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INTRODUCTION

The elucidation of the process whereby proteins are
synthesized in the cell is of fundamental biological
importance, Knowledge of the mechanism of protein
synthesis is prerequislte to an understanding of not only
normal tissue protein synthesis, but also to the mechanism
underlying gene, virus, enzyme and antibedy formation,
The validity of any theory of protein synthesis depends
on a clear and precise accounting for both the high
degree of specificity and the energy relationships
involved in such reaction, Since the peptide bond is the
linkage by which the amino acid residues in the protein
molecule are held together, the mode of formaticn of such
bonds constitutes an important factor in the clarification
of the problem of proteln formation as z whole, Desgpite
the expenditure of much effort to the problem, however,
the nature of the mechanisms involved in such process
still remains qulte obscure, _

Included among the several postulated mechanisms for
protein synthesis i1s one which suggests that the same
proteolytlic enzymes responsible for proteolysis are also

involved in synthesis (1). Metabolic studies involving

(1) M. Bergmann, Chem, Rev., 22, 423 (1938),




D

the use of isotopically labeied amino scids have shown
that in the living organism proteins undergo s continual
process of degradation and resynthesis (1), Assumption
has usually been masde that the breakdown process consists
of peptide bond cleavage by the proteolytic enzymes,
Although the nature of the synthetic reactions leading

to peptide bond formation has been the subject of varied
speculation, 1t is conceivable that the reversal of
proteoclysis 1s catalyzed by the identical proteases
responsible for the hydrolytic reaction, Such a proposal
is in asgreement with a fundamental concepf of cataiysis
developed by Nernst (2), derived from thermodynamic
considerations, that a theoretical catalyst should have
the ability to catalyze both the forward and reverse
reactions of an equilibrium system, Confirmation of the
agreement between enzymatic action and catalytie theory
has been made with the carbohydrases and the esterases

(3,4), Although the situation i1s not so well defined

(1) R. Schoenheimer, "The Dynamic State of Body
Constituents*, Harverd Univ., Press, Cambridge,

Masas, 1946,

(2) W, Nernst, "Theoretical Chemistry", 4th English
Ed., p. 617, HMaemillan and Co, Ltd., London, 1816.

(3) G. T. Cori and C, F. Cori, J. Biol, Chem,, 131, 397
(1939).

(4) H, Borsook and H, F, Sohott, J. Blol. Chem,, 92, 536
(1931).
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with the proteolytio enzymes, such enzymes have never-
theless been shown to be capable of catalyzing both the
synthesis and hydrolysis of peptide bonds (1),

Since a multitude of difficulties are inherent in
investigation of in vivo protease action with respect to
potential synthesizing agbilities, reccourse must be made
to in vitro studies wherein the rezetion can be
investigated free from complicating factors, despite
the ®"non-bioclogical® nature of such studies, The current
methods for effecting such s tudies have been utilization
of the formation of insoluble products (peptides of the
anilide type (1)) or increase in reactant concentration
(2) in order to drive the reaction toward the synthetic
end, and use of isotopically labeled compcocunds to enable
the detection and quantitative determination of small

amounts of products (3-5).

(1) ¥, Bergmann and H, Fraenkel-Conrat, J. Biol, Chem.,
119, 707 (1937).

(2) H. Wasteneys and H, Borsook, Physiol. Rev., 10,
110 (1930).

(3) I. D. Frants, Jr., R. B, Loftfield and A, S. Werner,
Fed'n, Proc., 8, 199 (1949),

(4) J. Melchior and H, Terver, Aprch, Biochem,, 12,
301 (1947).

(5) J. Melchior and H, Tarver, Apch, Biochem,, 12, 309
(1947).
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I% has long since been hypothesized that the synthesis
of peptide bonds 18 due to direct condensation bDetween
carboxyl and amino groups in reactions which are ths
reversal of hydrolyslis and accordingly catalyzed by
proteclytic enzymes (1), If it is assumed that amino
acids are the starting materials for peptide bond
formation, then synthesis of these amino aclds should be
a necessary prerequlte toc the commencement of prctein
synthesis, Examinatlon c¢f anmine aeid and protein
synthesis in Toruls yeast showed (2} that proteln
formation was very slow before the accumulation cf
substantial guantities of gmino scids 1in such cells,

The rete of protein syntheslis then accelerated while the
| accumulation of amino scids in the yeast célls ceased,

Determination has been made {3) of the free energy
of formation of several peptide bonds composed of various
amino zcid residues, A postive free énergy value of.

about 1400 to 3700 calories was found in gll cases

(1) H. Wasteneys and H, Borsook, Physiol, Rev., 10,
110 (1930),

(2) P. Roine, Ann. Acad. Sci, Finnicae, Ser. A, II,
Chem, No, 26 (1947). (Original not avdailable for
examination; cited in A, I, Virtanen, Ann, Acad.
Sci. Finnicse, Ser, &, II, Chem, No, 35 (1950).

(3) H. M, Huffman, J. Phys, Chem,, 46, 885 (1942).



investigeted, From the free energy value Ior peptide
bond formation from the conztituent amino acids, it
could be concluded that the equilibrium between a
peptide and 1ts split products lies far on the side of
hydrolysis, A&ppreciable synthesis could be expected
only if the peptide were effectively removed from the
system 28 1% was formed, Recollection hsas been made by
Bergmann and Fputon (1) that various proteases catalyze
condensation as well as hydrolysis through sction on
amino acid derivatives which yield insoluble peptides;
they further emphasize that the alleged sharp specificity
of the preoteases lends plausibility to the view that
their role in protein synthesis is an important one,
gsince operation’‘some such speeificity must be assumed
during the formation of the peptide-chsin structurs of
proteins,

The investigetions reported herein were carried out
with the purpose of studying the effect of residue
structure on enzymically catalyzed synthesis of peptide
bonds of the anilide type, Particular emphasis was
placed on the contribution of the amino scid residue side
chains to the quantitative extent to which synthesis
might proceed, In addition, attention was given to the

(1) M, Bergmann and J, S, Fruton, Ann, N, Y, Acad, Sei.,
45, 409 (1944), - T



-B
different types of reasction that might be effected
depending con the structural constitution of the
substrates used, Such an investigation, of necessivy,
hsé@ to inciude catalysis by various enzyme systems, the

protesses papesin, ficin and chymotrypsin being here used,
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HISTORICAL
Proteolytic Enzymes in Protein Synthesis

The role of proteolytic enzymes in the synthesis of
peptide bonds by enzymic action on mixtures of protein
hydrolyzates was first suggestesd a2t the turn of the
century (1) by the knowledge thzat the fat and carbohydrate
splitting enzymes are capeble of effecting the synthests,
as well as the hydrolysis, of pertinent substrates,
Similar impression was drawn from the veluminous data
concerning the "resynthesis of protein® through the
seperetion of insoluble products, the so-called #plastein®,
by the action of pepsin or psaspain on the partial
enzymatie protein hydrolyzate, Thus, it was observed in
1886 by Djnilewski (2) that a precipitate is formed if
gastric Julce 1s added to concentrated peptone solution.
These who examined the phenomenon during the next 256
years presumed, without any direct evidence, that
plastein was g protein probsbly similar to or the sanme

as that used as the starting material in the hydrolysis

(1) J. H, Kastle and A, S, Loevenhart, Am, Chem, J.,
24, 491 (1900).

(2) Danilewski, cited by V. Henriques and J. K, Gjaldbék,
2. physiol, Chem,, 71, 485 (1911),




(1,2). In 1911, it was observed by Henriques and
Gjaldblk (3-5) that the aminc nitrogen decreased during
the plasteln synthesis, The same finding was made in
1624 (6) with respect to the carobxyl groups, However,
as late as 1936, Oppenheimer, in his work, "Die Fermente
und ihre Wirkungen®, still consldered that peptide
synthesis had not been proved in the formation of
plastein,

If a critical review is made of the literature
with regard to plasteln synthesls, it will be found
that, until the most recent years, the picture of the
nature of the reactlon remained obscure., Thus, 1n
1930, Wasteneys and Borsook (7) reviewed much of the

earlier litefature as well as the greater portion of

(1) B. A, E, Taylor, J. Biol., Chem., 3, 87 (1807).

(2) T. B. Robertson, J. Biol. Chem. 3, 94 (1907).

(3) V. Henriques, and J. K., GJaldb8k, Z, physiol. Chem.,
71, 485 (1911).

(4) V. Henriques and J. K, GJaldblk, 2Z, physiol, Chem.,
B, 81, 439 (1912).

(5) ?. He?riques and J. K, GjaldbBk, 2. physiol, Chem, 83,
1913). '

(6) H. Wasteneys and E, J, Borsook, J. Biol, Chem,, 62,
15, 675 (1924), '

.(7) H. Wasteneys and H. J. Borsook, Physiol. Rev., 10,
110 (1930).




their own investigations dezling with the in vitro
reversel of proteolysis by the sction of pepsin or
trypsin on peptic digests of egg slbumin, The

evidence obfained fqr peptide bond formstion included

s decrease in amino nitrogen during the incubaticn, the
formation of an insoluble protein-like precipitate
(plastein), the precipitation of the solution of plastein
with trichlorcacetic scld snd the gbility of pepsin to
digest plasteln under properly buffered conditions., The
authors explsined plastein formation by applicstion of the
isw of mess gotion 2nd indicated ready reversibility of
the hydrolytie reaction undsr favorable concentrations

of reactants and products, From the assumpticn that

egg albumin hydrolysis and plastein synthesis are the

forward and reverse reactions of the overall equilibrium

Pepsin

Proteln &—— A+B+C+ ,,,. M,

the equilibrium expression for the resction was then

formulzted se

X = SA) (B) (C) ooo).(H)
Protein

where K is the equilibrium constant, If this
formulation is a2 valid one, thenm as the concentration of

split products 1s increased, an appreciable shift of the
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proportion cf components towerd the direction of
synthesls should occcur,

Cpriticism ¢of the conclusiocns drawn by Wasieneys
and Borsook has come from many directions, In 1932,
the ulirscentrifuge determination, by Svedberg, of
plastein prepared by Folley (1) from egg slbumen,
indicated that the mclecular weight of the preparation
was less than 1000, Hence; it gppears that no
polypeptide synthesis hsd occurred, Folley therefore
assumed that the decregse of amino nitrogen had been due
to the disappearance of the terminal groups of peptides
in the hydrolyzate through cyclopeptide formation, As
récently as 1947, Ecker (2) arrived at the same result
as Svedberg by ultracentrifuge methods, On the other
hand, Collier {3) found a very high-moleculsr frasection,
in small amounts, in hie plastein preparations,

Perhaps the severestvcriticism of the conclusions
drawn by Wasteneys and Borsook has come from Zergmann

and Fruton (4) and Alcock (5), This eriticism was based

(L) s. J. Folley, Biochem, J, 28, 99 (1932).

(2) P. G, Ecker, J. Gen, Physiocl., 30, 399 (1947).
(3) H. B. Cellier, Can, J. Res., 18B, 272, 305 (1940).

(4) M, Bergmann and J, S, Fruton, Ann., N. Y. Acad. Sei.,
45, 409 (1943-44),

(5) R. S. Alcock, Phystol, Rev., 16, 1 (1936),




on the grounds that no definite demonstratiocn cf peptlds
bond synthesis had been made, thet the pH cptima fcr both
synthesie and hydrclysis differed markedly, and thesreby,
the synthetiec reaction wass not simpply & reversgl of the
hydrolytic one, and that gpplication of the law of mess .
to the results was lnvalicdsted by the fact that no
resynthesls of the originsl proteing, from which the
peptic digest were derived, had occurred, This

indiested that the expressicn of Wasteneys and Borscok (1),

Protein + Hzo == Progducts,

lmpiies that an equilibrium existe between & specific
proteln and its products of hydrolysis, Since
recombingtion of these split products 4o not yleld theﬁ
same proteln from which they were originglly derived,

vald4Ad Ans
e Nl Ak

the avrnmeocsinn 43 Aafing tal nat o
- W AP WS e W -_ il -~ wiw W o, - w A ¥ Canis - [ 2

the expr g defin rn
5tiil further evidence azgainst the valldity of the
Yasteneys~-Borsook intervretstion was presented by
Northrop {2), This lnvestigator reported that the
plasteins obtained from the peptic digest of pepsin and

trypsin had neither the general properties of the

(1) H, Wasteneys and H. J, Boreook, Physiol. Rev., 1O,
110 {(1830).

(2) J. H, Northrop, J. Gen. Physiol. 30, 377 (1947).
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parent enzyme nor any activity, That a decrease of amino
nitrogen in the reaction does occur, however, has been
evidenced by even the early investigations, although it
has often been claimed, even quite recently (1),
that plastein precipitation does not depend on the
formation of new peptide bonds,

Virtanen and co-workers (2) assumed, as had Folley
(3), on the basis of cryoscopic determinations of
molecular welght in formic acid, acetic acid and phenol
that the products formed in concentrated protein |
hydrolyzates with pepsin are small cyclopeptides.
Subsequent work by the Virtanen group (4), on the
contrary, based on viscosity measurements, eryoscopls
determinations in non-polar solvents and diffusion
determinstions, pointed to large polypeptides with a
molecular weight of several thousand, The largest
polypeptides synthesized ccntsined only 0,8 to 1.3 per cent
S-amino nitrogen of total nitrogen, which corresponded to

an average molecular weight of about 7000-12000, These

. V. Butler, E, C. Dodds, D. M., P, Philips and

(1) J. A
J. M, L, Stevens, Biochem,,J., 42, 122, (1948).
A, I
(194

.)Virtanen and H, Kerkkonen, Nature, 161, 888

(3) 8. J. Folley, Biochem, J. 26, 99 (1832).

(2)

(4) A, I, Virtsnen, H, Kerkkonen, and T, Laaksonen, Acta
Chem, Scand. 2, 933 (1948),
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results and additional investigations (1,2) by the

Virtenen group has greatly helped to bring some order

out of the chaos that has existed in the past and to

dispel some of the misconceptions concerning the

nature of plastein synthesis, Some of the more sallent

features of these investigations will be dealt with below,
In genersl, the Virtanen group carrled out the peptic

hydrolysis of proteins st pH's varying from 1 to 4 while

the plastein synthesls was generslly effected at pH 4,

the optimum for the resction, V¥hen the peptie hydrolysis

was allowed to proceed to the extent that the average

silze of peptides in the hydrolyzate correspoﬁded to a

tetra~ or hexapeptide, amino nitrogen was always lowered

eppreciably in the concentrated hydrolyzate through the

action of pepsin, Precipitation of plastein reached a

maximum during 24 hours, the decrease of amino nltrogen

varying from 10 to 20 per cent, Nevertheless, the

plasteln precipitate often ccontained 35 to 40 per cent

of the total nitrogen in the initisl hydrolyzate due

to the co-precipitation of a number of peptides,
formed in the original hydrolysis,

(1) A, I, Virtsnen, H, Kerkkonen, T, Kaaksonen and
M, Hekela, Acta Chem, Scand., 3, 520 (1949).
(2) A, I, Virtanen, H, Kerkkonen, M, Hakala and
T, Lagksonen, Naturwiss., 37, 139 (1950),
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with the synthesized polypeptides, Such plastein
precipitates thereby consgisted only partially of
synthetie products, this being advanced as the rezson
for the low molecular weights as determinsd by the
ultracentrifuge methed,

On the other haend, if peptic hydrolysis wae
allowed to proceed to the extent where the hydrolyzate
eontained lsrger pzptides, for exsmple, on the average of
8 decapeptide, then no decrease 1n amino niltrogen was
noted within 24 hours but, on the contrary, an increzse
was noted, Despite this, abundant precipliltation of
plastein wzs obeserved., Thils wes Iinterpreted as being
due to the faet that the hydrolysis of peptides occurred
simultaneously with synthesis., Thus, the conirzdictory
ovservations of the earlier investigators regarding the
decrezse of amino nitrogen could be ascribed te the fact
that, in plastein synthesis, the voriations in the peptide
size of hydrolyzates had not hbeen considered,

The introduction of the concept {1=3) that the

(1) E. waldschmidt-Leitz, I. J. Bek and J. Kahn, Naturwiss,,
17, 85 {1928-29).

(2) K, lpothes, Naturwiss., 20, 102 (1932),
(3) K, Mothes, Raturwiss., 20, 883 (1932),
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direction cof intracellular protein reaction is determined
by the oxidation-reducticn potential, i.,e., that 1T 1s
steered in the direzction of hydrolysis by reducing agents
gnd in the direction of synthesls by oxidizing agents,
has led to reports by Voegtlin and associates {~4)
concerning the enzymatlc syntheals of protein-like
products, by means of pgpain or esthepsin, through the
oxldation or aeration of & hydrolyzate mixture, Wit

respect toc the intracelliuiazsr proteinases, these
investlgators regarded the foliowing conditions as

favoring synthetie proeesses; ({a) a relatively high

oxygen tenslon; (b) a relatively high initial concentration

of sulfhydryl groups whilch can give rise to & r2latively

higl concentration of disulfides; (e} s hydrogen ion

fo

et e Tt v ot - T

(1) ©. Voegtlin, ¥, E, Maver, and J. H. Johnson, J,
Pharmgcol,, 48, 241 (1932).

(2) M. E, Maver, J, M, Johnson and C, Voegtlin, Natl,
Inst, Health Bull, No. 164, 29 (1935).,

(3) M., E, Haver and C, Voegtlin, Snzymologis, 6, 2i9
(1939).

Hever, U, 5. 2yb. Eealth

(4) C. Voegtliin and M, E
Repts,, 47, 711 (19

952).
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sufficient concentration of sultable protein split-produets.
Proteolysis, on the other hand, was favored by low
oxygen tension and low pH.

The conclusions reached by Voegtlin snd co-workers
have been demonstrated as invaiid by several lnvestlgators,
Thus, reinvestigation of this work Strain and Linderstrom-
Lang (1-3) failed to demonstrate the synthesis of any
material that could be precipitated with trichloro-acetie
acld, Under the influence of oxidlzing agents, no
synthesis of peptide bonds was effected but only the
union of sulfhydryl containing fragments through the
formation of disulfide linkszges, Simllerly, it wes
shown by Bergmenn and Fruton (4) that the conclusions

of the Voegtlin group were contrary to observations (5)

(1) H. H, Strain and X, Linderstrom-Lang, Enzymoclogia,
5, 86 (1938),

(2) H. H. Strein, Enzymologia, 7, 133 (193%).

(3) K. Linderstrom-lang and G. Johansen, Enzymeclogisa, 7,
239 (1¢3¢e).

(4) M, Bergmann and J. S. Fruton, Ann, N. ¥. Acad. Sci.,
45, 408 (1943-44),

(5) M. Bergmann and E, Frgenkel-Conrst, J. Biol. Chem.,
119, 707 (1937).
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which indicated thet, for both hydrolytic and synthetic

reactions, the pH optima end activation requirements of
ﬁroteolytic enzymes were the same,

In the attempt to effect the snzymatic synthesis
of peptide bonds, much credit‘for decislive progress is
due to Max Bergmenn and hls school, Since 1930,
Bergmenn studied the specificity of proteciytic enzymes
 which hydrolyze low-molecular peptides of known
structure, and in conjunction with these investigations,
the aynthesis of peprtldes by means of proteolytic
enzymes was also studied, This investigator concluded (1)
that 1f the peptide synthesized is insoluble to such &an
extent that even a slight synthesis results in the
exceeding of the solubility 1limit, then considerable
peptide synthesis should occur as & result of the
continual removal of the reaction product from the
system, In other words, the driving force of the
reaction was due to the formation and separation of
an insoluble product, This may be exemplified by the
cystelne-papain catalyzed reaction of benzoylglycine
with aniline to yleld the insoluble procduct,

(1) M, Bergmann and H, Fraenkel-Conrat, J, Biol. Chem.,
119, 707 (1937).




benzoylglycinanilide:
CGHS-GO—NH-GHz-GOOH+NH2'GSH525223§CSH5'GO—HH'GH2°CO-NH‘06H5
Benzoylglycine + aniline.222215'Benzoylglycinanilide
The theory of enzymic anilide synthesls and the significance
of such experiments in an understanding of bilological
synthesis of peptide bonds has been discussed by Fox
and co-workers (1).

Since the initlal enzymic anilide syntheses had
been reported by Bergmann and Freenkel-Conrat (2),
many ayntheses of a similer nature have been investigated,
chiefly by Bergmsnn and his collgborators., Thus, studies

of the effeet of variation of blceking groups (3-5),

(1) 8. W, Fox, C, W, Pettinga, J. S, Hslverson and
H, Wax, Arch, Bicchem,, 25, 21 (1950].

(2) M, Bergmann and H, Fraenkel-Conrat, J. Biol, Chem,,
119, 707 (1837).

(3} sS. W, Fox and H, ¥Wax, J. Am. Chem, Soce., 72,
5087 (1930).

(4) D. G. Doherty and E. A, Popenoce, Jr., J. Biol, Chem.,
189, 455 (1951).

(5) HN. F. Albertson, J. Am, Chem. Soec., 73, 452
(1e81).
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amino scid residues (1, 2-4), activators (5}, buffer
concentration (2), amines (6-8), and enzymes (4,5,9)
on the degree of reactivity have been conducted., Several

£ these will be discussed more fully under the appropriate

headings,

(1) 8. W, Fox and E, Wax, J., Am, Chem, Soc., 72,
5087 {1950).

(2) 8. W, Fox end C. ¥, Pettings, Arch, Blochenm.,
25, 13 (1950),

S. W, Ffox, O, W, Pettinga, J, S, Halverson and
H, Wgx, Arch, Biochem,, 25, 21 (1850),

-
<l
e

(4) 8. W, Fox snd M, ¥initz, Apch, Bilochem., in press.

(6) M., Bergmann and H, Fraenksl-Conrat, J. Biol. Chea.,
118, 707 (1937).

(6) M, Bergmann and H, Fraenkeli-Conrat, J. Biol, Chen,,
124, 1 (1938),

(7} E. Waldschmidt-leitz and X, X@hn, 2. physiol, Chem,,
286, 23 (1950).

(8) M, Winitz and S, W, Fox, Abstracts, 12th International
Congress of Pure and Applied Chemistry, New York,
26 (1951),

(8) M, Bergmann and H. Freenkel-Conrat, J. Biol., Chen,,
124, 321 (1938),
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Enzyme Specificity

Enzyme specificity mgy be classified either as
relative” or zs "absolute! gpecificity. Relative
specificity involves enzymic action on various but
usually related compounds, these compounds undergoing
attack at different rates, A4Absolute specificity, on
the other hand, refers to measursble enzymic =zction
on only one or & group of reisted substanced without
aporeclable effect on other substances., Relative
gpecificity therefore emphasizes gusntitative
differences whlle absoclute specificity refers to
qualitative ones, Transformation of the former into
the latter 1s feasible 1in scme instances, depending
upon the reaction conditions used, while the reverse
case 1s not as generszl, Mcre pointed references to these
types of sgpeecificity will be referred to under the topics
dlscussed below,

Antipodal specificity

Although optical sntlipodes show entirely the same
qualitative and gquantitative behavior between the
D= and the i-form for reazctions involving non-asymmetric
reactants or catalyzed by non-asymmetric catalysts, the
situation is 1n all known instances fundementally

different when enzymes ere the catalysts, An early
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report (1) cf sterecchemical enzyme specificity was made
on esterases exposed to the ester of DL-mandelic acld.
Interruption of hydrolysis before reaction had gone to
completion showed g greater extent of cleavage for the
D- than for the 1~ ester,

Stereochemical or antipodal specificity plays zan
important role in the field of the proteases, Dilscussion
wlll be here concerned chiefly with protease specificity
in syntheses of the asnilide type.

