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INTRODUCTION 

The elucidation of the process whereby proteins are 

synthesized in the cell is of fundamental biological 

importance. Knowledge of the mechanism of protein 

synthesis is prerequisite to an understanding of not only 

normal tissue protein synthesis, but also to the mechanism 

underlying gene, virus, enzyme and antibody formation. 

The validity of any theory of protein synthesis depends 

on a clear and precise accounting for both the high 

degree of specificity and the energy relationships 

involved in such reaction. Since the peptide bond is the 

linkage by which the amino acid residues in the protein 

molecule are held together, the mode of formation of such 

bonds constitutes an important factor in the clarification 

of the problem of protein formation as a whole. Despite 

the expenditure of much effort to the problem, however, 

the nature of the mechanisms involved in such process 

still remains quite obscure. 

Included among the several postulated mechanisms for 

protein synthesis is one which suggests that the same 

proteolytic enzymes responsible for proteolysis are also 

involved in synthesis (1). Ketabolic studies involving 

(1) M, Bergmann, Chem. Rev.. 22. 423 (1938), 
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the use of isotopically labeled amino acids have shown 

that In the living organism proteins imdergo a continual 

process of degradation and re synthesis (1), As8U25>tlon 

has usually been made that the breakdown process consists 

of peptide bond cleavage by the proteolytic enzymes, 

.Although the nature of the sjmthetlc reactions leading 

to peptide bond formation has been the subject of varied 

speculation. It is conceivable that the reversal of 

proteolyats is catalyzed by the identical proteases 

responsible for the hydrolytlc reaction. Such a proposal 

is in agreement with a fundamental concept of catalysis 

developed by Nernst (2), derived from thermodynamic 

considerations^ that a theoretical catalyst should have 

the ability to catalyze both the forward and reverse 

reactions of an equilibrium system. Confirmation of the 

agreement between enzymatic action and catalytic theory 

has been made with the carbohydrases and the esterases 

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

(1) R. Schoenheimer, "The Dynamic State of Body 
Constituents", Harvard Unlv, Press, Cambridge, 
Mass, 1946, 

(2) w, Nernst, "Theoretical Chemistry", 4th English 
Ed, p. 617, Macmillan and Co. Ltd., London, 1916. 

(3) Q-, T. Corl and C, F, Cori, J. Biol, Chem,. 131. 397 
(1939), " 

(4) H, Borsook and H, P, Sohott, J, Biol. Chem,, 92. 535 
(1931), — 
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wlth the proteolytlo enzymes, such enzymes have never

theless been shovn to be capable of catalyzing both the 

synthesis and hydrolysis of peptide bonds (1), 

Since a multitude of difficulties are inherent in 

investigation of vivo protease action with respect to 

potential synthesizing abilities, recourse must be made 

to vitro studies wherein the reaction can be 

investigated free from complicating factors, despite 

the "non-biological® nature of such studies. The current 

methods for effecting such s tudies have been utilization 

of the formation of insoluble products (peptides of the 

anilide type (1)) or increase in reactant concentration 

(2) in order to drive the reaction toward the synthetic 

end, and use of isotopically labeled compounds to enable 

the detection and quantitative determination of small 

amounts of products (3-5), 

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

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

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

(4) J, Melchior and H. Tarver. ArCh, Bio chem,, 12. 
301 (1947), 

(5) J, Melchior and H, Tarver, Apch, Bio chem,, 12, 309 
(1947). 
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It has long since been hypothesized that the synthesis 

of peptide bonds is due to direct condensation between 

carboxyl and amino groups in reactions which are the 

reversal of hydrolysis and accordingly catalyzed by 

proteolytic enzymes (1). If it is assumed that aiaino 

acids are the starting materi^s for peptide bond 

formation, then synthesis of these aaino acids should be 

a necessary prerequite to the coamenceffient of protein 

synthesis. Examination of amino acid and protein 

synthesis in Torula yeast showed (2) that protein 

formation was very slow before the accumulation of 

substantial quantities of amino acids in such cells. 

The rate of protein synthesis then accelerated while the 

accumiilation of amino acids in the yeast cells ceased. 

Determination has been made (3) of the free energy 

of formation of several peptide bonds composed of various 

amino acid residues, A postive free energy value of 

about 1400 to 3700 calories was found in all cases 

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

(2) P. Roine, Ann. Acad, Sci, Pinnicae, Ser, A. II, 
Chem. Ko, 26 (1947). (Original not available for 
examination; cited in A. I. Virtanen, Ann. Acad, 
Sci. Finnlcae. Ser, A, II, Chem. Ko. 39 {l950}. 

(3) H. M. Huffman, J. Phys, Chem.. 46. 886 (1942). 
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investigated. Prom the free energy value for peptide 

bond formation from the constituent amino acids, it 

could be concluded that the equilibrium between a 

peptide and its split products lies far on the side of 

hydrolysis. Appreciable synthesis could be expected 

only if the peptide were effectively removed from the 

system aa it was formed. Recollection has been made by 

Bergmann and Fj.uton (1) that various proteases catalyze 

condensation as well as hydrolysis through action on 

amino acid derivatives which yield insoluble peptides; 

tliey further emphasize that the alleged sharp specificity 

of the preoteases lends plausibility to the view that 

their role in protein synthesis is an important one, 

sines operation^lsome such specificity must be assumed 

during the formation of the peptide-chain structure of 

proteinSo 

The investigations reported herein were carried out 

with the purpose of studying the effect of residue 

structure on enzyaically catalyzed synthesis of peptide 

bonds of the anilide type. Particular emphasis was 

placed on the contribution of the amino acid residue side 

chains to the quantitative extent to which synthesis 

might proceed. In addition, attention was given to the 

(1) M. Bergmann and J, S. Pruton, Ann. N, Y, Acad, Sci.. 
45. 409 (1944). "" "" 
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different types of reaction that might be effected 

depending on the structural constitution of the 

substrates used. Such an investigation, of necessity, 

had to include catalysis by various enzyme systems, the 

proteases papain, ficin and ohymotrypsin being here used. 
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HISTORICAL 

Proteolytic Enzymes in Protein Synthesis 

The role of proteolytic enzymes in the synthesis of 

peptide bonds by enzymic action on aiztures of protein 

hydrolyzates was first suggested at the turn of the 

century (1) by the knowledge that the fat and carbohydrate 

splitting enzymes are capable of effecting the synthesis, 

as well as the hydrolysis, of pertinent substrates. 

Similar iapreesioa was drawn from the voluminous data 

concerning the "resynthesis of protein" through the 

separation of insoluble products, the so-called "plastein", 

by the action of pepsin or papain on the partial 

enzymatic protein hydrolyzate. Thus, it was observed in 

1886 by Dgnilewslci (2) that a precipitate is formed if 

gastric juice is added to concentrated peptone solution. 

Those who examined the phenomenon during the next 25 

years presumed, without any direct evidence, that 

plastein was a protein pirobably similar to or the same 

as that used as the starting material in the hydrolysis 

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

(2) Danilewski, cited by V. Henriques and J, K, 6-jaldbSS:, 
2. Physiol. Chem., 71, 485 (1911). 
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(1,2). In 1911, it was observed by Henriques and 

G-jaldbfik (3-5) that the amine nitrogen decreased during 

the plasteln s3mthesis. The same finding xiras made In 

1924 (6) with respect to the oarobxyl groups. However, 

as late as 1936, Oppenheimer, in his work, "Die Fermente 

und ihre Wirkungen",. still considered that peptide 

sjmthesis had not been proved in the formation of 

plastein. 

If a critical review is made of the literature 

Hith regard to plastein syntheslsj it will be found 

that, until the most recent years, the picture of the 

nature of the reaction remained obscure. Thus, in 

1930, Wasteneys and Borsook (7) reviewed much of the 

earlier literature as well as the greater portion of 

(1) B. A, E. Taylor, J. Biol. Ghem.. 3, 87 (1907). 

(2) T. B. Robertson, £. Biol. Chea. ̂  94 (1907). 

(3) V. Henriaues, and J. K. G-Jaldb&k, Z, physiol. Chem., 
71, 485 (1911). 

(4) ?. Henriques and J, K. Grjaldb&k, Z, physiol. Chem., 
81. 439 (1912). 

(5) V. Henriques and J, K. Gjaldb&k, Z. physiol. Ohem. 83. 
(1913). 

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

(7) H. Wasteneys and H. J, Borsook, Physiol. Rev.. 10, 
110 (1930). 
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their own investigations dealing with the ̂  vitro 

reversal of proteolysis by the action of pepsin or 

trypsin on peptic digests of egg slbumin, The 

evidence obtained for peptide bond formation included 

a decrease in amino nitrogen during the incubation, the 

formation of an Insoluble protein-like precipitate 

(plastein), the precipitation of the solution of plastein 

with trichloroacetic acid and the ability of pepsin to 

digest plastein under properly buffered conditionso The 

authors explained plastein formation by application of the 

law of mess action and indicated ready reversibility of 

the hydrolytic reaction under favorable concentrations 

of reactants and products. Prom the assumption that 

egg albumin hydrolysis and plastein synthesis are the 

forward and reverse reactions of the overall equilibrium 

Pepsin 
Protein < ^ A B • C .... K, 

the equilibrium expression for the reaction was then 

formulated as 

K ^ (A) (B) (0) (M) 
Protein 

where K is the equilibrium constant. If this 

formulation is a valid one, then as the concentration of 

split products is increased, an appreciable shift of the 
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proportlon of components to^i'-ard the direction of 

synthesis should occur«, 

Criticism of the conclusions drawn by Wasteneys 

and Borsoolc has come from many directions. In 1952, 

the uLtracentrifuge determination, by Svedberg, of 

plastein prepared by Polley (1) from egg albumen, 

indicated that the molecular weight of the preparation 

was less than 1000® Hence, it appears that no 

polypeptide synthesis had occurredo Polley therefore 

assumed that the decrease of amino nitrogen had been due 

to the disappearance of the terminal groups of peptides 

in the hydrolyaate through cyclopeptide formation. As 

recently as 1947, Ecker (2) arrived at the same result 

as Svedberg by ultracentrifuge methods. On the other 

hands Gollie-r '3^ found a •yer'"' hiffb-molecular fraction-

in small amounts, in his plastein preparations. 

Perhaps the severest criticism of the conclusions 

drawn by Wasteneys and Borsook has come from Bergmann 

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

(1) s. J. Folley. Biochem. J. 26. 99 (1932), 

(2) P. Gr, Scker, J, Gen, Physiol. , ̂  399 (1947), 

(3) fi. B, Collier, Cnn. J, Res., 18B. 272, 305 (1940). 

(4) M. 
45. 

Bergmann and J, S, Fruton, 
» 409 (1943-44). 

Ann, N, Y, Acad, Sol 

(5) R. S, Alcock, Physiol, Rev,. 16. 1 (1936), 
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on the grounas that no definite demonstr&tion of peptide 

bond synthesis had been made, that the pH optima for both 

synthesis and hydrolysis differed ni&rksdly, and thereby, 

the synthetic reaction was not siisply a reversal of the 

hydrolytic one, and that application of the law of mess 

to the results was invalidated by the fact that no 

resycthesis of the original proteins, froia srhich the 

peptic digest were derived, had occurred. This 

indicated that the expression of Wasteneys and Eorsook (1), 

Protein + EgO <• ^ Products, 

implies that an equilibrium exists between a specific 

protein and its products of hydrolysis. Since 

recombination of these split products do not yield the 

same protein froa '<diich they were originally derived, 

o rnn la «4 •fral tt e r\na 

still further evidence against the validity of the 

Wasteneys-Borsook interpretation was presented by 

Horthrop (2), This Investigator reported that the 

plasteins obtained from the peptic digest of pepsin and 

trypsin had neither the general properties of the 

(1) H. Vasteneys and H, J, Borsook, Physiol. Rev,, 10, 
110 (19o0). 

(2) J. H, Northrop, J, Gen. Physiol, 30. 577 (1947). 
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parent enzyme nor any activity. That a decrease of amino 

nitrogen in the reaction does occxir, however, has been 

evidenced by even the early investigations, although it 

has often been claimed, even quite recently (1), 

that piastein precipitation does not depend on the 

formation of new peptide bonds, 

Virtanen and co-workers (2) assumed, as had Folley 

(3), on the basis of cryoscopic determinations of 

molecular weight in formic acid, acetic acid and phenol 

that the products formed in concentrated protein 

hydrolyzates with pepsin are small cyclopeptides. 

Subsequent work by the Virtanen group (4), on the 

contrary, based on viscosity measurements, cryoscopic 

determinations in non-polar solvents and diffusion 

determinations, pointed to large polypeptides with a 

molecular weight of several thousand. The largest 

polypeptides synthesized contained only 0,8 to 1,3 per cent 

«t.amino nitrogen of total nitrogen, which corresponded to 

an average molecular weight of about 7000-12000, These 

(1) J, A. V. Butler, E, C. Dodds, D, M, P, Philips and 
J. K, L, Stevens, Biochem,, J., 122, (1948). 

(2) A. I, Virtanen and H. Kerkkonen, Mature. 161, 888 
(1948). 

(3) S. J. Polley, Biochem. J. 26. 99 (1932). 

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

Virtanen group has greatly helped to bring some order 

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

dispel some of the misconceptions concerning the 

nature of plastein synthesis. Some of the more salient 

features of these Investigations will be dealt with below. 

In general, the Virtanen group carried out the peptic 

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

the plastein synthesis was generally effected at pH 4, 

the optimum for the reaction. When the peptic hydrolysis 

was allowed to proceed to the extent that the average 

size of peptides in the hydrolyzate corresponded to a 

tetra- or hexapeptide, amino nitrogen was always lowered 

appreciably in the concentrated hydrolyzate through the 

action of pepsin. Precipitation of plastein reached a 

maximiUB dtxring 24 hours, the decrease of amino nitrogen 

varying from 10 to 20 per cent. Nevertheless, the 

plastein precipitate often contained 35 to 40 per cent 

of the total nitrogen in the initial hydrolyzate due 

to the co-precipitation of a number of peptides, 

formed in the original hydrolysis, 

(1) A, I, Virtanen, K. Kerkkonen, T, Kaaksonen and 
M. Hakala, Acta Chem. Scand., 3, 520 (1949), 

(2) A, I. Virtanen, H, Kerkkonen, M, Hakala and 
T. Laaksonen, Naturwlss.. 37. 139 (1950), 
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with the synthesized poljrpeptides. Such piastein 

precipitates thereby consisted only partially of 

synthetic products, this being advanced as the I'eason 

for the lov/ molecular T^eights as deterainsd by the 

ultracentrifuge method. 

On the other hand, if peptic hydrolysis was 

allovred to proceed to the extent where the hydrolyzate 

contained larger peptides, for example, on the average of 

a decapsptide, then no decrease in amino nitrogen was 

noted within 24 hotjrs but, on the contrary, an increase 

was noted. Despite this, abundant precipitation of 

plastein vas observed. This was interpreted as being 

due to the fact that the hydrolysis of peptides occurred 

simultaneously with synthesis. Thus, the contradictory 

observations of the earlier investigators regarding the 

decrease of amino nitrogen could be ascribed to the fact 

that, in plastein synthesis, the variations in the peptide 

size of hydrolysates had not been considered. 

The introduction of the concept (1-3) that the 

(1) E, v/aldschmidt-i^eitz, I. J. Bek and J, Sahn, Katur"??'iss«, 
17, 85 (1928-29). 

(2) K, Mo the s, Mattarviss. a ZO, 102 (1932), 

(S) K, Mothes, Katurwiss.. 20. 883 (1932), 
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dlrection of intracellular protein reaction is determined 

by the oxidation-reduction potential, i.e., that it is 

steered in the direction of hydrolysis by reducing agents 

and In the direction of synthesis by oxidizing agents, 

has led to reports by Voegtlln and associates Os-4) 

concerning the ensyaatic synthesis of protein-like 

products, by means of papain or cathepsin, through the 

oxidation or aeration of a hydrolyzate aixture. isltJi 

respect to the intracellular proteinases, these 

investigators regarded the following conditions as 

favoring synthetic processes; (a) a relatively high 

ojtygen tension; (b) a relatively high initial concentration 

of sulfhydryl groups which can give rise to a relatively 

hlgii concentration of disulfides; (c) a hydrogen ion 

voncsntratioii not far resioved fros neutrality; (d) a 

(1) 0. Voegtlin, M, 2. Maver, and -J. M. Johnson, J. 
Pharmacol.. 48. 241 (1932). " 

(2) M. S. !!aver, J, M, Johnson and C, Voegtlln, Katl, 
Inst. Health Bull. No, 164, 29 (1935). 

(3) M, S, Maver and C. Voegtlln, Snzymologia. 6^ 219 
(1939). 

(4) C. Voegtlln and M, B. Maver, U. ?rib. Health 
RsPts.. 4v. 711 (1932). "" "" 
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sufficient concentration of suitable protein split-products. 

Proteolysis, on the other hand, was favored by lot'/ 

oxygen tension and low pH. 

The conclusions reached by Voegtlin and co-workers 

have been demonstrated as invalid by several investigators. 

Thus, reinvestigation of this x-^ork Strain and Linderstrom-

Lang (1-5) failed to demonstrate the synthesis of any 

material that could be precipitated with trlchloro-acetic 

acid. Under the influence of oxidizing agents, no 

synthesis of peptide bonds was effected but only the 

union of sulfhydryl containing fragments through the 

formation of disulfide linkages. Similarly, it was 

shown by Bergmann and Fruton (4) that the conclusions 

of the Voegtlin group were contrary to observations (5) 

(1) H. H, Strain and K. Linderstrom-Lang, Snzymologia. 
5, 86 (1938). 

(2) H, H, Strain, Snzymolof!:ia. 7^ 133 (1939). 

(3) K. Linderstrom-Lang and G-. Johansen, Snzymologla. 7^, 
239 (1939). 

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

(5) M. Bergmann and E. Fraenkel-Conrat, J. Biol. Chem., 
119. 707 (1937). 
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which indicated that, for both hydrolytic and synthetic 

reactions, the pH optima and activation requirements of 

proteolytic enzymes were the same# 

In the attempt to effect the enzymatic synthesis 

of peptide bonds, ouch credit for decisive progress is 

due to Max Bergmann and his school. Since 1930, 

Bergmann studied the specificity of proteolytic enzymes 

which hydrolyze low-aolecular peptides of known 

structure, and in conjunction x^-ith these investigations, 

the synthesis of peptide.? by means of proteolytic 

enzymes was also studied, This investigator concluded (1) 

that if the peptide synthesized is insoluble to such an 

extent that even a slight synthesis results in the 

exceeding of the solubility limit, then considerable 

peptide synthesis should occur as a result of the 

continual removal of the reaction product from the 

system. In other words, the driving force of the 

reaction was due to the formation and separation of 

an insoluble product. This may be exemplified by the 

cysteine-papain catalyzed reaction of benzoylglycine 

with aniline to yield the insoluble product, 

(1) M, Bergmann and H, Praenkel-Conrat, J, Biol. Chem., 
119, 707 (1957). *• 



www.manaraa.com

-IS-

benzoylglycinanilide: 

papaia 
CgHg* CO-NH* CHg- COOH+NHg* CgHg^-^-—^•CgHg- CO-NH* CHg* CO-KH* CgHg 

Benzoylglycine + aniline papa^ Benzoyiglyoinanilide 

The theory of enzymic anllide sj^nthesls and the significance 

of such experiments in an understanding of biological 

synthesis of peptide bonds has been discussed by Fox 

and co-workers (1), 

Since the initial enzymic anllide syntheses had 

been reported by Bergmann and Fraenkel-Conrat (2), 

many syntheses of a similar nature have been investigated, 

chiefly by Bergmann and his collaborators. Thus, studies 

of the effect of variation of blocking groups (3-5), 

(1) S. W. Fo2, C. W. Pettinga, J. S. Halyerson and 
H, Wax, Arch. Biochem., 25« £1 (1950). 

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

(3) S. W. Fox and H, Wax, J, Chem. 3oc.. 72. 
5087 (1950). 

(4) D. G-. Doherty and E. A. Popenoe, Jr., J. Biol. Chem.. 
1S9. 455 (1951). " 

(5) K. F. AlbertsoD, J. Chem. Soc., 75. 452 
(1951). 
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amlno acid residues (1, 2-4), activators (5), buffer 

concentration (2), amines (6-S), and enzymes (4,5,9) 

on the degree of reactivity have been conducted. Several 

of these will be discussed more fully under the appropriate 

headings8 

(1) S, V/. Fox and H, ¥ax, J, Qhem. Soc,, 72, 
S087 (1950), -

(2) S. y. Pox and G. ¥, Psttinga, Arch, Biochem.. 
25, 13 (1950). 

(3) S. Fox, Co W, rettinga, «T, S. Hslverson and 
H, Wax, Arch. BlocheiH., 25, 21 (I960). 

(4) S. W, Fox and M. ¥lnltz. Arch. Slochem., in press, 

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

(6) M. Bergmann and H. Fraenkel-Conrat, J, Biol. Cheia.. 
124. 1 (193S). "" 

(7) E. Waldschfliidt-l^itz and K. Ktoi, Z, physiol. Ghem., 
266. 23 (1950). ~ 

(8) K. Winitz and S. W. Fox, Abstracts, 12th International 
Congress of Pure and Apt)lied Chemistry, Hexir York, 
96 (1951). 

(9) M. Bergmann and K. Fraenkel-Conrat, J. Biol. Chem.. 
124. 321 (1938). " 
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Snzyme Specificity 

Enzyme specificity may be classified either as 

••relative'* or as "absolute" specificity. Relative 

specificity involves enzyaic action on various but 

usually related compounds, these C0i!:5)0unde undergoing 

attack at different rates. Absolute specificity, on 

the other hand, refers to measurable enzymic action 

on only one or a group of related substanee§ without 

appreciable effect on other substances^ Relative 

specificity therefore emphasizes quantitative 

differences while absolute specificity refers to 

qualitative ones. Transformation of the former into 

the latter is feasible in some instances, depending 

upon the reaction conditions used, while the reverse 

case is not as general. More pointed references to these 

types of specificity will be referred to under the topics 

discussed below. 

Antipodal specificity 

Although optical antipodes show entirely the same 

qualitative and quantitative behavior between the 

p- and the ^form for reactions involving non-asymaetrlo 

reactants or catalyzed by non-asymaetric catalysts, the 

situation is in all known Instances fundamentally 

different when enzymes are the catalysts. An early 
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report (1) of stereochemical enzyme specificity was made 

on esterases exposed to the ester of DL-mandelic acid. 

Interruption of hydrolysis before reaction had gone to 

completion shox'-ed a greater extent of cleavage for the 

p- than for the If- ester. 

Stereochemical or antipodal specificity plays an 

important role in the field of the proteases. Discussion 

will be here concerned chiefly with protease specificity 

in syntheses of the anilide type. 

The antipodal specificity of proteolytic enzymes as 

synthesizing enzymes (2) was revealed ^vhen the acyl 

derivatives of several pL-amino acids were incubated 

vrith aniline or phenylhydrazine and cysteine-activatsd 

papain. It Kas observed that, in every instance, 

enzymic action was confined strictly to the derivative 

of the natural famine acid, the D-amino acid remaining 

unchanged. This is exemplified as follows: 

3z-DL-amino acid-i-aniline Bz-L-amino acid anilide 

+ Bz-D-amino acid 

(1) H, D. Dalcin, J, Physiol. (London), 50, 253 (1904), 

(2) M, Bergmann and H. Praenkel-Conrat, J, Biol. Chem.. 
119, 707 (1937), 
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Thus, no anilide could be obtained from a homogeneous 

preparation of benzoyl-p-ieuolne under conditions in 

which benzoyl-L-leuclne was converted to its anilide ia 

almost quantitative yield. 

