no appreciable effect (Hanson and Law, 1965).

4. Hydrogen chloride in acetic acid removes the 8-Tri group to a lesser
extent; cleavage is also suppressed in the presence of triphenyl-
carbinol.

When the trityl group contains p-methoxy substituents [/5], as in the
p-methoxyphenyl-diphenylmethyl-L-cysteine (mp 148-150°C) (Zervas et al.,
unpublished data), the removal of the trityl group under acidic conditions is
achieved much more readily. For more details of these procedures, the reader
is referred to the original literature—work by Zervas and Photaki in the
years 1961-1970.

Special oxidative procedures which easily cause splitting off of the trityt
group simultaneously cause the formation of disulfides. This is true of the
thiocyanogen method (Hiskey and Tucker, 1962) and of the more simple
method of Kamber and Rittel (1968), who used iodine in methanot. This
reaction probably occurs through a sulfenyl iodide (or thiocyanate) inter-
mediate because of the ease of formation of the stable carbonium ion (Fig. 8).

Oxidative splitting of the S-Tri group is especially useful in the prepara-
tion of cyclic cystine peptides and will be discussed below.

The incorporation of the S-trityl protected cysteine into a peptide chain
does not present difficulties. All the known N-protected S-tritylcysteines
with the exception of the N-Tri derivative are easily coupled with other
amino acids either by the mixed anhydride method using alkylcarbonic acids
or by dicyclohexycarbodiimide. As in the case of other N-tritylamino acids,
N S-ditritylcysteine cannot be coupled by mixed anhydrides because of
stereochemical inhibition. This inhibition can be overcome by using either
carbodumide (Amiard er al., 1956) or a mixed anhydride with diphenyl
phosphoric acid (Cosmatos et «l.. 1961) as coupling agent. Many peptide
derivatives of N-protected S-Tri cysteine have been prepared, and are re-
ported in the literature.

When, however, the peptide chain to be lengthened contains groups such
as OBu' or ODpm. then the use of N-Tri or N-Nps cysteine is recommended

@) RS R-5-S-R + J,
CH,OM
R-5-Tri + J, — R-5-J + Tri-OCH, + HJ

| (b} R-5-Tr/CH,0H

'——  R-5-5-R + Tri-OCH, + HJ

Fig. 8. Oxidative removal of S-trityl by iodine.
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because these groups can be removed under conditions which in practical
terms do not affect either the above groups or the S-Tri group. If required,
when other acid-labile groups are absent from the molecule, the N-Z group
could be used in synthesis of S-Tri peptides, since after the splitting with
HBr/AcOH the SH group could be retritylated during the evaporation of the
HBr/AcOH (Hirotsu er al. 1967), especially if triphenylearbinol is added
{cf. p. 66).

Recently, Koning et al. (1968) have studied different S-protecting groups
such as the phenyl-cyclohexyl group [/6] which also give stabilized car-
bonium 1ons on acidolysis. This group can be introduced by the action on
cysteine hydrochloride of the corresponding carbinol using boron tri-
fluoride etherate as a catalyst and can be removed by TFA.

D. S-Diphenylmethyl (Dpm) Cysteine

The use of the Dpm group as a new S-protecting group for cysteine was
mtroduced at the same time as the S-Tri group (Zervas and Photaki, 1960,
1962: Hiskey and Adams. 1965a). S-Dpm-cysteine, originally prepared
(Zervas and Photaki, 1962) by heating a solution of diphenylmethyl chloride
and cysteine salts in dimethyifermamide solution, can be prepared in better
yield by several methods. e.g.. by the reaction of cysteine p-toluenesullonate
in HBr/AcOH solution with diphenylmethyl chloride (Hanson and Law;
1965); by heating a solution of cysteine hydrochloride and benzhydrel in
acetic acid in the presence of 1.1 equivalent of boron trifluoride ethereate
followed by evaporation of the solvent (Hiskey and Adams, 1965a); at room
temperature from cysteine hydrochlonide and benzhydrol in 1 ~ HBr/AcOH
followed by distillation or even in TFA at room temperature without dis-
tillation (Photaki et al.. 1970). The simplest method is by warming a solution
of cysteine p-toluenesulfonate or hydrochloride in acetic acid with benz-
hydrol for a few hours {(Zervas - Photaki ; Zervas et al., unpublished data). For
the mcorporation of S-Dpm-L-cysteine into a peptide chain, several N-
protected derivatives can be used, ¢.g., the N-Z or the N-formyl (Zervas and
Photaki, 1962}, or the N-Boc (Zahn ¢t al., 1969),

Boiling trifluoracetic acid (15-30 min) in the presence of phenol is an
excellent cleavage reagent for the S-Dpm group both from the S-Dpm-
cysteine and S-Dpm-cysteinylpeptides. and from peptides bearing an
S-Dpm-cysteine residue at positions other than the N-terminal (Zervas and
Photaki. 1962 Photaki et ul., 1968b, 1970). Cleavage occurs even at room
temperature (20-30°C. 16 hr). especially in dilute solutions, and the efficiency
of splitting of the S-Dpm group is as high as 90%, (Photaki et al., 1970).
Hydrogen bromide splits off to some extent the S-Dpm group i.e., 45-50%,
at 50-55°C or 10", at room temperature. The S-bis-p-methoxyphenylmethyl
group [/7] introduced by Hanson and Law (1965) as a cysteine S-protecting
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group, is cleaved with TFA appreciably faster than the S-Dpm (Hanson and
Law: 1965 Photaki et al., 1970). According to Hiskey and Tucker (1962), the
S-Dpm group can be removed to a great extent, but less easily than the
S-Tri, by oxidation with thiocyanogen or a sulfenylthiocyanate. This is
perhaps unexpected, because iodine splits off the S-Dpm group only to a
small extent (Kamber and Rittel, 1968).

The best method to split off S-Tri groups from a peptide chain bearing
S-Tri and S-Dpm groups is treatment with Hg>* or Ag* (Zervas et al., 1965
Hiskey et al., 1970b}, which removes only S-Tri groups. As vet, no working
method has been found for removing S-Dpm selectively without attacking
at the same time the S-Tri groups.

Bearing in mind the conditions for removal of the S-Dpm group, it is
clear that N-protecting groups can be removed selectively without affecting
the S-Dpm group, while with the right choice of N- and carboxyl-protecting
groups the S-Dpm itself can be selectively removed.

E. S-Acyl Groups

The S-acyl groups, in particular the S-benzoyl, form a third series of
S-protecting groups which are used in peptide synthesis (Zervas et al., 1962,
1963a,b). As expected, the S-acyl groups are especially susceptible to alkali,
e.g.. the S-benzoyl (Bz) group is completely removed by 0.2 §~ NaOH (15 min)
and partially (50°,) by 2 N~ ammonia (15 min). However, it is preferable to
remove S-acyl groups by methanolysis in the presence of sodium methoxide
in an atmosphere of hydrogen (Fig. 9), since this reaction proceeds rapidly
and almost quantitatively without causing f-elimination or racemization.

The absence of f-elimination during this methanolysis has been con-
firmed by Hiskey et al. (1970a). Further. the N-decarbobenzoxylating agents
TFA and HBr/AcOH do not attack S-benzoylcysteine to any significant
extent and thus it can be incorporated into a peptide chain as the N-Z
derivative (Zervas et al.. 1963a,b). For lengthening the chain, other N-
protected S-Bz cysteines such as the N-Nps (Zervas and Hamalidis, 1965),
N-formyl (Zervas and Photaki, 1962). or N-Boc (Photaki, 1966) can be used,
the N-Nps always being used when other sensitive groups (OBu', ODpm,
etc.) are present in the molecule. S-Acetyl (Ac) cysteine is practically resistant
to TFA but is cleaved to a great extent by HBr/AcOH, so that other N-
protecting groups must be used in place of the benzyloxycarbonyl in this
case.

(‘EOCGH5

1.1 equiv. 0.1 N CH,ON
NPS-Val-Cys-Ser-OMe ——————— o Ehehis NP5-Val-Cys-Ser-OMe
in CH,OH, 1520 min

Fig. 9. Removal of S-benzoyl group by methanolysis.
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Bz

|
Z-Cys-Ser-OCH,, NH.NH./CH_OH

—— > Z-Cys-Ser-NHNH_, + Bz-NHNH

2

?z ?z
Z-Cys-Ser-QCH,

Bz Bz Z-Cys
| CHSNe _ | NHNH, o,
Z-Cys-OPac ——— Z-Cys ———> Z-Cys —

Z-Cys
Fig. 10. Removal of S-benzoyl group by hydrazinolysis.

Recently, we have been using hydrazine in dilute methanolic solution
for deblocking of acyl groups (Fig. 10). The S-acy! group is rapidly removed
as acylhydrazide without causing f-elimination (Photaki; Zervas and
Sakarellos, unpublished data). Of course, in the case of a peptide ester the
corresponding hydrazide is obtained after this treatment. If the formation of
the hydrazide is undesirable, the phenacyl (Pac) group is used as carboxyl-
protecting group (Stelakatos et af.. 1966). In this case, the phenacyl group is
first removed by thiophenolate, and subsequently the S- and, if present, the
O-benzoy! groups are removed by hydrazine (Zervas—Photaki: Zervas and
Ferderigos, unpublished data).

Another example of an S-acyl group is the ethylcarbamoy! group [19],
which was introduced by Guttmann (1966} and used by him for a synthesis
of glutathione and of oxytocin. This group is also stable under acidic and
neutral conditions but is readily cleaved by basic reagents without de-
sulfurization or racemization.

S-Carbobenzoxy- and S.N-dicarbobenzoxy-cysteine can also be used,
and they deserve special consideration. Berger et al. (1956) have prepared
N,S-dicarbobenzoxy- and S-Z-L-cysteine as well as S-Z-cysteine carbonic
acid anhydride. which they have used only for preparation of cysteine
polymers. The S-Z group was removed from the final product using
Na/lig. NH;. In our experience. for the synthesis of peptides the alcoholysis
of the 8-Z group with 0.1 N sodium methoxide in methanol is to be preferred
even ifit proceeds more slowly than in the case of the corresponding S-benzoyl.
Boiling TFA does not differentiate between N- and S-Z groups, both of them
being cleaved, while the 8-7 group survives treatment with 2 N HBr/AcOH
(Fig. 11)to a very great extent (Zervas et al.. 1963a,b). Thus S-carbobenzoxy-

z Z

! HBr/ACOH _ | TFA
"H-Cys- ¢———— Z-Cys- — "H-Cys-

Fig. i 1. Behavior of S-Z group under acidic conditions.
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;?MZ [|>MZ pMZ
Nps-Cys-Gly-0Et &% H _Cys-Gly-OFt =2 Z.Phe-Cys-Gly-OFt "oVAOH,
Z-Phe-Cys-Gly-0OEt

Fig. 12, Use of S-pMZ-L-cysteine in peptide synthesis.

Tos

Z-Gly-Ser-Gly-QOEt —" i
Cl j——» Z-Gly-Cys-Gly-OEt

\ P
Z-Gly-Ala-Gly-0Ft —+28—/

Tos = CH,C.H,S0,, R = C,H,CO, CH,CO

Fig. 13. Transformation of O-tosyl-L-serine peptides and of L-chloroalanine peptides to
S-acyl-L-cysteine peptides.

cysteine can also be used for peptide synthesis in conjunction with the
carbobenzoxy method for N-protection (Zervas et al., 1963a,b; Sokolovsky
et al., 1964). Instead of the N-Z, other derivatives of 8-Z-Cys such as N-formyl
(Katsoyannis, 1961) or N-Nps (Zervas and Hamalidis, 1965) can be used.

In the last years, the use of p-methoxybenzyloxycarbonyl group (pMZ)
[18] as an S-acyl protecting group has been and is still being investigated
(Photaki, 1970). S-pMZ-L-cysteine in the form of its N-Nps derivative can be
incorporated into a peptide chain in the presence of sensitive groups such
as the OBu' or ODpm (Fig. 12). The deblocking of the S-acyl group can be
effected both by alcoholysis and by acidic reagents such as HBr/AcOH or
TFA.The latter method of deacylation is more acceptable because the method
of alcoholysis will result in transesterification of any other carboxyl esters
which might be present in the molecule. In addition, the acidic deblocking
would be especially useful for long peptide chains containing other acid-
sensitive protecting groups: in this case. the free SH-polypeptide could be
produced in one step.

An alternative method of incorporating S-acylcysteines into a peptide
chain involves the use of S-chloroalanine as starting material (Photaki and
Bardakos, 1966: Wilchek er al., 1966). After incorporation into a peptide
chain, the B-chloro group can be transformed to an S-acyl group (Fig. 13).
Furthermore. peptides of serine can also be transformed to S-acylcysteine
peptides by displacement reactions of their O-tosyl derivatives (Photaki and
Bardakos, 19635a.h: Zioudrou er al., 1963).

The possibility of an $ — N migration should be taken into account
when using the S-acylcysteine derivatives for peptide synthesis. In fact, such
a migration has been shown to occur when N-Z-glycine is coupled with
S-Bz-1L-cysteine methy! ester via the carbodiimide method (Zetvas et al.,
1965). The resulting compound is a protected S-dipeptide ester, ie., S-(N-
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?Z DCCI Z'(ﬁly 1 methanolysis BZ-Cys-OMe + Z-Gly-OMe
Z-Gly + Cys-OMe Bz-Cys-OMe 2 'odine oxidation gy _Cys OMe

Fig. 14. § — N mugration of the 5-benzoyl group.

CH,SBz CH,0Bz
j CH,ONa—CH,0H
Z-NHCHCO —NHCHCOOCH, —— Z—NHCHCO—NHCHCOOCH, —
S(—CHZ(EHCOOH}z LL
NH,

Fig. 15 Formation of cyclo-L-lanthionyl from cystemylsering.

benzyloxycarbonyglycyl)-n-benzoyl-i-cysteine methyl ester, as shown by
methanolysis. Upon methanolysis, Z-glycine is spht off and N-benzoyl-L-
cysteine methyl ester is formed and can be isolated as the corresponding
cystine derivative (Fig. 14). The results of the methanolysis show un-
ambiguously if such a migration has taken place.

Acyl migration has also been observed by Sokolovsky et al. (1964) and
by Hiskey et al. (1966). In our experience. such an § — N migration is not
observed when an S-acylcysteinyl peptide ester is coupled with N-protected
amino acids. In this case, migration is not favored because of the lower
basicity of cysteinyl peptide esters: furthermore, to minimize the possibility
of an § — N migration the following procedure is adopted: to the solution
of peptide ester salt the equivalent amount of triethylamine 1s added and
immediately thereafter the N-protected amino acid in 109, excess followed
by the addition of carbodiimide (Zervas er al.. 1963a). An alternative pro-
cedure which is recommended is to add the peptide ester-salt to an already
prepared mixed anhydride sotution of the N-protected amino acid and then,
under cooling, add dropwise the equivalent amount of triethylamine (Zervas
et al., 1965).

A very interesting case proved to be the methanolysis of N-Z-L-
cysteinyl-L-serine methyl ester in which both the cysteine SH and the serine
OH groups are protected by benzoylation. In this case, the serine moiety is
converted by f-elimination to an «-aminoacrylic acid residue; the simul-
taneously deblocked SH group adds to the double bond, yielding among
other things the methyl ester of N-benzyloxycarbonyl-cyclo-L-lanthionyl
methyl ester (Fig. 15) and a dimer product of N-benzyloxycarbonyl-meso-
lanthionyl methylester containing a 14-membered ring. Hydrolysis of this
product gives L- or meso-lanthionine (Zervas and Ferderigos, 1973). This
reaction is reminiscent of the synthesis of lanthionine by the interaction of
L-cysteine and o-acylaminoacrylic acid in strong alkaline solution
{Schiberl and Wagner. 1956),
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R—5—50,Na + RSH — R—SH + R'—5—50,Na

Fig. 16, Removal of the S—S0O;Na group.

COOEt
(‘.‘,HESH H,C:(‘.‘,ACOOEt CH_SCH,CHCOOEt
+ —
R;NHCHCOOR, COOEt R,NHCHCOOR,

Fig. 17 Introduction and removal of the Dce group.

S-Sulfonate derivatives of cysteine can also be regarded as S-acyl deriva-
tives. They are formed by treatment of disulfides with sodium hydrogen
sulfite followed by tetrathionate, cupric ions, or iodoso benzeic acid (Swan,
1957: Bailey and Cole, 1959 Dixon and Wardlaw, 1960). The regeneration
of the sulfhydryl group can be achieved by treatment with thiols (Fig. 16).
These reactions have been applied in the isolation and reoxidation of the
A and B chains of insulin. However, owing to the great acid sensitivity of the
5—S0O,H group. it has not been used as a protecting group in peptide
synthesis.

Finally another S-protecting group (Fig. 7) may be mentioned which,
although not an acyl group, is alkali sensitive. The S-8,8-diethoxycarbonyl-
methyl group (Dee) (Wieland and Sieber, 1969g) is stable in HBr/AcOH. Its
removal proceeds by a f-elimination reaction using a 1 N solutien of KOH
at room temperature for 5-10 min. The same authors (19695) have used this
group in the synthesis of glutathione.

I UNSYMMETRICAL CYSTINE PEPTIDES

Many cysteine peptides have been synthesized using S-Tri, S-Dpm,
and S-acyl cysteine intermediates in our laboratory (see the work of Zervas
and Photaki during the years 1960-1970) and also by other research groups
{Sokolovsky et al, 1964; Hiskey et al., 1966; Riniker et al, 1969; Zahn
et al., 1969). The liberation of the sulfhydryl group and its oxidation to the
corresponding symmetrical open-chain cystine peptides present no problem.
There is, however, a problem in the synthesis of unsymmetrical open-chain
cystine peptides. as will be seen from the following discussion.

Attempts by Fischer and Gerngross (1909) to prepare monoglycyl- and
monoleucyl-L-cystine through aminolysis of their respective monohaloacyl-
L-cystine precursors resulted in the formation, in each instance, of a dipeptide
which was not pure. and of appreciable amounts of cystine. This unusual
aminolysis of an a-haloacylamino acid can be explained by the well-known
fact that unsymmetrical open-chain derivatives of cystine are not stable but
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rearrange (Fig. 18) to the symmetrical ones (Ryle and Sanger, 1955; Benesch
and Benesch, 1958}, Such a rearrangement was established, e.g., in the case
of monobenzyloxycarbonyl-L-cystine (Zervas et al., 1959), which after treat-
ment with an aqueous solution of diethylamine for 2 hr was converted to a
mixture of free cystine and bis-benzyloxycarbonylcystine to the extent of
some 40% (Fig. 19). Under less alkaline conditions, e.g., pH 7.5, a few days
were required for only 25% rearrangement, while no detectable interchange
was noted at pH 6.5 after 5 days of storage. Decarbobenzoxylation of mono-
(benzyloxycarbonylglycyl)-L-cystine with anhydrous HBr/AcOH vyielded
the desired glycyl-L-cystine in addition to a small amount of free cystine,
resulting probably from rearrangement under these strongly acidic conditions,
At pH 7.5, this unsymmetrical dipeptide rearranges to an extent of approxi-
mately 20% on standing at 25°C for a few days.

Various other protected and unprotected unsymmetrical open-chain
cystine peptides or derivatives have been synthesized and studied by other
workers with regard to their ability to rearrange (Weygand and Zumach,
1962 ; Hiskey and Tucker, 1962 ; Zahn and Otten, 1962 ; Rydon and Serrao,
1964 ; Veber et al., 1969 : Kamber, 1971 ; Harpp and Back, 1971). In particular,
Kamber prepared many free unsymmetrical cystine peptides and studied
their stability at vanous pHs. His results confirm and extend the earlier
observations (Zervas et al., 1959) and show that in alkaline or strongly acid
solutions rearrangement occurs while in neutral solution rearrangement is
minimal. It is, however, not easy during peptide synthesis to always avoid
treatment of intermediates with alkaline or strongly acidic reagents.

The existence and the relative stability of unsymmetrical cystine peptides
such as oxytocin, vasopressin. and calcitonin may apparently be attributed

NHR; NHR, NHR,
SCH,CHCOOH SCH2(|:HC00H SCH,(‘:HCOOH
SCH,CHCOOH  SCH,CHCOOM T SCH,CHCOOH

r!~4Hn2 ||\IHR, l‘m—m2

Fig. 18. Rearrangement of unsymmetrical open-chain cystine derivatives.

NHZ NHZ NH,

2SCH2(!:HC00H oH 7 SCHZ(!ZHCOOI-I . E\‘»CHZ(L)HCOOH

SCH,CHCOOH SCH,CHCOOH = SCH,CHCOOH
IlJHz NHZ ||\||-|2

Fig. 19. Rearrangement of monobenzyloxycarbonyl-L-cystine.
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f }
Cys-Tyr-lle-Gln-Asn-Cys-Pro-Leu-Gly-NH,

Fig. 20. Oxytocin.

CH,SH CH,SH o, CH,S—SCH,
—
H,NCHCO—NHCHCOQOH #HE85 H_NCHCO—-NHCHCOOH
lo. sHEs

?CH2CH(NHZ)COLNHCH(COOH)CHZ? "
anasar
SCH,CH{NH,)CO—NHCH(COOH)CH_S

S‘CHch(NHZ)CO—NHCH(COOH(CHg?
SCH ,CH(COOH}NH—COCH(NH,)CH,S

Fig. 21. Products of oxidation of L-cysteinyl-L-cysteine.

to the fact that these compounds are of a cyclic nature, the only —S—8—
bridge in their structure being implicated in the ring system (Fig. 20).

The preparation by synthesis of such compounds requires the use of
one S-protecting group. For the synthesis, e.g., of oxytocin and its analogues,
S-benzylcysteine has been mostly used. In addition to the S-benzyl, S-acyl-
cysteines, e¢.g., S-ethylearbamoyl (Guttmann, 1966), and S-benzoyl or §-
benzyloxycarbonyl (Photaki, 1966) have also been used for this purpose.
After removal of the S-protecting groups, N-protected oxytoceines have been
obtained in crystalline form (Photaki, 1964) as intermediates in this last-
mentioned synthesis of oxytocin. The use of S-tritylcysteine for synthesis of
such cyclic cystine peptides has the advantage that the oxidative removal of
the 5-Tri group leads directly to the desired cystine derivative, as proved,
e.g.. in the synthesis of calcitonin {(Riniker er al., 1969).

In the syntheses of cyclic cystine peptides mentioned above, the only
problem which arises 1s the oxidation of the SH group, which can lead not
only to formation of the desired intrachain bridge but also to dimers or
polymers. Thus the oxidation of L-cysteinyl-L-cysteine {Izumiya and Green-
stein, 1954 ; cf. p. 61) leads to the formation of the cyclic monomer L-cyclo-
cystinyl in pure form as well as to the corresponding parallel and antiparallel
dimer products (Fig. 21). It is well known that oxidation of the SH-peptide
in dilute solution and at neutral pH helps in the formation of the relevant
monomer, e.g., cyclocystinyl and oxytocin. In a series of publications, Rydon
and coworkers report their studies on the conditions required for formation
of monomeric cyclic disulfides by oxidation of L-cysteinyl-(glycyl),-L-cysteine
(n = 0-15) and the yields obtained (Hardy et al., 1971).

Most of the proteins can be considered, in principle, as unsymmetrical
polypeptides of cystine. These proteins. i.e.. insulin, are more or less stable,
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because in this case more than one cystine ——S—8— bridge holds the poly-
peptide chains together, forcing them to participate in a multimember ring
system. The synthesis of insulin (Katsoyannis er al., 1963 ; Meienhofer et al.,
1963 ; Kung et al., 1965) and of ribonuclease {(Hirshmann et al., 1969 ; Gutte
and Merrifield, 1969) have proved that the incorporation of the same §-
protected cysteine in a chain can lead finally to the desired compound, even
if the yields cannot be very good. As a matter of fact, natural insulin (Dixon
and Wardlaw, 1960) and ribonuclease (White, 1961; Anfinsen and Haber,
1961), which lose activity upon reduction, regain their initial biological
activity to a great extent after reoxidation. However, the synthesis of long
open-chain cysteine peptides is a tedious job and should not be jeopardized,
especially if the final product does not have an easily determined biological
activity.

Some years ago (Zervas and Photaki, 1962), we expressed the opinion
that an approach to the synthesis, in a controlled way, of unsymmetrical
cystine peptides with two or more cystine —S—S— bridges would be facili-
tated if the following requirements could be met: (1) Cysteines bearing
different S-protecting groups should be available which could be incor-
porated into a peptide chain: these S-protecting groups must be selectively
removable in such a way that the peptide bond and an already existing bridge
in the molecule would not be effected. (2) Two different peptide chains con-
taining the S-protected cysteines could be coupled through their amino
ends to a polyvalent N-protecting group G (Fig. 22). The same procedure
could be applied using another polyvalent group combined with the carboxyl
ends of two different peptide chains bearing the S-protected cysteines. The
selective removal of two S-protecting groups (one from each of the two chains)
and the oxydation of the SH groups thus formed would establish an —S—S—
bridge, so that a multimembered ring would be formed and rearrangement
of the cystine peptide chains would be prevented. By repetition of the selective
splitting off of two or more S-protecting groups, the formation of a second
—S—S8— bridge and of an additional ring might be achieved. The next step
would be the removal of the polyvalent N-protecting group G in such a way
that neither the peptide bonds nor the —8—S8— bridges would be affected.

NHCHCO—NHCHCO - NHCHCO---NHCHCO —
CH,SR  CH,SR CH,S CH, SR’

G - 6
N CH,SR  CH_SR’ \ CH,S CH,SR’
\NHéHCO—NHéHCO— NHéHCOv--NHéHCO—

Fig. 22. Use of a polyvalent N-protecting group.
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Alternatively, the above polyvalent N-protecting group could be com-
bined with two S-protected derivatives of cystene. After the formation of the
first —S—S— bridge, the cystine derivative could be lengthened at both
sides, and at the desired length it could be supphed with new S-protected
cysteine derivatives, etc,

The first requirement has been satisfactorily met, since a variety of
S-protecting groups selectively removable are now available. This fact has
already helped to overcome for the first time (Zervas et al., 19634, b; Cosmatos
et al., 1965; Zervas et al., 1965} the unique difficulties inherent in establishing
an —S—S— bridge specifically between two of three cysteine residues of a
peptide chain. This has been realized by the synthesis of a fragment of the
A chain of sheep insulin bearing the 6-11 intrachain bridge (Fig. 23). The
removal of the remaining S-protecting group is carried out as described on
pp. 64-68.

Tri Tri
| | HgCl,
Boc-Cvs-(‘.iys-AIa-Gly-VaI-Cys-Ser-OMe —
Dpm
HgCl HgCl
3

\ H,5
Boc—Cysf(llvs—AlaAGIy—VaI-Cys-Ser-OMe ——
Dpm
JCH,JCH,
Boc-Cys-(liys-Ala-GIy-VaI-Cys-Ser-OMe —

Dpm

Boc—éys-Cys-AIa-GIy-VaI-éys-Ser-OMe L TR,
| HCI/CH,COOE!

Dpm

I
HCI, Cys—(‘Zys—AIafGIy-Val-&:ys-Ser-OMe
Dpm

[20]
Bz Bz
Nps-C‘lys-Cys—AIa-le-VaI-(‘sz-SerfOMe i'ﬂ'"_‘ﬂ?i.
'lrri
Nps—Cys-‘Cys-AIa-GIy—VaI-Cys—Ser-OMe
Tri
Nps-E;fs-(Iiys-AIa-GIy-VaI-éysASer-OMe
Tri
HCI, (L.:ys—(llys~AIa-G|y-VaI-(Eys-Ser-OMe
n

JCH,CH_ )
_—

HC4
—_—
tetrahydrofuran

(27]

Fig. 23. Synthesis of the 6 11 intrachain bridge of sheep insulin.
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ZACys-(‘)ys~Gly-Phe-GIv-(‘Iys‘Phe-GIy-(,Iys-Gly-VaI-OH +

Dpm Tn
+ Z—Cys-(Gly},-Cys-Gly-OBu? —
‘SCN El)pm
Z-Cvs-Cys-GIv—Phe-(“BnlyTCVS-Phe—Gly-Cvs-GIy-VaI-OH M)
i TEA/ACOH

Dpm ?pm
76 % ButO-Gly-Cys-(Gly),-Cys-Z

2-Cys-Cys-Gly-Phe-Gly-Cys-Phe-Gly-Cys-Gly-Val-OH

B0 Gly Cys (Gly),, Cys Z 75 %

Fig. 24. Synthesis of a tris-cystine peptide by Hiskey et al.

In recent years. Hiskey et al. (1969) have reported that, using methods
designed only to meet the first requirement mentioned above, they have been
able to synthesize peptides bearing more than one —S—S8— bridge, and
even a peptide containing the ring system of insulin. The satisfactory forma-
tion of the 20-membered ring of the intrachain in this synthesis corresponds
to the other examples of syntheses of such rings in oxytocin, vasopressin, and
the insulin fragment of Fig. 23. Furthermore, surprisingly, the establishment
of two —8-~8— cross-linkages. one of which is formed by the interaction of
two cysteine S-protecting groups and the other by cooxidation of two
S-protected cysteine residues. is reported by Hiskey to give monomeric pure
products in very good yield (Fig. 24).

Zervas and his associates still believe that the realization of the second
objective mentioned above (p. 75) would provide the safest controlled
method of synthesis of a peptide having more than one cross-linkage.

L-Glutamic acid has been used as a polyvalent N-protecting group
(Yovamdis, 1964 Zervas et al.. 1967). the two carboxyl groups being linked
to two different peptides bearing S-protected cysteines (Fig. 25). In the last
stage of the synthesis. the ;-peptide bond could be selectively hydrolyzed
50 that the polyvalent N-protecting group could become a member of the
peptide chain,

Attempts to oxidize compound A (Fig 25) to a monomeric —S5—8—
derivative have yielded only mixtures from which it has not been possible to
isolate workable yields of the required compound, and this scheme has had
to be abandoned.

Another polyvalent N-protecting group (Fig. 26) which may be con-
sidered 1s monobenzyl phosphoric acid. Substance B of Fig. 26 (Zervas and
Sakarellos. unpublished data) has been used as starting material for joining
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(‘:O—‘Cys-AIa-(liys-OMe (\IO#Cys-AIa-Cys-OMe
Z-NHCH Bz Tri Z-NHCH Bz HgCl

! HgGCI, | H,$

- S e '

CH, ‘Bz 1|'ri (‘2H2 Bz HgCI

CO—Cys-Gly-Cys-OMe CO—Cys-Gly-Cys-OMe

CO—Cys-Ala-Cys-OMe
Z-NHCH Bz
CH, Bz
CO—Cys-Gly-Cys-OMe
[A)

Fig. 25. L-Glutamic acid as a polyvalent N-protecting group.

6" 5

C,H,0 NHCH(R)COOBzI
N

€ H,CH,ONa
C,H,OP(O)CI + 2 Phe-OBzl — /P\ 4’CGH°CH20H
0 NHCH{R)COOBzI
C.H.CH,O NHCH(R)COOBzI C,H,CH,O NHCH(R)COO08:zl
NS -1 N NzQH NS
P 30 min P
7N 2N
0 NHCH(R)COOB:zI 0 NHCH(R)}CCOH
mp 112°C mp 155°C (B}

R = C,H.CH,

Fig. 26. Monobenzy! phosphoric acid as a polyvalent N-protecting group.

two different cysteine peptides, e.g.. the two tripeptides linked to Z-glutamic
acid in Fig. 25. This approach has not been pursued further because, on the
fortieth anniversary of the carbobenzoxy method, hope has been raised that
this method may yet provide a solution to the problem (Zervas-Photaki,
Zervas, Stathaki, and Ferderigos, unpublished data).

Phthalyl alcohel* [22] was transformed to its corresponding bis-
carbonyl-p-nitrophenyl ester [23] and subsequently to bis-S-trityl-L-cysteine
diphenyl methyl ester [24]. Detritylation as usual by Hg?* followed by
oxidation or detritylating oxidation by iodine in one operation leads to the

*[Jse of the corresponding bis-rerr-alcohol would mean the application of the Boc method for
this purpose.



On Cysteine and Cystine Peptides 79

monomeric cyclic crystalline cystine derivative [25] in good yield (Fig. 27).
As expected, compound [23] is stable to HBr/AcOH. whereas under the same
conditions compound [25] loses both the N- and the C-protecting groups.
Selective removal under alkaline or acidic conditions (HCI/CH,NQ,) of one
Dpm group has not been possible. This problem has been met by synthesizing
a compound (Fig. 28) that contains two different ester groups such as Dpm

“— CH,OH CH,0CO0CH_NO (g} cys(s-TriyoDRMm
— _
CH,OH CH,0COO0C, H, NO,(p) EtoN

[221 [23] mp 164°C
4_CH20CO-(‘IyS-Ome CH_0CO-Cys-0Dpm
Tri /\( HBr Cys
— - |
. 'l"ri K/k Cys
CH20CO-Cys—Ome CH_OCO-Cys-ODpm
[24] mp 85°C [251 mp 177°C

Fig. 27. Phthalyloxycarbonyl as a polyvalent N-protecting group.

CH,OTri CH,OTri

I CH.N, 1 CICOOCH,NO,(p)

C[ 2. umH Q ) ’
COOH CH,OH

[26] mp 185°C [271 mp 114°C
H . Tn
QC JOT” 1.1 equiv HBrfACOH CHon (ljys.opac
_——— —
CH,0COOQC H,NO,(p)

CH,OCOOC H,NO,
[28] mp 123°C
CH20CO-(F:ys-Ome

CH_OH /
1 CICOOCH NO (o) | Tri C,H.SNa
2 Cys{Tri}-ODpm [ Tri
CH,0CO- Cys OPac E \
CH_0OCO-Cys-OPac
CH,0CO- (ilys 0ODpm CH_0CO-Cys-ODpm
Tni ./j’f ‘
— ! etc.
1“ri L |
CH,0CQ-Cys-OH CH,0CO-Cys-OH

Fig. 28. Scheme for the synthesis of parallel unsymmetrical cystine peptides.
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CH,OH CH,0CO0CH,NO,
IS WIEING S
—
CH,0 CH,OH CH,O CH,0CO0CH,NO,

2 3

[29]
CH,OCOCHNHX
CH_OH i
2 in 2 steps CHZST”
etc.
CH,0 CH,0CO0C, H,NO CH,0 (T:stm
5 :0C00CH,NO, 3 CH,O0CONHCHCOODpm

Fig. 29. Scheme for the synthesis of antiparallel cystine peptides.

and Pac, which can be removed selectively in a stepwise manner. In this way,
it should be possible to extend the peptide chains, by adding two different
peptides of S-tritylcysteine, and to form a second —S$—S— bridge. This
sequence of reactions is shown in Fig. 28.

Finally, the use of methoxyphthalyl alcohol [29] in place of phthalyl
alcohol as starting material should both facilitate the synthesis of parallel
unsymmetrical cyclic cystine peptides and also make possible the synthesis
of antiparallel cyclic cystine peptides according to the scheme shown in
Fig 29. Treatment of the final product with HBr/AcOH should release both
the amino and carboxyl groups in one operation because of the ester group
being in the p-position to the methoxy group.

It must be said that some of the schemes for synthesis shown in the last
figures are still being worked out as part of the current research program
of the Laboratory of Organic Chemistry in Athens.
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CHAPTER 5

THE TOSYL AND RELATED
PROTECTING GROUPS IN AMINO ACID
AND PEPTIDE CHEMISTRY

Josef Rudinger

Institut fitr Molekularbiologie und Biophysik
Eidgendssische Technische Hechschule
Ziirich, Switzerland

I. INTRODUCTION

The revolution wrought in peptide chemistry in 1932, when Bergmann
and Zervas (1932) introduced their benzyloxycarbonyl protecting group, was
so profound that all the earlier procedures for amino-group protection were
effectively consigned to the peptide chemist’s museum, labeled *of historical
interest only.” The development of further protecting groups, in particular
the range of “urethan™ protecting groups descended in direct lineage from
benzyloxycarbonyl, or of the sulfenyt protecting groups introduced into
peptide chemistry once again by Zervas and his coworkers (Gazis er al,
1963; Zervas et al., 1963, Zervas and Hamalidis, 1965), would seem to have
reduced still further our need to use techniques predating the contribution of
Bergmann and Zervas (1932).

Yet one group dating back to Emil Fischer {1915) has been repeatedly
taken off the shelf, dusted, and used in combination with the most modern
techniques: the toluene-p-sulfonyl or “‘tosyl” group. It seems worthwhile to
review briefly the history of this group and to examine the reasons why it has
been able to occupy at least a modest niche in peptide chemistry to this day
against the tough competition of groups such as benzyloxycarbonyl, t-butyl-
oxycarbonyl, and o-nitrophenylsulfenyl.

Among the advantages of the tosyl protecting group are its great stability
over a wide range of reaction conditions: the ready availability and negligible
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cost of the reagent, tosyl chloride: and the generally good crystallinity of
simple tosyl derivatives. On the debit side, we must note that the standard
conditions for its removal are fairly drastic or insufficiently selective or both,
and that the strongly electrophilic character of the tosyl group and in par-
ticular the high nucleophilic reactivity it confers on the tosylamino group
may favor side-reactions during peptide synthesis (Section VIIA). However,
as we shall see, the electrophilic potency of the tosyl group can in turn be put
to good use in aminocacid and peptide chemistry (Sections V, VIA).

II. INTRODUCTION OF TOSYL GROUPS

A. Preparation of x-Tosylamino Acids

Little need be said about the methods for introducing tosyl protecting
groups into o-amino acids. Tosyl chloride is the universal reagent, and
aqueous alkaline conditions are used. Tosylation in the water—ether system
has been found to be accelerated by the use of crude tosyl chloride (Rudinger
et al., 1959) or by the deliberate addition of toluene-p-sulfonic acid (Gut
and Podudka. 1971), presumably because the sodium toluene-p-sulfonate
acts as an emulsifier. Even in water alone the reaction will proceed at a
reasonable rate if the reaction mixture is heated above the melting point of
tosyl chloride, or if an efficient stirrer (homogenizer) is used (Zaoral and
Rudinger, 1959). Special measures may be needed to obtain N*-tosyl deriva-
tives of amino acids with side-chain functional groups. Amino acid esters
can, of course, be tosylated in organic solvents, but under certain conditions
side-reactions such as tosylation of hydroxyl groups or dehydration of
amides may also take place.

Carboxylate groups can react with tosyl chloride to form mixed an-
hydrides, and although these would be expected to hydrolyze rapidly in
aqueous alkaline solution (in anhydrous media they undergo dispropor-
tionation to the symmetrical anhydrides: cf. Brewster and Ciotti, 1955)
certain side-reactions observed in the preparation of arenesulfonylamino
acids have been traced to their formation. As early as 1922, 1-tosyl-3-
benzamido-2-piperidone [2] was identified as a byproduct of the tosylation
of N°-benzoylornithine [/} (Thomas et al., 1922) (Fig. 1), and later the forma-
tion of tosylpyroglutamic acid was found to be responsible for difficulties
encountered in the tosylation of glutamic acid—particularly under mild
reaction conditions {Rudinger et al., 1959). The reaction has, in fact, been
deliberately used to prepare tosyllactams (Rudinger er al, 1959; Gut and
Rudinger. 1963). Even where the mixed anhydride formation cannot manifest
itself by ring closure, it may obtrude itself by other side-reactions. Thus the
formation of dansyl amide as a byproduct during the preparation of dan-
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sylamino acids appears to be due to a Beecham-type fragmentation (see
Section VIIA) of the mixed sulfonic anhydride (Neadle and Pollitt, 1965).

B. Side-Chain Substitution by Tosy! Groups

The N®-tosyl derivatives ol lysine, ornithine, and «,7-diaminobutyric
acid are most conveniently prepared by tosylation of the amino acid—copper-
(1) complexes {Erlanger et al.. 1954; Roeske et al., 1956 Christensen and
Riggs, 1956 Poduska and Rudinger, 1959), a technique originally developed
by Kurtz (1949) for the preparation of N“”-substituted derivatives of the
diamino acids, including the benzenesulfonyl derivatives. The same technique
can conveniently be used to obtain O-tosyltyrosine {(Katsoyannis et al., 1957),
which is also accessible through N-acyltyrosine esters (Jackson, 1952) or by
selective removal of the N-tosyl group from N,0-ditosyltyrosine with
hydrogen iodide (Fischer. 1915) or, presumably, hydrogen bromide.

The access to N®-tosyl derivatives of arginine is through tosylation of
N*-benzyloxycarbonylarginine in strongly alkaline solutions (pH > 12)
{Schwyzer and Li, 1958: Schnabel and Li, 1960; Ramachandran and Li,
1962). Similarly, N*-protected derivatives of histidine are used to introduce
the tosyl group into the imidazole ring, but in this case mildly alkaline
conditions are required (Sakakibara and Fujii, 1969).

HI. GENERAL PROPERTIES OF TOSYLAMINO
ACIDS

A. Physical Properties

The tosyl derivatives of the protein-constituent amino acids are all crys-
talline compounds (see Greenstein and Winitz, 1961a). Some may crystallize
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as hydrates or, less conventionally, as benzene solvates; thus tosyl-L-
proline forms a crystalline monohydrate or hemibenzenate, whereas the
unsolvated compound is noncrystalline (Pravda and Rudinger, 1955). The
pK, values of the carboxyl group are about 3.5 in water (Lovén, 1896, Zaoral
and Rudinger, 1961) and 5.3 in 809 aqueous methoxyethanol (Zaoral and
Rudinger, 1961). The good crystallinity of the acids and their salts led Emil
Fischer to propose their use. or that of the naphthalene-f-sulfonyl deriva-
tives, for the isolation and identification of amino acids (Fischer and Bergell,
1902; McChesney and Swan, 1937: see Section VIII). The same property
would also seem to make them suitable for the resolution of racemates by
way of diastereomeric salts; an early example of such an application is the
resolution of tosylalanine (Gibson and Simonsen, 1915), a more recent one
the resolution of tosylpyroglutamic acid {Rudinger and Czurbova, 1954).

B. Chemical Reactivity

The outstanding chemical characteristics of arenesulfonamides are
their great stability under a variety of conditions and the strong inductive
electrophilic effect of the sulfonyl substituent.

Arenesulfonamides are stable to both alkaline and acidic hydrolysis
under any but the most vigorous conditions. They easily withstand the con-
ditions commonly used for the saponification of peptide esters with alkaii and
also resist the action of other nucleophilic reagents such as ammonia and
hydrazine. Their stability to acid is such that they not only remain unaffected
by the acidic reagents commonly used to remove other protecting groups
(hydrogen chloride, hydrogen bromide under moderate conditions, liquid
hydrogen fluoride, trifluoroacetic acid) but also survive the total hydrolysis of
peptide bonds in proteins or peptides (see Section VIII).

Sulfonamide groups are also stable to catalytic hydrogenation, but
they can be cleaved reductively ¢.g., by sodium in liguid ammonia or by
electrolysis. The cleavage with hydrogen bromide, hydrogen iodide, or
phosphonium iodide under moderately vigorous conditions also leads to
reduction products but probably is not primarily a reduction (see Section
IVA).

Because of the electrophilic properties of the sulfonyl groups, primary
and secondary sulfonamides are relatively strong acids (pK, ~ 11). The
ionized sulfonamide group in turn is an excellent nucleophile and is readily
alkylated and acylated. As we shall see, such reactions can be exploited for
synthetic purposes (Sections V, VIA), but they can also appear as undesirable
side-reactions (Section VIIA). The fragmentation of tosylamino acid chlorides
(Section Y1IA) is another example of a side-reaction initiated by ionization
of the toxylamino group. The difference between a “good,” constructive
reaction and a “bad” side-reaction is. of course, merely a matter of one’s
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point of view; and several times in the past it has proved possible to exploit
originally unexpected and undesired reaction modes of the tosylamino group
to good purpose.

IV. REMOVAL OF TOSYL AND RELATED
PROTECTING GROUPS

A. Cleavage with Hydrogen lodide or Hydrogen Bromide

Fischer (1915) demonstrated that arenesulfonamides can be cleaved
with hydrogen iodide-phosphonium iodide at 70-100°C with formation of
the amines and thiophenols (thionaphthols). Thomas et al. (1922) carried out
such a cleavage selectively in the presence of an N-benzoyl substituent, but it
remained for Schonheimer (1926} to demonstrate that these or somewhat
milder conditions could be used io deprotect tosylpeptides. Although the
procedure did not find favor in its original form, the related cleavage with
hydrogen bromide has acquired some limited importance.

Ohle er al. (1936) observed that the tosyl group was cleaved from
1,2-1sopropylidene-N-phenyl-N-tosyl-6-amino-6-deoxyglucose by hydrogen
bromide under mild conditions, with formation of the amino sugar and of
di-p-tolyl disulfide. It had also been noted (Snyder and Heckert, 1952) that
phenol had a beneficial effect on the cleavage of sulfonamides with hot
aqueous hydrobromic acid, evidently by scavenging the bromine formed
during reduction of the sulfonic acid moiety. Weisblat ez al. (1953) developed
a procedure for the cleavage of sulfonamides using concentrated hydrogen
bromide in acetic acid in the presence of phenol at room temperature during
5hr to 3 days. We were able to show {Podugka et al., 1955) that these condi-
tions can be used to remove the tosyl group from simple peptides and that
shorter reaction times at higher temperatures may also be used. Although
several peptides have been prepared by variations of this procedure (Poduska
et al., 1955, 1956; Rudinger, 1959h; Gut and Rudinger, 1963 Gut et al., 1968),
some limitations emerged in the course of this work. Thus it was found that
side-chain tosylamino groups. as in N* N°-ditosylornithylglycine ethyl ester,
are considerably more resistant to the action of this reagent than tosyl-
amino groups in the x-position {Gut ez al., 1968) and that S-benzyl groups are
attacked under the conditions required to remove N-tosyl substituents
(JoSt and Rudinger, 1961). The use of hydrogen bromide in acetic acid
has therefore largely been confined to the removal of tosyl groups from
amino acid derivatives which could not be exposed to more drastic,
hydrolytic conditions. as. for instance, in syntheses of glutamine (Rudinger
et al., 1959}, of a-aminoadipic acid (Rudinger and FarkaSova, 1963) and
its é-amide (Gut and Rudinger. 1963), and of numerous derivatives of the
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diamino-monocarboxylic acids (Zaoral and Rudinger, 1957, 1959 ; Rudinger
et al., 1960 ; Poduska et al.. 19635).

Fischer (1915) observed that only the N-tosyl group of N,O-ditosyl-
tyrosine was attacked by phosphonium iodide and prepared O-tosyltyrosine
in this way. He also noted that o-sulfobenzoic acid imide (saccharin) was—
“bemerkenswerterweise’” —unattacked by the reagent. We found that other
sulfonic-carboxylic acid imides, in particular the tosyllactams derived from
glutamic and a,y-diaminobutyric acids, similarly were stable to hydrogen
bromide in acetic acid; moreover. the y-tosylamino acids actually cyclized
to the tosyllactams under the influence of the reagent (Rudinger et al,
1959 Podutka and Rudinger, 1959). These circumstances were exploited to
effect the selective removal of the N*-tosyl group from N* N7-ditosyl-o,;-
diaminobutyric acid [3], with the formation of the useful synthetic inter-
mediate L-3-amino-1-tosyl-5-pyrrolidone [5] (Fig. 1): After formation of the
pyrrolidine ring, the N’-tosyl group in [4] is stabilized to the reagent, whereas
the N*-tosyl group is normally removed (Poduka and Rudinger, 1959). A
similar reaction sequence was also identified when ditosylornithine was
treated with hydrogen bromide in acetic acid, but because of the lower
stability of the six-membered ring the reaction mixture was more complex
and the procedure was not preparatively useful (Gut et al., 1968).

It seems probable that the cleavage by hydrogen bromide or iodide is
initiated by attack of a halide anion at the protonated sulfonamide (Fig. 2)
and that the disulfide is formed by reduction of the sulfonyl bromide or
iodide initially formed by the excess of hydrogen halide (Podudka and
Rudinger. 1959. Rudinger, 1963bh). Such a mechanism would explain the
resistance of sulfonic acid imides and aryl esters (decreased basicity) as well
as the ineffectiveness of hydrogen chloride and hydrogen fluoride,

B. Reduction with Metals in Liquid Ammonia

Du Vigneaud and Behrens (1937) found that tosylamine groups can be
reductively cleaved with sodium in liquid ammonia, and this has remained
the most extensively used method for removing tosyl protecting groups.
Initially, separation of the peptide from the sodium ions presented con-
siderable difficulties which had to be solved from case to case by exploiting
differential solubilities (du Vigneaud and Behrens, 1937; Bovarnick, 1943;
Woolley. 1948 Swan and du Vigneaud. 1954), but with the advent of ion
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exchange resins more general and convenient procedures became available
(Swan and du Vigneaud, 1954 Rudinger, 1954b).

Sodium in liquid ammonia will also cleave benzyloxycarbonyl and
substituted benzyloxycarbonyl groups, tosyl esters, benzyl ethers and esters,
N™_benzyl groups, and benzyl thioethers, so that the simultaneous de-
protection of many functional groups can be accomplished with this reagent.
If it is desired to preserve the S-benzyl protection of cysteine while removing
tosyl (or benzyloxycarbonyl) groups, the sulfydryl groups formed by com-
plete deprotection can be rebenzylated in sitw with benzyl chloride {du
Vigneaud et al., 1954 ; Jost and Rudinger, 1961). On the other hand, ¢-butyl-
oxycarbonyl groups are unattacked by sodium in liquid ammonia.

In the course of time. a number of problems were encountered in sodium—
ammonia reductions. In particular, removal of tosyl groups was sometimes
excessively slow (Meienhofer and Li, 1962) and cleavages of the peptide
chain were observed (Hofmann and Yajima, 1961 ; Guttmann, 1963; Jost
and Rudinger, 1967). The sites of cleavage were identified as X-Pro peptide
bonds (Guttmann, 1963; see also Jot and Rudinger, 1967). Independently,
the reductive cleavage of X Pro bonds by sodium in liquid ammeonia had
been studied as a possible technique for selective protein cleavage (Wilchek
et al., 1965; Benisek and Cole, 1965; Ressler and Kashelikar, 1966). There 1s
some controversy as to whether this reaction is a metal/acid reduction
(Wilchek er al., 1965; Ressler and Kashelikar, 1966) or independent of the
presence of acids in the ammonia system (Benisek et al., 1967). The studies of
Guttmann (1963) show that it is likely that acid is required, and recently
Katsoyannis et al. (1971h) have shown that the cleavage can be suppressed
by a large excess of sodium amide in the liquid ammonia solution. The
dependence of the reaction on the presence and amount of adventitious acids,
such as moisture, or acd groupings (carboxyl, hydroxyl, tosylamide} in the
peptide itself may explain why some authors have failed to observe such side-
reactions even where the structural conditions were met (e.g., Bajusz and
Medzihradszky, 1963: Ramachandran et al, 1965; Blake et al, 1970).
Unfortunately, the tosylamino group itself can act asan acid for the purposes
of this reaction (Gutimann, 1963), so that it constitutes an ever-present
danger in the deprotection of tosyl derivatives with sadivm in ammonia.

Other side-reactions have occasionally been observed, such as the con-
version of arginine to ornithine (Guttmann. 1963) and of {(protected) cysteine
to alanine {Katsoyannis. 1964, 1966 Zahn et al., 1967), damage to threonine
(Brenner, 1959 Zahn et al, 1967), serine (Wiinsch, 1959), or tryptophan
(Bajusz and Medzihradszky. 1963), fission of the C.5,—N bond in a proline
derivative (Ramachandran, 1965}, N — N’ acyl migrations (Poduska et al.,
1965), and racemization (Hope and Humphries, 1964), but some of these
occur only under special structural or experimental conditions.



94 Chapter 5

To reduce the incidence of side-reactions, efforts have been made to
control the dosage of sodium more accurately. Du Vigneaud et al. (1954)
introduced the *“‘sodium stick™ technique, in which the metal is gradually
dissolved out of the end of a narrow glass tube that can be withdrawn from
the reaction mixture when the blue coloration which indicates the end-point
has become stable. Nesvadba (1962) proposed the use of an extraction
apparatus in which the sodium is carried into the reaction mixture in solu-
tion in the refluxing ammonia (Nesvadba and Roth, 1967). Finally, Kat-
soyannis et al. (1971a) use what is essentially a burette to add a solution of
sodium in liguid ammeonia to the reaction mixture in a controlled manner.

The actual course of the reaction remained unclear for some time. It was
generally thought that the sulfur-containing product of the reduction was the
thiophenol (e.g., Birch and Smith, 1958), and even the stoichiometry appeared
uncertain (see Bajusz and Medzihradszky, 1963). In the course of our own
work, we identified sulfite and sulfate ions, the latter presumably arising
from the former by air oxidation (Rudinger, 1954b). and toluene-p-sulfinic
acid {Joit and Rudinger. 1961) as products of the sodium-ammonia reduction
of tosylamino acids and tosylpeptides, and these findings have been con-
firmed by Kovacs and Ghatak (1963, 1966).

Using the extraction procedure of Nesvadba (1962), we made a rather
more detailed study of the stoichiometry and reaction products in the reduc-
tion of tosylamino acids and some model compounds (Zimmermannova
et al., 1966; Rudinger and Maassen van den Brink-Zimmermannova, 1973).
We were able to show that under these conditions the reduction of tosyl-
glycine requires 2 g-atoms of sodium per mole and that toluenesulfinic acid
can be 1solated in high yield (see also Hope and Horncastle, 1966). The
reduction of the tosyl derivatives of other monocamino-monocarboxylic acids
and of glycylglycine takes a similar course, On the other hand, with the amide
or methylamide of toluene-p-sulfonic acid a clear end-point 1s reached after
only 1g-atom of sodium has been added, and some starting material is
recovered together with a low yield of sulfinic acid. However, reduction of
N-tosylpiperidine once more consumes 2 g-atoms of sodium per mole and
gives sulfinic acid in good yield.

These results can be rationalized by assuming that, in tosylglycine and
similar compounds. the two electrons taken up in the reduction are accommo-
dated in the toluenesulfinate and carboxylate anions (Fig. 3A). When toluene-
sulfonamide is reduced, the second electron “‘comes to rest” by ionizing the
most acidic species present—the sulfonamide itseif ; and since the sulfonamide
anion is evidently resistant to reduction, the reaction comes to a stop when
all the remaining sulfonamide is ionized (Fig. 3B). Tosylpiperidine in turn
has no ionizable hydrogen and reduction proceeds to completion, presum-
ably with the formation of 1 mole of amide anion (Fig. 3C). In agreement with
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(A) R—S0O,—NH-CH_-COOH + 2¢ —+ R-SO; + NH,—CH,—C00"
(B) 2R-SO, NH, + 2¢ — R-S0; + R-SO,—NH" + NH,

(C) R-SO,-N(CH,}, + NH, +2¢ — R-S0; + NH; + NH(CH,),
Fig. 3

this explanation, the reduction of toluene-p-sulfonamide can be brought
to completion by adding I mole of an acid of similar or greater strength in the
ammonia system—e.g., ammonium chloride, ethanol, acetamide, or urea—
cither at the beginning of the reaction or after the first end-point has been
reached. There is no doubt that cases of incomplete or slow reduction of
tosyl groups can in general be explained by an excess of reducible over
acidic groupings in the particular protected derivatives—the peptide of
Meienhofer and Li (1962) contained four tosyl and one benzyloxycarbonyl
groups as against a single carboxyl -and that these difficulties can be over-
come by adding the appropriate amounts of acids in the ammonia system,
most conveniently perhaps urea. It should be noted that peptide groups can-
not function as acids for this purpose.

Opposite deviations from the two-electron stoichiometry are found
when the compounds to be reduced contain additional acidic groups (as in
tosylserine or tosylglutamic acid) or when extraneous acid is present. It is
under these conditions that thiol and sulfite (sulfate) are found among the
reaction products as well as sulfinic acid. The thiol, sulfite, and sulfinic acid
are not the products of parallel reaction paths, as has been suggested by
Kovacs and Ghatak (1966), but the first two are formed from the last. We
have found that whereas sodium toluene-p-sulfinate dissolved in liquid
ammonia consumed no sodium, the free acid reacted with sodium to give a
mixture which, after the end-point had been reached, contained sulfite and
thiol as well as unreacted sulfinate. Now thiol is a plausible reduction product
of sulfinic acid, but the oxidation state of sulfite and sulfinate is the same so
that the former cannot arise from the latter by reduction. On the other hand,
it has long been known {Kraus and White, 1923) that sodium benzenesul-
fonate is cleaved by sodium in liquid ammonia at the C—S8 bond, with the
formation of sulfite. It is therefore reasonable to assume that the sulfite arises
from toluene-p-sulfonate formed. in turn, from the sulfinic acd perhaps by a
disproportionation reaction. It must. however, be admitted that so far we
have been unable to demonstrate such a disproportionation of toluene-p-
sulfinic acid in solutions resembling the reaction mixtures after sodium-
ammonia reduction in composition.

Since the more complex reaction course described above 15 dependent
on the presence of acids commensurate in strength with toluenesulfinic acid,
it should be possible to prevent it by neutralization. Indeed, we have found
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that the reduction of monosodium tosylglutamate takes essentially the same
course as that of tosyglycine.

These results show that some measure of control over the course of the
reduction, as also over the incidence of the (acid- or base-dependent) side-
reactions, can be obtained by adjusting the acid-base balance of the reaction
mixture, although the methods for doing this are admittedly still imperfect.

