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A procedure for the preparation of L-leucine is described 

and certain physical properties, useful for establishing the 

identity or purity, have been redetermined. The behavior of 

1-leucine in sulfuric acid and glacial acetic acid solutions 

has been investigated-

PreliQinary investigations of the tryptic hydrolysis of 

acetyl- and benzoyl-1-argininamide have been conducted. It 

vrn.s found that aqueous trypsin solutions are quite unstable, 

and thus not ideally suited for kinetic studies. 1-Arginine

methyl ester was f'oi_md to be rapidly split at pH 4.0, this 

pH being far removed from the expected optimum ( i.e. pH 7-8). 

The kinetics of the <X -chymotrypsin catalyzed hydrolysis 

of acetyl- and nicotinyl-1-ty~osinamide has been investi

gated at 25° C. and pH 7.8-8.0. Suitable rate expressions 

have been developed and the rate constants determined. The 

effect of various competitive inhibi tors of cX.- chymotrypsin 

has been measured, and conclusions have been drawn relative 

to structure and af f inity f or the enzyme. It has been shmm 

that the o< -chymotryptic hydro lyses, so far investigated 

quantitatively, can be described in terms of the classical 

I1Uchaelis-Menten e::'.lzyme-subs tra te complex theory. 
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PART I 

THE PREPAHATION OF L(-)LEUCINE AND IT'S 
BEHAVIOR I N SOi.~ NON-AQUEOUS SOLVEE'rS 

By Dudley W. Thomas and Carl Niemann 

(From the Gates and Crellin Labbratories 
of Chemistry*, California Institute of 
'rechnology, Pasadena.) 

* Contribution No. 1175. 
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The Preparation of 1(-)Leucine and Its 
Behavior in Some Non-aqueous Solvents 

Some time ago Bergmann and Stein(l) developed a pro-

cedure for the isolation and purification of naturally 

occurring 1( -)leucine based upon the precipitation and 

the recrystallization of the slightly soluble salt of this 

amino acj_d with napthalene-13-sulfonic acid. The product 

so obtained was stated to be 97% pure and to be free of 

methionine, a corrL'TIOn conta'.llinant of less pure preparations 

of 1( -)leucine ( 2). In these laboratories, using a more 

sensitive method (3) than was available to Bergmann and 

Stein, it was found that naturally occurring leucine puri-

fied as described above contained significant amounts of 

one or more of those amino acids which are oxidized by 

bromine in acid solution, e.g., cysteine, cystine, methi-

onine, tyrosine, etc. As a preparation of maximum purity 

was desired ,means were sought to improve the original pro-

cedure of Bergmann and Stein. 

It was fom1d that preliminary treatment of a 1 f ormal 

hydrochloric acid solution of crude leucine with bromine 

water resulted in the isolation of a napthalene-13-sulfonate 

frorn which impurities could be removed more r apidly and 

completely, as judged by polarimetric measurements, than 

from a salt prepared directly from the crude leucine. The 

use of the preliminary bromine oxidation and of more dilute 

solutions, than vmre used by Bergmann and Stein, for the 

recrystallization of the napthalene-~-sulfonate led to the 
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isolation of 1(-)leucine preparations of exceptional purity. 

No sulfur could be detected in 500 mg . samples of these 

preparations though the method used( 4 ) was capable of de-

tecting as little as 2-3 p g. of sulfur. The absence of 

tyrosine, and other aromatic amino acids, was indicated by 

colorimetric tests and by the lack of specific absorption 

in the 260-270 mp. region. Since values obtained for total 

nitrogen were in close agreement with those required for 

1(-)leucine (99.3% ± 0.8%), the only contaminant likely to 

escape detection by the above methods was isoleucine. 

Since this latter amino acid is more soluble in water than 

is leucine, solubility measurements were relied upon as a 

final test of purity. Such measurements gave no indication 

of the presence of isoleucine or other impu~ities in the 

1(-)leucine preparations obtained with the improved pro

cedure. Characteristic physical constants of the 1( - )leucine 

so prepared are given elsewhere in this paper. 

In the determination of the optical rotation of 

ct-amino acids in aqueous acid solutions it has been assumed 

at times that the concentration of the aqueous acid is not 

particularly critical provided that sufficient acid has been 

added to assure reasonably complete formation of the amino 

acid cation. Dunn(5) has pointed out that the specific 

rotation of solutions of L(t) and D(-) alanine in hydro-

chloric acid is dependent upon the hydrochloric acid concen-

tration,and the data presented in Fig. I clearly shows a 
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similar dependency in the case of either hydrochloric or 

sulfuric acid solutions of 1( - )leucine. 

Optically active aliphatic monoaminomonocarboxylic 

acids in aqueous acid solutions show little or no tendency 

to racemize even at elevated temperatures(6). Since 

racemization would be expected to involve at one stage the 

loss of a proton from the optica lly active ~-carbon atom, 

an attempt was made to find conditions ·which might be more 

favorable for this reaction than those obtaining in aqueous 

acid solutions. The addition of a proton to an amino acid 

cation would lead to a structure LRCHNH3co2H2J++, from whihh 

one might expect a proton to be lost from the ~-carbon atom 

more readily than in the case of the singly charged cation 

~RCHNH3co2H1 +- . Since the format ion of the double charged 

cation would not be expected to occur in aqueous solutions, 

attention was directed to the behavior of L( - )leucine in 

100 per cent sulfu~ic acid solutions. 

It was found that the optical activity of solutions of 

1( - )leucine in 100 per cent sulfuric acid re~ained unaltered 

when these solutions were allowed to stand at 25° for periods 

exceeding one month. Furthermore, 1(-)leucine preparations 

recovered from these sulfuric acid solutions were indistin-

guishable from 1( - )leucine preparations not so treated. Since 

either the lack of for~ation of the doubly charged cation 

or the stability of this ion, in respect to the loss of a 

proton from the ~-carbon atom in sulfuric acid solutions, 
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may have been responsible for the optical stability noted, 

the cryoscopic properties of sulfuric acid solutions of 

L( - )leucine were investigated. It was found that the 

freezing point depression of these solutions was 2.2 times 

t hat of a non-electrolyte which would indicated that vvhi le 

t he reaction 

is essentially co~plete there is relatively little ionizat~on 

of the type 

The effectiveness of the positively charged ammonium group 

in preventing appreciable protonation of the carboxyl group 

of the 1( - ) leucine ca.tion in 1007~ sulfuric acid can be 

appreciated when it is remembered that both acetic acid and 

monochloroacetic acid are compl etely ionized in this 

solvent(?). It is interesting to note that in aqueous 

solutions dichloroacetic acid is a stronger acid than the 

anino acid cation by a factor 
( P\ 

of 10 ~ , , \h!hereas in sulfuric 

acid solutions the difference in acid stre~gth of these 

tvro compounds j_s small. Indeed, j_f one can accept Eantzsch ' s 

values(9), one might conclude that the amino acid cation is 

the stronger acid. 

It was observed that where 1( - )leucine was titrated 
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. th , 1 . . ' . 1 . 1 t . . d 1 t . ( lO) wi percn oric acia in g acia ace ic aci so_u ions 

the specific rotation of the solution increased rapidly 

with added increments of perchloric acid until one equiva-

lent of the acid had been added, the further addition of 

perchloric acid resulting in a gradual and asymp totic 

decreas e in the specific rotation of the solution (Fig. II). 

