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INTRODUCTION

The problem of protein synthesis in the 1living organlam
is one which has long challenged Investigators iIn the flelds
of animasl and plant metabolism. The solution of this problsm
has, during recent years, assumed a role of msjor importance,
with the growing realization that the processes operative in
normal tissue protein synthesis may be quite similar to those
Involved in the formation of genes, enzymes, viruses, anti-
bodies and neoplasms.

From the accumulated studies of the physical, chemlcal,
and blological properties of protelns have embrged several
rather bagsic experimental conclusions which must be considersd
in the elucldation of a mechanism for protein synthesis.
Chief amonygst these are (1) that proteins consist, in the
main, of X~amlno scids united by measns of peptlide linkagess
(2) that very precise differences exlst not only between the
proteins of different gpeclss of animals and plants, but
between the proteins of the dlfferent organs of a slingle
species, Indlcating that the synthetlc process must be highly
specific; snd (3) that the process of peptide bond synthesis
requlires energy since the reverse process of hydrolysls pro-
ceeds spontanecusly and almost to completion under the proper

conditionse
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As regards the pathway of peptide bond synthesis In
vivo, one of the most interestlng, and probably the oldest
theory of the synthesls is that the process 1ls, in essence,
a reversal of proteolysis catalyzed by thxe same proteolytlc
enzymes responsible for the hydrolytle reaction. Such a
proposal is in agreement with one of the fundamentsal con-
siderations of catalysis which requires that a substance
{catalyst) capable of altering the velocity of a reaction in
one directlon must exert a simllar effect on the veloclty
of the reverse reaction (1).

Because of the many difficulties inherent in studying

the action of proteclytic enzymes in vlvo, especially with
respect to any potentlal synthesizing action, complicated
as such studles would be by other simultaneous metabolig: .

reasctlons, recourse must be made to simple, iaolatgd systems
wherein the reaction’ﬁnﬁer conslderation can be in%estigated
free of confoundling factors. Although such simplified sys-
tems or "models" may be more or less "non-blologlical" in
nature, the resulis derived from thelr study, when tempered

by the realization that, at best, they reprssent but a portilon
of a complex entlty, may be of slgnificance In unravelling the
compllcated pattern of protein synthesls and proteoclytle

enzyme actione.

(1) Nernst, "Theoretical Chemistry" 4th English ed. p. 617.
Macmillan and Co. Ltd., London. 1916.
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The demonsgtrations by Bergmann and associates (2-7) that
certaln scylated amino acids and peptides under the catalytic
influence of various proteolytic enzymes of tﬁe catheptic
type react with aniline, phenylhydrazine, or amino acld
anilides to form peptide bonds, have provided a system which,
although limited to some extent by the non-bilological nature
of some of the substrates, does meet the criteria of isolation
and simpliclty desirable in a working model. Such a system
is a flexlible one as well, since alterations of both the acyl
group and the amino acld residues are possible and thus the
effect of these changes on the ablllty of the enzyme to
catalyze peptide bond synthesié may be followed. A further
discussion of the work of Dergmann's group with respect to
the specificity and energetlc consideratlions of the reactlions
has been reserved for the Historical sectlion. | )

Along with inveétiéations‘of enzymic peptide bond syn=
thesls in vitre, 1t ls of interest to examine the control of
these reactlons by employing varlous substances wilth known
or potentlal inhibiltory propertlies. Knowledge of thls type

may be of manifold value,; since, if the mode of action of the

s

T8Y Bergmenn and Freenkel=-Conrat, J. Biol. Chem., 119, 707
{1937) .

(3) Bergmann and Fraenkel-Conrat, 1bid., 124, 1 (1938).
{(4) Pergmann and Behrens, ibld., 124, 7 (1938).
(5) Behrens and Rergmann, ibld., 129, 587 (1939).

(6) Fruton Irving and Bergmann, ibid., 133, 703 (1940).
(7) Behrens, Doherty and Bergmann, ibid., 136, 61 (1940).
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inhibltors on the snzyme ls known, it may bs of ald in deter-
nining the mechanism of the enzyme action as well as the
egsentlality of certain actlve centers of the enzyme. In
additlon 1t 1s conceivable that Informatlon derived from in
vitro inhlbition studles may be carrled over, to some extent,
to the control of growth and in vivo peptlde bond synthesls.
In essence, the investigations reported in this thesis
were concerned with the preparation of a variety of scylamino
acids snéd the determinatlon of the corditlions influencing
theilr abilitles bto underge peptide bond (anilide) formation
as catalyzed by the proteolytic enzyme, papain. Many of the
correspondlng acylamino acld amides were also prepsred and a
few of these subjected to hydrolytic enzyme studles in a
search for possible correlations between the factors governing
synthesis and hydrolysis. In addition, studies concerned with
the inhibltory effects of a number of compounds on several of
the synthetic reactions, as well as attempts to determine the
groups in papein essentlal for its sgynthesizlng properties,

will be dliscussed.



HISTORICAL

Models and Theories of Peptlde Bond Synthesis

As might well be sxpected from the challenging nature of
the problem, a rather voluminous literature concerned wlth
attempts to eluclidate the probable mechanlsm of protein syn-
theals, based on elther experlmental or hypothetical grounds,
or on both, exists. Since the aubject has recently been re-
viewed by Northrop (8), and earlier rsviews on more or lesus
gpecific phases of the problem have been presented by
Wasteneys and Borsook (9), Alcock (10) and PRergmann and
Fruton (11}, only the salient features of some of the previous
investigations wlll be dealt with. Greatest emphasis will bse
placed on the work related most directly to the Investigatlons
reported herein.

Mentlon has already been made in the Introductory remarks
that any suggestlion peritalnling to the mode of blosynthesls of
peptide bonds must account for both the speclficlty and the

snergetics of the reaction. Observatlons that the hydrolysils

(8) TNorthrop, Kunitz and Herriott, "Crystalline Enzymes",
2nd ed., Columbls Universliy Press, New York. 1948 .

(9) Wasteneys end Borsook, Physiol. Rev., 10, 110 (1930),

(10) Alcock, 21}1810.].. Reva, _;;é’ 1 (1956)0

(11) Bergmann and Fruton, Ann N.Y. Acad. Scl., 45, 409
(1943=44).
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of peptide linkages In protelns aﬁd simple peptides proceeds
spontaneocusly and practlcslly to completlon in the presence
of sultable enzymes, as well as mineral aclida and bases, ine
dicates that proteolysls involves & decreaszse in free energy,
and thus, the reverse process of peptide bond synthesis is
an energy-requiring one.” Some means must therefore be
provided whereby this energy can be made avallable.

The idea that proteins might be synthesized by the action
of proteclytic enzgymes on amlino aclids or thehlgher products
of proteolysls 1s not new. Wasteneys and Borsoock (2) have
reviewed the earller work as well as thelr own investigations,
degling with the attempts o reverse proteolysis 1in vitrc by
the action of pepsin or trypsin on peptic digezts of protelns.
Evidence for peptide bond synthesis included a decrease lin
amine nitrogen content, the formation of ar inacluble pro-
tein-like compound called "plasteln", and the ability of
repsin to digest plasteln under proper pH conditions. The
reactlon, 1n the maein, seems to be limited to pepsin and

trypsin, although Haddock and Thomas (12) have obtained

% Calculavion of the stendard free energy of formation of
leucylglycine from the component amino aclds, has
indlcated that approximately 3000 calories per mole
are necesgary for the synthesls of a peptide linkage.
(Borsook and Huffman, in Schmidt, "Chemistry of the
Amino Aclds and Proteins". 2nd ed. p. 865. Charles
C. Thomas, Springfleld, Ill. 1945).

(12) Heddoeck and Thomas, J. Bicl. Chem., 144, 691 (1942).
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plastein by the actlon of papain on peptle dlgests of insulin.
The former suthors have applied the mass esction law to the
reaction to indlcate that with favorable concentrations of
reactants and products, the hydrolytlic reaction should be
readily reversible. Alcock (10) and Bergmann and Pruton (11)
have criticized the conclusions drawn by Wasteneys and Boraook
on the grounds that peptide bond synthesls was not definitely
established, that the optimum pH for synthegis differed marke
edly from that for hydrolysls, and thus, the reaction was not
a simple reversal. Purthermore, the fact that the originasl
proteins from which the peptlc dlgests were derived were not
resynthesized Indlcates the lack of speclificity of the reactlon
and invalidates the application of the mass law treatment to
the results. Thils crlticism follows from the fact that the
expression of Wasteneys and Borsocok (9):

proteln + Héo —— products.
implies that an equilibrium existz between a specific pro-
teln and its split produects. If thls expression 1s to be
considered valld, the products on undergeing recombinatlon
must then yleld the same protein from which they were orig-
inally derlved. Such 1s definlitely not the case. More
recently, Northrop (13) has reported that peptic digests of
pepain and trypsin ylelded plasteins having nelther enzymatic

activity nor the general properties of the enzyme protein

TiZY TNorthrop, J. Gen. Physiole. 30, 377 (1947).
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from which they were derived. Both Folley (14) and Ecker {(15)
have determined the moleculer weight of plastein and have
shown this value to be under 1000,

Studles involving reversal of proteolysis of a somewhat
different nature than that of plasteln formation have been
carried out by Voegtlin snd associates (16) who investlgated
the effects of oxygen tension, sulfhydryl groups and pH on
the reversal of proteolysils in tissue autolysates end papain-
fibrin digests. They indicated that apparent proteln syn-
thesils took place at high oxygen tension, atc a pH close to
neutrality, in the presence of a relatlively high concentration
of sulfhydryl groups. The sulfhydryl groups gave rise to the
formation of disulfides which, they concluded, were probably
egsgential for the synthesis. Low oxygen tenslon and low pH
favored proﬁeolysis. Bergmann and Fruton (11) have questioned
the conclusions regarding pH and sulfhydryl compounds. Such
conclualons, they pointed out, were contrary to the observa-
tions of Bergmann and Fresenkel-Conrat (2) which indicated that
the pH optima and activatlion requirements of proteolytic
enzymes were the same for both the hydrolytlec and synthetic
reactions, l.0,, both required suifhydryl groups and took
place at the seme pH. With regard to the specificity of the

TiZ) Folley, Blochem. J., 26, 99 (1932).
(15) Ecker, J. Gen. Physicl., 30, 399 (1947).

(16) Voegtlin, Maver and Johnson, J. Pharmaccl. Exptl.
Therap., 48, 241 (1933).
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reverse reaction, no experimental proof was forthcoming whilech
might have indlcated that the protelns, from which the digests
woere obtalned, were resyntheslzed on oxygenation. Linders trbm-
lang and associates (17, 18) reporited they were unable to
duplicate the results of Voegtlin's group.

The investigations of Bergmann and co-workers (2-7) on
the enzymic synthesls of peptide bonds from simple scylamino
aclds or acylated peptides and aniline, substituted amino
acld anilides or phenylhydrazine have sglready been referred
to in the Introductory statements. The general egquations for
these reactions may be written:

{a) Por slimple acylamino acids and aniline (or phenyl=-
hydrazine)

R1GO-NHCH(R®)COOH + HpNeCgHg —> RYCO-NHCH(R?)CO~NH-CgHg

{b) Por acylated peptides and amino acid anllides

R1CO-NHCH(R® )CO~NHCH(R®)COOH + HaNCH(R%)CO~NH+CgHy —

R1c0-NHOH(R? ) CO-NHGH (R® ) CO-NHOH (R? ) CO-NHC gHg
It should be polnted out that combinations other than the two
glven sbove, e.ge. acylamine ascids and amino acld anilides,
and acylated peptides and anlline, are also possiblie. 1In
addition, as will be indicated below, the course of regctlion
(b) does not necessarlly follow that indlcated in the sbove

equatione.

TIi7) Linderstnﬁ?:fang and Johansen, Enzymologla, 7, 239
(1939).
(18) Strai? and)LinderstnémpLang, Enzymologia, 7, 241
1939).
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The above reactions, as "models" of peptide bond synthesls,
are of Interest from several standpolints; in the first place,
because of the simple nature of both products and reactants,
definite proof of peptlide bond synthesis 1s possible; secondly,
becauss of the insolublllty of the enilides, the conditlons
are greztly Ir favor of the synthetle reaction and the neces-
sary "driving force" is thus provided; and thirdly, there 1is
evidence that the reactlon 1s speciflc with respect to both
the optical configuration of the acylated amino acids or pep-
tides and the nature of the amino acld residues. In sddltion,
several proteolytic enzymes, lncluding papain, bromelin, pig
liver cathepsin and chymotrypsin (19) are capable of catalyz-
ing the synthesis. Recent studies by Fox énd Halverson (20)
have indicated that the catheptic enzyme, flcin, was also
capable of bringing about the synthesis.

With regard to the antipodal specificity of the reaction,
it was early demonstrated by Bergmann and Fraenkel-Conrat (2)
that the use of scyl derlvatlves of giralanine, 2&-1eucine,
and gérphenylalanine In the reaction led to the formation of
the acyl-Le-amino acid anilide only, leaving the acyl-D-amino
acid in solution. These results have been confirmed and the
méthod has heen used for the resolutlon of several racemic

amiro aclilds. That the specificity 1s not complete has been

T19) Bergmann and Fruton, J. Blol. Chem., 124, 321 (1938).

(20) Fox and Halverson, Unpublished experiments.
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indicated hy Behrens and assoclates {7) who found, on employ=-
ing an especlally actlve preparation of papain, that acetyle
D-phenylalanylglycline, as well as acetyl-D-phenylalanyl-L-
leucinc and carbobenzoxy-D-phenylelanylglycine, gave the cor-
responding anilidesvwhen Iincubated with aniline. However,

a comparison of the rastes of rsaction of both forms showed
those of the gnforms to be much lower than those of the core
responding grisomers. Recent astudies by Bennett and Niemann
(21), who utillzed carbobenzoxy-DI~o~-fluorcphenylalanine and
phenylhydrazine, and by Stevens and Milne (22), who employed
several racemic carboallyloxy amino acilds and phenylhydrazine
as substrates, also indicated that the grisomers partlclpated
in the reaction, but to a lesser extent than the L forms.

Some indications have also bsen advanced by Bergmann's
group that the nature of the amino scld resldus 1n the acylated
compound or in the amino acid anllides alsc influenced the
course of the reactlon. Behrens, Doherty, and Rergmann (7} re=-
ported that nelther acetyltgppbenylalanylﬁé-proline nor acetyl-
2—phenylalany115-proline reacted with aniline in the presencs
of papesin-cysteine, which 1s indlcative, perhaps, of the need
of a hydrogen atom on the peptlde nitrogen or, posslbly,
of the solubillity of the anilide. Bergmann and Fraenkel=

Conrat (3) polnted out that the reactions between benzoyl=Le

P
P9

T21I) Bennett and Niemann, J. Am. Chem. Soc., 70, 2610 (1948).

(22) ©Stevens and Milne, Private communication.
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leucine with gfleucinanilide_or with glycinanlilide 1In the
presence of papaln are lllustrative of the highly devsloped
specificity of enzymic peptide bond synthesis since, In the
former case, benzoyl-I~lesucyl-L-leuclinanilide was formed,
whereas in the latisr reactlon, benzoyl-I-leuclinanilide and
not benzoyl:é—leucylglycinanilide was obtained. Apparently
the latter reasction was not a simple hydrolysis of the anilide
to glycine and aniline and later resction of the free amine
with the beﬂzoylﬁé-leucine, since, as has been Indicated by
Behrens and Bergmann {(5), glycinanillde was not split by
papaln under ordinary conditions. These workers reported a
similar reaction between acetyl-l-phenylalanylglycine and
glycinanilide to ultimately yileld acety11£~phenylalanylglycin-
anilide, as well as glyclne, aniline, and some unreacted starte
ing materials. 1In order bto account for these products they
proposed the following sequence of reactlonss
acetylﬁgpphenylalanylglycine + glycinanilide
acety1ﬁ£pphenylalany1élgcylglycinanilide
acety115-phenylalanylélycylglycine + aniline
acetylﬁé-phenylalanylélycine + glycine

acetylﬂépphenylalanylzgycinanilide

Such a scheme 1s of intsrest since it is not only illus-
trative of the simultaneous synthesls and hydrolysis of peptilde
bonds catalyzed by the same enzyme under the sams condlitlons

of pH, activation, etc., hbut is also Indicative of certaln



specificity relstionships. Thus, while glyclnanlllde is not
hydrolyzed by papain, 1t reacts with acetyl-L-phenylalanyl-
glycine Tto give acetylférphenylalanylglycylglyc1nanilide
whose specificlty relatlonship towards the enzyme is such that
aniline, and then glycine, can be spllt off the peptide chalne.
The free aniline is then avallable for further reaction to
form the flnal anilide as shown in the above sequencs.

In line with the previously mentloned observsaition *hat

the formation of an lnsoluble product provided the necessary

"driving force"™ for the syntheals of peptide bonds (anilides)
in vitro, Bergmsnn and Fruton (11) have suggested, that
‘'simlilarly, the energy requlred for peptide bond synthesls 1n
vivo may be provided, in part, by the removal of insoluble
products. They gave as examples of such products the insol-
uble proteins, collagen end elastin. Northrop (8) has dis-
cussed the work of several groups of investigators which in-
dlcated that proteins accumulate at surface layers and inter-
faces as insoluble products, and that the molecules present
at the surfaces could sct to regulate the formation of more
identical molecules. 1In addition, he suggested that this
regulated formation of insoluble products satisfied both the
specificlty and energy requirements for proteln synthesis,
While thls might well be true with regard to the speclifilcity
problem, some questlon can be raised as to whether the energy

requirement 1s actuaelly met, except for those protelins known
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to be insoluble in biological fluids. Since thermodynamic
considerations require that the Iree energy of a specific
reaction be the same regardless of the pathways taken in going
from reactants to products, then in order to account for ths
formation of scluble proteins via lnsoluble intermedliates,
energy must of necesslilty be provided for the conversion of the
insoluble forms to the soluble forms. This follews from the
fact that the net free energy of formation, in solutlion, of

a protein from amino aclds or peptides is positive.

An alternative means for providing the necessary energy
for peptide synthesis In vivo was advanced by Hergmann and
Pruton (11) who postulated that the process 1ls coupled with
energy yielding reactions. Accordling to thelr proposal, the
energy liberated by hydrolytlic or oxldative reactions could
be coupled, by means of common intermediates, to the energy-
requiring synthetlc reaction. The functlons of phosphorylated
compounds in carbohydrate metabollsm have been indicated by
Meyerhof (23) and Kalckar (24) and 1t 1s conceivable that the
energy derived from these reaplrafory processes can be linked
to the processes of protein synthesis, That such might be

the case was indicated in 1940 by Borsook and Dubnoff (25)

(25) MeyerhOf, Anna E‘.-Y-’ Acad . Sei., :&_é, 377 (1945-44)0
(24) Kalcksr, ibid., 45, 595 (1943-44).

(25) Borsook and Dubnoff, J. Blol. Chem. 132, 307 (1940).
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who reported the synthesls of hippurie acid from benzolc acid
and glycine In ths presence of rat liver slleces. Inhibition
of the resplratory processes by addition of cyanlde to the
reaction mixture alsc inhibited the synthetic reaction, in-
diceting that synthesis and respiration were closely hound.
In & recent series of papers dealing with the synthesls
of p-aminohippuric acid from p-aminobenzolc acid and ;lycine
in the presence of rat liver slices and liver homogenates
Cohen and MeGilvery (26, 27, 28) have Indicated that the ro=
action is closely assoclated with the clirlc sclid cycle and
thet energy liberated curing oxlidation of clitric acid cycle
components can be transferred through a common Iintermedlate
to the synthesizing system. They further Indicated that such
intermedlate was probably adenosine triphosphate and the mech-
anlam of energy transfer may have lnvolved elther the forma-
tion of p-arinobenzoyl phosphate (acyl phosphate) or of N-
phosphoglycine (amlde phosphate); the peptids bond could then
be formed by the release ol phosphoric acld. Turther papers
dealin,, wlth the role of adenosine triphosphate Iin peptlde
bond synthesils have recently been publlished by Bloch (29) and

by Speck (30}« The former investigator indicated the need for

126) Cohen and McGilvery, J. Biol. Chem., 166, 261 (1946).
(27) ~m—===== 1bid., 169, 119 (1947).

(28) ~=—wo-e~ ibid., 171, 121 (1947).

(29) Bloch, J. Blol. Chem., 179, 1245 (1949).

(30) speck, ibid., 179, 1387, 1405 (1949).
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ATP in the synthesls of glutathions in liver homogenates while
the latter pointed out that ATP rescts atolchiometrically with
gluamate and armmonia to yield pglutamine, ADP and phosphate
ion.

Tne questlon ag to whether probeolytic enzymes were lin-
strumental, in part, In bringing about the formatlion of peptlde
bonds in any of the above reactions which couple peptide bond
synthesls and energy ylelding aystems 1s as yet unanswavad.

If, as has been suggested by Lipmann (31), the acyl phcosphates
of amino acids, i1.0., amino acid phosphates, function instead
of amino aclds as intermediates in protein synthesls, then In
order to uphold therle of proteolytic enzymes in peptlde

bond synthesis, it would seem that their abillty to utilize
amino acld phosphates as substrates must be demonstrated.
Conversely, the presence of amino acid phosphates in nature
must also bhe demonstrated. The recent work of Neurath and hils
" group (32,33,34) which indicated that trypsin, chymotrypsin and
carboxypeptidase possessg esterase activlity, demonstrated that
proteolytic enzymes ars not necessarily restricted Iin thelr
hydrolytic action to peptlde groups. Therafore, 1f proteolytlc

enzymes were capable of splitting amino acld phosphates, the

T31) Iipmenn, Advances in Enzymol., 1, 99 (1941).

{(32) Schwert, Neurath, Kaufman and Snoke, J. Biol. Chem.,
172, 221 (1948).

(33) Snoke, Schwert, and Neurabth, ibid., 175, 7 (1948).

(34) Rasufman, Neurath and Schwert, ibld., 177, 793 (1948).




snergy obtained from such hydrolysss should be more than ample
to account for that necessary in forming the peptide bond.

It 13 also concelivable that 1f the energy of hydrolysis of
amino acld esters is greater than that required for peptids
bond synthesls, then these too may function as possible inter-
mediates.

In additlon to amino aclid phosphates or N-phosphoasmino
aclds as poassible intermediates In protein synthesis, Lin-
derstrdu-Lang {35) has suggested a mechanism involving amino
acld aldehydes. Herbst and Shemin (36) have indicated that
drketacyl amino aclds, e.g., pyruvyl alanine, yileld dipeptides
{(alanylelanine) on transamihaticn and mlght thus function in
protein synthesis,

Several theorlies have recently been advanced to account
for the in vivo formation of genes, viruses, enzymes and
antlbodies by autocabsalytlic rsactions. Thesze have been
reviewed by Northrop {8). According to these theories, each
molecule of a protein ascts as a model or "template" for self-
duplication, the amino acids or other intermedlates allgning
themselves along the template molecule in s predetermined
menner. While such a mechanism readily accounts for the
apecificity of protein formation, the energetics and the

process by which the peptide bond i1s formed between the

(356) Linderstrgm~-Leng, Ann. Rev. Blochem., 8, 37 (1939).

(36) Herbst and Shemin, J. Biol. Chem., 147, 541 (1943).




Pintermediates" are still left unsolveds It iz of interest

to speculate that a possible solution to these latter problems
lieg in invoking high energy intermedlgtes, e@.g.; amino acld
phosphates or Nephosphoamlno acids, Instead of amino aclds,

to sccount for the energetles, and proteolytlic enzymes as the
agents whilch ultimately effect closure between these inter-

mediates to form the peptide linkagese

Inhibition of Peptide Bend Synthesls

The value of employing compounds of known or potentlal
enzyme inhlhblting propertles as toola for determining the

mechsnism of enzymic reactlons as well as for controlling

enzymic reactlions both in vitro and In vivo has alrsady been
indicated in the introductory remarks. However, before dls-
cussing the appllicability of inhibitors to the present in-
vestigations, 1t might be sppropriate to review brlefly some
of the general conslderations of enzyme sasctlon.

It is a génerally sccepted concept in both the flelds
of bilologlcal and non=blologlcal catalysis that a2 catalyst
exarts 1ts accelerating effects on a reactlion by union with
the substrate in such a manner as to reduce the energy of
activation of the reaction. The earlliest indication regarding

the probable nature of the complex formed between enzyme
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and substrate was advanced by Flacher (37) when he positulated
his now classic "lock and key” hypothesis which indicated that
there must be a pariticular "Iit" between an enzyme and lta
subatrate before reactlon can occur. A qulte similar theory
waa proposed by Ebhrlich (38) to explaln toxineantitozin re-
actions. This "receptor theory” has been widely promoted,
wlth modifications, in the fleld of immunology to explain
antigen-antibody reactions, c.fs Landsteiner (39). The
polyaffinity hypothesis of Pergmann (40), advanced to erplaln
the antipodal specificlty of peptidases,; msy be considered an
outgrowth of Fischers early postulate.

Many of the present concepts concerned with the nature

and specificity of enzyme reactlons, and founded in part on

the effects of Inhibitors, assume that enzymes coptaln
"active centers® or essentlal groups (41) which can combine
in a highly specific manner with the substrates. The exact
neture of the complexes formed between enzymes and their
substrates still remalns somewhat obzcure. Bayllss (42) has

postulated that the enzyme first absorbed the substrate and

T57)  Flischer, Ber., 27, 2985 (1894).

(38) Enrlich, "Studies in Immunity". 2nd ed. John Willey
and Sons, Inc. New York. 1910,

{39) iandsteiner, "The Specificlty of Serologlcal Reactlona®
Revas 64., Harvard Unlversity Press, Cambrldge. 1947.

(40) Bergmann, Harvey Iectures, Ser. 31, 37 (1935-36).

(41} Tauber, "The Chemistry and Technology of Enzymes" John
Wiley and Song, Inc.y New York. 1949.