The entipodal specificity of proteolytic enzymes as
synthesizing enzymes (2) wes revealed when the acyl
derivetives of several DL-amino aclds were incubated
with aniline or phenylhydrazine and cysteine-azctivated
pepaln, It was observed that, in every instance,
enzymic action was confirned strictly to the derivative
of the natural L-amino acid, the D-emino acld remaining

unchanged, Thie 123 exempliified as follows:

Bz-DL-amino acidnyaniline-zéagig»Bz-g—amino acid anilide

+ Bz-g-amino acid

(1) H, D, Dakin, J. Physiol. {London), 3G, 253 (1904).

L e

(2) M, Bergmann snd H. Fraenkel-Conrat, J. Biol. Chenm,,
119, 707 (1937).




w2

Thus, no anilide could be cbtained from a homogeneous
preparation of benzoyl-g-leucine under conditions in
which benzoyl-l-leucine was converted to its anillide in
almest quantitative yleld,

It has been assumed (1) that in the papaln catalyzed
synthesis of the general type

RiCO-NB-CHR’-002°+-R”EH§F=3R-CO-NH°GHR’-CO-NHRF-rOH'

that only the N-acyl-L-amino acid amide or hydrazide is
formed, However, suggestion has been made (2} that when
R! is small, i.e., a methyl group, there may be some 1088
in enzymatic stereochemical specificity., Further, evidence
has been obtained by Bennett and Niemann (3) whoge work
demcnstrates that factors other than configurstion zbout
the asymmetric «-carbon atom and possibly the size of the
R' group in the N-scyiated-c-amino acid couid influenss ths
steredchemical course of the gbove reaction, These
invegtigators observed thet in addition to the expecsted
L-isomer, N-carbobenzoxy-o-fluoro-gg-phenylalanine gave

slgnificent quantities of the N-aoyl-D-amino acid

(1) M, Bergmaenn and H, Fraenkel-Conrat, J. Bilol. Chenm.,
119, 707 (1937), =

(2) M, Bergmann, L., Zervas and J. S, Fruton, J. Biol.
Chem., 115, 593 (1936). o

(3) E. L. Bennett and C. Niemann, J. Am. Chem, Soe.,
70, 2610 (1948). - T



phenylhyirazide, These same workers later showed (1)
thet stereochemicsal specificity in the papain-catalyzed
synthesis of phenylhydrazides of acylated phenylalanines
is, in part, determined by the nature of the acyl group
present in the acylated phenylalanines, Thus, for an
acyl-DL-phenylalanine, H-CO-NH-CH(CHzcsﬁs)-GGOH,
the papain-catalyzed syntheslis of the phenylhydrazide
prceeeds with slmost gomplete sterecochemical specificity
for the L-antipode when R equals CH,- Or OgHg-. However,
when R equals CHz0-, CoHgO- or CgHzCHoO0-, this
stereochemical specificity is lost to & striking degree
and the rste of formation of the phenylhydrazide of the
D-antipode is of a magnitude almost as great as that
of the g-antipode.

Milne and Stevens (2) not only showed lack of
ebsolute stereochemiczl specificity in a different
serles of compounds but also demonstrated enzymatie

synthesis when the starting materlal was a pure

derivative of the g-configuration. Both the D-and DL-

(1) E. L. Bennett and C, Niemann, J, Am, Chem, Soec.,
72, 1798 (1950).

(2) H, B, Milne and C. M. Stevens, J. Am. Chem. S0g.,
72, 1742 (1950),



-4

forms of N-carboallyloxyleucine, when incubsted with
phenylhydrazine in the presence of activated papailn,
gave appreciable gquanities of phenylhydrazides of
the g-antipode.

The effect of certain combinations of aminoasid
side chalns znd asyl groups on the retention or loss
of stereochemical epecificity has also beenstudied (1).
Although carbobenzoxy-DL-alanine, in the presence of
activated pepsin and phenylhydrazine, formed only the
carbobenzoxy—%—alanylphenylhyirazide, carbobenzoxy-pLl.
phenylalanine yielded both the phenylhydraszldes of the

D- and the L- antipodes, Similar studies (2) have been

3
-

carried out on the enzyme-catzlyzed hyirolysis of the
corresponding smides and esters,

Bergmann and assoclates {3) investigated the
enzymstie combination of acetyl-gg-phenylalanylglycine
wlth aniline, Here the amino 2c¢id residue which contains

the assymmetric carbon gtom, i,e., phenylalanine, is

(1) E, L., Bennett and C. Niemann, J. Am, Chem. Soc.,
70, 2610 (1548).

(2) 8. Kaufman, H, Neurath and G, Schwert, J. Bioi,
Chen, , 177 793 (1949),

(3) M, Bergmann and O, K, Behrens, J. Biol. Chem,,
124, 7 (1938).
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not directly involved in the coupling reaction since the
free carboxyl group belongs to the glycine which contalns
no sssymmeiric center., Nevertheless, only the acetyl-L-
phenylalanylglycine was transformed into its anilide

by activated papain., Repetition with 2 more highly active
papaln preparstlon showed that the D-isomer also reacted
to give the anilide, However, the rete of formatlon of
the g-antipode was shown to bs much slower than that of

the L-antipode,

to gubgstrate strugture

The enzymic¢ preference for particular substrates is
s more subtle type of specificity than the stereochemical
gpecificity exhibited by proteolytic enzymes; This
specificity embodles the particular sensitivity of
proteinases to the presence and specisgl nature of the
side chalns in the substrate, Thus, in the hydrolysis
of synthetic substrates, papain is eble to distingulsh
between glycyl and leucyl while chymotrypsin is able to
distinguish between leucyl and phenylsalanyl (1), This
is 1llustrated by the hydrolysls of two peptides, by

papain, which differ only in the central amino acid

(1) M, Bergmann and J. S. Fruton, J. Biol., Chem., 118,
405 (1857).
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residus, 1.8., a glycyl in one insience and s ieucyl in

the other (1).

Bi~1eucylleucylvlycine 259533 Bz-leucine +leucylglycine

Bz-leucylglycylglycine gﬁgﬁig Bz-leucylglycine +glycine

In Eoth cases, the peptide bond between the leucine and
glycine residues was resistant to enzymic cleavage whereas
the bonds between the two leucine residues, in the former
case, and the two glyeine residues, in the latter, were
susceptible tc hydrolytic action, These same investigations
showed that the enzymic zction of papaln is notv iimised

tb peptide linkages between particular aminoc eclds but

is capeble of cleaving varied peptide bonds irrespective
of the presence of neutral, aclidlc, or basic amino aclds
on the carbonyl or imino side of the linkage split,
However, if the substrate subjected to enzymic attack
contains several peptide linkages, these linkages are
attacked at widely different velocitles, Haphazard
cleavage 1is not effected at all linkages but preference

is shown for only certain ones, Thus, "the gpecificity
of a proteinase is characterized by the rates at which

the peptide bonds of a number of substrates are hydrolyzed

(1) ¥, Bergmann, L, Zervas and J. S. Fruten, J, Biol,
Chem, , 115, 593 (1936).
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in the presence of the enzyme" (1),

Proteinase cleasvage of a peptide linkage is affected
by more distant groups as well as the two amino acld
residues which directly participate in the peptide
bonds {2), Demonstrstion of thils effect was clearly
made by the decreased cleavage of the tyrosyl-glycine
linksge by chymotrypsin on passing from carbobenzoxy-
tyrosylglycineamide to carbobenzoxytyrosylglycylglycineamide,

Since the enzymatic synthesls of peptide bonds 18
performed by the same proteases that cleave these bonds,
end since these syntheses and hydrolyses represent
component processes of equilibrium resctions, it is to
be expected that similar residue specificities shouid
be observed for enzymatic syntheses as were observed for

hydrolyses, Thus, in a synthesis of the general iype

R+ CO-NHe CHR' COOH + NE,R¥ BE2ZIE8 3. G0-KHe CHR! » CO-HH* &Y

the naturz of R, R' and A* should pisy & role siailar
to that in hydroliysie with regard to the rate at which

the reaction proceeds and the nature of reaction effected,

(1) ¥, Bergmann and J, S. Fruton, Advances in Enzymol.,
1, 89 (1541),

(2) M, Bergmann and J, S, Fruton, J., Biol. Chem,, 118,
405 (1937), -
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The effect of residue side chains (R') was demonstrated
by Fox and co-workers (1) in the papain-catalyzed anilide
synthesis of some benzoylamino acid anilides of the
monoaminomomocarboxylic acid category. Different degrees
of reactivity were noted for the giycine, alanine, leucine
and valine residues upon thelr incorporation intc anilides,
The behavior varied, under identical experimental condlitions,
from virtual inactivity for valine to semi-complete
resctivity for leucine, In view of these results, the
connotation of %specificity? was here considered
inappropriate, the term "preference” belng used in 1its
gtead, Distinction was made between the preference used
in this connotation, which was defined on s rate basis,
and the type of preference noted in the hydrolytiec
experiments wherein enzymie asction was ccnfined to one
of two or more peptide bonds within the same substrate

molecule (2),

The investigations of Fox and Wax (3), in which the

(1) s. W, Fox, C, W. Pettings, J. S. Halverson and
H. ¥Wex, Arch, Bicchem,, 25, 21 (1950).

(2) M, Bergmenn, L, Zervas and J. S. Fputon, J. Biol,
Chem,, 115, 600 (1936).

(3) S. W, Fox and H, Wex, J. Am, Chem, Soc., 72,
5087 (1950).
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effects of various blocking groups were studled, gave
confirmztion to the "preference" concept advocated
ebove, The previously observed decrezsing preferences
for leucine, glycine and valine (1) were here
supoorted for the p-nitrobenzoyl, carboallyloxy, and
benzoyl blocking groups, with a shift in order
between glycine and leucine only when carbobenzoxy
was the substituent. In sddition, the use of various
blocking groups (R) gave some indlcation of their
relative ccentribution tc the quantitative extent to
wh%ch the enzyme-cstaiyzed reacticn proceeded over a
given time interval,

The effect of a veriety of substituted anilines
(R*) was reported by Waldschmidt-Leitz and XfBhn (2)
in papain-catalyzed anilide syntheses using hippuric
acid, The results demonstrated that the extent to which
2 synthesis proceeded was governed, in several instances,
by whether an ortho-, meta- or para-substituted aniline
was used, Thus, o-toluldine ghowed a far lesser ability
to react than the meta- or psra~-derivatives, reaction

of o-anisidine was much slower than p-phenetidine, and

{1) s, ¥, Pox, C, W, Pettinga, J. S, Halverson snd
H, Wax, Awch, Biochem,, 25, 21 (1950). :

(2) E. ¥aldschmidt-Leltz and K. K#thn, Z-physiol. Chem,,
285, 23 (1950).
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o-aminobenzoic acid, in distinction to the pars-derivative,
exhibited no coupling, No specisal position of the ortho-
derivatives were noted with the aminophenols and the
phenylenedlamines, OCognizance should be tzken of the

fact, however, that the ortho-derivative of the latter
reacted with only one, while the pars~ and meta-derivetives
rescted with two hippuriec scid residues, It should also

be mentioned that the negative cutocme of gynthetie
experiments with N-methyl aniline was ascribed to the

absence of the free amino group necessary for resctivity,

Enzyme specificity and the ®cosubstrate® hypothesis,

The difficulties with which interpretation of studies
on specificity are beset are iiiustrated by the followling
example (1,2), Keither acetyl»%-phenylalanylglycine
nor glycyl—é—leucine undergo cleavage in the presence of
cysteine-papain, However, if both substrates are placed
in contact with the enzyme, a tetrapeptide, acetyl—é;
phenylelenylglyeyiglyeyllieucine, is synthesized., The

gpecificity requirements of the enzyme are now met by

this substrate and the terminal leucine and giyeine

(1) HM. Bergmenn and J, S. Fruton, Advences in Znzymol.,
1, 63 (1941).

(2) M, Bergmann, Advances in Enzymol., 2, 49 (1942).
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residues are split off in the order given, Thus, with
the aid of the acetyldipeptide as “cosubstrate®, hydrolysis
of glyeylleucine by cysteine-papsin was made feasible,

A mechanism similar to that glven above was
investigated by Behrens and Bergmann (1) in a synthesis
of the anilide type., These workers reported that
reaction between acetyl—&;phenylalanylglyc1ne and
glycinenilide led to the ultimate formation of acetyli-i-
phenylalanylglycinanil1de, as well as to glyecine, aniline,
end some unreacted starting materials, The reaction
apparently did not proceed via a simple cleavage cof
glycinanilide foliowed by coupling of the liberated
aniline with the acetyldipeptide, since glycinanilide
was not split by cystelne-papsgain under the conditions
investigated, In order o account for the products

obtained, the following sequence of reactions was proposed:

acetyl-L-phenylalanylglycine + glycinanilide
acetyl—g-phenylalanylglycylglyc1nanilide
acetyl—%—phenylalanylglycylglycine +aniline
acetyl-g-pgenylalanylglycine + glycine

-
acetyl—%—phenylalanylglyc1nan111de

(1) O. K, Behrens and M, Bergmenn, J. Biol. Chem,,
129, 587 (1939).
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This scheme demenstrates not only the simultaneous
occurrence of hydrolytic and synthetlic sction of the
same enzyme under the same conditions, but also attempts
to explain the specificity relationships of the enzyme
and the substrate, Thus with the formetion of
acetyl-g-phenylalanylglycylglycinanilide, a compound 1is
formed which meets the specificity requirements of the
enzyme, This relationship is such that first aniline,
and then glyecine, can undergo a sequentiel cleavage
from the peptide chaln, A subsequent synthesis of

the final anilide product is then effected from the
liberated aniline and the acylated dipeptide,

Evidence has also been advanced by the Bergmann
group that the nature of the amino acid residue in the
amino acid anilides played a significant role in the
determination}of the course of the reaction, It was
reported by Bergmann and Fraenkel-Conrat (1) that the
papain-catalyzed reactions of benzoylleucine with
leucinanilide and glyeinanilide, respectively, were
1llustrative of the highly developed specificity of
enzymic peptide bond synthesis, since the benzoyldipeptide
‘anilide resulted in the former case, whereas the

benzoylamino acid anilide was formed in the latter,

(1) M, Bergmann and H, Frsenkel-Conrat, J. Biol, Chem,,
124, 1 (1938),
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The mechanism of this latter reactlon was recently

interpreted (1) as occurring via z cosubstrate sequence,
Enzyme Induced Replacement Regctlons

Transamidetion or transpeptidation rezctions have
been defined (2) as the protease castalyzed "replacement
of one participant in s peptide bond by another, closely
related, molecular species®, Such reactions, of the
general nature,

&>
.gubrotease

R°GO-NH°CHR'-CO-NH2 + NH2 R-CO-NH-CHR'-CO-NH°R“+NH3

were first observed by Bergmann and Frsenkel-Conrat (3)
in 1937, These investigators showed that by the action
of pgpain, hippurie anilide was formed more rapldly from
aniline and hippuryl amide than from sniline snd hippurle
acld, The driving force of the reaction was the formation
and separaticn of the insoluble aniligde.

Since the free energy change in reactions which
involve the exechange of the amlde group of naturally
occurring or synthetic amides with ammonla or other

amines is probably small, the exchange may proceed without

(1) G, W, Pettinga, Unpublished Ph,D, Thesis, Ames,
Iowa, Iowa State College Library. 1949,

{(2) R. B, Johnston, M, J, Myeek =2nd J, S, Fputon,
J. Biol, Chem,, 185, 629 (1950),

(3) M, Bergmann and H, Fraenkel-Conrat, J, Biol. Chem,,
115, 707 (1937).




the removel of an insoluble reaction product, Thus, it
wes recently shown by Fruton (1) that ammonia may replace
aniline in the seme system, Isotoplcally labeled esmmonisg,
in the presence of papain, was incorporated in the smildes
of hippurie acid and carbobenzoxy-lL-methionine by
replecement reactions. & considerably greater extent of
isotope lncorporation was found than could be expected
by direct coupling from the products of hydrolysis
(acylamino acid and ammonia), Conclusion was therefore
mgde that the enzyme catalyzed trongamidstion rezection
occurred vla a hypothetical transient intermediate in

vhich the csrbon atom of the amide bond wes linked %o

two -NH% groups,

[ OH 7
2 GO 15, — b odE, 4
. NH2+ N HS(_— R'i)' ol E— & 2 3
15
N 32

R==06H5°CO-NH'CEQ-
A later report by the Fruton group (2) demonstrated
that such transamidation reactiocns were favored by a

shift in pH from 5 to 8, (Cysteine-activated papaln was

(1) J. S, PFruton, Yazle J. Blol., Med., 22, 263 (1950).

(2) R. B, Johnston, M, J, Myeek and J., S. Fruton,
J. Blol, Chem,, 185, 629 (19850).




also found capable of inducing the replacement of the
amide NH2 group of & varlety of acylamino acid amides
by the -NEOH group of hydroxylemine, As with the
isotope experiments, the extent of transamidation
underwent marked increase with a shkift in pH from 5 to
7.5, Similar results were obtained with beef spleen
cathepsin,

The presence of engymes which catalyze the exchange
of h&droxylamine with the amide group of glutamine and

asparagine in cell-free extracts and resting cells of

Proteugs vulgaris has recently been reported by Waelseh
andlco-workers {1-4). The products of the enzymatic
exchange were «-glutamo- andlﬁ-aspartohydroxamic acids,
The abillity of these enzymes to utilize the amide bond
energy for further synthetic processes, e.g., peptide
linkages, was thereby demonstrated. The cell free enzyme
extracts not only catalyzed the replacement of the amide
group by hydroxylamine but split synthetic glutamo- and
aspartohydroxsmic acids and showed glutaminase and

(1) H, Wzelsch, E, Borek and N, Grossowiecz, Abstracts,
American Chemical Soclety, 116th meeting, Atlantic
City, 54C (1949),

(2) H, Waelsch, E., Borek, N, Grossowicz and ¥, Schow,
Fed'n, Proc., 2, 154 (1S50).

(3) N. Grosowiecz, E, Wainfan, E., Borek and H, Yaelsech,
J. Biol, Chem,, 187, 111 (1950).

(4) E. Borek, N, Grossowiczzand H, Waelsch, Fed'n,
Proc., 8, 154 (1950),
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asparaginase sctivities. S¢umpf and Loomis (1) also

have reported the enzymatic synthesis of @-glutamohydroxamic
acid from glutamine and hydroxylamine, Here, the source

of the enzyme prepsration wsz pumpkin seedlings,

Later work by the Fruton group (2) extended
transamidation resctions (replacement reactions involving
amide bondsg) to include replacement of one of the
components of a bond linking two amino acid residues
(transpeptidation reactions), The reazction observed was
formulated as follows, the postulatulated intermediate

being enciosed in brackets:

— 15 . GO-NH
ceﬁs-co-ma CHR- CO-NH. Gﬂzo CO-NH, + N .52.052 co Nﬂz

?H
C_H_o CO~NHe CHRe G-NHe CH_+ CO-NH
6 5 I15 2 .
L b HiCEQsGG-NH

5 *»
CgHy* CO-H- CHR CO-N""H- CH,- CO-KH, + KH, CH-CO-RH,

R = -CH2 GeEgOH

(1) P, K, Stumpf and W, D, Loomis, Arch, Biochem, 25,
451 (1950},

(2) R, B, Johnston, M, J, Mycek and J, S, Fruton,
i. Biol, Chem,, 187, 205 (1950),
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Thus, crystalline pancrsatic chymotrypsin was shown to
cetalyze the repiacement of the glycinamide molety of
benzoyi~L-tyrosylglycinamide by lsotopic glycinamide

15 in the glyecine N, Transamidation

containing N
reactions were also effected with cathepsin C, pancrestic
trypsin and flein,

The enzyme catslyzed incorporation of 014 labeled
glycine into glutasthione via peptide bond formation was
demonstrated by Johnston and Bloeh (1). This uptake
of ¢i4- glycine was shown to be due to an exchange
reaction {trenspeptidation).

When the pcssidle metabolic significance of
replacement reactions of the foregelng type was
considered, the hypothesls was advanced (2) that
the snergy for the formation of the peptide bonds of
proteins might be funneled through a small number of
amides or peptides such as glutamine or glutathione,

Recent investigations of Speck (3) and Johnston and Bloch
(1) suggested the intervention of adenosinetriphosphate

(1) R, B. Johnston and K, Bloch, J. Biol., Chem,, 188,
221 (1981).

(2) J. S, Fruton, Yale J, Blol. Med., 22, 263 (1950),

(3) J. F. Speck, J, Biol, Chem., 179, 1405 (18949).
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in the biosynthesis of giutamine and glutathione from the

component free amino acids, Thls work hes proviged
support to the suggestion of Lipmann (1) that
edenosinetriphosphate participates in a
transphosphorylation reaction with free aminc acids
(e.g., L-glutamic acid) to form a phosphoric acid
anhydride (e.g., Y-L-glutamyl phosphate) which then
reacts with ammonia or a peptide, with the formation of
glutamine or a Y-glutamyl peptide such as glutathilone.
These products might then participate in replacement
reactions catalyzed by intracellular proteases (2),

On the basis of the foregoing investigatiocns, a
speculative scheme regarding the metabollc psthways
leading to the formetion of the peptide bonds of

proteins has been proposed (35}, as follows:

. Lipmann, Fed'n. Proc., 8, 597 (194S).

F
(2) J. S. Fruton, ¥Yale J. Biol. Med., 22, 263 (1830).
J

3. Fruton, R, B, Johnston and Melvin Fried,
J. Biol. Chem., 190, 39 (1951).




Adencsinetriphosphate

/Bource of high energy phosphate/

+ Glutaemioc acld Glutamic, oysteine,glyoine

tAotive® derlvatliv
of glutamine of glutathione‘e—fglutathlone

: Glutaminef;—éﬁActive“ derivativ%l\ s [

. G
+ Amino acid A '
( or peptide A)

h 4 v

EActivated" amino acid A {(or peptide Aﬂ

+ Amino aold B ( or peptide B )

Peptide C >

7

<

s >Protein

v
-



In the foregolng scheme, the reactions designated by
means of solid arrows are considered to be reversible
enzyme-catalyzed reactions, and the various hypothetical
intermediates are enclosed in brackets, In this scheme,
adenosinetriphosphate, in ¢ausing the formation of such
key funneling sgents of ¥#peptide bond energy" would thus
link‘the process of peptide synthesls to the sxergcniec
reactions in the breakdown of carbohydrates and fatg,
The seleective utilizetion of this energy for the
synthesis of naturally occurring peptides and the
elongation of peptide chains in the formation of proteins
eould then be effected via the catalysis of trans-
peptidation reasctions by the intrscellular protesasses,
Recent investigations by the Fruton group (1)

and papain in transamidation reactlions lsading to the
elongation of peptide chains, Crystalline chymotrypsin
was found to catalyze a transamidation reaction in whiech
the amide NH2 group of benzcyl-gotyrosinamide was
replaced by 1sotopie glycinamide, to form benzoyl—g-
-tyrosylglyclnamide labeled with 5 in the glycine N,
Pzpain-catalyzed transamidation reactions in which the

(1) J. 8. Fruton, R. B, Johneton and Melvin Fried,
Jd. Biol, Chem. , 180, 39 (1951),




anide N?e groups of several carbobenzoxyamino acid
amides were replaced by amino acid amides or by peptides,
D-Phenylalaninaﬁide wgs also shown capable of serving ss
a replacement agent in such transamidation reacticas.
Further 1llustration of the elongation of a peptide
chain by means of g protease-~catalyzed replacement
rsaction was demonstrated by Brenner and co-workers (1),
The formation of E—methionyl—&-methionine and of
Efmethionyl-g-methionyl-gfmethionine by chymotrypsin was
leport {2) hes bsen made tha
algo catalyzes the hydrolysis of ester analogues of
sensitive amides (e.g., benzoyl-l-tyrosine ethyl ester),
In a recent publication by Hanes and co-workers (3),
it was concluded that in the presence of added amino
ecids and of certaln enzymes present in sheep kidney
extract, glutathione can undergo a transpeptidation
regctiorn in which cysteinylglycine and o w-glutamyl

dipeptide are formed, Thls conclusion was reached with

(1) M, Brenner, H, R, Huller and R, W, Pfister, Helv,
chim, acts, 33, 568 (1950).