Kolthoff and Willman(ll) have argued that a dipolar ion, 

such as gl ycine, woul d be expected to behave as a strong 

base in gl acia l acetic acid solutions principally on the 

grom1ds of the greater acid strength of acetic acid as 

corn.pared to wo.ter and because of an assumed near equivalence 

of the acid strengths of the a~ino acid cation and acetic 

acid in sol utions of the latter substance. These authors 

conclude, on the basis of conductivity measurements, that 

glycine dissolved in glacial acetic acid is present as 

( cH2NH3co2nl" [Ac1- and that the degree of dissociation 

of t his ion pair is o· the sane order as that of potassium 

or ammonium acetate in t_e same solvento The observed 

change in the specific rotation of a gl acia l acetic acid 

solution of 1( - )leucine upon the addition of perchloric 

acid in the sa~e solvent and particularly the abr~pt change 

in the trend of the specific rotation noted at the eq~i-

valence point is co~patible with the idea bf ne gligible 

or limited dissociation of the ion pair l c4H9CHNH3C02H] + 

lAc) - in glacial acetic acid where present in relatively 

high concen trations. If dissociation of t he ion pair were 
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extensive, one would not expect the specific rotation of the 

solution to be markedly altered, at least not in the manner 

observed, by the replaceoent of acetate ion by perchlorate 

ion. 

If one assumes that the amino acid is completely ionized 

in glacial ace tic acid solutions, t he observed changes in 

the specific rotation of these solutions upon the addition 

of perchloric acid may be interpreted as being due to the 

replacement of acetate ion by perchlorate ion in the un-

dissociated ion pair. That such an effect is possible is 

clearly demonstrated by the polarimetric titration of a 

partially resolved sample of d-«-phenylethyla~ine in glacia l 

a cetic acid by perchloric acid in the same solvent (Fig. III) . 

In this latter case there can be no doubt that the ~-phenyl-

ethylamine is co~pletely ionized in glacial acetic acid sol-

utions. Although rigorous evidence as to the nature of the 

ion species present in a glacial acetic acid solution of 

1(-)leucine is lacking J present knowledge <7, B, l 2 ) would 

appear to offer little support to the view that the amino 

acid could exist in glacial acetic acid solutions as the 

dipolar ion. 

In the course of these studies it was observed that 

the specific rotation of 1( - )leucine in glacial acetic acid 

was strikingly dependent not only upon temperature but also 

upon the amino acid concentration (Fig. IV). Furthermore 

it was observed that the molal freezing point lowBring of 
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solutions of 1(-)leucine in glacial acetic acid varied with 

the amino acid concentration as shown in Fig. V. These 

observations suggest that, even at relatively low concentra-

tions, there is extensive association of the ion pairs 

present in a glacial acetic acid solution of L(-)leucine. 

Bromometric Titration of Leucine Prenarations - One hundred --·-·--- - -·---·--- --·--------- -·------···------·-·--·--··-::..i:::..c·-··-------

mg. samples of techn.ical leud .. ne (Lemke), a commercially 

available purified leucine (La Roche) and leucine isolated 

and purified as described by Bergmann and Stein(l~ were 

titrated in the a pparatus described by Sease et. al. (3). 

The values found, expressed as moles of Br2 consumed per 

gm. of sample, were for the Lemke preparation, 1.31 x 10-3; 

for t he La.Roche sample, 3. 66 x 10-4 ; and for leucine pre-
r-' 

pared by the method of Bergmam1 and Stein, 1.11 x 10-:;. 

In the latter case,rep~ated recrystallization of the 

napthalene-p -sulfonate, beyond t hat advocated by Bergmann 

and Stein, did not prove ef fective in removing bromine 

oxidizable impurities. Samples of L(- ) leucine prepared as 

described below· contained no detectable amounts of brom:Lne 

oxidizable material. 

Pr_El_:Q_ara ~io_p_..Qf...1:._(_-) LeuQ_ine - Saturated bromine water was 

added, slowly and with stirring, to a 10% (wto/vol.) solu-

tion of teclt .. :nical leucine (Lemke) in 1 formal hydrochloric 

acid until the bromine color persisted for t·wenty minutes 

after the last a ddition. The excess bromine was destroyed 
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wi th sodium bisulfite prior to the addition of napthalene

(3 -sulfonic acid as directed by Bergmann. and Stein (l). The 

napthalene-~ -sulfonate so obtained, m.p. 189-19105°, 

[~]55 = 13.3° ! 0.1°, 4.3% (wt./vol.) in methyl cellosolve, 

was recrystallized four times from a 7-5% (wt./vol.) aqueot::s 

solution and the L(-)leucine, obtained by the decomposition(l) 

of the four times recrystallized napthalene-11-sulfonate, 

m.p. 191-192°, (o..1 [55 = 13.2° ! 0.1°, 318% (wt./vol.) in methyl 

cellosolve, was recrystallized t wice from 33% (vol./vol.) 

aque ous ethanol. The yield of t he twice recrystallized 

1(-)leucine, based upon the weight of the starting material 

varied between 10 - 14%. Qualitative tests for the presence 

of sulfur( 4) and of tyrosine(l3) in the twice recrystallized 

L( -)leucine were negative. Exa~ination of the absorption 

spectra of a 0.4% (wt./vol. ) aqueous solution of the amino 

acid revealed no specific absorption in the 260-270 mp. region. 
f + 

Analysis for total nitrogen gave 10.60% - 0.09~ or 99.3% -

0. 85,; of theory. 

Solubilitv of L( - )1eucine in Water - An excess of twice re-
- ---··- ···- __ ;..t_ ··-- -·-·· ·- · ··-··-- ·---·· _ __ .. _ _ __ - · - ·--

crystallized 1(-)leucine was added to 125 ml. glass stoppered 

bottles containing 60 ml. of redistilled water and the 

solutions equilibrated from bo th sides in a bath maintained 

at 25.05 ! 0.05°. The solvent was removed from aliquots, 

withdrawn over a period extending from five to thirty days, 

by evaporation at 105°. Seventeen determinations gave a 

~ean value of 2.152 ~ 0.006 gm. /100 gm. of water for the 
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solubility of the twice recrystallized 1(-)leucine at 25°. 

The undissolved leucine remaining from the above series of 

solubility measurements was utilized for a second series of 

measurements and in this latter instance twelve determina-

tions, conducted as described above, gave a mean value of 

2.15 t 0.01 gm./100 gm. of water at 25°. The value of 

5 +. I 2.1 0.01 gm. 100 gm. of water for the solubility of 

1(-)leucine in water at 25° obtained in these studies is to 

be compared with the value of 2.19 gm./ 100 gm. of water 

at 25° reported by Stoddard and Dunn(l4)and the value of 

2.20 gm./100 gm. of water at 25° reported by Hlynka(l5)o 

Attention is called to the fact that the solubiiity of 

isoleucine in water is approximately twice that of leucine. 