(42) Bayliss, "The Nature of Enzyme Actlon". Iongmanns Green and
Cowy Iondone. 1919




that the action then took place at the interface. The math-
smatical treatment applied by Michaells and Menten (43)
suggested the posslibllity of a chemical unlon. However, as
has been pointed out by Haldane (44), the present knowledge
of adsorptlon phenomena indicates that a sharp line of de=-
marcation between chemlcal and adsorption reactions does not
exlst, and at tlmes, differentiatlion between the two 1ls
difficulte '

RKalckar (45) has discussed the possible union between
enzyme and substrate through groups capable of forming a
regonating system. He indicated that stabllization of the
complex by resonance might account for the lowering of the
energy of activation. Rothen (48) has recently indicated
that enzymes may act on substrates at dlatances greater than
100 A°, his experiments havin. demonstrated that layers of
certaln polymer films did not protect bowvine albumln from the
action of trypaln and pepsin. He concluded that direct contact
between enzyme and sgubstrabte 1s not necessary, that enzymatic

action may origlnate through a field of foreces resulting from

(43} Michaells and Msnten, Blochem. Z., 49, 333 (1913).
{44) Haldasne, "Enzymes"™ Iongmens Green and Coe., London. 1930.
(45) ZRelckar, in Gresn, "Currents In Biochemlcal Research?,
pe 229. Interscisnce Publishers, Inc., New York.
1946,

(46) Rothen, J. Blol. Chem., 163, 345 (1946).
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the extended resonatora suggested by london. Spectroscopic
evidence for the formatlion and breakdown of an intermedilary
snzyme-~substrate complex during thse actlon of catalass on
monoethyl hydrogen peroxide has bheen presented by Stern (47).
In general, the action of inhlbltors on enzymatlc re-
actions may ve classifled under two headings depending on
thelr effects on the veloclty of the reactions. The first
type, competitive inhibitlon, involves a direct relationship
between inhibitor and substrate such that an increase in the
concentration of the substrate tends to reduce the degree of
inhibition. Usually there exists a close chemlesl or struc-
tural relationship beitween the substrate and its inhibltor,
the inhibitlon apparently resulting from competitlion betwsen
the two compounda for the same actlve centers of the enzyme.
Roblln (48) has recently reviewed the subject of competitlive
inhibitlion as applied to metabollite antagonists. The second
type, non=competltlve Inhibltlon, also involves a reduction
in the rate of reaction, but varlation of the concentratlon
of the substrate has 1little effect on the degree of inhibition.
In addition, there 1ls usually 1llittle structural or chemical

relatlonship between inhibltor and substrate.

T47) Stern, J. Biol. Chem., 114, 473 (1936).

(48) Roblin, Chem. Rev., 38, 256 (1946).



Singer {(49) has classified enzZyme inhibitors into thres
catagorlies on the basis of the mechanism of thelr reactions:
(1) compounds which react with the prosthetlc groups of
enzymes; (2) compounds which are very simllar structurally to
the natursl substrate of the enzyme; and {(3) compounds which
destroy an essential functlonal group in the protein component
of the enzyme. Bxamples of the first group are metals, flavins
pyridine nucleotides, etc. The second group has already been
described sbove as competitive inhibltors and the third group
contalns all those compounds which exhibit reactivity toward
a functlonal group of the protein. Execellent review articlss
by Herriott (50) and by Olcott and Fraenkel-Conrat (51) have
recently appeared on the subject of group reagsents for‘
proteinse

It is also posslble for an enzymle reaction to be in-
hibited by reaction of the inhibitor with essentlal enzyme
activators. Such type activators are generally members of &
specific class of compounds, €.g. sulfhydryl compounds. They
cannot be clgssed with prosthetlic groups slince they do not
necesgarily form a complex wlth the enzyme nor confer a high

degree of speclficity on the enzyme system.

(49) Singer Lrewers Digest 20, No. 8, 43-6 (85-8T), No. 9,
424, &7 (104«<6T, 109T) (1945) oOriginal not
av§ilable for examination: abstracted 1n C.A. 40,
99° (194H) .

(50) Herrlott, Advances in Proteln Chem., 3, 169 (1947).

(51) Olcott and Fraenkel-Conrat, Chem. Rev., 41, 151 (1947).



Enzymes and enzyme reactlons may also be Inhiblted in
other ways. Among these are reactlon of the lnnibitor with
the substrate, inhibitlion by accumulation of products of the
reacticn, inactivation by physical agents such as light, sound
and pressure (52), inactivatlion by heating, and insctivation
by changes 1ln pH. Certain enzymes are inhibited by naturally
occeurring fanti-enzymes', 6.8., pepsin and trypsin inhibitors
(8} and there are many examples in the literature of the in-
hibltion of snzymes by specific immune bodles (53).

Little, if any, informatlon on the inhlbition of in wvitro
enzymic peptide bond synthesls appears in the literature.
However, in view of the observations of Bergmann and Fraenkel-
Conrat (2) that the enzyme, papaln, requlres the same condi~
tions of pH, concentratlon, temperasture and activation for
the synthesis of anllides as are generally employed in
proteolytlc experiments, 1t ls then concelvable that the same
active centers of papain which are essential for the hydro-
lytic mctivitles alsco functlon In the synthetlc processes.

It thus becomes plausible to assume that the substances which
have been shown to hawve an inhibitory effect on the proteow

lytic activity of papaln would exhlbit a similar effect on

1587 Sumper end comers, "Chemistry and Methods of Enzymes",
Acedemlc Press Ince.; New York. 194%.

(63) Sevag, “Immuno-Cabtalysis™. Charles C. Thomas,
Baltlmore. 1248,
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the synthetic activity. On thils basis, a survey of the
literature dealing with the proteolytic propertles of papaln,
Including the effects of activators and inhibitors, was in
ordere.

The llterature dealing with the isolation, properties,
getivation and inhibltion of papsain iz qulbte extensive and
only the essential detalls will be consldered here, The
early literature has been reviewsd by Mendel and Blood
{54), and articles dealing generally with asctlivators and in-
hibitors of enzymes, wlth apeclfic reference to papsin, have
been published by Tauber (55), Hellerman (56), and Bersin
(57). The aforementloned review srticle by Olcott and Fraenkel=-
Conrat (51), alsc contains numerous rsferences.

Early workers in the field, notably Vines (58) and Mendel
and Blood (54), indlcated that papain, the proteolytic enzyme
obtalned from the latex of the breadfrult plant, Carlcs
papeya, was readily activated by hydrogen cyasnide and hydrogen
sulfide. Further investigations by Willsthtter and his group

T84)  fendsel and Blood, J. Biol. Chem., 8, 177 (1910).

(65) Tauber, Ergeb. Enzymforsch., 4, 42 (1935).

(56) Hellerman, Physlol. Rev., 17, 454 (1937).

(57) Rersin, in Nord and Weldenhagen, "Hendbuch der
Enzymologle® Vol. I, pe 154, Akademlsche
Verlagsgesellachaft, Lelpzlg. 1940,

(68) vVines, Ann. Botany, 17, 237 (1903).
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(59, 60) verified these ohservations and in addition indi-
cated that while natural papain was capable of hydrolyzing
gelatin, 1t was incapable of hydrolyzing peptone. Hydrogen
cyanide activated papain attacked both substrates. They
concluded that papaln was homogeneous and that hydrogen cyanidse
played the role of a kinase in extending the spsciflecity range
of the enzyme. It was also obaerved that the pH optima for the
digestion of gelatin, peptone ex albumlne and fibrin (5, & and
7.2 respectively ) were very close to thelr isoslectric points
of 4.8, 4.8 and 7.2.

The similarliy of plant proteinases, such as papain, to
the cathepsins of animal cells with regard to ectivation by
certaln substances found In tissues was pointed out by
Waldschmidt=-Ieitz (61l). ILaber studles by Waldschmidt-Ileltz
and Purr (62) indicated one of these substances to be
glutathlone. Subsequently, the activatlion of papain by SH-
glutathione and cysteine was demonstrated by Grassman and

agsociagtes (63).

(59) Wilistitter and Grassman, Z. physlol. Chem., 138, 184
(1924).

(60) Willa?gtte§, Grassman and Ambros, ibld., 151, 286, 307
1926},

{61) wWaldschmidt-Ieltz, ibid., 188 17 (1930).
(62) Wealdschmidt-Ieitz and Purr, lbld., 198, 260 (1931).

(63) Grasaman, Schoensbeck and Eibeler, ibid., 194, 124
(193,
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In papersa publlished simultaneously by Maschmann and
Hoelmert (64) and by Bersin and Iogemann (65), iodoscetic acid
was demonstrated to be an Inactlvator of papain. In addition,
the latter group demonstrated that the oxidizing agents,
benzoguinone, hydrogen peroxide, lodine and sodium selenite,
inhibitedAthe proteolytic action of an activator-free prep-
aratlon of papain. The fact that hydrogen sulfide, sodium
sulflte, and reduced gzlutathlcne reactivated papain previously
treated with peroxlde, iocdine and selenite, led jersin (66)
to the conclusions that papaln contalned sulfhydryl groups
esgentlal for its activity and that thelr subsequent oxlda-
tion to disulfide groups resulted in inactlivation. The
scheme proposed for thils reversal was:

Papain (Pa-SH HoOg, Ig, SeQz=

{active) — Papain (Pa=S-S~Pa)
activ

(Inactive)

HCN, Hoo, GSH
- Qulnone and icdoacetate treated papaln wers not rsactivated by

the foregolng reducing sagents.

Further evidence regarding the presence of aulfhydryl groups

in papain was furnished by Hellerman and Perkins (67) who found

(64) Masch?ann ?nd Helmert, Z. physiocl. Chem., 220, 199
1833} .

(65) Bersin and Logemann, ibid., 220, 209 (1933).

(66) Bersin, ibld., 222, 177 (1933).

(67) Hellerman and Perkins, J. Bicl. Chem., 107, 241 (1934).
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that iodine, quinone or ferricyanide lon-inasctivated papsiln
could be reactivated by a varlety of reduecing agents such as
cysteine, HS-glutathlone, thiloglycolic acid, hydrogen sulfids,
trivalent tltanlium, and hydrogen cyanilde. The action of the
activators was presumably the converslion of dithio-papain to
sulfhydryl papain. In addition, thsy reportsd that papain
was extremely sensltive to the actlion of mercaptlde forming
reagents, notably cuprous oxlde and organc-mercurl compounds
of the RHgX type. With the exceptlon of trivalent tltanlum,
all the aforementioned reactivating agents were also effective
in reversing the action of the mercaptide~formers. Of espe-
cilal interest was the sctlon of p~besnzogquinone which, as has
been previously indicated, was found by Bersin to be irre-
versible. Hellerman and Perklns have suggested that gulnones
may inhibit papain irreversibly by the addition of amino or
sulfhydryl groups to the olefinie groups. They polnted out,
however, that in the case of papain, the addition resctlion
probably takes place to a limlited degree; the maeln effect of
quinone was Indicated to be reversible oxidatiwve inactivation.
The effects of many other compounds which presumably
inhibit papaln and other ensymes by virtue of the reactivity
with sulfhydryl groups have been wildely studied. These in-~
vestlgations have been summarized in the aforementioned review

articles by Hellerman (56), and by Olcott and Fraenkel-Conrat
(51).
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Investigatlions carried out by Bergmenn and assoclatss
(68, 69, 70) concerning the effects of various compounds on
the proteclytic activity of papaln led them to conclude that
papaln consists of elther twe enzymes or of an enzymes system
capable of dissocclating to glve two enzymes. The two enzymes
were deslignated as Papain I and Papain II* (70). Papain I
wag characterized by lts ablllity to hydrolyze benzoyl
lsoglutamine and hlppurylamide, and by lts complete inhibition
by phenylhydrazine. Fapain IT was designsted as that com=
ponent of the enzyme system whichhydrolyzed peptons 8x
albumine snd was activabed by phenylhydrazine.*¥ It was fur-
ther Indicsted that both enzymes could digest gelatin. Thus,
inhibition of Papain I did not prevent hydrolysis of this
substrate from proceeding. In addition, 1t was suggested
that Papain I and Papsin II mubtually insctlvated esch other
through the formation of a reversible complex, "holopapain”,
Compounds such as hydrogen cyanilde, hydrogen sulfide, sulf=

hydryl compounds and phenylhydrazine were presumably capsable

% Rerller designstions for this pair of enzymes were papain
polypeptldase and papain protelnase respsctively
(68}, and later, Papaln Peptldase I and Papain
Peptidase II respectlvely (69).

s## Hydroxylasmlne inhibited both Papain I and Papain II (69).

(68) Bergmenn and Ross, J. Blol. Chem., 111, 659 (1935),

(68) wmmwmam- ibilde., 114, 717 (1936).

(70) Bergmann, Fruton and Fraenkel-Conrat, ibid., 119, 35
{1937).
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of bringing about dlssoclablon of the complex, thereby yleld-
ing the two proteclytically active enzymes. In addition, it
was hypothesized that Papaln I contalned an aldehyde group
(69) and that the action of phenylhydrazine on the halopapailn
was to inactivate Papaln I, by reaction with the carbonyl
group, at the same time that it caused dissoclation of the
holopapain with the resultant liberstion and activation of
Papsin II.

In view of the suggyestlion of the foregoing workers cone
cerning the presence of an aldehyde group Iin papain, Maeda
(71) investigated the effects of varlious carbonyl reagents,
including hydroxylamine, sodium blsulfite, phenylhydrazlne
and dimethylbarbituric acid (specific for aldehyde groups)
on the proteolytlc action of papain, employing gelatin and
hippurylamlde as substrates. He found that these reagents
inhibited the hydrolysis of gelatin as well as of hippuryl-
amlde, although longer contact period between enzyme and
inhibitor were requlred for inactivating papaln toward the
gelatin than toward the hippurylamide. The results of hila
investigations led Maeda to the conclusion that papain did
possess an aldehyde . roup. Recently Schales and assoclates

(72) have Investigated the effect of carbonyl reagent on the

T71) Maeda, Bull. GChem. Soc. Japan, 12, 319 (1937).

(72) Schales, Suthon, Roux, ILloyd and Schales, Arch.
Blochem. 19, 119 (1948).
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proteclysls of egg-white by papaln as well as by pepsin and

. trypsin. MNoderate inhibltion of papaln by hydroxylamine,
semicarbazlde, phenylhydrazine and hydrazine was noted.
Dimedon did not inhiblt fhe enzyme and sodium bilsulfite had
an activating effect. No conclusions were offered regarding
the presence or absence of a carbonyl group in papain.

It might here be polnted out that the question as to
whether or not papain contains a carbonyl group Is stlll an
open one in view of the fact that hydrogen cyanide not only
falls to inhibilt papaln, but indeed, serves as an activator
of the compound. In the lnvestigations of Bergmann and Ross,
previously mentioned, these authora Indicated that hydrogen
cyanide was an activator of Papaln I, the firactlion of the
papain system which supposedly contalns an aldehyde group.
It 1s not possible to ascertain whether the conditions of
activation employed were such that cyanohydrin formatlon did
not occur. It is entirely conceivable that the carbonyl re=-
agenta may have elther exerted thelr inhibiltory effects by
reaction with groups in papaln unldentified as yet or by
partlally denaturing the enzyme.

Reference should be mads to the theory proposed by
Bersin {73) concerning the probable role of amino groups in
the proteclytic action of sulfhydryl enzymes. According to

this theory, it 1s proposed that amlno groups of an enzyme

(73) Bersin, Ergeb. Enzymforsch., 4, 68 (1935).
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ave actlvated by adjacent sulfhydryl groups. The activated
amino groups of the enzyme are then capable of reacting with
the peptlde linkages of the subatrate and this reaction ls
followed by a dissocisztlion of the pepitide bond. This scheme
1s 1llustrated below:
1, -CO=NH~ + NHp=enz ——= -CO-NH-snz + NHo=-
2. =CO-NH-enz + Ho0 —= ~COO0H + NHp-enz

That the sabove scheme mey be invalid for papein ls ine-
dicated by the recent studles of Balls sand Lineweaﬁar {74)
or crystalline papain and by the investigations of Greenberg
and Winnick (75) on the effect of ketens on pepaln. Both
groups indlcated that amino groups are probsbly unessential
for the activlty of the enzyme. The latter workers, howsever,
further indicated that phenolic groups of tyrosine may be
easential for the proteolytic activiity of papsin since pro-
longed actlon of ketene on the enzyme resulted in insctiva-
tion.® In order to avoid a possible reaction of the ketene
with sulfhydryl groups, Greenberg and Winnleck first oxidized
the SH gfoups with peroxlide. This resulted in a reduction of

the actlivity of papaln by 55 percent. A consideration of the

% Olcott and Preenkel-Conrat (51) have cited sevidence that
ketene rescts mors rapldly with amino groups than

with phenolic groups. It is thua possible to block
the former without affecting the latter.

(74) Balls and Lineweaver, J. Biol. Chem., 130, 669 (1939).

(75) Greenberg and Winnick, ibid., 135, 761 (1940).




fact that prolonged ketene treatment almost completely in-
activated peroxlide treated papain, resulted in the conclusion
that phenolic groups, too, might be essential for papsaln active
1ty

Further consideration wlll be given in the Dilscusslon
and Interpretations section to the known and potentlal papain
inhibltors studled in the work reported here, and to their

possible modes of action.



EXPER IMENTALY

Preparation of Compounds Investigated
In Enzymlc Reactione

Benzoxlglzcine

This compound was prepared by the conventional Schotten-
Baumann resction utllizling sssentlially those proportions of
reagents recommended by Ingersoll and Babeock (76).

In a typlcal run, 37.5 gn. (0.5 mole) of glycine (Merck)
was dissolved in 500 ml., of 1 N sodium hydroxide. The solu-
tion was transferred to a 2 lliter, 3-necked, round-bottomed
flask equipped with a mechanlcal stirrer and two dropplng
funnels and cooled to ca. 10’ in an ice bath. Seventy~four
gm. (0.525 mole) of benzoyl chloride and 275 ml. (0.55 mole)
of 2 N sodium hydroxide were added simultaneously with
atirring over a period of about one hour. The ice bath was
then removed and the mixture allowed to stir for one hour
longer. The solution was then transferred to a beaker and
acldified to Congo red with concentrated hydrochloric acid

{(ce. 60 ml.)s The mixture was cooled, the solid filtered off

% All melting points are uncorrected. All nitrogen analyses,
unlesa otherwise aspecified, were done by the miero Xjeldahl
method.

(76) xnger?oll ?nd Babcock, Organic Syntheses, Coll. 2, 328
1943).
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with suction, and without attempting to dry the material
completely, it was bolilled with 150 ml. of carbon tetrachloride
to remove benzolc aclid. The mixture was cooled sllghtly,
filtered, and the extractlion procedure wlth carbon tetra-
chloride was repeated. The maiterial was filltered, washed with
carbon tetrachloride and hexsne on the filter, and air drled.
It was recrystallized from water-alcohol (3:1). The yield was

75 gm. (84%), with a melting point of 187-190°. Ingersoll gnd
Babcock reported 186-187°.

Benzoyl=-DI-valine

This derivative was prepared in 80% yield from DI-valine
{(Dow) in accordance with the procedure as given for the
glycine compound asbove. Reorystalllzation from water<alcohol
(3:1) gave a product melting at 128-130°. Slimmer (77) has
reported the melting point as 132.5°.

Benzoyl-Di~lsucine

This compound was prepared in 85% yield from DL-leucine
{Dow) utilizing the procedure glven for benzoylglycine. In
the treatment with hot carbon tetrachloride the materisl
tended to oil somewhat and 1t was necessary to cool the
solution before filtering. Recrystallization from 40%

alcohol - 60% water gave a product melting at 136.5-138°.

177)  Slimmer, Ber., 35, 400 (1902).



Fischer (78) reported the melting point as 137-1410,

Benzoxl-gpglutamic scid

The benzoylation procedure which gave the best ylelds
of this compound wes essentially the same as that empleoyed
for the glycine derivative. One-half mole of I-glutamic
acld® was dissolved in 500 ml. of 2 N sodium hydroxide
(1 mole) and benzoylated with 74 gm. (0.525 mole) of benzoyl
chloride, with the simultaneous additlon of 275 ml., {0.55 mole)
of 2 ¥ sodlum hydroxide. After acylation, the slkaline re-
action mixture was acidified In the cold by adding concen=-
trated hydrochloric acid (100 ml.) at a rate such that the
temperature did not exceed 10°. Under these conditions, the
product olled out. Upon sgeeding with a previous preparation,
synthesized according to the directlons of Fischer (79}%%,
the reaction mixture ylelded a thilck creamy msss. This was
filtered with suction and pressed out with a rubber dam.

' The flltrate was reserved for further treatment.

The wet cake was treated with 300 ml. of bolllng

carbon tetrachloride and once with 300 ml. of hexane. The

still wet material was dissolved in 250 ml. of ethyl acetate

<

*  Obtalned from General Mills, Inc. Recrystallized once from
hot water.

#% Utllizatlion of the method of Flscher in an early prepar-
ation, resulted in a yield of 37%.

{"8) Pischer, Ber., 33, 2370 (1900).
(79) Fischer, Ber., 52, 2464 (1899).



and the lower aqueous layer {(ca 100 ml.) thus obbtsined com-
bined with the above reserved filtﬁate. The ethyl acetate
layer was flrast dried rapldly over two portions of anhydrous
godium sulfate and finally over anhydrous cglcium sulfate.

The combined aqueous portions were evaporated in vacuo
until salts crystallized out; the concentrate was extracted
gseveral times with ethyl acetate snd the combined extracts,
after having been dried over anhydrous scdium sulfate, were
added to the main extract which was belng drlsd over anhydrous
calcium sulfate.

The ethyl acetate solutlion was first flltered thru glass
wool to remove the drying agent, then thru a #50 Whatman
filter paper and finally concentrated in vacuo to 250 ml.
Upon adding 100 ml. of carbon tetrachlorlde to the warm
solution, an oil separated out. The mixture was seeded with
a previous preparation of benzoylﬁégglutamic acld and placed
in the freezer. The material c¢.ystalllzed slowly iIn order to
hasten the process 200 ml. of hexane was added. The waxy-
lilke solid was filtered, washed with hexane and dried. A
white powder {100 gm.) was obtalned. Part of the materlal
had passed thru the filter as an oll; after 2 days this had
crystallized. It was filltered off, washed and comblned wilth
the main batch. The combined solids were then treated twice
with 250 ml. portions of carbon tetrachloride, and finally

washed with hexane. The yield was 107 gm.



The nmaterial was then dlssolved in 400 ml, of bolling
ethyl acetate, flltered twice through a #50 Whatman filter
paper and washed Into a 2 1. beaker with an additiomal 100 ml.
of ethyl acetate. The sclutlon was heated to boiling, and
carbon tetrachloride (350 ml.) was added to turbidity. On
seeding with a previous preparation, c ystallizatlon com-
menced. | The mixture was placed 1ln the refrigerator overnlght.

The material was flltered, washed wlth hexane, and dried.
Eighty=five gm. of product (68%) melting st 139-140° was
obtalned.

28¢
{?{]D = +18.2 F 0.,1° 5% in 1 ¥ potassium hydroxide

Fischer (%¥9) reported a rotation of -18.7° for the D~ isomer,

p-Nltrobenzoylglycine

The procedure for preparation of this compound was gquite
gimilar to that given for benzoylglycine with the exception
that the solid p-nitrobenzoyl chloride (Eastman white label)
was added in an ethereal solution (100 ml. of ether per 0,1
mole of acyl halide). Prior to acidification, the ethereal
layer was separated from the aqueous phase and rejected. The
golid obtained after acidlfication with concentrated hydro-
chloric mcid was drled and extracted several times with ether
to remove p-nitrobenzolc acld {(p-nitrobenzolc acid is insol-
uble in carbon tetrachlorlde and hexane)., When 0.3 mole

(22.5 gm.) of glyclne had been used as starting materlal, the
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yield was 55 gm. at thls stage. After recrystalllizsiion from
75 mls of ethanol and B00 ml. of water, 45 gm. of mabterial
with a melting point of 125-131° was obtalned. An additional
washing with ether lowered the yield to 44.5 gm. (66%) but

raised the melting point to 128-131°. I8b (80) reported a
melting point of 129°.

p-Niltrobenzoyl-Dil~valine

This derivatlve was prepared in a manner simlilar to that
deseribed for the glycine compound. During the acylation a
deep purple coclored solution was obtaipred; on ascildification,
however, the color disappeared. The produect cbieined from
0.3 mole (35.1 gm.) of DL-valine, after washing wlth ether
(three 100 ml. portions), welghed 63 gm. {79%4). Recrystal-
lization from 125 ml. of ethanol and 320 ml. of water lowered
the yield to 51 gm. (64%). A sample melted at 167-169%.

Karrer and Chriatoffel (81l) reported the melting point as
163°,

p-Nitrobenzoyl-DIl~leucine
oA

A procedure anslogous to that given for the glyclne
derivative was utllized. A purple solutlon was obtalned

during acylation; the color was dilscharged on acidlificatlon,.

(80) 1B8b, Ber.s 27, 3095 (1894).

(61) Xarrer and Christoffel, Uelv. Chim. Acta., 27, 622 (1944).
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The product obtalned from 0.3 mole (39.3 gm.) of DL-leucine,
after washing with ether (200 ml., then 100 ml.), weighed
80.5 gm. (96%). Recrystallization from 400 ml., of ethanol
and 300 ml. of water lowered the yield to 70 gm. (83%). The
product melted at 230-232° with decomposition. EKarrer and

Keller (82) reported the melting point as 222-223°,

p=Nitrobenzoyl-I~glutamic acld

Baslecally the acylation procedure for the preparatlion of
this compound was similar to that described for the other

_g-nitrobenzoyl derivatives, wlith the exception that 1t was

necesaary to dissolve the érglutamic scid in 100 ml. of 2 ¥
sodium hydroxide (0.2 mole) per 0.l mole of amino acid,
instead of 100 ml. of 1 N sodium hydroxide (0.1 mole), in
order to insure neutralization of both carboxyl groups.
Dnrlng the Inltlal stages of the acylation, a red color,
which later disappeared, was evlident. 0On acldification to
Congo red with concentrated hydrochloric acld, a gummy solid
which rapldly crystalllzed was obtained. Thls was filtered
" off and air dried. (Because the desired product is somewhat
soluble in water, the flltrate was concentrated ln vacuo
untll salts separated out; littls, 1f any, acylamlno acid

seemed to be present in this residus,)

T182)  Karrer and Keliler, Helv. Chim. Acta., 26, 50 (1943).
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The product obtained from 0.2 moles of ;rglutamic acld,
apparently contalned some unreacted amino aclid as evidenced
by 1ts odor. It was ground in a mortar and extracted with
two 150 ml. portions of boiling sther to remove any p-
nitrobenzoic acid. The drled resldue welghed 43.6 gm. It
was further extracted with two portions (250 ml., then 50 ml.)
of bolling ethyl acetate and the extracts were comblned. The
insoluble residue (5 gm.) was rejected.