(2) H. Neursth and G, W, Schwert, Chem, Rev., 46, 69 (1950).

(3) C. S, Hanes, F, J, R, Hird and F. A, Isherwcod,
Nature, 166, 288 (1c50),
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the finding that, after incubetion of sheep kldney
extracts with glutathione and one of seversl amino aclds
(leucine, phenylslanine, valine), the prssence of new
ninhydrin-reactive substances could be demonstrated by
means cof paper chromatography. These substances migrated
at rates different from those of any of the products of
hydrolysis of glutathione or of the other components
introduced et the start, Although no authentioc samples
were available for direct comparison, the new spois
were provisionally attributed to Y-glutamyl peptides of
the added amino acids (e.g., Y-glutamylphenylalanine},
Waley and Yatson (1) reported the rearrangement of
the amino sacld residues of lysyltyrosyllysine and
lysyltyrosylleucine by the action of a mixture of trypsin
and chymotrypsin, Amcng products was included a dipeptide,
lysyllysine, in which the sequence of the amino acid
residues differed from that of the originsl peptides,
It was assumed that a transpeptidstion reaction occurred
via the *carboxyl traznsfer® mechsniesm of Hanes (2) and

not via the unreported Yamine transfer® mechsnism,

(1) S. G, Yaley and J, Watson, Nature, 167, 360 {1S51),

(2) C. S, Hanes, P, J, R, Hird and F, A, Isherwood,
Nature, 1€6, 288 (1950),

S cr——



EXPERIMENTAL
Preparation of Compounds Investigated

Benzoylamino acilds
All the benzoyl derivatives of the aminc aclds used

in these studies, with the exception of N-benzoyltyrosine,
were prepered by the conventionsl Schotten~Baumann
procedure, The proportions of reagents, as recommended
by Ingersoll and Babcock (1), were used in all cases,

In 2 typleal benzoylstion, 0.1 mole of the amino

eeld was dissolved in 150 ml, of 1 N sodium hydroxide
'in a 250 ml., round-bottomed flask. The addition of 0.1

mole of benzoyl chloride, by means of a medicine dropper,
was effected over a period of one hour with intermittent,
vigorous shaking, The éolution was kept cold by means
of an ice bath which was removed after the addition of
bpenzoyl chioride had been completed, AIter the solution
hed been allowed to stand for one-hglf hour, during
which time 1t had warmed to room temperature, no odor of
benzoylchloride was detectable, The reaction mixture was
then placed 1in an ice bath and acidified with 6 N
hydrochloric acid to gpproximately pH 3, with Congo red as
indicator, After being cooled for sbout two hours at

4°, the precipitate was filtered off, all clumps were

(1) A. W. Ingersoll and S. H, Babcock, Crg. Syntheses,
Coll, 2, 328 (1943).




broken, and the solid was waeshed on filter paper three
times with 75 ml, portlons of ice water, The preeipltate
wes dried in air overnight end treated with 150 mi, of
boiling carbon tetrachloride to memove any contaminating
benzoic acld, Final purification was effected by
reerystallization from ethanol-water,

All of the benzoylated amino acids used in these
studies had previously been described in the literature,
These compounds are listed in Table I, together with the
observed melting points, the literzture values and
references, Identification of the benzoylanmino acids
was made by melting points and the mixed melting points
weré determined in those cases ln which pure samples were
available,

Since a consider
the melting points of X—benzoyl—S—benzyl-gg-penicillamine
observed in these studles and in another laboratory (1),
micro-Kjeldshl analyses were run and showed agreement for
this compound to within less than 3% relative error, The
higher and shérper melting point found in this laberatory

sugzests a purer preparatlion than that described in the

(1) #. ¥, Crooks in T, H, Clark, *The Chemistry of
Peniclillin®, p., 462, Princeton University Press,
Princeton, New Jersey, 18489,
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Tzble I
Melting Points of Benzemino Acids

Amino Agld M,p, Of Ben- Literature
zoyl Amino Value
Acid in this
study, C°
Uncorrected
Glycine 1871-189 187-188 (1)
Alanine 165-166 165-166 (2)
Vsline 131-132 132% (3)
Leucine 141-142 137-141 (3)
Isoleucine 136-137 115-118 (4)
Norvaline 1522 1523 (5)
Norleucine 134 134 (3)
Aminoisgo-
butyric Acid 200-201 198 (6)
(1) A, W. Ingersoll and S, H, Babecock, Org, Syntheses,
Coll, 2, 328 (1943).
(2) E. Fischer, Ber, 32, 2454 (1899),
(3) E. Pischer, Ber., 33, 2370 (1900},
(4) C, Mourew and A, Valeur, Compt, rend.,, 141, 115 {(1905),
() M. D, Slimmer, Ber., 35, 400 (1902).
(6) E. Mohr and T. Gels, Ber., 41, 798 (1908),
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Table I (Continued)

Amino Acid M, p. of Ben- Litereture
zoyl Anmino Velue
&cid in ghis
tudy, €
Uncorrected
o Amino-n-
butyric Acid 145-146 145-146 (1)
{_Aminohep~
tylic Acid 133 135 {2}
®f-_aAminocapry-
lic Acid 1271-128 128 (2)
®R-Aminopelar-
gonic Acid 127-128 128 (2)
S-Benzylpenl-
cellamine 1633-164 156-159 (3)
Prenylslanine 187-188 187-188 (1)

(1) E. Fischer and A. Mouneyrat, Ber., 33, 2383 (1900),
(2) N, F, Albertson, J. Am, Chem, Soc., 68, 451 (1948),
(3) H, M, Crooks in T. H, Clarke, %The Chemistry

of Penleillin*, p, 462, Princeton University Press
Princeton, New Jersey., 1949,



Amino Acid
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Table I {Continued)

H.pe. Gf Ben-
zovl Amino
Acid in 3his
study, C
Uncorrected

Literature
Value

Glutemic

Tyrosine (N~
Benzoyl)

Tyrosiné (O,N-
Dibenzoyl)

¥ethionine

139-140

165~-166

226-228
151

(1) H, Wax, Unpublished Ph,D, Thesis,

Iowa State College Library,

139-140 (1)
165-166 (2)

226-228 (3}

152 (4}

Ames, lIows,

(2) E, Figcher, Ber,, 32, 3638, (1900).

(3) S. W, Fox and C. W, Pettinga, Apch, Biochenm,,

25, 12 (1850).

———y ™

(4) =, M, 5111 and

t

(1936),

e

Robson, Biockem, J., 30, 248
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egrlier literature,

Benzoyldipentides

Almost sll of the benzoyldipeptides used in these
studlies were prepared by Mr, Louls Carpino and sll were
of the DiL-configuration, These are listed in Table II
together with their melting points, Where success was
achieved in the separaticn of diastereomers, if such
diastereomers exist, each is listed separately., In these
instances the disstereomeric racemates were arbitrariliy
designated as the A and B fcrus,

N~Banzoyl=-L-tyrosine

Eleven grams of N-benzoyl-L-tyrosine ethyl ester was
added to 30 ml, of 5 N sodium hjdroxide solution, The
mixture was refluxed over g water bath for twenty mihutes.
After five minutes had elapsed, all the golid materiel
had gone into solution., The solution was diluted to
150 ml, with distilled water and then secidified with
6N hydrochloric acld to spproximately pH 3 with Congo
red paper as indleator., An oil was obtained which
underwent crystallization to a white precipltate after
it had been rubbed under hexane and chilled, Upon
recrystalilzation from ethyl scetate-benzene, the

cbserved melting point was 16434-1653°., Fischer (1)
reported the melting poeint as 165-166%.

(1) E, Fischer, Ber., 32, 3638 (1900).



Table II
Physical Constants of Benzoyldipeptlides

Benzoyldipeptide M.p. in C.°  Lit,value 4 N, % N,
(uncorr, ) and ref, caled, found

Bz-glyoylglycine 207-208 208(1)

Bz-glyoylalanine 194-197 202(2)

Bz-glyoylleucine 151-163 9,68 De4d
Bz-glyoylvaline 134-136 136~-136(3)
Bz-glyoylphenylalanine 176 172(4)

Bz-slanylglycine 164-156 161(5)

Bz~leucylglyoine 161-184 187(8)

Bz-valyglycine 176-179 10,06 10.18
Bz-valylveline (A-Form) 220-224 8,74 9,12
Bz-valylvaline (B-Form) 230-232 231-232(7)

Bz-leucylvaline (A-Form) 218-220 8,37 - 8,22
Bz=leucylvaline (B-Form) 105-198 8,37 8,19

1) K, Fischer, Ber., 38, 608 (1908),
Curtius and E, Lembotte, J, prakt. Chem,, 70, 114 (1904),
Abderhelden, E, Rindtorff and A, gSohmitz, Fermentforschung, 10, 213
Curtius and K, Muller, J. prakt. Chem. N. B, 70, 203 (1004).
Goldschmidt and C. Stelgerwald, Ber., 58, 13562 (1928),

Figcher and A, Brunner, Ann,, 340, 148 (1906),

» W, Hinmen, B, L. Caron and H, N, Christensen, J. Am, Chem, Ho0., 72,
1620 (1980),

(
{
(
(
(
E

Qt‘im:—i!ﬂ*ﬂ

~SaMPu
e Vst Vet S ot Vet

%-



.

Phthalvlislvoine

The method of Drechsel (1) was followed, Two
hundred grems of phthalie anhydride (Genersl Chemical Co,)
was heated in 1 1, Erlenmeyer flazsk, over ean oil bath,
vntil completely melted, One hundred grams of glycine
{¥erck, ¥, F, } was then added and the heating was
continued until complete solution had teken place, as was
testifled by & Qark yelliow but clear golution, At this
rcint, the reescticn mixture was sllowed to come TO TOORE
temperature, The golid which wzs obtaired on cooliing
was dissolved in 4 1, of hot digtilied water, Darcoc was
added to decolorize the yellow solution, and the hot
solution was filtered over suction, The supernatant,
which contained some crystslline solid, was then reheated
©o 4issolve all s01ld materisl presenv. Reorys
was effected at 4°,  The white, crystalline precipitate
was filtered over guction, wwshed with two 500 ml, portions
of ice water, and dried in air, The yleld of product
obtained was 275 g, The melting point was 192-193° as
compared to 191-192° obtained by Drechsel (1)

(1) E. Drechsel, J, prakt, chem,, 27, 418 (1883).



Phthalylglyeyl chloride by using phosphorus pentachloride

The procedure which was used was g modification cf
Gabriel's method (1) as developed by Sheehan and Frank (2},
A suspension of 10,4 g. (0.05 moles) of phogphorus
pentachloride in 100 ml, of benzene, contained in a 250 ml,
Erlenmenyer flask and protected from molsture with a
caloclum chloride drying tube, was treated with 10.3 z.
(0,05 moles) of pnthalyligiycine, The resaction mixture
was heated in s 60° water bath, The mixture was shaken at
frequent intervels until the turbidity had completely
disappeared and a clear sclution was obtained, After two
hours, the resction mixture was removed from the water
bath, The solution was concenirated under reduced pressure

end the resulting dry residue was dissolved in a minimal

L d

ed W T o e N £ D M. %
t 2 e h 1 TLLl

amount of benzeneé a Tus phthalylglye
was precipitated by the addition of Skeily D, The yield
of shimmering, white orystels was 9,2 g. The melting

point of 83-86° was the same as that observed by Shsehan

and Frank (2).

(1) s. Gabriel, Ber., 40, 2648 (1907).

(2) J. C. Sheehan and Y, S, Frank, J, Am, Chem, Soe,, 71,
1855 (1949),



Phthalylglyoyl chloride by using thionyl chioride

The method of Grassmenn and Schulte-Uebbing (1)

gt

wes ussd with = slight modificatlon., To 8.2 ml, of

41}

thionyl chloride, contained in a 25 ml, round-bottomed
Plagk, was added 4.1 g, of phthalylglycine, The resaction
mixture was refluxed over & steam bath until the solution
of phthslylglycine was complete snd the ewvclution of
hydrogen chlcride had ceased. The excess thionyl chlorlde
wee dlstilled off under reduced pressure and the last
traces of thionyli chloride were eliminated by two
evaporations after the addition, in each case, of 10 ml,
of chloroform, The chloride remained behind as a white,
erystalline residne, The yleld of product was 3.7 g. and

the melting polint was 83—850.

Phthalylglyeinanilide from phthalylglycyl chioride

The method used was essentially the szme as that
reported by Scheiber (2)., To a solution of 3.7 g ©of
phthalylglycyl chloride in 40 ml, of benzene was zdded
3.7 ml, of crude aniline, in smgll porticns, over a
period of 20 minutes, with intermittent shaking by hand,

(1) W, Grassmann and E, Schulte-Uebbing, Chem. Ber., 83,
244 (1950).

(2) J. Scheiber, Ber. 46, 1103 {(1913).
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The rezctlon mirbturs wos neanvhile kept cold by means of

an ice bath, The precipitate obtzined was filltered

v

over zuction., The Piltra%e was evaporagted to sbout 5 ml,
under reduced ?ressure snd more praecipitate wes obtained
by the addition of petroleum ether, The combined
proeipitates were recrystallized from 507 ethanol-water,
The white crystals, obtszined in 4.4 z. yleld, were
fiitered over suction and dried in the vzcuum desiccator,
The melting point was 230-231%  Scheiber (1) reported

z melting point of 231-232°,

Phthelylelveinanilide from phthalyleglveine

A previously undescribed method for the preparstion
of this compound was suggested by the method reported by
Shriner snd Fuscon {2) for %the prepasraition of anilide
derivetives of fatty écids. To 51 g. of phthalylglyciﬂe,
centained in a 200 ml, round-bottomed flask, was added
102 ml, of thionyl chloride, The mixture wzs refluxed on
a weter bath and soluticn was cbgserved tc be complete

in sbout fifteen minutes, After the solution was allowed

Lamid
-
il

J. Scheibsr, Ber, 48, 1103 (1913).

{2) R, L. Shriner znd R, ©. Fuson, “The Systemaiio
Identificetion of Organic Compounds®, 2nd Ed.,p. 132,
John ¥Wiley and Sons, Ine., Few York, 1940,
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to reflux for fifteen minutes more, it was cocled %o room
temperature, The cool solution was placed in a dropplng
funnel and was then added, over g pericd of twenty minutes,
to a solution of 102 ml, of crude aniline in 1 1. benzens,
with sgitation by means of s motor stirrer., The reaction
was carried out in sn ice bath, Stirring was allowed

%o continue for a total of one hour and the reacticn mixture,
which by this time contained a dense, gelatinous precipitate,

was allowed to warm to room temperature, The preecipitate

water to remove any aniline hydrochloride formed in the
reaction, Further precipitate was obtained by the addition
of petroleum ether to the benzene filtrate, which had
previously been ccncentrated to a small volume under
reduced pressure, The combined preelpitates were then
recrystallized from 50% ethanol-water to give small,
needle-like, white erystals, The yield of phthalyl-
glycinanilide was 49 g, and the melting polnt was 230-231°.

Glyeinanilide hydrochlorigde

The procedure used was that of Sheshan and Frank (1),
A suspension of 1,29 g, of phthalylglycinanilide in 50 mil,
of 95% ethancl was refluxed for one hour over a steam

bath with an equivelent amount of hydrazine hydrate

(1) J. C. Sheehan and V. 8. Frank, J. Am, Chem, Soc,.,
21, 1855 (1949),



(0.224 ml.)., The rezetion mixture was then ccncentrated

to dryness under reduced pressure, The dry residue was
warmed to 50° with 25 ml, of approximately 2 N hyirochloric
gcld for about five minutes agnd was subsequently allowed
to cool to room temperaturs over a periocd of one hour, The
insoluble residue of phthalylhydrazide was removed by
filtration, Lvaporation of the solvent under reduced
pressure followed by recrystallizstion of the residue

from ethanol gave 0,84 g, of glycinanilide hydrochloride

which melted g

Glycinenllide from the hydrochloride

A sclution of 0,84 g. of glycinanilide hydrochloride
in 50 ml, of distilled water, in an ice bath, was
saturated with ammonia gas, After further cooling in the
refrigerstor overnight, a white precipitate had formed,
The precipitate was filtered over suction and recrystallized
from hot, distilled water, The yield of the erystalline
dihydrate of glycinanilide obtained was 0,65 g, The

(1) J. C. Sheehsn and V. S, Frank, J. Am, Chem, Soc.7?1,
1855 (1949),
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melting point of 603-613° was in close agreement with
the 62° previously reported in the literature (1).

Chloroacetyleniline

This compound wae prepared by the procedure of
Abderhsglden and Broeckmenn {2), To a solution of 94 g,
(1,0 mole) of crude zniline in 500 ml, of dry benzene,
contained in a 1 1., three-necked, round-bottomed flask,
56 go (0,5 mole) of chloroacetyl chloride was added over
a periocd of twenty minutes, The reaction mixture was
cooled in an ice bath and agltation was effected by means
of a motor stirrer, After the addition of chloroacetyl
chloride was complete, the stirring was further continued
for one hour, The mixture was coocled in the refrigerator
overnight, The dense precipitate of reddish-brown
crystals was filtered over suction and washed with three
250 ml, portions of benzene to remove any surplus anlliine.
The precipitate wss then washed with three 100 ml, portions
of cold, distilled water to remove the aniline hydrochloride
which had been formed in the reaction, After the
precipltate was dried under the infrg-red lasmp for eight
hours, an 80 g. yleld of light tan crystals was obtained,

(1) J. V. Dubsky and C., Granacher, Ber., 50, 1703 (1917).

(2) E. Abderhslden and H, Brockmann, Fermentforschung, 10,
164 (1s28),
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The melting point of 132-134° was in good asgreement with
the 135° reported in the literature (1),

Glycinanilide from chloroacetylaniline'

The method used was a modificsation of the procedurs
of Hill and Kelsey (2). Ammonia gas was rapidly bubbled
through 1500 ml, of 95% ethanol until the ethanol was
saturated, the process being effected in an ice bath.
Upcn saturation, the ethanol contailned 210 g, of ammonise,
\fter the addition of 90 g, of chloroacetylaniline to
this soclution, the resction mixture was placed in the
40° incubetor for four days. After this perilod, the
insoluble material was filtered off and the filtrate
was then concentrated to dryness under reduced pressure,
The crude material was purified by the procedure of Fox
and Halverson (3).

Forty g. of the crude material obtained above was
dissolved in a solutlon of 68 g. of pilerie seid in
3 1, of hot, distilled water, Formation of a yellow
precipitate was immediate, After it had been cooled

overnight at 4°, the yellow precipltate was suction

(1) E. Abderhalden and H., Brockmann, Fermentforschung,
10, 164 (1l928),

(2) A, J. Hil1l and E. B. Kelsey, J. Am. Chem. Soc., 42
1709 (1920), o

(3) S. W. Fox and J, S, Halverson, Unpublished experiments.




filtered, dried in zir gnd washed with 600 ml. of benzene,
After recrystzllization from water, the dried plcrate
showed & melting point of 188-180°. Alderhalden {1} amd
Bpockmann reported the melting point at 186°, sSixty g.

of this picrate wes dissolved in 3 1, of chloroform and
this solution was then trested with 1800 ml, of weter

eentaining 26 ml, of 10 N sodium hydroxide, Separation

of the chloroform layer wgs folliowed by treatment of

ts
1

this chllroform fracticn with 1 1, of water containing
€ ml, of 10 N scdium hydroxide, After 1ts separation
from the agueous layer, the chloroform layer was dried
with 30 g, of Drlerite and was then concentrated to
dryness under reduced pressure, The gummy residue
was redissocived in a minimal smount of chloroform and
precipltation was effected with hexgne, The tiny,
colorless crystals obtained were dried in alr, This was
followed by recrystallization from hot water, The large,
colorless, needle-like eyrstzls which formed melted at
60 1/2 %o 81°,

An improved metheod was a8lso used in the preparation

of glycinenilide from chloroscetylaniline, Eighty graams

(1) E. Abderhalden and E, Broeckmann, Fermentforschung,lo.
164 (1928),
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of chloroacetylaniline was dissolived in 1 1, of 95 per cent
ethanol, To this sclution was sdded 1,5 1 of concentrated
aqueous ammonla. The reactlon mixture was placed in the
40° water bath for three deys. After this period,

the solution was evaporated to about one-third of its
original volume, The concentrate was treated with 200

ml, of concentrated zqueous ammonia and placed in the
refrigerator overnight, The crystalline precipitate of
gsecondary base (m.p. 148-150°) was filtered off over
suction., A copious precipitate of the hydrate of
glycinanilide was then obtained by seeding the filtrate
with a crystal of glycinanilide hydrate., The white,
crystalline product was cobtained in 64 g, yleld and
melted at 63-64° without further purification.

Chloroacetyl-D-phenylelanine

The procedure used for the preparation of the
g-antipode was essentially the same as that used by
Leuchs and.Suzuki (1) for chloroacetyl-DL-phenylalanine,
The solution of 3,40 g. of D-phenylalanine in 21 ml, of

(1) H. Leuchs and W, Suzukl, Ber., 37, 3306 (1904),
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1 N sodium hydroxlde wes effected, the reaction mixture
being cooled in an ice beth, To this solution was edded
2,35 g, (1,55 mi,) of chloroacetyl chleride, via a
medicine drcpper, over a pericd of one hour with
intermittent shaking znd cooling. The solution was then
geidified to pH 2 with concentrated hydrochloric acid
and the somewhzt gummy residue was extracted with thres
75 ml, portions of ether, The ether extracts were
combined and the solution was g¢oncentrated ftc a brown
syrup under reduced pressure. Thig syrup completely
crystallized when placed under Skellysolve "D" at 49,
This materlial, when recrystellized from 65 ml, hot
water, melted st 115-118°. Further recrystallization
brought the melting point up to 125-126%, A melting

point of 126Y was reported (1) for the L-antipode,

Glyeyl-D-vhenylalanine

The same procedure reported by Fischer and Schoeller (2)
for the L-antipode was used, with slight modiflcatlons,
A suspension of 2,3 g, of chloroacetyl-D-phenylalenine

in 7C mi, of ccncentrated, agueous ammonia, contained in

(1) E. Fischer and ¥, Schoeller, Ann, 357, 1, 1507,

(2) 8. simmonds, E, L., Tatum and J. S, Fputon, J. Biol,
Chem,, 169, 91 (1947). -




a 200 ml, round-bottomed flask, was heated In a pressure
‘bomb for three hours st 100°., The clear, slightly
brownish soluticn which resulted was ccncentrated to

dryness under water pump pressure and a temperature of

50°, The crystalline residue was dissolved in 75 ml,
of boiling, distilled water and preclpltation was effected
by the addition of 1 1, of absolute ethanol, The resulting

flocculent, white crystals were filtered cver suctlion and

dried under the infre-red lamp, The rotation observed was
[oF%2- 41,8° £ 1,0° for 2 1.5 % solution in distilled
wgter, This value is 1n agreement with the literature vaiue

of @7‘;1 = 41,7° (2% in water) for this compound (1),

Benzoylglyeyl-D-phenylalanine

Th;s compound waeé prepared from glycyl-g—phenylalanine
by th; 8 »
a8 previcusly deécribed for thé benzoylamino acids, The
benzoyl derivative melted at 164-167 1/2°,

Aminc Acid Anilides
The c¢itrate salts of the leucine-, alanin- and

valinanilides used in these studies were prepared by
Mr. Armand McMillan, All are of the DL-configuration, The
analytical values obtained for these ocompounds are shown

in Table III,

(1) S. Simmonds, E. L, Tatum and J., S. Fruton, J. Blol,
Chem, , 169, 91 (1947),

(2) A._VW. Ingersoll snd S. H, Babeock, Org. Syntheses,
‘ o1l. 2,°328 (1943). o B 2L
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Tavle III

Physicel Constantes of Amino Acld Anilide

Citratesn

Gompound % iy Do 4 Cgicd. 5 Found
Alaninanilide citrate 87° 7437 7.7
Vglinanilide citrate a7° : 7.28 7e3
Leucinanilide citrate  157-158° 7.04 7.0, 7.1

* All compounds azre of the Du configursticn

Znzyme Studies

Enzyuic reactions of benzeylamino acids with aniline

In 2ll experiments inveolwving the snzymle coupling
of benzoylamino aclds with aniline, the same genersl
procedure was used for sddition of components, incubatioen
of the reactlon mixture 2nd isolation and rurificstion

of the rcaction products,
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Benzoylaming zgcids,

The benzoyl derivatives of glycine, zlianine,
veline, leucine, aminoigobutyrie acid, norvaline,
norleucine, x=gmino-n-butyric acid, «%-aminoheptyllc
acid, x-aminopelargonic acld, X=-aminocaprylic acid
and S-benzylpenicillamine were investigated, All were
DL-isomers, A weight of derivative corresponding to
1,0 mM of benzoyl-Dl-aminc acid (0,50 mM in the case

of benzoylglycine) was used in each instance,

preparstiong and seciutions,

13
5
5]
*5
()

All enzymatic reactions used commercial grades of
either papain or ficin, The work renorted here involved
ficin No, 40349 obtained from Merck and Co, and papain
No, 3781 obtained from Nutritional Bilochemicals
Corporstion, The enzymes were used without further
purification in the preparation of enzyme solutions,
The engzyme solutions were prepared by dissolving 1.6 g.
e¢f the sultable enzyme and 0,64 g, of cysteine
hydrochloride (Merck) with 200 ml, of citrate buffer
(pH 5.0, 1M), The mixture was stirred occasionally
over & half-hour period to break uwp the lumps and then
filtered through glass wool., 4 volume of 2,0 ml,
of solutlon thereby contained the soluble portion of
16 mg, of enzyme znd 6,4 mg, of cysteine hydrochloride,



Fresh enzyme sgolutions were prepsred shortly before use,

Aniline solutlon.