T0_E2__ Op~i~al Rq_t~t_~on of L.l-) LE?_~cir!_e I n_ Aqueol!_s ~ystems - The 

optical rotation of the twice recrystallized L{- )leucine 

was determined in 6.02 formal hydrochloric acid with the 

leucine concentration varying from 2.0 - 5.0% (~t./vol.) 

and the temperature from 18°-35° . The specific rotation 

of 1( - )leucine in 6.02 formal hydrochloric acid was found 

to be independent of the leucine concentration between the 

limits studied. The variation of the specific rotation 

with temperature was fmmd to be linear within the above 

limits and the ter1perature coefficient was found to have a 

value of 0.07°/degree ~which is in reasonable agreement 

with the value of 0.063°/degree C reported by Stoddard 

and Dunn(l4 ) for 1( - )leucine in 6.08 formal hydrochloric 
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acid. The mean value of [~) ~5 for L( - )leucine in 6.02 

0 + 0 formal hydrochloric acid was found to be 14.85 0 . 04 • 

The dependence of the specific rotation of 1(-)leucine 

upon the concentration of the aqueous hydrochloric or sul-

furic acid used as a solvent was studied and the data 

obtained are presented in Fig. I. In sulfuric acid the 

specific rotation rose from a minimum value in water to a 

maximum value in approximately 10-11 formal sulfuric acid 

and then declined to a second minimum in 100% sulfuric acid. 

Wi th solutions containing sulfur trioxide the specific 

rotation rose rapidly with increasing sulfur trioxide con-

centration to values which were higher than the maximum 

value observed in aqueous sulfuric acid solutions. 

In order to compare values for the specific rotation 

of 1( - )leucine in aqueous hydrochloric acid solutions re-

ported by others with those obtained in this study the 

literature values were interpolated to a temperature of 25° 

and a hydrochloric acid concentration of 6. 0 formal. The 

values so obtained are given in Table I. 

Be_havior of 1( - )_Lell_~i~.~. in $_y.lfuric_Acid - The optical 

stability of 1(-)leucine in 100% sulfuric acid was deter-

mined by preparing a 0.1524 formal solution of this amino 

acid in 100% sulfuric acid and observing the specific rota-

tion of the solution immediately after preparation and after 

it had stood at room temperature in an air tight container 

for eight weeks. No significant change in the specific 
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rotation was observed during this period. The sulfuric 

acid solution of the aDino acid was then diluted with water, 

the amino acid recovered by precipitation wi th napthalene-

p -sulfonic acid and compared wit . a 1( - ) leucine napthalene

(3 ·-sulfonate of known purity. The determination of the mixed 

me lting point, nitrogen content and specific rotation failed 

to disclose any differences between these two preparations. 

The cryoscopic properties of L( - ) leucine in 100% sul-

furic acid were studied using the me t hod described by 

Hammett and Deyrup ( l7). The freezing point depression of 

0. 03 - 0 .12 weight for:nal solutions of L(- ) leucine in 100% 

sulfuric acid was found to be 13.5° ± 0.2° per mole of 

amino acid, or approximately 2.2 ± 0.05 times greater than 

the depression caused by a non-electrolyte . 

Acetic Acid - Anhydrous perchloric acid in glacial acetic 
------~~-·-··_,_ __ _ 
acid was prepared by adding standardized 70% (wt./vol. ) 

perchloric acid to the required amount of acetic anhydride 

to give a solu tion free of both wa ter and acetic anhydride. 

Solutions of varying perchl oric acid concentration were 

then prepared by diluting the concentrated solution with 

glacial acetic acid. The titration ~as carried out by 

dissolving 1.0 g. of the twice recrystallized 1 ( - )leucine 

in 50 g. of each of the acetic acid - perchloric acid 

solutions and determining the rotation and density of these 
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solutions at 26°. The results of this titration are shovm 

in Fig. II. 

T=l_gat~_q_9_:f __ d-~-pheny:l§...thylamine With PerchlQr.t_c A_cid In 

Glacial Acetic Aci4 - Solutions of d-~-phenylethylamine, 

~~)~4 = 37.6, were prepared by dissolving 0.50 g. of the 

amine in 25 ml. of acetic acid - perchl oric acid solutions 

of varying perchloric acid concentrations and determining 

the specific rotation of these so l utions at 24° . The 

results of this titration are given in Fig. III. 

Behavior of 1( ~j,-~ucine in Gl aciaJ Ace~ic Actd - The specific 

rotation of twice recrystallized 1( -)leucine in glacial 

acetic acid was determined at 25° using solutions 0.012 -

0.147 formal in 1( -)leucine. The data so obtained are given 

in Fig. IV. Observations made at other temperatures indi

cated that the specific rotation of L( -)leucine in glacial 

acetic acid is demonstrably dependent upon temperatuie. 

Varying amounts of twice recrystallized 1(-) leucine 

were dissolved in 100 g. of glacial acetic acid, f.p. 16.6°, 

and the freezing point depression of each of these solutions 

deter;:nined with the aid of a Beckmann thermometer. The 

results of these cryoscopic measurements are given in Fig. V. 

Summar;z 

An improved procedure for the preparation of 1 (- ) leucine 

is described and certain physica l properties, useful for 

establishing identity or purity, have been redetermined. The 
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behavior of 1(-)leucine in sulfuric acid and glacial 

acetic acid solutions has been investigated. 
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Fig. I 

Specific Rotation of 1( - )Leucine In Aqueous 
Hydrochloric Acid and Sulfuric Acid Solutions 
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3 

Equivs.Perchloric Acid 

Fig. II 

5 

Polarimetric Titration of L(-)Leucine With 
Perchloric Acid In Glacial Acetic Acid 
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Fig. III 

Polarimetric Titration of d-~-Phenylethylamine 
With Perchloric Acid In Glacial Acetic Acid 
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Fig. IV 

Specific Rotation of 1( -)Leucine In Glacial 
Acetic Acid at 25° 
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Molal Freezing Pt. Depression 

Fig. V 

Freezing Point Depres sion of Solutions Of 
1( -) Leucine In Glacial Acetic Acid 
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Table I 

Specific Rotation Of 1(-)Leucine 

In 6.o Formal Hydrochloric Acid and 25° 

Author Lit. Value I nterpolated Ref. 

Bergmann and Stein 

Stoddard and Dunn 

Dunn and Courtney 

Thomas and Niemann 

15. 33° ( 21JGHC1, 

24°) 

15.21°(6.0SN 

HCl,25°) 

i5.1°c6.mr 

HC1,25.9°) 

14. 85° ( 6. 02E 

HCl ,25°) 

Value* 

15 .24 1 

15.16 14 

16 

14.84 

* Interpolated to 6.00 N(formal) HCl and 25°. 
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Studies on the I,iiode of Action of Trypsin and Chymotrypsin 

I ntroduction - - ·--·-------
I t has been kno~m for many years that pancreatic juice 

possesses the property of digesting proteins. However, 

extracts of fresh pancreas or freshly secreted pancreatic 

juice have no proteolytic activity, the preparation becoming 

active vvhen mixed with the cont en ts of the small intest i ne, 

or when the pancreas is a l lowed to stand in slightly acid 

solt~tion. Thus it ·was early concluded t ha t t he enzymes are 

present in an inactive form. 

The enzymes chiefly responsible for the proteinase 

activi ty of pancreatic juice are trypsin and chymotrypsin, 

and these enzymes are secreted in the form of their inactive 

precursors, or zymogens - trypsinogen and chyr:10trypsinogen. 

They act best on denatured proteins, neither a lone causing 

digestion to proceed very far, but the combination of the 

two carries the hydrolysis to the po l ypeptide stage. 