The use of lithium. calcium. or barium in place of sodium has been
briefly examined (Rudinger, 1954b; Zimmermannova et al., 1966 ; Rudinger
and Maassen van den Brink-Zimmermannova, 1973). Lithium gives the
same stoichiometry and reaction products as sodium, but with calcium
the reduction always proceeds beyond the sulfinate stage, and indeed calcium
toluene-p-sulfinate itself in ammonia solution consumes sodium in much
the same way as the free sulfinic acid. The use of calcium or barium may
offer advantages where nearly neutral conditions are to be maintained during
working-up. without the introduction of awkward anions. Thus ammonium
fluoride may be added to the liquid ammonia solution to give the insoluble
calcium fluoride (Zimmermannova et al., 1966: Poduska er al., 1965) or the
calcium may be largely removed from aqueous solution with carbon dioxide
(Podudka et al. 1969).

In the author’s opinion, these findings and their preparative exploita-
tion should help to dispel at least some of the skepticism with which the
sodium-ammonia reduction, and consequently the use of the tosyl protecting
group. is at present regarded by most peptide chemists.

C. Electrochemical Cleavage

Horner and Neumann (1965) were able to show that arenesulfonamides
are cleaved to the amine and sulfinic acid by electrolytic reduction in alco-
holic solutions containing tetramethylammonium ions and suggested this as
a procedure for removing tosyl protecting groups from peptides. Benzamides
and substituted benzamides are reductively cleaved under the same condi-
tions.

This attractive method has so far found little use in preparative peptide
chemustry. [ts scope may be increased by the observation (E. Kasafirek
and J. Rudinger, unpublished; Mairanovskil and Loginova, 1971) that
dimethylformamide. alone or i mixture with alcohols, can serve as the
solvent for this electrolytic reduction. Pless and Guttmann (1967) have noted
that the electrolytic removal of the tosyl group from the arginine side-chain
is accompanied by ornithine formation, which they ascribe to the increasing
alkalinity of the solution. However, this particular problem has now been
solved by the use of liquid hydrogen fluoride, and one would hope for further
applications of the electrolytic method to the deprotection of - and w-amino
groups.
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V. TOSYLAMINO GROUPS IN CARBOXYL
PROTECTION AND CARBOXYL ACTIVATION

A. N-Tosyllactams

The properties of N-tosylpyroglutamic acid [7] first drew attention to the
fact that N-substitution of an amide {lactam) nitrogen by a tosyl group in-
creases the electrophilic reactivity of the carbonyl to such an extent that such
derivatives can be regarded as “carboxyl-activated.” The preparation and
reactions of this versatile intermediate are summarized in Fig, 4 (cf. Rudinger,
1962). Not only is the CO-N bond of the tosyllactam grouping readily
hydrolyzed under alkaline conditions (Harington and Moggridge, 1940}, but
it can also be aminolysed 1o give y-amides of tosylglutamic acid [&]. In this
way, tosylglutamine. tosylglutamic acid y-anilide and y-hydrazide, and a
number of simjlar derivatives have been obtained (Swan and du Vigneaud,
1954 ; Rudinger, 1954a: Rudinger and Czurbova, 1954 cf. Rudinger, 1962).
Reaction with amino acid esters afforded tosyl-y-glutamyl peptides such as
tosyl-y-glutamylglycine (Rudinger, 1954b; Rudinger and Czurbova, 1954),
although rather more vigorous conditions are required for peptide bond
formation, particularly when amino esters with bulky side-chains are used
(Rudinger, 1954b; Clayton er al.. 1956: Rudinger, 1962).

(‘:HZCOOH CO*C\HZ ([:H,CO'NR‘RZ
(Iin POCI, /CH2 NHR'R® ?Hz
Tos:NH-CH-CCOH Tos—N—CH—COCH Tos'NH-CH-COOH
7 8
(6] PCI, . 50¢l, 7] 6]
re"\’
(|:H2COCI CO*C{iz |CH2CO-NR"R2
CH, Dase, ‘ CH. CH,
Tos'NH-CH-COCI Tos—N—CH—CO~Cl Tos'NH-CH-CO-NR?R*
(91 [70] l (1]
L
NHR°R m
CO-CH, CH,COOH
N\ OH- |
‘ /CH2 (I.‘.H2
Tos— N—CH—CO—NR*R* Tos'NH-CH-CO-NR®*R*
[712) [73]

Fig. 4
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R
CO—Cyz (T‘,Hch-NH-(llH-COOH
/CH2 I‘R R — Clle
Tos—N—CH—CO-NH-CH-COOEt Tos-NH-CH-COOH
[74] [76]
co-c\Hg fIJHZCOOH
CH, R CH,
Tos—N—C{—i— CO-NH-‘CH—COOH Tos-NH—(IZH-CO-NH-(llH-COOH
[15] . (77
CH,CO-NH,
CH, R

|
Tos-NH-CH-CO-NH-CH-COOH

[78]
Fig. §

On the other hand, when the free (x) carboxyl group of tosylpyro-
glutamic acid is converted into more reactive “activated™ forms, such as
the acid chloride [/0], the reactivity of the tosyllactam grouping is sufficiently
low to permit selective reaction at this activated a-carboxyl; the tosyllactam
thus functions as a carboxyl-protecting group, and it meets the requirements
of a protecting group in that the y-carboxyl is readily set free by mild alkaline
hydrolysis. The first example of this reaction sequence was provided by the
synthesis of tosylisoglutamine [/3, R* = R* = H] (Harington and Mog-
gridge, 1940). It has also been used to prepare a-glutamyl peptides (Rudinger.
1954b: Clayton et al., 1956; Morris, 1960), although there is a limitation to
this route in that alkaline hydrolysis of the tosyllactam ring in tosylpyro-
glutamyl peptide esters [ /4] may be accompanied by o« — 7 transamidation
(Fig. 5), giving some y-glutamyl [/6] in addition to a-gutamyl [17] peptide,
presumably by attack of the peptide nitrogen at the tosyllactam carbonyl
{Clayton et al., 1956; Morris. 1960; Gut and Rudinger, 1963). The correspond-
ing free acids [/5] are less prone to this side-reaction (Rudinger, 1954b; Gut
and Rudinger, 1963). The tosyllactam ring of tosylpyroglutamyl peptides [ /5]
may also be opened with ammonia to give tosylglutaminyl peptides [8] (Swan
and du Vigneaud, 1954 ; Rudinger, 1954b ; Swan, 1956 ; Rudinger et al., 19564;
Kaneko et al., 1957 ; Chillemi et al.,, 1957; Rudinger and Pravda, 1958 ; see
section VIIB).
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Tosylpyroglutamic acid [7]. the key intermediate in these reactions, is
formed from tosyglutamic acid [6] under a variety of dehydrating conditions
{Harington and Moggridge, 1940, Rudinger, 1954a; Rudinger et al., 1959),
most conveniently perhaps by treatment with phosphorus trichloride
{Rudinger et al.,, 1959). Tosylpyroglutamyl chloride [/ is best obtained by
refluxing tosylglutamic acid with thionyl chloride (Rudinger, 1934a);
phosphorus pentachloride in the cold (Swan and du Vigneaud, 1954) affords
the dichloride of tosyglutamic acid [9] (Stedman, 1957), which, however,
readily eyclizes to tosylpyroglutamyl chloride [/0]. The reaction products
obtained from the two chlorides may thus be the same.

Cyclization also occurs readily when the carboxyl group of N*-tosyl-o,y-
diaminobutyric acid derivatives is activated for peptide synthesis; the
resulting derivatives of 3-amino-1-tosyl-2-pyrrolidone [5] can once more be
exploited as carboxyl-activated intermediates for the synthesis of peptides
of a,y-diaminobutyric acid {Podu$ka and Rudinger, 1957, 1959, 1966}. The
3-amino derivative [5] itself can be acylated at the amino group, with the
tosyllactam grouping in turn playing the role of a carboxyl-protecting group.

Analogous intermediates with a six-membered tosyllactam ring can be
formed, although less readily, from tosyl-z-aminoadipic acid {Gut and
Rudinger, 1963) or suitable derivatives of ornithine (Gut et al., 1968) and used
for the synthesis of a-aminoadipyl and ornithy] peptides.

B. N-Tosylcarboxamides

An obvious extrapolation from the properties of the tosyllactams sug-
gested that N-tosylcarboxamides in general should behave as “activated”
carboxyl derivatives (Rudinger, 1959b). Such derivatives are accessible
(Fig. 6) by acylation of toluene-p-sulfonamide with protected amino acids
{Wieland and Hennig, 1960} or from the free carboxylic acids by reaction
with toluene-p-sulfonyl isocyanate (K. Podu¥ka and J. Rudinger, un-
published results: see Rudinger, 1963b). As it turned out, imide derivatives
of the type [/9), still containing an NH group, undergo aminolysis only with
difficulty, presumably because as rather strong acids they are ionized and the
carbonyl group is deactivated by the neighboring negative charge (Rudinger,
1959a; Wieland and Hennig, 1960). Hewever, when the imide group
is methylated, e.g.. with diazomethane (Wieland and Hennig, 1960}, the

R-COX + NH,-Tos — R-CO-NH-Tos [79]

R-COOH + O:C:N-Tos R~CO-I\II-Tos (201
CH

3

Fig. 6
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Z-Phe-X + H-Gly-NH-Tos ——— Z-Phe-Gly-NH-Tos

lCH,N,
H-Gly OEt
Z-Phe-Gly-Gly-OEt + Tos-NHMe «——— Z-Phe-GIy-I‘i\I—Tos
Me
Fig. 7

resulting derivatives [20] show about the same reactivity as do tosyllactams.
Because of this dual reactivity. the sulfonamide grouping can serve, in
principle, both for carboxyl protection, permitting a peptide chain to be
built up on a carboxyl-terminal N-(aminoacyl)sulfonamide, and—after
methylation—for carboxyl activation, allowing the peptide chain to be
extended at the carboxyl end (Fig. 7: K. Podu8ka and J. Rudinger, un-
published results. see Rudinger, 1963b). Although this *‘safety-catch” method
of carboxyl activation has found no application in classical peptide synthesis,
it has recently been exploited in a variant of solid-phase synthesis (Kenner
et al., 1971). In this procedure. the carboxyl-terminal amino acid is “anchored™
to the sulfonamide carrier resin by acylation of the sulfonamide group, the
peptide chain is extended stepwise in the usual way, and, finally. after “activa-
tion” of the acyl bond to the resin by methylation of the imide nitrogen, the
peptide chain is detached from the resin by mild alkaline hydrolysis,
aminolysis, or hydrazinolysis.

The same principle underlies the reactivity of N-acyl derivatives of
o-sulfobenzoic acid imide (“mixed anhydrides of saccharin™: Micheel and
Lorenz, 1963). Aminolysis of this N N-diacylsulfonamide occurs preferentially
at the exocyclic carbonyl group, presumably for steric reasons.

C. 3-Tosyi-5-oxazolidones

Even when the electron pull of the tosylamine group is transmitted to
the carboxyl through an interpolated methylene group, the activating effect
is still felt. Micheel and Thomas (1957) showed that tosylamino acids react
with formaldehyde and acetic anhydride to give the appropnate 4-substituted
3-tosyl-S-oxazolidones [2/] (Fig. 8). which can be regarded as “‘activated
methyl esters™ in the same sense as. e.g.. cyanomethyl esters. The derivatives

R " R
Tos-NH- CH - COOH — Tos—N-——CH, — Tos-NH~CH—CO—NHR
CH
21y “8 <0 122]
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(i‘,HQCOOH |CH2C0—CI $H2C0—NHR
CH, s0Ci, CH, NH,R CH,
| — | — |
CH—CO CH—-CO CH—CO
~ ! N ~
0 ‘ o 0
e / /
Tos-N——CH, Tos-N—CH, Tos-N——CH,
23] [24] (25] '
NH,R base :OH'
|
+
+
t|:H2c00H /CH;C\O (‘:HZCO—NHR
CH, & CH.  N—R 2%, CH,
|
Tos-NH—CH—CO—NHR Tos-NH—CH—CO Tos-NH—CH—COQOH
[26] [27] [28]
Fig. 9

react with amines, including aminoacid esters, with formation of the amides
(peptides) [22], albeit under rather vigorous conditions.

In tosylglutamic acid, steric relations are such that only the a-carboxyl
group reacts in this way (Micheel and Haneke, 1959), and the product [23]
has been used to prepare a-glutamyl peptides [26] (Fig. 9). Like the tosyllac-
tam, the tosyloxazolidone grouping is only moderately reactive and can
also be exploited as a protecting group for the z-carboxyl and tosylamino
groups during more vigorous activation and reaction of the y-carboxyl
group (Rudinger and Farka¥ova, 1963: Gut and Rudinger, 1963). The
tosyloxazolidones derived from glutamic and z-aminoadipic acids and their
w-acid chlorides thus form a remarkable counterpart to the tosyllactams and
their x-carboxyl-activated derivatives, and can similarly serve for the
preparation of both - and w-derivatives of the dicarboxylic acids.

This circumstance has been exploited for the chain extension, by a series
of Arndt-FEistert syntheses. of L-glutamic to L-z-aminoadipic¢, L-z-amino-
pimelic, and EL-o-aminosuberic acids (Rudinger and FarkaSova, 1963
Farka$ova and Rudinger. 1965: cf. Section VIB, Fig. 14).

The use of this route to y-peptides of glutamic acid [28] was com-
plicated by a tendency to intramolecular attack of the y-amide at the oxazoli-
done grouping of [25], with the formation of cyclic imides [27] (Rudinger
and Farka3ov4, 1963). For steric reasons, this reaction is less obtrusive in the
corresponding derivatives of z-aminoadipic acid, and d-peptides of a-
aminoadipic acid have accordingly been synthesized by this route (Gut
and Rudinger, 1963 D. Morris, V. Gut, and J. Rudinger, unpublished
results; cf. Rudinger, 1963a).
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VI. TOSYL DERIVATIVES IN AMINO ACID
CHEMISTRY

A. Alkylamino Acids

The alkylation of tosylamino acids, with subsequent removal of the
tosyl group, is a classical procedure {Fischer and Bergmann, 1913 Fischer
and Lipschitz, 1915; Fischer and von Mechel, 1916) for the preparation
of N-alkylamino acids. particularly the N-methyl derivatives of the op-
tically active amino acids {cf. Greenstein and Winitz, 1961b). Methyl iodide
or dimethy! sulfate has served as the alkylating agent in aqueous solution,
and the tosyl group has been cleaved off either by vigorous hydrolysis with
hydrochloric acid or by one of the standard procedures for removing
tosyl groups in peptide synthesis (Section ['V); in fact, it was in the preparation
of N*methylhistidine that du Vigneaud and Behrens (1937) first used
sodium in liquid ammonia for removal of a tosyl group. The methylation
procedure has been accused of causing racemization (Zehnder, 1951 ; Quitt
et al.. 1963), but the balance of the evidence seems to indicate that, provided
unnecessarily vigorous conditions are avoided, the products are optically
pure (Greenstein and Winitz, 1961h: see, ¢.g., Fischer, 1915; Cook et al,
1949 : Tzumiya, 1952). The intermediate N-tosyl-N-methylamino acids may
themselves be used directly in peptide synthesis, as illustrated in the prepara-
tion of [1-N-methylhemicystine]oxytocin (Jo$t et al,, 1961, 1963b). The same
procedure has also been used to obtain the N“-monomethyl derivatives
of DL-ornithine (Thomas et al.. 1922) and L-lysine {Benoiton, 1964).

From the simpler amino acids, other N-alkyl derivatives have also
been prepared through the tosyl or other arenesulfonyl derivatives (e.g.
Fischer and von Mechel, 1916: Cocker, 1937). Intramolecutar alkylation of
tosylamino groups is the basis for the preparation of tosylproline from
a-bromo-é-tosylamino- and d-bromo-a-tosylaminovaleric acids or their
amides (Izumiva. 1953 Pravda and Rudinger, 1955).

B. Side-Chain Modification

Some of the natural amino acids are counted among the most readily
available optically active materials and are therefore attractive starting
points for the synthesis of other compounds. In particular, operations on
suitable side-chain functional groups with preservation of the z-amino
carboxylic acid grouping (and its configuration) can serve for the preparation
of chiral rare or "unnatural” x-amino acids from readily available ones. For
these purposes. the tosyl group has special attraction as the protecting
group for the z-amino function because it is robust enough to survive even
the fairly vigorous conditions sometimes involved in the side-chain chemistry.
In addition, the special properties of the tosylamino group may sometimes
be exploited for carboxyl protection or activation (Section V).
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R—OH + Serine’
o1 «-Amino- f-guanidinopropionic acid®
R—NH, "X~ A .
? T X, xf-Diaminopropionic acid®
Pt S x
SR E——
E;CQ_NHg I ™. Albizziine (z-amino-fi-ureidopropionic acid)?
oflc
R—CN -2~ j-Cyanoalanine*
el

R—CH_NH_— RN a,;-Diaminobutync acid®

Fig. 11. Syntheses from tosylasparagine. R = Tos:NH-CH(COOH)CH,— or functional
derivatives. 'Miyoshi et al. (1969). *Rudinger et af. {1960). K. Poduska {unpublished results).
*E. Kasafirek, M. Havranek. and J. Rudinger {unpublished resuits). *Zacral and Rudinger
(1957, 1959,

Tosyl-L-glutamic acid has proved a most versatile starting material for
this approach. Figure 10 summarizes the syntheses which have been carried
out, leading to a number of other natural or “unnatural™ amino acids. The
more restricted field covered by working from tosyl-L-asparagine is sum-
marized in Fig. 11. The reactions used in these transformations include a,
conversion of side-chain carboxyl to amide groups by aminolysis of tosyllac-
tams, and B. the reverse selective acid hydrolysis of carboxamide to car-
boxyl groups; . dehydration of amides to nitriles, and b, the reconversion
of nitriles to amide groups with hydrogen bromide; k, hydrogenation of
nitrile to aminomethylene groups ; F, Hoffmann degradation of carboxamides
to amines; G, carbamylation, and H, amidination of side-chain amino
groups; I, conversion of amino to pyrrole substituents; J, Arndt-Eistert
syntheses involving preparation of acid chlorides, conversion to diazoke-
tones, and Wollff rearrangement to the homologous acid amides followed
by hydrolysis to the acids: K, selective reduction of tosyllactam carbonyl
groups in the presence of carboxamide, lithium carboxylate, or t-butyl
ester groups with lithium borohydride; L, deamination with nitrous acid;
M, replacement of hydroxyl by bromine ; N, intramolecular alkylation of the
tosylamino group; and 0, Kolbe electrolytic synthesis. In both schemes, x
denotes the removal of the tosyl together with any other protecting groups.

As specific examples. the synthesis of proline from glutamic acid is
shown in Fig. 12 (Pravda and Rudinger, 1955%); the synthesis of the phenyl-
alanine analogue. f-pyrroloalamne. from asparagine in Fig. 13 (Podu$ka
et al., 1969). the preparation of L-y-aminoadipic from glutamic acid in
Fig. 14 (Rudinger and Farka$ova. 1963): and the preparation of ornithine
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CH,—CH, CH,—CH,
NH_R | LiBH
[70] ” CO CHZCO—NHR ——% HO—CH, CH—CO—NHR

N NH

{

Tos Tos.Cl Tos

PBr,
k.CO,

?Hz—-?Hz CH,—CH, e CH,—CH,
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from glutamic acid {which has been carried out on a kilogram scale ; Gut and
Podugka, 1971) in Fig. 15

C. Modification of x-Carboxy! Groups

Tosyl derivatives may also be of advantage when modification of the
z-carboxyl group is contemplated. Most such reactions will lead outside the
amino acid field which is our present concern. However, we may note the
preparation of f-aminoadipic acid starting from tosylglutamic acid (Rudinger
and Farka%ova, 1963) and of the homologous 7- and é-amino acids from
tosylleucine (Chimiak. 1969) (Fig, 16) as well as the synthesis of tosylamino
chloromethyl ketones [30] {Schoellmann and Shaw, 1963; Shaw er al.,
1965 Husain and Lowe. 1965). which, being analogues of the amino acid

R R
| |
Tos-NH—CH—COCI — Tos-NH—CH—CO—CHN,,
T l
R o« R

I |
Tos-NH—CH—CH,—COOH  Tos-NH-—CH—CO—CH_Cl

[29]. R = {CH,),COOH or [30]. R = H, CH,C_H,. or
CH,-CH{CH,), (CH_}.NH,

Fig. 16
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ester substrates, act as irreversible inhibitors of chymotrypsin, trypsin, and
papain. Both groups of compounds are obtained from the crystalline di-
azoketones, which are readily accessible from the tosylamino acid chlerides
(Fig. 16). Methyl ketones may be prepared by reduction from the halo-
ketones (Harington and Moggridge, 1940). 2-Tosylamino-aldehydes, which
can be converted to a-amino-aldehydes, are accessible by reduction of
1-(tosylaminoacyl}-3,5-dimethylpyrazoles with lithium aluminum hydride
(Ried and Pfaender, 1961).

Vil. TOSYL PROTECTING GROUPS IN PEPTIDE
SYNTHESIS

A. Coupling Reactions with Tosylamino Acids

The first peptide coupling reactions with arenesulfonyl-protected
amino acids were carried out by Fischer (1903) and Fischer and Bergell
(1903) using naphthalene-f-sulfonylamino acid chlorides; the products
served as reference compounds for the identification of peptides and were
also examined as enzyme substrates. However, it was not until Schénheimer
{(1926) applied the phosphonium iodide method to the removal of tosyl
groups from dipeptides {prepared by the chloride or azide coupling) that
arenesulfonyl substituents became established as protecting groups for
peptide synthesis. The stable and frequently crystalline tosylamino acid
chlorides continued to be favorite derivatives for the preparation of tosyl
peptides {e.g., Hillmann and Hillmann, 1951 ; Katsoyannis and du Vigneaud,
1954; Swan and du Vigneaud. 1954 Rudinger, 1954b; Jo&t and Rudinger,
1961; Berse et al., 1961),

However, arenesulfonyl-a-amino acid chlorides and azides have been
found to decompose under aqueous alkaline conditions (Wiley et al,, 1952
Wiley and Davis, 1954: Beecham, 1955, 1957a,b). The reaction of tosyl
derivatives has been studied in detail by Beecham (1957a,b), who proposed
the plausible mechanism shown in Fig. 17. The reaction sequence is seen
to be initiated by ionization of the sulfonamide group, and in agreement
with this mechanism derivatives lacking the acidic proton (e.g., the chlorides
of tosylproline, -sarcosine, and -pyroglutamic acid) do not undergo such
fragmentation and can safely be used for peptide synthesis in aqueous

R R

_ i
Tos-N5-CH£OLl — Tos:-N=CH + CO + CI~
l

Tos-NH, + R—CHO

Fig. 17
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solutions. Tosylglycyl chloride is also refatively stable, and the extent of
decomposition increases with the bulk of the side-chain. In the case of the
azides, a Curtius rearrangement is assumed to precede fragmentation, since
cyanate ion (20 %) was identified as one of the reaction products.

It shoultd be understood that this reaction does not take place in organic
solvents in the absence of excess base; however, it does in many cases limit
the attractive possibilities of coupling tosylamine acid chlorides with free
amino acids or peptides in aqueous solution.*

Attempts to use the mixed anhydride procedure with tosyl-z-amino
acids under the standard conditions have repeatedly failed (cf. Zaoral and
Rudinger, 1961). This failure has been ascribed to steric hindrance (Theodor-
opoulos and Craig, 1955) or, more plausibly, to the reactivity of the tosyl-
amino group (Hillmann and Hillmann, 1951). Using the synthesis of
tosylgtycine anilide as a model reaction, we were able 1o show (Zaoral and
Rudinger, 1961) that under the standard conditions (s-buty! chloroformate
and N-ethylpiperidine at 0°C) no mixed anhydride was, in fact, formed from
tosylglycine. When pyridine was used as the base and the reaction mixture
was carefully fractionated, ten crystalline materials were obtained, among
them tosylglycine anilide in 16 °, yield. Five other products had arisen by
acylation of the tosylamide grouping either with s-butyl chloroformate
[31a,b] or with tosylglycine [32a.b and 33] (Fig. 18). 1,4-Ditosyl-2,5-piper-
azinedione [33] had already been isolated as a minor byproduct from
acylations with tosylgtycine chloride {Hillmann and Hillmann, 1951 ; see also
Ried and Pfaender, 1961), and products of the general type [3/] had been
obtained in peptide syntheses with other glycine derivatives by a variety of
procedures.

To explain the particularly extensive formation of such products from
tosylglycine as well as the properties of the products and some other results
in the literature (Swan. 1952 ; Poduska and Gross, 1961), it has been assumed

*Arenesulfonyl-z-amino acids are also fragmented by acetic anhydride in pyridine (Wiley ef af.,
1952 Wiley and Davis, 1954) or by concentrated sulfuric acid (Beecham, 1963), but these
reactions have no relevance under the conditions of peptide synthesis.
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[34] [35]
Fig. 19

that N-acyltosylglycines [34] and the corresponding mixed or symmetrical
anhydrides [35] are readily interconvertible under basic conditions (Fig. 19;
Zaoral and Rudinger, 1961).

A normal course of the mixed anhydride synthesis with tosylglycine
has been achieved by the use of pivaloyl chloride as the reagent (Zaoral,
1962). It has also been noted that 3-tosyl-2,5-oxazoliddiones [36] (Fig. 20),
the “N-carboxyanhydrides” derived from tosyl-z-amino acids, combine
the structural features of a mixed anhydride and of a doubly substituted
(and hence fully protected) amino group, and examples of peptide syntheses
with such derivatives have been given (Zaoral and Rudinger, 1961).

Tosylamino acids can be coupled normally using dicyclohexylcarbodi-
imide (e.g., du Vigneaud et al., 1957) or tetraethyl pyrophosphite (Barrass
and Elmore, 1957). Berse er al. (1961) failed in an attempt to prepare the
p-nitrophenyl ester from tosyl-5-benzylcysteine by an unspecified procedure.

The increased reactivity of the tosylamino group also shows up in the
pronounced tendency to cyclization, with the formation of tosyllactams, of
derivatives in which the activated carboxyl is in the y- or d-position to the
tosylamino group, as in the derivatives of glutamic, x-aminoadipic, and
a.y-diaminobutyric acids and ornithine (see Section VA). Although other
N-substituted derivatives of these amino acids also undergo this type of
reaction, they do so much less readily. Where these special steric relations
are absent, acylation of the tosylamino group does not seem to constitute a
serious difficulty in peptide synthesis, as witness the numerous syntheses
successfully carried out with N*-tosyllysine (Section VIIC).

B. Use of a-Tosylamino Acids in Peptide Synthesis

From time to time, the tosyl group has been used for the protection of
a-amino groups (for early examples. see Schdnheimer, 1926; Woolley, 1948).
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In spite of recent improvements, procedures for its removal are still rather
laborious and attended by other drawbacks (Section 1V), so that its use has
in general been confined to situations where these disadvantages are minim-
ized or somehow compensated. In particular, with only a few exceptions
(e.g., Katsoyannis and du Vigneaud, 1954; Swan and du Vigneaud, 1954;
Rudinger et al., 1956a: Rudinger and Pravda, 1958) the tosyl group has been
used to protect only the terminal amino acid of the desired sequence so that its
removal forms the final stage of the synthesis. Moreover, the introduction
of cysteine into a peptide sequence as the S-benzyl derivative in any case
made the use of sodium in liquid ammonia mandatory for the final deblocking
step until recently, so that in this context the removal of the tosyl group
is accomplished without additional complications. It was this consideration
which prompted the use of tosyl for the protection of the terminal amino
group in syntheses of oxytocin (Honzl and Rudinger, 1955; Rudinger et al.,
1956a) and of argimine- (du Vigneaud er al., 1958) and lysine-vasopressin
(Meienhofer and du Vigneaud, 1960). The crystallinity of the N* N“-ditosyl
nonapeptide intermediates in the synthesis of the vasopressins has proved
a particular asset in their preparation by solid-phase synthesis (Meienhofer
and Sano, 1968: Meienhofer er al., 1970). Subsequently, N-terminal tosyl
groups have figured in the synthesis of numerous analogues of both oxytocin
and the vasopressins (for early examples, see Rudinger et al, 1956b;
Jaquenoud and Bowssonnas, 1962: Jodt et al, 1961, 1963a,b; Nesvadba
et al., 1963).

With the availability of an alternative method for the cleavage of
S-benzyl groups, and of alternative S-protecting groups for cysteine, the
N-tosyl/S-benzyl combination becomes less attractive. However, there may
still be a case for using a terminal N*-tosyl group where tosyl is also chosen
for the protection of side-chain amino groups, and the final step must be a
tosyl cleavage in any case.

The tosyl protecting groups may also offer advantages when a vigorous
synthetic reaction is to be used, such as the chloride procedure (e.g., Kat-
soyannis and du Vigneaud. 1954; Swan and du Vigneaud, 1954; Rudinger,
1954; see, however, Section VIIA), or where the protected peptide itself
is to be subjected to fairly drastic chemical modification. An example of the
latter kind is the application of the dehydration-hydrogenation sequence
llustrated in Fig. 15 to peptide derivatives of glutamine and asparagine
(Zaoral and Rudinger. |957).

Another sitvation in which the tosyl group may be preferred arises
when the N”-tosylated amino acid is available in any case as a synthetic
intermediate from the preparation of the amino acid itself or of a particular
side-chain derivative. Thus tosyl-L-z-aminoadipic acid, which is readily
prepared from tosylglutamic acid by the Arndt-FEistert synthesis (Fig. 14;
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Rudinger and FarkaSova, 1963), has been used for the synthesis of o- and
d-(x-aminoadipyl) peptides {(Gut and Rudinger, 1963; D. Morris, V. Gut
and J. Rudinger, unpublished results ; see Rudinger, 1963a).

Finally, tosylpeptides may be chosen as intermediates where the tosyl
group can render double service by also providing carboxyl activation
(Section VA), as in the synthesis of y-glutamyl peptides (e.g.., Rudinger,
1954b: Rudinger and Czurbova, 1954). At one time, when free glutamine
was not readily available, this approach as particularly popular for the
synthesis of glutaminyl peptides (Swan and du Vigneaud, 1954; Rudinger,
1954b. Swan, 1956; Rudinger et al, 1956a; Kaneko et al, 1957; Chillenu
et al., 1957 Rudinger and Pravda, 1958).

C. Use of the i-Tosyl Protection in Peptide Synthesis

In synthetic practice, the tosyl group has found its widest application
as a stable N“-protecting group for lysine and ornithine. Tts uses for this
purpose are.too numerous to be listed here (see, e.g., Schrider and Liibke,
1965, 1966). It may merely be noted that N°-tosyllysine has been used in
syntheses of lysine-vasopressin by both conventional (Meienhofer and du
Vigneaud, 1960) and solid-phase {Meienhofer and Sano, 1968) procedures,
in syntheses of z-melanotropin (Blake and Li, 1971) and fragments of
corticotropin (e.g.. Li et al., 1961}, as well as in syntheses of insulin (Meien-
hofer et al., 1963 ; Katsoyannis et al.. 1964) and in the preparation of numerous
analogues of these hormones. Similarly, N°-tosylornithine has been used in
syntheses of gramicidin S (Schwyzer and Sieber, 1957) and the ornithine
analogues of, e.g., melanotropin-active peptides (Li et al., 1960) and vaso-
pressin (Huguenin and Boissonnas. 1963). Our own synthetic work with
N'-tosyl-a.p-diaminobutyric acid ended in antichimax, by the synthesis
(Poduika and Rudinger. 1966) of a cyclic decapeptide structure wrongly
ascribed to the antibiouc circulin A,

Following the observation that removal of the tosyl group [rom protec-
ted derivatives of the corticotropin—melanotropin family of peptides by
sodium in liquid ammeonia was attended by side-reactions {Schwyzer et al.,
1960; Hofmann and Yajima, 1961), some schools have abandoned the use of
tosyl in favor of protecting groups removable by acid cleavage alone (Hof-
mann and Yajima, 1961: Schwyzer et al. 1963; Schwyzer and Kappeler,
1963), and a similar development has taken place in work on insulin {Zahn
et al., 1969) for similar reasons (Zahn et al, 1967). Others, however, have
continued to use tosyl-protected intermediates for syntheses both in the
corticotropin and in the insulin field (e.g.. Ramachandran ez al., 1965; Liand
Hemassi, 1972 ; Katsoyannis et af., 1971a.b) with apparent success.

Ne-Tosylarginine was first applied in the synthesis of corticotropin
fragments (Schwyzer and Li. 1958 see also Li er al., 1961) and later in
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syntheses of arginine-vasopressin (Huguenin and Boissonnas, 1962 ; Studer,
1963; Meienhofer et al.. 1970) and of bradykinin and kallidin {Guttmann
et al., 1962 Pless et al.. 1962 ; Mazur and Plume, 1968). The finding that the
tosyl group may be removed from the guanidine grouping without recourse
to sodium-ammonia treatment by the use of the newly popular reagent
hydrogen fluoride (Mazur and Plume, 1968) has favored its continued use
(e.g.. Blake et al., 1972).

The protection of the histidine imidazole group by tosylation (Sakaki-
bara and Fujii, 1969) has been tested in a synthesis of angiotensin II (Fujii
and Sakakibara, 1970). Ni™-Tosylhistidine has found favor in solid-phase
synthesis, as witness its use in the preparation of thyreotropin releasing
factor and of the angiotensins by this procedure (Stewart et al., 1972).

O-Tosyltyrosine has found application in syntheses of lysine-vasopressin
{Katsovannis et al.. 1957), including one of radioactively labeled material
(Thomas e al.. 1967), and of some protected insulin sequences (Stewart,
1967).

VIII. ANALYTICAL USES OF
ARENESULFONYL DERIVATIVES

Emil Fischer developed two analytical applications of arenesulfonyl
derivatives: Because of their good crystallinity and defined melting points,
the naphthalene-#-sulfonyl amino acids and peptides were considered useful
derivatives for the isolation and identification of amino acids and peptides
from protein hydrolysates (Fischer and Bergell, 1902; Fischer and Abder-
halden, 1907): and because of the stability of the sulfonamide grouping
under conditions which hyvdrolyze peptide bonds, labeling of the free amino
group by arenesulfonyl substitution and characterization of the arenesul-
fonylamino acid after hydrolysis were used to identify the amino-terminal
amino acid of a peptide (Fischer and Abderhalden, 1907). For both these
uses, arenesulfony! derivatives are with us still (or again).

The isolation and characterization of sulfonyl derivatives from mixtures
were, of course. extremely laborious and required large amounts of material.
The second difficulty was eliminated by the use of radioactively labeled
arenesulfonyl groups - -p-iodobenzenesulfonyl (pipsyl) chloride labeled with
" proved a suitable reagent together with the use of unlabeled carrier
derivatives to facilitate isolation (Keston et al., 1946). By using a **S-labeled
derivative as “‘indicator” rather than a carrier and by separating the labeled
amino acids by chromatographic techniques, Keston et al. (1947) could also
obviate the laborious separation by crystallization (se¢ Keston and Uden-
friend, 1949). The further development of this technique was overtaken by
the advent of ion exchange chromatography for the separation of amino
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acids. However, in recent times the very high sensitivity with which the
fluorescence of 1-dimethylaminonaphthalene-5-sulfonyl (dansyl) derivatives
can be measured has motivated repeated attempts to develop procedures
for the quantitative preparation, resolution, and determination of dansyl
derivatives from aminoe acid maxtures (see, e.g., Blackburn, 1968), In principle,
such a method should permit the quantitative analysis of amino acid mixtures
to be carried out on a scale of 10-100 pmoles, but it must be admitted that
to date none of the proposed procedures can seriously rival the automated
method of Moore and Stein for general use in protein chermstry.

Following Fischer’s early work, naphthalene-f-sulfonyl (Abderhalden
and Funk, 1910) and benzenesulfonyl (Abderhalden and Bahn, 1932, 1935)
“tags” were used sporadically to identify the amino-terminal residue in
small peptides, and Gurin and Clarke (1934) investigated the use of ben-
zenesulfonyl labeling for the determination of free amino groups in proteins.
Again, radioactively labeled pipsyl chloride showed considerable promise
as a reagent for this purpose (Udenfriend and Velick, 1951) but lost the day
to Sanger’s fluoro-2,4-dinitrobenzene reagent. And yet again, the advantages
of a fluorescent label (Hartley and Massey, 1956) brought another sulfonyl
reagent, dansyl chloride. back on the scene for end-group determination
(Gray and Hartley, 1963a.; Gros and Labousse, 1969), including application,
in conjunction with the Edman degradation, to sequence determination
{Gray and Hartley. 1963b). For these purposes, the dansyl group is at present
in general use.

I1X. SULFONYL DERIVATIVES
OTHER THAN TOSYL

As must have been apparent from the preceding sections, naphthalene-
f-sulfonyl was an early predecessor of the tosyl group in most of its applica-
tions, and the benzenesulfonyl group has from time to time been used inter-
changeably with tosyl. As far as can be judged from the literature, the proper-
ties of all three groups are qualitatively similar. The only quantitative com-
parison which appears to have been made (Horner and Singer, 1969) revealed
only slight differences in the electrolytic reduction potentials of variously
substituted benzenesulfonamides.

The toluene-w-sulfonyl derivatives, on the other hand, show some
distinct differences. They are reductively cleaved not only by sodium in
liquid ammonia and by hydrogen iodide and hydrogen bromide but also
by Raney nickel {Milne and Peng. 1957a); the complicated working-up
procedure described for this last reaction could no doubt be simplified by
the use of ion exchange or chelating resins. The amino acid and peptide
derivatives described are usually crystalline (Milne and Peng, 1957a),
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and the racemates can be resolved through stereoselective enzymic syn-
thesis of the phenylhydrazides (Milne and Peng, 1957b). It would be interest-
ing to determine the course of reduction of toluene-w-sulfonamides with
sodium and ammonia and on electrolysis; it seems likely that the primary
site of attack here will be the C—S rather than the S—N bond.

The utility of arenesulfonyl groups with special properties, such as the
fluorescent dansyl group and the iodine-labeled pipsyl group, for analytical
purposes has already been pointed out (Section VIII). In addition, the pipsyl
group may be of interest as a heavy-atom marker for X-ray crystal analysis;
the pipsyl analogues of the tosylamino-chloroketone inhibitors [30b.c] of
chymotrypsin (J. Rudinger and P. Biitzer, unpublished) and of trypsin
{Kuranova and Smirnova, 1971) have been prepared in this context.

Quite apart from such special applications, the purely synthetic utility
of N-sulfonyl protection should be capable of further improvement. It has
been repeatedly pointed out (Sections ITIB, VA, VIIA) that some of the
complications attending the use of the tosyl group arise from the presence
of the acidic sulfonamide hydrogen. These complications should be elimin-
ated by use of a protecting group which would replace both hydrogens of a
primary amino group in much the same way as the phthaloyl group does,
but which would at the same time show the high stability of a sulfonyl
derivative. With this aim in mind, we have recently prepared several crystal-
line benzene-o-sulfimide derivatives [37] from aminoe acids by reaction with
benzene-o-disulfonic acid chloride (Fig. 21). The protecting group can be
removed with sodium in liquid ammonia or by electrolytic reduction under
the conditions given by Horner and Neumann (1965), but it is, not unexpec-
tedly, stable to hydrogen bromide in acetic acid (I. Rudinger and P. Biitzer,
unpublished results). The potential of these derivatives in amino acid
chemistry and peptide synthesis is now being examined.

R

$0,C| R 0,
@ + NH,—CH—CO0~ — @: N—CH—COCH
$0,CI SO,

[37]

Fig. 21

X. CONCLUSION

The competent peptide chemist will, of course, keep step with progress
in his field and, indeed, contribute to this progress. That is not to say that
he will abandon all older methods as soon as a new one comes along;
it is the mark of a good craftsman that he knows and perfects all the tools of
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his trade, modern as well as classical. That is why the benzyloxycarbonyl
group of Bergmann and Zervas (1932) and, yes, even the tosyl group of
Emil Fischer (1915) will not become mere “museum pieces” for many
years yet.
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Viet allgemeinerer Anwendung fahig ist, wic wir im folgenden zeigen, der Rest
C,H,CH,O-CO der Benzylester-kohlensidure, kurz Carbobenzoxy-Rest (Cbzo)
gennant; denn er ldsst sich mit Hilfe des leicht zugdnglichen Chlorids
C,H,.CH,0-CO-Cl unschwer in Amino-siuren der verschiedensten Art einfiihren ...
und—was das Wesentliche ist—durch einfache katalytische Hydrierung im offenen
Gefiss in Form von Toluol und Kohlendioxyd wieder abspalten. (Max Bergmann
and Leonidas Zervas, Chem. Ber. 65:1192, 1932)

I. THE CONCEPT OF THE MINIMAL USE
OF PROTECTING GROUPS

This chapter will review primarily those aspects of our work in peptide
synthesis which relate to protecting groups. Some of the concepts to be
presented are novel, others are not novel per se. However, we believe that
in toto they represent a unique approach to peptide synthesis. This appears
to us an appropriate subject matter for an article written in honor of Professor
Leonidas Zervas, who-—with the late Max Bergmann—brought about
a renaissance of peptide chemistry through the introduction of the benzy!-
oxycarbonyl protecting group in 1932,

We have sought to restrict the use of protecting groups to a minimum.
In our first report on the use of Leuchs' anhydrides (N-carboxy-a-amino
acid anhydrides; NCAs) in peptide synthesis (Denkewalter et al., 1966),
in which we described coupling reactions involving all of the 20 coded amino
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acids, protection of the third functional group of polyfunctional amino acids
was restricted to the g-amino nitrogen of lysine and to the sulfhydryl of
cysteine in the nucleophiles ; in the NCAs, protection of the third functionality
was restricted to the hydroxyl groups of serine and threonine, the g-amino
group of lysine, the heterocyclic ring of histidine, and the sulfhydryl group
of cysteine. In subsequent reports (Dewey et al., 1968, 1971), an analogue
of the NCA of histidine was described which did not require protection of
the imidazole ring, This analogue was a 2,5-thiazolidinedione (an N-thio-
carboxyanhydride; NTA).

The coupling reactions with NCAs and NTAs were carried out in water,
a solvent which appears to be well suited for minimal protection in peptide
synthesis because we have not observed reactions of the acylating agent with
the hydroxyl groups of serine and threonine or with the carboxyl groups of
aspartic and glutamic acids in this hydroxylic solvent. We were even able
to employ the Leuchs” anhydride of glutamic acid and the novel crystalline
NCA of aspartic acid without protection of the w-carboxyt group (Denkewal-
ter et al, 1966; Hirschmann et al, 1971). Because arginine is protonated
on its guanidino group in aqueous medium in the pH range generally em-
ployed in peptide synthesis. protection other than protonation was not
necessary for the guanidino group. The use of protonated arginine in peptide
synthesis had already been described by Anderson (1953) and by Gish and
Carpenter (19531).

We have not protected the third functionality of asparagine and glutam-
ine. Even though the primary amide group of these amino acids is known
10 be more labile than the typical secondary amide bond which forms the
backbone of polypeptides, we have preferred to avoid the experimental
conditions which would necessitate protection of any amide bond. For
example, saponification has not been part of any of our synthetic schemes,
because saponification has been known to cause side-reactions with un-
protected asparagine or glutamine (Hirschmann et al,, 1967; Dewey et al.,
1969).

Having employed the principle of minimal protection when we began to
study peptide synthesis with NCAs in 1963, we retained this concept when
we subsequently employed also more conventional methods for the for-
mation of peptide bonds. as in the synthesis of angiotensin, calcitonin,
rtbonuclease S-protein. ribonuclease S-peptide, and LH-RH. All of these
compounds. except the S-protein. have been obtained pure and biologically
fully active. We have chosen mimimal protection for several reasens:

1. We believe that in many instances protecting groups for the third
functionality are as likely to cause side-reactions as to prevent them
two obvious exceptions are lysine and cysteine, where protection
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of the nucleophilic side-chain heteroatoms is indispensable (see
below).

2. In the synthesis of polypeptides of high molecular weight, minimal
use of protecting groups is advantageous because in conventional
peptide synthesis solubility problems represent major obstacles.
Many of the commonly employed protecting groups have hydro-
carbon residues which decrease the solubility of such protected
polypeptides both in aquecus medium and in other polar solvents
such as DMF and HMP.

3. Minimal use of protecting groups often simplifies purification.
For example, those chromatographic purification techniques which
require a mixture to be soluble in aqueous medium are more likely
to be applicable when few nonpolar blocking groups are in the
molecule. Furthermore, minimal use of protecting groups lowers
molecular weights and thus permits more effective use of gel fil-
tration for purification of large peptides. Minimal use of protecting
groups is also advantageous for purification not only from solubility
and molecular weight considerations, but also because the side-
chains lend unique character to each peptide. This individuality
tends to be overwhelmed by bulky hydrocarbon protecting groups.
For example. the presence of unprotected aspartic acid, glutamic
acid, histidine. and arginine residues permits one to take advantage
of the ionic character of these amino acids in ion exchange chromat-
ography. More subtle differences, such as those between tyrosine
and phenylalanine which often permit separation by adsorption
chromatography. may be lost by protection. Similarly, the presence
of unprotected acidic and basic groups makes possible the use of
electrophoresis both as an analytical tool and for preparative
purification procedures. Finally, the fact that arginine is not protected
permits use of trypsin to effect cleavage at arginine with trypsin.
This can be helpful in the evaluation of the purity of high molecular
weight synthetic peptides.

Minimal use of protecting groups will, of course, affect the tactics of the
coupling reactions. Thus the presence of unprotected f- and y-carboxyl
groups of aspartic and glutamic acids, respectively, prevents the use of
reagents such as carbodiimides for the synthesis of fragments or the sub-
sequent coupling of fragments (Denkewalter, 1969). However, as far as
we are aware, lack of protection for the third functionality of argimine,
asparagine, glutamine, methionine, serine, threonine, tyrosine, tryptophan,
and histidine has not created serious problems in our hands. We have found
the use of unprotected tyrosine to create problems in coupling reactions
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with NCAs in aqueous medium, but the phenolic hydroxyl has not been a
problem to us under anhydrous conditions, partly because hydrazinolysis
has been found to be a useful technique for breaking any ester bonds which
might be formed between the acylating agent and a hydroxyamino acid
(Jenkins et al., 1969).

The above arguments in favor of minimal protection apply only in part
to solid-phase synthesis. The need for protecting groups is presumably
greater when solid-phase peptide synthesis is employed (Merrifield, 1969).
Furthermore, because the solid-phase method provides a unique solution to
the solubility problem encountered in conventional synthesis, the more
extensive use of protecting groups does not generate a solubility problem.
Also, to the extent that carbodiimides are employed as coupling reagents
in solid-phase synthesis, protection of the additional carboxyl function
of aspartic and glutamic acids in solid-phase synthesis is a necessity. In our
somewhat limited experience with solid-phase synthesis, we have generally
combined it with azide fragment coupling techniques. In this approach,
the side-chain protection of the dibasic acids need not be retained after the
introduction of that residue if proper tactics are utilized. We consider this
to be desirable because the presence of w-esters in polypeptides can lead to
side-reactions in solid-support synthesis (Merrifield, 1969; Nitecki, 1971)
as well as in conventional peptide synthesis (Hirschimann et al,, 1971).

II. INDISPENSABLE PROTECTION

While we have had considerable success in reducing the use of protecting
groups to a minimum. protection is in fact indispensable in peptide synthesis
for the following:

1. The z-amino nitrogen of a carboxy-activated amino acid or peptide
to prevent random polymerization.

2. The z-amino group of lysine to prevent the formation of peptide
bonds involving the - rather than the z-amino mitrogen.

3. The sulthydryl group of cysteine to prevent the formation of thio-
esters.

The remainder of this chapter will deal with “indispensable protection.”

A. Nitrogen-Protecting Groups

1. Temporary Protecting Groups. In the synthesis of a polypeptide,
the N-protecting group of the carboxy-activated amino acid or peptide is
generally to be removed following the coupling reaction. For this reason,
this protecting group is often called the “temporary™ protecting group.
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The following sections will describe our experiences with certain temporary
blocking groups.

a. Carbamate Anion : As early as 1905, Sieglried (1905a,b, 1906) reported
that amino acids form stable carbamates when treated with carbon dioxide
in aqueous medium at alkaline pH. It was shown by Leuchs {1906) that stable
carbamates can be obtained from a Leuchs’ anhydride at 0°C on treatment
with barium hydroxide. The equilibrium between amino acid carbamates
and the amino acid and carbon dioxide was studied extensively by Stadie
and O’Brien (1936). More recently, Lemieux and Barton {1971) have used
NMR spectroscopy to study the carbamate reaction of amino acids and
peptides. When Leuchs™ anhydrides are used in peptide synthesis, the car-
bamate becomes a nitrogen-protecting group, but it differs from other
protecting groups in that it 15 generated in situ when the anhydride reacts
with a nucleophile. The anhydride serves simultaneously to activate the
carboxyl group and to protect the «-amino nitrogen. Since carbamates have
limited stability at alkaline pH even at low temperatures, the carbamate
anion may be regarded as the most acid-labile protecting group which has
been employed in peptide synthesis. The NCAs, and therefore, the car-
bamale protecting group, had been employed in controlled peptide synthesis
by Hunt and du Vigneaud (1938) and by Bailey under anhydrous conditions
(1949, 1950) and in aqueous medium by Wesseley {1925) and by Bartlett
and his associates (Bartlett and Jones, 1957 Bartlett and Dittmer, 1957)
prior to our own work with Leuchs’ anhydrides. The shortcomings of the
use of NCAs i aqueous medium have been studied in Bartlett’s laboratory
(1957) and in our own (Hirschmann et al., 1967). We showed that the car-
bamates have reasonable stability in the pH range of 10.2-10.5 at 0°C but
that the protecting group is generally not sufficiently stable to permit one
to execute, without purification of intermediates, more than five sequential
steps. When a reaction product separates after acidification, the method
affords the desired product more rapidly than is feasible by any other method.
For example, the synthesis of essentially pure renin inhibitor Leu-Leu-Val-
Phe is easily accomplished by the NCA method in half a day (Strachan,
unpublished). Recently reported studies {Iwakura et al, 1970; Katakai
et al, 1971) suggest that the usefulness of this method may be broadened.

b. Thiocarbamate Anion. We have previously pointed out (Hirschmann
et al, 1967) that the use of the a-amino acid N-carboxyanhydride in the
synthesis of peptides in agueous solutton is complicated by the fact that
below pH 11 the instability of peptide carbamates leads to overreactions via
decarboxylation, whereas at pH 11 overreaction via the NCA anion, the
formation of hydantoic acids, and hydrolysis become troublesome side-
reactions. A more stable carbamate analogue would permit peptide con-
densation to be carried out at lower pH. It was thought that analogues of
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the NCAs in which the singly bonded oxygen is replaced by sulfur should
overcome side-reactions due to loss of the protecting group because we
expected thiocarbamates to show greater stability at a given pH than
carbamates. This proved indeed to be the case, as shown, for example, by the
fact that salts of amino acid thiocarbamates were stable to electrophoresis
at pH 11 (Dewey et al.. 1971). Moreover, it was in some instances possible to
effect complere disappearance of the starting amino acid on reaction with an
excess of the 2.5-thiazolidinedione, indicative of complete suppression of
thiocarbamate exchange. This had not been achieved with the Leuchs’
anhydrides. The NTAs have proven to be useful in peptide synthesis only in
limited cases. primarily because of racemization (Dewey et al,, 1968, 1971),
In addition. in special situations the thiocarbamate anion may prove to be
of use as a temporary protecting group in alkaline aqueous medium.

¢. Buryloxyvcarbonyl and [-Methylcyclobutyloxycarbonyl Protecting
Groups: The butyloxycarbonyl protecting group of McKay and Albertson
(1957) is probably the amine-blocking group most extensively used in the
synthesis of polypeptides at the present time. The only hmitation which we
have observed in its use as a temporary nitrogen-protecting group is the fact
that it is not as stable in 50 %, aqueous acetic acid as we would like it to be.
As we had reported earlier (Hirschmann, 1971}, dansylation studies indicated
partial loss of the butyloxycarbonyl group, especially from the amino-
terminal serine in 509, acetic acid, a solvent system which we used for gel
filtrations in connection with the synthesis of the S-protein of ribonuclease S.
The stahility of butyloxycarbonyt derivatives of amino acids in aqueous
acetic acid has been studied by Sieber and Iselin (1968b). These workers
observed that the stability decreases with increasing water content and re-
ported a half-life of about 10 days for Boc-glycine in 609 acetic acid at room
temperature. The fact that our protected peptides were reasonably stable in
50%, acetic acid is doubtless due to the fact that butyloxycarbonyl derivatives
of peptides are considerably more acid stable than those of amino acids
because of the greater basicity of the protected amino nitrogen in the latter.
We have sought to find a substitute for the butyloxycarbonyl group which
would be stightly more acid stable, because 50 %, aqueous acetic acid is a very
useful solvent for gel filtration. Moreover, we felt that the protecting group
should not through its size or bulk generate excessive solubility problems,
and we felt that the group should not introduce an additional asymmetrical
center.

It seemed reasonable to us (Veber et al.. 1972b) that the development of a
slightly more acid-stable urethan protecting group could be designed using
the rates of solvolysis of the alcohol tosylates as a gwide. In fact, Blaha and
Rudinger (1965) had demonstrated the applicability of such an approach
and pointed out that “‘the existence of a linear correlation between the rates
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of fission of these [urethan-type protecting] groups and the rates of tosylate
solvolysis makes it possible to use the extensive rate data available for the
latter reaction [and other reactions similarly correlated with it} to predict the
stability to acid-catalyzed fission of carbamates derived from a range of
further alcohols, and facilitates the rational choice of protecting groups of
any desired stability within the limits of validity of this correlation.” We
quickly discovered, however, that the correlation was not sufficiently sensitive
to permit the solution of a protecting group with an acid stability only slightly
greater than that of butyloxycarbonyl. With the restrictions outlined above,
the choice of alcohols for a new protecting group becomes quite restricted.
Of the alcohols in this category. the tosylate solvolyses have not been studied
under a single set of conditions. Thus some of the studies had been carried
out under neutral conditions in aqueous dioxane or ethanol, while others
were done in acetic acid. Variations were found also in the leaving groups
studied, e.g.. nitrobenzoate. chloride, and tosylate. These variations required
us to make an educated guess based on the available data. Therefore, we
determined the half-lives in acid media of the N-protected derivatives of
phenylalanine and of the methyl ester of phenylalanylalanine (see Table I).
The results led us to conclude that the l-methyleyclobutyloxycarbonyl
group should have sufficient stability in 50%, acetic acid for use in gel filtra-
tion and yet be sufficiently acid labile for removal under fairly mild condi-
tions. We found that the protecting group was completely removed in less
than 30 min in trifluoroacetic acid. On the other hand, there was no detectable
loss of protection after 48 hr in 30, aqueous acetic acid. Under the same
conditions. the butyloxycarbonyl group was removed to the extent of about
10-15%,.

We do not anticipate using the 1-methylcyclobutyloxycarbony! pro-
tecting group routinely in place of the butyloxycarbonyl protecting group.
We believe, however, that in the synthesis of high molecular weight poly-
peptides the more stable I-methylcyclobutyloxycarbonyl protecting group
should serve a useful function in the N-terminal protection of those frag-
ments which will require purification by gel chromatography and which are
likely to lack adequate solubility in water.

2. The Concepr of “"Stable Protecting Groups.” As indicated above, a
temporary protecting group is generally desired for the nitrogen of the
carboxy-activated amino acid. In contrast, “a more permanent” protecting
group is desired both for the s-amino group of lysine and the sulfhydryl of
cysleine.

1deally, one would like to have the protecting groups for the z-amino
nitrogen and for the s-amino function of lysine designed in such a way that
either one can be removed without affecting the other. The concept of such
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Table 1. Acid Cleavage of Various ~V-Protecting Groups of Phenylalanine and of
Phenylalanylalanine Methyl Ester

1,.,(X-phe) (min) 25° t,,2(X-phe-ala-OMe}) (min)

Protecting group TFA Formic TFA Formic
O
0
)k 40 .— — _
[> CH,— O
O
CH
2 A 2 - 3 180
0
Q)
CH,
CH, + o Clom?lcte 4 ?ozmpvlete 10
CH, min. -2 min
O
O)'k Complete 2 —
O( 1 min
CH,

O

A

b\(o 1.5 — —

CH,

two-directional selectivity has been nicely summarized by Bodanszky and
Ondetti (1966). We should like to comment on it further. Total lack of
reactivity of a protecting group to conditions employed for the removal of
another protecting group for the same functionality (in this case amino
nitrogen) is relatively rare. Often one is dealing not with absolutes (complete
stability) but with relative differences in rate (see below). Clearly, a point can
be reached where the difference in the rates of removal of two protecting
groups becomes so great that for all practical purposes the difference in
reactivity becomes indistinguishable from the “absolute” difference men-
tioned above.
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Bodanszky and Ondetti (1966) referred to the benzyloxycarbonyl and
butyloxycarbonyl protecting groups as meeting the requirement of com-
plete two-directional selectivity. Indeed, the combination of these two
protecting groups has been successfully employed in peptide synthesis. An
outstanding example is the synthesis of ACTH by Schwyzer and his associates
(Schwyzer and Rittel, 1961: Schwyzer and Sieber, 1966), in which the butyl-
oxycarbonyl group was employed as the permanent and truly “stable”
protecting group and the benzyloxycarbonyl group provided temporary
protection for the x-amino nitrogen. The latter could be removed selectively
by catalytic hydrogenation, conditions to which the butyloxycarbonyl
group is completely inert.