The product crystallized slowly from the ethyl acetate
solutlion over a 3 day period at room tempersture, and finally
in the freezer (-12°). The s01id was filtered off and dried;
the yleld was 43.1 gm. (72.5%). A second crop was cbialned
by adding 300 ml. of hexane to the ethyl acetate flltrate.
The oll which settled out crystalllzed rapldly giving a yileld
of 3,8 gme The total yield was 46.9 gm. (79%). The first
crop melted at 113.5-116°; the second crop had s melting

point of 113~116°., King and associates (B83) reported the
melting point as 114-116°,.

Carbobenzoxy chlorlde

Carbobenzoxy chlorlde was prepared from benzyl alcohol
and a 20% solution of phosgene according to the directions

given by Carter and assoclates (84). Yields of spproximately

(83) King, opeisley and Nimmo-Smith, Nature, 162, 153 (1948).

(84) Carter, Frank and Jokmston, Organic Synthesea, 23, 13
(1943).




90% were obtained. The concentration of the acyl halide,

which contalned some toluens, was about 0.9 gne per ml. The

product was stored at -12° to prevent deterioration.

Carbobenzoxyglycine

The procedure employsd was eéssentially that of Bergmgpn
and Zervas (85); the apparatus used was similar to that
described for benzoylglycine. In a typical run 7.5 gm.

(Oel mole) of glycine was dlssolved in 50 ml. of 2 N sodium
hydroxide {O.1 mole). The solutlon was cooled in an ice bath
and 30 ml. of 4 ¥ sodium hydroxlde (0.12 moles, 20% excess)
and 19.8 gms. of carbobenzoxy chloride (0.116 molea, 16%
excess) were added simultaneously, with stirring, over a
period of about 45 mlnutes. The 1lce bath was removed, and
stirring continued for an hour longer. The solution was
extracted once with ether to remove toluene and unreacted
carbobenzoxy chloride. The sxtract was rejected. On
acidifying the reaction mixture to Congo red wlth concentrated
bydrochloric acld, an oil which was heavlier than water
separated out and rapldly crystallized. The material was
filtered off and recrystallized from 250 ml. of bolling water.
The yileld of product, melting at 118-119.5°, was 18.9 gm.
(91%). Bergmenn and Zervas reported a melting polmt of 120°,

T85) Bergmann and Zervas, Ber., 65, 1192 (1932).



Carbobenzoxngéwvaline

One=tenth mole {(1l.7 gms) oflggqvaline was acylated as
described for the glycine derivative. TUpon acidifieation of
the reaction mixture, an 0il separated out. This was taken
up in ethyl acetate by extraction wlth four 50 ml. portions
of the solvent. The extract was drled over anhydrous sodium
sulfate and the solvent evaporated off. The thick syrupy
residue was placed In the freezer (-12°) overnight. Since the
materisl did not crystallize, it was seeded with a previocus
preparation (86), placed in a vacuum desiccator, and traces
of solvent were removed. After two days, crysbtalliization was

complete. The s80lld wss dissolved in 50 ml. of warm benzene.

The solution was treated with one gm. of decolorizing carbon
(Darco 8=51) and filtered. Fifty ml. of hexane was added,
the solution was cleared by warming, seeded and set aside to
cryastallize in the refrigerator. The product was filtered off,
dried, and recrystallized from 30 ml. of warm benzene and
sufficient hexane to produce a slight turbldity. The yleld
was 16.3 gm. (65%)3; the product melted at 76-77.59,

In a second preparation, ether was substltuted for
ethyl acetate as the extracting solvent. The syrup, remaining
after distilling off the ether, was crystallized from 50 ml.
of benzene and 150 ml. of hexane. It ylelded 20.5 gm. (82%)
of a product melting at 76-78°,

{86) Fox and Fiing, Unpublished experiments.




Anale Caled. for ¢, H.,0,N: N, 5,58

Carbobenzoxy-DI~leucine

-This compound was previously prepared by Bergmann and
Fraenksl-Conrat {2). However, they described it as a syrup.
Since thers was evidence that the materlal could be crystal~
lized (86), attempts were made to duplicate thls result.
Initliel trials which utillzed the procedure glven for
carbobenzoxngg-valine met with fallure although various
solvents and solﬁent pairs were used In attempts to effect
crystallization. A pertion of the syrupy material which had
been kept on a porous plate in a vacuum deslccator yielded a
pasty, semli-solld mass after sbout 3 months, but attempts to
recrystalllize it falled.

Crystalline carbcbenzoxyggé~leucine was finelly obtained

in the following manner: Two-~tenths of a mole of ;gflaucine

was treated according to the procedure given for the glyclne
compound. Aclidification of the reaction mixture with con=-
centrated hydroclbric acid ylelded an oll which was taken up
with ether by extraction with three 75 ml., portions of the
solvent. The combined ethereal extracits were washed wlth

25 ml. of water and re-extracted carefully with 3 portlons
{75 mls., 50 ml., and 50 ml.) of aabturated sodium bicarbonate
solution. The combined bhicarbonate extiracts were then acldi-

fied with concentrated hydrochloric acid to Congo red. The



0il which separated was again taken up with ether. The washed
athereal extract was dried over sodium sulfate.

The dry etheresl solution'was then concentrated to a
syrup by dlstilling off the solvent in vacuo, a little of the
"pasty" preparation previcusly obtained was added and the
material was set intoc the freezer (-12°). There was some
inltial evidence of crystallization although no Increase wéa
noted overnight. Fifty ml. of benzene was added and the mix-
ture heated to 50°, The syrup 0id not dissolve. Two hundred
mle of hexane was added and the mixture placed in the freezsr.
It was stirred perlodically with a stlrring rod which had a
few crystals adhering to it. Crystalllzation commenced after
one day and a whilts amorphous mass was obtalned.

Since 1t gave evidence of nelting at room temperature,
the solid was filtered off in a cold room, washed with cold
hexgne and dried in a vacuum desicecator. Forty gm. of product
melting from 44-52° was obtained. This material was dissolved
in a minimum smount of warm benzene and flltered. Sufficilent
"hexane was added to the cold filtrate to cause some oiling,
and the mlxture seeded. The material crystallized slowly,
going through a gummy stage, but eventually it yilelded a
smooth, creamy paste. Thils was fliltered off in the cold,
dried by suction and then in a vacuum desiccator. The yield
was 35.4 gme (67%), and the material melted at 45-48°.

Anal. Caled., for 014H1904N: N, 5.28

Found: N, 5.17, 5.14,



Carbobenzoxy-I~glutamic acid

The method of Bergmenn and Zervas (85) was employed with
slight modifications. In a typlcal run 59 gm. (0.4 moles) of
recrystalllzed ;rglutamic acld was suspended ln 650 ml, of water
in 8 2 l., 3=necked, round bottom flask egquipped with a mechan-
ical stirver and dropping fumnel. Fifty gm. (1.24 moles) of
magnesium oxlde was added and the suspension layered with 50
mles of ether. The mixture was cooled in an ice bath and 75
gma (0e44 mole) of carbobenzoxy chloride was added over a 45
minute perlods. The ice bath was removed and the silrring
continued for 3 hours. The thilck suspension was then filtered
with suction; the cake of magneslum oxide was pressed out with
a rubber dam and rejected. The flltrate was extracted once
with 200 ml. of ether to remove toluene and unreacted acyl
hallde and the extract rejected. On acidifying to Congo red
with concentrated hydrochloric acid (100 ml.), an oil
separated out. Thils was taken up In ethyl scetate by ex-
tracting with three 250 ml. portions of the solvent, The
conbined extracts were dried over sodium sulfaie, and con-
centrated to ca. 200 ml. in vacuo. The materlal was transe-
ferred to a beaker, heated to bolling and ebout 300 ml. of
carbon tetrachlorlde sdded. The oll which separated out
crystalllized rapldly on cooling (seeding was employed after
the inltlal preparation of this material had been achleved).

The whilte, creamy mass was flltered, washed with carbon



-l G

tetrechloride, dried under an infra-red lamp and ground to a
fine powder. ‘The yield was 90 gm. {80%). The product melted
at 116-119°. Bergmann and Zervas reported a melting polnt of
12, A sample which had been crystallized twice from ethyl

acetate-carbon tetrachloride mslted from 119-120.5°.

26
[oa]D = - 8,8° & 0.2° 10% in ethanol

Carboallyloxyglycine

This compound has been previously described by Stevens
and Milne (22) as a non-crystalline material. The following
method was employed in asttempts to Ilsolate a crystalline pro-

duct: Fifteen gm. (0.2 mole) of glycine, dissolved in 100 ml.

of 2 N sodium hydroxide (0.2 mole), were treated In the cold
with 50 ml. of 4 N sodium hydroxide (0.2 mole) and 25 gm.

(0«2 mole) of allyl chloroformate® (carboallyloxy chloride)

in 50 ml. of ether. The acylating procedure was similar to
that described for carbobenzoxyglycine. The alkaline reaction
mixture was extracted once with 80 ml. of ether and acidifled
te Congo red wlth concentrated hydrochloric acid. The oll
which separated was taken up in ether, the ether re-extracted
wlth saturated sodium blcarbonate solution, and the blcarbonate

gsolution, after acldification, wass re-extracted wltn echer.

# A genercus sample of thlg compound was furnished by the
Columbia Chemical Division, Pittsburg Plate (Glass Coe,
Pittsburg, Pa. It was redistilled and stored at =129,
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After drying the solution over anhydrous sodium sulfate and
anhydrous caleium sulfate, the ether was evaporated off in
vacuo and the last traces removed In a vacuum deslccator
over sulfuric acid. The llght colored asyrup which remained
was btreated wlth 25 ml. of benzene (in which it was not conm-
pletely soluble) and 100 ml. of hexane. On cooling at -129,
the ayrup gradually yielded a waxy-llke solid. This was
filtered off in the cold and stored in the refrigerstor. The
yield of mesterial was 9.0 gm. (28%). It melted over a range
of about 15-35°. No attempt was made to recrystallizs it.

Anals Calcd, for 06H904N: N, 8.80.

Found: N, 8.29.

(The low nitrogen value may be due to the presence of solvent
impurities or condensation of moisture on the cold material

while welghinge.)

Carboallyloxy~DI~-valine

This compound was prepared in a manner similar to that
described for the glyclne derivstive. The syrup obtalned was
crystallized from ethyl acetate~hsxane. The yleld of product
from 0.3 mole of’%grvaline was 35 gme (584). The compound
melted at 49.5-52°. Stevens and Milne (22) obtained the
material as s liquid.

Anal. Caled. for CgHy504N: N, 6.96.

Found: N, 7.1ll, 7.08.
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Carboallyloxy-DI~leucine

This compound was prepared as described for the glyclne
derivative. The syrup obtalned was crystallized from ethyl-
acetate~hexane instead of benzene-hexans. The yleld from 0.3

mole of DL-leucine was 44.3 gm. (69%)e The compound melted
at 40-42°, Stevens and Milne (22) reported 41-43°,

Anal. Caled. for CigHynyO4N: W, 6.51
Found: N, 6.56, 6.52.

Cerboallyloxy-Il~glutamic sacid

The acylating procedure used for preparing this derivative

was similar to that described for the preparation of carbo-

benzoxy-L~glutamic acid. Failure to obtaln either an oll or

a solid on acldifying the filtered reaction mixture necss-
sitated the additlion of sodium chloride to salt-out the de-
sired product. This was tsken up in ether, and the ether was
extracted with saturated sodium blcarbonate solution. After
scidiflcation of the bicarbonste extract and the addition

of sodium chloride, the oil obtained was again taken up in
ether. The ethereal extract was thoroughly dried (essential)
over anhydrous sodium sulfate and anhydrous calelum sulfate,
and the solvent removed In vacuo. Final traces of ether wers
removed by placing the materlal in a vacuum desiccator over
sulfuric acid. After standing sbout 3 weeks, some crystal

formation was noted around the edges and on the surface of the




syrupy residue. Further recrystallization was induced by
stirring. Finally, the mass was rubbed up with cold hexane
and yielded a white, crystalline mass. This was dried In a
vacuum deslccator. The yleld of material from 0.1 mole of

I~glutamic acid was 18 gm. (78%). The compound melted at
55-589,

28 ‘
[p{} = «0.94° ¥ 0,1° 5% in 1 ¥ potassium hydroxide
D

Anal. Calecd. for CgHyzOgN: N, 6.05.

Founrd: N, 6.04.

Benzoylglyclinamide

The method of Filscher (87) was employed. Twenty grams

of benzoylglycine gave 9.8 gm. (49%) of the amide which melted
at 183.5-184.5°. Fischer reported 183°,

Benzoy112£-1eucinamide

This compound was prepared according to the directlons
of Mex (88). The material obtained from 5.9 gm. of benzoyl-

DI-leucine welghed 1.5 gm. (25%) and melted at 168-169°. Max
reported 171°.

An attempt to prepare the amide by ammonolysis of

benzoyl-Di=-leucine ethyl ester with ammonlacal absolute alcohol

(87) Fischer, Ber., 38, 613 (1905).
(88) Max, Ann., 369, 276 (1909).
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at room btempersture was unsuccessful; the original material

was ¢obtalned.

Praparation of Intermedlates and Compounds
Not Investlgasted in Enzymlc Reactlons®

DI-~Glutamic acid
o4

Commercial L-glutamic acid (General Mills, Inc.) was
racemized according to the procedure of Arnow and Opsshl (89).
In a typleal run, 20 gm. of the amino acld was heated for 4
hours in an oven at 190-195°. The brown melt was cooled
slightly and 30 ml. of 20% hydrochloric acid solution was
carefully added. The solution was filtered through a coarse
aintered glass funnel and refluxed for 4 hours., It was then
transferred to & beaker, cooled, treated with 20 ml. of con-
centrated hydrochloric acid and seeded wlith a small quantity
of partially racemized glutamle acld. Crystallization was
allowed to proceed in the refrigerator. The solid was
filtered off, washed with alcohol and ether and sir drled.

The crude glubtamlc acld hydrochloride (16.7 gn.) wes
dlssolved in 21 ml, of bolling water, trested with 2 gm. of
charcoal {Darco (-60) and filtered hot. Sufficlent 2.5 N

%  Mahy of the compounds, especlally the acylamino acld amides
described in thls secitlon were prepasred in antlcipa=-
tion of carrying cut studlies similar to those reported
for the parent aclds. Since thess studles were not
performed, the synthesls ol the compounds are reported
as a matber of possible iInterest and informatlion to
others.

(89) Arnow and Opsahl, J. Blol. Chem., 134, 649 (1940).




sodium hydroxide (45 ml.) was added to bring the solution to
pH 4.5. The product, which crystallized out in the c¢cold, was
filtered and washed wlth alcochol and ether. The yield was
8.7 gm. {43%). A solution of 0.5 gm. of the material in 25
ml. of 5 N hydrochloric acid showed no rotation.

In a subsequent experiment, in which 200 gm. of L-
glutamic acld was employed, the crude hydrochloride (175 gm.)
woas recrystallized from 325 ml. of 20% hydrochloric acid solu-
tion Instead of converting it to the free acid., The yleld
was 124 gm. (62%). Treatment of the hydrochloric acid fil-
trate with sodium hydroxide yielded a small quantity (11 gm.)
of the free acld.

Carboben zoxz-gg;—glut amic acld

This compound was prepared in 85% yield using the same
procedure as described for the érisomer. It exhibited a lesser'
tendency to oll and 4ld not seem to dlssolve in ethyl acetate

as readily as the L-compound. A sample melted at 118-121°.

Fruton and aasoclates {90) reported 119°.

Glycine ethyl ester hydrochloride

The method of Herries and Weiss (91) was used. Twenty-

five gm. of glycine suspended in 80 ml. of absclute alcohol,

T150) Fruto?, Irving end Bergmann, J. Biol., Chem., 133, 703
1940).

(91) Harries and Welss, Ann., 327, 365 (1903).




was heatsd, at reflux, with dry hydrogen chiloride. The pro=-
duct which separated welghed 42.2 gm (90%) and melted at

141-143°, Harries and Weiss reported 1440,

DI~Ieucline ethyl ester hydrochloride
——

This compound was prepared In a manner similar to the
above. The alcohol soluble product was precipltated with
an excess of'anhydrous ether. The yleld from 30 gm. DI~
leucine was 31 gm. {69%). The product melted at 108-110.5°,
R8bmann (92) reported 1120,

Benzoylﬁggpvaline ethyl ester

A modification of the method of Fox (93) for the benzoyla-
tion of diiodojg—tyrosine ethyl ester hydrochloride was fole
lowed. A solution of 7.25 gm. (0.04 mole) of Dl-valine ethyl
ester hydrochloride in 19 ml, of water, contained in a 1 liter,
3-naecked flask equlpped with a mechanical stirrer and dropping
funnel, waes trested with 90 ml. of 2 ¥ sodium carbonate (0,09
mole) and 200 ml. of chloroform. The mixture was cooled in an
ice bath and a solution of 6.5 gm. of bengoyl chloride (0,046
moles, 15% excess) in some dry chloroform was added with stir-
ring over a 30 minute period. The lce bath was removed and

the stirring continued for an additlonal 30 minutes. The

(92) Rohmann, Ber., 30, 1980 (1897).
(9:5) Fox, go é_q.lo Chema S50Cae, §§' 194 (1946)-



chloroform was sSeparated off and the agqueous layer was ex-
tracted twice with chloroform (25 ml.) and twice with ether
(25 ml.,). All extracts were combined and dried over sodium
sulfate. After evaporating off the solvent ln vacuoc, a yellow
syrup was obtalined. This was dlssolved in 25 ml. of benzene
and treated with 275 mls of hexane. A seed, obtainsd by pre-
treating a small quantity of the bsnzene solution, was iniro-
duced and the mixture set aside to crystallize in the cold.
Filtration gave 8.2 gm. (82%) of material with a melting
point of 65-68°.

Anal. Galed. for C14H190gN: N, 5.62.

Found: N, 5.40, 5.43.

Benzoyl-DI~leucine ethyl esier

This compound was prepared in the sams manner as the
valine derivative. TFrom 7.8 gm. (0.04 mole) of ggrleucina
ethyl ester hydrochloride, 8.5 gm. (82%) of product with a
melting polnt of 76~77.5° was obtained. Bouveault and
Iocquin (94) reported a melting point of 79° ; Max (88)
reported 75-75%,

p-Bitrobenzoylglycins ethyl ester

This compound was prepared In a manner anslogous to that

glven for benzoyl-DIi~valine ethyl ester. The reactlon mixture

[9Z) Bouveault and Locquin, Bull. Soc. Chim. France., [3]
89, 968 (1906).
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was extracted with chloroform only. The syrup remalning after
svaporation of the solvent was crystallized from benzene-hexane.
The solid obtalnsed was recryatsllized from the same solvent
pair. The yield from 5 gm. of glycine ethyl ester hydrochloride
was 8 gm. (88%) of material melting at 140-142°. Curtius (95)

reported the melting polnt as 142°.

Carbobenzoxyglycine ethyl ester

The general procedure employed for benzoylglyclne sthyl
eater was followed (carbobenzoxy chloride was substituted for
benzoylchloride)s. The olly resldue, obtained after concen-~
trating the chloroform-ether extract of the reaction mixture,
was crystallized et -12° from benzene-hexsne. The product
derived from 5.5 gm. {0.04 mole) of glycine ethyl ester
hydrochloride weighed 4.6 gm. (49%4); a sample me lted at 33-54°.
The melting polnt was determined by placing a crystal of the
material on the bulb of a thermometer and alleowing it to warm
over a hot plate,

Anal. Calecd. for CipHy504N: N, 5.90,

Found: N, 5.91, 5.89,

Carbobenzoxy-DL-vallne gthyl ester

The material obtained by treating 5.5 gme. (008 mole) of

DI~valine ethyl ester hydrochloride, as descrlbed for benzoyl-

(95) curtius, J. prakt. Chem., 94 (N.S.), 120 (19186).




glycine ethyl ester, ylelded an oll which was solubls Iin
benzene-hexane and crystallized on long standing at -12°,
Recrystallization from benzene-hexane gave 2.7 gm. (32%)
of product with a melting point of 32-33°. The melting point
‘waa determined as for the plycine derivative agbove,
Angl. Csled. for CygHo104N: N, 5.02,
Found: N, 5.07.

Garbobenzoxyﬁgénleucine e thyl ester

This derivative was prepared by treating 5.9 gm. (0.03
mole) of DI~leucline ethyl ester hydrochloride with 5.9 gm.
(+034 mole) of carbobenzoxy chloride using the general pro=-
cedure described for benzoylglycine ethyl ester. The resldue,
obtailned after evaporation of the extraction solvent, was
crystallized from benzene~hexane. The solld was flltered off
in the cold; a ssecond crop was obtained from the filtrate. A
combined yileld of 6.9 gm. (78%) was obtalned. A sample melted
at 18.5~1989, The melting point was determined as descrlbed
for carbobenzoxygzglycine ethyl ester .

Anal. Caleds, for 01532504N? Ny, 4.78.

Found: N, 4.85, 4.73.

Carboallyloxy-DI~vallne ethyl ester

Treatment of 5.4 gm. (0.03 mole) of DI~vallne ethyl ester
hydrochloride with 4.2 gm. (0.034 mole) of allylchloroformats,

according to the general acylating procedurs, yilelded an oll
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which showed no tendency to crystalllze from benzene-hexane
at -12°. Removal of the solvents ylelded an oil which
golldified at -12°. Thils was treated with cold hexane and
filtered 1n ths cold. A&ddltional material crystallized out
from the filbtrate. The combined yields welighed 2.5 gm.
(36%) and melted at 9-11°. The melting point was determined
by placing a crystal of the material on the bulb of a ther-
mome ter previously cooled to 0° and sllowing it to warm at
room temperature. The compound was stored at -12°,

&nales Calcd. for 011H1904N: N, 6.11.

Found: N, 5.88.

Carbobenzoxyglycinamlde

Carbobenzoxyglycylcechloride was syntheslized according to
the method of Bergmann and Zervas (85). Addition of the acid
chloride, obtalned from 4.2 gm. {(0.02 mole) of carbobenzoxy-
glycine, to 50 ml. of anhydrous ether, previously saturated
with ammonis, ,ave a white precipitate. Ammonla was passed
through the mixture for 15 minutes. After cooling overnight,
the solid was filtered off. Thls material was extracted with
40 ml. of boiling ethyl acetate and the residue remaining
after the extraction was extracted continuously for 7 hours,
with ethyl acetate, using a Butt extractor. The residus of
ammonium chloride 1n the extraction thimble was rejected.

The ethyl acetate extracts were combined, heated to boillng
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and filtered hot. The filtrate was svaporated toc a2 low
volume. Upon cooling, c¢rystallization took place. The materi-
al was flltered off. An additional crop was obtalned by
add ing hexane to the flltrate. The combined yleld was 2.4 gma
(58%) with a melting point of 133-136°.

Anal, Caled. for G nH,50.N,: N, 13.4.

Found: N, 13.3, 13.3.

A gsecond preparation of the amide wgs obtalned by treating
1.8 gm. (0.0075 mole) of carbobenzoxy glycine ethyl ester, in
20 ml. of abgsolute alcohol, with a stream of ammonia for 45
minutes., After 4 days at room temperature, crystals asppeared.
The alcohol was removed 1n vacuo and the solid residue re-
crystallized from 15 ml. of boiling water. Filtration gave
lel gme (71%) of materisl melting at 136~-137.5°. A mixed
melting point, run with the above preparstlon, gave 135~
136.5°,

Carboallyloxyglyclinamide

An attempt was made to prepare carboallyoxyglyclne ethyl
ester by treating 5.6 gm. (0.04 mole) of glycine ethyl ester
hydrochloride with 5.6 gm. (0.046 mole) of allylchloreformate
in 25 ml. of carbon tetrachlorlde. The general procedure
described for benzoylglyclne ethyl ester wes used. A non-
crystallizable oll (7.3 gm.) was obtalned.

The oll was dissolved in 50 ml. of absolute alcohol and

dry ammonia pas was passed into the solutlon for 156 minutes.



The flask was stoppered and after & weeks (this period 1s
probably too long) at room temperature the alcohol was dis-
tilled off ln vacuo. The solld residue was dlssolved in a
small quantity of ethyl acetate, and on the addition of hex-
ane, the materlal crystalllzed. The yleld was 5.5 gm. or
87%, based on the .04 mole of glycine ethyl ester hydrochloride
used in the preparation of the intermediste acylamino acld
ester; the melting polnt was 107-107.5°%,

Anal. Calcd. for CgHygOzNg: N, 17.7.

Found: N, 17.2.

Carboallyloxy-DI~leucinamide

Attempts to prepare the corresponding ester from 5,9 gm.
(C.03 mole} of DI~leucine ethyl ester hydrochloride, accord-
ing to the general acylating procedure, yislded a non-
erystallizeble oll (7.1 gm.).

The olil was dissolved in 50 ml. absolute alcohol and
treated with gaseous ammonla as described asbove. The syrupy
residue which remained after evaporation of the alcochol was
dilgsolved in 25 ml. of hot ethyl acetate. One hundred ml.
of hexane was added and after 4 hours at =129, crystallization
commenced, After filtering, washing wlth hexane, and drying,
1.5 gme (23%) of product with a melting point of 83-85° was
obtalned.

Anal. Caled. for Cloﬂiaosﬂé: N, 13.1.

Found: N, 1l3.1.
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Enzyme Studles

Conditions for enzymic synthesis of anllides

Acylamino acid solutions. Half molar solutions of the

varlous acylamino aclids were prepared shortly before use by
dissolving the necessary quantlty of the compound in an
equivalent amount of 5.8 ¥ sodium hydroxide and diluting
with water. Each mlilllliter of these solutions contalned
0.0005 mole of the compound.