It has been assumed (1) that in the papain catalyzed 

synthesis of the general type 

R. CO-HH. CHR5 - COg" +- H«SHgJ==^ R- CO-NH- CHR« • CO-KHH" + OHT 

that only the N-aoyi-L-amlno acid amide or hydrazid© is 

formed. Howeverj suggestion has been made (2) that when 

R' is small, i.e.. a methyl group, there may be some loss 

in enzymatic stereochemical specificity. Further, evidence 

has been obtained by Bennett and Niemann (3) whose worS 

demonstrates that factors other than configuration about 

the asymmetric <<-carbon atom and possibly the size of tiie 

R' group in the N-aoyiated-o(-aaiiao acid eould influenos ths 

stereochemical course of the above reaction. These 

investigators observed that in addition to the expected 

^Isomer, N-car'DObenzoxy-o-fluoro-D^phenylalanine gave 

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

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

(2) M. Bergmann, L, Zervas and J. S. Fruton, J, Biol. 
Ohem,. 115. 595 (1936). ~ 

(5) S. L. Bennett and C. Niemann, J, Am, Chem. 3oo.. 
70. 2610 (1948). ~ 
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phenylhyarazide. These same workers later showed (1) 

that stereochemical specificity in the papain-catalyzed 

synthesis of phenylhydrazides of acylated phenylalanines 

is, in part, determined by the nature of the acyl group 

present in the acylated phenylalanines. Thus, for an 

acyl-DL-phenylalanine, R» CO-KH* CH{CH C H_)•COOH, 
2 D S 

the papain-catalyzed synthesis of the phenylhydrazide 

proceeds with almost complete stereochemical specificity 

for the L-antipode -ifhen R equals GH^- or GgHg-. However, 

when R e<^uals CH—O—, CgHgO— or CgHgCHgO—, this 

stereochemical specificity is lost to a striking degree 

and the rate of formation of the phenylhydrazide of the 

D-antipode is of a magnitude almost as great as that 

of the ;^antipode, 

Milne and Stevens (2) not only showed lack of 

a-Qsolute stereochemical specificity in a different 

series of compounds but also demonstrated enzymatic 

synthesis when the starting material was a pure 

derivative of the D-configuration» Both the D-and DL-

(1) E, L, Bennett and C. Niemann, J, Am, Ohem. Soc,, 
72, 1798 (1950). "" 

(2) H, B, Milne and C. M, Stevensa Je Amo CheSc 3oc«, 
72, 1742 (1950). "" 
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forms of N-carboallyloxyleuclne, when Incubated with 

phenylhydrazine in the presence of activated papain, 

gave appreciable quanities of phenylhydrazides of 

the D-antipode» 

The effect of certain combinations of amino acid 

side chains and aoyl groups on the retention or loss 

of stereocheaical specificity has also been studied (1). 

Although carbobenzoxy-p^alanine, in the presence of 

activated papain and phenylhydrazine, formed only the 

carbobenzoxy-L-alanylphenylhylrazide, carbobenzoxy-p^ 

phenylalanine yielded both the pheaylhydrasidea of the 

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

carried out on the enzjrme-catalyzed hydrolysis of the 

corresponding amides and esters. 

Bergmann and associates (3) investigated the 

enzymatic combination of acetyl-DL-phenylalanylglycine 

with aniline. Here the amino acid residue which contains 

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

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

(2) S. Kaufman, H. Neurath and G. Schwert, J, Biol. 
Cheat;. 177. 793 (1949), "" 

(S) M. Bergmann and 0. K. Behrens, J. Biol. Chem.. 
124. 7 (1938). ~ 
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not directly Involved in the coupling reaction since the 

free carhoxyl group belongs to the glycine which contains 

no assymmetric center. Nevertheless, only the acetyl-]^-

phenylalanylglycine was transformed into its anilide 

by activated papain. Repetition with a more highly active 

papain preparation showed that the D-isomer also reacted 

to give the anilide. However, the rate of formation of 

the D-antipode shown to be much slo'^er than that of 

the L-antipode, 

Ensysie spscificity in relation to substrate structure 

The enzymic preference for particular substrates is 

a more subtle type of specificity than the stereochemical 

specificity exhibited by proteolytic enzymes. This 

specificity embodies the particular sensitivity of 

proteinases to the presence and special nature of the 

side chains in the substrate. Thus, in the hydrolysis 

of synthetic substrates, papain is able to distinguish 

between glycyl and leucyl while chymotrypsln is able to 

distinguish between leucyl and phenylalanyl (1), This 

is illustrated by the hydrolysis of two peptides, by 

papain, which differ only in the central amino acid 

(1) M, Bergmann and J. S, Pruton, J. Biol. Chem,. 118. 
405 (1957). 
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residue, i.e., a glycyl in one instance and a ieucyl in 

the other (1), 

Bz-leucylleucylglycine Bz-leucine +leucylglycine 

Bz-leucylglycylglycine Bz-leucylglycine +glycine 

In "both cases, the peptide bond between the leucine and 

glycine residues was resistant to enzymic cleavage whereas 

the bonds between the two leucine residues. In the former 

case, and the two glycine residues, in the latter, were 

susceptible to hydrolytic action. These same investigations 

showed that the enzyi^o action of papain 18 not limltBu 

to peptide linkages between particular amino acids but 

is capable of cleaving varied peptide bonds Irrespective 

of the presence of neutral, acidic, or basic amino acids 

on the carbonyl or Imino side of the linkage split. 

However, if the substrate subjected to enzymic attack 

contains several peptide linkages, these linkages are 

attacked at widely different velocities. Haphazard 

cleavage is not effected at all linkages but preference 

is shown for only certain ones. Thus, "the specificity 

of a proteinase is characterized by the rates at which 

the peptide bonds of a number of substrates are hydrolyzed 

(1) M, Bergmann, L, Zervas and J, S. Fruton, J. Biol. 
Ohea.. 115. 593 (1936). 
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In the presence of the enzyme" (1), 

Proteinase cleavage of a peptide linkage is affected 

by more distant groups as well as the two amino acid 

residues which directly participate in the peptide 

bonds (2), Deaonstration of this effect was clearly 

made by the decreased cleavage of the tyrosyl-glycine 

linkage by chymotrypsin on passing from carbobenzoxy-

tyroaylglycineaffiide to carbobenzoxytyrosylglycylglycineamidee 

Since the enzymatic synthesis of peptide bonds is 

perforined by the saae proteases that oleave these boads^ 

and since these syntheses and hydrolyses represent 

component processes of equilibrium reactions, it is to 

be expected that similar residue specificities should 

be observed for enzymatic syntheses as were observed for 

hydrolyses. Thus, in a synthesis of the general type 

H»CO->IH»CHR» •COOH -h HHg-H" R»00-SH'GHR'• CO-SH»H^ 

the nature of R, R* and H'' should play a role similar 

to that in hydrolysis with regard to the rate at which 

the reaction proceeds and the nature of reaction effected. 

(1) Mo Bergmann and J, S, Fruton^ Advances in Enzymol. a 
1, 89 (1941). 

(2) M, Bergmann and J, S, Fruton, J, Biol. Chem. > 118. 
405 (1937), "" 
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Tiie effect of residue side chains (R') was demonstrated 

by Fox and co-workers (1) in the papain-catalyzed anilide 

synthesis of some benzoylamino acid anilides of the 

monoaminomoiBocarboxylic acid category. Different degrees 

of reactivity were noted for the glycine, alanine, leucine 

and valine residues upon their incorporation into anilides. 

The behavior varied, under identical experimental conditions, 

from virtual inactivity for valine to semi-complete 

reactivity for leucine. In view of these results, the 

connotation of *specificity" was here considered 

inappropriate, the terra "preference" being used in its 

stead. Distinction was made between the preference used 

in this connotation, which was defined on a rate basis, 

and the type of preference noted in the hydrolytic 

experiments wherein enzymic action was confined to one 

of two or more peptide bonds within the same substrate 

molecule (2). 

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

(1) S. ¥, Fox, C. W. Pettinga, J. S, Halverson and 
H. ¥ax. Arch, Biochem.. 25. 21 ̂ 950), 

(2) M. Bergmann, L, Zervas and J. S, P^uton, J, Biol, 
Chem.. 115. 600 (1936), ~ 

(3) S. W, Fox and H, Wax, J. Am, Chem, Soc,, 72. 
5087 (1950), ~ 
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effects of various bloclcing groups were studied, gave 

confirmation to the "preference" concept advocated 

above. The previously observed decreasing preferences 

for leucine, glycine and valine (1) were here 

supported for the p-nitrobenzoyl, carboallyloxy, and 

benzoyl blocking groups, with a shift in order 

between glycine and leucine only when carbobenzoxy 

was the substituent. In addition, the use of various 

blocking groups (R) gave some indication of their 

relative contribution to the quantitative extent to 

which the enzyme-catalyzed reaction proceeded over a 

given time interval. 

The effect of a veriety of substituted anilines 

(R") was reported by waldschniidt-Leitz and Xfthn (2) 

in papain-catalyzed anilide syntheses using hippuric 

acid. The results demonstrated that the extent to which 

a synthesis proceeded was governed, in several Instances, 

by whether an ortho-, meta- or para-substituted aniline 

was used. Thus, o-toluidine showed a far lesser ability 

to react than the meta- or para-derivatives, reaction 

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

(1) S, ¥, Pox, C, We. Pettinga, J. S, Halverson and 
H. Wax, Aych. Biochem.. 25« 21 (1950). 

(2) S. Haidschaidt-Leitz and K, Kfthn, Z-physiol. Chem,, 
285. 23 (1950). 
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o-amlnobenzolo acid, in distinction to the para-derivative, 

exhibited no coupling, Ko special position of the ortho-

derivatives were noted with the asilnophenols and the 

phenylenediamines. Cognizance should be taken of the 

fact, however, that the ortho-derivative of the latter 

reacted with only one, while the para- and meta-derivatives 

reacted with two hippuric acid residueSe It should also 

be mentioned that the negative outoosae of synthetic 

experiments with N-methyl aniline was ascribed to the 

absence of the free aaino group necessary for reactivity. 

Enzyme specificity and the **00substrate" hsrpothesls. 

The difficulties with which interpretation of studies 

on specificity are beset are illustrated by the following 

example (1,2), Neither acetyl-^phenylalanylglycine 

nor glycyl-L-leucine undergo cleavage in the presence of 

cysteine-papain. However, if both substrates are placed 

in contact with the enzyme, a tetrapeptide, acetyl-I^ 

phenylalanylglycylglycylleuclne, is synthesized. The 

specificity requirements of the enzyme are now met by 

this substrate and the terminal leucine and glycine 

(1) M, Bergmann and J, S, Fruton, Advances in Snzyaol.« 
1, 63 (1941). 

(2) M, Bergmann, Advances in Snzymol.. 2, 49 (1942). 
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residues are split off in the order given. Thus, vrith 

the aid of the acetyldipeptide as "cosubstrate", hydrolysis 

of glycylleucine by cysteine-papain was made feasible. 

A mechanism similar to that given above was 

investigated by Behrens and Bergmann (1) in a synthesis 

of the anilide type. These workers reported that 

reaction between acetyl-L-phenylalanylglycine and 

glycinanilide led to the ultimate formation of acetyl-I{-

phenylalanylglycinanilide, as well as to glycine, aniline, 

and some unreacted starting materials. The reaction 

apparently did not proceed via a simple cleavage of 

glycinanilide followed by coupling of the liberated 

aniline with the acetyldipeptide, since glycinanilide 

was not split by cysteine-papain under the conditions 

investigated. In ordei' to account for the products 

obtained, the following sequence of reactions was proposed; 

acetyl-^phenylalanylglycine + glycinanilide 

.cetyl-^ennaXa„.lgWglycinanUi.e 

ace tyl-L-phenylalanylglycylglyc ine +• aniline 

' I I 
acetyl-L-phenylalanylglycine + glycine { 

I 
ac e t y1-L-phenylalanylglyc inanilide 

(1) 0, K, Behrens and M, Bergmann, J. Biol. Chem.. 
129. 587 (1939). ~ 
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This scheme demonstrates not only the simultajieous 

occurrence of hydrolytio and synthetic action of the 

same enzyme iinder the same conditions, but also attempts 

to explain the specificity relationships of the enzyme 

and the substrate. Thus with the formation of 

acetyl-^phenylalanylglycylglyclnanlllde, a compound is 

formed which meets the specificity requirements of the 

enzyme. This relationship is such that first aniline, 

and then glycine, can undergo a sequential cleavage 

from the peptide chain, A subsequent synthesis of 

the final anllide product is then effected from the 

liberated aniline and the acylated dipeptlde. 

Evidence has also been advanced by the Bergmann 

group that the nature of the amino acid residue in the 

amino acid anilides played a significant role in the 

determination of the course of the reaction. It was 

reported by Bergmann and Fraenkel-Conrat (1) that the 

papain-catalyzed reactions of benzoylleucine with 

leucinanlllde and glycinanilide, respectively, were 

illustrative of the highly developed specificity of 

enzymlc peptide bond synthesis, since the benzoyldlpe^tide 

anllide resulted in the former case, whereas the 

benzoylamino acid anilide was formed in the latter. 

(1) M, Bergmann and H, Fraenkel-Conrat, J. Biol. Chem,, 
1S4. 1 (1938). " 
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•?he aechanisiE of this latter reaction was recently 

interpreted (1) as occurring via a cosubstrate sequence. 

Enzyme Induced Replacement Reactions 

Transaaidation or transpeptidation reactions have 

been defined (2) as the protease catalyzed "replacement 

of one participant in a peptide bond by another, closely 

related, molecular species". Such reactions, of the 

general nature, 

R« CO-NH- CHR« • CO-NHg * NKg. R«^^^'^^^^?R-CO-NK» CHR« • CO-NH* R^-f-NH^ 

were first observed by Bergmann and Praenkel-Conrat (3) 

in 1937, These investigators showed that by the action 

of papain, hippurio anilide was formed more rapidly from 

aniline and hippuryl amide than from aniline and hippurio 

acld« The driving force of the reaction was the formation 

and separation of the insoluble anilide. 

Since the free energy change in reactions which 

involve the exchange of the aside group of naturally 

occurring or synthetic amides with ammonia or other 

amines is probably small, the exchange may proceed without 

(1) 0, W, Petting^, Unpublished Ph.D, Thesis, Ames, 
Iowa, Iowa State College Library. 1949, 

(2) R, B, Johnston, M. J. Mycek and J, 3, Pruton, 
£• Biol. Chem.. 185. 629 (1950). 

(3) M. Bergmann and H. Praenkel-Conrat, J. Biol, Chem,, 
119 . 707 (1937), "* 
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the removal of an insoluble reaction product. Thus, it 

WES recently shown by Fruton (1) that amraonia may replace 

aniline in the same system. Isotopically labeled atmaonia, 

in the presence of papain, was incorporated in the amides 

of hippuric acid and carbobenzoxy-L^aethionine by 

replacement reactions. A considerably greater extent of 

isotope incorporation was found than could be expected 

by direct coupling from the products of hydrolysis 

(acylamino acid and ammonia). Conclusion was therefore 

iaa,de that the enzyjae catalyzed transasidation reaction 

occurred via s hypothetical transient intermediate in 

which the carbon atom of the amide bond was linS:ed to 

two -KH| groups. 

00-NHg + 

R = C^H-' CO-NH* CH.-
6 5 2 

R-

OH 

isiii. 
15 

eO-N Hg -h HH, 

A  later report by the Fruton group (2) demonstrated 

that such transamidation reactions were favored by a 

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

(1) J. S. Fruton, Yale J. BioX. Med.. 265 (1950). 

(2) R. B. Johnston, M. J. Mycek and J. S, Fruton, 
£• Blo3.« Chem.. 185. 629 (1950), 



www.manaraa.com

-35-

also found capable of inducing the replacement of the 

amide group of a variety of acylamino acid amides 

by the -KEOH group of hydroxylasine, As with the 

isotope experiments, the extent of traneamidation 

underwent marked increase with a shift in pH froia 5 to 

7,5. Similar results were obtained with beef spleen 

cathepsin. 

The presence of enzymes which catalyze the exchange 

of hydroxylamine with the amide group of glutamine and 

asparagine in cell-free extracts and resting cells of 

Proteus vulgaris has recently been reported by Waelsch 

and co-workers (1-4), !?he products of the enzymatic 

exchange were c<-glutamo- and ̂ -aspartohydroxamic adds. 

The ability of these enzymes to utilize the amide bond 

energy for further synthetic processes, e.g., peptide 

linkages, was thereby demonstrated. The cell free enzyme 

extracfts not only catalyzed the replacement of the amide 

group by hydroxylamine but split synthetic glutamo- and 

aspartohydroxamic aoids and showed glutaminase and 

(1) H, Waelsch, S. Borek and N. Grossowicz, Abstracts, 
American Chemical Society, 116th meeting, Atlantic 
City, 54C (1949), 

(2) H. Ifaelsch, S, Borek, N, G-rossowicz and M, Schow, 
Fed'n, Proc., £, 154 (1950), 

(3) N, Grosowicz, E, Vainfan, S. Borek and H, Waelsch, 
J, Biol. Chem.. 187. Ill (1960), 

(4) E. Borek, N, G-rossowiczzand H, Waelsch, Fed'n« 
Proc.. £, 154 (1950), 
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asparaginase activities, Stumpf and Loomis (1) also 

have reported the enzymatic synthesis of ̂ -glutamohydroxaiaic 

acid from glutamlne and hydroxylamine. Here, the source 

of the enzyme preparation was puEpkin seedlings. 

Later work "by the F^uton group (2) extended 

transamidation reactions (replacement reactions involving 

amide bonds) to include replacement of one of the 

components of a bond linking two amino acid residues 

(transpeptidation reactions). The reaction observed was 

formulated as follows,^ the postulatulated intermediate 

being enclosed in brackets; 

CgEg.CO-HH CHH-CO-NH'CHg'CO-IJHg + 

OH 
1 

C CO-KH» OHR. C-SH- GH • GO-NH 
6 5 "l5 2 . 2 

CgHg- CO-NH- CHR- CO-N^^H- CHg- CO-Mg + HHg CH» OO-NHg 

R = -CH^ C^E^OH 
ti: O 4 

11.11 II 

(1) P. K. Stu!!q;>f and If. D. Loomis, Arch, Biochem, 25. 
451 (1950). 

(2) R,. B. Johnston, M, J. Mycek and J, S. Fruton, 
J, Biol, Ghem.. 187. 205 (1950), 
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Thus, crystalline pancreatic chymotrypsin was shown to 

catalyze the replacement of the glycinamide moiety of 

"iaenzoyl-L-tyrosylglycinaiaide by isotopio glycinamide 

15 
containing N in the glycine N. Transamidation 

reactions were also effected with cathepsin C, pancreatic 

trypsin and ficin. 

The enzyme catalyzed incorporation of labeled 

glycine into glutathione via peptide bond formation ^as 

demonstrated by Johnston and Bloch (1), This uptake 

of glycine wag shown to be due to an exchange 

reaction (transpeptidation). 

When the possible metabolic significance of 

replacement reactions of the foregoing type was 

considered, the hypothesis was advanced (2) that 

the energy for the formation of the peptide bonds of 

proteins might be funneled through a small number of 

amides or peptides such as glutamine or glutathione. 

Recent investigations of Speck (3) and Johnston and Blooh 

(1) suggested the intervention of adenosinetriphosphate 

(1) R. B. Johnston and K. Bloch, J, Biol. Ghem., 188. 
221 (1951). 

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

(3) J. F. Speck, J. Biol. Ghem.. 179. 1405 (1949). 
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in the biosynthesis of giutamlne and glutathione from the 

component free amino acids. Thle work has provided 

support to the suggestion of Lipmann (1) that 

adenosinetriphosphate participates in a 

transphosphorylation reaction with free amino acids 

(e.g., L-glutamic acid) to form a phosphoric acid 

anhydride (e.g., V-L-glutamyl phosphate) vhich then 

reacts with ammonia or a peptide, with the formation of 

giutamlne or a /-glutamyl peptide such as glutathione. 

These products might then participate in replacement 

reactions catalyzed by intracellular proteases (2), 

On the basis of the foregoing investigations, a 

speculative scheme regarding the metabolic pathways 

leading to the formation of the peptide bonds of 

proteins has been proposed (5), as follows: 

(1) F. Lipmann, Fed* n. Proc.. 8., 5S7 (194S). 

(2) J. S. Fruton, Yale J. Biol. Med. . 263 (1S50). 

(3) J. S. Fruton, R. 3. Johnston and Melvin Fried, 
J. Biol. Chem.. 190. 39 (1951). 
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In the foregoing scheme, the reactions designated by 

means of solid arrows are considered to be reversible 

enzyaie-catalyzed reactions, and the various hypothetical 

Intermediates are enclosed in brackets. In this scheme, 

adenosinetriphosphate, in causing the formation of such 

key funneling agents of ^peptide bond energy" would thus 

link the process of peptide synthesis to the exergonic 

reactions in the breakdown of carbohydrates and fats® 

The selective utilisation of this energy for the 

synthesis of naturally occurring peptides and the 

elongation of peptide chains in the formation of proteins 

could then be effected via the catalysis of trans-

peptidation reactions by the intracellular proteases. 

Recent investigations by the Fruton group (1) 

dsalt •^fith the action of proteinases suoh as ohystotrypsin 

and papain in transasiidation reactions leading to the 

elongation of peptide chains. Crystalline chymotrypsin 

was found to catalyze a transamldation reaction in which 

the amide Nfig group of benzoyl-^tyrosinamide was 

replaced by isotopic glyclnaalde, to form benzoyl-L-

tyrosylglycinamlde labeled with in the glycine S, 

Papaln-catalyzed transaaidation reactions in which the 

(1) J. 3. Fruton, R. B, Johnston and Melvin Pried, 
£,• » 190« 39 (1951), 
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amide KKg groups of several carbobenzoxyamino acid 

amides were replaced by amino acid amides or by peptides, 

D-Phenylalanlnafflide was also shown capable of serving as 

a replacement agent in such transamidation reactions. 

Further illustration of the elongation of a peptide 

chain by means of a protease-catalyzed replacement 

reaction was demonstrated by Brenner and co-v/orkers (1), 

fhe formation of ̂ methionyl-L-aethionine and of 

L-methionyl-i^iaethionyl-^methionlne by chymotrjpsin t?as 

@ffeCuSd» Hgport (2/ has been made that onyszotiFypsiii 

also catalyzes the hydrolysis of ester analogues of 

sensitive amides (e.g., benzoyl-L-tyrosine ethyl ester). 

In a recent publication by Hanes and co-workers (3), 

it was concluded that in the presence of added amino 

acids and of certain enzymes present in sheep kidney 

extract, glutathione can undergo a transpeptidation 

reaction in which cysteinylglycine and a v-glutamyl 

dipeptide are formed. This conclusion was reached with 

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

(2) H, Neurath and G, ¥, Schwert, Cheia. Rev.. 46. 69 (1950), 

(3) C, S, Hanes, F, J, R, Hird and F, A, Isherwood, 
Hature. 166. 288 (1950), 
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the finding that, after incubation of sheep Icidney 

extracts with glutathione and one of several amino acids 

(leucine, phenylalanine, valine), the presence of new 

ninhydrin-reactive substances could be demonstrated by 

means of paper chromatography. These substances migrated 

at rates different from those of any of the products of 

hydrolysis of glutathione or of the other components 

introduced at the start. Although no authentic samples 

were available for direct comparison, the new spots 

were provisionally attributed to V-glutamyl peptides of 

the added amino acids (e.g., Y^glutamylphenylaianlne), 

Waley and Watson (1) reported the rearrangement of 

the amino acid residues of lysyltyrosyllysine and 

lysyltyrosylleucine by the action of a mixture of trypsin 

and chyaotrypsin. Among products was included a dipeptide, 

lysyllysine, in which the sequence of the amino acid 

residues differed from that of the original peptides. 

It was assumed that a transpeptidation reaction occurred 

via the "carboxyl transfer® mechanism of Hanes (2) and 

not via the unreported "amine transfer" mechanism. 

(1) S, G, Waley and J, Watson, Kature, 167. 560 (1951), 

(2) C. S, Hanes, P, J, R, Bird and F, A. Isherwood, 
Nature. 166. 288 (1950), 
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SXPERIMENTAL 

Preparation of Compounds Investigated 

Benzoylamiao acids 

All tiie benzoyl derivatives of the amino acids used 

in these studies, v,'ith the exception of N-benzoyltyrosine, 

were prepared by the conventional Schotten-Baumann 

procedure. The proportions of reagents, as recommended 

by Ingersoll and Babcock (1), were used in all cases. 

In a typical benzoylation, 0,1 mole of the amino 

acid was dissolved in 150 ml. of 1 K sodium hydroxide 

in a 250 ml, round-bottomed flask. The addition of 0,1 

mole of benzoyl chloride, by means of a medicine dropper, 

was effected over a period of one hour with intermittent, 

vigorous shaking. The solution was kept cold by means 

of an ice bath which was removed after the addition of 

benzoyl chloride had been completed. After the solution 

had been allowed to stand for one-half hour, during 

which time it had warmed to room tesroerature, no odor of 

benzoylchloride was detectable. The reaction mixture was 

then placed in an ice bath and acidified with 6 N 

hydrochloric acid to approximately pK 5, with Congo red as 

indicator. After being cooled for about two hours at 

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

(1) A, ¥, Ingersoll and S, K, Babcock, Org. Ssmtheses. 
Coll. 2, 328 (1943), 



www.manaraa.com

—44*" 

broken, and the solid vas washed on filter paper three 

times with 75 ml, portions of ice water, The precipitate 

was dried in air overnight and treated with 150 ml, of 

boiling carbon tetrachloride to pemove any contaminating 

benzoic acid. Final purification was effected by 

recrystallization from ethanol-vater. 