The mode of activation and the nature of the enzymes 

was a subject of great controversy for many years, and it 

wasn't unti l 1931 that the first truly significant advance 

vvas made. It was during that year that Northrop and Kunj_tz(l) 

reported the crystallization of trypsin. I n the decade that 

fo l lowed they were also able to obt a in in crystalline form 

trypsinogen, chymotrypsinogen, and o.. - ' 13 - ' and r - chyrnotrypsins' 

and to elucidate the mechani sm of activation of these 

enzymes, as well as to show t hat they consisted entirely of 

protein materia1< 2>. 
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It was first believed that the activation of the pan-

creatic proteases consisted in the combination of zymogen 

with activator, but Ku.riitz(3) demonstrated unambiguously 

that the activation process is one of enzymatic hydrolysis. 

That is, enterokinase, a material early obtained from the 

small intestine, enzyrnatically converts trypsinogen to 

trypsin, and the trypsin thus formed can in turn convert 

chymotrypsinogen to chymotrypsin. Both of these reactions 

follow apparent first-order kinetics. Also traces of 

trypsin can catalyze the conversion of trypsinogen to 

trypsin, the reaction in this case being autocatalytic. 

The nature of t he products obtained from the activation 

of the zymogens depends greatly on the conditions employed, 

especially that of pH. There is only one known form of 

trypsin, but varying amounts of inert protein are obtained 

simyltaneously to the activation process. In t he case of 

chyrno trypsin, t he re are three knovm forms, and several 

other forms whose existence has been postulated. 0.. -Chyrno-

trypsin is obtained catalytically from chymo trypsinogen 

at pH 7-9, and if this f orm of the enzyme is allowed to 

stand at pH 4 for a period of one month, it undergoes 

au tolytic conversion into (3 - and tf -ch;ymotryps:Lns plus 

inert protein ( 4). Q... -Chymotrypsin is also autolytically 

converted to ~-chymotrypsin after standing at pH 8 and 

35° c. for one hour( 4). A brief summary of the present 

knowledge of these activation processes is given in an 
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extensive review article on the pancreatic proteases by 

Neurath and Schwert(5). 

The intestinal activator, enterokinase, has not as yet 

been crystallized. Kunitz( 6) was able to concentrate the 

material from 5,000-50,000 fold, but could draw no conclu-

sions as to its chemical nature. His purified material 

contained variable am01Jnts of protein, carbohydrate, and 

glucosamine. The only definitely known action of enterokinase 

is t he conversion of trypsinogen to trypsin. 

Following the crysta llizatj_on of trypsin and chymo-

trypsin, the next significant advance in the study of the 

specificity and mode of action of these enzymes ~a s made by 

Bergmann and his co-workers(7-l5). They showed that syn-

thetic peptides and peptide derivatives can be split as 

well as the immensely more complex protein substrates. 

Previously, the proteinases had been supposed to act ex-

elusively on substrates of high mo lecular weight, but not 

to act on lower polypeptides and dipeptides. This erroneous 

concept required that enzymes be able to differentiate 

between substrates on the basis of molecular weight alone. 

From t his early work, it was established that certain 

amino acids must be incorporated into the substrates for 

t he enzymes to be effective. Of a large nm.11ber of substrates 

tested, only those containing L-ar ginine and 1-lysine 

residues were split by trypsin, and only those containing 

L-tyrosine and 1 -phenylalanine residues were split by 

chyrwtry:Psin. In all cases splitting occurred only at amide 
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or peptide linkages involving the carboAryl groups of the 

amino acids mentioned above. Thus, such simple substrates 

as benzoyl-1-argininamide, benzoylglycyl-1-argininamide, 

benzoyl-1-lysinamide, and benzoylglycyl-L~lysinamide were 

found to be rapidly split by trypsin into the free ac:Lds 

and a:mnonia. Glycyl- and carbobenzoxy-1-tyrosinamides, 

and glycyl- and carbobenzoxy-1-phenylalaninamides likewise 

vmre found to be split into the free acids and arm:1onia by 

chymotrypsin. Also internal peptide bonds ·were fovnd to 

be split, a representative chyrnotrypsin substrate being 

carbobenzoxyglycyl-1-tyrosyl glycinamide. In this case the 

hydrolysis products were found to be carbobenzoxyglycyl-1-

tyros ine and glycinamide. In all cases, hydrolyses w~th 

trypsin and chyrnotrypsin were carried out at about pH 7•1-7·7, 

this having been qualitatively established as near the pH 

optimum for these enzymes . 

More recen tly t he list of essential amino acid residues 

for tryptic hydro lysis has been expanded to include one 

1-citrulline and one 1-ornithine ~erivatiye(l6). Also for 

chymotryptic hydrolysis, 1-methionine and 1-tryptophane are 

now knovrn to satj_sfy t he str"L1 .. ctural requirements of the 

essential amino acid residue, or so-called 11 bac l\:bone 11 (l7,l8) ~ 

As v-Je ll as increasing the number of effective substrates, 

recent vrork has also r; re a tly increased the list of compm .. mds 

t ha t are resistant to hydrolysis, or t hat are split only at 

insignifican t rates. 
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Along with the efforts to establish the nature of the 

specific amino acid residues for trypsin and chymotrypsin 

substrates, numerous studies have been undertaken to deter

mine the effect of modifications in these substrates, such 

as variations in the substituents on the o<. -amino and 

carboxyl groups. The results that have been obtained will 

be discussed qualitatively in the paragraphs to follow, and 

a more quantitative trea t ment will be atte~pted after the 

presentation of kinetic data in the next section. 

As has already been mentioned, N-ci-benzoyl - and N-0..-

benzoylglycyl-1-lysin- and 1-argininamides are rapidly 

hydrolyzed through the action of trypsin. N-~-tolu-enesulfonyl 

derivatives were first reported to be resistant to tryptic 

action(lO) but these results were later found to be 
' 

erroneous(ll), and it has now been shown(l9) that toluene-

sulfonyl-1-arr;ininarn.ide is split even more rapidly than 

benzoyl-L-argininamide at a single substrate concentration. 

That the substituent on the ol-amino group can a lso be acetyl, 

or else omitted entirely, is evident f~om the work to be 

described in the next section. Al so, it has been shown( 20) 

that the amino group itself need not be present, o'..-hydroxy

~-guanidinovalerate being split at a measurable, though 

slow, rate. There is reason to believe that many other 

modifications could be made on the ~-amino group without 

destroying susceptibility to tryptic hydrolysis, but little 

work has been done as yet in this directione 
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A contribution of major importance to the understanding 

of the mode of action of trypsin, was the discovery that 

this enzyme possesses an esterase as well as an amidase 

activity(l9). That is, an ester group can be substituted 

for the terminal amide group, with a resultant large increase 

in susceptibility to enzymatic hydrolysis. Schwert and 

Eisenberg( 2l) tested six esters of benzoyl - 1 -arginine, 

and found that they are all hydrolyzed at the same rate, 

this rate being one hundred fold greater than for benzoyl-L-

argininamide. This equality of rates for ester hydrolysis 

would seem to indicate that, in this case, steric factors, 

due to the size of the alcohol moiety, are relatively unim
(19 22) portant. Evidence has been presented ' that the esterase 

and amidase activities of trypsin reside in the same active 

centers of the mo l ecule. 

The only other modifications that have been tested on 

trypsin substrates are acylations of the terminal amino 

groups of 1-lysine and 1 -ornithine. Thus it was found (ll) 

that carbobenzoxylation of benzoyl- and benzoylglycyl-1-

lysinamides causes almost complete loss of sensitivity to 

hydrolysis. This result, combined with the fact that 

norvaline and norleucine derivatives are also resistant 

to hydrolysis(5), led Neurath and Schwert to the belief 

that the effect is due to loss of positive charge at the 

terminal group, rather than to unfavorable steric factors(5). 

