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Abbreviations

JOHANNES MEIENHOFER

The abbreviations used for amino acids and protecting groups and the
designation of peptides and side-chain linkages follow the rules of the
IUPAC-TUB Commission on Biochemical Nomenclature, in Biochemistry 5,
1445 and 2485 (1966). The rules for naming synthetic modifications of
natural peptides have been described in Biochemistry 6, 362 (1967). The
following additional abbreviations have been used:

A. AMINO AND HYDROXY AcIDS

Aad
Abu
Acp
Aev
Aib

Apb

Apib

Aud
Avl
Cha
Chg
Cle

Cpg
Cys(CM)
FPro

L-2-aminoadipic acid
L-a-aminobutyric acid
e-aminocaproic acid

L-a-amino-B-ethylvaleric acid

a-aminoisobutyric acid
3-amino-4-phenylbutyric
acid

3-amino-3’-phenylisobutyric

acid
w-aminoundecanoic acid
s-aminovaleric acid
L-cyclohexylalanine
L-a-cyclohexylglycine
cycloleucine, 1-aminocyclo-

pentanecarboxylic acid
L-a-cyclopentylglycine
S-carboxymethylcysteine
trans-4-fluoroproline

Gly*
Har
Ile*
Lac
Leu*
MePro
Met(O)
Nle
Pab
Phg
Pic

Plc
Pro*
<Glu

Thi
Tyr(Me)
d-Val

B. PROTECTING AND ACYLATING GROUPS

Ac
Acm
Adoc
Alk
Aoc
Bmyv
Boc
Bpoc

Btm
Bu'!
Bz
Bzl
Dim

Dimoz

acetyl

acetamidomethyl

adamantyloxycarbonyl

alkyl

tert-amyloxycarbonyl

2-benzoylmethylvinyl

tert-butyloxycarbonyl

2-(p-biphenylyl)isopropyl-
oxycarbonyl

benzylthiomethyl

tert-butyl

benzoyl

benzyl

dimedonyl, 5,5-dimethyl-
cyclohex-2-en-1-one-3-yl

3,5-dimethoxybenzyloxy-
carbonyl

Dnboc

Dnp
Dns

Dpm
Ec

Et
Fmoc
Foc
For
Mbh
Meb
Meoz
Mpr
Mud
Mvl

PClglycine
homo-L-arginine
[*Clisoleucine
L-lactic acid
P*Clleucine
trans-3-methylproline
methionine sulfoxide
L-norleucine
p-aminobenzoic acid
p-C-phenylglycine
L-pipecolic acid
phenyllactic acid
*CJproline
pyroglutamic acid, L-pyr-

rolidone-2-carboxylic acid

p-2-thienyl-p, L-alanine
O-methyltyrosine
deuterated L-valine

2,2’'-dinitrodiphenylmethyl-
oxycarbonyl
2,4-dinitrophenyl
dansyl, 5-dimethylamino-
naphthalene-1-sulfonyl
diphenylmethyl
ethylcarbamoyl
ethyl
9-fluorenylmethoxycarbonyl
furfuryloxycarbonyl
formyl
4,4’-dimethoxybenzhydryl
p-methoxybenzyl
p-methoxybenzyloxycarbonyl
g-mercaptopropionyl
g-mercaptoundecanoyl
5-mercaptovaleryl
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3. SOLID-PHASE PEPTIDE SYNTHESIS

NO,Z
Nps
OBu’
OBzl
Oct
OEt
OMe
OMtp
ONb
ONm
ONo
ONp
OPcp

p-nitrobenzyloxycarbonyl
o-nitrophenylsulfenyl
tert-butyl ester

benzyl ester

octanoyl

ethyl ester

methyl ester
methylthiophenyl ester
p-nitrobenzyl ester
me-nitrophenyl ester
o-nitrophenyl ester
p-nitrophenyl ester
pentachlorophenyl ester

C. OTHER ABBREVIATIONS

ACTH
Ar
CHA
CDI
DCCI
DCHA
DEAE
DMF
DVB
EDC

EEDQ

EtOH
HOAc
HOSu
MA

adrenocorticotropin

aryl

cyclohexylamine

N,N’-carbonyldiimidazole

dicyclohexylcarbodiimide

dicyclohexylamine

diethylaminoethyl

dimethylformamide

1,4-divinylbenzene

1-ethyl-(3-dimethylaminopropyl)
carbodiimide x HCI

N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline

ethanol

acetic acid (AcOH)

N-hydroxysuccinimide

mixed anhydride

OPic
OSu
Pbu
Pel
Pth
Prot

Thp
Tos
Tri

Ztf

MeOH
MSH
NEPIS

NEt,
Resin*

RNase
SDS

SOL
SPS
TEA
TFA
™V
TRF,
TRH

Arrangement of Peptides in the Tables

47

4.picolyl ester
N-hydroxysuccinimide ester
phenylbutyryl
pelargonyl
phthalyl
protecting group
trifluoroacetyl
tetrahydropyranyl
p-toluenesulfonyl
triphenylmethyl
benzyloxycarbonyl
2,2,2-trifluorobenzyloxy-
carbonylaminoethyl

methanol

melanotropin

N-ethyl-5-phenylisoxazolium-
3’-sulfonate

triethylamine

copolystyrene-2% divinylben-
zene*

ribonuclease

sodium dodecyl sulfate

sulfoethyl

solution synthesis

solid-phase synthesis

triethylamine

trifluoroacetic acid

tobacco mosaic virus

thyrotropin releasing factor

The model peptides are listed by size. Within each group the system of
Goodman and Kenner (1957) is followed, i.e., alphabetical order of amino

acid residues starting from the C-terminal end.

Biologically active and related peptides have been grouped under (a)
hormones, (b) kinins, and (c) others. Within these groups the order is al-
phabetical by (trivial) name. Within each name the order is generally: (1)
naturally occurring peptide(s), (2) analogs, homologs, derivatives, and (3)

* The terminology which has become established for derivatives of copolystyrene-
divinyl benzene and for various linkages with amino acids or peptides is used. It is
not always consistent depending on whether the benzene ring is included in a term or not.
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48 JOHANNES MEIENHOFER

partial sequences. Analogs and derivatives have been ordered by degree of
substitution, over the (first) position number, over alphabetical order by the
Goodman and Kenner convention.

The tables do not contain a complete listing of all peptides prepared by
solid-phase synthesis. Furthermore, an effort has been made to list only the
largest (final) peptide of any one synthesis. Literature covered until June
1971.

The common amino acids are of the L configuration unless otherwise in-
dicated.

1. Introduction

Several recent reports on chemical syntheses of proteins have attracted
wide interest and publicity as milestones of biochemical research. As a re-
sult, increased attention has been paid to peptide synthesis, a specialized
field of organic chemistry. At the same time the definitive structure identifi-
cation of some very small isolated peptides, such as the thyrotropin releasing
hormone (TRH) or the melanotropin-release inhibiting factor, required
peptide synthesis to come to the aid of analytic investigations. These and
other comparatively small peptides possess extremely high biological poten-
cy as hormonal control factors. The biological roles and the chemical struc-
tures of an increasing number of peptide and protein hormones are being
elucidated, and it appears that many other important biological functions of
peptides are still to be determined, e.g., in nerve and brain function. The in-
creased visibility of peptides has given further impetus to peptide synthesis.
Several excellent books have been published on the subject which give de-
scriptions of the historical developments, of the numerous contributions to
the presently available arsenal of synthetic methods, of the delineation of
strategies and tactics of peptide synthesis, of the many actual syntheses of
peptides, and of their chemical and biological properties (Greenstein and
Winitz, 1961; Schroder and Liibke, 1965, 1966; Bodanszky and Ondetti,
1966; Jakubke and Jeschkeit, 1969; Law, 1970). These reviews present an
enormous number of synthetic procedures for what would outwardly appear
to be a simple matter: the repeated formation of the same chemical bond.
Experimentally, however, differences in the ease of formation of a given
peptide bond can be tremendous, depending on the neighboring sequences
—ijust as sequence characteristics confer upon peptides specific physical,
chemical, and biological properties, of the known immense variety. Delight-
ful as the legion of methods described in above reviews is to the adept, it
frequently causes no small confusion or irritation to the uninitiated. On the
other hand, synthetic peptides, in particular those with biological activity,
have become of great interest to investigators in many branches of science
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3. SOLID-PHASE PEPTIDE SYNTHESIS 49

and medicine. However, for a long time well-defined synthetic peptides have
not been readily available.

With the development of the solid-phase method during the past decade,
this situation has changed because an easy and convenient experimental
procedure for peptide synthesis became available. When Merrifield (1962,
1963) published his first accounts on the novel approach, he demonstrated
its practical usefulness by the preparation of the crystalline tetrapeptide, L-
leucyl-L-alanyl-glycyl-L-valine. The potential of the procedure for rapid syn-
thesis of biologically active peptides was shown a year later by preparations
of 100-500 mg amounts of bradykinin (Merrifield, 1964a,b). Solid-phase
peptide synthesis offered many advantages over conventional solution syn-
thesis, in particular, simplicity of operation and dramatic savings in time.
The method appeared to provide the ideal means for peptide and protein
synthesis. It attracted quickly wide attention and has found numerous appli-
cations not only by peptide chemists but also, and perhaps even more, by
biochemists and biologists, pharmacologists, physiologists, endocrinologists,

Table I—Reviews and Reports about Solid-Phase Peptide Synthesis

Merrifield, R. B. (1965) (a) Science 150, 178-185.

(b) Endeavour 24, 3-7.

(1966) In “Hypotensive Peptides” (E. G. Erdds, N. Back, and
F. Sicuteri, eds.), pp. 1-13. Springer-Verlag, Berlin
and New York.

(1967) Recent Progr. Horm. Res. 23, 451-482.

(1968) (b) Sci. Amer. 218, 56-73.

(1969) (a) Advan. Enzymol. 32, 221-296.

(b) J. Amer. Med. Ass. 210, 1247-1254.
(1970) Annu. Rev. Biochem. 39, 841-866. (With A. Marglin).

Ferriere, N. (1966)
Halstrgm, J. (1967)
Arnold, Z. (1968)
Izdebski, J., and
Drabarek, S. (1968)
Okuda, T. (1968)
Vesa, V. C. (1968)
Jouzier, E. (1969)
Stewart, J. M., and
Young, J. D. (1969)

Shimonishi, Y. (1969)
Losse, G., and

Neubert, K. (1970a)
Sheppard, R. C. (1973)

Sci. Progr., Nature (Paris), No. 3372 127 (in French).
Saetryk Dan. Kemi 48, 59-63 (in Danish).
Farm. Pol, 24, 371-376 (in Polish).

Wiad. Chem. 22, 3543 (in Polish).
Naturwissenschaften 55, 209-211 (in German).
Usp. Khim, 37, 246-255 (in Russian).

Prod. Probl. Pharm. 24, 313-321 (in French).

“Solid Phase Peptide Synthesis.” Freeman, San Fran-
cisco, California.

Tampakushitsu, Kakusan, Koso 13, 651-658 (in Japa-
nese).

Z. Chem. 10, 48-64 (in German).
In “Peptides 1971” (H. Nesvadba, ed.). North-Holland
Publ.,, Amsterdam (in press).
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50 JOHANNES MEIENHOFER

and immunologists. Many reviews have been published, as compiled in Ta-
ble I. A comprehensive description of concept and methodology by Merri-
field (1969a) and a book describing experimental details and operational
instructions (Stewart and Young, 1969) are available.

Soon solid-phase synthesis aroused vocal criticism from many peptide
chemists who have generally not taken issue with the basic concept of the
new method but rather with the ill-defined purity of some of the products.
Unless the incorporation of an amino acid residue is quantitative, some un-
reacted lower peptide will be retained in the solid-phase. With the combined
effects of repetition at every step and of accumulation (removal is not pos-
sible until after completion of the synthesis), complex mixtures of “micro-
heterogeneous” nature are formed.

However, investigators in biological or biochemical areas of work have
been enthusiastic about the method. They have used products prepared by
solid-phase synthesis in a variety of applied experimental or biological stud-
ies with apparent satisfactory results.

The difference in conclusions reached from the use of the method might
be rationalized from considerations of vastly differing backgrounds and
objectives. Thus peptide chemists have prepared homogeneous peptides, tra-
ditionally through purification of intermediates rather than through in-
tensive purification of final products. They expected too much from
solid-phase synthesis too early and were disappointed when the products, par-
ticularly larger peptides, showed heterogeneity which was unacceptable by
established standards. Biologists, on the other hand, have very likely been un-
aware of possible pitfalls and by-product formation during chemical syn-
thesis of peptides. They did, indeed, not expect very much and were, conse-
quently, delighted with their progeny. By one or another quick and insensitive
test they relieved themselves of the required proofs of identity and/or puri-
ty. Biochemists, furthermore, have frequently acquired a solid background
in fractionation of multicomponent mixtures from natural isolates. This ex-
perience has allowed them to purify some crude solid-phase synthetic pep-
tides, at least up to decapeptides, to high degrees of purity. (In favorable
cases, even pentadeca—or up to eicosapeptides appear to have been ob-
tained in rather high degrees of purity.)

The controversy over these and other aspects of solution synthesis versus
solid-phase synthesis grew at times into rather heated polemics. Two con-
fronting camps formed, but the lines were not very rigid. Synthetic achieve-
ments have been made through both approaches. The results have helped to
assess specific merits as well as limitations of each. A selection of the largest
peptides which have been prepared during the past 8 years by solid-phase-
synthesis and by solution synthesis is shown in Table II for comparion.

To date the largest peptide prepared by solution synthesis is ribonuclease
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3. SOLID-PHASE PEPTIDE SYNTHESIS 51

S-protein possessing 104 amino acid residues. Total syntheses of two adren-
ocorticotropins (human and bovine), of several calcitonins and insulins, and
of glucagon and secretin have been achieved. Solid-phase synthesis afforded
proteins prepared according to target sequences for human growth hormone,
bovine ribonuclease A, an analog of horse heart cytochrome c, ribonuclease
Ty, and acyl carrier protein.

It is apparent from this comparison (Table II) of selected examples that
both solid-phase synthesis and solution synthesis have produced results
which surpassed expectations of only a few years ago. It is also apparent
that a stage of development has now been reached where it might be con-
sidered unwise judgment to rely principally and categorically on one of the
two approaches alone and to dismiss the other as either useless or unman-
ageable.

Table II—Examples of Achievements by Solid-Phase and by Solution Peptide
Synthesis

Solid-Fhase Synthesis Solution Synthesis
Peptide and Reference  Size ° Peptide and Reference  Size °

Human growth hormone 188° Ribonuclease S-protein 104
Li and Yamashiro (1970) Hirschmann et al. (1969)

Ribonuclease A 124 Adrenocorticotropin 39
Gutte and Merrifield (1969, Porcine: Schwyzer and Sieber
1971) (1963)

Cytochrome ¢ 104 Human: Bajusz et al. (1967)

Sano and Kurihara (1969) Ribonuclease Ti-(12-47) 35

Ribonuclease T: 104 Beacham et al. (1971)

Izumiya et al. (1971) Calcitonin 32

Acyl carrier protein-(1-74) 74 Porcine: Rittel er al. (1968)
Hancock et al. (1971) Guttman et al. (1968)
Marshall et al. (1973) Human: Sieber et al. (1968)

Bovine basic trypsin inhibitor 58 Salmon: Guttmann et al. (1969)
Noda et al. (1971) Insulin 30
Izumiya et al. (1972) 21

‘Ferredoxin 55 Meienhofer et al. (1963)

Bayer et al. (1968a,b) Katsoyannis et al. (1964)

Staphylococcal nuclease T-(6-47) 42 Kung et al. (1965)

Ontjes and Anfinsen (1969a) Glucagon 29

Parathyroid hormone-(1-34) 34 Wiinsch (1967)

Potts et al. (1971) Secretin 27

Insulin 30 Bodanszky et al. (1966)

21
Marglin and Merrifield (1966)

* Amino acid residues.
® According to the originally proposed structure (Li et al., 1966; 1969). For a re-
vised complete structure, see Li and Dixon (1971).
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52 JOHANNES MEIENHOFER

It would be misleading to attribute the exponential increase in synthetic
achievements solely to progress in methodical developments. The decisive
impetus and direction which modern peptide chemistry received from du
Vigneaud’s first oxytocin synthesis (du Vigneaud et al., 1953) has been am-
plified and accelerated by a steadily increasing number of areas of applica-
tions. In addition to such classical motivations as proof of structure through
synthesis and establishment of correlation between chemical structure and
biological activity, it has become possible to synthesize peptides with
changed specificity of action (inhibitors) and to produce peptide hormones
commercially by total synthesis (oxytocin, modified ACTH fragments). Re-
cently, peptide synthesis has been used to provide homogeneous prepara-
tions for conformational analysis (oxytocin, vasopressin, angiotensin), or to
establish the structure of an active principle (thyrotropin releasing factor,
TRF) occurring naturally in extremely small amounts. Furthermore, it ap-
pears as if synthesis might eventually have to provide for rapidly increasing
needs of peptide therapeutics whose natural supply is presently still ade-
quate but destined to remain limited (insulin).

A basic scheme has been followed in peptide synthesis which proceeds
through three stages, as shown in Fig. 1. It begins with the preparation of
protected amino acids. The most commonly used amino protecting groups
are the benzyloxycarbonyl group (Bergmann and Zervas, 1932), the tert-
butyloxycarbonyl group (Anderson and McGregor, 1957), and modifica-
tions of these groups. For carboxyl protection methyl, ethyl, benzyl, and
tert-butyl esters are most frequently employed. In addition, side-chain pro-
tection often is required for trifunctional amino acids. The actual peptide
bond formation (second stage) is accomplished by activation of the carbox-
yl group in the carboxyl component followed by reaction with the amine
component to produce a protected peptide. Partial deprotection in the third
stage affords intermediates for further condensation. Complete deprotection
at the end of a synthesis provides the desired free peptide-

Four efficient methods of peptide bond formation have found wide and
general application during the past decade (compare, for a brief review,
Meienhofer, 1962): the azide method (Curtius, 1902); the mixed anhy-
dride method (Wieland and Bernhard, 1951; Boissonnas, 1951; Vaughan,
1951); the dicyclohexylcarbodiimide method (Sheehan and Hess, 1955);
and the active ester method (e.g., nitrophenyl esters: Bodanszky, 1955).

The choice of protecting groups, of condensing agents, and of deprotec-
tion procedures is regarded as the tactics of peptide synthesis, while the pat-
tern of assembling all amino acid residues into the desired peptide sequence
is referred to as the strategy (Bodanszky and Ondetti, 1966). The two prin-
cipal strategies “fragment condensation” and “incremental (stepwise) chain
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3. SOLID-PHASE PEPTIDE SYNTHESIS 53

R O R O
@ | il o ® | i o
H,N—CH—C—O HN—CH—C—O
First stage
protection
TR ToQ
Z—NH—CH—C—OH H,N—CH—C—Y
Carboxyl component Amine component
Second stage ff ﬁ
activation and Z—NH—CH—C—X + Amine component
peptide bond
formation l
| Ii flv IOI
Z—NH—CH—C--NH—CH—C—Y
Third stage / \
(selective) R O R © R O R O
deprotection | | | i |

[ Il | | |
Z—NH—CH—C —NH—CH—C—OH H,N—CH—C—NH—CH—C—Y
FiG. 1. General scheme of peptide synthesis.

elongation” (Bodanszky and du Vigneaud, 1959; Bodanszky et al., 1960)
are schematically depicted in Fig. 2. Fragment condensation allows greater
flexibility in the choice of protecting groups and condensing methods but is
impeded by the danger of racemization at the a carbon of the C-terminal
amino acid in the carboxyl component.

The above fundamentals of peptide synthesis have been briefly reviewed
because the solid-phase method “depends primarily on the chemistry of con-
ventional peptide synthesis. The protecting groups and coupling reactions
are those which have slowly evolved over the: past 70 years, and many of the
new developments in peptide chemistry will also have application to the new
method. The principal change from the chemistry of classical syntheses is
due to the introduction of the solid support . . .” (Merrifield, 1969a).
Therefore, many of the discussions about the solid-phase method require an
understanding of the basic scheme and of the strategies in Figs. 1 and 2, re-
spectively, and of the common methodology of solution synthesis.

The above mentioned recent trends in peptide chemistry: preparation of
increasingly larger molecules and the chemical synthesis of proteins, along
with the great potential of applications that appear to open up with the new-
ly discovered small peptides of high biological potency, clearly indicate that
the role of peptide synthesis as an integral part of biological research in
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54 JOHANNES MEIENHOFER
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Incremental (stepwise)
chain elongation

FiG. 2. Strategies of peptide chain assembly.

many areas will rapidly grow in importance. The question remains: which
approach should be used with advantage? It will be attempted in this review
to show that certain projects of peptide synthesis can effectively be accom-
plished by solid-phase synthesis, and others must be carried out by solution
synthesis. Ideally, the decision should be a matter of judicious choice be-
tween available alternatives, and the choice should depend on the nature
and objective of the individual study.

II. The Solid-Phase Concept

A. Basic FEATURES

The basic features of Merrifield’s procedure involve phase separation of
the peptide from reagents, by-products, and side products. The growing
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3. SOLID-PHASE PEPTIDE SYNTHESIS 55

peptide chain is kept covalently attached to an entirely insoluble support
throughout all stages of the synthesis. The solid phase must be in a form
which allows rapid filtration for the removal of the liquid phase, containing
the soluble reagents, by-products, and side products, from the solid phase.
To be applicable for multistage syntheses of large polypeptides, 100%
quantilative incorporation of each amino acid residue must be accom-
plished. Finally, the solid support should be fully removable from the com-
pleted peptide without altering or degrading the desired product. Complete
achievement of the above essentials should provide a procedure for the rap-
id preparation of homogeneous peptides in high yields.

The general plan adopted for the practical implementation is shown in

Experimental Solid-phase Solvating medium
Strategy operation reactions (solution)
SOLID
Anchor group reagent
Functionalization
Derivatizing agent
U Zelvarlallg aec
SR x-A-{ SOLID
2Z g) Prot.-amino acid
[ R-RC] e A
Attachment l Reagent
Swelling solvent
Prot-HNCHR,CO-A- SOLID
Deprotecting agent

D tection Cleaved protection
eprotecti

l

Product

l products
-5’63 | ‘ Acid, base, salts
o &S
Z¥5 H,NCHR,CO-A-{ SOLID 1
S o=
5ty | Prot.-amino acid
E @ Coupling \ Coupling reagent
© _—
L ‘ By-products
Prot-NHCHR,CO-HNCHR,CO-A-| SOLID |
ll l Acid, base, solvent
o Removal 1 ide (crude)
'Qg g SOLID ‘ Peptide (crude
7] Purification |

Fic. 3. A general scheme of solid-phase peptide synthesis. Abbreviations: A, an-
choring chain between resin and peptide; X, functional group for the attachment of
the first amino acid residue.
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56 JOHANNES MEIENHOFER

Fig. 3. A suitable functional group, X, is introduced into the solid support
of choice through an anchoring chain, A. The first (C-terminal) protected
amino acid is attached to the solid support through reaction with the func-
tional group X. “Functionalization” of the solid material and “attachment”
are the first two nonrepetitive steps. For the assembly of the peptide the
strategy of incremental (stepwise) chain elongation (Fig. 2, bottom) is used,
which is characterized by the incorporation of one amino acid residue at a
time starting from the C-terminal end (Bodanszky and du Vigneaud,
1959). Selective cleavage of the a-protecting group (“deprotection”) is fol-
lowed by the introduction of the second protected amino acid (“coupling”).
Alternating successive repetitions of deprotection and coupling steps, called
“cycles,” effect the actual peptide chain elongation. The final stage of a syn-
thesis consists in removal of the solid support after cleavage of the covalent
peptide to polymer bond and in purification of crude products.

The procedure offers three principal advantages over solution synthesis:
(1) losses are avoided, which occur during isolation and purification of each
intermediate through recrystallization, reprecipitation, or other fractionation
procedures; (2) reactions may be driven to completion through the use of
large excesses of reactants in the liquid phase; and (3) no solubility prob-
lems arise. Limited solubility or insolubility constitute the most serious ex-
perimental obstacles for solution synthesis of many peptides, especially
when they contain more than twenty to thirty amino acid residues. An addi-
tional favorable feature over solution synthesis is the use of a single reaction
vessel throughout all repetitive operations.

The practical advantages of the solid-phase procedure over solution syn-
thesis are: unprecedented speed, simplicity of operation, and possibility for
automation.

B. EXPERIMENTAL SCHEME

For the experimental application of the general plan, discussed above
(Fig. 3), Merrifield selected protecting groups and reagents of proven use-
fulness in conventional peptide synthesis. The solid support of choice is
beaded copolystyrene—2% divinylbenzene which can be chloromethylated.
The attachment of the first amino acid through a benzyl ester bond is effect-
ed by refluxing a mixture of the chloromethylated resin and the No-
protected amino acid in ethanol in the presence of base (Fig. 4). For the
protection of the a-amino function, the terz-butyloxycarbonyl group is
mostly used. Deprotection is effected with hydrogen chloride in acetic acid
or dioxane or with anhydrous trifluoroacetic acid (in methylene chloride)
leaving the amino groups in protonated form. These are converted into free
amino groups by treatment with triethylamine in methylene chloride. The
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3. SOLID-PHASE PEPTIDE SYNTHESIS 57
H,C o) R, O
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HSC—ClJ—O—-C—ITI——Cl,‘—C + ClC@»Resin
H,C H H
Boc-amino acid Chloron‘lethyl
resin
EtOH | 80°
H,C o R, O
| I 1SN H,
HSC—C—O—C—I;I—Cl,‘—C—OC Resin
H,C H H
Boc-amino acyl resin
or
HCl1-HOAc TFA-CH,CI,

}|l |l
c1® ®y— —N—C— & o —@Resin
M H

EtN,-CH,CL,

[ Pl{llol
H—N—Cl,‘ c—0— OResin
H

Boc-amipo acid
DCCI-CH,Cl,

BE 9 RQ MY 4
HyC—(—0—C—N- ? c— cl—c—o—c“OResin
H H

H,C

Boc-dipeptide resin

HBr-TFA
or HF

| I g
H—N—C—C—N—C—C—OH
H H H

H R O R, O
C

Peptide

F16. 4. Standard experimental scheme for solid-phase peptide synthesis (Merri-
field, 1964b). Resin, copolystyrene—2% divinylbenzene.
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deprotection step thus requires two successive operations. Coupling with the
next tert-butyloxycarbonylamino acid is carried out in methylene chloride
with the aid of dicyclohexylcarbodiimide (Sheehan and Hess, 1955) using
fourfold molar excess of reactants* and 2—6 hour reaction periods. Dicy-
clohexylcarbodiimide is ideally suited because of its high reactivity. As a
so-called condensing reagent it can be simply added to component mixtures
and thus allows easy and convenient manipulation. After completing the re-
quired number of repetitive cycles, the desired peptide is removed from the
resin. To achieve this, the benzyl ester bond is cleaved by treatment with hy-
drogen bromide in anhydrous trifluoroacetic acid (Merrifield, 1964a) or, al-
ternatively, by anhydrous hydrogen fluoride in the presence of anisole (Len-
ard and Robinson, 1967).

The above described procedure is often referred to as the standard Merri-
field procedure (Merrifield, 1964b,c; Marshall and Merrifield, 1965). For
the great majority of reported solid-phase syntheses this or essentially simi-
lar procedures have been used. Numerous minor variations have been made
to optimize the yield and homogeneity. Among the most frequently changed
parameters are reaction time, solvents for reactions and washings, and re-
peated reactions. More substantial modifications such as the use of different
protecting groups or other reagents for deprotection, coupling, or removal of
the solid support will be discussed later (Sections ITI,C-E). The most salient
features of this experimental scheme are its simplicity and its universality. A
series of simple successive washing operations has replaced those parts of
solution synthesis which have always placed the highest demands on the ex-
pertise and specialized experience of the investigator, i.e., (a) separation of
the peptide intermediate from unreacted starting materials, reagents, by-
products, undesired side products or artifacts, and (b) purification of isolat-
ed peptide intermediates after each step. A rather dramatic reduction of
workload is attained. Moreover, the repetitive nature of successive opera-
tions allows mechanization through programmers and timers.

Indeed, Merrifield’s motivation in developing the solid-phase method has
been the belief in “a need for a rapid, quantitative, automatic method for
synthesis of long-chain peptides” (Merrifield, 1969b).

C. INTRINSIC PROBLEMS
Each of the basic principles on which the success of the Merrifield proce-

dure rests have inborn weaknesses. Phase separation results in slower reac-

* It was a fortunate coincidence for Merrifield’s method that substantial price reduc-
tions in commercially available amino acids became effective in the early 1960’s due
to the development of fermentation processes for their economic production. DCCI also
became more readily available at that time.
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Table III—Calculated Product Yields of Peptides of Various Chain Lengths for
Different Constant Yields per Cycle

Afc’ii3° Nug%ber Yield per step

Polypeptide, protein residues  cycles 95%  98% 9% 99.9%
Angiotensin I1 8 7 69.8 86.8 93.2 99.3
Oxytocin, vasopressin,

bradykinin 9 8 66.3 85.1 92.3 99.2
Antamanide, gramicidin S 10 9 63.0 834 914 99.1
a-Melanotropin 13 12 54.0 78.5 88.6 98.8
Gramicidin A 15 14 48.8 75.4 86.9 98.6
Insulin A-Chain 21 20 35.8 66.8 81.8 98.0
Insulin B-Chain 30 29 22.6 55.7 74.7 97.1
Staphylococcal nuclease-Ps 42 41 12.2 43.7 66.2 96.0
Ferredoxin 55 54 6.3 33.6 58.1 94.7
Bovine trypsin inhibitor 58 57 54 31.6 56.4 94.5
Cytochrome ¢ 104 103 0.5 124 35.5 90.2
Ribonuclease A 124 123 0.2 8.3 29.1 88.4
Human growth hormone 190 189 0.006 2.2 15.0 82.8

tion, i.e., prolonged reaction periods. Rapid filtration requires compara-
tively large solid particles resulting in limited loading capacity in case of
surface bonding, or in diffusion barriers in case of uniformly distributed bond-
ing throughout the solid support. One hundred percent quantitative incorpo-
ration of each amino acid residue is impeded by the solid support through
additional steric hindrance and possible compartmentalization in the interior
of the resin. Even more seriously, the necessary analytic controls (to test for
complete reaction), which should be of higher sensitivity than usually need-
ed, are considerably desensitized by the presence of the solid support. Com-
plete removal of the solid support without any degradative effects on the
product is difficult to attain. Mild procedures give incomplete removal;
strong reagents can cause product degradation. In Sections III and IV var-
ious corrective experimental measures shall be discussed which are being
applied to counteract these deficiencies to some degree.

What we have to consider for a moment at this time are intrinsic prob-
lems arising from the elimination of any intermediate purification through-
out a solid-phase synthesis. As a consequence, any side-product resulting
from an incident of failure or side reaction is retained in the solid-phase.
Repetitive incidents, then, cause accumulation of side-products in numbers
that can multiply with increasing numbers of cycles, see Fig. 6. Thus, even
very small individual defects can result in serious final deficiencies through
the combination of repetition and accumulation.* Faults that can potentially

* The results are well-known from the corresponding financial scheme of compound
interest.
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3. SOLID-PHASE PEPTIDE SYNTHESIS 61

occur in each cycle are (a) permanent chain termination, (b) incom-
plete reaction, and (c¢) racemization. Before discussing the effects of
these types of incidents on product quality, calculations of overall product
yields shall be considered. Table IIT lists, as a function of different con-
stant yields per cycle, the theoretical amounts of desired target peptides
of various chain lengths. Certain biologically active peptides were chosen
that have served as target sequences of solid-phase synthesis. The values
also apply to solution synthesis by incremental chain elongation (Fig. 2,b).
It is obvious from these calculations that for syntheses of proteins containing
over 100 amino acid residues an average yield of 99% or more per cycle
would be required in order to have any useful amount of the desired target
peptide in the product mixture.

The scheme in Table TV shows the effects of formation of so-called
“truncated sequences” as a result of permanent chain termination which
could, for example, be caused by incomplete deprotection (if the protecting
groups remain intact in subsequent cycles). Synthesis of the pentapeptide
sequence Val-Orn-Leu-D-Phe-Pro of gramicidin S by incremental chain
elongation is taken as an example with an assumed constant 10% chain ter-
mination per cycle. The yield of the desired pentapeptide would be 65.6% .
Truncated sequences, 7.3% tetrapeptide, 8.1% tripeptide, 9% dipeptide,
and 10% starting amino acid, would amount to a total of 34.4%. Since all
truncated sequences are retained on the insoluble support throughout the
synthesis, the final crude product obtained upon removal of the solid sup-
port would be a five-component mixture.

A much more serious problem, however, is the formation of “failure se-
quences” (Bayer, 1970; Bayer et al., 1970a) or “deletion peptides” (Gutte
and Merrifield, 1971) as shown in Table V, again taking a synthesis of
Val-Orn-Leu-D-Phe-Pro as an example. Deletion peptides could be formed,
e.g., as a consequence of incomplete coupling or of incomplete deprotection
and cleavage of remaining protecting groups during the following cy-
cle. With assumed constant 90% coupling yield and 10% formation of
deletion peptides per cycle, the final product would contain 65.6% of the
target sequence and 34.4% of a contaminant mixture consisting of fifteen
different failure sequences (four tetrapeptides amounting to 29.16%, six
tripeptides to give a total of 4.86%, four dipeptides adding up to 0.36%,
and 0.01% of starting amino acid). The amount of contamination grows in
a linear manner, whereas the numbers of individual failure sequences in-
crease according to the binomial equation with growing chain length, thus
causing a rapid deterioration of product quality.

The complexity of the “microheterogeneous mixture” caused by deletion
peptide formation puts extremely high demands on the fractionation power
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A B
Truncoted sequence Failure sequence
formation formation
70 70

50

40 |

Percent in product mixture

20}

AANVANMANMARW

B ANV LIRS

2 3 4 5 {1 2 3 4 5

Number of amino acid residues

FiG. 5. Relative amounts of contaminating lower peptides (1—4) and target peptide
(5) [pentapeptide] in solid-phase synthetic products as a consequence of (A) forma-
tion of 10% truncated peptides per cycle, and (B) formation of 10% failure se-
quence per cycle. Hatched columns show amounts of contaminants (1-3) that are
comparatively easy to separate from the target peptide. Solid columns represent mix-
tures of very closely related peptides (4 4 5) which are difficult to separate.

of purification methods. Microheterogeneity of synthetic peptides is an in-
herent problem of solid-phase synthesis, as long as reactions do not go to
100% completion throughout all cycles of a given synthesis. An additional
complication is the very close relationship of the entire multitude of possible
deletion peptides to the target sequence, as shown in Fig. 5B. The major
portion of contaminants consists of deletion peptides differing from the tar-
get sequence in just one amino acid residue (or in one to several for larger
polypeptides or proteins). For peptides larger than deca- or pentadecapep-
tides, the identification of such closely related failure sequences (each indi-
vidually present in a small amount) becomes extremely difficult or impos-
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sible with presently available analytical procedures. Separation on a
preparative scale is even much less feasible, however powerful the fractiona-
tion procedures used may be.

By comparison, the major portion of truncated sequences consists of
much shorter peptides (Fig. SA). Their separation from the target sequence
should be comparatively easy (e.g., by molecular sieving). Experimental de-
vices to convert potential failure sequence sources into truncated sequences,
for example, by termination of unreacted chains through acylation, will be
discussed in Section III,D,1.

The relative statistical distribution of peptides in solid-phase synthetic
preparations as a function of a constant coupling yield per cycle can be cal-
culated according to the binomial equation, below. After ¢ coupling steps
(cycles) giving a yield of p% each, the theoretical amount 4 (in percent)
of lower chains with »n amino acid residues is expressed by:

4 =100 (n-1)! - (c-n+1)!

Calculations of failure sequence distribution according to this equation
have been tabulated for several peptides by Baas er al. (1971). Table VI,
for example, shows theoretical values for ribonuclease A. A graphical illus-
tration for several polypeptides and proteins is given in Fig. 6. It becomes
evident that a solid-phase synthetic protein preparation, produced according

Table VI—Theoretical Amounts (in %) of Ribonuclease A and of Contaminating
Deletion Peptide Mixtures for Various Constant Coupling Yields—123 Coupling
Steps; e. g. Ribonuclease A ¢

Number of amino acids Mole fraction in % for 123 steps

Coupling yield (%) 98 99 99.5 99.9
124 8.3 29.0 54.0 88.4
123 20.9 36.1 334 109
122 26.0 22.2 10.2 0.7
121 21.4 9.1 2.1
120 13.1 2.7 0.3
119 6.4 0.7
118 2.6 0.1
117 0.9
116 0.3
115 0.1

% From Baas et al.,, 1971.

MPI EXHIBIT 1039 PAGE 24



3. SOLID-PHASE PEPTIDE SYNTHESIS 65

Insulin Human growth
o B-chain  Apoferredoxin Ribonuclease harmone
100% T T T T T T T T T
747 258!
174 (123)36 li89]e86
. 4
2194 [54] 22247 (2107]271
[29] [7503] [HO° 117194150
0% j===- -4~ 1Y | sl TR
(431} {3109 [5107]
Yield 34 57
[406) 5 (9108] [210%]
1% |--—----- £2_4_8_Oij _________________ P P, i
o7
[2:10°] [610]
3 Ov3]
654 02 9 02
| [316251] 1 1[4]%'] | [1.510%2) ]
. ] i
Amino acid residues 20 40 60 80 100 120 140 160 180 200
Deletion peptides ] ] . - -
Lower chain lengths 3 4 6 7
Total ber of
Cnolecues . [4089] [34-10°) [4.510°] (16102]

Fic. 6. Theoretical yield of target peptide and of failure sequences assuming a
constant 99% yield of amino acid incorporation and 1% of failure peptide formation
per cycle. The solid blocks (below the peak areas) designated as deletion peptides
and the numerals indicate how many lower chain species contribute to the product
mixture in amounts over 0.1%. The numbers of individual failure peptides, in brackets,
in these size groups are obtained from the binomial distribution.

to a target sequence of 190 amino acid residues, with an assumed constant
99% yield per cycle, would consist mainly (85% ) of an extremely complex
mixture of deletion peptides, i.e., 28.6% of chains all possessing 189 resi-
dues, 27.1% with 188 residues, 8% having 187 residues, and about 4.2%
of the following five shorter chain lengths. The number of different molecules
in each category of lower chain length is obtained from the binomial dis-
tribution. Thus, the mixture will consist of 189 different molecules possessing
189 residues, of 17,766 molecules with 188 residues, of 1,107,414 mole-
cules with 187 residues, of 51,494,751 molecules with 186 residues, of
1,905,305,787 molecules with 185 residues, of 58,429,377,468 molecules
with 184 residues, and of 1,527,510,868,092 molecules with 183 residues.
Including the molecule possessing the target sequence, this will add up
to 1,587,848,161,467 (approximately 1.6 X 10'2) different molecules in
the product mixture, most of which are present only in minute trace amounts.
Clearly, yields of over 99.5% or close to 99.9% would be required for
solid-phase syntheses of proteins consisting of more than 150 amino acid
residues, if one wishes to obtain a respectable mole fraction of the target
sequence in the synthetic product. Ultimately, the method should be refined
to such a state of perfection that close to quantitative yields can be attained.
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Racemization during peptide bond formation can cause the same problem
as incomplete reaction. Microheterogeneous mixtures of diastereoisomers
accumulate leading to serious deterioration of the optical purity of larger
synthetic peptides, even when only 0.1-0.2% racemization per cycle occurs
(see Section III,D,1).

The formation of truncated and/or failure sequences during solid-phase
synthesis has frequently been played down, and the existence of deletion
peptides in the final products has been ignored. Obviously, they cannot, as a
rule, be detected individually by such techniques as amino acid analysis,
chromatography, or electrophoresis, especially after larger syntheses. Very
sensitive tests such as dansyl amino end group determination, seem to have
not thus far been applied. Recently a few experimental identifications of
truncated or deletion peptides have been published which will be described
later (Section ITI,D,1).

In conclusion, it is clear that the principal operational feature of the sol-
id-phase method, simplification, and tremendous acceleration by abolishing
isolation and purification of intermediates does create new problems when
reactions are not always 100% complete. Products will be contaminated by
very closely related deletion peptides, which for large peptides (>20 amino
acid residues) become mostly inseparable from the target sequence. These
and other considerations have led to the development of modified solid-
phase schemes, which are briefly outlined below.

D. RELATED METHODS

1. Temporary Reversible Attachment of Peptide to Polymer through Ionic
Binding

A scheme to utilize some of the advantages of both the solid-phase proce-
dure (removal of reagents and by-products by simple washing and adsorp-
tion) and of solution synthesis (analytic control of coupling reaction and
purification of intermediates at every stage) has been developed by G. T.
Young and collaborators (Camble et al., 1968; Garer et al., 1968). Reac-
tions are carried out in solution and the protected peptide is then adsorbed
on an jon exchanger while the excess of acylating agent and the coproducts
are washed away. For this purpose the 4-picolyl ester (2) of the carboxyl
terminal amino acid* is utilized as a weakly basic ‘“handle.” To attain as
complete a coupling as possible, a 2.5-fold excess of N-protected amino
acid and of dicyclohexylcarbodiimide or a threefold excess of protected
amino acid pentachlorophenyl ester is used relative to the amino acid or

* Benzyloxycarbonylamino acid 4-picolyl esters are prepared by the reaction of the
triethylammonium salt of protected amino acids with 4-picolyl chloride (1) in
dimethylformamide.
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peptide picolyl ester. Coupling reactions are continued until no unchanged
amino component can be detected in the reaction mixture by thin-layer
chromotography. The protected peptide picolyl ester is isolated from the
reaction mixture by adsorption to sulfoethyl Sephadex C-25 (H* form),
and nonbasic contaminants are washed away with a suitable organic sol-
vent, e.g., tetrahydrofuran. The product is then eluted by means of a
solution of triethylamine in an aqueous organic solvent, such as dimethyl-
formamide, dioxane, or tetrahydrofuran. The N-protecting group is re-
moved, and the cycle of operations can be repeated. In this way, chroma-
tographically and analytically pure Leu-Ala-Gly-Val was obtained (Camble
et al., 1968, 1969) without any further purification, in 60—-65% overall
yield. Crude crystalline Z-Pro-Leu-Gly-NH. (Garner et al., 1968) was ob-
tained in 52% overall yield and possessed physical constants agreeing with
literature data (Ressler and du Vigneaud, 1954). No recrystallization was
necessary. The attractive feature of this method is the very high degree of
homogeneity of products before any purification; a limitation will very likely
be the low solubility of most large protected peptides.