All of the benzoylated amino acids used in these 

studies had pz^vlously been described in the literature, 

These compounds are listed in fable I, together with the 

observed melting points, the literature values and 

references, Identification of the benzoylaraino acids 

was made by melting points and the mixed aelting points 

-j^ere determined in those cases in which pure samples were 

available. 

Since a eorisiderable diserepaaoy existed betweea 

the melting points of U-benzoyl-S-benzyl-D^penicillaaine 

observed in these studies and in another laboratory (1), 

micro-KJeldahl analyses were run and showed agreement for 

this compound to within less than 3^ relative error, The 

higher and sharper melting point found in this laboratory 

suggests a purer preparation than that described In the 

(1) H, K, Crooks in T, H, Clark, "The Chemistry of 
Penicillin", p, 462, Princeton University Press, 
Princeton, New Jersey, 1949, 
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Table I 

Melting Points of Benzaraino Acids 

Aiaino Acid M.p, of Ben
zoyl Amino 
Acid in this 
Study, C° 
Uncorrected 

Literature 
Value 

Glycine 187i-189 187-188 (1) 

Alanine 165-166 165-166 (2) 

Valine 131-152 132| (3) 

Leucine 141-142 137-141 (3) 

Isoleucine 136-137 115-118 (4) 

Norvaline 1521- 152| (5) 

Norleucine 134 134 (3) 

Amino!so-
butyric Acid 200-201 198 (6) 

(1) A, ¥, Ingersoll and S, H, BabcocS:, Org, Syntheses, 
Coll, 2, 328 (1943). 

(2) E, Fischer, Her. 32. 2454 (1899). 

(3) E. Fischer, Ber.. 2370 (1900), 

(4) C. Mourew and A. Valeur, Compt, rend.. 141. 115 (1905), 

(5) M, D, Slimmer, Ber., 35, 400 (1902). 

(6) E. Mohr and T ,  Gels, Ber., 41^ 798 (1908), 
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Table I (Continued) 

Amino Acid of Ben-
250 yl Amino 
Acid in this 
Study, C° 
Uncorrected 

Literature 
Value 

o<-Amino-n-
butyric Acid 

®<^-Aminohep-
tylic Acid 

•4-Aiainocapry-
lic Acid 

«4-Aininopelar-
gonic Acid 

S-Benzylpeni-
cellamine 

Phenylalanine 

145-146 

133 

127^-128 

127-128 

163^-164 

187-188 

145-146 (1) 

^ r* C / V xco \2i 

128 (2) 

128 (2) 

156-159 (3) 

187-188 (1) 

(1) E. Fischer and A, Mouneyrat, Ber.. 33. 2383 (1900), 

(2) N, P, Albertson, J, Am. Chenio Soc,. 68. 451 (1946). 

(3) H, M. Crooks in T. H, Clarke, "The Chemistry 
of Penicillin", p, 462, Princeton University Press 
Princeton, New Jersey. 1949, 
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Table I (Continued) 

Amino Acid M.p, of Ben-
S07I Aisino 
Acid in iiiis 
Study, C 
Uncorrected 

Literature 
Value 

Glutaaic 

Tyrosine (N-
Benzoyl) 

Tyrosine (0,N-
l/ibenzoyl} 

Methionine 

159-140 

165-166 

226-228 

151 

139-140 (1) 

155-166 (2) 

226-228 (3) 

152 (4) 

(1) H, Wax, Unpublished PhoD® Thesis, Aaes, Iowa, 
Iov;a State College Library, 1949, 

(2) E ,  Fischer, Ber,. 3638, (1900), 

(3> S, W, Pox and C. ¥. Pettinga, Arch. Biochem,. 
25, 13 (1950). 

(4) E, M, Hill and W. Hobson, Biochem, J,, 30, 248 
(1936), ^ — 
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earlier literature. 

Benzoyldlpeatides 

Almost all of the benzoyldipeptides used in these 

studies were prepared by Mr. Louis Carpino and all were 

of the Di^configuration, These are listed in Table II 

together with their melting points. Where success was 

achieved in the separation of diastereomers, if such 

diastereomers exists each is listed separately. In these 

instances the diastereomeric racemates were arbitrarily 

designated as the A and B forms# 

N-Bpnzoyl-lr'tyrosine 

Eleven grams of N-benzoyl-^tyrosine ethyl ester was 

added to 30 ml, of 5 N sodium hydroxide solution. The 

mixture was refluxed over a water bath for twenty minutes® 

After five minutes had elapsed, all the solid coaterial 

had gone into solution, fhe solution was diluted to 

150 ml« with distilled water and then acidified with 

6S hydrochloric acid to approximately pH 3 with Congo 

red paper as indicator. An oil was obtained which 

underwent crystallization to a white precipitate after 

it had been rubbed under hexane and chilled. Upon 

recrystallization from ethyl acetate-benzene, the 

observed melting point was 164|-165|®. Fischer (1) 

reported the melting point as 165-166®-

(1) E. Fischer, Ber.. 52. 3638 (1900), 
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Table II 

Physloal Oonetants of BonzoyldipeptldeB 

Beiizoyldlpeptlde M.p, in 0.® 
(unoorr.) 

Lit,value 
and re:f. 

% N, 
calod. 

% N, 
found 

Bz~glyoylglyolno 207-208 208(1) 

B 2-glyoylalan ine 194-197 202(2) 

Bz-glyoylleuclne 151-163 9,58 9,43 

Ba-glyoylvalln© 134-136 136-1156(3) 

B z-glyoylphenylalanln© 176 172(4) 

Bz-alanylglyo ine 154-156 161(5) 

Bz-leucylglyoine 161-164 167(6) 

B z-valyglyc ine 176-179 10,06 10,18 

Bz-valylvaline (A-Porm) 220-224 8.74 9,12 

Bz-valylvaline (l^Form) 230-232 231-232(7) 

Bz-leuoylvalin© (A-Form) 218-220 8,37 8,22 

Bz-leuoylvaline (B-Form) 195-198 8.37 8.19 

(1) K. Fischer, Ber,. 38. 608 (1905), 
(g) T. CurtlUQ and E, Lambotte, J. prakt. Ohem.70, 114 (1904), 
(3) E, Abdorhalden, E, Rlndtorff^and A, Soiiuni^z,, I'ernientforaohung. 10, 213 
(4) T, Curtlus and K, Muller, J. prakt, Oheta. N. 'ST'^oT 223 (1904), 
(6) S. (Joldsohmldt and C. Steigerwald, Ber., 58, 1352 {1925), 
(6) S. Fischer and A, Drunner, Ann,, 340." 14Q'T1906K 
(7) J, W, Hlnraan, E„ L, Oaron and H, M. Chris tensen, J, Am, Ohem, 3QO,, 72. 

1620 (1950), LTL — — ~L___ 
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Phthalylglyolne 

The nteth.od o? Drechsel (1) "ss-as followed. Two 

hundred gr&as of phthaiic sjihydride (General Chemical Co.) 

was heated in 1 1. Srlenmeyer flaek, over an oil bath, 

until completely melted. One hundred grams of glycine 

{Kerck, N, F, ) vas then added and the heating was 

continued until complete solution had taken place, as waa 

testified "by a dapk yellow but clear solution. At this 

point, the reaction mixture xv'as allowed to come to roosa 

temperature, fhe solid which was obtained on cooling 

was dissolved in 4 of hot distilled water, Darco was 

added to decolorize the yellow solution, and the hot 

solution was filtered over suction. The supernatant, 

which contained some crystalline solid, was then reheated 

bO dissolve all solid material present, RecrystalUzatlcs 

was effected at 4®. The white, crystalline precipitate 

was filtered over suction,mshed with two 500 ml, portions 

of ice water, and dried in air. The yield of product 

obtained was 275 g. The melting point was 192-193® as 

compared to 191-192° obtained by Drechsel (1) 

(1) S. Drechsel, J. prakt. chest.. 27. 418 (1SS3). 
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Phthalylglycyl ohlorlde by using t?h03phorus oentaohlorlde 

fhe procedure which was used was a niodification of 

Gabriel's method (1) as developed by Sheehan and Frank (2), 

A suspension of 10.4 g, (0.05 moles) of phosphorus 

pentachloride in 100 ml. of benzene, contained in a 250 ml, 

Srlenmenyer flask and protected from moisture vrith a 

calcium chloride drying tube, was treated with 10.3 g, 

(0.05 moles) of phthalylglycine. The reaction mixture 

•was heated in a 60® water bath, xhe mixture was shaken at 

frequent intervals until the turbidity had completely 

disappeared and a clear solution was obtained. After tvro 

hours, the reaction mixture was removed from the water 

bath. The solution was concentrated under reduced pressure 

and the resulting dry residue was dissolved in a minimal 

asioufit of u8n£en0 at The phthalylglycyl Oxxlor idw 

was precipitated by the addition of Skelly D. The yield 

of shimmering, white crystals was 9,2 g. The melting 

point of 83-85® was the same as that observed by Sheehan 

and Frank (2), 

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

(2) J. C, Sheehan and V, S, Frank, J, Am, Chem. Soo,, 71, 
1855 (1949), ~ 
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Phthalylglyoyl chloride by using thlonyl chloride 

The method of Grassmann and Schults-Uebbing (1) 

i»as used s. slight jsodlflcatlon. To 8,2 ml, of 

thlonyl chloride, contained in a 25 ml, round-bottomed 

flasi:, was added 4,1 g, of phthalylglyclns. The reaction 

mixture was refluxed over a steam bath tin til the solution 

of phthalylglyclne was complete and the evolution of 

hydrogen chloride had ceased. The excess thionyl chloride 

was distilled off xjnder reduced pressure and the last 

traces of thionyl chloride were eliminated by two 

evaporations after the addition, in each case, of 10 ml, 

of chloroform. The chloride remained behind as a white, 

crystalline residue. The yield of product was 3,7 g, and 

o 
the melting point was 83-85 , 

Phthalylglyclnanilide from phthalylglycyl chloride 

The method used was essentially the same as that 

reported by Scheiber (2), To a solution of 3,7 g, of 

phthalylglycyl chloride in 40 ml, of benzene was added 

3,7 ml. of crude aniline, in small portions, over a 

period of 20 minutes, ̂ -rith intermittent shaking by hand. 

(1) Grassmana and S, Schulte-Uebbing, Ohea. Ber,. 85. 
244 (1950). 

(2) J". Scheiber, Ber. 1103 (19ls), 
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The reaction airturs v/?,s aeannliile kept cold by jneans of 

an ice bath. The precipitate obtained -'as filtered 

over suction. The filtrate vjas evaporated to about 5 ml, 

under reduced pressure and sore precipitate "vras obtained 

by the addition of petroleua ether. The combined 

precipitates were recrystalllzed from 50^ ethanol-water, 

The t-?hite crystals, obtained in 4,4 g, yield, 'k-ere 

filtered over suction and dried in the vacuum desiccatorc 

The melting poiint vas 230-231®. Scheiber (1) reported 

a melting point of 231-232®. 

Phthalylglycinanilide from phthalylglycine 

A previously nndescribed method for the preparation 

of this compound was suggested by the method reported by 

Shriner and Fuson (2) for the preparation of anilide 

derivatives of fatty acids. To 51 g, of phthalylglyclne, 

contained in a 200 al, round-bottomed flask, was added 

102 ml, of thionyl chloride. The ai5:ture vas refluxe.d oa 

a vrater bath and solution was observed to be complste 

in about fifteen minutes. After the solution was allowed 

(1) J, Scheiber, Ber, 4^ 1103 (1913), 

(2) H. L, Shriner and R, 0, Fuson, "The Systematio 
Identification of Organic Compounds", 2nd Sd,,p, 132, 
John Wiley and Sons, Inc,, Uew York, 1940, 
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to reflux for fifteen minutes more, it X'^ras cooled to room 

temperature. The cool solution was placed in a dropping 

funnel and was then added, over a period of twenty minutes, 

to a solution of 102 ml, of crude aniline in 1 1. lenzene, 

with agitation by means of a motor stirrer. The reaction 

was carried out in an ice bath. Stirring was allowed 

to continue for a total of one hour and the reaction mixture, 

which by this time contained a dense, gelatinous precipitate, 

was allowed to warm to room temperature. The precipitate 

4* 4 *1 4" A «3 ^ 4 «««i«>3 
WVC40 A  W J .  O ̂  tw* V  «Oi" aiAW V M W A l  CL&ASO. cr 

water to remove any aniline hydrochloride formed in the 

reaction. Further precipitate was obtained by the additiOB 

of petroleum ether to the benzene filtrate, which had 

previously been concentrated to a small volume under 

reduced pressure. The combined precipitates were then 

recrystallized from 50% ethanol-water to give small, 

needle-like, white crystals. The yield of phthalyl-

glycinanilide was 49 g, and the melting point was 230-231®. 

(ylycinanilide hydrochloride 

The procedure used was that of Sheehan and Frank (1), 

A suspension of'1,29 g, of phthalylglycinanllide in 50 ml. 

of 95^ ethanol was refluxed for one hour over a steam 

bath with an equivalent amount of hydrazine hydrate 

(1) J, C, Sheehan and V. S, Frank, J, Am. Chem. Soc., 
21. 1S55 (1949). ~ 
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(0,224 ml,)o The reaction mixture was then concentrated 

to dryness under reduced pressure. The dry residue was 

warmed to 50° with 25 ml. of approxiaately 2 JJ hydrochloric 

acid for ahout five minutes and was subsequently allowed 

to cool to room temperature over a period of one hour. The 

insoluble residue of phthalylhydrazide was removed by 

filtration. Evaporation of the solvent under reduced 

pressure followed by recrystallization of the residue 

from ethanol gave 0,84 g, of glycinanilide hydrochloride 

a melting point of 192-195°. 

glycinanilide from the hydrochloride 

A solution of 0.84 g. of glycinanilide hydrochloride 

in 50 ml. of distilled water, in an ice bath, was 

saturated with ammonia gas. After further cooling in the 

refrigerator overnight, a white precipitate had formed. 

The precipitate was filtered over suction and recrystalllzed 

from hot, distilled water. The yield of the crystalline 

dihydrate of glycinanilide obtained was 0,65 g. The 

(1) J. C. Sheehan and V. 3. Frank, J. Am, Chem. Soc. 71. 
1855 (1949), -
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melting point of 60|-61§® was in close agreement with 

the 62° previously reported in the literature (1). 

Chloroacetylaniline 

This compound was prepared by the procedure of 

Abderhalden and Brocfcmann (2), To a solution of 94 g» 

(1,0 mole) of crude aniline in 600 ml, of dry benzene, 

contained in a 1 lo, three-necked, round-bottomed flask, 

56 g, (0.5 mole) of chloroacetyl chloride was added over 

a period of twenty minutes. The reaction mixture was 

cooled in an ice bath and agitation was effected by means 

of a motor stirrer. After the addition of chloroacetyl 

chloride was complete, the stirring was further continued 

for one hour. The mixture was cooled in the refrigerator 

overnight. The dense precipitate of reddish-brown 

crystals was filtered over suction and washed with three 

250 ml, portions of benzene to remove any surplus aniline. 

The precipitate was then washed with three 100 ml. portions 

of cold, distilled water to remove the aniline hydrochloride 

which had been formed in the reaction. After the 

precipitate was dried under the infra-red Ian?) for eight 

hours, an 80 g, yield of light tan crystals was obtained. 

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

(2) E. Abderhalden and H, Brockmann, Permentforschung, 10, 
164 (1928), 
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The melting point of 132-134° was in good agreement with 

the 135*^ reported in the literature (1). 

Glycinanilide from chloroace tylaniline 

The method used was a modification of the procedure 

of Hill and Kelsey (2). Ammonia gas was rapidly bubbled 

through 1500 ml, of 95^ ethanol until the ethanol was 

saturated, the process being effected in an ice bath. 

Upon saturation, the ethanol contained 210 g, of ammonia. 

After the addition of 90 g, of chloroacetylaniline to 

this solution, the reaction mixture was placed in the 

40° incubator for four days. After this period, the 

insoluble material was filtered off and the filtrate 

was then concentrated to dryness under reduced pressure. 

The crude material was purified by the procedure of Fox 

and Halverson (3). 

Forty g, of the crude material obtained above was 

dissolved in a solution of 68 g. of picric acid in 

3 1. of hot, distilled water. Formation of a yellow 

precipitate xvas immediate. After it had been cooled 

overnight at 4°, the yellow precipitate was suction 

(1) E, Abderhalden and H. Brockmann, Fermentforschung, 
10, 164 (1928). 

(2) A. J. Hill and E. B. Kelsey, J. Chem. Soc., 42 
1709 (1920). " 

(3) S. W. Fox and J, S, Halverson, Unpublished experiments. 
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filtered, dried in air and washed with 600 ml, of benzene. 

After recrystallization from i-rater, the dried picrate 

showed a melting point of 188-190®. Alderhalden (1) afid 

Brookmann reported the melting point at 186®. Sixty g. 

of this picrate was dissolved in 5 1. of chloroform and 

this solution was then treated with 1800 ml, of xfater 

containing 25 ml, of 10 K sodium hydroxide. Separation 

of the chlorofors layer '^8.3 folloi^ed by treatsent of 

this chllroforsi fraction •s'ith 1 1, of water containing 

8 lal, of 10 li sodium hydroxide. After its separation 

froa the aqueous layer, the chloroform layer was dried 

with 30 g, of Drlsrite and vas then concentrated to 

dryness under reduced pressure. The gummy residue 

was redissolved in a minimal amount of chloroform and 

precipitation ^as effected with hexanse l^he tiny^ 

colorless crystals obtained were dried in air. This was 

followed by recrystallization from hot water. The large, 

colorless, needle-like cyrstals which formed melted at 

60 1/2 to 61°, 

An improved method was also used in the preparation 

of glycinanilide from chloroacetylaniline. Eighty graais 

(1) S, Abderhalden and H, Brookmann, Permentforschunsf.lO. 
164 (1928). ^ 
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of chloroacetylaniline was dissolved in 1 1. of 95 per cent 

ethanol. To thxis solution was added 1,5 1 of concentrated 

aqueous ammonia. The reaction mixture vms placed in the 

40° water bath for three days. After this period, 

the solution was evaporated to about one-third of its 

original volume. The concentrate was treated with 200 

ml, of concentrated aqueous ammonia and placed in the 

refrigerator overnight. The crystalline precipitate of 

secondary base (m,p, 148-150°) was filtered off over 

suction, A copious precipitate of the hydrate of 

glycinanilide was then obtained by seeding the filtrate 

with a crystal of glycinanilide hydrate. The white, 

crystalline product was obtained in 64 g, yield and 

melted at 63-64° xvithout further purification, 

Ghloroacetyl-D-phenylalanlne 

The procedure used for the preparation of the 

D-antipode was essentially the same as that used by 

Leuchs and Suzuki (1) for chloroacetyl-DL-phenylalanine, 

The solution of 3,40 g, of D-phenylalanine in 21 ml, of 

(1) H, Leuchs and W. Suzuki, Ber,. 37. 3306 (1904), 
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i Ji sodium hydr*oxlde effected, the reaction mixture 

Iseing cooled in an ice bath. To this solution was &ddsd 

2.35 g, (1,55 ml.) of chloroacetyl chloride, via a 

laedicine dropper, over a period of one hour with 

intermitterxt shalcing and cooling. The soltition was then 

acidified to pH 2 xfith concentrated hydrochloric acid 

and the somewhat gummy residue was extracted with three 

75 ml, portions of ether. The ether extracts ^ere 

combined and the solution was concentrated to a brown 

syrup under reduced pressures This syrup cosipletely 

crystallized when placed under Skellysolve •'D" at 4®, 

This material, when recrystallized from 65 ml, hot 

water, melted at 115-118®. Further recrystallization 

brought the melting poi.it up to 125-126°, A melting 

point of lES*^ was reported (1) for the ̂ antipode, 

(rlycyl-S--phenylalanine 

The same procedure reported by Fischer and Schoeller (2) 

for the ^antipode was used, with slight modifications, 

A suspension of 2.3 g. of chloroacetyl-D-phenylalanine 

in 70 ml, of concentrated, aqueous ammonia, contained in 

<1) E, Fischer and ¥. Schoeller, Ann. 557. 1, 1S07. 

(2) S. Simmonds, S. L, Tatum and J. S, F^uton, J, Biol« 
Ghem.. 169. 91 (1947). "" 
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a 200 ml, round-bottomed flask, was heated in a pressure 

bomb for three hours at 100°. The clear, slightly 

brownish solution which resulted v&s concentrated to 

dryness under water pump pressure and a temperatxire of 

50®. The crystalline residue was dissolved in 75 ml, 

of boiling, distilled water and precipitation was effected 

by the addition of 1 1« of absolute ethanol. The resulting 

flocculent, white crystals were filtered over suction and 

dried under the infra-red lamp. The rotation observed was 

41.8® ̂  1.0° for a 1,5 ̂  solution in distilled 

w^ter. This value is in agreement with the literature value 

of = 41,7® (2^ in water) for this compound (1), 

Benzoylglycyl-D-phenylalanine 

This compound was prepared from glycyl-D-phenylalanin» 

by the same general procedure of X»*gersoH and Babooofe (B) 

as previously described for the benzoylamino acids. The 

benzoyl derivative melted at 164-167 1/2®, 

Amino Acid Anllldes 

The citrate salts of the leucine-, alanin- and 

valinanilides used in these studies were prepared by 

Mr, Armand McMillan, All are of the Di^configuration, Th© 

analytical values obtained for these oompounds are shown 

in Table III, 

(1) S. Simmonds, S, L, Tatura and J. S, Fruton. J, Biol. 
Chem., 169. 91 (1947), ~ 

^li: 2®^i28°("i943).^' 2££» Syntheses, 
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•Tpole III 

Physical Gonstijats of Aaiino Acid Anllide 

Citrates 

Gompound ^ 14. p» 14 Oplod. Foxmd 

Alaninaniliae citrate 87° 7.37 7.7 

Vglinaailide citrate S? 7.29 7,5 

Leucinanilide citrate 157-156*^ 7.04 7.0, 7,1 

* All compounds are of the pL ccnflgiiratica 

Snzyae Studies 

Snzyiiiic reactions of benzoyl&mino acidg with aniline 

In all experiments involving the enzyailc coupling 

of benzojrlamino acids %rith aniline, the saxae general 

procedure was used for addition of components, incubation 

of the reaction mixture snd isolation and purification 

of the reaction products. 
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BeRzoylamiao acids. 

The benzoyl derivatives of glycine, alanine, 

valine, leucine, amino!sobutyric acid, norvaline, 

norleucine, =>'-amino-n-butyric acid, <=<-aiainoheptylio 

acid, o<-aiainopelargonic acid, °<r-aniinocaprylic acid 

and S-benzylpenicillaaine were investigated. All were 

DL-isomers. A weight of derivative corresponding to 

1,0 mM of benzoyl-p^amino acid (0.50 nsM in the case 

of benzoylglycine) was used in each instance. 

En 7:vmA nT»A'nftT*e»t:1 Ana or»3. ull''QHS J";"' 

All enzymatic reactions used coiamercial grades of 

either papain or ficin, The vork reported here involved 

ficin No, 40349 obtained from MercS: and Co, and papain 

Ho, 3781 obtained from Mutritional Biochemicals 

Corporation, The enzymes were used without further 

purification in the preparation of enzyme solutions. 

The enzyme solutions were prepared by dissolving 1,6 g, 

of the suitable enzyme and 0,64 g, of cysteine 

hydrochloride (Merck) with 200 ml. of citrate buffer 

(pH 5,0, IM), The mixture was stirred occasionally 

over a half-hour period to break up the lumps and then 

filtered through glass wool, A volume of 2,0 ml. 

of solution thereby contained the soluble portion of 

16 mg, of enzyme and 6,4 mg, of cysteine hydrochloride. 
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Fresh enzyme solutions vrere prepared shortly before use. 

Aniline solution. 

Commercial aniline was redistilled under reduced 

pressure and the almost colorless fraction collected® 

Aniline solutions in citrate buffer (pK 5,0, 1 M) 

were prepared to the extent that each 8,0 ml, of 

solution contained 0,046 ml, of aniline. 

Citrate "buffer solution. 

In the preparation of the citrate buffer solution, 

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

Typical enzymlc run. 

In a typical experiment, 1,0 mM of benzoyl-DL-amino 

acid or 0#.50 mM of benzoylglycine was treated in a 15 ml, 

test tube with 0,046 ml, (0.50 mM) of redistilled 

aniline diluted to 8,0 ml, with citrate buffer (pH 5,0, 

1,0 M), To each tube was added 2,0 ml, of enzyme 

solution, The tubes were stoppered and incubated at 

40® for 78 hours with shaking by hajad at twelve 

intervals. The products vere filtered over suction and 

each was washed with two 5 ml, portions of 1 H sodium 

hydroxide solution and two 5 al, portions of water, 

allowed to dry in air overnight and weighed. 