Commercial sniline wes redistiiled under reduced
pressure and the almost colorless fraction collected,
Aniline solutions in citrste buffer (pH 5.0, 1 H)
were prepsred to the extent that each 8,0 ml, of

solution coritained 6,046 ml, of aniline,

Citrate buifer solution.

In the preparation of the citrate buffer solution,

a U.8.P. grade of citric acid (Pfizer) was used,

Typicel enzymic run,

In a typical experiment, 1,0 mM of benzoyl-DL-amino
acid or 0,50 mK of benzecylglycine was treated in a 15 ml,
test tube with 0,046 ml, (0.50 mM) of redistilled
aniline diluted to 8,0 ml, with citrste buffer (pH 5.0,
1.0 M), To each tube was added 2,0 ml, of enzyme
solution, The tubes were stoppered and incubated at
40° for 72 hours with shaking by hend at twelve
intervals, The products were filtered over suction and
each was washed with two § ml, portions of 1 N sodium
hydroxlde colution and two & ml, portions of water,
allowed to dry in air overnight snd welghed,

It should be emphssized that conditions for almost
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guzntitative ylelis of even benzoylvalinanilide sre

known (1,2); for the present studies, standarized

conditions vermitting convenlent comparisons in s

sensitive range were however chosen, Some idea of

the validity of reporting ylelds under standard

conditicns, instesd of with rate curves, may be

obtained from Fig, 2 of an earlier paper (3)., These

rate studles have been here extended to include the

pepain- and ficin-catalyzed anlilide syntheses of the

benzoyli derivatives of isoleucine, x-aminoheptylic acid

and < -=gminocaprylic acld as well as the previously

studled sglesnine. The ylelds of snilide obtained after

one, two and four days were determined for each substrate,
In order to observe the effect of pH on the

relative reactivities of amino acid residues, benzoylvaline

and benzoyllsoleucine were compared over a pH range of

from 3,9 to 5.9, All other conditions, such as reaction

(1) s, W, Fox, C, W, Pettinga, J, S, Helverson and
H, ¥sx, Arch, Biochem,, 25, 21 (1950).

(2) D. G. Doherty and E, A, Popenoce, Jr., J. Biol,
Chem., 189, 455 (1951), -

(3) s. Ww. Fox, C, ¥, Pettinga,”J. S, Halverson and
H, Weax, Arch, Biochem,, 25, 21 (1950).
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time, sniline concentration and buffer concentration
were the same 28 those previously described, The
enzyme used in this case was papain,

For reference purpcses, workable cuantities of
snilides were obitsined from larger pspaln-catalyzed
prepsrations and purified to constant melting point by

recrystallizetion from squeous ethenol,
Enzyme Dilution Studies

Benzoylamino acids.

Investigation was made of the benzoyli derivatives
of glycine, o{-aminocesprylic acid; leucine, alanine,

valine and 1iscleucine, All were the gg—isomers.

Enzyme gclutions.

o~ VAL

M a
AL

k
E)

wer; here used as were used in the preceding studies,
The solutions were prepared by dissolving 0,80 g, of
enzyme in 280 ml, of citrate buffer for one-half hour,
This was followed by filtretion thrcough glsass weool,
Aliguots of the filtrate were diluted with citrate
pbuffer (pH 5.0, 1M) such that four different sclutions
resulted, each 5,0 ml, of whioh contained 8 ng., 6 mg,,

4 mg, or 2 mg, of enzyme respectively.
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Aniline and cysteine hydrochloride solution.

A solution in citrate buffer (pH 5.0, 1 M) was prepared
such that esch 5,0 ml, of solution contained 0,50 mM of

aniline and 13 mg, of cysteine hydrochloride,

Typical enzymic run,
To 5,0 ml, of the aniline solution described immedigtely

sbove was added 1,0 mM of benzoyl-DL-amino acld (0,50 ziM in
the case of glycine), Five ml, of eniyme solution was
added to each tube, Each benzoylamino zcid thereby under-
went reaction in the presence of 8, 6, 4 and 2 mg, of en-
zyme respectively, The pH ln every case was 5,0, Reaction
and treatment of products was effected under the usual

conditions,

Enzymic Resctions of Glyeine Contalning
Benzoyldipeptides With Aniline,

penzoyidipeptides,
The benzoyl derivatives of glycylglycine, glyeylvaline,

glycylleucine, glycylalanine, glycylphenylslanine, valyl-
giycine, alanylglycine and leucylglycine were investigated,
Where the benzoyldipeptlide had an assymmetric center, the
DL-1somer was used, The only optically active benzoyldipeptide
investigated was benzoylglycyl-D-phenylalanine, A welight of
benzoyldipeptide corresponding to 0,50 mM was used in each case,.

Enzyme preparstions and solutions,

Enzyme solutions of both ficiln and papsin were
Prepared as previously described under "Enzymic reactions




of benzoylamino acids with aniline",

Aniline solution.

A solution of redistilled aniline in citrate buffer
(pH 5.2, 1,0 M) was prepared whereiln each 3.0 ml, of

solution conteined 0,023 ml, of aniline,

Typical enzymic run,

In a typlcal experiment, 0.50 mM of benzoyldipeptide
was treated in 3 dram vials (19x65mm) with 0,023 ml,
(0.25 mM) of aniline diluted to 3.0 ml, with citrate buffer
(pH 5.0, 1.M). To each tube was added 2,0 ml, of enzyme
the soluble portion of 16 mg, of enzyme

d 6.4 mg, of cysteine hydrochloride., The tubes were

5

stoppered and incubated at 40° for 72 hours with shaking
by hand at twelve intervals., The products were filtered

over suction and each was washed with 5 ml, portions of
dried

“ -3 -

T B oapam T — o ~ o~ ».
1 N sodium uyuruzxiﬂc and twe & m1

"in air overnight and weighed.,

Enzymic Reactions of Non-glycine Contalning
Benzoyldipeptides With Aniline

Benzoyldipeptides.
- The benzoyldipeptides investigated were the A and

B forms of benzoyl-DL-valyl-DL-valine and benzoyl-DL-

leucyl-DL-valine,
Typicsl enzymic run.
Both forms of benzoyl-lPL-valyl-DL-valine were reacted

under the same conditions as deseribed under "Enzymic

reactions of glyeine containing benzoyldipeptides



with aniline®, VWith the benzoylleucylvalines, however,
the procedure was varied in that a higher aniline
concentration and a higher pH was used, i,e., 1,0 mM
of aniline and a pH of 5,7 respectively.

Enzymlc Reactions of Benzoylaminc Acids
With Glycinanilide

Benzoylamino acids,

The benzoyl derivatives investigated included those
of glycine, salanine, vsline, leucine, methionine, norvaline,
norleucine, el-amino-n~butyric acid, tyrosine (mono~ and
dibenzoylated), isoleucine, tryptophan, phenylalanine,
eminoisobutyric zcid and glutamic acid. All benzoyl
derivetives were the Di~isomers except those of glutamic
acid and tyrosine (monobenzcylated) which were of the
g-configuration.

Glycinanilide solution.
A solution of glycinanilide in citrate buffer (pH

5.0, 1M) was prepsred wherein each 3.0 ml, of solution
contained 0.50 mM of the dihydrate of glycinanilide,

Typical enzymic run.
To 0.50 mM of the benzoylamino acid in a 3 dram

vigl (19x65 mm) was added 3.0 ml, of the glycinanilide
solution described immedlately above, The remainder of the
procedure is the same gs that described under "Enzymilc
reactions of glycine containing benzoyldipeptides with

aniline", 1In additlion there were méde several other runs
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in which several of the benzoylamino acilds were reacted
with glyeilnanilide at various pH's, These reactions were

cetalyzed by both fiein and pepain,

Enzymic Reszction of Benzoylamino Aclds
With Amino Acid Anilide Citrates

Benzoylamino acids,
The benzoylamino acids used in this study included the

derivatives of glyeine, alanine, valine, leucine, Stamino-
n-butyric ascid, norvaline, isoluecine and aminoisobutyric =
acid, All were the DL-antipodes,

Amino acld gnilide citrates.

These included the citrates of leucinanilide,
valingnilide and alaninsnilile, all of the ggfconfiguration.
Since both valinanilide and slaninanilide were found to0 Dbe
very hygroscopic and therefore had tc be weighed quite
repldly, solutions of these were made in 1 M citrate
buffer wherein every 3.0 ml, contained 1.0 mM of the
respective amino acid anilide citrate, No such hygroscopic
properties were observed with leucinanilide ciltrate,
however,

Typicsl enzymic run,
The treastment of 1,0 mM of benzoylaminoc with

3,0 ml, of & valinanlilide or alaninanilide solution
was effected in 3 Gram vials {(19x65mm), For those

cases in which leucinanilide was the amine used, 3,0 ml,
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of 1M citrate buffer wes added to 1,0 mM of benzoylamino
acid snd 1.0 mM of leucinanilide citrate, The pH of

the reaction mixtures wes 5.6, The remasinder of the
procedure wss similar to that glven under "Enzymic
reactions of glycine contalning benzoyldipeptides with
eniline', The only modification involved the washing
of the reaction products with two 5 ml, portions of

1l N hydrochloric acid to remove any unreacted and

undissolved amino aclid anilide citrste,

Enzyme Specificity Studles

Benzoylamino acids,

, The acylamino =2clids used included benzoyl-L-
tyrosine, benzoyl-gg-tryptcphan, benzoyliggpmethionine
and benzoyl-gg-phenylalahlne. The weight of each benzoyl
derivetive used was equivaient to 0.50 mM based on the
g-antipode.

Enzyme preparsestlions.
Both papain (Merck No. 3781) and crystalline

chymotryopsin (Worthington Biochemical Laboratories No., C,
21) were used,

Typical enzymic run.

Typically, 1.0 mM of the benzoyl-DL-amino acid and
0,50 mM of glycinanilide dihydrate were welghed

out inte 3 dram vials, To each vial was sdded 5,0 ml,
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of citrate buffer (pH 7.1, 1 M), Intc one series

cf wials, whichk included 2ll1 the benzcylf2§~amino
acids listed asbove, were placed 16 mg. of cruds

papain and 6.4 mg, c¢f cystelne hydrochlioride, To
enother seriles wegs added 5.0 mg., of crystelline
chymotrypsin. The tubes were incubazted in the

40° water bath for periods ranging from 32 to 48 hours,
The reaction products obtained were treated in the
usual manner,

In another experiment, the reactivities of papain
and chymotrypsin were compared, in the reaction of
N-benzoyl—&-tyrosine with glycinanilide and gnilinre,
over a2 pH range. The concentrations of substrate and
enzyme were the same as given sbove, The pH range
studied extended from 5.0 to 7,5 in 1 M cltrate buffer,
Reaction time was 48 hours and reaction products were

treated by the usual procedure,
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RISULTS

o
»

Enzymic Reactions of Benzoylemino Acids With Aniline

The necessity for determining the effects of
varistion of substrate structure on the relative extents
of synthesls of several benzoylamino scid anillides was
suggested by the results of Fox and eo-workers (1,2}
with the vsline and leucine derivatives, These
investigators cbserved z low rate of formation of
benzoylvalinanilide as contrzSted to a high rate
of formation of the closely homologous benzoylleucinaniligde,
Investigation was therefore invited to the problem of the
veriation of amino acid residue structure on anilide
yield, This structural veriation tcok the form of
changing the length and degree of branching cof the
hydrocarbbn side chai; of the amino acid residue,

In the resolution of this problem, which, for
the sake of simplicity was confined to the moncaminomono-

carboxylic aclid series, several unnsturally occurring

(1) s. %, Fox, C. W, Pettinga, J, S. Helverson and
H, Yax, Arch, Blochem,, 25, 21 (1950).

(8) S. W, Fox and H, Vax, J, Am, Chem, Soc., 72,
6087 (1850),
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amino acids were included, Thils sppeared necessary
since there wes en insufficient number of naturally
occurring amino acids in the moncamincmonocerboxylic
aclid series to give as much informetion as desired,
Such an investigation elso demanded the study of

more than one enzyme system, since the problem
involved might be one of enzyme-substrate lnteraction
rather than the effect of substirate struciure alons.
Each of the reigted proteasses, papain and fiein, was
therefore used in these investigations,

A study of the benzoyl derivatives of thirteen
systematically veried amino acids was made, These were
incubeted with aniline in the presence of activated
papain or activeted ficin in citrate buffer at pH 5.0.
The pHd of 5,0 was chosen because 1t was close 1o
optimel for the formation of benzoylvalinanilide (1).
The anllides obtained and their physical constants are
shown in Table IV, One discrepancy between melting
points appears for benzoylisoleueine, Samples supplied
by Dr. Jesse P, Greenstein demonstrated that the sample

here used was benzoylisocleucine, whereas the material

in the earlier literature (2) is benzoylelloisoleucine (3).

(1) 8. W, Fox, C, W, Pettinga, J, S. Halverson and H, Wax,

Arch, Biochem,, 25, 21 (1950),

(2) C. Mourew and A, Valeur, Compt, rend., 141, 115(1905).
(3) K, F. Itschner and 8. W. Fox, Unpublished experiments,




Physical Constants of Pure Benzoylamino Acld Anilides

Table IV

Benzoylamino M.p. of JAnl- Lit, Value N %é
Aold 1ide C.°, Uncorr, and Ref, Caled, Fonnd ¢ 1%°h
Micro chloroform
Kjeldehl Error ~ 4
Bz~glycine 212 1/2 212 1/2(1)
Bz-alanine 176-176 176-176(1
Bz~valine 220-221 220-221(2
210~211(3)
217-218(4)
Bz-leuolne 213 20 1/2 zlg 5 l/ 2(4) 6.4 490
Bz-1soleucine 220-220 1 218-21 (4) 9.03 . -

- - - 9.48 9,81 -810
3R i 18%.14%-165 172 184-188(1) 9.03 9.00 -68°
Bz~-Aminoiso~

butyric acigd
Bg=t-amino-n-~

butyric acid 169 1/2-170 1/2 170-171(4) 0,92 10.1 -90°
Bz~c~gminohep-

tylic acid 184-186 8,69 8,01 -81°
Bz-sgminocapry-

lic scid 175-176 8,28 8,30 =590
Bz=a-amincpelar-

gonic acild 168-168 1/2 7.96 7.6 ~?0°

Bz-8-benzylpeni=-
cillamine

-g4-



(1)
(2)

(3)
(4)

Teble IV (Cont*ad,)

M, Bergmenn and H. Fraenkel-Conrat, J. Bilol. Chem,, 115, 707 (1937).

S, W. Fox, C, W, Pettinga, J, 8. Halverson and H, Wax, Arch, Blochem,
28, 21 (1960), :

D. G. Doherty and E. A, Popence, Jr., J. Biol. Chem., 189, 466 (1951),

N. ¥, Albertson, J. Am, Chem, Soc., 73, 452 (1951),

# Nitrogen analyses were kindly furnished by Mr. Apmand MoMillan,

-94-
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The results are reported in Table V, The:melting
points obtained were in such good agreement with the
méiting points of the corresponding benzoylamino acid
anilides that mixed melting points were taken with pure
samples of those anilides whose identlity had been
established, For all the benzoylated amlno acids
which were investigated, the product was the corresponding

benzoylamino acid aniliide,



Teble

\'J

Reaotlvity of Bengzoyleted Amino Acids with Aniline
in Papain- and Fioin-Catalyzed Reactions.

Amino Wt, of Welght of pro- Melting
Acid benzoylated duct point Product #®
Dl~amino Papaln Fioin
aclds used,g.
<=Aminoheptylio
acid 0. 2490 0.1086 0.0388 182-184° Bz—-caminoheptylic
acld anllide
d=Amino-n-butyric
acld 0,207 0,0872 0,06561 166-168° Bz-oc~agmino-n~butyric
a0id anilide
Norleucine 0.236 00,0822 0.0478 181--182° Bz-norleucinanilide
of=Aminocegprylic
acid 0.263 0.,0846 00,0375 170-172°  Bz-x-aminocaprylic
acid anllide
Leuoine 0. 236 0.0742  0,0407 208-210° Bz-leucinanilide
A-Aminopelsrgonio _
acid 0,277 0,0680 0,0274 153-165° Bz-«-aminopelargonic
acid anilide
Norvaline 0.221 0.0556 0.0274 177-179°  Bz-norvallnanilide
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Table V (Cont'd.)

Reactivity of Benzoylated Amino Acids with Aniline
in Pepain- and Flcin-Catalyzed Reactions,

Amino Vit, of Weight of pro- Melting
Acid benzoylated duct point Product ##
DL-amino
aclds used, g. Papain flcin
Alanine 0.193 0.,0443 0,0317 174-176° Bz-norvslinanilide
(Glyocine 0,08986 0.01563 0.0083 21.1-212° Bz-glyocilnanilide
Valine 0.221 00,0079 0,0012 21.7-219° Bz-vslinanilide
Isoleucine 0,236 0.0043  trace 214-216° Bz-1goleucinanilide
o -Aminolsobutyriec
acid 0,207 None None - -
8-Benzoylpeni-
clllamine 0,343 None None - -

% Melting point of crude product,

## All products are of the L-configuration,
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In Tghle VI, 2 ranking of the esubstrate preferences
with both pepein and ficin is given, azs well ze the §
of znilide yield in each cagse, Alshwcuyh eupnaslis wes
herein placed on the contribution of substrate structure
to the enzyme-substrate interaction, the results with
ficin-cysteine and papain-cysteine are seen to bhe
qualitatively different, The differences are expressed
in the order of substrate activities, or of "preferences®,
These results are in agreement with sarlier observatlons
thet papain/ficin yield ratios were different for glycine,
valine and leucine when the yizld of benzoylalaninanilide
was the same (i). Particulerly noteworthy sre the
marked differences in ranking for the slanine, «-amino-
caprylic acid and «-asmincheptylic zcid derivatives,
£ pH on the corder of

C 2 O o

ct

Information of the eiffec
substrate éctivities seemed of importance in view of
the fact that the relsgtive degree of enzyme-substrate
interzction might differ for different substrates at
different pH's, Such pH studles heve been reported in
the literature (2) for the pepain-catalyzed anilide

(1) S. W, Fox and J, S. Halverson, Unpublished experiments,

(2) s, %, Fox, C. W. Pettingsa, Arch, Bicchem., 25, 13
{1950), -




Ranking with Papain
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Table VI

Ranking of Substrate® Preferences
with Papain and Fiein

% Yield Ranking with Fiein % Yield

1., «-Aminoheptylic l, «-Amino-n-butyric
acid 64 acid 48
2, <-Amino-n-butyric 2. Norleueine
acid 61 31
S Norleuecine 53 3. Leucine 26
4. o -Aminocaprylic acld 50 4. Alanine 24
5, Leucine 48 5. <=-Aminoheptylie 22
» acid
6. <-Aminopelargonic acid 39 6, <-Aminocaprylic 22
acid
7» KNorvasline 38 7. Norvaline 18
8. Alanine 33 8, o{-Amincpelargonic 16
acid
9. Glycine 12 9, Glycine S
10, Valine & 10, Valine 1l
11, Isoleucine 3 11, Isoleucine trace
12, <-Aminoisobutyric acid 0 12, «o-Aminoisobutyric O
acld
13, S-Benzylpepieillsmine O 13,  S-Benzyloenicillamine-O-

# 1In each case the benzoyl-DL.amino acid
wgs employed as substrate,
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syntheses involving the benzoyl derivatives of glycine,
alanine and vsline, Since both benzoylvaline and
benzocylisoleucine showed low reactivity, it was therefore
of interest to compare these substrates, under the same
conditions, over a pH range to ascertain whether the
order of preference could be inverted, When these
substrates were compared over the pHE range of 3,9 to
$.9, the order of preference remained the same for both
the ficin- and the papain-catalyzed reactions, with
benzoylvaline as the preferred substrate, This is
1llustreted in Table VII,
Table VII
Effect of pH on Yields of Anilide from

Benzoylvaline and Benzoylisoleucine

Per Cent Anilide Yield

pH ' Benzoylvaline Benzoylisoleucine
3.9 None None

4.3 None None

4,7 Ca? None

5.0 4,5 1.3

5.6 24,6 11.3

5.8 27.1 15.8

5,9 27,5 16,6
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Since some questicn might be ralsed ccneerning the
validity of reporting vields under standard condltions,
instead of with rate curves, rate stuldlss were carried
out in the Tiecin- and papain-catalyzed synthesis of
anilides using the 1iscleucine, x=-amincheptylic acid,

« =aminocaprylic =scid and alanins derivatives, The yield
of anilide, in each instance, was deternined after 2

one, two and four day period, In all cases investigsted,
the ranking of substrate preferences remalned the same

as those shown in Table VI for both papsin and ficin,
Thegse results are further supported by similar rate
studies, reported in the literature (1), for the benzoyl

derlvatives of valine, leuclne, alanine snd glyeine,
Enzyme Dilution Studies

A Tector of importance in the anilide syntheses
wes the concentration of enzyme used in the studies,
Enzyme dlliution studies were carriecd out in the attempt
to eiucldate whether enzyme preferences change with

changing protease concentration, Particular enmphasis

(1) S, ¥, Fox, C. %. Pettinga, J, S. Halverson and
H, Yax, Apch, Bilochenm,, 25, 21 (1950),
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was afforded such studies in view of observations (1)
that the papain/ficin yield ratics were different for
glyeine, valine snd leucine when the benzoylalaninanilide
yield wae the same (1), Investigation of the resctivity
cf the foregoing benzoylamino scids, in zddition to

the o-aminocaprylic acid and iscleucine derivatives,

was made with Jifferent concentrations of both ficia

end papain,

Enzyme solutions were prepared from a standard
enzyme solution by 4ilutlon wherein the four concznirations
ottained were 1,0, C.75, 0.50 and 0,25 times as concen-
trzted as the standard enzyme solution, Such sclutions
were made for both papain and fiein, The conditions
of reaction sre given in the Experimental Section, The
yields of anilide obtained with the vsrious enzyme
concentratlons are presented in Table VIII,

In order toc obtaln welghted comparisons, the yilelds
of two anilides were plotted against a series cof
concentrations of each of the proteasez. The relztionships
are plctted in Figures 1 gnd 2, The ordinates represent
the percent yleld of anlilide bssed On the thecoretically

(1) S. W. Fox snd J, 3. Hslverson, Unpublished
exXperiments,



Table VIII
Benzoylamino Acid Anilide Yields at Different

Enzyme Concentrations

Amino Acid Anilide Yield, % Enzyme cone., used

Derivative Papein Ficin Cone, Std,
Lnzyme Soln,

1.0

.75
0.50
0,285

1.0

0.75
0. 50
0.28

1,0

0.75
C.50
0.26
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poseible ylield of L-form, The absclssas represent the
relative concentretion of enzyme solution based on the
amount of dilution of a stsndard enzyme preparation,
Where the benzoylalaninanilide curves crossed, in
Figure 1, the corresponding enzyme concentrations gave
vield of the o-aminoccaprylic acid analog whieh were
several fold different. A slmilar situation 1s found in
Figure 2 where, at the intersection of the benzoyle
leueinanilide curves, the corresponding enzyme
ccnecentrations gave & noticesdle difference in
benzoylalgninanilide yields, These relationships are

presented in Tables IX and X,
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Table IX
Yield of Benzoyl--aminoceprylic Acid Anilide at

Enzyme Concentrations Giving Seme Yield of
Benzoylelaninanilide

Yieid of Benzoyl-

Yield of Benzoyl- <-gmino~-Caprylic
Engzyme alaninanilide, % Acid Anilide, %
Papein ‘ 186 41
Ficin 16 i1
Tzble X

Yield of Benzoylalaninanilide at Enzyme

Ccneentretions Giving Same Yielid of
Benzoylleucinanilide

Yield of Benzoyl=- Yield of Benzoyl-

Enzyme lsucinanilide, % aleningnilide, %
Papain 10 1/2 11
Ficin 10 1/2 i

Examination of Figure 1 shows that for the lower
concentretions of fiein, the yieids obtalned of benzoyl-
alaninenilide and benzoyl-daminocaprylic acid sanilide
approech the same value, However, with increasing protease
concentration, the per cent yield of benzoylalaninanilide
increases to a greater extent than does the aminoccaprylic
acld analog, 4 similar situation for the ficin-catalyzed

reactions 1s found in Fig, 2, Here, although the yilelds



of the alanine and lsucine derivatives are the same at
the lowest enzyme concentration, the yleld of the

elanine derivaetive increases %tc a proportionately greater
extent with increasing ficin oconcentration than does the
yield of the leucine analog, These results demonstrate
that the substraste preferences of enzymes may change with

changing enzyme concentration.