However, ol-benzoyl-1-ci trullinamide and o<.-benzoyl- 6-acetyl-

1-orni thinamide, nej_ t her of which is positively charged at 
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pH 7-8, are hydrolyzed by trypsin, while ol -benzoyl-1-orni thin-

amide is resistant. Thus, it would appear from the work of 

Brand, that steric factors are of major importance, while 

charge effects are not significant. Until further data ·o. r e 

available, this point cannot be settled. 

Studies of the optical specj_fici ty of trypsin have not 

as yet been carried out, but it would be predicted, by 

analogy with other enzyme systems that have been stu.died, 

that the d..-carbon atom must be of the 1- configuration for 

substrate activity. 

Investigations with chyrnotrypsin substrates have been 

far more extensive, and allow more adequate comparisons to 

be made. From the extensive investigations cif Neurath and 

co-v1orkersC5,lB, 23, 24 , 25) and Niemann and collaborators(l7, 26, 27) 

it now appears that the decreasing order of affinity of the 

specific amino acids for chymotryptic hydrolysis is tryp-

tophane > tyrosine > phenylalanine > methionine. Numerous 

other amino acids have been tested for activity, but the 

rates of hydrolysis have never been significant. Even if 

such a small change is made as eliminating the r -carbon atom 

of phenylalanine, to give oC..-aminophenylacetic acid, activity 

is entirely lost. However , if the amino group of phenylal-

anine is replacedby -OH, -Cl, or omitted entirely, activity 

is great ly diminished but not eliminated. Also substituents 
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can be made in the phenyl group with varying effects on 

activity, but such modific~tions have not been studied 

carefully enough to allow any conclusions to be cl.ra'V'm with 

certainty. 

Similarly, as with tr~rpsj_n substrates, the O( - amino 

group must also be acylated for maximum chymotryptic activity. 

A wide range of substitutions may be made nithout causing 

loss of activity. 'l''te lrnovm substituents that ma y be used 

o.re benzoyl (9), acetyl <23), gl ycyl (8), carbobenzoxy1C8), 

carbobenzoxyglycyl(S), carbobenzoxyglutamyl(l4), nicotiny1 (17), 

picolinyl( 26), isonicotiny1< 26 ), formy1C26), chloracety1(28), 

and triflouracety1< 2S). Undoubtedly, other useful substi-

tuents wil l be found in the near future, as work is being 

pursued along these lines . On the basis of evidence, that 

is not too conclusive in a ll cases, t he follo~ing tentative 

order of susceptibility for some of the above groups can be 

given ( 5): benzoyl ) nicotinyl ) acetyl > carbobenzoxyglycyl > 

glycylo Experiments are in progress in t hese laboratories 

to determine unambiguously the relative effects of mos t of 

the above substituents. 

As was early shown, the hydrolyzable bond of low 

molecular weight ch~notrypsin substrates can be amide C13), 

glycinamide(8), and glycyl glycinamide(8), but secondary 

and tertiary am.ides have not been folmd to be split. r.~ore 

recently, it tas beco'~1e knovm. that ester (24) , hydrazide (29) , 

and hydroxamide bonds(30) can also be hydrolyzed at 
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sufficiently high rates to be useful for specificity studies. 

All available evidence indicates that the same ~eactive 

sites on the enzyme molecul e are involved in all of these 

hyQ,rolyses C22 ) . o-n the 1 • ~ . 1 t " .L. • , d __ _ -· Ja s1s 01 incomp e e GaLa, ~ne or er 

of susceptibility to hydrolysis may be tentative l y listed 

as : ester > hydroxamide > gl ycinarnide > ainide > hydrazide > 

glycyl glycinamide ( 5). 

Unlike the trypsin case, careful studies have been 

made on the antipodal specificity of ch)~notrypsin, and 

it has been found tha t only amino acids of the L-configuration 

satisfy the structural requirements for specific amino acids. 

However, where the o<.-amino group is replaced by -Cl or -OH, 

this antipodal specificity is not retained. For example, 

both the D- and L- isoners of methyl-DL- C'A.-chloro-(3-phenyl-

propionate appear to be split at the same rate, and methyl-

D-p -phenyllactate is split at a measurable rate, but one 

that is less than for the L- isomer C2e). These substances, 

however, cannot be considered as true chymotrypsin substrates 

as they are hydrolyzed at rates considerably slower than for 

the corresponding amino acid derivatives, but their study, 

nevertheless, furnishes further informa tion as to the mode 

of c:i. ction of this enz·yme. 

I n an early study of antipoda l specificity, Bergmann 

and Fruton ( 9) came to the conclusion t ha t vvhile benzoyl-1 -

tyrosylglycinamide is s plit by chymotrypsin, neither the 

D- antipode nor the race:nate is. They thus conc l uded that 
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the affinity of the 1- isomer for the D- isomer was far 

ereater than for the enzyme, and postulated that an extreme-

ly stable D1- compound existed in solution. A reinvesti

gation of this phenomenon (3l) showed these results to be 

erroneous, the 1 - isomer of benzoyl-D1~tyrosylglycinamide 

be ing rapidly split by chymotrypsin, and no interaction 

between D- and 1- isomers was apparent. It was also observed 

that the D- isomer apparently competes with the 1 - isomer 

for the reactive sites on the enzyme molecule, thus causing 

a decrease in rate over that observed for the 1- isomer 

alone. 

This important observation of Niemann and collaborators 

has led to an extensive investigation of the effect of D-

antipodes of substrates on the rates of hydrolysis of the 

1 - antipodes, and it has been shown in all cases that they 

inhibit in a competitive nanner, and have an even greater 

affinity for the enzyme surfaces than the 1- antipodes. 

This phenomenon will be discussed in greater detail in the 

following section. 

Not only do the D- antipodes of substrates act as 

competitive inhibitors, but also the products of hydrolysis, 

as we ll as certain structural analogues~ For example, in 

the chymotryptic hydrolysis of acetyl- and nicotinyl-1 -

tryptophanamide, the liberated acetyl- and nicotinyl-1-

tryptophane hs.ve been shovrn to cause a decrease in rate, 

whi le the simultaneously formed ammonia has no effect(32). 
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Although inhibition is not great, it is of considerable 

significance in many cases, and its existence must be taken 

into consideration. 

Kaufman and Neurath ( 33,34) have investigated a series 

of inhibitors, and have found that certa in amino acids which 

cannot function as substrates are fairly active as inhibitors. 

For example, certain derivat i ves of methionine and possibly 

glycine are said to be effective. Al so if the ~ -amino . or 

carboxyl group is removed from one of the anino acids s Decif ic 

for chymotrypsin, the substances may function as potent 

inh_ibi tors; e.g. (3 -phenylethylamine and (3 -phenylpropionic 

acid. This is in agreement with the results of Huang (27), 

vvl:.o found tryptanine and tl-:ree acyla ted deri va t i ves of 

trypta:r'.;ine to be very active inhibitors. In ad di ti on, it 

hes been found that if the carboxyl group of a specific 

amino acid is replaced by a E1ethyl ketone group, tl1e affini ty 

of the resultant compound for the enzyrne j_s very great C34). 