It should be emphasized that conditions for almost 
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quantitative yleli;? of even "benzoylvalinanilide are 

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

conditions permitting convenient comparisons in a 

sensitive range were however chosen. Some idea of 

the validity of reporting yields \mder standard 

conditions, instead of with rate curves, may be 

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

rats studies have been here extended to include the 

papain- and ficin-catalyzed anlllde s3mtheses of the 

benzoyl derivatives of isoleucine, t^-aminoheptylic acid 

and <^-aminocaprylic acid as well as the previously 

studied alanine. The yields of anilide obtained after 

one, two and four days were determined for each substrate. 

In order to observe the effect of pH on the 

relative reaotivities of aaino acid residues, benzoylvallne 

and benzoyllsoleucine were compared over a pH range of 

from 3,9 to 5,9, All other conditions, such as reaction 

(1) S, W, Fox, C. W, Pettinga, J. S, Halverson and 
H. Wax, Arch. Biochem.. 25. 21 ^950), 

(2) D. G-. Doherty and S, A, Popenoe, Jr., J. Biol, 
Chein.. 189. 455 (1951). "" 

(3) S, W, Fox, C, ¥, Pettinga, J, S. Halverson and 
H. Wax, Arch. Biochem.. 25. 21 (1950). 
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time, aniline concentration and buffer concentration 

were the same as those previously described. The 

enzyme used in this case was papain. 

For reference purposes, workable quantities of 

snilides were obtained from larger papain-catalyzed 

preparations and purified to constant melting point by 

recrystallization from aqueous ethanol. 

Enzyme Dilution Studies 

Benzoylamino acids. 

Investigation was made of the benzoyl derivatives 

of glycines o<-aBiinocapryllc acid, leucine, alanine, 

valine and isoleucine. All were the DL-isomers, 

Enzyme solutions. 

The sass cosussrcial grades of both papain and ficin 

were here used as were used in the preceding studies, 

fhe solutions were prepared by dissolving 0,80 g. of 

enzyme in 250 ml, of citrate buffer for one-half hour. 

This was followed by filtration tiirough glass wool. 

Aliquots of the filtrate were diluted with citrate 

buffer (pH 5,0, IM) such that four different solutions 

resulted, each 5,0 ml, of which contained 8 mg,, 6 mg,, 

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

A solution in citrate buffer (pH 5.0, 1 M) was prepared 

such that each 5,0 ml. of solution contained 0,50 mM of 

aniline and 13 mg. of cysteine hydrochloride. 

Typical enzymlc run. 

To 5,0 ml, of the aniline solution described Immediately 

above -was added 1,0 mM of ben zoyl-D^amino acid (0,50 aSM in 

the case of glycine). Five ml, of enzyme solution was 

added to each tube. Each benzoylamino acid thereby under

went reaction in the presence of 8, 6, 4 and 2 mg, of en

zyme respectively. The pH in every case was 5,0, Reaction 

and treatment of products was effected under the usual 

conditions, 

Enzymlc Reactions of ^^lycine Containing 
Benzoyldipeptides With Aniline, 

Benzoyldipeptides, 

The benzoyl derivatives of glycylglyclne, glycylvaline, 

glycylleucine, glycylalanine, glycylphenylalanine, valyl-

glyclne, alanylglycine and leucylglycine were investigated, 

Where the benzoyldipeptide had an asymmetric center, the 

D^isomer was used. The only optically active benzoyldipeptide 

investigated was benzoylglycyl-p-phenylalanine, A weight of 

benzoyldipeptide corresponding to 0,50 mM was used in each case. 

Enzyme preparations and solutions. 

Enzyme solutions of both ficln and papain were 

prepared as previously described under "Enzymlc reactions 
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of benzoylamlno acids with aniline". 

Aniline solution. 

A solution of redistilled aniline in citrate "buffer 

(pH 6.2, 1.0 M) was prepared wherein each 3,0 ml. of 

solution contained 0.023 ml, of aniline. 

Typical enzymic run. 

In a typical experiment, 0.50 mM of benzoyldipeptide 

was treated in 3 dram vials (19x65mm) with 0.023 ml. 

(0.25 mM) of aniline diluted to 3.0 ml. with citrate buffer 

(pH 5.0, l.M). To each tube was added 2,0 ml. of enzyme 

solution, i.e., the soluble portion of 16 mg, of enzyme 

and 6,4 mg. of cysteine hydrochloride. The tubes were 

stoppered and incubated at 40° for 72 hours with shaking 

by hand at twelve Intervals, The products were filtered 

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

1 K sodium hydroxide and two 5 ml. portions of water, dried 

in air overnight and weighed^ 

Enzymic Reactions of Non-glycine Containing 
Benzoyldipeptides With Aniline 

Benzoyldipept ide s. 

The benzoyldipeptides investigated were the A and 

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

leucyl-DL-valine. 

Typical enzymic run. 

Both forms of benzoyl-D^valyl-g^valine were reacted 

under the same conditions as described under "Enzymic 

reactions of glycine containing benzoyldipeptides 
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with aniline". With the benzoylleucylvalines, hoxvever, 

the procedure was varied in that a higher aniline 

concentration and a higher pH was used, i.e., 1.0 mM 

of aniline and a pH of 5.7 respectively. 

Snzymic Reactions of Benzoylamino Acids 
With Glycinanilide 

Benzoylamino acids. 

The benzoyl derivatives investigated included those 

of glycine, alanine, valine, leucine, methionine, norvaline, 

norleucine, ot-amino-n-butyric acid, tyrosine (mono- and 

dlbenzoylated)J isoleuclne, tryptophan- phenylalanine. 

aminoisobut3rric acid and glutamic acid. All benzoyl 

derivatives were the Dlrlsomers except those of glutamic 

acid and tyrosine (monobenzoylated) which were of the 

^configuration, 

Slyclnanillde solution. 

A solution of glycinanilide in citrate buffer (pH 

5.0, IM) was prepared wherein each 3.0 ml. of solution 

contained 0.50 mM of the dihydrate of glycinanilide. 

Typical enzymic run. 

To 0.50 mM of the benzoylamino acid in a 3 dram 

vial (19x65 mm) was added 3.0 ml, of the glycinanilide 

solution described immediately above. The remainder of the 

procedure is the same as that described under "Enzymic 

reactions of glycine containing benzoyldipeptides with 

aniline". In addition there were made several other runs 
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in which several of the benzoylamino acids were reacted 

with glycinanilide at various pH's, These reactions were 

catalyzed by both ficin and papain, 

Enzjrmic Reaction of Benzoylamino Acids 
With Amino Acid Anilide Citrates 

Benzoylamino acids. 

The benzoylamino acids used in this study included the 

derivatives of glycinej alanine, valine, leucine, of-amino-

n-butyric acid, norvaline, isoluefiine and aminoisobutyric a 

acid. All were the D^antipodes, 

Amino acid anilide citrateSe 

These included the citrates of leuclnanilide, 

valinanilide and alaninanilide, all of the DL-configuration. 
S A 

Since both valinanilide and alaninanilide vrere found to be 

very hygroscopic and therefore had to be weighed quite 

rapidly, solutions of these were made in 1 M citrate 

buffer wherein every 3,0 ml, contained 1,0 mM of the 

respective ^ino acid anilide citrate. No such hygroscopic 

properties were observed with leucinanilide citrate, 

howevere 

Typical enzymic run. 

The treatment of 1,0 mM of benzoylamino with 

3,0 ml, of a valinanilide or alaninanilide solution 

was effected in 3 dram vials (19565mm), For those 

cases in which leucinanilide was the amine used, 3,0 ml. 
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of IM citrate buffer was added to 1.0 mM of benzoylamino 

acid and 1,0 mM of leucinanilide citrate. The pH of 

the reaction mixtures vras 5.6, The remainder of the 

procedure v.-as similar to that given under "Enzymio 

reactions of glycine containing benzoyldipeptides with 

aniline". The only modification involved the washing 

of the reaction products with tvo 5 ml, portions of 

1 N hydrochloric acid to remove any unreacted and 

undissolved amino acid anllide citrate. 

Enzyme Specificity Studies 

Benzoylamino acids. 

The acylamino acids used included benzoyl-^ 

tyrosine, benzoyl-DL-tryptophan, benzoyl-D^methionlne 

and benzoyl-DL-phenylalanine, The -weight of each benzoyl 

derivative used was equivalent to 0,50 mM based on the 

L-antlpode, 

Enzyme preparations. 

Both papain (Merck No. 3781) and crystalline 

chymotrypsin (Worthlngton Biochemical Laboratories No, C, 

21) were used. 

Typical enzymlo run. 

Typically, 1,0 mM of the benzoyl-D^amino acid and 

0,50 mM of glycinanilide dihydrate were weighed 

out into 3 dram vials. To each vial was added 5.0 ml. 
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of citrate buffer {pH 7.1, 1 M), Into one series 

of vials, which included all the benzcyl-DL-amlno 

acids listed above, were placed 16 jag, of crude 

papain and 6.4 mg, of cysteine hydrochloride. To 

another series tvas added 5.0 mg. of crystalline 

chymotrypsin. The tubes were incubated in the 

40® water bath for periods ranging from 32 to 48 hours. 

The reaction products obtained were treated in the 

usual manner. 

In another experiment, the reactivities of papain 

and chymotrypsin were compared, in the reaction of 

N-benzoyl-^tyrosine with glycinanilide and aniline, 

over a pH range. The concentrations of substrate and 

enzyme were the same as given above. The pH range 

studied extended from 5,0 to 7,5 in 1 M citrate buffer. 

Reaction time was 48 hours and reaction products were 

treated by the usual procedure. 
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RSSULTS 

P 

Enzyiaic Reactions of Benzoylamino Aciis with Aniline 

The necessity for determining the effects of 

variation of substrate structure on the relative extents 

of synthesis of several benzoylamino acid anilides was 

suggested by the results of Fox and co-worfcers (1,2) 

with the valine and leucine derivatives. These 

investigators observed a low rate of foriaation of 

benzoylvaiinanilide as contrasted to a high rate 

of formation of the closeiy homologous benzoylleucinanilide. 

Investigation was therefore invited to the problem of the 

variation of amino acid residue structure on anilide 

yield. This structural variation took the form of 

changing the length and degree of branching of the 

hydrocarbon side chain of the amino acid residue. 

In the resolution of this problea, which, for 

the sake of siDQslicity was confined to the monoaainomono-

carboxylic acid series, several unnatiirally occurring 

(1) 3» Fox, C, ¥, Pettinga, J, S, Halvereon and 
Arch. Bio Che m.. 85. 21 (1950). 

(2) S. W. Fox and H. Wax, J, Am, Chea. Soc.. 72, 
5087 (1950). ~ 
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amino acids ^^ere included. This appeared necessary 

since there was an insufficient number of naturally 

occurring amino acids in the monoaminomonocarboxyiic 

acid series to give as much information as desired. 

Such an investigation also demanded the study of 

more than one enzyme system, since the problem 

involved might be one of enzyme-substrate interaction 

rather than the effect of substrate structure alone. 

Each of the related proteases, papain and ficin, was 

therefore used in these investigations, 

A study of the benzoyl derivatives of thirteen 

systematically varied amino acids was made. These were 

incubated with aniline in the presence of activated 

papain or activated ficin in citrate buffer at pH 5.0. 

The pH of 5.0 was chosen because it was close ts 

optimal for the formation of benzoylvalinanilide (1). 

The anilides obtained and their physical constants are 

shown in Table IV. One discrepancy between melting 

points appears for benzoylisoleucine. Samples supplied 

by Dr. Jesse P, Greenstein demonstrated that the sample 

here used was benzoylisoleucine, whereas the material 

in the earlier literature (2) is benzoylalloisoleucine (S). 

(1) S, W. Fox, C, ¥. Pettinga, J, S. Halverson and H. 7Jax, 
Arch. Biochem.. 25. 21 (1950). 

(2) C. Mourew and A. Valeur, Compt. rend.. 141. 115(1905). 

(3) K. F. Itschner and S. ¥. Pox, Unpublished experiments. 
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Table lY 

Physical Oonstants of Pure Benzoylamlno Acid Anllldes 

Benzoylamlno 
Acid 

M.p, of Anl-
llde Uncorr, 

Lit, Value 
and Hef. Oalcd, Found 

Micro 
KJeldahl 

0 IJfe^rn 
chloroform^ 
Error "* 4 

B z-glycine 
Bz-alanlne 
Bz-valine 

Bz-leucine 
Bz-isoleuolne 
Bz-norvaline 
Bz-norleucine 
Bz-Aralnolso-
butyrlc acid 

Bz-t^-emlnO"n~ 
butyric add 

B z-ot-ajalnohep-
tyllc acid 

B z- am Ino o apr y-
11c acid 
B ami n op e 1 ar-
gonic acid 

Bz-S-toonzylpenl-
oillamlne 

gig 1/2 
175-176 
220-221 

21S 
220-220 1/2 

169 1/2-170 1/2 

184-185 

175-176 

158-158 1/2 

212 1/2(1) 
175-176(1) 
220-221(2) 
210-211(5) 
217-218(4) 
213 
218-218 1/2(4) 9.03 
184-185(1) 
182-163(4) 

170-171(4) 

9,46 
9.03 

9.92 

8.69 

8,28 

7.95 

8.94 
9.01 
9.00 

10.1 

8.91 

8. SO 

7.96 

-49° 
-810 
-06° 

-90® 

-81° 

-69® 

-70° 
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(1) M. Bergmann and H. Fraenkol-Oonrat, J. Biol. Ghem., 119. 707 (1937). 

(8) S, W. Pox, 0. W. Pettlnga, J, 3. Halveraon and H, Wax, Arch. Blochem. 
25. 21 (1950). ^ 

(3) D. G. Doherty and E. A. Popenoe, Jr., £. Biol. Ohem., 189. 455 (1951). 

(4) N. F. Alberteon, J. Ohem. Soo., 7^, 452 (1951). 

* Nitrogen analyses i^ere kindly furnished by Mr. Armand McMillan 
I 
-0 
? 
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The results are reported in Table V, The melting 

points obtained were in such good agreement with the 

melting points of the corresponding benzoylamino acid 

anilldes that mixed melting points were taken with pure 

samples of those anilldes whose identity had been 

established. For all the benzoylated amino acids 

which were investigated, the product was the corresponding 

benzoylamino acid anllide. 
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Table V 

Reactivity of Benzoylated Amino Aoldo with Aniline 
In Papain- and Floln-Oatalyzed Reactions. 

Amino 
Aold 

Wt, of 
benzoylated 
pL-amlno 
acids used,g. 

Weight of pro
duct 

Papain Ploln 

Melting 
point Product 

o<-Amlnoheptyllo 
aold 0,249 

Ami no-n-but yr 1 c 
aold 0.207 

Norleuclne 0.235 

<5<-Amlnooapryllo 
aold 0.263 

Leucine 0.23B 

o<-Aralnopelargonlo 
aold 0.277 

Norvaline 0.221 

0,106£) 0.0356 16S-184® Bz-o<-aminoheptyllo 
aold anlllde 

0.087SI 0.0651 166-168® Bz-oc-amlno-n-butyric 
aold anlllde 

0.0822 0.0478 181-182® Bz-norleuolnanlllde 

0.0846 0.0375 170-172° B2-o<-amlnooapryllo 
aold anlllde 

0.0742 0.0407 208-210® Bz-leuolnanlllde 

0,0680 0.0274 153-165 Bz-«><-aminopelargonlo 
aold anlllde 

0.0559 0.0274 177-179® Bz-norvallnanlllde 



www.manaraa.com

TaMe V (Cont'd.) 

Reactivity of Benzoylated Amino Acids with Aniline 
in Papain- and Fioln-Oatalyzed Reaotiona, 

Amino 
Aoid 

V/t. of 
benzoylated 
Uk: amino 
acids used, 

Weight of pro
duct 

Papain Fioin 

Melting 
point Product ** 

Alanine 0.193 

Glycine 0.0895 

Valine 0.221 

Isoleucine 0,236 

-Amino isobutyrio 
acid 0.207 

a-Benzoylpeni-
cillamine 0.343 

0,0443 0,0317 

0,0153 0,0063 

0,0079 0.0012 

0,0043 trace 

None 

None 

None 

None 

174-176® Bz-norvalinanillde 

211-212° Bz-glyclnanilide 

217-219® DE-valinanilide 

23.4-216® BK-isoleucinanilide 

Melting point of crude product. 

All products are of the L-configuratlon. 
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In Table VI, a rsnicing of the substrate preferences 

with both papain and ficin is given, sg well as the 

of anillde yield in each case. Allhout;!! emphasis WES 

herein placed on the contribution of substrate structure 

to the en23nne-substrate interaction, the results with 

ficin-cysteine and papain-cysteine are seen to be 

qualitatively different. The differences are expressed 

in the order of substrate a.cti~ities, or of "preference 

These results are in agreement with earlier observations 

that papain/ficin yield ratios were different for glycine, 

valine and leucine when the yield, of benzoylalaninanilide 

was the same (I). Particularly noteworthy are the 

marked differences in ranking for the alanine, <=<-amino~ 

caprylic acid and ©<.-aminoheptylic acid derivativeSa 

Information of the effeet of pK on the order of 

substrate activities seemed of importsmce in view of 

the fact that the relative degree of enzyme-substrate 

interaction might differ for different substrates at 

different pH's. Such pK studies have been reported in 

the literature (2) for the papain-catalyzed anilide 

(1) S, ¥, Fox and J. S, Ealverson, Unpublished experiaents, 

(2) S, W, Fox, C, W, Pettinpa. Arch, Bicchenia. 25, 13 
(1950). 
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fabie VI 

Ranking of Substrate* Preferences 
with Papain and Ficin 

Ranking with Papain 

1, «<-Aminoheptylio 
acid 

2, '^-Aisino-n-'butyric 
acid 

S» Norleucine 

4e o<-Aminocaprylie acid 

5. Leucine 

% Yield Ranking with Ficin % Yield 

64 

61 

53 

50 

48 

6, ^'f-Ajainopelargonic acid 39 

7. 

S, 

Nervaline 

Alanine 

9, Glycine 

10. Valine 

11, Isoleucine 

38 

33 

12 

5 

3 

12, «f-Aminoisobutyric acid 0 

1, <*-Amlno-n-butyric 
acid 

2, Norleucine 

3. 

4, 

Leucine 

Alanine 

5, of-Aminoheptylic 
acid 

6, «=f-Aminocaprylic 
acid 

7. 

8. 

9. 

10. 

11* 

Nervaline 

46 

31 

26 

24 

22 

22 

19 

«=^-Aminop8iargonio 16 
acid 

G-lycine 

Valine 

Iseleucine 

5 

1 

trace 

12, o(-Aminoisobutyric 0 
acid 

13. S-Benzylpenieillaml ne jQ 13^—S-Benaylpenlclllamino 0 

* In each case the benzeyl-DL-aaino acid 
Was employed as substrate. 
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syntheses involving the benzoyl derivatives of glycine, 

alanine and valine. Since both benzoylvaline and 

benzoyllsoleuclne showed low reactivity, it was therefore 

of interest to compare these substrates, under the same 

conditions, over a pH range to ascertain whether the 

order of preference could be inverted, IChen these 

substrates were compared over the pH range of 5,9 to 

5,9, the order of preference resiained the saJae for both 

the flcln- and the papain-eatalysed reactions, with 

benzoylvallne as the preferred substrate. This is 

illustrated in Table VII. 

Table VII 

Effect of pH on Yields of Anillde from 
Benzoylvallne and Benzoyllsoleuclne 

Per Cent Anillde Yield 
£H Benzoylvallne Benzoyllsoleuclne 

3.9 None Kone 

4.3 None None 

4.7 0,7 Bone 

5.0 4.5 1.3 

5,6 24.6 11,5 

5.8 27.1 15.8 

5.9 27,5 16,6 
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Since some question might be raised ccncerning the 

validity of reporting yields under standard conditions, 

instead of ̂ fith rate curves, rate studiss ;vere carried 

out in the ficin- and papain-catllysed synthesis of 

anilides using the isoleucine, c^-asinchsptylio acid, 

o^-aiElnocaprylic acid and alanine derivatives. The yield 

of aniiide, in each instance, was deterained after a 

one, two and four day period. In all eases inveatigeted, 

the ranking of substrate preferences regained the same 

as those shown in Table VI for both papain and fioin. 

These results are further supported by similsi* rate 

studies, reported in the literature (1), for the benzoyl 

derivatives of valine, leucine, alanine and glycine, 

Snzyme Dilution Studies 

A factor of importance in the anilide syntheses 

was the concentration of enzyme used in the studies. 

Enzyme dilution studies were carried out in the atteapt 

to elucidate whether enzyme preferences change with 

changing protease concentration. Particular emphasis 

(1) S. W. Fox, C, W, Pettinga, J, S. Halverson and 
H, tIzx, Aych. Biochea., 25. 21 ̂ 950), 
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vfas afforded sucii studies in view of olDser vat ions (1) 

that the papaln/ficin yield ratios were different for 

glycine, valine and leucine when the benzoylalaninanilide 

yield vras the same (1), Investigation of the reactivity 

of the foregoing "bensoylsiolno acids, in addition to 

the of-amlnocaprjlic acid and isoleucine derivatives, 

^fas made with different concentrations of "both flcin 

and papain. 

Snzyae solutions were prepared from a standard 

enzyaie solution by dilution wherein the four concsntratlons 

obtained -were 1.0, 0,75, 0.50 and 0.E5 tiiaes as concen

trated as the standard enzyme solution. Such solutions 

were made for both papain and ficln. The conditions 

of reaction are given in the Sxperiirsental Section. The 

yields of anillde obtained TTith the vsrlous enzyme 

concentrations are presented in Table VIII. 

In order to obtain weighted coajparisons, the yields 

of t^70 anil'ides vere plotted against a series of 

concentrations of each of the proteases. The relstlonships 

are plotted in Figures 1 and 2. The ordinstes represent 

the percent yield of anlllde based On the theoretically 

(1) S. ¥. Fox and J, S. Halverson, Unpublished 
experimentSo 
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Table VIII 

Benzoylamlno Acid Anillde Yields at Different 

Snzyme Concentrations 

Amino Acid Anilide Yield, % Enzyme oonc. used 
Derivative Papain Flcin Cone, Std, 

Snzyme Soln. 

6-lycine 4,3 1,3 1.0 
2,9 1,0 0,75 
0,9 0.2 0,50 
— - 0.25 

c=<-Amijaocapryllc Acid 55,8 11,2 1.0 
41.0 10,1 0.75 
18,0 8,1 0,50 
9,9 5.1 0.25 

Leucine 19,2 11,2 1.0 
15,6 9.6 0,75 
11,0 7,1 0.50 
6,2 3»8 0,25 

Alanine 18,9 15,7 1.0 
16,2 15,2 0.75 
11.4 9,6 0. 50 
3,5 3.7 0.25 

Valine 2,0 trace 1.0 
0,5 - 0.75 
trace - 0.50 
- - 0.25 

Isoleucine 0,5 1.0 
mm - 0,75 
- - 0.50 
- - 0.25 
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poseible yield of L-form, The abscissas represent the 

relative concentration of enzyme solution based on the 

amount of dilution of a stsiidard enzyme preparation. 

•Where the benzoylalaninanilide curves crossed, in 

Figure 1, the corresponding enzyme concentrations gave 

yield of the o(-amlnocapryllc acid analog which were 

several fold different. A similar situation is found in. 