When the roles of the above protecting groups are reversed, i.e., when
the butyloxycarbonyl group hecomes the temporary protecting group and
the benzyloxycarbonyl functions as the permanent protecting group, the pair
becomes an example of relative difference in stability and is now less satis-
factory. These two blocking groups differ in their acid-catalyzed cleavage
rates only by about three orders of magnitude (Losse et al., 1968). In the
synthesis of relatively small peptides, this difference in acid stability of the
benzyloxycarbonyl and the butyloxycarbonyl groups-—although not abso-
lute—is sufficiently great to permit use of the former as a lysing-protecting
group because purification of the final product and/or the intermediates is
generally readily accomplished. In the synthesis of larger peptides or of
proteins, the fact that the rates of acid-catalyzed hydrolysis of these two
urethans differ only by a factor of about 2000 becomes objectionable because
the separation of impurities lacking the e-benzyloxycarbony! blocking group
is likely to be diflicult. 1f 4 coupling reaction is subsequently effected at the
e-amino group rather than at the desired z-nitrogen, the resulting impurities
may be very difficult to separate. This pitfall in the use of the benzyloxy-
carbony! group as a permanent blocking group has been pointed out, e.g.,
by Halpern and Nitecki (1967). We have previously reported the results of
quantitative studies in connection with the synthesis of ribonuclease S-protein
which indicated that about 2-3°; of an g-amino benzyloxycarbonyl pro-
tecting group might be lost during conventional procedures used for removal
of the butyloxycarbonyl blocking group (Hirschmann, 1971). This was true
even when trifluoroacetic acid in methylene chloride was used. That this is
also a problem in solid-phase synthesis has been reported by Wang and
Merrifield (1969).

[t has not always been recognized that. because of the inherent chemical
differences between the mechanisms of removal of the benzyloxycarbonyl
and the butyloxycarbonyl blocking groups, a change in reaction conditions
can alter the relative acid stabilities of these two blocking groups. Thus
we had reported the observation by Dr. Walton that the addition of
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dimethylsulfide as a scavenger (to trap t-butylium ions which might otherwise
alkylate methionine or aromatic amino acids) during acid-catalyzed removal
of the butyloxycarbonyl blocking groups will lead to increased loss of the
benzyloxycarbonyl group (Hirschmann, 1971). This is due to the fact that
dimethylsulfide acting as a nucleophile will enhance the rate of decomposition
of the benzyloxycarbonyl derivative but will—because of reduced solvent
polarity—actually decrease the rate of decomposition of the butyloxy-
carbonyl group. This can be explained by the fact that the former reaction
shows considerable Sy2 character, whereas the latter is largely Syl. These
observations remind us that seemingly trivial changes in reaction conditions
can markedly affect the relative stabilities of two protecting groups. Con-
versely, the absence of a good nucleophile can be used to rationalize the
observation {Schnabel et al., 1971 Hiskey er al., 1971) that selective removal
of the butyloxycarbonyl protecting group in the presence of the benzyloxy-
carbonyl group can be effected by boron trifluoride ethereate in acetic acid.
It is not known whether this method will be suitable for higher molecular
weight polypeptides of limited solubility. Similarly Loffet and Dremier
{1971) have reported the use of mercaptoethanesulfonic acid, also in glacial
acetic acid. for the selective removal of the butyloxycarbonyl protecting group.
It will also be of interest to know whether the presence of scavengers such as
dimethyl sulfide would affect the selectivity of these reactions.

a. Alternatives to the Use of the Benzyloxycarbonyl Protecting Group:
Several alternatives could be considered to the use of the butyloxycarbonyl
group as the temporary protecting group and the benzyloxycarbonyl group
as the permanent protecting group. Reversing the role of the groups, which
had served so well in the synthesis of ACTH, is not useful in the synthesis of
proteins having sulfur-containing amino acids (ACTH has only one
methionine). It is possible to utilize a more acid-labile protecting group in
the place of the butyloxycarbonyl function. Indeed, Sieber and Iselin (1968a.b)
have introduced the 2-(p-diphenyl-isopropyloxycarbonyl) group into peptide
chemistry. The rate of acid-catalyzed cleavage proceeds up to 10,000 times
faster than that of the butyloxycarbonyl group. This increased lability to acid
permits the use of this protecting group in connection with benzyloxy-
carbonyl because the difference in the relative rates of acid-catalyzed
hydrolysis is great enough to make it an “absolute™ difference. This new
blocking group has therefore been widely and successfully used in peptide
synthesis. We have, however, looked for an alternative solution because—as
indicated above--we have found that in the purification of high molecular
weight polypeptides on Sephadex it is often highly desirable to be able to use
aqueous acetic acid as a solvent. The protecting group of Sieber does not
have adequate stability to permit chromatography in this acidic solvent
system.
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It is also possible to increase the stability to acid of the benzyloxy-
carbonyl protecting group. For example, negatively substituted analogues of
the benzyloxycarbonyl group have been described (Noda et al., 1970). We
suspect that these blocking groups are likely to aggravate further the solu-
bility problems encountered with larger peptides. They may prove useful,
however, in the synthesis of low molecular weight peptides in solution
or in solid-phase synthesis where, as mentioned above, solubility is not a
problem.

The use of the trifluoroacetyl protecting group in peptide chemistry
was proposed by Weygand (Weygand and Csendes, 1952). Use of this pro-
tecting group is not practical when the synthetic scheme requires treatment
of the protected peptide with hydrazine. The observation by Yajima et al.
(1968} that the N-formy! blocking group is cleavable with hydrazine acetate
places the same restriction on the use of this lysine-blocking group. The same
argument applies also to the use of acetoacetylation (Marzotto et al.. 1968)
for protection of the ¢-amino group.

b. Desiderata for a New Lysine-Protecting Group: We therefore searched
for a new permanent protecting group for lysine which should satisfy, if
possible, all of the following conditions:

1. It should be stable under all conditions commonly employed in
peptide synthesis.

2. It should be completely stable to acid under conditions adequate for
the acid-catalyzed removal of a temporary protecting group. The
latter should be stable in 50 %/ aqueous acidic acid, a solvent system
which we have employed for gel filtration.

3. For maximum flexibility. it should also be completely stable under
the conditions required for the removal of the acetamidomethyl
blocking group for cysteine (Veber er al., 1968, 1972a) [Hg (IT) at
pH 4] (see below) to permit one to remove the latter protecting group
sclectively.

4. Conversely. it should also be removable under conditions to which
the acetamidomethyl blocking group is stable. This would permit
removal of the lysine-blocking group without removing the acetami-
domethyl blocking group.

5. The conditions required for the removal of the new protecting group
should be mild enough not to cause unwanted side-reactions.

6. The new protecting group should increase rather than decrease the
solubility of large peptides in polar solvents.

7. Peptides containing the new blocking group on the e&-amino nitrogen
of lysine should. after hydrolysis at 110°C in 6 N HCL, give lysine or a
lysine derivative detectable in amino acid analysis.
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Fig. 1. Rationale for relative acid stabilities of the nicotinyloxycarbonyl and isonicotinyl-
oxycarbonyl protecting groups.

8. The new protecting group should be useful also for the dertvatization
of proteins. This would permit comparison of derivatized natural
proteins with synthetic intermediates.

¢. The Isonicotinyloxycarbonyl Protecting Group: We tried lo design
a urethan protecting group which would be “completely™ stable under the
acidic conditions required for the removal of an a-amino-protecting group
such as butyloxycarbonyl A plausible solution to this problem was an
analogue of the benzyloxycarbonyl blocking group in which the aromatic
ring contains a basic nitrogen, on the assumption that nitrogen protonation
would greatly enhance the acid stability of such a protecting group. Thus we
studied the nicotinyloxycarbonyl (NOC) [I] and the isonicotinyloxycarbonyl
(INOC) [1V] groups (see Fig. 1) (Veber et al., 1972b). We anticipated that
the presence of a full positive charge on the heteroatom of the aromatic ring
would provide the “absolute™ stability in acid which we desired. We expected
that this should be particularly true of the 1sonicotinyloxycarbonyl protecting
group in which the electron defictency at the site of the developing carbonium
ion should be greater [[{f vs. V1] (see Fig. 1).

We hoped. moreover, that the isonicotinyloxycarbonyl group might be
removable with zinc.* The nicotinyloxycarbonyl group was expected to be
less readily reducible under these conditions because of the formation of a
charge-separated intermediate [VIII] in the reduction of this derivative.
The corresponding intermediate [¥/1] in the removal of the isonicotinyloxy-
carbonyl group would be neutral (see Fig. 2). Finally, we anticipated that
both protecting groups should be removable by catalytic hydrogenation,t
*Cambile er ul. {1969) have reported the chemical reduction of 4-picolyl] esters.

TThe removal of both protecting groups from w-amino nitrogen by catalytic hydrogenation
has recently been reported in a Belgian patent (No. 754,412).
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Fig. 2. Intermediates in the zinc reduction of [{¥] and [[].

provided that the peptide contains no or only few sulfur-containing amino
acids and that the molecular weight is not significantly higher than that of
ACTH. Because of these restrictions, the proposed protecting groups would
not have been of sufficiently broad usefulness if catalytic hydrogenation
were the only cleavage method available,

Our expectations that these protecting groups would be highly aad
stable were confirmed. Both protecting groups were found to be stable in
anhydrous acids, including trifluoroacetic acid and hydrogen fluoride
(Veber et al., 1972b). They are only slowly cleaved even when the counter ion
of the proton is a good nucleophile, as with HBr in either acetic acid or ethyl
acetate. As expected, the nicotinyloxycarbonyl group was cleaved more
rapidly. The high degree of acid stability of [I] and especially of [I¥] has thus
given us the desired “absolute™ stability in acid.

We have also found that the isonicotinyloxycarbonyl group is removed
smoothly by zinc in 307%, aqueous acetic acid. Both groups are removed by
catalytic hydrogenation. However, the nicotinyloxycarbonyl group is only
slowly removed by zinc under acidic conditions. Thus the isonicotinyloxy-
carbonyl group appeared to be the protecting group of choice for the e-amino
group of lysine.

e-Isonicotinyloxycarbonyl-lysine has been used in these laboratories
(Holly er al., unpublished) for the preparation of lysine-containing peptides
by both solution and solid-phase techniques. The syntheses proceeded well,
and the removal of the protecting group went smoothly using either zinc or
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catalytic hydrogenation. In the course of these studies, it was found that the
solubility properties of the protected lysine derivatives are highly satis-
factory. The isonicotinyloxycarbonyl derivatives were more soluble in both
organic and aqueous media than corresponding benzyloxycarbonyl
derivatives.

We wished to check the generality of the conditions for removal of the
1isonicotinyloxycarbonyl group with zinc. Accordingly reduced acetamido-
methylated natural S-protein (Veber et al., 1969) was treated with isonico-
tinyl-succinimidocarbonate ; this introduced a total of six out of possible nine
tritium-labeled isonicotinyloxycarbonyl blocking groups on the free amino
groups of S-octa-acetamidomethyl-octahydro S-protein (Paleveda, un-
published). No attempt was made to obtain complete protection of the amino
groups in this study. Enzymatic degradation of the resulting protein showed
that the radioactive label had been incorporated into the ¢-amino group of
lysine and probably into the amino-terminal serine. As expected, amino acid
analysis of the enzymic digest indicated the presence of both lysine and
e-1sonicotinyloxycarbonyl-lysine residues. The latter eluted with histidine
on the standard amino acid analyzer columns. Total removal (more than
99 °7) of the radicactive label could be accomplished by the use of a large
excess of zinc dust in 30°, aqueous acetic acid using high-speed stirring
{Palevada, unpublished). Although the removal of the protecting group from
a protein is a slower process and requires a larger excess of zinc than is the
case with smaller peptides, it can be carried to completion, and thus the use
of the isonicotinyloxy group appears to be useful in protein chemistry.

Figure 3 outlines the chemistry involved in the preparation of &-INOC-
lysine [1X] and x-Boc-e-INOC-lysine [X]. The experimental details of these
preparations will be reported elsewhere.

NH7
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Fig. 3. Preparation of a-Boc-g-INOC-Lysine.
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B. Protection of the Thiol of Cysteine

The sulfhydryl of cysteine resembles the g-amino group of lysine in that
its protecting group should be stable throughout a synthesis. In a prelim-
inary communication {(Veber er al, 1968). we described the acetamido-
methyl protecting group for cysteine which we have employed in the synthesis
of ribonuclease S-protein (Denkewalter er al.. 1969). A detailed description
of our experiences with this sulfhydryl-protecting group has appeared else-
where (Veber er al.. 1972a). In the latter paper, we concluded that the acetami-
domethyl blocking group satisfies all of the following requirements:

1. Tt can be used for peptide synthesis either in solution or in the solid-
phase method.

2. It may be introduced in high yield under mild conditions into cysteine-
containing proteins such as reduced S-protein, and it can be removed
from such derivatized proteins.

3. It is stable to both the mild acidic conditions required to remove, e.g.,
the butyloxycarbonyl blocking group, and to treatment with liquid
HF at 0°C.

4. It s stable also to conditions required to convert esters to hydrazides
and hydrazides to azides, and to the weakly basic conditions em-
ployed in typical peptide coupling reactions.

5, The blocking group may be removed smoothly with Hg (II) under
mild conditions.

More recentty, we have also been able to show that this protecting group
1s stable under the conditions required for the removal of the isonicotinyl-
oxycarbonyl protecting group via either chemical or catalytic reduction. In
the synthesis of a lysine- and cysteine-containing peptide or protein, it is
therefore possible to remove selectively one of the following groups: the
benzyloxycarbonyl, the isonicotinyloxycarbonyl, or the acetamidomethyl.
Thus it should be possible, for example, to generate a disulfide bridge either
prior to or after the removal of the lysine-protecting groups.

1. CONCLUSION

We feel that the tactics resulting from the use of the protecting groups
described herein are suitable for protein synthesis. In this scheme, the ¢-amino
group would be protected using such acid-labile groups as carbamate,
thiocarbamate, butyloxycarbonyl, or 1-methylcyclobutyloxycarbonyl. The
latter two blocking groups are stable under the conditions suitable for
removal of either isonicotinyloxy or acetamidomethyl blocking groups. The
g-amine group of lysine would be protected by isonicotinyloxycarbonyl,
which is stable to acidic conditions and to Hg (I) ion but can be removed
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reductively. Similarly, the acetamidomethyl group is stable under the various
conditions suitable for the removal of the other protecting groups mentioned
above. We believe that tactics based on the use of protecting groups re-
movable by chemically distinct methods should serve to reduce side-reactions
in the synthesis of proteins.
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PEPTIDE SYNTHESIS AND
THE SPECIFICITY OF PROTEINASES

Joseph S. Fruton

Kline Biology Tower
Yale University
New Haven, Connecticut

It was my good fortune to share a laboratory with Leonidas Zervas at
the Rockefeller Institute for Medical Research after he came there in 1934
to rejoin Max Bergmann. The year before, the Nazis had obliged Bergmann
to resign as Director of the Kaiser Wilhelm Institute for Leather Research
in Dresden: after finding a haven in New York, he secured the help of the
Rockefeller Foundation in bringing Zervas to the United States. I cannot
express adequately my gratitude to Professor Zervas for the instruction he
gave me in the art of peptide synthesis during his 2-year stay in New York.
This essay is not only an act of homage to a great chemist, but also an ack-
nowledgment of the debt owed him by one of his students.

Among the first fruits of the carbobenzoxy method announced by
Bergmann and Zervas in 1932 was its application to the study of the specifi-
city of peptidases. The initial papers (published in 1933) on this subject dealt
with dipeptidase and carboxypeptidase, and the views of the Bergmann
laboratory about these enzymes were strongly influenced by the work of
Grassmann and Waldschmidt-Leitz, two former students of Willstétter.
It should be recalled that during the early 1930s, Waldschmidt-Leitz was
fighting a rear-guard action in defense of Willstatter’s view that enzymes are
small molecules of unknown constitution adsorbed on catalytically inactive
protein carriers. Sumner’s ¢laim (in 1926) to have obtained urease in the
form of a crystalline protein was only then becoming accepted, as a con-
sequence of Northrop’s crystallization of pepsin in 1930 and his clear demon-
stration that the catalytic activity of this enzyme is a property of a protein
molecule.
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My first assignment in Bergmann’s American laboratory was to con-
tinug the work begun in Presden on the dipeptidase of intestinal mucosa.
In the paper (Bergmann er al., 1935) describing these results, the “poly-
affinity” theory of enzyme action was presented, and it was elaborated in a
succeeding paper: “If an enzyme catalyzes only one of two antipodes, then
it must contain at least three different atoms or atomic groups which are
fixed in space with respect to one another, these groups entering during the
catalysis into relation with a similar number of different atoms or atomic
groups of the substrate™ (Bergmann et al., 1936). An extension of this hypo-
thesis appeared 12 years later. when Ogston (1948) explained the asym-
metrical conversion of a symmetrical molecule during an enzyme-catalyzed
reaction in terms of a three-point attachment of the substrate. During the
course of our work on dipeptidase. we showed that peptides such as L-leucyl-
p-alanine are cleaved. and we explained this result by assuming that, in its
interaction with the enzyme, this peptide is in the conformation shown.
Many years later, my work on the specificity of dipeptidyl transferase (cathep-
sin C), which cleaves dipeptidyl units from the amino terminus of polypeptide
chains, led me to revive this hypothesis and to assume that a synthetic sub-
strate such as D-alanyl-L-phenylataninamide has a similar conformation
in the ezyme-substrate complex {Izumiya and Fruton, 1956) (Fig. 1).

After our work on peptidases, we turned to the specificity of papain,
which Grassmann had partially purified, and the dried papaya latex needed
for the purification was readily available to Bergmann through his close
friend Leo Wallerstein. By 1936, Kunitz and Northrop had described the
crystallization of chymotrypsin and trypsin, and synthetic peptide substrates
were soon found for these proteinases as well (Bergmann and Fruton, 1937
Bergmann et al., 1939). The success achieved in these efforts encouraged us
to undertake the search for synthetic substrates for pepsin.

In the mid-1930s. pepsin was still considered by many biochemists to
effect a physical deaggregation of peptides thought to be associated by
noncovalent bonds to form macromolecular proteins. This denial that pepsin
catalyzes the hydrolysis of peptide bonds was based on the argument that
no well-defined peptide substrates had yet been found for this enzyme. More-
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over, it was also believed that because of its pH optimum near 2, pepsin
interacts with cationic groups in the protein substrate. With the finding
(Fruton and Bergmann, 1938, 1939) that Z-Glu-Tyr and Z-Glu-Tyr-NH,
are hydrolyzed by pepsin, these views had to be abandoned. These synthetic
substrates were cleaved very slowly, however, and were insoluble at the acid
end of the pH range of peptic activity. A decisive advance was made by
Lillian Baker, who worked in Bergmann’s laboratory during World War 11,
in showing that acetyl dipeptides such as Ac-Phe-Tyr are hydrolyzed by
pepsin much more rapidly than Z-Glu-Tyr. Her work provided the first
indication that the action of pepsin on small synthetic substrates is favored
by the presence of aromatic amino acids on both sides of the sensitive peptide
bond. Acetyl dipeptides of the kind introduced by Baker have been widely
used in recent studies on the kinetics of pepsin action (for a review, see
Fruton, 1971). After 1950, the extensive studies on the amino acid sequence
of proteins led to the view that pepsin is an enzyme possessing a broad side-
chain specificity (Hill. 1965). This conclusion should be seen, however, in
relation to the fact that in most sequence studies large amounts of enzyme
and prolonged incubation periods are employed, thus obscuring differences
in the rates of the enzymic cleavage of various kinds of peptide bonds.

The uncertain state of the problem of the specificity of pepsin prompted
me, in 1965, to resume research on the action of this enzyme on synthetic
substrates. This work was greatly facilitated by the notable improvements
made in the art of peptide synthesis during the preceding two decades. More-
over, the dramatic advances in the study of the three-dimensional structure
of enzyme proteins by means of X-ray crystallography had provided a clearer
view of enzyme-substrate interaction. Although a detailed model of the
structure of pepsin has not yet been proposed, our “substrate-oriented”
approach has defined some aspects of the interaction of pepsin with its
substrates and may help in the future interpretation of the model when it
becomes available. Also, our recent results have suggested more general
considerations relating to the action of enzymes that act on oligomeric
substrates. In the remainder of this chapter, 1 shall attempt to summarize
the present state of our work on the specificity of pepsin action.

QOur first objective was to prepare peptide substrates whose structure
could be varied systematically and whose rate of cleavage was considerably
greater than that of the acetyl dipeptides of the kind introduced by Baker,
the most sensitive of which was Ac-Phe-Tyrl, [k, = 0.2sec™ !, K,, = 0.08
mM; Jackson et al., 1965). We wished initially to avoid the presence of a
carboxyl group in our substrates, because the pK, of this group falls in the
range of pepsin activity (pH 1-5). To study pepsin action in aqueous solution,
however, it was necessary to introduce a charged hydrophilic group; such
groups included the imidazolium group of a histidyl residue (Inouye and
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Fruton. 1967) or the pyridiniuvm group at the carboxyl or amino terminus of
the peptide (Sachdev and Fruton, 1969). Two typical substrates are shown in
Fig. 2: at 37°C, Z-His-Phe-Phe-OFEt was found to be hydrolyzed optimally
by pepsin near pH 4, where k,, = 93sec” ! and K, = 0.2 mm (Hollands
et al., 1969), and under the same conditions Z-Gly-Ala-Phe-Phe-OP4P is
cleaved with k., = 400sec™! and K, = 0.1 mm (Sachdev and Fruton,
1970). In the formulas. the vertical arrow denotes the site of enzymic cleavage ;
the other peptide bonds of the substrates were not attacked to a measurable
extent under the conditions of our studies.

To define more precisely the side-chain specificity of pepsin, a series of
peptide derivatives of the general structure Z-His-X-Y-OMe was synthesized,
where X and Y are L-amino acid residues (or glycyl), and the kinetic para-
meters of the enzymic hydrolysis of the X—Y bond were determined (Trout
and Fruton, 1969). In all cases. either X or Y was an L-phenylalanyl residue.
Among the substrates of the type Z-His-X-Phe-OMe, the two that were
cleaved most rapidly were those in which X is Phe or p-nitro-L-phenylalanyl
[Phe(NO,)]. The favorable effect of the aromatic and planar substituent at
the f-carbon of the X-residue was emphasized by the finding that when
X 18 f-cyclohexyl-L-alanyl the value of k_,, is approximately one-tenth that
when X is Phe, and similar to that for substrates in which the X-position is
occupied by an aliphatic amino acid residue larger than alanyl (norvalyl,
norleucyl, leucyl, methionyl). Apparently, the side-chains of these amino
acids can interact with a portion of the enzymic region that binds planar
aromatic groups. Of special interest was the finding that under conditions
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where Z-His-Gly-Phe-OMe is hydrolyzed at a measurable rate (about 1%
that when X is Phe), the comparable compound with X being Val or lle is
completely resistant to peptic action. This suggests that steric hindrance is
operative and invites the hypothesis that, when the X-position is occupied
by a residue that is branched at the S-carbon, one of the catalytic groups of
pepsin may be prevented from attacking the carbonyl group of the sensitive
bond. As for the substrates of the type Z-His-Phe-Y-OMe, all the substrates
with an aliphatic side-chain in the Y-residue (including those with branching
at the f-carbon) are cleaved slowly at rates that are quite similar. These are
hydrolyzed at about 1%, the rate for the maost sensitive among this group of
substrates, Z-His-Phe-Trp-OMe ; those with Y being Phe or Tyr are cleaved
somewhat less rapidly. That this preference for Trp, Phe, and Tyr in the
Y-position may be related to their aromatic character is suggested by the
relative resistance of the compound in which Y is fi-cyclohexyl-L-alanyl and
speaks for a preference for a planar aromatic side-chain over the similarly
hydrophobic but nonplanar alicyclic side-chain. It may be concluded,
therefore, that with small synthetic substrates of the type AX-YB, where the
X—Y bond is broken. pepsin shows a preference for Phe in the X-position
and for Trp, Phe, or Tyr in the Y-position. Only limited data are available
on the effect of changing the A and B groups on the side-chain specificity of
pepsin. but it would appear that this conclusion holds for substrates in which
the A group is changed from Z-His to Ac or Gly-Gly. As will be seen later,
the effect of changes in the A and B groups of a synthetic substrate A-Phe-
Phe-B may be very large. thus offering an explanation for the apparently
broad specificity of pepsin when it is altowed to act on proteins for a long
time.

In its action on the Phe-Phe bond of substrates of the type A-Phe-Phe-B,
pepsin exhibits an absolute requirement for the L-enantiomer in both the X-
and Y-positions of the substrate. Diastereoisomeric compounds, such as
Z-His-D-Phe-Phe-OEt or Z-His-Phe-D-Phe-OEt, are competitive inhibitors
of the cleavage of the L-L-L substrate, and the K; values found (0.2-0.3 mm)
are the same as the kinetically determined value of K, for Z-His-Phe-Phe-
OEt under comparable conditions (Inouye and Fruton, 1967). It should be
added that the Phe-Phe-OEt also inhibits pepsin action competitively with
a K; of about 0.2 mMm. thus indicating that this unit contributes the principal
binding energy to the interaction of Z-His-Phe-Phe-OFEt with pepsin. The
resistance of the D-Phe-Phe or Phe-p-Phe unit of a diastereoisomer of this
substrate does not arise from weaker binding but rather from faulty position-
ing of the Phe- Phe bond with respect to the catalytic groups of the enzyme.
A contribution to the positioning of this bond for productive attack may be
provided by the carboxyl-terminat CO group of the Phe-Phe unit, since
Z-His-Phe-L-phenylalaninol and its acetate were found to be resistant to
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pepsin action (Inouye and Fruton, 1967, 1968). Further work 1s needed to
explain this finding ; in particular, it will be of interest to examine the suscepti-
bility of a substrate analogue in which the CO—0OC,H; (or CO—QCH,)
group has been replaced by CO—C,;H; (or CO—CHj;).

As noted above, for a series of pepsin substrates of the type A-Phe-
Phe-B, changes in the A and B groups can have large effects on the rate of the
enzymic cleavage of the Phe--Phe bond. For example, at pH 4 and 37°C,
Z-His-Phe(NQ,)-Phe-OMe is hydrolyzed with k_,, = 0.3sec™" and K,y =
0.4 mM; replacement of the OMe group by Ala-Ala-OMe gives a substrate for
which k_,, = 28sec” ' and K,, = 0.1 mm (Medzihradszky et al.,, 1970). Even
more striking differences in the catalytic efficiency (as measured by k_,,} have
been observed with substrates of the type A-Phe-Phe-OP4P (Sachdev and
Fruton, 1969, 1970). For the serigs where A 1s Z, Z-Gly, or Z-Gly-Gly, the &,
values(insec” ')are0.7.3.1,and 72, respectively, with corresponding K ,; values
(in mm), of 0.2, 0.4, and 0.4. Moreover, when the Gly-Gly unit of Z-Gly-Gly-
Phe-Phe-OP4P is replaced by other dipeptidyl units, very large differences
in k., are found. To cite only three of the many peptide derivatives tested,
when A is Z-Gly-Ala. k., = 400sec™! and K, = 0.1 mM, when A is
Z-Gly-p-Ala, k., = 0.2sec” ' and K,, = 0.3 mM, and when A is Z-Gly-Pro,
K. = 0.06sec™ and Ky, = 0.1 mm. [t will be seen that the K,, values for
these various substrates are very similar, and the available data are con-
sistent with the view that K,; = K (the dissomation constant of the rate-
limiting enzyme-substrate complex) in the cleavage of peptide substrates by
pepsin. It would appear. therefore, that the large differences in catalytic
efficiency are not a consequence of differences in the total binding energy in
the interaction of the enzyme and its substrate but that other factors play a
significant role. Since the variations in k_,, are a consequence of structural
alterations in the substrate at loci other than the sensitive Phe-Phe unit, it
may be concluded that the A and B groups of A-Phe-Phe-B participate in
“secondary interactions” that can modify the catalytic efficiency to an
important extent.

The data in hand indicate that for pepsin substrates of the type A-Phe-
Phe-OP4P. where A is a Z-dipeptidyl group, this group interacts with the
enzyme as a unit and that the benzyl portion of the benzyloxycarbonyl group
participates significantly in this interaction. To study more directly the
secondary interaction of such an amino-terminal substituent with pepsin,
we have recently turned to the Auorescent-probe technique (Edelman and
McClure, 1968 : Stryer. 1968), and have replaced the hydrophobic benzyl-
oxycarbonyl group by the 1-dimethylaminonaphthalenesulfonyl (dansyl,
Dns) group. When the dansyl group is transferred from an aqueous environ-
ment to a nonpolar environment. or is bound to proteins, its fluorescence is
enhanced and the emission maximum is shifted to a shorter wavelength.
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A series of Dns-peptide esters of the type A-Phe-Phe-B was synthesized and
found to be hydrolyzed by pepsin at the Phe-Phe bond with k_,, values
roughly one-tenth of those found for the corresponding Z-peptide esters;
structural changes in the A group (e.g.. replacement of Dns-Gly-Gly by
Dns-Gly-Ala or Dns-Gly-Pro) produced the same changes in k_, as those
observed in the Z-peptide series (Sachdev et al., 1972).

When a relatively poor substrate such as Dns-Gly-Pro-Phe-Phe-OP4P
(15.6 um) is mixed with pepsin (12.6 uM) at pH 3.1, there is a shift in the un-
corrected emission maximum of about 18 nm (from 336 to 518 nm) and a
nearly threefold increase in the fluorescence intensity at the maximum. From
a series of experiments in which the pepsin concentration was varied, the
value of the dissociation constant of the peptide-pepsin complex was
estimated and found to be the same (within the precision of the measure-
ments}) as the kinetically determined K, value for the enzymic hydrolysis of
this substrate. That the binding of the dansyl group of Dns-Gly-Pro-Phe-
Phe-OP4P depends in large part on the interaction of the Phe-Phe-OP4P
portion of the substrate with the catalytic site of the enzyme is indicated by
the finding that the enhancement of fluorescence was greatly decreased when
active pepsin was replaced by pepsin that had been stoichiometrically
inactivated with the active-site-directed inhibitor tosyl-L-phenylalanyl-
diazomethane (Delpierre and Fruton, 1966). Moreover, under the conditions
mentioned above, compounds such as dansylamide, Dns-Phe, and Dns-
Gly-Gly-Phe are bound to pepsin weakly or not at all. Consequently, when
a good substrate such as Dns-Gly-Gly-Phe-Phe-OEt is used, there 1s at first
an enhancement of fluorescence and a shift of the emission maximum to a
shorter wavelength, but within a few minutes (as the hydrolysis proceeds) the
fluorescence intensity and maximum change to those characteristic of the
split product Dns-Gly-Gly-Phe in water,

It is evident from these results that the striking affinity of pepsin for the
dansyl group when it is part of a peptide such as Dns-Gly-Gly-Phe-Phe-OEt
is largely a consequence of the specific interaction of the Phe-Phe-OFt
portion of the substrate with the active site of the enzyme and that the dansyl
group is “dragged” into a hydrophobic region of the enzyme whose intrinsic
affinity for the dansyl group may be low. In this connection, it should be added
that fluorescence measurements with the resistant diastercoisomer Dns-Gly-
Gly-D-Phe-Phe-OEt gave a value for the dissociation constant of the peptide—
pepsin complex similar to the K,, value for the sensitive substrate Dns-Gly-
Gly-Phe-Phe-OFEL As was noted above, the p-Phe-Phe unit is bound at the
catalytic site of pepsin in a conformation that renders the peptide bond
resistant to enzymic attack. but the extent of the interaction of the amino-
terminal dansyl group with a hydrophobic region of the protein appears to be
unaffected.
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The conclusions drawn thus far from the studies on the role of secondary
enzyme-substrate interactions in the action of pepsin on oligomeric sub-
strates raise several questions of wider significance. The synthetic peptide
substrates found for endopeptidases during the 1930s indicated the side-
chain preferences of individual proteinases with respect to the amino acid
residues contributing the CO or NH group to the sensitive bond (¢.g., the
preference of trypsin for an arginyl—Y or lysyl—Y bond). More recently,
indications of other specific interactions have come from work with strepto-
coccal proteinase (Gerwin et al., 1966) and papain (Schechter and Berger,
1967), whose action is'favored by the presence of a hydrophobic group (Z or
Phe) on the amino side of a sensitive X-Y unit. Indeed, with these two enzymes
of apparently broad side-chain specificity with respect to the X residue, the
catalytic action on a substrate AX-YB depends so importantly on the nature
of the A group as 10 outweigh. in some cases. the favorable effect of a pre-
ferred X-unit. Despite the extensive kinetic studies on chymotrypsin, the
question of the importance of secondary interactions in its cleavage of moder-
ately long oligopeptides has not been explored systematically; for example,
it will be of interest to examine the interaction of the dansyl group of Dns-
peptide substrates of chymotrypsin with this enzyme in a manner similar to
that described above for pepsin. Although much more work is needed, it
would seem that the cleavage of proteins by proteinases should not only be
viewed in terms of the amino acid residues that flank the sensitive peptide
bond, but that attention should also be given to interactions at loci somewhat
removed from the site of catalytic action. These secondary interactions,
because of their cooperative nature, may be the predominant factors in the
positioning of sensitive bonds when a particular proteinase (especially one of
broad side-chain specificity at the catalytic site) acts on a given protein. This
view of specificity thus becomes one that embraces all the structural elements
of the peptide substrate and of the enzyme protein that interact with each
other, and the specificity relation between enzyme and substrate may be
considered to represent a mutual conformational adjustment so as to achieve
optimum fit. Obviously, the structural constraints imposed on a region of the
folded peptide chain of an enzyme protein are much greater than those on
the extended peptide chain of the substrate. Nonetheless, it appears reason-
able to consider significant conformational flexibility in the enzyme at the
sites of such secondary interaction. It may be added that secondary interac-
tions are clearly operative in the action of other types of enzymes that act on
oligomeric subsirates. This has been strikingly demonstrated for lysozyme,
where secondary interactions direct the cleavage of oligosaccharides via
transglycosylation rather than direct hydrolysis (Chipman and Sharon,
1969), thus reemphasizing the importance of the transferase action of
“hydrolases™ in their action on oligomeric substrates (Fruton, 1957).
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In addition to these general problems of enzyme specificity, the recent
data obtained with pepsin raise the question of the relation of binding energy
(as measured by K, when K, is believed to approximate K,) to catalytic
efficiency. It was noted above that large differences in k., among closely
related pepsin substrates are not accompanied by significant changes in K,,.
A similar result has also been encountered with liver esterase (Hofstee, 1967 ;
Goldberg and Fruton, 1969), where changes in the nature of the R group of
RCO—OR’ substrates are reflected in large differences in k_,, and relatively
small differences in K, (which may or may not approximate K¢). Examples
of this kind have been cited (see Koshland and Neet, 1968) in support of
hypotheses designed to explain the specific catalytic efficiency of enzymes in
terms of the utilization of potential binding energy in the enzyme—substrate
interaction to lower the free energy of activation in the catalytic process.

One of the major aspirations of present-day enzyme chemistry is to des-
cribe the productive interaction of an enzyme with its substrate in terms of a
molecular model based on the determination of the detailed three-dimensional
structure of the enzyme by means of X-ray crystallography. This approach
has already yielded significant information and is likely to be even more
fruitful in the future, although the question still seems open whether the
structure of the enzyme is as ngid in solution as it is in the crystal. This
question may have considerable importance for the interpretation of the
effect of secondary interactions on the catalytic efficiency of enzymes that
act on oligomeric substrates, and it may be more difficult than previously
thought to define the total area of enzyme—substrate interaction in terms of
fixed “subsites” one of which contains the catalytic groups of a given enzyme.
At present, therefore. model building has not yet replaced the older experi-
mental approaches to the study of enzymic catalysis. One of these has been
the specific chemical modification of enzymes ; when coupled with modern
analytical techmques of protein chemistry, this approach has given decisive
knowledge about the nature of the catalytically important groups of
numerous enzymes and the location of these groups in the linear amino acid
sequence of the individual proteins. Another has been the “substrate-
oriented” approach. which has depended heavily on the development of new
methods of synthetic organic chemistry so as to permit the systematic and
unambiguous variation in the structure of substrates and substrate analogues.
When added to the other modes of attack, and supplemented by the use of
modern spectroscopic techniques, this approach is also likely to continue to
yield uvseful knowledge about the many unsolved problems of enzymic
catalysis.

In concluding this essay, it should be recalled that the first incisive
study of enzyme specificity was described in 1894 by Bergmann’s teacher,
Emil Fischer. It was Fischer’s pioneer synthetic work in the sugar field that
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yielded the diastereoisomeric o- and f-methylglucosides and permitted his
demonstration that they were acted on differently by a yeast-enzyme prepara-
tion and by emulsin. The enzyme studies on peptidases and proteinases that
followed the invention of the carbobenzoxy method by Bergmann and
Zervas were therefore in the tradition arising from the work of Fischer.
Those of us who have continued in this tradition, and have sought to learn
something about the enzymes that act on peptides, owe much to those who
have further elaborated the armamentarium of peptide synthesis. Among
these colleagues. Professor Zervas is preeminent, because of the scope,
precision, and elegance of his work.

ACKNOWLEDGMENT

The recent research of my laboratory, described above, was aided by
grants from the National Institutes of Health (GM-6452 and GM-18172)
and from the National Science Foundation (GB-5212X and GB-18628).

REFERENCES

Bergmann. M., and Fruton. I. §., 1937, On proteolytic enzymes. XIII. Synthetic substrates for
chymotrypsin, J. Biol. Chem. 118:405.

Bergmann, M.. Zervas. L.. Fruton, J. 8., Schneider, F ., and Schleich, H.. 1935, On proteolytic
enzymes. V. On the specificity of dipeptidase. J. Biof. Chem. 109:325,

Bergmann, M., Zervas. L.. and Fruton, J. 8., 1936, On proteolytic enzymes. XI. The specificity
of the enzyme papain peptidase [. J. Biof. Chem. 115:593.

Bergmann, M, Fruten. J. S.. and Pollok. H.. 1939, The specificity of trypsin, J. Biei. Chem.
127:643.

Chipman, D, M.. and Sharon. N.. 1969. Mechanism of lysozyme action, Science 165:454.

Deipierre. G. R.. and Fruton. J. 5. 1966, Specific inactivation of pepsin by a diazoketone,
Proc. Narl. Acad. Sci. 561817,

Edelman, G. M., and McClure, W. O., 1968, Fluorescent probes and the conformation of
proteins, Accounts Chem. Res. 1:65.

Fruten, J. 5., 1957, Enzymic hydrolysis and synthesis of peptide bonds, Harvey Lectures
S1:64.

Fruton, I. §.. 1971, Pepsin. in " The Enzymes."” 3rd ed.. Vol. 3 (P. D. Boyer. ed.). p. 119, Academic
Press. New York.

Fruton, |. §.. and Bergmann. M., 1938, The speciticity of pepsin action, Science 87:557.

Fruton. J. 5., and Bergmann, M., 1939, The specificity of pepsin, J. Bio/. Chen. 127:627.

Gerwin, B. L. Stein, W. H.. und Moore. §.. 1966, On the specificity of streptococcal proteinase,
J. Biol. Chem. 241:333]

Goldberg, M. 1. and Fruton. 1. 8. 1969, Beefl liver esterase as a catalyst of acyl transfer to
amino acid esters. Biochemisiry 8: 86.

Hill. R. L., 1965. Hydrolysis of proteins, 4dvan. Protein Chem. 20:37.

Hofstee. B. H. J.. 1967, Substrate hydrophobic groups and the maximal rate of enzyme reactions,
Nature 213:42.

Hollands. T. R.. Voynick. I. M. and Fruton. J. S.. 1969, Action of pepsin on cationic synthetic
substrates. Biochemisiry 8:575.

Inouye. K.. and Fruton, I. S., 1967, Studies on the specificity of pepsin, Biochemistry 6:1765.



Peptide Synthesis and the Specificity of Proteinases 153

Inouye, K., and Fruton. J. §.. 1968, The inhibition of pepsin action, Bieckemisiry 7:1611.

Izumiya, N.. and Fruton, J. 8. 1956, The specificity of cathepsin C, J. Biol. Chem. 218:59.

Jackson, W, T, Schiamowitz, M., and Shaw, A., 1965, Kinetics of the pepsin-catalyzed hydro-
lysis of N-acetyl-L-phenylalanyl-L-dilodotyrosine, Biochemistry 421537,

Koshland, D. E., and Neet, K. E.. 1968, The catalytic and regulatory properties of enzymes,
Ann. Rev. Biochem. 37:359.

Medzihradszky, K., Voynick. [. M.. Medzihradszky-Schweiger, H., and Fruton, I. §., 1970,
Effect of secondary enzyme-substrate interactions on the cleavage of synthetic substrates
by pepsin. Biochemistry 9:1154.

Ogston, A. G., 1948, Interpretation of experiments on metabolic processes, using isotopic
tracer elements, Nature 162:963.

Sachdev, G. P., and Fruton, J. §., 1969, Pyridyl esters as synthetic substrates for pepsin, Bio-
chemisiry 8:4231.

Sachdev. G. P., and Fruton, J. S.. 1970. Secondary enzyme—substrate interactions and the
specificity of pepsin, Biochemistry 9:4465.

Sachdev, G. P., Johnston. M. A._ and Fruton. J. 5., 1972, Fluorescence studies on the inter-
action of pepsin with its substrates, Biochemistry 11:1080.

Schechter, 1., and Berger. A.. 1967, On the size of the active site in proteases. I. Papain, Bio-
chem. Biophys, Res. Commun. 27:157.

Stryer, L., 1968, Fluorescence spectroscopy of proteins, Science 162:526.

Trout, G. E., and Fruton. I. S.. 1969. The side-chain specificity of pepsin, Biochemistry 8:4183,



CHAPTER &8

STRUCTURAL STUDIES OF NATURALLY
OCCURRING CYCLIC POLYPEPTIDES
AT ROCKEFELLER UNIVERSITY

L. C. Craig

Rockefeller University
New York. N.Y.

I consider it a great privilege to write an essay for a book on polypeptides
that 1s to honor Prolessor L. Zervas. Every peptide chemist is familiar with
the important contributions he made many vears ago in opening the peptide
field to synthesis and the many important contributions since then from his
laboratory.

I first became acquainted with Dr. Zervas in 1934 when he came to
Rockefeller Institute as a member of the scientific staff in the laboratory of
Dr. Max Bergmann. At that time, 1 was a young assistant of Dr. W. A. Jacobs
and had been assigned the problem of determining the structure of the
alkaloids of ergot. We had just succeeded in isolating a large amphoteric
fragment by hydrolytic procedures from one of the alkaloids, ergotinine, to
which we gave the name “lysergic acid” (Jacobs and Craig, 1934). Three other
fragments had resulted from the hydrolysis, L-phenylalanine, p-proline, and
isobutyryl formic acid (Jacobs and Craig, 1935b). The last arose from the
unstable #-hydroxyvaline which was stabilized in the intact molecule by ester
and amide bonds.

A dipeptide containing phenylalanine and proline was also obtained.
Reductive splitting (Jacobs and Craig. 19354,b) gave a mixture of products
which were all separated and shown to be consistent with the above-named
fragments only. Structural studies with lysergic acid {Craig ez al., 1938) per-
miited us to propose formula [/] (Fig. 1) for ergotinine, although at the time
we had no evidence for the order of phenylalanine and proline. This was
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Fig. 1. Structural formula [f].

supplied much later by Stoll et al. (1951) and found to be that shown in
formula [/] and in formula [2] (Fig. 2). They also postulated the transannular
linkage of the two residues.

Stoll and Hoffmann (1943) found that their preparation of ergotoxing
was a mixture of three alkaloids, with the main component having the amino
acid composition we had earlier found (Jacobs and Craig, 1935¢) but with
the other two having amino acid replacements, ergokryptine with L-leucine
in place of phenylalanine and ergocornine with valine in place of pheny-
lalanine. Since our careful work on the isolation of the fragments of the

CHy CHj;
7 H,C—CH
cH M 2

CO—NH ] C ‘
_CH—CH, co——l\ _co
HC N-CH, o
C/C_—HC CH i
AnEt:
|
HC. C. C
AN H HCQ%HCH

Fig. 2. Structural formuia [2].
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hydrolysis and butanol reduction had failed to show even a suggestion of
leucine or valine in our preparation of ergotinine, that name should have
been retained for the alkaleid Stoll and Hoffmann arbitranly changed to
“ergocristine.” However, their name appears to be the one now used.

Irrespective of the name, it was shown in 1935 that our preparation of
ergotinine was in fact a unique tetrapeptide. Since at that time very few
naturally occurring peptides of this size or larger were known, our work was
of considerable interest to Drs. Zervas and Bergmann. They were then
synthesizing hinear peptides with their famous carbobenzoxy method. It was
never my good fortune to have been a collaborator of Dr. Zervas nor even
to have done extensive peptide synthesis. This account, therefore, will deal
only with the contributions te peptide chemistry made by Dr. W. A Jacobs,
myself, and our collaborators. The major thrust of our laboratory through the
years has involved the determination of structures and the development of
experimental methods suitable for the separation and characterization of
polypeptides of all sizes.

The need for separation methods applicable to milligram amounts and
also for greater resolution was immediately obvious in the earlier ergot
work. Our success in a large part was due to our ability to scale down con-
ventional procedures of distillation (Craig, 1936, 1937) and fractional
crystallization (Craig and Post, 1944). It is now amusing to remember that
on one occasion in 1938 after | had given a review of our work describing
the determination of the structure of lysergic acid at a symposium, a leading
alkaloid chemist made the following criticism during the discussion: “This
work sounds reasonable but of course it must be repeated on a gram level,
One cannot do reliable work on a smell.”” He was unaware that our work was
supported by one of the most meticulous microanalysts of his day, Mr.
Demetrious Rigakos, a close friend of Dr. Zervas. Were this critic living
today, he would find that studies of comparable complexity are now done on
microgram amounts of material.

Not long after the major features (Jacobs and Craig, 1936; Craig et al.,
1938) of the ergot alkaloids exclusive of the stereochemistry had been
established, Dubos (1939) showed that a selection of soil bacteria could be
made which would produce a polypeptide mixture, tyrothrycin, which was
highly toxic to many pathogenic bacteria. Hotchkiss and Dubos (1941)
separated the mixture into two types of polypeptides, the gramicidins and the
tyrocidines. Thus was initiated a period of great research activity directed
toward the discovery of other antibiotic polypeptides. These included the
penicillins, the polymyxins. the bacitracins, the actinomycins, and many
others too numerous to mention. They represent a whole class of cyclic
polypeptide natural products from microorganisms with unusual structures
resembling those of the ergot alkaloids. They were found to contain amino
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acids of the dextro series, as was first found in ergot (Jacobs and Craig, 19355)
when p-proline was isolated. The ergot alkaloids thus can be considered
the first representatives of a numerous group of peptides produced by lower
organisms which are atypical to those produced by higher organisms.

In the 1940s, the gramicidins and tyrocidines became popular models
for testing many different possibilities regarding separation methods,
peptide analysis, characterization, degradation procedures, theories of
structure, etc., which it was hoped might later be applied to proteins. They
have thus played a role in the development of the present experimental
methodology of peptide and protein chemistry and even recently have been
used as models for conformational studies including the testing of rules for
interpretation of NMR and other spectroscopic data.

Since these substances were used for testing possible experimental
methods long before their structures in complete detail were known, it
follows that the establishment of their structures evolved along with the
development of the methodology. 11 is not possible in this short essay to
cover the many advances made since the gramicidins and tyrocidines became
of interest, but a short review of selected observations may be appropriate.

The evolution of the methodology at first progressed along the lines
set forth in the dogma of the older classical organic chemistry, which re-
quired the isolation of a ““pure”’ individual compound and proper documenta-
tion of purity before proceeding with the degradation step. With the poly-
peptides, this posed a serious difficulty because before 1940 fractionation of
mixtures of substances too large to be distilled depended largely on fractional
crystallization combined with melting point determination, optical rotation,
and ultimate analysis to indicate purity. A preparation was considered pure
when repeated recrystallization no longer changed the melting point or
other physical property or elemental composition. This reasoning remains
the correct one today with the difference that we can now apply separation
methods which are vastly more selective and spectroscopic methods such as
nuclear magnetic resonance and infrared and ultraviolet spectroscopy which
are much more diagnostic for purity determination and characterization.
This problem in organic chemistry would be almost completely selved
were it not for the fact that detailed structural investigation has moved to
much larger and more intricate molecules.

As a class of substances. polypeptides are difficult to crystallize. The
gramicidins and tyrocidines, however. crystallized easily, one reason why
their availability in 1940 made them so eagerly accepted as “pure” models
with which to develop methods. Confidence in their punity was not to last
long. Although fractional crystallization, chromatography, and other tech-
niques failed to show them to be mixtures, countercurrent distribution (CCD)
{Craig er al. 1950) resolved both gramicidin and tyrocidine into several
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individual peptides, and the new methods of Moore and Stein {1948) for
amino acid analysis revealed that the individual peptide fractions differed
only by substitution of specific amino acid residues.

Martin and Synge {(1941) used the tyrocidines and gramicidins as models
on which to develop their now famous procedures and theories of “partition
chromatography.” These procedures held great promise, especialtly for the
problem of the determination of the amino acid sequence in polypeptides.
Gramicidin S, isolated by Gause and Brazhnikova {1944), was shown to
contain five different amino acids (Synge, 1945). Consden et al. (1947), using
paper chromatographic methods, were able to determine the amino acid
sequence in gramicidin S (actually one of the tyrocidine group but un-
fortunately misnamed).

Gramicidin $ had been shown (Synge, 1945) to lack a carboxyl- or amino-
terminal group and thus was a cyclic peptide, but whether the ring contained
only Val-Orn-Leu-Phe-Pro or this sequence repeated once or twice to give a
higher molecular weight structure remained in doubt. The question of the
melecular weight was unequivocally solved by a method based on CCD and
caltled the *‘partial substitution method” (Battersby and Craig, 1951).

In this method. following the usual distribution by CCD the peptide is
treated with an insufficient amount of a functional reagent such as the DNP
end-group reagent developed by Sanger (1945) and then redistributed. As
was shown by Battersby and Craig (1951) with gramicidin § the number of
substitutable amino groups present can then be derived. Two were shown
to be present, which. with the sequence data of Consden et al (1947),
established the complete sequence of the peptide.

The exact shape of the peptide then became of interest, and since it is
crystatline, X-ray diffraction methods could be applied. Hodgkin and
Oughton (1957) carried out such a study at the 6-A level and proposed two
possible conformations for the molecule, one of which was an antiparallel
pleated sheet. Mcanwhite, Schwyzer and Sieber (1957) had synthesized the
decapeptide and independently proposed the antiparallel pleated sheet model
as the most probable one.

These results came at a time when methods for estimating meolecular
weights and determining sequence and synthetic capability had been greatly
improved. It was realized. however, that much more was needed than the
determination of primary and secondary structure. The problem of the
tertiary structure, particularly the conformation in solution, was equally
important. Definitive methods for deriving information in this area were
lacking.

In the early 1950s, zone electrophoresis (Kunkel, 1954) came into use
and along with paper chromatography became a standard tool of the peptide
chemist. The electrophoretic method was a particularly attractive tool for
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identification purposes because the parameter responsible for migration
was clearly the fixed charge on the solute. By comparing the migration be-
havior of an unknown and certain of its derivatives with a known, the num-
bers and signs of charges could be estimated. Many different variations of
zone electrophoresis have been developed with advantages for special
purposes. The more recently developed variation known as “electrofocusing”
{Awdeh et al., 1968) offers one of the most critical homogeneity tests known
today. In zone clectrophoresis, the distance a solute travels in a given electric
field is a function of the strength of the field and the resistance offered by the
supporting medium. If this medium is a gel with a critical degree of cross-
linking, selectivity due to size is superimposed on that due to relative fixed
charge and 1t is possible to derive information concerning the shape of the
molecule. The relation of shape to diffusibility has long been known. Gel
electrophoresis (Crambach and Rodbard, 1971) has proven to be a critical
test of homogeneity and is widely used.

In the mid-1950s, several groups of investigators whose main objective
was the improvement of separation and identification methods independently
turned their attention towards methods based on relative rates of diffusion.
These included myself and coworkers (Craig and King, 1956; Craig, 1967),
Porath, Flodin, and coworkers (Porath and Flodin, 1959), and others. There
were several reasons for this choice. One was the need for methods which
would be as gentle as possible so that fragile solutes would not be altered
during the fractionation. Another was related to the need for better methods
for studying molecular interactions and the effect of the solvent environment
on these interactions. Still another was the desirability of having separation
methods whose basis was clearly related to a single parameter, e.g., the
partition ratio in CCD. the charge on the solute as in zone electrophoresis,
or the sedimentation rate in ultracentrifugation.

Porath and coworkers followed an earlier suggestion of Lathe and
Ruthven (1956}, who found that a chromatographic column filled with starch
as the absorbent appeared to separate mixtures of solutes according to their
relative size. The Swedish investigators, however, chose a different carbo-
hydrate support. a dextran modified by a cross-linking reagent, epichlorhy-
drin, so that a matrix of varying porosity would be presented to the solutes
as they passed through the column. Their technique was called “gel filtra-
tion.” Theories concerning the mechanism and the basis for the separations
have been proposed (Determan. 1968), none of which entirely satisfy all
experimental experience. Nonetheless. an array of different kinds of porous
gels made from dextran. polyacrylamide. and other materials designed for
gel filtration (also called “‘permeation chromatography”} have become
commercially available and afford one of the most useful and widely used
separation techniques known today.
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Gel filtration does not always afford a true measure of relative diffusional
size, although with careful calibration (Ackers, 1970) of a column with known
model solutes it has been widely used to estimate molecular size. When the
solutes are of such type that a true reflection of size is obtained, the selectivity
is not high as compared to other chromatographic procedures. On the other
hand, when adsorption plays a role, perhaps weakly as 15 often the case, it
can be highly selective.

I and my coworkers began a study of simple dialysis with the original
objective of making this old familiar separation technique more useful for
biochemical studies. We soon found that with Visking dialysis casing it could
be made surprisingly selective by adjustment of the porosity of the mem-
brane toa critical pore size for a given range of molecular size, and we enlarged
the original objective of the study to include conformation. The technique
was called “thin film dialysis.”” As in the case of gel filtration, size estimations
were based entirely on companson with solutes of known size and shape.
In the case of gel filtration comparisons were made from the position of the
emerging band on elution, while with thin film dialysis they were made by
comparing half escape times, the latter being inversely proportional to the
rate of diffusion through the membrane. It was possible to modify membranes
and incorporate them into a standard design of cell which on the basis of
well-documented models would discriminate between molecular sizes to a
limit approximating 2-3° of Stokes radius (Craig and Pulley, 1962). Un-
fortunately, the method does not lend itself easily to a multistage or counter-
current mode of operation and thus is not well suited for the separation of
multicomponent mixtures as is gel filtration. On the other hand, it has
certain advantages over gel filtration for characterization of given prepara-
tions with respect to size and for study of the influence of the solvent environ-
ment. The two techniques complement one another well and are capable of
giving mutually supporting information.

While these diffusive techniques were being improved, much effort in
other laboratories was being put forth to develop spectroscopic approaches
to the problem of conformation. One of these was the use of optical rotatory
dispersion (ORD) and circular dichroism (CD). Certain proteins and carbo-
hydrates had been shown by X-ray diffraction studies to have helical con-
formations, and extensive theories were put forward relating certain types of
rotatory dispersion to helicity. One of these was particularly appealing
because advanced and very sensitive spectropolarimeters capable of measur-
ing ORD and CD to short wavelengths became commercially available, and
with one of these Simmons and Blout (1961) found that helical proteins gave
similar spectra with a strong cotton effect at 220 mu. It was proposed that the
strength of the minimum could be used to calculate the degree of helicity of
a protein. This idea was so attractive that it became the basis of countless
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numbers of research papers and dominated the field of research on con-
formation for several years. Conformation studies became equated with
helicity based on interpretation of ORD and CD studies without questioning
whether or not the type of spectra given by the helix could also be given by
some other conformation.

OQur early experience with the cyclic antibiotic polypeptides led us to
have doubts about the reliability of the popular interpretation because we
had found a number of them to give anomalous rotatory dispersions. These
doubts were fully confirmed by the first measurements we were able to make
on gramicidin SA in a Cary spectropolarimeter. They gave exactly the type
of rotatory dispersion behavior (Ruttenberg et al., 1965) which was supposed
to be exclusively given by a helical conformation. We felt strongly that the
antiparallel pleated sheet structure earlier proposed by Schwyzer and by
Hodgkin and Oughton was correct.

The result stimulated considerable speculation about the conformation
of gramicidin SA, and a number of other conformations were proposed
(Liquon et al., 1966: Scott et al., 1967), most of which attempted to retain
elements of the helix. These possibilities emphasized the importance of
independent evidence for or against the antiparallel pleated sheet structure,
Fortunately, a considerable advance in the resolution and sensitivity of
nuclear magnetic resonance came at that time through the introduction of
the 220 MHz spectrometers with supercooled magnets. Strong direct evidence
for the antiparallel pleated sheet conformation (Stern et al., 1968) was ob-
tained with this equipment. In addition, the presence of four hydrogen bonds
was indicated both by NMR and by tritium exchange (Laiken et al., 1969).
Since other cyclicantibiotics, the tyrocidines and bacitracins, also gave similar
ORD and CD patterns, it became obvious that ORD and CD measurements
alone could not be taken as a reliable indication of a helical structure {Craig,
1968). It can be concluded further that even when shown to be present in the
crystal by X-ray diffraction, quantitative correlation of hehcity in solution
would not necessarily be reliable because of the possibility of other local
conformations with strong rotations.

Great interest is now being shown in the use of NMR for conformation
studies, but much work will be required with model solutes before reliable
rules for interpretation of all the data can be established. The cychic anti-
biotic polypeptides are ideal for this purpose because the possibilities are
severely restricted by the covalent ring structure. The results will require
support by all other techniques giving conformational information: IR,
ORD, CD. tritium exchange. thin film dialysis, model building, energy
minimization calculations, fluorometric techniques, etc.