Inves tigations with the ahove types of specific inhi-

bitors have not as yet been extensive enough to allow for 

lJroad generalizations, but it is eviden t t ha t the structural 

requireoents for competitive inhibitors are not as rigid as 

for specific substrates. This probleo is be ing actively 

pur sued as it is felt that the study of specific inhibitors 

offers one of the most promising routes to an understanding 

of t he r:1ode of action of proteolytic enzymes, it be ing 

possible to mea sure t he true affinity of a competitive 

inhibitor for an enzyrnee 
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enzymatic reactions . is usually deter;nined by rneasure::ients 

of either the rate of disappearance of the substrate or 

the rate of formation of the reaction products, with time 

as the independent variable. 

With the exception of systems that are complicated by 

inhibition due to the reaction products or the substrate 

itself, enzymatic reactions are t1sually characterized by 

t wo i mportant features ( 5): (1) Over a relative ly wide range 

of enzyme concentrations, the rc.te, a t const.s.::1t i.ni tial 

substrate concentration, is directly proportional to the 

enzyme concentration. ( 2 ) If t he enzyme concentration is 

ma intained constant, the reaction rate increases wi th in-

creasing initial substrate concentration according to the 

equation of a rectang11l ar hyperbola, approaching a maximum 

value asymptoti.cally. These relations were recognized 

early in the study of enzymat ic r ea ctions and led lIIichaelis 

and Ylenten ( 35) to formul ate a t heory i n t erms of an inter-

med j_a te enzyme-substrate complex. This theory, with its 
. (36-42 ) subsequent extensions - , has proven very satisfactory 

in the interpretation of the kinetics bf enzymatic reactions. 

The following treatment of the theory is essentia l ly that 

given by Huang and l'Tiemann (32 ) .. 

(1) 
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Where [E) = P10lar concentration of total enzyme, 

(ErJ = 11 It " free enzyme, 

(s j = It II ti total substrate, 

\.3r1 = II It II free substrate, 

lESJ = ti II II enzyme-substrate complex, 

nr:.d (P1r} 
1 

\.P 2fl = " It 11 t he two :free hydrolysis 

produc t s, it can be shovn ttat for the case where all reactants 

possess unit activity 

- d (_ES 1 - [ 1 ( 1 dt k1 Er Sr (2) 