/TN NEt,- DMF ——
R—COOH + Cl—CH— N ——*——> R—CO00—CH,~ N (R—CO—OPic)
U /)
(1) (2)

The method has since been modified in that coupling products are gener-
ally isolated from reaction mixtures by extraction into 2 N citric acid. Ad-
sorption to sulfoethyl Sephadex is used only for those peptide 4-picolyl es-
ters that are insoluble in the aqueous acid (see also: Burton et al., 1971).
Syntheses of bradykinin in 42% overall yield using carbodiimide and 2,4,5-
trichlorophenyl ester methods for coupling (Schafer er al., 1971; Garner
et al.,, 1971), and of Val5-Angiotensin II in 38% yield (Garner and Young,
1969, 1971; Garner et al., 1971) have attested the efficiency of the pro-
cedure up to nonapeptide syntheses.

A similar procedure has been described by Wieland and Racky (1968)
who used p-dimethylaminoazobenzyl phenylalaninate (3) to synthesize

Pro-Ala-Phe.
CH,
Phe—OCHzN:NON
\
CH,

(3
2. Polymeric Reactants or Condensing Agents

In this solid-phase concept of Katchalski and collaborators (Fridkin et al.,
1965b) [“Anti-Merrifield method”] and of Wieland and Birr (1966), the
growing peptide chain remains always in solution while the carboxyl com-
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ponent constitutes the solid-phase. Copoly-4-hydroxy-3-nitrostyrene-
divinylbenzene (4) and copoly-D,L-lysine-3-nitro-L-tyrosine (5) have
been used to prepare the respective o-nitro-phenyl esters (6 and 7) of N-
protected amino acids (Fridkin et al., 1965a,b, 1966a,b; Sklyarov et al.,
1966; Patchornik, 1967; Patchornik et al., 1967). Several di- and tripeptides
were prepared, and active bradykinin has been synthesized in 39% overall
yield (Fridkin et al., 1968) using polymeric esters (6) of benzyloxycarbonyl
or o-nitrophenylsulfenyl amino acids.

OH OH
NO, NO,
(—CH—CH,—), (|3Hz
AcNH—CH
(4) ¢ |
co

Prot- NHCHRClo Prot— NHCHR(|30
o) o)
NO, NO,
(—CH—CH,—), ?Hz
AcNH—CH
(6) |
co

(—DLCL}”S—‘),‘
(7)

Difficulties observed with these types of polymers led recently to the de-
velopment of supports (10) in which the active ester function was further
away from the polymeric backbone than in (6) (Fridkin et al., 1971). The
proven chloromethylated copolystyrene-2% divinylbenzene (9) was used
as starting material and condensed with 4-nitroresorcinol (8) to produce
solid supports of the o-nitrophenol type (10). A similar support (12) has
been prepared by Panse and Laufer (1970, 1972) using 3-hydroxy-4-nitro-
benzoic acid (11).
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Copoly (ethylene-N-hydroxymaleimide) (14) obtained from the anhy-
dride (Monsanto Co., St. Louis, Missouri) (13) has been used to prepare

10)

HQ HO
02N—©‘m1 + c1CH2<©» Resin —— OZN‘G—OCHZ-Q—Resin
® (9 (

HO HO
OzN@COOH + ClCH2~®>Resin — O,N ’@C%CHZOReSin
©)

(11) (12)

polymeric N-hydroxysuccinimide esters (15) in several laboratories (Pat-
chornik et al., 1967; Laufer et al., 1968; Wildi and Johnson, 1968; Akiya-
ma et al., 1969; Fridkin, 1972). A number of small protected peptides (16)
have been prepared with the use of (15), as shown below. Similarly,
poly (5-vinyl-8-hydroxyquinaldine) (17) providing polymeric protected
amino acid 8-quinaldyl esters (Manecke and Haake, 1968) has been used;
and syntheses through polymeric thiophenyl esters have been described
(Skylarov et al., 1966; Patchornik et al., 1967). An application of a poly-
meric mixed anhydride has been reported by Fridkin et al. (1971) who pre-
pared the carboxylic-sulfonic anhydride (19) from chlorosulfonylated
copolystyrene—2% divinylbenzene (18). Wieland and Birr (1966, 1967b)
have described sulfone-activated phenyl esters prepared from a copolymer
of p,p’-dihydroxydiphenyl sulfone and formaldehyde.

The preparation of the polymeric supports, discussed above, is not always
easy. As an alternative, Wieland and Birr (1967a) conveniently attached
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— CHCH, }ll_(}ljl/ NH,oH -HCl | CH:CH \$'~$/
o*“~o %0 N
" on "
(13) (14)

Boc —NHCHR!CO,H; DCCI
or
isobutyl chloroformate

—CH,CH, \g H_-

—CH,CH, H H
~C——C H,NCHR?COR C
] | —~—— — | |
OéC\N/CQO O//C\N/C§O
| i
OH Boc -NHCHR!COO
n n
+ (15)

Boc -~ NHCHR'CO—NHCHR*COR

(16)
OH
N_-CH,
-
(—CH-—CH,-),,

(17

Z—NHCHRCOOH
c1soz©— Resin » Z—NHCHRCOO— so2-®—Resin

(18) (19)

active esters of N-protected amino acids, e.g., with 4-hydroxyazobenzene-
4’-sulfonic acid (20), by ionic binding to ion exchange resin (21).

®
Prot- NHCHRCOO @N:NO 503@ (Alk),N— Resin

(20) (21)

The possibility of using carbodiimide in the form of polymeric condensing
agents has been investigated by Wolman ef al. (1967) who prepared poly-
hexamethylenecarbodiimide (22), and by Fridkin ef al. (1971) using diim-
ides derived from polystyrene (23, 24) and from polyvinylamine (25) to
prepare several di- and tripeptides.
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[—(CHy)s—N=C=N—],

(22)
R*N:CZN—CHZCH2~S—CHZOResin
(23)
c1®
o
R—N:CZN—CHZCHZCHZ—@D‘I—CHZ‘@ Resin
CH,
(24)
R—N=C=N
(—CH—CH,—) »,
(25)

The advantage of these “reverse” procedures lies mainly in the opportuni-
ty that intermediates may be purified. However, solubility limitations, diffu-
sion barriers, and/or low reactivity of larger peptides might restrict applica-
tions to comparatively small peptides. To date the largest peptides prepared
through this strategy have been an octapeptide derivative (Laufer et al.,
1968) and bradykinin (Fridkin et al., 1968).

3. Soluble Polymer Supports

To avoid incomplete reactions due to diffusion barriers Shemyakin and
collaborators (1965; Kiryushkin ez al., 1967) used soluble polymeric sup-
ports, e.g., chloromethylated emulsion-polystyrene. The general plan of sol-
id-phase synthesis (Fig. 3) was followed, but the experimental procedure
differed. Coupling was carried out by the addition of active esters of Boc-
amino acids to dimethylformamide or dioxane solutions of polymer-bound
amino acids or peptides. For deprotection anhydrous HCl was bubbled
through the mixture. After the coupling step, the peptide-polymer was pre-
cipitated by the addition of water. Washing operations to remove excess
reactants and by-products were performed on a filter funnel, and the mate-
rial was ready for the next cycle. Experimental details have been described
(Ovchinnikov et al., 1968a), and the conditions necessary for the successful
use of the soluble-polymer method have been delineated (Green and Gar-
son, 1969). Care must be taken to block residual chloromethyl groups by
acetylation after attachment of the first amino acid residue; otherwise subse-

MPI EXHIBIT 1039 PAGE 31



72 JOHANNES MEIENHOFER

quent cross-linking insolubilizes the polymer. The method has been used for
preparations of Gly-Gly-Leu-Gly (Shemyakin et al., 1965; Ovchinnikov et
al., 1968a), of [Gly5, Gly'°] gramicidin S (Kiryushkin et al., 1967; Ov-
chinnikov et al., 1968b), of des(Asp?, Arg?) Val®-angiotensin II (Ovchin-
nikov et al., 1968b), and of Ala-Ile-Arg (NO,) Ser-Ala (Green and Gar-
son, 1969), the latter with the use of the carbonic carboxylic anhydride
method.

ITI. The Chemistry

A. THE SoLID SUPPORT AND INTRODUCTION OF FUNCTIONAL GROUPS
1. The Copolystyrene—Divinylbenzene Resin

By far the most successful solid support for peptide synthesis has been a
copolymer of styrene and divinylbenzene. This resin is prepared by suspen-
sion polymerization in the form of small (200-400 mesh) beads, which
measure about 20-80 u in diameter. It is an amorphous gel with a random
network of loosely cross-linked polystyrene chains and fulfills the require-
ments for an adequate polymeric support (Merrifield, 1963, 1969a). These
requirements (Letsinger and Kornet, 1963) include: (/) complete insolu-
bility in all solvents used, (2) chemical and physical stability, (3) a struc-
ture and form permitting rapid diffusion of reactants into all reactive sites
and easy removal of reactants, by-products, and side products by filtration
and washing, and (4) possibllity of substitution with a functional group (or
possession of a functional group) for the attachment of the first amino acid by
a stable covalent bond.

The 2% cross-linked resin, copolystyrene—2% divinylbenzene (26),
symbolized as was selected since it appeared to have the most satisfactory pro-
perties (Merrifield, 1963 ), and it has been used since then in the majority of
solid-phase peptide syntheses. Chloromethyl groups can readily be introduced
into the polymer by treatment with chloromethyl methyl ether (27) and
stannous chloride [or another Friedel-Crafts catalyst (Pepper ef al., 1953;
Gross and Hoft, 1967)]. Substitution of every aromatic ring (9) is not de-
sirable, and the reaction can be controlled to provide 0.5-1 meq of chloro-
methyl groups per gram of resin. This has proven to be a suitable level of
functional group concentration for the attachment of the first amino acid.

A number of other supports were investigated during the early days of the
solid-phase method. They included rigid copolymers containing large pores
fixed by high degrees of cross-linking (Merrifield, 1965b) and popcorn poly-
mers (Letsinger ef al., 1964) which do not swell appreciably. These de-
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(—CH;—CH—), (—CH,—CH-),

SnCl
+ CICH,0CH, ————> + CH,OH

(26) (27 CH,Cl
9

velopments have been reviewed in detail by Merrifield (1969a, pp.
226-233). Many of these other polymers were found to be inferior to the
cross-linked polystyrene beads. Progressively decreasing reaction took place
with increasing peptide chain length, probably due to diffusion barriers for
large reagent molecules and to various other difficulties. Some of these
polymers have not been readily available.

Merrifield concluded that the gel-like polymer (26) which swells freely
seemed to be a less hindered matrix and a more satisfactory support than
rigid polymers. The cross-linked polystyrene-beads are not a “surface sup-
port.” Due to their swelling in organic solvents they are freely permeable to
reagents. Over 99% of Boc-amino acids are located in the interior. Merri-
field and Littau (1968) showed by autoradiography of beads containing
various tritiated peptides that the distribution is quite uniform throughout
the bead (Merrifield, 1969a: Fig. 4). With a substitution level of 0.3
mmole/gm approximately 102 peptide chains are located within a single
bead (50 u diameter). The average space available to each chain amounts
to approximately 40 cubic mu (which is enough for a small protein). An-
other explanation for the success of solid-phase peptide synthesis on the
polystyrene resin might be deduced from results of recent kinetic studies.
Kemp (1973) observed that peptide bond formation proceeds fastest in to-
luene as a solvent, both for dicyclohexylcarbodiimide-mediated and for ac-
tive ester (N-hydroxysuccinimide ester) reactions. The polystyrene resin in
the swollen gel-like state might resemble a toluene-containing solution.

Because of the importance of resin swelling, knowledge of swelling factors
in common solvents is desirable. Table VII gives data determined by Wie-
land and collaborators (1969a) for a 2% cross-linked polystyrene resin
containing approximately 1 mmole/gm of fert-butyloxycarbonyl-L-phenyla-
lanine residues. Methylene chloride effects the largest swelling and should,
therefore, be best suited for syntheses. Dimethylformamide also gives good
swelling. This solvent is sometimes required because of its superior dissolv-
ing power for many protected amino acid derivatives and reagents. Diethy-
lene glycol dimethyl ether has recently been used (Wieland et al., 1970) for
resin swelling prior to attachment of amino acid derivatives.

Reinvestigation of the 1% cross-linked polystyrene (Merrifield, 1969a)
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Table VII—Swelling Factors of Boc-Phe-Polymer (Copolystyrene-2% Divinylbenzene)
in Various Solvents ¢

Solvent Swelling factor ®
Methylene chloride 3.9
Chloroform 36
Tetrahydrofuran 33
Dioxane 3.2
Dimethylformamide 3.2
Ethyl acetate 2.9
Glacial acetic acid 1.8
Ethanol 1.4
Water 0.95

o After Wieland ez al. (1969a).
® Ratio of volume/gm in solvent (after a swelling period of 50 hours at room tem-
perature) to volume/gm of dry resin (1.6 ml/gm).

which initially was reported to be too fragile for continued use over many
cycles (Merrifield, 1963), revealed that this support can indeed be used un-
der standard conditions of operation and that it seems to be advantageous in
some cases. It swells considerably more in nonpolar solvents; this can result
in more complete reactions. Several large peptides and proteins have recent-
ly been synthesized on the 1% cross-linked polystyrene support. They in-
clude those prepared according to target sequences of bovine ribonuclease A
(Gutte and Merrifield, 1969, 1971), human growth hormone (Li and Ya-
mashiro, 1970), Escherichia coli acyl carrier protein—(1-74) (Hancock et
al., 1971; Marshall et al., 1973) and a partial sequence (Vdovina et al.,
1971) as well as five analogs of insulin B-chain (Weber and Weitzel,
1968). However, presently it is not clear whether the rather low quantity
obtained in the synthesis of acyl carrier protein was due to loss of solid-
phase during filtration as a consequence of breakdown and pulverization of
the 1% cross-linked resin (Marshall et al., 1973). The usefulness of a 5%
cross-linked polystyrene resin has been examined recently by Orlowska and
Drabarek (1971). A high yield of the model peptide Leu-Ala-Gly-Val was
readily obtained. In this context, a recent report about a modified procedure
for the preparation of cross-linked polystyrene, using methylcellulose as an
emulsifier combined with centrifugation, might be of interest (Paruszewski,
1970). Comparative evaluations of different resins would appear to be very
desirable. Unfortunately, variable results can even be obtained from repeat-
ed syntheses of the same peptide using different batches of the same resin
(Bayer et al., 1971b). It has been argued that this finding would offer an
explanation for differing results reported in the literature although the reac-
tion conditions had seemingly been the same.
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2. Other Supports

Among the many recent methodological studies on the solid-phase meth-
od, several have dealt with different solid supports. Some of these have been
selected for the purpose of optimizing coupling yields or for allowing milder
cleavage of the solid support from the completed peptide. Other supports
were sought for the purpose of allowing the use of continuous column pro-
cedures. Modified supports can be grouped into those which have been de-
rived from the proven beaded copolystyrene—2% divinylbenzene resin (26)
and into those consisting of different polymeric material.

a. Copolystyrene 2% Divinylbenzene Derivatives. A variety of different
functional groups have recently been introduced into the standard resin for
the purpose of facilitating benzyl ester bond formation. The hydroxymethyl
resin (29) was first prepared by Bodanszky and Sheehan (1966) from
chloromethylated polymer (9) via the acetoxymethyl resin (28) (compare
also, Beyerman and In’t Veld, 1969; Meienhofer and Trzeciak, 1971).

KOAc
CICH, Resin ——— CH,COOCH, Resin

) (28)

,/NaOH
HOCHZOReSin

(29)

Bromomethylated (30) and iodomethylated resins have been produced
by treatment of acetoxymethylated material (28) with hydrogen bromide or
hydrogen iodide in acetic acid (Tilak, 1968). Bromomethylated resin (30)
has also been obtained from cross-linked polystyrene (26) by reaction with
bromomethyl methyl ether (31) in the presence of stannic bromide (Yajima
etal.,1970c).

HBr
CHSCOOﬂCH24©~Resin — > Br—CH, OResin

(28) (30)

/n Br,

@Resin + BrCH;,—O—CH;,

(26) (31
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A series of dialkyl(benzyl )sulfonium resins (33) have been prepared by
Dorman and Love (1969) through treatment of chloromethylated resin (9)
with alkyl sulfides (32). The dimethyl derivative (Alk = CHj3) in the basic

Ak
CICH, @-Resm + Alk—S—Alk ——> /s—cnz@—Resin
AIK
9

(32) x®
(33)

X =l
bicarbonate form (X = HCO;) proved to be most effective for amino acid
and peptide attachment.

Modifications of the copolystyrene 2% —divinylbenzene resin (26) in-
volving not only the functional group X but also the anchoring portion A
(Fig. 3) between X and the benzene ring moiety provide for the attach-
ment of amino acids or peptides by covalent linkages other than the stand-
ard benzyl ester type (Fig. 4). To examine the efficacy of the phenacyl ester
peptide to resin attachment, haloacyl polystyrene resins (35) have been pre-
pared (Weygand, 1968; Mizoguchi et al., 1969, 1970). Best results were
obtained when copolystyrene—2% divinylbenzene (26), swelled in nitroben-
zene, was treated with 0.4 equiv of haloacetyl bromide (34) and aluminum
chloride at room temperature.

AlCH,-C,H,NO, .
Resin + X—CH,COBr ————> X—CH,—CO Resin

(26) (34) (35)
X = Cl, Br
Chloroformoxymethyl group-bearing popcorn polymers were first used by
Letsinger and Kornet (1963). The introduction of the group into polysty-
rene resin (36) has been carried out via the acetoxymethyl (28) and hy-

CHSCO*OCH2~<\:/>'Resin

/ (28) \
Cs —c:x,@—Resin HOCHZORes'm

® \ / @
Z—Gly—OCHZOResin 100012-C5H5

(37)
Cl—COOCHzO Resin

(36)
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droxymethyl (29) intermediates (Felix and Merrifield, 1970; Meienhofer
and Trzeciak, 1971) or via Z-glycine-resin (37) (Sklyarov and Shashkova,
1969).

A series of reactions leading to both terz-alkyl alcohol (40) and to tert-
alkyloxycarbonylhydrazine substituted resins (42) has been devised by
Wang and Merrifield (1969a). Reaction of copolystyrene—2% divinylben-
zene (26) with methyl vinyl ketone (38) in the presence of HF to give 3-
oxobutyl resin (39) is followed by a Grignard reaction which provides the
tert-amyl alcohol resin (40). For the preparation of the tert-alkyloxycar-
bonyl hydrazide resin (42), the alcohol resin (40) is reacted with phenyl
chloroformate to form a phenyl carbonate derivative (41) which is then hy-
drazinolyzed.

HF
@Resin + CH;COCH=CH, —— > CH,COCH,CH,
2§ :>——Resin

(26) (38)
(39)

l CH;MgBr

Cl“’ rooa C'HS
C>—ocoo—c—c1{2c1{2 HO—(IZ—CH2CH2

{41) (40)

H,NNH,

CH,

|
H,NNH —COO—C—CH,CH,

(42)

Benzhydryl polystyrene resins (46) have also been prepared in efforts to
attain milder removal conditions at the end of solid-phase snytheses (Sou-
thard er al., 1969, 1971b,c). Friedel-Crafts condensation of copoly-
styrene-2% divinylbenzene (26) with benzoyl chloride (43,R = H)
affords (44) which is reduced to the carbinol (45) by sodium borohydride.
Conversion to the desired benzhydryl halide resins (46) is effected by treat-
ment with anhydrous HBr or HCI in methylene chloride. Both the p-chloro-
and p-methoxybenzhydryl resins have been prepared similarly.
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AlCl,- C H,NO,
COCl + Resin ‘—————V- —Resin
(26)

(44)

NaBH,

HX- CH,Cl, .
Resin ~——————— R (|JH Resin
OH
(46) (45)

R = H, Cl, OCH,
X = Br, Cl

Benzhydrylamine (47) and p-methoxybenzylamine (50) resins offer
peptide resin attachment through amide bonds and provide peptide amides
upon treatment with HF. Benzhydrylamine resins are obtained by treatment
of (46) with ammonia in methylene chloride (Pietta and Marshall, 1970;
Pietta et al., 1973). The p-methoxybenzylamine resine (50) is prepared by
reaction of sodium p-cyanophenoxide (48) with chloromethylated copoly-
styrene—2% divinylbenzene, followed by reduction of (49) with lithium
aluminum hydride (Pietta and Marshall, 1970).

G NHS-CHZC 12 G
—<: :>—Resin —_— —< :)—Resm
(46) 47)

R, R = H
R' = H; R? = OCH,
R!, R? = OCH,

Oo@ Na® + CICHZORe51n

(48)

LiAlH,
N=C OCH, Resin —— H,N—CH, Resin
(50)

(49)
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The 6-hydroxy-n-hexyl resin (54) has been reported (Bayer et al.,
1971a) to provide for facilitated aminolysis of peptides with sterically hind-
ered C-terminal amino acids, because the long anchoring chain places the
peptide to resin link farther away from the polymer backbone, thus reducing
steric hindrance. The support (54) is obtained by Friedel-Crafts condensa-
tion of copolystyrene-2% divinylbenzene (26) with the monomethyl ester
of adipic acid monochloride (51) followed by reductions of the product
(52) first by a Wolff-Kishner reaction to give (53) and then by lithium atu-
minum hydride.

CH,COO(CH,),cOCl  + @—Resin
(51) (26)
AICl,

. N,H,-H,0-KOH
CH,COO(CH,),CO Resin ———=—— HOOC(CH,), Resin
polyethylene

(52) glycol (53)

(54)

Other supports possessing alkanol functions (55, 56) had previously been
described by Tilak and Hollinden (1968a,b).

COCH

| 3
HO(CHZ)acoOResin HO(C Hz),,NCHZO Resin

(55) (56)

So-called “dual function” or “safety catch” supports provide peptide to
resin linkages that can be converted at the end of a synthesis into a reactive
bond for easy removal of the solid support or for cyclization on the support.
A resin (58) containing the 4-methylthiophenyl group of Johnson and Ja-
cobs (1968a,b) has been obtained by refluxing chloromethylated
copolystyrene-2% divinylbenzene (9) and p-mercaptophenol (57) in di-
methylformamide (Flanigan and Marshall, 1970, 1972; Marshall and Lie-
ner, 1970).
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HOOSH +  CICH, OResin
(57) 9)

HO @ SCH24©— Resin
(58)

To obtain a polystyrene resin carrying sulfonamide groups (60), Kenner
et al. (1971) treated sulfonated copolystyrene-2% divinylbenzene (59)
[Bio-Rad AG 50W-X2] with chlorosulfonic acid and then with ammonia.

(a) C1SO.H
b) NH .
HO,S —QResin oI NH, H2N802’©—Resm
(59) (60)

b. Different Polymeric Supports. Anfinsen (1968) explored the use of
multichain polyamino acid supports (61) with the purpose of removing the
final synthetic peptides by specific enzymic methods.

Gly - (oL - Ala),
poly [~ Lys— (or - Ala),, -]
(61)

The known dextrans for gel filtration, Sephadex G-25 and the lipophil-
ized, hydroxpropylated derivative, Sephadex LH-20, have been investigated
by Vlasov and Bilibin (1969) for their effectiveness as solid supports (see,
also, Merrifield, 1969a). The pentapeptide Z-Leu-Ala-Val-Phe-Gly-OH
was prepared on Sephadex LH-20. Phenol-formaldehyde polymers were
found to be useful by Losse et al. (1968a) and by Inukai et al. (1968).
These resins can be chloromethylated or the phenolic hydroxyl can be used
directly for amino acid or peptide attachment.

The use of a low cross-linked spherical macroreticular styrenedi-
vinylbenzene copolymer has been described by Sano et al. (1971). This
resin, Amberlite XE-305 (supplied by Rohm and Haas Co., Philadelphia,
Pennsylvania), has a macroporous network with a surface area of 35
m?/gm and a pore size distribution ranging from 600-1300 A. The resin
can be chloromethylated as described above. One tetra- and two hexapep-
tides were synthesized in higher yields than could be obtained from the
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standard Merrifield-resin. A similar macroporous polystyrene support,
beaded SM-1 resin (supplied by Calbiocliem, Los Angeles, California),
with average pore size of 200 A, has beén investigated by Tilak and Hollin-
den (1971). After chloromethylation, homogeneous Ala-Phe was prepared
by standard procedures. The resin was also derivatized as in (56) and a te-
trapeptide was then synthesized.

Graft-polymer resins have been developed for solid-phase synthesis by
Potts and Tregear. Styrene is polymerized onto small Teflon or Kel-F
beads with the aid of vy-radiation (Tregear et al., 1967). A poly-
(trifluorochloroethylene )-g-chloromethylstyrene containing about 7% poly-
styrene was used for synthesis of the N-terminal tetratriacontapeptide of
bovine parathyroid hormone (Potts et al., 1971) and for a synthesis of sub-
stance P (Tregear et al., 1971). The apparent rationale for the development
of grafted polymers for solid-phase synthesis is an assumed improvement in
attaining both more complete and faster reactions in the incorporation of
each amino acid residue by reducing diffusion into the interior of the resin.
Another approach to minimize diffusion was the use of pellicular resins
(Bayer et al., 1970a) which were prepared by polymerizing a thin layer of
resin onto inert glass beads (Horvath et al., 1967). Considerable improve-
ments in eliminating the occurrence of failure sequences in (Leu-Ala)g
were observed with the use of pellicular resin supports, but limited mechani-
cal stability due to peeling of the resin from the glass (Bayer et al., 1971b)
has discouraged further use.

In attempts to simplify technical aspects of solid-phase synthesis by the
use of column procedures, which are not feasible for swelling resins, Bayer
and collaborators (1970c, 1971b; Parr and Grohmann, 1971) pro-
posed the application of porous glass, silica gel, or quartz as supports. Alco-
hols can be esterified to silanol groups on the surface of silica (Hal4sz and
Sebastian, 1969) providing locations for functional groups purely on the
surface of the inorganic support (62). Since these organic groups are con-

L~
O_Sl\

Br—CH, —@—cnzo—séo—ﬁf

o—siZ
™~
(62)
sidered to protrude from the surface, the polymer resembles a brush having
the functional group for amino acid attachment at the end of the bristle;
therefore, the term “brush-type” support has been coined.* Syntheses of

* Materials of this type are available under the name of Biopak from Waters As-
sociates, Framingham, Ma.
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(Leu-Ala)s and of Leu-Leu-GIn-Gly [Secretin—(22-25)] in a specially
designed synthesizer for column operation showed that reaction times were
considerably shorter than those required with the polystyrene resin in the
standard rocking vessel. Further advantages claimed for column operation
over batch procedures include: easier scaling up; elimination of shaking so
there is no mechanical corrosion of the solid-phase; and smaller excesses of
reagents to obtain comparable equilibria. Both the brush support and the
graft polymer have several promising features. However, it is still too early
to evaluate their relative merits or potentials as well as those of other newly
developed supports discussed above.

B. ATTACHMENT OF AMINO AcCIDS OR PEPTIDES
1. The Standard Benzyl Ester Linkage

Benzyl ester bond attachment (63) of the first amino acid through reac-
tion with chloromethylated copolystyrene—2% divinylbenzene has been used
for the great majority of all syntheses to date (see Merrifield, 1969a; Stew-
art and Young, 1969; Marshall and Merrifield, 1970). In general, tert-butyl-
oxycarbonylamino acids and chloromethylated resin (9) are incubated

Boc~ NHCHRCOOH + CICHz@Resin

(9)

NEt,-ethanol
reflux

Boc- NHCHRCO~OCH24©7Resin

(63)
for 2450 hours in the presence of triethylamine in refluxing ethanol or oth-
er solvents (For a detailed study, see Losse et al., 1968b.). To avoid com-
peting benzyl ether formation or transesterification (Halpern et al., 1968;
Beyerman et al., 1968b), tetrahydrofuran was recommended as a solvent
(Wieland et al., 1969a). No quaternization, i.e., formation of resin-bound
triethyl benzyl ammonium groups (64), was observed with the use of tetra-

(|32H5 C.H,

[
02H5~1|\1 + 01CH2<®~Resin ——— Czﬂ?—lTIACHzA@fResin

C,H, c1®  c.H,
©) (64)
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hydrofuran, whereas this side reaction occurs to considerable degrees in etha-
nol (Rudinger and Gut, 1967). The use of tetramethylammonium hydroxide
instead of triethylamine for the attachment reaction has been described by
Loffet (1971). Better yields were obtained and no quaternary ammonium de-
rivatives were formed on the resin. Alternatively, the application of a mixture
of sodium carbonate and dimethylformamide has provided very satisfactory
esterification of Boc-amino acids to resins (Green and Garson, 1969; Beyer-
man et al., 1973a).

Some amino acid derivatives, such as o-nitrophenylsulfenylamino acids or
tert-amyloxycarbonylmethionine, are unstable at the commonly used high-
temperature esterification conditions, as reported by Losse and Neubert
(1968b) and Inukai e al. (1968), respectively. Alternative milder proce-
dures of benzyl ester bond formation have therefore been proposed (Merri-
field, 1969a). Using dimethylformamide as a solvent, Marglin (1971) ob-
tained resin substitution (0.1-0.3 meq/gm) at room temperature within 24
hours by treating 1 gm of chloromethyl resin with 1 mmole of Boc-amino
acid and 0.9 mmole of triethylamine. A strategem to attach methionine to
resin has been suggested by Norris et al. (1971). Boc-methionine sulfoxide
can be treated in the standard manner of using triethylamine, ethanol, or
ethyl acetate, 24-hour reflux, under nitrogen in the dark. Conversion
(98%) to Boc-methionine resin is affected by reduction with sodium
iodide—acetyl chloride in dimethylformamide.

Bodanszky and Sheehan (1966) pioneered the use of the hydroxymethyl
resin (29). Attachment of protected amino acids to this resin is effected un-
der mild conditions by N,N’-carbonyldiimidazole (Staab and Wendel,
1963; Losse and Klengel, 1971), by dicyclohexylcarbodiimide in pyridine
(Henecka, 1952; Rothe and Kunitz, 1957), and by N,N’-dimethylfor-
mamide dineopentylacetal (Biichi et al.,, 1963; Schreiber, 1967). An
elegant procedure of attachment was developed by Dorman and Love
(1969). Basic dimethylsulfonium styrene—2% divinylbenzene resin in
the bicarbonate form (65) provides for convenient, efficient, and rapid at-
tachment of amino acid derivatives (see, also, Dorman and Markley,
1971). Irreversible binding via salt formation (66) between the carboxyl
group and the sulfonium resin is followed by warming in the dry state to ef-
fect a displacement reaction (66—>67). The procedure is mild enough to
allow the attachment of o-nitrophenyl-sulfenylamino acids to the resin. N-
Protected peptides (up to nonapeptides) and even N-unprotected peptides
have been linked to solid supports through this type of functional group (65)
(Fontanaetal., 1971).

Bromomethylated (30) and iodomethylated resins (Tilak, 1968) allow
benzyl ester formation under considerably milder conditions than those re-
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HC o HC
Y . S} Y ;
R—COOH + /S—CHZOR951n ——» R—COO /S—CH2<®—Resm
H,C H,C

HCO,®
(65) (66)

lheat
R—CO—OCHZOResin + CH,SCH,

(67)

quired for the chloromethylated resin. The bromo and iodo derivatives react
within a few hours at room temperature with N-protected amino acids in the
presence of base. Na-tert-butyloxycarbonyl-, o-nitrophenylsulfenyl-, and
1,3-diketone enamine protected amino acids have been successfully esteri-
fied to these solid supports. The tetrapeptide Boc-Lys(Z)-Pro-Val-Gly-OH
was attached to a bromomethyl resin in the presence of dicyclohexylamine
(Yajima et al., 1970c). Vesa and Dirvianskyte (1968) reported that it was
superfluous to prepare the iodomethylated resin separately. The attachment
reaction can be performed in one step using chloromethylated resin and so-
dium iodide as a catalyst. Although the modified procedures for improved
resin-benzyl ester bond formation have indeed enhanced the scope of the
procedure, the majority of amino acid attachments are still being carried out
according to the original method.

In spite of its numerous applications “the original benzyl ester-type link-
age is perhaps one of the least satisfactory features of the Merrifield synthe-
sis” (Sheppard, 1973). The main disadvantage lies in the drastic conditions
(hydrogen bromide in trifluoroacetic acid or liquid anhydrous hydrogen
fluoride) required for its cleavage at the end of a synthesis. These conditions
can lead to considerable degradation of the desired peptide, and at the same
time can still leave the cleavage of the bond to the solid support incomplete.
These aspects will be discussed in detail later (Section IIILE,1). Another
shortcoming of the benzyl ester linkage lies in its incomplete stability to the
deprotecting agents, especially trifluoroacetic acid (Nitecki and Goodman,
1970). Small amounts are progressively cleaved during the course of the
synthesis, resulting in loss of peptide from the resin and a lowering of the
overall yield. Gutte and Merrifield (1969) calculated that the total loss of
material through 123 cycles of a synthesis (target sequence of ribonuclease
A) amounted to an average of 1.4% loss per cycle. A lower loss of approxi-
mately 0.4% of Boc-methionine sulfoxide per (simulated) cycle was deter-
mined by Norris et al. (1971) over thirty-two repeated treatments by 1 N
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HCI in acetic acid followed by triethylamine in methylene chloride. Origi-
nally Merrifield (1962, 1963) used a nitrated resin because nitrobenzyl es-
ters are known to be more stable to acid than benzyl esters. Since the acido-
lytic removal of the solid support from the completed peptide is thereby also
impeded, nitrated resins have seldom been used (e.g. Takashima et al.,
1968; Arai et al., 1970).

2. Alternative Types of Linkages

a. Through « Functional Groups. The development of alternative types
of bonds has received little attention until recently. The requirements for an
ideal linkage of peptide to solid support are very demanding. The covalent
bond has to be readily formed, completely stable throughout the repetitive
cycles of synthesis, and yet be subject to cleavage under mild conditions at
the end of the synthesis. To arrive at an ideal linkage serving all purposes of
solid-phase peptide synthesis might perhaps require a prolonged search. In
the interim, an arsenal of several less perfect supports with widely varying
types of functional groups for attachment might be useful, each serving a
specific purpose. Objectives which could be better met by other linkages
than a benzyl ester include:

i. Removal from the resin under mild conditions compatible with the
stability of the peptide;

ii. Preparation of protected peptides required as intermediates for
fragment condensation, and

iii. Complete stability of peptide-resin bond thoughout the synthesis.

Mild removal conditions (i) for the completed peptide are provided
through the phenacyl ester linkage (sodium thiophenoxide, NHs, N.H,),
through the benzydryl and tert-alkyl ester linkages (5-50% trifluoracetic
acid in chloroform or methylene chloride), through the peptide linkage
(proteolytic enzymes), through the methylthiophenyl ester linkage (base,
NH;, N:H,, after oxidation), and through the acylsulfonamide linkage
(base, after N-methylation). The preparation of the solid supports required
for these types of peptide-resin linkage have been described in the preceed-
ing section (Section III,A,2). The attachment reactions are outlined below.

Phenacyl ester bonds (68) have best been obtained (Weygand, 1968;
Mizoguchi et al., 1969, 1970) by reacting bromoacetyl polystyrene (35, X
= Br) with, e.g., Boc-amino acids, for 20-23 hours at room temperature in
the presence of an equivalent of terfiary amine, using ethyl acetate or di-
methylformamide as solvents.

To obtain benzhydryl ester linkages (70) Southard et al. (1969, 1971c)
treated phenylbromomethylstyrene—2% divinylbenzene copolymer rtesin
(46, X = Br, R = H) with 2-benzoyl-l-methylvinyl (Bmv) amino acid
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Boc- NHCHRCOOH + BrCH,CO OResin

(35)

NEt,- EtOAc, DMF
20 - 23 hours, 20°

Boc—- NHCHRCO—OCH,CO —QResin

(68)

dicyclohexylammonium salts (69) either for 4 days at room temperature in
methylene chloride, or for 15 hours in refluxing chloroform.

CH,

£
@q\ /NCHRCOOQ pcHA® + Br—CH

0-.-H

Resin
(69) (46)
Bmv - NHCHRCO—OCH
Resin

(70)

A mixed anhydride reaction has been used to obtain tert-alkyl ester bonds
(71) (Wang and Merrifield, 1971). The alcohol resin (40) was reacted
with phthalyl-L-phenylalanine (1 equiv) and toluenesulfonyl chloride (2
equiv) in dry pyridine at 0° for 1 hour and then for 24 hours at 4°.

Attachment of Boc-amino acids to multichain polyamino acid supports
(61) was effected (72) by dicyclohexylcarbodiimide or through Boc-amino
acid N-hydroxysuccinimide esters (Anfinsen, 1968).

Methylthiophenyl ester linkages (73) have been accessible through con-
densation of protected amino acids with methylthiophenol-polystyrene (58)
using dicyclohexylcarbodiimide, carbonyldiimidazole, mixed anhydride
(MA) or N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) in
methylene chloride or tetrahydrofuran as solvents. When equimolar
amounts of reactants were used, the condensing efficiency to give (73) was
as follows: DCCI>CDI>EEDQ>MA (Flanigan and Marshall, 1970,
1972).
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o
Pht—Phe  + HOﬁ:CHzcﬂzO Resin

CH,
(40)

Tos - Cl in Pyridine

¢
Pht—Phe —O?CH2CH2—@ReSin
CH,
(71)
Boc- Tyr + DCCI Gly - (oL - Ala)g Boc - Tyr - Gly - (DL Ala),
o N Lys— (o0 Ala)y,-|
Boc—Tyr - OSu poly [~ Lys — (oL — Ala),o~ | poly [- Lys—{pL a)y,
(61) (72)
Prot— NHCHRCOOH + Ho—©~ SCHZ‘@Resin
(58)
DCCI | EEDQ
CDI | MA
Prot— NHCHRCO—O SCH, Resin
\__ 7/
(73)

DCCI> CDI> EEDQ > MA

The formation of acylsulfonamide bonds (75) was achieved (Kenner et
al., 1971) by treatment of the sulfonamide resin (60) in dimethylforma-
mide with Boc-amino acid 2,4,5-trichlorophenyl esters (74) in the presence
of triethylamine (5 equiv) for 48 hours at room temperature.

Protected peptides (ii), e.g., amides and hydrazides, are prepared by di-
rect ammonolysis or hydrazinolysis of the standard benzyl ester peptide to
resin linkage (see Section IILE,1). Hydrazides are useful as intermediates
for fragment condensation by the azide method. Alternative linkages allowing
ammonolysis or hydrazinolysis include the alkyl ester bonding to Sephadex
supports (Vlasov and Bilibin, 1969) or to the modified polystyrene supports
(55, 56) described by Tilak and Hollinden (1968a,b). Facilitated (accelerat-
ed) amide and hydrazide formation was obtained through a variety of bonds,
e.g. phenacyl esters (Mizoguchi et al., 1969, 1970), phenyl esters (Inukai et
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Cl

BocNHCHRC%Q—Cl + HzNSOZQResin

Cl
(74) (60)

NEt,-DMF | 48 hours, 20°

Boc ~NHCHRCO —NH soz~©— Resin

(75)

al., 1968), long-chain w-alkyl esters [by virtue of diminished steric hindrance
(Bayer et al., 1971a)], and methylthiophenyl esters (73) (Flanigan and
Marshall, 1970) or acylsulfonamides (75) (Kenner et al., 1971) after acti-
vation (see below). Peptides containing side-chain benzyl esters cannot be
subjected to ammonolysis or hydrazinolysis. To make hydrazides of these
peptides available, Wang and Merrifield (1969a) used the tert-butyloxycar-
bonyl hydrazide peptide to resin linkage in combination with the Na-2-(p-
biphenylyl)isopropyloxycarbonyl protection. Hydrazides are obtained by
mild acidolysis (e.g., 50% trifluoroacetic acid in methylene chloride). The
benzhydrylamine resin, developed by Pietta and Marshall (1970; see, also,
Pietta et al., 1973), gives peptide amides when treated with hydrogen fluor-
ide. Attachment reactions to form phenacylesters (68), methylthiophenyl
esters (73), and acylsulfonamides (75) have been described above.

Alkyl ester linkages between protected amino acids and solid supports
have mostly been obtained with the aid of carbonyldiimidazole (Staab and
Wendel, 1963). For example, treatment of 6-hydroxy-n-hexylstyrene-2%
divinylbenzene (54) with equimolar amounts of Boc-amino acid and car-
bonyldiimidazole (76) in methylene chloride at room temperature gave
(77).

N:\ /:N
Boc-NHCHRCOOH + HO(CHZ)G—QIReSin + N—CO—N

(54) (76)

|

/:N
BOC*NHCHRCO_O(CH.‘,)S‘@fReSin + CO, + 2HN

(7
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In addition, a mixed anhydride reaction has been employed to attach Boc-
amino acids to Sephadex supports (Vlasov and Bilibin, 1969) and p-to-
luenesulfonyl chloride served to form an alkyl ester bonding (78) (Buka
and Zagats, 1969) between Z-glycine and resin (56).