Two other types of cyclic antibiotic polypeptides have been intensively
studied in this laboratory: the bacitracins (Craig et al., 1958, 1968) and the
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polymyxins (Hausman, 1956). Both contain polypeptide rings with a poly-
peptide tail. However, the thin film dialysis technique has clearly shown that
the tail does not extend from the ring but is folded compactly over the ring
and apparently held by secondary forces, With polymyxin B, , the sequence
was restricted to four possibilities (Hausman, 1956), and the correct one was
chosen by synthesis in other laboratories (Suzuki et al., 1964; Vogler et al.,
1964). Both bacitracin and polymyxin contain D-amino acids, which required
that only partial hydrolysis methods could be used for establishing their
sequence.

The structure of bacitracin {formula [3), Fig. 3}, is particularly in-
teresting because approximately half its amino acid residues are those
known to be important in active sites of enzymes. Actually, formula [3] does
not truly represent its structure since there appear to be tautomeric and/or
resonance forms, depending on the pH. temperature, and environment. It
binds metals and has barely sufficient stability to permit isolation by CCD.

It has been customary to speak of polypeptides without covalently
bonded ring structures as ‘‘random coils.” This term indicates complete lack
of preferred conformations in a given solution. However, we know from bond
angles, bond distances, the planar nature of the peptide bond, steric hindrance,
and model building that the conformation can be random only within
certain “allowed” dihedral angles for each covalent bond. Even beyond this
limitation, the thin film dialysis technique has indicated that many so-called
linear or random-coil polypeptides assume either a definite conformation or
a very narrow statistical distribution of mobile conformations (Craig
et al., 1971} in favorable solvents. This conclusion is based on the fact that
they give straight-line escape plots in certain solvent environments but not in
others. This conformation. however, is easily perturbed by a change in
solvent environment. as indicated by a change in half escape time or deviation
from straight-line behavior. The thin film dialysis behavior is particularly
sensitive to a change in temperature, pH. or ionic strength and addition of
hydrophobic bond breaking solutes such as urea, dimethylformamide,
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guanidinium salts. and alcohols. Contrasted to that of rigid covalently
linked peptides, the behavior of dipeptides is particularly striking (Burachik
et al., 1970).

The results obtained are all consistent with the theory that hydrophobic
interaction between diflerent parts of the polypeptide chain usually promotes
a compact conformation, one that diffuses more rapidly through the mem-
brane than elliptical or expanded conformations. This interaction can be
enhanced by increasing the ionic strength of the solvent environment or by
increasing the temperature to about 40°C. Thereafter, further temperature
increase seems to weaken the interaction. If the charges along the chain are
alternatively positive and negative a more compact conformation will be
promoted by the electrostatic effect, but if they are of the same sign the
opposite effect due to the shielding of the charges. Where the charges are of
promote a less compact conformation, while in the latter it will have the
opposite effect due to the shielding of the charges. Where the charges are of
the same sign. a straight-line escape pattern may be obtained only in the
presence of salt. Thus in the case of alternating charges the effect of increasing
the ionic strength may be opposed by the effect on hydrophobic interaction.
These effects are strikingly apparent even with dipeptides.

If the experience with the thin film dialysis has been interpreted cor-
rectly, it is obvious that linear peptides can have unique preferred conforma-
tions depending on the solvent environment and that the behavior of each
peptide under a change ol environment is highly individualistic and delicately
balanced. Increase of the dielectric constant by salt addition increases hydro-
phobic interaction so that a more favorable conformation for van der Waals
forces may be reached. On the other hand, an increase in hydrophobic
environment strengthens electrostatic interaction.

Since the shape of a linear polypeptide in solution is determined by the
relative affinities each part of the chain holds for the solvent molecules as
compared to the affinities each residue or part has for other residues or parts
of the chain (within the hmits allowed by covalent bond length, steric
hindrance, peptide bond planarity, etc.), it follows that in favorable solvents
intermolecular interaction must be considered as well as intramolecular
interaction. The tyrocidines associate strongly and are therefore interesting
maodels for the study of quaternary structure. Extensive studies with these
substances have heen made in the ultracentrifuge (Laiken et af, 1971), by
thin film dialysis (Burachik er al.. 1970). and by NMR (Stern et al., 1969).
All these studies are consistent with the view that the monomers aggregate
mostly through hydrophobic interaction but that a specific rigid conforma-
tion is required for the hydrophobic forces to exert sufficient influence to
cause the strong reversible association. The association behavior of the
tyrocidines seems to be particularly interesting because it is one of the smallest
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polypeptide structures which has shown the observed degree of specific
interaction with another molecule of its own size. Tyrocidine A interacts to
form heteropolymers with tyrocidine B or C (Williams and Craig, 1967).
A, B, and C differ by simple replacements of tryptophan for phenylalanine.

The studies of methods with polypeptides have been carried out with
the ultimate objective of their improvement to the point of meaningful
application to proteins. In fact, a number of attempts have already been made.
Insulin was successfully fractionated by CCD (Harfenist and Craig, 19524),
and the first correct amino acid analysis (Harfenist, 1953) reported on material
purified this way. The method of partial substitution was then applied and
clear evidence given that the monomer was in the 6000 mol. range (Harfenist
and Craig, 1952b). Although this result was strongly opposed at the time by
investigators using sedimentation and diffusion methods, it was confirmed
by the sequence studies of Sangar and collaborators (Ryle et al., 1955). The
thin film dialysis method and CCD further indicated that more than one
interchangeable conformational form could be isolated (Craig et al., 1960).

When applied to beefl pancreatic ribonuclease, the thin film dialysis
technique and CCD provided evidence that two interconvertible forms of
ribonuclease could be isolated (Craig et al., 1963). From the data, it appears
most likely that they are conformational forms with an energy barrier barely
sufficient to permit their separation in favorable solvent environments.

The largest protein studied in the Craig laboratory has been hemoglobin.
It vielded to study by CCD (Hill et al., 1961), and this afforded the first clear
separation of the two polypeptide chains in quantity adequate for sequence
study. This set the stage for accomplishing the determination of the complete
amino acid sequence of both chains (Konigsberg and Hill, 1962 ; Konigsberg
et al., 1963). The sequence was independently determined in other laboratories
(Braunitzer et al, 1961) as well. The sequence information came at a time
when it could support the now famous structural studies of Perutz and
collaborators on crystalline hemoglobin by X-ray diffraction (Muirhead
et al., 1967). There remained, however, the question of how closely the exact
structure determined by X-ray measurements in the crystal represented that
in solution. Althongh numerous opinions on this subject have been ex-
pressed (von Hippel and Schleich: Rupley, 1969; Perutz et al, 1964), the
dialysis technique gave a strong early indication in 1963 (Guidotti and Craig,
1963} that in dilute solution 1t was a highly mobile dissociable complex
whose precise shape was highly influenced by concentration, ionic strength,
and specific ions. This behavior would, however, be different in the concentra-
tion of hemoglobin in the cell. Perutz et al. (1968) have shown that in the
crystal there is considerable difference between oxy- and deoxyhemoglobin,
and Simon in this laboratory has shown differences in diffusional size by thin
film dialysis.
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CHAPTER 9

THE CONFORMATIONS OF
CYCLOPEPTIDES IN SOLUTION

Yu. 4. Ovchinnikov

Shemyakin Institute for Chemistry of Natural Products
USSR Academy of Sciences
Moscow. USSR

1. INTRODUCTION

The importance and diversity of the biological functions of cyclopeptides
and the new possibilities for investigating this extensive class of peculiar and
often intricately built natural compounds have made them an alturing object
of ever-increasing study. Interest is at present centering on their stereo-
chemicat features, which is not surprising in view of the importance of spatial
structure to the biological properties of peptides and proteins ; the conforma-
tion-activity relations are the key to their mode of action. The limited con-
formational flexibility of the cyclopeptides, usually resulting in the existence
of a relatively small number of well-defined preferential conformations,
facilitates their theoretical and physicochemical conformational analysis in
solution.

As with proteins, X-ray analysis, pioneered in 1957 by Hodgkin and
coworkers in their study of gramicidin § (Schmidt et al., 1957; Hodgkin and
Oughton. 1957), marked the first attempt to obtain an insight into the
spatial structure of cyclopeptides. A considerable step forward in these early
studies was made by Karle and Karle (1963) when they introduced the direct
method (not requiring heavy atom derivatives) of analyzing the crystalline
state conformations of cyclohexagtycyl. Subsequent years have been witness
to other such interesting works (Zalkin et al., 1966; Konnert and Karle,
1969 Karle er al., 1970 Sobell er al.. 1971), the X-ray method as yet being
unsurpassed in precision for determination of atomic coordinates.
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It is therefore the more amazing that at present this method for stereo-
chemical study of cyclopeptides has found a strong competitor in a funda-
mentally different approach whereby conformational states in solution are
studied by a combination of physicochemical methods. While less precise
than X-ray analysis, such an approach has been found in many cases to yield
more complete information on the spatial structures of a cyclopeptide. For
instance, only by this means can one explore the conformational dynamics
of the cyclopeptides as a function of environmental conditions, often of
decisive significance in understanding the nature and mechanism of their
biological action.

The rapid development of physicochemical techniques has given the
researcher a wealth of methods from which to draw for the solution of a
given conformational problem, and it has placed before him the task of how
best to make use of the available techniques. Much can be achieved with
proper usage, as is obvious from the considerable progress made, especially
in the last 2 or 3 years. in structural studies of cyclopeptides.

We have been attempting to devise a general approach to conforma-
tional studies of cyclopeptides/depsipeptides in solution since 1967, based
on the combined use of the methods of NMR and IR spectroscopy, optical
rotatory dispersion, circular dichroism, dipole moments, and conforma-
tional energy calculations. The rationale behind sucha ““compesite” approach
is that whereas no one of these methods, even the highly powerful nuclear
magnetic resonance, is able by itself to give unequivocal information on the
complete spatial structure of peptides, when data obtained from the rational
use of each of them are analyzed together one may, as a rule, obtain a suth-
ciently complete and reliable structural picture with minimum expenditure
of time and energy.

Quite naturally, the question of how to utilize each of the above methods
most rationally in composite conformational study frequently poses prob-
lems of a methodological and theoretical character. Such, for instance, was
establishment of a relationship between the specific integral intensities
{(intensity per NH group) and frequencies of the NH absorption bands which
greatly enhanced the effectiveness of IR spectroscopy in structural studies
of the cyclopeptides {Ivanov er al. 1971¢), as also was the necessity of
determining the stereochemical dependence of the *Jy,_cy coupling con-
stants of the peptide NH—C*H fragments (Bystrov et al., 1969; Bystrov,
1972) before NMR could be utilized to all its capacity for conformational
studies of peptides. Another prerequisite for success 1s systematic study by
means of the constituent methods of model compounds such as amides and
the simpler peptides.

in this chapter, the power of the composite approach for studying the
solution structures of cyclic peptides will be demonstrated. It is the firm
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belief of the author that this approach will also prove highly fruitful in
stereochemical work on highly complex lincar and cyclic peptides and the
simpler proteins.

First, brief consideration will be given to the general principles of the
composite approach, and then the application of these principles to con-
formational studies of cyclohexapeptides and of valinomycin, enniatins,
gramicidin 5, and antamanide will be discussed.

II. GENERAL PRINCIPLES OF COMPOSITE
PHYSICOCHEMICAL STUDY OF THE
SOLUTION CONFORMATION OF
CYCLOPEPTIDES

The basic methods for study of the spatial structure of peptides in solu-
tion have been developed and refined using cyclopeptide systems as an
example. In this way, the scope and limitations of the methods have been
revealed, and the experience gained can be used to advantage for extending
this approach to linear systems. Less fruitful in this respect have been studies
of macromolecular polypeptides and proteins, usually resulting in rather
formal descriptions in terms of a- and f-structures and random coils.

In the process of study of the cyclopeptides, a specific “‘ideology™ has
taken shape according to which it is considered pointless to strive to obtain
and treat all the data that can be gleaned from a given method ; rather, each
method should be used for solving a concrete, even though at times quite
minor, task, with the proviso of maximum reliability of the results. Such
information obtained piecemeal from the various methods can then be put
together like a sort of jigsaw puzzle to reveal much of, if not the entire,
structural picture.

A. Optical Rotatory Dispersion (ORD) and Circular

Dichroism (CD)

The parameters of the ORD and CD curves of cyclopeptides (cyclo-
depsipeptides) are determined mainly by the mutual orientation of the
amid/ester chromophores, so the spectropolarimetric method has turned
out to be particularly sensitive to changes in the conformational states of the
molecules, and from this standpoint it has no peers. Bearing in mind the
frequent complexity of obtaining the required stereochemical information,
such as orientation of the individual fragments within the peptide chain,
recourse to the CD and ORD curves is therefore made when one needs to
know whether conformational changes occur with change in medium,
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temperature, and other conditions or to see whether any shift in the con-
formational equilibrium of several coexisting forms or other such dynamic
events has taken place.

B. Infrared (IR) Spectroscopy

IR spectroscopy proved to be most reliable in studies of intramolecular
hydrogen bonding. Of essential importance is the fact that with its help one
can determine the ratio of hydrogen-bonded and free CONH groups in the
cyclopeptide molecule (Ivanov et al, 1971e). This particularly pertains to
solutions in nonpolar solvents that themselves are very weak (if at all)
proton donors or acceptors and manifest little tendency to engage in hydro-
gen bonding (CCl,. CHCI,, etc.). Usually, the presence of NH bands in the
3430-3480 cm ™' (amide A) region is evidence of the presence of free NH
groups, whereas the 3300-3380cm ™' region corresponds to hydrogen-
bonded NH groups. Care must be taken in interpreting bands in the 3380
3420 ¢cm ! region. for they can indicate either free or weakly hydrogen-
bonded NH groups. [t should be stressed that from the integral intensity of
the amide A bands one can estimate the number of amide groups in the
different types.

C. Nuclear Magnetic Resonance (NMR)

NMR spectroscopy is one of the principal sources of information on
cyclopeptide structural characteristics. From the spectral pattern itself, one
often obtains an immediate answer as to the number of conformers in
equilibrium, their symmetry, etc. Analysis of the amide NH signals permits
determination of the number and, of particular importance, the position of
the intramolecular hydrogen bonds in the cyclopeptide molecule. For this,
two procedures are usually employed:

1. Measurement of the temperature dependence of the NH chemical
shifts (3] in hydrogen-bonding solvents {dimethylsulfoxide, methanol ;
Ohnishi and Urry. 1969: Urry, 1970). Here large Ad/AT values
(6-12y < 1074 ppm degree) correspond to solvated NH groups.
whereas small values (10 2) x 10° ppm/degree) refer to intramolecu-
lar hydrogen bonded NH (Llinas er al., 1970; Urry et al., 1970;
Brewster and Bovey, 1971 Cary et al.. 1971 ; van Dreele et al.. 1971
Feeney er «l.. 1971: Lvanov er al, 19716, 19734 Portnova er al,
1971a. Weinkam and Jorgensen. 1971c¢).

Differences in deuterium-exchange rates of the NH groups as deter-
mined from the rate of intensity decrease of the corresponding signals
{(Stern et al. 1968 Ovchinnikov et al, 1970: Cary er al. 1971;
Kopple. 197t :Ivanov. 1971¢. 19734 : Portnova et al., 1971a.b). A sharp

r2
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difference in the hydrogen-exchange rates (half-life 7,,, differences
of an order of magnitude or more) makes possible the unequivocal
assignment of free and H-bonded NH groups.

Of fundamental importance in conformational studies of peptide
systems 18 analysis of the spin—spin coupling of the NH and C*H protons,
since the vicinal °J -, constant depends on thedihedral angle # betweenthe
H—N—* and N—C*—H planes. The stereochemical dependence deter-
mined in our laboratory makes it possible from the *J;;_cy values to obtain
the range of possible # values and hence to assess the conformational
parameter ¢ (Bystrov er al. 1969; Bystrov, 1972). The most unequivocal
results are obtained with systems of limited flexibility, namely, cyclopeptides.
With several coexisting equilibrium forms, immediate results are obtained
only for values 3 Hz > *Jyy_cx > 9 Hz. whereas for values of 3 Hz <
*Jnecn < 9 Hz one must know the relative content of the individual con-
formers before the data can be interpreted.

It stands to reason that the C*H—C*H coupling constants can shed light
on the conformations of the individual amino and hydroxy acid side-
chains in the cyclopeptide/cyclodepsipeptide.

The above-described methods (ORD, CD, IR, NMR) are often sufficient
to determine the preferential conformation of a cyclopeptide. In other cases,
they can strictly limit the number of possible conformations, thus facilitating
the use of theoretical conformational analysis for choice of the energetically
most advantageous structure and determination of 1ts ¢, i, «, ¥ parameters.

D. Theoretical Conformational Analysis

The first stage of theoretical conformational analysis is often calculation
of the conformational energy maps of individual peptide/depsipeptide frag-
ments in the cyclopeptide system, the energy of a given conformation being
considered as the sum of the energies of the individual fragments (see, for
instance, Llvanov et al.. 1971h). The results are then refined by minimization
of the total energy of the system with respect to several variables (usually
with respect to all the angles ¢. 4. w, and ¥ and the valence angles at C%)
(Popov er al., 1970h). Naturally. direct calculation of the energy of the entire
cyclopeptide molecule gives more reliable results, but often this is impractical
because it requires too much computer time and also because it may present
certain methodological dilliculties.

E. Dipole Moments

After determination of the preferred cyclopeptide conformation, one
may calculate the dipole moment of the peptide backbone by vector summa-
tion of the dipoles of the individual amide (ester) and other polar groups.
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Agreement of the results with those found experimentally is an important
criterion for the correctness of the suggested conformation (Ivanov et al.,
19715, 1973a; Popov et al., 1970b).

In most cases, the above methods are sufficient for complete description
of the conformational states of cyclopeptides in solution. Independent
valuable information can also be obtained from e¢lectron spin resonance
spectra of spin-labeled peptides (Weinkam and Jorgensen, 1971a,b; Ivanov
et al., 1973b), ultrasonic absorption (Grell et al., 1971a,b). etc. It is noteworthy
that when the spatial structure of a cyclopeptide was first determined by
these methods it was later confirmed by X-ray analysis.

1. CYCLOHEXAPEPTIDES

Eighteen-membered cyclic peptide systems have attracted particular
attention because it has been theoretically shown that. in contrast to cyclo-
tetra- (Ramakrishnan and Sarathy, 1968 Popov et al., 1970a), cyclopenta-,
and cycloheptapeptides. they can occur in unstrained conformations with all
six amide bonds transplanar (Dale, 1963 ; Ramakrishnan and Sarathy, 1969
Sarathy and Ramakrishnan, 1972). thus bringing them closer to linear
peptides. We thereflore have selected cyclohexapeptides not only for studying
the nature of the conformational states of these systems in polar and non-
polar media but also as models with the ultimate aim of seeing how such
conformational states are affected by the nature and configuration of indivi-
dual amino acid residues. their ring sequence, etc. For this purpose, a whole
series of appropriate compounds has been synthesized (Ivanov et al., 1970,
19711).

The structures of the compounds [/] to [2]] are presented in Fig. 1. Of
these, the first series, [/] to [/4], consists of cyclopeptides comprising all
possible combinations of glycine and L-alanine residues, and the second
series, [/4] to [21]. contains all possible diastereomeric cyclohexaalanyls
(without the antipodes).

Information aiding elucidation of the conformational state of the cyclo-
peptides [f] to [2]] came first from UV spectroscopy (Ivanov et al., 1971q).
A comparison of the UV spectra of these compounds in aqueous solutions
with those of the model amides Ac-Gly-NHMe [22] and Ac-L-Ala-NHMe
[23] and of the “random’ polypeptides revealed some hypochromism in the
region of m— n* transitions of the amide that in general increases with the
number of alanine residues in the ring. The hypochromic effect is particularly
noticeable in cyclohexa-rL-alanyl [/4], where the decrease in intensity as
compared with compound [2] amounts to about 45% (Fig. 2). On the basis
of these data. one may conclude that in the cyclohexapeptides excilon
interaction occurs to split the absorption band and decrease its intensity.
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Fig 2. UV spectra of cyclopeptides 2], [3], [63, [10], [/ 3],
and [/4] and of diamides [22] and {23]. In the figure,
n equals the number of amide bonds in the molecule;
n=~6for(/1to(2!),n = 2for(22) and (23).

175



176 Chapter 9

Theoretical calculations have shown that interaction of the chromophoric
groups can be expected when they lie close together and differ very little in
their absorption peak positions. The nature of the interaction between these
groups is, of course, strongly dependent not only on their distance but also
on their mutual orientation. Heretofore, chromophore interaction was
revealed in peptide UV spectra only in the case of polyamino acids and
proteins with x-helical or f-configuration. From the above, the conclusion
can be drawn that cyclic hexapeptides are a new type of ordered interacting
amide chromophore systems.

More detailed information about this conformational system came from
optical rotatory dispersion and circular dichroism studied (Ivanov er al,
1971a.g). It was by these means that the cyclopeptides were shown to exist
in a conformational equilibrium that shifted with the polarity of the medium;
in other words, they were found to have “polar™ and “‘nonpolar” spatial
forms. For instance, the similarity of the CD and ORD curves of compounds
(14]-[18] in water (Fig 3) is evidence of their being in similar conformational
states. The curves resull from the superposition of at least three Cotton
effects. whose position. sign, and intensity show that one, in the 210-215 nm
region, refers to the amide » — * transition, whereas the oppositely directed
intensive effects at 198-200 and 185 nm refer to the components of the split
7 — 7* transition. The polar media are thus seen to give rise to a specific
rigid conformation of the cyclohexapeptides, with very probably its own
characteristic ¢ and i values differing from those of the other known spatial
forms of polypeptides and proteins.

A decrease in polarity of the medium causes certain conformational
rearrangements of the cyclohexapeptides which are manifested in intensity
redistribution of the various Cotton effects, but with retention of their
position, sign, and number.

Conformational analysis of the cyclopeptides [/]-[2/] in polar media
has been carried out in detail by means of nuclear magnetic resonance
(Ivanov er al. 1971d: Portnova et al.. 1971a.b).* In polar sclvents such as
dimethylsulfoxide. trifluoroacetic acid, and water,t two groups of NH signals
(usually at 7.3 8.0 ppm) are displayed in the NMR spectra at roem tem-
perature—the higher field signals being due to two intramolecular hydrogen
bonded NH protons, whereas the four remaining signals (at 7.9-8.6 ppm)
are due to ““free”” NH groups. i.e.. to groups interacting with the solvent. This

*The NMR spectral pattern of cyclopeptides [F] to [2{], primarily its “homogeneity,” ie., the
correspondence of the number of signals n the spectra to the structural groups of the com-
pounds. together with the IR data (the presence of an intense amide I band), shows that these
compounds have no ciy amide bonds (cf. Karle and Karle, 1963 Karle et al., 1970).

tCompounds [/] to [2/ proved to be too msoluble in the other common solvents for ordinary
NMR spectral work.
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Fig. 3. CD and ORD curves of compounds [/4] to {19] in water.

is well brought out by study of the temperature dependence of these signals
(Portnova et ul.. 1971u. h).

The findings are in good accord with the “pleated sheet™ conformation
proposed for these compounds by Schwyzer on the basis of chemical data
(Schwyzer er al.. 1958. 1964 Schwyzer. 1959). As one can see from Fig. 4, in
such a conformation two “transannular™ hydrogen bonds of the type
4— | close two ten-membered rings.

[n some cases. the existence of such structures (Fig. 4) can be confirmed
by study of the deuterinm-exchange rates of the NH groups. However,
most of the cyclohexapeptides investigated display practically the same NH-
exchange rate. apparently due (o rapid conformational interchange of the
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type A= B C (Fig. 5). Indeed, cooling of a solution of compound [9] in
trifluoroacetic acid—water mixture (7:1) causes broadening of the CH,
signals, evidence of the existence of interconverting conformers (Fig. 6).

Analysis of the NH chemical shifts and their temperature gradients
made it possible to define the preferred pasition of the intramelecular hydro-
gen bonds in most of the cyclohexapeptides : the predominant structures are
given in Fig. 7. It can be readily seen that there seem to be no regularities
regarding the position of the hydrogen bonds, apparently due to the small
energy differences of the forms A, B. and C.

—

o QO @WN - - H-bond

Fig. 8. Predominant conformation of the “pleated sheet”
structure of cyclopeptide [13].
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A study of the *Jyy_cy constants made it possible to refine the con-
formational parameters of the cylohexapeptides, in particular to determine
the orientations of the amino acid side-chains. The preferred conformation
of one of the cyclohexapeptides [/3] typical of the other members of this
series is represented in Fig. 8. The methyl group in position 2 is of pseudo-
equatorial orientation, whereas those in positions 1, 3, 4, and 6 are pseudo-
axial. Such structural preferences in the cyclohexapeptides are in accord with
theoretical calculations and are confirmed by X-ray data (Karle et al,

19700,

(16) |

{17}

Q342 78

(18)

(19

050 RET L AL 17o¢ 1800 cm”

Fig. 9. IR spectra of cyclopeptides [16] to [/9].
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In summary, it should be emphasized that in polar solvents cyclohexa-
peptides do not possess fixed spatial structures but exist in a complex con-
formational equilibrium. with the pleated sheet as the most preferable form
(Fig. 8).

In nonpolar media, the conformational states of the cyclohexapeptides
have been investigated mainly by IR spectroscopy (Ivanov et al., 1971e,f).
As one can see from Fig. 9. cyclohexapeptides [16] to [19] have very similar
IR spectra in chloroform solution. There is a strong band in the amide A
region at 3340 cm™' and several bands in the 3410-3460cm™"' range. An
asymmetrical band in the 1670-1675¢m ™' (amide I) region cannot be
separated into its components. Detailed study of the IR spectra of a model
system (Efremov er al., 1973) showed that the 3340 cm™ ! band can be assigned
to H-bonded and the 3410-3460 cm ™! bands to non-H-bonded NH groups.
Quantitative data from the integral intensities of the corresponding NH
bands based on the correlations established in this laboratory have shown
that in nonpolar media the preferable conformation of the cyclopeptides
[16]-{19] contain at least three or four intramolecular hydrogen bonds.
From the above, it follows that in nonpolar solvents the ¢yclic hexapeptides
retain the general form of the “polar™ conformation and the 4 — 1 hydrogen
bonds but that the equilibrium shifts in favor of conformers somewhat
different with ¢ and \ values from the *polar forms™ and with additional
intramolecular hydrogen bonds.

Theoretical analysis assuming trans amide bond configurations has
led to the conclusion that in nonpolar media the cyclohexapeptides are
preferentially in conformations of either type A or B (Figs. 10 and 11).

oc 0 ®N == H-pine st OO0 @N c—= H-tond

Fig. 10. Form A of cyclo-hexa-L-alanyl, Fig. 11. Form B of cyclo-hexa-L-alanyl.
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The choice falls on type A when the experimental dipole moments for
the cyclohexapeptides [/6] to [19] are compared with values calculated for
differing conformers. Hence in nonpolar solvents cyclic hexapeptides built
up of L- and p-alanine residues are preferentially in type-A or (less probably)
type-B conformations, both containing four intramolecular hydrogen bonds.
Possibly there are also minor amounts of forms with two hydrogen bonds
{4 — 1} and also of the rigid conformation, with six hydrogen bonds of the

type 4 — 1 and 3 — 1 also taking part in the equilibrium.

V. VALINOMYCIN

The cyclodepsipeptide valinomycin (Fig. 12) is unique in its biological
importance, being the classic representative of the ionophores selectively
increasing the potassium ion permeability of artificial and biological mem-
branes. Valinomycin is the first macrocyclic compound of peptide nature
whose spatial structure has been precisely and unequivocally defined
{Ivanov et al., 1969, 1971b). Such an achievement has been due to the above-
described composite physicochemical approach.

Valinomycin is in the form of a 36-membered ring, consisting of alternat-
ing amino and hydroxy acid residues and endowed with a wealth of con-
formational possibilities. Spectral methods showed the conformaticonal
states of this antibiotic 1o be highly dependent on the solvent species. In
particular, this follows from the sharp changes in its ORD curves on passing
from heptane to ethanol and then to aqueous solutions (Fig, 13).
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Fig. 12. Valinomycin,



Conformations of Cyclopeptides in Solution 183

404

30 !
w204 2
o
<
— 10_.

0 4O n i
/200\0/ 220 240 260 nm

_10_.

Fig. 13. ORD curves of valinomycin and its K*-complex. 1. Heptane;
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Fig. 14. Schematic representation of A == B = C equilibrium of valinomycin.
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Fig. 15. Schematic representation of forms A, and A; of valinomycin.

The combination of ORD, CD. IR, and NMR methods revealed that in
solution valinomycin is in an equilibrium of three forms, A, B, and C (Fig.
i4). In form A, predominant in nonpolar solvents, all the NH groups are
intramolecularly hydrogen bonded to the amide carbonyls. Form B is pre-
dominant in medium-polar solvents, whereas form C (important in strongly
polar solvents) has no intramolecular hydrogen bonds.

The complete spatial structure of forms A and B of valinomycin has been
established with the aid of nuclear magnetic resonance and also by drawing
heavily from the results of theoretical conformational analysis. Form A
constitutes a system of six fused ten-membered ringseach closed by a hydrogen
bond, so that in nonpolar solvents valinomycin has a highly compact con-
formation resembling a bracelet of approximately 8 A in diameter and
approximately 4 A high. In principle. form A can be assigned to two arrange-
ments of the depsipeptide chain, A, and A,, differing in ring chirality and
side-chain orientation (Fig. 15). A detailed theoretical analysis of the A, and

Fig. 16. Conformation of valinemycin in nonpolar solvents. Left: side view ; right : view along
the symmetry axis.
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Fig. 17. Conformation of valinomycin in solvents of medium polarity. Left: side view: right:
view along the symmetry axis,

A, variants differing in orientation of the free ester carbonyls (inside or out-
side the ring) and in the magnitude of the *Jyy_cy constant has led to the
conclusion that in nonpolar media valinomycin is preferentially in the A,
conformation shown in Fig. 16.

In this conformation. all the ester carbonyls are of “outside” orientation
and the ¢ and ¢ values are approximately as follows*:

D-Val L-Lac L-Val D-Hylv
0] —40 - 100 25 100
W —-70 40 70 —-30

In form B, valinomycin has a “*propeller” type of conformation (Fig. 17)
wherein the hydrophobic kernel of the p-valyl and v-lactyl aliphatic side-
chains is surrounded by the ten-membered hydrogen-bonded rings.

It is the existence in solution of a conformational equilibrium of these
different forms of valinomycin, shifting with change in the environment,
which is the decisive factor in the specificity of its biclogical action, in par-
ticular its ability to transport metal ions through membranes.

The ability of valinomycin to form specific complexes with alkali metals
and its unusually high K/Na selectivity in this reaction have been an incentive
for our studying the spatial structure of the K *-complex in solution, with
the objective of elucidating the details of the complexing reaction that could
shed light on the high ion selectivity. The approach to this problem was
much the same as that used for free valinomycin.

*Conformational nomenclature proposed by the [UPAC-IUB Commission (Kendrew et al.,
1970) 1s used in this chapter
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Fig. 18. IR spectra of valinomycin and its K™ -complex in CHCI,.

Thus comparison of the IR spectra of valinomycin and its K *-complex
in CHCI, (Fig. 18) showed that the complex retains the *“‘bracelet’ system of
hydrogen bonds (a single band in the amide A region at 3309 cm™1), all
ester carbonyls being engaged in ion-dipole interaction with the cation (shift
of the CO stretch frequency from 1755cm™"! for the free valinomycin to
1739 cm™! for the complexed valinomycin). The comparatively low *Jyy—cn
values of the valinomycin-K*.complex (approximately 5 Hz) show the
NH—CH protons to be in gauche orientation. 1t follows from this that in
solution the K™ -complex of valinomycin is preferably in the A, conforma-
tion shown in Fig. 19.

Fig. 19. Conformation of the valinomycin-K " -complex. Left: side view: right: view along the
symmetry axis.
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One must take note of the fact that highly valuable information on the
structure of the K*-complex of valinomy¢in and similar compounds, par-
ticularly regarding the mode of interaction of the carbonyls with the metal
jon, can be obtained from an analysis of the paramagnetic shift of the ester
and amide *C=0 signals in the '*C NMR spectra of these compounds
(Bystrov et al., 1972 Ohnishi et al., 1972).

The data obtained in this laboratory have been completely confirmed
by X-ray analysis of the valinomycin'KAuCl, complex {Pinkerton et al.,
1969). Characteristic of the conformation of this complex is the effective
screening of the metal cation by the ester carbonyls, the hydregen bonding
system, and the pendant isopropyl groups. The lipophilic character of the
exterior of this complex explains its ready solubihity in neutral organic
solvents and in the lipophilic regions of the membrane.

A comparison of the conformations of the free and complexed valino-
mycin (Figs. 16 and 19) readily shows that the complexing reaction is accom-
panied by major conformational changes in the depsipeptide chain. In
particular, very striking is the reorientation of the ester carbonyls from
“all outside™ (A|) in the free compound to *‘all inside™ (A,) in the complex.
Inasmuch as interconversion of these two forms is impossible without the
rupture of at least three hydrogen bonds, complexation in nonpolar media
should in all probability proceed via B as intermediate.

The data presented here on the solution conformations of valinomycin
and its K "-complex have served as the starting point for structure—function
studies in the course of which the directed synthesis ofa number of membrane-
active valinomycin analogues with umgque properties has been achieved.

V. ENNIATINS

Enniatins A, B, and C and beauvericin (Fig. 20), 18-membered cyclo-
hexadepsipeptides biologically very closely allied to valinomycin, are highly
optically active. A definitely manifested dependence of the CD and ORD
curves on the solvent polarity is evidence of considerable conformational
flexibility in these compounds (see, e.g.. Fig. 21). The presence of isosbestic
points on the CD and ORD curves ol enniatin B indicates participation of
two basic forms in the conformational equilibrium—a “polar” form (P)
and a “nonpolar” form (N).

The spatial structure of form P (the same conformation as seen from
curves in Fig. 21 is also possessed by the enniatin B - K*-complex) has been
determined in both the crystalline state (Dobler et al, 1969) and solutions
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Fig. 20. Antibiotics of the enniatin group.
Enniatin A, R = CH(CH;}C,H;; enniatin B,
R = CH(CH;),: emniatin C, R = CH,CH-
(CH,);: beauvericin, R = CH,C¢H;.

{Ovchinnikov et al., 1969 ; Shemyakin et al., 1969), with completely accordant
results. The K™ -complex (Fig. 22), resembling a charged discus with lipo-
philic rim, has K* ... 0 distances of 2.6-2.8 A and the following approximate
conformational parameters:

L-MeVal D-Hylv
¢ —60 60
1/ 120 —120

NMR study of the interaction of enniatin B (or its analogues) with
differing atkali ions in solution not only permitted following of the com-
plexing dynamics and the accompanying conformational “‘induced fit”
rearrangements but also brought to light fine differences in the spatial
structure of the enniatin complexes, depending on the cation species. Thus
the complexing of {tri-N-desmethyljenniatin B with Li™, Na*, K *, and Cs”
causes a corresponding increase in the *Jyy_cy constant from 4.9 to 8.5 Hz
This shows that on passing from smaller to larger cations there is a steady
increase in size of the internal cavity due to orientation changes in the cation-
binding carbonyls, much as in the opening of a flowerbud. In form P, these
changes are accompanied by simultaneous turning of the amide and ester
planes and. naturally. by changes in the NH—CH dihedral angle {Fig. 23).
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In contrast to form P, form N of enniatin B has no symmetry elements
(Ovchinnikov et al. 1969: Shemyakin et al, 1969). Such a conclusion
follows from temperature study of the enniatin B NMR spectra (Fig. 24).
As the temperature is lowered, first the NMR signals broaden and then at

5
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Fig. 21. ORD curves of enniatin B and its K*-
complex. 1. Heptane: 2, 96 %, ethanol: 3, aceto-
nitril: 4. water—trifluoroethanel, 2:1: 5, 107*
male liter KCl in 96°%, ethanol (tenfold excess
of salti.
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Fig. 22. Conformation of the K *-complex of enniatin B.

Fig. 23. Effect of the size of the interval cavity on
*Jan—cn coupling constants of (tri-N-desmethyl)-en-
niatin B complexes.

—120°C the spectrum reveals the existence in the molecule of three non-
equivalent L-MeVal-p-Hylv fragments; this can be particularly seen in the
N-methy! region (2.3-3.4 ppm) and in the region of the C*H protons (4.2-5.6
ppm). In form N, each fragment assumes the three different conformations
with equal probability, and their rapid equilibration at room temperature,
causing averaging of the chemical shifts, is the reason for the simplicity of the
spectra.
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Fig. 24. NMR spectra ofenniatin Bin C$, at —119°C (upper spectrum) and in CS,-CD,C, D
{2:1) at different temperatures (lower spectra).

Fig. 25. Conformation of enniatin B in nonpolar
solvents.
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A comparison of the NMR data at differing temperatures for enniatin B
and 1ts selectively deuterated analogue, synthesized expressly for spectral
assignments (Shemyakin et al., 1972), with the results of theoretical con-
formational analysis {(Popov et al., 1970b) led to the conclusion that the
preferred enniatin B conformation in nonpolar media is that shown in Fig. 25
Ivanov er al., 1973). The dipole moment calculated for this conformation
(3.8 Dy is in good accord with the experimental value (3.35 D in CCl,).

The conformational analysis of the enniatins showed that form P, more
advantageous than form N from the standpoint of nonbonding interactions,
is destabilized by electrostatic interaction of the spatially neared carbonyls.
The driving force of the N— P transformation is solvation of the polar
groups. In the light of this, one can understand the strong similarity between
the polar form P and the complex conformation, the solvent and the cation
fulfilling essentially the same function siz. elimination of dipole—dipole
repulsion.

VI. GRAMICIDIN §

The cyclodecapeptide gramicidin S (Fig. 26) is a well-known antibiotic
of clinical importance. In recent years, it has become an ever increasingly
used tool for biochemical research, although knowledge of its mode of action
is confined to vague statements about its ability to “damage” biclogical
membranes (Hunter and Schwarz, 1967). On the other hand, its stereo-
chemistry has been widely investigated, and in this sense it has been the
favorite cyclopeptide and probably peptide in general for study.
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Fig. 26. Gramicidin S.
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Beginning in 1953, several spatial structures have been proposed for
gramicidin S, often of fundamentally differing types. Hodgkin and Qughton
{1957) were the first to propose a pleated sheet model as best conforming to
the X-ray data (Schmidt et al.. 1957). The same conclusion was made by
Schwyzer on the basis of an elegant chemical investigation (Schwyzer et al,
1958 : Schwyzer, 1959) and later from NMR studies (Schwyzer and Ludescher,
1968, 1969: Ludescher and Schwyzer, 1971). Subsequently, several other
conformations were proposed for gramicidin S, belonging to the S-type but
differing considerably from each other (Scheraga et al., 1965; Vanderkooi
et al, 1966 Scott et al., 1967 Stern et al, 1968, Momany et al, 1969).
Attempts have also been made to experimentally substantiate other struc-
tural types (Abbott and Ambrose, 1953: Warner, 1961, 1967), including some
with o-helical regions (Liquori et al., 1966; Liquori and Conti, 1968). How-
ever, in no case has the spatial structure of gramicidin S been rigorously
proved, and the reported data. including those from physical methods and
from theoretical catculations, have always left room for an alternative model.

In an attempt to obtain unequivocal structural information and also
with the objective of extending the boundaries of the composite approach,
we carried out the simultaneous physicochemical study of gramicidin § and
its N,N'-diacetyl derivative, lacking ionogenic groups and somewhat more
soluble than the antibiotic in nonpolar solvents (Ovchinnikov er al., 1970).
A favorable circumstance was the fact that both these compounds possess
very rigid and quite similar conformations, as could be surmised from the
similarity of the corresponding ORD curves and the practical independence
of their shape from the solvents employed (Fig. 27).

The IR spectrum of N N'-diacetylgramicidin S in chloroform displays
an intensive band at 3314 cm "', belonging to NH groups participating in
intramolecular hydrogen bonding. and a weak band at 3426 cm ™!, cor-
responding to free NH groups. An estimate of the integral intensities showed
that six NH groups are 1aking part in the systern of intramolecular hydrogen
bonds. Comparison of the deuterium-exchange rates of the NH groups (by
means of the NMR method) showed that four hydrogen bonds formed by the
NH groups of the valine and leucine residues are very strong, whereas the
remaining two. due to the ornithyls NH groups, are much less stable.

Further, analysis of the *Jyy_cy spin-spin coupling constants of the
valine, leucine, and ornithine residues (nonoverlapping doublets with
3T an—cn vatues of 9.4. 9.4, and 9.0 Hz, respectively) showed that the cor-
responding NH—CH fragments are all trans. In the same way, the NH—CH
fragment of the p-phenylalanine residue (*Jy_cy = 3.5 Hz) was found to be
gauche.

The sum total of the evidence discussed here, together wath the assump-
tion (following from IR data) of trans configuration of the peptide bonds and
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Fig. 27. ORD curves of gramicidin S {a} and N, N’-diacetylgramicidin 5 (b) in
12:1 heptane-—ethanol {1}yand 2:3 ethanol-0.1 N HCI (2) mixtures.

a theoretical analysis of the gramicidin S molecule, in which particular
account has been made of all possible configurations of the tertiary amide
groupings, has very definitely shown that the only conlormation satisfying
all requirements is the one with approximately the following coordinates

L-Val L-Orn L-Leun p-Phe L-Pro
b — 120 —110 —120 55 —60
W 120 110 110 —110 —40

This conformation, which is represented in Fig. 28, is of the p-pleated
type, 1ts distinguishing features being rigidity of the framework and the
presence of four strong “transannular” hydrogen bonds, the hydrophaobic
side-chains of the valine and leucine residues being on one side of the plane
of the ring and the side-chains of the ornithine residues with free NH, groups
on the other {in nonpolar solvents, the NH groups of the acetylornithine
side-chains participate in hydrogen bonding with the carbonyls of the
neighboring peptide groupings of the backbone in the manner shown in
Fig. 28). Such topography of the gramicidin S side-chains, recently confirmed
by independent methods, is in all probability an essential factor in the mani-
festation of biological activity by this antibiotic. In this connection, it is
highly noteworthy that the antipode of gramicidin S (enantio-gramicidin S)
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Fig. 28. Conformation of N N '-diacetylgramicidin $ in nonpolar solvents.

recently synthesized in our laboratory has exactly the same antimicrobial
activity as the natural antibiotic.

VII. ANTAMANIDE

The cyclodecapeptide antamanide (Fig. 29), isolated in 1968 by Wieland
(Wieland er al., 1968) from extracts of the green mushroom Amanita phal-
foides, is In many respects a unique compound. First of all, by a still un-
elucidated mechanism it completely inhibits the action of the main toxic
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Fig. 29. Antamanide.
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principles of this mushroom, phalloidine and amanitins, the inhibiting effect
being displayed at very low concentrations (equimolecular or even less).
Like valinomycin, antamanide is capable of binding alkali metal ions, but, in
contrast to the former, it manifests a well-expressed Na selectivity (Wieland
et al., 1970}, being in this respect the only one of the naturally occurring
peptide complexones. Owing to the unusual physicochemical properties
and the peculiarity of the spatial structure of antamanide, elucidation of its
spatial structure has required much effort (Ovchinnikov et al., 1971; Ivanov
et al., 1971c, 19734 Tonelli er al., 1971 ; Faulstich et al., 1972), and some of the
details are as yet unclear. In all probability, the complete picture of the
structure will be obtained after comparative conformational studies of a
number of the synthetic analogues of this compound, which are now in
progress.

In the dissolved state, antamanide exists in a complex equilibrium of
several conformational states (Ivanov et al. 1972b). In some media, say
CHCl; or heptane—dioxane 35:2, there is a predominant conformation
(form A) in which according to IR data all six NH groups take part in the
formation of intramolecular hydrogen bonds. In more polar solvents, other
forms in which the intramolecular hydrogen bonds are partially (form B) or
completely (form C) disrupted begin to predominate. Regarding form A,
theoretical conformational analysis with account of all possible combina-
tions of the six intramolecular hydrogen bonds and also the most probable
configurations of the Pro fragments and orientation of the NH—CH pro-
tons (from NMR data) has made possible the quite reliable assumption
initially proposed by Ovchinnikov et al. in 1971 that its conformation is that
shown in Fig. 30.

The dipole moment calculated for such a conformation (approximately
4.5 Dy is in good accord with the experimental value (5.2-5.8 D). The structure
possesses approximately the following conformational parameters:

Val! and Pro? and Pro* and Ala* and Phe® and

Phe® Pro’ Pro® Phe® Phe!?
P — R0 —60 —355 — 100 60
0] 165 — 40 —40 10 —-70

Recently. Tonelh et ai. (1971), on the basis ofa physicochemical approach
similar to the one described above, arrived at the conclusion that in solu-
tions of the most varied polarity (dioxane, chloroform, methanol, etc.)
antamanide assumes one and the same conformation, lacking intramolecular
hydrogen bonds and characterized by orientation of all the carbonyls on one
side of the average plane of the ring. The approximate coordinates of this
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-C 0 &N =H-bond

Fig. 30. Conformation of antamanide in nonpolar
solvents. (a) side view : (b} view along the pseudo-
symmetry axis.

conformation are as follows:
Vai! and Pro? and Pro? and Ala* and Phe® and
Phe® Pro’ Pro® Phe? Phe!?

¢ —90 —80 ~55 —90 —90
v 90 130 —55 — 60 150
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However, this is in disharmony with the large dipole moment (16.6 D)
calculated for such a conformation, and moreover the IR spectra un-
equivocally show the existence of intramolecular hydrogen bonds.*

In contrast to the free antamanide. its Na " -complex is characterized
by a more rigid conformation, as can be seen from the weak solvent depend-
ence of the CD and ORD curves on the solvent. Quantitative examination
of the IR spectra indicates rrans configuration for the secondary amide
groups and also the presence of two free and four hydrogen-bonded NH
groups. The assignment of the latter to Val', Phe®, Phe®, and Phe'® residues
was achieved based on the results of NMR-determined deuterium-exchange
rates and the temperature dependencies of the respective NH proton chemi-
cal shifts. Further theoretical analysis, taking into account the orientation of
the NH—CH protons (determined from the 3Jyu_cy coupling constants),
the presence of a pseudo-twofold symmetry axis in the complexed molecule,
and the formation of an internal cavity by the carbonyl groups and other
factors, yielded the following conformational parameters of the Na”-
complex of antamanide (Ivanov et al.. 1971¢c):

val' and Pro? and Pro? and Ala* and Phe® and

Ph® Pro’ Pro® Phe® Ph'¢
o — 100 — 60 —-60 150 70
i - 160 — 50 90 -130 —70

The conformation 1s shown in Fig. 31. Its similarity to the bracelet form
of valinomycin characterized by the presence of a condensed system of intra-
molecular hydrogen bonded rings is striking. However, the orientation of
the carbonyls with respect to the cation and their distance from each other
differ greatly in antamanide as compared to valinomycin (a fact supported
also by '*C NMR data: Bystrov et al., 1972), which is to a large degree
responsible for the lesser stability of the Na*-complex of antamanide than
of valinomycin.t

*A similar structure but with nonplanar Val'-Pro? and Phe®-Pro’ bonds was discussed by
Faulstich et al. (1972). However, recently recorded NMR-3C spectra of antamanide (D. Patel,
Biochemistry 12:667) have shown that two of the four X-Pro bonds of the free molecule probably
have the cis configuration.

tAn investigation of new antamanide analogs has shown that their Na* and Ca* ¥ complexes
have two, rather than four. hydrogen bonds (V. T. Ivanov, A. A. Kozmin, L. B. Senyavina,
N.N. Uvarova. A. 1. Miroshnikov, V. F. Bystrov.and Yu. A. Ovchinnikov, Khim. Prired. Soed.,
in press). NMR-"*C spectra have revealed two cis X-Pro bonds (D. Patel, Biochemistry
12:677). The same conclusions were drawn from an X-ray study of the crystalline Li * complex
of antamanide and the Na *-complex of (Phe*. Val®) antamanide (I. L. Karle, J. Karle, T.
Wieland, W, Biirgermeister. H. Faulstich. B. Witkop. Proc. Natl. Acad. Sci. US4, 70:1816).
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Fig. 31. Conformation of the Na*-complex of anta-
manide, (a) Side view: (b} vicw along the pseudo-
symmeltry dxis.

Viil. CONCLUSION

In conclusion, it may be mentioned that the fruitfulness of the com-
posite approach to study of the conformational states of peptide systems in
solution that has been developed in the study of cyclopeptides has been
demonstrated by other authors working with oxytocin (Walter et al., 1968,
1971; Urry et al.. 1968. 1970 Johnson er al., 1969 Urry, 1970, Feeney et al.,
1971 Urry and Walter. i971). angiotensin (Weinkam and Jorgansen, 1971¢),
and other biologically important peptides. Further progress in the composite
approach and in the techniques of the individual methods has already made
real the possibility of determining the solution conformations of highly
complex peptide systems, even up to the simpler proleins,
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I INTRODUCTION

Through work over the last two decades, many details concerning the
chemical structure of the cell wall of bacteria have been elucidated. The rapid
expansion of knowledge in this field is reflected in the exhaustive surveys
published by Salton (1964), Weidel and Pelzer (1964), Martin (1966), Ghuysen
et al. (1968h), Rogers and Perkins (1968), and Schleifer and Kandler (1972).

In all the bacterial species so far examined, the main structural compo-
nent of the cell wall is a huge macromolecule called “peptidoglycan,”
“mucopeptide,” “glycopeptide.”” or “murein”; the name “peptidoglycan”
best describes the chemical nature of this bipolymer and will be used in this
chapter.

The glycan moiety of this heteropolymer consists of polysaccharide chains
containing alternating units of two acetamido sugars, N-acetyl-D-glucos-
amine and N-acetylmuramic acid (characterized as the 3-O-cther of p-
glucosamine and D-lactic acid), joined together by §-1-4 glycoside linkages,
just as are the N-acetylglucosamine residues in chitin.

The peptide moiety consists of rather short peptide chains containing a
very limited number of amino acids, some of which are present in the less
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vsual b configuration. These peptide subunits are joined to the glycan strains
by an amide linkage between the x-NH, group of the amino-terminal pep-
tide end (generally a L-alanine residue) and the p-lactyl carboxyl group of
the muramic acid residue.

The peptide subunits of the various peptidoglycans are composed
generally of p-glutamic acid. p-alanine, L-alanine, and either a,o'-meso-di-
aminopimelic acid (meso-DAP)* or lysine. Glycine, L-serine, L-homoserine,
L-ornithine, and p-aspartic and p-glutamic acid x-amides are also found in
the peptidoglycans of some species of bacteria (Fig. 1).

An important number of these peptide subunits (30-90 %, according to
species) are cross-linked to each other. In some cases. the cross-linkage is a
direct peptide bond between the carboxyl of the C-terminal D-alanine
residue of one peptide subunit and the free w-amino group of the lysine or
diaminopimelic acid residue of another peptide subunit. In other cases, the
cross-linkage between two peptide subunits is formed indirectly through a
peptide bridge containing variable number of amino acid residues.

The resulting overall structure formed by glycan strands, peptide sub-
units and cross-linkage bridges can be conceived in a general way as a three-
dimensional macromolecular network which completely surrounds the
bacterial cell {Weidel and Pelzer. 1964). This rigid matrix of the peptidogly-
can polymer located among the extracytoplasmic layers of the bacterial
envelope is responsible for the defined shape and mechanical resistance of
the bacterial cell. Mechanical or sonic disruption of Gram-positive bacterial
cells yields preparations of walls which appear in the electron microscope as
empty bags retaining the shape and the size of the original cells.

[tisnoteworthy that rigidity and insolubility of the peptidoglycan matrix
are specific properties only of the intact network. Loss of integrity by break-
down of either the glycan or the peptide moiety brings about the solubiliza-
tion of this insoluble polymer.

The study of the composition and structure of the components isolated
after chemical degradation of the purified bacterial peptidoglycans was
improved and extended by the development of enzymatic techniques for
controlled degradation of these biopolymers (Ghuysen, 1968).

*The usual abbreviations of protein and peptide chemistry are used: Z, benzyloxycarbonyl;
BOC. tert-butyloxycarbonyl: OBzl. benzyl ester: OBut. tertiobutyl ester; OSu, N-hydroxy-
succinimide ester : HOSu, ¥-hydroxysuccinimide ; DCC, dicyclohexylcarbodiimide; Mix-Anh,
mixed carbonic-carboxylic anhydride: DNP, dinitrophenyl: FDNB, fluorodinitrobenzenc ;
WRK, Woodward reagent K : ssoglutamine restdue. isoGln or Glu — NH, ; GNAc, N-acetyl-
glucosamine: MurNAc, N-acetylmuramic acid; Cpase, carboxypeptidase A:; LAP, leucine
aminopeptidase. The x.z-meso-diaminopimelic acid is abbreviated as meso-DAP and not as
Dapim, Dpm. or A,pm, recently proposed, in order to avoid confusion, because this abbrevia-

tion has been exclusively used in all the papers concerning mesodiaminopimelic acid reviewed
here.
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Fig. 1. Repetitive structural pattern commeoen te all cell wall pep-
tidoglycans. Note the alternating D-L-D-L-D stereochemical con-
figuration of the comporents and the presence of a y-peptide
linkage. R, = —CH; (L-Ala;. —CH,-OH (L-Ser),. —H (Gly).
K, = —OH (D-Glu)l —NH, {p-isoGln, —NHCH,COOH # (D)-
Glu-Gly. R, = —(CH;),-CHINH,)}COOH (meso-DAP or LL-
DAP). - (CH,),-NH, (1-Lys), (CH 1, ; (L-Orn or ay-L-Dab).

The concept of a common basic structure characteristic of the cell wall
peptidoglycan of various bacterial species was developed as the converging
point of different lines of research: thus the identification by Park (1952) of
nucleotide N-acetylmuramyl peptides which accumulate in penicillin-treated
Staphylococcus aureus cells as precursors of the biosynthesis of the cell wall
peptidoglycan. the detailed studies of the biosynthesis of this biopolymer by
Strominger and coworkers (for review, see Strominger, 1970), and many
other structural studies established the outlings of the chemical structure of
this gigantic bag-shaped macromolecule.

However. the presence of a number of structural peculiarities in the
peptide chains of this peptidoglycan made it quite difficult to elucidate the
detailed structural features. In the peptide subunits of this polymer, in
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contrast to the peptide chains of proteins. are present not only L-amino acids
but also those of D- and meso-stereochemical configurations. Peptide linkages
between amino acids of L and L. L and b. D and L, and D and b configurations
are present. In addition, other structural peculiarities are encountered in these
bacterial peptides: the w-functional groups of the side-chain of glutamic acid
and lysine are substituted, forming y-glutamy! and e-lysyl branched pep-
tides. These structural features are not usually present in the peptide chains
of proteins. Furthermore. the L and b moieties of meso-diaminopimelic acid
residues are not symmetrically substituted in peptidoglycans containing
this o' -diaminodicarboxylic amino acid and the cross-linkage thus presents
an unusual configurational structure.

All these structural and configurational peculiarities in the peptide part
of the bacterial cell wall peptidoglycan are not easily elucidated by the
analytical procedures applied to the structural analysis of the protein peptide
chains. For all these reasons, the synthetic approach appeared particularly
useful for the study of this family of naturally occurring peptides.

1I. STEREOSPECIFIC PREPARATION OF
MESO-DIAMINOPIMELIC ACID DERIVATIVES

a0 -Diaminopimelic (or 2,6-diaminoheptane-1,7-dioic) acid is one of the
most characteristic components of the bacterial cell wall peptidoglycan in a
great number of species. It has never been found as a protein constituent in
these microorganisms nor e¢lsewhere. This symmetrical molecule containing
two amino groups in 2- and «'-positions to the two carboxylic groups is
usually present in the peptidoglycan in the meso form.

The main problem concerning the stercospecific synthesis of meso-
diaminopimelic acid peptides was to determine how to introduce selectively
a substituent on a functional (NH, or COOH) group adjacent either to its
L-asymmetrical z-carbon or to its D-asymmetrical '-carbon.

A first partial answer to this question was given by Bricas er al. (1962)
and Nicot and Bricas {(1963a), who applied a procedure associating both
chemical and enzymatic methods.

According to this procedure, in a first step “symmetrical™ bisubstituted
meso-diaminepimelic peptides (Nicot et al., 1965) and derivatives (Bricas et
al., 1965) were prepared by the current methods of peptide synthesis. In a
second step. these symmetrical peptides were submitted to stercoselective
hydrolysis by various peptidases {(Fig. 2}.

Anumber of “symmetrical " meso-diaminopimelictri-and pentapeptides
(X = L-Ala, Y = L-Ala or L-Glu-D-Ala) were synthesized by this procedure:

bis-Z-meso-DAP-bis-(L-Ala) [1]
meso-DAP-bis-(1-Ala) 2]
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L L
H,N-CH-COOH X—HN-(%H'CO—Y
(CH),  — (CH.), e,
H,N-CH-COOH X—HN-CH-CO—Y
) D
L L
X—HN-CH-COOH H_N-CH-COOH
(#Hz)n L (oM,
X—HN-CHCO—Y X—NH-CH-CO—Y
D D

Fig. 2. Preparation of monosubstituted meso-
DAP compounds by stereoselective enzymaltic
hydrolysis of bis-substituted meso-DAP deriva-

tives.
bis-{L-Ala)-meso-DAP [3]
bis-(L-Ala)-meso-DAP-bis-(L-Ala) [4]
meso-DAP-bis<{L-Glu-D-Ala) (5]

By the action of bovine carboxypeptidase A {Cpase) on the symmetrical
derivative [/], only the peptide linkage between the carboxyl of the L moiety
of the meso-diaminopimelic acid residue and the amino group of the C-
terminal L-alanine was hydrolyzed. After removal of the benzyloxycarbonyl
groups from the resulting bis-Z-meso-DAP(p)-L-Ala* derivative, the *“un-
symmetrical” dipeptide

meso-DAP-(D)-L-Ala (6]
was obtained (Bricas et ul.. 1962).