Figure 2 where, at the intersection of the benzoyl-

leucinanillde curves, the corresponding enzyme 

concentrations gave a noticeable difference in 

benzoylalaninanilide yields, These relationships are 

presented in Tables IX and X, 
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Table IX 

Yield of Benzoyl-of-aniinocapryllc Add Anilide at 
Enzyme Concentrations Giving Same Yield of 

Benzoylalaninanilide 

Yield of Benzoyl-
Yield of Benzoyl- <5f-aJaino-Caprylic 

Enzyme alaninanllide. ̂  Acid Anilide, $ 

Papain 16 41 

Picin 16 11 

Table X 

Yield of Benzoylalaninanilide at Enzyme 
Ccncentr&tions Giving Same Yield of 

Benzoylleucinanilide 

Yield of Benzoyl- Yield of Benzoyl-
Enzyme leaclnanilide. ̂  alaninanilide. ̂  

Papain 10 1/2 11 

Ficln lOJlZE IS 

Examination of Pigiire 1 shov/s that for the lower 

eoncentrations of ficin, the yields obtained of benzoyl

alaninanilide and benzoyl-^teminocaprylic acid anilide 

approach the sane value. However, with increasing protease 

concentration, the per cen.t yield of benzoylalaninanilide 

increases to a greater extent than does the<<-aminocaprylio 

acid analog. A similar situation for the fioin-catalyzed 

reactions is foimd in Pig, 2, Here, although the yields 
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of the alanine and leucine derivatives are the same at 

the lo"west enzyme concentration, the yield of the 

alanine derivative increases to a proportionately greater 

extent with Increasing fioin concentration than does the 

yield of the leucine analog. These results demonstrate 

that the substrate preferences of enzjrmes may change with 

changing enzyme concentration^ 

Enzymic Reactions of &lycine-Containing 
Benzoyldipeptides With Aniline 

Although several reports have appeared in the 

literature (1-3) concerning the en23nnatic syntheses of 

anilides invialving glycine-containing aoylated peptides, 

no systematic studies have appeared with respect to the 

effect of the glycine residue on the type of reaction 

and the degree of reaction effected. Such studies vere 

here undertaken in an effort to gain some insight regarding 

the effect of residue structure, and its relative position 

in the peptide chain, on enzyme specificity. 

All of the "benzoyldipeptides used in these studies 

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

(2) 0. K, Behrens, D. G, Doherty and M, Bergmann, 
J. Biol. Chea.. 156. 61 (1940). 

(3) M. Bergmann and 0. K,  Behrens, J. Biol. Chem,, 124. 
7, (1938), "• 
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contained a glycine residue either adjacent to the 

acyl group or on the free earboxyl end. These acylated 

dipeptides were reacted with aniline in citrate buffer 

in activated papain- or activated ficin-catalyzed 

reactions. Most of the benzoyldipeptides investigated 

were of the DL-configuration. The only optically 

active acyldipeptide studied ims bsnzoylglycyl-D-

phenylalan ine, 

The results of the reactions investigated are 

summarized in Table XI, The aelting points obtained 

xiTith the latter five compounds were in such good 

agreement with the melting point of benzoylglycinanilide 

that mixed melting points were taken with a pure sample 

of benzoylglyolnanllide whose Identity has beeia established. 

The product found to be benzoyiglycinaniixde in aXi 

of these instances. With the former three compounds, 

however, the unreported benzoyldipeptide anilides were 

obtained. The physical constants of these nev anilides 

are given in Table XII, 
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Table XI 

Reactivity of Benzoyl-DL-Dlpeptldes v/lth Anllin© 
In Papain- and ̂ loln-Catlayzed Hisaotlone 

Dlpeptlde 

Wt. of 
benzoylated 
P^j-dlpeptldea 

Weight of Product Melting* 
Papain Floln Point Product 

Leucylglyoln© 

Valylglyolne 

Alanylglyolne 

Glyoylglyolne 

Glyoylleuolne 

Q-lycylalanlne 

Olycylvaline 

Glyoylphenyl-
alanine 

0.1465 

0.1385 

0.1246 

0.1178 

0.14'65 

0,1245 

0.1385 

0..16S0 

0.0823 0.0908 

0.0771 0.0838 

0.0153 0.0076 

0,0185 

0.0323 

0.0326 

0.0176 

0,0109 

0,0285 

0,0148 

0,0154 

197-199 Bens'.oylleucylglycln-
anlllde 

210-211 Benzoylvalylglycln-
anlllde 

160-161^ Benzoylalanylglycln-
anlllde 

210-212 Benssoylglyolnanlllde 

210-212 Benzoylglyclnanlllde 

210-212 Benzoylglyclnanlllde 

210-S12 Benzoylglyolnanlllde 

0,0224 0.0264 210-212 Benxoylglyolnanllld© 

^Melting point of crude product. 
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Table XII 

Physical Conatanta of New Anllldee from 
Papain- and Floln-Catalyzed Reactions 

of Benzoyldlpeptldea with Aniline 

Anlllde^ Melting _ 
point,0° 
< unoorr.5 

N. 
Oalod, Found c-al 

0. , 
Error s ±1,0® 

Benzoylalanyl-
glyolnanlllde 

1611-162^^ 12,98 % 12,80 % 

Benzoylleuoyl-
glyolnanllld© 

200-201^ 11.44 % 11,23 % 23,3 ° 

Benzoylvalyl-
glyolnanillde 

SlO-2111® 11,90 % 11,69 % 28,9® 

Stereooheraloal Identities of anllldefl are not known. 

Solvent was a 1:1 mixture of ohloroform and 
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The types of reaction observed may be placed Into 

two categories: 

1, Coux>ling reaction 

CgHg. CO-JSH. CHR«. GO-SH. CHR«« COOH + NHg* CgHg > 

C6Hg.C0*HH.CHH' « C0-KH«CHH«»G0-KH-GgH5 

2, Transamidation reaction 

CO-NH' CHH« • CO-KH* CHH« • COOH+HH.- O-H. > 
5 5 2 6 5 

CA*C0-KH-CHR''C0-SH«C^H^ (+ J{H^»CHR«'«COOH) 
6 5 o 5 S 

In a typical coupling reaction, the benzoyldipeptlde 

coupled witii the aniline, in the presence of either 

ficln or papain, to yield the Insoluble benzoyldipeptide 

anlllde as the reaction product. This may be illustrated 

by the reaction of benzoylleuoylglycine with aniline, 

*1 A***! A L^XJLZ»Ugr UXIO jJ^'WKLlJLS^ U V M UCt 

A typical transamidation reaction may be exemplified by 

the reaction of benzoylglycylleucine with aniline, the 

product in this case being benzoylglycinanilideo 

Presumably, free leucine remains behind in solution. 

The reactions investigated, together with the per cent 

yields, are suxEaarized in Table XIII, 
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Table XIII 

Reactivity of Benzoyldipeptides with Aniline ae 
Catalyzed by Papain and Picin at pH 5,S 

Benzoyldipeptide 

Coupling Reactions 

Benzoylleuoylglycine 

Ben zoylalanylglyoino 

Benzoylvalylglyoine 

Transamidation Reactions 

Benzoylglyoylglyoine 

Ben 550 tlglyoylleucine 

Benzoylglyoylalanine 

Benzoylglyoylvaline 

Product Obtained 

Benzoylleuoylglyoinanilide 

BenzoylalanylglyoineJiilide 

Benzoylvalylglyolnaniilide 

Benzoylglyoinanilide 

Benzoylglyoinanilid© 

Ben zoylglyoinanilide 

Benzoylglyoinanilid© 

Benzoylglyoylphenylalanine Benzoylglyoinanilide 

Benzoylglyoine Benzoylglyoinanilid© 

% Yield^ 
Papain Fioln 

90 

19 

87 

30 

51 

61 

28 

35 

49 

99 

9 

95 

17 

45 

23 

24 

42 

14 

^Benzoyldipeptide8 used are DL-isomers, 

^Yielda are based on auemtity of aniline used. 
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Study of Table XIII reveals that in all instances 

where the glycine residue was on the free carboxyl end, 

except in the case of benzoylglycylglycine, a coupling 

reaction was observed. These results are compatible 

with those found in the literature for the papaln-

catalyzed reaction of acetyl-DL-phenylalanylglyclne (1) 

and carbobenzoxy-L-phenylalanylglycine (2) with aniline, 

both of which showed coupling reactions. Agreement is 

also found with the case of benzoylglycylglycine, which 

shotted a transamidatlon reaction, in the report (3) that 

the papain-catlayzed reaction of the acylated tripeptlde, 

acetyl-L-phenylalanylglycylglyclne, with aniline gave the 

acyldipeptide anilide, acetyl-I^phenylalanylglyclnanlllde, 

as the reaction product. 

Further study of Table XIII reveals that In all 

Instances Investigated where the glycine residue was 

adjacent to the acyl substltuents, a transamidatlon 

(1) M, BerKBiann and 0, K, Behrens. J. Biol. Chem,, 124, 
7 (1938), 

(2) 0, K, Behrens, D, Q-. Doherty and M, Bergmann, J, Biol. 
Chem. 156. 61 (1940), 

(3) 0. K, Behrens and M, Bergmann. J, Biol, Chem,, 129, 
587 (1939), "" 
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reaction was effectedo The reaction product was 

benzoylglyclnanllide In every case. In this respect, it 

is interesting to note that henzoyglycinanlllde is also 

the reaction product of the enzyme-catalyzed condensation 

of benzoylglycine with aniline. The only report in the 

literature ifhich nentione a similar type of transamidation 

reaction to give benroylglyclnanilide as product is the 

rssction of osnzoylglyoinasid© with aniline in the prss@no@ 

of cysteine-activated papain (1). 

In view of the stereochemical specificity requireiBents 

of proteases (1,2) in syntheses of the anilide tjrpe, it was 

of interest to ascertain whether such requirements held 

for the reactions of the transamidation type described 

above. The. optically active benzoylated dipeptlde, 

19 —T"!* T 4 ̂  m a r» 4" a ̂  
 ̂ ^nrcvo VXXOA tCA Wib Jb »* A 

aniline in the presence of activated papain and activated 

ficin. Yields of benzoylglyclnanllide corresponding to 

25^ and 31^ were obtained for the papain- and ficin-

catalyzed reactions, respectively. 

(1) 0, K, Behrens and M, Bergmann, J, i3iol, Ohem,, 129, 
587 (1939). "" 

(2) M, Bergmann and H. Fraenkel-Oonrat, J, Biol, Chem, 
119, 707 (1957), ~ 
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Snzjnnio Reactions of Son-glyoine Containing 
Ben20yldipeptid.es With Aniline 

Reactions of several benzoyldipeptides containing 

no glycine were also investigated. Study of such 

benzoyldipeptides was more complicated than those 

previously described since non-glyclne containing 

acyldlpeptides contain two asymmetric centers and may 

therefore exist as fotar isomers or two raceaic 

diastereomeric pairs, fhese are the D-L and the 

L-L, p-D raceme tea (1), The peptides were made by 

j«wi4 jj + l/51-1 f\-P 1 n'^A-nmo/^ 1 e^o e oi^Vfin'fcoO'A 

sometimes be talcen of the differences in the solubility 

properties of the diastereomers to effect their separation. 

The problem remained, however, with regard to whether the 

diastereomeric pairs were of the D-L, L-D form, the L-L, 

p-p form, or mixtures. Such Identification has previously 

been made via total sjmthesis of the peptide using optically 

active starting materials and tmequivocal techniques (2) 

and via the different rates of halogen cleavage, by alkalJ., 

of the isomeric racemic pairs of the c<-haloacylamino acids (3). 

(1) E, Fischer and A. H, Koelker, Ann.. 554. S9 (1907). 

(2) J, W. Hinman, E. L. Caron and H. N. Christensen, 
J. Chea. 3oc.. 72, 1620 (1950). 

(3) 3. Abderhalden and E. Schwab. Permentforschung. 10, 
179 (1928). 
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Slnoe solubility differences during synthesis 

resulted in the separation of the diastereoaerio pairs 

of the benzoylvalylvalines and the benzoylleucylvalines, 

these benzoyldipeptides were further investigated in 

syntheses of the anllide type. The ^2 form of 

benzoylvalylvaline had been prepared and described by 

Hinatan and co-workers (1), The stereochemical configuration 

of the diastereomeric racemates of the benzoylvalylvalines 

could thereby be established, A comparable description 

appeared in the literature for the benzoylleucyivalines (2). 

Reactions of the two diastereomeric forms of 

benzoylvalylvaline with aniline, as catalyzed by papain 

and ficin, were first studied, A product was obtained 

only with the 0-D form, the form showing 

no reaction, as follovra: 

D- valyl-Lr-val ine 

L- valyl- D- val ine 
1. Benzoyl 

2. Benzoyl 
L- valyl-L- val ine 

p- valyl-D- val ine 

aniline—> no reaction. 

+anil ine ̂  Benzoyl-^ valyl-
L-valinanilidi, 

(1) J, ¥. Hinman, S. L, Caron and H, N, Christensen, 
J, jto. Chem. Soc., 72, 1620 (1950), 

(2) E, Abderhalden and S, Schwab, Feraentforschung, 10, 
179 (1928), 
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Positlve identification of the stereochemical configuration 

of the product was made in collaborative studies with 

Mr, Kenneth F, Itschner. Hydrolysis of the product with 

6 N hydrochloric acid at 100® was allowed to proceed for 

twenty-four hours, Hicrobiological assay of the acid 

hydrolyzate showed the presence of two-L-valine residues, 

within the limits of experimental error. This established 

the identity of the product as benzoyl-L-valyl-L-

valinanilide, which was obtained in 20 per cent yield® 

Similar studies were carried out with the 

benzoylleucylvalines. The results obtained are shown 

in the following: 

D-leucyl-L-valine 

1« Benzoyl 

2, Benzoyl 

L-leueyl-D-valine 

'L-le ucyl-L-val ine 

p-leucyl-D-valine 

aniline—5. no reaction 

+ aniline —^Benzoyl-L-
leucyl-L-valinanilide# 

This time, acid hydrolysis of the product followed by 

microbiological assay showed the presence of one 

^leucine and one valine residue. The stereochemical 

configHffAtlon of the reaction product was therefore again 

the L-L form, i.e., benzoyl-^leucyl-^valinanilide 

(10 per cent yield). Determination of the stereochemical 

configuration of the reaction product also established the 
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stereoeheniical Identity of the benzoyldipeptide reaotant 

as the p-D, L-L form. This, in turn. Identified the 

"benzoyldipeptide where no reaction "wes observed as 

the D-L, L-D form. 

The results obtained above were not unexpected la 

view of the stereocheaical specificity properties of the 

enzymes used. Also, they suggested a new and less tedious 

method for the stereochemical identification of dlpeptide 

diastereoaers, A proposed method, together with its 

thsorsticsl aspects, •will be elaborated aore fully in th® 

Discussion and Conclusions section. 

The physical constants of the new anllldes are given 

in Table XIV, 

Enzymic Reactions of Benzoylamino Acids V/ith 
G-lycinanilide 

In 1938, Bergmann and oo-workers (1) succeeded in 

the synthesis of a peptide bond between ti^o amino acid 

residues when the papain-catalyzed reaction of 

benzoylleucine with leucinanilide yielded the 

benzoyldipeptide siiilide, benzoylleuoylleucinaniaLide. 

Later reports in the literature deaonstrated that the 

(1) M, Borgmann and K, Fraenkel-Oonrat, J, Biol. Ohea,, 
124. 1 (1938), "" 
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Table XIV 

Physical Conetanto of New Anllldes from Papain-
and FloIn-Catalyzed Reftotions of 

Benzoyiaipeptldes with Aniline 

Anlllcle<* 04,^ N, N, 
point, C. Oaloa, Found 

Bz«»^velyl-^vallnanllld0 2(i6-2Q7 10.63 % 10.48 ̂  » 

o 
V 

Bz-L-leuoyl-^vallnanlllde 238^-2391 10.27 % 10.11 % 

^ Stereoohemloal configuration Identified 
via microblolgoloal asflay after acid 
hydrolyalfa, 

** All melting points are unoorrooted. 
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protease, chymotrypsln (1), as well as papain (2), is 

capable of inducing the formation of a peptide bond 

betxveen two amino acid residues. Since recent studies (3) 

have indicated that ficin was capable of catalyzing 

reactions of the anilide type with benzoylamino acids 

and aniline, the problem as to whether it was also capable 

of catalyzing the synthesis of a peptide bond between two 

amino acid residues invited investigation. Therefore, 

both the papain-cysteine and ficln-cysteine catalyzed 

syntheses of peptide bonds with a variety of 

benzoylamino acids and glycinanillde were studied. 

A series of benzoylamino acids were reacted with 

glycinanillde in citrate buffer in papain-cysteine 

or ficln-cysteine catalyzed reactions. All of the 

benzoylamino acids investigated were of the DL-conflguration 

with the exception of the tyrosine (monobenzoylated) 

and glutamic acid derivatives, which were of the 

^configuration. The types of reactions observed fell 

(1) M. Bergmann and J, Pruton, J. Biol. Ghem,, 124. 
1 (1938). 

(2) 0, K. Behrens and M. Bergmann, J. Biol. Chem.. 129. 
587 (1939). 

(3) S. W, Pox and J. S. Halverson, D^npublished experiments. 
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into two categories; 

lo Couplirig reactions 
enzyme 

C^H.*CO'HH'CHR«COOH + CH„* GO-HH-CA > 
So 2 2 o 5 ^ 

C^H^« CO-SH. CRR» GO-M- CH„« CO-M* 
6 5 2 5 5 

e.g. Eenzoylglyclne + glycinanlllde > 

Benzoylglycylglycinanilide 

fransgmidatioa reactions 

n rr « nr\^ xr-a^ u- vrxj ^ rttr /i/> *n:r-. n v WW® wilrt® www** » " wS^® vw-^vxl- : 
6 o 2 2 6 5 

CgHg* C0-2JH' CHR* CO- M» CgEg 

(+ Mg'CEgtOOOH) 

e.g. Benzoylalanine + glycinanilide ^ 

Benzoylalanlnanilide (-H glycine ) 

A typical coupling reaction is shown where the oenzoylamlno 

acid, benzoylglycine, when reacted vith the amino acid 

anilide, glycinanilide, in the presence of the activated 

enzyme, yields as product the insoluble benzoyldipeptide 

anilide, benzoylglycylglycinanilide. On the other hand, 

9iiea benzoylglycine is replaced by benzoylalanine, all 

other conditions remaining the same, a transamidation 

reaction takes place in which the benzoylamino acid anilide, 

benzoylalaninanllide, rather than the benzoyldipeptide 

anilide is formed. Presumably, free glycine remains 



www.manaraa.com

-104-

behind in solution, 

Eighteen different bsnscylsiainc acids were reacted 

with glycinsjiilide in reactions catalyESd by cysteine-

papain or cysteine-ficin. These results are suffisarized 

in Tables XV and XVI, with the exception of the product 

obtained frca the reaction ^'•hieh Involved benzoylglycine, 

all products possessed melting points which vere in good 

agreement T/ith the melting points of the corresponding 

benzoyl-L-amino acid anilides. Mixed nelting points, 

T.r4 *1 w T ««AAw*A WCLA>.Vik» vr ^ 0 O ^ 

showed positive identificetion of these products as the 

benzoyl-L-amino acid anilides. ¥ith benzoylglycine, 

however, the product was the benzoyldipeptide anilide, 

benzoylglycylglycinanilide. 

From examination of Table XVII it is apparent that 

at pH 5.3, only one instance of a coupling reaction was 

noted, that instance being vhen benzoylglycine vas 

reacted vith glycinanilide. In all other cases where a 

benzoylamino acid was reacted with glycinanilide, and 

reaction occurred, it was a transaMdation reaction, Thus, 

reaction of benzoylmethionine xfith glycinanilide gave 

benzoylmethioniaanilide, reaction of benzoylleucine -with 

glycinanilide gave benzoylleucinanilide, and so on. 

Since some of the benzoylamino acids described in 

Tables XV and XVII gave only slight or no yields of 

anilide at pH 6,5, variation of pH was attempted with 
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Table XV 

Reactivity ot Benzoylamlno Aolds with G-3.yolnanlllcle at pM 5o3 
in Papain- and Floin-Oatalyzed Roaotiona 

Amino 
Add 

V/t. of 
ben7,oylated V/eiglit of Product Melting'^ 
DL-oinino acid PapaJ;.n Flcln Point 

used, g. 0.° 
Product 

Glyoln© 

Alanine 

Valine 

Leucine 

Methionine 

Isoleuoine 

0.0895 

0.193 

0.221 

0.235 

0.25S 

0.235 

Phenylalanine 0,869 

Glutamic Aold 0.120 

Tryptophan 0.509 

0,0981 0,0358 

0,0342 

0.0015 

0.0456 

0.0456 

0.0014 

Nonet 

None 

None 

0.0268 

trace 

0.0317 

0.0329 

None 

Nono 

None 

None 

246-248 Ben/.oylglycylglyoln-
anllide 

174-176 Benzoylalanlnanillde 

21D-220 Benzoylvallnanilide 

212-213 Benzoylleucinanlllde 

100-162 BGnzoylmethlonin-
an113 d© 

213-215 Benzoyllgoleucln#* 
anilIda 

* Melting point of crude product 
Benzoyl-L-glutamlo acid wag used. 
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Table XVI 

Reactivity of Benzoylamino Acids with Glycinanilide at 
Various pH's in Papain-Gatalyzed Reaotions 

Amino 
Aoid 

Wt. of 
benzoylated 
DL-amino acids 
""used, g. 

pH Weight of 
Product 

% 
Yield Proauot 

Leucine 0o235 5.0 0.0046 3 210-212 Benzoylleucinanilide 
5,5 0.0530 34 
5.9 0.0685 45 

Isoleuoine 0.235 5.0 None 
' 5.5 0.0024 1 208^-211 Benzoylisoleuoin-

anilide 
5.9 0.0022 X 

Tryptophan 0.309 5.0 None 
5.6 0.0038 2 196-1961^ Benzoyltryptophan-

anilide 
5.9 0.0061 3 
6.6 0.0525 28 

Valine 0.221 5.0 None «» 

5.5 0.0010 1 212-214 Benzoylvalinanilide 
5.9 0.0072 5 

G-lutajnio Aoid 0,126 3.6 None mm 

4.1 None — 

5.0 None •> — 

5.3 None — mm mm 
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Table XVI (Cont'd,) 

Reactivity of Benzoylamino Acids with Glyolnanlllde at 
VarlouB pH* a In Papaln-Oatlayzed Reactions 

Amino 
Acid 

¥t. of 
benzoylated pH Weight of % Melting 
DL-amino acids Product Yield Point, 

,Sf ^ 

Product 

PhenylalanIne 0.269 

Methionine 0,253 

Norvallne 0,281 

Norleuoine 0,236 

«<-Amlno-n-
butyric acid 0,207 

Aminolso-
butyi»ic acid 0.207 

Tyr^dfi-ne (N-Bz)^* 

Glycine 0,0895 

5,0 None - -

5.0 0,0127 8 169|-162| 

5,0 0,0068 5 l?4i-176 

5,0 0,0068 4 176-178 

6.0; 0,0348 21 163-165 

5,0 None 

5,0-7,5 None 

5,0 0,0690 44 247-248 

Ben zoylaaethlonin-
anilide 

Ben zo yInorv«lIn-
anilldo 

Benzoylnorleucin-
anilide 

Benzoyl- -amlno-n-
butyric acid 
anllide 

Benzoylglycylglyoln-
. finlllda 

* Melting point of crude product 
Bonzoyl-^amlno acid was used* 



www.manaraa.com

Table XVII 

Reactivity of Benzoyl Derivatives of Amino 
Glycinanlllde as Catalyzed by Papain of 

pH 5.3 

Acids With 
Ploin at 

Benzoyl Derivative 
of DL Acid 

Benzoyl-An Hide 
Formed 

Per Gent 
Papain 

Yield 
Plcin 

Glyolne Bz-glycylglyoinanillde 63 23 

Alanine Bz-alaninanillde 26 20 

Valine Bz-vallnanillde 1 trace 

Leucine B z-le uo inan11Ide 29 21 

Methionine Bz-methlonlnanillde 28 20 

I80leucine B z-1s 0le uo inan11Ide 1 None 

Phenylalanine - None None 

Glutamic Aold - None None 

Tryptophan ~ None None 
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several benzoylaralno acids In an effort to find conditions 

more conducive to anillde formation. These results, 

suxEUBarized in Table XVI, further indicate that benzoyl-

glycine was the only benzoylamino acid to give a 

coupling type reaction with glycihanilide. The results 

suggest, too, that the pH optima for all resctions 

studied is, in most If not in all Cases, above pH 5.0. 

It should be noted (Table X7I) that no reaction 

was observable between N-benzoyltyrosine and glycinanilide 

over the pK rang© of 5.0-7.5« This is of interest in the 

light of recent experiments (1) which demonstrated that, 

at pH 6,0, high yields of N-benzoyltyrosinanilide were 

obtained from the cysteine-papain catalyzed reaction of 

K-benzoyltyrosine "W'ith aniline. Observations of an 

analogous nature with crystalline chjrmotrypsin (2), 

previously noted in the literature, were offered as 

evidence for enzyme specificity. This will be discussed 

later, in fuller detail, under the appropriate sections. 

For reference purposes, workable quantities of anilides 

were obtained from larger papain-catalyzed preparations 

and purified to constant melting point by recrystallization 

(1) S, W. Fox and C. W, Pettinga. Arch. Biochem., 25» 13 
(1S50). 