Papain preparations and solutlions. Various commercisl

preparatlions of the enzyme were used; however, most of the

work reported was carrled ocut using two lots (#1953 and

#29024) obtained from Nutritional Biochemilcals Corporation;
these had almost equal anilide synthesizling abilitiss. The
enzyme solutlion generally employed in the Investigations
contained, the soluble portion of 16 mgm. of papaln and 6.4
mgm. of cysteine hydrochloride (Merck) as the activator per
half ml. These solutlions were prepared by suspending the
requisite amount of the enzyme 1ln water, adding the necessary
quantlty of cystelne hydrochloride, stirring occasionally
ovef a half-hour perilod to hresk up the lumps, and cenirle
fuging down the insoluble matter. About 10% of the papain
was insolubls under these conditions. Fresh solutlonsa

were prepared shortly before use.
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Papain, free of nastural activators, was prepared, with
some modificatlona, according to the method of Grassman (96).
One hundred gm. of commercilal papaln waa suspended in 2 1. of
water and the suspension cooled in an le¢e bath while a slow
stream of hydrogen sulfide was bubbiled through for 5 hours.
The scllds were centrifuged down and rejected; the enzyme was
preclpitated by adding sufflclent methanol (4.6 1l.) to the
supernatant to glve a 70% methanol solution. The precipitated
enzyme was allowed to settle 1ln the cold, most of the alcoholic
solution syphoned off and the remainder removed by centri-
fugation. The enzyme resldue was redissolwd in 2 1. of water
and the treatment with hydrogen sulfide and methanol repeated.
The residue whlch remalned was washed once with methanol and
once wlth ether, transferred to a clay plate and dried 1n
vacuce. The hard brown solld thus obtalned was ground to a
fine powder 1n a mortar. It welghed 31 gm. A whlter mroduct
wag obtained if the enzyme was washed twlice wlth methanol and
twice with ether previous to drying. Transfer to a clay
plate was also unnecessary since the drying could be carried
out more conveniently in the centrifuge bottles.

Anlline. Commercial anlliine was redistilled at atmose
pheric pressure and the almost colorless fractlion was collected,

Cltric acid. A U.S.P. grade of ecitrlc acld (Pfizer) was

used 1nh preparlng the citrate buffers.

196) Grassman, biochem. Z., 279, 131 (1935).
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Preparation of buffer solutions. The enzymic syntheses

were carried out in 1 M and 0.1l M citrate solutions at dif=-
ferent pH values ranging from sbout pH 3.0 to pH 6.5 in

steps of 0.5 pH unit. It was necessary, In order to avold the
tedious process of adjusting thedl of each reaction individe
ually, to prepare buffers of specific pH values and concen-
trations, such thait, after addition of all reactants, the
final pH and buffer concentrations would be reasonably close
to the desired value. The following prelimlnary studles werse
therefore carried outb:

Benzoylglycine was used as representative of the acylated
monoaminomonocarboxylic aclds and carbobenzoxy-l-glutamic acid
was used as representative of the acylated glutamic acids.
Half molar solutions of these compounds were prepared as
desc¢ribed. A sclution of papain and cystelne was prepared as
described; it was diluted wlth an equal volume of water.
Solutlons of 3 M, 1 M and 0.3 M cltric acid and of 18 W aud
6 ¥ sodium hydroxlde were also prepared,

One series of 10 ml. beakers contalning 1.67 ml. of 3 M
cltric acld and cone serles of 10 ml. beakers containing .67
mle of O¢d M citric scld were set up for sach of the two
acylamino acids. To each beaker was then added 1 ml. (0.0005
mole) of the acylamino scid solution, 0,1 ml. (0.0011 mole)
of redistlilled aniline, and 1 ml. of the dlluted papsain-
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cystelne solution” (extract of 16 Mgme papain - 6.4 mgm.
cysteine). The contents of each beaker were then tltrated

to the desired pH values (3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0 or
6.5) with 18 N sodium hydroxide, for those solutions containe
ing 3 M citric acld, and with 6 N sodium hydroxide, for those
solutions containing 0.3 ¥ citric acld; a microburette was
used for the titrations. Since the pH values of the solutlons
containing 0.3 M citric acid were above pH 4 before titration,
it was necessary to add a measured volume of the 1 M ecitriec
acld in order to attaln the lower pH values. All volumes were
adjusted to 5 ml., to give final citrate concentrations of
either 1.0 or 0.1 M, except for those cases where the 1 M
cltric aclid had been added.

New series of beakers containing 1.67 ml, of either 3 M
or 0.3 M cltric aclid were then set up. To each beaker was
added the requisite amount of 18 ¥ or 6 N gsodium hydroxide or
1 M citric acld as Indicated by the titrations above; the
volumes were adjusted to 2.9 ml. (Thls was a convenient

volume since sddition of 1 ml. of the acylamine acid solution,

%  The proportions of acylamino acld, aniline, papain and

cysteine used were quite similar to those employed by
- Pruton and associabes (90), for the enzymic resolution

of carbobenzoxy-DI~glutamic acid. Preliminary studles
with carbobenzoxy=l~glutamic acld wherein similar cone
centrations of the"acylamino acids and anlline were
used, but the papain and cysteline concentrations were
varled, indlcated that these proportions were sultable
for this substrate. The concentration of acylamino
aclds speclfled was without regard to optical conflg-
uration. Thus, for the I=-acylamino scids the ratilo
of acid to aniline was aBout 2:1. For the DI-
acylamino acids, based on the L-form only, Tt was
approximately 4:l. =
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Ol ml. of aniline and 1 ml. of the diluted papain-cysteine
golution gave a final volume of 5.0 ml.) The pHE of each of
theae solublons was then determined; thess values were those
required for the stock buffer solutiocons, Lefore addition of
the reactants. In order to check the method, the specifled
amounts of substrates and enzyme solutlions were added to
each of the beakers, and the pH values of the resultant mixe-
tures determined; these were wlthln s few tenths of a pH
unit of the desired value.

Pinally large quantities (200 ml.) of stuck solutiona of
the various buffers were prepared by adding to 115 ml. quan-

titles of 3 ¥ or 0.3 M citric zscid the calculsted amounts of

18 ¥ or € N sodlum hydroxide or of 1 M citric acld necessary
to giée the desired pH values. Flnal adjustments were made
with the use of a pH meter and the aolutions were dlluted

to 200 ml. With the exceptlon of those buffers requlring
added citric acid (actually these were not buffers bhut citric
acid solutions satronger than 0.173 M), the clirate concen-
trations of these solutions were 1.73 M or 0.173 M. Dilutilon
of 2.9 ml. of these buffer solutions to 5 ml, with Lhe re-
actanta, thus gave a final citrate concentration of 1 ¥ or
0.1 ¥ respectlvely, except for thouse cases where addltlonal
citric acid had been required. It was found that all of the
1.73 ¥ serles of buffer solutions, with but one exceptlon,
served equally well for both types of acylamino aclds. How=

ever, it was necessary to prepare separate series of 0,173 M
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buffer solutionas for the acylated moncaminomonocarboxylic aclds
and for the acylated glutamic scids. The data, pertinent %o
the preparation of the three serles of buffer solutions, are

summarized in Table l.

BEffects of pH and buffer concentrations on anillde syn-

theges. The follewlng procedure was adopted for carrying out
the studies on the effects of varying pH and buffer concentra-
tlons on the enzymie syntheses of the various acylamino scildse
The reactlons were carried out In 16 mm. X 50 mm. gshell vials.
To dupllcate serles of elght shell vials were added 2.9 ml.

of the appropriate stock buif'fers of both concentration serisese.
(Table 1) One-tenth ml. of redistilled aniline, 1 ml. of the
scylated amino acld solution and 1 ml. of a papain-cysteilne
solution (prepered as described but diluted with an equal
volume of water), were added 1n the order gilven.

The contents were stirred well and the pH values deter-
mined. (It was necessary, in the cases of all the acyl glutamic
scids in the 0.1 M buffers at pHd 6.0 and 6.5, to add a few
drops of 2 ¥ sodium hydroxlde in order to attaln these values).
The vials were then stoppered with paraffined corks and ine
cubated for 72 hours at 40° ¥ 1° in a thermostatically con=-

. trolled water bath. The contents wers shaken by hand every
12 hours.
At the end of the reaction period, the pH valuss were

agaln determined (in almost all cases they had not varled more



Table 1

pH and Concentration Relationshlps of Cltrate Buffer
Solutions for Anilide Synthesils Studles

Ae 1.73 M buffer solutions for both scylated moncaminomono-
carboxylic aclds and acylated glutamic scids.

pH Citrate Concentration, H
Before adding After addingl Eefore adding  AfGer adding

resctanta reactants reactants regctants
2.6 3.3 ¥ 0.1 1.725 1.0
%ol 5.8 ¥ 0.1 1.725 1.0
3.7 4.3 £ 0.1 1.725 1.0
4.3 4.7 £ 0.1 1.725 1.0
5.0 5.3 ¥ 0.1 1.725 1.0
5.5 5.7 & 0.15 1,725 1.0
6.1 6e2 < 0,15 1.725 1.0
6455 6.6 & 0,15 1.725 1.0
6 .09 6.5 & 0.1 1.725 1.0

1The actual pH obtalned after addition of the reactants
varied somewhat wlith the nature of the acylamino acid.
The variationz are denoted by the ranges.

2ror acylated wonoaminomonocarboxylic acids only.

3Wor acy’ated glutemic scids only.



Table 1 {Continued)

B, "0,173" M huffer solutlons for acylated monoaminomonoe
carboxylic acids only.

pH Citrate Concentration, M
Berore sdding After sddingl Before sdding Arter adding
reactants reschbants reactants reactants
1.5 3.1 £ 0.1 0.69 2 0.40
1.7 3.6 & 0,1 0.38 2 0.22
1.9 4.1 £ 0.1 0.225% 0.13
3.1 4.7 £ 0.15 0,173 0.10
4,1 5.1 % 0,15 0.173 0.10
52 5.6 & 0,15 0,173 0«10
5.9 5.1 £ 0.15 C.173 0.10
6.6 6.655 0.1 0.173 0.10

lpne pH obtained after addition of the reactants varled
somewhat wlth the nature of the acylamino acid. The
variatlona are dencted by the ranges.

2These are citrlc acld solutlons, 1l.8., no zodium hydroxide
was added.
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Table 1 (Continued)

Ce M0.173" W buffer solutions for scylated glubamic acids

Oﬂl'y-
pH Citrate Concentration, M
Before adding After addingl Before adding After adding
reactants reactanta rasctants regctants
1.5 3.1 ¥ 0.1 0.69 g 0.40
1.7 3.6 & 0,1 ' 0.38 o 0.22
2.0 4,1 & 0.1 0.173 0.10
3.6 4,6 & 0.1 0.173 0.10
4,9 F.1 & 0.1 0.173 0,10
6.5 5.65i 0.1 D.173 0.10
114 6,03 0,173 0.10
11l.4 Gu5 0.173 0.10

dhe pH obtained aftor addltion of the reactsnts varied scme=-

what with the nature of the acylglutamic ascid. The
variations are denotsd by the ran;es.

%These are ciltric acid solutionsg, 1.8., no sodium hydroxide
was added.

SIn order to attain this pH it was necessary to add a few
drops of 2 N sodium hydroxide to the reactlion mixture.



than 0.2 pH unit) and the contents of the vials werses trans-
ferred to 25 mm. X 1850 mm. test tubes. In the case of the
acylated monoaminomonocarboxylic acidas, 15-20 ml. of 1 W
sodlum hydroxide was used in the transferring procedure and,
in addltion, sufflcient 6 N scdlum hydroxide was sdded to
those tubes contalning the 1 M buffer solutions of pH values
balow ©.& to glve an alkaline reaction to phenolphthalein.
The treatment with sodium hydroxlde insured the removal of
any unreacted acylamino acld, many of which Qere insoluble in
the resction mixture, and were therefors potentlal contam-
inants of the anilides. For the acylated glutamic mscids,
15-20 mle of 1 N hydrochloric acld was used in the transferring
procedure; here the danger of contamination of the snllide
was not too great since the acylated glutamic aclds investil-
gated were all soluble under the reactlon condltlons.

(Sedium hydroxlde, naturally, cennot be used because the
enilides contaln a free carboxyl group.) The insoluble
anilides were then filtered with suction, washed with several
portions of water and drled iIn the alr. Csreful washing of
the acylated glutumlic acld anilldes was essentlal since they
tended to be gelatlnous 1In nature and absorbed significant

amounts of cltrate. The compounds were then welghed to the
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nearest milligram™ and the melting points determined on a
melting polnt block. All of the studles were repested.

Puriflcation of the acylamino acld anllides. The accumu-

lated ylelds of each of the anilides were pooled In order to
obtain sufficient material for characterization and determina-
tion of melting polnts and rotation. In certalin Instances
where only small quantitlies of the materlals were available,
more was syntheslzed enzymicelly using proportlonally larger
gquantitles of the reactanta., The reactions were carried out
at the optimum pH for the substrate determined from the above
type studies,

All the acylated monoaminomonocarboxylie scid anilides
were washed with 1 N sodium hydroxide, then wlth water and
drled previous to recrystallization. All were recrystallized
from dioxane-water by first dlssolving in the minimum gquantity
of hot dioxane, treatlng the solutlon with a small guantity of
decolorizing carbon (Darco G-60) and adding water to the hot
flltrate to incipient crystallization. The recrystallization
procedure was repeated with the omisslion of the carbon. The

acylated glutamlc acld anilides were recrystallized twlce from
AY

% AS has been 1lndicated in the experimental sectlon, the
carboallyloxyglycine was somewhat impure. On thils
basls the ylelds of carboallyloxyglycinanllide should
have been corrected for the Impurities in the starting
compound. However, the percentage of lmpurities, based
on the deviatlon of the nltrogen content from theoret-
1cal, wore within the limits of esccuracy of the method
used in conducting the anillde ayntheses studies. No
correctiona were therefore applied.



dloxane~hexene Iin a manner simllar to that employed above.
Hexane was used instead of wabter since the latter gave gelaw~
tinous instead of crystalline precipitates. The melting
polints for all the anilidesa, the optical rotations and the
analytical data for those not previously prepared or charace

terized are sumhsrized below.

Benzoylglyclnanilide. Melting polnt: first re-

erystallization, 213-21%; second recrystallizatlon, 213-215°.
Bergmann and Fraenkel-Conrat (2) reported 212.5%.
Benzoyl-L-valinanilide. Melting point: first re-

crystallization, 215-217°; second recrystallization, 215-217°,
" Fox and associlates (97) reported a melting point of 218-220°

on an ansalyzed sample, prepared wlth the utillzation of some-

what different condltionse.

Benzoyl-I~leucinanllide. Melting polnt: first re-

eryatallization, 214-215°; second recrystallization, 213.5=
215°, BRergmann and Fraenkel-Conrat (2) reported a melting
point of 213%.

Benzoyljésglutamic acld anllide. Melting polnt:

first recrystallization, 169.5-171°; second recrystallization,
169-171°.
Anal. Calcd. for CigH1g04No: N, 8.58

Found: N, 8.34. {(micro Dumas)

{97) Fox, Minard, Wex, Pettinga and Strifert, Federatlon
Proc., 8, (Part 1), 198 (1949).
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28

K?*] = + 1.25° ¥ 0,25° 2% 1n 95% ethenol
D
28

[é{] = + 4,550 & 0,30 2% in 0.5 N potassium
D hydroxide

p-Niltrobenzoylglycinanllide. Melting polnt: first

recryatallization, 213.5-215,5%; second recrystallization,
213.5-215.5%,
Anal. Calecde for CygHygOylg: W, 14de.le
Found: N, 14.1. {(micro Dumas)

p-Nitrobenzoyl-Il-valinanilide. Melting polnt: Ifirst

recrystallization, 214-215.59; second recrystallization, 215-
216°,
Anal. Calcd. for GygiygO4Nz: N, 12.3.

ound: N, 12.0 (micro Dumas)

28
[?(] = «15.4° & 0,3° 2% in dloxene
D

Q-Nitrobenzoylﬁgnleucinanilide. ¥Melting point: firat

recrystallization, 188-190°; second recrystallization, 188-189,5%
Ansle. Calcd. for CqgHg1O4Nz: W, 1l.8.
Tound: N, 12.0 (mlere Dwnas)

28
[?g] = + 14.1° % 0,5° 29 in 95% ethanol
D

p-¥itrobenzgoyl~I~glutamic acid anllide. Melting
point: flrst recrystellization, 190.5-192°; second recrystal-
llzatlon, 191-192°.
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Anal. (alecd. for 018H1706N3: N, 11.3.

FPound: N, 1l.2. (micro Dumes)

28
[}{]D = + 10.5° & 0,3° 24 in 0.5 ¥ potassium
nydroxlide

Carboben zoxyglycinanllide. WHelting polnt: flrst
recrystallization, 144-144.5%; second recrystallization, 144-

144.5°. Pergmann and Fraenkel-Conrat (2) reported 144°,

Oarbobenzox11£~valinanilide. Melting polnt: first

recrystallization, 182-183.5%; second recrystallization, 182
183.5%.

‘Anal. Calecd. for 019H2205ﬁ25 N, 8.58,

Tound s ¥, £.59. (micro Dumas)

[ég]D = = 33.0° ¥ 0.5° 2% in chloroform

Carbobenzoxy~I~leucinanilide. Helting point: first

recrystallizatlon, 138-1410; second recrystalllzstion, 138~
141°. Dergmann and ¥raenkel-Conrat (2) prepared this come
pound but reported no melting point.

Anale Calcd. for Cugly Onli,: N, £.24.

Pound: N, 8,46 {(mlcro Dumas)

K}it}p = - 47.6° X 0.3° 2% in chloroform

Carbobenzoxy-I~plutamlc acld anllide. Melting polnt:

first vecrystallization, 195-166%; second recrystallization,

195-196°, Dshrens and Tergmann (5) reported 193-1959,
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Carboallyloxyglycinanilide. Melting point: firat

recrystallization, 134-136°; second recrystallization, 134-
1369,
Anal. Calcd. for GygHy40zNg: N, 12.0.
Found: N, lle7,; 1ll.6.

Carboallyloxy~I~vallinanilide. Melting point: first

recrystallization, 168-168.5%; second recrystallization, 168-
169°,
Anal. Caled. for CygHpqOzNs: N, 10.1.
Pound: N, 10.0.

28
[9(] = - 49,0° & 0,5° 2% 1in chloroform
D

Carboallyloxy~I-leucinanilide. Melting polnt:

first recrystallization, 160-161.5°; second recrystallization,
160.5 - 162°,

Anal, Calcd. for 016H2203N2: Hy Fe65ea
Found: N, 9.48, 9.43.

28
‘Ei] = = 64,00 & 0,30 2% in chloroform
D

Enzymic hydrolysls of acylamino acld amides

Acylamino acid amlde solutions. A 0.0l M alcoholic solu-

tion of benzoylglycinamlde was prepared by dlssolving 62.4
mgms of the smide in 35 ml. of 95% ethanol. Each 2 ml. of this
solution contalned 0.00002 moles of the amlde.
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Similarly, 0.02 M aleoholic solutions of benzoyl-DL~-
valinamide® and benzoyl-DIl-leucinamide were prepared by dls-
solving 110 mgm. and 163.2 mgm. respectively of ths two com-
pounds in 25 ml. of 95% ethanol. Each 2 ml. of these solu-
tlons contained 0.00002 moles of the %rform of the amide.

Papain-cysteine golution. Solutions of papaln and

cyegtelne hydrochlorlde in both 1 M pH §.0 and 0.1 M pH 6.0
citrate buffer solutlions were prepared by suspending 40 mgm.
of the commerclal enzyme and dlssolving 40 mgm. of the acti-
vator in 10 ml. of the buffer solutlona. After the solutions
had stood one-half hour wlth intermlittent stlirring, the solids
were centrifuged down and rejected. Each 0.25 ml. of the
supernatant solutlons contained 1 mgm. cystelne hydrochloride
and the soluble portion of 1 mgm. papain.

Ammonium sulfate standards. 4 solutlon of ammonium sul-

fate containing 0.3 mgme nitrogen per 0.756 ml. was prepsred

by dissolving 188.5 mgm. of dry, analytical grade ammonium
gulfate in 100 ml. of 1 ¥ pH 5.0 citrate buffer. The solution
was stored in the cold. Dilution of thils solution with an
aqual volume of the citrate buffer previous to use , ylelded

a gsolutlion containing 0.15 mgme nlitrogen per 0.75 ml. Further
dilution of thls second solution with an equal volume of the
buffer gave a solution contalning 0.075 mgm. nltrogen per
0.75 mle

i

# The benzoyl=DI~valinamlde was prepsred by Dr. S. W. FoxX.

DL
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Preparation of modifled Nessler's reagent. WNessler's

gsolutlon was prepared according to the formula of Roch and
lMeMeokin (98}, Immediately prior to use, one volume of the
reagent was mixed with one-half volume of a freshly prepared
2.5% solution of potassium persulfate and wlth one-half volume
of a freshly prepared 1% solutlon of potassium gluconate.®
Only small gquantitles of the modifled reagent were prepared

at one time slnce, according to Gentzkow (99), who described
its preparation and use, the solution ls not stable for longer

than 15 minutes.

Preparation of the standard curve. Two mle. portions of

95% ethanol were pipetted into 22 mm. X 175 mm. test tubes,
whilch had been previously callbrated to contain 25.0 ml., and
after the alcohol had been removed by evaporation at 100°,
0.75 ml. portlons of the above prepared smmonium sulfate
solutions were pipetted in. Duplicstes were used. (This
'procsdure furnished & control on the alcohol, asince the
amides were dispensed from alcoholle solutions.) To these
tubes were then added 0.25 ml. quantitles of the papain-

cysteine solutlion and after stoppering wlth paraffined rubber

% A purified preparation of potassium gluconate was kindly
furnished by Dr. Ethelda Norberge.

{98) Iawk, Oser and Summerson, "“Practical Physiologlcal
Chemlstry", 12th ed., pe. 1230, The Blaklston Co.,
Philadelphia. 1947.

(gg) GentZkow, _CIO Blole. Chem.9 14:5’ 531 (1942)-




atoppers, they were allowed to stand at 40° for a period equal
to that of the hydrolytic experiments.

The contents of the tubes were then diluted to about 20
mle. with distlliled water, 4 ml: of the modified Nesaler's re-
agent was added and the volumes were made up to the mark
(25,0 ml.)., After 5 mirutes had been allowed for the color to
develop, the percents transmlgsion, at 480 rp , were determlned
on a Coleman spectrophotometer, Model 1ll. The values were
plotted on semi-log paper agalnst the nitrogen concentrations.
An individual curve was determined for each run.

Condltions for hydrolyslis of the acylamino acld amldes.

Two mle sllquots of each of the above prepared alcohollc solu-
tions were pipetted into 23 mm. X 175 mm. test tubes which had
previocusly been celibrated to contain 25.0 mls To each tube
was then added 2 small glass bemds,; and the alcohol was
evaporated of f at 100° leaving the dried resldues of the emides.
To helf of the tures of sach serles was added 0,75 ml.
of 1 M pH 5.0 citrate buffer; to the remainlng tubes of each
gerles was added 0.75 mlese of Dol M pH 5.0 cltrate buffer.
Several of the tubes from each serles were then set aslde as
controls and to the remalnder was added 0.25 ml. of the papsain-
cysteine solution in the approprlate concentration of buffer.
All tubesa, including the controls, were then incubated at 40°
for a perlod of about 2 days wlth occasional shaklng, since

the smides were incompletely soluble ln the resctlon mixtures.
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Also carried along at 40C were portions of the papain-cysteine

solutiona.

At the end of the reactlon period, the contents of all the
tubes were diluted to about 20 ml. To the conitrol tubes were
added, lmmediately before Nesslerization, 0.25 ml. portlons of
the proper papain-cysteine solutlon. These tubes served not
only to control possible non-enzymle hydrolysis ol the amide
by the citrate buffer during the incubatlon period, but also
to control hydrolysis by the alksllne Nessler's reagent. All
tubes were Nesslerlized, as describsd for the standards, and
after 5 mlnutes, but not longer than 1l& minutes, the contents
were flltered through Pyrex glass wool into cuvettes, and
the percents transmlssion determined. The amounts of ammonia

liberated were determined from the plotted standard curve.

Inhibition of peptide bond synthesls

Preparation of test solutions. One=-tenth molar solutlons

of the test substances (potentlal inhibiltors) were prepared
in either aqueous or alcoholle solutions. In the cases of
those substances which were soluble In water the proper
quantity of material (0.0025 mole) was dlssolved in 12.5 ml.
of 0.2 M pH 5.0 clirate bulffer and after readjustment of the
pH to 5.0 (usually with 2 N sodium hydroxide) the solution
was diluted to 25 ml. with water. The resultant solutions

waere thus Q.1 M in the test substances. Portlons of these



solutions were then diluted with an equsal volume of 0.1 M
pH 5.0 citrate buffer to give 0,01 M solutlons of the test
compounds. Substances so treated included betaine hydrochlo=-
rides, 2,;3,5-triphenyl tstrazolium chloride,* hydroxylamine
hydrochloride, cholestenone-6-sulfonic acid,** ethyl
carbamate, copper sulfate, 2-methyl-l,4-naphthoquinone
bisulfite,*** maleic acild,®**¥ fupolc acid, carboallyloxy-
L-glutamic acld, sodlum bisulfite, fumaric acid,*¥ ¥
dichloroacetyl-DL-valine,***¥ phenylhydrazine hydrochloride,
formaldehyde, barbiturle acid, and potassium ferricyanlde.
Agqueous solutions of iodoacetlec acld in concentrations

of 0.001 M and 0.0001 M and of basic phenylmercurlec nitrate

##®WAF 1n concentrations of 0.01 M and 0,001 M were simllarly
prepared. Sodium nitrlite solutions in concentrations of
0.11 M and 0.01l1 M were prepared but the citrate buffer was

omitted until immedlately before uge.

% Prepared by Mrs. E. He Atklnaon.