The same unsymmetrical dipeptide [6] was also obtained by stereo-
specific hydrolysis of the free symmetrical tripeptide [2] by hog kidney leucine
aminopeptidase (LAP) (Nicot and Bricas. 1963a). By the same procedure,
the following unsymmetrical tripeptides (Bricas and Nicot, 1965) were
prepared stereospecifically:

L-Ala-(Dymeso-DAP{D)-L-Ala  [7]

meso-DAP(D)-(L-Glu-p-Ala) (8]
*For the designation of the substitution on the amino acid carboxyl groups of meso-diamino-
pimelic acid, we use the following abbreviations {Bricas et al., 1962}: In order to specify on
which asymmetrical carbon of meso-DAP a substituted amino group is located, we advocate
the use of the notation (L} or (D} following the designation of the substituents and before the
abbreviation meso-DAP: p-Ala{p)-meso-DAP indicates a Dp-alanyl-meso-diaminopimelic
acid dipeptide, the alanyl residue being bound to the amino function of the D moety of meso-
DAP. Similarly, we propose to write {1.) or (D) before the substituents and after meso-DAP in
order to distinguish between the carboxyl-substituted groups; meso-DAP{1L}-D-Ala indicates
adipeptide in which the D-alanine residue is bound to the carboxyl of the L moiety of mese-DAP.
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L L
H,N-CH-CO—NHNHR H,N-CH COOH
(CH,), KA (CHy),
H,N-CH-CO—NHNHR H,N-CH-CO—NHNHR
o] [}
Fig. 3

The scope of this procedure is obviously limited to the preparation of
meso-diaminopimelic peptides containing L-amino acids directly attached to
the COOH or NH, functions of the meso-diaminopimelic residue. In order
to obtain meso-diaminopimelic acid derivatives which offer the possibility of
synthesizing any kind of unsymmetrical diaminopimelic acid peptides,
this method had to be further improved.

The unsymmetrical compound for these syntheses was prepared by the
stereoselective enzymatic splitting of a bis-hydrazide derivative of meso-
diaminopimelic acid (Bricas and Nicot, 1965) (Fig. 3). The preparation of
these unsymmetrical derivatives of meso-diaminopimelic acid was developed
on the basis of the observation of Nicot and Bricas (1963b) concerning the
rapid stereospecific hydrolysis of free L-amino acid carboxylic hydrazide
and N-a-L-aminoacyl-N'-acylhydrazine derivatives by leucine amino-
peptidase (Fig. 4).

! !
H,N-CH(R)-CO—NHNHR'

R = ~CH,, —CH,CH{CH,),, —CH,CH,
R = -H.  —COCH,, —CO-OCH,C,H,. —CO-0-C(CH,),
Fig. 4
L L
Z'HN-CH-CO—NHNH-BOC H,N-CH-CO—NHNHBOC
(CH, ), n ey, R
2-NH-CH-CO—NHNH-BOC H,N-CH-CO-—NHNHBOC
[} D
L L
H2N-(|:H-COOH Z-HN—CH-COOH
(CH,), 2, (f!ZHz)a
H,N-CH-CO—NHNH-BOC Z-NH-CH-CO—NHNH-BOC
o] D
(9 (10

Fig. 3
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The hydrolysis of L-leucine hydrazide and its derivatives by calf lens
leucine aminopeptidase was also reported by Wergin (1965).

The steps in the preparation of the key compound bis-Z-meso-DAP-
(D)}-NHNH-BOC as described by Dezélée and Bricas (1967) are shown in
Fig. 5.

: The unsymmetrical dipeptide meso-DAP-(L)-p-Ala [/ /] was prepared as
described by Dezélée and Bricas (1967) by coupling the unsymmetrical
derivative [/(] with a p-alanine benzylester and by removing the protecting
groups Z and OBzl by catalytic hydrogenolysis. The substituted hydrazide
NHNH-BOC was removed by oxidation with activated MnO, according to
Kelly (1963).

Compound [/7]

meso-DAP(L)-D-Ala [17]

is the enantiomorph of meso-DAP-(v)-L-Ala [6] previously synthesized by
Bricas et al. (1962).

Van Heyenoort ¢t al. (1969a) prepared stereospecifically a mono-ester
and a mono-hydrazide of meso-DAP using another variant of the stereo-
selective hydrolysis of symmetrical substituted meso-DAP. Starting off with
the diamide of meso-DAP and after the action of leucine aminopeptidase
or amidase as described by Work et al. (1955), the mono-L-ester and mono-L-
hydrazide were obtained as summarized in Fig. 6. The removal of the amide
groups was carried out by the chemical deamidation method introduced by
Nefkens and Nivard (1965) without important elimination of the methyl
ester groups.

The mono-ester derivative [12] synthesized by this method can be used
as an intermediate for the stereospecific syntheses of meso-DAP peptides.

L L L
H2N~(.|‘.H<CD_NH2 H,N-CH-COOH Z-HN-(i‘,H-COOCH3
((l:Hz)a amidase (C;Hg)a 21(;'24—::":2 . (C‘:Hz)a NO HSO,
H_N-CH-CO—NH, H,N-CH-CO—NH, Z'HN-CH-CONH,,
D D o}
L L L
Z:‘HN-CH-COOCH, Z-HN-CH-CONHNH,, H.N-CH-CONHNH,,
| H,N NH, HBr/Ac OH |
((lle)3 —— ((|3H2):1 —— ((lin)a
Z:NH-CH-COOH Z-HN-CH-COOH H_N-CH-COOH
D D o
[72] [73] [74]

Fig. 6
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The same derivative, after hydrazinolysis and removal of the protecting
groups, yielded meso-DAP-(L)-monochydrazide [/4] the stereochemical con-
figuration of which was proved by its hydrolysis by leucine aminopeptidase.
In contrast, meso-DAP-(p}-monohydrazide [9] (Fig. 5) previously described,
was resistant toward this enzyme. Both these compounds were useful for
structural study of natural DAP peptides.

The stereoselective substitution of one of the two NH, groups of meso-
DAP was carried out in three different ways. A first method was described
by Nicot and Bricas (1965), who obtained a monoacylated derivative by
chelation and benzyloxycarbonylation of the unsymmetrical dipeptide
meso-DAP{D}-L-Ala [6] under determined conditions: the NH, group of
the meso-DAP adjacent to the free carboxyl group was selectively substi-
tuted (Fig. 7).

L L
H,N-CH-COOH cuz ;2 Z'HN-CH-COOH
‘ Tzo
($H2)9 (C|:H2)3
H_N-CH-CO—NH-CH(CH,)-COOH H,N-CH-CO--NH-CH(CH,)-COOH
] L ) L
[6] [75]
Fig. 7

By coupling the monobenzyloxycarbonyl dibenzyl ester derivative of
compound [15] with benzyloxycarbonyl r-alanine, Nicot and Bricas {1965)
synthesized the tripeptide L-Ala-{D) meso-DAP{D}-L-Ala. The stereochemical
structure of this tripeptide was identical to that of the tripeptide [7] previously
prepared by a different way by Bricas and Nicot (1965) (Fig. 2). The optical
properties of these two tripeptides were identical.

A second method for the selective NH,-monosubstitution of meso-
DAP was developed by Bricas et al. (1967). who took advantage of the
difference 1n pK values between the z- and o'-NH, groups in the meso-
DAP«{D)-NHNH-BOC (compound [9] in Fig. 5). When this compound was
benzyloxycarbonylated under determined conditions, the monobenzyloxy-
carbonyl derivative Z-(L)meso-DAP-{D)-NHNH-BOC was obtained as the
main product. After purification, the homogeneous compound was sub-
mitted to oxidation by activated MnQ, so as to obtain Z-(L)meso-DAP as
shown in Fig. 8.

The stereochemical structure of this monosubstituted meso-DAP was
confirmed by preparing the mono-DNP-meso-DAP denvative as indicated
in Fig. 8 and by showing that it was completely oxidized by Crotalus ada-
manteus L-amino acid oxidase (Dezélée and Bricas, 1968). This indicated
that the »-NH, function adjacent to the L asymmetrical carbon was free in
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L L L
4N~ CH- CO-NHNH-BOC HyN- CH-COOH Z-HN-CH-COOH
I | ]
LAP )
(?HZJS - (?Hﬂs %& FIH2|3 MG,
H,N- CH-CONHNH-BOC HN- CH-CONHNH-BOC pr- H,N-CHCONHNH-BOC
D D D
L L
Z+HN-CH-COOH HN-CH-COOH
BOCN !
3 (CHg |y _HofPd, [CHa g
L BGC-HN-CH-COOH BOGCHN-CH-COOH
Z-HN-CH-COOH D o}
[(.:Hﬂs
FN-CH-COCH L 5
b Z-HN-CH-COCH HN-CH-COOH
~._FDNB ! HBr :
CH CH
izl CHaCOOH (| 2k
DNP-HN-CHCOOH DNP-HN-CHCOOH
D D

Fig. 8. Preparation of the unsymmetrical derivatives mone-Z-{L)}meso-DAP. mono-BOC-
(b)ymeso-DAP, and mono-DNP-D)}meso-DAP,

the mono-DNP-(D)meso-DAP and thus the starting compound was really
mono-Z-(L)}meso-DAP.

The wvalue of the molar rotation of the mono-DNP-(D)meso-DAP
derivative thus synthesized was found to be [M], + 238 + 5°. Furthermore,
the di-DNP-D,D-DAP derivative has a molar rotation [M], + 444°, and the
[M]p value of the mono-DNP-(b)-meso-DAP corresponds practically to half
of the positive [M], value of the b b-DAP derivative (Diringer and Jusic,
1966).

The optical properties {molar rotation and optical rotatory dispersion)
of the mono-DNP-(D)-meso-DAP thus obtained enabled us to determine
the stereochemical structure of the meso-DAP moiety bearing a free amino
group in the bacterial cell wall peptidoglycan. It was found that the mono-
DNP-meso-DAP isolated after dinitrophenylation and acid hydrolysis of a
fragment of the peptidoglycan of Bacillus megaterium according to Bricas et
al. (1967a) gave a molar rotation value of [M], + 248 + 6° and that of
Escherichia coli according to Diringer and Jusic {1966) a vatue of [M], +
250 + 10°. From these results. it can be conctuded that in these peptidogly-
cans the other amino group of meso-DAP which is substituted by the y-b-
glutamyl residue is adjacent to the L asymmetrical carbon atom of the meso-
DAP residue.

Another useful monosubstituted derivative of meso-DAP bearing a
terr-butyloxycarbonyl group on its amino group adjacent to the D asym-
metrical carbon was prepared as shown in Fig. 8. Using this compound as
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intermediate, Dezélée and Bricas (1970, 1971) synthesized various unsym-
metrical meso-DAP peptides. as described in the next section.

In order to carry out stringent stereospecific mono-NH,-substitution
of meso-DAP, Dezélée and Bricas (1970, 1971) have more recently developed
a third methed. In this procedure, summarized in Fig. 9, the racemic mixture
of mono-BOC-meso-DAP derivative (obtained by partial chemical substitu-
tion without stereoselectivity) was benzyloxycarbonylated and the N,N'-
bis-substituted meso-DAP (racemic mixture) was coupled with 2 equivalents
of tert-butylcarbazate. After removal of the benzyloxycarbonyl group by
catalytic hydrogenation, the racemic mixture was submitted to stereoselective
enzymatic hydrolysis. Only the enantiomorph with a free amino function
adjacent to the L-asymmetrical carbon atom was digested by leucine amino-
peptidase.

The resulting two products were now easily separated by [ractional
crystallization, and the key compound, mono-BOC-(D}meso-DAP-{D)-
NHNH-BOC, was obtained in high yield. [ts stereochemical structure and
homogeneity were confirmed by quantitative determination of the oxygen
absorbed during its oxidation by C. adamanteus L-amino acid oxidase
{Dezélée and Bricas, 1970, 1971). This key compound was used as an inter-
mediate for the stereospecific syntheses of the peptide subunits of the peptido-
glycans of E. coli and B. megarerium. as described in the next section.

HI. SYNTHESIS OF MESO-DIAMINOPIMELIC
ACID-CONTAINING PEPTIDE SUBUNITS OF
THE ESCHERICHIA COLI CELL WALL
PEPTIDOGLYCAN

The main structural features of the cell wall peptidoglycan of E. coli
had been established by Weidel and coworkers (for a general review, see
Weidel and Pelzer, 1964). According to the results of these authors, the
repeating unit in this peptideglycan, schematically summarized in Fig. 10,
is represented by the disaccharide tetrapeptide GNAc-MurNAc-L-Ala-D-
Glu-meso-DAP-p-Ala (subunit A). Disaccharide tripeptide subumts differ-
ing from the tetrapeptide subunits by the lack of a C-terminal p-alanine
residue are also present (subunit B). These tripeptide subunits are produced
by “endogenous” enzymatic degradation of the peptidoglycan. A dimer of
the disaccharide tetrapeptide (A) is formed by a peptide linkage between the
COOH of the C-terminal b-alanine residue of one peptide subunit and the
free amino group of the meso-DAP residue of another (subunit C).

A very similar overall structure was observed in the peptidoglycan of
B. megaterium (Bricas et al.. 1967a; van Heijenoort er al., 19695). In the
structure of the tetrapeptide subunit proposed by these authors, three points
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remained unknown:

1. Which amino group of meso-DAP is attached to the p-glutamic acid
residue.

2. Which carboxyl group of p-glutamic acid is linked to the meso-DAP
residue.

3. Whichcarboxyl group of meso-DAP islinked to the p-alanineresidue.

Concerning point 1. the results of Diringer and Jusic (1966) and those
of Bricas er al. (1967a) previously described (Section 11} had given an un-
equivocal answer: the x-NH, group adjacent to the L asymmetrical carbon
18 bound to the p-glutamyl residue in the peptide subumits of E. coli and
B. megaterium peptidoglycans. In the meantime, Diringer (1968) and van
Heijenoort et al. (1969h). by using the hydrazinolysis technique introduced by
Akabori, established that the 7-COOH of the glutamic acid is linked to
meso-DAP and that its x-COOH is free in these peptidoglycans. To provide
further proof concerning point 2. Dezélée and Bricas (1968) synthesized the
¢~ and j-1isomeric tripeptide 1.-Ala-D-Glu-(1}meso-DAP corresponding to
the amino acids sequence of the tripeptide subunit (B) of the E. ¢oli and
B. megaterium peptidoglycans (Fig. 10).

The unsymmetrical intermediate for these syntheses was the mono-
BOC-(D)}meso-DAP compound prepared as shown in Fig. 8 (see Section 11
These tripeptides were synthesized by condensation of the corresponding
BOC-1-Ala-p-Glu 2- or --benzyl esters with the unsymmetrical mono-BOC-
(n)-meso-DAP compound. The electrophoretic migrations of the two iso-
meric tripeptides at pH 4.0 are very different, and the mobility of the natural
L-Ala-D-Glu-meso-DAP tripeptide isolated from the corresponding (rag-
ments of the B. megaterium and E. coli peptidoglycans is the same as that of
the synthetic y-isomer | -Ala--p-Glu-(Lmeso-DAP,

The answer to point 3 by a synthetic approach became easier after the
elucidation of the structural features concerning points 1 and 2.

Van Heijenoort ¢t al. (1969h). on the basis of analytical determinations,
postulated a structure for the peptide moiety of the repeating umit (A)(Fig. 10),
charactenistic of the peptidoglycans of these two bacteria. In order to con-
firm the advocated structure. Dezélée and Bricas (1970, 1971) synthesized the
tetrapeptide L-Ala-;-D-Glu-(Lymeso-DAP-(L)-D-Ala (Fig. 11a)}, in which the
C-terminal p-alanine substituted the carboxyl adjacent to the L asym-
metrical carbon of the meso-DAP residue.

It was found that the tetrapeptide subunits isolated from E. coli and
B. megaterium peptidoglycans had the same chromatographic properties
and the same electrophoretic mobility at pH 4 as the synthetic tetrapeptide
L-Ala-;-D-Glu-(L)meso-DAP(L)-p-Ala (a). However, the further compari-
son of the natural tetrapeptide and the synthetic peptide (a) with an isomeric
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L D
H,N—CH—CO—NH—CH-COOH {a)
CH,
(CH,),

L )
LCO—NH—CH—CO—NH—(EH—COOH
(CH,), CH,
H,N—CH—COOH

o]

L o
H2N—(‘:H~-CO'—NH~CH_COOH (b)
CH, (CH.),

L
LCO—NH—(EH—COOH

(CH.),
0

H,N—CH—CO—NH—CH—COOH

D CH,

L L
Hsz(‘:HfCO—NHv(l:H—COOH

(CH,), CH,

\
CO—HN—CH—COOH

D

(CH,),
o |
HaN*(‘:H*CO*NH*CH*COOH (c)
CH, L

Fig. 11. Structure of the tetrapeptide subunit { a) and those of two enantiomorphic tetrapeptides
(b and ¢), the b differing from the a only in the position of the C-terminal D-alanine.

tetrapeptide in which the C-terminal alanine is bound to the other carboxyl
group of meso-DAP was necessary in order to assess unambiguously their
identity.

In Fig. 11 are represented schematically the structures of three isomeric
tetrapeptides corresponding to this requirement. Peptides b and ¢ are
enantiomorphic compounds. and their chromatographic and e¢lectro-
phoretic behavior should be identical. Since peptide ¢ (which is enantio-
morphic to peptide b) was easier to synthesize than b, we preferred to use it
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for comparison with the natural tetrapeptide subunit and the synthetic
tetrapeptide a.

The difference in the position of the C-terminal alanine in peptides a
and b is the same as in peptides a and ¢ from a structural point of view. If
peptides a and b can be separated by paper electrophoresis at an adequate
pH value, the same difference must be found also between a and ¢ peptides.

The natural tetrapeptides i1solated from the two bacterial peptidogly-
cans are clearly separated after paper electrophoresis at pH 4.0 from the
1someric synthetic tetrapeptide ¢ and have the same mobility as the synthetic
tetrapeptide L-Ala-,-D-Glu-(L)meso-DAPL)-D-Ala (a).

The structure proposed by van Heljenoort et al (1969b} for the tetra-
peptide subunit of these peptidoglycans was therefore confirmed. These
results clearly demonstrate that the C-terminal D-alanine is linked to the
carboxyl group of the meso-DAP which 1s adjacent to the L-asymmetrical
carbon of this amino acid. Thus point 3 was clarified definitively.

More recently, Whittle and Anderson (1969) provided an analytical
indication concerning the structure around the meso-DAP residue of the
peptide subunit of B. megaterium peptidoglycan, confirming the results
obtained by the synthetic approach.

For the synthesis of pepude A. Dezélée and Bricas (1970) used as an
intermediate  compound the unsymmetrical BOC-(D)meso-DAP(n}-
NHNH-BOC previously prepared stereospecitfically as described in Section 11
{Fig. 9E). The synthesis of this tetrapeptide is summarized in Fig. 12 and that
of the second tetrapeptide (¢} in Fig. 13.

In the synthesis of tetrapeptide ¢, the unsymmetrical compound
Z-(Lymeso-DAP-(D-NHNH-BOC (for the preparation of this mono-
substituded derivative. see Section 11, Fig. 8) was used as an intermediate,
The other steps of the synthesis of these 1wo tetrapeptides are the same
except that the stereochemical configuration of the amino acids alanine and
glutamic acid used in each case differs.

After the determination of the detailed configurational structure of the
peptide subunit in the disaccharide peptide monomer A (Fig. 10), the stereo-
chemical configuration of the linkage -»-Ala-(1»)meso-DAP- present in the
cross-hinked dimer C (Fig. 10} was clanfied by van Heijenoort er al. (1969h).
It is noteworthy that in E. ¢oli this unusual peptide linkage between two
amino acid residues ol v and b stereochemical configuration s split, as
demonstrated by Bogdanovsky et al. (1969), by a specific endogenous
peptidase. the so-called np-p-carboxypeptidase. which is highly sensitive to
penicillin.

Thus the synthetic work summarized here has enabled us to confirm
some of the important structural and configurational features of the peptide
moiety of this type of peptidoglycan as represented in Fig. 10.
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IV. SYNTHESIS OF w-BRANCHED
ISOGLUTAMINYL AND LYSYL PEPTIDES OF
THE STAPHYLOCOCCUS AUREUS CELL WALL
PEPTIDOGLYCAN

The results of different structural investigations by Ghuysen, Strominger,
Tipper. and coworkers indicated that the structure of the cell wall peptogly-
can of Staphylococcus aureus differs from that of E. coli in a number of points:

1. The meso-DAP residue is replaced by L-lysine, which corresponds to
a -decarboxylated meso-DAP,

2. The 5. aureus peptidoglycan presents a high degree of cross-linkage,
which 1s formed by a pentaglycine peptide bridge between the C-
terminal p-alanine residue of one peptide subunit and the &-NH,
group of a L-lysine residue of another subunit. Furthermore, the y-n-
glatamyl residue is replaced by a p-isoghutaminyl residue (isoGln).
This last point was clarified by synthetic and analytical procedures
{Bricas et al.. 1967h: Munoz et al.. 1966; Tipper et al., 1967).

The highly cross-linked peptidoglycan network of St. aureus and
M. roseus was dismantled stepwise by the action of different specific glyco-
sidases and peptidases (Munoz et af., 1966), as indicated in Fig. 14,

By this stepwise degradation. a disaccharide tetrapeptide (St. aureus)
together with a disaccharide tripeptide in the case of M. roseus was formed.
After new enzymatic digestions, these disaccharide peptides were further
degraded to a tripeptide Glutamide)-Lys-Ala and to a dipeptide Glu{amide)-
Lys. By a similar procedure applicd to St. aureus cells grown in the presence
of penicillin. a tetrapeptide was isolated corresponding to Glu-(amide)-
Lys-Ala-Ala.

In order to determine the detailed structure of these residual peptide
fragments which contain p-amino acid residues and 2- and y-peptide
linkages. Lefrancier and Bricas (1967) synthesized various isomeric di-,
tri-- and tetrapeptides corresponding to the indicated structures. The
dipeptides x- and +-Glu-Lys. Gln-Lys, and isoGln-Lys, the tripeptides o-
and ;-Glu-Lys-Ala. Gln-Lys-Ala, and isoGln-Lys-Ala, the tetrapeptide
is0GIn-Lys-Ala-Ala. and finally L-Ala-p-isoGln-L-Lys-np-Ala corresponding
to the tetrapeptide subunit, were obtained as chromatographically homo-
geneous crystalline products.

All the structural isomeric di- and tripeptides synthesized can be
separate as dimitropheny! derivatives by silica gel thin layer chromatography
after repeated development in two solvent systems. Comparison of the
chromatographic properties of each of the di-, tri-, and tetrapeptide frag-
ments isolated from the enzymatically degraded peptidoglycans with those
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Fig. 14, Stepwise enzymatic degradation of the St. aureus cell wall peptidoglycan.
A Preparation of a disaccharide peptide subunit. {1) Site of action of the Strepto-
myces " SA’ endopeptidase, (2} degradation of the open pentaglycine bridges with
Streptomyces aminopeptidase, (3) site of action of Streptomyces endo-N-acetyl-
muramidase. B: Further degradation of the isolated disaccharide peptide. (4) Site
of action of Streptomyces N-acetylmuramyl-L-alanine amidase, (5) site of action of
Streptomyces aminopeptidase, (6) site or action of exo-B-N-acetylglucosaminidase
{frem pig epidymis). G = N-Acetylglucosamine: M = N-acetylmuramic acid,

of the isomeric synthetic compounds leads to the conclusion that the tetra-
peptide subunit of the St. aureus peptidoglycan has the structure a-(L-alanyl-
p-isoglutaminyl)-L-lysyl-p-alanine (Bricas et al., 1967b). The peptide subunits
of the peptidoglycans of several other bacteria have the same structure
{Ghuysen et al., 1967). Thus the presence of an amide group on the a-carboxyl
group of the D-glutamyl residue in these peptidoglycans was definitely proved.

A further proof of the presence of a glutamyl-2-amide group in the pepti-
doglycans of these bacteria was obtained by the dehydration-reduction
procedure introduced by Ressler and Kashelikar (1966) for identification of
glutaminyl or isoglutaminy! residues in the endo position. By dehydration of
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the amide group to a nitnl and by subsequent reduction under the conditions
of the Birch reaction, y-aminobutyric acid is obtained after acid hydrolysis
from isoglutaminyl-containing peptides, whereas ornithine is formed under
the same conditions from glutaminyl-containing peptides. The dehydration-
reduction of the natural disacchanide tetrapeptide and the synthetic tetra-
peptide containing isoglutaminyl residue yielded y-aminobutyric acid.
Conversely, the synthetic glutaminyl isomeric tetrapeptide yielded ornithine
{Munoz ez al., 1966 Bricas er al., 1967h).

Developing this synthetic work. Lefrancier and Bricas (1968, 1969}
prepared a tridecapeptide representing the repeating peptide pattern
characteristic of the St. aureus peptidyglycan. The tridecapeptide synthesized
is composed of two a-(L-Ala-p-isoGluj-L-Lys-p-Ala subunits cross-linked
through a pentaglycine peptide bridge between the carboxyl group of the
C-terminal p-alanine of a tetrapeptide subunit and the e-amino group of the
L-lysine residue of another subunit,

The synthesis of this branched tridecapeptide was performed by con-
densation of three intermediate fragments, as represented in Fig. 15.

B
A Z-L-Ala-D-Glu-NH,,
L-Lys- p-Ala-OBzl
BOC—Lyls- p-Ala-Gly-Gly-Gly-OH H-Gly-Gly

Y4
Z-L-Ala-0-Glu-NH,

L-Lys- p-Ala OBzl
C BOCWLylsf D-Ala-Gly-Gly-Gly-Gly-Gly

a-Z I
|

+
I
|
|
WRK!
!
|
v

1. CF,CO0H
2. Z-u Ala o Glua-NH,-0Su

! Z L-Ala 0-Glu-NH,
+
Z—L-AIa-D—T‘ll;uﬁNH2 L-Lys-p-Ala-OBzl

Lys- p-Ala-Gly-Gly-Gly-Gly-Gly

H-L-Ala-0-Glu-NH,
D H-L-Ala-0-Glu-NH, L-Lys-p-Ala-OH
Lys- D-Ala-GI\/-GI\/~GIy-GIy-GIyJ

Fig. 15. Fragment condensation by synthesis of the St. aureus tridecapeptide representing two
tetrapeptide subunits bound by a pentaglycine peptide bridge.
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Fragment A was prepared by the usual methods. In order to obtain
fragment B, the following steps were necessary starting from the dipeptide
derivative o-NPS.eBOC-L-Lys-p-Ala-OBzl: (1) removal of the «-NPS
protecting group by treatment with thioglycolic acid, (2) coupling with
Z-Ala-p-Glu-NH;. (3) selective elimination of the e-BOC protecting group
from the tetrapeptide derivative o-[Z-1-Ala-D-Glu-NH, }-Lys-(e-BOC)-p-Ala-
OBzl, (4) coupling of the tetrapeptide derivative thus obtained with NPS-
Gly-Gly-OSu, and (5) removal of the NPS protecting group by HCl/
CH;COOH treatment. The coupling of fragments A and B by the Woodward
reagent yiclded the undecapeptide derivative C. After removal of the BOC
group and coupling with Z-L-Ala-D-Glu-a{NH,),»-(OSu), the final protected
tridecapeptide was obtained. The free tridecapeptide (D) was prepared by
hydrogenolysis of the protecting groups.

The synthetic tridecapeptide submitted to the action of the specific
endopeptidase isolated from Streptomvees albus by Petil et al. (1966) was
hydrolyzed and yielded two fragments by the selective splitting of the
-D-Ala-Gly- peptide bond. One fragment is identical to the tetrapeptide
subunit L-Ala- D4s0Gln-1-Lys-1-Ala and the other to the e-branched nona-
peptide  o-(L-Ala--1isoGlnp-L-Lys-e-(Gly-Gly-Gly-Gly-Gly)-p-Ala.  The
disaccharide peptide bearing the open pentaglycine chain attached to
the e-amino function of the lysine residue was isolated from the peptidogly-
can of penicillin-treated St. aureus cells (Munoz et al., 1966). After further
enzymatic degradation of this peptidoglycan fragment, a branched deca-
peptide bearing the open pentaglycine chain attached to the e-amino group
of the lysine residue was obtained. differing only by one supplementary
D-alanine residue.

In earlier synthetic work concerning peptides related to the peptide
moiety of the nucleotide-N-acetylmuramyl peptide precursor, Garg et al.
(1962) and Tesser and Nivard (1964) prepared the fully protected penta-
peptide derivative corresponding to the sequence of L-Ala-p-{and L)-2-Glu-
L-Lys-»-Ala-1-Ala. This peptide derivative is the a-glutamyl isomer of the
peptide moiety of the precursor.

At about the same time, both > and y-unprotected pentapeptide of the
same amino acid sequence and also the N-acetylmuramyl pentapeptide
were synthesized by Lanzilotti er al. (1964). The y-glutamy! synthetic isomer
was shown to he identical to the natural product derived from the uridine
disphosphate-N-acetylmuramyl pentapeptide. Khosla et al. (1965) also
synthesized the two isomeric a- and 3-L-Ala-D-Glu-L-Lys-p-Ala-p-Ala
pentapeptides. All these compounds were related to the nucleotide peptide
precursor of the biosynthesis of the St. aureus cell wall peptidoglycan.

They differ from the peptide subunits of the peptidoglycan in lacking
the a-amide group of the glutamic acid residue and by a supplementary
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D-alanine residue present in C-terminal position. Only Jarvis and Strominger
(1967) synthesized a tetra- and a pentapeptide, L-Ala-D-1s0Gln-L-Lys-D-Ala
and L-Ala-»-isoGln-L-Lys-(e-Gly)-p-Ala, which reproduce fragments of the
St. aureus peptidoglycan.

V. SYNTHESIS OF LINEAR AND w-BRANCHED
GLUTAMYL AND LYSYL PEPTIDES OF THE
MICROCOCCUS LYSODEIKTICUS CELL WALL
PEPTIDOGLYCAN

The peptide subunits of the M. lysodeikticus cell wall peptidoglycan
contain in addition to the L-alanyl, y-p-glutamyl, L-lysyl, and D-alanine
residues a glycine residue which 1s bound to the x-COOH of the glutamyl
residue. However, the most important difference between this and the
previously described peptidoglycan structures is in the cross-linkage between
the peptide subunits.

In M. lysodeikticus peptidoglycan, many of the muramyl carboxylic
groups are free and the number of those which are substituted by peptide
subunits is much lower with respect to the total number of muramic acid
residues. In spite of this fact, an equal total number of muramic acid residues
and peptide subunits (the last represented by the number of glutamic acid
residues) are found in this peptidoglycan. The presence of only a direct cross-
linking between two adjacent peptide subunits by a p-alanyl-z-lysyl linkage,
as established by Petit ez al. (1966), does not explain this “anomalous™ ratio.
The possibility still exists that other types of cross-linkages might also occur,
As a matter of fact. Ghuysen et al. (1968a) by stepwise enzymatic degradation
of this peptidoglycan aund Schleifer and Kandler (1967) by the partial acid
hydrolysis of the same peptidoglycan clearly demonstrated the presence of
another indirect cross-tinkage through a peptide chain, as indicated in Fig. 16.

Thus the structure of the peptidoglycan of M. lysodeikticus is unique in
that it contains both a directly #-p-Ala-Lys cross-linkage and an indirect
cross-linkage in which pentapeptide subunits are linked in a “‘head-to-tail”
sequence.

In order to give confirmatory proof of the proposed structure, Mulliez
et al. (1973) synthesized the pentapeptide subunit which is the menomer and
two decapeptides. one bearing the e-(»-Ala-1-Lys) cross-linkage and the
other the “head-to-tail” linkage.

The presence of -glutamyl linkages in these branched peptides made it
possible to synthesize them by coupling intermediate peptide fragments
without racemization using the activation of the y-COOH of the glutamyl
peptides. Thus a small number of di-. tri-, and tetrapeptide derivatives were
first prepared by stepwise synthesis. In order to obtain the pentapeptide and
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H-B-Giu OH 2-D-Glu-ONP
LoBal LoBzi
52| BOCLAIaOSu s | H-Gly-0But

BOC-WAla-D-Glu OH
LBz

Z2-D-Glu-Gly . QBul
Logz)

Chapter 10

1BOC
ZL-Lys-OH - H-D-&13-OBut

DCC .2 HOSU H Gly-GBuwt | W, P pec |

56+ Boc
BOC-L Ala D-Glu-Gly OBut *+ H-D-Glu-Gly-0But Z-L-Lys-D-Ala-OBut
Laga LoH

asw W JPd
BOC-Ala-OSu 3

A H. /Py

(BOC
# HLLlys-D-Ala-CBut

+ BOC LAla D-Glu-Gly-OBut +
Lon

ans lin;mi:.

BOC-L Ala-D-Glu-Gly-0But

L L Lys-D-Alz-OBut
‘BoC

H-L-Ala-D-Glu-Gly-OH
1-{ys-p-Ala-OH
e'H

Fig. 17. Steps of the synthesis of the M. [ysodeikticus peptidogiycan pentapeptide subunit
monomer : L-Ala-D-Glu-x(Gly)-y-(L-Lys-D-Ala).

the two decapeptides, these fragments were coupled as shown in Figs. 17-19.
Some of these fragments, indicated by a star, were used more than once.

For the synthesis of the pentapeptide L-Ala-D-Glu-(o-Gly)-L-Lys-D-Ala,
two different ways were used to obtain the intermediate tripeptide deriva-
tive BOC-L-Ala-p-Glu-Gly-OBut without racemization (Fig. 17).

The synthesis of the “*head-to-tail” decapeptide was carried out (Fig. 18)
by first preparing a heptapeptide by coupling #-Z.e-BOC-L-Lys-p-Ala with
the e-branched pentapeptide previously synthesized using the azide method
as modified by Honzl and Rudinger (1961). After removal of the «-Z protect-
ing group, this heptapeptide derivative was coupled with the y-COOH of
the tripeptide derivative BOC-L-Ala-D-Glu-Gly-OBut. In the final step, all
the protecting groups were eliminated by acidolysis with CF,COOH.

The ¢-branched decapeptide was synthesized in five steps according to
a different strategy (Fig. 19).

By coupling the dipeptide azide a-Z-e-BOC-L-Lys-p-Ala-N, with the
tetracthyl ammonium salt of a-Z-L-Lys in dimethylformamide, the e-branched
tripeptide derivative «-Z-g-BOC-L-Lys-D-Ala-g-(a-Z-L-Lys) was prepared
with a very satisfactory yield.
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This derivative was coupled with D-Ala-OBut. The ¢-branched tetra-
peplide derivative thus obtained aflter removal of the benzyloxycarbonyl
groups from the x-NH, functions of the two lysine residues was condensed
with 2 equivalents of the tripeptide derivative BOC-L-Ala-D-Glu-Gly-OBut
containing a free ;-COOH. This rather unusual coupling between two y-
glutamyl and two x-lysyl residues was accomplished with a very satisfactory

BOC
r
Z-LLys-OH + H-D-Ala.OMe Z L Ala-0Su+ H-B-Glu-Gly-OBut «»
OH
pCe l s l,:
rBac ZLAla-D-Glu- Gly-OBut + H-Lys-D-Ala-OBut
Z-L-Lys—l)’Ala-OMe Lon w1 lBoC
N mix.an.
raocl } ZLava-p-Glu-Gly-0But
* Z-b Lys-B Ala-NHNH; LLys-D-ala-0But
BOC
BOC l he H l i
I
ZL-Lys-D-Ala-N; + H-LAl2-p-Glu- Gly-OBut
LL Lys-D-Ala-OBut
S
'so¢
lBT-
(BOC

ZLllys. D-Ala-LAla-D-Glu-Gly-OBut
L lys p-Ala.0But
¥
H, Pd | ®8 8oc

H-L-Lys-D-Ala-L-A&la-D Glu-Gly-OBut
'Bo¢ L-Lys -D-Ala-OBut
'goc

¥ BOC-L Ala-D-Glu-Gly-OBut + H-L-Lys-D-Ala-LAla-D-Glu-Gly-OBut
OH —— 'Boe LiLys-D-ala-0But
lgac

mix.an an

BOC-L Ala-D-Glu- Gly OBut
Liys-D-ala—L-Ala-D-Glu- Gly-OBut
'Bac —L-Lys-D-Ala-OBut

‘Bot
TFA 76

H-LAla-D-Glu-Gly-OH
L'Lys-D-Ata— L Ala-D Glu-Gly-OH

¢H I—L'Lys-DnAIa-QH
n
€

Fig. 18. Steps of the synthesis of the decapeptide representing the M. Iyso-
deikticus peptidoglycan ““head-to-tail”’ dimer of two pentapeptide subunits.
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lE!C)c
+ ZL Lys D Ala NHNH,
BOC 7
ZLilys-D-AlaN, + ZLllys O NEt,
a3
(BoC
“Lys - D- Al
Zlys D 31
Z-1-Lvs-0OH
an. mix 1 H-D- Ala-OBut
e
BOC

ZLLlys-pdlay

Z LLys-D-Ala OBut
o, mJ

(80c
2x (BOC-L-Ala-b Glu-Gly-OButi+ H-L-Lys-D-A| 24
L
OH

an mix \ .

BOC-L-Ala- B-Glu Gly-0OBul

H-l-Lys-D-Ala-OBut

LL—Lys “b-Ala s
‘soc
LYs -b- Ala-QBut

BOC-L-Ala-b-Glu-Gly-OBut

H-LAla D-Glu- Gly-OH
L-Lys-D Ala
€'n L-Lys -D-Ala-OH
H-Ala-0-Glu-Gly- OH

Fig. 19. Steps of the synthesis of a decapeptide representing the M. {yso-
deikticus peptidoglycan e-{D-Ala-L-Lys) cross-linked dimer of two penta-
peptide subunits.

yield in one step by the carbonic-carboxylic mixed anhydride method. As in
the synthesis of the “head-to-tail” decapeptide, in the final step all the
protecting groups are removed by acidolysis with CF;COOH.

The R, values in different solvent systems and the migration rate of
these synthetic peptides were the same as those of the corresponding peptide
fragments isolated from the cell wall of M. Ivsodeikticus by Ghuysen et al.
(1968a). The synthetic “‘head-to-tail” decapeptide was hydrolyzed by the
Myxobacrer AL endopeptidase prepared according to Ensign and Wolfe
1966), in the same way as the corresponding natural compound was (Ghuysen
et al., 1968a). In both cases, the -p-Ala-L-Ala- peptide linkage was selectively
hydrolyzed. forming the monomer corresponding to the structure of L-Ala-
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p-Glu-(2-Gly)-Lys-D-Ala. In contrast. the &-(D-Ala-Lys) cross-linked synthe-
tic decapeptide was resistant to the action of this enzyme.

Thus the results concerning the enzymatic degradation of the natural
and the synthetic peptide fragments (unpublished results of Mulliez er al.)
together with those concernming the structural work (Ghuysen et al., 19684
Schleifer and Kandler. 1967) confirm the presence of a unique type of double
cross-linking in this peptidoglycan. These results also explain the “anoma-
lous™ value of the ratio between the number of the muramicacid and glutamic
acid residues, which is equal to 1 despite the presence of unsubstituted mura-
mic acid residues. The existence of this loose network in this peptidoglycan is
probably related to the rapid lysis of the cell wall of M. lysodeikticus by
lysozyme.

VI. CONCLUSIONS

The chemistry of bacterial cell wall peptidoglycans represents a rela-
tively recent achievement in the field of naturally occurring peptides. It is
noteworthy that in the general review on natural peptides written in 1953
(Bricas and Fromageot. 1953) only one peptide related to bacterial cell wall,
the Park nucleotide peptide. was described.

In the following years. the chemistry of the bacterial cell walls was
developed rapidly. Starting from the analytical determination of the chemical
compounds of the cell walls and those of the peptidoglycans. these studies
were further extended to the elucidation of the detaited structure of these
peptidoglycans.

In order to prove the proposed structures and also to prepare model
compounds related to the peptide part of the bacterial peptidoglycans, the
synthetic approach has been the next step in the development of this field
considering the structural and configurational peculiarities of the peptide
moiety of the bacterial peptidoglycans, stereochemical problems usually not
encountered during the synthesis of “normal’ peptide chains have had to be
taken into account. The stereochemical preparation of synthetic peptides
containing meso-DAP residues was one of the main probtems which had
to be solved first. Associating usual synthetic procedures with stereoselective
enzymatic hydrolysis of meso-DAP symmetrical derivatives. we have
established general methods for preparing various unsymmetrical meso-
DAP compounds which can be conveniently used for the stercospecific
synthesis of these bacterial peptides.

On the other hand. the synthesis of w-branched peptides present in the
lysine-containing peptidoglycans requires adequate choice of a variety of
protecting groups which can be eliminated independently of each other.
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The presence of alternating L-D-L-p» stereochemical sequences in these
cell wall peptides makes it necessary in these syntheses to use procedures
excluding any racemization during the coupling steps.

Another aim of the synthetic approach in this field is the preparation
by synthesis of model substrates which reproduce the peculiar peptide bonds
encountered in bacterial peptidoglycans. Synthetic substrates have been
particularly useful in investigating various lytic enzymes which selectively
split these linkages.

According to recent studies, various amidases and peptidases (carboxy-,
amino-, endo-, and transpeptidases) appear to be very important factors in
the continuous makeup of the peptidoglycan during growth and division
of the bacterial cell.

In connection with this work, the semi-chemical and semi-enzymatic
synthesis of various labeled uridine diphosphate N-acetyl muramyl peptide
fragments used as substrates in studies of the specificities of these enzymes
(van Heijenoort and van Heijenoort 1971) is worthy of note.

The specific action of several antibiotics (penicillin, cycloserine, van-
comycin, ristomycin, bacitracin, etc.) in different steps of the cell wall pepti-
doglycan biosynthesis offers a new tool for investigations concerning the
interaction between these unusual peptidases and their substrates and
inhibitors. The synthetic approach to these problems is very promising.

On the other hand. the progress made in the synthesis of the peptide
part of these peptidoglycans has presented the problem of the preparation
by chemical synthesis of short peptidoglycan fragments containing di- or
oligosaccharide peptides. Several successful attempts to synthesize com-
pounds containing a N-acetylmuramic acid residue bound to peptide frag-
ments have been made by Lanzilotti et al. (1964), Chaturvedi et al. (1966),
and more recently Seymour et al. (1972).

However. the major difficulty in this work 1s the chemical synthesis of
appropriate derivatives of the f§-1-4-N-acetylglucosaminyl-N-acetylmuramic
acid disaccharide necessary for these syntheses.
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CHAPTER 11

INTRACELLULAR PROTEOLYSIS AND
ITS DEMONSTRATION WITH SYNTHETIC
AND NATURAL PEPTIDES AND
PROTEINS AS SUBSTRATES

Horst Hanson

Physiologisch-Chemisches Institut
Martin-Luther-Universitit
Haile-Wittenberg. G.D.R.

I. INTRODUCTION

It is known that in multicellular organisms the life span of the cells,
their organelles, and other constituents, including proteins, is limited and
varies according to the organ, the species, the cell organelle, and the type of
substance. In each living cell, exchange and metabolic reactions are taking
place in processes in which the structural elements of the cell are also in-
volved. Accordingly, the cell components, including the proteins of the
organelles, have a much shorter life span than the cell itself. An expression
of the difference in the life span of various proteins of the cell is given by their
half-lives, which lie between t/2 = 10 days for the cytochromes of the mito-
chondria and /2 = 0.1 day for tryptophan pyrrolase (see Table I). Since, in
the living cell, the relative amounts of proteins remain constant under a given
set of cellular functions, the levels of the proteins of the cell must be directed
not only by their rates of synthesis but also by their rates of degradation.
Thus a protein needed in a larger amount for a specific function in the cell,
such as an enzyme protein, may be increased by enhancing its rate of synthe-
sis and/or by diminishing its rate of degradation. Similarly, a protein that
is needed in smaller amounts by the cell may be lowered by decreasing its
rate of synthesis and/or increasing its rate of degradation. Schimke (1970)
has developed mathematical formulations of the steady-state relations
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Table 1. Half-Life in Vive of Rat Liver

Proteins
Hali-life

Protein (days)
Collagen 20
Histone 18
Cytochromme 6
Arginase 4
Alanine aminotransferase 33
Ferritin 30
Aspartate transcarbamylase 1.0
Catalase 1.0
Ornithine aminotransferase 09
Alanine aminotransferase 09
Amylase 0.18
Thymidine kinase 0.11
Tryptophan pyrrolase 0.08
Tyrosine aminotransferase 0.06
ag-Arminolevulinic acid 0.04

From Bohley et al. (1971).

between synthesis and degradation of intracellular proteins using enzyme
proteins as examples.

II. THE CONCEPT OF PROTEOLYSIS

For an understanding of the intraceltular turnover of proteins and its
regulation, analysis of both the biosynthesis of proteins and their intra-
cellular proteolysis is important. The experiments performed in the past
years by our group were pertinent to the latter. Two major problems were
mainly considered

1. Determination of intracellular proteolysis and examination of the
differences between organs and between the organelles of the same
cell type.

2. Determination of. and attempts to differentiate between, the enzymes
taking part in intracellular proteolysis.

The experiments with regard to both questions were performed by use
ofa large number of peptides and proteins and their derivatives. Intracellular
proteolysis was primarily assessed by the in vitro autolysis of parts of organs,
of homogenates of the organs. and of subcellular fractions (organelles),
which were obtained by differential centrifugation. The enzymatic processes
functioning during intracellular proteolysis were demonstrated by use of
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synthetic peptide substrates, as well as by use of natural or chemically modi-
fied proteins. It quickly became evident from these investigations that for
the classification and characterization of the enzymes taking part in intra-
cellular proteolysis the usual designations given to the proteolytic enzymes
of the gastrointestinal tract are not sufficient. The all-inclusive old classical
name for the intracellular proteases. “cathepsins,” is not justified, since the
enzymes that participate in the degradation of proteins are widely distributed
in the cell and show different specificities. The use of this designation for these
enzymes causes one to think only of the hydrolytic splitting of peptide bonds
and does not take into account the enzymatic reduction of inter- or intra-
chain disulfide bridges which can also participate in intracellular protein
degradation processes.

1. SYNTHETIC SUBSTRATES FOR
PROTEASE DETERMINATIONS

There is no doubt that the application of synthetic peptide substrates
was a significant step in the determination of the substrate specificity of the
intracellular enzymes participating in the degradation of proteins, a proce-
dure similar to that used with the proteolytic enzymes of the gastrointestinal
tract. The first conditions required for that were met by the school of Emil
Fischer with the chemical synthesis of peptides. This orientation obtained a
significant new lift in about 1930 from the outstanding research of Max
Bergmann and his collaborators in methods for peptide synthesis and the
use of these substances to differentiate among the endo- and exopeptidases
of the digestive tract. animal organs, yeast, etc. Even today the synthetic
peptide substrates in the large group of the so-called chromogen substrates
such as the amino acid- and peptide-g-naphthylamides and p-nitroanilides
are widely used for the identification and specification of the intracellular
peptidases with pepsin-. trypsin-. chymotrypsin-, carboxypeptidase-, and
aminopeptidase-like action. At the same time, it is recognized that there
exist intracellular peptidases, such as cathepsins D and E, the specificity of
which cannot be identified with any of the abovementioned substrates. It
should be added that the synthetic model substrates have a drawback for
the clarification of the intracellular degradation of proteins under in vivo
conditions, since they are not the natural substrates for the intracellular
proteases. These substrates are the proteins of the cells in which the proteases
act, proteins entering the cell from the outside, such as proteohormones
(insulin. etc.), and peptides which result from the action of intracellular
endopeptidases and which then by the action of intracellular exopeptidases
can be degraded to free amino acids.

Model peptides with protected NH; and/or COOH groups have only
a limited value for indicating the specificity of intracellular proteases and
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for comparing the activities of various organs or subcellular fractions. The
same holds for the protein substrates which are still frequently used today
for the demonstration of intracellular proteolytic activities, for example,
casein. These statements are not intended to diminish the value of these
investigations but only to indicate the limitations of the results obtained with
these substrates.

1IV. AUTOPROTEQLYSIS OF ORGANS

To demonstrate the intrinsic proteolytic potential of an organ, the
process of autoproteolysis is still a very appropriate method, as demons-
trated by the autolysis curves in Figs. 1, 2, and 3 for homogenates of rat liver,
beef lens, and parts of a 10-day-old chick embryo. The liver, after 2 hr auto-
lysis at the optimal pH 4.0, shows a threefold increase in trichloroacetic acid
soluble nitrogen over that of the lens homogenate after 10 days autolysis at
37°C at the optimal pH 6.0. It is noteworthy that the autolysis of the lens at
acid pH values, at which the liver shows optimal autoproteolysis, drops to
zero and that the lens displays an optimal pH depending on the temperature
of the autolysis: pH 6.0 at 37°C and pH 7.5 at 56°C. In this latter curve, the
optimum at 37°C shows up as a shoulder. We see in this behavior of the
autolysis of the lens. and in the decrease of the autoproteolysis of the liver

7 5

Increase in residuat N {in % total N}

T T 1 1
5 ] 7 d pH 9

Fig. 2. pH dependence of the autoproteolysis of beef lens homogenate {from
Methfessel et al., 1963).
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Fig. 3. pH dependence of proteolysis of cgg yolk sac and egg yolk.
Effect of egg yolk sac on egg yolk of 10-day incubated chick embryo
and determination of the increase of residual N after 9 hr at 30°C
under sterile conditions (from Hanson, 1963).

toward the alkaline side of the pH values, and furthermore in the course of
the proteolysis of chick embryo with the different pH optima the expression
of the existence of different intracellular proteases with distinguishable pH
optima. The so-called acid proteases (cathepsins at pH 4.0) dominate in the
liver, and the neutral endo- and exopeptidases with optimal pH values
around pH 6.0-8.0 are prevalent in the eye lens.

V. QUALITATIVE AND QUANTITATIVE
DIFFERENTIATION OF AUTOPROTEOLYSIS
BY USE OF SYNTHETIC SUBSTRATES

Data bearing on the differences in autoproteolysis in the eye lens and in
the liver follow. In the eye lens, there was no, or barely any, activity toward
typical endopeptidase substrates. such as synthetic substrates for the



Intracellular Proteolysis and its Demonstration 243

demonstration of tryptic and chymotryptic specificity, as well as toward
carboxypeptidase substrates. Significant activity, however, was found toward
synthetic substrates used for the demonstration of the presence of di- and
aminopeptidases {see Tables II and I11), such as leucine aminopeptidase.
The last enzyme was obtained in crystalline form from the lens and is
initially optimally active at 56°C (Table IV).

Table I1. Relative Average Peptidase, Esterase, and Amidase Activities of Homogenates
of Six Different Rat Tissues®

Substrate rH Kidney Liver Lung Spleen Heart Muscle
Leu-Gly-Gly 7K 150 = 100 B6.6 143.0 102.0 18.1 11.8
Leu-Gly %0 170 = 100 SLO 136.0 40.7 14.6 7.1
Leu-amide 8.4 49 = 100 656 298 19.7 9.2 6.7
Gly-Leu 8.1 247 = 100 526 202.0 96.8 296 104
Gly-Gly-Gly 7.8 232 = 100 20.2 66.5 452 39 36
Gly-Gly 8.1 248 = 100 8.9 3.2 8.4 36 1.4
Cl-acetyl-Tyr 78 476 = 100 84 9.3 6.7 29 29
Z-Gly-Phe 51 383 =100 16.8 17.5 310 0 0
Tyr-AE" LN 293 =100 1190 332 2.8 29 1.5
Gly-Tyr-AE 73 0 657 = 100 43.6 69.0 328 44.5
Acetyl-Tyr-AE gor6" 1l6=100 123 19.4 16.0 154 94
Tyr-amide 8.1 58 =100 263 15.0 10.0 16.8 35
Gly-Tyr-amide 841 339 = 100 6.3 9.1 36 1.9 1.8

Frem Hanson {1949).

“Rate of hydrolysis in kidoey 1s arbitrary given as 100 activities were determined at the pH optima of the
particular enzymes (see lelt column},

PEslerase activity.

“Kidney ATEEase (at pH& =

“Hydolysis by aminopeptidases

Table II1. Rate of Hydrolysis® of Synthetic Substrates Under the Influence of Beef Lens
Extract, Serum, and Homogenates of Liver and Kidney

Enzyme preparation

Substrate
Lens Liver Kidney Serum

L-Leucinamide 08 + 28 205 + 2.1 267 + 25 145+ 03
L-Prolylglycine 10 +0.13 122 + 0.7 45+ 1.5 0.32 + 0.06
Glyeyl-L-proline 5+ 0.1 53+ 11 284 + 22 —
L-Prolylglycylglycine 41 +09 602 + 2.1 59.7 + 3.1 4.5 + 027
Glycyl-L-prolylglycine 00 =401 33+ 02 295 £ 23 0.06 + 0.01
Glycylglyeyl-L-proline 04+ 0.1 394+ 1.2 317 117 —

From Hanson {[969).

"Rate of hydrolysis equals umoles of proine or NH, liberated per mg protein N of the enzyme preparation
per 60 minat pH 7.9 8.0, Since the coutse of hydrelysis way linear up 1o 140 min under the selected conditions,
the values obtained from incubations at 30 and 120 min were extrapolaled to 60 min,
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Table IV. Proteolytic Activity of Beef Lens

Rate of
Substrate pH hydrolysis
DL-Ala-Gly 8.0 214
Gly-Gly 8.0 107
Gly-Gly + Co** 8.0 445
Gly-p-Leu + Mn?* + cysteine 8.0 0
Gly-L-Leu 8.0 302
L-Leu-Gly-Gly 8.0 80.0
L-Leu-NH, 80 351
L-Leu-NH, + Mn?~ 85 1300
Gly-Gly-Gly 8.0 0
L-Pro-Gly 8.3 1.0
L-Pro-Gly-Gly 8.0 4.1
Gly-L-Pro-Gly 8.0 0.1
Gly-L-Pro 8.0 0.5
Z-Gly-L-Phe 73 0
Cl-Ac-L-Tyr 8.0 0
Casein 73 0
Hemoglobin 4.6 0
Bz-1-Arg-NH, 46 0
Gly-pL-Phe-NH, + cysteine 4.6 0
Z-L-Glu-L-Tyr 4.0 0
L-Leu-OET 8.0 4.6
L-Leu-OET + Mn?* 8.5 10.6
L-Tyr-OET 8.3 038
Ac-L-Tyr-OET 8.0 0
Gly-L-Tyr-OET 12 (+)

From Hanson (1969).

On the other hand, there are obvious differences in the activity and
specificity of the proteolytic enzyme spectrum of the homogenates of rat
organs and the relations of the enzymatic activities among them. In both
Table II and Table III, values are given for such characteristic synthetic
substrates, which are mainly used for the estimation of exopeptidases and
neutral chymotrypsin-like activities, However, one can see clearly by
comparing these incomplete values to measurable enzymatic activities on
the whole that organs such as liver and kidney show marked differences
from each other, as well as compared to other organs. In this respect, the
special position of the eye lens with its extraordinary aminopeptidase
activity (LAP) is especially remarkable. The question of the acid and neutral
intracellular proteases and exopeptidases will be discussed later with respect
to the proteolytic activity of the components of the cell.
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As already mentioned, intracellular proteolytic enzymes can attack not
only proteins and polypeptides made in the cell but also, for example,
polypeptide hormones that are brought into the cell. It appears that for
these substances there is more of a quantitative than qualitative difference
between the various organs. Under certain conditions (morphological
organ structure, blood flux), enzymes of very well-defined, albeit not
absolute, specificity are transported into the blood, in which they may be
easily demonstrated. An example of this is the oxytocin-splitting activities,
which according to the investigations of Fekete (1930) are present in the serum
of pregnant women. and which, with the application of synthetic substrates,
were demonstrated to have the character of an aminopeptidase by Werle
{1941, 1956), Page (1946, 1947), and especially by Tuppy et al. (1957), and
Hanson and Mannsfeldt (1971). It turns out that even substrates to which a
relative specificity for oxytocinase was ascribed, such as S-benzyl-L-Cys-1.-
Tyr-amide, r-cystinyl-di-f-naphthylamide, S-benzyl-L-Cys-fS-naphthyl-
amide, and S-benzyl-L-Cys-p-nitroanilide are split by all the organs so far
investigated, but at different rates. In addition, the serum of pregnant
women but not the serum of pregnant rats shows a very high ratio (between
30 and 80) compared to the serum of nonpregnant women for two substrates
(S-benzyl-L-Cys-p-naphthylamide and p-nitroanilide). All other synthetic
substrates are attacked by aminopeptidase-like enzymes by all of the organ
homogenates investigated. The eye lens shows again a special position;
obviously, because of the lack of other aminopeptidases except LAP, it splits
both the abovementioned S-benzyl compounds very slightly (Table V).