(2) H. Bergmann and J, Fruton, J. Biol. Chem., 124, 321 
(1938). ~ 
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from aqueous ethanol. The melting points for the pure 

benzoyl-L-amino acid anilides obtained, together with the 

literature values and literature references, £ire given in 

Tables IV and XVIII. 
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Table XVIII 

Melting Points of Anilides from .Faipaln- and 
Ploln-Oatalyzed Heaotlona of Denaoylatnino 

Aoids with GUyolnanlllde 

Anilld© Melting Lit, value 
point. 0. and ref, 

Bensjoylglyoylglyolnanllld© 246|-847^ 838-240 (1) 

Benzoyltryptophananllld® 199-200 199-200 (S) 

Benzoylmethloninanllld© 162-162| 189 (3) 

(1) T, Out»tiu8 and H, Wuotenfeld. J. prakt, Chem«. 70. 
80 (1904). 

(2) 3. W. Pox and J,S, K&lverson, Unpublished reoults, 
(3) 0. A, De)fJEor and J, 3, Pruton, J. Biol, CheWtt. 173. 

471 (1948). ~ ~ ~~~ 
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Enzysilc Reaction of Benzoylamino Acids 
With Acid Anilid.es 

Previously published results (1) have shown that the 

nature of the amino acid anilide employed in the anilide 

syntheses was a principal determinant in the type of products 

obtained. Statement was made to the effect that the 

different behavior of the amino acid anilides employed 

"illustrates the highly developed specificity of enzymatic 

peptide syntheses". Studies of this nature appeared to 

afford a means of further clarifying the concept of 

"preferences" in protease-substrate interaction. Such 

studies have therefore been here extended to include two 

amino acid anilides, valinanilide and elaninanilide, which 

have heretofore been unreported, in addition to the 

previously reported leucinanilide and glycinanilide (1), 

In these investigations, the benzoyl derivatives of 

glycine and alanine were studied most extensively, with 

the derivatives of leucine, valine, aminoisobutjrric acid, 

norvaline and t^-amino-n-butyric acid studied to a somewhat 

lesser extent. Reaction of these gcylamino acids with 

amino acid anilides, as catalyzed by papain-cysteine, gave 

both coupling and transftmidatioa reactions. 

(1) M. 3ergmann and H, Fraenkel-Conrat. J, Biol, Chem,, 124 
1, (1S36). "" 
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The results of the reactions Investigated are 

summarized in Table XIX, Where transaiaidation reactions 

occurred, the benzoylamino acid anilide which was obtained 

as the product was, in every instance, a previously 

described compound. The identity of the products was, in 

these instances, established by means of mixed melting 

points with pure samples, Where coupling reactions 

occurred, however, the benzoyldipeptide anilides which 

were obtained were in all instances undescribed. These 

products were recrystallized from ethanol-water to 

constant melting point. The physical constants of 

these new anilides are given in Table XX, 

In Table XXI, the coupling and transamidation reactions 

are listed, as well as the per cent of anilide yield in each 

case. It can be seen that in all reactions which involved 

benzoylglycine, a coupling reaction was observed. That 

the type of reaction, coupling or transamidation, can not 

be attributed to the acylamino acid alone is shown by the 

fact that benzoylalanine undergoes both types of reactions, 

depending upon the amino acid anilide used, A similar 

argument can be used to show that the type of reaction 

effected can not be entirely attributed to the specific 

amino acid anilide used in the reaction. These factors 

will be discussed in fuller detail in the Discussion 

and Conclusion section. 
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Table XIX 

Reactivity of Benzoyl Derivatives of Anilno Acids V/lth 
Amino Aold Anilides as Catalyzed by Papain at pH 5,6 

Amino 
Acid 

Wt, Of 
toenzoy-
lated 
fiL-amlno 
aoido, 
usecl, g. 

Amino Wt. amino V/t, of Melting 
Aold aold Product Point, 
Anillde anlllde 0^ 
Citrate oitrato 

uaed, g. 

Produo t 

Glycine 

(Jlyoine 

Norvaline 

Glycine 

Alanine 

Alanine 

Leucine 

0.0895 

0.0896 

o^-Aralno-n~ 0.207 
butyric aold 

0.221 

0.0895 

0.19a 

0.193 

0,235 

Alanln-
anlllde 

Valin-
anlllde 

Valin-
anlllde 

Leucln-
anillde 

Leuoinr» 
an Hide 

Valln-
anilide 

Alanin-
anillde 

0.S74 

0.402 

Valin-
anlllde 0,402 

0.402 

0.416 

0.416 

0.402 

0.374 

O.llS 235:¥-236|r B^-glycylalanln-
anlllde 

0.0976 251-282 Bz-glyoylvalln-
anlllde 

0.0757 260-262 

0.0876 241-S43 

0.0930 197-199 

0.0815 237-239 

0.0920 263^268 

Bs-of-aralno-n-butyrlo 
acid anlllde 

Bz-iiorvalylvalln-
B anlllde 

BK-glycylleuoln~ 
anlllde 

Bz-alanylleucin-
anlllde 

Bz-alanylvalln-
anillde 

0.0883 213-214 Bis-iuclnanllid© 
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Table XIX 

Reactivity of Benzoyl Derivatives of Amino Acids With 
Amino Acid Anilides as Catalyzed by Papain at pH 6»6 

Amino 
Acta 

Wt. of 
bengsoy-
lated 
PL-amino 
acids, 
usedf g. 

Amino 
Acid 

Wt, amino Wt, of Melting 
acid 

Anllide anllide 
Oltrate citrate 

used, g. 

Product Point, Product 

Valine 0.221 

oV-Amlno-n- 0,207 
butyric add 

Alanine 

Norvaline 

0.193 

0.221 

Amino180-
butyrlc acid 0.207 

Isoleucine 0.255 

Amlnolso- 0.207 
butyric aold 

Isoleucine 0.235 

Valine 0.221 

Alanin-
anllide 

Alanln-
anlllde 

Alanin-
anlllde 

Alanln-
anllide 

Alanin-
anillde 

Alanln-
anlllde 

Valln-
anilide 

Valln-
anillde 

Valln-
anllide 

0.374 0.0065 206-209 Bz-vallnanlllde 

0.374 0.1031 167-169 Bz~«l-amlno-n-butyrio 
acid anllide 

0.374 0.0628 174-176 Bz-alanlnanlllde 

0.374 0.1224 178-179 Bz-norvallnanlllde 

0.374 None 

0.374 None 

0.402 None 

0.402 None 

0.402 None 
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Table XX 

Physical Constants of Nev; Anilides from 
Papaln-Oatlayzed Reactions of Benzoylamlno 

Acids x/lth Amino Acid Anllldes 

Anlllde Melting* 
Point, 0, 

N. 
Oalcd. 

N, 
Pound 

Bz-glyoylalanlnanilide 237-238 

Bz-glyoylvalinanlllde 255^-256 

Bz-alanylvalinanillde 271^-272 

B 2-ot-amino-n-but yryl-
vallnanlllde 264-264| 

Bz-norvalylvallnanllide 249^-251 

Bz-glycylleuclnanllld© 204-204^ 

Bz-alanylleuolnanlllde 243-243^ 

C*0.5%^^ Q 
error at 1,0 

12.92 ̂  12.94 -23. r 

11.90 % 11.82 ̂  -38.1° 

11.44 % 11„19 % -54.5° 

11.02 ̂  10o89 -58,2° 

10.63 ^ 10„46 ^ -59.5° 

11.44 % 11.27 ^ - 8.1° 

11.02 ̂  10„88 % 

* Melting points are unoorreoted. 

Solvent was a 1:1 mixture of chloroform 
and 95/6 ethanol. 
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Table XXI 

Reactivity of Benzoyl Derivatives of Amino Aolds 
With Amino Aold Anllldee as Catlaysjed by 

Papain at pH 5,6 

Benzoyl Derivative 
of 

Amino Aold 
Anlllda 

Product % Yield 

Coupling 

Glyolno 
Q-lyclne 
Alanine 
w<-Amlno~n-

butyrlo aold 
Norvallne 
Glycine 
Alanine 

Tranaamldatlon 

Leucine 
Alanine 
Valine 
<v-.Amino~n-

butyrio acid 
Norvaline 

No Reaction 

Aminolsobutyrlc acid 
Xsoleuclne 
Aminoslbliutyrlo acid 
Isoleuclne 
Valine 

Alanlnanlllde 
Valinanilide 
Vallnanilide 
Valinanilide 

Vallnanilide 
Leucinanilide 
Leuolnanillde 

Alanlnanlllde 
Alanlnanlllde 
Alanlnanlllde 
Alanlnanlllde 

Alaninanilide 

Alanlnanlllde 
Alaninanilide 
Valinanilide 
Valinanilide 
Valinanilide 

Bz-glycylalaninanlllde 
Bz-glyoylvalinanilide 
Bz~alanylvalinanilide 
B z-«f~ ami no-n-bu tyryl-

vallnanlllde 
Bz-norvalylvalinanilide 
Bz-glycylleuclnanllide 
B z-alanylleucinan11ide 

Bz-leucinanillde 
Bz~alaninanilide 
Bz~ valinanilide 
Bz-o<-amlno-n-butyrlo 

acid anilide 
Bz-norvallnanllide 

69 
56 
50 
40 

44 
51 
43 

57 
46 
4 

73 
83 

None 
None 
None 
None 
None 
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Enzyme Specificity 

In the enzymlc Investigations previously described, 

the two closely related proteases, ficin and papain, were 

used. With regard to the type of reaction effected, these 

enzyaee gave the saine"^qualitative results in all instances 

studied. In the hope that two different enzymes might be 

found that would, under the same set of conditions, give 

different reaction products, attention was directed to the 

study of another protease which possessed widely different 

specificity properties than either ficin or papain. The 

proteolytic enzyme, chymotrypsin, was chosen. 

Bergmann and Pruton (1) were the first to report the 

use of ohymotrypsin in syntheses of the anilide tjrpe. These 

investigators found that at the pH optimum for chymotrjrpsin, 

benzoyltyroaine will react with glycinanlllde in a coupling 

type reaction to yield the bfinzoyldipeptide anilide, 

benzoyltyrosylglycinanilide. In the presence of papain, 

however, no reaction was observed. 

1. Benzoyltyrosine + glycinanlllde y 

Benzoyltyro sylglyc inanilide 

2. Benzoyltyrosine+glycinanllide no reaction 

This set of reactions was presented by the authors as 

(1) M, Bergmann and J. S, Pruton, J. Biol. Chem., 124. 321 
(193S). " 
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evidence for enzyme specif lei ty^ These reactions larere 

repeated in this vor^ over the pH range of 7,5 to 7,9 

for the former and 5,0 to 7,5 for the latter reaction. 

Table XXII shows that the same qualitative results were 

obtained as those previously reported (1), 

In view of the report (1) that papain could induce 

the synthesis of benzoyltyrosinanilide from benzoyltyrosine 

and euiiline, attempts were aade to effect a siailar synthesis 

in a chymotrypain-catalyzed reaction over the pK range of 

6,1 to 7.5* S'he reactions are illustrated in the following? 

1, Benzoyl tyro sine + aniline reaction 

2. Benzoyltyrosine + aniline Benzoyltyrosinanilide O-i 

In this case again, only one enzyme showed reactivity ̂ fhile 

the other failed to catlayze any reaction. However, 

in this instance, it was the papain-catalyzed reaction 

that gave a product whereas no reaction was obtained where 

ciynaotrypsin was used, 

A demonstration of specificity would be more 

meaningful if, under the same sst of conditions, two 

different enzymes would catalyse reactions that gave products, 

but different products. In an effort to establish such a 

(1) S. V/, Pox and C, ¥. Pettinga, Arch. Biochem,, 25. 13 
(1950), 



www.manaraa.com

Table XXIX 

Effect of pH on Yellds of Anlllde from the 
Ghymotrypsln- and Papain-Oatalj'^zed 

Reaction of Benzoyl-L-tyrosine* with CIlyolnanllldQ ** 

Enzyme Uaed Product pH Yield of ^ Melting 
Product, Yield Point, 

Papain 5,0 None -- — 

5.5 None -

6.1 None -

6.7 None -

7.0 None mm -

7.5 None - <•» 

Ghymotrypsln Bz-L-1 yr 0 a y 1-7,4 0.0326 15.6 224-225 

glyoln
anlllde 7.7 0.0381 18,3 224-285 

7,9 0,0465 22.3 224-225 

The amount of benzoyl-L-tyrosine uaed was 0,1425 g. 

** The amount of glyolnanlllde uaed was 0,093 g» 
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cp.se of specificity, several benzoylaiaino s.cids, as '.v'ell 

as? benzcyl-DL-phenyl^lgnlne, vere reacted v/ith both aniline 

and glycinanilide In papain-, ficln- and chyaotrypsin-

catalyzed rsacti'^ns. The results are suEiriarised in 

Table XXIII. 

Examination of Tcble XXIII reveals that in no 

instance iv'as an Insoluble product obtained in the 

chymotrypsin-catalyzed reactions >;hich involved the 

benzoyl derivatives of tryptophan, methionine and 

glycylphenylalanine. The comparable papain- and ficin-

catalyzed reactions, however, gave products vfith melting 

points which were in good agreement with those of known 

anilides. After the product had been recrystallized from 

ethanol-water, mixed melting points with pure samples 

established the identity of these products. 

It is significant that at least one benzoyl derivative 

reacted to give an insoluble product, under the same 

conditions, in the chymotrypsin-, papain- and ficin-

catalyzed reactions. The chymotrypsin-catalyzed reaction 

may be exemplified in the following; 

Sz-phenylalanine + glycinanilide —chymo trypsin 

Bz-phenylalanylglycinanilide « 

The anilide obtained was recrystallized from ethanol-water 

to constant melting point. The analytical data obtained 
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Table XXIII 

Reactivity of Benzoyl Derivatives with Aniline and 
Grlyclnanilide in Papain-, Picln- and 

Ohyinotrypsln-Catalyzed Reactions 

Benzoyl-deri« 
vatlve of 

V/t, of ben- Amine V/t. of 
zoyl derivative Used amine 
used, g« used, ge 

pH Enzyme 
used 

Wt, of Melting 
Product Point, 

Main 
Product 

Phenyl-
alanine^j 0,269 

Tryp t ophan« 0,309 

Methionine# 0.235 

phenylalanine;:- 0 , 269 

Tryptophane^ 0»309 

Methionine# 0,253 

01y oylphenylalanine# 
0.163 

Glycylphenyl~ 
alanine^Hfr O.I63 

C." 

Glycin-
anilid® O.O9O 

Glycin» 0,090 
anilid® 

Glycln- 0,090 
anilldo 

Glycln- 0,090 
anilid© 

Glycln- 0.090 
anilid© 

Glyoin- 0,090 
anilid© 

7,1 ChyrftOtryiJEiin 0,0036 235-2383/2 Bz-pbeny! 
glyclnj 

7.1 Ghymotryijsln None 

7,1 Chyiaotrypsln None 

7,1 Papain 

7«I Papain 

7,1 Papain 

0,0030 213-216 

Aniline 0,098 6,7 Papain 

Unidenti: 

Aniline 0,098 6,7 Plcln 

0,0561 192-195 Bz-tryptoj 

0,0880 156-158 Ba-methl! 

0.305 210-212 Bz-glyclr 

0,0163 209-211 Bz-glyoii 
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Table XXIII 

Reactivity of Benzoyl Derivatives with Aniline and 
Glycinaiiilide in Papain-, Picin- and 

Ohiionotrypsin-Catalyzed Reactions 

Wt, of ben- Amine V/t, of 
zoyl derivative Used amine 
used, g, used, g« 

0.269 

0,309 

0.235 

0,269 

0.309 

0.253 

anine^t-
0.163 

O.I63 

Glycin-
anilide 0,090 

Glycin- 0,090 
anilide 

Glycin- 0,090 
anilide 

Glycin- 0,090 
anilide 

Glycin- 0,090 
anilide 

Glycin- 0,090 
anilide 

pH Enzyme 
used 

Wt. of Melting Main 
Product Point, Product 
g. 0." 

7,1 Ohymotrypsln O.OO36 235-2383/2 Bz-phenylalanyl. 
Glycinanilide 

7«1 Ohyinotrypsin None 

7.1 Chyiaotrypsin None 

7«1 Papain 

7ol Papain 

7.1 Papain 

0.0030 213-216 Unidentified 

Aniline 0,098 6.7 Papain 

Aniline O.O98 6.7 Picin 

0,0561 192-195 Bz-tryptophanilide 

0,0880 156-158 Bz-niethlonanilide 

0.305 210«212 B2~glycinanllide 

0.0163 209-211 Bz-glycinanlllde 
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Table XXIII 

Reactivity of Benzoyl Derivatives with. Aniline and 
Glyolnanllide in Papain-, Picin- and 
Ghyraotrypsin-Catalyzed Reactions 

Benzoyl derl. 
vatlve of 

Wt. of ben
zoyl derivative 
used^ g« 

Amine Wt« of pH Enzyme 
ITsed amine • Used 

usod, go 

Wt, of Melting 
Product Po^nt, 
S • C • 

Glycylphenal-
alamlme-""!'c 

phenylal-
anine•5:-Ji• 

Phenyl-
alaninQ^Ks• 

Phenyl-
al an ine 

Glyoylphenyl-
alanine^Hi-

Glycylphenyl-
alanine'js-^i-

0.163 

0.269 

0,269 

0.269 

0.1630 

0.1630 

Glycylphenylalanine-::-;:-
O.I63O 

j\nilinG 0,098 

Glycin-
ai'iilide 0,l06 

filycin-
artilide 0.186 

Glycln-
an,ilide O.I86 

GlyCin-
anilide 0,186 

Cilycin-
anilide 0,186 

Gl7;cin-
anilide 0,l86 

6.7 Ohymotry-psln None 

6.8 Papain O.OlOli- 213-216 

6,8 Picin 0.0131 196-201 

6,8 Chymobpypsin 0,1108 239-2ip. 

6.6 Papain 0.0100 2!j.6-2ij.8 

6.6 Picin 0.0255 2l|6«2l4.8 

6,6 Chymotrypsin None 

Buffer vjas IM citrate. 
Buffer waB 0„5M oltrato-0,5M phosphate. 
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Table XXIII 

Reactivity of Benzoyl Derivatives with Aniline and 
Glyolnanllide in Papain-, Picin- a:nd 
Ohymotrypain-Gatalyzed Reactions 

Wfc. of ben- Amine Wt« of pH Enayme Wt, of Melting Ma.ln 
zoyl derivative Used amine Used Product Point, Product 
used, g. used, g. g. C," 

0.163 Aniline 0,098 6.7 Chymotr^,ipsin None - -

0.269 
Glycin*" 
anilide 0,186 6,8 Papain 0.010l|. 213-216 Unidentified 

0,269 
alycin-
anllide 0.186 6.8 Plcin 0,0131 196-201 Unidentified 

0.269 
Glycin-
anllide 0,186 6.8 Ohymotrypsln 0,1108 239-2i<l 

Bz-phenylalanyl-
glyclnanllide 

0.1630 
Qlycln-
anilide 0,186 6,6 Papain 0,0100 2l|.6-2l}.8 

Bz-glycylglycih-
anilide 

0.1630 
Glycin-
anllide 0,186 6,6 Picin 0.0255 2l|.6-2li.8 

Bz-glycylglycin-
anlllde 

anine-i:-:!-
0,1630 

Glycin-
anllide 0,186 6,6 Chymotryijsin None 

•5S- Buffer was IM citrate, 
• Buffer was 0,5M cltrate-O.^M phosphate. 
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by micro Kjeldahl determination was in agreement with 

that for benzoylphenylalanylglycinanilide. 

The reactions observed xvith the flcin- and papain-

catalyzed reactions appear more complex than that noted 

with chynjotrypsin. In the former instances, the product 

obtained melted below the melting points of the expected 

products, benzoylphenylalaninanilide (219-220°) or 

benzoylphenylalanylglyoinanilide (244-245°), Although 

the melting point of the product was raised considerably 

after several recrystallizatlons from ethanol-water no 

substance which gave a com^tant melting point was obtained. 

A possible explanation of these results may lie in the 

assumption of mixed products, i.e., benzoylphenylalanin

anilide and benzoylphenylalanylglycinanilide. These 

mixed products could be due to the simultaneous occurrence 

of transamidation and coupling reactions when papain sind 

ficin serve as the catalysts, 

lEhe physical constants of the pure anilides obtained 

in these specificity studies, after recrystallization 

from 50 per cent ethanol-water to constant melting points, 

are presented in Tables XVIII and XXIV. 
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Table XXIV 

Physical Constants of Anllides Obtained 
In the Enzyme Speolfiolty Stucllofl 

AntUde Melting 
Point. 0° 

Lit. value 
and reference 

N, 
Pound 

N, 
Oalodo 

Bz-lf-tyrosyl-
glyolnantilde 226|»826 226 (1) 

Bz-phenylalanyl-
glcylnanillde 244-246 

(unoorr,) 
lOoSO ^ 10.47 

I 
M 
ro 
oi 
I 

(1) M, Bergmann and J, 3, FVuton, 
J. Biol, Ohera,, 124, 321 (1938), 



www.manaraa.com

"•126" 

DISCUSSION AND CONCLUSIONS 

Enzymic Reactions of Benzoylamlno Aoids With 
Aniline 

The results depicted in Table VI indicate that in 

syntheses of the anilide type, the ranking of substrate 

preferences with papain and ficin is not the same in 

all instances. In particular, laarlced differences in 

the order of substrate preferences appear for the 

alanine, o(-a3iinocaprylic acid and cZ-aminoheptyllc acid 

residues. Such differences would tend to place greater 

emphasis on protease-substrate interaction rather than 

on the effect of substrate structure alone. The con

tribution of residue structure in determining the degree 

of enzyme preference becomes clear, however, when the 

branched-chain isomers are compared with their normal 

analogs, as is shown in Table XXV, 

In Table XXV, the yield and consequently the 

enzyme preference in the normal or straight chain series 

Is almost consistently greater than that in the branched-

chain series. This suggests that steric hindrance is 

the underlying factor for the previously observed 

differences in reactivity between benzoylvaline and 

benzoylleucine (1), Thus, a substantial yield of 

(1) S, Pox, C, W, Pettinga, J. S. Halverson and H, Wax, 
Arch, Biochem,, 2^ 81 (1950). 
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Table XXV 

Ylelda of Bensoyliimino Aold Antlldes as a 
Function of Location of Bubatltuerrt Methyl 

Group 

Straight Chain Aold 

CH3-CH(NHBZ)«C00H 

Bz-alanlne 

CHg•OHg« GH(NHB 2)•COOH 

Bz-«(-amlno-n~butyrlc aold 

OHg* OHg» CHg« 0H(WHBz)•OOOH 

B2-nervalIne 

% Yield Branched"-Chain Aold 

38 

69 

46 

0Hg»0(NKBz)»OOOH 

CHg 
Bz-amlnoleobutyrlo add 

0H_* 0H« CH( NIBz) • OOOH 

0% 

Bz-vallne 

0H,« OH* OH* 0H(NHBz)•COOH 

Ba-laoleuolne 

% Yield 

0 

I 
H" 
to 
•o 
I 

OHg» CHg» OHg-0H(NHBz) • OOOH 
Bz-norvallne 

45 OHg' OH. CHg. OH (NHBz) • OOOH 
OH 

Bz-leuolne 

53 



www.manaraa.com

-128-

benzoylalanliiEiilllde Is o'otalned under the saae conditions 

in which the corresponding .^-methyl derivative falls to 

form. That a methyl substitueat in the y?-position 

interferes, at least partially, with the enzyme-

substrate interaction is evidenced by the lower yields 

of anilide with benzoylvaline than ^^ith its normal 

analog, benzoyl-c^amino-n-butyric acid. A similar 

situation exists between benzoylisoleucine and 

benzoylnorvallne. When the methyl group occupies the 

•4»4 *..4 4^ f X . U  V W  U 4 . & A 0  

picture, too remote from the ©(.-carbon atom to cause 

interference# 

In the comparison bet^^een norvaline and its 

y^methyl homolog (leucine), a greater extent of reaction 

is found for leucine, A tentative explanation for this 

difference is that when the methyl is sufficJiently 

removed from the site of interaction, it is not inhibitory, 

but contributes instead to the attraction between 

R-group and the enzyms (1), 

As a first approxiaation, it may be stated that 

the lesser reactivity generally shown in the branched-

chain series is due to the greater degree of steric 

hindrance resulting from the presence of a methyl side 

(1) E. Smith, Fed'n. Proc., S, 581 (1S49), 
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chain closely adjacent to the oi-carbon atom. It follows 

from this first approximation that a greater degree of 

hindrance should result by replacing the methyl substltuent 

with one of increased size, The results obtained i-rlth 

all available benzoylaaiino acids with substituents 

are presented in Table XXVI. 