*%*  Prepared by Mr. W. McGukln.
Hededt Kindly furnished by Abbott Laboratories, North Chlcage,
Ili.

###%  pPpepared by Dre. F. N. Minard.

#HHEE  pindly furnished by Dr. J. S. Pruzansky.

#E#AWE ppgpared according to the method of Woolett and Coulter,

_eIc Anlo Chem. SocCas » _5___6_’ 1922 (1954)0
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None-acldic, water insoluble compounds were dlssolved in
05% ethuuol sc as to give 0.1 ¥ and 0.01 M solutions. Sub-
stances so treated Included 2,5-diphenyl-3=-(p-lodophenyl)=-
tetrazolium chloride,* p-icdoaniline,™ .g-hydroiyphanyl
acetic acid,** p-benzoquinone, coumarin and phenacyl bromide.
Indoleacetic acld was dissolved 1n absolute alcohol and an
equivalent amount of € N sodium hydroxlde was added; 0.1 M
and 0.01 M solutions were prepared. The 2-hydroxy-S-methyl-
chloroproplophenone™ ¥ was treatsd in warm absolute alcohol
with an equivalent amount of 2.5 M sodium scetate (100) to
convert 1t to the unsaturated 2-hydroxy - b-methylacrylophencne;
Oel M 2and 001 M solutlons were prepared. Because of 1lts
insolubllity in most solvents chrysene (Eastmen recrystal-
1ized) was added as a s30lld in 2 mgm. quantities.

Procedures for following effects of test substances on

enzymic anlllde synthesls. Prelimlnary tests were carried

out to determine the order of addition of the variocus reac-

tants to the solutimms of the test substances. Results

2

Prepared by Mrs. E. H. Atkinson.

##  p4ndly furnished by Dr. J. Levine, Federal Security
Agency, Washinpton. Thils compound was acldic but
decomposed on belng neutralized wilth sodlium hydrox -

ide. It was therefore used wilthout neutrallzation

since 1t had 1little effect on the final pH of the
reactlion mixture.

% gyndgly furnished by Dr. W. P. Geiger. New York University
Collage of Mediecine. Wew York.

(100) Geilger, W. P., Private communication.



iﬁdicated thst proncunced differences in the degree of in-
hibition of the reaction dld not exist whether the papain-
cysteine solution was added to the Inhibitor solutlons previous
to the additlon of the substrates or was added to the reactlon
mixture last. Thevrefore, in most of the atudles the enzyme-
activator solution was added last.

Preliminary studlies also indicated that the extents of
Irhiblition varled Inversely with the length of the resction
period and that compounds which Inhibited the initlsl stages
of the reactlons quite markedly, showed little or no inhibi-
tory effects 1f measurements were msde after s 3 day period.
Conseqguently, 1t was necessary to set a time 1limit on the
r?action. With the utllization of the procedure previocusly
glven for the determination of the effects of pH and buffer
concentrations on the anllilde syntheses, btime-~yleld studles
were carrisd out for several of the reactlons at thelr pH
optima in 1 M cltrate buffer, over a 3 day perlod. Based on
these results, *he reactlon time 1llmit was arblitrarily set
as that time in which the yleld of the anilide was 50% of
the 3 day value. TFor the two compounds, carbobenzoxytg-
glutamiec acld and benzoylfgé-leucine, which were the only
ones used as subatrates in the Inhilbltor studies, this time
was about 2 hours.

Beacause of the rather short durations of the reactlons,

it was necessary to provide a means of keeping the reaction
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In check until all the reactants had been added to all the
reaction vessels. It was also necessary to provide a means
for "quenching® the reaction after the 2 hour periocd. It
was found that if the reaction mixtures were kept at 1" or
below, essentially no synthesls took place within a 2 hour
period. Therefore cooling of the resctlon mixtures was
adopted as the method for keepinyg the reactlon in check and
for gquenching thse reaction.

The following general procedure was adoepted for carrying
out the inhibition studlies: One-half ml. allquots of the
previously prepared tes solutions were pipetted into 16 mm.
X 50 mm. shell visls.¥® In those cases where the test sub-
gtances had been dlssolved in alcohol, the solvent wss removed
In vacuo over sulfuric acld and replaced with one-half ml. of
0.1 M pH 5.0 cltrate buffer. Two and nine-tenths ml. of the
appropriat. . .73 M clirate buffer (pKE 4.4 for carbobenzoxy-L-
glutamic acid and pH 5.25 for benzoyl:ggplaucine) were then
added, and after the solutions were stirred, O.l ml. of aniline
and 1.0 ml. of the sppropriazte acylamino acid solution (0.5 M)
were added. The vlials were then cooled in an lce bath, untll
the temperature of the contents had fallen below 109, and one-
half ml. of a cold solution of papain-cysteine (prepared as

previously described) was added. All the reactlon mlxtures

* It was necessary to pipet the basic phenylmercuric nitrate

(0.01 M) from a hot solutlon since it was insoluble
in the cold; chrysene was added as a solld (2 mgm.)
and one-~half mle of a Ol M pH 5.0 clitrate buffer was
added.
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were stirred well with a glass rod and the vials were incubated
at 40°31° for two hours.” - (The vials were stoppered with
paraffined corks after the contents had warmed up to 40°.) The
vials were shaken severel times durlng the reactlion period,

At the end of 2 hours the vlials were cooled in an ice
bath, and the contentis were transferred to 25 mm. X 150 mm.
test tubes with the aid of 15-20 ml. of 1 N sodium hydroxide
when benzoylﬂgg~leucine was the substrate or 15-20 ml. of 1 N
hydrochloric acld when carbobenzoxyﬂé~g1utamic acid waa the
substrate. The residual anilides wsre flltered, washed, dried,
and welghed to the nearest milligram.

In a few cases the anlllides were contaminated with In-
soluble test substances and 1t was necessary to either wash
out the contamlnants wlth a selectlve solvent or to dissolve
the anilides 1n solvents in which the contaminants were in-
soluble. It should be pointed out, that had the test sub-
stances been completely iInscluble in both the resctlion mix-
ture and the wash solvents (1 N sodium hydroxide and water for
benzoylzyplaucinanilide and 1 N hydrochlorlc acld and water
for carbobenzoxy:;pglutamic acid anllide) the errors intro-
duced, had they not been removed, would have besn quite large

in some instances snd negligible 1in others, depending on the

# The pH values of several of the reaction mixtures were de-
termined. Within the 1limit of error of the pH meter,
these were the same regardless of the nature of test
substance, i.e. pH 4.95 when carbocbenzoxy-I-glutamlc
acld was the substrate and pH 5.75 when beffzoyl-DI~
leuclne was the substrate. -
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molscular welght of the test substance and on the ylelds of
the anllides. %Thus, for exsmple, the ususl control yleld of
benzoyl-I-leuclnanillde was about 40 mgm. The contaminating
test substences of this anilide were in the main the reduced
forms of 1,3,% ~triphenyltetrszollum chloride and of 1,5~
diphenyl-3<{p-1lodophenyl} -tetrazolium chloride (formazans),
p~lodoaniliine, 2-hydroxy-5-methylacrylophenone, p-benzo-
quinone, phenacyl bromlde and cholestenone-6-sulfonle acid.
Based on the fact that there was pressnt at the highest
conce., ., rativns of test substances, 0.00005 mole of the mate-
rilals, the maximum amounts of contamlngtion expected from the
above named compounds would have been about 16 mym., 23 mgme,
11 mgme, 7 mgm., 5 mgm., 10 mgm. and 23 mgm, respectively.
In other words the contaminants, had they been completely in-
suluble, could have introduced errors ranging from about 12
to 58 percent of the weight of the controls. Hexane was used
in attempts to remove all the above named contaminants except
the cholesatenone-6-gulfonic acid. The anilides, contalned In
25 mm. X 1850 mm. test tubeu, were treated with about 25 ml. of
the solvent, filtered and washed with more solvent until the
washings ran clear. A total of about 50 ml, of the solvent
was employed. A control sample was similarly treated to
correct for posslible solubllity of the anlllide in the solvent.
Cholestenone-6-sulfonic acld was removed by washing the anilide

with about 25 ml. of 1 & hydrochloric acld and after filtering,
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the residue was further washed with 50 ml. of water. A control
wag 8imilarly treated. The final welghts of the anilides,

after washing out the contaminants were then corrected for

lossses due to the solubllity of the anlllde in the wash solvents.

The usual control yleld of carbobenzoxyﬁg-glutamic acid

anllide was about 90 mgm. The contaminants, in the main,
appeared to be a reduced form of 1,5-diphenyl-3=-{p-lodophenyl)-
tetrazolium chloride (this was not simply a formazsn as it

was insoluble in hexane), 2«hydroxy-5-methylacrylophsnone,
p~benzoguinone, choleatenone-f-sulfonic acid and coumarin.

The poss.ble amounts of these contaminants, assuming complete
insolublility in the reactlon mixture and washinus were about

2% mgme, 7 WMgey 5 myme, 23 mgm., and 7 mgm. respectlvely, or
about B to 25% of the control yleld. The teitrazolium compound
wes corrected for by dissolving the anilide in 1 N sodlum hydro-
xide, and afbe ecentrlfuging the colloidal guspenaion, the
amount of the insolubles residus was estimabed (2-3 mgm.) and
the original wely & was corrected. The anilides cowntamlnated
with 2-hydroxy-b-mothylacrylophenons and p-benzogulnone wors
vacshed with hexnne, as described for banzoyligwleuciﬂanilid@.
T: wan obvious fvrom the fact that the en.lides copntaminated
with choles®cnono=6-sulfonic acid and coumerlin, woulighad more

T an e eomtrols thet litbtle or mo inhibltion Lad talon

placs and o attempis werd mado to correct for those contbame=

ira’ lons. Becausse of ™. variat one oxlsting betwesen the



welghts of replicate samples, and the uncertainties regard-
ing the complete removal of contaminants, 1t was arbilitrarily
established that yields of anilides deviating by 15% or less
from the control ylelds should not be considered as indicatlve
of Inhibition.

In a few of the studles, 1t was found nsecessary or
desireble to edd the papalin solutions, without added cysteine,
to the test substance golutlons previous to the addltlon of
the other components of the regctilon mixturs. In these casss
ono-half ml. of the test sclutlion and one-half ml, 2f a papaln
solution, which contalned the soluble portion of 16 mgme
papain, were mixed. After the mixture had stood feor the de-
sired one-half hour, 2.9 ml. of the buffer, in whlch was
dissolved 6.4 mpme. of cystelne hydrochloride, was added. One
ml. of the acylamino acid solulticon was then added, and after
the mixture had been cooled in sn ice bath to below 10°, 0.1
mle of redistilled aniline was added. The remainder of the
treatment waz ag described sbove. Meltlng point checks were

run on samples chosen at random,



w3

RESULTS

Peptide Bond Synthesls and Hydrolysls

Effects of varying pH, buffer concentration and acylamino

acld on peptide bond synthesis

The need for determlning the effects of variation of pH
on the synthesils of the various acylamino acid anilides ine
vestigated, was suggested by results (not reported herein)
obtailned in connection wlth prelimlinary studies on the syn-
thesis end inhibition of the synthesis of carbobenzoxy-Ii-
glutamic acid anilide. The conditiona employed in thesse
inltiel studies followed those given by Fruton, Irving and
Bergmann (90), who utlilized 0.02 M citrate buffer at an
apparent pH of 5.0, It was noted that addition to the re-
action mixture of ceritalin substances, s.g., hydantoinproplonic
acid, Eif and ;rglutamic aclds, etc., whose potential inhib.
ltory propesrties were being tested, not only falled to inhlbit,
but actually stimulated the reaction. This was evidenced by
higher ylelds ofcarbobenzoxy-I~glutamlic acid anillde. The
addition of an equivaslent amount of proplonlc acid also
resuited 1ln stimulation. It thus became evident that acldic
substances were stimulating the reaction and that the syn-

thetic condltions glven in the literature were posslbly not
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the optimum ones.* Although Bergmsnn snd Fraenkel-Conrat (2)
have indilcated that the enzymlc synthesls of carbobenzoxy-
glycinanllide was quite pH sensltive, with an optlmum at about
pH 4.6, no other Instences of slmilar studiss were clted by
the authors. In facht, 1t appears that the conditions employed
throughout most of the investigatlions of the Bergmann group
wers usually the same except wlith respect to the nature of
the acylaeted substrate. It thereby became svident that the
determinatlon of the pH optimum for the synthesls of carbow
benzoxy-I-glutamlc acld anilide was fundemental to further
studles.

At the seme time, observabtiuns by Pettinga (101) Indi-
cated the utlllty of higher concentrations of buffers,

Initlal studles conducted at several pH values in both 1.0 M

and 0.1 M cltrate buffers indlcated that not only was the pH
optimum for the synthesis of carbobenzoxy-~L-glutamic acld
anilide lower than that lmplied by the work of Frubton snd
asgsoclates (90), but that scmewhat higher yilelds of the anilide

were obtained at the higher buffer concentrations,

% iodoacetic acid, however, completely inhiblted the re~
action. In view of the demonstrated lnhlbltory
properties of thls compound toward papsin, this
result was not unexpected.

(101) Pettinga, "Factors Affecting Enzymic Peptide Tond
Synthesis". TUnpublished Ph.D. Thesla. Ames,
Iowa. Iowa State College Library. 1940.




The use of the acylamino aclds studled was suggested by
the fact that the literature reported practlically no investli-
gations In which attempts had been made to correlate the
effects of varying both the nature of the amino acld and the
nature of the acyl group on the abllity of the compounds to
react, under enzymle influence, wﬁth anlline. The desirabllity
of such type studles was further indicated by the work of
Fox and assoclates (97), who observed that the two structur
ally similar acylamlno aclds, benzayliggmvaline and benzoyle
2£~1eucine, gave markedly different yilelds of the correspond-
ing anillides under similar reactlon condltions.®* Based on
these obhservations, which indicated that slight structural
differences 1in the amino aclid residue gzave rise to pronounced
differences in reactivity, it wes declded that further ine-
vestigabions; in which not only the effects of varying the
amino acld but also the effects of varying the acyl groups,
wore in order. Consequently, the benzoyl, p-niltrobenzoyl,
carbczenzoxy and cerboallyloxy derivatives of the four amino
sclda, glyclno, Qgﬁvalime, gg-leucine and égglutamic acld
were prepored and their ablllitles to undergo enzymle peptide
bor<1 (anilide) syntheses were studied at varying pH values

and at two buffer concentrations. A typleal representative

Unprblishad experlments ™y Fox, Pettlnga and Halverson
have indlcated that thcse cifferences were not due
to differences In b golublillty of the anilldes,
bt rather to differonces in the rate of formation
5f the anilidosa.
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of each of these compounds is 1llustrated below:

0 o u
1 {l l
CgHg=C=N~CHo=COOH el Qo=C 6}14-0-1\[1-0-0001{
!
q H
_C-H
Benzoylglycine HzC CHg

p-Nitrobenzoylvaline

P T
il I
06H5CH2~O-C»¥~?~GOOH HLZC-GHQ—O-G-T~?-C§?CH2-COOH
H(IJHZ H COOH
CH
/ N\
HeC CHs Carboallyloxyglutamic acld

Carbobenzoxyleucine

The choice of the particular compounds atudled was
dictated partially by the availabllity of the starting mate-
rial and partlally by the interrelationshlps existing between
elther the amino acld residues or the sacyl groups. Thus,
glyoine was selscted because 1t does not exlst In optlcally
active forms; DI~valine and DI~leucline were selected because
of the marked differences in the reactlvity of thelr benzoyl
derivatlves noted by Fox and coworkers, and érglutamio acld
was chosen gs representatlve of the monoaminodlcarboxylic aclds.

The regults on the synthesls of the various anllides,
obtalned by varying both pH and buffer concentrationa, are

indlcated graphically in Flgures 1 through 4. The ordlnates



represent percent yleld of the anllides based, in the cases
of the optlcally actlve forms, on the theoretically possible
yield of the %;form; the absclgsasa represent the Iniltlial pH
values of the reactlon mlxtures. All curves shown arse for
reactions carried out for 72 hours at 400 & 19, The pro-
portions of the resctants employed were: 0.0005 mole of
acylamino acid (regardless of conflguration), 0.C0ll mole of
eniline, a centrlfuged solution of 16 mgm. commercial papsain,
and 6.4 mgm. of cystelne hydrochlorlde all in 5.0 ml. of 1.0
M or O.1 M cltrate buffer.* The optimum pH ranges and the
percentage ylelds In these ranges for the varlous acylamlno
aéids are indicated in Table 2.

An examination of both the tabulateddata and the curves

indicates the followlng facts and relationships:

1. Without exception, the pH optima for those systems
which gave a measursble yleld of the anllide were
lower when O.1l M citrate buffer was employed than
when the 1.0 M buffer was used.

2. With but one exception, l.e., carbobenzoxy1§~

leucinanillide, the ylelds of the anllides, when

As has been indicated in the experimental sectlon, the
eltrate concentrations for some of the cltrate buffers
were of necessity somewhat hlgher than 0.1 M for re-
actlon mixtures having pH values of about 4 or lower.
Theae slightly hlgher concentrations probably had
little effect on the reactlon since elther low or
no ylelds at all were generally obtalned at these
lower pH values in the dilute buffers.
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Effects of pH end Clirate Buffer Concentratlons on
Yields of Benzoylsmino Acld Anilides

Buffer concenirations were: Flg. la, 1.0 M; Fig. 1b,
0.1 M. Ylelds were bagsed on theoretical amounts of
i=forms. Curves 1,2,3 and 4 are for the glycine,
T-valine, L-leucine and L-glutamic acic derivatives
Tespectivaly.
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Effects of pH and Cltrate Buffer Concentratlcn on
Yields of p-Nitrobenzoylamino Acld Anilldes

Buffer concentratlons were: Fig. 2z, 1.0 M; Flg. &b,
0.1 M. Yields were based on theoretical amounts of
I-forms. Curves 1,2,3 end 4 are for the glyclne,
L=valine, L-leucine, and L-glutamic acid derivatives
Tespectively.
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Effects of pH and Cltrate Puffer Concentratlons on
Yields of Carbobenzoxysmlno Acld Anilidss

Buffer concentrsticns were: Iig. 3a, 1.0 M; Fig. 3b,
0.1 M. 7VYields were based on theoretical amounts of
Ii~forms. Curves 1,2,3 and 4 are for the glycine,

T~valine, L-leucine, and émélutamic acld derivatives
Tespectlvely.
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Effects of pH and Cltrate Buffer Concentrations on
Yields of Carboallyloxyamino Acld Anllides

Buffer concentrations were: Flg. 42, 1.0 M3 Flg. 4b,
O.l M. 7VYields were hased on theoretlcal amounts of
I~-forms. Curves 1,2,3 and 4 are for the glycine,
I-veline, L~-leucine, and L-glutamlc acld derivatives
Tespectively. Absence of a curve for any of the

compounds indlcates that measursble ylelds were not
obtalned.



Optimum pH Ranges and Approximate Ylelds of Anilides for
Various Acylamino Acids3d

Table 2

Acylamino Acid

Optimum pH Rangel

Percent Yields
of Anilides?

1 ¥ Buffer 0,1 M Buffer 1 M Buffer 0.1 M Buffer

Benzoyl glycine
Benzoyl-Dl~vallne
Benzoyl=Dl~leucine
Benzoyl=I~glutamlc acid

p-Nitrobenzoyl glyclne
p~Nitrobenzoyl-DI~valine
p~Nitrobenzoyl-ll~-leucine
p-Nitrobenzoyl-L=-glutamlc acid

Carbobenzoxyglycine
Carbobenzoxy-DL-valine
Carbobenzoxy-RLl-leuclne
Carbobenzoxy-l-glutemic acid

Carboallyloxyglycine
Carboallyloxy-DIl-valine
Carboallyloxy-Ll-leucine
Carboallyloxy-Ll-glutamic acid
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1See text for conditions.

2@iven to the nearest 5% except where the yields were below 10%.
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Table 2 (Continued)

Smne studles were not carried out concurrently. The data for the curves were
obtained by studying the acylamino scids in pairs. Thus the acylglycine
and the corresponding acyl-DI~-valine compounds were studied together;
similarly ths acyl—DLﬁleucine and correspording acyl=I~glutamlc acid
derivatives were investigsted at the seme time. The above results, taken
from Figures 1 to 4, are the mean values of duplicate runs. The ylelds

are the mean values obtalned at the optimum pH ranges.

=qge~



-96-

1.0 M cltrate was employed, were equal to or greater
than the ylelds in the 0.1 ¥ buffers®; in two in-

>

stences, carboallyloxyglyclnanilide and carboally-
loxy-L-valinanllide, measurable yields were obtalned
only when the 1.0 M buffers were used.

3« In the case of both the 1.0 M and 0.1 M citrate
buffers, the pH optima for all the acylglutamic acids
which gave measurgble ylelds of anilide were lower
than the corrssponding acyl derlvatives of the
monocaminomonocarboxylic acids.

4, With few exceptlons the pH optima of the acyl deri-
vatives of glycine, DL-valine and DI~-leucine showed
the following relatlonships to each other: acyl=-
glycine = acyl-DL-valine = acyl-DL leucine.

5« Although changing the acyl group of any one amino
acld residus resulted in o different pH optimum for
that residue, the order of change was not the same
for all the amlino scids observed. For example, the
order of pH opitima for the acylglutamic aclds in
1.0 M cltrate buffer was benzoyl < carbobenzoxy <

p=nitrobenzoyl; for the corresponding acyl-DI-

* It was noted that the carbobenzoxy-Di~leucine tended to
0il out readily from the 1.0 M~puffer solutions.
This may account for fact that a lower yield of the

enilide was obtalned in the higher concentration
buffer.



leucine derivatlves, the order was benzoyl <
D~nltrobenzoyl < carbobenzoxy.

6+« In ragards to the yilelds of the anilides of the
acylmonocaminomonocarboxylic aclds, the order, 1in
both concentrations of the buffers, was almost con-
aistently acyl-gépleucine > acylglycine )>acyl-2§~
valine. With the exception of carboallyloxy-I~
glutamlic acid which falled to yleld an anilide,
the acyl derivatives of glutamic acid pave ylelds
of anilides comparabls to those of the correspond-

ing leucine derivstives,

Enzymic hydrolysis of peptide bonds

In order to determine whether wvarlations in the nature
of the amlno acid resldue and the acylating group would
affect the hydroliytic abllities of papain in the same manner
as they affected the synthetic abilitlies, the preparstions
of amides, corresponding to the acylamino sclilds studied,
were undertaken. Inveatigations comparable to those made
on the acylaminc azclds, l.e. effects of varying both pH
and buffer concentratlions, have not as yet bsen carried out
and only results of a prelimlnary nature have been obtalned.

Slince bengoyl-DI~leucline and benzoyl-DL-valine had been
shown to have pronounced dlilffersnces In reactivities as sub-

strates in the anillde syntheses, studies were carried out



to determine whether simllar differences exlsted 1ln the
reactivities of thelr amidea as hydrolytic substrates for
papain. Also investigated as a third member of the series
was benzoylglycinamide. The procedures for carrying on
these studies have been presented in the experimental
section. The proportions of reactants were: benzamlino
acld amide, 0.,00002 molies, based on the grform.when 2;,
compounds were used, a centrlfuged solution of 1.0 mgme.

of commerclal papaln and 1.0 mgm. of cystelne hydrochloride
2ll in 1,0 mles of 1 M or 0,1 M pH 5 citrate buffer. The
results are summarlized In Table 3.

Although the results are gomewhat lncomplete, they tend
to Indicate that the order of hydrolysls was benzoylglycine
amide > benzoyl-DI-leucinamids > benzoyl-DI~-valinamide in
the 1.0 M buffer, and benzsyl-DI~leucinamide = benzoyl
glycinamide 7 benzoyl-DI-valinamide in the 0.1 M buffer.
These results agree, to some extent, with those observed
for the anilide syntheses, since both the glyclne and
leuclne derivatlves were more reactive than the vallne come
pounds. :owever, the order of these reactlvities appear to
differ in going from the 1.0 M buffer to the 0.1 M buffer.

In addition, benzoyle-DL-leucinamlde was hydrolyzed to a



Table 3

.

Effecta of Varyling Subatrate and Buffer Concentrations on
the Hydrolysls of Several Benzamlno Acid Amldes

Subs trate Porcent Hydrolysls
Run No. 21 Run No. 3°
1 M Buffer 0.1 M Buffer 1 M Buffer 0.1 M Buffer
Benzoylglyclnamide 31 22 36 21
Benzoyl=DI~valinamide 43 - 4% 4%
129 - 135 239

Benzoyl~DI~leucinamide

165 hours at 40°,

251 hours at 40°,
Spased on assumptlon that only the IL-form was hydrolyzed,
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greater extent in ths 0.1 M buffer than in the 1.0 M buf-
far,*

Such rssults deflnlitely indicate ths need for studying
the hydrolytic reactions at varylng pd values as well as at
different buffer concentrations. It may well be the case, as
has been previously observed in the synthetic studies, that
the pil optima are higher in 1.0 ¥ citrate than in 0.1 M
cltrate, and therefoure, carrying out the reaction at the
glngle pH of 5.0, as wasg done in the above case, does not

give as complete a plcture of the reactivities of the sub-

strates.,

Inhivition of Peptide Bond Synthesis

A detailed discussion has already been given in the
Experimental sectlon regarding the condltions chosen for
carrying out the inhlbitlon studles. It was noted that a
2 hour reaction period was chosen for the two sibstrates
employed viz. carbobenzoxyzg-glutamic aclid and benZOyligg-
leucine, because prelimlnary studles had indicsted that
many compounds which had seemingly inhlbited synthesis in

the early stages of the reactlon appeared to be without

Qimilar results indlcating that benzoyl-DIl=leuclinamide
was hydrolyzed to a greater extent in the 0.1 M
buffer were obtalned in a previous run. However,
these results have not been clted because of poor
temperature control during the course of the
reaction.
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effect 1f measurements were made after a 3 day perlocd. When
viewed from the kinetic standpoint, such results were not
unexpected. Plgure & lllustrates to what extent the two syn-
thetic reactlons varled wlth en increase In time as measured
by the yields of {the enilides. In essence, both reasctions
were completed withln s 24 to 32 hour pericd. If thsn, an
inhiblted reaction, i.8., a retarded reactlion, was allowed

to continue for 72 hours, 1t 1s not improbable that a
theoretical yileld of the product could be obtained because of
this longer reactlon period. Further examination of Figure 5
indicates that both reactions went to sbout 50% completion in
2 hours. This time Interval was that selected as the s tandard
reactlion period.