Enzymic Reactions of Glycine-Contailning
Benzoyldipeptidea With Aniline

Although several reports have appeared in the
literature (1-3) concerning the enzymatic syntheses of
anilides invelving glycine-containing acylated peptides,
no systematic studies have appeared with respect to the

effect of the glycine residue on the type of reaction

here undertaken in an effort to gain some insight regarding
the effect of residue structure, and its relative position
in the peptide chsin, on enzyme specificity,

All cf the benzoyldipeptides used in these studies

{1} O. K, Behrens, and M, Bergmann, J. Biol, Chem., 129,
587 (1939),

(2) oO. K, Behrens, D, G, Doherty and M, Bergmann,
~ J. Biol. Chem., 136, 61 (1940),
M,

Bergmann and O, K, Behrens, J, Biol, Chem., 124,

(3) 2
7, (1938),
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eontained a2 glycine residue elther zdjescent to the

acyl group or on the free carvoxyl end, These acylated
dipeptides were rescted with zniline in citrate buffer
in sctivated papain- or activated ficin-catalyzed
reactions, Most of the benzoyldipeptides investigated
were of the gg-configuration. The only optlecslly
ective acylélipeptide studied wae benzoylglyeyl-D-
phenylalanine,

The results of the reactions investigated are
summerized in Teble XI, The melting points obtained
with the lstter five compounds were in such good
agreement with the melting point of benzoylglyeinanilide
that mixed melting points were taken with & pure sample
of benzoylglycinanilide whose identity has beer estebllshed,
The product was found %0 be benzoyigiycinanilide in 2il
of these instances, ¥With the former three compounds,
however, the unreported benzoyldipeptide enilides wers
obtained, The physical constants of these new anilides
are given in Tsble XII,



Table XI

Reactivity of Benzoyl-QQ—Dlpeptides with Aniline
in Pgpain- and Filoin-Catlayzed Beactlons

Wt., of
benzoylated Welght of Produoct Melting®*
Dipeptide Pl-~dlpeptides Pepain Fioin Point Product
used, .
Leucylglycine 0.1465 0,0823 0.0908 197=-199 Benzoylleucylglyecin-
anllide
Valylglyocine 0,1386 00,0771 0,0838 210=211 Benzoylvalylglycin-
anilide
Alanylglycine 0.1246 0,013 0,0076 180-161% Benzoylalanylglycin-
‘ anillde
Glyecylglyocine 0.1178 0,0186 0.0109 210-212 Benzoylglyocinanilide
Glyoylleucine 0.1456 0.0323 0,0286 210-212 Benzoylglycinanilide
Glyoylalanine 00,1246 0,0328 00,0148 210-212 Benzoylglycinanilide
Glycylvaline 0.13858 0,0178 00,0154 210~212 Benzoylglycinanilide
Glyocylphenyl-
alanine 0.,.1630 0.0224 00,0264 210=212 Bgnzoylglyocinanilide

*Melting point of crude product,



Table XII

Physical COonatants of New Anilidee fron
Papaln- and Fleln-Catalyzed Reactlons
of Benzoyldipeptides with Aniline

Anilide® Melting N, N, [xTp
point,C, Calcd, Found gnt 0, 8%
(uncorr.s Error = +1,0°
Benzoylalanyl- 161%-1623° 12,92 4 12.80 % -
glycinanilide
i
O
P
Benzoylleuoyl- 200-201° 11.44 % 11.23 % 25,3 °
glycinanllide
Benzoylvalyl- 210-21140° 11.90 % 11.69 % 28, 9°
glyclinanilide

# gtereochemiocel identities of gnilides are not known,.

* golvent was a 1tl mixture of chloroform and 95%
ethanol,



The types of reaction observed may be placed into

two categoriles:
1. Coupling resction .
Cglige CO-NHe CHR' « . CO-NHe CHR"« COOH + NHge CgHg —
CGHS-CO.HH.CHR'e CO-NHeGHR”oQO-NH—Geﬂs

2, Trensamidstion reasction

0635°GO-NH'CHR'°CO-ﬁH-GHR”-COOH+NH2°GBH5‘—-————>

06H5°GO-NH-CHR'-CO-NH° Hs (+ NHé°CHR‘°COOH)

ce
in a typieal coupling reaction, the benzoyldipeptide
coupled with the aniline, in the presence of e:ther

fieln or papain, to yleld the insoluble benzoyldipeptide
anilide as the reaction product, This may be illustrated
by the reaction of benzoylleuoylglycine with aniline,
benzoylleusylglycia
A typlcal transamidation reaction may be exemplified by
the reaction of benzoylglycylleucine with aniline, the
product in thle case being benzoylglyclnanilide,
Presumebly, free leucine remains behind in solution,

The reactions investigated, together with the per cent

Yields, are summarized in Tgbie XIII,



Table XIII

Reactivity of Benzoyldipeptldeel,with Aniline as
Catalyzed by Papain and Ficein at pH 6,2

% Yie1d®

Benzoyldipeptide Product Obtained Papaln Floin
Coupling Reactions

Benzoylleucylglycine Benzoylleucylglyceinsnilide 20 29

Benzoylalanylgl&oine Benzoylalanylglyoinsnllide 19 9

Benzoylvalylglyoine Benzoylvalylglycinanilide a7 26
Lransamidation Reactions

Benzoylglyoylglyocine Benzoylglycinanilide 30 17

Benzotlglyosylleucine Benzoylglycinanilide 51 45

Benzoylglyocylalanine Benzoylglyoihanilida Bl 23

Benzoylglyeylvaline Benzoylglyceinanilide 28 24

Benzoylglycylphenylalanine Benzoylglyolnanilide 39 42

Benzoylglycine Benzoylglyoinanilida 49 14

1Benzoylﬂ1pept1des used are DL-1lsomers,
2Yields are based on quantitv of aniline uged,

-6~
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Study of Table XIII reveals that in all instances
where the glycine residue was on the free carboxyl end,
except in the case of benzoylglycylglycline, & coupling
reaction was observed. These results are compatible
with those found in the literature for the papain-
catalyzed reaction of acetyl-DL-phenylalanylglyecine (1)
and carbobenzoxy-L-phenylalanylglyeine (2) with aniline,
both of which showed coupling rsazctions, Agreement 1g
also found with the case of benzoylglyeylglycine, which
showed & transamidetion reaction, in the report (3) that
the papain-catliayzed reaction of the acylated tripeptide,
acetyl-g-phenylalanylglycylglyc1ne, with aniline gave the
acyldipeptide anilide, acetyl-L-phenylalanylglycinanilige,
as the resction product,

Further study of Tsble XIII reveals that in all
instances investligated where the glycine resldue was

adJacent to the acyl substituents, a transsmidation

(1) M. Bergmann and O. K. Behrens, J. Biol. Chem,, 124,
7 (1938). -

(2) 0. K. Behrens, D. G. Doherty and M., Bergmann, J. Biol,
Chem, 136, 61 (1940).

(3) O, K, Behrens and M. Bergmann, J. Biol, Chem., 129,
587 (1939).
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reaction was effected, The resction product was
benzoylglycinanilide in every case, In thls respect, it
1s interesting to note that benzoyglycinanilide is also
the reaction product of the enzyme-catalyzed condensstion
of benzoylglyecine with aniline, The only report in the
literzture which mentione z similar type of transamidastion

rezction to glve benroylglyclnenilide as product is the

sence

(0]

reaction of bvenzorlglysinamide with aniline in the pr
of cysteine-activated pspain {1).

In view of the stereochemiecal specifiecity recuirements
of proteases (1,2) in syntheses of the anillde type, 1t was
of interest to ascertaln whether such reguirements heid
for the reactions of the transamidation type described
eabove, The optlicelly sctive benzoylated dlipeptide,

enlline in the presence of getlivated papaln snd activeted
ficin, Yields of benzoylglycinanilide corresponding to
23% asnd 31% were obtained for the papain- and ficin-

catalyzed reactions, respectively,

(1) ©O. K, Behrens and M, Bergmann, J., Siol, Chem., 128,
587 (1939).

(2) M, Bergmann and H, Fraenkel-Conrat, J, Eiol, Chem,
119, 707 (1937).
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Enzymic Reactions of Hon-glycine Containing
Benzoyldipeptides With Aniline

Reactions of several benzoyldipeptides conteining
no glycine were also investigated, S3¢udy of such
benzoyldipeptides wae more complicated than those
previously deseribed since non-glycine contalning
ecyldipeptides contain two ssymmetric centers and may
therefore exist as four isomers or two racemic
diastereomeric pairs, These are the Q‘Q» Q-E and the

L-L, D-D rscemates (1), The peptides were made by

gometimes be tsken of the differences in the solubility
properties of the diastereomers to effect thelir separation.

The problem remained, however, with regard to whether the
diastereomeric palrs were of the 2—5, L-D form, the E—E,

D form, or mixtures, Such tdentification has previously
been made via tectal synthesls of the peptide using_optically
active starting materisls and unequivocel techniques (2)

end via the different rates of halogen cleavege, by zlkali,

of the ilsomeric racemlc pairs of the A-haloseylamino acids (3).

(1) E, Fischer and A. H, Koelker, Ann,, 354, 39 (1907).

(2) J. W, Hinman, E, L, Caron and H, N, Christensen,
J. Am, Chem, Soe., 72, 1620 (1950).

(3) E. Abderhalden and E, Schwab, Fermentforschung, 10,
179 (1¢928).
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Since solublility differences during synthesis
resulted in the separation of the diastereomeric pailrs
of the benzoylvalylvalines and the benzecylleucylvalines,
these benzoyldipeptides were further investigaied in
syntheses of the snilide type, The J-L, L-D form of
benzoylvalylvaline had been prepared and described by
Hinmsn and co-workers (1), The stereochemical configuration
of the diastereomeric racemates of the benzoylvalylvalines
cculd thereby bes estzblished, A comparable description
appeared in the literature for the benzoylleucylvalines (2).
Reactions of the two diastereomeric forms of
benzoylvalylvaline with aniline, as catalyzed by papaln
and ficin, were first studied, A product was obtalned
only with the L-L, D-D form, the D-L, L-D form showing
no reactlon, as follows:
D-valyl-L-vallne

1, Benzoyl
L-vaelyl-D-valine| + aniline— no reaction

L-valyl-L-valine
2. Bensgoyl|~ -

D-valyl-D-valine |+aniline &2 Benzoyl-L=-valyl-
- - L-valinanilide.

(1) J. %W, Hinmsn, E, L, Caron and H, N, Christensen,
J. Am, Chem, Soe., 72, 1620 (1850),

(2) E. Abderhslden and E, Schwaeb, Fermentforschung, 10,
179 (1928),




Positive identification of the stereochemical configuration
of the product was made in collaborative studies with
Mr, Xenneth F, Itschner, Hydrolysis of the product with
6 N hydrochlorisc acid at 100° was allowed to proceed for
twenty-four hours, Microblologlical assay of the acid
hydrolyzate showed the presence of two-g-valine residues,
within the limits of expérimental error, This established
the identity of the product as benzoyl—L-Valvl-L-
velinsnilide, which was obtained in 20 per cent yield.
Similer studles were carried ocut with the
benzoylleucylvalines, The results obtained are shown

in the following:

g-leucyl-g-valine
1. Benzoyl
%—lgugyl-g-valine. + aniline—.no reaction
g-leucyl~L-valine
2. Benzoyl
D-leucyl—D—Valine'+an111ne-—9Benzoyl-L-

leucyl-L-velinanilide,
This time, gcid hydrolysis of the product followed by
microbiological szssay showed the presence of one
L-leucine and one g-Valine residue, The stereochemical

configuration of the reaction product was therefore agsin
the L-L form, i,e., benzoyl-g-leucyl-g—val1nanilide

(10 per cent yield)., Determination of the stereochemical
conflguretion of the reaction product also established the
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gstereochexicel identity of the benzoyldipeptide resctant
as the BD-D, L-L form, Thils, in turn, identified the
benzoyldipeptide where no reaction wes observed as
the g—g, L-D form,

| The results obtained above were not unexpected in
visw of the stereochemical specificity properties of the
enzymes used., Also, they suggested a new end less tTedious
method for the stereochemical identificaticn of dipeptide

disstercomers., A proposed method, together with 1ts

Discussion and Conclusions section,
The physical ccnstents of the new anilides are given

in Table XIV,

Enzymic Reactions of Benzoylamino Acids With
Glyelngnilide
In 1938, Bergmann and co-workers (1) succeeded in
the synthesis of a peptide bond between two amino acid
residues when the pacaln-catalyzed resction of
benzoylleucine with leucinanillide ylelded the
benzoyldipeptide anilide, benzoylleucylleucinsnidide,

Leter reports in the literaturs demonstrated that the

(1) M, Bergmann snd E, Fraenkel-Conrat, J. 3Biol., Chenm,,
124, 1 (1938),




Table XIV

Phyeleal Constants of New Anilides from Paopain-
end Floln-Catalyzed Reactions of
Benzoyldipeptides with Anillne

Anilide% Melting N N
~ point, G,O0%* galod, Found
Bzel~velyl-l~valinanilide 2B86-£287 10.63 % 10.48 % 3
O
| Y
Bz-L-leuoyl-L-valinanilide 238%-239% 10,27 % 10,11 &

i

Stereochemical configuration identified

via microblolgolcal assay after acid
hydrolysis,

All melting points are uncorrected,
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protease, chymotrypsin (1), as well as papain (2), is
capable of inducing the formation of a peptide bond
between two amino acid residues., Since reocent studies (3)
have indiczted that ficin was capable of catalyzing
reactions of the anilide type with benzoylamino acids
and sniline, the problem as to whether it was glso capsble
of catalyzing the synthesis of a peptide bond between two-
aminc acld residues invited investigation, Therefore,
both the papaln-cysteine and fiecin-cystelne catalyzed
syntheses of peptide bonds with a variety of
benzeylamince acids and glyeinanilide were studied.

A series of bhenzoylamino acids were reacted with
glyeinanilide in citrate buffer in papaln-cysteine
or ficin-cysteine catalyzed reactions, All of the
benzoylamino acids investigated were of the ggrconfiguration
with the exception of the tyrosine (monobenzoylated)
and glutamic acid derivatives, which were of the
g;configuration. The types of reactions observed fell

(1) M. Bergmann end J, Fruton, J. Biol. Chem., 124,
1 (1938). '

(2) ©. K, Behrens and M. Bergmann, J. Biol, Chem., 129,
587 {1939).

(3) S. W. Fox and J. S. Halverson, Unpublished experiments,
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into two categorles;

1. Coupling reactlons

enzyme
C Hs'CO'NH'CHR°COOH + NH

5 '032°CO°NHOCGHS

2

GSH -GO-NH‘CHROGO-ﬁﬁoCHzoco-NH!G H

5 695

. Benzoylglycine + glyeinanilide —

.
m

Denzoylglyeylglycinanilide

a MM ML T AAANLT 4 AT a [sTa YR L4 PO )
C. B =CC<NE=CHR=0C0H + ¥H =C 2°vv—a 'Vegs—_ﬁ‘

2
CSH5°GO—NH-CHR-COONﬂocsﬁs

(*+ NH,+CE,»COGH)
e.g. bBenzoylalanine + glycinanilide — 5
Benzoylaleninaenilide {+ glycine )

A typical coupling reaction is shown where the benzoylamino
acld, benzoylglycine, when reacted with the amino acid
anllide, glyeinanilide, in the presence of the activated
enzyme, yields as product the insoluble benzoyldipeptide
anllide, benzoylglyeylglycinanilide, On the other hend,
when benzoylglycine is replaced by benzoylalanine, all
other conditions remaining the same, a transamidation
reactlon tekes place in which the benzoylamino acid snilide,
benzcylalaninanilide, rather than the benzoyldipeptide

enllide is formed, Pregumably, free glycine remains
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with glycinanilide in reactions catalyzed by eysteine-
pepein or cysteine-ficin, These rssulte are summarized
in Tebles XV and XVI, UWith the exception of the product
obtained frecm the reacticn whieh involved benzoylglyeline,
21l produets possessed melting points which were in goed

agreement with the melting points of the corresponding

[ 7]
£3

benzoyl-l-amino acid anilides, Mixed melting points,

P
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! ides,

snowed positive 1ldentificetion of these products as the
benzoyl-g-amino ecld anilides, %ith benzoylglycine,
however, the product wes the benzcyldipeptide anilide,
benzoylzlycylglycinanilide,

From examinztion of Teble XVII it is apparent thzt
at pH 5.3, only one instance of = coupling reaction was
noted, that instence beling when benzoylglycine wgs
rcacted wlth glycinenilide, In 211 other cases where a
benzoylamnino a2c¢id was rescted with glycinanilide, and
reaction occurred, it was a transamidation reacticn., Thus,
reactlon of benzoylmethionlne with glycinenilide gave
benzoylmethioninanilide, reacticn of benzoylleucine with
glycinanillide gave benzoylleucinanilide, and so on,

Since some of the benzoylamine scids described in

Tebles XV and XVII gave only slight or no ylelds of
anllide at pH 5,3, variation of pH was attempted with



Table XV

Reaotlvity of Benzoylamino Aolds with Glycinanilicde ot pH 5,3
in Papaln-~ and Floin-Oatalyzed Resctions

Amino Wt, of
Aeld benzoylated Welght of Iroduct Melting#
DL-gamino seld Fapain Ficin Point Produot
used, ge. ¢.°
Glyoine 0.0898 0,0881 0,0368 R46-248  Benzoylglyeylglyoin~
_ anilide

Alanine 0.193 0,0342 0,0£68 174-1"76 Benzoylalaninanilide

Valine 0.221 0.0016 trace 21R8-220 Benzoylvalinanilide

Leucine 0,236 0.0458 0.0317 212-213 Benzoylleucinanilide

Methionine 0.263 0.04586 0.0329 160-1862 Benzoylmethinnin-
anilide

Isoleucine 0. 236 00,0014 None 213-216 Benzoylisolencinm
anilide

Phenylalanine 0,269 None None - -

Glutanic Aoidﬁ"O.lza None None - -

Tryptophan 0,309 None None - -

# Melting point of crude product

%% Bonzoyl-Le-glutamlc acld was used.

-g0T~



Table XVI

Reactivity of Benzoylamino Aclds with Glycinanilide at

Variocus pH's in Papain-Catalyzed Reactions

Amino Wt., of Mol
Acila benzoylated Weight of elting
DL-amino acids Produot Yield Point, C,° Product
“Tused, g,
Leucine 0,236 5.0 0,0046 3 210-212 Benzoylleucinanilide
5.5 0,0530 34
6.9 0,06856 45 '
(=
Isoleucine 0,236 5.0 None - - - 8
’ 5,6 0,0024 1 208%-211 Benzoylisocleucinw 1
anlilide
5.9 0.0022 1
Tryptophan 0.509: 5,0 None - - -
5.6 0,0038 2 196~-1963% Benzoyltryptophan-
anilide
5.9 00,0081 3
6,6 00,0528 8
Valine 0.221 5,0 None -
5.6 0.,0010 1 212-214 Benzoylvalinanilide
5.9 00,0072 6
e
Glutemic Acid 0,128 3.6 None - - -
4,1 None - - -
5,0 None - - -
5.3 None - - -



Table XVI (Cont'q,)

Reactivity of Benzoylamino Aclds with Glycinanilide at
Verious pH's in Papsin-Catlayzed Reactions

Amino Wt, of
Acid benzoylated pH Weight of % Melting Product
DL-amino acids Produet Yield Point, C,°
‘ used. g’
Phenylslanine 0,269 5,0 None - - -
Me thionine 04263 Ba 0 0.,0127 8 1693-162% Benzoylmethionin-
anilide '
=
Norvaline 0.221 560 0,0068 5} 174176 Benzoylnorvalin- 53
anilide '
Norleucine 0,236 6.0 0,00868 4 176-178 Benzoylnorleucin-
snilide
oA=ANino~n-
butyrlic acid 0,207 Ba ¥ 0,0348 21 183-166 Benzoyl- -amino-n-
butyric acid
anllide
Aminolso-
_ butyric acid 0,207 5,0 None - - -
Tyrosine (N-Bz)e# B.0-7.6 None - - -
Glycine 0. 0896 5.0 0,06920 44 247-248 Benzoylglyoylglyoin-
anilide

# Melting point of orude product
Benzoyl-l~amino acld was used,

%0



Table XVII

Reactivity of Benzoyl Derivatives of Amino Acids With
Glycinanilide as Catalyzed by Papaln of Ficin at

pH 6.3

Benzoyl Derivative Bgnzoyl-Anllide Per (Qent Yileld

of gg Acig Formed Papain Ficin
Glycine Bz-glyeylglyocilnanllide 63 23
Alanine Bz-alaninanilide 26 20
Valine Bz-vallinanilide 1 trace )
Leucine Bz~leucinanilide 29 21 g
Methionine Bz-methloninanillde 28 20
Isoleucline Bz-1soleucinanlllde 1 None
Phenylalanlne - None None
Glutamloc Aocld - None None

Tryptophan - None None
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several benzoylemino acids in an effort to find conditions
more conducive to anilide formetion. These results,
summerized in Table XVI, further indicate that benzoyl-
glycine was the only benzeylamino acid to give s
coupling type reaction with glycihsnilide, The results
suggest, too, that the pH optime for all reactions
studied is, in most if not in zl1l cases, above pH 5.0,

It should be noted (Table XVI) that no rezction

was8 observable between N-benzoyltyrosine znd glycinanilide

L 2 - ™Mh 3 ~
5 [ >4

|- 3
VeSS gty Al D -LS C t O *'1".3

dmdd -

light of recent experiments (1) which demonstrated that,
at pH 6,0, high ylelds of N-benzoyltyrosinanilide were
obtained from the cysteine-papaln catalyzed reaction of
Nebenzoyltyrosine with aniline, Observations cf an
snalogous nature with oystalline chymotrypsin (2]},
previously noted in the literature, were offered as
evidence for enzyme specificity., This will be dliscussed
later, in fuller detall, under the appropriaste sections,

For reference purposes, workable guantities of anilides
were obtgined frem lerger pacaln-catalyzed preparstions

and purified to constant melting point by recrystallizstion

(1) S. W, Fox and C, W, Pettinga, Arch, Biochem,, 25, 13
(1850),

(2) M. Bergmann and J, Fruton, J. Bicl, Chem.,, 124, 321
(1938).




from aqueous ethanol, The melting points for the pure
benzoyl-L-amino acid anilides obtained, together with the
literature vslues and literature references, are given in

Tgbles IV and XVIII,



Table XVII1

Melting Points of Anllides from Papain-~ and
Fioln-Catalyzed Reactions of Benzoylamino
Aclds with Glycinanilide

(1)

(2)
(3)

Anlilide HMelting Lit, value
point, C, and ref,
Benzoylglyoylglyocinanilide 246%~247% 238-240 (1)
Benzoyltryptophananilide 199-200 199-200 (2)
Benzoylmethloninanilide 162-162% 189 (3)

T, Curtius and R, Wustenfeld, J. prakt, Chem,, 70,
80 (1904).