dd ~~_f)_ = k1 (Erl lsr1 - k2 LEs1, and (3) 

~~~~it~~.-~~Jl.2 = -k 3 ( ES 1 ( 4) 

For the condition that 

i.e., where d [ S])) Q_~S] and [ s] : [ sr1 >> [ Es 1 , 
dt dt 

it follows that 

k2 ·1· k3 

k1 

_ d ( SJ -crt-

= 

_( C2.l.._ .. _-:_J _ES J_J __ E_ 
(ES] 

k3 (E) (S] 
--k-;--+--t s ]- ' 

[s] o 
2.3 K5 log [SJ - + 

where l S 1 = ~s) 0 when t = o. 

(6) 

( 7) 

( [ s] 0 - \.s1), (8) 
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The constant, K5 , appearing in equations (6), (7) , and 

(8) is the so-called ~ichaelis constant, and can be evaluated 

from the relation 

1 
v (9) 

vrhere V = k3 [ El = the :r:i.aximum velocity which is reached when 

all of t_ e enzyme is bom1d in the enzyme-substrate complex, 

d (s1 1 1 ) 
and v = - ct-=r- , by the customary plot of v ., versus ( S]

0 
C
4J • 

The above relati~nships hold only if there is no inhi-

bition due to the products of hydrolysis. Eowever, competi

tive inhibition is often apparent, and the equations must be 

modified accordingly. Only one of the products of hydrolysis 

~ill be considered as it has been shown C32 , 44 ) that moderate 

concerctrations of added amc10nia produce no effect upon the 

rates of hydrolysis of the a.cylated amino acid amide sub-

strates dealt with i~ the present studies ~ith trypsin and 

chymotrypsin. 

For the reaction system 

:s ... Sr 
k1 

ES 
k3 

k' + plf + p2f (1) ~· ~ ~ 
.i. --- .wf 

k2 

Er P1f 
k4 

EP1 
( 10) .,. ~ 

~ 
1~ 5 

where [ Pir] = mo l ar concentration of free inhibitory hydro

lysis product and ( EP11 = molar concentration of enzyme

inhibitor complex, with t1e condition as before that 
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_q_j_ESl. · O and that ( s ) 
dt ' 

. 
= t Sr 1 and l P1 l [ P1rt it 

follows(37-45) that 

( [E] - (ES] - (EP1J ) ( S) 
------·rEsJ ·----·---·-·-·--- ( 11) 

The constant, Kp
1

, appearing in equa tions ( 12 ) , ( 13 ) , 

( 14) 

and ( 14) can be evaluated J as before i by plots of ;
0 

versus [~t , 
taking advantage of equation (15). 

1 : Ks ( l + [ Pi1 ) _l_ + _l_ 
v V Kp

1 
(SJ V (15) 

Whi le it has been shown C32 , 44 ) that
1

wi t hin the limits 

of experi~ental error, equation (14) is a satisfactory rate 

equation for certain enzyme catalyzed hydro lyses , it should 

be reme~bered that in t he derivation, in addition to the 

assu!r,ption that _g_d._t~91_ :: o, it was a lso assumed that 

= 



-36-

In view of the fact that the exact relationships are 

= ( ~E1 - [ES1 ) [ Sf l 
Ks ----\:Esr ------

it is apparent t ha t the second assumption is valid only if 

[s1 :: (sf1 » ( ES] and [ P1 ) : [ P1f 1 '>) [ EP11 , or, in the 

terminology of Straus and GoldsteinC 4o, 4l) , if the systems 

under consideration are in zone A. Straus and Go ldstein 

have shown that for a system containing enzyme and substrate, 

or enzyme, substrate, and inhibitor, if the maxim1rrfi experi

mental error in the measure;·nent of + is taken as 0.01, 

the upper boundary of zone A corresponds to a specific 

enzyme concentr2. tion 

= lE] 
Ks 

or = [E] 0 1 
KP1 ' of • • 

The systems to be described in the followinf section 

vvi ll be shown to be in zone A, Urns assuring the validity 

of the above as Sl12"!1ptions. 

When an inhibitor, e.g., the D-antipode of a specific 

substrate is knovvingly added to an enzyme-substrate system, 

it is reasonable to postulate, on the basis of present know-

ledge , the following equilibria: 

Er 1- sr 
kl 

ES 
k3 

Ef + plf t P2f :e= "' ~ 

k2 
(1) 

Ef .,. Plf ~ EP .....-- 1 
k5 

(10) 

k6 
Er + Ir ~ EI ....,..-

k7 
(16) 
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With [r] = molar concentration of added inhibitor, [E~ = 
mo l ar concentration of the enzyme-ndded inhibi tor comp lex, 

d [ES] 
dt · o, Gsr1 :: [s] , [P1~ :: ff] , and [I~ = fr] , it 

follows tha t 

= ( [E] - [Es] - [EP il - [EiJ ) [s] --- - ---[EsJ__________ ;; Ks ' (17) 

( [E] - [E~ - [Eri] - [E~ ) ( [s] 0 - [s] ) I [EP~ = Kp l ( 18) 

- ( [E] - [Es] - c~p~ -[Er] ) [1] / [E~ = Kr (19) 

-d [s] = k~ (E}~J 
dt Ks (lfTrf+(sJ ::; + · [SJ , and 

KI Kp 1 

( 20 ) 

2.3 Ks (1 + [ I] I K1 + [s] 0 /Kp1 ) log [s] 0 / (S) 
...... 

+ (1 - K3 /Kp
1

) ( (S] 0 - (S) ) (21) 

I n the absence of signifi cant inhibition by one of the hydro

l ys is products , or f or initial rates, equat i ons ( 20) and ( 21) 

are reduced to 

- d [s] /dt = k3 [ E] [s] /Ks (1 + [I] / K1 )+ [s] , and ( 22) 

k3 [E] t = 2 .3 Ks (1 + [I] /Kr) log [s] 0 / [s] + C[s] 0 - [sJ ). ( 23 ) 
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The constant, Kr , appearing in equations ( 22 ) and ( 23) 

can be evaluated as before by plots of l/v0 versus l/[S1~ 

making use of equation ( 24) . 

( 1 ·I· (Il ) 
KI 1 

(Sf 
+ 1 v ( 24) 

The above kinetic treatment will be shovm to be valid, 

within experimenta l error, for the systems to be described 

in the pages to fo l low. 
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Discussion of Results 

h__'.t!'.YJ2 .. ~..itLAtld..~ie~ - As has been mentioned previously, it 

is known that acylated amides of L-arginine, where the acyl 

group is benzoyl, tol uenesulfonyl, or benzoylgl ycyl , are 

rapidly split by trypsin at pH 7-8. The ear l y kinetic studies 

with these sttbstrates (l2 ,l9, 4b ) l ed to the conc l usion that 

the reactions are first-order with respect to both enzyme 

and substrate, and that for any sing l e experiment, the rate 

of hydro l ysis can be described by the equation 

_ dS 
dt = CES ' 

( 25) 

where E = the tota l enzyme concentration, S = the substrate 

concentration, t = the time, and C = t he pro t eo l ytic coeffi

cient <47 ) of the system. 

A reinvestigation, by Harmon and Niemann <44) , of the 

kine t ics of the system, benzoyl - 1 -argininamide-trypsin, 

over a greater range of initial substrate concentrations, 

revea l ed that the initial reaction velocity is essential ly 

independent of the initial substrate concentration, for 

concentrations from 0.01 - 0.05 hl, and that, for these and 

smaller substrate concentrations, the initial reac t ion rates 

obey equation ( 7 )*. 

_ d [S] 

dt 
:: ( 7) 

* See page 32ff of the previous section for the derivation 
of equations . 
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Thus, by use of the methods previously discussed, these 

authors were able to calculate an apparent Ks for benzoyl -

1 -argininamide of approximately 2.0 x io-3 M· They also 

noted that the reaction rates decreased more rapidly wi th 

time than would be expected, and this observation l ed to 

the demonstration of inhibition by the hydrolysis product, 

benzoyl-1-arginine, but not by ammon:La. It was shown that 

their da t a a.re cons is tent with equation (13) , j_f v a ~'-p 
1 

of 

a pproximately 1 .0 x 10-3 M is assumed for benzoyl-1-argini ne. 

In an independent investigation, Schvvert and Eisenberg ( 2l) 

obtained similar results. They demonstrated that K
8 

for 

benzoyl-L-argininamide is small enough, so that, at substrate 

concentrations of the order of 0.01 M, the reaction initially 

fo llows zero-order kinetics*, and that deviations from 

zero-order kinetics are the result of inhibition by benzoyl-

L-arginine. ':L'his inhibition was shovm to be of an inter-

mediate type, being essentially non-compe titive at low con-

centrations of added benzoyl-1-arginine, but becoming more 

competitive as the concentration of added benzoyl - L-arginine 

is increased. 

As a continuation of the experiments of Harmon and 

Niemann, it was felt desirable to undertake a more extensive 

kinetic study of trypsin-catalyzed hydrolyses, and to inves-

tigate systematically the effect of substituents at the 

«-amino group on the rate of hydrolysis of 1-argininamideo 

* Inspection of equations (8), (14), (21), and (23) shows 
both a zero-order and a first-order term. If the initial 
substrate concentration is significantly l arger than the 
va l ue of Ks, the reaction should closely approximate zero
order kinetics, at least during t he early stages of hydro
lysis. 
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Also, due to the difficulty of accurately measuring the Ks 

value of benzoyl- L-argininamide, and the resultant disagre e -

ment as to the nature of the inhibition by benzoyl-L-ar ginine, 

it vvas hoped t hat a rn.ore suitable substrate might be found. 

The fact that benzoyl-L-arginine has a very low solubility 

at 25° C. and pH 8, limits the usefulness of benzoyl-1-

argininamide as a substrate. 

Consequently, a program was undertaken to synthesize 

the knm0m trypsin substrates, as well as the amide s of acetyl-, 