The concentrations of test substances (potentlal inhibe
itors) employed were, in the majorlty of cases, 0,01l M and
0,001 M. The former concentrations were then only slightly
greater than the concentration of cystelne hydrochloride
which was salways 0.008 ¥ (6.4 mgm./5 ml.). Thus, even if the
test substance were capable of reactling quantitatlively with
the activator, a sufficient amount still rewmasined to resact,
in part at least, with the enzyme. The highest concentration
of basic phenylmercuric nitrabte used (0.001 M) was limited by
the solubllity of the compound. The concentrstions of
iodoacetic acid smployed, 0.C001 ¥ and 0.00001 ¥,were hased
on preliminary observations which indicated the high potency

of thls compound as an inhibitor.
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Fig. 5. Rates of synthesis of carbobenzoxy-L-glutamlc acld
anilids {curve 1)} and of benzoylnngeucinanilide
{curve 2)
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ks has been noted in the Experlimental section, seversl
procedures were utllized iIn studies of the effects of the
test compounds on peptlde bond synthesis as catalyzed by
papsin. Tabls 4 la a summary of the results dcbtained when
the reactants were added in the followlng order: inhlbitor
solution, buffer solutlion, aniline, acylaminc acid solution
and papaln-cysteine solution. In this case then, the papain
was not pretreated with the inhibitor, but was pretreated
with the activator (cysteine).

In evaluating the results given in Table 4, and in sube-
seguent tables of & aimilar nabture, i1t was necessary to set
some arbltrary limlit to the values that could be considered
as indicatlive of inhibition (or activation) and alsoc to the
values that could be considered as falling within the range
of experimental error. ASs was indlcated Iin the Experimental
section this value was set at +15%, i.e. 157 greater or
or lesser yleld of the esnllides compared with the controls
were considered as Indicative of neilther Inhibltion nor acti-
vation. On thls basls, the following statements may be de-
duced from Table 4:

l. The percents of Inhiblitlon of the synthetic reactions
studled were, wlthin the limits of experimental error,
Independent of the nature of the substrates when
lodoacetic acid, copper sulfate, p-benzogulnone,
sodium bisulfite and hydroxylamline were used as in-

hiblitors. The order of these effects, with the
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Table 4

Effects of Test Substances on Enzymic Anlilide Syntheses;
Papaln Not Pretreated by Inhlbltora

Percent Inhibition?
Concentrationl CarbobenzoXy~ BeNzZoy i-i-
of Test Sub- Ieglutamic leucinani-

Test Substance stance, M Fcid Anilided 1ige?
Iodoacetic acld 0.0001 100 100
Iodoacetic acid | 0.00001 100 92
Dichloroacetyl-DL 0.01 0 8
valine “‘
Phenacyl bromide 0,018 98 67
Phenacyl bromide 0.001 56 0
p~Iodoanliline 0.01 0 24
p~TIodoaniline 0.001 0 20
Baslc phenylmercuric 0.001 31 66
nitrate 0.0001 0 11
Copper sulfate® 0.01 100 100
Copper aulfate 0.001 38 41
Malelc acld . 0.01 90 65
Malelc acld 0.001 30 14
Fumaric acid 0.01 75 12
2 -HyAroxy=5-me thyl- 0,018 20 43
acrylophenone 0.001 17 9
p-Benzoquinone® 0,018 18 22
p=-Benzogquinone 0.001 13 10
2-Methyl~l,4=-naphtho~ 0.01 100 91
quinone bisulflte 0,001 51 22
Sodlum bisulflte 0.01 100 100
Sodium blsulfite 0.001 80 66
Hydroxylamlne 0.01 26 36
Hydroxylamine 0.001 0 8

Phenylhydrazine 0.018 -10 12
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Table 4 {Continued)

Percent Inhibition®

Concentrationt Carbobenzoxy- Benzoyl=Ie
of Test Sub- L-glutamic leuclinani-

Test Substance ~ atance, M Reid Anilideé‘lide
2,3,5-Triphenylte%ra— 0.01 52 16
zollum chloride 0.001 0 8
2,5-Diphenyl=3-(p- 0.01 31 0
lodophenyl)-tetra- 0.001 9 7
zolium chloride
Chrysene Saturated 0 0
Cholestenone=6-30zH 0.018 0 o
Ethyl carbamate 0.01 10 0
Betaine 0.01 10 0
Coumarin 0.018 0 0
Indoleacetic acid 0.01%8 10 12
Furoclc acid 0.01 o 7
o-Hydroxyphenylacetic 0.01 12 13
acld
Carboallyloxy~L=glutemic 0.0l 0 0
acid .

lPhe amounts of test substances added were such as to glve
these final concentration had they been completely
soluble,

€parcent inhibitions were caleulated with respect to the con-
trol ylelds. The time of the synthetic reaction was
2 hourse.

3The pH values of the reaction mixtures were 4.95 & 0.05.

The pH velues of the reaction mlixtures were 5.75 & 0.05.

Ssome reaction between the copper sulfate and the cysteine
was obssrved.

6some reactlon between the p-benzoquinone and the aniline
was ohserved.

Tapparent reactions between the tetrazolium salts and the
acylamino aclds, especlally carbobenzoxy-l~glutamic
acld were observed. .

Brest substance not completely soluble at these concentratlons.
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exclusion of lodosmcetic acid which was by far the
most effective Ilnhlbilitor studled, was sodium
bisullflite = copeer sulfate ) hydroxylemine >
p-benzoguinone, for 0.01 ¥ concentrations of test
substances; for 0,001 ¥ concentraﬁions of test sube
stances, the order was szodium bisulfite ) copper
gulfate > hydroxylamins 2 p-benzoguinone,

The percents of inhibltlon of the synthetlc reactions
studled appesared, in certaln instances, to be de-
pendent upon the nature of the substrates. Thus, 1n
concentrations of 0.01 M, phenacyl bromide, malelc
acid, fumaric acld, 2,3,5-triphenyltetrazolium
chloride and 2,5-diphenyl-3«{p-lodophenyl)-tetra-
zolium chloride inhibited the synthesis of carbo-
benzaxyﬂéuglutmnic acld anilide more affectively than
that of benzoylﬁépleucinanilide. In concentrations
of 0.001 M, both phenacyl bromide and malelec acid
8t11ll effectlively inhlbited the first above mentioned
synthesis, bub had little or no effect on the second.
Although Z2-methyl-l,4-naphthoquinone bisulflite in-
hibited both reactlons equally as well at concentra-
tiong of 0.01 M, it apparently inhiblted the ayn-
thesls of carbobenzoxy-L-glutamic acld anillde more
strongly at a concentration of 0.001 M.

In contrast to the above observations 0.001 M baslc

phenylmercuric chloride, and 0.01 ¥ 2-hydroxy=~5-
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methyl-acrylophenone and p-icdoaniline inhibilted

the syntheais of benzoylgéfleucinanilide to a
greater extent than that of carbobenzoxy?§~glutamic
scid anilide. A possible explanation for the obser-
vation that p-lodcanllire was az effective an ine-
hibltor of the synthesis of benzoyl-I~leucinanide

at both "0.01 M" and "0.001 M" concentrations may
depend on the fact that the compound was Insoluble
in both these cases.

It was noted (Table 4) that p-benzoquinone apparently
reacted wlith fthe anlline, a factor which might have greatly
diminished 1its inhlbi tory power. Therefore, studles were
conducted to determine whether the additlon of enzyme to the
inhibitor solution 30 minutes prior to the addition of the
other components would lead to significantly 4ifferent
results. At the same time several addltlonal compounds were
invegstigated, with the inciusion of two, sodium bilsulfite
and hydroxylamine, which had been atudied previously (see
Table 4). The procedure was mod ifled to allow the papaln
solution, wlthout added cyateine, to react with the in=
hibltor solution for 30 minutes. The buffer solution con-
taining the proper amount of cystelne, the acylaminc acld
solution and the aniline were then asdded In the order glven.

The results are summarized 1ln Table 5,
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Table 5

Effects of Test Substances on Enzymic Anilide Syntheses
Papain Pretreated by Inhibitor

1 ~Percent Inhibition?
Concentration CarbcbenzcXy=- Benzoyie-l~

of Test Sub=-  I~glutamic Leucinadf—

Tegt Substance stance, M Teid Anilice® 1ide

p~Benzoquinone 0.01 20 73
p-Benzoqulnone 0.001 5 39
Sodium bigulfite 0.01 100 96
Scdium bisulfite 0.001 64 40
Hydroxylamine 0.01 61 85
Hydroxylamine 0,001 & 16
Rarblturic #acid 0.01 17 22
Barbituric acig 0,001 7 12
Nitrous sacid® 0.01 100 100
Nitrous acid 0,001 34 . 42
Formaldehyde 0.01 42 46
Formaldehyde 0,001 0 0
Potassium ferricyanide 0.01 100 100
Potazsium ferricyanide 0.001 12 23

1lpheze were the final concentrations after all reactants had
been added. Actually the enzyme was pretreated for 30
minutes with concentrationag of 0,05 M and 0,005 M,

2percent inhibitlons were calculated with respect to the
control ylelds. The time of the synthetlc reaction
was 2 hours.

SThe pH values of the mixtures were 4.95 + 0,05.

47he pH values of the mixtures were 5,75 & 0.05.

5Apparent dlazotlzation of aniline and coupling was observed.
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A comparison of Tables 4 and 5 tends to indicate that,
wlith utllization of the modified procedure, p=-benzogquinone
was a more effective papain inhibitor only in the case where
bauzoyliggrleucine was employed as the substrate. Hydroxyle-
amine,; however, linhlbited both reactlions to a greater degree

than was previously noted. Although 0.0l M sodium blsulfite

was a complete Inhibitor under both sets of conditions, it
was apperently slightly less effective by the latter method
in 0.001 M concentration.

Both nitrous acid and potassium ferricyanide (Table 5)
inhibited the two reactions completely at concentrations of
0.0l M. Although pnitrous acld was moderately effective at
the lower concentration, potassium ferricysnide showed marked
decrease ln inhibltory powers. Formaldehyde inhiblted bvoth
reactions squally at the higher concentration but was without
effect at the lower.

Reference has previously been made to the Investlgations
of several workers which indicated that the inhibition of
papaln by lodoacetic acid was not reveraed by the addition of
sulfhydryl activators. These claims were seemingly verifled
by the results of Table 4 which demonstrated that essentially
complete inhibitlon of both synthetic reactlons was realized
with 0.0001 M and 0.,00001 M lodoacetic mscld, desplie the fact
that the cysteine concentration was 0.008 M. It was of in-

terest, however, to determine whether iodoacetic acid had
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completely Inactivated papain or whether the inhibition was
merely a retardation of the reactlion. Conssequently, in
certaln instances the reactlons, carried out in accordance
with the procedure followed for the compounds of Table 4,
were allowed to proceed for a 72 hour period. The results

are shown in Table 6. The 2 hour results have been taken

from Table 4.

Table &

Effect of Regction Times on Inhibition of Anilide
Syntheses by Iodoacetic Acid

Percent Inhibitionl
Carbobenzoxy=L=-glutamic Benzoy lels~

Concentration of Acid Anilide® leucinanTiided
Iodoacetate, M 2 hours 72 hours 2 houra Y2 hours
0.0001L 100 35 100 98
0,00001 100 24 92 79

lpercents inhibition were calculated with respect to the con=
trol ylelds.

27he pH values of the mixtures were 4,95 & 0,05.
SThe pi values of the mixtures were 5.75 & 0.05.

The results presented in Table © indicate greater
differences iIn the degrees of the inhlbition of papain with
time, at both concentrations of ifodoacetic acld when
carbobenzoxy=-I~glutamic acid was the substrate than when

benzoyl-DL~leucine was employed as the substrate. These

regults will be iInterpreted in the section to follow.
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Table 7

of Cystelne as Activator in Anilide Syntheses

Percent Yield of Anilide’

Carbobenzoxy~L-

glutamlc acid Benzoyl=I~
Papain Cysteine  Anilide? lsucinenilided
Preparation Added 2 hours 24 hours 2 hours 24 hours
Commerclal No iz 38 5 6
Commercial Yes 52 84 b2 94
HoS=treated No 7 25 4 5]
HoS=treated Yes 67 92 75 94
1Based on theoretically possible yields.
27he pH values of the mixtures were 4,95 & 0,05.
SThe pH values of the mixtures were 5.75 + 0,05
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Although Bergmann and Fraenkel-Conrat (2) have indicated
the essentlality of cystelne or other activators for the
synthetlic activities of papaln, it was of iInterest to recheck
these observations and also to gscertaln whether the effects
of omitting the activator would be Iindependent of the nature
of the substrate. Studles were therefore carrled out with
two papain preparations, a commercilal prepsration and a
hydrogen sulfide-treated preparation. Portions of the two
preparation solutlons were preactlvated with cysteine hydro=-
chloride; no activator was added to the remaining portions.
Carbobenzoxy~I~glutamic acld and benzoyl-Dl-leucine were
used as the substrates. The results are summarized in
Table Y.

An examlnation of the results of Table 7 reveals that
while cysteine is necessary for the complete sctlvation of
papain, it 18 apparently not recuired to the same extent
for both substrates. Thus, the synthesls of carbobenzozym
I-glutamic acld proceeded to 25% of completion within 24
hours in the presence of the "activator-free" enzyme. The
synthesis of benzoyl-Il-leucine, on the other hand, took

place to a very limited degree.
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DISCUSSION AND INTERPRETATIONS

Peptlde Bond Synthesls and Hydrolysis

The importance of precise pH control in enzymlic reactions
was early emphasized by SBrensen (102) who showed that the
anomalous results obtained 1n studies of the feactions in
different acids could be reconciled if the hydrogen ion con-
centration were consldered. Indeed, in any investigation
concerned with the properties of an enzyme, a determination
of the effects of the varlation of pH on the activity of the
enzyme ia of primary importance. Whils most studies have
appearsd to indicate that enzymes exhlblt their maximum
activity at a definite pH, 1.8., an optimum pH, further evi-
dence has also Indlcated that the nature of the substrate
may influence the pH optimum. In 1922, Northrop (103) re-
ported that the pH optimum for the digestion of several
proteins by pepsin or trypsin varled with the different
protelns and could be predicted from the titration curves
of' the proteins if 1t were assumed that pepsin rescted with

the positlive protein ion and trypsin wlith the negative

proteln lon.

{I02) Sorensen, Bilochem. Z., 21, 131 (1909).
(103) Worthrop, J. Gen. Physiol., 5, 263 (1922).
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Mention has already been made concerning the observa=-
tions of Willst8tter and associates (59,60) which indicated
that the optimum pH values for the digestion of gelatin,
peptone, and fibrin by papain were close to the lscelectrie
points of these substrates, namely, &, B, and 7.2, respective-
ly. Lineweaver and Schwimmer (104) in studies wlth crystale-
line papsaln, found that similar relationships existed for
the crystalline enzyme. Thus the pH optlimum when gelatin
was used as the subsatrate was 5.2, whereas for denatured
casein, denatured egy albumln and denstured hemoglobin, the
optimum values were approximately 7. In a study concernsd
with the effects of pH on the activity of purified trypsin,
Kunitz and Northrop (108) observed that the activity of the
enzyme dropped off rather raepidly as the pH became greater
than 8.0, desplte the fact that the substrate (casein) was
present in s digestible form at the higher alkalinitles.
They concluded that trypsln exlsts In both an actlve and
inactive form which ere In sequillbrium with each other and
that the equilibrium 1s shifted in the direction of the
Inactive form at pH values greater than 8.0.

It thus becomes evident from the above cited investiga-
tions that the optimum pH of an enzymic reaction may be

dependent on the exlstence of both the enzyme and the

{104) Lineweaver and Scawimmer, Enzymologia, 10, 81 (1941-42).

(105) Runitz and Northrop, J. Gen. Physiol., 17, 591 (1934).
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substrate In definite forms. Wilson (106) hss dlscussed the
effects of pH on enzymes and substrates and has indicated
that both may exist in "active" forms, the amount of such
forms present at any one time beiny functions of the pH.

The optimum pH 1s then that value at which the product of

the concentratlonsg of the active forms of the enzyme snd the
gubstrate is a maxlmum. It is quite conceivable that aimilar
reasoning may be applied In an attempt to sxplalin, in part,
the differences in the pH optima noted for the varicus
scylamino acids (see Table 2 and Figures 1 through 4).

In regard to the pH optima for the acyl derivatives of
I-glutamlc acld, 1% was noted that in all cases in both 1.0 M
and O.1 M, the optlmum values were consistently lower than
thoase of the corresponding derivatlives of the monocaminomonoe
carboxylle aclids. Such results suggest that the differences
may, in peart, be atiributed to the second carboxyl group of
glutamic acld, and that the syntheflc reactlons take place
most readily when this group exists in an undissociated form.
The sharp decreases noted in the ylelds of the anilides at the
lower pH values may be due to a decrease 1n the activity of
papain at the higher acidities. Indeed, such coneclusion is
borne out by the investigatlons of ILineweaver and Schwimmer

(104) which indicated that crystalline papaln was rapldly

T1i06) Wilson, in BElvehjem and Wilson, "Respiratory Enzymes",

p. 203+ Burgess Publlshing Company, Minneapolls,
1939,



w115 fim

inactlvated below pH 3 and mbove pH 12. The maximum stabllity
was reported to be In the range of pH 5 to 6.

The dlfferences noted between the pH optlma of the zcyl-
érglutamie acids, although slight, mey be due to small varia-
tions In the strengths of these compounds as aclds as a result
of alteration of the scyl groups On this bazxis, 1t might be
concluded that the acld strengths of the acyl-I~-glutamic acids
stand 1n the order benzoyl > carbobenzoxy > p-nitrobenzoyl.
However, thse fact that thls order 1s neither borne out by the
optima for the acylglutamic aclds in O.1 ¥ buffer, nor does
1t hold, in general, for the corresponding acyl derivatlves
of the monoaminomonocarboxylic acids, makes such a concluslon
an unlikely one.

It is concelvable that structural differences, other than
those which affect acldlty of the substrates, play an impor-
tant role in determlning differences in pH eoptima. An 1llus-
tration of such & phenomenon has been clted by Pettinga (101),
in the case of the synthesls of N»benzoyl:§~tyrosinanilidea
Because of the scidic phenolic group, it was expected that
the substirate, Nabenzoyljgéptyrosine would show an optimum
pH close to that of benzoyl-l~glutamlec aclid for the synthesis
of 1ts anilide. In contrast, howsver, the optimum value
obtalined was above pH 5.5,

In reference to the pH optima of the acylmonoaminomono-
carboxylic acids, the higher values obaerved for these com=

pounds as contrasted with the acylglutamlc acids may, 1ln part,
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be dependent on the possibillty that relatively high concene
trations of the undisazoclated formé of these acids exlst at
the higher pH values. If the undissociated forms of the acy-
lamino acids are then the Yactlive" fourms and, as has been
indicated, papain 1l most active in the pH range of 5 to 6,
3t might then be expected thst the pH optima for the acyl-
monoaminomonocarboxylic acldé would be somewhat higher than
those of the acylated dlcarboxylic (glutamle)aclds. A
possible verification of the proposal that the undlssociated
forma of the acylaminc aclids are also the actlve forms may

be found In the work of Bergmann and FPraenkel-Conrat (2).
Studies by these workers on the enzymlic asynthesls of benzoyl-
glycine anllide from benzoylglyclne and benzoylglyclnamlde
indicated that the latter compound reacted more readlly with
aniline than did the former. Since the amide probably existed
in a completely undlssociated form at the pH of the reactilon
(4.77), the differences in rate may well have been due to the
greater concentration of undissoclated amlde as contrested
wlth that of undissociated aclids It should also be stated,
howevar, thabt Bergmann and Fraenkel-Conrat suggested that the
difference in the two rates gave svidence that the trans-
formation of the amide into the anilide 4id not procesd
through the iIntermediate stage of benzoylglycine, l.e.
hydrolysis, but that the amino group in the moleculs of
benzoylglycinamide was directly replaced by the aniline resi-

due.
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The resaultz of Table 2 also indlcate that, with but the
aingle exceptional case of carbobenzoxy-Di~leucine, the ylelds
of all the anllldes obtzalned from the varlous aeylamino acids
were, for those reactions carried out in the 1.0 M cltrate
buffer, equal to or greater than the yields obialned when the
Osl M buflfers were used. While such results may also e due
to differences In the ionlc strengths, preliminary studies®
carried out wlth carbobenzoxyﬁérglutamic acid as the subsirate,
indicated than when 3 M, 1 M and 0.1 ¥ acetate buffers werse
used, the ylelds of the anillde varied inversely with the
buffer sirength., On this baslis it is concelvable that the
buffers may, 1n some manner, elther exert a catalytic effect
on the reaction or act as activators or inhibitors of papain.
Tnstances have been cited in the literature where variation
in both bhuffer strength and buffer type have led to variations
in reaction rates. Hammett (107) has discussed the decom=
posltion of nitramide In the presence of wvarlous concentra=-
tiong of acetate and benzoste ilons and has indicated thet the
rate of breakdown was greater Iin the presence of higher cone
centrations of the buffers; the rate was conslstently greater
in acetate than in the correspondlng concentrablona of

benzgoate. Furthermore, it was emphasized that the difflerences

* Not presented In this thesis.

(107) Hammett, "Physical Organlc Chemistry"™, p. 216, McGraw-
Hill Book Co. Inc., New York. 1940,
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noted in reaction rates at the varlous concentratlons were
Independent of ilonic strength. Thls was evidenced by the fact
that the additlon of godlum chloride to the reacition mixture
had no effect. IHammett has cited this btype of catalysis as
"bage catalysis®.

Observations slmilar to some of those cited sbove and
repcrted hereln are not without precedence in enzymology.
liowell and Sumner (108), in a study of crystalline urease,
found that the activity of the enzyme was not only dependent
upon pH, but upon the concentration of the subsitrate (urea),
the buffer type and buffer concentration as welle In thelr
investigations on the effects of citrate, acetate, and
phosphate bulfers on urease actlvity, they found that the pH
optima for urease, when the substrate concentration was 2.5%,
were G.4, 6,5 and 0.9 for acetate, cltrate and phoaphate
respectively. The order of activity of the enzyme in the
dlfferent buffers was cliltrate ) phosphate > acetate. Waen
0.1% soluticna of urea were employed, the pll optima were 6.7
for acetate, 6.7 for citrate znd 7.6 for phosphate. The
order of activliiy ol the enzyme in the éifierent buffers was
unchanged. When pH and urea coucentration were held constant
a decrease in buffer concentratlon resualted in an increase
in urease activity until a point was resched beyoné tvhieh fur-
ther dilution had 1little effect or resulted In decreased aé-
tivity.

(1087 Howell and Sumner, Je. Biol. Chem., 104, €619 (1934).
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From the above discussion 1t becomes apparent that both
the concentration and the nature »f a buffer may have a marked
affect on the gctivity of an enzyme ayatem. It becomes fur-
ther appsrent, from the results reported hersin, that cltrate
ion may have functioned to supplement the catslytic activiiy
of papaln in the anllide synthesesn,.

In view of the fact that three of the scylglutamic acids
gave rather high ylelds of thelr respective anilides in both
buffer concentrations, the fallure of carboallyloxyﬂ;~glutamic
to react was somewhat unexpected, Several llkely explanations
for this falilure may be advanced: (1) the configuration of
the carboallyloxyﬁérglutamic acld 1s ruch that 1t is elther
incapable of reascting with the enzyme or, if the Inltial re-
gsctbion 1s between papain and anlline, with the enzyme-aniline
complex; (2) carboallyloxy-L~glutamic acid is an inhibitor of
papaln; and (3) carboallyloxy-I-szlutanic acld anillde 1s
soluble in the reactlon mlxture. While definlite evidence for
cr agalrst the first possibillity has not been obtained, a
comparison «f the ylelds of the three other acyl-I-glutamic
acld anllides with taose of the corresg onding %rleuclne
derivatives Lends to indicate that the lutamic acld come
pounds reuact as readily as those contalning leucine. In
view of the high ylelds of carboallyloxytgnleacinanilide, 1t
mizht then be expecited thst carboallyloxy»%rglutamic acld

would exhiblt =& simllar degree of reectivity. In additlon,
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if the failure of carboallyloxyfgfglutamic acld to react is
due to "improper'" confliguration, then this configuretion
mugt be markedly different Irom those of the other acyl-
glutamic aclids.

In regasrds to oarboallyloxyférglutamic acid acting as
an inhibitor, experiments wore periorwved {Table 4) to best
the effects of this compound on the enzymle synithesis of
carbobenzoxyﬂgmglutamic aclid anllide and benzoylﬁéwleucin-
anilides. No lnhibition was nolted at a level of 0,01 V.

The third posgibllity il.e. that the anilide is soluble
in the reaction mixzture, might be chocked by syntheslzing
uanoallyloxyﬂénglutamic acld anillide chiemlcally and comne-
paring its sgolubillty with those of sume enzymlcally formed
anilldes e.g. carboallyloxy~-IL-lsucinanllids.

Previous reference ngsd been made in the Hesults section
to the obaervations of Fox and coworkers (97) that, under the
same reactlon conditions, benzoy11ggfleucine consistently
ave a markedly highier yield of benzoyl-l-leucine anilide
than did heuzoyl-DL-valine of its corresponding anilide.
Although the wwreentrationg of reactshts emnloyed i the
present Investigotion differed somewhat from those used by
thie above investlgators, the resulis obtalned were comvara-
ble. In addition, 1t should be polinted out that the ssme
relations held for all the acyl derlvatlves of DI~leuclne

and ggrvaline lrrespective of buffer concentration.
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Comparison of the reactivities of the acyl derivatives of
glycine, wlth those of DI-leucine and DL-valine, showed the
following relationship, acyl-DI-leucine ) acylglycine >
acyl-ggpvaline, held with few exceptions. Such results would
tend to indlcate that a specifity or "preferencse™ of papain
for the various monoaminomonocarboxylic scids, which 1s high-
1y sensiltive to confl_ urational changes of the amlno scid
residue, may sexlst.