VI. AUTOPROTEOLYSIS OF THE CELL
COMPONENTS AND PROTEOLYTIC
INTERACTIONS BETWEEN THEM

For an understanding of the intracellular degradation of proteins, in
addition to knowledge of the enzymes which participate in this process, their
intracetlular localization and the interaction of the cell components during
proteolysis are of great significance. Qur experiments performed with rat
liver showed that autoproteolysis in the subcellular fractions obtained by
differential centrifugation (nuclei, mitochondria, lysosomes, microsomes,
and cytosol} is not equal. but shows great differences in the various fractions
when expressed per milligram protein nitrogen (Figures 4, 5, 6, and 7). The
experiments were performed as in Fig. 1. The optimum of the pH activity
curve in all preparations is in the region between 3 and 4. It is noteworthy
that the hyaloplasma (cytosol} shows only a fraction of the autoproteolysis
of the whole homogenate (Fig. 1), and in comparison with the lysosomal
fraction it has only a very minimal activity, It 1s also noteworthy that in the
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lysosomal fraction there is a small, but always reproducible, optimum of
autoproteolysis around pH 7 -8. Such ir vitro experiments, 1.¢., with homog-
enized and then fractionated liver, at pH 6.8 show significant and charac-
teristic differences from in vive protein degradation of the liver as taken from
data in the literature (Bohley. 1968) (Table VI}. For example, the lysosomal

Table V1. Turnover Rates of Proteins of Subcellular
Fractions of Rat Liver in Vitro and in Vivo Expressed
as Percent Protein Degradation per Hour®

invitro In vive
Total liver proteins 1.6 1.0
Nuclear proteins 1.3 0.1)
Mitochondrial proteins 4.4 0.2
Lysosomes 59 <0.2
Microsomal proteins 1.1 0.5
Hyaloplasmatic proteins 0.6 >1.5

From Bohley (1968).

2All the data for protein degradation in vitro were obtained by
determinations of nonprotein N. Incubations were carried out in
027, Triton = 100 at pH 68 without addition of buffer. For
nuclear and hyaloplasmatic protcins of rat liver, the turnover
rates in rivo were not determined directly until now. Therefore, for
nuclei only the value for histones can be given in parentheses.
The in vfvo turnover rate for hyaloplasmatic proteins was calcu-
lated from the turnover rates of total liver proteins and of the
proteins of the particle fractions (hyaloplasmalic proleins equal
40", of total liver proteinsy.

proteins show the highest autoproteolysis in vitre among all cellular compo-
nents, while in vive they show the lowest. In contrast, the proteins of the
cytosol show the lower in vitro and the highest in vivo. The latter are the only
cellular proteins that have a higher protein turnover in vive than in vitro.
Taking into consideration the conditions of the in vitro and in vive experi-
ments, these differences seem to be understandable. In the in vitro expen-
ments, after homogenization the cell components are rapidly separated from
each other in the cold by centrifugation. The enzymes of the various cell
fractions cannot, or ¢an only in a very liimted way, act on each other, and
only under conditions of autolysis (37°C) can the proteolysis of their own
proteins begin. In the intact cell under /in vive conditions, the situation is
quite different since the enzymes in the various compartments can be co-
ordinated and regulated to act on the available protein. Accordingly, the
well-separated proteins of the particles are only slightly degraded. The
cytosol, as mentioned above (Fig. 7). has the lowest autoproteolytic capacity.
The high in vivo turnover rates of the proteins in the cytosol are the result of
their interactions with proteolytic enzymes. primarily of the lysosomes.
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According to these assumptions and interpretations, it was possible in
the course of further investigations to demonstrate the following:

1. The lysosomes possess a great multiphcity and high activity in their
proteolytic enzymes.

2. The lysosomes are able to attack in vitro the cytosol proteins from
the same cell from which they are obtained in conditions that are
comparable to in vive conditions.

For this purpose, fractionations of rat liver were performed according to
DeDuve et al. {1955) in order to allow lysosomal and cytosol fractions to
act separately and in combination on each other. In addition, RNA-free
cytosol proteins of molecular weight 70,000-15,000 {CP,) were prepared by
gel filtration (Sephadex G-75) in order to have a better-defined mixture of
cytosol proteins as substrate (Bohley et al., 1971).

At pH 6.9, this CP, fraction was degraded to peptides and amino acids
by the lysosomal fraction which had the highest specific activity of all sub-
cellular fractions and by the microsomal fraction practically up to only the
liberation of peptides. The mitochondrial and nuclear fractions and the cyto-
sol had significantly lower, or very low, degradative action on CP,.

VIl. PROTEOLYTIC ENZYME ACTIVITY OF
LYSOSOMES TOWARD THE CELL’'S OWN
CYTOSOL PROTEINS IN COMPARISON TO
FOREIGN PROTEINS AND SYNTHETIC
PEPTIDES

The finding that the proteolytic activity of a lysosomal fraction of rat
liver toward its own cytosol proteins (CP,) was higher at pH 6.9 than that
toward most usual protease substrates, i.c.. hemoglobin, led us to investigate
how one can define the proteolytic activities present in the lysosomes in
terms of enzymes with known specificities. For this purpose, the water-
soluble part of the lysosomal fraction was separated by high-speed centrifuga-
tion from the insoluble part {(membranes. mitochondria. and microsomal
contaminants) and subjected to several fractionation steps. The water extract
of the lysosomes (LS} was subjected to gel filtration of Sephadex G-75 (three
fractions: L120, L60, and L20); this was followed by an additional fractiona-
tion on an ion exchanger CM-Sephadex C-50 {fractions L20, C1-5 and L60,
C1-7). The individual fractions were tested for their specific proteolytic
activity toward synthetic and natural protease substrates {see Table VII).

Fraction L20 {(mol. wt. 10,000-30,000) showed the highest proteolytic
activity towards the cytosol proteins (CP,). The lowest proteolytic activity
was shown by fraction L120 (mol. wt. 80,000), which, similar to fraction L60
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(mol. wt. 40,000-80,000}), showed very little activity toward CP, and azo-
casein. With the CM-Sephadex C-50 fractionation, five fractions were
obtained which were active toward azocasein, and in L20C5 only one band
could be demonstrated with disc electrophoresis. In the other fractions,
there were two or more bands, among them some with endopeptidase
activity. These, on the basis of their behavior toward glutathione, EDTA,
and p-chloromercuribenzoate, could not be identified with the so-called
cathepsins A, B, C. and D. CP,, glucagon, and ribonuclease were well
attacked by the endopeptidases of L20. Only a certain fraction of hemoglobin
hydrolysis at pH 4.0 can be attributed to cathepsin D, since proteases of a
molecular weight below 50,000 are much more able to hydrolyze Hb due to
conformational changes brought about at pH 4.0. (For further details with
discussion, see Bohley er al., 1971.)

The endopeptidases may have a special significance as limiting enzymes
in the intracellular degradation of proteins. In order to clarify this question,
the relationship of the NH, nitrogen, determined in the TCA-soluble super-
natant after enzyme incubation. was compared with that obtained after
hydrolysis with 6 N HCL In order to inactivate the exopeptidase present in
CP,, which could further degrade the peptides formed from CP,, CP, was
heated prior to the incubation experiments. It was demonstrated in some
fractions of L.S that with the exclusion of exopeptidase activity the ratio of
NH, nitrogen after hydrolysis to NH, nitrogen before hydrolysis was 5;
1.e., peptides with an average of four to six amino acids per molecule were
present.

From the described experiments on the fractionation of lysosomes and
by use of synthetic and natural substrates as shown in Table VII, it is clearly
demonstrated that there are a large number of endo- and exopeptidases in
the lysosomes, which even at a neutral pH are able to degrade the cytosol
proteins of their own cells all the way down to amino acids, and these are
then available to the cell for further utilization.

VII. SIGNIFICANCE OF ENZYMATIC
REDUCTIVE CLEAVAGE OF DISULFIDE
BRIDGES FOR INTRACELLULAR PROTEOLYSIS

During intracellular degradation of proteins, not only peptide linkages
are split hydrolytically by the proteases. Also (o be taken into considera-
tion is the reductive cleavage of the disulfide bridges, present in many proteins,
in order to make these proteins accessible to the proteases. Without wishing
to generalize, we could show that insulin, which has three disulfide bridges,
15 degraded by a different molecular mechanism than is glucagon, which has
no disulfide bridges {Bohley et al.. 1971 : Ansorge et al., 1971, 1972). It seems
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Table VIL. Specific Activities of Liver Homogenates, Lysosomal Extract, and Lysosomal

Fractions of

" LS L20 L20C1 L20C2 L20C3 L20C5

A pH70
Cytosol proteins?

(CP,) 5 130 400 280 270 270 4200
Glucagon 20 280 450 290 330 520 1590
Ribonuclease’ 5 150 160 160 160 210 800
Polysyline? 310 30 160 30 740
Hemoglobin® 5 230 170 50 30 80 570
Insulin! 5 40 10 20 0 30 0
Insulin B chain? {oxid.)! 7 340 30 60 140 570
Z-Glu-Tyr, pH 5 30 30 0 0 0
Leu-g-Na*d 2 9 650 28 95 680 0
Bz-Arg-fi-Na* 1 4450 20 69 240 0
Bz-Arg-NAY I l 6 0 1 4 0
Bz-Arg-NH "

Gly-Phe-NH,'
Leu-Gly-NAC ] i 34 0 0 14 0
Leu-Gly-Gly" 16 65 220 0
Leu-Phe* 14 58 220 0
Leu-Phe
Z-Gly-Phe, pH 5

B. pH 4.0
Ribonuclease? 440 400 100 0 50 1880
Hemoglobin? 52 2190 1360 1000 270 310 194¢
Leu-Gly-Gly* : 39 270 0
Phe-Phe* 9 35 210 0

“The specific activities ol the lysosomal preparations tested for peptidases are expressed as the increase in
2-NH, nitrogen (ug) of the TCA supernatant for proteins and as pmoles of substrate cleaved for peptide
substrates after incubation time of 1 he at 37°C per mg protein N of the enzyme preparation. Assays at pH
70,001 m potassium phosphate buffer - assays at pH 4.0, 0.2 M potassium acetate buffer. Substrate concentra-
tions: proteins 06", (w v), peptides and peptide derivatives 107% to 2 x 107* M, f-naphthylamide and
p-nitroanilide 10 * m. Some other substrates tested at pH 7.0 and with L fractions give results similar to the
specific activities listed in the table: myoglobin and catalase similar to Hb: y-globulin and edestine similar to
insulin: Phe-Phe similar o Leu-Phe; and Leu-Gly-Gly-Gly, Leu-Leu-p-NA, and Gly-Gly-p-NA similar to
Leu-Gly-p-NA.

"G, homogenate.

LS. lysosomal extract

410 * M glutathione

“10 * M dithiothreitol

10 *MEDTA
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Enzyme Fractions Toward Various Substrates®
lysosomal extracts
L60  L60CI L6OC2 Le0C3 Le0C4 L60CS L60C6 Le0C7  L120 Trypsin
7 60 78 65 330 165 120 390 25 3510
180
10 165,000
20 7 0 0 25 125 0 0 330
80
50
20
L 3 3 0 0 ] 0 0
30 15 35 50 220 40 15 0 95
1330 35 55 205 2860 650 295 70
2370 6200 1000 1720
50 10 0 ] 5 0 0
925 1460 250 220 190 1830 600 290
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very likely that insulin is first degraded by a transhydrogenolytic step, and
then by proteolytic-hydrolytic reactions; this is brought about probably
with the participation of the proteolytic lysosomal enzymes. Contrary to the
findings of Mirsky (1964), who found a maximal rate of degradation of about
20 pg insulin/g liver/min, we established a ten times higher degradation rate
of insulin by liver, homogenate or subcellular fractions, when gluathione
(GSH, 1073 M) and EDTA (5 x 1073 M) were added and the experiments
performed with '2°1- or !*!T-labeled insulin (225 + 83 ug insulin degraded/g
liver/min). We have found values between 10 and 20 ug of insulin degrada-
tion in homogenates without GSH and EDTA activation, and in the cytosol
fractions with and without these additions. It is to be concluded from this
that in addition to the enzymatic systems of the cytosol with only a weak
degradative activity toward insulin that have so far been mainly recognized,
the liver possesses other. strongly active, GSH-dependent insulin-degrading
enzyme systems. It was possible to demonstrate conclusively that when
GSH and EDTA were added the microsomal fraction had by far the highest
capacity for proteolytic degradation of insulin, and it seems likely that the
degradation is started by the hydrogenolytic systems demonstrated by
Narahara and Williams (1959) and Tomizawa and Halsey (1959) in both
the microsomal and cytosol fractions. In both insulin-degrading fractions, a
transhydrogenolytic activity was demonstrated (Ansorge et al., 1971). At
acid pH value(4.0), only lysosomes can degrade insulin {and glucagon as well),
and this is also potentiated by the addition of SH reagents and EDTA. The
strongest SH-reagent-independent 2%1-glucagon degradation at neutral pH
is in the cytosol, whereas in the lysosomes at that pH one finds only 10-15%
of the value of the cytosol. The degradation of glucagon by the cytosol is,
moreover, inhibited by GSH and EDTA. With regard to insulin, we must
consider that more than one enzyme attacks this molecule, i.e., both the
hydrolytic peptide-splitting and the reductive transhydrogenolytic disulfide-
cleaving mechamsms.

IX. CONCLUSIONS

Experiments aimed at clarifying the mechanisms of intracellular prote-
olysis must take into consideration the fact that each cell contains several
thousand structural and functional proteins, including the numerous enzymes
with individually distinguishable turnover rates. This does not mean any-
thing else but that there are a great number of protein substrates present. At
the present time, it is not possible to make any statements as to which proper-
ties and conditions are decisive for the susceptibility of cell proteins to a
particular endopeptidase present among the large number of intracellular,
primarily intralysosomal. proteases, especially the endopeptidases. At any
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rate, it is certain that the low molecular weight substrates synthesized in an
ever increasing number since the investigations of Max Bergmann do not
suffice for the complete elucidation and characterization of the intracellular
endopeptidases, although they have been. and still are, invaluable for rapid
differentiation of proteases. One needs only remember that cathepsin A was
demonstrated to be a carboxypeptidase by the use of Glu-Tyr (and of
glucagon) (Jodice, 1967). Cathepsin C was also characterized by the use of
synthetic substrates as being a dipeptidy] transferase, in addition to having
hydrolytic properties, and today it is considered as an exopeptidase with
broad specificity for the splitting of N-terminal dipeptides from polypeptides
and from dipeptide naphthylamides (dipeptidylaminopeptidase I). It can be
differentiated specifically from other dipeptidylaminopeptidases (I1-1V) by
the use of synthetic substrates (McDonald et ol 1971). Similarly, this holds
for cathepsins B, and B,. Even cathepsin D, for which up to now no typical
synthetic substrates were known, can possibly (according to the investigation
of Keilova, 1971) be characterized with low molecular weight peptides for
substrate, such as Gly-Phe-Leu-Gly-Phe or Gly-Phe-Leu-Gly-Phe-Leu, as
splitting N-terminal dipeptides, with the carboxyl end of phenylalanine as
the preferred splitting site. In all investigations on substrate specificity in
the last years, substrates with natural sequences, such as glucagon, angioten-
sin, and ACTH and primarily the oxidized B chain of insulin, have been
increasingly utilized. On the basis of the findings with the last substrate,
we have made an attempt to derive some regularities for the specificity of
endopeptidases (see Bohley. 1968; Bohley et al, 1971; Keilova, 1971). In
general, one can conclude that intracellular peptidases preferentially split
peptide linkages which consist of hydrophobic amino acids and that in the
oxidized B chain of insulin the most frequently and rapidly hydrolyzed
peptide bonds are the ones between amino acids 11-18 and 23-27.
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CHAPTER 12

SYNTHESIS OF HUMAN ACTH AND
ITS BIOLOGICALLY ACTIVE FRAGMENTS

Kdlmdn Medzihradszky

Institute of Organic Chenusiry
Eotvds L. University
Budapest, Hungary

I. INTRODUCTION

Of the numerous biologically active polypeptides of the anterior
pituitary, the adrenocorticotropic hormone (ACTH} has been the most
thoroughly investigated. The corticotropins have been isolated in chemically
pure form from four different species, and their primary structures were
established by several research groups. Thus the porcine hormone (Bell,
1954; Bell et al., 1956; Shepherd er al., 1956ah; White and Landmann,
1955), the sheep hormone {Li et al., 1955), the bovine hormone (Li et al,
1958), and the human hormone (Lee er al., 1961) all proved to be single
polypeptide chains consisting of 39 amino acid residues with an essentially
identical sequence, which is different and species-characteristic at the 25-33
positions only (Fig. 1).

According to recent findings (Graf et al., 1971 ; Riniker et al., 1972), it
is very likely that in the case of human and porcine corticotropins the
seemingly well-established structures, supported by synthesis, need revision.
As indicated by these investigations, both hormones contain asparagine
instead of aspartic acid at position 25 and glutamic acid instead of glutamine
at position 30. Furthermore, the sequence of the human hormone is reversed
at positions 26-27: instead of Ala-Gly, the correct structure is Gly-Ala.
Correspondingly, the amino acid sequence in the species-specific part is

25 33
Porcine: -Asn-Gly-Ala-Glu-Asp-Glu-Leu-Ala-Glu-
Human: -Asn-Gly-Ala-Glu-Asp-Glu-Ser-Ala-Glu-

259



260 Chapter 12

1 2 a 4 5 & 7 B 9 10 11 12 13 14 16 16 17 18 19

Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys- Pro-Val-Gly- Lys-Lys-Arg-Arg-Pro-

20 21 22 23 24

Val-Lys-Val-Tyr-Pro-

25 26 27 28 23 30 31 32 33
xp—ACTH -Asp-Gly-Ala-Glu-Asp-Gin-Leu-Ala-Glu-
% ,-ACTH -Ala-Gly-Glu-Asp-Asp-Glu-Ala-Ser-Gln-
o, -ACTH -Asp-Gly-Glu-Ala-Glu-Asp-Ser-Ala-Gin-
2 -ACTH -Asp-Ala-Gly-Glu-Asp-GlIn-Ser-Ala-Ghu-

34 36 36 37 -] 339

-Ala-Phe-Pro-Leu-Glu-Phe

Fig. t. Primary structures of corticotropins.

The observations that the whole molecule (containing all of the 39
amino acid residues) is not necessary for biological activity of the adreno-
corticotropic hormone and that the smaller fragments containing the
sequences 1-28 and 1-24 possess the full biological activity of the hormone
greatly promoted the efforts to synthesize peptides with corticotropic activity.

The first publication on the synthesis of a biologically active ACTH
fragment containing the first 20 amino acid residues appeared in 1956
(Boissonnas et al., 1956). During the following decade, this pioneering work
has been followed by the synthesis of a great number of different cortico-
tropin fragments and, eventually, by the successful synthesis of the complete
molecule of porcine and human corticotropins. Table I (p. 269} lists synthetic
fragments described in the hterature containing the first ten or more amino
acid residues.

II. SYNTHESIS OF HUMAN ACTH

The Hungarian peptide chemists entered the ACTH field relatively
early, first aiming at the synthesis of the N-terminal 1-28 octacosapeptide
fragment of porcine corticotropin. This was the smallest isolated and
characterized fragment, from the partial enzymatic degradation experi-
ments, with full biological activity (Bel! #r al, 1956). At that time, there was
only indirect evidence for the existence of a fully active 1-24 tetracosapep-
tide fragment.

Although in this chapter I wish to describe the synthesis of human
corticotropin, it 1s essential to briefly consider our earlier work on this topic,
since it served as a basis for our later synthetic studies.
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In our first experiments, the octacosapeptide was constructed by
coupling three peptide fragments with the following structures:

Z-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-N, H, (sequence 1-9)

Z-Gly-Lys(Tos)-Pro-Val-Gly-Lys(Tos)-Lys(Tos)-Arg-Arg-Pro-Val-
Lys(Tos)-OH (sequence 10-21)

H-Val-Tyr-Pro-Asp(OEt)-Gly-Ala-Glu(OEt)-OEt (sequence 22-28)

Tosyl protection of the s-amino group of lysine permits the selective
removal of the terminal carbobenzoxy groups, which in turn can be split off
by sodium-ammonia reduction simultaneously with the tosyl groups in the
last step of the synthesis. [t might be pointed out that although use of alkyl
esters 1s not advantageous, we have employed these protecting groups in
place of benzyl esters in order to avoid the unwanted partial splitting of the
latter derivatives during the hydrogen bromide-acetic acid cleavage of the
carbobenzoxy groups (Bayer et al., 1961).

Synthesis of the N-terminal nonapeptide hydrazide (Medzihradszky et
al., 1962a.b) was performed according to the schema in Fig. 2.

The protected tetrapeptide hydrazide Z-Ser-Tyr-Ser-Met-N,H, was
known (Hofmann et al., 1957) and was later also described by Li et al. (1961).
In the synthesis of this compound, removal of the carbobenzoxy group from
Z-Ser-Met-OMe was accomplished by catalytic hydrogenolysis in the
presence of hydrochloric acid. Hydrogenolysis in the presence of bases (e.g.,
triethylamine), which proved to be useful for the decarbobenzoxylation of
methionine derivatives (Medzihradszky and Medzihradszky-Schweiger,
1965; Medzihradszky-Schweiger and Medzihradszky, 1966), could not be
applied because of the possibility of diketopiperazine ring formation. As can
be seen from Fig. 2, coupling of the fragments was carried out via the azide
route to diminish the danger of racemization. Peptide azides were generally
prepared in dimethylformamide solution and were not isolated before

1 k] 3 A4 3 [ 7 L] v

Sur Tyr Ser Mat Gly His Phe Arg Tip
4 O 1 OMe
I ————ee——emis g Hr——————eee QM I-EOH H OMe
z Ote 2 OMe
z g OMe
1 OMe
2 Nyhy Obe
I OMe
1 Naby

Fig. 2. Synthesis of the N-terminal nonapeptide hydrazide.
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10 n Ll 13 4 15 LRl ] 177 B L ki n
Gly Lys Pio Yal Gly Lys Lys Arg Arg Pro  Yal Lys
z—-h—“om
z—mn,n, Hmom I{Cy}————MNzH, H —l;T,O""
(1) OMs 2 o T OMe z(c1) T, OMe
I(C1) HaHy H I T, OMe I—OH H T OMe
2{Ci)~ T Lu?"' 4 T OMe
I et ¥ Ties oM 1——OHH Tres O™
I Tros Tos Lot ? T O
I T oo IT:"‘J H T OMe
z Utes Uas Ttes T OM
z Uos Ttos Ltos Ty OH

Fig. 3. Synthesis of the dodecapeptide containing the 10-21 amino acids.

coupling. The protected nonapeptide hydrazide was crystallized from a
dioxane-water mixture.

As shown in Figs. 3 and 4, the dodecapeptide derivative containing the
sequence 10-21 was prepared by the coupling of two fragments, the hepta-
peptide 10-16 and the pentapeptide 17-21. The latter fragment was syn-
thesized by two different routes using protected (nitro group) or unprotected
arginine (Bajusz and Lénard, 1962 ; Bajusz et al., 1962).

In this synthesis, the azide method was employed for fragment con-
densation and the p-chlorocarbobenzoxy group as the amino protector
(Kisfaludy and Dualszky. 1960). Purification of the nitro-substituted arginine
compounds was easier than that of the unprotected peptides.

17 AL 9 10 n
Arg Arg Pro Yot Lys
S TroOMe
"o, T oM
o, o, oM
H o OM

Fig 4. Alternative route for the 17-21 penta-
peptide synthesis.
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22 13 24 15 2% 7 E ]
Yal Tyr Pto Asp Gly Ala Glu
I— OFt
OFt

t Lok
1(CH) I 0?:4 H — !(')Et
H{C1 ) mrrr—erer————OMe 1{C1) o6 oot
I(Cl)mrro————eNaH; M o Lo:?h
e Lo e
H Log G

Fig. 3. Synthesis of the C-terminal heptapeptide.

The synthesis of the C-terminal heptapeptide derivative {Kisfaludy and
Dualszky, 1962 Kisfaludy et al., 1962) is depicted in Fig. 5. As was the case
in the synthesis of the dodecapeptide derivative (Fig. 3), the use of the p-
chlorocarbobenzoxy group as the amino-protecting function in the synthesis
of the C-terminal heptapeptide derivative permitted the isolation of several
mtermediates, as well as of the final product in crystalline form.

Coupling of the three fragments was accomplished by several different
techniques. The protected octacosapeptide was obtained in chromatog-
raphically pure state by dissolving in hot methanol and cooling to room
temperature {Bruckner er al, 1962). After deblocking in sodium-liqmd
ammonia, however, the biologically active free octacosapeptide could be
isolated in homogeneous form only by preparative electrophoresis. Although
the intensive study of numerous model compounds showed that under
strictly anhydrous conditions the bond splitting known from the literature
{(Hofmann et al, 1960) does not take place (Bajusz and Medzihradszky,
1963), it was clear that this degradation could not be fully avoided in the
case of the rather complex octacosapeptide containing many tosyl groups
and certainly some water as well,

These difficulties in the final step of the octacosapeptide synthesis forced
us to look for protecting groups which would give unequivocal results in the
deprotection procedure. This we found in the combination of the ters-
butyloxycarbonyl and tert-butyl ester groups, elaborated by Schwyzer and
his coworkers. Furthermore. aiming at the synthesis of a series of sequential
homologues for studying relationships between biological activity and the
growing number of amino acid residues in the peptide chain, we sought for
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Fig. 6. Synthesis of the N-terminal tetradecapeptide.

a key compound which could serve as a preferable starting material for the
synthesis of all the larger fragments. For this purpose, the partially protected
N-terminal tetradecapeptide of the corticotropin was selected. The synthesis
of this intermediate is outlined in Fig. 6.

Synthesis of the protected N-terminal tetrapeptide hydrazide has been
described by Iselin and Schwyzer (1961), and we changed only some of the
experimental procedures. Building up the tripeptide sequence Glu-His-Phe
similarly to the schema shown for the previous synthesis in Fig. 2, we found
a simple process with excellent vield for the preparation of Z-Glu(O1Bu)-OH
(Medzihradszky et al, 1967b). The required tripeptide hydrazide was pre-
pared in crystalline form from the tripeptide diester by selective hydrazinoly-
sis. The C-terminal half of the tetradecapeptide was synthesized essentially
by the stepwise method. After saponification and hydrogenolysis, compound
H-Arg-Trp-Gly-Lys(BOC)-Pro-Val-Gly-OH was acylated with the Z-
Glu(OtBu)-His-Phe-N,H; tripeptide hydrazide without isolating the inter-
mediate azide. Repeated hydrogenolysis and coupling with the N-terminal
tetrapeptide azide led to the desired protected tetradecapeptide, which was
obtained in pure state after column chromatography on silica gel and was
converted to the hydrochloride (Bruckner er al, 1966: Bajusz and
Medzihradszky, 1967 : Medzihradszky et al., 1973a).

The synthetic steps leading to the C-terminal tetradecapeptide are
shown in Fig. 7. The intermediate peptides 20-24 and 25-28 were first
coupled, and the resulting C-terminal nonapeptide (20-28) was hydrogenated
and acylated with the Lys-Lys-Arg-Arg-Pro pentapeptide (sequence 15-19).
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The presence of five basic residues made this synthesis rather laborious,
whereas by the advantageous distribution of the proline residues the danger
of racemization could be avoided. In addition to the tert-butyl ester and
tert-butyloxycarbonyl protection, the tyrosine hydroxyl function was also
blocked by conversion into tert-butyl ether. By building up the C-terminal
fragment, stepwise synthesis, using N-hydroxysuccinimide esters, was
successfully applied (Low and Kisfaludy. 1965).

The combination of the two tetradecapeptides was the object of an
intensive study (Medzihradszky and Bajusz, 1968). Although, in principle, a
great number of coupling procedures can be used for acylation with a glycine-
terminating peptide, mixed anhydride synthesis always gave unsatisfactory
results. We believe that either the formation of the anhydride was hindered, or,
once formed. it decomposed during the slow acylation process between the
relatively large molecules. With the p-nitrophenyl ester method, the yield of
the ester prepared from p-nitrophenyl sulfite was very low, while the dicyclo-
hexylcarbodiimide procedure led to the formation of the dicyclohexyl urea
derivative of the BOC-tetradecapeptide. Direct coupling in the presence of
DCCI also gave significant amounts of urea derivative. which could be
separated by silica gel column chromatography only with great losses of the
desired octacosapeptide. We obtained, however, a very good conversion
with DCCI in the presence of pentachlorophenol using these reagents either
directly (Bajusz and Medzihradszky, 1967) or in the form of their previously
prepared complex (Kovacs et al.. 1967).
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Fig. 7. Synthesis of the C-terminal tetradecapeptide.
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The protected octacosapeptide was purified on silica gel column, de-
blocked by dissolving in trifluorcacetic acid containing some mercapto-
ethanol. and converted into the acetate salt. Pure product could be obtained
by deblocking the crude protected octacosapeptide in the same way, fol-
lowed by an ammonium acetate buffer gradient elution on carboxymethyl-
cellulose column. The free peptide possessed essentially the same biological
activity as the natural corticotropins (Bruckner et al., 1966; Bajusz and
Medzihradszky, 1967 : Medzihradszky et al.. 1967a: Bajusz et al., 1973a).

Having in our possession the octacosapeptide intermediates, it did not
seem too difficult a task to synthesize the complete sequence of human
corticotropin, whose structure had been established by Lee et al. (1961).

This synthesis was justified from several points of view, Although partial
hydrolysis and synthesis of fragments proved that the N-terminal half of the
corticotropins possesses the characteristic biological activity, it was evident
that immunological activity required the presence of the species-specific
C-terminal part as well. Moreover, one could speculate that the intact
molecule’s lifetime is longer. its resistance against proteolytic enzymes is
greater. and possibly the transport properties and perhaps the spectrum of
steroids produced under the stimulatory influence of the hormone are dif-
ferent from those of the smaller fragments. Mainly because of the above-
mentioned propertes, the molar biological activity of the intact hormone is
about twice as high as that of the N-terminal half, whereas the activities on
a weight basis are similar. Since the natural hormone is not easily accessible,
closer investigation of these phenomena can be attained with synthetic
product only.

For the synthesis of human adrenocorticotropic hormone (Bajusz et
al., 1967, 1968), the 1-14. 15-19. and 20-24 fragments of the octacosapeptide
synthesis could be used without any modifications. Quite new synthetic
work was necessary. however, to build the C-terminal 25-39 sequence,
although some of the intermediates had been prepared previously (Bajusz
and Lazar, 1966). Using these smaller peptides, the pentacosapeptide consist-
ing of the 15 39 amino acid residues was synthesized by two alternative
routes (Fig. 8). In route A, two pairs of four polypeptides were coupled to a
decapeptide and to a pentadecapeptide. respectively. The decapeptide 15-24
obtained in this way was converted to the pentachlorophenyl ester deriva-
tive, and this in turn was coupled to the C-terminal pentadecapeptide ester.
The first step in route B was the synthesis of the centrally positioned, 20-27,
octapeptide, followed by the acylation of the C-terminal dodecapeptide
with this product. The resulting icosapeptide ester was lengthened at the
N-terminus with the 15- 19 pentapeptide. containing the basic core of ACTH.
The pentacosapeptides obtained by the two different procedures were
identical in every respect.
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Coupling the 1-14 and 15-39 components to produce the protected
human adrenocorticotropin was performed with the aid of the dicyclo-
hexylcarbodiimide—pentachlorophenol method, which we used previously
in the synthesis of the octacosapeptide. The pure, homogeneous product
{thin layer chromatography, paper and gel electrophoresis) proved to be
identical to the natural human ACTH in all biological activities, including
radiobioassay*. 1t 1s noteworthy to mention that clinical trials have shown
that the synthetic hormone could be given to patients having an anaphylactic
response to highly purified porcine ACTH (Kovacs et al., 1968) without any
side-effects.

Having synthesized human corticotropin according to the structure
proposed by Lee er al. (1961), we were able not only to determine its biological
activities but also to compare its chemical properties with those of the
natural hormone. To our surprise, the synthetic polypeptide did not show a
tendency for deamination at pH 10. a property exhibited by a fragment con-
taining the 22 39 sequence which was obtained from papain-catalyzed
partial hydrolysis of natural human ACTH (Graf et al., 1971). This deamina-
tion 15 also shown by natural porcine ACTH and can be explained by the
presence of an Asn-Gly bond at positions 25-26 rather than Asp-Gly as
was originally proposed (Shepherd er al.. 1956b). We assume that human
corticotropin also contains a similar sequence at this point. The same
suggestion was made by Riiker er al. (1972) based on similar observations.
Thus the structures of porcine and human corticotropins differ only at posi-
tion 30 (Leu in porcine and Ser in the human hormone), a fact that makes
the interpretation of therr immunological specificity more difficult. In view
of our experience with our previous synthesis, we were able to synthesize
human corticotropin with the proposed new structure with only minor
changes in the synthetic pathway described above (Bajusz er al., 1973h).

1. SYNTHESIS OF SEQUENCE HOMOLOGS
OF CORTICOTROPINS

Once the synthesis of a natural product such as a polypeptide is
completed, it is most interesting to study the relationship between structure
and biological activity. One approach toward that end is the synthesis of
fragments of the original molecule with different chain lengths. The poly-
peptides listed in Table 1 have been prepared mainly for this purpose.
Investigations of the biological properties of these compounds have
contributed considerably to the determination of the active center of this
hormone and identification of the structural requirements for the different
biological activities of the molecule.

*Personal communication tfrom Dr. R. S, Yalow, Veterans Administration Hospital, Bronx,
N.Y.
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Table L. Synthetic ACTH Fragments

Fragment

ACTH-(1-10}-decapeptide

ACTH+{I1-11)-undecapeptide amde
ACTH-{1 12)-dodecapeptide amide
ACTH-{1-13)-tridecapeptide amide

ACTH-(1-14)-tetradecapeptide amide
ACTH-(1-15)-pentadecapeptide amide
ACTH-(1-16)-hexadecapeptide

ACTH+1-16)-hexadecapeptide methyl ester

ACTH-{1 -16)-hexadecapeptide amide
ACTH-{l- 17)-heptadecapeptide
ACTH-{|l-17)-heptadecapeptide amide

ACTH-(1-18)-octadecapeptide
ACTH-(1- 18)-octadecapeptide amide

ACTH-{1-19)-nonadecapeptide

ACTH-(1-19}-nonadecapeptide amide

ACTH-(1-20)-icosapeptide methyl ester
ACTH-(1-20}-icosapeptide amide

ACTH-(1-21)henicosapeptide amide

ACTH-(1-22}-docosapeptide amide
ACTH<(1-23)-tricosapeptide
ACTH-(1-23)-tricosapeptide amide

ACTH-{1- 24)etracosapeptide
2y,,~ACTH-(1-26)-hexacosapeptide
ap-ACTH-(l -28)-octacosapeptide

%,~ACTH-(1-28)-octacosapeptide
o, -ACTH-(1--32)-dotriacontapeptide

Relerence

Hofmann and Yajima (1961)
Otsuka er af. (1965)

Li et al. {1964}

Schwyzer and Kappeler (1961)
Medzihradszky and Pongracz (1973)
Medzihradszky and Pongracz (1973)
Hofmann and Yajima (1961)
Gurtmann and Boissonnas (1961)
Bajusz and Medzihradszky (1967)
Bajusz and Medzihradszky (1967)
Hofmann et al. (1962a)

Schwyzer ef al. (1962}

Bajusz and Medzihradszky {1967)
Li et al. {1964b)

Ramachandran et af. (1965)
Bajusz and Medzihradszky (1967)
Otsuka et al {1965)

Otsuka et al. (1965)
Ramachandran et al. {1965)
Bajusz and Medzihradszky (1967)
Liet al (1961)

Hofmann et al, (1962d)

Li et ai {1964a)

Ramachandran et al. {1965)
Bajusz and Medzihradszky (1967)
Boissonmnas ¢ al. (1956)

Hofmann et al. (1962¢)

Bajusz and Medzihradszky {1967)
Geiger ¢t al. (1964)

Bajusz and Medzihradszky (1967)
Geiger et al, (1964)

Hofmann et af, (1962b)

Geiger et al. (1964)

Gelger et al. {1969)

Schwyzer and Kappeler (1963)
Ramachandran and Li (1965)
Bruckner ¢t al. (1962)

Bruckner ei al. (1966)

Kisfaludy and Low (1968)
Kisfaludy and Low (1968)
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As mentioned previously, preparation of the N-terminal protected
tetradecapeptide was undertaken partly in order to synthesize sequential
homologs containing more than the terminal 14 amino acid residues.
Therefore, a series of peplides, listed in Table 11, was synthesized and com-
bined with the N-terminal tetradecapeptide to produce the 1-15, 1-16, 1-17,
1-18, 1-19, 1-20, and 1-21 polypeptide amides (Bajusz and Medzihradszky,
1967). The amides were selected because they show a higher biological
activity compared to the free carboxylic acids with the same amino acid
sequence.

Table I1. Structures of Amino Components for the Synthesis of ACTH Fragments

Product Amino component
ACTH-(1 -15)-pentadecapeptide H-Lys(Boc)-NH,
amide
ACTH-(1-16)-hexadecapeptide H-Lys(Boc)-Lys{Boc)-NH,
amide
ACTH-(1-17)-heptadecapeptide H-Lys(Boc)-Lys(Boc)-Arg-NH,
amide
ACTH-(1-18)-octadecapeptide H-Lys(Boc)-Lys(Boc)-Arg-Arg-NH,
amide
ACTH-(1-19)-nonadecapeptide H-LysiBoc)-Lys(Boc)-Arg-Arg-Pro-NH,
amide
ACTH-(1-20)-icosapepiide amide H-Lys(Boc)-Lys(Boc)-Arg-Arg-Pro-Val-NH,
ACTH-(1-21)-henicosapeptide H-Lys{Boc)-Lys(Boc}-Arg-Arg-Pro-Val-Lys(Boc}-NH,,
amide

Synthesis of the amino components recorded in Table 11 is outlined in
Fig. 9. For the preparation of these peptide derivatives, Z-Lys(BOC)-
Lys{BOC)-N,H, served as the starting material ; coupling with nitroarginine
amide or with nitroarginyl-nitroarginine amide led to the synthesis of the
corresponding tri- and tetra-peptides, the C-terminal moieties of the 1-17
heptadecapeptide and the 1-18 octadecapeptide, respectively. To obtain the
15-19 fragment, the 17-19 tripeptide containing the Arg-Arg-Pro sequence
was prepared, followed by its acylation with Z-Lys(BOC)-Lys(BOC)-N,.
Activated ester derivatives of the resulting pentapeptide were suitable
intermediates in the synthesis of the 15-20 and 15-21 protected peptides.
The coupling of these derivatives with the N-terminal tetradecapeptide and
the deblocking and purification procedures for obtaining the final product
were similar to those mentioned earlier. As these sequence homologs are
found in the nonspecific part of the molecule of the adrenocorticotropic
hormone, they can be regarded as fragments of all the known corticotropins.
Their biclogical activities will be discussed later.
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For the synthesis of corticotropin fragments, which contain the
species-specific sequence of the human hormone, we have prepared the 1-28
polypeptide according to the scheme employed in the synthesis of the porcine
octacosapeptide, and subsequently the 1-32 fragment (Kisfaludy and Low,
1968). In these syntheses, the amino acid sequence at 25-28 was changed
from Asp-Gly-Ala to Asp-Ala-Gly.

For the preparation of the 1- 32 fragment, the octapeptide N-hydroxy-
succinimide ester containing the 20-27 amino acid sequence (used in the
human ACTH synthesis) was employed for the acylation of the pentapeptide
derivative H-Glu(OtBu)-Asp(OtBu)-GIn-Ser-Ala-OtBu (sequence 28-32).
The latter compound was synthesized by the stepwise procedure. The remain-
ing steps for the completion of the 1-28 and 1-32 syntheses were similar to
those used in the preparation of the porcine octacosapeptide.

After the revision of the primary structure of the human ACTH, the
abovementioned peptide fragments were prepared according to the new
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sequence as well, with Asn in place of Asp at position 25, Glu in place of Gln
at position 30, and the change of Ala-Gly to Gly-Ala in the 26-27 sequence
(Kisfaludy and Low, 1973).

IV. BIOLOGICAL ACTIVITY OF THE SYNTHETIC
PEPTIDE FRAGMENTS

In its direct or indirect biological effects, the adrenocorticotropic
hormone is one of the most many-sided active substances in the living
organism. An excellent compilation of these effects known until 1961 is
given in Li {1962). The most characteristic properties of ACTH are un-
doubtedly the stimulatory effects on the adrenal cortex and the adipokinetic
and melanocyte-stimulating activities. Biological evaluation is carried out by
measuring stimulation of the adrenal cortex by one of the following tests:
depletion of ascorbic acid in vivo (Sayers et al.. 1948) in hypophysectomized
rats or animals with chemically blocked hypophysis function ; measurement
of the produced steroids in vitro by the Saffran and Schally (1955) technique,
whose in vive modification was worked out by Guillemin et al. (1959); and
direct isolation of the steroids from adrenal venous blood, as proposed by
Lipscomb and Nelson {1962).

The adrenal cortex stimulating activity of our synthetic products was
determined mainly with the Sayers test* and their adipokinetic activity by
the procedure described by White and Engel (1958).1 Table III shows the
biological activities of the synthesized peptides; corticotropic activity is
expressed as International Units per milligram and adipokinetic activity
in the minimal effective dose (micrograms per milliliter). Some of these
biological data were published in Bajusz and Medzihradszky (1967),
Medzihradszky and Bajusz (1968), and Szporny et al (1968a.b).

V. CONCLUSIONS

On the basis of these data, the following conclusions can be drawn
regarding the relationship between biological function and chain length of
corticotropin fragments. The adrenal cortex stimulating activity seems to
appear at the 1-13 and 1-14 oligopeptides, although a significant level of
activity appears with the 1-15 and 1-16 peptide amides. From then on, the
activity mecreases gradually, reaching the value possessed by the intact
corticotropin molecule at the nonadecapeptide amide level when it is

*These measurements were kindly performed in the Pharmacological Laboratory of the Chemical
Works of Gedeon Richter {leader Dr. L. Szporny).

Dr. Gy. Cseh cooperated in this determination {Research Institute for Pharmaceutical
Chemistry).



Synthesis of Human ACTH 273

Table II1. Biological Activity of Synthetic Corticotropins and Corticotropin Fragments

Lipid mobilization,

Sterotdogenesis minimum effective dose,

(IU/mg) (pg/mi)
ACTH-(1-15)-pentadecapeptide amide 0.2-0.5 0.15
ACTH-(1-16)-hexadecapeptide amide 14 0.027
ACTH-(1-17)-heptadecapeptide amide 10.0 0.0033
ACTH-{1- 18)-octadecapeptide amide 27.5 0.0038
ACTH-{1-19)-nonadecapeptide amide ~100 (L0060
ACTH-(1-20}-icosapeptide amide ~100 0.0027
ACTH-(1-21)-henicosapeptide amide ~ 100 0.0055
%.e-ACTH-(1-28)-0ctacosapeptide 107-147 0.0020
#.q-ACTH-(1-28)-octacosapeptide 69-115 —
ey -ACTH-(1-32)-dotriacontapeptide 70-129 —
o,~-ACTH-(1-32)-dotriacontapeptide 130 -
oy -ACTH 78 153 0.0057
2,-ACTH 130 —

expressed in units per milligram. The role of the basic amino acids (sequence
15-18) in increasing the biological activity of the ACTH fragments is clearly
seen, and this activity-basicity relationship is also reflected in the higher
potency of the amides compared to the corresponding derivatives having a
free carboxyl terminus. Since small but not negligible activity is shown by
the shorter N-terminal sequences, this part of the molecule can be regarded
as the active center. There are suggestions that the basic core serves as the
binding site to the hormone receptor (Schwyzer, 1968). It must be empha-
sized that reliable biological evaluations can be best made when the same
laboratory under standard conditions carries out the comparisons of the
various substances. This has been done in the investigations carried out, for
example, by Ney et al. {1964) and in the collected results given in Table I11.

The adipokineticactivity of the ACTH fragments also varies greatly with
the length of the peptide chain. Activity appears in the N-terminal tetra-
decapeptide sequence and increases as the length of the peptide chain
increases. The maximal activity is reached at the heptadecapeptide amide
level, and it is not changed by further lengthening of the molecule at the
carboxyl terminus.

It is interesting to note that the octacosapeptide molecule is more
active than the intact hormone in a biological effect that can be both adrenal
and extra-adrenal in nature: the increase of blood flow in the adrenal cortex
and in the ovaries (Stark er al.. 1970). In this function, even the 1-14 fragment
possesses significant activity. Shortening of the peptide sequence causes a
separation of the adrenal and extra-adrenal effects.
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Besides studying the relationship between chemical structure and
biological activity, our laboratory is now involved with problems related to
the mechanism of action of the corticotropin. In the course of these investi-
gations, and applying slightly modified synthetic routes, we have prepared
the **C- and tritium labeled 1-10 peptide fragment (Medzihradszky et al.,
1970, 1973h) and furthermore the tritium- and '*C-labeled N-terminal hepta-
decapeptides (Medzihradszky et al., 1973¢). Synthesis of other labeled hor-
mone fragments as well as their use in the study of the mechanism of action
of ACTH is in progress.
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CHAPTER 13

SYNTHESIS OF
PURE POLYPEPTIDE HORMONES WITH
FULL BIOLOGICAL ACTIVITY

Erich Wiinsch

Max-Planck-Institur fiir Biochemie
Abteilung fir Pepridchemie
Miinchen, Germany

I. INTRODUCTION

In the synthesis and isolation of naturally occurring macromolecules,
especially polypeptides, the two major methods of purification employed in
organic synthesis, namely, recrystallization and fractional distillation, are
usually not applicable. Only in the so-called lower region of smaller peptides
or in a very few special cases is it possible to obtain pure materials by crystal-
lization: in the so-called upper region of larger peptides, crystallization is
successful only if preceded by other methods of purification. The present
sitnation of research into the purification of polypeptide hormones can be
comprehensively considered using as examples the total syntheses of the
hormones glucagon, secretin, and [leucine-15]-human gastrin I, an analogue
of the natural product.

II. GLUCAGON
A. Pathway of Synthesis

After several years of work, the first synthesis of glucagon was success-
fully carried out by my research group (Winsch, 1967, 1968; Wiinsch
and Wendlberger. 1968a) by fragment condensation of the five synthetic
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fragments
H-Met-Asn-ThritBu)-OtBu (Wiinsch et al., 1965)
NPS-Phe-Val-Gln-Trp-Leu-OH (Wiinsch and Drees, 1967)

NPS-Ser(tBu)-Arg{HBr)-Arg-Ala-Gln-Asp(OtBu)-OH (Wiinsch and
Wendlberger. 1968b)

NPS-Thr(tBu)-Ser(tBu)-Asp(Ot Bu)-Tyr(t Bu)-Ser(tBu)-Lys(BOC)-
Tyr(tBu)-Leu-Asp{OtBu)-OH (Wiinsch et al., 1968a)

AdOC-His(AdOC)-Ser{tBu)-GIn-Gly-Thr(tBu)-Phe-OH {Wiinsch et
al.. 1968h)

according to the scheme shown in Fig. 1.

Without discussing details of the synthesis, I would like to mention that
all polylunctional amino acid residues were applied with masked third func-
tions: the hydroxyamino acids as tert-butyl ethers, the aminodicarboxylic
acids as o-rerr-butyl esters. lysine as e-ter-butyloxycarbonyl derivative,
arginine in its guanido protonated form, histidine as N'™-adamantyloxy-
carbonyl derivative and the C-terminal amino acid as «-fert-butyl ester. In

NPS-(22—|26)-OH H-(27T29)-0tBu

J

NPS-(22-29)-0tBu

NPS-(16-21)-OH  H-(22:29)-OtBu

>
NPS(16-29)-0tBu

+
NPS-(7716)-OH  H-(16;29)-0tBu

+
NPSf(772|9)~OtBu

!
AdOC-(1-6)-0H  H-(7-29)-OtBu

i
0C-(1 *29 o TFA H-(1-29)-0H
Ad -( - ). tBu 1 Dowex-4 (OH™ form)’ “irnpure’ synthenc
2 CH,CO.H glucagon

Fig. 1. Reuction scheme for the synthesis of glucagon.
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other words, only those protective groups were used which can finally be
removed simultancousty by the triftuoroacetic acid treatment.

B. Purification (Wiinsch et al., 1968¢)

The impure glucagon obtained by the aforementioned method could
easily be separated into two major fractions, A and B, by gel filtration on
Sephadex G-50 (Fig. 2). Fraction B proved to be the desired nonacosa-
peptide with the characteristics of the hormone, as could be seen by a thin
layer chromatogram comparing it to the natural product. Under conditions
employed for the natural hormone, the purified synthetic material crystal-
lized in the shape of beautifut rhombic dodecahedra (Fig. 3). By this crystal-
lization, a further purification was possible, representing one of the few cases
in the chemistry of naturally occurring peptides where this can be done.

The decisive tests of purity. which at the same time represent proofs of
identity between the natural product and the synthetic material, were
obtained by the foltowing analytical determinations:

1. Comparison of the amino acid analyses of “‘impure glucagon,”
fractions A and B, and natural glucagon with respect to a quantita-
tive amino acid determination. The values for the synthetic and for
the natural product were 85.5 -+ 0.5 % within the range of error.

2. Comparison of the ultraviolet absorption curves of synthetic and
natural glucagon. They proved to be almost identical to each other
and different from the curve obtained with “‘impure glucagon.”
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Fig. 2. Gel fitration of synthetic glucagon. Sephadex (G-30 column ; elution
by 0.5" acetic acid.
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Fig. 3. Photomicrograph of synthetic crystalline glucagon.

3. Optical rotatory dispersion measurements of natural and synthetic
glucagon. The course of the two curves (Fig. 4) shows almost com-
plete identity, including the Cotton effect with a trough at 233 nm.
This Corton effect proves the existence of a partial x-helical struc-
ture. and it is characteristic for this peptide hormone.
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Fig. 4. Optical rotatory dispersion of natural crystalline glucagon (solid line) and
synthetic crystalline glucagon {dashed line) (¢ = 0.02 tn 0.02 % acetic acid),
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Fig. 5. Blood glucose and plasma insulin response to
intravenous injection of | mg synthetic (dashed line) and
natural (solid line) glucagon into human subjects.

4. Comparison of the biological activities of synthetic and natural pep-
tides by measuring the levels of blood glucose and plasma insulin
subsequent to intravenous injection (Fig. 5). These experiments,
carried out by Weinges (1968) at the University of Homburg/Saar,
showed that the synthetic material 1s somewhat more active than
natural glucagon.

5. Comparison of the immunological activity of the synthetic and
natural nonacosapeptides (Fig. 6), carried out by Weinges et al. (1969).

6. Behavior of synthetic and natural glucagon on polyacrylamide gel
electrophoresis. It was found (Markussen, 1972) that pure natural
crystalline Novo-glucagon shows a minor impurity, whereas the

synthetic product contains a minor side-fraction which we have
identified as fraction A.

The fraction A has the same amino acid composition as the synthetic
hormone: it does. however. show double the molecular weight in the ultra-
centrifuge compared to glucagon. Fraction A, tentatively called “glucagon
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Fig. 6 Comparison of immunoreactivity of
synthetic and natural glucagon with anti-pork
glucagon serum from rats,

dimer,” is biologically inactive but has the full immunological activity of
glucagon. This compound is possibly identical to fraction I of the “glucagon-
like-hormone,” which has been isolated from the intestine (Valverde et al.,
1970}. The “glucagon dimer™ displays a characteristic pattern when sub-
jected to enzymatic degradation: carboxypeptidase A degrades, from the
carboxylic end. in the correct manner until the tryptophan residue in posi-
tion 25 is reached ; the enzymatic attack by aminopeptidase M is suppressed
completely. This enzymatic behavior implies that tryptophan as well as
histidine or serine, its neighbor in the sequence, might be involved in reactions
which lead to formation of the dimer.

At the European Peptide Symposium in Paris in 1968 (Wiinsch er al.,
1968d), colleagues of Ciba AG, Basel, pointed out that the demasking of
“tert-butyl-protected” natural polypeptides by trifluoroacetic acid-water
or trifluoroacetic acid-aqueous hydrochloric acid mixtures is more advan-
tageous than using anhydrous trifluoroacetic acid. This method proved,
however, to be a disadvantage in the case of glucagon, since it leads
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to the formation of a byproduct in relatively high yield. This byproduct was
located between fractions A and B during gel filtration and rendered the
isolation of pure fraction B more difficult. We believe that this fraction 15 a
glutamine-desamidated glucagon and is probably an impurity of natural
glucagon as well. Due to the presence of this material, however, il was pos-
sible to obtain pure fraction B if gel filtration was followed by an additional
electrophoretic purification step.

III. [15-LEUCINE]-HUMAN GASTRIN [

A. Synthetic Route

The two polypeptide hormones gastrin I and 11, which stimulate gastric
secretion, were isolated by Gregory and Tracy (1964) and Gregory et al.
(1964). A subsequent structural determination showed-that both substances
are linear polypeptides composed of 17 amino acid residues, two of which
are methionine residues in positions 5 and 15. The only diflerence between
the two peptides is that in gastrin TI the phenylhydroxyl group of tyrosin is
masked by esterification with sulfuric acid. Human gastrin 1,* which was
discovered somewhat later (Gregory et al., 1966), shows an amino acid
substitution in pesition 5, where the methionine is replaced by leucine. Our
British colleagues (Morley and Smith, 1968) found that a replacement of the
second methionine in position 15 by leucine does not alter the biological
activity of the molecule. This i1s of particular importance because oxida-
tion of methionine at position 15 to methionine sulfoxide causes an almost
complete loss of biological activity (Morley et al., 1965).

With the knowledge of these facts, my research group synthesized
[15-leucine}-human gastrin, expecting to obtain a more stable compound
than the natural gastrin. The construction of this heptacosapeptide amide
(Wiinsch and Deimer, 1972a) was carried out by fragment condensation of
the three synthetic fragments (Wiinsch and Deimer, 19725)

H-Trp-Leu-Asp(OtBu)-Phe-NH,
Z-Glu(OtBu)-Glu(OtBu)-Glu(OtBu)-Glu(OtBu)-Glu(OtBu)-Ala-
Tyr{tBu)-Gly-OH
Pyr-Gly-Pro-Trp-Leu-OH
according to the reaction scheme shown in Fig. 7 using the racemization-free
Wiinsch-Weygand carbodiimide-hydroxysuccinimide technique. Again all

polyfunctional amino acids were protected: the hydroxyamino acids as
tert-butyl ethers, the aminodicarboxylic acids as tert-butyl esters.

*[ will refer simply to “gastrin” throughout this paper. although, as in the case of the porcine
hormone, there is also a human gastrin I1.
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Z-(6-13)-OH H-(14-17)-NH,

Z-(6-17)-NH,

Pyr-(2-5)OH H-(6-17)-NH,

—

Pyr-(2-17)-NH,

| TEA

i
"impure” [16-leucine]-human gastrin |

Fig. 7. Reaction scheme for the synthesis of [15-leucine]-human gastrin 1.

B. Methods of Purification (Wiinsch et al., 1972a)

The “impure gastrin™ obtained after removal of the protective groups by
means of trifluoroacetic acid was submitted to purification by gel filtration
on Sephadex G-25. in analogy to the work of our British colleagues (Kenner
et al, 1968), but without success. The use of Sephadex G-15 gave better
results; the elution curve showed the presence of a fraction of unknown
composition, of another fraction (mainly a ““failure sequence” 1-13), and of
a third fraction which contained several impurities besides [15-leucine]-
human gastrin as became obvious by thin layer chromatography. A further
purification of the third Sephadex fraction was possible by application of
continuous carrier-free electrophoresis. Thin layer chromatography of the
material thus obtained indicated that it was a mixture of two components.
In fact, we could separate the product into two compounds by thin layer
electrophoresis or. even better, by countercurrent distribution in the two-
phase system sec-butanol-aqueous ammonia—formic acid.

Later on. we found that countercurrent distribution (Fig. 8) is sufficient
for purification of [15-leucinel-human gastrin in one step: fraction A
contains a chromatographically and electrophoretically pure heptadeca-
peptide amide (Fig. 9) and is well separated from the byproduct, fraction B.

C. Biological and Antigenic Activity

Investigations by M. Grossman (private communication) with puritied
[15-leucine]-human gastrin have demonstrated that it has the full biological
activity of natural [15-methioning] human gastrin 1. Similarly, an intra-
venous infusion of | pg of [135-leucine]-human gastrin per kilogram body
weight per hour causes a maximal acid output in humans, comparable to
that of the natural hormone (Konz er al., 1971 ; Wiinsch et al., 1971a). With
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Fig. 8 Countercurrent distribution of crude [15-leucine}-human gastrin I in the system sec-
butanol-0.075 % agueous ammonia formic acid (5:5:0.009, v/v), pH 3.

Fig. 9. Thin layer electrophoresis of [ 1 5-leucine]-human gastrin I in pyridine-formic acid-water
{10:1:89, v/v), pH 6.5. {a} Crude product, (b) pure component A, (¢) pure component B.

the same synthetic heptadecapeptide amide, Feurle er al. (1972) produced
an excellent radioimmunoassay for gastrin. lodinated [leucine-15]-human
gastrin, necessary for this assay. was produced from the synthetic material.
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D. Isolation of the Byproduct B (Wiinsch et al., 1972a)

The structure of the aforementioned fraction B obtained by counter-
current distribution of crude gastrin has not been elucidated as yet. The
amino acid composition is the same as that of fraction A, namely, of the pure
[15-leucine]-human gastrin. According to M. Grossman (private com-
munication), fraction B possesses the full biological activity of gastrin. We
can determine so far the following differences between [15-leucine]--human
gastrin {fraction A) and fraction B:

1. The tryptophan-tyrosine induced ultraviolet absorption shows the
calculated ratio 2:1 only for fraction A. A calculation of the curves
obtained from fraction B gave a ratio 1 : 1 when the method of Beaven
and Holiday (1952) was used and a ratio 1.7:1 when the method of
Bencze and Schmid (1957) was used. This is rather remarkable
because the amino acid analyses of both products, A and B, give
equal values for tyrosine and for tryptophan under the special
conditions of tryptophan determination, ie., acid hydrolysis in the
presence of thioglycolic acid.