COCH,

|
Z—NHCH,COOH + HO(CH,), NCHzO Resin

(56)

Tos-Cl | in CCl,

COCH

3
[
7 —NHCH,CO—O(CH,),NCH, -—@—Resin

(78)

Phenyl esters (79) have been formed with the aid of dicyclohexyl-
carbodiimide (Inukai et al., 1968) or with N,N’-carbonyldiimidazole to give
(79a) (Blake and Li, 1971). The same reagents served to attach (80) pro-
tected amino acids to the tert-alkyloxycarbonyl-hydrazine resin (Wang and
Merrifield, 1969a) and to form benzhydrylamide (81) (Pietta and Mar-
shall, 1970; Pietta et al., 1972) or p-methoxybenzyl-amide linkages
(82) (Pietta and Marshall, 1970).

Complete stability of the bonds between peptide and support (iii)
throughout the synthesis and the use of mild conditions for the cleavage of

Prot - NHCHRCO—O —@— Polymer (phenol-trioxane)

(79)

Prot — NHCHRCO—O@— CH,COOCH, —@Resin

(79a)

CH,

|
Boc — NHCHRCO—NHNHCOOC|CH2CH2 —@—Resin

CH,
(80)
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Rl
Prot— NHCHRCO—NHCH

Resin

(81)
R, R* = H, OCH,

Prot - NHCHRCO—NHCHZOOCHZO—ReSin

(82)

these same bonds at the end of the synthesis are somewhat contradictory re-
quirements. One way to solve the dilemma is to change the nature of the
bonding by chemical modification prior to the cleavage, a design that has
been named the “safety catch” principle (Rudinger, 1963). The 4-methyl-
thio) phenyl esters (Johnson and Jakobs, 1968a,b; Johnson and Trask,
1968) provide a very stable linkage (73) which can be oxidatively convert-
ed into an activated ester group [4-(methylsulfonyl) phenyl ester: Iselin et
al., 1957; Schwyzer and Sieber, 1958] with the aid of hydrogen peroxide
in acetic acid or of m-chloroperbenzoic acid in dioxane (Flanigan and Mar-
shall, 1970, 1972).

Another system featuring oxidative conversion has been described by
Wieland et al. (1970) based on the known method of peptide bond forma-

Prot—NHcHRCO—OOSCHZOResm

(73)

H,0,-HOAc

or

Q—cooor{

Cl

o
I
Prot—NHCHRco—oO ﬁ —CH, OResin
o}

(83)
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tion through the oxidative activation of acylamino acid hydrazides (Wolman
et al., 1961, 1962) or phenylhydrazides (Milne and Kilday, 1965; Milne
and Most, 1968). Thus, fert-butyloxycarbonylphenylalanine hydrazide was
linked to the Merrifield resin by incubation for 50 hours at 80° in the pres-
ence of triethylamine using diethylene glycol dimethyl ether as a solvent, to
give a very stable linkage to the solid support (84). N-Bromosuccinimide
oxidation in pyridine, after completion of the synthesis, produced the reac-
tive aliphatic azofunction (85) which could be readily cleaved by aminoly-
sis or hydrolysis. The danger of undesired spontaneous decomposition of

Boc—Phe—NHNH—CH, @— Resin

(84)

Boc—Gly —Phe —N:N—CH2©—Resin

(85)

(85) led to the development of an aromatic system. 4-Hydrazinobenzoic acid
(86) gave, by a mixed anhydride condensation, acylamino acid 4-carboxy-
phenylhydrazides (87) which were then attached (88) to chloromethylated
cross-linked polystyrene as described for (84). This stable attachment
proved to be useful for the synthesis of a decapeptide, Phe-Pro-Pro-Phe-
Phe-Val-Pro-Pro-Ala-Phe (linear antamanide precursor), which was ob-
tained with excellent yield.

Boc —NHCHRCOOH + HZNNHOCWH

(86)

C1COOC,H,

Boc - NHCHRCO—NHNH —@— COOH

(87

NEt,, 50 hours, 80°
in diethyleneglycol
dimethyl ether

Boc - NHCHRCO——NHNH@—COO -~ CHZQReSin

(88)
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The oxidative methods impose, however, unfortunate restrictions and will
be of no use for the synthesis of peptides containing cysteine, cystine, meth-
ionine, tyrosine, and tryptophan residues. A nonoxidative safety catch sys-
tem has been applied to solid-phase synthesis by Kenner et al. (1971). The
acylsulfonamide linkage (75) was found to be completely stable to the con-
ditions of solid-phase synthesis, especially to the acidolytic deprotection
reaction. N-Methylation (89) by diazomethane after completion of the syn-
thesis allowed to use mild alkaline cleavage* (0.5 N NaOH), ammonoly-
sis, or hydrazinolysis. Satisfactory results were obtained with this system
(Sheppard, 1973), e.g., in the preparation of the C-terminal octapeptide of
calcitonin M (Kenner et dal., 1971).

Boc—NHCHRCO—NHSOzOResin — Synthesis

(75)
CH,N,
o
Boc —Peptide —NSO, @- Resin
(89)

b. Through Side-Chain Functional Groups. In all the investigations de-
scribed above, variation of the peptide to resin linkage was attained through
the use of different functional groups on the resin. Amino acids or peptides
have always been attached through the « functional groups, i.e., in almost
all cases the a-carboxyl group. We have suggested (Meienhofer and Trze-
ciak, 1971) that the scope of solid-phase peptide synthesis could also be
broadened by utilizing the large variety of functional groups in amino acid
side-chains for attachment to solid supports. These tactics offer possibilities
such as: (a) disulfide linkages between the thiol functions of cysteine or
homocysteine residues and thiol-containing resins, (b) ester linkages be-
tween the hydroxyl groups of serine, threonine, or tyrosine and resins carry-
ing carboxyl groups, (c) ether linkages between the hydroxyl amino acids
and solid supports, (d) ester linkages between the w-carboxyl groups of as-
partic or glutamic acid residues and hydroxyl-containing resins, (e) amide
linkages between the w-carboxamido groups of asparagine or glutamine and
benzhydryl resins and (f) urethane linkages between the w-amino functions of
the basic amino acids (lysine, ornithine, diaminobutyrc acid, arginine) and

* This was based on earlier observations (Rudinger, 1963; Wieland and Hennig,
1960) concerning the stability of acylsulfonamides to basic reagents (because of ioniza-
tion of the nitrogen, pK. ~ 2.5) and their ready cleavage after methylation.
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Polystyrene X —cazo—c‘o

Boc-Lys-Gly-NH,

Boc-Pro-OH -
BTl
Boc-Cys-OH - -
Boc-Asn-ONp - - -
Boc-GIn-ONp - - - -
Boc-Phe-ONp - - - - -
Boc-Tyr-OH - - - = - =
Blzl
Tos-Cys-ONp - - - - - - -
HBr-TFA or
HBr-dioxane
Bzl Bzl o

| | |
Tos-Cys-Tyr-Phe-GIn-Asn-Cys-Pro-Lys-Gly-NH,

.Na-liq NHg
oxidation

/

Lysine-vasopressin

Fic. 7. A solid-phase synthesis of lysine-vasopressin with attachment of peptide
to resin through the e-amino group of the lysine residue (Meienhofer and Trzeciak,
1971).

chloroformoxymethyl resin. For example, reaction of the e-amino group of
a lysine residue with a chloroformoxymethylated resin gives a benzyloxycar-
bonyl-type bond (90). Peptide chain elongation can then be carried out in
the proven direction from the C-terminal toward the N-terminal.*
[8-Lysinel-vasopressin has been synthesized through such a side-chain at-
tachment to the solid-phase (Meienhofer and Trzeciak, 1971) as shown in

* A solid-phase synthesis of a dipeptide in opposite direction (starting from the N-
terminal amino acid) through linkage of the a-amino group to a chloroformoxymethy-
lated resin (36) was explored (Letsinger and Kornet, 1963; Letsinger et al., 1964). To
prepare larger peptides, a “racemization-free” method would be required for peptide
bond formation. The use of the azide method for this approach was studied recently
by Felix and Merrifield (1970) and was judged inadequate because of marginal yields.
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Fig. 7. [We have recently learned that side-chain attachment through the 8-
amino group of ornithine to chloroformoxymethyl resin (36) had al-
ready been used in a synthesis of [Gly®, Gly'°]-gramicidin S (Sklyarov
and Shashkova, 1969).] For the attachment, a solution of Boc-Lys-
Gly-NH, in dimethylformamide, containing triethylamine, was stirred
with chloroformoxymethyl resin for 50 hours at room temperature
resulting in a substitution rate of about 0.3 mmole/gm. Unreacted
chlorocarbonyl groups were inactivated by treatment with ammonia
in benzyl alcohol. For chain elongation the standard procedure (Mar-
shall and Merrifield, 1965) was followed. Removal of the resin from
the completed nonapeptide chain was achieved after treatments with (a) hy-
drogen bromide in dioxane or (») hydrogen bromide in trifluoroacetic acid
for 15 minutes; conditions which are somewhat milder or shorter, respec-
tively, than those required for complete cleavage of the commonly used ben-
zyl ester linkage. Still milder methods should be applicable with some of the
above alternative linkages.

o)
I
Res‘m@‘CHz—O—C*CI _ Resin—O‘CHzo—CIZO

NH
!
(36) (CH,),

|
Boc—NH—CH—COR’

R’, O-alkyl, amide, peptide (90)

3. Quantitation of Resin-Bound Amino Acids

Determination of the exact amount of the first amino acid covalently
bound to the solid-phase is by no means a simple task. In most investiga-
tions dealing with the standard benzyl ester attachment to cross-linked poly-
styrene resins, hydrolysis by refluxing with a 1:1 mixture of 12 N hydro-
chloric acid and dioxane for 18-48 hours followed by amino acid analysis
has been used (Marshall and Merrifield, 1965; Stewart and Young, 1969). In
this manner values considerably lower than the actual degree of substitution
can sometimes be obtained, probably due to some decomposition and/or
adsorption of amino acids during heating with polystyrene (Wieland et al.,
1969a). Independent determination of the amino acid content, e.g., by one
of the titration methods, discussed below (Section IV,D,1), after cleavage
of the N-protecting group are, therefore, highly recommended, especially
since total yields are generally based on the amino acid content of the start-
ing resin.

Alternative cleavage conditions have been proposed for more accurate
determination of amino acid contents in resins. Grahl-Nielsen and Tritsch

MPI EXHIBIT 1039 PAGE 54



3. SOLID-PHASE PEPTIDE SYNTHESIS 95

(1969) recommend removal by HBr—trifluoroacetic acid in a specially de-
signed analytic vessel, followed by ninhydrin color determination. Scotchler
et al. (1970) obtained optimal amino acid values after hydrolysis with a
deaerated mixture of 12 N HCI and propionic acid (1:1) at 130° for 2
hours. Base catalyzed alcoholysis followed by standard acid hydrolysis (6 N
HCI, 110°, 15 hours) has also given acceptable values.

C. PROTECTION—DEPROTECTION
1. a-Amino Group Protection

High demands are placed on the choice of @-amino protecting groups be-
cause the repetitive solid-phase procedure requires highly selective deprotec-
tion. Three essential conditions must be met during deprotection: (a) quan-
titative removal of the Na-protecting group; (b) complete stability of the
peptide to polymer bond; and (c) complete stability of certain side-chain
protecting groups, in particular those of the w-amino functions.

The initial use (Merrifield, 1962, 1963) of the most widely used amino
protecting group in solution synthesis, the benzyloxycarbonyl group of Berg-
mann and Zervas (1932), required ring nitration or bromination of the res-
in to increase the stability of the peptide to polymer linkage. However, the
deprotection conditions were altogether too severe for general use, especially
for the synthesis of large peptides containing trifunctional amino acids.

a. The tert-Butyloxycarbonyl Group. The usefulness of the ters-butyloxy-
carbonyl group (Boc) (Anderson and McGregor, 1957; McKay and Al-
bertson, 1957) for the solid-phase procedure was next investigated by Mer-
rifield (1964a,b). Since then it has been used in the majority of solid-phase
syntheses. Merrifield (1969a) cautions, however, that the Na-tert-
butyloxycarbonyl protection “is probably not the final answer.”

Boc-Amino acids are readily obtained by well-described and controlled
procedures using a variety of different reagents. The newer developments
are briefly discussed later in this section.

Deprotection has been effected in solid-phase synthesis by treatment with
1 N HCl in glacial acetic acid (for 20—40 minutes), with 4 N HC1 in diox-
ane (for 30 minutes) (Stewart and Woolley, 1965a; Merrifield, 1966), with
anhydrous trifluoroacetic acid (TFA) (15 minutes to 2 hours) (Kusch,
1966a,b; Anfinsen et al., 1967; Takashima et al., 1968; Manning, 1968),
or with freshly prepared 50% trifluoroacetic acid in methylene chloride
(Gutte and Merrifield, 1969). Karlsson et al. (1970b) concluded from a
comparison of three reagents, trifluoroacetic acid-methylene chloride, 1:1
(v/v), 3.8 N HCl-dioxane, and 1 N HCl-acetic acid, that freshly prepared
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50% trifluoroacetic acid in methylene chloride produced the best results. It
effected the fastest (10—30 minutes) and most reliable cleavage, and it was
judged to be superior to 4 N HCI in dioxane. It was, however, noticed
that cleavage of the benzyl ester linkage to the resin occurred to a small de-
gree during each treatment with the TFA-CH,Cl, reagent. A thorough
study by F. H. C. Stewart (1967) showed that ring substitution with methyl
groups greatly enhances the lability of benzyl esters toward trifluoroacetic
acid. The polyethylene backbone of polystyrene should exert a similar influ-
ence. Considerable losses of peptide from resin have been reported by Mer-
rifield and Marglin (1967) in a synthesis of insulin A-chain, by Gutte and
Merrifield (1969, 1971) during their ribonuclease A preparation, by Bayer
et al. (1968a) (ferredoxin preparation), and by Norris et al. (1971) in a
model system. Therefore, a lower concentration (20% trifluoroacetic acid
in methylene chloride) has recently been recommended (Gutte and Merri-
field, 1971), which reportedly effects still rapid and complete Boc group
cleavage (Krumdieck and Baugh, 1969).

Reagents which might be expected to affect benzyloxycarbonyl groups or
benzyl esters much less than hydrogen chloride or trifluoroacetic acid are
formic acid, boron trifluoride in acetic acid, or p-toluenesulfonic acid.
Formic acid cleaved tert-butyloxycarbonyl groups effectively in solution
synthesis leaving benzyl esters completely intact (Halpern and Nitecki,
1967); but it reacted too slowly with resin-linked Boc-aminoacyl residues to
be generally useful (Karlsson et al., 1970b). Boron trifluoride in glacial
acetic acid exhibits very high selectivity in cleaving Boc groups rapidly and
completely without affecting benzyloxycarbonyl groups in solution synthesis
(Hiskey and Adams, 1966; Meienhofer, 1970; Schnabel et al., 1971c); it
has not yet been tested in solid-phase synthesis; neither has p-toluenesulfon-
ic acid (see, however, Southard er al., 1969, 1971c).

Problems have been encountered with glutamine residues. During a syn-
thesis of deaminooxytocin (Takashima et al., 1968), incomplete coupling
was observed when attempting to extend the chain beyond the glutamine
residue. Ring closure due to pyroglutamyl formation during deprotection
with HCI in acetic acid (or other solvents) was assumed to occur as a side
reaction. The problem was circumvented by deblocking Boc-glutamine resi-
dues with anhydrous trifluoroacetic acid or with 50% trifluoroacetic acid in
methylene chloride (Blake et al., 1970). HCI has since that time generally
been avoided for the deprotection of glutamine residues. However, until
very recently the alleged pyroglutamyl formation has never really been in-
vestigated. There has been no published report of any experimental proof
for pyroglutamic acid (pyrrolidone carboxylic acid) formation during solid-
phase synthesis except for a footnote [24] in Beyerman and In't Veld

MPI EXHIBIT 1039 PAGE 56



3. SOLID-PHASE PEPTIDE SYNTHESIS 97

(1969). An examination of literature frequently quoted (e.g. Smyth ef al.,
1962) for alleged pyroglutamyl formation during Edman degradation with
the use of HCl in acetic acid at 100°, revealed that the effect had only been
discussed as “a possible impediment” in the original Edman procedure. Al-
ternatively, incomplete reaction in a solid-phase synthesis cycle after tert-
butyloxycarbonylglutamine incorporation could be due to incomplete cleav-
age of the N-protecting tert-butyloxycarbonyl group from the glutaminyl
residue by 1 N HCl in acetic acid. To obtain complete and rapid deprotec-
tion, 3—4 N HCl in dioxane had to be used by Dorman et al. (1972).

Recently Beyerman et al. (1973b) investigated the problem using Boc-
GIn-Gly-Resin (91) as a model system. Pyroglutamic acid (93), formed
during acidolytic deprotection, was determined by thin-layer chromatogra-
phy after removal of the solid support by base catalyzed ethanolysis and
comparison of the product (94) + (95) with authentic synthetic < Glu-Gly-
OEt (95). The results are summarized in Table VIII. 4 N HCI in dioxane
caused no detectable pyroglutamyl formation and 1 N HCI in acetic acid
caused little. Anhydrous trifluoroacetic acid produced 4% pyroglutamyl for-
mation in the model system after 70 hours at 23°. Dilution of trifluoroacetic
acid with methylene chloride gave striking increases in pyroglutamyl forma-
tion. Incubation of deprotected Gln-Gly-Resin (92) with acetic acid (as used
in washing operations) produced the highest amount of pyroglutamyl pep-
tide.*

Gln Gly - Resin Gln — Gly - OEt
EtOH
Boc Gln- Gly - Resin [ bt .
(91)
< Glu - Gly - Resin <Glu~-Gly - OEt
(93) (95)

To protect acid-sensitive tryptophan residues during cleavage of the fert-
butyloxycarbonyl group, thiol-containing compounds have been aded to the
reagents. Marshall (1968) recommended the use of 1% B-mercaptoethanol
in 1 N HCI-HOAc. Addition of B-mercaptoethanol to trifluoroacetic
acid in methylene chloride has also given good results (Wang and Merri-
field, 1969b; Eylar et al., 1970). However, 0.08 M dithiothreitol added to
50% trifluoroacetic acid in methylene chloride (Li and Yamashiro, 1970)
would seem to be a less malodorous reagent. Substitution of the indole
moiety occurs when the o-nitrophenylsulfenyl group is cleaved by

* These conditions are similar, with respect to pH, to those under which Smyth et al.

(1963) observed pyroglutamyl formation in peptides with N-terminal glutamine resi-
dues during column chromatography of enzymic digests.
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Table VIII—Formation of Pyroglutamyl-Peptide during Deprotection of
Boc-GIn-Gly-Resin ¢

. Formation at diff i
Acid solvents % at different times

(at 23°) 2 Hour 1 Hour 70 Hours
4 N HCl-Dioxane — — —_
1 N HCI-HOAc —_ — 1
TFA — — 4
TFA-CHCl; (1:1 v/v) — — 11
TFA-CH,Cl: (1:5 v/v) —_ Trace 17
HOAc-H:O (4:1 v/v)?® 45
HOAc? 1-2 2-3 60

* Estimated after ethanolysis, by comparison on tlc with equivalent amounts of
Glu-Gly-OEt. From Beyerman et al.,, (1973).
® After previous removal of the Boc-group with TFA, 15 minutes at 23°.

HCI-HOACc in tryptophan containing peptides (Wiinsch et al., 1967; Scof-
fone et al., 1968).

For several years it had been tacitly assumed that cleavage of the tert-bu-
tyloxycarbonyl group proceeded always to completion, but in 1968 Nitecki
[First American Peptide Symposium, New Haven, August, 1968 (see Ni-
tecki and Goodman, 1970)] pointed out that this might not always be the
case. The danger of incomplete deprotection giving rise to the generation of
failure sequences or truncated sequences (see Section II,C), has been the
subject of a communication by Chou et al. (1971). Incomplete cleavage of
Na-Boc groups even after repeated treatment with HCI-HOAc (twice for
30 minutes) was observed by Jorgensen ef al. (1970a) and by Dorman and
Markley (1971). To optimize deprotection, twice repeated treatment with
50% TFA-CH,Cl, reagent has been routinely adopted by some groups of
workers (Manning et al., 1970; Hancock et al., 1971; Marshall et al.,
1973; Shapira et al., 1971). During syntheses of melanotropin sequences,
Chou et al. (1971) observed incomplete deprotection. In efforts to obtain
complete Na-Boc removal, several reagents and mixtures were studied in-
cluding 5.6 N HCl-dioxane, 5.4 N HCl in dimethylsulfoxide-methylene
chloride (1:1), and pretreatment of peptide-resin with 1.5 M wurea in di-
methylformamide followed by acid. However, the observations of Chou et al.
(1971) about incomplete deprotection by trifluoroacetic acid—methylene
chloride (1:1) could not be confirmed (Li, 1971).

Blake and Li (1968) pointed out that the copolystyrene—2% divinylben-
zene resin retains dioxane from washing in such amounts so that 5.8 N HCl
in dioxane should be used to obtain an HCl normality of about 3.5-4 in the
dioxane resin mixture during the deprotection step. Gutte and Merrifield

MPI EXHIBIT 1039 PAGE 58



3. SOLID-PHASE PEPTIDE SYNTHESIS 99

(1971) overcame similar dilution effegts by introducing a 2-minute prelimi-
nary wash with 50% TFA-CH.Cl, before the actual deprotection step.

b. Other Na-Protecting Groups. Investigations of the applicability in sol-
id-phase synthsis of the fer-amyloxycarbonyl group (Inukai et al., 1968),
the o-nitrophenylsulfenyl group (Kessler and Iselin, 1966; Najjar and Mer-
rifield, 1966; Fridkin et al., 1968; Marshall, 1968), p-methoxybenzy-
loxycarbonyl group (Weygand and Ragnarsson, 1966), and 3,5-dimethoxy-
benzyloxycarbonyl group (Dimoz) Wieland and Birr, 1967b) have been
reviewed by Merrifield (1969a, Table III).

A further development of the Dimoz group is the highly acid labile a,c-
dimethyl-3,5-dimethoxybenzyloxycarbonyl protecting group (96) (Birr et
al., 1973). Its usefulness has been demonstrated through a solid-phase

CH,0
G
¢—OCO—NHR
CH,
CH,0
(96)

synthesis of antamanide, using 5% trifluoroacetic acid in anhydrous methy-
lene chloride for deprotection (15 minutes at 20°). Alternative Nea-
protecting groups that have been studied include the furfuryloxycarbonyl
group (97) (Foc) (Losse and Neubert, 1968a, 1970b), and the triphenyl-
methyl group (Losse and Neubert, 1968a).

Ll 9

0~ “CH,0C—NHR

(97)

Comparing the relative merits of the Na-Boc, Na-Foc, Na-Tri, and
No-Nps groups in syntheses of a model tetrapeptide, the Boc group was
found to be the most useful, the Nps group the least useful (Losse and Neu-
bert, 1968a). Visser and Kerling {1970), however, took advantage of the
mild conditions [0.1 N HCI in acetic acid—chloroform (Najjar and Merri-
field, 1966)] for cleavage of the o-nitrophenylsulfenyl group from the Nps-
Glu(OBu?’)-Cit-Gln-His(Bzl )-Leu-resin without affecting the <y-tert-butyl
ester group. Sklyarov and Shashkova (1969) used Na-Nps protection over
five cycles in a synthesis of gramicidin S.

Very promising among recently developed amine protecting groups are
both the 2-(p-biphenylyl )isopropyloxycarbonyl group (98) (Sieber and Is-
elin, 1968a,b) and the 2-benzoyl-1-methylvinyl group (99) (Southard
etal., 1969). The Bpoc group has already proven its value in several syntheses
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H  CH
— CH O c=C
/ \
C—OC—NHR o N—R
< > <\ /> \ Q\\ /
(98) (99)

(Wang and Merrifield, 1969a,b, 1971; Yamashiro et al., 1972). Its cleav-
age is effected under very mild conditions using 0.5% trifluoroacetic acid in
methylene chloride (10 minutes), 0.05 N HCI in methylene chloride (few
minutes), or 0.04 N HCI in chloroform (Blake and Li, 1971). Under these
conditions the peptide to resin benzyl ester linkage is completely stable over
prolonged periods of time (>100 hr). The 2-benzoyl-1-methylvinyl amine
protecting group was first used for peptide synthesis by Dane et al. (1962)
and has been applied to the solid-phase procedure by Southard and collabo-
rators (1969). Cleavage of this group is achieved with 0.4 N HCl in tetra-
hydrofuran (30 minutes) or 0.4 N p-toluenesulfonic acid in tetrahydrofuran
(Southard et al., 1969, 1971c). These conditions were mild enough to use a
benzhydryl ester bond for peptide to resin attachment. The efficiency of the
system was shown by syntheses of Leu-Ala-Gly-Val and glucagon-(18-29)-
dodecapeptide.

Ragnarsson et al. (1970a) studied thoroughly the behavior of the benzy-
loxycarbonyl, fert-butyloxycarbonyl, o-nitrophenylsulfenyl, p-methoxyben-
zyloxycarbonyl, and 2-(p-biphenylyl) isopropyloxycarbonyl groups toward
ten deprotecting reagents. The best system was judged to be a-amino pro-
tection by the Bpoc group and its removal by 0.1 M trifluoroacetic acid in
methylene chloride. The theoretical free amine value was obtained rapidly
(5-10 minutes ), and the benzyl ester linkage of peptide to resin was hardly
affected at all.

Khosla et al. (1972) described the use of Na-(2-hydroxy-1-naphthal)

amino acids (100) for solid-phase synthesis. Deprotection was effected
0—H

/'N—CHRfCOOH
2
O H

(100)

either by 0.5 N aqueous HCI in dioxane or by 7% benzylamine in methy-
lene chloride. Esko et al. (1968) previously used this system as an analytic
procedure for resin-amine determination (see Section IV,D,2).

2. Side-Chain Protection

The requirements for useful combinations of protecting groups are much
more stringent in solid-phase synthesis than in solution synthesis. Cleavage
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of the -amino protection must always be 100% complete during the course
of chain elongation, while absolutely no loss of side-chain protection should
occur. The combination of protection based on the benzyl group (e.g., ben-
zyl ester, benzyloxycarbonyl group) with that based on tert-alkyl groups
(e.g., fert-butyl ester, fert-butyloxycarbonyl group) has proven to be
extremely valuable in solution synthesis (Schrdder and Liibke, 1966).
However, in solid-phase synthesis this combination was soon found to be in-
adequate. For example, Yaron and Schlossman (1968) selected Ne-
benzyloxycarbonyl and Na-tert-butyloxycarbonyl protection of lysine for a
synthesis of nonalysine. The Boc group was cleaved in each cycle with 1 N
HCI in acetic acid. At the end of the synthesis column chromatographic
fractionation of the crude product revealed that the yield of the desired nona-
lysine was only 35%, while the yield of peptides of shorter chain lengths
was 22% . Peptides containing ten to seventeen residues of lysine were ob-
tained in 43% vyield (Fig. 8). The higher oligomers apparently arose from
the growth of peptide chains at e-amino groups (Fig. 9) as a consequence
of small losses of benzyloxycarbonyl groups in each deprotection step.
Small amounts of cleavage of the benzyloxycarbonyl group from Ne-
benzyloxycarbonyllysine residues were also observed by Grahl-Nielsen and
Tritsch (1969). Ontjes and Anfinsen (1970) have measured the extent of
cleavage of Ne-benzyloxycarbonyl groups by various acid reagents in solu-
tion and in solid phase (Table IX). For instance, 60% free lysine was ob-
tained from Boc-Lys(Z) by a 24-hour treatment in an anhydrous trifluo-
roacetic acid solution. Ragnarsson et al. (1970a) observed about 2%

T f T T T
06+ -

04}

021

Ninhydrine color, absorbancy

] 1
120 180 240 300 360 420

Volume (mi}

Fic. 8. Chromatography of crude Na-Dnp-nonalysine (2 mg) prepared by the
solid-phase method. Na-Boc-Ne-Z-lysine was used. The Boc groups were cleaved with
1 N HCI in acetic acid. A CM-cellulose column (1.3 X 40cm) in Na* form, equili-
brated with 0.1 M NaCl was used with a constant volume (300 ml) gradient from
0.2-1.0 M NaCl at a 30 ml/hour flow rate. Numbers indicate lysine residues in prod-
ucts. The components containing over nine lysine residues originated from side-chain
branching. From Yaron and Schlossman (1968).
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Tripeptidyl- Resin Dipeptidyl-Resin Aminoacyl-Resin

r ¢ 7
! . .
Main product | -————— Boc-Lys-Lys-Lys-Resin —«—— Boc-Lys-Lys-Resin ~«—— Boc-Lys-Resin

: ;
Boc-Lys Boc-Lys
? ?
Boc-Lys- Lys-Lys-Resin Boc-Lys-Lys-Resin
i
Branched Boc-Lys
Z Z

| |
Boc-Lys- Lys-Lys-Resin

A
|
Boc-Lys Boc-Lys
Chain %
Boc-Lys-Lys ————Lys-Resin
% Z
|
Boc-Lys-Lys
2 g
Side product Boc-Lys- Lys-Lys-Resin
i
Boc-Lys
Z

|
Boc-Lys-Lys
Z Z

| |
Boc-Lys-Lys-Lys-Resin
c o L
!
Boc-Lys Boc-Lys-Lys
z

| .
Boc-Lys-Lys ———————Lys-Resin

i
Boc-Lys
T et
|
Boc-Lys Boc-Lys-Lys
e |
Boc-Lys-Lys ———————Lys-Resin

Fi. 9. Formation of branched-chain peptides as a consequence of partial loss
of protecting groups from side-chain w-amino-functions during the deprotection of
the a-amino function.

benzyloxycarbonyl group cleavage after treating Z-Ile-Ala-Resin for 18
hours with 50% trifluoroacetic acid in methylene chloride.

Deficiencies of this combination of protecting groups were also demon-
strated by observations of partial cleavage of benzyl ester protecting groups
(used, e.g., for glutamic or aspartic acid side-chain functions) during solid-
phase synthesis (Nitecki and Goodman, 1970; Karlsson et al., 1970b).
These types of side reactions present a serious problem in solid-phase syn-
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Table IX—Stability of s-Benzyloxycarbonyl Blocking Group to Acid Reagents *

Lysine derivative Reagent Time Result
a-Boc-¢-Z-lysine 4N HCl-dioxane 15 minutes 2% Free lysine
1 hour 7% Free lysine
24 hours 20% Free lysine
a-Boc-¢-Z-lysine 1N HCl-acetic acid 24 hours 39% Free lysine
a-Boc-¢-Z-lysine Trifluoroacetic acid 24 hours Over 60% free lysine
a-Boc-z-Z-lysine 4N HCl-dioxane 15 minutes Major product e-Z-lysine
resin (cleavage by amide, trace lysine
ammonolysis) amide
24 hours Major products lysine

amide and free lysine

¢ From Ontjes and Anfinsen, 1970. Lysine was measured by quantitative amino acid
analysis. e-Z-lysine amide and lysine amide were estimated by thin layer chromatog-
raphy (butanol 4; water 2; pyridine 1; acetic acid 1). a-Boc-e-Tfa-lysine was exposed
to 4 N HCl—-dioxane for 24 hours with formation of less than 2% free lysine by amino
acid analysis.

thesis because all side-products are retained throughout the synthesis (see
Fig. 9). With increasing chain length the large number of accumulated and
closely related contaminating side-products will form or contribute to for-
mation of microheterogeneous mixtures similar to those arising from failure
sequence accumulation. Assuming, for example, side-product formation at a
rate of 1% per peptide bond, the accumulated impurities would amount to
about 40% in solid-phase preparations containing fifty amino acid residues.

To prevent the occurrence of undesired fission of side-chain protecting
groups, in particular those of the w-amino functions during the deprotection
of the a-amino function, a ratio of stability toward the deprotecting reagent
of at least 1:1000, but preferably higher is required (Rudinger and Gut,
1967; Sieber and Iselin, 1968a). The use of substituted benzyloxycarbonyl
groups with increased stability toward acidolytic deprotecting reagents for
the Na-Boc group provides one possible solution. Thus, p- and m-chloro-
benzyloxycarbonyl protection of the lysine e-amino group has been em-
ployed by Noda ef al. (1970a) for solid-phase syntheses. p-Nitrobenzy-
loxycarbonyl side-chain protection of ornithine was used in combination
with p-methoxybenzyloxycarbonyl protection of the a-amino function in an
improved synthesis of gramicidin S (Ohno et al., 1971). The diisopropyl-
methoxycarbonyl group (Sakakibara et al., 1970) exhibits an even greater
stability towards HCl in acetic acid than the p-chlorobenzyloxycarbonyl
group [and it is completely cleaved by HF during the final removal of all
protecting groups from the completed peptide].

Another possible solution would be a milder deprotecting agent for the
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cleavage of No-tert-butyloxycarbonyl groups which would leave the Ne-
benzyloxycarbonyl groups fully intact. Baugh et al. (1970b) employed
20% trifluoroacetic acid in methylene chloride; and the possible use of
10% solutions has been investigated (Ragnarsson et al., 1970a), but Boc
cleavage becomes too slow to make the latter system generally useful. A
sevenfold molar excess of mercaptoethanesulfonic acid (20% solution in
glacial acetic acid) cleaves Boc groups quantitatively in 30 minutes at room
temperature without affecting benzyloxycarbonyl or benzyl ester groups
(Loffet and Dremier, 1971).

Combinations of protecting groups that have so far been used are com-
piled for individual amino acids (or groups of homologous amino acids) in
Table X. Literature quoted in this table is only a small selection of all pub-
lished applications; a more extensive listing of literature up to early 1969
has been compiled by Losse and Neubert (1970a). In the overwhelming
majority of syntheses the tert-butyloxycarbonyl group has served as N« pro-
tection. It is also evident from the table that for the great majority of cases
side-chain protection is based on the benzyl group in spite of the shortcom-
ings discussed above. Not many alternative groups have so far been exam-
ined except for histidine, arginine, and cysteine.

Histidine has been a problematic amino acid for solid-phase synthesis.
Ni™ unprotected Boc-histidine has been used (e.g. Loffet, 1967; Gutte and
Merrifield, 1969, 1971; Flouret, 1970), but many authors warn of (a) in-
complete reaction (Chillemi and Merrifield, 1969; Ontjes and Anfinsen,
1970; Yajima et al., 1970b; Stewart et al., 1972; Yamashiro et al., 1972,
Schaich and Schneider, 1972; Beyerman et al., 1971b), (b) very low solu-
bility and consequently adsorption to the solid phase causing great difficul-
ties in removing excess reactant by washing (Schaich and Schneider, 1973),
and (¢) condensation of Boc-amino acids to the imidazole moiety in subse-
quent cycles (Yamashiro et al., 1972). The benzyl group for imidazole pro-
tection provides improved coupling, but Boc-His(Bzl) is still of low solubili-
ty. Furthermore, final removal of the N™-benzyl protection by sodium in
liquid ammonia causes side reactions, and removal by catalytic hydrogena-
tion is slow or sometimes fails. N**-Benzyloxycarbonyl protection has been
used (Ontjes and Anfinsen, 1969a), but the limited stability of this group re-
stricts its usefulness. Both the N®™-24-dinitrophenyl and the N™-p-
toluenesulfonyl protection have provided satisfactory results. The Nim-Dnp
group is completely stable under standard solid-phase procedures but easily
removed by thiolysis (Shaltiel, 1967; Chillemi and Merrifield, 1969; Marshall
et al., 1970; Shaltiel and Fridkin, 1970; Stewart ef al., 1972). The N-tosyl
group is completely cleaved by hydrogen fluoride during removal of the solid
support from the final product (Fujii and Sakakibara, 1970). Hydrogen chlo-
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Table X—Side-Chain Protection Used in Solid-Phase Synthesis in Combination with

Na-tert-Butyloxycarbonyl Protection

Side-chain protecting

Amino acid group

Selected literature examples

Nitro (NO:)
Stabile: HCI, TFA,
HBr-TFA
Cleaved: H~Pd, HF

Arginine

p-Toluenesulfonyl (Tos)
Stabile: HCI, TFA,
HBr-TFA
Cleaved: Na-liq. NHs,
HF
Protonation (H*)
Benzyl ester (OBzl)
Stabile: HCI %, TFA ¢
Cleaved: H~Pd

Aspartic,
glutamic
acid

tert-Butyl ester (OBut) ®
Cysteine Benzyl thioether (Bzl)
Stabile: HCI, TFA,
HBr-TFA, HF ¢
Cleaved: Na-liq. NHs,
HF [

S-Acetyl (Ac); S-benzoyl
(Bz); S-benzyl (Bzl);
S-benzyloxycarbonyl
(Z); S-benzylthio-
methyl (Btm); S-di-
phenylmethyl (Dpm);
S-ethoxycarbamoyl
(Ec); S-p-methoxy-
benzyl (Meb); S-tetra-
hydropyranyl (Thp);
S-triphenylmethyl (Tri)

Disulfide
Stabile: HCI, TFA
Cleaved: R-SH, NasSO;

S-Et, S-alkyl
Stabile: HC1
Cleaved: R-SH, Na.SO;

Merrifield (1964b,c, 1966); Stewart et al.
(1966); Schollmann (1967); Young et
al. (1967, 1968b); Lenard and Robin-
son (1967); Thampi et al. (1968);
Gutte and Merrifield (1969, 1971)

Marglin and Merrifield (1966); Merrifield
and Marglin (1967); Blake and Li
(1968); Weber and Weitzel (1968);
Meienhofer et al. (1970b)

Loffet (1967)

Marshall and Merrifield (1965); Stewart
et al. (1966); Marglin and Merrifield
(1966); Merrifield and Corigliano
(1968); Nitecki and Goodman (1970);
Gutte and Merrifield (1969, 1971)

Visser et al. (1968); Shchukina et al.
(1968)

Marglin and Merrifield (1966); Zahn et
al. (1967a,b); Hornle (1967); Bayer
and Hagenmaier (1968); Takashima
et al. (1968); Meienhofer and Sano
1968); Gutte and Merrifield (1969,
1971)

Hammerstrom et al. (1970)

Lunkenheimer and Zahn (1970a,b)

Inukai er al. (1968); Weber (1969);
Weber et al. (1969, 1971)
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Side-chain protecting

Amino acid group

Selected literature examples

Histidine Benzyl (Bzl)
Stabile: HCIl, TFA,
HBr-TFA, HF
Cleaved: H—Pd,
Na-lig. NH;
p-Toluenesulfonyl (Tos) ¢
Stabile: HCI, TFA
Cleaved: HF
Benzyloxycarbonyl (Z)
Stabile: HCl, TFA
Cleaved: H-Pd
2,4-Dinitrophenyl (Dnp)
Stabile: HCI, TFA,
HBr-TFA
Cleaved: R-SH
tert-Butyloxycarbonyl
(Boc) °
Stabile: 0.05-0.01 N,
HCI in CHCl,
Cleaved: TFA, HBr—
TFA, HF
Benzyloxycarbonyl (Z)
Stabile: HCI®, TFA*
Cleaved: HBr-TFA,
H-Pd, HF

Lysine
Ornithine

p- or m-Chlorobenzyl-
oxycarbonyl
p-Toluenesulfonyl (Tos)
Stabile: HCI, TFA,
HBr-TFA, HF
Cleaved: Na-liq. NH,
Trifluoroacetyl (Tfa)
Stabile: HCI, TFA,
HBr-TFA, HF
Cleaved: 1 M piperidine
Benzyl ether (Bzl)
Stabile: HCI, TFA
Cleaved: HBr-TFA, HF

Serine
Threonine

Marshall and Merrifield (1965); Blake
and Li (1968); Weber and Weitzel
(1968)

Fujit and Sakakibara (1970)

Ontjes and Anfinsen (1969a,b)

Chillemi and Merrifield (1969); Chillemi
(1971); Stewart et al. (1972)

Yamashiro et al. (1972); Blake et al.
(1972); Schaich and Schneider (1973)

Merrifield (1964c); Yaron and Schloss-
man (1966); Marglin and Merrifield
(1966); Zahn et al. (1967a,b); Lenard
and Robinson (1967); Grahl-Nielsen
and Tritsch (1969); Gutte and Merri-
field (1969, 1971)

Noda et al. (1970a)

Stewart and Woolley (1966); Meienhofer
and Sano (1968); Klostermeyer (1968)

Anfinsen et al. (1967); Ontjes and An-
finsen (1969a,b)

Merrifield (1964a,b,c); Marshall and
Merrifield (1965); Lenard and Robin-
son (1967); Manning et al. (1968a);
Gutte and Merrifield (1969, 1971)
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Table X, cont.

Side-chain protecting

Amino acid group Selected literature examples
2,2,2-Trifluoro-1-benzyl- Polzhofer (1969b)
oxycarbonylaminoethyl
(Ztf)

Stabile: HCI-HOAc
Cleaved: HBr-TFA

Tyrosine Benzyl ether (Bzl) Marshall and Merrifield (1965); Park et
Stabile: HCI, TFA al. (1967); Weber et al. (1967); Man-
Cleaved: HBr-TFA, HF ning (1968); Bayer ez al. (1968a,b)

Benzyloxycarbonyl (Z) Semkin et al. (1968)

Stabile: HCI, TFA
Cleaved: HBr-TFA, HF

¢ Incomplete stability.
® Used in combination with Nea-o-nitrophenylsulfenyl protection.
° Incomplete cleavage.
¢ Used in combination with Na-tert-amyloxycarbonyl protection.

° Use of Bpoc-His(Boc) by Yamashiro ef al. (1972) and Blake ez al. (1972); use
of Boc-His(Boc) by Schaich and Schneider (1973).

ride in organic solvents must not be used for a-amino deprotection in synthe-
ses employing N™-tosylhistidine, since the tosyl group is cleaved by anhy-
drous HCl. The Nim-tert-butyloxycarbonyl group is the most recent
development in histidine side-chain protection. Preparations of Noa-2-(p-
biphenylyl ) isopropyloxycarbonyl-N"-fert-butyloxycarbonylhistidine ('Yam-
ashiro ef al., 1972), and of Na,N"-bis(tert-butyloxycarbonyl) histidine
(Schnabel et al., 1968a; Yamashiro et al., 1972; Schaich and Schneider,
1973) have been reported. Several solid-phase syntheses of a heptapeptide
fhuman growth hormone-(17-23)] using these derivatives have produced
very good results (Yamashiro ef al., 1972). The stabilities of various imida-
zole protecting groups toward several reagents are compiled in Table XI.