S, W. Fox and J.8. Halverson, Unpublished results,

C. A, Dekkor gnd J, 9, Fruton, J, Biol, Chem,, 173,
471 (1948),

~TI1i~
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Enzymic Recction of Benzoylamino Acids
with Acid anilides

Previously published results (1) have shown that the
neture of the amino scid snilide employed in the anilide
syntheses was z principal determinant in the type of products
obtained, Statement was made to the effect that the
different behavior of the aminoc acld anilides employed
"1llustrztes the highly developed specificity of enzymatic
peptide syntheses", Sgudies of this nature appeared 10
efford e means of further clarifying the ccncept of
toreferences! in protease-substrate interaction, Such
studies have therefore been here extended to include two
amino acid anilides, valinanilide and elaninanilide, which
have heretofore been unreported, in addition to the
previously repcrted leucinanilide and glycinanilide (1),

In these investigations, the benzoyl derivatives of
glyceine and 2lenine were studied most extensively, with
the derivatives of leucine, valine, aminoisobutyric acid,
norvaline and <~amino-n-butyrile acid studled to s somewhat
lesser extent, Rezction of these acylamino acids with
emino ecid anilides, as catalyzed by pepain-cysteine, gave

both coupling end transgmidation reactions,

(1) H#, Bergmann and H, Fraenkel-Conrat, J. Biol, Chem,, 124
1, (1e38).
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The results of the reactions investlgated are
summerized in Table XIX, Where transemldation reactions
occurred, the benzoylamino acid anilide which was obtained
as the product was, in every instance, a previously
described compound, The identity of the products was, in
these instances, established by means of mixed melting
points with pure samples, Where coupling reactions
occurred, however, the benzoyldipeptide snilides which
were obtained were in 21l instances undescribed, These
products were recrystallized from ethanol—wéter to
constant melting point, The physicel constants of
these new anllides are given in Table XX,

In Table XXI, the coupling and transamidstion reactions
are listed, as well as the per cent of anilide yield in each
case, It can be seen that in agll reactions which involved
penzoylglycine, a coupling reaction was observed, That
the type of reaction, coupling or trensamidation, can not
be attributed to the acylamino &cid alone is shown by the
fagt thet benzoylalanine undergoes both types of reactions,
depending upon the amino acid anilide used, A similar
argument can be used to show that the type of reactlon
effected can not be entirely attributed to the specifie
amino acid anilide used in the reaction, These factors
will be discussed in fuller detegil in the Discussion

and Conclusion section.



Amino

~ Teble XIX

Regetlvity of Benzoyl Derivatives of Amino Acids \With
Amino Acld Anllides as Catalyzed by Papein ot pH 5,6

Wt, of Amino Wt, amino Wt{, of Meolting Product
Acld benzoy-  Acid - asid Produect Point,
lated Anilide anilide go
Plh~amino Citrste citrate
solds, used, ge
usedl, .
Glyoine 0.0886 Alsnin- 0,374 0,112 2356%-236% Bz-glycylalanine
- enllide anilide
Glyoine 0,0896 Valin- 0,402 0,0876 2561-282  Bz-glyoylvalin- s
| anllide anilide ?
«=Amino-n- 0.207 Valin-
butyric acld anllide 0,402 0, 0787 260-28672 Bo=X—amino-n~-butyric
acld anilide
Norvaline 0.22] Valin- Bz-norvalylvalin-
anilide 0,402 0.,0876 241-243 B anilide
Glyeine 00,0886 Leucin- Bz-glycyllsucin-
anllide 0,418 0,0030 197-189 anilide
Alanine 0,193 Leuoine 0,418 00,0816 237-239 Bz-alanylleucin-
. anilide anllide
Algnine 0,195 Valin- 0,402 00,0920 2632658 Bz~alanylvalin-
anilide anllide
Leucine 0,236 Alanin- 0,374 0,0883 213-214 By-licinanilide

anilide



Table XIX

Reactivity of Benzoyl Derivatives of Amino Acids With
Amino Acid Anilides as Catalyzed by Papain at pH 5.6

Amino Wt, of Amino Wt, amino Wt, of Melting
Acid benzoy-  Acid acid Product Pgint, Product
lated Anilide sanilide c
Pli-amino Cltrate oltrate
&acids, used, ge.
-uged, &,
Valine 0.221 Alanin- 0,374 0.00686 2068-209 Bz-valinanilide
anilide :
«-AMino-n- 0. 207 Alanin- 0,374 0.1031 167-=169 Bz-d-amino-n-butyric
butyric acid anillide acld anlilide
Alanine 0,193 Alanin- 0,374 0.0628 174-176 Bz-alaninanilide
4 anilide
Norvaline 0,221 Alanin- 0,374 0.1224 178-179 Bz-norvalinanilide
anilide
Aminoiso- Alanin-
butyric acld 0,207 anilide 0,374 None - -
Isoleucine 00236 Alanin~ 0,374 None - o
anilide
Aminolso- 0.207 Valin- 0,402 None - -
butyric acld anilide
Isoleucine 0,235 Valin- 0.402 None - -
enilide
Valine -0.221 Valin- 0.402 None - -

anilide

R N



Tsble XX

Physical Constants of New Anilides from
Pgpaln-Catlayzed Reactlions of Benzoylamino
Aclds with Amino Ac¢id Anilides

Anilide Melting® N, N, Iy
Point, C, Caloed. Found C=0, BF**
error 1,0
Bz-glyeylalaninanilide 237-238 12,92 % 12,94 % -23.1°
Bz-glyoylvalinanilide 265%4-266 11,90 4 11,82 % -38.,1°
Bz-alanylvalinanilide 27131-272 11,44 % 11,19 % -54,6°
Bz~ol~amino~-n-butyryl- o
valinanilide 264-264% 11,02 F 10,80 & -~-58,2
Bz-norvalylvalinanilide 249%-251 10.63 % 10,46 # -59,6°
Bz~-glyeylleucinanilide 204-204% 11,44 % 11,27 4 - 8,1°
Bz-alanylleucinanilide 243-2433% 11,02 4 10.88 %

* Mclting points are uncorrected.

## Solvent was a 1:1 mixture of chloroform

and 956% ethanol,

-9T1~



Table XXI

Reactivity of Benzoyl Derivatives of Amino Acids
With Amino Acid Anllides as Catlayzed by
Papain at pH 6,68

Benzoyl Derivative Amino Acid Produoct % Yield
of Anilide
Coupling
Glycine Alaninanilide Bz-glycylalaninanilide 69
Glycine Valinanilide Bz-glyoylvalinanllide 6568
Algnine Valinanilide Bz-alanylvalinanilide 60
o-Amino-n- Valinanilide Bz--gmino~-n-butyryl- 40
butyric acid valinanilide
Norvaline Velinanilige Bz-norvalylvalinanililde 44
Glycine Leucinanillde Bz-glyocylleucinanilide 51
Alanine Leuoinanilide Bz-glanylleucknanilide 43
Transamidation
Leucine N Alaninanilide Bz-leucinanilide 67
Alanine Alaninanilide Bz-alaninanilide 46
Valine Alaninanilide Bz-valinanilide 4
of - Amino-n- Alaninanilide Bz-at-amino-n-butyric
butyric acid acld anilide 73
Norvaline Alaninanilide Bz-norvalinanilide 83
No Reaction
Aminoisobutyric scid Alsninanilide - None
Isoleucine Alaningnilide - None
Aminoslbbutyric acid Valinanilide - None
Isoleucine Valinanilide — None
Valine Valinanilide oo None

=411~
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Enzyme Specificity

In the enzymlc investigations previously described,
the two closely relsted proteases, fieln and papaln, were
used, With regard tc the type of reaction effected, these
enzymes geve the same qualitative results in sll instances
studied, In the hope that two different enzymes might be
found thet would, undér the same set of conditions, give
different reaction products, attention was directed to the
study of another protease whieh'possessed widely different
specificity properties than either fiecin or pavain, The
proteolytic enzyme, chymotrypsin, was chosen,

Bergmann and Fruton (1) were the first to report the
use of chymotrypsin in syntheses of the anilide type. These
investigators found that at the pH optimum for chymotrypsin,
benzoyltyroaine will react with glycinanilide in a coupling
type reaction to yield the benzoyldipeptide anilide,
benzoyltyrosylglycinanilide, In the presence of papain,
however, no reaction was observed, |

hymot
chy rzpsui;

1. Benzoyltyrosine + glycinasnilide
Benzoyltyrosylzlyclnanilide
2. Benzoyltyrosine +glycinanilide R2P8R ny reaction

This set of reactions was presented by the authors as

(1) %. Beggmann and J. S, Fruton, J. Biol, Chem,, 124, 321
1838).
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evidence for enzyme specificity. These reactions were
repeated in this work over the pH range of 7,3 to 7.8
for the formsr and 5,0 to 7,5 for the latter reaction,
Teble XXII shows that the same gqualltative resuits were
obtained as those previously reported (1).

In view of the report (1) that pacain could lnduce
tne synthesls of benzoyltyrosinanilide from benzoyliyrosine
and eniline, =ttempts were made to effect a similar synthesis
in & ohymotrypsin-catalyzed reaction over the pH range of

8,1 t¢c 7,5, The reactions are 1llustrated in the following;

-e ——— -

chymotrypsin

l, Benzoyltyrosine +aniline No reaction

Ze Benzoyltyrosine-raniline-252533 Benzoyltyrosinanilide (1)
In this case again, only one enzyme showed reactlivity whlle
the other failed to cstlayze any reaction, However,
in thls instance, it was the papaln-catslyzed reaction
that gave a product whereas no regetion was obtained where
chymotrypsin was used,

A demonetrstion of speeifieity would be more
meaningful 4f, under the sane set of conditions, twe
different enzymes would catalyze resctions that gave productis,

but different products, In an effort to establish such &

(1) S. ¥, Fox and ¢, ¥. Pattinga, Arch, Biochem,, 25, 13
(1950)."




Table XXIIX

Effect of pH on Yellds of Anilide from the
Chymotrypsin- and Papain-Catalyzed
Reactlon of Benzoyl-L-tyrosine® with Glycilnanilide %%

Enzyme Used Produoct pH Yield of % Melting
Product, g. Yield Point, C,
Pgpain - 5,0 None - -
6.6 None - -
6.1 None "~ -
[
6.7 None - - o
?
7.0 None - -
7.5 None - -
Chymotrypsin Bz-Ll~tyrosyl¥,4 0,0326 16,6 224-226
glyoin-
anllide 7.7 0.0381 18,3 224-226
7.9 00,0466 22,3 224228

* The amount of benzoyl-grtyroslne uged was 0,1426 g,
*# The amount of glyocinanilide used waa 0,093 g,
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case of speeificity, several benzoylamino scids, as well

zs benzoyl-Dl-phenylalenine, were reacted with both eniline
and glycinegniilde in pepain-~, ficin- snd chymotrypsin-
cetalyzed reactirns, The results are summarized in

~ Table XXIII.

Examinstion of Teblie XXIII reveels that in no
instence was an irnsoluble product cbtalned in the
chymotrypeln-cetelyzed reactions which invoived the
benzoyl derivatives of tryptophan, methionine end
glycylphenylalanine, The comparable pegpaln- znd ficlne
catalyzed reactions, however, gave products with melting
points which were in good agreement with those of known
enilides, After the preoduct had been recrystsilized from
ethenol-water, mixed melting points with pure camples
establiched the identity of these producis,

It is significent that &t least one benzoyl derivative
reacted to gzive en inscluble product, under the same
conditions, in the chymotirypsin-, papain- and ficin-
catalyzed resctions, The chymotrypsin-catzlyzed reacticn

may be exemplified in the following:

chymotrypsin

3z-phenylalanine + glycinanilide

Bz-phenylalanylglycinanilide ¢—

The anilide obtalned wes recrystalllized from ethanol-wster

to constant melting point, The analytical data cbtalned



Table XXIII

Reactlvity of Benzoyl Derivatives with Aniline and
Glyeinanilide in Papsain-, Ficine and
Chymotrypsin-Catalyzed Reactions

Benzoyl-deri - Wte Of benw ‘Amine Wt. of ﬁH Enzyme Wte of Melting Main
vative of zoyl derivative Used amine used Product Point, Produet
used, g. used, ge Lo c.°
Phenyl« Glyecine
alanines 0.269 anilide 0,090 7.1 Chymotrypsin 0.,0036 235-2381/2 Bz-pheny]
glycinT
Tryptophani 0,309 , Glycine 0,090 Tel Chymotrypsin None -
anilide
Methioninew 0.235 Glycin- 0,090 7.1 Chymotrypsin None -
' anilide
Phenylalaninesx 0,269 " Glyein- 0,090 7e1 Papain 0,0030 213-216 Unidentif
. anilide
Tryptophanst 0309 Glyein« 0,090 71 Papaln 0.0561 192-195 Bz -tryptoj
anilide
t
Methionines 04253 Glyecin- 0,090 7.1 Papailn 0,0880 156-158 Bzemethic
' : anillde
Glyeylphenylalaninest
00163 Aniline 00098 6.7 Papain 00305 210=212 Bz-glyCLY
Glycylphenyle : ’
alaninet 0.163 Aniline 0,098 6.7 Filein 0.0163 209-211 Bz-glyoir







Table XXIII

Reactivity of Benzoyl Derivatives with Aniline and
Glyeinanilide in Papain-, Ficin- and
Chymotrypsin-Catalyzed Reactlons

Wt., of benw ‘Amine

Melting

Wwt. of pH Enzyme Wte of Mein
zZoyl derivative Used amine used Product Point, Product
used, g used, ge Be C.Y
Glyein-
0,269 anilide 0,090 7.1 Chymotrypsin 0,0036 235-2381/2 Bz-~phenylalanyl.
glyvelnanilide '
=)
0,309 Glyein- 0,090 7ol Chymotrypsin None . N
anilide )
0.235 Glycin- 0,090 7«1 Chymotrypsin None -
anilide .
0.269 Glyein- 0,090 7el Papain 0.,0030 213-216 Unidentified
anilide
04309 Glyecin= 0,090 7+l Papain 0.0561 192-195 Bz-tryptophanilide
anilide
00253 Glyein- 0,090 T+l Papain 00,0880 156-158 Bz-mebhionanilide
“anilide
nineit
0,163 Aniline 0,098 6.7 Papain 04305 210212 Bz-glycinanilide
0,163 Aniline 0,098 6.7 Ficin 0.0163 209-211 Bz~-glyocinanilide






Table XXIIIX

Reactivity of Benzoyl Derivatives with Aniline and
Glyeinanilide in Papain-, Ficin- and

Chymotrynsin-Catalyzed Reactlons
Renzoyl depri- Wt. of ben- Anine Wi, of pH Enzyme Wt of Melting Main
vative of zoyl derivative Used amine - Used Product Poant, Produd
nsed, g usold, Lo - 38 Co

Glycylphenal-

alamtme::s 0,163 Miline 0,098 6.7 Chymotrypsin None - -
Phenylal- Glycline=

aninesss 0,269 snilide 0,186 648 Papain 0,010l 213-216 Unidej
Phenylw Glyecin- ‘

alaninesst 04269 snllide 0,186 6.8 Ficin 0,0131 196-201 Uniden
Phenyl - o Glyecin- : Bz -phe
alaninest 0,269 anilide 0,186 648 Chymotrypsin 0,1108 239-2l1 glyei
Glyeylphenyl= Glycine- Bzw~gly
slanine:t 0.1630 anilide 0,186 6.6 Papain 0,0100 2U6-248 anili
Glyoylphenyle Hlycine » Bz--gly
alaniness 0.1630 anilide 0,186 6.6 Ficin 0.,0255 2)6-2)48 anil%
Glycylphenylalanines:i Glyein-

o 0,1630 anilide 0,186 6.5 Chymotrypsin None -

%  Buffer was 1M eltrate,

% Buffer was 0,5M cltrate~0,5M phosphate.







Table XXIII

Reactivity of Benzoyl Derilvatives with Anlline and
Glycinanilide in Papain~, Ficin- and
Chymotrypsln-~Catalyzed Reactions

%+  Buffer was 1M citrate,

#%  DBuffer was 0,5M cltrate-0,5M phosphate,

Wt. of benw~ Anmine wWt, of pH Enzyme Wte of Melting Main

zoyl derivatlve Used amine Used Product  Point, Product

used, g used, Se o .

0163 Aniline 0,098 6.7 Chymotrypsin None - -
Glyclinm :

0.269 anilide 0,186 6.8 Papain 0,010l 213216 Unidentified
Glycine : ‘

0,269 anllide 0,186 6.8 Ficin 0,0131 196201 Unidentified

: Glyoeine : Bz~-phenylalanyl-

0.269 anilide 0,186 6.8 Chymotrypsin 0,1108 239-2)1 glycinanilide
Glycine ‘ Bz-glycylglyein-

0.1630 anilide 0,186 6,6 Papain 0,0100 2L6-218 anilide

, Glycine _ Bz-glyoylglycin-

0.1630 ~anilide 0,186 6.6 Ficin 0.,0255 2L46-2,8 enilide

fanine::s Glyein- -
0.1630 anilide 0,186 6.5 Chymotrypsin None -

~tz1-
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by micro Kjeldanl determination was in agreement with
that for bvenzoylphenylalanylglycinanilide,

The reactions observed with the ficin- anéd psgain-
catalyzed reactions appesr more complex than thst noted
with chymotrypsin, In the former instances, the product
obtained melted below the melting points of the expected
products, benzoylphenylalaninanilide (219~220°) op
benzoylphenylalanylglycinanilide (244-2459), Although
the melting noint of the product was raised considerably
after several recrystallizations from ethanol-water no
substance which gave a constant melting point was obiained,
A possible explanation of thege results may lie in the
assumption of mixed products, i,e., benzoylphenylalanin-
anilide and benzoylphenylalanylglycinanilide. These
mixed products could bs due t0 the simultaneous occurrence
of transamidation and coupling reacticns when papain and
ficin serve as the catalysts,

The physical consﬁants of the pure anilides obtained
in these specificity studies, after recrystalllzation
from 50 per cent ethanol-water to constant melting points,

are presented in Tables XVIII and XXIV,



Table XXIV

Physlecal Constants of Anlilides Obtalined
in the Enzyme Speclfioclty Studles

Anilide Melting Lit. value N, N,
Point, ¢° and reference Found Galod,
Bg-L~tyrosyl-
glycinanilide 226%-226 226 (1)
[}
(o]
Ay}
7
10,30 % 10,47 %

Bz-phenylalanyl-
gleyinanilide 244-246
(uncorr, )

(1)

M. Bergmann and J, 8, Fruton,
J. Biol, Chem,, 124, 321 (1938),
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DISCUSSION AND CCNCLUSIONS

Enzymic Reactions of Benzoylamino 4glds With
Aniline

The results depicted in Table VI indicate that in
syntheses of the anilide type, the ranking of substrate
preferences with papain and filcin is not the same in
all instances, In particular, marked differences in
the order of substrate preferences appear for the
alanine, ol-aminocaprylic acid and o/=aminoheptylic acid
residues, BSuch differences would tend to place greater
empnasis on protease-subsirate interaction rather than
on the effect of substrate structure alone, The con-
tribution of residue structure in determining the degree
of enzyme preference becomes clear, however, when the
branched-chain isomers are compared with their normal
anglogs, as is shown in Table XXV,

In Table XXV, the yield and consequently the
enzyme preference in the normal or stralght chain series
is almost consistently greater than that in the branched-
chain series, This suggests that steric hindrance is
the underlying factor for the previously observed .
differences in reactivity between benzoylvsline and

benzoylleuoine (1), Thus, & substantial yleld of

(1) 8. W. Fox, C., W, Pettinga, J. S. Halverson and H, ¥Wax,
Arch, Biochem,, 25, 21 (1950},




Table XXV

Ylelds of Benzoylamino Acld Anilides as a
Function of Location of Substituent Methyl

Stralght Chein Acld

CHa-GH(NHBz)-COOH
Bz-alanine

CH3°GH2-GH(NHBZ)'COOH

Bz-o-amino-n~butyric acid

CH3°CH2°GH2°OH(NHB2)°OOOH
Bz-norvalinse

Bz-norvaline

Group
% Yield Branched-Chain Acid
38 OHqe G(NFHI3z)+ COOH
CH5
Bz-aminolsobutyric soid
6S OH3-CH-CH(NHB2)~OOOH
CHgz
Bz-vallne
46 CHa-OH-CH°GH(NHBz)-GOOH
GHS
Bz-1goleuoine
45 CHge CHe CHge OH(WWHBz ) » COOH

CH
Bz-leugine

2 Yield

0

83

=431~
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benzoylelsninenilide 1s obtained under the same conditicns
in which the corresponding «-methyl derivative falls to
form, That z methyl substituent in the g-positicn
interferes, at least partially, with the enzyme-

substrate intersction is evidenced by the lower ylelds

of anilide with benzoylveline than with its normel

analog, benzoyl-d-zmino-n-butyric acid, A similar
situation exists between benzoylliscleucine znd
benzoylnorvaline, When the methyl group occuples the

Bl T Asam o 1 & -
i AT UBLUT, LW

picture, too remote from the X-carbon atom to cause
interference,

In the comparison between norveline and its
vemethyl homolog (leucine), & greater extent of reaction
is found for leueine, A tentatlive explanstion for this
difference is that when the methyl is sufficEtliy
removed from the site of interaction, it is not inhibvitory,
but contributes lnstead to the attraction between
R-group and the enzyms (1),

As a first approximation, it may be stated that
the lessger reactivity generally shown in the branched-
chaln series is due to the greater degree of steric

hindrance resulting from the presence of z methyl side

(1) E. smith, Fed'n, Proc., £, 581 (1549).
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chain closely adjacent to the ei-carbon atom, It follows
from this first approximation that a greater degree of
kindrance should result by replacing the methyl substituent
with one of increassed size, The results obtained with

2ll available benzoylamino acids with g-substituents

are presented in Table XXVI,

Table XXVI,

Comparison of Yields from Bengzoylamino Aclds
of Varying Size of g-Substituents

Aminc Acid Residuse é Yield
CHs-CH-CH(NHQ)'COOH 69
H
-gmino-n-butyric azecid
CH.,» CHe CH( NH,» ) e GOOH 7
3 2
035
valine
CH_o CHe CH(NH_» )¢ COOH 4
3 2
GH2
CHS
isocleueine
CHs s)
CHS-C-GH(NH2)~COOH‘

¢
czﬁs

S-benzylpenicillamine
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The results shown in Table XXVI substantiate the
hypotheeis, Structural considerations reveal that
although the hydrogen on the ﬁhcarbon of H-amino-n=-
butyric acid does not inhibit, the methyl (valine)
or the ethyl group {isoleucine) causes the reaction
to proceed to a lesser extent, It should be here

pointed out that isoleucine might logically be consldered

m»

g-methylvaleric acid es well as a f-ethylbutyrie aocid.
&g the former, its yleld might be no more limited than
that of the vasline analog, KHowever, One cculd assume
that benzoylisoleucine would occur in both configurations,
80 that actually a smaller yleld of the product than

of the valine anslog 1s reasonsble, In any event, the

regction 1s highly hindered,
Ingpection of the S-benzylpenielllamine substrate
reveals that the hindrance here 1is great enough to account
for 1ts complete lack of sctivity, Since a sulfur atom
appears in this substrate, the results might be guestioned
on the basls of possible inhibifion due to this sulfur
atom, This would seem to be ruled out, however, by the
fact that benzoylmethionine has been found to react to

an gppreclable extent in work in this laboratory.