2. Action of chymotrypsin on [15-leucine]-human gastrin (fraction A)
results in a unequivocal cleavage at the positions to be expected,
i.e., at the carboxyl sides of the aromatic amino acids in positions 4,
12, 14, and 17 ; on the other hand, the enzymatic hydrolysis of product
B occurs much slower at the tryptophan-4—leucine-5 bond.

3. In the proton magnetic resonance spectrum of product B, two addi-
tional signals as compared to the spectrum of A appear. A definite
conclusion about a possible “nucleus-tert-butylation™ at the trypto-
phan molecule cannot be drawn from these findings. According to
Alakhov et al. (1970). such a reaction could be the consequence of an
acidolytic cleavage of the rert-butyl ether and ester protective groups.

All these results imply that the tryptophan residue in position 4 is
mvolved in an additional covalent bond. The molecular weight of product B,
as determined with the ultracentrifuge using the sedimentation equilibrium
method, was found to be approximately 2000 {2080 calculated for the hepta-
decapeptide amide), thus excluding the existence of a “gastrin dimer.”

IV. SECRETIN
A. Synthetic Route

The pancreas-stimulating heptacosapeptide amide secretin, which was
first isolated by Jorpes and Mutt (1959, 1961), who also determined the
primary structure, is very similar to glucagon in several regions of the
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sequence. Qur synthesis of secretin was based mainly on the experiences
which we had gained previously in the total synthesis of glucagon. Thus the
synthesis of this polypeptide involved three major sections:

1. Preparation of six fragments suitable for further coupling, i.e.,

H-Arg(HBr)-Leu-Leu-Gln-Gly-Leu-Val-NH, Wiinsch et al.,
1971h)

Z-Arg(Z. 7Z)-Leu-GIn-OH (Wiinsch et al., 19715)
Z-Arg(Z. 7)-Asp(OtBu)-Ser(tBu)-Ala-OH (Wiinsch et al., 1971¢)
Z-Arg(Z. 7)-Leu-OH (Wiinsch et al., 1971¢)

Z-Thr(tBu)-Ser{tBu)-Glu(OtBu)-Leu-Ser-(tBu)-OH (Wiinsch and
Thamm, 1971)

AdOC-His(AdOC)-Ser{tBu)-Asp(OtBu)-Gly-Thr(tBu)-Phe-OH
{Wiinsch er al.. 1971d)

Z-(18-20)-0H  H-(21-27)-NH,

L

Z-(18-27)-NH,

27(14—w17)vQH H-(18—27}-NI‘-I2

Z-(14-27) NH,
|

i
Z-(12-13}-0OH H-(14-27)-NH,

Z-(12-27)-NH,
|

+
Z-(7-11)-0H  H-(12-27)-NH,
L TI —

!
Z-(7-27)-NH,

AdOC-(1-6)-OH  H-(7-27)-NH,

# - —. -
AdOC-(1-27)-NH, IFA N H-(1-27)-NH,

Dowex 44 (OH  form) “impure”’ synthetic secretin

Fig. 10. Reaction scheme for the synthesis of secretin.
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according to the reaction shown in Fig. 10. All side-chain functions
of the trifuncticnal amino acids were masked by tert-butyl protective
groups, which are easily cleaved by acidolysis ; the complex function
of arginine was protected either by N, N°-bisacylation or by protona-
tion (salt formation with hydrogen bromide).

2. Condensation of these fragments by the use of the racemization-free
Wiinsch-Weygand coupling procedure or the appropriate Kinig-
Geiger modification to yield the overall protected sequence 1-27
(Wendlberger et al., 1971).

3. Purification of the synthetic hormone subsequent to the cleavage of
all protective groups (Jaeger et al., 1971; Wiinsch et al., 1972b).

B. Attempts to Purify the Product of a Preliminary Synthesis
(Jaeger et al., 1971, Wiinsch et al., 1972b)

In our first synthesis of "impure secretin,” gel filtration on Sephadex
G-50 was used as a method of purification as we had already done success-
fully in purification of “impure glucagon.” As can be seen, however, from the
elution curve (Fig. 11) as well as by thin layer chromatographic analysis,
separation of all components of the mixture was not achieved. The main
fraction B still contained four different impurities which could not be
removed by repeated gel filtration on the same gel type or by use of Sephadex
G-25 or G-100.

By application of a carrier-free electrophoretic method (Hannig, 1964),
a further separation of the Sephadex fraction B into three new fractions
could be accomplished. In contrast to the two major impurities, the desired
heptacosapeptide amide (1-27) migrated much further toward the cathode
in the electric field together with another unknown component.
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Fig. 11. Gel filtration of synthetic secretin (product of preliminary synthesis).
Sephadex G-50 column; elution by 0.5 %, acetic acid.
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Fig. 12. lon exchange chromatography of synthetic secretin {product of preliminary synthesis
on 5P-Sephadex C-25. Imitial buffer: 0.02m NH,HCO, solution adjusted to pH 6.1 with CO,.

Only by means of a third method of purification, namely, ion exchange
chromatography on the SP-Sephadex ion exchanger C-25 (Fig. 12), did it
become possible to obtain the major component of the main electrophoretic
fraction (fraction G} free of contaminants. The material isolated from the
final fraction J (Fig. 12) was proved to be homogeneous by the thin layer
chromatographic test as well as by polvacrylamide gel electrophoresis.
Using a method described by Lehnert er al. (1969), the biological activity of
this product was 75°%, in comparison to pure natural secretin. A compari-
son of the amino acid analyses of the main fractions B, G, and J showed
increasing similarity to the theoretical values parailel to ongoing purifica-
tion. An Increase of the arginine values (and a simultancous decrease of
ornithine values) gave an especially clear indication of the successive
removal of these side-products (they were found partially in the Sephadex
fraction A). which gave ornithine values in the final analytical result due to a
so far unknown change at the guanido function of one or several arginine
residues.

During the course of our endeavor to detect possible failures of our
secretin synthesis, we were trying to isolate several impurities in a rather
pure form and to elucidate their structure at least partially. Especially the
proof of existence of the two failure sequences 1-6/12-27 and 1-6/(7-11),/
12-27 was possible. (The latter showed rather high ornithine values). This
enabled us to draw conclusions that led to decisive improvements during a
second analysis. This repeated synthesis was watched more carefully and
was also changed at some steps. Our endeavor—the final synthetic route
demonstrated in Fig. 10-- was finally rewarded by success.
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Fig. 13. lon exchange chromatography of synthetic secretin (product of second synthesis).
Conditions as in Fig. 12

C. Preparation of Pure Synthetic Secretin (Jaeger et al.,
1971, Wiimsch et al., 1972b)

Subsequent to the cleavage of all protective groups from the masked
heptadecapeptide amide derivative resulting from the “corrected” synthesis,
we could isolate an “impure material 11, which displayed a biological
activity of about 50%, that of the natural hormone. A simple ion exchange
chromatography of this material on SP-Sephadex C-25 (Fig. 13) led to the
separation of two side-products and enabled us to obtain pure synthetic
secretin (fraction II-B) in about 45% yield (see Table I for amino acid

Table I. Amino Acid Analysis of Synthetic Secretin

Fractions from ion exchange chromatography

Crude 1I-A Pure 1I-C Calculated
Secretin [ secretin
His 0,72 0.07 0.9%8 0.43 1
Arg 393 3.81 398 3.91 4
Asp 1.80 .17 1.99 1.47 2
Thr 1.78 110 1.93 1.40 2
Ser 1x4 324 404 345 4
Glu 302 3.00 2.99 2.96 k!
Gly 1 .87 1.20 2.00 1.59 2
Ala 1,01 1.00 1.00 1.00 1
Val 098 095 0.99 1.01 1
Leu 6.00 596 6.02 6.10 6
Phe 0.83 0.i5 0.98 0.50 1
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Fig. 14. Comparison of natural and synthetic secretin by thin layer chromatography on
silica gel GG : n-butanol-acetic acid—-water—pyridine (60:6:24:20).

analysis). This synthetic product behaved like natural secretin on thin layer
chromatography (Fig. 14} and disc electrophoresis; the biological activity
of the synthetic material was found to be 100 + 4%, (Lehnert et al., 1973)
when compared with purest “Jorpes—Mutt secretin.”” A tryptic digest* of the
synthetic heptacosapetide anmde gave the characteristic pattern obtained
when natural secretin was subjected to the same procedure (Mutt et al., 1966).

V. CONCLUDING REMARKS

From the data presented in this chapter, some general conclusions may
be drawn regarding the synthesis of polypeptides:

1. The planning of synthesis of long-chain polypeptides (with more
than 15 amino acid residues) does not always give an absolute guaran-
tee of success. even when it is performed with the most recent and
modern scientific techniques. In most cases, experience gained in a
“preliminary synthesis™ is required to formulate the “‘specific”
strategy which leads to a successful synthesis.

2. The isolation and structural elucidation of byproducts which appear
during the course of purification can be of tremendous value. From
such data conclusions may be drawn regarding the changes neces-
sary for an improved synthesis. It may also be possible to gain in-
formation concerning the roles which single amino acid residues or
certain amino acid sequences might play in biochemical reactions,
such as biological or antigenic action mechanisms or transport
mechanisms.

*We are very much indebted to Professor V. Mutt for carrying out these experiments.
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Study of the relationship between the chemical structure and the biological
activity of hormones has long been recognized as a valid approach to the
elucidation of that initial chemical interplay between hormone and responsive
cell which constitutes the primary step in hormone action. It would of course
be desirable also to know the sequence and detailed nature of all other events
leading to and including the final effector process for each of the final physio-
logical effects of a given hormone on each of its target tissues. However, a
thorough understanding of even the initial event in hormone action requires
that structure-activity analysis be carried to the conformational level, and,
indeed, work directed to this goal is under way (Walter er al., 1971). Never-
theless, the approach to the study of peptide hormone—receptor interaction
at the three-dimensional {topochemical) level of structure must be regarded
as derivative from antecedent classical structure—activity studies—for it is
the primary structure of both hormone and receptor that determines the
conformation of the active hormone-receptor complex.

Classical structure-activity studies have entailed the synthesis of hor-
mone analogs and, to a lesser extent, the chemical modification of purified
natural hormones and the observation of the structural modifications that
have occurred by natural selection during the course of evolution.
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In considering the relationship between hormone structure and bio-
logical activity, it is important to remember that data obtained from in vivo
assays or from highly organized in vitro systems require evaluation, for each
hormone and analog of many factors (transport in the bloodstream, dif-
fusion through cellular barriers to the receptor sites, inhibitory and degrada-
tion mechanisms, etc.) which have been detailed adequately elsewhere
{(Rudinger and Jost. 1964a. Schwarlz and Livingston, 1964). In addition, a
number of purely chemical considerations must be resolved before structure-
activity data can be useful in the analysis of hormone-receptor interactions.
For example, there is in all probability a multipoint fixation of hormone to
receptor, although the critical {catalytic) reaction which initiates the chain
of events culminating in the final biological effect may involve a limited
region on the hormone molecule. In a given analog, this region could be
intact but nonfunctional biologically because of inappropriate orientation
to its complementary region on the receptor. It is also possible for a given
analog to induce a change in the receptor at a point removed from the site
of catalytic interaction which is capable of increasing or decreasing the
potency of the analog {allosteric effect). Thus a simple single structural altera-
tion in the hormone may produce mild, moderate, or extreme changes in
the conformation of the hormone and of the hormone-receptor complex.
In fact, the very concept of “a catalytic center” or “active site” is not ap-
plicable to either hormone or receptor if the formation of the hormone-
receptor complex involves an overall change in conformation on which
biological activity (signal generation) depends. Despite these considera-
tions, a number of important structure—function correlations, if not principles,
have been established and have led to (1) the production of analogs which are
more potent than the natural (parent) hormones or in which therapeutically
valuable pharmacological properties have been selectively enhanced, (2) the
development of partial agonists and antagonists of the natural hormones,
(3) the analysis of the enzymatic degradation of oxytocin and vasopressins,
{4) advances in knowledge of genetic alteration of neurohypophyseal hor-
mones in phylogeny, and (5) an analysis of hormone action by comparison
of the structure-activity aspects of early and late events in the sequence of
reactions initiated by hormone-receptor interactions and leading to the final
physiological effect (see below).

Approximately 50 vears ago, the biological effects of mammalian pos-
terior pituitary extracts were separated chemically (Dudley, 1923 ; Schlapp,
1925 Draper. 1927: Kamm er al., 1928) into two fractions, one containing
predominantly pressor and antidiuretic activities and the other containing
predominantly oxytocic (uterotonic. avian depressor, and milk-gjecting)
activities, However. almost five decades were to pass before oxytocin was to
be isolated in highly purified form (Livermore and du Vigneaud, 1949},
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synthesized (du Vigneaud er al., 1953), and characterized conformationally
(Urry and Walter, 1971 Walter, 1971). Despite this span of time, oxytocin
has become the first peptide hormone to vield to “‘sequencing,” synthesis,
and elucidation of peptide backbone conformation in solution.

The primary structure of oxytocin consists of a ring containing cystine
{Cys), tyrosine (Tyr). isoleucine (Ile), glutamine (GluNH,), and asparagine
{AspNH,) residues with one half-cystine residue as N-terminus (and there-
fore possessing a free amino group} and the other half-cystine residue joined
in peptide linkage through its amino group to the ring and through its
carboxyl group to the carboxyl-terminal tripeptide sequence, prolyl-leucyl-
glycinamide (Pro-Leu-Gly-NH,;). In the mid-1950s, it was shown that the
vasopressins had the same essential structure (du Vigneaud, 1956a.,b), and
the first synthetic peptide hormone analogs ([Leu®*]-oxytocin, [Val®]-
oxytocin, and [Phe’]-oxytocin) were prepared (Rudinger et al., 1956;
Boissonnas et al., 1956 Katsoyannis. 1957). During the past 15 years, more
than 300 additional oxytocin and vasopressin analogs have been prepared;
consequently, the neurohypophyseal hormone series has become the most
extensive material available for the analysis of peptide hormone structure—
function relationships.

The relationship between covalent structure and biological activities of
natural and synthetic neurohypophyseal peptides has been reviewed exten-
sively elsewhere (Sawyer, 1961, 1965, Rudinger and Jost, 1964a; Schwartz
and Livingston, 1964 ; Schwartz et al.. 1964a; Walter et al, 1967; Berde and
Boissonnas, 1968:. Rudinger, 1968: Pickering, 1970). Therefore, we will
consider there only some highlights of this relationship, emphasizing those
structure—activity correlates which are concerned with the development of
highly selective changes in the biological activity spectrum of the neurchypo-
physeal hormones and which may provide insight into the mechanism of
action of these peptides (especially in relation to antidiuresis in mammals
and hydro-osmotic effects in amphibian membranes).

The mammalian neurohypophyseal hormones—oxytocin and lysine-
and arginine-vasopressin-—differ only in the two amino acid residues in posi-
tions 3 and 8 the vasopressins differ from each other only in the amino acid
residue in position 8. Arginine-vasopressin (the antidiuretic hormone of
most mammals) has an arginine residue in position 8, whereas lysine-
vasopressin (the antidiuretic hormone of pigs and a few related species) has a
lysine residue in this position. Oxytocin, unlike either of the vasopressins,
has an isoleucine residue in position 3 and a leucine residue in position §.
These differences served as the initial focus for much of the synthetic work
following the characterization of the vasopressins and oxytocin and led to
the felicitous synthesis of arginine-vasotocin (Katsoyannis and du Vigneaud,
1958}, before it was recognized as a natural hormone.
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This interesting historical sequence of synthesis followed by discovery
in nature has been reproduced again in the case of mesotocin (Berde and
Konzett. 1960: Jaquenoud and Boissonnas, 1961) and Pro-Leu-Gly(NH,),
the recently proposed structure for the factor inhibiting the release of melano-
cyte-stimulating hormone (Celis et al., 1971a.b).

[t is known from studies of a variety of analogs—with single and
multiple replacements—that the biological activities of neurohypophyseal
hormones are influenced substantially by the presence (closure) and size of
the pentapeptide ring, the presence of the free amino group at position 1, the
nature (bulk, shape, polarity) of the side-chains of positions 2 and 3, the
presence of the carboxamide moiety at position 3, the basicity of the side-
chain at position &, and the omission, substitution, or displacement of the
glycinamide residue from position 9. The side-chains of the amino acid
residues in positions 3, 4. 7, and 8 are free to engage in intermolecular
interactions, but they affect the peptide backbone conformation only to the
(limited) extent to which their bulk helps to stabilize the two f turns (Walter
et al., 1971). Thus these side-chains would appear to be the primary deter-
minants of differential potency (affinity) in various neurchypophyseal
hormone-receptor interactions.

The natural mammalian hormones provided the earliest structure-
activity correlation in the neurohypophyseal peptide series, namely, the shift
from a predominantly “oxytocic™ (uterotonic, avian depressor, and milk-
gjecting) to a predominantly antidhuretic-—pressor spectrum of biological
activities when isoleucine in position 3 and leucine in position 8 are replaced
by phenylalanine and arginine (or lysine}, respectively.

Uterotonic activity is quite sensttive to structural alterations on the side-
chain of the isoleucine residue in position 3, the terminal methyl group of
which appears to be involved in lipophilic binding to the uterine receptor
{Rudinger and Krejci, 1962 Nesvadba et al., 1963): this conclusion is sup-
ported by the fact that the activity of [3-O-methylthreonine}-oxytocin
resembles that of [3-valinel-oxytocin (an analog in which the side-chain in
position 3 is shortened) rather than the approximately isosteric parent
hormone (Chimiak and Rudinger, 1965).

Recent evidence shows that the side-chain of position 3 also may
influence the catalytic function of the hormone-receptor complex (Walter
et al, 1968, 1969). indicating that this side-chain may be concerned
with intrinsic hormonal activity as well as with hormone-receptor
affinity.

Deletion of nonfunctional groups, such as a single methylene moiety
from the isoleucine side-chain in position 3 of oxytocin, may result in a
profound reduction in potency. whereas more extensive deletions of non-
functional groups at other loci. for example, in positions 7 and 8, may be
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associated with substantial retention of hormonal potency (Jaquenoud,
1965; Waller and du Vigneaud, 1966: Bespalova et al., 1968).

Synthetic analogs with replacements at position 3 in which a methylene
group occupies the same position as the terminal methyl group of isoleucine,
viz., [3-f-diethylalanine]-oxytocin and [3-1-cyclopentylglycine]-oxytocin
(Eisler et al.. 1966) retain substantial uterotonic, avian depressor, and milk-
gjecting potencies; however. numerous other 3-substituted analogs, e.g.,
those with alloiseleucine, leucine, norleucine, tyrosine, or phenylalaning
(Kaysoyannis, 1957 ; Boissonnas and Guttman, 1960: Nesvadba ef al., 1963),
all exhibit gross reduction in these “oxytocic™ activities. Substitutions at
position § are generally associated with less reduction in uterotonic and still
less reduction in avian depressor and milk-gjecting activities (particularly
in the presence of magnesium ions), suggesting that this position is less
significant than position 3 for the reactions between hormone and uterine,
avian arteriolar, and mammary receptors. [t is the introduction at position
8 of a basic amino acid residue (arginine, lysine, or even an “unnatural”
residue such as ornithine) which contributes mostly to the shift from the
“oxytocic” to the antidiuretic—pressor spectrum. However, within the latter
spectrum, phenylalanine at position 3 enhances antidiuretic activity more
than pressor activity, and the substitution of lysine for arginine at position 8
reduces the antidiuretic and pressor potencies of the molecules by approxi-
mately one-half, except in pigs where lysine-vasopressin is the naturally
occurring neurohypophyseal hormone. The finding that lysine-vasopressin
is more active than arginine-vasopressin in one species and less active in
others indicates that the basicity of the side-chain in position & can be over-
come by other factors that contribute to antidiuretic (and pressor) potency.
This phenomenon is also exemplified by (1) the relatively low antidiuretic
activity of [8-ornithine]-vasopressin (Berde er al., 1964} and [8-D-lysine]-
vasopressin (Zaoral et al. 1967a), (2) the high antidiuretic activity of [8-
thialysine]-vasopressin (Hermann and Zaoral, 1965), (3) the relatively high
antidiuretic activity of [8-citrulling]-vasopressin (Van Dyke et al., 1963), and
(4) the low mammalian pressor activities of analogs in which basic L-amino
acid residues have been replaced by basic p-amino acid residues (Zaoral
et al., 1967a,b). Other exceptions to the principle which relates basicity to
pressor—antidiuretic activity are exemplified at the level of the molecule as
a whole—by the fact that delerion of the N-terminal amino group of the
vasopressins is associated with enhancement of antidiuretic potency (Kim-
brough et al., 1963; Huguenin and Boissonnas, 1966).

The studies of various replacements in position 8 have yielded a num-
ber of analogs with ratios of pressor potency to antidiuretic potency that
differ strikingly from that of the natural hormones (1.0 for arginine-vaso-
pressin, 1.2 for lysine-vasopressin). The high selectivity of the pressor
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receptor and the lower (and more variable) selectivity of the antidiuretic
receptor for L-amino acid residues at position 8 make it possible to develop
analogs with low pressor/antidiuretic ratios, e.g., 0.04 in the case of [8-p-
argininel-vasopressin (Zaoral et al., 1967a,b). However, the specificity for the
pressor and antidiuretic receptors 1s reversed in the case of other analogs,
such as [8-ornithine]-vasopressin (Berde and Boissonnas, 1966, 1968) which
exhibits a pressor/antidiuretic ratio of 4. If, in addition, the phenohc
hydroxyl group in position 2 of this analog is replaced by hydrogen, the
modified analog [2-phenylalanine, 8-ornithine]-oxytocin, exhibits a further
dissociation of pressor and antidiuretic activities, the ratio having increased
to 10. These activities are still further differentiated if the phenylalanine
residue in position 3 is replaced by an isoleucine residue, the pressor/anti-
diuretic ratio of the resulting analog. [2-phenylalanine, 8-ornithine]-oxytocin,
having in this case increased to 220 (Berde er al., 1964).

The high antidiuretic potency of lysine-vasopressin in pigs has pre-
viously invited attention to the question of whether there has been a
genetically determined alteration in the structure of the porcine renal
receptor as well as in the porcine hormone (Schwartz et al., 1964b) or whether
the target cell has adapted to the mutant hormone by modification of an
“amplification™ component of some step subsequent to hormone-receptor
interaction. We have recently explored this question by comparing the
effects of lysine-vasopressin (and its congeners) on the earhiest measurable
event in neurchypophyseal hormone action {(activation of adenylate cyclase)
and on a final effect {antidiuresis) in several mammalian species including
the pig. The results of this study (Dousa et al., 1970a, 1971) indicate that the
renal receptor for neurohypophyseal hormones in a particular species
exhibits the highest affinity for the specific antidiuretic hormone which
occurs naturally in that species. Accordingly, the target cell in the porcine
distal nephron appears to have preserved 4 homeostatically efficient anti-
diuretic response via an adaptive structure modification at the receptor level,

When lysine is substituted for arginine in position 8 of arginine-vaso-
tocin, thus converting the natural hormone to the analog, lysine-vasotocin,
the antidiuretic and pressor activities of the molecule fall from 195 to 24
units/mg and from 130 to 24 units/mg. respectively (Sawver, 1965; Berde
and Boissonnas. 1968): the corresponding specific antidiuretic and pressor
activities for arginine-vasopressin. lysine-vasopressin, and [8-leucine]-
vasopressin (the analog of oxytocin in which phenylalanine replaces iso-
leucine in position 3} are 400 and 400 units/mg. 165 and 270 units/mg, and
22 and 4.2 units/mg. respectively (Schwartz and Livingston, 1964 ; Sawyer,
1965 Pickering, 1970). Therefore. the single change in the oxytocin molecule
from leucine to lysine in position 8 has about the same effect on the renal
response to the hormone as the single change from isoleucine to phenyl-
alanine in position 3. the antidiuretic activity increasing from 1 to 24 units/mg
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in the former case and from 1 to 22 units/mg in the latter case. However,
when lysine already occupies position 8, as it does in lysine-vasotocin, then
the same single change in position 3 (isoleucine to phenylalanine) brings
about an increase in antidiuretic activity from 24 to 165 units/mg. Thus it
would appear that for lysine-vasopressin, as for arginine-vasopressin, it is
necessary to have the participation of the side-chains in both positions 3 and
8 in order to achieve a physiologically effective hormone-receptor inter-
action—the requirement for the participation of position 3 in the hormone-
receptor interaction being masked when leucine occupies position § instead of
lysine. These findings indicate that the reaction of the antidiuretic receptor
with lysine at position § brings about a change in the hormone, receptor, or
both which then facilitates the reaction of the receptor with phenylalanine (but
not isoleucine) at position 3. The possibility that folding of the hormone
molecule has resulted in the juxtaposition of positions 3 and 8 to form a
single topochemical locus seems unlikely because these positions appear to
be substantially separated in the three-dimensional structure of the hormone ;
thus we have here an illustration of a biofunctional multipoint hormone-
receptor interaction.

In rats, mice, cows. humans, and probably all other mammals in which
AVP is the natural antidiuretic hormone, the decreased potency of the
8-lysine peptides relative to the 8-arginine peptides involves the duration
as well as the intensity of the response despite the fact that both hormones
have a similar circulating half-life (1 min). This difference in the antidiuretic
potencies of arginine-vasopressin and lysine-vasopressin is reflected quanti-
tatively at the adenyl cyclase step in the action of these hormones (Dousa
et al.. 1970a, 1971). a finding which. in conjunction with related studies (see
below), shows potency differences among neurohypophyseal peptides to be
determined by the initial events in hormone action (namely, the hormone-
receptor interaction per se and;or its coupling to adenyl cyclase activation)
and not by subsequent events in the chain of reactions that leads to the final
homonal effect. A similar parallelism between an effect at an “early” step in
hormone action (adenyl cyclase activation) and a final effector event (the
hydro-osmotic response ol a vasopressin-sensitive amphibian epithelial
membrane) has been noted in the case of the action on the toad bladder of
arginine-vasotocin. the natural amphibian hormone. Arginine-vasotocin 1s
the most potent of all neurohypophysesl peptides in eliciting the charac-
teristic hydro-osmotic response of the 1oad bladder, and it also has been found
to be the most potent of all hormonal agents capable of activating cell-free
adenyl cyclase preparations derived from the toad bladder epithelium
{Kirchberger er al.. 1972).

In order to approach the question of how and to what degree various
parts of the oxytocin molecule contribute to biological activity, a number
of laboratories. particularly that of du Vigneaud (1964), have synthesized
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analogs in which hydrogen replaces the terminal free amino group in posi-
tion 1, the phenolic hydroxyl group in position 2, the carboxamide groups
in positions 4, 5, and 9, and the disulfide bridge spanning positions 1 and 6.
Pharmacological evaluation of such “deletion analogs™ (see below) showed
that, of these chemically functional groups, only the carboxamide group in
position 5 can be considered essential for the biological activities of oxytocin
but that all of these groups-—with the exception of the terminal ammo group
—increase the affinity of the hormone for its receptor and thus contribute to
hormonal potency. The presence of the terminal amino group in fact serves
to diminish hormonal potency, as illustrated by the finding that the deamino
analog of oxytocin has considerably greater uterotonic and avian depressor
potencies than oxytocin itself and, similarly, that the deamino analogs of
lysine- and, particularly, arginine-vasopressin have very much greater anti-
diuretic potency than the parent natural hormoenes—a generalization which
does not include the mammalian pressor receptor systems, which are some-
what less responsive to deamino analogs than to the parent hormones (Walter
et al., 1967). The addition of a substituent to the terminal amino group of oxy-
tocin, or the vasopressins, may lead to analogs with very low activity, e.g.,
1-N-acetyloxytocin (Boissonnas et al., 1961), 1-N-carbamyloxytocin (Smyth,
1967), 1-N-acetyl-[8-arginine]-vasopressin {Studer and Cash, 1963), or, if the
added substituent is an amino acid or peptide, analogs (hormonogens) which
in effect have protracted activity because they serve as pharmacological
“precursors” or “‘reservoirs” from which native hormone is more or less
gradually released by aminopeptidase action (Rychlik, 1964; Berankova-
Ksandrova et al.. 1966). The “supranormal” activity of deamino-oxytocin,
contrasted with the very low activity of amino-substituted analogs such as
N-acetyloxytocin. shows that the free amino group does not facilitate and,
in fact, operates to diminish binding of the native hormone to the receptor,
and, furthermore, it reveals steric hindrance rather than altered chemical
functionality as the basis for the ineffective hormone-receptor interaction
of analogs with “*blocking™ substituents in position 1.

Deletions or substitutions in position 2 of oxytocin and vasopressins
can lead to quantitative effects, 1.e.. changes in potency (affinity), and also
to qualitative effects, i.e.. changes in intrinsic activity (mode of induction of
response following hormone-receptor imteraction). Replacement of the
tyrosyl hydroxyl group of oxytocin with hydrogen yields a 2-phenylalanine
analog which acts as a partial agonist (depressed intrinsic activity): replace-
ments at this locus with p-substituents of increasing size yields analogs
(Rudinger and Krejci, 1968} which act as partial agonists or inhibitors,
indicating that they can occupy the receptor in a nonfunctional complex
which serves to prevent the parent hormone or related agonists from form-
ing a functional complex. Accordingly. 2-O-methyltyrosine analogs of oxy-
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tocin and vasopressins act as partial agonists or antagonists in various
hormone-responsive systems, and the inhibitory properties of these analogs
can be accentuated by changes at other positions in the molecule, e.g.,
deletion of or substitution of a carbamyl moiety on the terminal amino
group (Smyth, 1967. 1970 Rudinger. 1969). Such inhibitory phenomena
have heuristic value and. in addition, may lead to important generalizations.
Indeed, the recognition of the broad inhibitory spectrum of N-carbamyl-O-
methyloxytocin—an analog which antagonizes the uterotonic, galacto-
bolic, pressor. and antidiuretic activities of oxytocin and the vasopressins—
has ted to the suggestion that there may be a common denominator in the
fundamental mechanisms by which the neurohypophyseal hormones
initiate their varied biological effects (Rudinger, 1969).

We have already noted that the side-chain of the amino acid residue in
position 3 can influence processes concerned with intrinsic hormonal
activity {Walter er al., 1968) as well as in interactions concerned with hor-
mone-receptor affinity (Rudinger and Krejci, 1962 ; Nesvadba et al., 1963:
Rudinger. 1969) and. indeed. it has been shown that oxytocin and lysine-
vasopressin exhibit a difference in intrinsic uterotonic activity which is
referable to the difference in the amino acid residue present at position 3
(Walter et al., 1968, 1969).

A number of neurohypophyseal hormone analogs with replacements
in position 4 were found to retain moderate to substantial levels of hormonal
activity (Berde and Boissonnas, 1968 : Pickering, 1970); others, notably a
group of 4-threonine analogs of oxytocin have two- to three-fold higher
“oxytocic” (uterotonic, avian depressor, milk-gjecting) potency and one-
third to one-half of the antidiuretic and pressor potencies when compared to
oxytocin itself (Manning er al. 1970). Still another 4-substituted analog,
namely, [4-leucine]-oxytocin (Hruby et al., 1969; Chan and du Vigneaud,
1970); manifests inhibitory activity: it antagonizes the antidiuretic response
to arginine-vasopressin (ADH) and thus is an anti-antidiuretic agent. This
analog and its closely related congener [4-leucine]-mesotocin were inde-
pendently found to inhibit competitively the hydro-osmotic action of ADH,
but not theophylline. in the toad bladder {Chui and Sawyer, 1970 Eggena
et al., 1970)—indicating that the antagonism takes place at the receptor level.
In addition, the analog was found to have a potent natriuretic—diuretic effect
in rats—during water diuresis as well as during antidiuresis—without
changing the glomerular filtration rate (GFR). A related analog. {2.4-
diisoleucine]-oxytocin (Hruby er al.. 1970). also exhibits a potent natriuretic-
diuretic effect without altering GFR but does not antagonize the antidiuretic
action of ADH. The latter analog in high doses elicits a small increase in blood
pressure in the rat. but [4-leucine]-oxytocin produces a transient decrease in
blood pressure under the same conditions. Thus these analogs have made
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possible a series of studies which provided additional evidence for the
specificity of antidiuretic. natriuretic, and vasopressor receptors for neuro-
hypophyseal hormones. In addition, analogs such as [4-leucine]-oxytocin
could prove to be useful drugs for treatment of clinical conditions associ-
ated with excess production of antidiuretic hormone.

[4-Asparagine. 8-lysine]-vasopressin  (Zaoral, 1965; Berde and
Boissonnas, 1968) has substantial antidiuretic activity, but the stope of its log
dose-response curve differs from, and therefore crosses, that of the parent
hormone—the analog being about eight times more potent than lysine-
vasopressin at dose levels of 10”° mg. three times as potent at dose levels of
10" ¥ mg, but less potent than lysine-vasopressin at higher dosage. It is
perhaps not surprising to find that position 4, a site of evolutionary change in
the neurohypophyseal hormones, should possess the potential for generating
qualitatively “new” biological activities and at the same time exhibit con-
siderable tolerance for structural variation.

Analogs with structural changes in position 5, in sharp contrast to
analogs with similar or identical changes in position 4, exhibit striking reduc-
tions in hormonal activities, as exemplified by comparison of the potencies
in several biological assay systems of (1} S-asparagine and 4-glutamine
analogs of oxytocin (Jaquenoud and Boissonnas, 1962q,h), (2) 5-valine and
4-valine analogs of oxytocin (Walter and Schwartz, 1966 du Vigneaud et
al, 1966). (3) 4-z-aminobutyric acid and 5-alanine analogs of oxytocin
(du Vigneaud et al. 1964). (5} 5-serine and 4-serine analogs of lysine-vaso-
pressin (Berde and Boissonnas, 1968}, etc. In a dose-response analysis of
analogs with deletions (replacement by hvdrogen) of the free amino function
in position 2 or the carboxamide functions in positions 4, 5. or 9 (Chan and
Kelley, 1967). it was found thart the absence of the carboxamide group of
asparagine ({5-alanine]-oxytocin) was associated with such a drastic reduc-
tion of biological activity {affinity and intrinsic activity) that it was impos-
sible to define the upper range of the dose-response curve (even with analog
doses of 100 to 200 mM}---whereas the comparable deletion of the glutamine
carboxamide group {[4-#-aminobutyric acid]-oxytocin) was associated with
retention of substantial biological activity (afhnity less than that of oxytocin
but more than 4 orders of magnitude greater than that of [5-alanine]-
oxytocin: intrinsic activity identical to that of oxytocin). The stringent bio-
ological requirement for the presence in position 5 of a carboxamide moiety
at a specific location {one methylene group removed from the peptide
backbone) 1s a consequence of the function of this group in maintaining the
biologically active conformation of oxytocin. namely, the provision of its
carboxyl maoiety for hydrogen bonding to the peptide NH of leucine in
position 8 {Urry and Walter. 1971 ; Walter et «l., 1971 ; Walter, 1971).
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The fact that analogs with replacement of the asparagine residue in
position 3, such as [S-valinel-oxytocin (Walter and Schwartz, 1966 ; Havran
et al., 1969), can despite an extreme reduction in affinity still retain the same
intrinsic activity as the normal hormone can be rationalized on the assump-
tion that a very small but finite number of the total population of analog
molecules presented to the receptor can assume a conformation that makes
possible a biologically effective analog-receptor interaction even in the
absence of the carboxamide group in position 5.

The carboxamide moiety in position ¢ is also of great importance for
hormonal activity, its deletion (Branda and du Vigneaud, 1966} or the
deletion of the entire glycinamide residue (Jaquenoud and Boissonnas,
1962b), yielding analogs with very low potency (affinity) and altered intrinsic
activity (Chan and Kelley, 1967) in mammalian assay systems. Deletions of
the proline or leucine residues in position 7 or 8, respectively (Jaquenoud
and Boissonnas, 1962h). or of the entire prolyl-leucylglycinamide “tail” of
the hormone (Ressler. 1956). led to analogs with similarly low levels of
potency: the single-deletion analogs (7-de-proline, 8-de-leucine, 9-de-
glycinamide) have been reported to inhibit the avian depressor and rat pressor
activities of oxytocin at an analog/hormone ratio of 10,000: 1. The biological
requirement for glycinamide is a reflection of its role in the conformational
stabilization of an important structural feature of oxytocin, namely, the §
turn involving the tripeptide tail of the molecule (Urry and Walter, 1971
Walter et al.. 1971}

The role of the disulfide bridge in the antidiuretic-hydro-osmotic
action of neurchypophyseal hormones has been a subject of considerable
discussion during the past decade. It is sufficient at this time to note that
ample evidence has accumulated to indicate that the sulfur centers in the
hormone are not essential for hormonal activity (Rudinger and Jost, 19645
Schwartz et al., 1964w . Schwartz. 1965 Schwartz and Livingston, 1964;
Walter er al., 1967 Jost and Rudinger, 1967 . Rudinger, 1969 ; Yamanaka et
al.. 1970). However. a ring structure is an important requirement, as evi-
denced by the fact that acyclic analogs have extremely low hormonal activity
(Walter er al.. 1967 Rudinger. 1969) and by the finding that potency is
reduced when the 20-membered ring is enlarged (Jarvis and du Vigneaud,
1964). Thus the importance of the disulfide bridge derives largely, if not
entirely. from the structural constraint it imposes on the hormone—
which serves to limit the population of biofunctionally incompetent con-
formers and. accordingly. to assure the availability at the receptors of enough
molecules with the right™ topochemical features for effective hormone-
receptor interaction, The fact that some acyclic analogs have been found to
exhibit low levels of activity has been interpreted as indicating that a very
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small portion of these open-chain molecules take up the conformation re-
quired for the biologically effective hormone-receptor interaction. This
interpretation is supported by the finding that uterotonic and milk-gjecting
responses to two of these acyclic compounds were antagonized by the neuro-
hypophyseal hormone inhibitor N-carbamyl-O-methyloxytocin, observa-
tions which suggest strongly that the “oxytocic™ activities of these acyclic
analogs were indeed “hormone-like” rather than nonspecific (Polagek,
cited by Rudinger. 1969). It was also observed that acyclic analogs can act as
partial agonists, a phenomenon that was rationalized on the assumption
that “the greater conformational freedom permits such molecules to occupy
the binding sites on the receptor without necessarily aligning the functionally
required groups (e.g., the phenolic hydroxyl group) in the correct positions.
The occurrence of such ‘nonproductive’ as well as the proper ‘productive’
modes of binding would be expected to result in the appearance of partial
agonism’ (Rudinger. 1969).

When mammalian and amphibian systems are compared with respect
to the structural requirements for neurchypophyseal hormonal function, a
number of differences are encountered: e.g., (1) arginine-vasotocin, the
natural amphibian hormone (see above). is the most potent agonist in all in
tivo (frog kidney) and in vitro (frog bladder, frog skin, toad bladder) amphi-
bian systems but in none of the mammalian systems ; (2) structural changes in
arginine-vasotocin at all loci other than position 8 have proven to be highly
detrimental to hormonal activity in amphibian systems (this includes the
delction of the free amino group in position 1, a manipulation which—in
mammalian systems-- enhances antidiuretic and “oxytocic” activities);
(3) the action of neurohypophyseal peptides on the frog kidney (decreased
free water clearance. decreased filtration rate, increased tubular sodium re-
absorption) appears to require an isoleucine residue in position 3 (tocin
ring) for binding of the hormone to the receptor and a basic amino acid
residue in position 8 to render the hormone-receptor complex capable of
biological function (Jard and Morel. 1963); (4) there is a specific requirement
for a glutamine residue at position 4 for the maintenance of hydro-osmotic
and natriuretic potency in the frog bladder and kidney assay systems but
no such requirement in any mammalian system: (5) the oxytocin analog
with the proline residue deleted from position 7 ([7-de-proline]-oxytocin)
exhibits 1/25 of the frog skin natniferic activity of oxytocin, whereas the 8-de-
leucine and 9-de-proline analogs exhibit about twice the natriferic potency
of oxytocin (Morel and Bastide, 1964) - however, all of these “‘shortened”
analogs retain only rudimentary hormonal activities in mammalian systems.

The foregoing discussion of structure—activity relationships has for the
most part dealt with hormonal activity only as it is expressed in the final
event of the reaction sequence that follows the formation of a biologically
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functional hormone-receptor complex. It is important, however, to know the
structure—activity relationships that apply to intermediate and early events
in this chain of reactions, particularly to the earliest event amenable (o
observation and analysis. We have recently gained such information in
amphibian and mammalian systems in collaboration with Dr. Oscar Hechter
and his associates, Drs. Bar and Dousa— with whom we have compared the
effects of neurohypophyseal peptides on early events {adenylate cyclase
activation, protein kinase stimulation) and late events (hydro-osmotic fiux,
antidiuresis) in hormone action.

In studies on the toad bladder, we have employed an adenylate cyclase
preparation derived from a homogenate of epithelial cells scraped from the
bladder mucosa. This cyclase preparation was specifically’ stimulated by
neurohypophyseal hormones and analogs that elicit a hydro-osmotic
response in the intact bladder. A striking parallelism was evident with respect
to the peptide concentrations required for half-maximal stimulation {affinity
parameter) of the cyclase preparation and of the intact system ; i.e., the values
of the affinity constant, pDD, (negative logarithm of the peptide concentra-
tion which evokes a half-maximal response), for [8-arginine]-vasopressin
(AVP), oxytocin (OXY). and [8-lysine]-vasopressin (LVP) were found to
follow the same order (AVP > OXY > LVP)in the adenylate cyclase system
and in the hydro-osmotic assay system. This parallelism of pD, values was
found to hold for a series of oxytocin and vasopressin analogs which were
also studied in both systems. In addition. a number of analogs which inhibit
the hormone-induced hydro-osmotic response of the bladder were also
observed to inhibit the hormone-induced stimulation of the bladder cyclase,
the relative antagonistic effectiveness of the latter compounds in the intact
bladder paralleling that in the adenylate cyclase assay (Bir et al, 1970;
Kirchberger et al.. 1972).

As noted earlier in this chapter. we have observed a similar parallehsm
with respect to the affinity parameter (pD,) determined for neurohypophyseal
peptides at the level of adenylate cyclase activation and at the level of the
final hormonal effect (antidiuresis) in the mammalian kidney {Dousa et al.,
1970a, 1971).

In contrast with the above-noted parallelism of pD, values (affinity
parameters} measured with respect to *‘early’” and “‘late’ events, the maximal
responses evoked by saturating concentrations of neurohypophyseal pep-
tides (intrinsic activity parameters) did not correlate when the results of
studies in the cyclase system and the intact system were compared (Bir et
al,, 1970: Dousa et al.. 1970, 1971 : Kirchberger et al., 1972). For example, if
the maximal hydro-osmotic response to arginine-vasopressin is defined as
100%, (intrinsic activity 1.00). the corresponding maximal responses to
[2-O-methyltyrosine]-oxvtocin  (2-0-MeOt) and [1-f-mercaptopropionic
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acid, 8-alanine}-oxypressin {De-8-Ala-OP) are 88%, and 100°%, (intrinsic
activities 0.88 and 1.00). respectively, in the intact system: however, these
analogs have only about 30°, of the stimulatory capacity of arginine-
vasopressin (intrinsic activity 0.30) in the bladder cyclase preparation. Thus
the production of 3,5-AMP by hormones and analogs at rates in excess of
that evoked by 2-0-MeOT or De-8-Ala-OP appears not 1o be translated into
the final {hydro-osmotic) response. In fact. most of the neurohypophyseal
peptides that we have studied can stimulate adenylate cyclase to a level of
activity greatly exceeding that required to elicit a maximal response in the
final effector system. These findings support our earlier proposal that the
bladder has a “'receptor reserve” with respect to neurochypophyseal hormone-
induced changes in membrane permeability (Eggena et al, 1969, 1970).
These findings also indicate the need for caution in the application of current
receptor theory to the analysis of the mechanism of action of any hormone
(or other agent) when (1) the target-tissue response involves a chain of sequen-
tial events and (2) the experimental data have been derived from observations
on a late event or final event in the chain. It should be noted that we do not
know yet whether the basic nature of the “receptor reserve” of the toad
bladder is anatomical (spare receptors) or functional (e.g., the “‘reserve”
phenomenon may be the consequence of a very broad range over which
adenyl cyclase can be activated): the phenomenon could also depend on a
mechanism for altering the efficiency of the process which couples hormone-
receptor interaction to adenylate cyclase activation or on a mechanism affect-
ing phosphodiesterase activity or on any combination of the above and other
factors. Therefore there are no mechanistic implications in the present use
of the term “receptor reserve,” which is employed only descriptively to
indicate that early steps in hormone action-—‘at” or ‘‘close to” the initial
hormone-receptor teraction-—often manifest much more activity than
can be translated into the final physiological effect. Thus the responsive
system 1s provided with a margin of safety in the event (1) of defective func-
tion developing at an “early™ step in hormone action, or (2) of a decline in
hormone production. release, or transport to target cells.

[n conclusion. it may be noted again that we have entered a period in
which experimental study and analysis of hormonal structure-activity
relationships can be extended from the level of primary to that of tertiary
structure and focused on the earliest event(s) in hormone action.
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CHAPTER 15

USE OF POLYMERIC REAGENTS
IN THE SYNTHESIS OF LINEAR AND
CYCLIC PEPTIDES

A. Patchornik, M. Fridkin, and E. Katchalski

Departments of Orgunic Chemistry and Biophysics
The Weizmann Institute of Science
Rehovot. Israel

I INTRODUCTION

New methods of peptide synthesis have yielded impressive successes
in recent years in the preparation of many naturally occurring polypeptides.
ACTH (Schwyzer and Sieber. 1963), giucagon {Wiinsch, 1967). calcitonin
(Sieber er al., 1968 ; Guttman et al., 1968), ferredoxin (Bayer et al., 1968},
ribonuclease A {Denkewalter er al. 1969: Gutte and Merrifield, 1969),
and human pituitary growth hormone (Li and Yamashire, 1970) are rep-
resentative of a large number of polypeptides which have been prepared
chemically.

The rapid progress is a result of improvements in the classical
methodology new coupling reagents for the formation of the peptide
bond, new protecting groups, highly efficient methods for the isolation and
purification of synthetic products—as well as a result of the development
of several new approaches to the synthesis of peptides. The new strategies
include systematically controlled synthesis with the aid of N-carboxy-
anhydrides (Denkewalter er al.. 1966) and “‘solid-phase synthesis (Merrifield,
1963). These have recently been explored and developed in response to the
requirements for speed. simplicity. and efficiency in the synthesis of large
polypeptides and proteins. With the new synthetic tools now available to
the peptide chemist and the enzymologist, challenging problems such as the
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total synthesis of an enzyme or determination of the relation between the
primary structure of proteins and their biological activity can be attacked.

Solid-phase synthesis by the Merrifield approach has been covered
in several articles and reviews {e.g, Merrifield, 1968, 1969; Marglin and
Merrifield, 1970: Stewart and Young, 1969). The purpose of this chapter
is to review peptide synthesis by the “polymeric reagents™ approach.

II. POLYMERIC REAGENTS AND THEIR
POTENTIAL USE IN ORGANIC SYNTHESIS

For many years, the synthesis of high molecular weight polymers and
the investigation of their physicochemical properties have been the main
concern of polymer chemists. In classical organic synthesis, only a limited
class of synthetic polymers such as 1on exchange resins and polymers posses-
sing catalytic activity were found useful (Calmon and Kressman, 1957;
Heliferich, 1962). Little information is available in the literature on reactions
in which synthetic polymers are actively involved as chemical reagents,
namely, reactions in which the polymer is used to modify other molecules
and is changed chemically as a result of the reaction.

In the following, we intend to deal with one class of such polymers,
namely, polymeric reagents carrying a transfer reaction according to the
following general scheme:

(P)—An+B >(P)-An - 1) +A B

According 1o this scheme, the residues A, which are attached to the
polymer P via chemically active bonds. are transferred during the chemical
reaction to B. with the formation of A—B.

Any polymeric reagents, soluble or insoluble in the common organic
or aqueous solvents, should be applicable to the above type of reaction.
Since the A residues are as a rule low molecular weight compounds, one
might expect that the physical properties of the high molecular weight
carrier, P, will determine the properties of the polymeric reagent ® —An.
Using polymeric reagents in chemical reactions, one might anticipate the
following advantages :

1. Increased yields and improved synthetic procedures as a result of
the use of excess of insoluble or soluble reagents which can be
removed readily at the end of the reaction by filtration or by dif-
ferential solubility of reagents and products.

2. Products of high purity obtained as a result of the technical ad-
vantages intrinsically involved in the novel synthetic procedures.
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3. Continuous synthesis on columns and automatization of synthesis
when insoluble polymeric reagents are employed.

4. Selectivity in the chemical reaction due to steric effects; dilution
within the polymer chains: and affinity of reactant B for specific
groups within the polymer P.

III. POLYMERIC REAGENTS IN PEPTIDE
SYNTHESIS

Successful synthesis of relatively high molecular weight polypeptides
with a predetermined amino acid sequence requires that the yield in every
single step of the synthesis be close to quantitative; that the main reaction
products be easily separable from excess of reagents, starting matenals,
and side-products. that the purification of the products be carried out
readily if possible; and that automatization of the synthesis be feasible.

The use of polymers as tools in the preparation of peptides has been
introduced in response to some of the above considerations. When in-
soluble polymers are being employed in peptide synthesis, either as carriers
or as reagents, the polymers should possess good mechanical properties
such as stability to prolonged shaking and to elevated temperatures and
easy filtration; they should swell in the common organic solvents used for
peptide synthesis; steric effects should be minimized; and adsorption of
soluble reactants by the polymer should be as small as possible.

In addition, a polymeric reagent should carry a relatively large amount
of activated N-blocked amino acids and should show stability on storage.

IV. USE OF POLYMERIC ACTIVE ESTERS OF
BLOCKED AMINO ACIDS IN PEPTIDE
SYNTHESIS

A polymeric reagent of this type can be prepared by the conversion of
N-blocked amino acids or peptides into the corresponding insoluble poly-
meric active ester according to Fig. 1.

Y- NHCHCOOH +HX B —=Y - NHCHCO-X-(®
| 1
R R

Fig. 1. General scheme for preparation of polymeric aclive

esters. 'Y, amino-terminal protecting group: @, polymeric
carner: X, oxygen or sulfur.
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Potentially useful carriers, ® —XH, should contain functional hydroxy
or thio groups to which the carboxylic terminal of the amino acid derivatives
can be coupled to yield active ester bonds.

Some of the polymers which were prepared and investigated are shown
in Fig. 2. The coupling between the polymer and the carboxylic derivatives
15 carried out in appropriate organic solvent, using the conventional coupling
agents for the synthesis of peptides. such as dicyclohexylcarbodiimide (DCC)
(Fridkin et al. 1966, 1972 Laufer et al.. 1968 : Wieland and Birr. 1966},
mixed anhydrides (Patchornik er al.. 1967; Wieland and Birr, 1966), and
thionyl chloride (Wieland and Birr, 1966). At the end of the reaction, excess
of reagents is washed off from the polymer, which is now ready for peptide
synthesis. The content of various N-blocked amino acids attached to the
polymer was determined by the following methods: (1) determination of the
increase in weight of the polymer due to the addition of the carboxylic
component. (2) determination of the amino acids liberated on exhaustive
acid hydrolysis. (3) spectrophotometric determination of the amount of
N-protected amino acid liberated on treatment with NaOH, (4) elemental
analysis {sulfur analysis was of particular use for the O-nitrophenylsulfenyl
derivative), and (5) reaction of the polymeric reagent with excess of benzyl-
amine and back-titration of the latter with perchloric acid in dioxane

~CHy— CH- ~CHy"CH=
@NOZ

OH SH
1 I
=CHy" CH=
-CHZ-CHZ—(I:H—CH—
o’/C\N/C.‘:O
| CHa
OH @
o NO,
OH
v
CHZ CHZ
- +
HO'@'SQZQOH HO-@-N=N‘©-SO3(ALK}3N-®
£H
2
vil

Fig. 2. Polymers used for preparation of polymeric active esters,
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T2 T e R
Y - NHCHCO ~B* HyNCHCOOX ——=Y - NHCHCONHCHCOOX —
1 il I
T fe R
=Y ¥ -NHCHCONHCHCONHCHCOO0X
2.Y=-NHCHCO 7
|
Rs

Fig. 3. General scheme for peptide synthesis using polymeric
active esters { ~ stands for an active ester bond).

{Kalir er al., in preparation). All five methods yielded similar results within
the limits of experimental error.

The use of polymeric active esters in peptide synthesis is illustrated in
Fig. 3. Polymeric active ester /] derived from an N-blocked amino acid and
the appropriate polymer. ®. is coupled with a desired soluble amino acid
ester containing a free »-amino group {I1] to yield the N- and C-blocked
dipeptide [I{I]. Preferential removal of the N-blocking group from the
newly formed peptide enables the repetition of the coupling reaction with
an insoluble active ester of another N-blocked amino acid. Further repetition
of this set of reactions leads obviously to the elongation of the peptide chain
and formation of a peptide with a predetermined amino acid sequence.

A comparison of this approach for peptide synthesis with that of
Merrifield (Merrifield. 1963, 1964) reveals that whereas in solid-phase
peptide synthesis it is the peptide which is bound to the insoluble carrier and
the activated N-blocked amino acid is added in solution, in the method
described above a solution of free peptide ester 1s added to a N-blocked
amino acid ester attached to an insoluble polymer. Furthermore, purification
of the intermediate peptides formed during synthesis can be readily effected
in the polymer reagent method. since these peptides are hberated into
solution. In the Merrifield synthesis. on the other hand, peptide purification
can be carried out only after detachment of the final product from the poly-
meric carrier.

Polymeric nitrophenol derivatives have been prepared and investigated
in several laboratories as potential candidates for peptide synthesis (Fridkin
et al., 1966, 1968 Patchornik et al., 1967 Sklyarov et al., 1966: Panse and
Laufer, 1970: Kalir er al.. in preparation). Cross-linked poly-4-hydroxy-3-
nitrostyrene. [PNP] (polymer [I], Fig. 2}, was used in our laboratory for the
preparation of many insoluble active esters derived from N-blocked amino
acid and N-blocked peptides. The polymeric reagents usually contained
1-2 mmoles of activated amino acid per gram polymer. They have been used
for the preparation of a variety of peptides. Among the peptides prepared
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NPS 0-Bal
E Ala] NPS-Phe NPS-Ser  Z-Pro Z-Phe
oNE)  CPNBI (NP] LPNP) (PNE] LPN

ke
HzN = PNB

0
(06%) 98% | O
72 01 penpiv

NO:
{96%) 9B8% |
z———————PNBYV

zl NO2
(94%) 98% |

NPS 1 PNB VI

0-Bal . . NO;
NPS | ®85%WSZ%| ppng vy

0-8zl NO,
O, 0,
| _183%) 96%| bye v

[+

NPS

0621 N
| 788%) 95%)

NPS

NO2 0-Bz
| ] (65.3 %) 83 /.,I

90“/0 1. liquid HF
89| 2. Hy-Pd-BaS04

crude bradykinin

66.3%{ 'RC-50
139%

PNB 1X

PNBX

bradykinin

Fig. 4. Synthesis of bradykinin using polymeric active
esters (Fridkin et al., 1968). [PNP], Copoly-4-hydroxy-
3-nitrostyrene- 4 7 -divinylbenzene.

were oxidized glutathione (90 °; overall yield) (Fridkin et al., 1966 ; Patchornik
et al., 1967) and the naturally occurring nonapeptide bradykinin (399
overall yield) (Fridkin et al., 1968). The synthesis of the latter peptide using
the corresponding high molecular weight insoluble active ester is given in
Fig. 4.

The peptide which was obtained after purification on IRC-50 ion ex-
change resin was identical in its physical and chemical properties to authentic
bradykinin and possessed full biological activity.

Two main difficulties were encountered during the course of preparation
of peptides with the aid of [PNP]-active ester (Fridkin et al., 1971).

1. The mechanical properties of the polymeric carrier were not com-
pletely satisfactory. The particles partially disintegrated during the
course of synthesis, especially in dimethylformamide, and the
products were sometimes contaminated with superfine particles of
the polymer.

2. The acylation of amines with the polymeric active esters is strongly
dependent on steric factors.
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In order to overcome these difficulties, a new type of polymeric carrier
was prepared. Copolystyrene-2 % -divinylbenzene in bead form was used
as the starting material because of its excellent mechanical properties. The
preparation of one of the carriers used is shown in Fig. 5 (Kalir et al, in
preparation).

Several low molecular weight peptides were prepared, in high yields
and with a high degree of purity, with the aid of the new polymer synthesized.
1ts use in the synthesis of high molecular weight peptides is under investiga-
tion. The results obtained so far are encouraging and indicate that the
abovementioned difficulties have been overcome to a considerable extent.

Sklyarov et al. (1966) described briefly the use of [PNP] and of poly-
(2-hydroxy-5-nitro-m-phenylenedimethylene) (obtained by copolymeriza-
tion of p-nitrophenol. phenol. and 1.3-dichloroacetone in dioxane) in the
preparation of few dipeptides. Panse and Laufer {1970) described the svn-
thesis of a 4-hydroxy-3-nitrobenzoic acid derivative of polystyrene and its
use in the preparation of a few short peptides. Williams (1972) described a
new route for the preparation of [PNP] and has investigated some aspects
of racemization during peptide synthesis using [PNPJ-active esters (Lauren
and Williams, 1972).