While the results obtained from the benzamino acid amide
hydrolysls studies (Table 3) verifled the activity relation-
ship, acyl-géaleucine*7 acyl-DL-vallne, which was shown in the
corresponding anilide synthesis studles, the glycine compound
was no longer Intermediate but exhiblted greater reactivity
than elther the amide of DIL-leuclne or of Eéwvaline. It
should be emphaslized that the reactions investigated werse
carried out at the same pH of 5.0 and 1t is highly conceive
able that this value is not qptimum for all the compounds
studled.

In support of the above asgumption that the pH optima of
the various acylamino acld amides may differ, the obaervations
of Hoover and Xokea (109), and Fruton and Bergmann (110) may
be cited. The former .roup, utilizing papaln, reported that

the pH optima for the three synthetlc substrates, benzoyl-

(1I09) Hoover and Kokes, J. Blol. Chem., 167, 199 (1947).

(110) Fruton and Bergmann, ibid., 127, 627 (1939).
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arglninamide, carbobenzoxy-l~-isoglutamine, and benzoylglycin-
amide were 5.5 for the former compound and 5.0 for the two
latter compounds. 8irilar type results were obtalined by
Rergmann and Fruton in studlies on the specificity of crystal-
line pepsin. When carbobenzoxyig-glutamyligwtyrosine and
carbobenzoxy=-Il=-glutamyl-I~phenylalanine were utilized as
substrates, the pH optima for ths two compounds, 4.0 and 4.5
respectively, not only differed hetween themselves hut were
far removed from the generally accepted optimum pi range of

1.8 to 2 for pepsin.

Inhibition of Peptlde DRond Synthesis

Selection and properties of the test substances

Frellminary to discussing the results obtalned from ths
inhibitor studies, it might be well to consilder the reasons
for naving selectsd these compounds and to conjecture briefly
ag to thelr nature and probable modes of action.

The compounds which were tested as potential inhibitors
of peptlde bond synthesls were selected, in the maln, lLiecause
of previous Indications in the literature that they, or their
analogs, were capable of Inhiblting the proteolytic activity
of papain. It was therefore of Interest to determine whethsr
gimilar Jnhibitory effects would be demonstrated agailnat the

synthetlc reactions. A few of the compounds were studied
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because of evidence in the literature that they were sither
in vltro or in vivo inhlbitors of enzymes related to papain,
€.5+, cathepsins, sulfhydryl containing enzymes, etc. In
some linstances, there was llttle or no previous evidence that
the compounds were inhlbitory.

An Individual treastment ol each of the compounds studied

1 glven 1in detall below.

Todoacetic gcld. Dickens (111} has suggested that iodo-

acetlc acld probably functions through alkylation of sulfw
hydryl groups as 1s illustrated below:

ReGH + I«Clp-C00H —> R=S=CHp=COOH + HI.
He further reported that bromo and cnloroscetic aclds reacted
slmilarly, but at slower rates. The ratlos of reactivity of
the various halogen compounds was I:Br:Cl = 15:9:0.15.
Bersiln and.LOBemanﬂ (65), and Creentery and Wimnick (75)
have indicated that the action of ilodoacetic acid is not
reversed by cystelne, LI zlutatihione and cyanlde. Maschmann
{112) rcported that papain, inactivated by iodoacetate, was
reactivated after ethanol proclpltation; Greenberg and Winnick
could not duplicate these resultis. Michaells and Schubert

(113) have shown that iodoscetubs can react with aromatic and

(111) Dickens, Blochem. J., 27, 1141 (1933).
(112) Maschmann, Blochem. Z., 279, 225 (1935).

(113) Michaells and Schubert, J. Riol. Chem., 106, 331 (1934).
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aliphatic amine groups as follows:
R-NHo +I~CHe=CO0H —> R=N (CHp COOH)go+HI.
This reactlon ls slower than the one involving SH groups.

Dichloroacetylpggfvaline. The reasons for the Investlga-

tion of thls compound were two-fold. In the first place, the
compound was Investlgated as a possible analog of lodoacetic

acld. Becondly, it was studied as a possible competitive in-
hibltor of the acylamino ecids.

Phenacyl bromlde. The sction of phenacyl bromide (w-

bromoacetophenone) and related lachrymators and veslcants on
sulfhydryl enzymes has been reported by Mackworth (114). Its
reaction with SH groups is, in all likelihood, similar to that

of i1cdcacetate, viz.:

I
R-SH+BrCHy=C=CgHg -—> R=S~CHy=C=CgHg +HBr

0 0
I

Jodoanlline. The use of lodecaniline was suggested by

the inyesil_stion of Kocholaty and RKrejei {115) who reported

that Clostridium histolytlcum proteinase was activated by SH

compounds and inhibited, to some extent, by lodoacetats,
lodine, etc. ITodoaniline was not found to be a very effective
inhibitor, but since its effect on the proteinase was equal

to that of malelc acld, which in turn is a falrly potent

inhibitor of papain, it was plausible to assume that it

(114) Mackworth, Blochem. J., 42, 82 (1948).

(115) Kocholaty and Krejeci, Arch. Bilochem., 18, 1 (1948).




{(lodoaniline) might show stronger inhibitory properties
against papsin. It was also concelvable that iodoaniline
might react, competitively with aniline in the anllide
syntheses, although thls was rather unlikely in view of the
concentration ratiocs employed.

Phenylmercuric nitrate (basic). Hellsrman end Perkins

(67) demonstrated that papain waes inhibited by mercuri-organo
compounds , ©8+8., CgHgHgOH, CgligHgCl, etec. They postulated
the formation of merceptides, as glven in the reaction below:
En-8H+X-HgCgHp —> En-8~HgCgHs+ HX (where En = enzyme)
The inactivation of papaln was reversed by cystelne, hydrogen
sulfide and hydrogen cyanide. Cook and asgsoclates (116,117)
Inhlbited the activitles of several resplratory enzymes with
phenylmercurilc niltrate; the effects were reversed by cysteins

and homocysteine.

Copper sulfate. The inhibiltory action of cuprie lon on

papain was studled by Hellerman and Perkins (67) who suggested
that it probably catalyzed the oxldatlon of 2H groups to
disulfide linkages. Bernhelm and Bernheim (118) indicated

that cuprlc lon reacts resdlly with cysteine, probably by

{116) Cook, Kreke, McDevitt and Bartlett, J. Blol. Chem.,
162, 43 (1946).

(117) Cook, Perisuttl and Walsh, ibid., 162, 51 (1946).

(118) Bernheilm and Fernheim, Cold Springs Harbor Symposium
Quant. Blol., 7, 1WE”TI§£ZSZ'“
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catalyzing the oxidation of SH groups to both disulfide

linkages and higher oxldsation states of sulfur.

Potasslum fevrricyanlide. The effects of potassium
ferricyanide on papain were also investigated by Hellerman
and Perkins (67). They reportsd that the insctivation of the
enzyme was probgbly due to the oxidation of sulfhydryl groups
to disulfide linkages; cystelne, added in sufficlent quantity
to the enzyme solution, protected papalin from the inactivating

effectys of the ozxidants.

Malelc acid. The inhibitory effect of malelc acid on

papain has veen demonsgtrated by Morgan and Friedmann (119),
Gtanapathy and Sastri (120), and Greenberg and Winnick (75).
Morgan and Prledmann (121) have suggested that an addition of
sulfhydryl groups to the doublse bond takes place, viz.:

HOOC~CH=CH=-COOH + RSH-——» CHg=CH=-8=R + Hg0

COOE COOH

Greenberyg and Winnick believed the action was oxldation of
SH groups by malelic acld wlth a corresponding reductlon of the
malelc acid to succinic acld. They further indicated that the
reaction was reversed by cystelne and cyanide.

Punaric acld. Thls compound was selected in order to

determine whether the trans-igomer of malelec acid would inhibit

(119) Morgan and PFriedmann, Bilochem. J., 32, 862 (1938).
(120) Ganapathy and Sastri, ibid., 33, 1175 (1939),
(121) MNorgan and Friedmann, ibid., 32, 733 (1938).
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papain. No sevidence was found In the literaturs to indicate
that fumaric acid reacted with sulfhydryl groups or was in-

hibltory to SH enzymes. Hopkins and assoclates (122) found

that fumaric acid 4did not inhibit succinle dehydrogenase

(en SH enzyme) wheress maleic acid did. They further found

that fumaric acild mrotected succlnic dehydrogenase from

oxidatlon by oxidized glutathlone.

2-Hydroxy-b~methylacrylophenons. Gelger (123), in an

extensive study of thirty-five «,[ -unsaturated ke tones, in-
dicated that almost all of the compounds had marked anti-
bacterial and antifungal properties, as well as the abllity
to inhibit SHeenzymes. Of these compounds, 2-hydroxyacrylo-
phenone and its derlvatives were amonyg the most active. Pre~
vious studies by Gelger and Conn (124) indicated simllar
properties for the antiblotics clavacin and penicillic acld,
which possess the general structure of 4 ,f -unsatursted
ketones. They suggested that the followling reaction took

place between the unsaturated ketones and sulfhydryl com=

pounds: 0 H 0 H Ry
It | Rg vl
R1=C=C=C_  + R-SH-——+—Rl-C-?-? Rz
R
° H SR

where Ry was an aryl group and Rg or Rz (or both) was hydrogen.

T1ige) Hopki?s, M?rgan end Lutwak-Mann, Biochem. J., 32, 1829
19838).

(123) Gelger, Arch. Biochem., 16, 423 (1948).

(124) Gelger and Conn, J. Am. Chem. Soc., 67, 112 (1945).
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p~Benzoguinone. The inhibltory effect of p=benzoquinone
on papain was demonstrated by Bersin and Logemann (65) and by
Hoffmann-Ostenhof and Blach (125). The former group repor ted
that the inactivatlon was Ilrreversible. Hellermann and Perkins
(67) suggested that quinone reacted with sulfhydryl enzymes
in two ways: (1) oxidation; and (2) addition of SH groups to
the double bonds. They further indicated that the inhibltion
of papaln by p-benzoquinone was reversed by cysteins, etc.,
and concluded that 1t was the oxldatlon reaction that pre-
dominated. Snell and Welssberger (126) postulated that the

following reactions took place:

+2RSH —> + R=S«8«R,

P H
¥ SR
be + RSH —>
[ H H
J OH

(125) Hoifmann-0Os cenhof and Blach, Experientia, 2, 405 (1946).

Qe I

(126) Snell and Welssberger, J. Am. Chem. Soc., 61, 450
(1939).
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Hoffmann=-0Ostenhof (127) has sugsested a possible reaction with

amines, viz:

a
. 0 0
X X
H- ~ii
2 l I + NHg=R ——> 4
H iR
|
U d = 0
H

2~-Methyl-l,4~naphthoquinone blsulfite. The reaction of

bilsulfites with 2-methyl-l,4-napthoguinone (synthetlc Vitamin
K) has been formulated by Moore (128) as follows:

q OH
4%\\f) |CE5 1,4 addition etc. \‘~CH3
+ MiS O3 S— H
l = < 80zM
\ 3
OH

The compound is water soluble and capable of ylelding the free
quinone on reversal. The abilibty of the quinone to react with
sulfhydryl compounds, such as cysteine, lhas been demonsirated
by Fieser (129); thiol ethers wsre formed. Potter and Dulois
(130) have reported that Vitamin X inhibilted succlnic dehydro-
genase (an SH enzyme); however, it was only one-tenth as

effectlve as p=benzoqulnone. The inhibitlon of choline

{1287) Hoffmann-Ostenhof, Experientia, 3, 176 (1947).

(128) Moore, J. Am. Chem. Soc., 63, 2049 (1941).
(129) Fieser, Ann. Internal Med., 15, 648 (1941).

(130) Potter and DuBols, J. Gen. Physiol., 26, 391 (1942-43).
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“acetylase by methyi naphthoquinone as well as by the sul-
fonates of substituted 1,2 and 1,4=-naphthoquinones has been
demonstrated by Nachmansohn and Berman (131).

Sodium blsulflte. This compound was studled beth as a

control for the above derivatlve of Vitamin X and to mscertaln
whether 1t would inhibit %épain by reacting with carbonyl
groups, the presence of which has been suggested by seversl
investigators. Maeda (71) reported bisulflte inhibited
papsin: Bersin and Iogemann (65) and Schales and assoclates
(72) found that 1t activated the enzyme. Winnick and co-
workers (132) observed that asclepain, an enzyme similar to
papaln, was slightly activated by sodium bisulfite. Clarke
(133) has formulated the following reaction between bisulfite
and disulfide linkages:

R-5-8~R + HS03™—3p R=8~H + R=-5-503~
This would tend to indicate that bisulfite should have an

activating effect on papaln.

Hydroxylamine. The investigations of Bergmann and Ross
(69), Maeda (71l), and Schales and assoclates (72) on hydro=-
xylamine ss a reagent for the carbonyl groups in papailn,
have already been mentioned in the Hlstorical sectlion. The
three abiove groups all reported the inhibitlon of papaln,

elther partial or complete.

(131) Nachmansohn and Berman, J. Blol. Chem., 165, 551 (1946).

(132) Winnlck, Davlis and Greenberg, J. Gen. Physiol., 23,
275 (1939=40).

(133) Clarke, J. Blol. Chem., 97, 235 (1932).
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Phenylhydrazine. The same iInveatlgators mentiopned in

connection with hydroxylamine studled this compound. Bergmann
and Ross indlcated that only Papaln I was inhiblited (see
Historical). Maeda reported that after 3 days contact of
papain with phenylhydrazine, the enzyme no longer hydrolyzed
hippurylamide or gelabtin. Schales reported only partial
Inhibition of papaln when egy¢ albumin was used as the sube
strate. The reactlon may be between phenylhydrazine and the
carbonyl groups of papain, although Hellerman (56) has fur-
ther polnted out that phenylhydrazine can also act as an
oxldizing or a reducing agent under proper conditions.

The work of Bergmann and Fraenkel-Conrat (2) has in-
dicated that phenylhydrazine can be used Instead of'aniline
ag a substrate for peptlde bond synthesis catalyzed by
papain. However, phenylhydrazine would react only if cystelne
were used as the enzyme activstor; papain whilch had been ac-
tivated by cyznide was Ilnhiblted by phenylhydrazine. Their
ocbservations regarding the fallure of phenylhydrazine to
inhibit papein-cysteine butbt its abllity to inhiblt papalne
cyanide led the above workers to the conclusion that the
Papain I portion of holopapaln (see page 28) was responsible
for the synthetic activities. It should be noted that
phenylhydrazine had no inhidbltory effects on Papain II, either

in the presence or gbsence of activators.
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BRarblturic acld. This compound was tested in view of the
report of Maeda (71) that diethylbarbiéuric acld, which was
claimed to be speciflc for aldehyde groups, inhiblted papain.
Conrad and Reinbach (134) have shown that barblturic acid re-
gets readlily with aldehydea.

Nitrous acld. Deamination of amino groups with niltrous

_ ac;d has been studied by a number of Investigators (51) in
Investigations concerning the essentiality of amino groups
for the actlon of specific enzymes. Philpot and Small (135)
have indicated that, in 1 ¥ concentrations, the action
(deamination) of nitrous acid on pepsin at 0, was complete
in one-half hour. They further indicated that nitrous acid
reacts with the tyrosine groups, although the reaction rate
is much slower in this case. The reaction wilith tyrosine
(phenolic) groups was postulated as:

R~CgH,OH + HNOp —> R=CgHz(NO)OH + Hy0.

Wormaldehyde. Olcott and Fraenkel=Conrat (51) have

reviewed the literature concernling formaldehyde as a group
reagent. They have indicated that in neutral solutions,
the reaction of formaldehyde is predominantly wilth amino
groups. The probable reactlion ls:

R-NHy + HpC=0—> R-N=CHp + Hp0

The reaction can be reversed by both dlalysls and dllution.

Ti3Z) Conrad asnd Heinbach, Ber., 34, 1339 (1901).
(135) Philpot and Small, Blochem. J., 32, 542 (1938).
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A

In alkeline solution (pH 11} guanidyl, indole, and amide
groups react almost as readily as amlino groups. Fraenkel-
Conrat and Olcott (136) have indicated that formaldehyde
Introduces methylene bridges between amino groups and lablle
hydrogen positions of phenclic aend Imidazole ringse.

233,8~Triphenyltetrazolium chlorlde. This compound was

employed as a potentlial inhlbitor in view of reports that 1t
was readlly reduced by vital tissues. Atkinson (137) has re-
cently reviewed this work. It was concelvable that the come
pound might act on the sullfhydryl groups of papain, although
Kuhn znd Jerohel (138) have indlcated that no reaction took
place with cysteine or 3H glutathilone below a pH of 9.0.
Mattson end associates (139) have indicated that triphenyl-
tetrazolium chloride is reduced to an insoluble red triphenyl-

formazan by the following reaction:

(136) Fraen%el—C?nrat and Olcott, J. Blol. Chem., 174, 82%
1948).

(137) Atkinson, "Syntheses, Properties and Applications of
Some Tetrazollum Compounds® Unpublished M.S.
?hesiﬁ. Amea, Iowa, Iowa State College Library.
1949).

(138) Kuhn and Jerchel,; Ber., 74, 949 (1941),

(139) HMattson, Jensen and Dutcher, Science, 106, 294 (1947).
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R

(whers R is phenyl)
2,5-Diphenyl-3~(p-iodophenyl)=tetrazolium chioride. This

compound was tested as an analog of 2,3,8-triphenyltetrazolium
chloride.

Chrysene. The observatlon by Rondoni and Beltrami (140)
that benzpyrene inhiblted animal cathepsins in vitro and the
reference by Rondoni (141) to the unpublished work of Gastani,
which indicated that papain was inhibited by the carcinogens,
me thy lcholanthrene and bengzpyrene, led to the testing of the
related hydrocarbon, chrysene, z3s a potential papsain inhibilior.
In addltion, the report by Rusch and Kline (142) that phos-
pholipid oxidation was catalyzed by such compounds as cysteine
and glutathicne, end inhiblted by anthraguinone, benzanthra-
quinone as well as by the hydrocarbons phenanthrene, anthra=
cene, l,2-benzanthracene, etc., suggested that perhaps SH

groups were involved in the activation and inhibition

(140) Rondonl and Reltrami, Enzymologia, 3, 251 (1937).

(141) Rondonil, ibid., 12, 128 (1947).

(142) Rusch and .Jlein, Cancer Research, 1, 465 (1941).
original not avallable for examination.
Abstracted in C.hA.; 35, 80805 (1941).
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processes. Felgenbaum (143), howsver, has recently indicated

that 3,4~benzpyrene, methylcholanthrene, phenanthrene, etc.,

dld not inhiblit psaspaln.

Cholestenone-6-zulfonic acld. Rusch and Klein (see

gbove) also reported that estrogenic hormones and related
substances, such as dehydroandrosterone, calciferol,
cholesterol and desoxychollc acid, inhiblted the oxidation
of phospholipides. Feigenbaum (143), howsver, found that
cholesterol and ergosterol had no inhibitory effects on
papain.

Because of the relatlonships existing between cholest-
enone-6=sulfonic acid and some of the above named compounds,
i1t was tested as & potential inhibitor of peptide bond

synthesis.

Ethyl carbamate. Hugglna and assoclates (144) recently

observed thatsethyl carbamebte lnhiblted prostatic cancer.
It was therefore of Interest to determine whether the inhib=
itory effects were due to a possible reactlion of the come
pound wlth proteocsynthetlc enzymes.

Rstalne. No reports concerned with the action of betalne

on papaln or related type enzymes have appeared 1in the litera-

ture. Since, however, 1t has been Indicated {(145) that

T143) TFelgenbaum, Exptl. Med. Surg., 2, 304 (1947).

(144) Huggins, YW, and Jones, Scilence, 106, 147 (1947).
(145) Bodensky, J. Blol. Chem., 165, 605 (1946).
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glycine and 1its derivatives, e.y. dimethylglycine, inhiblted
phosphatase and that glycine inhiblted urease {(146), it was

of Interest to examine betaine (trimethylglycine) for possible
inhibltory propertiese.

Coumarin. Thimann and Bonner (147) recently indicated
that both coumarin and the antlblotic, protcanemonin, inhilbited
the growth of oat coleoptiles and pem stems. The fact that
such effects were similar to those produced by ilodoacetate,
arsenite and orgzano-msrcurials led them bto suggest that the
actlon was probably on SH enzymes. Consequently, coumarin
was tested for SH reactlvity on papain.

Indoleacetic acid. The testing of indoleacetic acild as

a possible papain inhlbitor was prompted by reports of Scudil
and Jelinek (148), and Smith (149). The former group indi-
cated that amorphous peniclllin Irhibited the sulfhydryl
enzyme, urease, whereas crystalline peniclllin had no effects.
The latter workers observed that amorphous peniclllin inhib-
1ted the germlnation of radlsh seeds aznd found that this
effect was due, in the maln, to the presence of indoleacetic

aclid, It was therefore concelvable that 1lndeoleacetlc =mcid

(146) Kato, Blochem. Z. 136, 498 (1923).

(147) Thimenn and Bonner, Scilence, 109, 444 (1949).

(148) Scudl and Jelinek, ibld., 100, 312 (1944).

(149} Smith, ibid., 104, 411 (1946).
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was the factor responslble for the inhibition of ureassse ang

the use of this compound as a potential SH reagent was in-

dicated.

Puroic acid. BSmith (see sbove) also reported the

presence of furoclc acid 1n amorphous penicillin. It too was

tested as a possible SH inhibitor.

o-Hydroxyphenylacetic acid. The isolation of g-hydroxy-
phenylacetlc acld from amorphous peniclllin by Fischbach and
associates (150), when correlated wlith the above cited work
of Scudi and Jelinek, suggested that thls compound be tested

as a posslble SH inhibitor.

Carbogllyloxy~T~slutamic acid. As has already been indle

cated, the fallure of this compound to react with aniline
under the catalytic Influence of papain suggested that 1t be
tested for possible papain inhibiting properties.

Comparison of inhibltors

In a discussion of the abilitles or non-abllitles of the
compounds studled in the work reported herein to inhiblt pep-
tide bond synthesls, as catalyzed by parain, 1t iIs necessary
to consider the posslble reactions they may have undergone
and attempt to evaluats the effects of such reactions on the

overall synthetlec process.

(150) Flschbach, Eble, and Ievine, Science, 106, 373 (1947).
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Mentlion has already been made in the Historlcal section
that a substance may Inhlbit an snzymic reaction, non-compe-
titlvely, by reaction with certaln "essentisl groups® of the
enzyme. While 1t has not been experimentally established
that the type of inhibitions encountered in the present
studies were non-competitive, 1t ls reasonable to assume, in
view of the structural dlssimllarlities between inhibltors
and substrates, that such was probably true in the majority
of cases. It was further Indicated in the aforementiloned
sectlon, that an enzymic reaction could be inhibited by
destruction of essential activatoras of the enzyme. Converse-
ly, of course, the presence of a sufficlent concentration of
activators may well diminish the effects of potential Iln-
hibitors, In view of the data presented in the Results
sectlon {Table 7), which substantiated the previous obser-
vatlon by Bergmann and Fraenkel-Conrat (2} that cysteine
was essential for the protecsynthetic activities of papain,
1t becomes evldent that in an evaluation of the various
compounds studied, due consideration'must be given to the
fact that cystelne was present in the reasction mixture,

The possible reactions of the compounds tested with
either or both of the substrates (acylamino acid and
aniline) are also factors which must be welghed. Indeed 1t
1s qulte concelvable that a reaction can be Inhlibited by
removal or destruction of the substrate; on the other hand

if a substrate, capable of reacting with an inhibitor, 1is
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present In sufficient concentration to completely inactivate
the inhiblitor without itself undergolng warked dimipubtion in
concentration, 1t might then be expected that no inhibition
would be notede.

FProm the foregoing it 1sg apparent that in considering
the various means by which the subatances studied might have
acted as inhitltors or have had thelir inhirltory powers
diminished, the relstive concentratliona of the componenta of
the reaction system are quite important. An sdditional face
tor, that of the relative reactivities of the substrates and
the test substances with the enzyme must also be considered.
From the standpoint of kinetlcs, 1f both substrate and in-
hiblitor were added to an enzyme-containing solution at the
game time, the degree of inhibitlon would then be depsndent
upon the relative reactivities of the substrate and the
inhibltor with essential groups or active centers of the
enzyme. Thus 1f the substrate reacted st a much greater
rate than the Inhlbitor, 1lttle or no inhibition would be
expected. IT the reactivities were comparable, an inter-
mediate degree of inhibition mi ht result. I{f the inhibitor
hed the greater reactlivity, then almost complete inhiblition
would be predicted.® All of the above mentloned factors,

l.es, reaction with the papain, reactlon wlth the cysteine,

% The foregoling assumes that the enzyme 1s the limlting
factor.
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reaction with the substrates and relative reactivitles of
inhibltors and substrates with the enzyme, must then be con-
alidered in an evaluation of the regults obtained in the
present study.