Arginine is the only trifunctional amino acid for which more than one
type of side-chain protection has been used over a longer period of time in
solid-phase synthesis (see Table X). The nitro group has been used most
frequently. Recently, Yamashiro ef al. (1972) warned of side reactions
leading to ornithine formation. These might occur during the final removal
of the solid support by either hydrogen fluoride or hydrogen bromide in tri-
fluoroacetic acid. No difficulty was observed when the p-toluenesulfonyl
group was used for the protection of the guanido function. The tosyl group
is readily cleaved by hydrogen fluoride (Mazur and Plume, 1968); alterna-
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Table XI—Stability of Imidazole Protecting Groups *

. 34 2
S -
Protecting b g 3 w0 ;
I T & £ =
z O L
T R E B E F o2 4
Benzyl — — —_ — — + + —
Benzyloxycarbonyl + — — + + + + -~
tert-Butyloxycarbonyl + + + + — - - —
2,4-Dinitrophenyl — — — — + X X +
p-Toluenesulfonyl + + - + + + + —

¢ Data in part from Stewart ez al., 1972. Explanation of symbols: —, stable; +, re-
movable; X, incompatible.

tively, sodium in liquid ammonia has been used after removal of the solid
support.

The benzyl group was used almost exclusively until 1969 for the protec-
tion of the cysteine thiol function. Since treatment with sodium in liquid
ammonia is the only reliable deprotection procedure for the S-benzyl group
and since this is known to cause side reactions such as proline peptide bond
cleavage, other groups have been investigated, see Table X. Several alkyl-
mercapto groups (Inukai et al., 1968; Weber, 1969; Weber et al., 1969,
1971) provided effective thiol protection in solid-phase syntheses of oxyto-
cin and insulin chain analogs.

The hydroxyl group of serine mostly has been protected as the benzyl
ether (see Table X) to prevent carbodiimide mediated acylation. Garner et
al. (1971) hoped that with active ester condensations (using, e.g., 2,4,5-
trichlorophenyl esters) O-unprotected serine could be employed. Even then,
however, peptide couplings could not be completed without some acylation
of the hydroxyl by the active esters. This seemed not to have been noticed
by Yajima ef al. (1970b) who did use Boc-serine pentachlorophenyl ester.

Threonine might be used without hydroxyl protection since its methyl
group provides some steric shielding against undesired O-acylation. Thus,
Loffet et al. (1971) did not observe any undesired O-acylation, however,
the threonine residue was positioned in the peptide chain between a valine
and a leucine residue. During a solid-phase synthesis of a [Thr®]-
bradykinin analog, the threonine residue is in a less hindered environment
and O-acylation was observed (Stewart et al., 1967). It would, therefore,
seem to be advisable to protect hydroxyl functions in solid-phase syntheses.
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An alternative to the benzyl ether protection was examined by Polzhofer
(1969b). He used the O0-2,2,2-trifluoro-1-benzyloxycarbonylaminoethyl
(Ztf) derivatives (101) of serine and threonine (Weygand et al., 1968a)
for solid-phase syntheses of model peptides.- The Ztf groups were stable
throughout the syntheses (1 N HCI-HOAc was used for deprotection) and
were removed during the final hydrogen bromide in trifluoroacetic acid treat-

ment.
R 1§HCOOCH2—®

H(|ZO—CHCF3
Boc - NHCHCOOH

R = H, CH,
(101)

Side reactions connected with side-chain protecting groups were found to
occur with aspartic acid and arginine residues. Transesterification of resin-
bound B-benzyl aspartate to give the S-methyl ester was observed (South-
ard, 1971) when a triethylamine treatment was shortly followed, or pre-
ceded, by a methanol wash. Aspartyl 8-alkyl ester residues, especially when
next to glycine or serine residues can undergo cyclic diacylimide formation
(Ondetti et al., 1968a); see Section IILLE,1 for more details. Ornithine for-
mation from nitroarginine residues has been mentioned above. It would be
misleading to conclude from the small number of reported side reactions
that these do not occur at all in solid-phase synthesis, or less frequently than
in solution synthesis. The reason for the relatively infrequent observation of
side reactions is, of course, the inaccessibility of the growing peptide in the
solid phase to analytic scrutiny when side reactions occur. Afterwards, side
products are difficult to detect in the final product among other accumulated
contaminants.

In conclusion, it would be desirable if alternative combinations of «-
amino group and side-chain protection would be investigated. The potentially
most promising system to-date, for which some experience has been gained
already (Wang and Merrifield, 1969b; Yamashiro et al., 1972) appears to
be the Bpoc group for the a-amino protection and the fert-alkyl or the ben-
zyl-based groups for side-chain protection. An interesting acid stable amine
protecting group, the 9-fluorenylmethoxycarbonyl group (102), has been

l H

0
’ I

l “CH,0C—NHR

(102)
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developed by Carpino and Han (1970). It can be removed by very
mild base treatment. Other potentially useful protecting groups for solid-
phase synthesis, in combination with some of the presently used groups,
appear to be the photosensitive groups containing the 2,2’-dinitro-
diphenylmethoxy moiety (103, 104) that have been described by Patchor-
nik et al. (1970).

NO, NO,
i
CHOC—NHR RCO—OCH
NO, NO,
(103) (104)

3. Preparation of Some Protected Amino Acids.

a. Na-tert-Butyloxycarbonylamino acid derivatives. The preparation of
No-tert-butyloxycarbonylamino acids (Anderson and McGregor, 1957;
Schwyzer et al., 1959) has been facilitated and improved by pH-stat con-
trolled addition of base during the Schotten-Baumann acylation (Schnabel,
1967). Experimental aspects concerning the use of the reagent ferz-butylox-
carbonyl azide (tert-butyl azidoformate) (Carpino, 1957) are discussed by
Stewart and Young (1969). Boc-amino acids are obtained more readily
(Yamashiro et al., 1972) when the amount of solvents (dioxane-water,
1:1) is reduced to about one-third of that described by Schnabel (1967).
Improved procedures for the preparation of the reagent have been described
(Ovchinnikov et al., 1965; Yajima and Kawatani, 1968; Sakai and An-
selme, 1971; a warning concerning dangers of explosion has been published,
see Yajima et al., 1970a) and modified reagents based on the mixed anhy-
dride or active ester methods have been proposed, such as rert-butylcar-
bonic diethylphosphoric anhydride (105) (Tarbell and Insalaco, 1967),
tert-butyl succinimidoyl carbonate (106) (Frankel et al., 1966; Gross and
Bilk, 1967, 1969), tert-butyl 2.4,5-trichlorophenyl carbonate (107)
(Broadbent et al., 1967), and tert-butyl quinolyl-8 carbonate (108)
(Rzeszotarska and Wiejak, 1968a,b,c) to name a few.

i
CH, O O CH; O
CH,~ (l:joc‘:o—g-oczﬂ5 CHS*(‘J:O(@O*N \C\HZ
(’:H3 c\>C2H5 (‘JH,, \ﬁ/CHz
0
(105) (106)
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2
Cl N \
W o 9
CH,—C—0CO Cl CH,—C—0CO
A \ 2
CH, CH,
Cl
(107) (108)

tert-Butyloxycarbonyl chloride is not stable enough for storage (Choppin
and Rogers, 1948); however, its use in situ for the preparation of fert-butyl-
oxycarbonylamino acids has been described (Sakakibara et al., 1969). Im-
proved conditions for preparations of Boc-Asp(OBzl)-OH, Boc-Glu
(OBzl1)-OH (Polzhofer, 1969a), and of the dicyclohexylammonium salts
of Boc-Ser(Bzl)-OH, Boc-Asp(OBut)-OH, Boc-Glu(OBut)-OH, and
Boc-Glu(OBz1)-OH (Medzihradszky et al., 1967) have been elaborated.
An apparatus for the mechanized preparation of Boc-amino acids has been
described (Birr and Frodl, 1970).

A very significant improvement was made with the development of the
reasonably stable reagent tert-butyloxycarbonyl fluoride (110) (Schnabel et
al., 1968a,b,c) which is obtained from a reaction of carbonyl chloride fluor-
ide* (109) with tert-butanol. Reaction conditions have been optimized

?Hs CH, ﬁ
CH;—C~OH + CICOF ——— CH;—C—OC—F
|
CH, CH,
(109) (110)

recently for the preparation of N-tert-butyloxycarbonyl derivatives of tri-
functional amino acids (Schnabel ef al., 1971a), e.g., Boc-Asn-OH, Boc-
Asn-ONp, Boc-GIn-OH, Boc-Cys(Boc)-OH, Boc-Cys(Boc)-OSu, Boc-
His(Boc)-OH, Boc-His-OH, Boc-Ser-OH, Boc-Ser(Boc)-OH, Boc-Thr
OH, and Boc-Thr(Boc)-OH.

A list of protected amino acids which have been used in solid-phase pep-
tide syntheses is to be found in the review of Merrifield (1969a). Attention
has been drawn to the importance of using highly purified amino acid deriv-
atives for solid-phase synthesis, and physical data (melting point, optical ro-
tation) of repeatedly recrystallized Boc-amino acid derivatives have been
compiled (Bayer ef al., 1968a) to aid in the assessment of purity of such
compounds, particularly when they are of commercial origin.

b. Na-2-(p-Biphenylyl)isopropyloxycarbonylamino Acid Derivatives.

* Tanks of carbonyl chloride fluoride can be obtained from Ozark Mahoning Co.,
1870 South Boulder, Tulsa, Oklahoma 74119.
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This protecting group (115), which was designed by Sieber and Iselin
(1968a) especially for the solid-phase method, is introduced into amino ac-
ids with the use of the azide (114) (Sieber and Iselin, 1968b). This reagent
was obtained from 2-(p-biphenylyl)isopropanol via the carbonate (112)
and the carbazate (113). The preparation of a large number of Bpoc-
amino acid derivatives, including several with side-chain benzyl protec-
tion, by the use of azide (114) has been described by Wang and
Merrifield (1969b). Schnabel et al. (1971b) prepared Bpoc-fluoride
(116) which proved to be a most useful reagent allowing reactions
in aqueous—organic solvent mixtures at temperatures between 0° and
—10° to be completed within a few hours. Several 2-(p-biphenylyl)iso-
propyl phenyl carbonates with different substitutents in the phenyl ring
(117) were also prepared and found to be thermally quite stable reagents
giving good yields of Bpoc-amino acids in anhydrous solvents. Bpoc-amino
acid derivatives are listed in Table XII.

7
CH, @—oca CH, O
- OXOE

|

CH, CHy
(111) (112)

leNNHZ

o 9 o 9

|

CH,4 CH,
(114) (113)

wo acid
o 3
C— OC—NHCHRCOOH
|
CH,

(115)
o
CH,

(116)
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o 3
OB
eu,

(a17)
R= -——COOCH,; —COCH,; —CGH,

Table XII—Properties of Na-2-(p-Biphenylyl)isopropyloxycarbonylamino Acid
Derivatives ®

[a]3
Bpoc-L-amino acids mp (°C) (¢ = 1, methanol)

Ala 108-111 -—27.2°
Ala - DCHA 178-180 —39.4°?
Arg(NO;) - etherate - 120-123 +6.3°
Asn 218-220 —13.8°¢
Asp(OBzl) 186-189 +3.4°
Cys(Meb) - DCHA 168-169 —9.1°
Glu 195198 —8.8°
Glu(OBzl) - CHA 147-149 +20.9°
Gln 140-142 +3.9°
Gin-CHA 172-173 +11.2°®
Gly 131-132 —
His 146-149 —13.0°¢
His(Bzl) 186-188 —4.3°¢
His(Boc) 133-134 +21.0°
Ile 215-218 —14.5°
Leu 227-230 —12,0°
Lys(Z) Amorphous —1.8°
Met(O) - DCHA 160-161 +15.0°
Phe - CHA 116-119 +33.0°
Phe - DCHA 106-108 +29.2°°
Phg - CHA 176-178 —48.1°
Ser -« DCHA 154-156 +2.5°°
Ser(Bzl) - CHA 155-156 +2.1°
Ser(Bu') - CHA 180-181 +21.0°
Ser(Bu‘) « DCHA 181-183 +21.3°°%
Thr - CHA 154-156 —0.6°°
Thr(Bzl) 148-150 +11.3°
Trp 142-145 +36.8°
Tyr(Bzl) 198-200 +12.2¢
Val 223-225 —14.9°
Val- CHA 178-180 —8.0°
Val - DCHA 179-180 —6.9°°?

*Data from Sieber and Iselin (1968a,b), Wang and Merrifield (1969b), Schnabel
et al. (1971b), Yamashiro et al. (1972).

b [a]m-

¢ Analyzed for 1 equivalent of diethyl ether.

%¢ = 1, Dimethylformamide.
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c. Other Na-Protected Amino Acid Derivatives. The preparation of o-ni-
trophenylsulfenylamino acids from o-nitrophenylsulfenyl chloride has been
described by Zervas et al. (1963) and Zervas and Hamalidis (1965). Physi-
cal constants and tables of many side-chain protected Nps-amino acids can
be found there (see Merrifield, 1969a).

2-Benzoyl-1-methylvinyl (Bmv) amino acids (99) were first synthesized
by Dane et al. (1962) as potassium salts which were unstable, hygroscopic,
and insoluble in methylene chloride or chloroform. Southard et al.
(1971a,c) described the ready synthesis of Bmv-amino acids as dicyclo-
hexylammonium salts which are nonhygroscopic, stable, soluble in several
solvents, and which can be prepared in high yield and purity.

d. Improved Preparations of Various Side-Chain Protected Amino Acid
Derivatives. Nitroarginine: Lenard (1967) described quantitative forma-
tion of nitroarginine by treatment of the amino acid with KNO; in hydrogen
fluoride for 30 minutes at 0°. The crystalline product was isolated in 85%
yield.

O-Benzyl-Boc-serine: This has been directly prepared from Boc-serine by
treatment with sodium in liquid ammonia followed by benzyl bromide (Hruby
and Ehler, 1970).

O-Benzylthreonine: Treatment of threonine with benzyl alcohol and p-
toluenesulfonic acid in toluene at reflux with azeotropic removal of water
for 20 hours, followed by alkaline saponification of the product affords O-
benzylthreonine in 16% overall yield (Mizoguchi et al., 1968).

D. CouPLING METHODS

Requirements for peptide bond formation in solid-phase synthesis are:
(a) quantitative and rapid reaction, (b) no undesirable side reactions, and
(¢) minimal racemization.

In his review Merrifield (1969a) noted that most of the conventional
peptide coupling reagents have been used at least once in solid-phase peptide
synthesis, but only two have been used extensively. The two procedures re-
ferred to are the dicyclohexylcarbodiimide (Sheehan and Hess, 1955) and
the p-nitrophenyl ester (Bodanszky, 1955, 1957) couplings, and they have
continued to be the methods of choice during the past few years.*

1. Dicyclohexylcarbodiimide

The carbodiimide method of Sheehan and Hess (1955) has become by
far the most frequently used procedure for solid-phase synthesis.* The con-

* The use of DCCI amounts to about 92% of all solid-phase syntheses (until No-

vember 1969, as reported by Marshall and Merrifield, 1970) and the use of active
esters to about 6%, leaving about 2% for all other methods.
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venience of its use, not requiring separate activation of the carboxyl compo-
nent but only a simple addition to a mixture of acid and amino components,
rendered it ideally suitable for the solid-phase procedure. The main reason,
however, for the success of the carbodiimide method has been its high reac-
tivity, even in the presence of water. In addition, the ready commercial
availability of dicyclohexylcarbodiimide has certainly been an important
factor. Comprehensive tables listing the applications of solid-phase peptide
synthesis have been compiled by Merrifield (1968a, 1969a, Table V), by
Losse and Neubert (1970a), and by Marshall and Merrifield (1970). Most
of the applications of dicyclohexylcarbodiimide follow the “standard proce-
dure” described by Marshall and Merrifield (1965), some with minor alter-
tions. In the following account those works will be discussed in which
significant modifications of the standard procedure have been made and
evaluated.

a. Modified Procedures. The solubility of some amino acid derivatives in
methylene chloride is limited and dimethylformamide has frequently been
used although carbodiimide couplings do not proceed as well in dimethyl-
formamide (Wieland et al., 1969a). Suspensions of amino acid derivatives
can apparently be used as shown by Jorgensen et al. (1970a) who success-
fully employed a suspension of Na-tert-butyloxycarbonyl-im-benzylhistine
in a 1:1 mixture of dimethylformamide-methylene chloride in a synthesis of
an angiotensin analog.

Southard et al. (1969) effectively used solutions of dicyclohexyl-
ammonium salts of Na-(2-benzoyl-1-methylvinyl)amino acids in methylene
chloride in the presence of equimolar amounts of anhydrous p-tolenesulfon-
ic acid in dicyclohexylcarbodiimide mediated solid-phase synthesis. The
possibility of using dicyclohexylammonium salts directly, without prior con-
version into free acids, is an advantage since amino acid derivatives with
acid labile Na-protecting groups (such as tert-butyloxycarbonyl-, o-nitro-
phenylsulfenyl-, 2-(p-biphenylyl)isopropyloxycarbonyl-, or 2-benzoyl-1-
methylvinylamino acids) are frequently prepared and stored as dicyclohexyl-
ammonium salts (Klieger et al., 1961).

So-called adsorption coupling was examined by Esko and Karlsson
(1970). Boc-amino acids or Boc-peptides (2—6 moles/mole resin-amino
groups) in methylene chloride were incubated for 4 hours at room tempera-
ture to form salts with the resin-bound amino groups.* Excess Boc-amino
acid or Boc-peptide was then removed by washing with methylene chloride,
followed by addition of carbodiimide in methylene chloride. Although ad-
sorption coupling did not show any advantage over the standard Merrifield

* Salt formation between amine and carboxyl components prior to dicyclohexyl-
carbodiimide condensation in solution synthesis has been examined by Taschner ef al.
(1965).
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procedure in a synthesis of a hexapeptide using Boc-amino acids, racemiza-
tion appeared to be suppressed when Boc-peptides were coupled. When the
adsorption coupling was carried out at low temperatures (—12° to +4°),
higher yields than at room temperature were obtained in couplings of Boc-
Ile or Boc-Leu-Ala to Val-resin. Elliott et al. (1973), who independently
studied adsorption coupling during syntheses of several bradykinin analogs,
observed that purer products requiring “less involved purification proce-
dures” were obtained in this way, as compared to the standard solid-phase
procedure in which excess acylamino acid is present during the coupling
stage.

b. The Problem of Incomplete Reaction. The problem of achieving
quantitative reaction has received the widest attention, especially since com-
plete coupling in each step is one of the basic imperatives of the method by
its very design. The consequences of failing to achieve full acylation, that is
formation of deletion sequences leading to inseparable microheterogeneous
products, have been discussed frequently (Merrifield, 1963, 1968b; Bayer,
1970; Bayer et al., 1970b); see Section II,C.

The overall record of solid-phase synthesis to date attests to the obvious
fact that complete reaction throughout all cycles cannot, at present, general-
ly be achieved. An illustrative example has been recorded by Bayer et al.
(1968a) who followed the progress of a synthesis of Apoferredoxin from Clos-
tridium pasteurianum by titrating the amounts of free amino groups after de-
protection in each cycle (Fig. 10). The level of amino groups decreased stead-
ily and finally dropped to 38% of the starting value after fifty-four cycles. A
more rapid decline was observed by Jollés and Jolles (1968) during a syn-
thesis of the octapeptide derivative, Boc-Cys(Bzl)-Asn-Asp(OBzl)-Gly-
Arg(NO,)-Thr-Pro-Gly-Resin (sequence 64—71 of hen egg-white lyso-
zyme). Amounts of amino acid incorporation, as determined by amino acid
analysis after each coupling (taking Gly as 1.0), were 0.8 Pro, 0.6 to 0.5
Thr through Asn, and 0.3 Cys(Bzl).

Obvious causes for the observed defects are (a) loss of peptide from the
solid support, (b) incomplete deprotection, (¢) chain termination, and (d)
incomplete coupling, each of which can occur singly or combined. The latter
three faults result in formation of either truncated or failure sequences, as
discussed in Section II,C.

Experimental evidence for the formation of truncated sequences was ob-
tained by Beyerman (1972) who separated, by Sephadex LH-20 chroma-
tography, a nonapeptide derivative (sequence 24-32) from a solid-phase
preparation of human calcitonin sequence 11-32, Young et al. (1972) iso-
lated an equimolar amount of truncated undecapeptide from a pentadeca-
peptide preparation of tobacco mosaic virus-protein-(98-112).
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Fic. 10. Titration of triethylamine hydrochloride during a solid-phase synthesis
of apoferredoxin showing the decreasing free amine content after each deprotection
step. From Bayer ef al. (1968a).

Experimental evidence for the formation of failure sequences in solid-
phase synthesis has recently been accumulated by Bayer and collaborators
(1970a; Bayer, 1970) who set out to search for these “guerilla” peptides in
a specifically designed trap. To increase the amount of detectable failure se-
quences, a repeating sequence of the type (A-B), was chosen as the syn-
thetic goal in which the small amounts of individual amino acid ommissions
would accumulate during the repetitive chain elongation in the form of se-
quence A-A or B-B. The dodecapeptides (Leu-Ala)s and (Ala-Phe)g were
synthesized. Partial hydrolysis of the final products followed by trifluoroace-
tylation of peptides, gas-chromatographic separation, and mass spectrome-
tric identification showed the presence of failure sequences (Table XIII).
Leu-Leu (2.6%) and Ala-Ala (1.4% ) were found. As much as 9.3%

Table XHI—Occurrence of Failure Sequences in Solid-Phase Syntheses of
Dodecapeptides (Determined by Gas Chromatography and Mass Spectrometry after
Partial Acid Hydrolysis)®

Partial Hydrolysate of (Leu-Ala)e Partial Hydrolysate of (Ala-Phe)e
Amount
acetylation
after
Amount coupling, Amount

Peptide (%) (%) Peptide (%)
Ala-Ala 1.4 0.1 Ala-Ala Not detectable
Leu-Ala 65.5 70.0 Phe-Ala 39.7
Ala-Leu 28.5 29.3 Ala-Phe 51.0
Leu-Leu 2.6 0.1 Phe-Phe 9.3

¢ After Bayer, 1970 and Bayer et al., 1970a.
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Phe-Phe was detected after partial hydrolysis of the (Ala-Phe); peptide,
but no Ala-Ala was present possibly due to nonrandom hydrolysis. Average
coupling yields of slightly over 99% per step were indicated by these re-
sults. A deletion peptide lacking tyrosine has been isolated by Jorgensen et
al. (1971c) during purification of [Asn!,Pro®]-angiotensin II.

Failure sequences in oligamino acids give rise to shortened peptides. In
a solid-phase synthesis of hepta-y-glutamic acid (Meienhofer et al., 1970a)
using Boc-glutamic acid a-benzyl ester, the product was analyzed by high
voltage electrophoresis showing the presence of all six lower homologs (Fig.
11). Solid-phase synthesis of heptalysine via Na-teri-butyloxycarbonyl-Ne-
trifluoroacetyllysine (Anfinsen, 1968) gave a product that was shown by ion
exchange chromatography to contain 82% of the heptamer and 18% of
materials containing hexalysine and lower oligomers. This result is compati-
ble with a coupling efficiency of approximately 98% at each step.

There can be no doubt that amino acid omission poses a serious problem
in solid-phase synthesis. It should be remembered that yields of 98% per
step are of no value for syntheses of large peptides containing over fifty
amino acid residues (see Section II,C).

Several factors have been implicated as influencing rates and yields of re-
actions in solid-phase peptide synthesis. They are: () the nature (bulki-
ness) of amino acid side chains, (2) the peptide chain length, (3)the
sequence of the synthetic peptide, (4) the polarity of solvents, and (5) the
degree of cross-linking of the resin.

Observations that peptide bonds involving amino acids with bulky side
chains are not formed as readily as others have been reported, e.g., by Wey-
gand and Obermeier (1968), Esko er al. (1968), and Dorman
(1969). Particularly difficult to incorporate are Boc-isoleucine, Boc-valine,

Glu '

Trimer . | I

Pentamer ' l ' I I

wome QUL |

Fic 11. High voltage paper electrophoresis of y-linked glutamic acid oligomers
prepared by solid-phase synthesis using Boc-Glu-OBzl (Meienhofer et al., 1970a).
The Boc groups were cleaved with 4 N HCI in dioxane. Electrophoresis was carried
out on Whatman 3 MM paper (3400 V, pH 2.1, 1 hour, ninhydrin staining).
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Boc-leucine, Boc-tyrosine benzyl ether, and, sometimes, Boc-glutamine. The
influences of chain length and of steric hindrance on the extent of the cou-
pling reactions in a solid-phase synthesis of the dodecapeptide (Leu-Ala)s
have been studied by Hagenmaier (1970). The first condensation proceed-
ed with 99.5% yield, and with 100% after a repeat with fresh Boc-amino
acid and dicyclohexylcarbodiimide. The next four couplings gave
96-99.5% yields after one repetition of the condensation reaction. There-
after, the yields decreased steadily to as low as 65-75%, and second repeti-
tions did not increase the yield. Acetylation was effective for unreacted
alanine amino groups but much less for leucine, indicating that steric effects
were reducing the accessibility of free amino groups. Geising and Hornle
(1972) also observed marked gradual decreases of coupling speed with in-
creasing chain length when the periodic formation of the same peptide bond
was compared during the synthesis of the sequence oligomer (Ile-Val-Leu-
Ala)5.

Experimental evidence for a sequence dependence on coupling rates has
been presented by Geising and Hornle (1973) who coupled Boc-isoleucine
to two undecapeptides with N-terminal valine but with sequence differences
in their center parts. Sudden dramatic drops in coupling yield of an amino
acid residue after a series of successful cycles have also been observed. The
first recorded case (Merrifield, 1967) occurred during a synthesis of angio-
tensinylbradykinin, the progress of which was followed by amino acid anal-
ysis at each cycle (Fig. 12). Changing the solvent in the deprotection step,
from acetic acid to dioxane, and using a less cross-linked resin (1% ) elimi-
nated the shortcoming. Chou et al. (1971) experienced incomplete cou-
plings in the last two cycles (30-50% yields and 5-10% yields, respective-
ly) of two different octapeptide sequences (118 and 119).

B‘zl Bzl |Z
|
Boc Tyr-Gly - Ser - Leu-Pro-Gln— Lys—Gly — Resin

(118)

Bzl OBzl Bzl I\‘IO2
| |
Boc — Selr — Met — Glu — His~ Phe - Arg— Trp—Gly — Resin

(119)

These failures were due to incomplete deprotection prior to the condensa-
tions. Complete reaction in these and related peptides was again achieved by
solvent changes and addition of urea to increase solvent polarity. Westall
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Fic. 12. Sudden decrease in amino acid incorporation during a solid-phase syn-
thesis of angiotensinylbradykinin. Effects of solvent and resin cross-linking on the
occurrence of this failure are shown. The synthesis proceeded in a stepwise manner
from the C-terminal Arg shown on the left toward the N-terminal Asp on the right.

Coupling yields were determined by amino acid analysis after each cycle. From Mer-
rifield (1967).

and Robinson (1970) discovered a pronounced solvent effect* on the cou-
pling yield with a particularly difficult amino acid condensation (glutamine)
(Fig. 13). A mixture of dimethylformamide and methylene chloride (3:7)
and the presence of 1.5 M urea remedied the failure.

A more general solvent dependence in carbodiimide couplings has al-
ready been examined by Merrifield (1963). Methylene chloride and dime-
thylformamide were found to be satisfactory while benzene, dioxane, ether,
ethyl acetate, and ethanol were not useful (Merrifield, 1969a). Comparison
between methylene chloride and dimethylformamide as coupling solvents in
two syntheses of the linear decapeptide precursor of antamanide, H-Phe-
Pro-Pro-Phe-Phe-Val-Pro-Pro-Ala-Phe-OH, under otherwise identical con-
ditions showed that methylene chloride gave a significantly better result
(Wieland ef al., 1969a). It was also pointed out in this report as well as in
many others (e.g., Polzhofer and Ney, 1970a; Wieland et al., 1971c) that
the purity and dryness of solvents are decisive factors for obtaining satisfac-
tory results with solid-phase syntheses (see Section IV,B). Even analytic or

* Marked solvent dependence was also observed in hydrolysis of resin-bound
amino acids (lysine) (Scotchler et al., 1970).
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Fic. 13. Solvent dependence of chain termination (incomplete Boc-glutamine
incorporation) during solid-phase syntheses of Gly-Ala-Glu-Gly-Gln-Ser-Pro-Phe-
Gly-Lys-Resin. Reagents and solvents used were: OO, 1 N HCl in acetic acid (contain-
ing 1% mercaptoethanol) for deprotection, DCCI in methylene chloride for coupling
(6 hours); O, trifluoroacetic acid in methylene chloride (1:1, containing 5% mer-
captoethanol) for deprotection, DCCI in methylene chloride for coupling (6 hours);
X, trifluoroacetic acid in methylene chloride (1:1, containing 5% mercaptoethanol)
for deprotection, DCCI in dimethylformamide-methylene chloride (3:7) (6 hours).
From Westall and Robinson (1970).

reagent grade solvents are often not sufficiently pure for use without prior
distillation.

Sheppard (1973) has offered an explanation why amino acid bulkiness,
peptide chain length and sequence, solvent polarity, and resin density would
influence amino acid incorporation in the observed ways. The polymer sup-
port with its growing peptides might be regarded as a graft copolymer con-
sisting of backbone and pendant chains of widely different polarities. Figure
14B shows such a peptide-resin system with both the nonpolar polystyrene
backbone and the shorter, more polar peptide chains partially extended. In
a nonpolar medium the peptide chains may collapse while the backbone be-
comes very extended (Fig. 14A). In a polar solvating medium the hydro-
carbon backbone may collapse entangling in it the (extended) peptide
chains (Fig. 14C)- Both in A and C the terminal free amino group of some
peptide chains might become buried or hindered. The balance between situ-
ations A, B, and C and other intermediate phases may be delicate and very
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Fic. 14. Swelling and shrinking of peptide-resin. The polymer backbone carry-
ing the growing peptide chains is depicted as a heavy line. A, Peptide chains and poly-
styrene strands partially extended; B, collapse of peptide chains in nonpolar solvat-
ing medium; C, collapse of supporting resin strands in polar solvating medium. From
Sheppard (1973).

dependent upon the sequence and conformation of the peptide.

Efforts have been made to improve the coupling efficiency within the
presently existing framework of solid-phase strategy. Obvious experimental
approaches to improve incomplete carbodiimide coupling include: (a)
longer reaction time, (b) larger excesses of the soluble component and re-
agent, (c) repeated reaction, and (d) variations of solvent, temperature,
mode of stirring, etc.

The application of increasingly longer reaction times has been a notice-
able trend. The standard 2-hour period which Marshall and Merrifield
{1965) had originally recommended has gradually become extended to 4, 5
(e.g., Gutte and Merrifield, 1969, 1971), or more hours. Bayer et al.
(1971b) believe that one can no longer advocate any “standard” reaction
time which could be safely applied in routine fashion throughout a new syn-
thesis. Since it is a priori unknown and not always predictable which partic-
ular peptide bond(s) might be formed at slow rate, many investigators have
adapted as a safety factor rather longer reaction periods than actually are
required for most couplings. Thus, reactions are often allowed to proceed
overnight (15 hours). In some instances even longer reaction periods (24
hours) have been applied (e.g., Sano and Kurihara, 1969). Experimental
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evidence indicated that periods as long as 24 hours might, indeed, some-
times be required (Esko ef al., 1968; Weygand and Obermeier, 1968).
However, most couplings are probably complete in less than 30 minutes,
and this can now be easily determined by the very rapid and sensitive ninhy-
drin color test (Kaiser et al., 1970) on very small samples (5-15 mg).

Application of larger excesses of Boc-amino acids and carbodiimide than
the generally used three- to four fold amounts relative to the resin substitu-
tion would seem to be obvious remedies for incomplete coupling. Amounts
of 30- to 70-fold have been used in routine manner through the final eight-
een steps of a solid-phase synthesis with horse heart cytochrome c as target
sequence (Sano and Kurihara, 1969). However, improved coupling yields
were not obtained when rather large excesses were applied in valinomycin
syntheses (Losse and Klengel, 1971). It has, on the contrary, to be borne in
mind that very large excesses of acylating component and reagent could
cause side reactions, such as diacylimide formation (Wieland and Heinke,
1956; Kopple and Renick, 1958) and aminoacyl insertion (Wieland and
Mohr, 1956; Brenner and Wehrmiiller, 1957). That such side reactions can,
indeed, occur has been shown by Mitchell and Roeske (1970) who detected
a small amount of tetraglycine (0.2% ) in a preparation of triglycine when
excesses of 22 equivalents of Boc-glycine and dicyclohexylcarbodiimide
were used. Thus, diacylimide formation (120) followed by amino acyl in-
sertion (121) can occur when very large excesses are used especially with
Gly-Gly sequences.

(Boc -- Gly, DCCI) —CHZ-COIIJ—CH2~
- v
Boc-NH—CH,—C=0

—CH,— CONH—CH,—

(120)

1. H"
2. (C,H,),N

OH

& ONH—CH __CHZ\(ll: 1\II/CHZ—
—CH,—CONH—CH,—C — —_— -

= C : : HN._Y_Cy,

C [o]

(121)

H,

Repeated carbodiimide coupling to achieve more complete reaction was
first suggested by Weygand and Obermeier (1968) and has been found nec-
essary in several steps during syntheses of angiotensin II analogs (Jorgensen
et al., 1969) and of encephalytogenic peptides (Shapira et al., 1971) when
more than 5% of resin-amino groups remained unacylated. This procedure
has recently been used in routine fashion by several investigators (e.g.,
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Manning et al., 1970; Hancock et al., 1971). Other authors (Yajima et al.,
1970a) use repeated coupling for amino acids with bulky side-chains (e.g.
valine or leucine) that are known to give, sometimes, incomplete reaction.

Another stratagem suggested for reducing the number of peptide chains
that could become inaccessible or buried during the progress of a synthesis
is to start with a very low level of C-terminal amino acid substitution. An
additional suggestion is use of the most hindered C-terminal amino acid in
syntheses of cyclic peptides, when the C-terminal is an object of choice.
Both proposals were tested in syntheses of valinomycin (Losse and Klengel,
1971).

Since 100% complete coupling cannot generally be taken for granted and
because it is very important that no unreacted amine remains (which would
be liable to react with the subsequent ters-butyloxycarbonylamino acid re-
sulting in failure sequence formation) acylation with potentially more reac-
tive agents has been employed to block off irreversibly any remaining
amino groups. Acetylation with a large excess of acetic anhydride in dimethyl-
formamide in the presence of triethylamine for several hours at room tem-
perature was investigated by Meirifield (1963). The amine content of a va-
line resin was reduced from 0.72 to 0.0029 mmole/gm, thus leaving about
0.4% amine unreacted. The amount of 0.4% amine remaining after acety-
lation might be the lowest attainable limit and is probably lower than resid-
ual amine remaining after the incorporation of fert-butyloxycarbonylamino
acids. In a model system acetylation was found to reduce failure sequence
formation considerably, see Table XIII (Bayer et al., 1970a). Acetylation
after each coupling was advantageous in syntheses of a heptapeptide (Blake
and Li, 1968). Consequently, acetylation with the aid of acetic anhydride
has been used in several solid-phase syntheses, particularly of large peptides
(see, e.g., Hancock et al., 1971; Marshall et al., 1973). Weber et al.
(1969) acetylated with four-fold molar excesses (per mole peptide) of gla-
cial acetic acid and dicyclohexylcarbodiimide in methylene chloride.

In a comparative study of “ferminating agents” Markley and Dorman
(1970) set forth a number of criteria for suitable reagents. Ideally, a termi-
nating reagent must (@) have a low steric hindrance for reaction at less ac-
cessible resin sites, (#) have high reactivity towards amino groups, yet have
no effect on peptide bonds or other functional groups, (¢) form a covalent
bond with the amino group to be terminated that is stable to all reaction
conditions used subsequently in the synthetic procedure, and (d) facilitate
separation of terminated amino acid or peptide fragments from the final tar-
get peptide after removal of the solid support. Two reagents, methanesulfon-
y! chloride in the presence of triethylamine (Truce et al., 1964) and acetyl-
imidazole (Staab, 1962) were found to merit a more detailed study. Using
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Leu-Ala-Gly-Val as a model system and acetic anhydride-triethylamine as a
basis for comparison, N-acetylimidazole exerted the most efficient termina-
tion. It would be interesting to examine the effectiveness of this reagent in
systems (Hagenmaier, 1970) where acetic anhydride—triethyamine failed.

To facilitate the separation of truncated N-acylpeptides from the final
product after removal from the solid support, Wieland and collaborators
(1969b) proposed the use of o-nitrophthalic anhydride (122) for the acyla-
tion of remaining free amine. Truncated N-(2-carboxy-3-nitrobenzoyl)
peptides (123) are produced. Separation of these peptides by ion exchange

O
(]%
N HF .
/O I CO— Peptide— Resin ——» CO- Peptide
T
NO, O O,N COOH O,N COOH
[Dowex 1 x 2
(122) chromatography |
(123)

chromatography should be facilitated by the additional negatively charged
carboxyl group (acidic handle); see Section IILF,2. Wissmann and Geiger
(1970) described the use of 3-sulfopropionic anhydride (124) to give N-
(3—sulfopropionyl) peptides (125). This reagent has the advantage of being

HF
04_/\302 —— HO,S—CH,CH,CO- Peptide - Resin ~—— HO,S—CH,CH,CO - Peptide

o
[Amberlite IR-45
chromatography |
(124) (125)

considerably smaller and should penetrate faster into the resin and reach
less accessible sites. However, Schaich and Schneider (1973) observed un-
favorable side effects when 3-sulfopropionic anhydride (124) was used in a
synthesis of a heptacosapeptide. The overall effect of successful termination
of residual amine is, of course, conversion of potential sources of failure se-

quences into truncated sequences which are fewer in numbers and more eas-
ily separable (see Section IL,C).

c. Side Reactions. Well-known side reactions involving the use of di-
cyclohexylcarbodiimide (126) in solution synthesis are (a) formation of N-
acylurea (128) (Sheehan et al., 1956; Merrifield and Woolley, 1956; Zahn
and Diehl, 1957a,b; Buzas et al., 1961) by an intramolecular rearrange-
ment of the acylating O-acyl intermediate (127), and (b) nitrile formation
(130) from carboxamide groups during activation of glutamine or aspara-
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Prot— NHCHRCOOH + CgH,,N=C=NCH,,

/ (126)

Prot - NHCHRCOO Prot- NHCHRC=0
|
CsH;;NH—C=NCH,, ——> C,H,NH--CO—NCH,,
(127) (128)

gine (129) derivatives (Ressler, 1956; Gish et al., 1956; Paul and Kende,
1964). N-Acyl-N,N’-dicyclohexylurea formation was found to occur in sol-

C‘JHz—CONHz gﬂz —CN
DCCI
Boc - NH—CH—COOH ———— Boc - NH— CH—COOH
(129) (130)

id-phase synthesis (Merrifield, 1969a). Its detrimental effect is to consume
part of the Boc-amino acid and the reagent, but the side product does not
become part of the peptide and subsequently is removed during washings.
The side reaction is fast in dimethylformamide but slow in methylene chlo-
ride. Rapid consumption of Boc-proline and DCCI in a solid-phase synthesis
of bradykinin was observed when dimethylformamide was used as a solvent.
Up to 8 moles of Boc-proline and reagent had to be used in this case (Mer-
rifield, 1964b). With methylene chloride as a solvent the acylurea formation
was so decreased that the use of 1.5 moles of Boc-proline gave a quantita-
tive coupling. N-Hydroxysuccinimide (Wiinsch and Drees, 1966; Weygand
et al., 1966) and 1-hydroxybenzotriazole (Konig and Geiger, 1970a) are
known to suppress N-acylurea formation in solution syntheses. Thus far, the
applications of the DCCI-HOSu procedure to solid-phase synthesis (Wey-
gand and Ragnarsson, 1966; Omenn and Anfinsen, 1968; Noda et al.,
1970b; Windridge and Jorgensen, 1971a,b) have shown somewhat equivocal
results.

Nitrile formation in Boc-asparagine and Boc-glutamine is potentially
much more dangerous since the resulting 3-cyanoalanine or y-cyanoamino-
butyric acid residues would become part of the growing resin-linked pep-
tides. However, this danger has always been by-passed by the general use of
active esters for the incorporation of asparagine and glutamine; and the ex-
tent to which nitrile formation does actually occur in solid-phase synthesis
has not been investigated thus far. It is known from solution synthesis that
dehydration of the carboxamide group to a nitrile group occurs only during
the coupling. Once the glutamine and asparagine residues are part of pep-
tide chains, they seem to be resistant to the action of carbodiimide (Bod-
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anszky and Ondetti, 1966). The danger of diacylimide formation has been
discussed above (120) and should normally be minimal.

d. Racemization. Freedom from racemization is an imperative prerequis-
ite for solid-phase synthesis which is equally important to that of 100%
complete coupling. Arguments similar to those discussed in connection with
failure sequence formation due to incomplete reaction also apply to diastereo-
isomer formation as a consequence of racemization. Thus, assuming a
0.2% rate of racemization per step, a synthetic preparation containing 124
amino acid residues, such as ribonuclease A, would be about 88% optically
pure, and 12% of the product would consist of a microheterogeneous mix-
ture of diastercoisomers. For a peptide consisting of 190 amino acid resi-
dues (e.g., human growth hormone), the disastereoisomer mixture would
amount to approximately 17%. Separation of diastereoisomer contaminants
from the desired optically pure product would be extremely difficult and
certainly incomplete even with the most powerful fractionation procedures
presently available, a problem very similar to that of failure sequence re-
moval.