Cross-linked p,p-dihydroxydiphenylsulfone (polymer [V], Fig. 2) was
prepared by Wieland and Birr (1966) by condensing p.p’-dihydroxydiphenyl-
sulfone with formaidehyde. The insoluble active esters derived from this
polymer were used in the synthesis of several di- and tripeptides in 56-71 %,
yields. In another polymeric reagent which was prepared by Wieland and
Birr (1967), the N-protected amino acid active ester bearing free sulfonic
functional group was attached via ionic bonds to an anion exchanger,
Dowex 1 x 2. The ionically bound active ester of N-3,5-dimethoxybenzyl-
oxycarbonyl-L-phenylalanine and 4-hydroxybenzeazo-4-sulfonic acid was
allowed to react with r-alanyl-glycine methyl ester in formamide. The
corresponding tripeptide ester was obtained in 69 %, yield based on the free
amine. The attractive feature in this variant of the polymeric active ester

“CHsa—CH- + H5ClI
2 2 Al Cla -CHZ-CH—
NO;
OH
CHa
NO5
OH

Fig. 5. Preparation of (4-hydroxy-3-nitrojbenzylated poly-
styrene {Kalir et al., in preparation).
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R
Y- Nrduco-04-n=n )50 (i )35 -®

HaNCHCOOX
|
Ry

| | i .
V-NHCHCO- NHCHE00X + HO¢_Y-N=N-¢)-503 (AKIzN<®)

Fig. 6. Synthesis of peptide using insoluble ionically bound active ester
(Wieland and Birr, 1967).

approach (shown in Fig. 6) is the relative ease with which an active ester can
be bound reversibly to the polymeric support.

Another interesting modification of the polymeric reagent peptide
synthesis was developed by Flanigan and Marshall (1970) and by Marshali
and Liener (1970). A 4-methylthiophenol denivative of polystyrene {see Fig.
7)was used as a support for the synthesis of peptides similarly to the Merrifield

|
e Drcngr L 0@ crs LD-om
Hot ®
YNHCHCOOH | DCC

R
@—@-cng—@-ococ‘nnm

Merrifield
synthesis }

®~)-cHyS Y- 0C0 - peptide -NHY

Ha02

0
N
®-@CH2ﬁ ~)-0C0 - peptide-NHY

0Rl

|
NH>CHCOOX

o9
X00C - CH— N— C_ peptide - NHY
H

Fig. 7. Synthesis of peptide using ““dual function support’” (Marshall
and Liener. 1970).
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technique. However, in this case it was possible to activate the terminal
carboxyl of the bound peptide by oxidation of the sulfur of the polymer
derivative with hydrogen peroxide to the corresponding sulfone.

Ouly a limited number of peptides, in rather low yield, have been syn-
thesized so far by this technique. It is worth mentioning that the amino
acids cysteine, methionine, and tryptophan can be oxidized easily by hyd-
rogen peroxide. Thus modification of the technique is essential, for the
synthesis of peptides containing these amino acids at points other than the
C-terminal is required.

A few other polymeric phenol-active esters have been reported in the
literature: poly(4-thiostyrene) (Sklyarov er al., 1966 Patchornik et al., 1967),
nitrated novolak (Patchornik et al., 1967), poly(5-vinyl-8-hydroxyquinaldine)
{(Manecke and Haake, 1968), but very little information is included in these
reports,

Peptide synthesis by means of insoluble active esters derived from
N-5(polystyryl-4-methoxycarbonyl)-imino-4-oximino-1,3-dimethyl-2-pyraz-
oline and N-blocked amino acids was recently reported by Guarneri et al.
{1972). Several dipeptides as well as the N-terminal hen egg-white lysozyme
tetrapeptide, N, N*-Di-Z-Lys-Val-Phe-Gly-OEt, was carried out in high
yield (80°%; overall yield for the lysozyme tetrapeptide).

Because of the well-known reactivity of the N-hydroxysuccinimide
esters of N-blocked amino acids (Anderson et al., 1964), high activity of the
corresponding polymeric esters was predicted. Since such polymeric esters
are aliphatic, less steric hindrance during the synthesis of peptides containing
bulky amino acid derivatives was expected (Fridkin et al., 1971). The use of
active esters derived from N-blocked amino acids and poly(ethylene-co-N-
hydroxymaleimide) [PHMI] (polymer [[1]I], Fig. 2) was developed indepen-
dently in three laboratories (Patchornik er al, 1967; Laufer et al., 1968;
Wildi and Johnson, 1968}, Laufer et al. (1968) prepared the copolymer by
condensing poly(ethylene-co-maleic anhydride) with hydroxylamine. The
copolymer was cross-linked by exposure to high-energy electron irradiation.
The t-Boc-amino acid active esters of the linear and cross-linked [PHMI]
obtained were empioyed in the synthesis of 17 different tri- to octapeptides
in good vyields. Cross-linked poly(ethylene-co-hydroxymaleimide) was
prepared in our laboratory by reacting the corresponding polymeric an-
hydride with hydroxylamine and cross-linking with hexamethylenediamine
hydrazine, spermidine, or spermine (Fridkin et al., 1972). Polymeric active
esters derived from the cross-linked PHMI and N-t-Boc-amino acids were
successfully used in the synthesis of a heptapeptide, corresponding the
residue 159-165 of bovine carboxypeptidase A. The stepwise synthesis is
summarized in Fig. 8. The high vield obtained in the coupling reactions, the
purity of products, and the relatively fast reaction rates in comparison with
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Fig. 8. Synthesis of heptapeptide, corresponding to residues 159-165 of
bovine carboxypeptidase A, using polymeric active esters (Fridkin et al,
1972). [PHMI], Cross-linked poly(ethylene-co-hykroxymaleimide).

the PNP-active esters suggest that PHMI-active esters might be very useful
reagents in peptide synthesis.

Further experiments with insoluble PHMI-amino acid active esters
have shown that macromolecules such as poly-g-benzloxycarbonyl-L-lysine
(average molecular weight 10,000) and insulin can be alanylated quantitative-
ly by t-Boc-alanine-PHMI in DMF (Fridkin et al, 1972). These results
indicate that acyl-PHMI derivatives might be of use in the modification
of synthetic and native macromolecules, provided that the latter are soluble
in the medium in which the acylation reaction is carried out.

A new polymeric N-hydroxysuccinimide derivative (see Fig. 9) was
prepared recently in our laboratory using copolystyrene-2 % -divinylbenzene,
in bead form. as starting material (Kalif et al., in preparation). The product
shows the good mechanical properties of the parent polystyrene. It has been
used successfully for the preparation of various dipeptides, and we are
currently applying it to the synthesis of longer peptides.

V. POLYMER CONDENSING AGENTS

The use of insoluble reagents for the activation of amino acids has
not been limited to polyactive esters. Wolman et al. (1967) used the in-
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soluble polyhexamethylene carbodiimide
— (CH;)y —N=C=N—[{CH,}, —N=C=N],—(CH,); —

in peptide synthesis. For example, N S-di-Z-L-cysteine and glycine benzyl
ester were coupled with the aid of an eightfold excess of the polymeric
reagent in methylene chloride suspension to give a 939 yield of N,§-di-Z-L-
cysteinyl-glycine benzyl ester.

A series of polymeric carbodiimides of aromatic or aliphatic nature
(see Fig. 10) were developed in our laboratory (Fridkin er al., 1971) and were
found to be of use as coupling agents in peptide synthesis.

CHp=CH- NE(_E(COOEt)Z ~CHy=CH-
CHpCOOEY @
C(COOEt),
CH,COOE}
IZOHH; ~CHpy—CH-  1-H20 —CHo—CH-
@ 2.NHoOH
P
CHa cua-?n-c\
i
5 N-OH
CH-COOH CHacl
CHCOOH 0

Fig. 9. Preparation of N-hydroxysuccinimide derivative of polystyrene
(Kalir e¢ al., in preparation).

-CHp~CH—
|
- CHz ':f
cr 1 3
ch,  CHaCH3 i
| (CHp) 3 N
; ’ R
{CHp) 1
| 22 c
N [
¢ )
A R
!
R

Fig. 10. Polymeric carbodiimides (Fridkin et al.,
1971).
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Fig. 11. Peptide synthesis using chlorosulfonated polystyrenc as a coupling
agent (Fridkin et af., 1971).

Activation of N-acy! amino acids by coupling to a sulfonated poly-
styrene was investigated in our laboratory (Fridkin et al., 1971). A number of
peptides were prepared in good vield in a series of reactions which are shown
in Fig. 11.

The peptide reagent N-ethoxycarbonyl-2-ethoxy-1,2-dihvdroquinoline
(EEDQ)) was incorporated into an insoluble polymeric support. The use of
the resulting reagent in peptide synthesis and its application in an automated
process have been described (Brown and Williams, 1971: Williams et al.,
1972).

Vi. CYCLIC PEPTIDES

Cyclic peptides are generally synthesized by reacting a carboxyl-
activated linear peptide with its own amino group {Schwyzer and Sieber,
1957: Wieland and Ohly, 1957 ; Vogler er ai., 1960). The cyclization reaction
1s usually carried out in high dilution to minimize intermolecular conden-
sation. Nevertheless, yields are usually low, and the products of conden-
sation contain linear peptides which have to be removed. Formation of the
linear peptides might in principle be avoided by the attachment of the linear
peptide to be cyclized to an insoluble polymeric carrier. If such attachment
leads to local low concentration. only intramolecular cyclization should
result.

Cyclization involving polymer carriers can be carried out in two ways,
which are depicted in Fig. 12. In reactions of type I, cleavage [rom the carrier
occurs simultaneously with cyclization, and the cyclic product is recovered
from solution after removal of the polymer, In reactions of type II, the bound
lingar molecule 1s first cyclized and then cleaved off from the polymer.

A general scheme for the synthesis of cyclic peptides by reaction of
type I, using [PNP]J-active esters is shown in Fig. 13, Using this method and
the appropriate linear peptides, the cyclic peptides listed in Table I were
prepared in our laboratory (Fridkin er al., 1965 Patchornik et al., 1967).
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Fig. 12. General scheme for cyclization on polymeric support.
®. The polymeric carrier, X and Y, activated terminals of a
linear peptide.

Y- NH-PepCOOH + H{PNP] —Y-NH PepCO{ PNP] —

Y HX: NHPepCO—[PNP] EtaN, NHpepco+H-{pne]

| S |

[pr}-o@@,wcm; t-BOC; NPS
NO,

Fig. 13. Synthesis of cyclic peptides using polymeric active esters
(Fridkin ef al., 1963).

Table 1. Cyclic Compounds Prepared on

Polymeric Support
Yield
Cyclic compound %)
Gly—Gly 75
Ala '—Alla 80
Phe—Gly 70
Ala—Gily 77
[
Ala—-Ala—Ala—Ala 63
[
Ala- Gly —Ala—Ala 56
| ;
HN—(CH,);—CO 80

NH ~(CH,),—CO 65

327



328 Chapter 15
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Fig. 14. Synthesis of a cyclic S—S-tripeptide
(Bondi et al., 1968)

By following a similar approach, (type I) Flanigan and Marshall (1970)
synthesized di-, tetra-, and hexacyclopeptides n fair yields using a methyl-
thiophenol derivative of polystyrene as the polymeric carrier. An example
of cyclization of type IF is the synthesis of the ¢ystine-containing tripeptide

7
H,NCys—Cys—AlaOH

The peptide N,S-ditrityl-L-cysteinyl-S-trityl-L-cysteinyl-L-alanine (see Fig.
14) was synthesized on a Merrifield polymer. After removal of the S-trityl
groups by silver nitrate, the free thiol groups were oxidized by diiodoethane,
and the cychic cystine peptide was then released from the polymer by treat-
ment with HBr in TFA. Purification on Dowex-50 ion exchanger yielded
the desired peptide in 80 overall yield (Bondi et al., 1968).

The biologically active peptide oxytocin was also prepared with the
aid of a polymeric carrier. The linear S-blocked peptide was synthesized
in a stepwise manner on a polyphenol support. The thiol protecting groups
were removed, and the free SH groups were oxidized by passing air through
a suspension of the polymeric-bound peptide. Upon ammonolysis, the
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oxytocin obtained was released into solution and subsequently purified
{Inukai er al., 1968).

Skylarov and Shashkova (1969) have synthesized a glycine analogue
of gramicidin $ using a benzyl chloroformate derivative of polystyrene as an
insoluble carrier. A diblocked linear tetrapeptide was attached to the polymer
via a free d-amino group of an ornithine residue. The tetrapeptide was then
elongated in a stepwise manner at the N-terminal end to yield an insoluble
decapeptide derivative. Upon removal of the C-terminal protecting group
and esterification of the free carboxyl with N-hydroxysuccinimide, an in-
soluble decapeptide active ester was obtained. The N-protecting group
was removed. and the free amino group was allowed to react with the ac-
tivated carbonyl terminal to give the cyclic decaptide bound to the polymer.
The cyclic peptide thus formed was split from the polymer by the action of
HBr in acetic acid and purified on ion exchangers. The vield was 209,
based on the amount of the linear tetrapeptide which was attached to the
polymer. The described method might be of use in synthesis of cyclic peptides
containing difunctional amino acids.

Vil. CONCLUDING REMARKS

The use and applicability of polymeric reagents in the synthesis of
peptides has been demeonstrated in this chapter. [t is pertinent to note, how-
ever, that the appropriate polymeric reagents might be of considerable use
also in other classical organic reactions. Their use might simplify the syn-
thetic procedure, lead to high yields of the desired products, and increase
specificity. As a matter of fact. the few examples already available in the
literature illustrate the potential of the polymeric reagent approach in
organic synthesis.

Polymers containing quinone residues have been used to oxidize
various compounds such as tetraline, cysteine, and ascorbic acid (Manecke
et al., 1959); polymers containing free sulthydryl groups were found to be
useful reducing agents of disulfide bonds (Overberger and Lebovitz, 1956:
Gorecki and Patchornik, 1972); polymers containing percarboxylic groups
were used to hydroxylate compounds with olefinic double bonds to form a-
glycols (Helfferich and Luten. 1964): charge-transfer complexes of poly-
vinylpyridine with bromine could be used as mild brominating agents
(Zabicki er al., in preparation): polymers and copolymers of N-halomale-
imides revealed considerable specificity in the halogenation of aromalic
compounds (Yaroslavsky et al., 1970} polymer carrying nitronium ions
showed specificity in the nitration of toluene (Wright et al., 1965) ; polymeric
sulfonyl chlorides were useful as coupling reagents in the preparation of
nucleotides {Rubinstein and Patchornik, 1972): an insoluble polymeric
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carbodiimide was used as a reagent in the Moffat oxidation (Weinshenker
and Shen. 1972); polymeric ylides were utilized in the Witting reaction
{Camps et al. 1971b: Tanimoto et al.. 1967; McKinley and Rakshys, 1971):
polymer-supported rhodium (1} catalyst was used for selective catalytic
reduction of olefins (Grubbs and Kroll, 1971).

Since chemically reactive groups can be widely separated from one
another while attached to a polymer backbone, one can prevent interaction
between the reactive moieties which are attached to the polymer. This might
facilitate intramolecular interactions, or specific intermolecular reactions
which can be carried out with the corresponding monomeric reactive com-
pounds only with considerable difficulty. The prevention of intermolecular
condensation and enhancement of intramolecular condensation on a polymer
carrier have been illustrated herein by the synthesis of cyclic peptides using
immobilized linear peptide active esters. A similar technique was used to
synthesize cyclic ketones (Crowley and Rapoport, 1970). Stable polycar-
banions were utilized in the direct monoacylation of esters (Patchornik and
Kraus, 1970), for the directed mixed ester condensation of two acids bound
to a commeon polymer backbone (Kraus and Patchornik, 1971a). and for the
alkylation of esters (Kraus and Patchornik, 1971h; Camps et al., 1971a).
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CHAPTER 16

SOLID-PHASE PEPTIDE SYNTHESIS

R. B. Merrifield

Rockefeller University
New York N Y.

I. INTRODUCTION*

It is a privilege to be able to contribute to this volume in which Profes-
sor Zervas’ friends, students, and colleagues have joined together to honor
him and his remarkable contributions to peptide chemistry. Although !
did not know him untl afier his days in the Bergmann Laboratory at the
Rockefeller Institute, I can claim the distinction of now working in those very
same rooms that they occupied back in the mid-1930s. Like all peptide
chemists. I am greatly indebted to Professor Zervas, having depended so
heavily on the carbobenzoxy group and on the various modified urethan
protecting groups which have been direct extensions of the revolutionary
advance that Bergmann and Zervas made.

Just 10 years ago, a new 1dea for the synthesis of peptides was introduced,
called “'sohid-phase™ peptide synthesis. I would like to take this opportunity
to discuss the philosophy underlying this unconventional approach, to
show how the technique has changed during the intervening period, to
point to some of the variations on the theme, and to touch briefly on some of
the things that have been achieved through application of the solid-phase
principle.

*Abbreviations used in this chapter: Boc. t-butyloxycarbonyl; Z. carbobenzoxy (= benzyloxy-
carbonyl); Bpoc. 2-(4-biphenylyl)-2-propyloxycarbonyl ; TFA. trifluoroacetic acid; DCC, di-
cyclohexytcarbodiimide: HOSu, N-hydroxysuccinimide; EtyN. triethylamine; Bzl, benzyi;
NBS. N-bromosuccinimide: NEPIS. ¥-cthyl-5-phenylisoxazolium-3'-sulfonate; DMF, di-
methylformamide: pMZ. a-methoxybenzyloxycarbonyl: S-DVB, styrene-divinylbenzene co-

polymer. Other abbreviations as recommended by the IUPAC-IUB, J. Biol. Chem., 247:977
(1972).

a3s
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1. THE SOLID-PHASE IDEA

A. General Considerations

During a period in which I was involved in the synthesis of a series of
small peptides by the classical methods, it became more and more clear to
me that we needed better methods and that if we intended to extend our
horizons to the synthesis of larger peptides we surely must have more
efficient techniques. 1 1s evident from the other chapters in this book and
from the recent literature that improvements in the classical techniques have
been forthcoming and that better methods are now at hand, but I was con-
vinced that a completely new approach to the problem was essential, and
the solid-phase idea emerged from these considerations (Mernifield, 1962,
1963).

By attaching the first amino acid of the peptide chain to an insoluble
solid support and growing the chain in a stepwise manner. it seemed probable
that several basic difficulties could be overcome. The purification of the
peptide intermediates could be accomplished by simple rapid-washing
procedures, the losses ol product would be minmimized because of the complete
insolubility of the anchored peptide chain, and, ironically, the problem of
insolubility of intermediate reactants in the usual sense would be avoided.
The overall process would be accelerated, and there would be an oppor-
tunity to mechanize and automate the entire synthesis. Some of these ad-
vantages were obtained at the outset. some were slowly achieved after more
detailed studies. and some have not yet been fully realized (Merrifield,
1969 Stewart and Young. 1969. Marshall and Merrifield, 1971). The
success of this approach depends on three things: (1) rapid reactions, (2)
complete reactions. and (3) absence of side-reactions. The reactions can
certainly be very fast. and in most instances they come close to completion,
although it 15 unlikely that the last molecule ever reacts. A number of side-
reactions have been recognized and eliminated or minimized, but some others
remain as special problems.

The original idea involved a two-phase system in which a soluble amino
acid reagent reacted with the growing peptide chain while it was held in the
solid phase on an insoluble support. and was later separated from it by
filtration. The name “solid-phase peptide synthesis’” was derived from that
situation. Basically. however, the requirement is simply for a peptide support
which is physically separable from the reactants, and in principle other
separation techniques and other two-phase systems are possible: solid-
solid, liquid- liquid. or even those involving the vapor phase.

The general requirements for a solid support are insolubility, physical
stability, chemical stabitity. and. most important, ability to provide con-
ditions in which the synthetic reactions can occur rapidly and quantitatively.
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Polystyrene-based resin beads containing low concentrations (1 or 2%;)
of the cross-linking agent divinylbenzene meet the specifications rather well.
They are insoluble. they are physically stable to shaking and filtering, and
they swell in organic solvents to give a large open matrix in which the coupling
reactions can occur. By radicautography at the level of the light microscope,
the accessibility of the interior of the beads appears to be quite uniform
(Merrifield and Littau, 1968), and a relatively large space 15 available to the
growing peptide chains. However, on a molecular level it is probable that
there is heterogeneity and that not all sites are equally accessible. Steric and
diffusion problems are possible sources of difficulty that could lead to in-
complete reactions. to shortened peptide chains, or to deletion peptides
during synthesis.

Several efforts to overcome these presumed problems have been made.
An carly one used a soluble polystyrene to support homogeneous coupling
reactions, followed by a change in solvent to precipitate the product for
separation from reactants by filtration (Shemyakin et al., 1965; Green and
Garson, 1969). With such soluble macromolecutar supports, it may be
possible to effect separation by ultrafiltration without prior precipitation of
the polymer. It may also be possible to use a liquid-liquid system containing
two polymeric solutes {Albertson, 1960) to achieve the separation. Problems
of inaccessibility of internal sites might also be avoided by limiting the
reactions to the surface of the sohd support, and several efforts have been
made in that direction. It is important to point out that for a significant
effect to be achieved the reactions must really be limited to the surface and
not simply to a relatively thin layer of polymeric support, because the latter
will still be very thick by molecular dimensions and the diffusion and steric
problems will not have been elininated.

The main efforts in this direction have involved using (1) highly cross-
linked suspension copolymers of styrene and divinylbenzene that do not
swell and are limited in their reactions to sites near the surface (Merrifield,
1963), {2) macroporous resins which have rigid matrices due to high c¢ross-
linking but large internal surfaces {Merrifield, 1965, 1969), (3) glass beads
coated with styrene polymers (Horvath er al., 1967 Bayer et al., 1970b), (4)
teflon particles radiation-grafted with polystyrene films (Tregear et al.,
1967), and (3) glass beads with chains chemically bonded to the silicic acid
surface (Bayer et al.. 19705). The use of a column to hold the coated beads has
provided a convenient way to handle the larger quantities of solid support
required to produce a given quantity of peptide (Scott et al., 1971).

The polymeric supports allow an essentially unlimited variety of
synthetic reactions to be devised and carried out so that the range of the
chemistry for the attachment and removal of the peptide chain is not
seriously restricted by the polymeric nature of the system. The chemistry is
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strongly dependent, however, on the particular strategy selected for the
synthesis,

The solid-phase approach to the synthesis of a peptide or protein can
be divided into at least six substrategies, each of which has its own advantages
and disadvantages and requires its own set of chemical reactions and con-
ditions. The synthesis can be either a continuous, stepwise process or a
fragment condensation process. The stepwise technique can proceed either
by attachment of the C-terminal amino acid to the resin and the addition
of activated amino acids to the amino end of the growing peptide chain,
or by attachment of the N-terminal amino acid to the resin and addition of
subsequent amino acids to the carboxyl end of the activated peptide chain,
or by attachment at a side-chain and extension in either direction. A solid-
phase-fragment scheme can be designed in three ways. In each case, a small
peptide is first synthesized on a solid support and is removed under con-
ditions which give a protected fragment that can be purified and charac-
terized. The pure fragment can then be activated and coupled to a peptide
chain that is anchored to a solid support. or the fragment can be reattached
to a solid support and then be extended by further stepwise or fragment
couplings, or two of the pure protected fragments can be coupled in solution
to give a larger peptide. These general schemes are illustrated in Figs. 1-6.
Other schemes which make use of solid supports for reagents or for isolating
and purifying intermediates will not be included here. The purpose of this
chapter is to indicate the vanious chemical reactions that have been applied
to these schemes. with special regard for the combinations of protecting
groups that are needed in order to have a compatible set of reactions.

B. Stepwise Approaches

{. Extension of the Chain from the Carboxyl Terminus. The original,
and by far the most frequently used, solid-phase approach is the one in which
the carboxyl-terminal amino acid of the peptide is bonded to the solid support
as outlined in Fig. I. The initial hope was that the reactions could be developed
and refined to the point where the stepwise extension of the peptide chain
could be continued without interruption to give the final polypeptide
sequence. If the operations were essentially the same for all amino acids and
if the cycle time were shorl. this seemed to offer the best chance for the syn-
thesis of long polypeptides or proteins of defined sequence. The problems,
of course, are numerous and must be examined one at a time, and then in
combination.

The first synthesis that was at all successful made use of the carbobenzoxy
group for a-amino protection. A simple benzyl ester bond to the polystyrene—
divinylbenzene support was used to attach the first amino acid. It was not
stable enough. however, to allow repeated removal of the Z group, and it was
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Fig. 1. Stepwise extension of the chain from the carboxyl terminus. The
large circle represents the solid support, the small open circles are the
amino acid residues, and the filled circles are protecting groups or
activating groups.

:

necessary to either nitrate or brominate the resin to improve the stability
and increase the differential. Since the nitrobenzyl ester was then too stable
for acidolytic cleavage of the finished peptide from the resin, it was necessary
to turn to saponification to remove the peptide:

10%, HBr

CsHsCH,OCONHCHR 'CONHCHR*COOCH,C H5(NO ) ~(R) o>

0K, H NCHR'CONHCHRCOOH (1]

The symbol ® is used to represent the styrene-divinylbenzene resin. A
sufficient degree of selectivity to acidolysis was obtained with the bromo
derivative to allow a small peptide to be made in that way (Merrifield,
1963):

CH ;CH,OCONHCHR'CONHCHR2COOCH,C¢H,(Br)— (R) 2

HOAc

H,NCHR'CONHCHR?*COOCH,C,H,(Br)—(R) [2]
H;NCHR!CONHCHR2COOCH,C,H,(Br)—- (R)* 50>

H,NCHR!CONHCHR*COOH 3]

Clearly, very much better selectivity was necessary if a multistep synthesis
were to be undertaken.
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Since it 1s essential for the x-protecting group to be completely removed
{>99.9%) at each step with only small losses (<1%) of the anchoring
bond, it is obvious that the rate constants must differ by 10® or more. As a
move in that direction, the new t-butyloxycarbonyl(Boc) group (Carpino,
1957; Anderson and McGregor, 1957; McKay and Albertson, 1957) was
adopted (Merrifield, 1964). Under conditions where we are confident that
the Boc group is removed essentially quantitatively

s0°, TFA

(CH,),C=CH, + CO, + H,NCHRCOOH 4]

the C-terminal benzyl ester 1s usually lost to the extent of only 1 or 2%,
This has, for example. allowed the stepwise synthesis of ribonuclease A
{124 amino acids) to be carried out with an overall retention of 17% of the
original peptide chains.

Sakakibara er al. (1965) replaced the Boc group with the amyloxy-
carbonyl {Aoc) group, and Weygand and Ragnarsson (1966) used p-meth-
oxycarbobenzoxy amino acids, which have nearly the same stability to
acid as the Boc derivatives. In addition, these derivatives were thought to
have the advantages of better crystallimity and higher solubility in the usual
solvents. For peptides composed of simple amino acids, therefore, the protec-
tion problem was solved, but for trifunctional amine acids the problems
have been more difficult.

While it is acceptable to have a small loss of peptide chain from the solid
support at each step, it is not acceptable to have similar losses of side-chain
protection. When the entire chain is lost one simply suffers a corresponding
loss in overall yield, but when side-chain functional groups are exposed
there is a probability of side-reactions occurring which will give rise to
impurities in the product that are difficult to separate. Thus amino and
hydroxy groups will be acylated during coupling steps

HO—CH,

| BocNHCHRCOOCH,
H,NCHCOO—(R)

BocNHCHRCOOH ‘

DCC [5]

BocNHCHRCONHCHCOO—
giving rise 1o the growth of side-chains, and carboxyl groups can become
activated by reagents such as DCC and enter into acylation reactions or
undergo intramolecular rearrangement to give a permanently blocked
acylurea derivative:

CH,COOH CH,CON(C4H, ,JCONH(C,H, ,)

—NHCHCOO—(R) —NHCHCOO—R) ol
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Problems of this kind have been encountered in the past, particularly with
lysine. It has been shown by Yaron and Schlossman (1968) and by Grahl-
Nielsen and Tritsch (1969) that the N*-carbobenzoxy group on lysine is not
entirely stable under the conditions required for the removal of the N*-Boc
group

Boc—Lys(Z)—0—(R)—es> Lys2)—O—R)+ Lys—0—(R) (7]
leading to the introduction and growth of side-chains at the lysine residues
during subsequent stages of the synthesis.

TI\IHZ BocNHCHRCOII\IH
(CH,), (CH,), [8]
H,NCHCOO— (R) BocNHCHRCONHCHCOO—(R)

It has also been reported (Nitecki and Goodman, 1970) that the benzyl
ester of glutamic acid is not sufficiently stable, although work in this laborat-
ory and elsewhere (F. H. C. Stewart, 1967) has indicated good stability.
Ser(Bzl) and Thr(Bzl) are quite stable, but Tyr(Bzl) and Cys(MeOBzl) may
be slightly too labile.

Several good studies on the mechanism and rate of cleavage of pro-
tecting groups have been made, for example, Blaha and Rudinger (1965),
Homer er al. (1963), Losse et al. (1968), and Schnabel et al. (1971). From the
data discussed in these papers. it can be seen that a rather wide choice is
available. and significant improvements over the earlier solid-phase pro-
tecting group combination are now possible. One approach to the side-chain
problem is to go 10 more stable side-chain protection and another is to select
more acid-sensitive x-amino-protecting groups.

When Zervas developed his o-nitrophenyl sulfenyl protecting group
(Zervas er al., 1963), it was examined for use in solid-phase synthesis (Najjar
and Merrifield, 1966 Kessler and Iselin, 1966) and found to be quite suitable.
The group could be removed under such mild acidic conditions {(0.15 v HCI
in acetic acid—chloroform} that essentially no loss of benzyl esters was
observed. It was also removable with thioacetamide and other nucleophiles:

C,H.(NO,)SNHCHRCOOH ‘——5' C, H,(NO,)SSC(CH;)=NH +
H,NCHRCOOH 9]

In a very valuable study, Sieber and Iselin (1968) explored a number of
modified urethan protecting groups with acid sensitivities relative to Boc
ranging from 1 to 66,000. They recommended biphenylisopropyloxycarbonyl
(Bpoc) derivatives (ration 3000: 1} as especially suitable for use in conjunction
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with Boc and ¢-butyl derivatives and, of course, with any more stable group:

CoH;—CH,C(CH,),OCONHCHRCOOH i
C,H;—CH,C(CH,)=CH, + CO, + H,NCHRCOOH [10]

The Bpoc group has now been applied to solid-phase syntheses (Sieber and
Iselin, 1968: Wang and Merrifield, 1969) and provides more than enough
differential between the amino group and the a-benzyl ester anchoring bond
or the side-chain benzyl derivatives. The selectivity with side-chain Boc or
t-butyl derivatives vs. Bpoc is similar to the selectivity in the Bzl vs. Boc
situation and may become marginal with very long peptide chains.

The very acid-sensitive amino acid derivatives are not without their
problems. They cannot be stored as free acids for extended periods unless
extreme precautions are taken, and they are therefore usually kept as salts of
dicyclohexytamine or other organic bases. This in turn requires an ¢xtra step
in the synthesis to release the free acid for coupling, There 1s, in addition, the
possibility that the protecting group can be lost during the coupling and allow
the introduction of two residues instead of only one,

Bpoc—Ala + HfLeuf07®% BpOC*‘Ala_LGU—®—'
H—Ala—Leu—0—(R) — Bpoc—Ala—Ala—Leu—O-(R) [//]

although this has not actually been observed to occur.

Several attempts have been made to construct side-chain derivatives
for lysine with increased acid stability for use in multistep solid-phase
syntheses in combination with N*-Boc protection. Sakakibara et al. (1970)
found N:-diisopropylmethyloxycarbonyl-lysine (Dipmoc-Lys) to be espe-
cially suitable. It was essential stable in N HCl-acetic acid at 20°C for 24 hr,
whereas the carbobenzoxy protecting group was removed from N*-Z-lysine
to the extent of 20°,, in the same time, and N*-4-Cl-Z-lysine was 8 %, cleaved
under these conditions. On the other hand, the Dipmoc group was com-
pletely removed from Z-Pro-Lys(Dipmoc)-Gly-NH, by HF in 60 min at
20°C. Several other urethan derivatives of lysine were examined by Noda
er al. (1969). They found Lys (4-CN-Z) and Lys(4-NO,-Z) to be resistant to
HF but the 4-chloro and 3-chloro derivatives to be quantitatively removed
in 2-3 hr. Thecleavage in 309, HBr-HOAcwas faster, and even Lys{4-NO,-Z)
was deprotected i § hr. In the 4 N HCl-dioxane used for a-Boc deprotection,
Lys(Z) was removed to the extent of 5-10% in 12 hr, whereas Lys(4-Cl-Z)
went 2-4% and Lys(3-Cl-Z) only 1%, under these conditions. Thus the
stability was improved severalfold over carbobenzoxy, and the differential
between the side-chain protection and N*-Boc was increased to much more
satisfactory levels, Recent work by Yamashiro and Li (1972) has shown that
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Lys(2-Br-Z) and Lys(4-Br-Z) are also considerably more stable to the
deprotection conditions of solid-phase peptide synthesis than is Lys(Z) and
are more suitable for multistep synthesis by this method. The relative rates
in 50%, TFA-CH,Cl; were approximately 1:15:60.

Quantitative evaluation of the stabilities of some new lysine denvatives
has been carried out in our laboratory recently (Erickson and Merrifield,
1972). The apparent first-order rate constants for the deprotection of seven
Nt-carbobenzoxy-lysine derivatives with 509, trifluoracetic acid in methylene
chloride at 20°C were measured. The stabilities relative to Lys(Z) are shown
in Table 1. The 2-chloro, 24-dichloro. and 3,4-dichloro derivatives are

Table L. Relative Stability of V"-Lysine Derivatives

Relative stability,”

N* substituent 10 50, TFA-CH,Cl,, 20°C

Z l

4-Cl-Z 3
2.Cl-Z2 60
24-diCl-Z 38
34-diCl-Z 170
2.6-diCl-Z 790
3-Cl-Z 1000

“The N*-lysine dervative and [ree lysine were quantitatively measured
on the aminoe acid analyzer.

considered to have the desired stabilities to acid for use in conjunction with
a-Boc protection. The ratio of « to & deprotection rates is greater than 10,
which means that when 99.99 %, of the Boc group is removed less than 0,019
of the carbobenzoxy derivative will have been lost. The new Boc-Lys(2,4-
Cl,-Z} reagent was tested in the system of Yaron and Schlossman (1968) and
shown to completely prevent the formation of branched-chain polylysine
products.

Efforts to devise more stable tyrosine-protecting groups have been made
by Yamashiro er al. (1972) and by Erickson and Merrifield (1972). Li’s group
found Tyr(3-Br-Bzl) and Tyr(2.6-Cl,-Bzl) to be approximately 50 times more
stable to 50% TFA than Tyr(Bzl) itsell. However, about 109, of a side-
reaction product was observed on removal of these protecting groups with
HF, even in the presence of excess anisole. Erickson and Merrifield (1972)
also found the relative rates of cleavages of Tyr(Bzl) and Tyr(2,6-Cl,-Bzl)
to be 50:1 and showed the product from 0O-2,6-dichlorobenzyl-tyrosine
to be 3(2.6-dichlorobenzyl)-tyrosine, which was formed by an intramolecular
rearrangement from the ether. In contrast, Tyr(Z}, which was 25 times more
stable than Tyr{Bzyl). gave tyrosine as the sole product after HF deprotection.
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Two of the remaining amino acids that have been problems in solid-
phase synthesis are histidine and arginine. The introduction of N'™-
dinitrophenyl-histidine (Shaltiel, 1967) and Ni™-tosyl-histidine {Fujii and
Sakakibara, 1969) has greatly improved the situation for two reasons. These
groups are much more readily and conveniently removed than the traditional
Ni™_benzyl group, either by thiolysis for DNP, or by HF for tosyl, and they
greatly mimmize the racemization problem discovered by Windridge and
Jorgensen (1971). Similarly, Arg(Tos) has been an improvement over
Arg(NO,). Tt has good stability during the synthesis but is readily removed
by HF with less danger of byproduct formation. There may be some merit in
protecting the amides of Asn and Gln as the 2.4-dimethoxybenzyl (Pietta
et al., 1971) or 44'-dimethoxybenzydryl (Mbh) (Kénig and Geiger, 1970h)
derivatives, although the problem has not been fully examined.

At the moment, the best protecting groups for use in conjunction with
o-Boc in a normal stepwise solid-phase synthesis appear to be Ser(Bzl),
Thr(Bzl), Tyr(2.6-Cl,-Bzl), Cys{MeOBzl), Met(O), Asn(Mbh), Gln(Mbbh),
Asp(OBzl), GluiOBzl), His(Tos), and Lys(2,4-Cl,Z).

2. Extension of the Chain from the Amino Terminus. As can be seen from
Fig. 2, extension of the chain from the amino terminus begins by anchoring
the amino group of the N-terminal amino acid of the proposed peptide chain
to a solid support followed by the extension of the chain through condensa-
tion of the carboxyl group to the next amino acid. Since this is the direction
in which the chain grows during protein synthesis in vivo, it might appear
that a scheme designed along the same lines would give the most effective
chemical synthesis. However, there are several reasons why this does not
appear to be the case.

OOOCCo000 Fig. 2. Stepwise extension of the chain from the amino terminus.
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All chemical methods for the activation of an amino acid for the coupling
reaction involve activation of the carboxyl group. Therefore, when a peptide
chain is to be extended at its carboxyl end by addition of another amino
acid it is the carboxyl of the pepride which must be activated, not that of the
amino acid. This has three important consequences in the present context.
It means that the activation step must be very efficient ; otherwise, part of the
growing chain will not be activated and will not couple at that point. It also
means that all of the activated chain must then couple to the incoming amino
acid derivative but that it cannot be used in excess to force the reaction to
completion. The monomer unit can be in excess but not the activated com-
ponent. It also means that any side-reaction which the activated component
may undergo will correspondingly lower the yield of the desired peptide and
at the same time introduce a problem of separation of the resulting byproduct.
Finally, activation of the peptide carboxy will greatly limit the possibilities
for coupling reactions because of the increased chances of racemization. It is
well documented that urethan-protected amino acids are resistant to race-
mization during the activation and coupling reactions, whereas the same
reactions with protected peprides will lead to considerable amounts of
racemic products. Under certain conditions, for example, with the classical
azide method (Curtius. 1902) or the newer dicyclohexylcarbodiimide—
hydroxysuccimide or  dicyclohexylcarbodiimide-hydroxybenzotriazole
methods (K6nig and Geiger, 1970a) this effect can be minimized, but some
potential danger always seems to be present.

The early work of Letsinger and Kornet (1963) made use of this approach
by preparing a chloroformate derivative of a polystyrene-divinylbenzene
popcorn polymer and coupling leucine ethyl ester to it to give a substituted
carbobenzoxy derivative:

(Ry-C,H,CH,0COCI + H,NCHRCOOC,H; —
(R)-C,H,CH,OCONHCHRCOOC, H, [12]

Saponification of the ester, activation as the mixed anhydride, and coupling
with the glycine ethyl ester gave the first peptide bond. In principle, then,
this set of reactions could have been used to extend the chain to give longer
peptides, although problems with yields and optical purity could be expected.

In an effort to further test this approach with the aid of better protecting
groups and coupling reactions, Felix and Merrifield (1970) studied the use
of the azide method. Styrene divinylbenzene beads were used, and the first
amino acid was again attached as a substituted N-benzylocarbonyl deriva-
tive, but this time the carboxyl was protected as Boc-hydrazide, which could
be deprotected and converted to the azide with N-butyl nitrite (Honzl and
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Rudinger, 1961)

TFA_ C,H,ONO,

(R)—C4H,CH,0CONHCHRCONHNHCOOC(CH,), ~> “50%5
(R)-C,H,CH,OCONHCHRCON, [13]

and coupled to another aminoacyl-Boc-hydrazide. Conditions were devised
which gave moderate yields of an optically pure model tetrapeptide. This
was not considered to be a replacement for the usual stepwise solid-phase
method, but it was thought to be useful for apphcation in certain special
problems. The work also showed that the Curtius rearrangement did not
occur under these azide coupling conditions.

At the present time, it is not possible to mimic effectively the biclogical
scheme for protein synthesis in the laboratory. It is far too complex, and the
extreme selectivity and specificity of the reactions cannot be duplicated.

3. Artachment of the Peptide Through a Side-Chain. It should be pos-
sible to make use of the side-chain of any of the trifunctional amino acids
for the anchoring site in a solid-phase synthesis. With the side-chain co-
valently bound. the peptide chain could be extended in either direction: by
addition of an activated amino acid at the amino terminus or by activation
of the peptide carboxyl and extension at the carboxyl end (Fig. 3).

@ Fig. 3. Attachment of the chain through a side-chain and stepwise
extension at either end.
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Several of the early experiments using this principle and some of the
potential approaches have already been discussed {Marshall and Merrifield,
1971). The first successful scheme of this type was by Sklyarov and Shashkova
{(1969), who made use of the d-amino group of ornithine for the synthesis of a
glycine analogue of gramicidin S:

(R)}-C¢H,CH,0COCI + Boc—Orn—Leu—p-Phe—Gly—OMe —>
®-C(,H4CH20CI=O
Boc—Orn—Leu—b-Phe—Gly-—0OMe
l 25 HCI diaxane

l Np-val ~ DCC-HOSu

l et

®—C6H4CH20(‘?:O
Boc—Val—Orn{Z)—Leu-D-Phe—Gly—-Val—Orn--Leu—n-Phe —Gly —OMe

Lon

l DCC-HOSU

lH‘

iHBr-HOAf

[Gly**]-gramicidin $ [14]

Thus a Boc-tetrapeptide methyl ester was first attached through ornithine
as a resin—benzyloxycarboxyl derivative and then extended stepwise at the
amino end by DCC-HOSu couplings. The methyl ester was replaced by a
hydroxysuccinimide ester, and after deprotection of the s-amino group the
cyclization was effected in good yield while the peptide was still attached to
the resin. A related approach was employed by Meienhofer and Trzeciak
(1971) for a synthesis of [8-lysine]-vasopressin, as shown in equation [15]:

-@—C6H4CHZO§O

NH
(éHZ)dl
Tos—Cys(Bzl)—Tyr—Phe—Gln—Asn —Cys(Bzl)—Pro—NHCHCO—Gly—NH,
JHBr
| NaNR
o

{Lys*]-vasopressin {15]
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The attachment of aspartic acid or glutamic acid as a benzyl ester could also
serve in a side-chain scheme for extension from either end. Krumdieck and
Baugh (1969) used an x-ester linkage in their synthesis of poly-y-glutamyl
folic acid. Anchoring through the sulfhydryl of cysteine also appears to be
feasible and to offer certain advantages.

Such a scheme will give considerably more latitude in planning a syn-
thesis. In general, the advantages and limitations already discussed would
apply in this system as well, but there should be the added advantages that
the side-chain linkage could offer a means for introducing a specific cleavage
reaction and the cyclization of peptides while still attached to the support
should be facilitated. In addition, in a structure—activity study a wider range
of analogues would be possible in fewer steps because changes can be made
at either end of the molecule.

C. Solid-PhaseFragment Approaches

1. Stepwise Synthesis of Protected Fragments. The thesis that a contin-
uous stepwise solid-phase synthesis of a polypeptide can give pure products
of known structure is not accepted by everyone. Many believe that all inter-
mediates must be isolated and purified before proceeding to the next reaction,
although others feel that small peptides containing five to ten, or even
20, residues can be prepared without isolation of intermediates provided
adequate methods of purification are then applied. For this purpose, a
combined solid-phase—fragment approach should be an acceptable solution.
Thus the small fragment could be synthesized by a stepwise procedure on a
solid support, then be removed and purified in solution, and finally be used
in further reactions aimed at the synthesis of large molecules. Regardless of
how the fragments would eventually be combined, the first part of the
synthesis would be the same: but it would not be the same as the continuous,
stepwise procedures just described. It would be necessary to make the frag-
ments in a protecied form so that they could be further coupled at the later
stages of the synthesis without interference from the trifunctional amino
acids. For that reason, a new set of conditions and reactions must be devised.

The requirements for a general protected-fragment synthesis are for at
least three different classes of protecting groups which are mutually com-
patible. The side-chain groups must resist both the multiple stepwise
coupling and z-deprotection operations as well as the cleavage step needed
to remove the protected peptide from the resin support. The bond holding
the pepiide chain to the resin support must also be stable to the repeated
coupling and deprotection steps but must be labile enough for the cleavage
step to occur in the presence of the side-chains. Ideally, these three classes
of protecting groups should each be susceptible to only one kind of reaction
and stable to all others. Thus, for example, the a-amino group might be
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sensitive to acid, the carboxyl attachment to base, and the side-chains to
hydrogenation. Alternatively, a group susceptible to oxidation or reduction
or photolytic cleavage might be introduced, or a safety-catch principle
might be applied. To date, no such general and highly selective scheme has
been devised which is completely free of complications.

The first step in that direction was by Marshall and Merrifield in
1965, when they made the angiotensin I 2-8 heptapeptide on the usual
S-DVB solid support, cleaved it in HBr-TFA, and then coupled it with
a- or fB-benzyl Boc-aspartate to give the two octapeptide angiotensin 11
isomers:

Z-Asp(OBzl}-OH
B

H—Arg(NO,)—Val—Try—Ile—His{Bzl)—Pro—Phe —OH

% angiotensin 1] [16]

This specialized technique was elaborated on by Anfinsen et al. (1967), but
it does not give the general procedure that is needed. The same can be said
for the use of hydrazinolysis (Ohno and Anfinsen, 1967) to give protected
hydrazide fragments which can then be coupled as azides in further fragment
condensations, since hydrazinolysis is limited to peptides not containing
side-chain esters and may also be dangerous in the case of arginine-containing
peptides.

A different kind of selectively cleavable attachment to the resin support
was devised by Weygand (1968) and independently by Mizoguchi et al. (1969).
They have synthesized phenacyl esters which can be cleaved by hydrolysis,
ammonolysis, or thiophenolate:

AICT,

CICH,COC! + C¢H;—(R) - CICH,COCH,~R) -
BocNHCHRCOOCH,COC H—(R) =™ BocNHCHRCOO—  [17]

The latter, when used in conjunction with various acid-sensitive protecting
groups, provides a very useful route to protected peptide intermediates.
The “safety-catch™ principle has been applied in several instances. It
depends on having a carboxyl attachment to the resin support which is
stable to the synthetic reactions required to assemble the protected peptide
chain but which can be selectively activated at the proper time by another
kind of reaction. The activated derivatives can then be removed from the
resin in a protected form suitable for further fragment condensations. D. L.
Marshall and Liener (1970) and Flanigan and G. R. Marshall (1970) have
employed a phenolic sulfide resin which could be activated by oxidation with
hydrogen peroxide or m-chloroperbenzoic acid to the sulfone, This product
is now an active ester that can be cleaved from the resin by saponification,



350 Chapter 16

aminolysis, or hydrazinolysis:

BocNHCHR' CONHCHR2COOC,H,SCH,CoH,—(R)

lH:():-HOAc

BocNHCHR'CONHCHR2COOCH,S0O,CH,CeH,—(R)

lH;NCHR‘COOCHICGHj

BocNHCHR!CONHCHR2CONHCHR3*COOCH,CH, [18]

The generality of this support is limited by the oxidation conditions, which
preclude its use in conjunction with peptides containing methionine,
cysteine, or tryptophan, However, in favorable circumstances these residues
might be introduced at the aminolysis step. The method of Wieland et al.
{1970}

BocNHCHR'CONHNH, + CICH,— (R)

l

BocNHCHR'CONHNHCH,— (R)

W

lZNHCHR’COOH + DCC

ZNHCHR"'CONHCHRICONHNHCH2—®

| MBS

ZNHCHR*CONHCHR'CON=NCH,— (R)

lH.N('H:Ci,H=

ZNHCHR*CONHCHR!'CONHCH,C H, + N, + CH3—®UQJ

could also be useful for many peptides but is similarly limited because of an
oxidative step in which a protected peptide hydrazide resin i1s activated
before cleavage.

The new safety-catch scheme of Kenner er al. (1971) avoids an oxidation
step and the accompanying problems and appears to have many of the
desirable features required of such a method. The acylsulfonamide bond is
completely stable to the trifluoroacetic acid or HBr—acetic acid used for
N*-deprotection. and because of its aaidic character the sulfonamide was
not further acylated during the chain elongation steps with amino acid
active esters in the presence of 2.6-lutidine. The acylsulfonamide bond was
labilized by methvlation under very mild conditions with diazomethane in
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ether-acetone solvent:

BocNHCHR!COOC,H,(NO,} + H,NCHR>CONHSO,C,H,— (R)
l:.h—lutidine

BOCNHCHR‘CONHCHRZCONHSOZC6H4—®

i(*Hle
o
BocNHCHR'CONHCHR2CONSO,CH,— (R)

LNH;.’\'H:
BocNHCHR!CONHCHR?CONHNH, [20]

The unchanged sulfonamide was then susceptible to cleavage by NaOH,
NH;, or NH,NH,. Unfortunately, as the authors point out, this scheme also
suffers (o some extent from racemization of the C-terminal residue, and
o— § rearrangement of the asypartyl glycine sequence was observed.
This emphasized the difficulties that have been faced in all the efforts to
find fully compatible conditions for solid-phase synthesis.

Several schemes for the synthesis of protected peptide fragments have
been based on three different degrees of sensitivity to acid. Although this
does not meet the ideal of having each class of protecting group susceptible to
a different kind of reaction. it has turned out in practice to be one of the best
techniques at the moment.

The method devised by Wang and Merrifield (1969) makes use of the
very acid-labile 2-{4-biphenyl)-2-propyloxycarbonyl (Bpoc) group (Sieber
and Iselin, 1968) for w-amino protection. Side-chain protection is with
relatively stable benzyl or tosyl derivatives, and the carboxyl attachment to
the resin support is through a t-alkyl ester or t-alkyloxycarbonylhydrazide
derivative of intermediate stability to acid:

‘/H}
CH, O CH,~O™CHCH, 0 CH,
CoH;—C4H,C—0O—C—NHCHCONHCHRCONHNHCO—C—CH,CH,C H,— (®)

ém\ / clHj 21

057, TFA 507, THA

In this way, the stepwise removal of the Bpoc group can be accomplished
with 0.5% trifluoroacetic acid in methylene chloride with essentially no loss
of side-chain protection and with only minimal losses from the resin. The
final cleavage from the resin to give either the carboxyl or hydrazide deriva-
tive can be achieved with 50°, trifluoroacetic acid without appreciable
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losses of side-chain groups. If the final protected fragment requires a blocked
amino group, the last coupling step can be made with a more stable deriva-
tive such as a carbobenzoxyamino acid. The hydrazide procedure was of
quite general utility, while the t-alkyl alcohol-resin was limited in its useful-
ness because of the difficulty in carrying out the esterification step without
accompanying racemization. Wang (1972) has now devised a new resin—
ester attachment which overcomes this problem. It involves the synthesis of
the p-alkoxybenzyl alcohol derivative of copolystyrene-divinylbenzene.
This alcohol is readily esterified without racemization and is susceptible to
cleavage in 507; trifluoroacetic acid:

HOCH,C,H,OCH,C H, ()25
Bpoc—Ala—0CH,C H,0CH,CH,— ®

?

0, ThA [22]

Other resin attachments of intermediate stability to acid have also been
made which can be incorporated into similar schemes. Wildi and Johnson
(1968) prepared a polymeric hydroxysuccinimidomethyl support, and
Southard er al. (1969) prepared a benzhydryl alcohol derivative of a cross-
linked polystyrene resin. Both were converted to the alkylhalides and
esterified with N*-protected amino acids. The 1-benzoylisopropenyl (Bip)
group was found to be compatible with the benzydryl ester system

CoH,;COCH=C(CH ;)5 NHCHRCOO~<CH(C,H;)C,H,— (R)

)
/ \
AN HEL 5075 TEA [23]

and was applied to the synthesis of Leu-Ala-Gly-Val. Although not yet
tested, it is possible that the Bpoc and Bip groups, or the o-nitrophenyl-
sulfenyl protecting group of Zervas et al. (1963). could be used interchangeably
as the acid-labile group in conjunction with any of the anchoring bonds just
described.

These are some of the ways in which protected fragments have been
synthesized by solid-phase procedures. Several of the fragments have
crystallized directly, while some have required purification by other pro-
cedures. When the pure fragment is in hand, it may then be incorporated
into larger peptides or proteins by at least three general approaches.

2. Fragment Coupling in Solution. The most direct solid-phase—frag-
ment procedure (shown in Fig. 4) is to conduct the fragment coupling in
solution by conventional methods. If the protected carboxyl-component
fragment is in the form of the hydrazide, it is converted to the azide for
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Fig. 4. Fragment coupling in solution of protected «<odfolodo
peptides synthesized by the stepwise solid-phase l
method. lssssssese]

coupling. If it has been obtained as the free acid, it must be coupled by another
suitable nonracemizing procedure. As with any fragment procedure, the
racemization problem can be minimized by designing the synthesis with
C-terminal glycine or proline residues. The following examples will serve to
illustrate this approach, although there has been no good test in which a large
polypeptide has been prepared in this way.

Ohno et al. (1969) have prepared the protected tetrapeptide H-Lys(TFA)-
Leu-Asn-lle-OH by a solid-phase synthesis and have coupled it in solution
with Boc-Gly(OBzi)-OSu in the presence of N-methyl morpholine to give
the crystalline protected pentapeptide. The latter was then coupled by the
DCC-HOSu methed with a C-terminal nonapeptide ester, which had been
prepared by stepwise synthesis in solution to give the protected tetra-
decapeptide Boc-Glu(OBzl)-Lys(TFA)-Leu-Asn-lle-Trp-Ser(Bzl)-Glu{OBzl)-
Asn-Asp(OBzl)-Ala-Asp{OBzl)-Ser(Bzl)-Gly-OBzl, corresponding to resi-
dues 135-148 of the staphylococcus nuclease. The product was purified by
silica gel chromatography.

The use of an azide coupling of protected fragments in solution was
demonstrated by Wang and Merrifield (1971). Crystalline Z-Asp{OBzl}-
Arg(NO,)-Val-Tyr(Bzl)-NHNH, was obtained by acid cleavage of the cor-
responding t-alkyloxycarboxylhydrazide-resin. It was converted to the azide
with isoamylnitrite and coupled in DMF with H-Val-His(Bzl)-Pro-Phe-OH
which had been synthesized on the t-alkyl alcohol-resin. Conversely, a
protected peptide made on the t-alkyl alcohol-resin could be used as the
carboxyl component of a {ragment condensation. Thus Z-Lys(Z)-Phe-Phe-
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Gly-OC(CH ;),-CH,-CH,-C H,-resin was synthesized stepwise from Bpoc-
amino acids and cleaved in 509, TFA-CH,Cl,. The crystalline protected
tetrapeptide was activated with DCC and coupled in solution with H-Leu-
Met-OCH ;. The hexapeptide was first converted to the amide and then
deprotected with TFA at 80° to give the hexapeptide amide analog of
eledoisin. H-Lys-Phe-Phe-Gly-Leu-Met-NH,. On a molar basis, it was as
active as eledoisin itself in lowering the blood pressure of the rat.

3. Fragment Coupling to a Peptide- Resin. [t has been possible in several
instances to couple small peptides to a resin-bound peptide chain (Fig. 5). This
approach has the important advantage that the peptide chain will grow by
several residues at a time, and the physical and chemical properties of the
reactants and products will therefore differ from one another by more than
if only a single amino acid residue had been added. This allows a better
purification to be achieved. Probably the first example was by Weygand and
Ragnarsson (1966), who carefully pointed cut the above advantages. They
coupled pMZ-Leu-Phe to Val-resin by the DCC-HOSu method to give
pMZ-Leu-Phe-Val-resin, and later Boc-Pro-Pro-Phe-Phe-OSu was coupled
to Ala-Ala-OCH,-CQ-resin to give the pure hexapeptide after cleavage
and deprotection (Weygand, 1968). Although these examples do not contain
trifunctional amino acids. it appears that the scheme would lend itself to
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such applications. Rothe and Dunkel (1971) prepared a series of nylon
oliogomers, H-{[NH(CH,);CO],-OH, where n ranged from 3 to 25. To
increase the differences in properties of the members of their series, they
coupled s-aminocaproic acid dimers or tetramers instead of the single amino
acid.

This method was also examined by Omenn and Anfinsen (1968}, They
coupled a soluble protected di-, tri-, or tetrapeptide to the amino terminus
of another peptide anchored to a sohd support. To minimize racemization,
gither the azide, or DCC-HOSu, or N-ethyl-3-phenylisoxazolium-3'-
sulfonate {NEPIS) coupling methods were applied. Thus Boc-Glu(OBzl)-
Lys{Z)-Lys(Z)-Ser(Bzl)-OH was coupled in fourfold excess with H-Leu-Pro-
resin with NEPLS in DMF. The product was cleaved in HBr-TF A and ob-
tained in 90 % yield in an excellent state of purity with no racemization. The
same peptide in equivalent quality was obtained by DCC-HOSu coupling for
2hr at rocom temperature. Coupling Boc-Leu-Ala-Tyr to H-[Lys(FFA)]-
resin by NEPIS was satisfactory, but an azide coupling was incomplete,
giving about 309 unreacted pentalysine derivative. Likewise, staphylococcal
nuclease 32-39 octapeptide gave only 20-30% yield when coupled to a
nonapeptide-resin.

The most successful application of this fragment approach to a high
molecular weight polypeptide was made by Sakakibara et al. (1968). They
first coupled Aoc-Pro-Pro to Gly-resin with DCC and then extended the
chain in a stepwise manner by coupling Aoc-Pro-Pro-Gly. Products con-
taining 10 or 20 tripeptide units were obtained. They were essentially mono-
disperse and in dilute solution formed triple-helical structures which re-
sembled natural collagen in regard to their sharp transition temperatures,
The H-{Pro-Pro-Gty),,-OH was obtained in crystalline form.

4. Reattachment of a Protected Fragment to a Solid Support and Exten-
sion of the Chain in the Solid Phase. Yajima ef al. (1970) have attached Boc-
Lys(Z)}-Pro-Val-Gly-OH to