Reference to the results tabulated in Table 4, reveals
that dichlorcacetyl-DL~valine, ethyl carbamate, betalne,
indoleacetic acld, furolc acld, o-hydroxy-phenylacetlc acid

and carboallyloxy-L-glutamic aclid failed to Inhiblt elther
of the two synthetic reactiona. In view of the lack of

experimental evidence for posslble modes of actions of these
compounds, their fallures to Inhibit can probably best be
explalned with the assumptiona that they were either lncspable
of reacting with any of the other components of the reaction
system or that if any reactlons did result they dld not take
place to extents whilch would merkedly affect the synthetle
processes,

The fallure of elther chrysene or cholsstenone-€-sulfonic
acid to inhibit anllide formation 1s not surprising in 1light
of conflicting evidence iIn the literature (see above individ-
ual discusslons of these compounds) regarding the inhibitory
properties of related compounds. It 1s concelvable that,
under the conditions employed herein, these compounds d4ilgd

not react to a sufflcient degree with any of the components

of the resction mixture. The fallure of coumarin tec inhibit

the rseattlons does not necesgarily invalldate the suggeatlon
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of Thimenn and Bonner {147) that this compound reacted with
SH enzymss. In the flrst place coumarin may be a rather weak
SH reasgent and Incapable of reacting markedly or rapldly with
the SH groups of cysteine or papaln. Secondly, under the
in vivo conditions employed by Thimann and Bonner, a much
more sensitlve SH enzyme system or systems, wlthout the
protective effects of relatively large concentrations of
sulfhydryl esctlivators, may have been inhiblted,

In view of the observation by Hoffmann-0Ostenhof and
Biach (125) that p~benzoquinone in quite low concentrations
{0.0001 M) inhibited the ability of papain or papain-HCN to
digest gelatin, thefailure of this compound to markedly Iin-
hlbit the synthetilc reactions was somewhat unexpected.
However, in the prevlious discusslion devoted to p-benzoquinone,
1%t was pointed out that the compound can elither add or oxidize
SH groups, and that the latter effect 1s readily reversed by
cysteine, It is thus concelvable that the cysteine functioned
rather effectively in dirinishing the inhibltory action of
p-benzogquinone both by reversing any oxidation of the SH
groups of papain and by addlng to the double bonds. If such
reactlons did teke place, they appsrently were far from
quantitative, since complete reaction of the cysteine with

the quinone would have reduced the concentration of the
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Mackworth (114) has also indicsted the desirabllity of such
preactivation of papaln by cysteine, in studies concerned
with the lnhibltory effects of sulfhydryl reagents.

In contrast wlth the results obtalned with p-benzo-
gulnone, those obtained with 2-~methyl-l,4-naphthoquinone
bisulfite indlcate that this compound, at a corcentration of
0.01 M, was guite an effective inhibltor of both synthetiec
reactlons. Whether the strong Inhibltory effects can be
attributed to the sitruecture of the compound per se or to the
faet that it is capable of reversibly dissociating to yield
the free quinone and blsulflte (see under the discussion of
thils compound), and that the latter compound actually ine
hibits the reaction, iz not known. In refsrence to sodium
bisulfite, the results of Table 4 which Indicate strong in-
hibitory powers at concentrations of 0.01 ¥ and 0,001 WM,
smphagize the need for studylng the free guinone 1in order to
determine whether 1t possesses any inhibltory powers.

As has besn mentioned 1In the discusslon devoted to the
mode of actlon of sodlum blsulfite, i1t abillity to reduce
disulflde linkages to sulfhydryl groupa Implied that the
compound should function as an activator, It la therefore
necessary to conslder other possible reactions. 1In light of
the results obtained (Tables 4 and 5) consideration must be
given to the suggestion of Bergmann end Ross (69) and the

conclusion of Maedsa (71) that papain contains an aldehyde
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group. The la tter worker reported that sodium bisulfite in-
hiblted the hydrolysis of gelatln by papaln, after the enzyme
had firat been pretreated for 24 hours with the carbonyl
reagent.

However, ln view of the observatlons of Sizer and Tytell
(151), that the activity of urease (a sulfhydryl enzyme) was
markedly influenced by the oxldation-reduction potentisl of
the regction mixture, 1t is of interest to speculate ag to
the appllcability of their findlngs to the present case.
According to these workers urease exhlblted its maximum ac-
tivity in the presence of 0.005 ¥ cysteine or at about Ep+5.
In the presence of strong oxldizing agents, e.g. potassium
permanganate or potassium ferricyanide, or of strong reducing
agenta, e.ge d0dlum sulflde or sodium hydrosulflte, the ac=-
tivity of the enzyme dropped sharply. Plots of thg anzyme
activity against the oxidablon-reduction potential of the
reaction mixture pave curves simllar to the typlcal pH-
activity curves for enzymes. Such results led the authors
to suggest that the control of oxldatlon-reduction potentisls
as well ag of pH may be lmportant in some enzyme reactlons,
Since Slzer and Tytell have implled that differences in oxidg-
tlon-reductlon potentials may simllarily affect papain, it is

plausgible that the sodlium blasulflte may have so altered the

Ti5I) Sizer and Tytell, J. Blol. Chem., 138, 631 (1941).
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potential of the reactlion mixture as to aectuslly result in an
appreclable deactivation of papain.

Of further interest 1ls the work of Fruton and Bergmann
(152) which indicated that papain, previously activated with
cysteineg, had greater enzymstlic actlvity toward benzoylargin-
Inamides and carbobenzoxyisoglutamine than cyanide treated
papain. Although the authors interpreted these results as an
alteration of specificity, and considered the activators as
coenzymes, 1t seems llkely that the differences may have
actually been due to changes in the oxidastlon-reductlon
potentials of ths reactlon mixtures. The work of Sizer and
Tytell and of Truton and Dergmann suggests the determination
of the effects of altering redox potentlals on the activity
of papaln. It is also of interest bto speculate as to whether
the optlmum redox potential would be dependent upon the
nature of ths substrate.

With reference to the presence ol aldehyde groups in
papain the results of studles conducted with the other car-
bonyl reagents, phenylhydrazine (Table 4}, hydroxylamine
{(Table 4 and 5) and barbiturlc acid {(Table 5), need to be
exsamined. The fact that phenylhydrazine d41d not inhibit the
anillide syntheses was .not unsxpected Iin view of ithe afore-

mentionsd observations of Bergmann and Fraenkel-Conrat (2)

T152) Fruton and Rergmenn, J. Blol. Chem., 133, 153 (1940).
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that phenylhydrazine can be utlillzed instead of anlline for
the enzymic syntheses of phenylhydrazides and that phenyle-
hydrazine inhibhited only Papain I-HCN and not Papain I-
cysteine.,

The results obtained with hydroxylamine, eapeclally thosse
in Table 5, tend to indlcate thiat this carbonyl reactor, at a
concentration of 0.01 ¥, was a rather effective papaln inhib-
ltor. Concelvably the inhibltlon may have been due to a re-
action with carbonyl groups in papaln, which the cystelne
was Incepable of preventing although oxidation-reduction
effects as considered for blsulfite may have been Involved,
The observations that the synthetic reactions were inhibited
to a preater degree when the papain was pretreated with
hydroxylamine (compare results of Tables 4 and 5) may indicate

nat the compound had, during the pretrestwment perlod, reacted
to such extent with the enzyme as to appreclably reduce the
concentration of unaltered enzyme and thus the rate of the
synthetic reactions.

Although barblturic acid inhiblted the aynthetlc resctions
to some extent, {(Table 5) 1t was not a very potent irhibiltor.
Thls may have besn due to a slow rate of reaction betweer the
inhibitor and an essentisl group, perhaps an aldehyde group,
of the enzyme. Maeda (71) found that pepaln treated for 40
hours with dlethylbarbiturlic acid Inhibited the hydrolysls of
hippurylamide completely, but had very little effect on the
hydrolysis of gelatlne
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The results obtalned wilth the tetrazolium salts (Table
4) are of interest, because it is believed that in part the
inhibitory effects may have besn cdue to the resctlon of these
compounds wlth the acylamino acld substrates, especlally
carbobenzoxy-l-ilutamic acid. This waes evidenced by the
formatlon of an olly deposit on additlon of the acylamino
acld golution to the solutlons contslning the tetrazolium
compounds. While the nature of these resction productsz has
not heen eatablished, 1t la plsusible that they are polar
compounds (salts) formed hy the iInteractlion ol the positive
nitrogen atom of the tetrazolium compound and the carboxyl
groups of the acylamino aclds. It should be noted, however
that the extents of Inhihltion of the synthesls of carbo-~
benzoxy=-l-glutamic acid anilide by 0.01 ¥ 2,3,5-trlphenyl-
tetrazolium chloride and by 0.01 ¥ 2,5-diphenyl=3-(p-1lodophenyl)
~tetrazolium chlorlde, of 52 percent and 31 percent respectlive-
1y, were grester than can be accounted for on the basls of =
. quantitative resction between these compounds and the acylamino
acid, which wse present In a concentration of 0.1 M. Presum-
ably, then, the tetrazollum compounds may have reacted with
other components of the reaction mixture, The fact that red
colored compounds characteristic of the reduced forms
(formazang) of the tetrazolium salts were obtained, seemed to
Indicate that reactlons with the cystelne may have taken
place. Although such reactions would be contrary to the

observations of Kuhn and Jerchel (138) which indicated that
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cysteine dld not reduce triphenyltetraszolium chloride, 1%t 1s
concelvable, that under the conditions employed in the present
investigatlon, reductlon may have talen place to a 1limited
extent.

Fo explanatlion can be advanced for the observation that
the synthesis of carbohenzoxy-l~zlubamle acld was Inhiblted
to a greater extent by both tetrazolium compounds than was
the synthesis:of benzoyliéwleucinanilide, unless these dif=-
ferances are bound ln some way to the apparent differences
In the reactlivitiea of the two acylamino aclds with the
tetrazolium compounds, Perhaps the differences in pH of the
two reaction mixtures wsrs also contributing factors.

Aldong (153) in a recent study of the effect of pH on iodo-
acetic acld toxlclity to yeast cells, signified that pM also
playe an Iimportant role In enzyme~inhititor reactions since
the inhlbltor was shown bo be more effectlve below pid 5.

Such results suggest that there wmey also be an opblmam pH

for the Inhibitlon of an enzyme by an inhibitor. Possibly
chara2s 1o the oxidatlon-reductlion potentials of the reaction
mixtures by the tetrazollum compounds.may have contributed,
in part, to the differences.

Conslderation of the results obtained (Table 4) in
studies concerned with Z2«hydroxy~S-metlylacrylophenone,

p~iodoaniline, and basic phenylmercuric nltrate indicatea that

T155) Aldons, J. Biol. Chem., 176, 83 (1948).



these compounds apparently inhibited the syntheais of
benzoyl=-I~leucinanilide to a 5reatef extent than that of
carbobenzoxyﬁ§~glutamic acld anilides On the other hand
phenacyl bromide, maleic acld, and fumarlc acld were more
potent Inhibitors of the formatlon of the second named com=
pound, These varlations may have been dus to the difference
éxisting hetween the pH of the two reactlion mixtures, l.e.
4.95 for the pglutamle acid derivative and B5.75 for the leucine
compound, a Factor which mlght have altersd the reactivitles
of the inhibitors with papaln or cysteine.®

A rather Interesting mecaanism to account for the
variatlon in the degrees of Inhibition of an enzymic reaction
wlth the nature of the substrate has recently been advanced
by Singer (154) who observed that the percent of inhibition
of wheat serm lipase by a fixed concentration of p-chloro-
mercurihenzoate (a sulfhydryl reagent) veried with the
structure of the substrate ester. Since the extent of ine
hibltion variled dlrectly with the molecular slize of the sube
strate, Tlnger suggested that aulfhydryl reagents may posslbly

Interferse sterlecally with the approach of the substrates %o

% The same explanation, and others to follow, may bs appli-
cable to the previously noted observation that
p-benzoquinone (Table 5) inhiblted the synthesis of
the leuclne compound to a greater degres than that
of the glutamlc acld compound.

(154) Singer, J. Blol. Chem., 174, 11 (1948).
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the sctive surface of the enzyme. It seems llkely that a
similar mechanlam might be Invoked to Interpret the results
obtained with the above mentionsed compounds. However, Singer's
mechanism requires some modification since 1t implles that the
order of the degrees of irhibitlon of reactlons involving dif-
ferent substrates would remaln uneltered desplte changes in
the nature of the iInhibltor. It ls thus necessary to aasume
that different inhibiltors in reactlng with a specific group
of the enzyme may so orient themselves with reapect to the
active surface of the enzyme that they may tend to hinder the
approach of one substrate more readlly than another; the
order of these effects may very with the nature of the 1in-
hibitor. It seems deslrable to verify thls assumption by
employing more acylamino acld substrates than In the work
reported here.

The observationa that fumarlc acid markedly inhibited
the synthesis of carbobenzoxyiémglutamic acid-anilide with
but little effect on that of benzoy11§~1euoinanilide, whereas
maleic acid (0.01 M) lnhihited both reactions apprecisbly
were of Interest. The work of Hopklns and assoclates (122),
which Indicated that fumaric acid did not inhibit succinic
dehydrogenase, whereas malelc acld did (presumably by resction
with SH groups) may be cited as evidence that fumaric acig
may have functioned differently in the inhibition of the
anlilide synthesis than did malelc acld., These workers further

indlcated that fumaric aclid as well as malonlc acld and



succinlic acld protected the dehydrogenase from oxidation by
nxidized glubathione {(G88G); they emphasized the fact that
these were dlcarboxylic aclds.

Potter and DuBols (130) z2lso noted that malonic acid
protected succinic dehydrogenase ITrom the action of varlous
sulfhydryl reactors. They postulated that the two carvhoxyl
proups of malonic acld, b2y un bing with groups adjacent to
the sulfhydryl groups of the enzyme, €. ~T-F formed a
protective bridge over ithe i groups, and thus grevented the
approacin of the sulfluydryl reagentsz. It should he polnted
out since malonlc acid ls a known competitive irmhibitor of

gucclinic acld, that the _roups to whlch 1t had hecome
attached were probab:ly thwse wilch make up the actlve conters
of The enzyme. Concelivuebly then fumaric acld ls capalle of
reacting witiz these same roups, although, It apparently does
pol functlon as a compebtitive 1.Libitor of guccinlce denydro-
LEYIBSE .

no view ol the vbservations of the aforementiuned in-
vestl_abors, it seems likely Utnat fumaric acld nay .ave
sinilearly united, nol with the sullhydryl _roupz of papaln,
but with other sroups essentlal for the formation of the
enzyne=subgtrate complex. ecaude of the almilarity in the
structure of fumaric aclid and glutamic acld i.e. two carboxyl

sroups, 1t 1d plauwsible that fumaric acld functloned as a

competltive inhibitor of the synthesls of carbobenzoxy-L-
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glutamic acid anllide. Such proposal, of course, requires
testing by means of kinetle studiles, studies of reversal
ratios, variation In the nature of the acylglutamic scid and
perhaps varlaetion in the dicarboxylic acld used as the in-
Fititor, The proposal would also seem te indicate thot deri-
vatives of roroawminoworocarborylic acids would require #1f-
ferent active certers, unless these derivatlives were capable
of displacing Omaric acid from the active groups %o which

1t was =sttached,

The proncunced inhihitory e€ffects noted with 0.01 M
copper sulfate {Tahle 4) and C.01 17 potassium ferricvanide
wore vrobebly due to the oxidstion of sulfhydryl proups of
woth the papaln and cysteire. The Tact that thege eflfects
were roticeably leas al corcenltrations of 0.001 ¥ may be
11lustrative of the grotecstive actiown of the cwsteine on the
enzyise. bt ls likely, that alterationg In the oxidation-
reduction pobtentlals ol the reaction mixturer were also jn-
volved. In reference to the inhibitory achtlon »f nitrous acié
(Téblo 5), the resultas cannot he taksn as cevidence that amlno
croups are easentlisl for the synthetlc activity of papaln,
gince reaction with the cystelne, undouhtedly, took place as
well, ESlmllar ceagsonin, may he gpplicable to the cpme of
formaldehyde (Table 5). Such results irdicate the desgirabllity

of treatlng papaln with varlous _roup reagents and separating
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the treated enzyme from the reagents, previous to the addition
of the normal components of the reaction mixture.”

The extremely potent inhibltory nower of lodoscetic scid
1s emphasized hy the results of Table 4. It is, however,
difficult to explgin the fact that the haloaeid at a concen-
tretion of 0.00001 W irhihlited the reactions completely,
deapite the precence of a relatively kish (0.008 M) concen-
tretion of cyvsteline. Since toth enzyme and activator were
added sirmltaneorsly to the Inhibitor contalning solution, the
results indicote that the reaction of ifodozcetic scld with the
SH croups of papaln may have uroceede? at a trerendously
crester rete than with that of cysteins.

To cortrast fo the results of Table 4, thogse nressnted
In Tahle 6 Indiecsted that the extent of inhihitlon of papain
by iodeoacetlic acid varled with the nature of the substrate.
The ! ffevence In the piH of the two resctlon mixbtures micht
heve ceocounted for the variast?ong, although the previously
cited work of Aldorne (153} would sugrest that the synthesls
of carbobenzoxy=T~ lutamic acld anilide should have been the
more hilghly sunpressed. It 1s plavsible that the amounts of
indoncetic acld uvsed were Insufflcient to react completely
with 211 the papain, and that s small enough quantity of
free enzyme remalned to catalyze the syrthetlc reactions

albelt at a flower rate. ‘Jowever, under these conditions,

# atudles of thls nature are in progress in these laboratorles.
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both ayntheses should have proceeded to approxlimately the same
extent since Figure & has shown marked similarity in the rates
of the two reactions. Concelvably, the rates of the two ree
actions may differ from each other at lower lsvels of enzyms.
It is also likely that the differences may be dus to variable
steriec effects produced by the lodoacetic acid, such that
carbobenzoxyﬁépglutamic acld is capable of complexing with

the altered engzyme more readily than benzoyl-L-leucine,

The data of Table 7, give evidence that differences in
the relative reactlvitles of the substrates, dependent on the
state of actlvatlion of the enzyme may exist; Apparently both
synthetic reactions proceeded at equal rates in the presence
of cysteine, however pronounced dlfferences were noted after
24 hours in the extents of the reactions in the absence of
cystelne. Such results indicated that cysteine may not be
required to the same extent as a papaln-activator for both
reactlons. Posslbly the dlfferences in the pH of the two
reaction mixtﬁres may have been involved,

The results of the foregolng investigations have con-
firmed the value of employlng simple synthetle substrates for
studying both the synthetlec and hydrolytic activitliea of the
enzyme papain. The studles concerned wlth the inhibltion of
peptlde bond synthesls suggest extenslon of the work to
additional acylamino acids. In order %to eliminate the possible
confounding effects of variations in the pH, which may have

accounted for the dlfferences ln the extents of inhlibltlon with
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change 1n substrate, the reactions counld either be carried out
at a uniform piH, or subatrates having spproximately the same
pH optima might he used. In additlon, 1t would be of interest
to utilize the corresgponding acylaminc acid amides as hydro-
lytic substrates In conjuncticn with the Inhibitors, In order
to correlate the effects of the inhibitors on the abilities

of papaln to syntheslze and hydrolyze peptide bondse.
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SUMMARY

The syntheses of a number of acylamlno aclids have been
described and the effects of altering experimental conditlons
on the papain-catalyzed syntheses of the corresponding acyl-
amino acld anilides were studled. The facbors investlgated
included: variation of the nature of the acyl group (benzoyl,
p-nitrobenzoyl, carbobenzoxy and carboallyloxy), variation in
the nature of the amino acld residue (glycine, DL-valine,
DI~leucine, and IL-glutamic acild), varlatlion of the pH (from
ca. 340 = 6,5) and variation of the cltrate buffer concentra-
tion (1.0 M and 0.1 M), The extents of hydrolysis of the
smides of benzoylglycine, benzoyl-DL-valine and benzoy l=DIl-
leucine by papaln at pH 5.0 in 1.0 M and 0.1 M citrate buffers
were also determined.

The efflcacies of various substances as inhibitoras of
the pspain catalyzed gyntheses of carbcbenzoxyig-glutamic acld
anllide and benzoyl-g~leucine anllide at the pH optime of the
syntheses, and in 1.0 M cltrate buffers have been tesated.
Various group reagents were employed in attempts to determine
the esgentiallty of certaln groups of the enzyme for its
synthetlc ablility.

1, The pH optima for the syntheses of all the acyl-l~-

glutamlc acid anilides were lower, in both 1.0 M and C.1 M
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cltrate buffers than the optlme for the anilides of the

corresponding acyl derivatives of glycine, L-valine and I~

leucine. The former values were in the range of pH 4.1 to 5.0.

2« With but few exceptlons the pH optima for the acyl
derivatives of the monoaminomonocarvoxylic acids increased in
the order: acylglycine, acyl-DI~valine and acyl-DI-leucine.
These values fell iIn the range of pH 4.2 to 6.5.

5+, The pH optima for the syntheses of all the acylamlno
acld anilides were from 0.2 to 0.8 pH units lower in the 0,1
M buffers than the correspondimg valueg Iin the 1;0 M buffers.

4, The yields of the anilides when 1.0 M buffers weroc
employed were, In almeost all Instances, gregter than the
ylelds of the same compounds in O.1 M buffers at the pH
optima of the reactionse.

5. Carboallyloxy1é—glutamic acld was the only acylamino
acid studied which fsiled to yield an anilide in elther 1.0 M
or 0.1 M buffer solutions. Carboallyloxyglycine and carbo-
allyloxy=-DI~valine dld not give measurable ylelds of anilldes
in 0,1 M citrate buffers.

6. Although varistions in the nabure of acyl group
attached to any one amino acld regldus resulted in changes in
the pH optima of the synthetic reactions, the ordera of the
changes were not the game for all the amino aclds studled.

7. The ylelds of the anilides obtained by altering the

nature of the acyl group attached to any one amino acld
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residue also varied with these changes. However the effects
were not too pronocunced and, in the maln, there was a gresater
dependency on the nsture of the aminc acld than on the nature
of the acyl group; no definlte order In the yields was noted
wlth variastion of the acyl groupge.

8. The orders of the ylelds of the anilides of the
acylated monoaminomonocarboxylic aclds in both 1.0 M and 0.1 M
buffers were in all cases acyl-érleugine > acylglycine
acyljg-valine. The acyl derivatives of glubtamlc acld which
gave insoluble products, showed ylelds of thelr resdpective
enilides comparable to those of the corresponding leuclne
derivatlives. Such results Iindicated that varlation in the
nature of the amino acld resldue altered the reactivities of
the subsirates in a definite wmanner and to a greater extent
than did changes Iin the acyl groups. The results supported
the view that an enzymic preference for the amino acld
residues oxisted. |

Q¢ AT PH 5.0 in both 1.0 M and O.1 M cltrate buffers,
benzoylﬁggwléucinamide was hydrolyzed to a greater extent by
papain than was benzoyl-DL-valinamide. These results, when
correlated with those of the synthetlc experiments indicated
a préference by papaln for lsuclne reslidues relative to valine
residues.

10, The extents of iInhibltion of the papain-catalyzed

syntheses of carbobenzoxy=-I=glutamlc acld anillide and
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benzoyl-l~leucinanllide by a number of substances varied with
either the nature of the acylamino acid substrate or the pH
and the time of the synthetic resction.

1le The degrees of inhibition were apparently independent
of elther the nature ol the substrate or the pH when copper
sulfate, sodium blsulflite, hydroxylamine, nltrous acid, formal-
dehyde and potasalum ferrilicyanide wexo used as inhibitors.
p~Tenzoqulnone 1lnhiblted both reactlions weakly and to the same
extent when the enzyme was not pretreated with this compound.
Pretreatment of papain with the guinone resulted In a ;jreater
degree of Inhlbiltlon of the synthesis of the acylleucinanilide,
but did not markedly chanje the extent of formation of the
glutamlic acld derlvative,

12. The extents of lnhibitlon of each of the two =syn-
thetic reactions was dependent on slther the nature of the
substrate or the pH In the cases of phenacyl bromide, mglelic
acld, fumarlc acid, 2-msthyl-l,4-naphthoquinone bisulfite,
2,3,5~triphenyltetrazolium chloride, and 2,5~diphenyl-3-
(p=-1odophenyl)~tetrazollium chloride. These compounds in=-
hibilted the synthesls of carhobenzoxyﬁ£~5lutamic acld to a
greater degree than that of benzoyl-l~leuclnanilide. Converss
results were obtained with p-lodoaniline, baslec phenylmercuric
.ﬁitrate and 2-hydroxy-&-methylacrylophenone. Posslble reasons
for these dlfferences nave heen dlscussed.

13. The papaln-catalyzed synthesses were inhiblted by

geveral sulfhydryl reagents (iodoacetic acld, phenacyl bromlde,
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basic phenylmercuric nitrate, maleic acld and oxidizing sgents).
Such results thus indicated that sulfhydryl reagents inhibit

the synthetlc activities of papain as well as the proteolytic
gbllitiesn asvpreviously shown.

14, Studies conducted with carbonyl reagents gave
results,; which when compared with previous obsaservatlions showed
that these reagents were capable of inhiblting both the syn-
thesls and hydrolysis of peptide bonds.

15, Durling the course of the investiligation the following
compounds previocusly not rsported in the literature were pre-
pared: carbobenzoxngépvaline,% M.p.76=78°; carbobernzoxy-
DI-leucine,* m.p. 45-48°; carboallyloxy-DI-valine, m.p. 49.5=
829; carboallyloxy-L-glutamic acld, m.p. 55=-58°; benzoyl-DL~-
valine ethyl ester, m.p. 65-68°; carbobenzoxyglycine ethyl
ester, m.p. 335-349; carbobenzoxy-DI-valine ethyl ester,

m.p., 32-33°; carbobenzoxy-DI~leucine ethyl ester, m.p. 18.5-
199; carboallyloxy-DI~valine ethyl ester, m.p. 9-11%; carbo-
benzoxyglycinamide, m.p. 136-137.5°; carboallyloxyglycinamide,
Mmepe 107-107,.5%; carboallyloxy=-DI~leucinamide, m.p. 83-85°;
benzoyl-I-glutamic acid anilide, m.p. 169~171°%; p-nitrobenzoyl-
glycinanlliide, m.p. 215‘5-215.50; E—nitrobenzoylﬁngalinanilide,
Mepe 215-216°; p~nltrobenzoyl-l~leucinanilide, m.p. 188-190°;
p-nitrobenzoyl-L-glutamic acld anilide, m.p. 191-1929;

carbobenzoxy-IL-valinanilide, m.p. 182-183.5°; carbobenzoxy-

% Previously prepared in these laboratories by Fox and Fling

L 4
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I=leucinanilide,® m.p. 138-141°; carboallyloxyglycinenilide,
Mepe 134-1369% carboallyloxy~IL-valinanilide, m.p. 168-169°;
and carboallyloxy-L~leucinanilide, m.p. 160.5-162°,

% Previously prepared by Bergmsnn and Fraenkel-Conrast (2)
but melting point not reported.
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