(1) D. G, Doherty and E, A, Popenoe, Jr,, J. Biol. Chem,,
73, 4562 (1951).
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samilar sctivity has been reported elsewhere (1). ¥With
thls exceptlion, sll of the correlatiocns reported hereln
involve gmince =zcids with hyirocarbon side-chains,

Fpom the observations made above, the followlng
generelizstlion can be formuleted, nemely; that included
among the factors which govern enzyme preference for
acylamino zclls are the size of the residue side chain
and the distance of this side chain froem the X=carben
atom, The smaller the side chain and the further 1
removed, up to a limiting dlstance, from the L~-carbon ztom,
the greater le the resctivity,

The relzstive order of rsactivity of the branched
aclds tested are gualitatively the ssme with the closely

related ficin zs with papain, It is here worthy of

Flnm AarmE e mends A
WIT LGumLnsiiiv ©

reps
1s eliminated, the relaticnships among substrates are
guelitatively different for the two enzymes, s Teble U
shows, The effects of the branch sre qualitatively

similsr to those observed by Cason and Wolfhagen (2)

(1) D, G, Doherty and E. A, Popenoe, Jr,, J. Biol, Chen,,
73, 452 (1941},

(2) J, Cgson and H, J. Wolfhagen, J. Org. Chem., 14,
155 (1948),




with sodium hydroxide solution as the hydrolytic agent
for f2tty acid esters, Pencreztic cholesterol esterase
has recently been shown (1) to give results of a similar
nature,

Albertson (2) indicated the correlation of structure .
and yield with papain for the normal scids, through
benzoylnorleucine, The present work (Table V) furnishes
data which extend the series through benzoylaminopelargonice
acid, and which point out peak rezctivity for
benzoylamiﬁoheptylic acid,

Studies by the Bergmann group (3), on the action
of dipeptidase on o=aminoisobutyric acid dipeptides,
revegled a very low reactivity for such peptides. 1In
that instance, the relative inactivity was ascribed to
the gbsengce of g hydrogen stom in the d-position.
According to the steric hindrance picture developed here,
the presence of the ol~methyl raiher than the absence of
th# o-hydrogen 1s responsible, The subtle but significant

distinctlon is that lack of sctivity is correlative not

(1) L, Sewell, J. W, Cassidy and C, H, Treadwell, Fed'n,
Proe., 10, 256 (1951). -

(2) N, F, Albertson, J. Am. Chem, Soc., 73, 452 (1951).

(3) M, Bergmann, C, Zervas, J. 5. Fruton, F, Schneider
end H, Schleich, J, Biol, Chem., 109, 325 (1935).
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t0 1inability tc meet rather specific structural requirements,
" but rather to the presence of an interfering group within
the substrate, |

Invocation of the principle of steric¢ hindrance in
enzyme-substrate interation is not new; 1ts application,
which has been frequent {1-8), has however been largely
limited to the effects of g—residues acting on enzymes
equipped to catalyze resctions with L-forms° The
present experiments emphesize sterlie hindrances operating
in g-substrates subjected to the action of enzymes actlive
upon L-subsirates, a relationshlp which involves a more

natursl type of enzyme-substrzte intersction,

(1) M, Be*gmann C. Zervas, J, S, Fruton, F., Schneider and
H, ‘leich J. Bilol, Chem., 108, 325 (1935).

\
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(3) ¥, Bergmann, L, Zervas and J, S, Fruton; J, Biol. Chem,
- 115, 595 (1936).

(4) =B, Aoaerhalden and W. Zelsset, Fermentforschung, 10,
.1.20 ( 1020 ) .

(8) M, Fling end 8. W, Fox, J., Biocl. Chem, 160, 329 (1945),

(6) Y. XKobayashi, M, Fling and S, W, Fox, J. Biol, Chem.,
174, 391 (1948)o

(?7) R, ¥erten, Biochem. Z., 318, 185 (1947),

(8) E,., Zikins-Xsufman and H, Neurath, J, Biol., Chem,, 178,
645 (1949).

(9) H. T. Husng and C, Niemsnn, J, &m, Chem, Soe., 73,
15566 (1951).
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Another ccnseguence of the above observations ie
the conclusicn that the pspein-substrate £1t must e e
close one, This is best explained by Smith's modification
(1) of the Polyaffinity theory (2) in that fuller
reaction in the anilide series is obfasined with residues
with long side-chsinsg; these reactions are more rgpid
than those involving alanine and much more rapid than
thoge involving glyeine, The concept of clozeness of
Pit is 2lso in zccord with cther related observations
(2,4

Enzyme Dilution Studiles

With regard to the enzymic synthesis of asnilides,
statement has been mzde to the effect that "the process
involves a compromise in solubilities as the N-acyl-DL-
acld must be soluble in the buffer mixture, yet the N-acyl-
L-amino acid anilide must be sparingly soluble if the
reaction igs to proeceed to comnletion, The nature of the
acyl group controls the solubility of the Neacyl-DL~-amino

acld and the corresponding enilide, and, =s might be

(1) E. Smith, Fed'n. Froc,, 8, 581 (1549),

(2) ¥, Bergmsnn, C, Zerves, J. S. Fruton, F. Schneider
and H, Schleich, J, Biol. Chem., 109, 325 (1535),

(3) M, Bergmann, L, Zervas and J. S, Fruton, J. Biol,

Chem, 115, 593 (1936). N
(4¢) A Hed¥zth and (G. ‘?v.’ Schwert, Chem, Rev,, 46, 1456 (1960).
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expected, the more soluble amino aclds require more
insoluble aeyl groups® (1). Thus, what appear to be
assumptions relating anilide solubility and yleld have
been made; they lack the proper support of experimental
dets on soclubilities, however,

The gbove assumptlions ere in contradiction with the
interpretation of Fox and co-workers (2) that slthough
anilide type syntheses depend upon slight solubllity, the
anilide ylelds are not primarily a function of the
sclubility properties of the products under the ususl
conditions of incompliete resction, This conclusion could
be based on some thermcdynamic relationships, First, the
relatlonship between the free energy change for a reaction
and the experimentally determined equilibrium constant, K,
may be expressed as follows;

AF = =RT 1ln K,
Secondly, for 1sothermal processes, the change in the
free energy of a reaction may be expressed in terms of heats
of formation and the absolute entroples of the substances
taking part in the reacticn, as in the followlng:

AF = AH - Tas,

() D, G, Doherty and E. A, Popence, Jr,, J. Biol, Chenm,,
189, 455 (1951), I —

(2) 8, W, Fox, C, W, Pettinga, J, S. Halverson and H, ¥Wax,
Arch, Biochem,, 25, 21 (1950),
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From the above expressions, the energy requirement of
1400 to 3700 calorles (see p.4) for the synthesls of a
peptide bond could be met by constantly removing the
quantity of peptide which is in equilibrium with the
reactants, Such an explanation could aiso account for
the formation of benzamino acid anilides from benzamino
acids and aniline in the presence of papain,

According to the interpretations of the Fox group (1),
tﬁe occurrence of an anilide synthesis may be considered as
a two step reaction:

1, Acylamino acid + aniline—y acylamino acid anilide (soln. )

2, Acylamino acid asnilide (soln, )dacylamino acid anilide

(ppt.)

From rate studles on the enzyme-induced formation of
benzoylvalinanilide, it was shown that the quantitative
extent of the reaction is independent of the equilibrium
solubility of the anilide, with the first step as the rate
limiting step. Since this is the enzyme-controlled step,

the extent of the overall synthesis must be enzyme-
controlled, Thus, for those anllide syntheses that did

occur to a measurable extent, " the quantitative differences

(1) sS. W, Fox, C. W, Pettinga, J., S. Halverson and H., ¥ax,
Arch, Biochem., 25, 21 (1950),
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in the extents have been shown to depend primarily
on the kineties of the enzyme~controlled step.®

The rate and solubility studies of Waldschmldt-lLelitz
and K#éhn (1) gave strong support to ths interpretations of
Fox and co-workers, Thesge investigators showed that the
slight solubili$y or insolubility of the synthetic
reaction products was not the only factor involved in
the occurrencs of or the rate of a synthesls. Thus,
comparison ¢f the aniline derivative of hippurice zecid
with the somewhat more soluble phenylenedismine
derivatives and the gven more socluble aminophenol
derivatives showed differences in resctiocn rates which
could be directly traced to solublllity differences,
However, such explsnation was inapplicable in s number of
Considerstion of aniline; m-toluidine
o p-phenetidine on the one hand, and benzylamine or
cyclohexylamine on the other, showed that although all
the corresponding hippurie acid derivatives were

insoluble, the former compounds coupled easiliy in

(1) E, Waldschmidt-lLeitz and K. K#thn, Z., physiocl, Chem,
285, 23 (1950), ’ ’
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syntheses of the gnilide type while the latter possessed
no coupling action whatever,

The results reported herein glve further strength
to the concept that under the usual conditions of in-
complete reaction, the extent to whilech an anilide
synthesis proceeds ia not primarily devendent upon the

s0lubllity oroperties of the resction product. Thus,

lotted

w
o]

exgmingtion of Figure 1, wherein gnilide yield 1
against proctease concentration, chowg that at the peint
of like yleld of benzoylalaninanllide for both papain
and fiein, an almost fourfold difference in the yleld
of the d-gminocaprylic ascid derivative exists for the
two enzymes, If agnilide yield was primgrily a function
of the solubility properties, the ylelds of the latter
derivetive ghould here be egual for both proteaseg;
Since conditions in both syntheses were identicel, with
the exception of the variable duve to the different
enzymes involved, then the differences in reszctivity
must be attributed to something other then nere
insolubility alone. Bmophasla is thereby shifted to
differences in interaction between the substrate and
each ci the proteases involved, Further study and
recognition of such relaticneships mgy be expected

to yield at least further stgndardization of syntheses of

the type deegcribed,
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Enzymic Reagctlions of Glycine Containing Zenzoyldipeptides
wWwith Aniline
Although no systemgtic studies of glycine contslning

seyiatad peptides have been previously reported in
enzynic peptide eyntheces, such studies have nevertheless
been esfected cn the hydrclytvic end, SHxtensive
investization was mwede by Bergmann, Zervas snd Truton (1)
ventidare I-catelyzed cleavage of &
nuniber of such pepiides, Cocnclusions reached by these
investizatore chowed that the socylamino group of acylated
peptides directed the hydrolytic action of papein peptidase
i to the peptide linkege immediately sdjacent to the
acylemino group, If an acylated polypeptide ccntained
linkeges with leuecine-, glutamiec acig-, or lyeine-

-

carbonyl, in zddition to pepiide bende with glycine-
cerbeonyl, clesvage of the peptide bend inveliving the
glycine-carbonyl was effected, Furthermore, in zl1l
instances investigated, the dircctive ihfluence of

the glycine-cerbonyl was stronger thasn that of the
scylemino group, Thus, if nc glycine-carbonyl

was edjacent to the acylaminc group, but was nonetheless

present ags Dart of ancother peptlde bond in znother peortion

of the pclypeptide molecule, then the peint of cleavage

(1) N, Bergmenn, L, Zervas and J. S. Fruten, J, Biol, Chem,,
115, 593 (1835),
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was shifted away from its proximity to the acylamino
group. A distinoct preference for glycine residues in
the enzymie hydrolysls was thereby shown,

Similar preferences for glyclne residues in
proteasefcatalyzed syntheses were observed in the
investigations reported herein, Several of the
benzoyldipeptides studied contained linkages with
leucine-, valine-, alanine~ or glycine~carbonyl, in
addition to a peptide bond involving glycine on the
carboxyl end, l.e.,, benzoylleucylglycine, benzoylvalyl~
glycine, benzoylalanylglycine, and benzoylglyeylglyoine,
With the former three cases, wherein no glycine-carbonyl
was adjacent to the acylamino group but where glycine did
exlst as the terminal residue on the carboxyl end, an
enzymically induced coupling reaction resulted with aniline
(Table XITI)., WwWith benzoylglycylglycine, however, where
a glycine residue is adjacent to the benzoylamino group, the
directing influence of the glycine-carbonyl was stronger
than that of the carboxyl-glycine and an enzymically
catalyzed transamidation reaction with aniline resulted.
Similar transamidation reactlions with other benzoyl-
glycylamino acids (Table XIII) emphasized the significance
of the directing 1nf1uencg of the glycine residue., These
results with glycine-contsining benzoyldipeptides demonstrated

that the type of reaction which oscurred, transamidation or
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coupling, wze determined at least in part by the siructur
of the residues involved, as well es by the reiaztive
positions of these residues within the peptide chaln,

It cculd be argued that the reacticns described
above as "transamlidetion" reactions are, in essence,
merely twe-step resctions which involve hydroiysis
succeeded DY synthesis, &8 in the follcowing)

-
LX)

enzymic

Benzoylglyeylamino ecid ————» Benzoylglycine + amino
cleavage ecid
2
enzynmic
Benzoylglycine + sniline ——— Benzoylglyclnanilide
eynthesis

*Transamidation®, however, is defined in this instance

&s the direct replacement of the %terminal residue by

the gniline residue without the formstion of the
intermediate stage of hippuric acid (1-4), Such reasction
was first reported (1) for the papain-catalyzed
formztion of aﬁilides from hippurylamide where #he rate

(1) #, Bergmenn and H, Fraenkel-Conrat, J., Biol, Chem,,
119, 707 (1937).

(2) J. s, Fruten, ¥ale J, Blol, end Med., 22, 263 (1950).

{3) R, B, Johnsten, M, J, Mycek and J, S. Fruton, J. Biol,
Chem,, 185, 629 (1950),

(4) R, B, Johnston, M, J, Mycek and J, S. Fruton, J. Blol,
Chem,, 187, 205 (1950),
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of =snilide formation exceeded that from hippuric acid,
This divergence between the two rates gave evidence

thet the trensformation of the aunide into the zanilide
did not proceed through the intermediate stage of
benzoylgiycine, i,e., hydrolysis, but that the amino
group in the molecule of benzoyiglycinsmide was directly
replaced by the aniline residue,

Thet at least some of the reagtions reported
herein are transamidation resctions, as defined sbove,
is shown by inspection of Teble XIII, It should be here
noted that the enzyme-catslyzed rcaction of either a
benzoylglycylamino acid or benzoylglycine with aniline
gave benzoylglycinanlilide as the reaction product,
However, comparison of the yields of benzoylglycinanilide

obtained by the *%

-~ Vasns

*y
2
3

the reaction of the benzoyldipeptides with aniline, and
the coupling rezetion, which involved the reaction of
benzoylglycine with aniiine, show that for the ficin-
catalyzed reactions at least, the transamidation reaction
yields are in all instances greater than the yield of
benzoylglycinanilide obtained by reaction of benzoylglycine
with aniline, Thus, both benzoylglycylalanine and
benzoylglycylvaline gave a 24 per cent yield of
benzoyglycinanilide as opposed to a 14 per cent

yield when benzoylglycine was used,
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0f evan greater» significancs is the three-fold grester

71214 chtalned with benzorlzlyeylleucine and

bernzoylzlyeylphenylalanine than with benzoylglycine,
Similar consideration of the yields from the papain-

talyzad reactions give little or no indication of
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or the pepaln-cstzlyzsd
repctions in nearly all cases, However, the yield of
benzeylglyecinanilide cbtained with pespaln for the
coupling reaction, i.e., benzoylglycine plus zniline,
was mdre than three timeg g8 great as that obtalned

with ficin and in most cases close to or greater than

From the sbove results with pepain, ne conclusive
statement can be made with respect tc the cccurrence of
transamidgtion rezctions, That the reactlon products
were obtained via trensamidation resgctions or through
the coupling of aniline with 2 hippuric acid intermedizte
or even by means of a combinetion of the foregolng
processes, are all possibilities., Conclusive evidence has,
however, been obtained for transamidstion in the fiecin-
catslyzed reactions, It has not been ascertained to what

extent, if any, the reaction product is synthesized via
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the hippuric acid intermedlate, however,

In order tc investigete the influence of
stereochemical configuration on enzymic activity in
reactions of the transamidation type, benzoylglycyl-
g-phenylalanine and the corresponding acyl-gg—peptide
were compared, After three days of incubaticn, the
acyl-g-peptide yielded an appreclable quantity of
hippurylanilide for both the ficin- and papsin-
catglyzed regotions, Transamidation reaction was
agalin lndicated, at leasst for the ficin-catalyzed
reaction which showed a 31 per cent yield as
contrasted to & 14 per cent yleld from the coupling
reaction involving hippuric acid, The acyl-ggrpeptide
gave a 42 per cent yleld of product over the same time
interval, indlcsting that the g—form reacted to a more
‘appreciable extent than the g-form.

The sbove results demonstrate that absoclute

antipodal specificity (1,2) does not obtaln for the

(1) M, Bergmsnn and H, Frasenkel-Conrat, J, Blol,
Chem,, 119, 707 (1937), o

(2) ¥, Bergmann and O, X, Behrens, J. Blol, Chem, ,
124, 7 (1938),
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trensamiistion resction investigatsd, I% is rzther
a ceee of relative entivodsl specificity (1-3), in
which both the D- and L- forms react, but at a elover
rete for the former, A comparable c¢zse hes been
reperted (4) in the enzymlc cleavage of benzoylglyeyl-
L-leucylglyeine and ite D-lsomer, the letter cof which,
althougk clesved to give an appreciable yield of
hippurylasnilide, nevertheless reacted to 2 lesser
extent than 313 the former, These findincs were
attributed to steric hindrence or to g difference in
the affinity of the enzyme for the D~ and L~ forms
of the peptide,

Reports in the litersture may be interpreted to
indicate that trznsamidstion could concelvably exicst es
s common event in in vivo protein synthesis. Thuse,

a mutant strain of E, coli has been reported (5)

which, slthough 1t recuired proline for growth,

(1) O, K. Behrens, D, &, Doherty end ¥, Bergmenn, J. Biol,
Chem,, 138, 61 (1940),

(2) E. L, Bennett and C, Niemann, J, Am, Chem, Soc,,
72, 1798 (1950),

(3) H. B, Milne and C. ¥, Stevens, J. &m, Chem, Sce.,
7z, 1742 (1850),

(4) M, Bergmann, L, Zervas, J, S. Fruton, J. Biol, Chezm,,
111, 225 (1335).

(8) 8. Simmonds end J. 8. Fruton, J, Blol, Chem,, 174,
705 {1348),
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gshoved even more growth wvhen proline veptldes were
used in its stead, Anglogousg results were cbtezined for
a microorganism, called Strsin SF, which showed a greater
growth rate in a leueylglycine contzining medium than 1in
& medium ccntaining both leucine znd glyelne as the souroce
of nitrogen (1,2). 1In sftudies imvolving a variesy of
glycine ceontaining peptides (3), greater growth stimulation
was demonstrated for five lactobacilli then coculd be
eccounted for on the baszis of glyecine content alone, The
reports (4,5) that partial hy3rolyzates of verious
proteins have more sctive growth promoting properties
than their constituent aminoc acids, are also worthy of
consideration,

Enzymic Resgctions of Neon-glyecine Containing

Benzoyldipeptides ¥With Aniline

In syntheses of the anilide type, the study of

acylated peptides containing at least two ssymmetrie

(1) 8. Simmonds and J. S. Fruton, Science, 109, 561 {1948),

(2) S. Simmonde and J, S. Fruton, Science, 1lll, 329 (1$50).

(3) R. B, Malin, M, N, Camien snd M, S, Dunn, irch,
Biochem, Blophys., 32, 106 (1951},

(4) H, sprince and D. W, Woolley, J. Am, Chem, Soc,,
67, 1734 (1945).

(5) ¥. Xlungsor, R. J, Sirny and C, A, Elvehjem, J,
Bioci, Chem,, 189, 557 (1e51),
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centers hes been cultiveted relatively 1lttle, In this
regard, the opticslly ective acyldipeptlides, acetyl-
gpphenylalanyl-g;leucine end acetyl-L-phenylalanyl-L~
glutsmic gcid as well as their optically sactive Q-Q
dlastereomeric forms have been studied (1). The

active lsomers were separateiry trested wlth aniline

in the presence of cystelne-papain., Those isomers
centaining the D-residues were found 0 couple with
aniiine under the influence of the enzyme, elthough

fo a lesser extent than the L-L forms, The asymmetric
course of the reactions was ascribed to the asymmetry
of the phenylslanine residue, It should be noted,
however, that thls residue was not directly involved

in the coupling reaction since it was the féee carboxyl
of the terminal residue (L-leucine or L-gl

that had undergone the anilide formation,

No comparable reports have previously appeared
in the literature in which the dizstereomerlc racemates
had been studied., The possibility cf two diastersomeris
forms, the D-L, L-D and the L-L, D-D forms for zoyl-
dipeptides containing two asymmetric centers hazs btesn
discussed in the Results sectlion, From the concideratlioans
discussed sbove, the D-L antipode of the former

dlastereomer could undergo a coupling reaction in the

(1) O, X, Behrens, D, G, Doherty and M, Bergmann,
J. Biol, Chem., 136, 61 (1940).
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anilide syntheses, Due to the antipodal specifieity
properties of the proteases invelved (1), however,
similar coupling reaction would be far less probable
for the éfg igomer, although not entirely overruied
(2-5), Consideration of the i~L, D-D diastereomerle
pair would iesd cnre to conclude that the 2?& form
should be capable of undergoing coupling regction in
enilide type syntheses at an even grester rate than
the D-L form, The D-D antipode sheuld undergo no
reaction, however, because of the stereocchemical
inhlbition exhibited by the twc zsymmetric centers,

On the basis of the above thepreticsl considerations
and the findings reportied herein, a new method 1is pro-

posed for the determination of the sterecchemilcal

(1) ¥, Bergmann and H, Fraenkel-Conrat, J., Biol, Chem,
119, 707 (1937).