The standard experimental Merrifield procedure represents a system with
minimal danger of racemization to the best available knowledge and experi-
ence. Peptide chain elongation by single amino acid residues possessing
Na-urethane-type protecting groups and using dicyclohexylcarbodiimide can
be expected to show ordinarily no measurable racemization. Nevertheless,
many efforts have been made to provide experimental evidence for the as-
sumed absence of racemization in solid-phase synthesis.

The overall experimental evidence obtained from a variety of different
assay techniques including optical rotation, enzymic digestion (Merrifield,
1963), chromatographic procedures, gas chromatography (see, e.g., Bayer
et al., 1970b), and biological testing led Merrifield (1969a) to conclude
that “within the limits of these methods . . . no racemization has been de-
tected in any peptide made by the standard, stepwise solid-phase method.

. .” However, some of these tests were done on purified products, and ab-
sence of diasteriomeric peptides in purified products is, of course, not a cri-
terion that racemization did not occur during synthesis. For example, 15%
p-benzylhistidine was formed during syntheses of angiotensin IT analogs, but
chromatographed products contained no Db-histidine (Jorgensen et al.,
1971b). Moreover, the sensitivity limits of most racemization tests have
been well over 0.5% racemate detection. Only recently have more sensitive
methods been developed to detect as little diastereoisomer formation as
0.2% (Manning and Moore, 1968) or even =0.001 to =0.05% (Kemp
et al., 1970a,b). At these sensitivity levels even those synthetic methods,
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such as the azide method (Curtius, 1902) which previously had been re-
garded as “racemization-free,” were found to be deficient. Indeed, under ad-
verse circumstances as much as 10% diastereoisomer formation (20%
racemization) was observed in a peptide fragment condensation using the
azide method (Sieber ef al., 1970). It has now been generally agreed that
a “racemization-free” coupling method does not exist, and that even with
the most scrupulous efforts it can only be attempted to keep racemization at
a low level.

Returning to consideration of undesired occurrence of racemization in
solid-phase synthesis, there have been a few examples demonstrated experi-
mentally. Inukai and collaborators (1968) found during syntheses of pep-
tides related to physalaemin (Erspamer et al., 1964) about 3% racemate
formation by the Bodanszky test (Bodanszky and Conklin, 1967). Some
racemization was observed at one position in an insulin A-chain synthesis
(Merrifield and Marglin, 1967) indicating a certain sequence influence on
the degree of racemization. Considerable racemization (20% ) of Na-tert-
butyl-oxycarbonyl-Nim-benzylhistidine during syntheses of angiotensin II
analogs was detected (Jorgensen et al., 1970a) and its degree was deter-
mined by assays using L-amino acid oxidase.

Racemization studies (Windridge and Jorgensen, 1971a) with a model
system, Boc-His(Bzl)-Glu(OBzl)-resin, showed formation of 11, 14, and
25% of p-histidine following carbodiimide couplings in methylene chloride,
pyridine, and dimethylformamide, respectively. A coupling of Na-fert-
butyloxycarbonyl-N“"-benzylhistidine to the Glu(OBzl)-resin using N-
hydroxysuccinimide—dicyclohexylcarbodiimide in methylene chloride gave,
in this instance, a favorable suppression of racemization to below 0.2%.
The yield was low (70%), and B-alaninine, a known side product of the
reaction between dicyclohexylcarbodiimide and N-hydroxysuccinimide
(Gross and Bilk, 1968a, b; Weygand et al., 1968b) was found in hydroly-
sates. More recently it was shown that 1-hydroxybenzotriazole (Konig and
Geiger, 1970a) is effective in reducing racemization during solid-phase
peptide synthesis with Na-tert-butyloxycarbonyl-N-benzylhistidine to low
levels (0.5% ) without impairing coupling efficiency (Windridge and Jor-
gensen, 1971b). In this context a long-standing observation should be re-
membered. Anderson and Callahan (1958) observed drastic lowering of
racemization in carbodiimide (fragment) condensations by working at 0°.
Pettit and Jones (1971) have described a solid-phase synthesis in which
they did apply ice cooling during the addition of dicyclohexylcarbodiimide.

The potential presence of microheterogeneous mixtures of diastereoiso-
mers in peptides prepared by the solid-phase method should always be
borne in mind when biological activities of such preparations are interpret-
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ed. While many components containing one D-amino acid residue might
simply be inactive or of similar activity as the target product, some might
possess higher or protracted activity (e.g., [D-Ser!, Nlet, Val-NH,?%]-8-
corticotropin-(1-25) (Boissonnas et al., 1966), or [p-Ser!, Lys!?, Lys-
NH,!#]-B-corticotropin-(1-18) (Desaulles et al., 1969)] while others
might possess inhibitory activity (e.g., [D-His®]-a-melanotropin-(6-10)
(Yajima and Kubo, 1965a,b)].

In conclusion:

a. It should not be assumed that solid-phase peptide synthesis proceeds
generally without any racemization.

b. Detectable racemization (>0.2% ) occurs infrequently.

c. Occurrence of detectable racemization is a priori unpredictable and
depends on circumstances that differ from one individual synthesis to the
next. Routine checking for racemization is, therefore, advisable.

d. Low levels of racemization (<0.2% ) can potentially occur in every
peptide coupling.

e. Solid-phase preparations containing large numbers of amino acid resi-
dues (>50) might be contaminated by considerable amounts of microhet-
erogeneous diastereoisomer mixtures as a consequence of low levels of
racemization.

2. Active Esters

Active esters have been used successfully in solid-phase synthesis, Perti-
nent examples, in which p-nitrophenyl esters (Bodanszky, 1955) have
been used, are syntheses of the C-terminal hexapeptide of secretin (Bod-
anszky and Sheehan, 1966), of bovine insulin A-chain (Hornle, 1967), and
of [Ala% Ala'']-ovine insulin A—chain (Weber et al., 1968). The princi-
pal advantages of active esters over carbodiimide for solid-phase synthesis
are (a) they are mostly stable, well-defined (often crystalline), easily avail-
able preactivated substances that are simply added to the reaction vessel not
requiring any additional reagent, (b) they allow spectrophotometric moni-
toring of the progress of coupling (Hornle, 1967; Rudinger and Gut,
1967), and (c) unreacted excesses of active esters can be recovered. Their
most serious disadvantage is considerably slower reaction (Karlsson et al.,
1970a) forcing, in general, the provision of 5-20 times longer reaction peri-
ods. Even then, couplings often remain rather less complete than those me-
diated by dicyclohexylcarbodiimide in identical systems (Weygand and Ob-
ermeier, 1968; Klostermeyer et al., 1967; Klostermeyer, 1968; Visser et al.,
1968). In a synthesis of bovine insulin A-chain (H&rnle, 1967), p-nitro-
phenyl esters have been used exclusively, and the average yield per step was
94% through twenty cycles. Karlsson et al. (1970a) thoroughly examined
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the reactivity of p-nitrophenyl esters in solid-phase synthesis, and they con-
cluded that these react slowly even when present in very large excess, and,
that by comparison, carbodiimide gives faster and more complete coupling
(see, also, Maher ef al., 1971). Nevertheless, p-nitrophenyl esters are gen-
erally used for the incorporation of asparagine and glutamine residues, be-
cause dicyclohexylcarbodiimide causes nitrile by-product formation (130)
from the carboxamides, as discussed above.

The additional operational convenience offered by the use of active esters
for solid-phase synthesis led to many investigations into the usefulness of
other active esters. Earlier studies have been reviewed by Merrifield
(1969a). More recently Klostermeyer (1968) reported a complete lack of
success when N-hydroxysuccinimide esters (Anderson et al., 1963) were
applied in an attempted synthesis of gramicidin S; while Anfinsen (1968)
used these esters successfully in a preparation of a hexapeptide. Pentachlo-
rophenyl esters have also been used in several syntheses (Johnson and May,
1969; Visser and Kerling, 1970; Visser et al., 1968, 1970a,b; Yajima et al.,
1970b). Bodanszky and Bath (1969) compared rates of reactions of differ-
ent active esters of Boc-leucine with resin-bound glycine and valine and with
glycine fert-butyl ester and valine ferz-butyl ester in solution (Table XIV).
It was found that the o-nitrophenyl ester reacts 4-5 times faster in solid-
phase than the p-nitrophenyl and the pentachlorophenyl (Kupryszewski and
Kaczmarek, 1961) esters, although the latter reacts considerably faster in
solution. Bodanszky and Bath (1969) commented that relative reactivities
measured in solution do not necessarily form a reliable guideline for choos-
ing suitably activated derivatives for use in solid-phase synthesis, a conclu-
sion recently confirmed by Dutta and Morley (1971).

Table X¥V—Comparison of Active Ester Reactions in Solid-Phase and in Solution
Synthesis *

Half-reaction times (minutes) of active esters of Boc-leucine

o-Nitro- m-Nitro- p-Nitro- Penta-
phenyl phenyl phenyl chlorophenyl
ester ester ester ester
Nucleophile ONo ONm ONp OPcp
Benzylamine 3 120 15 1
Gly-OBu' 12 500 60 4
Val-OBu* 90 10,000 840 60
Gly-Resin 150 — 840 1100
Val-Resin 600 — 2400 1800

“ From Bodanszky and Bath, 1969. The reactions were carried out in ethyl acetate
at room temperature with 0.02 M concentration of the reactants. Rates were meas-
ured by the UV absorption of the liberated phenols.
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Efforts to improve the effectiveness of p-nitrophenyl ester condensations
prompted Beyerman e? al. (1967b, 1968a) and Klostermeyer et al. (1967)
to study the addition of 1,2,4-triazole which is known to accelerate the reac-
tion (Beyerman and Maassen van den Brink, 1963). Satisfactory goupling
yields were obtained in a solid-phase synthesis of a protected oxytocin nona-
peptide (Beyerman ef al., 1967b, 1968a). However, Ragnarsson et
al. (1970b) reported that 1,2,4-triazole did not effect any acceleration in
couplings of Boc-phenylalanine p-nitrophenyl, pentachlorophenyl, N-hy-
droxysuccinimide, and cyanomethyl (Schwyzer et al., 1955) esters with res-
in-bound alanine. Repeated treatment in p-nitrophenyl ester couplings was
used by Li and Yamashiro (1970), and imidazole was added in the second
reactions. Such “catalyzed” couplings are probably, more or less, azolide
rather than active ester condensations.

In conclusion, it appears that although being very useful for certain spe-
cial applications in solid-phase synthesis to date, e.g., for incorporating as-
paragine and glutamine, active ester couplings are generally slower and less
complete than dicyclohexylcarbodiimide couplings.

3. Other Methods and Reagents

Only a few methods other than those reviewed by Merrifield (1969a, Ta-
ble V) have since been used in exploratory studies. Carbonyldiimidazole
was found by Losse and Klengel (1971) to give sometimes more complete
peptide bond formation than dicyclohexylcarbodiimide. The oxidation-—
reduction condensation of Mukaiyama et al. (1970) (see Section
VI,B,3) using triphenylphosphine and dipyridyl-2,2’-disulfide in methylene
chloride afforded a dipeptide (Leu-Gly) in close to quantitative yield. N-Car-
boxyanhydrides were used to prepare various polyamino acids on the resin
(Ingwall et al., 1968; Epand and Scheraga, 1968; Ostroy et al., 1970). The
mixed anhydride method (Krumdieck and Baugh, 1969; Baugh e al.,
1970a), Woodwards reagent (Khosla et al., 1968), the o-phenylene chloro-
phosphate method (Rothe et al., 1968), and the azide method (Visser and
Kerling, 1970; Felix and Merrifield, 1970) have found applications. Direct
comparisons of the efficiency of several methods of peptide bond formation
in the solid-phase procedure using identical model peptides have been made
by Weygand and Ragnarsson (1966), Klostermeyer et al. (1967), Baumert
and Jakubke (1973), and Ragnarsson et al. (1971).

The use of symmetrical anhydrides (132) of N-protected amino acids (or
peptides), which was first studied by Weygand and Ragnarsson (1966), has
been investigated recently in more detail by Wieland and collaborators
(Wieland et al., 1971b; Birr et al., 1973). The advantages of this method
(131—>133) compared to the standard dicyclohexylcarbodiimide procedure
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are: (a) the absence of the poorly soluble by-product dicyclohexylurea and,
more importantly, (b) the recovery of up to 80% of the excess of N-pro-
tected amino acid (or peptide) (131). This permits the use of very large
excess of acylating component (132) to push the reaction to completion,
although in the experimental examples given, the commonly applied ratios
of three- to four-fold excesses were applied. A new preparation of symmet-
rical anhydrides (132) was developed in which sodium salts of N-protected
amino acids were treated at —40° to —15° with phosgene in tetrahydro-
furan; other procedures for the preparation of symmetrical anhydrides
(133) have employed dicyclohexylcarbodiimide (Muramatsu and Hagitani,
1959; Weygand et al., 1967) or inamines (Viehe et al., 1964; van Mourik
et al., 1965). Solid-phase syntheses of antamanide by the symmetrical anhy-
dride method (Wieland et al., 1971b) gave 60% of linear decapeptide pre-
cursor when crystalline anhydrides were used and 96% (!) of homoge-
neous decapeptide when the anhydrides were added in situ (in solution,
immediately after preparation without isolation) to the peptide-resin. From
the filtrates the excess Boc-amino acids were recovered (up to 80% ) after
hydrolysis of remaining anhydride with aqueous bicarbonate. This “econom-
ic” coupling method appears to have considerable promise.

2 Boc - NHCHR'COOH

(131)

l H,0
W
Boc ~ NHCHR' C\
o + H,NCHR*CO—OCH, O Resin
Boc — NHCHR'C

/
N\
o}
(132) l
Boc - NHCHR!CO—NHCHR2CO-—-OCH, —@ Resin + Boc-NHCHR'COOH

(133) (131)

A novel reagent for peptide bond formation N-ethoxycarbonyl-2-ethoxy-
1,2-dihydroquinoline (134) (Belleau and Malek, 1968) has been applied to
solid-phase synthesis by Windridge and Jorgensen (1971) and by Sipos and

Gaston (1971).
L
H
N7 TOC,H,

CO,C,H,

(134)

MPI EXHIBIT 1039 PAGE 92



3, SOLID-PHASE PEPTIDE SYNTHESIS 133

Jakubke and Baumert (1973) compared the coupling effectiveness of
seven procedures. Dicyclohexylcarbodiimide in methylene chloride proved
to be considerably superior to both the mixed carboxylic carbonic anhydride
method [using isobutyl chloroformate in tetrahydrofuran-methylene chlo-
ride (2:3)] and the Woodward procedure [using N-ethyl-5-phenylisoxazo-
lium-3’-sulfonate in acetonitrile-dimethylformamide (1:2)]. Among the
active esters which were studied (in methylene chloride), the 5-chloroquin-
olyl-(8) esters (Jakubke ez al., 1967) reacted at a faster rate than the p-ni-
trophenyl, selenophenyl (Jakubke, 1964), and N-hydroxyurethane esters
(Jeschkeit, 1969).

4. Fragment Condensation

The coupling of protected peptide fragments to the growing resin-bound
peptide chain appears to be an ideal strategy (Anfinsen, 1968) for synthe-
ses of large polypeptides or of proteins. By such a procedure the gradual
buildup of microheterogeneous contamination, consisting of countless
closely related failure sequences, through the cumulative effect of incom-
plete reaction at each amino acid incorporation, would be avoided. Failure
sequences arising during solid-phase fragment condensation will differ from
the desired product by the lack of relatively large parts of the molecule. Al-
though it is certain that the coupling of fragments with resin-bound peptides
will be even less complete than that of Boc-amino acids, this could be more
than compensated by obvious advantages: (a) the degree of heterogeneity
(or the amount of contaminating incomplete parts) of the final product can
be quantitatively evaluated by presently available analytic methods, and (b)
the purification of the target peptide should be facilitated and experimental-
ly feasible with existing techniques. Within limits set by considerations of
coupling efficiency and of minimal racemization, a strategic subdivision of a
given target sequence would be the alternating of acidic fragments (containing
more Glu and Asp than Lys and Arg) with basic fragments. The purifica-
tion of the final product would thus be facilitated, e.g., by ion exchange or
electrophoretic techniques. Similarly, the analytic monitoring of purification
and the assessment of homogeneity could be made more accurate through
strategic use of certain infrequently occurring or single amino acid residues
as markers. Strategically located analytic markers have been named “diag-
nostic” amino acid residues (Hofmann, 1973; Beachman et al,, 1971). For
large polypeptides or proteins containing no single residues, radioactively la-
beled amino acids could be used.*

Exploratory investigations of solid-phase fragment condensation (Anfin-

* This strategy has been employed to determine the degree of polymerization of
sequence polymers (prepared by solution synthesis) with the aid of a [*C]-labeled C-ter-
minal (Johnson, 1971).
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sen, 1968; Omenn and Anfinsen, 1968; Weygand, 1968) showed encourag-
ing results. N-Protected tri- or tetrapeptides were condensed to resin-bound
di- or pentapeptides using N-ethyl-5-phenylisoxazolium-3’-sulfonate ( Wood-
ward and Olofson, 1961) or N-hydroxysuccinimide-—dicyclohexylcarbodi-
imide (Weygand et al., 1966). Kusch (1966a,b) used units obtained
by condensing hexamethylenediamine and adipic acid to prepare nylon oli-
gomers; Rothe er al. (1968) prepared sequence polymers (collagen mod-
els) by coupling one to six Boc-Pro-Gly-Gly to Pro-Gly-Gly-Resin with the
use of o-phenylene chlorophosphite in diethyl phosphite as a solvent; and
Sakakibara et al. (1968) synthesized (Pro-Pro-Gly), (n = 9, 19), similar-
ly, but with the aid of dicyclohexylcarbodiimide. Didepsipeptide units (Gis-
in et al., 1969; Gisin and Merrifield, 1970; Losse and Klengel, 1971) and
tetradepsipeptide fragments (Losse and Klengel, 1971) have been used in
syntheses of valinomycin. Z-Gly-Gly was condensed to a resin-bound hexa-
peptide to prepare an angiotensin analog (Jorgensen et al., 1969, 1970c),
and Boc-Leu-Ala was successfully coupled to an amino acyl resin (Esko
and Karlsson, 1970).

Cobrotoxin-(47-52) prepared by fragment condensation (3 + 3-resin)
using dicyclohexylcarbodiimide with or without N-hydroxysuccinimide was
found by Noda et al. (1970b) to be more homogeneous than a product pre-
pared by the usual stepwise solid-phase synthesis. The largest fragments
coupled to date to peptide-resins are hexa- and octapeptides. Omenn and
Anfinsen, as early as 1968, condensed Boc-Met-Thr-Phe-Arg(NO;)-Leu-
Leu-Val-OH to Asp(OBzl)-Thr-Pro-Glu(OBzl)-Thr-Lys(Tfa)-His-Pro-
Lys(Tfa)-resin by dicyclohexylcarbodiimide. Recently Yajima and collabo-
rators (1970c) described the synthesis of ACTH-(5-14) by condensing
fragment 5-10 to the resin-bound tetrapeptide (sequence 11-14) with the
use of dicyclohexylcarbodiimide. A tridecapeptide, [Cit?, Leu!3}-
ribonuclease A-(1--13), was obtained from treatment of a pentapeptide-res-
in (9-13) with an octapeptide azide (Visser and Kerling, 1970). Fragment
condensation has also been successful on a macroreticular support (Sano et
al., 1971).

As Sheppard (1973) observed, further evidence will be necessary before
it is known whether sufficiently high yields in fragment condensation reac-
tions onto polymers are readily attainable and whether any lowering of yield
is counterbalanced by simplification of the purification problems. The viabil-
ity of the approach will also need to be assessed in terms of the several-fold
excesses of each of the acylating reactants which have customarily been
used in solid-phase synthesis in the past. The excess of carboxyl component
is not recoverable in unaltered form after dicyclohexylcarbodiimide, azide,
or mixed anhydride mediated condensations. However, excesses of active

MPI EXHIBIT 1039 PAGE 94



3. SOLID-PHASE PEPTIDE SYNTHESIS 135

esters of protected peptides could very likely be reclaimed intact and used
again.

Solid-phase fragment condensation could become potentially useful for
another purpose: to avoid side-reactions or failures during coupling of pro-
tected amino acids in certain particularly unfavorable sequences. For exam-
ple, the observed racemization during the incorporation of Boc-N¥m-
benzylhistidine into angiotensin analogs (Jorgensen et al., 1970a) could,
perhaps, be bypassed by incorporating the fragment Boc-His (Bzl)-Pro-OH.
A fragment condensation was studied (Meienhofer and Trzeciak, 1970) in
an effort to bypass difficulties observed with the incorporation of the glu-
tamine residue in syntheses of lysine-vasopressin. Treatment of Cys(Bzl)-
Pro-Lys(Tos)-Gly-Resin with Boc-Phe-Gln-Asn-ONp gave 70% coupling;
and 80% (after recrystallization) of the applied excess of Boc-tripeptide
nitrophenyl ester was recovered. Surprisingly, all attempts to condense Boc-
Tyr(Bzl) with the ensuing heptapeptide-resin met with failure.* Presumably
the peptide obtained through the fragment condensation is somehow folded
or interacts with the solid-support so that the N-terminal amino group be-
comes completely inaccessible.

Obviously, fragment condensation also lends itself to combining solid-
phase and solution synthesis in reverse order, i.e., preparation of fragments
by solid-phase snythesis and coupling in solution to form a larger peptide. A
synthesis of angiotensin was carried out in this manner by Wang and Merri-
field (1971).

E. REMOVAL OF THE SOLID SUPPORT

After the peptide chain has been assembled, the covalent linkage to the
solid support is cleaved and the solid is then removed. The standard benzyl
ester linkage to the cross-linked polystyrene resin is cleaved in the majority
of syntheses by acid, using either hydrogen bromide in trifluoroacetic acid or
hydrogen fluoride. Unfortunately, these procedures cause side reactions and
decomposition of products which become more extensive when large syn-
thetic peptide or protein preparations are cleaved from the solid support.
Nevertheless, acidolysis is still overall the most useful cleavage method. Al-
ternative procedures are ammonolysis producing C-terminal amides, hydra-
zinolysis to give hydrazides, transesterification leading to alkyl esters and al-
kaline hydrolysis. The deleterious effects of acidolysis have prompted
searches for modified peptide-resin linkages that will allow cleavage under

* After removal of the solid support, isolated heptapeptide coupled readily in solu-
tion with Boc-Tyr(Bzl). Incorporation of Boc-Tyr(Bzl) into heptapeptide resin pre-
pared by standard incremental chain elongation also proceeded normally.
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much milder conditions. These modified supports and peptide attachments
have been discussed in Sections ITI,A and B. The respective cleavage proce-
dures will be described below.

1. Cleavage of the Standard Benzy! Ester Linkage

a. Acidolytic Cleavage. Both the hydrogen bromide in trifluoroacetic acid
and the anhydrous hydrogen fluoride procedures are simple and do not pro-
vide for a great deal of variation except for the duration of the treatment
and the temperature. Both variables depend to a large extent on the individ-
ual peptide, and optimal conditions have to be determined for each case
separately.

i. Cleavage by Hydrogen Bromide. Hydrogen bromide in acetic acid was
first used by Ben-Ishai and Berger (1952) to cleave the benzyloxycarbonyl
group. Trifluoroacetic acid was introduced as a solvent (Guttmann and
Boissonnas, 1958) to avoid acetylation of the serine or threonine hydroxyls.
The effectiveness of the procedure in solid-phase synthesis for the cleavage
of the benzyl ester linkage between the peptide and the resin has been re-
viewed by Merrifield (1969a). A suitable apparatus and experimental de-
tails are described by Stewart and Young (1969). Care should be taken to
assure the exclusion of moisture during the acidolysis. Hydrogen bromide in
a 1:1 mixture of trifluoroacetic acid and methylene chloride has also been
used (Merrifield, 1967; Li and Hemmasi, 1972). A Kkinetic study (Merri-
field, 1967) of the rate of cleavage of angiotensinyl-bradykinin from the sol-
id support by hydrogen bromide in trifluoroacetic acid showed 57% cleav-
age after 5 minutes, 64% after 10 minutes, 74% after 30 minutes, and
85% after 1 hour.

A number of provisions are required to minimize undesired side reac-
tions. Side reactions known from solution synthesis include S-benzylsulfon-
ium formation of methionine (Guttmann and Boissonnas, 1959; Albertson
and McKay, 1953), and of cysteine derivatives which can be avoided or
minimized by adding methyl ethyl sulfide (Merrifield, 1964c) or methionine
(Marglin and Merrifield, 1966) to the reaction mixture. Addition of anisole
or resorcinol serves to trap any fert-butyl cation (Kessler and Iselin, 1966).
Side reactions due to the presence of bromine in hydrogen bromide, e.g.
bromination of tyrosine residues (Weygand and Steglich, 1959), are avoid-
ed by passing the hydrogen bromide gas through a solution of resorcinol or
anisole in trifluoroacetic acid prior to the introduction into the reaction mix-
ture (Marglin and Merrifield, 1966; Anfinsen, 1968), or by adding phenol
to the reaction mixture. Peptides containing tryptophan residues which are
very sensitive to oxidation in acidic media also can be successfully removed
from solid supports by acidolysis especially when reducing agents, such as
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B-Mercaptoethanol (Blake and Li, 1968; Marshall, 1968), are added to the
reaction mixture. A side reaction originating from aspartyl B8-alkyl ester res-
idues (135), formation of succinimidoyl (cyclic diacylimide) derivatives,
has been observed by Ondetti and collaborators (1968a) and prob-
ably is confined to peptides containing Asp-Gly and possibly Asp-
Ser sequences. The succinimido derivative (136) opens readily under alka-
line conditions; but the ensuing mixture might consist predominantly of the
undesired 8 isomer (138). It is, therefore, important to consider the possi-
ble occurrence of this side reaction in planning a solid-phase synthesis when
the peptide contains aspartyl sequences (135, 137) (see, e.g., Marshall and
Merrifield, 1965). Thus, Jorgensen et al. (1971a) detected succinimido-
side product formation in a solid-phase synthesis of [2-glycine]-angiotensin
11, which contained the Asp(OBzl)-Gly sequence.
H,C~~COOR
Peptide— NH*C{ /NH—-CHB— CO—Peptide
(lil)
(135)

b HBr-TFA

~2

0

/
H,C—C
Peptide~ NH—CH /N—

[
I
(o]

CH,—CO- Peptide

(136)

;X

Hz(‘J—COOH H,C—CO—NH—CH,—CO- Peptide
Peptide- NH—CH—CO—NH—CH,—CO- Peptide Peptide—- NH—CH—COOH

(137) (138)

The most aggravating disadvantages of the hydrogen bromide in trifluo-
roacetic acid reaction, however, are (a) the overall destructive effects on
the synthetic products, which have been considerable with some larger pep-
tides, and which demand that reaction times be kept as short as possible;
and (b) incomplete cleavages which call for prolonged treatments. This di-
lemma is reflected in the wide variations of time and temperature used in
the cleavage reaction, e.g., 5 minutes at 25° (Marshall and Merrifield,
1965), 2 hours at 2° (Hancock et al., 1971; Marshall et al., 1973), or
2 hours at 25° (Ohno ez al., 1969).
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Anhydrous trifluoroacetic acid alone at elevated temperature (75°) and
for a prolonged period of time (18 hours) has also been used in one in-
stance (Merrifield, 1967) to cleave angiotensinyl-bradykinin from the solid
support in 98% yield.

ii. Cleavage by Anhydrous Hydrogen Flouride. Lenard and Robinson
(1967) used the facile benzyl ester cleavage by anhydrous hydrogen fluo-
ride (Sakakibara and Shimonishi, 1965) for the cleavage of the peptide to
resin linkage. The hydrogen fluoride procedure, which recently has been re-
viewed by Sakakibara (1971), seemed to give somewhat higher yields of purer
products than the hydrogen bromide in trifluoroacetic acid cleavage in com-
parative studies (e.g., Gutte and Merrifield, 1971). Less tryptophan degra-
dation was observed (Marshall, 1968). Distillation of hydrogen fluoride
from CoF; eliminates traces of moisture. One hour reaction at 0° is usually
used, but 30 minutes at 0° also has been found adequate (Scotchler ef al.,
1970). Anisole is routinely added to the cleavage reaction as a scavenger of
nitronium, tert-butyl and benzyl cations which would otherwise react with
tyrosine, methionine, and S-alkyl cysteine derivatives. Methionine has been
used in the sulfoxide form (Gutte and Merrifield, 1971) as a protection
against sulfonium ion formation and against cleavage that could potentially
occur at this residue (Lenard et al., 1964; Lenard, 1969). In the removal
reaction of a related peptide, however, unmodified methionine was used
without noticeable difference.

Special equipment is required. An inexpensive apparatus constructed
from readily available polyethylene or polypropylene tubing, connectors,
valves, and screwcap bottles has been described (Pourchot and Johnson,
1969). A more sophisticated apparatus (Sakakibara et al., 1967a,b) made
of Kel-F (commercially available from Peninsula Laboratories, 1105 Lau-
rel Street, San Carlos, California 94070), (Fig. 15) allows the safe handling
of larger volumes of hydrogen fluoride,* even at elevated temperatures. Ex-
perimental details are given by Sakakibara (1971) and by Stewart and
Young (1969).

The advantage of the HF procedure is the simultaneous cleavage of most
side-chain protecting groups used in solid-phase synthesis. With appropriate
planning no additional operation would be required for complete deprotec-
tion because HF-removable side-chain protecting groups are known for ev-
ery amino acid (see Table XXVII, p. 231). A mixture of hydrogen
fluoride and trifluoroacetic acid has also been used for cleavage of the pep-

* Liquid hydrogen fluoride is strongly toxic and extremely hazardous. On contact
with skin it causes severe burns that penetrate deeply. Treatment of HF burns is
described by Sakakibara (1971). Subcutaneous calcium gluconate (Upjohn) infiltra-
tion must be used.
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HF

Fic. 15. All Kel-F vacuum system for general hydrogen fluoride reactions. A,
Hydrogen fluoride reservoir; B, reaction vessel; C, hydrogen fluoride trap. From Sak-
akibara ef al. (1967a,b).

tide to resin linkage (Gutte and Merrifield, 1971), but side-product forma-
tion was evidently greater than with HF alone.

b. Ammonolysis. Ammonolysis of the peptide from the solid support was
first carried out by Bodanszky and Sheehan (1964). The procedure is most
convenient for syntheses of peptides with a C-terminal amide, for example,
thyrotropin releasing hormone, oxytocin and vasopressin, a-melanotropin,
gastrin, secretin, or certain kinins, such as eledoisin and physalaemin. Yields
usually are good and sometimes close to quantitative as in preparations of
Z-Pro-Lys(Tos)-Gly-NH. (Meienhofer and Sano, 1968), or of a protected
nonapeptide of [Thrt]-oxytocin (Manning et al., 1970). No racemization
could be detected gas chromatographically after ammonolysis of a peptide
with an optically active C-terminal amino acid (Bayer et al., 1971a). The
conditions for the ammonolytic reaction have been adopted from solution
synthesis (e.g., du Vigneaud et al., 1953; Ressler and du Vigneaud, 1954)
and involve treatment of the peptide-resin in a sealed flask for 1-3 days at
room temperature with methanol, ethanol, or alcohol-dimethylformamide
mixtures that have been presaturated with ammonia at 0°. Beyerman et al.,
(1968b) observed that the reaction proceeds, in part, through base-cata-
lyzed transesterification to give the ester corresponding to the alcohol used.
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Z-Pro-Leu-Gly-OMe was isolated after a 1-hour ammonolysis; in our labo-
ratory up to 40% Z-Pro-Lys(Tos)-Gly-OEt along with 60% of the respec-
tive amide, was obtained after 6 hours (Meienhofer and Trzeciak, 1970). It
is possible that peptide-resin ammonolysis in alcoholic solutions occurs en-
tirely via transesterification. Ammonolytic removal of a hexapeptide with a
bulky C-terminal residue, Boc-Leu-Leu-Gln-Gly-Leu-Val-resin, gave the
methyl ester only (Bodanszky and Sheehan, 1966). It is interesting in this
context that treatment with liquid ammonia resulted in much lower yields of
Z-Pro-Leu-Gly-NH; (Beyerman et al., 1967b) and of a protected nonapep-
tide with oxytocin sequence (Beyerman et al., 1968a) than those obtained
from alcohol saturated with ammonia.,

A novel procedure for ammonolysis was devised by Bayer et al. (1971a)
which is reported to give better yields. The peptide resin is kept in a 1:1
mixture of dimethylformamide and liquid ammonia in a sealed tube for 2
days at 0° and for 8 days at room temperature.

Cleavage of peptides from the solid support by substituted amines, ami-
nolysis, has been used also. N-Benzyloxycarbonyl-S,S’-dibenzyloxytocinoic
acid methylamide and hydroxamide (Beyerman and Maassen van den
Brink-Zimmermannova, 1968) have thus been prepared, as well as deami-
no-oxytocinoic acid methylamide and deamino-oxytocinoic acid dimethy-
lamide (Takashima et al., 1969).

¢. Hydrazinolysis. Hydrazides of protected peptides can be readily pre-
pared by direct hydrozinolysis of resin-bound acyl peptides. This was first
examined by Kessler and Iselin (1966) and by Ohno and Anfinsen (1967).
Side-chain protecting groups labile to hydrazine must necessarily be avoid-
ed, e.g, w-esters of aspartic and glutamic acid residues, N-formyl, N-
phthalyl, or N-trifluoroacetyl groups. The amide functions of asparagine and
glutamine might also be attacked (MacLaren e al., 1958). Anhydrous hy-
drazine or hydrazine hydrate (20-200 equivalents) in methanol, ethanol, or
dimethylformamide have been used (Table XV). Visser et al. (1968) ob-
served that dimethylformamide is the superior solvent for peptide-resin hy-
drazinolysis; a methanolic solution of hydrazine hydrate resulted in lower
yields and impure products, probably because methanol is not a good swell-
ing solvent for the polymer. Yields obtained by hydrazinolysis have been
very good (over 70%); the lower yields obtained by Kessler and Iselin
(1966) and by Pettit and Jones (1971) could be due to a too short reaction
period or to incomplete extraction of the cleaved peptide from the resin, re-
spectively. Repeated extraction had to be used by Beyerman and Maassen
van den Brink-Zimmermannovi (1968). In spite of its effectiveness, pep-
tide-resin hydrazinolysis has not yet found many applications (Table XV).
The procedure provides convenient intermediates for peptide fragment con-
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densation and allows combination of solid-phase and solution synthesis. The
most impressive application of hydrazinolysis, and of solid-phase synthesis
per se is the preparation by Izumiya and collaborators of the crystalline de-
capeptide derivative, Meoz-D-Phe-Pro-Val-Om (Z+NO,)-Leu-p-Phe-Pro-
Val-Orn (Z*NQ.)-Leu-NHNH,, in close to quantitative overall yield (based
on the Meoz-leucine-resin) during an improved synthesis of gramicidin S
(Ohnoetal., 1971).

d. Alcoholysis. Alcoholysis of resin-bound peptides with the aid of a
strong ion exchange resin (Bio-Rad AG1-X8, hydroxide form) was shown
to give 50-70% yields of peptide esters (Halpern et al., 1968; Pereira et
al., 1969b) after 2 hours treatment at room temperature. Presumably, al-
koxide ions mediate these conversions (Pereira et al., 1969a). Preservation
of optical purity (<1% of diastereoisomers) was demonstrated by a gas
chromatographic test (Westley and Halpern, 1968).

The observation of intermediate transesterification during peptide-resin
ammonolysis prompted Beyerman and collaborators (1968b, 1971a) to
study tertiary base catalyzed transesterification as a means to remove the
solid support under mild conditions, thereby affording protected peptide es-
ters. Z-Pro-Leu-Gly-OEt was isolated in 55% yield after a 17-hour treat-
ment at room temperature of the peptide-resin with 1 N ethanolic triethy-
lamine; the corresponding methyl ester was obtained in 90% yield after a
4-hour conversion by N-methylpiperidine in methanol. N-Benzyloxycar-
bonyl-§,8’-dibenzyl-O-benzyloxytocinoic acid methyl esters was produced in
70% yield.

o-Nitrophenylsulfenyl-dipeptide resins have been used to study the kinet-
ics of alcoholysis (Beyerman, 1972) by measuring the extinction at A =
368 or 378 nm of the liberated Nps-peptide ester in the solution. Linearity
of release with time was observed up to about 80% alcoholysis, and the
half-reaction time was approximately 7 minutes. Roepstorff ef al. (1970)
removed acylpeptides from the resin as methyl esters by treatment with
methanol-10% triethylamine for 24 hours at ambient temperature. Boc-
Val-Pro-Pro-Phe-Phe-OMe was obtained from a resin by transesterification
using ethyl diisopropylamine in methanol (Wieland et al., 1971a). So far,
the largest peptide that has been removed from the resin by alcoholysis was
a protected intermediate in a synthesis of the tridecapeptide [5-
glutamine]-a-melanotopin, Ac-Ser(Bzl)-Tyr(Bzl)-Ser(Bzl)-Met-Gln-His-
(Bzl)-Phe-Arg(Tos)-Trp-Gly-Lys(Tos)-Pro-Val-OMe, which was ob-
tained after a 22-hour treatment of the peptide-resin at 42° with a mixture
of methanol-dimethyformamide-triethylamine (25:25:11) (Blake et al.,
1970).
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e. Alkaline Saponification. Removal of peptides from the standard resin
support by alkaline saponification [e.g., by 0.2 N NaOH in aqueous ethanol
(Marshall and Merrifield, 1965)] is not a generally applicable procedure.
B-Benzylaspartyl residue rearrangement produces mixtures of o- and 8-
aspartyl peptides containing predominantly the B isomer. Early work has
been reviewed by Merrifield (1969a). Racemization was found to occur in
a related (modified) resin support (Bayer et al., 1971a). Recently, nitrated
polystyrene—2% divinylbenzene resin was cleaved from a di- and a tripep-
tide by 0.2 N NaOH in 90% ethanol (Arai et al., 1970). Several polymyx-
in-related peptides, up to heptapeptides were released from the standard res-
in by two successive 30-minute treatments with 2 N NaOH in methanol
(Morozova and Zevail, 1970a,b; Zevail and Morozova, 1970, 1971). The
C-terminal peptides of bovine insulin B-chain, Z-Thr-Pro-Lys(Tos)-Ala
and Phe-Phe-Tyr-Thr-Pro-Lys(Tos)-Ala, were also obtained after re-
moval of the solid support by alkaline saponification (Vdovina et al.,
1971).

2. Cleavage of Other Types of Peptide to Resin Linkage

Main incentives for the development of alternative types of linkage of
peptides to solid supports, as described earlier (Section II1I1,B,2), were at-
tempts to find milder reaction conditions for the removal of the support
from the completed peptide and to obtain higher yields of products. The ur-
gent need for alternative removal procedures that would be considerably
milder than the presently used acidolytic conditions, required for cleavage of
the benzyl ester bond, has received recently strong and repeated emphasis.
It has been pointed out in several reports on solid-phase syntheses of large
polypeptides and proteins that large losses of activity occurred when the re-
spective natural compound was subjected to the same acid treatment as re-
quired for the removal of the solid support. Such activity losses were ob-
served with bovine parathyroid hormone (Potts et al., 1971); Escherichia
coli acyl carrier protein (Hancock et al., 1971; Marshall et al., 1973); and
human growth hormone (Li and Yamashiro, 1970). It is a particularly dis-
tressing aspect that in the penultimate stage of a synthesis considerable por-
tions of a peptide should be degraded, which has just been assembled
through a multitude of stages. However, it should “be pointed out that there
is little merit in expressing biological activity as a fraction of that exhibited
by the natural product after it has been submitted to similar damaging treat-
ments” (Sheppard, 1973).

For peptides attached to the resin by bonds other than the standard ben-
zyl ester. a wide range of cleavage conditions are available. These reactions
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include specific enzymic cleavage, mild acidolytic scission, various base
treatments, and activation of safety-catch bonds followed by cleavage.

The hexapeptide Leu-Ala-Lys-Val-Ala-Tyr was released from a polypep-
tide support (61) by specific cleavage of its peptide linkage (72) through
treatment with chymotrypsin (Anfinsen, 1968). Thermolysin digestion
served to cleave other peptide to polymer bonds.

Very mild acid treatment is used to cleave linkages such as the benzhy-
dryl ester bond, the fert-alkyl ester bond, and the rert-alkyloxycar-
bonylhydrazide bond. The benzhydryl ester linkage (70) is severed by
treatment with 5% (to 50% ) trifluoroacetic acid in chloroform (5-30 min-
utes), with 0.03 N boron trifluoride in acetic acid—chloroform (7:35), or
with 0.4 N hydrogen chloride in tetrahydrofuran—chloroform (2:13) (Sou-
thard et al., 1969, 1971c). Both the tert-alkyl ester linkage (71) and the
tert-alkyloxycarbonylhydrazide linkage (80) have been cleaved by treat-
ment with 50% trifluoroacetic acid in methylene chloride for 30 minutes at
room temperature (Wang and Merrifield, 1969a, 1971). Stronger acid (hy-
drogen bromide in dioxane, or in trifluoroacetic acid for 15-20 minutes)
has been used to cleave the benzylurethane linkage (90) (Meienhofer and
Trzeciak, 1971). These conditions are still somewhat milder than those
commonly applied for the benzyl ester cleavage. Cleavage of benzhydrylam-
ide bonds (81) to produce peptide amides requires treatment with hydrogen
fluoride (Pietta and Marshall, 1970; Pietta et al., 1973).