Table XXVI 

Gomparison of Yields fros Benzoylaaino Acids 
of Varying Size of ̂ -Substituents 

Amino Acid Residue 

CH2»CH»CH(NH2)»C00H 
H 

-amino-n-butyric acid 

% Yield 

69 

CH« CH< NHo»)•COOH 
^ GE. ^ 

o 

7 

valine 

CH.o CH» CH( m» ) • COOH 
3 2 

4 

GHs 
isoleucine 

CH3 
CHg«C»CH(NH2)-C00H 

0 

S 

S-benzylpenicillamine 
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The results shotm in Table XXVI substantiate the 

hypothesis. Structural considerations reveal that 

although the hydrogen on the ̂ -carbon of o(-amino-n-

butyric acid does not inhibit, the zaethyl (valine) 

or the ethyl group (isoleucine) causes the reaction 

to proceed to a lesser extent. It should be here 

pointed out that isoleucine might logically be considered 

a ̂ -laethylvalerlc acid as well as a ̂ -ethylbutyrio aoid. 

As the former, its yield might be no aore limited than 

that of the valine analog. However, one could assume 

that benzoylisoleucine would occur in both configurations, 

so that actually a smaller yield of the product than 

of the valine analog is reasonable. In any event, the 

reaction is highly hindered. 

Inspection of the S—benzylpenioillaiaiiie substrat© 

reveals that the hindrance here is great enough to account 

for its complete lack of activity. Since a sulfur atom 

appears in this substrate, the results might be questioned 

on the basis of possible inhibition due to this sulfur 

atom. This would seem to be ruled out, however, by the 

fact that benzoylmethionine has been found to react to 

an appreciable extent in work in this laboratory. 

(1) D. G, Doherty and E, A, Popenoe, Jr., J, Biol. Chem,, 
73, 452 (1951). " 
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Similar activity has been reported elsewhere (1). With 

this exception, all of the correlations reported herein 

involve amino acids '^rith hydrocarbon side-chains, 

Fpom the observations roade above, the follo;i:ing 

generalization can be formulated, namely; that included 

among the factors which govern enzyme preference for 

acylaiaino acids are the size of the residue side chain 

cxixu VI.JL O Ox O VxXctXa* X J'wmi ««4.4.<7 

atoHc The szsaller the side chain, and the further it is 

removed, up to a limiting distance, from the o(-carbon atoia, 

the greater is the reactivity. 

The relative order of reactivity of the branched 

acids tested are qualitatively the same vith the closely 

related ficin as with papain. It is here worthy of 

jir^ j g j K i U J m K t j L\jn wxxcxi ui-x^ u.wuixi2eiAi u c;xi.c;vw vj. uxiv kJi. cuiv^'Xj. 

is eliminated, the relationships among substrates are 

qualitatively different for the two enz3rmes, as Table VL 

shows. The effects of the branch are qualitatively 

similar to those observed by Cason and Wolfhagen (2) 

(1) D. G-, Doherty and S. A, Popenoe, Jr,, J. Biol. Gheffi,» 
75. 452 (1941), ~ 

(8) J. CaSon and H, J. Wolfhagen, J. Org. Ohem.. 14, 
155 (1949). ~ 



www.manaraa.com

-132-

with sodium hydroxide solution as the hydrolytic agent 

for fatty acid esters. Pancreatic cholesterol esterase 

has recently been shown (1) to give results of a similar 

nature, 

Albertson (2) indicated the correlation of structure 

and yield with papain for the normal acids, through 

benzoylnorleucine. The present work (Table V) furnishes 

data ̂ hich extend the series through benzoylaminopelargonio 

acid, sad which point out peaJ: reactivity for 

benzoylaainoheptylic acid. 

Studies by the Bergaann group (3), on the action 

of dipeptidase on o(-aiainoiaobutyric acid dipeptides, 

revealed a very low reactivity for such peptides. In 

that instance, the relative inactivity was ascribed to 

the absence of a hydrogen atois in the ot—positioss 

According to the steric hindrance picture developed here, 

the presence of the o(-methyl rather than the absence of 

th« o(-hydrogen is responsible. The subtle but significant 

distinction is that lack of activity is correlative not 

(1) L, Sewell, J. ¥. Cassidy and C, R, Treadwell, Fed'n. 
Proc,, 10, 256 (1951). 

(2) N, F, Albertson, J, to. Chesi. Soc.. 73. 452 (1951). 

(3) M. Bergmann, C. Zervas, J, S. Fruton, F, Schneider 
and H, Schleich, J, Biol, Chem.. 109. 525 (1935), 
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to lna"bllity to meet rather specific structural requirements, 

"but rather to the presence of an interfering group within 

the substrate. 

Invocation of the principle of steric hindrance in 

enzyme-substrate interation is not new; its application, 

which has been freqiient (1-9), has however been largely 

llJBited to the effects of D-resldues acting on enzymes 

equipped to catalyze reactions with ̂ forms. The 

present experiments emphasize steric hindrances operating 

in L-substrates subjected to the action of enzymes active 

upon ̂ substrates, a relationship which involves a more 

natural type of enzyme-substrate interaction. 

(1) M, Bergmann, C. Zervas, J, S, Pruton, P. Schneider and 
K, Schleich, J, Biol, Chea.. 109. 325 (1935), 

/ "c* o COT /nn-sriN 

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

(4) E, Abderhalden and ¥. Zeisset, Fermentforschung. 10, 
120 (192S), 

(5) M, Pling and S. W, Fox, J, Biol, Chem. 160. 329 (1945), 

(6) y, Kobayashl, K. Fling and S. ¥, Pox. J. Biol, Chem.. 
174. 391 (1948), ~ 

(7) R. Kerten, Biochem. Z., 318. 185 (1947). 

(8) S. Slkins-Kaufman and H, Neurath. J. Biol, Chem.. 178. 
645 (1949), -

(9) H, T. Huang and C. Niemann, J. Am. Chem. Soc.. 73. 
1555 (1951), "* 
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Another ccnsequence of the above observations le 

the ccnclusicn that the papain-substrate fit must be e 

close one. This is best explained by Smith's siodification 

(1) of the Polyaffinity theory (2) in that fuller 

reaction in the anilide series is ob:fcained with residues 

with long side-chains; these reactions are more rapid 

than those involving alanine and much more rapid than 

those involving glycine. The concept of closeness of 

fit is also in accord with other related observations 

( ) i  

Enzyme Dilution Studies 

la'ith regard to the enzjrmic sjmthesis of anilidee, 

statement has been made to the effect that "the process 

involves a compromise in solubilities as the N-acyl-DL-

acid must be soluble in the buffer mixture, yet the K-acyl-

^amino acid anilide must be sparingly soluble if the 

reaction is to proceed to completion. The nature of the 

acyl group controls the solubility of the K-acyl-DIraBiino 

acid ©jxd the corresponding anilide, and, as might be 

(1) S. smith, Ped'n. Proc.. 581 (1949), 

(2) K, Bergmans, C, Zervae, J. S, Fruton, F, Schneider 
and K. Schleich, J. Biol. Chem.. 109. 525 (1935). 

(3) M, Bergmann, L. Zervas and J. S. Fruton, J, Biol. 
, , ghem. 115. 593 (1936), "" , 
(4) TTT^etnOTi and &. W. Schwert, Ghem. Rev., 145 (1S50). 
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expected, the aore soluble aiaino acids require acre 

insoluble aoyl groups" (1). Thufo, what appear to be 

assumptions relating anilide solubility and yield have 

been made; they lack the proper support of experimental 

data on solubilities, however. 

The above assumptions are in contradiction with the 

interpretation of Fox and co-workers (2) that although 

anilide type syntheses depend upon slight solubility, the 

anilide yields are not primarily a function of the 

solubility properties of the products under the usual 

conditions of incomplete reaction. This conclusion could 

be based on some thermodynamic relationships. First, the 

relationship between the free energy change for a reaction 

and the experimentally determined equilibrium constant, K, 

may be expressed as follows; 

A F = -RT in K, 

Secondly, for Isothermal processes, the change in the 

free energy of a reaction may be expressed in terms of heats 

of formation and the absolute entropies of the substances 

taking part in the reaction, as in the following; 

A F - AH - TAS. 

(1) D, Q-, Doherty and E. A. Popenoe, Jr., J, Biol. Chem,, 
189. 455 (1951), 

(2) S, V/. Fox, C. ¥, Pettinga, J, S. Halverson and H. Wax, 
Arch. Biochem.. 25. 21 (1950), 
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From the above expressions, the energy requirement of 

1400 to 3700 calories (see p.4) for the synthesis of a 

peptide bond could be met by constantly removing the 

quantity of peptide which is in equilibrium with the 

reactantso Such an explanation could also account for 

the formation of benzamino acid anilides from benzamino 

acids and aniline in the presence of papain. 

According to the interpretations of the Fox group (1), 

the occurrence of an anilide synthesis may be considered as 

a two step reaction: 

1, Acylamino acidt aniline—^acylamino acid anilide (soln.; 

2, Acylamino acid anilide (soln. Hacylamino acid anilide 

(ppt.) 

From rate studies on the enzyme-induced formation of 

benzoylvalinanilide, it was shown that the quantitative 

extent of the reaction is independent of the equilibrium 

solubility of the anilide, with the first step as the rate 

limiting step. Since this is the enzyme-controlled step, 

the extent of the overall synthesis must be enzjrme-

controlled. Thus, for those anilide syntheses that did 

occur to a measurable extent, " the quantitative differences 

(1) S, W, Fox, C, ¥. Pettinga, J. S. Halverson and H, Wax, 
Arch. Biochem.. 25. 21 (1950), 
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In tiie extents have been showa to depend primarily 

on the kinetics of the enssyme-controlled step," 

The rate and solubility studies of Waidschmidt-Leitz 

and Efihn (1) gave strong support to the interpretations of 

Fox and co-workers. These investigators showed that the 

slight solubility or insolubility of the synthetic 

reaction products was not the only factor involved in 

the occ'jrrence of or the rate of a synthesis, Thusj 

comparison of the aniline derivative of hippuric acid 

with the somevhat more soluble phenylenediaiaine 

derivatives and the even more soluble aminophenol 

derivatives showed differences in reaction rates which 

could be directly traced to solubility differences. 

However, such explanation was inapplicable in a number of 

other instances^ Qonsidsration of aniline, iB-toluidiBe 

ot p-phenetidine on the one hand, and benzylamine or 

cyclohexylamine on the other, showed that although all 

the corresponding hippuric acid derivatives were 

insoluble, the former compounds coupled easily in 

(1) E. Waldschmldt-Leitz and K. Ktlhn, Z, physiol. Chem.. 
285. 23 (1950), 



www.manaraa.com

-137-

gyntheses of the anilide type while the latter possessed 

no coupling action whatever. 

The results reported herein give further strength 

to the concept that under the usual conditions of in

complete reaction, the extent to tv-hich an anilide 

synthesis proceeds ia not primarily dependent upon the 

solubility properties of the reaction product. Thusj 

exasiinatlon of Figure 1, wherein anilide yield is plotted 

against protease concentration, shows that at the point 

of like yield of benzoylalaninanilide for both papain 

and ficin, an almost fourfold difference in the yield 

of the o(-aminocaprylic acid derivative exists for the 

two enzymes. If anilide yield T^S primarily a function 

of the solubility properties, the yields of the latter 

derivative should hers DS SGUAL for both 'DROTSASESI 

Since conditions in both syntheses were identical, with 

the exception of the variable due to the different 

enzymes involved, then the differences in reactivity 

must be attributed to something other than mere 

insolubility alone, Saphasis is thereby shifted to 

differences in interaction betis-een the substrate and 

each cf the proteases involved. Further study and 

recognition of such relationships niay be expected 

to yield at least further- standardization of syntheses of 

the t3rpe described. 
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SnzjTisic Reactions of Glycine Containing 3ensoyiaipeptides 
H'ith Aniline 

Although no systematic studies of glycine contsining 

acylpted peptides have been previously reported in 

enzyraic peptide o;/ntheses, such studies have nevertheless 

been effected on the hydrolytlc end, Extensive 

inyestigstion vas ruade by Bergiaann, Zervas and Fruton (1) 

vrlth tile p^.paiR peptidase I-catalyzed cleavage of a 

number of such peptides. Conclusions reached by these 

investigators shoved that the acylamino group of acylated 

peptides directed the hyrlrolytic action of papain peptidase 

I to the peptide linkage immediately adja-cent to the 

acylamino group. If an acylated polypeptide contained 

linkages Kith leucine-, glutamic acid-, or lysine-

e&r-bonyl, in addition to peptide bonds ^"ith glycine-

carbonyl, cleavage of the peptide bond involving the 

glycine-carbonyl was effected. Purtheriaore, in all 

instances investigated, the directive influence of 

the glycine-carbonyl t-^as stronger than that of the 

acylamino group. Thus, if no glycine-carbonyl 

was adjacent to the acyla22iinc group, but was nonetheless 

present as paj?t of another peptide bond in another portion 

of the polypeptide ffiolecule, then the point of cleavage 

(1) M, Bergi&ann, L, Zervas and J, S. Fruton, J, Biol. Ghea,. 
115, 5S3 (1936). " 
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was shifted away from Its proximity to the acylamlno 

group, A distinct preference for glycine residues In 

the enzymlo hydrolysis was thereby shox-m. 

Similar preferences for glycine residues in 

protease-catalyzed syntheses were observed in the 

investigations reported herein. Several of the 

benzoyldlpeptldes studied contained linkages with 

leucine-, valine-, alanine- or glycine-carbonyl, in 

addition to a peptide bond involving glycine on the 

carboxyl end, i.e., benzoylleucylglyclne, benzoylvalyl-

glycine, benzoylalanylglycine, and benzoylglycylglyclne. 

With the former three cases, wherein no glycine-carbonyl 

was adjacent to the acylamlno group but vrhere glycine did 

exist as the terminal residue on the carboxyl end, an 

enzymically induced coupling reaction resulted with aniline 

(Table XIII). With benzoylglycylglyclne, however, where 

a glycine residue is adjacent to the benzoylamlno group, the 

directing Influence of the glycine-carbonyl xiras stronger 

than that of the carboxyl-glycine and an enzymically 

catalyzed transamidation reaction with aniline resulted. 

Similar transamidation reactions with other benzoyl-

glycylamlno acids (Table XIII) emphasized the significance 

of the directing influence of the glycine residue. These 

results with glycine-contalnlng benzoyldlpeptldes demonstrated 

that the type of reaction which occurred, transamidation or 
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coupling, v/as deteralned at least in part by the structure 

of the residues involved, aa well as by the relative 

positions of these residues within the peptide chain. 

It cculd be argued that the reactions described 

above as "transamidation" reactions are, in essence, 

merely two-step reactions 'crhich involve hydrolysis 

succeeded by synthesis, as in the follcvingj 

n 

enzymic 
3en2oylglycylamino acid > Benzoylglycine + amino 

cleavage acid 

2. 
ensymic 

Benzoylglycine + aniline > Benzoylglycinanilide 
synthesis 

"Transamidation", however, is defined in this instance 

as the direct replacement of the terminal residue by 

the aniline residue without the formation of the 

intermediate stage of hippuric acid (l-4)» Such reaction 

was first reported (1) for the papain-catalyzed 

formation of anilides from hippurylamide where the rate 

(1) M. Bergmann and H. Fraenkel-Conrat, J, Biol, Oheai. ̂ 
119, 707 (1957). ~ 

(2) J". S. Fruton, Yale J. Biol, and Med.. 22. 263 (1950), 

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

(4) R. B. Johnston, M. J. Mycek and J, S. Fruton, J, Biol. 
Cheat.. 187. 205 (1950), ~ 
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of anilide formation exceeded that from hippuric acid. 

This divergence between the tsro rates gave evidence 

that the transforication of the arnide into the anilide 

did not proceed through the intermediate stage of 

benzoylglycine, i.e., hydrolysis, but that the amino 

group in the molecule of benzoylglycinaaide was directly 

replaced by the aniline residue# 

That at least soae of the reactions reported 

herein are transaaidation reactions, as defined above, 

is shown by inspection of Table XIII, It should be here 

noted that the enzyme-catalyzed reaction of either a 

benzoylglycylamino acid or benzoylglycine with aniline 

gave benzoylglycinanilide as the reaction product. 

Ho'/ever, coicparison of the yields of benzoylglycinanilide 

obtained by the transasidation'' reactions, which involved 

the reaction of the benzoyldipeptides with aniline, and 

the coupling reaction, which involved the reaction of 

benzoylglycine v/ith aniline, show that for the ficin-

catalyzed reactions at least, the transsuaidation reaction 

yields are in all instances greater than the yield of 

benzoylglycinanilide obtained by reaction of benzoylglycine 

with aniline. Thus, both benzoylglycylalanine and 

benzoylglycylvaline gave a 24 per cent yield of 

benzoyglycinanilide as opposed to a 14 per cent 

yield when benzoylglycine was used. 
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Of even .greater significance is the three-fold ^ept^.r* 

3'-leld obtained vith benzoylglycylle-aclne and 

benzoylglycylphenylalanine than •.-rlth bensoylglyclns. 

Siniilar consideration of the yields from the papain-

catalyz'^d reactions give little or no indication of 

the occurrence of transamidation. Ccmpariffon of the 

bensoylglycinanilide yields obtained from the e-orre-

sponding bensoylglyoylarainc acids for both proteases 

shovs greater yields for the papain-catslyzed 

rea.ctions in nearly all cases. However, the yield of 

benzoylglycinanilide obtained ^^'ith papain for the 

coupling reaction, i.e., benzoylglycine plus aniline, 

x-^as more than three times as great as that obtained 

vith ficin and in most cases close to or greater than 

the yields obtained in ths ^transaniidaticiii'^ res.ctions» 

From the above results with papain, no conclusive 

statement can be made with respect to the occurrence of 

transamidation reactions, That the reaction products 

were obtained via trensamidation reactions or through 

the coupling of aniline with a hippuric acid intermediate 

or even by means of a combination of the foregoing 

processes, are all possibilities. Conclusive evidence has, 

however, been obtained for transamidation in the ficin-

catalyzed reactions. It has not been ascertained to what 

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

In order to investigate the influence of 

stereochemical configuration on ensyraic activity in 

reactions of the tranBamidation type, benzoylglycyl-

^phenylalanine and the corresponding acyl-DL-peptide 

were compared. After three days of incubation, the 

acyl-^peptide yielded an appreciable quaJitity of 

hippurylanilide for both the ficin- and papain-

catalyzed reactions. Transaffiidation reaction was 

again indicated, at least for the ficin-catalyzed 

reaction which showed a 31 per cent yield as 

contrasted to a 14 per cent yield from the coupling 

reaction involving hippuric acid. The acyl-DL-peptide 

gave a 42 per cent yield of product over the same time 

interval, indicating that the ^form reacted to a more 

appreciable extent than the D-form, 

The above results demonstrate that absolute 

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

(1) M. Bergmann and H. Praenkel-Gonrat, J. Biol, 
Ohem,. 119. 707 (1937). 

(2) M, Bergmann and 0, K, Behrens, J. Biol, Chem, . 
124. 7 (1938), ~ 
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transaffiiiatlon reection investigated. It is rather 

a esse of relative antipodal specificity (1-3)^ in 

^hich Ixjth the D- and L- fornss react, "but at a slower 

rate for the forraer, A comparable case has been 

reported (4) in the enzymic cleavage of benzoylglycyl-

L-leucylglycine and its ^isoser, the latter of Khich, 

although cleaved to give an appreciable yield of 

hippurylanilide^ nevertheless reacted to s leaser 

extent than did the former. These findings vere 

attributed to steric hindrance or to a difference in 

the affinity of the enzyme for the D- and ^ forms 

of the peptide. 

Reports in the literature may be interpreted to 

indicate that transamidation could conceivably exist as 

a coiiimon event in jUn vivo protein synthesis- Thus-

a mutant strain of S, coll has been reported (5) 

which, although it required proline for groisrth. 

(1) 0. E. Behrens, D, G-, Doherty and K, Bergmann, J. Biol. 
Chem.. 136, 61 (1940). "" 

(2) S. L. Bennett and C. Kiemann, J. Ani, Cheia. 2oc,, 
78, 1798 (1950). " 

(3) H, B. Milne and C, H, Stevens, J, Am. Chea. See.» 
72, 1742 (1950). 

(4) M. Bergaaxm, L, Zervaa, J, S. Fruton, J. Biol. Chea.. 
111. 225 (1935). ~ 

(5) S. SiaiKionds and J. S. Fruton^ J. Biol. Ohea.« 174. 
705 (1348), ~ 



www.manaraa.com

-145-

shoved even move growth vhen proline peptides were 

used In its stead. Analogous results vere obteined for 

a microorganism, called Strain SP, which sho'^red a greater 

growth rste in a leucylglycine containing medium than in 

a medium containing both leucine and glycine as the gouro© 

of nitrogen (1,2). In studies involving a variety of 

glycine containing peptides (3), greater grovth stimulation 

vas demonstrated for five lactobac1111 than could be 

accounted for on the basis of glycine content alone. The 

reports (4.5) that partial hydrolyzates of various 

proteins have more a.ctive growth promoting properties 

thsii their constituent amino acids, are also tforthy of 

consideration, 

Snzy^c Reactions of Kon-glycine Containing 
Benzoyidipeptidee With Aniline 

In syntheses of the anilide type* the study of 

acylated peptides containing at lea.st two asjrsjmetric 

(1) 3, Simmonds and J. S, Fruton, 5cienee« 109. 551 (1949), 

(2) S, Simaionds and J. S, Fraton, Science. 111. 329 (1950), 

(5) R, B, Malin, K, £5, Gamlen and M, S, Dunn, Arch, 
Biochem, Biophys.. 52. 106 (1951), 

(4) H. Sprince and D, ¥, ¥oolley, J, Am, Chea, Soc.. 
67. 1754 (1945), ~ 

(5) m, Klungsor, r. J. Slrny and C, a, Slvehjem, j. 
Bioi. Chem.. 189. 55? (1951), " 
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centers has been cultivated relatively little. In this 

regard, the optically active acyldipeptides, acetyl-

L-phenylaianyl-i£-leucine and acetyl-L-phenylalanyl-^ 

glutasic acid as well as their optically active 

diastereomeric forms have "been studied (1). The 

active isomers v;ere separately treated xfith aniline 

in the presence of cysteine-papain. Those isomers 

containing the D-residues vrere found to couple with 

aniline under the influence of the enzyme, although 

to a lesser extent than the L-L forms. The asjnametrio 

course of the reactions \fas ascribed to the asymmetry 

of the phenylalanine residue. It should "be nolied, 

however, that this residue was not directly involved 

in the coupling reaction since it was the free carboxyl 

cf the terminal residue (L—leucine or L—glutamic acjid) 

that had undergone the anilide formation. 

No comparable reports have previously appeared 

in the literature in which the diastereomeric racemates 

had been studied. The possibility of two diastereoaerio 

forms, the L~D and the g-D forms for aoyl-

dipeptides containing two asymmetric centers has been 

discussed In the Results section. From the ooncideratlons 

discussed above, the D-L antlpode of the former 

dlastereomer could undergo a coupling reaction in the 

(1) 0. K, Behrens, D. G, Doherty and M, Bergmann, 
J. Biol. Ghem.. 156. 61 (1940). 
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anilide syntheses. Due to the antipodal specificity 

properties of the proteases involved (1), however, 

similar coupling reaction would be far less probable 

for the L-D isomer, although not entirely overruled 

(2-5), Consideration of the ̂ L, D-D diastereomeric 

pair Hould lead one to conclude that the L-L form 

should be capable of undergoing coupling reaction in 

anilide tjipe syntheses at an even greater rate than 

the p-L form, The D-D antipode should undergo no 

reaction, however, because of the stereochemical 

inhibition exhibited by the two asymnetric centers* 

On the basis of the above thepretical oonsiderations 

and the findings reported herein, a ne'^- method is pro

posed for the determination of the stereochenical 

configuration cf diastepcCmeriG dipeptides* This 

method may be outlined as follows: 

(1) M. Bergmann and fi» Praen&el-Conrat, J, Biol. Chem, 
119. 707 (1937). "• 

(2) E. L, Bennett and C. Uiemann, J, Am. Chea. Soc,, 72 
1798 (1950), "" 

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

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

(5) E. L. Bennett and C. Niemann, J, Am, Chem. Soc., 
72. 1800 (1950). ~ 
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1, Aoylatlon of dlpeptlde 

Form 1: dipeptlde^+ Bz-Gl—>B2-dipeptlde^ 

Form 2i dipeptlde„+ Bz-Cl—^Bz-dipeptideo 

£» Enzymlc resolution 

B 2-dipept ide^ 

Bz -S- aniline —^ or 

Bz.-D L-anilide 

no reaction 

Bz—dipeptidSg 

rD—Pi 
Bz 4. aniline —> Bz-L L-anilide 

3, Microbiological Utilization of Anilide Hydrolyzate 

After suitable separation of the diastereomerio 

forms of the dipeptide on the basis of physical 

properties, i.e., solubility, etc,, each form shoiild 

be acylated with a suitable acylating reagent by the usual 

Schotten-Baumann procedure. The benzoyl deri-yatiye Is 

recommended In this respect since the enzymlo reactions 

In which It Is involved (1,2) exhibit a greater degree of 

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

(2) E, L, Bennett and C, Niemann, J, Cheia, Soc., 
70. 2610 (1948), 

Bz-D—-^anilide > 50^ utilization 

Bz-L ^anilide > 100^ utilization 
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absolute stereocheHical specificity than do those which 

involve the carbobenzoxy, carbomethoxy, carboethoxy (1,2) 

or carboallyloxy (3) derivativeSo 

In the enzymic resolution, such factors as pH, 

buffer concentration and substrate concentration are 

of extreme importance (4), It is here recommended that 

the enzymic reactions be effected over the pH range 

of 4.5 to 6,0, at intervals of about 0,5 of a pH unit, 

for papain-catalyzed reactions involving monoaminomono-

carboxylio acids as ths terminal residues This range 

should be somewhat lower for peptide derivatives in

volving glutamic acid (5) as the terminal residue and 

somewhat higher where tjrrosine or phenylalanine terminal 

residues are involved <6), High concentrations of 

substrate, buffer and enzyme should be used for optimal 

results, 

(1) S. L, Bennett and C. Niemann, J. Am. Chem, Soc,, 72, 
1798 (1950)• 

(2) S. L, Bennett and G. Niemann, ibid.. 70. 2610 (194S), 

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

(4) S. V/. Fox, C. ¥, Pettinga, J, S. Halverson and 
H. Wax, Arch. Bioehem.. 25. 21 ^950), 

(5) S. V/, Pox and H, Wax, J, Chem, Soc,. 72. 5087 (1950). 