(2) E., L, Bennett and C. Niemann, J. Am, Chem, Soc., 72
1798 (1950),

(3) H, B, Milne and ¢, M, Stevens, J, Am, Chem, Soc.,
72, 1742 (1950). '

(4) E. L. Bennett and C. Niemann, J. Am, Chem, Soc.,
70, 2610 (1948),

(6) E. L., Bennett and C, Niemann, J, Am, Chem, Sogc.,
72, 1800 (1950),
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1, Acylation of dipeptide
Form 1: dipeptide, + Bz-Gl—-)Bz—dipeptidel

Form 2: dipeptide2+ Bz-Cl——%Bz-dipeptide2

Ze Lnzymlc resolution

Bz-dipeptidel
k=== & no reaction
Bz 4+ saniling ——3 or
DweLs Bz=-D---L-anllide

Bz—dipepuideg

i~

Bz 4+ aniline —) Bz-l---L-anilide

3. Microbiclogical Utilization of Anilide Hydrolyzate

a
"

Bz-D---L-2nilide ————7 50% utilization
Bz-l---L-anilide ——» 100% utilization
After suitable separation of the diastereomeric
forms of the dipeptide on the basis of physical
propertles, 1.e., solgbility, stc,, each form should
be acylsted with & sultable acylsting reagent by the usual
Sehotten-Baumann procedure, The benzoyl derivative 1is

recommended in this respect since the enzymiec reactlons

in vwhich 1t is involved (1,2) exhibit a greater degree of

(1) E. L, Bennett and C, Niemann, J, Am, Chem, Sos,,
72, 1798 (1950),

(2) E., L, Bennett and C, Niemann, J, Am, Chem, Soc.,
70, 2610 (1948),
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2bsolute stereochemical specificity than.do those which
involve the carbobenzoxy, carbomethoxy, carboethoxy (1,2)
or carbogllyloxy (3) derivatives,

In the enzymic resolution, such factors as pH,
buffer concentration and substrate concentration are
of extreme importence (4), It 1s here recommended that
the enzymic reactions be effected over the pH range
of 4.5 to 6,0, at intervals of about 0,5 of a pH unit,
for papain-catalyzed reactions invelving monoaminomono-
carboxylic 20ids a2a the terminsl resgidue, This range
should be somewhat lower for peptide derivatives in-
volving glutamic acid (5) as the terminal residue and
somewhat higher where tyrosine or phenylalanine terminal
regidues are invelved (6), High concentrsations of

substrate, buffer and enzyme should be used for optimal

results,

(1) E. L, Bennett and C. Kiemann, J. Am., Chem. Soc., 72,
1798 (1950).

(2) E. L, Bennett and C. Kiemann, ibid., 70, 2610 {1948),

(3) H. B, Milne and C. M, Stevens, J., Am, Chem, Soc.,
72, 1742 (1950).

(4) 8. W, Fox, C. W, Pettinga, J., S. Halverson and
H, wax, Arch, Biochem., 25, 21 (1850),

(5) S. W. Fox end H, Wax, J. Am, Chem, Soc., 72, 5087 (1950).

(6) 8. W. Fox and C, W, Pettinga, Arch, Biochem,, 25,
13 (1950),
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The above propcsed method offers many advantages
over the classical methods, which involve total synthesis
using optically sctive amino acids, for the determination
of configuration of dlastereomeric dipeptides, Such
advantages are expressed in terms of time and expense,

Enzymic Reactions of Benzoylamino Acids With
Glyecinenilide

The results of Bergmann and Fraenkel-Conrat {1} have
shown that the structural nature of the amino acid snilide
employed in the anilide syntheses determined the type of
reaction product obtained, This interpretation was bassd
on pepain-catlayzed syntheses with benzoyleueine which,
with leucinanilide, gave the benzoyldipeptide anilide
as the reaction product, When glycinsnilide was used in

—

iieu of leucinaniiide, however, the resction product

was

the acylamino zcld derivative, benzoylleucinanilide,
Pettings (2) repested &nd extended the above

investigations with glycinanilide to include the benzoyl

derivatives of alanine, glycine end veline as well as

thet of leucine, Suggestion was made by this investigator

that the reactions of benzoylamino zcids with glycinanilide

(1) ¥, Bergmann and H, Fraenkel-Conrat, J, Bilol, Chen,,
124, 1 (1938), :

(2) C, V. Pettinga, Unpublished Ph,D, Thesis, Ames, Iowa,
Iowa State College Library. 1949,
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followed the cosubstrate mechgnism of Behrens and
Bergmann (1), On the basie of this assumption, the
following seriesg of resctions, illustrated by benzoyl-
leucine, were postulated to have occurred:
benzoylleucine + glycinanilige
benzoygieucylglycinanilide
benzoylleueylglycine ¢ aniline

benzoy%leucine*glycine ]

benzoyf&eucinanilide
Thus, the regction sequence was assumed to proceed along
the following lines, First, benzoylleucine and
glyeinanilide combine té form benzoylleucylglycinanilide,
This syntheslis 1s followed by two successive hydrolytic
gsteps in which first aniline and subsequently glycine
are produced, Finsglly, the liberated gniline is coupled
with benzoylleucine with the formation of benzoyl-
leucinanilide, Thils sequence of reactions gave a plausible
explanation for the fact that glycinanilide, which litself
is not hydrolyzed by cysteine-papsin (1), was readily

split in the presence of benzoylleucine, However, no

(1) O, X, Behrens and M, Bergmenn, J, Biol, Chem,, 129,
587 (193%).
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adequate explanation could be given for the resistance

to cleavage of the benzoylglycylglycinanilide formed from

the incubation mixture of benzoylglycine and glycinanllide,
Although the gbove postulated mechanism was reasonable

on the basls of the cosubstrate hysotheslis, i1t has never-

theless been demonstrated as invalid by the investigations

presented herein, According to the sbove mechanism, the

papain-catalyzed reaction of benzoylleucylglycine and
aniline should proceed alcng the following lines, First,
cleavage of the benzoylleucylglycine should be effected

a2 coupling reaction should occur between benzoylleucine
and aniline to give benzoylleucinanilide, These steps
are identlcal with the fingl two steps of the mechanisnm
postulated in the preceding paragraph, That such is not
the case was evlidenced by the fact that the product
obtained from the incubation of benzoylleucylglycine
with aniline, in these investigations, was benzoyl-
leueylglycinanilide, This product was obtained in high
yield snd apparently uncontaminated with any benzoyl-
leucinanilide, These results not only invalidate the
gabove postualted mechanism but slso cast some doubt
upon the validity of the original cosubstrate mechanism

of Behrens and Bergmann (1),

(1) O, K, Behrens and M, Bergmann, J, Biol, Chem,, 129,
587 (1939),
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For reactions of the general type (Table X and XI),

Benzoylamino scid + glycinanilide-»benzoylamino acigd
enilide (+ glycine)

a transamidation mechanism 1s here suggested, &vldence
for such a mechsnism may ve obitained from seversl

lines, First, possibility of the intermédiste formation
of a benzoyleminoacylglycinanilide via a cosubgirate
mechenism has been discarded by the foregoing ccnsiderations,
Secoand, resistance of glycinanilide to the hydrolytic
action of cysteine-papailn (1) eliminates the possibility
0f & coupling reaction between the benzoylemine zcid and
free aniline in solution, Third, results indicate

that fhe PH optima for the transamidstion rezctions

(Table XVI) prebably differ from those of the coupling
recctions (benzoyiamino acid with aniline), e.g., although
net determlned for peak sctivity, the pH optimum for the
reaction of benzoylvaline with glycinanilide appears to

be above pH 5.5 (Teble XI}, whereas the pH optimum fer

the formstion of benzoylvalinsnilide by & coupling

reaction is close to 5,0 (2), Finally, complete lack

(1) O, K, Behrens and M, Bergmann, J, Biol, Chem,, 128,
887 (1939),

(2) 8. W, Fox, C. W, Pettinga, J, S. Halverson and
H, Wex, Arch, Biochem., 25, 21 {1380).
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of reactivity for N-benzoyl-tyrosine with glycinanilide
over the pH range of 5,0 to 7,5 {Teble XVI) suggests a
mechanism other than direct coupling with aniline, which
shows great reéctivity at pH 6,0 (1),

4 H#transamidation® reaction may be pilctured as a
process of group transfer, without intervening hydrolysis,
in which either the carboxyl- or the amino- moiety of an
existing peptide would be transferred to linkage with
the aﬁprcpriate group of another aminc acid (or peptide)
molecule {2), By this route, formation of a new peptide
bond could be effected at the expense of an existing one,
according to either of the following schemes:

Amine transfer
R'+CO-NHeR¥ ¢ R% COOH-— R JO-NH.R"-4~ R'eCO0H

Carboxyl transfer

RYe 0O~KHeR" + NﬁzoRm-—+R'-CO-NH-Rm + NHZ-R“

(1) 8. W. Fox, and C, W, Pettinga, Arch, Blochem,, 25,
12 (1950).

(2) C, S, Hanes, F, J, R, Hird and F. A, Isherwood,
Nature, 166, 288 (1950),
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Traznsamidation resctions of the latter type (carboxyl
transfer) have been reported by verious investigators
(1-4), Carboxyl transfer was also involved in the
transamidstion resctions with benzoyldipeptides mentioned
in a previous ssction, However, although the slternative
mcde of transzmidation {amine transfer) is the scherne
involved in the glycinanilide experiments described here,
no previous demonegtration of thlis scheme has been reperted

in the literature (4),

In view of the results obizined in these
lnvestigations (Tsbles XV, XVI, XVII and XXI), it is of
interest to compnare the reactions exhiblted by both

benzoylglyeine snd benzoylalsnine with the variety of

(1) ¥, Bergmann and H, Fraenkel-Conrat, J. Biol, Chenm,
119, 707 (1937).

(2) R, B. Johnston, M, J, Mycek and J. S. Fruton,
J. Biol, Chem,, 185, 629 (1950),

(3) C. S. Henes, F, J, R, Hird and F, A, Isherwood,
Nature, 166, 288 (1850),

(4) S. G, Waley and J, Watson, Naturs, 157, 360 {1951},
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eminc acid anilides used.
1, Reszsctions of benzoylglycine
Bz=glycine + glycinanilide- Bz~glycylglycinanilids
Bz-glycine ¢ alaninanilide-» Bz~glycylalaninanilide
Bz-glyc¢ine 4+ leucinanilide-» Bz~glycylleucinanilide
Bz-glycine + valinanilide—» Bz-glyceylvalinanilide
2. Reactions of benzoylaslanine
Bz-alanine + glycinanilide—Bz2-glaninaniliide
Bz-glenine + alaninanilide—»Bz-alaninanilide
Bz-slanine + leucinanilide—¥Bz-alanylleucinanailide
Bz-alanine 4+ valinanilide— Bz-alanylvalinanllide
It will be noted that in sll cases where benzoylglycine
was studied with an amino acid anilide, an enzymatically
induced coupling reaction resulted, the product in all
cases being the bemzoyldipeptide anilide, Thus;
benzoylglyecine with glycinesnilide gave benzoylglycylglycin-
anilide, benzoylglycine with slaninanilide gave
benzoylglyeylalaninanilide, and so on, When benzoylalanine
was used in lieu of benzoylglycine, however,., reaction
with both glycinanilide and alsninanilide gave trans-
amidation reactions while resction with leucinanillide
and valinanilide gave coupling resctions,
Differences in the type of reactivity with

glycinanilide and alaninanilide, under the same set



~157-

of conditions; have therefore been ezhiblited by
benzoylglycine and benzoylalanine, The only variables
introduced vere inhersnt in the compositional differences
of the amino acld residues of the geylamino sgecids
employed, Zxamination of the structural meke-up ol
these residues reveals that the side chain of the
alanine residue contains a methyl group whereas the
glycine residue has a hydrogen in its stead., If the
differences in the properties shown by these residues
were, at least in part, a2 function of the size of the
hydrocarbon side chaln, then all residues with larger
side chains than that of the alanine residue should
exhiblt the same type of rezaction (transamidstion)
with glycinanilide and slaninanilide ss was shown

by benzoylalanine, Thus, substitution of the

CHz- group of the alanine residue by CHge CHoe

( %-amino-n-butyric acid), CHzeCH(CHz)- (valine),
CHSoCHQ-CHZ-(norvaline) and GH5-GH(CH3)-CH2-
(leucine) lead to no change in the tyne of reaction
which resulted {Tables XVI, XVII and XXI). From the
foregoing discussion, 1t may be concluded that the
type of reaction which occurs, trenssmidation or
coupling, depends in part upon the structure of the

amino acid residue of the amino =2¢id anilide,
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Conslderstion of the reactions of benzoylalanilne
shows that the type of reaction effected is also in-
fluenced by the structure of the amino scid anilide,
Differences in type of reaction of benzoylalanine
with glycinanilide or selaninanilide (transamidation),
as oﬁposed to leucingnilide or valinanilide (coupling),
were observed, Here, however, the differences cannot
be attributed to the acyiamino scid but must lie within
the amino acid aniliae gﬁployed. It may be significant
that the size of the side chains of the residues involved
in the transamidation reactions, i.e., H-(glyoinanilide
and cﬁs-(alaninanilide) is less than that of the residues
involved in the coupling reactions, i.e., CHS-CH(CHS)-
(valinenilide) CH,eCH(CH;)eCH,-(leucinanilide).

The effsct of cther structural considerations, such

as the degree of branching, cannot however be excluded.
Certainly, further study is here necessitated before
any definite conclusions can be drawn.

The several interpretations that can be
extrgpolated from the foregoing discussion are here
sunmarized. First, that certain benzoylamino acids have
a greater propensity than others to undergo coupling

reactions under the same conditions., This ability,
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possessed to the most considersble extent by benzoyl-
glycine in these studies, 1s determined in part by the
structural features of the amino acld residue under
consideration, Second, that the degree of coupling
reaction is conditioned in part by the nature of the
amino gcid snilide involved., Since glycinanilide and
alaninanilide are more prone to undergo transamidaticn
as opposed to leucinanllide and valinanilide, which
possess the coupling 2bility to a greater extent, the
possibility of steric factors 1s here invoked, Third,
that for a glven enzyme system {papain in this case),
the type of reaction which results depends upon an
interaction of the coupling propensities of the amino
acld resildues of the rezsctant benzoylamino acids and
emino acid anilides, As a fourth factor, the fact
that different enzymes may exert different degrees of
influence on the type of rezction which occurs should
here be mentioned, A more lengthy discussion of the
effect of different enzymes on reaction type\will be
treated under the heading of "Enzyme Specificity"
below,

As a point of interest, it should be here noted
that the same steric effects were observed in
transamidation reactions involving reaction of

benzoylsmino acids with alaninanilide as were observed
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in the coupling reactions of benzoylamino acids with
anlline, described earlier, The relationshlps observed
are shown in Table XXVII, Since full description c?f
these relationshipe was given earlier for the ccupling
reactions, ané since the same principles hold, no

extended discussion willl be glven here,
Enzyme Specificity

Numerous olaims of enzyme specificlty 1n the
cleavage of peptide substrates have been cited in the
literature (1,2). Suen studies emphasize that the
preferentisl hydrolytlic zction of proteases on
particular peptide bonds is conditioned by the nature
and the relative positions of the residues involved
in such linksge, These same prefersnces for residue
order and kind should also hold in the reversal of
the hydrolytic processes, 1l,e., synthesis of peptide
bonds., However, no adequate demonstration of enzyme
gpecificity in this '"reversal of hydrolysis" hass

herstofore been made,

(1) ¥, Bergmann, L, Zervas, J, S, Fruton, J. Biol.
Chem,, 124, 321 (1938),

(2) M, Bergmenn, L, Zervas, J, S. Fruton, J. Biol,
Chem,, 111, 225 (1935), -



Table XXVII

Reaotivity of Benzoylamino Aclde With Alaninanlililde
as Catalyzed by Papain

% Yield

Branch Cheln
CHg* O( NHBz ) » GOOH 0

GH3
Bz-gminoigobutyrio acid

CHye CHe CH( NHBz ) « COOH
Bz-valine
CHye CHe CH( NHBz ) » COOH
CoHpg
Bz-1soleuocine

CH* CHe OHp+ CH(NHBz) * COOH 67

053
Bz-leuoclne

Stralght Chain

CH3~GH(NHBz)°COOH
Bz~alanine

0H3-0H2-0H(NHBz)-COOH
Bz~amino-n-butyric acid

OHS-GHE-OH(NHBZ)-GOOH
Bz—-amino-n-butyric acld

CHg* CHg* OHge CH(NHBz ) » COOH
Bz~norvaline

ﬁ Yield

46

73

73

86

il £°2 B



From the data presents=d in the Results section,
it may be seen that no completely acceptable demon-
stration of enzyme specificity has here been made,
Although the chymotrypsin-, ficin- and papsailn-

.. catalyzed resctlons of benzoylphenylalanine with
glycinanilide all ylelded products, the productes in
the latter two cases were unidentified, If, as was
postulated 1n the Results section, these unidentifled
products were mixtures of aniliides, then a yalid

instance of enzyme specificity could be here lnvokegd,

a coupling reaction, In the presence of chymotrypsin,
to glve the benzoyldipeptide anilide whereas in the
presence of fieln or papsin, thé venzoylamino ecid
anilide may form g8 well via some other mechanlsn,
Previous ¢laim has been made regarding
demonstration of proteasse specificity in synthetic
reaotions (1), Such ¢laim was based upon the formation
of benzoyltyrosylglycinanilide from benzoyltyrosine
and glyeclnanilide in a chymotrypsin-catalyzed reaction,

However, no resctivity with the same substrates was

found for pspain (2),

(1) ™., Bergmann and J, S. Fruton, J. Biol, Chem,,
124, 321 (1938).

(2) J.S. Fruton, Cold Spring Harbor Symposia Quant,
Biol.,, 6, 55 (19387,
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The foregoing demonstration of specificity may
be eriticized in several respects, First, each of
the proteases were employed at the traditional pH's,
Lack of reactivity could here be attributed to
insufficient testing of pH, The valldity of such
criticism is perticulerly Jjustifiable in view of
the recent findings (1) of the importance of pH
control in eyntheses of the anilide type, Secondly,
the fact that the syntheses were not run at the same
pH introduces a second varigble into z system already
contgaining one varlable due to protease differences,
Pointed statement cculd not therefore be justifiasbly
mede that the observed "specificity® was due to
enzyme effects or pH effects alone, Finally, the
111ty of papsin to induce the formation of a
reacticn product prohilbits the formulation of any
definite statement concerning its specificity.

The first two criticisms do not apply to the specificity
studies feported here since the only variable weas due

to the proteases involved,

(1) s. W. Fox and C, W, Pettinga, Arch, Biochen,,
25, 13 (1950).




SUMMARY

The effectes of variation of substrate structure on
the relsative extents of the papvain- and ficin-catalyzed
syntheses of a number of benzoylated amino zcid eanllides
hgve been studied, Among the naturally and unnsturally
occurring amino sclids investigated were the benzoyl
derivatives of gljcine, elanine, valline, leucine,
s=gmino-n-butyric acid, norvaline, norieucine, -aminoheptylic
scld, «~aminocaprylic acld, o-amino pelargonic acig,
S-benzoylpenicilligmine, isoleuclne and aminoisobutyric
acid, It has been shown that the previously observed

greater reasctivity of benzoylleucine than of benzcylveline

in the papain-catelyzed syntheslis of anilides 1s in zccord

substrate, Thls explanation invokes the principle of
steric hindrance in enzyme-gubstrate interaction involving
L-type substrates, The theoretical inferences of this sort
of result have been indicated,

The relative rankings of the thirteen benzamino acids
in the gbove reactions were shown to differ when ficin was
the catalyst, from the results obtained with pepain, The
effect of the position of the methyl substituent, however,

agaln dominsted in the contrast between leuecine and veline,
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The reletionships of yield to dilution of enzyme
have besn found to vary both with each ¢f the enzymes and
with the substrate,

The pepain- and ficin-catslyzed syntheses of pertide
bonde with 2 variety of benzoylated amino acids and
glycinenilide in citrate buffer have been studled, Eighteen
different benzeyl derivatives of smino azclds were used,
Coupling and transamidaticn reactiions of the foliowing types
were observed:

i, Coupling

Benzoylemino scid + glycinesnilide ——>
Benzoyl- x-aminoacylglycinanilide
2, Trensemidatiocon
Benzoylamino acid » glycinenilide —
BenizOGyiamino &c¢id aniiids,
The type of rezction which occurred seemed to depend, =t
least 1n part, upon the nature of the benzoylsted amino
acld employed, In some instences, the variation of yield
of egnilide with pH was also studied, Evidence was presented
that the transamiistion rezctions proceeded via the unreported
amine f{rensfer mechanism, Zvidence was also presented
‘against invocation of = cosubstrate mechanism where
transamldaticn was observed,

The above gtudles were extended to inelude papaine

catalyzed reactions which involved alanlnanilide,

leucinanilide snd valinanilide, Agzin, coupling and
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transamidation reactions were observed, These results
showed that the type of reaction which occurred dspends
not only upon the nature of the benzoylaminc acid, but
also upon the nature of the emino acid anilids employed,
The transamidation reactions observed with alaninanilide
es the substrate fcllowed the sterie hindrance concept,
invoked above, for the coupling reactions of benzoylamino
aclds ané aniline,

The papain- and ficin-catalyzed reacticn of zeveral
glycine~-containing benzoyldipeptides with aniline was
algo studled; of these, some gave coupling reacticns and
some gave transamidation reactions under the conditions
investigated,

i. OCoupling

Benzoyl—- L -aminoasylglycine + aniline —>
Benzoylduoamincacglglyc1nanilide
2. Transamidaticn
Benzoylglycylamine acid +2niline ———————>>
Benzoylglyeinanilide (+ amino acid)
The type c¢f reaction which occurred, transamidation
or coupling, depended upon the directive influence of the
glycine residue, 1.e., its relative position in ths peptide
chain, The transamidation reactions were shown to proceed
via the carboxyl transfer mechanism,

Studies with the racemic diastereomeric pszirs of



non~-glycine ccntaining benzcyldipeptides revezled that in
the enzyme-induced coupling with aniline, only the l~L
isomer of the D-D, L-L pair showed reactivity to give
the anilide as product. The D-L, L-D racemate showed
no reactivity under the conditions studied, As a result
of the foregoing observaticns a new and simplificsd method
was propogsed for the identiflcatlon of dlastereomerio
dipeptides, This method involved enzyme syntheses in
conjunction with mieproblological sssay of the acid
nydroiyzate of the product from the enzymic syntheses,
Bnzyme specificity studies were effseted with several
benzoyl derlvatives in the ficin-, chymotrypsin-, and
papeln~-catlayzed anilide syntheses, The results were
discussed in the light of contemporary beliefs of enzyme
specificity in protease-catalyzed grntheses,

The newly obtained anilides heve been cheracterized,
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APPENDIX

The melting points of the crude products obtalned
in the anilide syntheses, as well as theilr mixed

melting points with pure samples, when avallable,

are given in Table XXVIII,

Table XXVIII

Melting Points and Mixed Melting Points of

Crude Products

M,p. of M,p. of Mixed
Progduct erude o pure o m,n,, 6%
product,C”, anilide,C ,

Bz-dipeptide aniline

Bz-glyclnanilide 210-212 2123 211-222
Bz-amino ecid glecyinenilige

Bz-glycylglycinanilide 246-248

Bz-glagninanilide 174-176 175-176 174-176

Bz-valinanilide 218-220 220-221 219-220%

Bz-leuclnanilide 212-213 213 213

Bz-methioninanilide 1680-162 182-162 161-162

Bz-isolue¢inanilide 213-215 220-22 217-219

Bz-tryptophananilide 196-196% 199-200 196%2-198

Bz-norvalinanilide 174-176 182%-1833% 178-181

Bz-norleucinanilide 176-178 181-182 179-181%

Bz-et-amino-n-butyric

aoid anilide 183-166 1693-170% 167-168%

Bz-amino acid alaninanilide

Bz-leucinanilide 213-214 213 213

Bz-valinanilide 206-209 - -

Bz-dg~-amnino-n-butyric

acid anilide 167-169 168%-170% 169%~-170%
Bz-alanlinanilide 174-176 175-176 174-176
Bz-norvalinanilide 178-179 1823-183% 179-181
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