Various base treatments have been used in cleaving other types of link-
ages. Reaction with sodium thiophenoxide in dimethylformamide for 5
hours at room temperature served to cleave the phenacyl ester linkage (68)
(Weygand, 1968; Mizoguchi et al., 1969, 1970). Alternatively, 0.5 N so-
dium hydroxide in dioxane has been used, or methanolic ammonia to give
peptide amides, methanolic hydrazine to give hydrazides, or triethylamine
containing methanol to give peptide methyl esters. Very mild alkaline sa-
ponification (approximately twofold excess of 0.05 N aqueous sodium hy-
droxide in dioxane-ethanol, 1:1) has been used by Tilak and Hollinden
(1968a,b) in cleaving alkyl ester linkages between peptides and supports of
types (55) and (56). Alkyl ester linkages between peptides and the 6-hy-
droxy-n-hexyl resin (54) were severed (Bayer et al., 1971a) by either 4 N
sodium hydroxide in dioxane (1:1) or by a 1:1 mixture of dimethylforma-
mide and liquid ammonia (2 days at 0° and 8 days at room temperature) to
give peptide amides, even with those possessing C-terminal valine [see Bod-
anszky and Sheehan (1966) for difficulties observed in ammonolysis of pep-
tides with sterically hindered C-terminal amino acid residues]. Peptide alkyl
ester bonds to Sephadex supports were cleaved by ammonolysis or hydrazin-
olysis in methanol (Vlasov and Bilibin, 1969). The phenyl ester linkage
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(79) has been severed by treatment with 0.14 N sodium hydroxide in a 1:1
mixture of ethanol and dimethylformamide (2 hours at room temperature)
(Inukai et al., 1968). Amides and hydrazides were obtained after treatment
with 25% ammonia in methanol or hydrazine hydrate in dimethylforma-
mide, respectively. Blake and Li (1971) observed extensive racemization of
the C-terminal valine residue in a-melanotropin when ammonolysis of the
phenyl ester linkage to resin 56a was carried out at room temperature.
The reaction had to be performed at —20° to avoid this problem. The
ethylsulfonylbenzyl ester linkage (139) was cleaved by sodium methoxide
in methanol (Tesser and Ellenbroek, 1967).

RCO—OCH,CH,S0,C HzO Resin

(139)

The removal of peptides from solid supports that are linked through safe-
ty catch bonds involves two successive reactions, the activation of the bond
(as discussed in Section II1,B,2) and the actual cleavage. The methylsulfon-
ylphenyl ester intermediate (83) obtained by oxidative activation of the 4-
methylthiophenyl ester linkage (73) is readily cleaved by mild base treat-
ment using, e.g., 2% triethylamine in dimethylformamide (18 hours at
room temperature). The cleavage can be combined with simultaneous pep-
tide bond formation, thereby elongating the chain at the C-terminal end. To
achieve this, the oxidized peptide-resin (140) is treated with peptide esters.
Cyclization can also be carried out when the base treatment of (140) is pre-
ceded by removal of the N-protecting group.

Boc - Peptide(A) —0<®~ 80— cnz@ Resin

(140)

base

—»  Boc— Peptide(A)

H - peptide(B) - OR
=  Boc—Peptide(A) — Peptide(B) -OR

(a) H* (TFA)

(b) base - [Peptide] {cyclic)

By analogous procedures peptides, elongated peptides, or cyclic peptides
should be obtainable through the acylazo intermediate (141) derived from
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the 4-carboxyphenylhydrazide linkage (88) by N-bromosuccinimide oxida-
tion (Wieland et al., 1970). A linear antamanide precursor decapeptide was

Boc - Peptide - N=N OCOOCHZOReSin

(141)

synthesized in excellent yield (87% ) using this system; however, cyclization
directly on the solid-phase failed to give more than trace amounts of anta-
manide (Wieland et ai., 1970). The methylated acylsulfonamide linkage
(89) can be cleaved by treatment with 0.5 N sodium hydroxide, with excess
of 0.5 N ammonia in dioxane, or with 3 equivalents methanolic hydrazine.

Several of these alternative peptide to resin linkages appear to have con-
siderable potential in enhancing the scope of solid-phase synthesis. Howev-
er, it is difficult to predict at this time which system might prove to be so
effective as to find wide application.

F. PURIFICATION AND CHARACTERIZATION

1. General Considerations

Merrifield (1969a) has reiterated the necessity of applying powerful pu-
rification procedures to products of solid-phase synthesis. He stated that
“even with ideal conditions and very nearly quantitative yields at every step
it is too much to expect, and has never been claimed, that pure products will
be obtained directly.”

The majority of methodological studies with the aid of recently developed
analytic procedures (see Section IV,D) have shown that at the present state
of development and with the commonly used operations conditions are far
from ideal. 1t is essential that. this fact be recognized and always kept in mind
by those who are using or planning to use the method. There is, on the other
hand, little merit in making this point the bone of contention and in eternal-
izing sterile argumentation. Those who require pure preparations represent-
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ing single molecular entities of peptides of, say, larger than pentadecapep-
tides should not, at present, use solid-phase synthesis. Those who decide to
use the method and to benefit from the dramatic time savings offered by
it must, however, face the consequences of spending considerable amounts
of time, effort, skill, and sophistication in (a) purification of the product,
and (b) characterization of purified materials to demonstrate homogeneity.
It is necessary to apply the most powerful modern multistage fractionation
procedures, preferably, several in sequence, to effect purification. Such pro-
cedures include countercurrent distribution, chromatography (comprising
partition, ion exchange, thin-layer, molecular sieve, or affinity techniques),
high voltage or gel electrophoresis, isoelectric focusing, functional purifica-
tion, and, last but not least, crystallization, Many of these procedures have
been applied to the purification of solid-phase synthetic peptides depending
on the availability of instrumentation. The optimal fractionation of very
complex mixtures of large synthetic peptides or proteins requires not only
the successive use of several different highly effective procedures, but also a
great deal of experience on the part of the investigator. Crucial questions for
each solid-phase synthesis are: (a) To what degree can the product mixture
finally be purified, and (b) Will the attainable degree of purity of the syn-
thetic peptide be sufficient for an unambiguous and conclusive solution of
the problem under investigation?

Solid-phase synthesis has created another serious problem with respect to
product analysis and to assessment of purity. The analytic methods that
have been developed in the past 25 years for the characterization of both
proteins and synthetic peptides are just plainly inadequate for solid-phase
synthetic peptides. Single components of microheterogeneous mixtures es-
cape individual detection or identification. The degree of complexity of the
mixture cannot even be determined. Anfinsen (1968) has proposed a possi-
ble approach: “at the moment, I would suggest that only the quantitative
analysis of specific enzyme digests—quantitative fingerprints in a sense—
can give a true estimation of deviation from homogeneity.” This type of fin-
gerprinting has, however, to date never been applied to a solid-phase syn-
thetic product for good reasons: such a test would amount to about half a
sequence analysis.

In the following sections purification procedures will be briefly discussed
followed by an account of analytic product control. It would exceed the lim-
its of this review to discuss these methods in detail or to list all the uses re-
corded with synthetic peptides prepared by the solid-phase method. Litera-
ture quotation is, therefore, confined to several reviews and some selected
original publications. An illustrative example will be described, where a very
complex mixture [synthetic ribonuclease A (Gutte and Merrifield, 1971)]
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has been purified approximately 10- to 20-fold through several successive
stages of chromatography and functional purification.

2. Preparative Fractionation Procedures

By far the most frequently applied purification technique for solid-phase
synthetic peptides is ion exchange chromatography. The next most popular
procedure is gel filtration followed by countercurrent distribution, and crys-
tallization.

Ion exchange chromatography on Dowex 1 X 2 has served for the puri-
fication, for example, of Ile®>-Angiotensin II (Fujii and Sakakibara, 1970),
and of tobacco mosaic virus protein-(42—46) (Young et al., 1968a) after
removal from the solid support by hydrogen fluoride treatment. Dowex 50
was used to purify, e.g., an octapeptide [lysozyme-(64-71): Jolles and
Jolles, 1968], thyrotropin releasing factor (Baugh et al., 1970a), and to
separate Leu-Ala-Val from Leu-p-Ala-Val (Esko and Karlsson, 1970).
Carboxymethyl cellulose was effective, e.g., for purification of a-ACTH-
(4-10) (Blake and Li, 1968), of parathyroid hormone-(1-34) (Potts et
al., 1971), and of ACTH-(5-14) (Yajima et al., 1970c). Other ion ex-
changers have also been used, e.g., Amberlite IRC-50 for bradykinin (Mer-
rifield, 1964b); Amberlite CG-50 for [Phe%®]-cytochrome ¢ (Sano and
Kurihara, 1969), DEAE-cellulose for acyl carrier protein (Hancock et al.,
1971; Marshall et al., 1973), and Sephadex C-25SE or Sulfoethyl-cellu-
lose for angiotensin IT analogs (Jorgensen et al., 1969, 1970a,b). Specific
use of ion-exchange chromatography is made for the removal of truncated
sequences carrying acyl terminating groups with additional acidic substitu-
-tents (“acidic handle”). Wieland et al. (1969b) employed Dowex 1 X 2 to
separate 2-carboxy-3-nitrobenzoyl peptides from the desired main product
by gradient elution. Amberlite IR-45 served to remove 3-sulfopropionyl
peptides effectively (Wissmann and Geiger, 1970).

Gel filtration as the sole means of purification must be judged generally
inadequate for many peptides prepared by solid-phase synthesis (e.g.,
Meienhofer et al., 1970a). It is, however, very useful in combination with
other procedures in addition to its role in desalting. For some groups of not
too large peptides, specific gel filtration procedures might produce accepta-
ble results. For example, Manning et al. (1968b) described the purification
of oxytocin and analogs by repeated gel filtration on Sephadex G-15 in (a)
50% acetic acid and (b) 0.2 N acetic acid. Care should be taken to avoid
bacterial degradation of synthetic peptides (Vane, 1971) during chromatog-
raphy. Sephadex gels are ideal media for bacterial growth and should be
sterilized at 120° for 25 minutes while suspended in water. Buffers should
also be sterilized prior to use (Liu er al., 1971).
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Lipophilized (hydroxypropylated) Sephadex LLH-20 has been used for
several purifications. It seems likely that partition contributes to the efficien-
cy of fractionation in some of the solvent systems that have been used. pu
Vigneaud and collaborators purified on Sephadex LLH-20 deaminooxytocinoic
acid dimethylamide (Takashima et al., 1969) and [1-(8-mercaptovaleric
acid) J-oxytocin (Fraefel and du Vigneaud, 1970a) using toluene—glacial
acetic acid-water (20:20:3.5), and [l-w-mercaptoundecanoic acid]-oxyto-
cin using n-hexane—toluene—glacial acetic acid—water (50:150:200:35)
(Fraefel and du Vigneaud, 1970b). A partially protected linear decapeptide
intermediate of gramicidin S (Losse and Neubert, 1970b) was chromato-
graphed on Sephadex LH-20 in dioxane. A homogeneous protected C-
terminal eledoisin heptapeptide amide derivative was obtained from LH-20
in chloroform-acetic acid-methanol (90:5:5) (Halstrgm et al., 1969).

Countercurrent distribution is not only a very powerful fractionation pro-
cedure, but it actually allows the state of purity of a peptide to be ascer-
tained by the degree of coincidence of the experimental distribution curve
with the theoretical plot.* The procedure has been used for purification of,
e.g., bradykinin (Lenard and Robinson, 1967) in 2-butanol-trifluoroacetic
acid-water (100:1:100) and for many bradykinin analogs (Stewart and
Woolley, 1966), for 5-isoleucine-angiotensin II (Marshall and Merrifield,
1965), for a-ACTH-(4-10) using n-butanol-acetic acid—water (4:1:5)
(Blake and Li, 1968), for parathyroid hormone-(18-24) using n-
butanol-acetic acid—water—-mercaptoethanol (1200:300:1500:20) (Wang
and Merrifield, 1969b), for human hemoglobin B-chain-(124-146) using
sec-butanol-1% dichloroacetic acid (1:1) (Chillemi and Merrifield,
1969), and for secretin-(1-6) using n-butanol-pyridine—acetic acid—water
(4:2:1:7) (Ondetti et al., 1968a).

Crystallization does, in our experience with protected nonapeptide inter-
mediates of neurohypophyseal hormones, separate microheterogeneous mix-
tures more efficiently than many other methods. The power of crystallization
of protected nonapeptides from organic solvents has been demonstrated in
syntheses of lysine-vasopressin (Meienhofer and Sano, 1968; Meienhofer
and Trzeciak, 1971) and of arginine-vasopressin (Meienhofer et al., 1970b,
1971). A protected linear decapeptide hydrazide (gramicidin S intermediate)
(Ohno etal., 1971) has recently been prepared. Crystallization from aqueous
phase of free peptides after removal of protecting groups has also aided in
obtaining homogeneous products. Examples of crystalline peptides (larger

(K 4+ 1)?
2 nK

Vmax == plot of peak tube, x = tube numbers in both directions from peak tube (=0),

K = distribution coefficient, and N = numbers of transfer (see Meienhofer, 1967).

* Theoretical curves may be calculated according to V =V n..<*e , where
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than hexapeptides) prepared by solid-phase synthesis include: deamino-
oxytocin (Takashima et al., 1968), gramicidin S and an analog (Kloster-
meyer, 1968; Halstrgm and Klostermeyer, 1968), deamino-oxytocinoic acid
methylamide (Takashima ef al., 1969), valinomycin (Gisin et al., 1969;
Gisin and Merrifield, 1970; Losse and Klengel, 1971), and antamanide and
analogs (Wieland et al., 1969a, 1971a).

Other procedures employed for purification include partition chroma-
tography on Sephadex G-25 [n-butanol-pyridine—acetic acid—water
(30:20:6:25)] (Ondetti et al., 1968a), adsorption chromatography on silica
gel (Pereira et al., 1969b; Losse and Klengel, 1971), preparative high-
voltage paper electrophoresis (Hornle, 1967), or preparative paper chro-
matography (Smith and Dunn, 1970; Smith et al., 1970). Such newly de-
veloped powerful fractionation procedures as isoelectric focusing (Finlayson
and Chrambach, 1971; Haglund, 1971), rotating free zone electrophoresis
(Hjerten, 1970), and helix countercurrent chromatography (Ito and Bow-
man, 1971) might have considerable potential for solid-phase synthetic
products.

Very promising recent developments are affinity chromatography and,
so-called, functional purification which have previously been applied mainly
to enzymic and immunological work (Cuatrecasas and Anfinsen, 1971a,b).
Anfinsen and collaborators and Gutte and Merrifield have used these proce-
dures and achieved highly effective purifications of their synthetic peptide
and protein preparations with (partial) staphylococcal nuclease and bovine
ribonuclease A sequences, respectively.

3. Analytic Criteria of Homogeneity

The requirements for the proof of identity of solid-phase synthetic prod-
ucts with the desired target peptide resemble rather closely those that have
been laid down for the characterization of proteins. At least four independ-
ent analytic tests should show uniformity (Schultze, 1956; Li et al., 1954;
see, also, Meienhofer and Zahn, 1960).

It is widely accepted to date that a correct amino acid analysis has, by it-
self, little significance as criterion for homogeneity of a peptide prepared by
the solid-phase method, because (a) contaminating side products might give
correct analyses (Meienhofer and Sano, 1968), and (b) the limits of error
are too large to detect the presence of less than 5% of failure sequence con-
tamination, even if a missing amino acid residue occurs only once in the en-
tire sequence. However, amino acid analyses must always be obtained and
incorrect data would certainly indicate a greatly increased need for purifica-
tion.
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Analytic scale countercurrent distribution, ion-exchange and partition
chromatography, gel filtration, and high-voltage electrophoresis have been
utilized to assemble criteria for homogeneity of solid-phase synthetic pep-
tides. Of the, proven analytic methods, thin-layer chromatography, thin-layer
electrophoresis, enzymic digestion (Zuber, 1960), peptide mapping, gas
chromatography, and mass spectrometry [and a combination of the latter
two (Bayer and Koenig, 1969)] have been applied to examine the prod-
ucts. It appears that some very powerful analytic procedures have not been
used thus far to any extent, although they are being routinely used in se-
quence analysis. End-group analysis [by dinitrophenylation or dansylation
(Seiler, 1970) for N-terminals; by hydrazinolysis or carboxypeptidase treat-
ment for C-terminals], and Edman degradation should certainly provide ex-
cellent criteria for the homogeneity of synthetic peptides. Solid-phase Ed-
man degradation has been developed (Laursen, 1966; Dowling and Stark,
1969) in which peptides are first attached to a support. The method should
be well suited to analyze synthetic peptides prior to removal from the solid
support. Gel electrophoresis might also deserve consideration in certain cas-
es. For these methods the reader is referred to Bailey (1967), Hirs (1967),
Blackburn (1970), or Needleman (1970).

Frequently quoted as strong argument for molecular identity is complete
agreement in biological potency between synthetic and natural materials.
Certain reservations toward such claims are indicated since it has become
obvious that molecules with considerable sequence variations can exhibit
very similar biological activities [striking examples are the species differ-
ences in calcitonin structures (Niall et al., 1969)]. Identical biological ac-
tivities should therefore not be construed, by themselves, as indicating mo-
lecular identity (Vane, 1971). On the other hand, this reservation should
not be used to argue (without specific, pertinent experimental evidence)
that biological activities of synthetic peptides might originate from contami-
nants which differ from the target sequence. It is possible that some con-
taminants (failure sequences) might contribute to the biological activity of a
microheterogeneous mixture. Such “active” contaminants would each be
present in very small percentages, see Fig. 6. It is most unlikely that more than
very few failure sequences which are present in a given mixture would possess
activity. Therefore, any significant biological potency of the product still has
to be attributed largely to the amount of target sequence present in the
product. mixture. Solid-phase synthesis cannot lead to the discovery of a
highly potent failure sequence. To return, however, to the starting discus-
sion, it must be emphasized that biological data should be supplemented by
clear and unambiguous chemical and physical criteria for homogeneity be-
fore any claims of molecular identity can be convincingly raised.
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4, Example

Bovine Pancreatic Ribonuclease A (RNase A). The example, par ex-
cellence, for the prospects of protein synthesis by the solid-phase method, is
the nuclease preparation by Gutte and Merrifield (1969, 1971) according
to the target sequence of bovine pancreatic ribonuclease A. This work illus-
ates the present scope and limitations of the method. It also shows the cor-
relation of labor and skill invested in actual synthesis on one hand and in puri-
fication and characterization of the synthetic product, on the other. [The
reading of the article of Gutte and Merrifield (1971) describing their en-
deavours in purification and characterization of synthetic ribonuclease is im-
perative for those planning to do solid-phase peptide synthesis.]

After 6 weeks of synthesis, using an electromechanically programmed in-
strument, enzyme activity was obtained: no doubt, ribonucleases had been
made by chemical synthesis. Because of the known microheterogeneous na-
ture of products: prepared by the solid-phase method, Gutte and Merrifield
(1971) concluded: “We do not suggest that our work, in its present state of
development, constitutes a structure proof of ribonuclease A, only that the
synthetic molecule bears a close chemical and physical resemblance to the
natural protein and that it is a true enzyme with a specific activity not far from
that of native ribonuclease A.” However, the degree of resemblance can not
be established. Therefore, tremendous efforts and much time (several
years) were spent to demonstrate that the synthetic product is rnot very
different from natural ribonuclease A. In fact, a difference was hardly detecta-
ble, except for lower specific activity and for the failure to crystallize. Nev-
ertheless, highly purified synthetic ribonuclease A prepared by the solid-
phase method is still a mixture whose contaminating components are so
closely related to the main component that they cannot be detected, much
less identified, by presently available analytic methods.

Using a programmed schedule (see Section IV,C), 123 cycles gave .the
protected peptide-resin (Fig. 16). The product was removed from the resin
and freed from protecting groups by treatment with anhydrous hydrogen
fluoride. Fractionation of the crude mixture on a Sephadex G-75 column by
elution with 0.05 M ammonium bicarbonate buffer produced three peaks
(Fig. 17). Peak II which agreed in its elution pattern with natural RNase A
was reduced by mercaptoethanol and reoxidized under optimal conditions
for correctly paired disulfide bond formation (White, 1961; Anfinsen and
Haber, 1961; Epstein et al., 1962). After desalting by gel filtration on Se-
phadex G-25 in 0.1 M acetic acid, this material, possessing 5% specific ac-
tivity, was further purified by ion exchange chromatography on Amberlite
IRC-50 (Fig. 18). Three peaks were obtained, the first (possessing 13%
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F1G. 17. Gel filtration of the cleaved crude synthetic product and natural
RNase A on Sephadex G-75. The column (2.1 X 45.5 cm) was eluted with 0.05 M
ammonium bicarbonate buffer. A, 20 mg of crude synthetic RNase A in 1 ml of 0.05
M ammonium bicarbonate buffer. Peak I, 5.7 mg; Peak II, 7.5 mg; Peak III, 3.8 mg.
B, the synthetic material under Peak I of Chromatogram A was reduced and reoxi-
dized in dilute solution (0.02 mg/ml), and then rechromatographed on the Sephadex
G-75 column. C, 5 mg of natural RNase A in 0.25 ml of the eluent. From Gutte and
Merrifield (1971).

specific activity) eluted at the same position as reduced-reoxidized natural
RNase A. Untreated native natural RNase A eluted at a somewhat different
position, but no difference was observed in CM-cellulose chromatography
by gradient elution (Fig. 19). Further fractionation was carried out by
treatment with trypsin to degrade contaminants with different conformation
than that of native RNase A which is known to be very resistant to tryptic
digestion (Dubos and Thompson, 1938). Chromatography on Sephadex
G-50 gave two peaks. The material from the first peak (exhibiting 61%
specific activity) was subjected to ammonium sulfate fractionation (Kunitz,
1940) to produce synthetic product possessing 78% specific ribonuclease
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FiG. 18. Ion exchange chromatography of synthetic RNase A on IRC-50. Synthetic
material (5 mg) from Peak I, Fig. 17A, was reduced and reoxidized and applied to a 1
X 25 cm column in 0.25 ml of 0.2 M phosphate buffer. The material was eluted with 0.2
M phosphate buffer at pH 6.47. Peak I, 3 mg; Peak II, 0.45 mg; Peak III, 0.3 mg. From
Gutte and Merrifield (1971).

activity. This is the most active preparation that has thus far been obtained.
Analytic evidence for homogeneity was obtained through amino acid analy-
sis, enzyme digestions (complete degradation into amino acids by using first
papain and then aminopeptidase M), antibody neutralization, comparative
peptide maps, paper electrophoresis, gel filtration, and ion exchange chro-
matography (as described above). The similarity of the synthetic product to
natural RNase A was further shown by close resemblance of substrate spe-
cificities and Michaelis constants. Observed differences were the elution po-
sitions on Amberlite IRC-50 columns, the somewhat lower specific activity,
and the failure, as yet, of the synthetic product to crystallize.

IV. The Operation

The simplicity, the speed, and the ease and convenience of operation are
some of the main attractive features of the solid-phase procedure. The man-
ual performance of a cycle for the incorporation of an amino acid residue
involves the timed addition of solvents and reagents to a reaction vessel, the
timed removal of solutions from the vessel by suction or pressure, and the
timed starting and stopping of the stirring mechanism. An untrained person
can be instructed to carry out these manipulations by simply following a
standard protocol. There is no need for the operator to have experience with
solution methods of peptide synthesis to carry out this part of the solid-
phase procedure. The manual operation was eliminated and the work load
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Fic. 19. Jon exchange chromatography of synthetic and untreated natural
RNase A on CM-cellulose. After the samples had been applied, the column
(1.1 X 23.5 cm) was eluted with 60 ml of 0.01 M phosphate buffer, pH 6.0. Then
gradient elution toward 0.1 M phosphate buffer, pH 7.5, was started. A, 5.0 mg of un-
treated natural RNase A; B, 1.9 mg of synthetic RNase A (HBr-HF-treated, fraction-
ated on Sephadex G-75, reduced, and reoxidized), then 0.5-m! (Chromatogram A)
and 1.0-ml aliquots (Chromatogram B) of each fraction of the eluate from the col-
umn were submitted to alkaline hydrolysis. The hydrolysates were reacted with
ninhydrin and the optical densities at 570 nm were measured spectrophotometrically.
From Gutte and Merrifield (1971).

further reduced when mechanized instruments were developed which feature
control of pumps, timers, and valves through stepping drum or disk pro-
grammers. However, these mechanized instruments require an operator pos-
sessing experience in both mechanics and electronics.

A number of modified reaction vessels were designed for purposes of im-
proved mixing, temperature control, larger operating capacity, or analytic
process control. The requirement for process control became apparent when
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standard protocol operations, although adequate for the majority of cou-
plings, resulted sometimes in incomplete reactions. Because of this problem
some peptides with particularly unfavorable sequences could not be prepared
by the solid-phase method.

Some commercially supplied amino acid derivatives, reagents, and sol-
vents were found to contain impurities which interfered with solid-phase re-
actions rendering them incomplete. Considerable time and care should
therefore be devoted to purification of chemicals. As a result of these devel-
opments, even the mere operation of solid-phase synthesis is not necessarily
very simple and easy. It requires knowledge in purification of solvents, re-
agents, and protected amino acids, skill in mechanics and programming,
command of analytic control methods, and finally, some experience in han-
dling the products. The speed of operation has also slowed considerably as a
consequence of using newly developed analytic process controls. Not infre-
quently, a cycle requiring several repeat operations and intermediate tests
might last days, instead of the 4-5 hours in standard protocolled operations.
Thus, a solid-phase synthesis might require considerably more time than ex-
pected on the basis of time quotations given in the early literature,* without
considering the time required for purification of the product (see Section
IILF).

In this section various reaction vessels and stirring devices will first be
discussed, followed by a consideration of solvent and reagent quality and
procedures for their purification. Several standard schedules for synthesis
will be listed which have provided acceptable products. Analytic procedures
useful for process control will then be described in some detail. Finally,
mechanization and programming of respective machines will be described.

A. REACTION VESSEL AND STIRRING

The problem of designing an efficient vessel and stirring device for solid-
. phase synthesis resembles that of constructing a good household washing
machine! Essential provisions are (a) convenient addition of solvent and
reagents, (b) speedy, unobstructed, and as complete as possible removal of
solution without any loss of solid, and (c) efficient mixing or circulation of
solution through the solid without destructive effects on the solid. Existing
designs can be broadly described in four categories; (I) shaking devices,
with stirring motion applied from outside the vessel, (2) inside stirring de-
vices, (3) column operation, and (4) centrifugal flow device.

* These favorable time factors are of course real and still apply to the synthesis of the
peptides described. Other peptides with favorable sequences can probably be prepared
as fast, but again, others will be difficult and slow, and there is no criterion to predict
this 2 nriori
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1. Reaction Vessels with (Outside) Shaking Devices

The first shaker device and glass vessel for solid-phase peptide synthesis
designed by Merrifield (1963) has been described in sufficient detail else-
where (Merrifield and Corigliano, 1968; Merrifield, 1969a, pp. 266-267;
Stewart and Young, 1969, pp. 65-70). This design (Fig. 20) and modified
versions are used in most laboratories. The glass vessel is rocked through
arcs of 100-110 degrees. Since small amounts of the resin tend to adhere to
the upper part of the vessel, above the surface of the liquid, Kusch (1966a)
used 360 degree continuous rotation in a similar closed vessel.

Khosla et al. (1967b) described a vessel consisting of a roundbottom
flask, flattened at the bottom (Fig. 21). Solvents are added, without open-
ing, through a side arm carrying a dropping funnel. Polymer adhering to the
walls can be washed down easily. Removal of solutions is effected by suc-
tion through a fritted glass disk at the end of a tube reaching to the bottom
of the vessel. This vessel can be immersed in ice water with simultaneous
shaking for low temperature operations.

Brunfeldt ez al. (1969a) adapted a 300-ml filter jar with a ground flange

Fi6. 20. A manual apparatus for solid-phase peptide synthesis. From Merrifield
(1969a).
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Fic. 21. Reaction vessel utilizing a roundbottom flask for larger amounts of res-
in. From Khosla ef al. (1967b).

joint at the top to fit a cover containing two special joints as lead-in for Tef-
lon tubes from a solvent metering flask and a nitrogen pressure valve. Re-
moval of solution through the bottom outlet below the filter disk is effected
by nitrogen pressure. The upright reactor is agitated by about 400 strokes
per minute with amplitudes variable from 0-50 mm delivered through a
shaker arm. (Compare Fig. 22B for a similar device.)

2. Reaction Vessels with Inside Stirring Devices

Internal stirring devices must be designed in such a way so that destruc-
tive effects on the swollen polystyrene beads are completely avoided. The
model by Brunfeldt ez al. (19692a) shown in Fig. 22A consists of a 500-ml
filter jar with a ground flange joint at the top to fit the cover. The bottom
outlet is connected to a circulation pump providing a continuous washing of
the reactor wall during the reactions. The cover contains three inlets for
Teflon tubing connected to the solvent metering flask, the circulation pump,
and a nitrogen pressure valve, respectively. In the center of the cover a
ground joint accepts a Quick-fit stirring head which guides the propeller
stirrer with which the agitation of the reaction mixture is performed. Above
the highest liquid level in the reactor a Teflon disk is attached to the stirrer
to eject the circulating liquid onto the reactor wall. A similar (full-flow) re-
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Fic. 22. Reaction vessels for solid-phase peptide synthesis. (A) Vessel providing
agitation by internal stirring. (In the sectional drawing only one of the three inlets is
shown.) From Brunfeldt et al. (196%9a). (B) Vessel with inside stirring. From Grahl-
Nielsen and Tritsch (1969). (C) Conical vessel. From Mizoguchi et al. (1970).

action vessel, but jacketed for thermostatically controlled kinetic studies,
has been designed by Beyerman and Hirt (Beyerman, 1972).

Another vessel, with stirrer, has been described by Grahl-Nielsen and
Tritsch (1969). It consists of a glass cylinder (250-m] volume) with a side
arm and a fritted glass disk near the bottom (Fig. 22B). The outlet below is
fitted to a vacuum reservoir. An inner glass joint at the upper end of the
vessel holds the lid which has three openings, for the stirrer, for a drying
tube, and for solvent and reagent addition, respectively.

A still simpler design with a mechanical stirrer is shown in Fig. 22C (Mi-
zoguchi et al., 1970). Solvents and reagents are added manually through
the side arm which can be opened by removing the drying tube.

A different type of internal stirring, percolation by a gentle upward flow
of nitrogen through the fritted plate near the bottom of a conical reaction
vessel (Gut and Rudinger, 1968) or of cylindrical vessels (Loffet and
Close, 1968; Dorman and Markley, 1971), has also been used.

3. Column Operation

Bayer et al. (1970c) pointed out that an automated synthesis of
polypeptides by the solid-phase method would be much easier to operate if
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the support was in column form. With the resin commonly used, this is not
possible because the different solvents used in a synthetic cycle cause varia-
ble swelling of the resin (see Table VII). Therefore, inorganic supports
such as porous glass, silica gel, or quartz have been investigated and so-
called brush-type solid supports have been developed (Bayer et al., 1970c;
Parr and Grohmann, 1971). The synthesis of several peptides by column
operation in a specially designed synthesizer showed that reaction times
could be reduced by a factor of two or more. It will be interesting to see fur-
ther developments in this area.

4, Centrifugal Flow Device

An apparatus which combines the advantages of the column procedure
(i.e., continuous flow) with those of the batch procedure (i.e., efficient re-
moval of liquid) has recently been designed (Birr and Lochinger, 1971;
Birr et al., 1973). The resin is contained in a rapidly rotating porous Teflon
beaker which is mounted inside a slightly larger closed glass housing (Fig.
23). Reagent solutions or washing media are introduced into the vessel
(Fig. 23A) by tubes fitted through a screw cap top. Centrifugal force moves
the resin so as to be located along the beaker walls and drives the liquid
through the resin and the porous wall of the spinning rotor to the inner wall
of the glass housing which it climbs and from there plunges back into the ro-
tating centrifuge basket (Fig. 23B). A very swiftly rotating current pene-
trates the resin, and none of the resin particles can avoid contact with the
liquid. There is no abrasive action on the resin by the porous Teflon filter
and no danger of blockage. When the outlet of the reactor is opened, the ro-
tor empties very quickly and completely by centrifugal force (Fig. 23C). A

Fic. 23. Centrifugal flow reactor. Rotating internal beaker possesses walls of
porous teflon. (A) Filling stage. Reagents and solutions enter the vessel through tef-
lon tubes at the top. (B) Rotating and mixing stage. The resin is located at the po-
rous walls and a stream of liquid circulates intensively reaching all resin particles.
(C) Emptying stage. The bottom outlet is opened and the liquid is emptied sponta-
neously by centrifugal force. From Birr and Lochinger (1971).
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complete cycle for the incorporation of one amino acid residue into the
growing peptide chain requires approximately 165 minutes. This vessel and
its operation appear to be very efficient.

B. SOLVENTS AND REAGENTS

Although Merrifield recommends the use of commercial analytic grade
solvents and reagents (Merrifield and Corigliano, 1968; Felix and Merri-
field, 1970) many other workers believe that only highly purified reagents
and carefully distilled anhydrous solvents must be used to obtain acceptable
results (Mizoguchi and Woolley, 1967; Klostermeyer, 1968; Wieland et al.,
1969a, 1971¢; Krumdieck and Baugh, 1969; Meienhofer et al., 1970b; Polz-
hofer and Ney, 1970a; Loffet et al., 1971). It has been strongly empha-~
sized that the degree of dryness and purity of solvents and reagents is of de-
cisive importance (Wieland et al., 1969a, 1971c; Polzhofer and Ney,
1970a). The necessity of using highly purified Boc-amino acids was first
pointed out by Bayer et al. (1968a) who scrutinized their preparations for
homogeneity by mass spectrometry, gas chromatography, polarimetry, and
thin-layer chromatography. Physical data for purified Boc-amino acids have
been listed by Bayer ef al. (1968a), by Beyerman et al. (1968a), and by
Halstrgm er al. (1969).

Very recently attention has been drawn to the limited stability of some of
the most frequently used solvents. Methylene chloride releases hydrogen
chloride slowly but steadily; chloroform also releases hydrogen chloride at a
somewhat faster rate (Wieland et al., 1971c). Triethylamine in methylene
chloride seems to be particularly unstable and triethylammonium chloride
deposits have been observed.* These solvents or solutions should, therefore,
always be prepared freshly. Passage of distilled methylene chloride or chlo-
roform through columns of basic aluminum oxide to remove hydrogen
chloride and storage in brown bottles has been recommended (Wieland et
al., 1971c). We have found that even analytic or reagent grade solvents as
well as dicyclohexylcarbodiimide are not pure enough for use without prior
purification—in fact, occasional lots (by the same supplier) were highly
contaminated. Purification procedures routinely used in our laboratory are
outlined below.

Ammonia: From gas cylinder (Matheson Gas Co., East Rutherford,
New Jersey). Passed through a drying flask filled with KOH pellets, and dis-
tilled from sodium, if necessary.

Dicyclohexylcarbodiimide: Distilled in vacuo under nitrogen and stored
at 4°.

* Discussions at the Eleventh European Peptide Symposium, Vienna, 1971.
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Hydrogen bromide: From gas cylinder (Matheson). Bubbled through a
solution of resorcinol in trifluoroacetic acid. Cylinder storage should not ex-
ceed 6 months (Matheson Catalog).

Hydrogen fluoride: From gas cylinder (Matheson). Dried over CoFj.

Triethylamine: Distilled from ninhydrin (1 gm/liter) to remove primary
and secondary amines. Redistilled from sodium wire under nitrogen and
stored in brown bottles under nitrogen.

Trifluoroacetic acid: Distilled from P;05. Redistilled from dried valine
to remove traces of anhydride.

For the preparation of hydrogen chloride in glacial acetic acid and of 4 N
hydrogen chloride in dioxane, see the book by Stewart and Young (1969,
pp. 30-31) where experimental details have been described.

Acetic acid (glacial): Acetic anhydride (1 ml/liter) is added to react
with the water present. Heated for 1 hour at about 110° (just below boil-
ing) in the presence of 20 gm CrO,/liter. Distilled at constant boiling point.

Chloroform: Distilled in the dark from anhydrous CaSO, or from P,O;.
Passed through a column of basic aluminum oxide (Woelm, No. W200,
Waters Associates Inc., Framingham, Massachussetts 01701). Stored in
brown bottles over Linde 4A molecular sieve.

Dimethylformamide: Distilled from ninhydrin (1 gm/liter) in vacuo
(1-2 mm Hg) under nitrogen. Stored in brown bottles over Linde 4A mo-
Iecular sieve. The solvent can also be purified by treatment with CaO (A. B.
Thomas and Rochow, 1957).

Dioxane: Distilled from LiAlH, under nitrogen in the dark. Stored in
brown bottles under nitrogen. Can be freed from peroxide by passage
through a column of aluminum oxide (Merck No. 71707).

Methylene chloride: Same treatment as chloroform.

C. SCHEDULE FOR SYNTHESIS

The repetitive nature of operations in solid-phase synthesis lends itself to
the formulation of “standard” or “general” procedures, and many reports
refer to the use of one which was developed by Marshall and Merrifield
(1965). Variations were made as required for different coupling methods
and uses of different a-amino protecting groups. When a programmed
mechanized instrument was developed in pursuit of the original intention
(Merrifield, 1966) of the solid-phase concept, essentially two standard pro-
cedures were recommended (Merrifield et al., 1966), one for the use of
Boc-amino acids and dicyclohexylcarbodiimide, and the other for Boc-amino
acid p-nitrophenyl esters. As experience accumulated over numerous sol-
id-phase syntheses and, especially, as analytic controls were developed, a
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Table XVI—The “Standard” Marshall-Merrifield (1965) Schedule (Angiotensin and
Bradykinin Peptides)

Operation .
no Reagent, solvent * Time (minutes)

Glacial acetic acid wash (3 times)®
1 N HC! in glacial acetic acid ° 30
Glacial acetic acid wash (3 times)
Ethanol wash (3 times)
Dimethylformamide wash (3 times)
Triethylamine in dimethylformamide (1:10) 10
Dimethylformamide wash (3 times)
Methylene chloride wash (3 times)
Boc-amino acid (4 equiv) in methylene chloride 10
Dicyclohexylcarbodiimide (4 equiv) in methylene

chloride 120
11 Methylene chloride wash (3 times)
12 Ethanol wash (3 times)

QWA bW

—

®For 1 gm of resin 6 ml of solvent was used.
® A wash operation involves 1-3 minutes shaking.
°4 N HCI in dioxane has later been recommended (Merrifield, 1967).

growing number of reports appeared describing erratic (sequence-depend-
ent) failures or part failures of standard procedures in individual coupling
steps. In the wake of these observations of ubiquitous and unpredictable
hazards, confidence in a single or a few general procedures has considerably
weakened, and consequently many modifications or alternatives have been
suggested. At present one cannot recommend any standard procedure for
exploratory (first) syntheses of novel peptides. For such project an appro-
priate combination of analytic controls should be applied to each individual
step. This will enable the investigator to recognize which cycles of his syn-
thesis proceed well and which give rise to difficulties demanding special
treatment. Based on such step by step evaluation, a sort of “species-specif-
ic” procedure may be formulated which could be useful for a program of
analog preparation.

The following description of a number of prototype procedures should be
viewed, in this context, as having provided acceptable results in syntheses of
particular groups of peptides. Only the repetitive cycles for the incorpora-
tion of amino acid residues are described here. The initial and final stages of
the solid-phase method, attachment of the first amino acid to the resin, and
removal of the solid support from the final product are not as routinely or
schematically applicable as the cycles for the peptide chain elongation. The
protocol shown in Table XVI has been employed by Marshall and Merri-
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Table XVII-—Schedule for the Use of Active Esters ¢

Operation
no. Reagent, solvent ® Time

Glacial acetic acid wash (3 times)
1 N HCI in glacial acetic acid 30 minutes
Glacial acetic acid wash (3 times)
Ethanol wash (3 times)
Dimethylformamide wash (3 times)
Triethylamine in dimethylformamide (1:5) 10 minutes
Dimethylformamide wash (5 times)
Boc-amino acid p-nitrophenyl ester (equiv) in
dimethylformamide ° 12-16 hours
Dimethylformamide wash (3 times)
10 Ethanol wash (3 times)

00 I AN h W

o

* Employed by Hérnle (1967) for a solid-phase synthesis of bovine insulin A-chain
with the exclusive use of zert-butyloxycarbonyl p-nitrophenyl esters.

®For 1 gm of resin 8 ml of solvent were used, except in operation 8.

° Solvent volume was 4 ml/gm resin.

field (1965) in syntheses of angiotensins. Various solvents are used for
washing which cause the resin to swell (dimethylformamide, methylene
chloride) and shrink (ethanol), successively. A 2-hour coupling period is
used. This schedule has since been used in numerous other syntheses and is
commonly referred to as the “standard procedure.”

The solubility properties of Boc-amino acid p-nitrophenyl esters do not
allow the general use of methylene chloride as a solvating medium in the
coupling step. Dimethylformamide is commonly used in active ester conden-
sations. It swells the polystyrene resin almost as much as methylene chloride
(see Table VII). Table XVII depicts the schedule used by Hornle (1967)
for a synthesis of bovine insulin A-chain with the exclusive use of fert-butyl-
oxycarbonylamino acid p-nitrophenyl esters.