(6) S. Vs. Fox and C, Pettinga# Arch, Bioehem,, 25. 
13 (1950), 
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The above proposed aethod offers many advantages 

over the classical methods, which Involve total synthesis 

using optically active amino acids, for the determination 

of configuration of diastereomeric dipeptides. Such 

advantages are expressed in terms of time and expense, 

SnzyiBic Reactions of Benzoylamino Acids With 
Glycinanilide 

The results of Bergaann and Fraenkel-Conrat (1) have 

shown that the structural nature of the aisiino aeid anilide 

eiiQ>loyed in the anilide syntheses determined the type of 

reaction product obtained. This interpretation was based 

on papain-catlayzed syntheses with benzoyleucine which, 

with leuoinanilide, gave the benzoyldipeptide anilide 

as the reaction product, V/hen glycinanilide was used in 

Ixeu of leuoinanilide, however, the r pPOu-uGw was 

the acylamino acid derivative, benzoylleucinanilide, 

Pettinga (2) repeated find extended the above 

investigations with glycinanilide to include the benzoyl 

derivatives of alanine, glycine and valine as well as 

that of leucine. Suggestion was made by this investigator 

that the reactions of benzoylamino acids with glycinanilide 

(1) M, Bergmann and H, Fraenkel-Oonrat, J, Biol, Ohem., 
124. 1 (1938), ~ 

(2) C, W, Pettinga, Unpublished Ph,D, Thesis, Ames, Iowa, 
Iowa State College Librapy. 1949<i 
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followed the cosubstrate mechanism of Behrene and 

Bergmann (1), On the basis of this assuja5>tion, the 

following series of reactions, illustrated by benzoyl-

leucine, were postulated to have occurredJ 

benzoylleucine -J- glycinanilide 

benzoylleucylglycinanilide 
J' 

benzoylleucylglycine + aniline 

benzoylleucine+glycine 

4 
benzoylleucinanillde 

Thus, the reaction sequence was assumed to proceed along 

the following lines. First, benzoylleucine and 

glycinanilide combine to form benzoylleucylglycinanilideo 

This synthesis is followed by two successive hydrolytic 

steps in which first aniline and subsequently glycine 

are produced. Finally, the liberated aniline is coupled 

with benzoylleucine with the formation of benzoyl

leucinanillde, This sequence of reactions gave a plausible 

explanation for the fact that glycinanilide, which itself 

is not hydrolyzed by cysteine-papain (1), was readily 

split in the presence of benzoylleucine. However, no 

(1) 0, £, Behrens and M, Bergmann, J, Biol, Chem,. 129. 
587 (1939)^ 
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adequate explanation could be given for the resistance 

to cleavage of the benzoylglycylglycinanllide formed from 

the incubation mixture of benzoylglyoine and glycinanllide. 

Although the above postulated mechanism was reasonable 

on the basis of the cosubstrate hypothesis, it has never

theless been demonstrated as invalid by the investigations 

presented herein. According to the above mechanism, the 

papain-catalyzed reaction of benzoylleucylglycine and 

aniline should proceed along the following lines. First, 

cleavage of the benzoylleucylglycine should be effected 

•.r 4 o  ̂4  ̂̂   ̂ 1 ^ ̂  4 m a Cf m a a  ̂ivjkvxx ^ wj. met UWJ.110 ctixu. 

a coupling reaction should occur between benzoylleucine 

and aniline to give benzoylleuclnanilide. These steps 

are identical with the final two steps of the mechanism 

postulated in the preceding paragraph. That such is not 

the case was evidenced by the fact that the product 

obtained from the incubation of benzoylleucylglycine 

with aniline, in these investigations, was benzoyl-

leucylglycinanilide. This product was obtained in high 

yield and apparently uncontaminated with any benzoyl

leuclnanilide, These results not only invalidate the 

above postualted mechanism but also cast some doubt 

upon the validity of the original cosubstrate mechanism 

of Behrens and Bergmann (1), 

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

Benzoylaaino acid+ glycinanilide-^benzoylamino acid 
aniiide {t glycine) 

a transamidation mechanisia is here suggested. Evidence 

for such a mechanism may be obtained from several 

lines. First, possibility of the intermediate formation 

of a benzoylaainoacylglycinanilide via a cosubstrate 

mechanism has been discarded by the foregoing considerationsa 

Second, resistance of glycinanilide to the hydrolytie 

action of cysteine-papain (1) eliminates the possibility 

of a coupling reaction between the benzoyl&sino acid and 

free aniline in solution. Third, results indicate 

that the pH optima for the transaaidation reactions 

(Table XYI) probably differ from those of the couplii^ 

reactions (benzoyiamino acid with aniline), e.g., although 

not determined for pealt activity, the pH optimum for the 

reaction of benzoylvaline with glycinanilide appears to 

be above pH 5.5 (Table XI), whereas the pH optimum for 

the formation of benzoylvalinanilide by a coupling 

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

(1) 0, E, Behrens and M. Bergmann, J, Biol. Chem.. 129 
587 (1939). 

(2) S. W, Pox, C. ¥, Pettinga, J, S. Halverson and 
H, V/ax, Arch. Biochem., 25. 21 (13&0), 
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of reactivity for N-benzoyl-tyrosine with glycinanilide 

over the pH range of 5.0 to 7,5 (Table XVI) suggests a 

mechanism other than direct coupling •>rith aniline, which 

shows great reactivity at pH 6,0 (1), 

A "traneamidation" reaction may be pictured as a 

process of group transfer, without intervening hydrolysis, 

in which either the carboxyl- or the amino- moiety of an 

existing peptide would be transferred to linkage with 

the appropriate group of another amino acid (or peptide) 

molecule (2), By this route, formation of a new peptide 

bond could be effected at the expense of an existing one, 

according to either of the following schemes: 

Amine transfer 

R' • CO-NH. R» + OOOH—» 00-NH. R«-«~ R» • COOH 

Carboxyl transfer 

R'.CO-M^R" + HHg.R'"—^R«.GO-HH.R« + 

(1) 3, W. Pox, and C, ¥, Pettinga, Arch, Blochem,, 25, 
12 (1950). 

(2) C, S, Hanes, P, J, R, Hlrd and P. A. Isherwood, 
Nature, 166, 288 (1950), 
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Transamldation reactions of the latter type (carboxyl 

transfer) have been reported by various investigators 

(1-4), Carboxyl transfer -was also involved in the 

transamidation reactions with benzoyldipeptides mentioned 

in,a previous section. However, although the alternative 

mode of traiisaaidation (amine transfer) is the scheme 

involved in the glycinanilide experiments described here, 

no previous demongtration of this scheme has been reported 

in the literature (4), 

CP •rrvM4 A -4.v:;cL^ 

Amino Acid Anilidee 

In view of the results obtained in these 

investigations (Tables XV, XVI, XVII and XXI), it is of 

interest to compare the reactions exhibited by both 

benzoylglycine and benzcylalanine ifith the variety of 

(1) M, Sergaann and H, Fraenkel-Conrat, J, Biol. Chem, 
119. 707 (1957). 

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

(3) C. S. Hanes, F, J. R, Hird and P, A, Isherwood, 
Kature. 166. 2S8 (1950), 

(4) S. G-. ¥aley and J, Watson, £ajfcure, 157. 360 (1961). 
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amino acid anilides used. 

1« Reactions of benzoylglycine 

Bz-glycine +glycinanilide-^ Bz-glycylglycinanilide 

Bz-glycine + alaninanilide-»Bz-glycylalaninanillde 

Bz-glycine 4 leucinanilide-VBz-glycylleucinanilide 

Bz-glycine 4 valinanilide—» Bz-glycylvalinanilide 

2, Reactions of benzoylalanine 

Bz-alanine + glycinanilide~»Bz-alaninanilide 

Bz-alanine 4 alaninanilide-^Bz-alaninanilide 

Bz-alanine +leucinanilideH^Bz-alanylleucinanailide 

Bz-alanine + valinanilide—» Bz-alanylvalinanilide 

It will be noted that in all cases where benzoylglycine 

was studied with an amino acid anilide, an enzymatically 

induced coupling reaction resulted, the product in all 

wnscs uxixs uvui&ujf bxuc 

benzoylglycine with glycinanilide gave benzoylglycylglycin-

anilide, benzoylglycine with alaninanilide gave 

benzoylglycylalaninanilide, and so on, V/hen benzoylalanine 

was used in lieu of benzoylglycine, however,, reaction 

with both glycinanilide and alaninanilide gave trans-

amidation reactions while reaction with leucinanilide 

and valinanilide gave coupling reactions. 

Differences in the type of reactivity with 

glycinanilide and alaninanilide, under the same set 
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of conditions, have therefore been exhibited by 

benzoylglyoine and benzoylalanine. The only Tsjr-iabies 

introduced \/ere inherent in the compositional differences 

of the amino acid residues of the acylamino acids 

employed. Examination of the structural aaake-up of 

these residues reveals that the side chain of the 

alanine residue contains a methyl group whereas the 

glycine residue has a hydrogen in its stead. If the 

differences in the properties shown by these residues 

Tfere, at least in part, a function of the size of the 

hydrocarbon side chain, then all residues with larger 

side chains than that of the alanine residue should 

exhibit the same type of reaction {traasamidation) 

with glycinanilide and alaninanilide as was shovrn 

by benzoylaianine, fhus, substitution of the 

CH^ group of the alanine residue by 

( «-amlno-n-but3rric acid), CHj'CHCGHg)- (valine), 

CHg« CHg« CHg- (ftorvaline) and CH^. CH( CHg) • CHg-

(leucine) lead to no change in the type of reaction 

which resulted (Tables XVI, X7II and XXI), Proa the 

foregoing discussion, it raay be concluded that the 

type of reaction which occurs, transamidation or 

coupling, depends in part upon the structure of tl:^ 

amino acid residue of the amino acid anilide. 
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Consideration of the reactions of benzoylalanlne 

shoxiTs that the type of reaction effected is also in

fluenced by the structure of the aaino acid anilide. 

Differences in type of reaction of benzoylalanine 

with glyclnani:j.ide or alaninanilide (transamidation), 

as opposed to leucinanilide or valinanilide (coupling), 

were observed. Here, however, the differences cannot 

be attributed to the acylamino acid but must lie within 

the amino acid anilide employed. It may be significant 

that the size of the side chains of the residues involved 

in the transamidation reactions, i,e., H-(glyoinanilide 

and CH--(alaninanilide) is less than that of the residues 
3 

involved in the coupling reactions, i.e., CH^'CHCCHg)-

(valinanilide) CHg-0H(CHg)-GHg-Cleucinanilide). 

v A x o v / w  w  o  w t w  U U L X ^ C S . ^  W w i i a ^  o u . w x &  

as the degree of branching, cannot however be excluded . 

Certainly, further study is here necessitated before 

any definite conclusions can be drawn. 

The several interpretations that can be 

extrapolated from the foregoing discussion are here 

summarized. First, that certain benzoylamino acids have 

a greater propensity than others to undergo coupling 

reactions under the same conditions. This ability. 
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possessed to the most considerable extent by benzoyl-

glycine in these studies, is determined in part by the 

structural features of the amino acid residue under 

consideration^ Second, that the degree of coupling 

reaction is conditioned in part by the nature of the 

amino acid anilide Involved. Since glycinanilide and 

alaninaniltde are more prone to undergo transamidation 

as opposed to leucinanillde and valinanilide, which 

possess the coupling ability to a greater extent, the 

possibility of sterlc factors is here invoked. Third, 

that for a given enzyme system {papain in this case), 

the type of reaction which results depends upon an 

interaction of the coupling propensities of the amino 

acid residues of the reactant benzoylamino acids and 

amino acid anilides. As a fourth factor, the fact 

that different enzymes may exert different degrees of 

influence on the type of reaction which occurs should 

here be mentioned, A more lengthy discussion of the 

effect of different enzymes on reaction type will be 

treated under the heading of "Enzyme Specificity" 

below. 

As a point of interest, it should be here noted 

that the same sterlc effects were observed in 

transamidation reactions involving reaction of 

benzoylamino acids with alanlnanilide as were observed 
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In the coupling reactions of benzoylamlno acids with 

aniline, described earlier. The relationships observed 

are shown in Table XXVII, Since full description of 

these relationships was given earlier for the coupling 

reactions, and since the same principles hold, no 

extended discussion will be given here# 

Enzyme Specificity 

Numerous claims of enzyme specificity in the 

cleavage of peptide substrates have been cited in the 

literature (1,2), Such studies emphasize that the 

preferential hydrolytic action of proteases on 

particular peptide bonds is conditioned by the nature 

and the relative positions of the residues involved 

in such linkage. These same preferences for residue 

order and kind should also hold in the reversal of 

the hydrolytic processes, i.e., synthesis of peptide 

bonds. Hovever, no adequate demonstration of enzyme 

specificity in this "reversal of hydrolysishas 

heretofore been made. 

(1) M. Bergmann, L. Zervas, J. S, Pruton, J. Biol. 
Chem.. 124. 321 (1S3S). "" 

(2) M. Bergmann, L, Zervas, J. S, Fruton, J. Biol. 
Chem., 111. 225 (1935)^ 
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Reactivity of Benzoylamlno Aolda With Alanlnanlllda 
as Catalyzed by Papain 

Branch Chain 

0H3»0(NHBz)»aoOH 

Bz-amlnol80butyrlo add 

Yield Straight Ohaln 

O CHg-CH(NHBz)»COOH 
Bz-alanine 

i Yield 

46 

CHg* OH* 0H( NHBz) • OOOH 

CHg 

Bz-valine 

OHg* CH« CH( NHBz) • OOOH 

Bz-lsoleuoln© 

CHg-CHg* 0H< NHBz)•OOOH 
Bz-amino-n-butyrlo aoid 

OHg« CHg'0H(NHBz)•COOH 
Bz-amlno-n-'butyrlo aoid 

73 

73 

H O) K» 
I 

CHg-0H» CHg* 0H(NHBz)•OOOH 
OHg 

Bz-leucine 

57 CHg-OHg* OHg'0H(NHB z)•COOH 
Bz-nervalin® 

85 
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Froza the data presented In the Results section, 

it may be seen that no completely acceptable demon

stration of enzyme specificity has here been made. 

Although the ch3rmotrypsin-, ficin- and papaln-

catalyzed reactions of benzoylphenylalanine with 

glycinanilide all yielded products, the products in 

the latter two cases were unidentified. If, as was 

postulated in the Results section, these unidentified 

products were mixtures of anilides, then a yalid 

instance of enzyme specificity could be here invoked, 

Xli V UUCL tlXOXl ^Ouxu. Dc UO-SksQ, Ull UXIC WC'V^UX'X'CUCo 

a coupling reaction, in the presence of chymotrypsin, 

to give the benzoyldipeptide anilide whereas in the 

presence of ficln or papain, the benzoylamino acid 

anilide may form as well via some other mechanism. 

Previous claim has been made regarding 

demonstration of protease specificity in sjmthetic 

reactions (1), Such ftlaim was based upon the formation 

of benzoyltyrosylglycinanilide from benzoyltyrosine 

and glycinanilide in a chymotrypsin-catalyzed reaction. 

However, no reactivity with the same substrates X'^'as 

found for papain (2), 

(1) M, Bergmann and J, S, Fruton, J, Biol. Ghem.. 
124. 321 (1938), 

( 2 )  J,S, Fruton, Cold Spring Harbor Symposia Quant, 
Biol.. 6, 55 TisisaTt 
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The foregoing demonstration of specificity may 

be criticized in several respects. First, each of 

the proteases were employed at the traditional pH's. 

Lack of reactivity could here be attributed to 

insufficient testing of pH, The validity of such 

criticism is particularly Justifiable in view of 

the recent findings (1) of the importance of pH 

control in syntheses of the anilide type. Secondly, 

the fact that the syntheses were not run at the same 

pH introduces a second variable into a system already 

containing one variable due to protease differences. 

Pointed statement could not therefore be justifiably 

made that the observed "specificity" was due to 

enzyme effects or pH effects alone. Finally, the 

inability of papain to induce the formation of a 

reaction product prohibits the formulation of any 

definite statement concerning its specificity. 

The first two criticisms do not apply to the specificity 

studies reported here since the only variable was due 

to the proteases involved. 

(1) S. W. Pox and C, ¥, Pettinga, Arch. Bioohem,, 
13 (1950). 
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summary 

The effects of variation of substrate structure on 

the relative extents of the papain- and ficin-catalyzed 

syntheses of a number of benzoylated amino acid anilides 

have been studied. Among the naturally and unnaturally 

occurring amino acids investigated vere the benzoyl 

derivatives of glycine, alanine, valine, leucine, 

o^-amino-n-butjrric acid, norvaline, norleucine, o<-aminoheptylic 

acid, «<-affiinoeappyllc acid, o<-amino pelargonic acid, 

s-benzoylpenicilliamine, isoleucifie and aminoisobutyrio 

acid. It hag been shown that the previously observed 

greater reactivity of benzoylleucine than of benzcylvaline 

in the papain-catalyzed synthesis of anilides is in accord 

with steric hindrance by the branching methyl in the valine 

substrate, This explanation invokes the principle of 

steric hindrance in enzyme-substrate interaction involving 

^type substrates. The theoretical inferences of this sort 

of result have been indicated. 

The relative rankings of the thirteen benzamino acids 

in the above reactions were shoi^n to differ when ficin was 

the catalyst, from the results obtained with papain. The 

effect of the position of the methyl substltuent, however, 

again dominated in the contrast between leucine and valine. 
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The relationships of yield to dilution of enzyme 

havs "been found to vary both ̂ vith each of the enzymes and 

with the substrate. 

The papain- and ficin-catalyzed syntheses of peptide 

bonds with a variety of benzoylated amino acids and 

glycinanilide in citrate buffer have been studied. Eighteen 

different benzoyl derivatives of asaino acids were used. 

Coupling and transaiaidation reactions of the following types 

were observed! 

1, Coupling 

Benzoylanino acid + glycinanilide > 

Benzoyl- o<-aminoacylglycinanilide 

2. Transamidation 

Benzoylaaino acid glycinanilide > 

BeuEOylaiSlnO aoia anilide. 

The type of reaction which occurred seemed to depend, at 

least in part, upon the nature of the benzoylated amino 

acid employed. In some instances, the variation of yield 

of anilide with pH was also studied. Evidence was presented 

that the transamidation reactions proceeded via the unreported 

amine transfer iBechanlsin, Evidence was also presented 

against invocation of a cosubstrate aechanisin where 

traneaEidaticn was observed. 

The above studies were extended to include papain-

catalyzed reactions which involved alanlnanilide, 

leuoinanilide and valinanilide. Again, coupling and 
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transamldatlon reactions were observed. These results 

showed that the t3rpe of reaction which occurred depends 

not only upon the nature of the benzoylamino acid, but 

also upon the nature of the amino acid anilids employed. 

The transamidation reactions observed vfith alanlnanlllde 

as the substrate follo-tsred the steric hindrance concept, 

invoked above, for the coupling reactions of benzoylamlno 

acids and aniline. 

The papain- and flcln-catalyzed reaction of several 

glyclne-containing benzoyldlpeptldes with aniline was 

also studied; of these, some gave coupling reactions and 

some gave transamidation reactions under the conditions 

Investigated. 

1. Coupling 

Benzoyl- -aiainoaoylglyclne + aniline > 

Bsnzoyl-aj-arninoacjlglycinanilids 

2, Transaaiidation 

Benzoylglycylamlno acid + aniline ^ 

Benzoylglyclnanillde {+ amino acid) 

The type of reaction which occurred, transamidation 

or coupling, depended upon the directive influence of the 

glycine residue, i.e.. Its relative position in the peptide 

chain. The transamidation reactions were shown to proceed 

via the carboxyl transfer mechanism. 

Studies with the racemlc dlastereomeric pairs of 
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non-glycine oontaixiing benzcyldipeptides revealed that In 

the enzyme-induced coupling with aniline, only the Ir-L 

isomer of the S-p, L-L pair showed reactivity to give 

the aniliae as product. The D-L, L-D raceaate showed 

no reactivity under the conditions studied. As a result 

of the foregoing observations a new and simplifisd aethod 

was proposed for the identification of diastereomerio 

dipeptidese This method involved enzyme syntheses in 

conjunction with microtoiological assay of the acid 

hydroiyzate of the product from the enzymic syntheses, 

finzyme specificity studies were effected with several 

benzoyl derivatives in the ficin-, chymotrypsin-, and 

papain-rcatlayzed anilide syntheses. The results were 

discussed in the light of contemporary beliefs of enzyme 

specificity in protease-catalyzed ̂ ntheses. 

The newly obtained anilides have been characterized# 



www.manaraa.com

-168-

ACffliOWLED&IiSHT 

The author wishes to take this opportunity to 

express his sincere appreciation to Dr. S, ¥, Pox 

for his helpful guidance, criticism and sncourage-

ment during the progress of thie investigation. 

Acknowledgment is made to the National Cancer 

Institute of the National Institute of Health, U, S. 

Public Health Service and the lotm State Agricultural 

Sxperi.?2snt Ststion. for supporting this imrestigstlon* 

Thanks are also due to Mr, Armand Mcflillan and 

Mr. Louis Carpino for supplying many of the compounds 

vital to these studies and to Miss Dorothy DeFonfiadn© 

for analytical assistancce 



www.manaraa.com

-169-

APPEHDIX 

The melting points of the crude products obtained 

in the anilide syntheses, as well as their mixed 

melting points with pure samples, when available, 

are given In Table XXVIII, 

Table XXVIII 

Melting Points and Mixed Melting Points of 
Crude Products 

Product 
M.p, of M.p, of 
crude pure 
product,C , antlide,C 

Mixed 

Bz-dipeptlde aniline 
Bz-glyclnanilide ElO-212 

Bz-amino acid glcylnenilid© 
Bz-glycylglycinanillde 246-248 
Bz-alaninanillde 174-176 
Bz-valinanilide 218-220 
Bz-leuclnanillde 212-213 
Bz-methioninanllide 160-162 
Bz-isolueclnanilide 213-215 
Bz-tryptophananilide 196-196| 
Bz-norvalinanilide 174-176 
Bz-norleucinanllide 176-178 
Bz-o^amino-n-butyric 

acid anilide 163-165 

Bz-amino acid alanlnanillde 
Bz-leucinanilide 213-214 
Bz-valinanilide 206-209 
Bz-c(-amino-n- bu tyr ic 

acid anilide 167-169 
Bz-alaninanllide 174-176 
Bz-norvalinanilide 178-179 

212i 

175-176 
220-221 
213 
162-162| 
220-220| 
199-200 
182^-1831 
181-182 

213 

169|-170| 
175-176 
182i-183| 

211-212 

174-176 
219-2201 
213 
161-162 
217-219 
1961-198 
178-181 
179-181^ 

169^-1701^ 167-168^ 

213 

169^-1701 
174-1?6 
179-181 
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