The procedure of Manning et al. (1970) and Baxter et al. (1969b), out-
lined in Table XVIII, was applied to syntheses of a number of oxytocin an-
alogs, among them the extraordinarily active [4-threonine]-oxytocin. Man-
ning has commented (Manning and Sawyer, 1972) that this method, in
their hands, is by far the best for making peptides of this type.*

A seemingly very useful additional operation, especially in view of the
instability of methylene chloride and chloroform [which both continuously
liberate small amounts of hydrogen chloride (Wieland er al., 1971c)], has

* Dr. Manning has provided us with samples of some protected nonapeptide inter-
mediates. The very high degree of purity of these samples is, indeed, impressive.
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Table XVIII—Protocol of Manning and Collaborators (1970) in which All Major
Steps of Deprotection, Neutralization, and Coupling are Carried out Twice

Operation Time
no. Reagent, solvent * (minutes)
1 Methylene chloride wash (3 times) 15 (total)
2 Methylene chloride-ethanol (1:1) wash (once)
3 Ethanol wash (3 times) 15
4 Ethanol-glacial acetic acid (1:1) wash (once)
5 Glacial acetic acid wash (3 times) 15
6 1 N HCI in glacial acetic acid ® 5
7 1 N HCI in glacial acetic acid ® 25
8 Glacial acetic acid wash (3 times) 15
9 Glacial acetic acid-ethanol (1:1) wash (once)
10 Ethanol wash (3 times)
11 Ethanol—-chloroform (1:1) wash (once)
12 Chloroform wash (3 times) 15
13 Triethylamine in chloroform (1:15) 5
14 Chloroform wash (once)
15 Triethylamine in chloroform (1:15) 5
16 Chloroform wash (3 times) 15
17 Chloroform-methylene chloride (1:1) wash
(once)
18 Methylene chloride wash (3 times) 15
19 Boc-Amino acid (3 equiv) in methylene 20
chloride °
20 Dicyclohexylcarbodiimide (3 equiv) in 4 hours
methylene chloride °
21 Methylene chloride wash (3 times) 15
22 Methylene chloride—chloroform (1:1) wash
(once)
23 Chloroform wash (3 times) 15
24 Chloroform-methylene chloride (1:1) wash
(once)
25 Methylene chloride wash (3 times) 15
26 Boc-Amino acid (3 equiv) in methylene 20
chloride
27 Dicyclohexylcarbodiimide (3 equiv) in 8 hours

methylene chloride

“For 1 gm of resin 10 ml of solvent were used.
®For the deprotection of Boc-glutaminyl residues anhydrous trifluoroacetic acid
was used (Manning, 1968; Takashima et al., 1968).
° Boc-Asparagine and Boc-glutamine were incorporated by the p-nitrophenyl ester
coupling. This led to elimination of steps 20—27 and the replacement of methylene
chloride by dimethylformamide in steps 17-22 and 24-26.
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been described by Markley and Dorman (1970). They treated the resin af-
ter the coupling reaction with triethylamine in methylene chloride to recon-
vert into free amine any residual unreacted amino groups that could have
become protonated after the original neutralization. Residual amine is thus
freed for a repeated coupling (or for a terminating acylation, see Section
II1,D,1). Ocassionally ethanol wash operations have been carried out before
or after the triethylamine treatment. This should be avoided since traces of
alcohol and amine could cause base catalyzed alcoholysis of the peptide to
resin linkage resulting in loss of peptide.

The schedule of Gutte and Merrifield (1969, 1971) (Table XIX) has
been designed for use with a stepping drum programmer. In this schedule
the resin is kept in a highly swollen state in methylene chloride or chloro-
form throughout the deprotection and coupling operations. Only once, at the
end of the cycle, ethanol washing is used which shrinks the resin. A reaction
time of 5 hours is allowed for carbodiimide mediated peptide bond forma-
tion.

As pointed out above, the schedules for solid-phase operations given in
Tables XVI to XIX should be regarded as useful for the synthesis of

Table XIX—Programmed Procedure of Gutte and Merrifield (1969, 1971)°

Operation Time
no. Reagent, solvent ® (minutes)
1 Methylene chloride wash (twice) 2 (each)
2 Trifluoroacetic acid in methylene chloride (1:1) 2
3 Trifluoroacetic acid in methylene chloride (1:1) 21
4 Methylene chloride wash (5 times) 2 (each)
5 Chloroform wash (3 times) 2 (each)
6 Triethylamine in chloroform (1:10) 7
7 Chloroform wash (3 times) 2 (each)
8 Methylene chloride wash (3 times) 2 (each)
9 Boc-Amino acid (3 equiv) in methylene 7
chloride °
10 Dicyclohexylcarbodiimide ¢ (3 equiv) in 300
methylene chloride
11 Methylene chloride wash (twice) 2 (each)
12 Ethanol wash (3 times) 2 (each)

¢ Used for preparing enzymes with target sequence of bovine ribonuclease A.

®*For 1 gm of resin 12.5 ml of solvent were used.

° Because of their low solubility in methylene chloride, Boc-Arg(NO.) and Boc-
His (5 equiv used) were first dissolved in dimethylformamide (4 vol) and then diluted
with methylene chloride (1 vol) before adding to the peptide-resin.

¢ Boc-asparagine and Boc-glutamine were coupled as p-nitrophenyl esters (4 equiv)
in dimethylformamide, employing 10 hour reaction periods.
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those particular peptides (or classes of peptides) that have been prepared
by following these protocols. Different peptides might require different or
modified procedures which should be elaborated individually.

An open question in this context is which quantities of resin might be
handled successfully in a single run. Up to 30 gm resin have been used by
Ney and Polzhofer (1968) in a flask-type vessel (Fig. 22A) for the prepa-
ration of casein-related peptides, and also by Fankhauser ez al. (1973) for a
synthesis of hexaleucine. The upper limits have probably not yet been
reached.

D. ANALYTIC CONTROL

Although the solid-phase method depends basically on quantitative or
near quantitative reactions, it has been shown above that this requirement is
frequently not attained. The timely recognition of incomplete reactions has,
however, for several years been impeded by the lack of effective means of
analytic control during the course of a synthesis. This meant that the investi-
gator knew nothing about the progress of his synthesis until the very end.
Consequently, considerable efforts have been made to develop sensitive
controls for solid-phase synthesis. It was soon recognized that amino acid
analysis, the most powerful analytic tool in solution synthesis, is of limited
value for three reasons: (a) it has to be done after each cycle for meaning-
ful interpretation, (b) errors due to hydrolysis (incompleteness, decomposi-
tion) are greatly enhanced with resin-peptides,* and (c) the time required
2-3 days) is incompatible with one of the premises of the method: speed.
Merrifield (1967) has, however, used amino acid analysis after each cycle
to examine the reasons for an observed abrupt partial chain termination
during a synthesis of angiotensinylbradykinin (Section III,D,1, Fig. 12).
Another type of control described by Merrifield (1963) involves determina-
tion of halogen by Volhard titration after the deamination step.

During the past few years a number of relatively more effective analytic
controls have been developed (for a recent discussion, see Beyerman et al.,
1973a). For the most part, these are titrimetric or colorimetric procedures
but radioactively labeled protecting groups or Edman degradation combined
with mass spectrometry have also been described. Most of these methods in-
volve the determination of “fotal amine” content after cleavage of the a-
amino protecting groups or of “‘residual amine’” content, due to incomplete
peptide bond formation. Several procedures permit the continuous monitor-

* Polzhofer and Ney (1970b), for example, observed the formation of glutamic

acid y-ethyl ester and of y-(2-hydroxyethyl) ester during hydrolysis of resin-bound
(or free) glutamic acid y-benzyl ester in HCl-dioxane.
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ing of the progress of coupling reactions through labeled or chromophoric
reaction components. A shortcoming of several of these analytic control
procedures is that they are not done on the peptide-resin itself but racher on
products released into the embedding solution. Such indirect determinations
are inherently less accurate,

1. Titrimetric Methods

The first systematic determination of total amine content after deprotec-
tion in each cycle was carried out by Kusch (1966a), who found that direct
titration of peptide resin samples in phenol-ethanol (8:2) with HCI permit-
ted the quantitative determination of free amino groups. Potentiometric ti-
tration of the entire peptide-resin inside the reaction vessel as part of the
synthetic schedule has been described by Brunfeldt et al. (1969b, 1971).
Following deprotection, titration of total amine with perchloric acid (0.1 N)
in methylene chloride—glacial acetic acid (1:1) required 1 hour. The neces-
sary triethylamine treatment and washings to remove the perchloric acid
lasted 0.5 hour. Titration of residual amine after coupling took 0.5 hour.
Consequently, one synthesis cycle was extended by about 2 hours, which is
acceptable in view of the importance of obtaining an analytic process con-
trol.

Volhard chloride titration to determine the amount of triethylammonium
chloride obtained from the neutralization reaction after deprotection has
been described by several investigators (Merrifield, 1963; Bayer and Hag-
enmaier, 1968; Bayer et al., 1968a; Okuda and Zahn, 1969) as a measure
of the total amine content of the peptide-resin. This control has been em-
ployed and recorded through an entire solid-phase synthesis of apoferredox-
in involving 54 synthetic cycles (Bayer et al., 1968a), see Fig. 10. Visser et
al. (1968) used the Mohr chloride determination for the same purpose. Ob-
viously, these controls are not applicable when trifluoroacetic acid is used
for deprotection. In these instances the procedure of Dorman (1969) can
be used, which was developed for the determination of residual amine after
coupling. The entire peptide-resin inside the reaction vessel is treated with
0.3 M pyridinium chloride in methylene chloride forming the hydrochloride
of uncoupled resin amine. Neutralization and washing as usual is followed
by potentiometric chloride tritration using silver nitrate.*

2. Colorimetric Methods

Kaiser et al. (1970) described a rapid ninhydrin test for qualitative esti-
mation of the completeness of amino acid coupling at each step. A few

* The Dorman-titration cannot be used for peptide-resins containing histidine resi-
dues (Schaich and Schneider, 1973). Both free and N‘™-benzyl protected histidine
residues can be protonated by pyridinium hydrochloride.
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Table XX——Estimation of Residual Amine on Peptide-Resin by Ninhydrin Color ¢

% Residual amine ® Ninhydrin color test °
24 Beads dark blue—dark blue solution
16 Beads dark blue—moderately blue solution
6 Beads moderately blue—light blue solution
0.6 Beads light blue—light greenish solution
0 Beads white—yellow solution

¢ After Kaiser et al., 1970.
® Based on a total peptide content of 0.52 mmole/gm resin.

© With N-terminal prolyl or 8-benzyl aspartyl residues brown to reddish brown colors
are observed.

drops of ninhydrin reagent (in phenol—ethanol, containing a trace of KCN)
are added to a small sample of resin (5-10 mg) in a test tube which is heat-
ed for 5 minutes at 100°. Color intensities and shades of the resin beads and
of the solution indicate certain quantities of free amine (see Table XX).
The great advantage of this test is its rapidity. It requires about 15 minutes
and is thus the fastest of all presently known control procedures for solid-
phase synthesis. It is also very reliable with a sensitivity of about =1%.
The procedure has recently been quantitated by Chou et al. (1971) to de-
termine total amine after deprotection. Staining of peptide-resin beads with
bromocresol purple has been used by Beyerman and Hindriks (1971) to
visually estimate the presence or absence of residual free amine. Similarly
15-dimethylaminonaphthaline-1-sulfonyl chloride (dansyl chloride) or 2,4-
dinitrofluorobenzene have been used (Zhukova et al., 1970).

OH OH

W,

(143) (144)

H,NCH, @
CH:N—CH2~©

= 6050

— CH=N - Peptide — Resin

e o

€420 nm
(145)
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Esko et al. (1968) determined residual free amino groups by converting
them into Schiff bases (144) through reaction with 2-hydroxy-1-naphthal-
dehyde (143). By treatment of the azomethine (144) with an excess of
benzylamine, N-(2-hydroxy-1-naphthylidene)-benzylamine (145) is re-
leased into the solution and determined by its extinction at 420 nm. The
sensitivity of this procedure was determined to be about ==3-4% (Esko and
Karlsson, 1970). It has been used for kinetic studies, e.g., of the coupling of
Boc-asparagine p-nitrophenyl ester to peptide-resin (Karlsson et al., 1970a).
Li and Yamashiro (1970) used the method to determine coupling yields in
80 of the 187 cycles during the preparation of a protein with human growth
hormone (original sequence) as the target sequence,

The method of Esko et al. (1968) has recently been modified by Losse
and Klengel (1971) to provide a qualitative visual test. Reaction of p-nitro-
phenylazo salicylaldehyde (145a) with residual amine on peptide-resin pro-
duced a deep red color.

(145a)

Na-(2-Hydroxyl-1-naphthal)amino acids (100) (Sheehan and Grenda,
1962) have also recently been applied to peptide chain elongation in solu-
tion and solid-phase synthesis (Khosla et al., 1972). For the latter the pen-
tachlorophenyl esters were used and the progress of the reaction during the
coupling step was monitored by measurement of the decrease in optical
density of the solution at 420 nm. Deprotection, using benzylamine, was
also quantitatively analyzed as described by Esko et al. (1968).

Activating or protecting substituents which possess chromophoric charac-
ter or give rise to chromophoric leaving groups during coupling or deprotec-
tion lend themselves ideally to use in control procedures. The photometric
measurements of 5-chloro-8-hydroxyquinoline at 330 nm (Rudinger and
Gut, 1967) or of p-nitrophenol at 314 nm (Bodanszky and Sheehan, 1966;
Hornle, 1967; Weitzel ef al., 1968a; Jakubke and Baumert, 1973) have
been used. Biphenylyl dimethyl carbinol and 2-(p-diphenyl)propene are
formed during acidolytic cleavage of the 2-(p-biphenylyl)isopropyloxy-
carbonyl protecting group (Sieber and Iselin, 1968b). Their extinction
at 254 nm has been measured to determine the progress and com-
pleteness of deprotection of Bpoc-peptide-resins. This control has recently
been used by Yamashiro et al. (1972) and by Wang and Merrifield
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(1971).* Photometry at 389 nm has served for kinetic studies of the coup-
ling of o-nitrophenylsulfenylamino acids to peptide-resin, for the control of
the subsequent removal of the N-protecting group (Gut and Rudinger,
1968), and for kinetic studies on the removal of Nps-peptides from the sol-
id-support by alcoholysis (Beyerman, 1972).

3. Other Methods

A different approach for the determination of residual amine has been
developed by Weygand and Obermeier (1968). Edman degradation was
combined with a mass spectrometric dilution analysis of phenylthiohy-
dantoins. A dried sample of peptide resin is treated with a large excess of
phenylisothiocyanate (146) and then subjected to the general Edman pro-
cedure (Blomback et al., 1966). To the resulting solution containing the
phenylthiohydantoin (147) of the N-terminal amino acid of the amine com-
ponent a defined amount of the corresponding p-fluoro substituted phenyl-
thiohydantoin (148) is added for mass spectrometry. The ratio of the two
mass peaks determines the amount of residual unreacted amine in the pep-
tide resin.

S S
2\ N\
C—NH C—NH
NCS N/ \CHR F N/ \CHR
N N
¢ i
i j
(146) (147) (148)

Geising and Homle (1972) have combined Edman degradation with
scintillation counting of the ['*C]-labeled thiazolinone or phenylthiohy-
dantoin derivatives to develop a sensitive resin-amine analysis which was
applied to determinations of total amine and residual amine contents of res-
in samples before and after the coupling step (Hornle and Geising, 1971).
Radioactively labeled a-amino protecting groups appear to be ideally suited
for process control in solid-phase synthesis. The coupling step could be
monitored by the decrease of activity in the reaction solution and the de-
protection step by the activity released from the peptide-resin into solution
and by the disappearance of activity from the solid. Such a technique has
first been described by Krumdieck and Baugh (1969), who employed Boc-
glutamic acid a-benzyl ester, which was labeled with *C in position 2 of

* Southard er al. (1971¢) have, similarly, followed the cleavage of the 2-benzoyl-

1-methylvinyl protecting group (Southard ef al., 1969, 1971a) by spectrophotometry of
the resulting benzoyl acetone.
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the tert-butyloxycarbonyl group, to monitor syntheses of pteroyloligo-y-
glutamates.

Recently, Beyerman ef al. (1973a) have extended this procedure to in-
clude many other amino acids, and they plan to develop the method into a
continuous process control for fully automated solid-phase synthesis. Total
amine was also determined (Beyerman et al., 1973a) by treating small resin
samples with a twofold excess of [33S]-sulfuric acid (0.1 M in glacial acet-
ic acid, 3 uCi) and measuring the decrease of radioactivity in solution.

Radioactively labeled terminating agents, [*4C]-N-acetylimidazole or
[1*C]J-acetic anhydride, have been adopted for amine determination, both
before and after the coupling step (Fankhauser ef al., 1973). After treat-
ment with the labeled reagents, weighed samples of dried peptide-resin were
combusted and the [**C]-CO. counted in a liquid scintillation counter to
provide a measure of resin amine content.

Bayer and collaborators (1971) have proposed the use of fluorine nu-
clear magnetic resonance spectroscopy to scrutinize the homogeneity of sol-
id-phase synthetic peptides. For this purpose the peptides have to be trifluo-
roacetylated and esterified. So far the method has only been used to identify
individual components in mixtures of triffuoroacetyl-dipeptide esters (Bayer
et al., 1971b).

It is evident that the numerous efforts to develop sensitive and reproduci-
ble analytic procedures provided several useful techniques. However, they
all suffer from inadequate sensitivity. As discussed in Section II,C, solid-
phase peptide synthesis should aim at achieving eventually 99.9% yields or
more both in coupling and deprotection. Analytic procedures must therefore
possess at least 0.1% or better sensitivity. Fankhauser ef al. (1973) have
calculated standard deviations for a few widely used methods, Table XXI.
The reproducibility lies generally between 1 and 10% which means that
none of these procedures is sensitive enough. Misleading results have been
obtained which seemed to indicate a failure-free ideal progress of a synthe-
sis. In reality, reactions were quite incomplete. This became evident when
several different procedures were used for product analysis in a comparative
manner.

Nevertheless, control of all reactions throughout a solid-phase synthesis is
strongly recommended whenever new peptides are synthesized. A judicious
combination of several different analytic procedures (e.g., Mehlis et al.,
1971) should considerably increase the overall accuracy. The rapid ninhy-
drin color test of Kaiser et al. (1970), which discriminates between com-
plete or incomplete coupling, might, for instance, be used in combination
with one of the titrimetric or colorimetric determinations of total amine con-
tent to assure complete deprotection. Additional valuable information con-
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Table XXI—Reproducibility of Analytic Methods for the Determination of Amine
Contents in Peptide-Resins °

Range of Estimated

resin standard
Sample substitution deviation
Method size (umole/gm) (%)
Potentiometric chloride titration 30 gm 400-900 0.5
(TEA X HCD) 0.1 gm 400-900 1.5
Pyridine chloride incubation— 1 gm 50-100 5-10
titration
[“C]-Acetylimidazole 2-10 mg 400-900 1.5
[*Cl-Acetic anhydride 10-20 mg 10-30 7
2-Hydroxy-1-naphthaldehyde ; 2-10mg 400-900 1-3
—Benzylamine 10-20 mg 0.5-2 10-20

* From Fankhauser et al., 1973.

cerning the progress of a synthesis can be obtained by cleaving peptide
samples from the solid support and examining chromatographic or electro-
phoretic properties. In this context a suggestion by Karlsson et al. (1970b)
has so far not received the attention which it appears to merit. These authors
isolated the small amounts of peptide which were lost from the resin during
each deprotection step, using trifluoroacetic acid in methylene chloride
(1:1), and utilized the material for analytic purposes. Considerable
amounts of valuable synthetic material could thus be saved. For example, as
much as 48% of the overall yield was sacrificed for analytic purposes by Li
and Yamashiro (1970) in a synthesis which proceeded through 187 cycles.

E. MECHANIZATION AND PROGRAMMING

The automation of peptide synthesis was the original incentive for Merri-

field in his endeavours to develop the solid-phase method. The design and
~ construction of a mechanized programmed machine and operating instruc-
tions are described in the following literature: Merrifield (1965a, 1966,
1967, 1968b, 1969b), Merrifield and Stewart (1965), Merrifield et al.
(1966), and Stewart and Young (1969). The apparatus developed by Mer-
rifield, Stewart, and Jernberg (1966) features two main components, a con-
trol system and a system for the chemical reactions. A stepping drum pro-
gammer controls the operations of the shaker for the vessel, a solution
pump, distributor valves, air vent, vacuum valves, and timers. The other
main component comprises the reaction vessel, the distributor valves for sol-
vents and reagent solutions, and the storage bottles for these liquids as
shown schematically in Fig. 24. The operation, as described in detail by
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Merrifield et al. (1966) is essentially a mechanized sequence of actions pro-
ceeding strictly according to a predetermined schedule, regardless of incom-
plete reactions or other defaults. Beyerman ez al. (1973a) pointed out that
this type of operation cannot be termed “automated” because this would re-
quire monitoring for completeness of reactions connected with feedback
control. To date, none of the presently known programmed electromechan-
ical instruments possesses these features. Several types of modified machines
have been developed. The main concerns in these designs have been (a) the
ways and means to deliver fault-free a multitude of solvents and reagents in
measured quantities into the reaction vessel and (b) the type of program-
ming. Brunfeldt, Halstrgm, and Roepstorff (1968, 1969a; Brunfeldt, 1969)
designed an instrument aimed at improving delivery of liquids with minimal
risk of contamination and wide flexibility of programming. Solvents and re-
agent solutions are transferred by gas pressure through individual separate
tubings. In this way liquid distributor valves are avoided with their inherent
problems of leakage, clogging, or contamination. The programming infor-
mation is supplied through a punched tape, produced by an eight-channel
teletype printer. Instrumentation for computer generated paper tape pro-
grams attached to a mechanized synthesizer has been described by Tomet-
sko et al. (1971).

An instrument built by Loffet and Close (1968) basically resembles the
layout of Merrifield’s machine in using a distributor valve for reagent solu-
tions. A disk programmer is used, and the schedule of Merrifield et al.
(1966) for carbodiimide coupling has been employed for synthesis.

Mansveld, Hindriks, and Beyerman (1968) use in their instrument “a
mechanical part which is similar to that of Merrifield.” To permit flexible
programming of a wide variety of synthetic methods, of reaction and agita-
tion times, of solvents and reagents, a disk programmer has been chosen.
This programmer is operated through an x-y matrix plug board with hori-
zontal and vertical bars to be interconnected by simple plugging. Efforts are
presently being made to fully automate this instrument by installing a feed-
back control with the use of [1*C]-labeled terr-butyloxycarbonyl protecting
groups (Beyerman et al., 1973a).

An instrument described by Hruby et al. (1972) features a dual pro-
gramming scheme. The variable operations are controlled by a drum pro-
grammer, for example, selection of type and amounts of solvents or re-
agents. The repetitive operations needed to introduce and remove solvents
and reagents are controlled by a card programmer. Fail-safe devices, e.g., a
postmetering vessel, are built in for shut-off in case of failures. The opera-
tion is monitored by a strip chart recorder which gives a permanent record

of a synthesis. Another machine has recently been designed by Boni et al.
10771
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Commercially available machines include those by Schwarz/Mann Com-
pany, Orangeburg, New York (Brunfeldt design); by Beckman-Spinco In-
struments, Inc., Palo Alto, California (Merrifield design); by Vega Engi-
neering Company, Tuscon, Arizona; by Shimadzu Company, Japan; and by
Chemtrox Corporation, Rochester, New York (Tometsko design).

These instruments certainly provide additional savings in time and labor.
Overnight and weekend operation is provided and up to six cycles per day
can be carried out when carbodiimide is used for coupling, or up to two cy-
cles per day when the active ester method is used. In reality, the require-
ments for longer reaction times (see Section III,D,1) and for analytic con-
trols (see Section I'V,D) restrict the number of cycles that can be completed
in a day (except for routine preparations of known peptides using fully
explored systems). It should be very interesting to see to what extent feed-
back-controlled automation will improve on the present situation. Al-
though the instruments save time, they require, on the other hand, consider-
able maintenance and repair. They also need, in my opinion, a full-time
technically versed operator. It is therefore difficult to assess which of the two
alternatives is more effective, simple manually operated shaker or pro-
grammed mechanized instrument. Again, as with many other aspects of sol-
id-phase synthesis, it depends on the peptides to be synthesized.

In the light of this situation several simple mechanized instruments with-
out programmers appear to be attractive alternatives. Two models by Samu-
els and Holybee have been described and illustrated by Stewart and Young
(1969). Young et al. (1972) developed another instrument of this type,
called the “Peptider.”* Similar assemblies of bottles, tubes, valves, and reac-
tion vessel are probably in use in many laboratories and might at present
best meet the overall equipment and operational demands of the solid-phase
method.

V. Applications

Through nearly one decade the solid-phase method has been applied to
syntheses of peptides of all known categories. Some groups of peptides have
given comparatively better results than others which have proven difficult
through repeated attempts. In the early period bradykinin was found to be
readily prepared by solid-phase synthesis and angiotensin syntheses also
gave very good results. More recently many analogs of oxytocin and vaso-
pressin have been prepared. For syntheses of gramicidin S and antamanide,

* Commercially available from Peninsula Laboratories, 1105 Laurel Street, San
Carlos, Cal. 94070.
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the solid-phase method appears to be ideally suited. In his recent review
Merrifield (1969a) has described in detail the advantages, the difficulties,
and the peculiarities that have arisen during solid-phase preparations of bra-
dykinin, angiotensin, oxytocin and vasopressin, insulin (see, also, Liibke
and Klostermeyer, 1970), ferredoxin, synthetic antigens, nylon oligomers,
and depsipeptides.

Several tables have been published listing peptides prepared by solid-
phase procedures (Merrifield, 1968a, 1969a). Marshall and Merrifield
(1970) listed all syntheses published from the beginning until October
1969, in the second edition of the CRC Handbook of Biochemistry. In these
tables all peptides have been arranged by their size. Reaction conditions,
a-amino protecting groups used and purification procedures are given for
each synthesis. The review of Losse and Neubert (1970a) contains a table
listing peptides prepared by solid-phase synthesis up to early 1969. This ta-
ble also records Ne- and side-chain protecting groups, reagents, solvents,
and ratios as well as reaction times used. The arrangement is by year of
publication with an approximately chronological order within each year-
group.

The material listed in the above-mentioned tables has been included here.
The following tables are strictly a literature source with no synthetic data in-
cluded. The arrangement of peptides is by functional or generic relation.
Model peptides are listed separately from those related to naturally occur-
ring biologically active peptides. The latter are grouped broadly on the basis
of their biological function and appear in alphabetical order of their names
within each group. Literature has been covered until summer, 1971.

A. MoDEL PEPTIDES

A large number of peptides have been prepared as models for the pur-
pose of testing the performance of solid-phase systems. Merrifield’s first re-
ports on the new method (1962, 1963) described the synthesis of the model
tetrapeptide Leu-Ala-Gly-Val, which was obtained in crystalline form. This
same model peptide has since been used many times as a test system. Nu-
merous other model peptides ranging from dipeptides to a polymer contain-
ing 133 amino acid residues have been synthesized. These are listed in the
order of size in Table XXII.

B. PEPTIDES WITH BIOLOGICAL FUNCTIONS
1. Hormones

Peptide hormones prepared by solid-phase synthesis cover the widest
range in size. The smallest solid-phase synthetic hormone is the tripeptide
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thyrotropin releasing hormone; the largest is a protein preparation synthes-
ized according to a target sequence of human growth hormone (188 amino
acid residues). The method has been most frequently applied in syntheses of
insulin chains and analogs (approximately fifty products) and in prepara-
tions of over forty neurohypophyseal hormones (oxytocin, vasopressin, and
analogs). Table XXIII lists hormone syntheses: (A) insulin chains, (B)
neurohypophyseal hormones, and (C) other peptide hormones.

2. Kinins

A very successful field of modern integrated peptide research comprising
physiology, pharmacology, and physical chemistry is that of angiotensin.
Solid-phase synthesis contributed in a major way to an understanding of an-
giotensin action. Approximately 80 angiotensins and analogs have been syn-
thesized for the study of structure—activity correlations. Another intensively
investigated area is that of bradykinin, and approximately sixty analogs have
been prepared by solid-phase synthesis. Table XXIV lists solid-phase syn-
thetic kinins: (A) angiotensin, and (B) bradykinin, eledoisin, and physa-
laemin.

3. Other Biologically Active Peptides and Proteins

Table XXV is subdivided in (A) antibiotics, toxins, and related pep-
tides, (B) enzymes, and (C) other biologically active peptides. The cyclic
decapeptides, gramicidin S, and antamanide, have been obtained in yields
and degrees of homogeneity that attest to almost ideal courses of solid-phase
synthesis in these systems. In the enzyme area the ribonuclease A, staphylo-
coccal nuclease P, peptide, and nuclease T, preparations are outstanding
examples among many other applications. Encephalytogenic protein from
myelin has been an object of intensive study. A search for antigenic sites in
tobacco mosaic virus protein has also been an incentive for solid-phase syn-
thesis of a number of peptides with TMV-protein sequences. These exam-

ples point only to a few of the many kinds of peptides that have been pre-
pared.

C. SPECIAL APPLICATIONS OF THE SOLID-PHASE METHOD

By its unique design solid-phase synthesis is ideally suited for several par-
ticularly specialized applications. The insolubility of the growing peptide
chain and the fact that it is retained at all times in the same vessel make the
procedure the most advantageous for the preparation of internally radioac-
tively labeled peptides. The purification by washing and filtration rather
than by precipitation or crystallization, as used in solution synthesis, further
minimizes the hazards involved with the handling of radioactive products.
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In cases where the labeled amino acid residue is introduced at or near the
C-terminal, the advantage of working in one vessel throughout the entire
synthesis until the product is cleaved from the solid support is all the more
apparent. Radioactively labeled peptides prepared by the solid-phase meth-
od are listed in Table XXVI.

Peptide cyclizations are generally carried out in the lowest concentrations
feasible to minimize intermolecular reaction. The solid-phase method pro-
vides an ideal system for cyclization since the dilution is extremely high. In
fact, in the ideal situation all molecules are isolated from each other with no
means of interaction. Fridkin et al. (1965a) took advantage of this system to
prepare cyclic peptides. N-Protected peptides were attached (149) to
copoly-4-hydroxy-3-nitrostyrene divinylbenzene (4). Removal of the N-
protecting group [to give (150)] and base treatment produced cyclic
peptides (151).

OH 7 — Peptide— O

NO.
NO, Z-peptide + DCCT 2

(—CH—CH,—)y (—CH—CH,~)n
(4) (149)
HBr-HOAc
Bre

@
H, - Peptide- O

NEt
@ + [Peptide] ~

(151)

NO,

(—CH—CH,—),,

(150)

Flanigan and Marshall (1972) used the “dual function” methylthiophenyl
ester resin (58) to synthesize resin-bound peptides (152) which were sub- =
sequently cyclized (154) and removed from the support after oxidative con-
version to the activated methylsulfonyl ester type grouping (153) and N-de-
protection.
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HO —@— S—CH, O Resin

(58)

Boc - NHCHRCO -OO S— CH2—©— Resin

(73)

(n-1) cycles

Boc —[NHCHRCO] —0—@— @— Resin

(152)

COQOOH-dioxane
H,0,-HOAc

or Cl

1l
Boc—[NHCHRCO),— ~®- CHZOResin

(153)
‘ (a) deprotection (HC1-HOAc)

o]

o:m

(b) 2% NEt,- DMF

[ [NHCHRCO]n] + Solid support

(154)

The cyclic tetrapeptide

|Ala-Ala-Ala-Gly |

and the cyclic hexapeptide
|Gly-Val-Ala-Phe-Ala-Gly |

have been prepared in this manner in overall yields (based on the amount
of C-terminal glycine on the starting resin) of 40% and 50%, respectively.
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Table XXVI—Radioactivity Labeled Peptides Synthesized by the Solid-Phase Method

[*C]-Oct-Ala-Abu-Arg
[*C]-Oct-Abu-Abu-Arg
[*C]-Oct-Ala-Gly-Arg

Benjamini et al. (1969)
Benjamini et al. (1969)
Benjamini et al. (1969)

[*C]-Oct-Ala-Leu-Arg
[“C]-Oct-Ala-Ser-Arg
[*C]-Oct-Ala-Thr-Arg
[*C]-Oct-Abu-Thr-Arg
[*C1Oct-Gly-Thr-Arg
[*C]-Oct-Leu-Thr-Arg

r— Cys-[“C]-Val
Aad
Phe-[*C]-Gly-Gly
Phe-Gly-["*C]-Gly-Gly
Phe-Gly-Gly-[*C]-Gly-Gly
[a,a-*H:]-Gly-Gly-Gly-Gly
Gly-Gly-Gly-[e,a-*H2]-Gly
C]-Gly-Gly-Thr-Asn-Glu
[*C]-Gly-Ala-Asn-Ala-Gly
[*C]-Gly-Arg-Asn-Arg-Gly
[“C]-Gly-Glu-Asn-Glu-Gly
[“C]-Gly-Thr-Asn-Glu-Gly
[*C]-Gly-Lys-Asn-Lys-Gly
[*C]-Gly-Thr-Asn-Thr-Gly
[*C-Tle]-Angiotensin IT
[*C-Pro®, *C-Pro*]-Lysylbradykinin
[*C-Pro?, *C-Pro®]-Bradykinin
[*C.-Gly®]-Arginine-vasopressin

Benjamini et al. (1969)
Benjamini et al. (1969)
Benjamini ez al. (1969)
Benjamini et al. (1969)
Benjamini et al. (1969)
Benjamini et al. (1969)

Bauer (1970)

Smith ef al. (1970)

Smith et al. (1970)

Smith et al. (1970)

Peters et al. (1970)

Peters et al. (1970)
Robinson et al. (1970)
Robinson et al. (1970)
Robinson et al. (1970)
Robinson et al. (1970)
Robinson et al. (1970)
Robinson et al. (1970)
Robinson et al. (1970)
Pisano (1969b)

Pisano (1969b)

Pisano (1969a)

Walter and Havran (1971);
Havran et al. (1971b)
Walter and Havran (1971);
Havran et al. (1971b)
Walter and Havran (1971);
Havran et al. (1971b)
Benjamini et al. (1968a)
Benjamini et al. (1968a)

[*C:-Gly®]-Lysine-vasopressin
[*C.-Gly®]-Oxytocin

([*C]-Acetyl)-Thr-Thr-Ala-Glu-Thr-Leu-Asp-Ala-Thr

([*C]-Acetyl)-Ala-Ala-Ala-Ala-Ala-Leu-Asp-Ala-
Thr-Arg

([**C]-Acetyl)-Thr-Thr-Ala-Glu-Thr-Leu-Asp-Ala-
Thr-Arg

[*C(U)-Leu*]-Ile’-Angiotensin I

[*C-Leu"']-Angiotensinogen

Benjamini et al. (1968a)

Thampi et al. (1968)
Skeggs et al. (1969)

In order to effect solid-phase cyclization of [Gly®, Gly']-gramicidin S,
Sklyarov and Shashkova (1969) attached Boc-Orn-Leu-pD-Phe-Gly-OMe
through the &-amino group of the ornithine residue to chloroform-
oxymethyl polystyrene—2% divinylbenzene resin (Letsinger and Kornet,
1963; Letsinger et al., 1964) and built up the decapeptide chain through six
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cycles of standard solid-phase synthesis. Saponification of the C-terminal
methyl ester, formation of the N-hydroxysuccinimide ester, N-deprotection
and incubation in the presence of triethylamine gave resin-bound cyclic
decapeptide. Removal of the solid support by HBr in trifluoroacetic acid af-
forded the fully active antibiotic in 20% overall yield.

Wieland et al. (1970) investigated peptide cyclization on the 4-carboxy-
phenylhydrazide resin supports (88, 88a) through oxidative activation
(141), deprotection and base treatment, but thus far only very low amounts
of cyclic peptide could be obtained in this manner.

Boc - AA—NHNH COOCHzO Resin

(88)
lsolid-phase synthesis

Boc - Peptide —NHNH@- COOCHZOResin

(88a)

activation

Boc — Peptide- N—=N COOCH, OResin
)

(141

‘ N-bromosuccinimide

(a) deprotection
(b) base treatment

I:Peptide]

Intramolecular disulfide bond formation is a special type of cyclization re-
quiring similar dilution conditions to minimize intermolecular dimerization
or polymerization, and the solid-phase system has also been useful for this
purpose. The disulfide containing tripeptide

Cys-Cys-Ala

has been prepared in 80% yield (Patchornik e al., 1967; Bondi et al.,
1968) using cyclization on the Merrifield resin with the aid of ethylene
diiodide (Weygand and Zumach, 1962) after the S-protecting trityl groups
had been cleaved off by AgNO; in pyridine. The disulfide ring of oxytocin
has been formed on the solid support after the nonapeptide was assembled
and the S-protecting mercaptoethyl groups removed by thiophenol treatment
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(Inukai et al., 1968). It should be interesting to observe if these special ex-
ploitations of the solid-phase system will find more numerous applications in
the future.

D. OTHER POLYMERIC PRODUCTS

The solid-phase concept is principally adaptable to any kind of repetitive
synthetic procedure, and it is especially suited for the preparation of other
polymeric substances such as polynucleotides or polysaccharides. The syn-
thesis of oligonucleotides on solid supports has received wide application,
and one recent report (Frechet and Schnerch, 1971) has been concerned
with solid-phase synthesis of oligosaccharides. Oligonucleotide synthesis on
polymer supports is more difficult than peptide synthesis since coupling
yields are far from complete (50-80% ) and sometimes quite low, and the
demands on the selectivity of protecting groups are very high. Merrifield
(1969a) has briefly reviewed the early efforts in this field. Recent contribu-
tions are those of Cramer and Koster (1968), G. M. Blackburn et al.
(1969), Melby and Strobach (1969a,b), Kusama and Hayatsu (1970),
and Potapov et al. (1971). Recent attempts to prepare oligoethylene tere-
phthalates met with unsatisfactory results (Pénisson and Zahn, 1970).

V1. Comparison and Choice between Solid-Phase and Solution Synthesis

A. PRESENT STATE OF SOLID-PHASE SYNTHESIS
1. General Remarks

Several years ago the attitude of peptide chemists towards solid-phase pep-
tide synthesis appeared to be rather definitive. Two opposing camps could
be distinguished. One group comprised those investigators whose experience
with solid-phase peptide synthesis made them enthusiastic believers. The
other group consisted of rather uncompromising opponents, who objected
either by principle or as a consequence of disappointing results obtained
with the method. In the meantime a large number of methodological investi-
gations and significant modifications have been published. An appraisal of
the state of the art is necessarily more complicated. Comments and discus-
sions about the subject have become considerably qualified. Moreover,
some proponents from both groups have changed party.

A large number of peptides for biological studies have been prepared by
solid-phase synthesis (see Tables XXII to XXV). The smaller ones
(with up to ten or fifteen amino acid residues) may be purified to provide
the desired compounds in homogeneous form by presently available frac-
tionation procedures. Syntheses according to much larger target sequences
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extending into the range of proteins give invariably complex mixtures. Al-
though striking achievements have been made in fractionating nuclease
preparations, the purified products are still at variance with the natural com-
pounds with respect to biological potency. Presumably the solid-phase syn-
thetic proteins contain considerable portions of deletion peptides that are, as
yet, inseparable. Furthermore, very specialized procedures have been used
in the nuclease purifications that will by their nature not be applicable to
many proteins other than enzymes or enzyme inhibitors. The solid-phase
procedure has recently been carried out through 187 cycles, and the most
interesting methodological aspect of this achievement is the observation that
amino acid incorporation apparently continued to function in high average
yields throughout. Presumably it might continue to do so for longer se-
quences. Many methodological studies have now shown the occurrence of
incomplete deprotection or incomplete coupling and deficiencies in removal
of the solid support. Some of the factors influencing rate and degree of reac-
tions have been recognized. Analytic procedures have been developed al-
lowing some process controls, but the sensitivity needs to be considerably
improved. Modified peptide to resin linkages and different solid supports
have been studied with the aim of developing milder procedures for the final
removal from the completed peptide. Finally, alternative solid-phase proce-
dures have been devised and some show promising results. The volume of
literature keeps growing at an increasingly rapid rate which should be con-
sidered the finest tribute to Merrifield’s ingenious concept. It must also be
noted that notwithstanding the numerous proposed modifications, the great
majority of all work still follows essentially the standard experimental pro-
cedures developed by the inventor and his collaborators. Some of the principal
requirements of the method are presently short of full experimental imple-
mentation, most importantly 100% complete reactions throughout. As a
consequence, more methodological work is urgently needed and project-ori-
ented applications must be subject to critical evaluation of product quality.

In the following discussion some of the above points will be dealt with in
more detail, and a few selected examples shall serve to corroborate the con-
clusions.

2. Methodological Aspects

The solid-phase method has not been designed as just another approach
to the synthesis of small peptides but for the express purpose of synthesizing
proteins (Merrifield, 1969b). To achieve this aim, the experimental per-
formance must approach the ideal requirements very closely. Let us con-
sider the present state of the solid-phase procedure from this point of view.
It appears that several basic prerequisites are well met by the method. (a) It
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is universal, i.e., all amino acid residues that occur nbrmally in proteins can
be successfully incorporated into the growing peptide chain, including the
“difficult” ones (tryptophan, histidine, methionine), provided special pre-
cautions are observed. (b) The method is rapid, allowing extension of the
peptide chain by one to six amino acid residues per day. Programmed mech-
anized machines have been developed for full-time operation. {¢) The pro-
cedure is easy and convenient to perform and does not require highly spe-
cialized knowledge of preparative synthetic organic procedures. (d) The
overall efficiency in individual peptide bond formation does not seem to
diminish in proportion with increasing chain length, as judged from the few
protein syntheses so far published.

These assets are presently offset by four main deficiencies. (@) Failures
of quantitative incorporation of each amino acid residue can be caused
by incomplete coupling or by less than quantitative cleavage of Na-pro-
tecting groups. The latter shortcoming might occur as frequently as the
former, but both are influenced by (i) the sequence, (ii) the steric proper-
ties of reactants, (iii) the solvent polarity, and (iv) the degree of resin-
cross-linking. (b) Racemization can occur during the coupling reaction; and
side reactions due to insufficient stability of side-chain protection have been
observed. Improved combinations of Na- and side-chain protecting groups
are already being examined. Minimization of racemization will require special
reaction control (Kemp, 1973); which could hardly improve matters for
those who fail to purify their protected amino acids to better than 99% opt-
ical purity (see Kemp et al., 1970a). (c¢) The benzyl ester peptide to resin
linkage is inadequate in two respects, (i) incomplete stability during depro-
tection causing loss of peptide during synthesis, and (ii) incomplete cleav-
age of the final product from the solid support enforcing the use of destructive
conditions. (d) Available analytic controls are not sensitive enough to de-
termine the reaction progress in the 99.5-99.9% range.

Several of these deficiencies could probably be eliminated or minimized
through the application of presently available methodology. More complete
reactions might be obtainable in solvents, such as toluene (Kemp, 1973), or
with the use of surface bonding of peptide to solid support (Potts et al.,
1971; Bayer et al., 1970c). Side reactions could be minimized by the use of
more stable side-chain protection such as ring substituted benzyl derivatives
or trifluoroacetyl or fluorenylmethyloxycarbonyl groups. Racemization
might be lowered by working at 0° in favorable solvents. Solid supports
such as cellulose might offer the possibility of very mild final removal by
selective enzymic degradation of the support. Peptide to resin linkage
through one or several pD-amino acid residues might be split by proteolytic
enzymes that specifically cleave such bonds (e.g., enzymes of microbial ori-
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gin). Loss of peptide during a synthesis can be minimized by using a-amino
protecting groups [e.g., the 2-(p-biphenylyl)isoprophyloxycarbonyl group]
which are removable under milder conditions than those required for com-
plete cleavage of the fert-butyloxycarbonyl group.

3. Product Purity

At present solid-phase synthesis does not produce homogeneous peptides
because (a) reactions do not proceed to 100% completion, (b) side-chain
protection is not sufficiently stable, and (¢) trace racemization can occur.
Peptide chemists, however, have always aimed at products of single molecu-
lar nature. In solution synthesis this is attempted through painstaking purifi-
cation after each peptide bond formation. In solid-phase synthesis, on the
contrary, removal of side product contamination is postponed until after re-
moval of the solid support. Therefore, the accumulated contaminants form a
complex mixture, and purification becomes so extremely difficult that in
some cases large multiples of the time required for the synthesis have to be
spent on purification. The central question at the present time is: Which sol-
id-phase synthetic peptide can be purified to homogeneity and which cannot,
by available fractionation methods? The answer depends on size, composi-
tion, and sequence which determine such critical properties as stability, solu-
bility, and charge. The answer also depends to no small measure on the
experience and proficiency of the individual investigator with respect to pep-
tide fractionation. It is probably safe to say that through determined efforts
at purification homogeneous material should be obtained from many solid-
phase syntheses of up to decapeptides. Examples of apparently homoge-
neous final products in this range of size include such biologically active
peptides as: thyrotropin releasing hormone, melanotropin release inhibiting
factor, Ile5- and Vals-angiotensin II, oxytocin and analogs, arginine- and
lysine-vasopressin and analogs, bradykinin, antamanide and analogs, gramici-
din S and analogs.

At the time of completing this review an “improved” solid-phase synthe-
sis of gramicidin S was published by Izumiya and collaborators (Ohno et al.,
1971) which might be considered as the most perfect execution of the method.
The p-methoxybenzyloxycarbonyl group was used for e-amino group protec-
tion, the p-nitrobenzyloxycarbonyl group for the protection of side-chain
amino functions. Leucine served as the C-terminal amino acid which was
linked to chloromethylated copolystyrene-2% divinylbenzene resin. Depro-
tection was carried out with 1 N hydrogen chloride in acetic acid, and coupling
with 2.5 equivalents of protected amino acids and dicyclohexylcarbodiimide
in methylene chloride for 4-8 hours. The completed decapeptide was re-
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moved from the solid support by hydrazinolysis giving 4.1 gm (97%) of
crystalline product (155) which was judged to be 98% pure by absorption at
268 nm (p-nitrobenzyloxycarbonyl group absorption). This amounts to an
average of 99.4% yield in each coupling. In this synthesis several improve-
ments were made over the standard solid-phase procedure. The Na-p-
methoxybenzyloxycarbonyl group was obviously completely cleaved in each
cycle; the N§-p-nitrobenzyloxycarbonyl group of the ornithine residues was
completely stable throughout the synthesis; the cleavage of the final product
from the resin by hydrazinolysis was mild and practically quantitative.

Meoz-p-Phe-Pro-Val-Ormn(NO;*Z)-Leu-p-Phe-Pro-Val-Orn (NO.*Z) -Leu-NHNH_.
(155)

Solid-phase syntheses of undeca- to eicosapeptides can, at present, pro-
vide homogeneous products in favorable cases where long experience of the
investigator with the particular peptide should aid in highly efficient frac-
tionation of the synthetic conglomerate. Examples include a-MSH, gramici-
din A and B, and a-ACTH-(1-19). The investigator claiming homogeneity
for peptides in this range of size must, however, grant to his peers the privi-
lege of doubt. Only a series of independent and highly sensitive analytic cri-
teria can demonstrate molecular uniformity with some certainty. For reasons
unknown, some of the most sensitive tests for peptide homogeneity seem to
have not yet been applied to products of solid-phase synthesis, such as dan-
syl end-group determination (for a recent review, see Seiler, 1970) or
SDS-gel electrophoresis. Two dimensional chromatography-electrophoresis
(peptide mapping) and enzymatic purity tests (Zuber, 1960) have been ap-
plied only in a few instances; polyacrylamide gel electrophoresis has been
used once (Blake et al., 1972).

Peptides larger than eicosapeptides can hardly be obtained in uniform
state by the present experimental execution of the solid-phase method. This
will require either improved synthetic procedures or more powerful fraction-
ation methods or both. As described in Section IILF,2, such purification
methods as countercurrent distribution (which should be used more fre-
quently), ion exchange chromatography, combined partition and gel chro-
matography, affinity chromatography, functional purification (specific en-
zymic treatment) and peptide mapping have been used for products
prepared by solid-phase synthesis. Other recently developed methods which
might possess even higher fractionation power such as rotating free zone
electrophoresis (Hjertén, 1970), isoelectric focusing in pH gradients (Hag-
lund, 1971) or in polyacrylamide gel (Finlayson and Chrambach, 1971),
helix countercurrent chromatography (Ito and Bowman, 1971), or some fu-
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ture form of affinity electrophoresis might merit investigation of their per-
formance with solid-phase synthetic peptides.

There can be little doubt that, at present, a solid-phase peptide synthesis
has to be followed up by extensive product purification and that the size
limit for homogeneous peptides lies at approximately decapeptides with pos-
sible favorable exceptions up to eicosapeptides.

4. Scope and Limitations

Does the limitation to decapeptides and exceptionally to eicosapeptides
apply generally? I suppose it does not. As mentioned above, the solid-phase
method has been designed for protein synthesis. The critical question wheth-
er this will be within the scope of the method has already been tested in
part. Conceivably it was to be expected that the efficiency of incorporation
of amino acid residues would gradually decrease with increasing chain
length and eventually become too minute for practical purposes. In other
words, one might forsee an increasing number of chain terminations with in-
creasing size of the synthetic peptide resulting in zero amino acid incorpora-
tion at some critical size. The nuclease and growth hormone syntheses have
provided a most significant methodological information. It appears that the
coupling efficiency remains surprisingly high up to 123 cycles or up to 187
cycles. If there should be any limitation, it must reside with longer chain
lengths. Thus the method appears to remain highly functional up to at least
200 amino acid residues, which corresponds to a medium-sized protein.

Certainly, the products that have so far been prepared are incredibly
complex mixtures, even after purification. However, some biological pro-
blems can also be studied with the use of such mixtures. At present there is
really no alternative solution method available which is capable of produc-
ing protein preparations in more than microgram quantities.

Thus, the present limitation of the solid-phase method does not reside in
an upper size restriction. Mixtures of protein can readily be prepared. One
has to decide in each case how useful mixtures (after purification!) might
be for the study of biological or biochemical questions or which correlation
to natural products can be deduced.

It is hoped that future improvements of the present synthetic procedure
will reduce the product complexity. At the present state of development av-
erage coupling yields are mostly below 99%. It should be possible to devel-
op within the next few years by known organic chemical methodology a pro-
cedure providing 99% average yields per cycle. This will be a good step
forward in the direction of obtaining a future solid-phase method featuring a
desirable 99.9% average coupling efficiency.
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B. PRESENT STATE OF SOLUTION SYNTHESIS

1. Reviews

Peptide synthesis has been thoroughly discussed periodically. The main,
comprehensive reviews are those of Fruton (1949), Grassmann and
Wiinsch (1956), Goodman and Kenner (1957), Greenstein and Winitz
(1961), Hofmann and Katsoyannis (1963), Schroder and Liibke (1965,
1966), and Bodanszky and Ondetti (1966). Several didactic books have re-
cently appeared that contain concise essentials of the field; among them
those by Kopple (1966), Elmore (1968), Jakubke and Jeschkeit (1969),
and Law (1970). A table of synthetic peptides has been published (Pettit,
1970, 1971). Specialist Periodical Reports, edited by Young, are now avail-
able (Young, 1969, 1970, 1971). The proceedings of the Furopean, Japanese,
and American Peptide Symposia reflect in lively manner the progress and
problems in peptide synthesis during the past 15 years.* The following brief
account shall touch upon a very few selected examples of recent develop-
ments in protecting groups and methods for peptide bond formation. The
state of the art will be illustrated by a brief discussion of two recent synthet-
ic achievements, glucagon and ribonuclease A S-protein.

2. Protecting Groups

Recent developments in amino group protection include the 2-(p-biphen-
ylyl)isopropyloxycarbonyl group (Sieber and Iselin, 1968a,b) which has
been discussed in Section III,C,1. The recently announced 9-fluorenylme-
thoxycarbonyl group (102) of Carpino and Han (1970) 1 is completely sta-
ble to acid treatment and to hydrogenolysis; it is removed by simply dissolv-

* Publications of European Peptide Symposia: 1st (Prague, 1958): Collect. Czech.
Chem. Commun. 24 (Spec. Issue), pp. 1-160 (1959); 2nd (Munich, 1959); Angew.
Chem. 71, pp. 741-743 (1959); 3rd (Basel, 1960) : Chimia 14, pp. 366380 (1960); 4th
(Moscow, 1961): Collect. Czech. Chem. Commun. 27, pp. 2229-2262 (1962); Sth (Ox-
ford, 1962): Young (1963); 6th (Athens, 1963): Zervas (1966); 7th (Budapest, 1964):
Bruckner and Medzihradszky (1965); 8th (Noordwijk, 1966): Beyerman et al.
(1967a); 9th (Orsay, 1968): Bricas (1968); 10th (Abano, Terme, 1969): Scoffone
(1971); 11th (Vienna, (1971): Nesvadba (1973). Publications of the American Pep-
tide Symposia: 1st (New Haven, Connecticut, 1968): Weinstein and Lande (1968,
1970); 2nd (Cleveland, Ohio, 1970): Lande (1972); 3rd (Boston, 1972): Meienhofer
(1972). The proceedings of some of The Japanese Symposia, 1st (1962) to 9th (1971),
have been published in Japanese by the Protein Research Foundation, Osaka.

+ 9-Fluorenylmethyl chloroformate, is commercially available from Aldrich Chem-
ical Company, Inc., Milwaukee. Wisconsin.
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ing the peptide in liquid ammonia or by treatment with ethanolamine or
morpholine in organic solvents.

NO,
g )
Moo I
¢ i CHOC—NHR
O CH,OC—NHR
(102) NG,
(103)

The 2,2'-dinitrodiphenylmethyloxycarbonyl group (103) can be cleaved
photolytically at A>3200 A, thus introducing a new, highly selective de-
protection procedure (Patchornik et al., 1970).

For some of the commonly used amine protecting groups, improved pro-
cedures for their introduction into amino acids or peptides have been devel-
oped. fert-Butyloxycarbonyl fluoride (Schnabel er al., 1968a,b,c, 1971a)
reacts 5-10 times faster than the azide, thus greatly facilitating the prepara-
tion of Boc-amino acids as described in Section III,C,3. Introduction of the
trifluoracetyl group (157) with the use of unsymmetrical trichlorotri-
fluoroacetone (156) proceeds under neutral conditions producing chloro-
form as the only by-product (Panetta and Casanova, 1970). The formyl
group is easily introduced by a carbodiimide condensation (Thomas, 1967),
and a water-soluble reagent for amine tosylation, N-tosyl-N’-methylimidazol-
ium chloride (158) (Jozefczak et al., 1970), would appear to have certain
advantages over the commonly used tosyl chloride which often requires mix-
tures of aqueous and organic solvents. A recent report about an efficient
electrolytic cleavage of the N-p-toluenesulfonyl group (Okumura er al.,
1971) promises to enhance the applicability of this valuable protecting group.
Interesting new developments in carbonyl group protection include: the 8,8-
dimethylaminoethyl ester (159) by Greben et al. (1968), which is stable to

I] DMSO
CF4—C—CCl, + H,NR ———— CF,CO—NHR + CHCl,
25°
(156) (157)

.
+ -
CHa@— S0,—Ny_/N—CHs| Cl

(158)
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hydrogen bromide in acetic acid and removed by 2-4% NaHCO; in
dimethylformamide-water; the p-methylthiophenyl ester by Johnson and Ja-
cobs (1968a,b) which has been discussed in detail in Section III,B,2 and
the 2,2’-dinitrodiphenylmethyl ester (104) by Patchornik er al. (1970)
which is cleaved by photolytic treatment (A>3200A).

NO,
R—COO— CH,CH,N(CH,), R—COO—CH
(159) N
NO,

(104)

Many promising new groups have been developed for side-chain protec-
tion. Among those for cysteine thiol protection are the ethylmercapto group
(160) of Inukai and collaborators (1967) which is cleavable by mercaptans
and stable towards acid and base, and the acetamidomethyl group (161)
developed by Veber et al. (1968). This latter group (161) is stable to acids
(trifluoroacetic acid, hydrogen bromide in acetic acid, hydrogen chloride, hy-
drogen fluoride at 0°) and to acidic and alkaline aqueous solutions in the pH
range 0-13 at 25°. It is easily cleavable by mercuric ions at pH 4 and room
temperature. Most importantly, the solubility characteristics of the acetami-
domethyl group allow its use in both organic solvents and aqueous media.

RS—SC,H, RS~ CH,NHCOCH,
(160) (161)

For the protection of the imidazole moiety of histidine, the piperidinocar-
bonyl group (162) has been described (Jiger et al., 1968). It is stable to
acid treatment, but easily removed by hydrazine or sodium hydroxide. The
2,4-dinitrophenyl group (163) has been used by Shaltiel (1967) and Shal-
tiel and Fridkin (1970) for protection of the histidine imidazole function,
featuring highly selective cleavage by thiols and complete stability to acid.
It has proven its value in several syntheses. To avoid undesired side reactions
caused by the amide side-chain functions of glutamine and asparagine
residues (e.g., nitrile formation in carbodiimide mediated peptide coupling),
the 4,4’-dimethoxybenzhydryl group (164) has been introduced by Konig
and Geiger (1970b). While stable to catalytic hydrogenation, hydrazinolysis,
and base, it can be removed by trifluoroacetic acid, hydrogen bromide in
acetic acid, or hydrogen fluoride.
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NO,
N-—— A: >—OCH
N:\N Cco¥ H B N NO '
%/ B &( ?  RCONH—CH
CH CH o
‘ . ‘ : \@70CH3
—HN—CH—CO— —NH—CH—-CO—

(162) (163) (164)

The availability of these and many other newly developed protecting
groups has increased the flexibility and versatility of strategy in peptide syn-
thesis. A very important contribution has been made to the protection-de-
protection problem by Sakakibara’s discovery of the effectiveness of anhy-
drous liquid hydrogen fluoride for rapid and quantitative removal of many
commonly used protecting groups (Sakakibara and Shimonishi, 1965; Sak-
akibara, 1971) (Table XXVII). The applications of this procedure to the
cleavage of the peptide to resin linkage in solid-phase synthesis have been
discussed in Section IILE,1.

Undoubtedly, more highly selective protecting groups and other useful re-
agents are still required. There is a particular need for groups which would
confer to peptides increased solubility in organic solvents or in aqueous sys-
tems.

The extent to which side-chains need to be protected depends very much
on the peptide to be synthesized and on the condensation methods to be
used. Frequently, some of the less reactive amino acid side-chain functions,
such as those of serine, threonine, tyrosine, or histidine can be left unpro-

Strategy of global protection
Bll][ BIUt Ol‘3ut B‘ut Bu! Boc B‘u[ Ol’3u[
|
NpsfThr—Ser‘Asp~TyrfSer4L§IIS-Tyr—Lequsp—OH

Glucagon: Protected fragment 7-15

Strategy of minimal protection
Acm
|
Boc— Ser—Thr —Met—Ser —Ile—Thr —Asp— Cys—Arg —NHNH,

Ribonuclease: Protected fragment 77-85

Fic. 25. Strategies of global and minimal protection of amino acid side-chain
functions. (Top, from Wiinsch et al., 1968a; bottom from Jenkins et al., 1969).
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Table XXVII—Behavior of Various Protecting Groups in Hydrogen Fluoride in the
Presence of Anisole®

Conditions

Protecting Group Stability® Temp (°C) Minutes
tert-Butyloxycarbonyl A 0 <30
tert-Amyloxycarbonyl A 0 <30
Benzyloxycarbonyl A 0 <30
p-Methoxybenzyloxycarbonyl A 0 <30
p-Nitrobenzyloxycarbonyl C 20 60
p-Chlorobenzyloxycarbonyl A 0 60
Ne or Ne-Tosyl C 20 120
N9-Tosyl (Arg) A 0 30
N*™_Tosyl (His) A 0 <30
N9-Nitro A 0 <30
Trifluoroacetyl C
Formyl C 20 120
Phthalyl C 20 120
o-Nitrophenylsulfenyl A 0 <30
Methyl ester C 20 120
Ethyl ester C 20 120
tert-Butyl ester A 0 <30
Benzyl ester A 0 30
p-Nitrobenzyl ester B (15) 20 60
O-tert-Butyl A 0 <30
O-Benzyl (Ser, Thr) A 0 <30
O-Benzyl (Tyr) B (70) 0 60
S-Ethyl C 20 120
S-tert-Butyl A 20 60
S-Benzyl A 20 30
S-p-Methoxybenzyl A 0 <30
S-Diphenylmethyl A 0 30
S-Trityl A
S-Acetamidomethyl C 0
Merrifield resin ester A 20 30-60

* From Sakakibara, 1971.
* A, Removable; B, partially removable; C, stable. Number in parentheses refer to
percent removal.

tected, for example in azide or some active ester condensations. However,
for the synthesis of glucagon Wiinsch (1967) found through much experi-
mentation that a strategy of “global protection” was required for a success-
ful synthesis of this hormone. Global protection, i.e., protection of all side-
chain functions, provides maximal safety against undesired side reactions
and flexibility in the choice of coupling methods. On the other hand, the
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presently used protecting groups create problems with larger peptides by de-
creasing their solubility in organic solvents. Therefore, Hirschmann and
Denkewalter and their coltaborators reduced the use of blocking groups to a
minimum in their synthesis of the S-protein portion of ribonuclease A (see
Hirschmann and Denkewalter, 1970). “Minimal protection” does, however,
restrict the choice of peptide condensation methods. Fig. 25 illustrates global
and minimal protection taking two nonapeptides as examples, each of which
possess eight amino acid residues with functional side-chains.

3. Peptide Bond Formation

Four methods of peptide bond formation proved to be powerful enough
to find general use and applicability in peptide synthesis. The azide, mixed
anhydride, carbodiimide, and active ester methods remain essentially un-
challenged in this position over the past 15-20 years through hundreds of
peptide syntheses. Most of the recent progress can be attributed to further
improvements, refinements and expansion of these four methods rather than
to the development of other new methods. Thus, the scope of the active es-
ter method has been enlarged by many modified esters, in particular those
providing anchimeric catalysis, such as hydroxyquinoline esters (Jakubke
and Voigt, 1966), catechol esters (Jones and Young, 1967, 1968), 2-pyri-
dyl thiol esters (Lloyd and Young, 1968, 1971), and 2-pyridyl esters (Dutta
and Morley, 1971, 1973). Suppression of acylurea formation and lowering of
racemization in carbodiimide mediated coupling was achieved by addition of
N-hydroxysuccinimide (Wiinsch and Drees, 1966; Weygand et al., 1966)
or by 1-hydroxybenzotriazole derivatives (Konig and Geiger, 1970a). Es-
sentially racemization-free coupling of peptides (less than 0.2% diastereo-
isomer formation) can be obtained by the mixed anhydride procedure using
the Anderson modification (Anderson et al., 1967). New developments of
reagents for peptide bond formation which appear to be interesting and
promising include N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (134)
(Belleau and Malek, 1968). This condensing reagent, like carbodiimide,
is simply added to the mixture of the carboxyl and amine components. Ket-
oxime esters (165) which had been known for years as very slowly reacting
substances (Losse et al., 1964) were found to form peptide bonds very fast
and efficiently with the aid of acid catalysis (Fujino and Nishimura, 1969).

In the oxidation-reduction condensation of Mukaiyama et al. (1970), tri-
CH,
RCO—ON=C_

~ CH,q
H
N oc,H, HoC

/
| RCO—ON=C  (CH),

CO,C,H,
H,C
(134) n=2,3
(165)
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phenylphosphine (166) and 2-thiopyridine disulfide (467) are used for
peptide bond (168) formation, leaving triphenylphosphine oxide (169) and
2-thiopyridine (170) as by-products.

2

) SWSRL
RCOOH  + <\:/>—p + \N\ N |N/ + R'NH,
@ (167)

(166)

(168)

\
R—CONH—R’ + P=0 + 2
@ N

(169) (170)

Kenner’s acyloxyphosphonium salts (173) are prepared from hexamethyl-
phosphoramide (171), a powerful solvent for large protected peptides, and
from tosic anhydride (172). The method has yielded excellent results in
fragment condensations of protected peptides (Gawne et al., 1969). An
octapeptide was obtained in 81% vyield from a benzyloxycarbonyl pen-
tapeptide and a tripeptide ester, another one in 75% yield (2 + 6 condensa-
tion). These new methods showed promising results in the hands of the au-
thors, but further work will have to be awaited before their general usefulness
can be assessed.

H,C CHy H,C.CHs HC. CH,
H,C | Tos H,C | 1 CH
ON—P=0 + 0 —— | "on-P2 00— b N7 *| x 2Tos- 0%
H,C~ IlI Tos™ H,C \ I\\I CH,
H,C~ “CH, H,C~ “CH, H,C~ ~CH,
(171) (172) (173)
H,C. | CH,
'® _CH, R’NH,
(173) + RCOOH = | RCOO—P=NT —— R—CONH—R’
! 3
N
H,C~ “CH,

X Tos - Oe
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A risk of racemization is always involved when peptide bonds are formed
between optically active amino acids. Since biological activity of peptides
and proteins is dependent on their optical purity, racemization has to be
carefully avoided. To be useful, a synthetic method must proceed with no
more than minimal racemization. Reaction conditions under which the dan-
ger of racemization is minimal have been developed for all four generally
used methods discussed above. The azide method had long been considered
to be racemization-free, but the recent development of a highly sensitive ra-
cemization test through isotopic dilution, which measures in the +=0.001 to
=*0.05 sensitivity range (Kemp et al., 1970a,b), led to the recognition that
traces of racemization always occur. Recently, as much as 20% racemiza-
tion was detected after a fragment condensation by the azide method during
a synthesis of calcitonin (Sieber et al., 1970; Riniker et al., 1972). It has
since become clear and generally acknowledged* that a “racemization-free”
method does not exist. It will be necessary to optimize coupling conditions
on the basis of known solvent and temperature effects (Goodman and
McGabhren, 1966; Goodman and Glaser, 1970; Kemp et al., 1970b; Kemp,
1973) in every individual peptide condensation, that is of critical impor-
tance during syntheses of large peptides.

Several procedures (tactics) aimed at providing rapid peptide synthesis in
solution have been developed. In these schemes solvent extraction (wash-
ing) procedures are used for the work-up after the coupling, and any further
purification of intermediates is omitted. Excess acylating component (car-
boxyl component and reagent) is used to achieve complete or near com-
plete peptide bond formation. Water-soluble carbodiimides (Sheehan et
al., 1965), Boc-amino acid N-hydroxysuccinimide esters (Laufer and Blout,
1967), and the carbonic carboxylic mixed anhydride method have been
vsed (Tilak, 1970) for this purpose. N-Carboxyamino acid anhydrides were
employed for the rapid controlled synthesis of peptides in aqueous medium
(Denkewalter et al., 1966).

4, Selected Examples

Since Schroder and Liibke (1966) reviewed synthetic achievements sev-
eral outstanding peptide syntheses have been accomplished. The impressive
synthesis by the Merck group of the S-protein part of bovine ribonuclease A
containing 104 amino acid residues will be briefly described below. Two
syntheses of adrenocorticotropin, possessing thirty-nine amino acid residues,
have been achieved. Porcine ACTH has been assembled by Schwyzer and
Sieber (1963), and Bajusz and Medzihradszki prepared the human hor-

* Forum discussion at the Eleventh European Peptide Symposium, Vienna, 1971.
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mone (Bajusz et al., 1967). Very interesting and commercially important
are syntheses of highly potent N-terminal fragment analogs: [B-Ala'l-
ACTH-(1-17) 4-amino-n-butylamide (Geiger, 1971), [p-Ser!, Lys',
Lys-NH,'#]-8-ACTH-(1-18) (Desaulles et al., 1969), and [D-Ser!, Nlet,
Val-NH,2%]-8-ACTH-(1-25) (Boissonnas et al., 1966). These peptides
exhibit 7-8 times higher biological activity than the natural hormone. Sever-
al calcitonin syntheses have been reported: porcine calcitonin (Rittel et al.,
1968; Riniker et al., 1969; Guttmann et al., 1968); human calcitonin (Sie-
ber et al., 1968); salmon calcitonin (Guttmann et al., 1969). The efforts
of many years have been crowned by a successful synthesis of glucagon,
which will be outlined below; and secretin has been synthesized (Bodanszky
et al., 1966, 1967a) by several routes comparing the strategies of incremen-
tal chain elongation (Bodanszky et al., 1967b) and of fragment condensa-
tion (Ondetti ef al., 1968b).¥

Presently, syntheses of ribonuclease T; (104 amino acid residues) (Hof-
mann, 1973; Beacham ef al., 1971; Yanaihara et al., 1969), of staphyllo-
coccal nuclease-(6~47) (Zeiger and Anfinsen, 1972) and of proinsulin
(Zahn et al., 1973; Yanaihara ez al., 1970) are in progress,

The synthesis of bovine ribonuclease A-(21-124) by Hirschmann, Den-
kewalter, and collaborators (Denkewalter et al., 1969; Strachan et al.,
1969; Jenkins et al., 1969; Veber et al., 1969; Hirschmann et al., 1969) in-
troduced into peptide synthesis several innovative experimental procedures:
{a) a new rapid method for peptide bond formation, “controlled” sequential
N-carboxyanhydride couplings in aqueous phase, (b) a new S-protecting
group, the acetamidomethyl group, which confers excellent solubility upon
cysteine-containing peptides, (c) a new strategy, minimal side-chain protec-
tion (see Fig. 25) (Denkewalter and Hirschmann, 1969; Hirschmann and
Denkewalter, 1970). The azide method was used for the condensation of the
nineteen fragments which had mostly been prepared by the sequential N-car-
boxyanhydride method. Finally two large fragments were obtained contain-
ing forty and sixty-four amino acid residues. Their condensation by the azide
method proceeded with very low yield. The S-peptide was added to the
completed synthetic S-protein for generation of ribonuclease activity (Rich-
ards and Vithayathil. 1959). Very small amounts of synthetic material
have so far been obtained, and preparations of larger amounts are still in
progress. The condensation of the larger fragments still presents the most
difficult problem. This will be one of the major general obstacles for solution
synthesis of large peptides or proteins in the years ahead.

The glucagon synthesis of Wiinsch and collaborators (Wiinsch, 1967;

7 See Chapter 2 by Bodanszky. A.. for a discussion on secretin synthesis.
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Adoc Bu! Bu! Bu! Bu! OBu' Buf B‘ut Boc B\u[ O]?u‘

| | | | | | | \
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B H H oBu/ Blu‘
| |
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Coupling Coupling

Fic. 26. Protected nonacosapeptide intermediate of a glucagon synthesis by so-
lution methods (Wiinsch, 1967). Arrows indicate points of fragment condensation.

Wiinsch and Wendlberger, 1967; 1968; Wiinsch et al., 1968a—d) is an im-
pressive example of a carefully executed synthesis in which undesired side
reactions were minimized through a strategy of global side-chain protection.
The protected nonacosapeptide, shown in Fig. 26, was prepared by fragment
condensation from five intermediates, starting with the C-terminal tripeptide
intermediate. All four condensations were carried out with the dicyclohexyl-
carbodiimide-N-hydroxysuccinimide procedure (Wiinsch and Drees, 1966;
Weygand et al., 1966). Deprotection with trifluoroacetic acetic acid fol-
lowed by gel filtration on Sephadex G-50 gave chromatographically homo-
geneous glucagon, which crystallized from aqueous solution at pH 9.3 (Fig.
27). The synthetic hormone was indistinguishable from the natural hormone
in biological potency, and in physical and chemical characteristics. The syn-
thesis proved the structure established by Bromer et al. (1956) to be cor-
rect. Furthermore, a quantity of about 5 gm of crystalline hormone was syn-
thesized. Since glucagon is only sparingly available from natural sources, the
synthesis made this hormone available for biological and clinical studies.

5. Scope and Limitations

During the past 15 years an impressive number of peptides with up to
forty amino acid residues have been prepared by solution methods. The
main effective coupling methods had been developed by 1955, i.e., the
azide, mixed anhydride, carbodiimide, and active ester methods. Active es-
ters are most frequently used. The number of applications surpasses those of
the other three methods combined. Progressively more effective ways and
means for the formation of peptide bonds are derived from refinements and
improvements of the four methods. Optimal reaction conditions have been
elaborated in efforts to minimize both racemization and undesired side reac-
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FiG. 27. Crystals of synthetic glucagon. (1500:1). From Wiinsch et al. (1968c).

tions. New methods have not expanded the scope of peptide synthesis to any
significant degree. '

A class of most useful protecting groups, those based on the tert-alkyl
moieties, is of relatively recent origin. The combination of their use with
that of protecting groups derived from the benzyl group has been most suc-
cessful in the majority of recent syntheses. Promising new protecting groups
have been developed, but there is a need for even more.

The strategy of incremental (stepwise) chain elongation (see Fig. 2B)
has recently been used through twenty-six stages in a synthesis of a heptacosa-
peptide (secretin). Fragment condensation (see Fig. 2A) has served to as-
semble still larger sequences (see Table IT).

How far can peptide synthesis in solution be expected to go? Or, in other
words, what are the prospects of protein synthesis by solution methods? The
main obstacles forseeable for condensations of large peptide fragments are
the same as those that have impeded past syntheses. These are (a) insolu-
bility of large protected peptides in organic solvents, (b) low reaction rates,
(c) increased danger of racemization, (d) increased difficulties in purifica-
tion and analytic characterization, and (e) very large work load.

These present shortcomings illustrate the need for further methodological
developments. It appears to be unlikely that useful quantities (>10-100
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mg) of large peptides containing over fifty to eighty amino acid residues
could be prepared by presently available methods of solution synthesis.
Eventually the scientific merit of a synthesis for its own sake will decrease
(unless some striking new methodology is applied). The chemical synthesis
of proteins will be motivated by the need for producing products for biologi-
cal, biochemical, or medical research that cannot be obtained from natural
sources. The proof of a protein structure by synthesis will not be a prime
general concern because the limits of uncertainty are similar to those of se-
quence analysis*; and x-ray diffraction has now provided an effective alter-
native (Drenth e al., 1968).

Before proteins can be synthesized in some routine fashion, we must de-
velop (a) protecting groups that increase the solubility of peptides and/or
more powerful solvents, (b) accelerated peptide bond formation by cataly-
sis or new types of condensation procedures, (c¢) means to eliminate unde-
sired diastereoisomers from products, (d) more powerful fractionation and
analytic procedures (although the present methods are still reasonably ade-
quate especially when used in combination). {e) It would not be appropri-
ate to predict or promise any reduction in work load!

C. PROJECT-ORIENTED CHOICE OF METHOD
1. Comparison of Solid-Phase and Solution Synthesis

Evaluation of the advantages and disadvantages of solid-phase and solu-
tion synthesis reveals an inverse cross-correlation almost point by point
(Table XXVIII). Solid-phase synthesis is very fast and convenient, while
solution synthesis is slow and laborious. Solution synthesis of larger peptides
is impeded by problems of low solubility, failures of fragment condensation,
and danger of considerable racemization. These difficulties do not exist in
solid-phase synthesis. In fact, the elegant elimination of the grave problems
of low solubility faced by solution synthesis is one of the most important in-
novations of the solid-phase method, although this was probably not a prime
consideration when it was designed. Operating a solid-phase synthesis does
not require special organic chemical experience, while a very high require-
ment of such expertise has been one of the limitations in solution synthesis,
and it has prevented the field in the past from becoming more closely inte-
grated with other areas of research.

Solid-phase synthesis (Table XXVIII), on the other hand, produces
peptides that are mostly microheterogeneous mixtures which cannot be de-
fined by presently available analytic methods and which require intensive

* However, the structure proof by synthesis is sufficiently accurate for fragments

obtained by enzymic digestion of the protein. This has been performed, for example,
by Young e: al. (1968a) with tobacco mosaic virus protein, sequence 42-46.
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Table XXVIII—General Features of Solid-Phase and Solution Synthesis of Peptides

Solid-phase synthesis Solution synthesis
Favorable features Favorable features
Speed Product: Homogeneous
No solubility problem Adequate analysis
General synthetic experience sufficient Purification of intermediates
Automation possible Unfavorable features
Unfavorable features Slow, laborious
Product: mixture Insolubility
a. <100% Cleavage of N-protection Failure of fragment condensation
b. <100% Peptide bond formation Racemization danger
c. Small amount of racemization (0.1% ) Much special experience required

Removal from solid phase

a. Incomplete

b. Product degradation
Extensive product purification needed
No adequate analysis (0.1-0.5%)

purification without assurance of achieving product homogeneity. Solution
synthesis, however, affords generally homogeneous peptides because inter-
mediates are usually purified after each peptide bond formation. Analytic
procedures are mostly adequate even for quite large peptides, because they
also are applied after each condensation step. In solution synthesis reaction
mixtures usually consist of few (sometime predictable) components.

The comparison in Table XXVIII clearly shows that the strength of
solid-phase synthesis lies in operational efficiency. The strength of the solu-
tion methods lies in product quality. Therefore, in cases where identical
peptides of equal purity can be obtained through either approach, the solid-
phase procedure offers the advantages of time saving, easy manipulation,
and, frequently, of higher overall yields* (see, also, Wiinsch, 1971).

Direct comparisons of the performance of both approaches in syntheses
of identical peptides have been made for a variety of systems. Two typical
examples are syntheses of antamanide and hepta-y-glutamic acid. The cyclic
decapeptide antamanide (174), the antidote to the fungal toxin amanitin
(Wieland and Gebert, 1966; Wieland, 1968) was first synthesized by solu-

I:> Pro—Phe—Phe—Val-—Pro
Pro < Phe < Phe < Ala ¢« Pro:I
(174)

* Yields are based on the amount of C-terminal amino acid. In solid-phase synthesis
the excesses of reactants and reagents are not taken into account; see discussion by
Bodanszky (1970).
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tion methods (Wieland et al., 1968, 1969¢c). A subsequent preparation of
antamanide by solid-phase synthesis (Wieland ef al., 1969a) afforded a
98% yield of the linear decapeptide intermediate. The purification of the
cyclic product was greatly facilitated by the ease of crystallization of anta-
manide. Thus solid-phase synthesis gave a higher yield of homogeneous
product and required a much smaller effort than solution synthesis.

In another comparative study, a solid-phase synthesis using benzyl ester
protection (175) was judged inadequate in our laboratory (Meienhofer et
al., 1970a) for the preparation of hepta-y-L-glutamic acid (176).* The
product mixture (see Fig. 11 for a high-voltage paper electrophero-

Boc — Glu~ OBzl Glu Z - Glu—OBu'
|—[c;lu—Ole]s L(Glu)s L[Glu—OBut]n
l~Gluf OBzl Glu |—G1u~OBut
l—Resin (l)But
(175) (176) (177)
n=0-5

gram) could not be sufficiently fractionated by several column chromato-
graphic systems to give (176) in homogeneous form. Solution synthesis af-
forded all protected oligomers (177) n = 0-5, in crystalline, analytically
pure state, within considerably less time than that spent on the futile at-
tempts to purify the mixture obtained by the solid-phase synthesis. Thus the
question which approach would give the best results will largely depend on
the nature and properties of the peptide.

In other comparisons Kessler and Iselin (1966) obtained somewhat bet-
ter yields of Z-Phe-Lys(Boc)-Gly-N,H; by solution synthesis; Takashima
et al. (1970) found preparations of [4-isoleucine]-deamino-oxytocin to be
of equal quality; and the following investigators obtained superior results by
the solid-phase method: Jorgensen et al. (1969), a purer [Gly!, Gly?}-
Tles-angiotensin II in higher yield; Visser ef al. (1970a), preparations of
[Leu'3]-S-peptide-(1-13) possessing equal quality; Losse and Klengel
(1971), 3-5 times higher yields of homogeneous valinomycin; Ohno et al.
(1971), higher yields of purer gramicidin S linear protected decapeptide in-
termediate.

2. Judicious Choice

Which approach should be selected in planning a new synthesis? An in-
vestigator with no chemistry training would certainly select the solid-phase
procedure. Peptide chemists, on the other hand, tend to adhere to the prov-

* The product was required for a preparation of vitamin B. or folic acid conjugate
(Godwin et al., 1972).
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Table XXIX-—Criteria for a Choice Between Solid-Phase Peptide Synthesis (SPS) and
Synthesis in Solution (SOL)

Preferred method according to number of Amino
acid residues

Purppse
Small Large
3-10 10-20  20-50 50-100 Ot protgin
Intrinsic Activities SPS SPS SPS SPS SPS SPS
Therapeutic Use SPS SPS SPS SPS SPS SPS
Active core SPS SPS SPS SPS SPS —
Identify active principle SPS SPS,SOL SOL SOL —_ —_
Proof of structure SPS, SOL SOL SOL — —_ —
Conformation study SPS, SOL SOL SOL —_ —_— —
Smallest active fragment SOL SOL SOL — — —
ANALOGS
1. Well-known
biology
a. Highly active SPS SPS SPS SPS SPS SPS
b. Weakly active (SPS)SOL  SOL SOL — — —
2. Unknown biology SOL SOL — — — —

en techniques of solution synthesis. It would be more desirable and advisa-
ble that the principal consideration in choosing between the two approaches
should be the nature of the peptide and of the biological problem. The di-
lemma facing the investigator is to make a decision concerning the proce-
dure to be selected at a time when the peculiarities of the synthesis are often
unknown. There are, however, several pertinent criteria which can be ap-
plied in making a project-oriented choice between solid-phase and solution
methods. Obviously an important consideration would be the size of the
peptide to be prepared. If the purpose of the work is plotted against the size,
we obtain a diagram, Table XXIX.

Peptides with over 100 amino acid residues can, at present, only be pre-
pared by solid-phase synthesis. Intrinsic biological activity can ideally be ex-
plored by this methed. For example, the origin of the lactogenic activity ob-
served in isolated natural human growth hormone was shown by solid-phase
synthesis to be intrinsic and not to be due to contaminating lactogenic hor-
mone. Production for therapeutic use, and preparation of an active core of a
larger protein, or recognition of an unknown active center by rapid synthesis
of many fragments can all be carried out by the solid-phase method.

However, when the homogeneity of the peptide is of prime importance
for exploring specific problems such as (a) identification of an unknown
biologically active principle found in nature (e.g., thyrotropin releasing hor-
mone), (b) proof of structure of a biologically active peptide, or {c) a con-
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formation study, the applicability of the solid-phase method becomes limited
to smaller size peptides where one can be reasonably sure that single molec-
ular entities and not mixtures are obtained. To determine the smallest active
fragment of a peptide, one definitely does not want to have a contaminating
failure peptide in the synthetic product which, by chance, might happen to
possess activity. Here only solution synthesis will suffice.

For the synthesis of highly potent analogs of biologically active peptides
the solid-phase method can safely be employed. In fact, it is ideally suited
for readily providing large number of analogs required for the exploration of
structure—activity relationships. However, when activities drop below the
5-10% level, solid-phase procedures become inadequate. An activity of
1% could, for example. be due to 1% of a contaminating failure peptide
possessing full activity, or it could be due to 10% of failure peptides having
about 10% activity.

Criteria other than the size of the peptide to be prepared should certainly
be considered when choosing between solid-phase and solution methods.
For instance, the available time and resources or the number of peptides to
be prepared are important factors. These criteria might be plotted in a simi-
lar fashion as the size. One of the most important aspects which must be
carefully considered in making a decision is the purification of the final.
product as discussed in Section IILF,2.

D. OuTtLooK

The foregoing discussion has attempted to show the momentous stimula-
tion which peptide synthesis received from Merrifield’s invention of the sol-
id-phase method. It has also attempted to evaluate implications on the na-
ture and quality of the products in the light of the present imperfections of
the method.

The chemical synthesis of proteins has become a declared goal of modern
peptide chemistry. Ideally, a true synthesis of a protein must provide assur-
ance for the homogeneity of the product and for its single molecular iden-
tity. It is an established tradition in peptide synthesis that uniform products
should be prepared. To keep up this tradition, methodological improve-
ments of the solid-phase procedure are required. A great deal of effort is
presently being made in this direction, and the results are encouraging.

The solid-phase method is by its concept and implementation ideally suit-
ed for the synthesis of large peptides and proteins. However, the presently
used experimental conditions and procedures cause considerable limitations
in the size of peptides that can be obtained in pure form. It would be highly
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desirable if the synthesis of increasingly larger peptides could be preceded
or accompanied by appropriate and necessary improvements in the efficien-
cy of the experimental procedure. The goal for the future is the chemical
synthesis of proteins for biochemical research. For that purpose, the syn-
thetic products should be obtained in homogeneous form. The task of the
peptide chemist is the elaboration of the required methodology. Perhaps,
this might be achieved by gradual perfection of the existing efficient proce-
dures.
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