benzenesulfonyl- , carbamyl- , and formyl-1- and D-3.rginine, 

none of which has previously been recorded in the literature. 

Upon completion of the synthesis of acetyl-1-argininamide, 

this substance was immediately tested as a substrate, and 

was found to be rapidly split by trypsin at 25° C. and pH 7.7. 

The rate followed a pparent first-order kinetics (eq. 25), as 

can be seen from the results of a typical hydrolysis given in 

Table I and Fig. I. However, in attempting to duplicate the 

results of a given hydrolysis, it was found that there was a 

large variation in the calculated first-order rate constants, 

far greater t han could normally be ascribed to experimental 

error. Therefore, it was deemed w1se to turn to the system 

benzoyl-1-argininamide-trypsin, for which rate constants had 

previously been deterrnined(l2 ,l9, 46, 48), and t hus perform a 

check on experimental technique. 

Due to the small amou.ht of trypsin required for each 

hydrolysis, the practice in use at this time was to prepare 

a stock aqueous solution of enzyme (pH approx. 4.8), and 
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then to withdraw 1 ml. aliquots for each hydrolysis. Such 

a stock solution was kept in th~ ice box, except for the 

times at which it was brought to 25° C for wi thdrawal of 

individual aliquots. It was soon discovered, that for a 

given initial substrate concentration, the first-order 

rate constants decreased significantly with the age of the 

trypsin solution. However, the constants determined with 

fresh enzyme solutions ( 10-20 min. old) agreed vvell with 

some of the values given in the literature(l2,19). 

It had previously been shovm(l9,49) that trypsin is 

rapidly inactivated by a second-order autolytic reaction 

at pH 7-8, but the degree of instability at pH 5 had not 

been recognized. In Table II and Fig. II are given the 

results of an experiment with the sy~tem benzoyl-L-argin-

inamide-trypsin, which illustrate this loss of proteolytic 

activity of trypsin solutions at approximately pH 4.8. 

The age given for the trypsin solution is the approximate 

length of time this solution remained a t 25° C before 

being used. 

A rough calculation of the rate of inactivation of 

trypsin at pH 4.8 and 25° C indicated the reaction to be 

intermediate between first-order and second-order. This is 

the result to be expected if the inactivation process is 

due to both autolysis and denaturation. The data, however, 

are not quantitative enough to be at all conclusive. 

After recognizing this instability of trypsin solutions, 

it was possible to obtain fairly satisfactory results by 
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using only fresh solutions. It was t hus possible to semi

quantitatively compare the relative r a tes of hydrolysis 

of benzoyl-1-argininamide and acetyl-1-argininamide at a 

given enzyme and initial substrate concentration. In Table 

III and Fig. III are given the data for one such experiment, 

and it can be seen that the specific first-order rate con

stant for acetyl-1-ar gininamide is approximately 1.9 times 

greater than for benzoyl-1-ar gininamide , at an initial 

substrate concentration of 0.01 M· A comparison of first

order rate constants is not conclusive, for the reasons 

already given, but such a comparison does offer an indica

tion of relative rates at a given substrate and enzyme con

centration. 

It was also possible to de:oonstra te qualitatively 

inhibition due to the products of hydrolysis of acetyl-

1-a r gininamide. In Table IV and Fig. IV are given the data 

for the hydro l ysis of acetyl-L-a r gininamide with added 

acetyl-1-arginine plus ammonia. These data are to be 

compared with those of' Table I. No attempt has been made 

to estimate the magnitude of this inhibition, as the data 

are not extensive enough. 

Further kinetic studies of tryptic hydrolyses were 

not attempted as it was felt that the instability of trypsin 

introduces too great a source of diff iculty and error, while 

chymotrypsin, which remains stable in solution for relatively 

long periods of time, is a more suitable enzyme for studies 

of proteolytic hydrolyses. 



-44-

However, before leaving the discussion of tryptic 

hydrolysis, one further observation of interest should be 

mentioned. It was found that if a trypsin solution of 

pH 4.0 was added to a solution of arginine methyl ester, 

also of pH 4.0, extremely rapid hydrolysis occurred. This 

observation was surprising, as it had previously been shown(l9) 

that the methyl esters of benzoyl-1-arginine and toluene-

sulfonyl-1-arginine fail to be split at pH <5. A pH - activity 

curve has not been determined for L-arginine methyl ester

trypsin, but it has recently been reported(50) that the pH 

optimum for the chymotryptic hydro lysis of 1-tyrosine ethyl 

ester is 6.2, which is to be compared wi th the pH optimum 

of 7 .8 for the chymotryptic hydro lysis of benzoyl-1-tyrosine 

ethyl esterC 24). It has also been claimed( 22) that these 

two esters of 1-tyrosine are hydrolyzed at comparable rates 

at their respective pH maxima. 

The data for a representative hydrolysis of L-arginine 

methyl ester at 25° C and pH 4.0 are given in Table V and 

Fig. V. The course of the hydrolysis was followed by using 

the continuous titration procedure of Neurath et al (l9) - - ' 
and no correction vras made for the changes in volume upon 

addition of standard alkali. HowBver, the data do satis-

factorily illustrate the rapidity of hydrolysis at this pH. 
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TABLE I 

The Hydrolysis of Acetyl-L-Argininamide 
by Trypsin at 250 C and pH 7.7 

S 0 = 10 )-<-M/ml 

E - 0.0187 rnge enzyme N/ml 

t ( . ' min., % Hydrolysis s 

0 0 10.00 

2.5 4 9.60 

5.0 6 9.40 

10.5 14 8.60 

20.5 24.3 7.57 

30 . 0 32.0 6.80 

40.5 43.5 5.65 

60.0 58. 5 4.15 

log S 

1.000 

.982 

.972 

.934 

.878 

.832 

• 751 

.618 
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TABLE II 

Hydrolysis of Benzoyl-1-Ar gininamide 
by Trypsin at 25° c. and pH 7.8 

so = 10;-1'1/ml 

E = 0.055 mg. enzyme N/ml 

Age of Trypsin t (min.) s 
Solution (hrs) 

0.2 0 10.00 
3.0 9.75 

10.5 7.75 
24.0 5.80 
35.0 4.55 
45. 5 3.60 

2. 6 0 10.00 
3 9. 50 

11 7.90 
22 6.30 
33 4.90 
45 4.00 

5.1 0 10.00 
3.0 9.45 

11.0 8.20 
22.0 6.55 
33.5 5.60 
43.0 4.70 

27.0 0 10.00 
2 9.80 

11 9.15 
19 8 .20 
28.5 7. 50 
38. 5 6.70 

log S 

1.000 
080 . / / 

.890 

.763 

.658 
• 556 

1.000 
.978 
.898 
.800 
.690 
.602 

1.000 
.975 
.914 
.816 
.748 
.672 

1.000 
.991 
.961 
.914 
.875 
.826 



...... 
·: ·1':. ·- .. 

... ~ .. ,. .. -.--.- - ... 

I .. 
!. : . 

:I 
···' 

: ·~ .. 

: .. : 

- .. ... 
~ ·-: 

.... ... , .. 
.:: :- ~~:!lJ :::r. : '.~: ~:.:~ 

.... •.. ·---,-f---;--. - .-~ --·· 

. ~ :.; '.: ! 1 • .... 

. . . -
. .,. .. ' ·:· . .. 

... 

·I• 

.. , 

.--· _, 

: ! ~t i: :·~ -=it· 
. .;4: ~~.:-: 

. ... 
, .. 
·' 

T . .. ; 
•· 

; 

., . 

·• 

.. f. 
t' ,..,- ·J. ·' t - ... _ :__ +: 1 ~ _., +; • 

.. , 

• I ~ ::.:. . . 
.. j ·: . 

. 
. .. 

.l 

; ,. . 

: i~ ! ~ ~ 
~ ........ . 
i..-...--~--1--1------..___._ ---'""+-----
.ii~ : : . . . . . . . -t·. - -- -----, ·~ . . . ; : .. ~l .. ~ +:_:_~ '. ... 

.. : . '. I: I.:. 1 • • . . . : : . : , . · I . 

IT 
..... .... ,,_ .. .. ·-
~-~.:...:__ _ _:_:. __ 

fi: .. ~r· 
~. ., :· • II 

1-li: ~, I. 
!+--.+;.-·-+--+-· -- -- --+---+--....... - -+--+-·-
i+h '~i·: I 

1··· 1- . . 
~ .. 

... 
. . ,. .. 

. _llr 
r:-+:--:--::1 --. ....... . . . - . . . . 

• .... ~ ' • j • • • ~ . ~ . ·- . 



-49-

TABLE III 

Relative Rates of Hydrolysis of 
Benzoyl- and Acetyl-L-Argininamides 

by Trypsin at 250 C and pH 7.7 

S0 = 10 ;<M/ml. 

E = 0.0187 mg. enzyme N/ml. 

t (min.) 7; Hydrolysis s 

0 0 10.00 

2. 5 4.0 9.60 

5.0 6.o 9.40 

Acetyl 10.5 14.0 8.60 

20.5 24.3 7. 57 

40. 5 43. 5 5.65 

60.0 58. 5 4.15 

0 0 10.00 

1.5 1.0 9.90 

5.0 7.5 9.25 

10.0 8. 0 9.20 

20.0 16 .o 8.40 

Benzoyl 30.0 20.1 7.99 

40 .. 0 25.5 t. 45 

60.0 35.0 6. 50 

90.0 49. 0 5.10 

log S 

1.000 

.982 

.972 

.934 

.878 

• 751 

.618 

1.000 

.995 

.966 

.963 

.924 

.902 

.872 

.812 

.707 
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TABLE IV 

:nhibition of Hydrolysis of Acetyl-1-Argininamide 
by the Products of Hydrolysis 

I = 10 .f-M/ml. 'o 

)1 = 10 r~J/ml. 

) = lOf" l'!I/ ml. 2 

= 0.0187 mg enzyme N/ml. 

(min. ) ;; Hydrolysis s log S 

0 0 10.00 1.000 

2.0 3.0 9.70 .987 

10. 0 10.6 8.94 • 951 

30.0 20 0 
/ . ;; 7.01 .846 

40.0 37.7 6.23 .794 

60.0 44.9 5.51 .741 

75.0 52.9 4.71 .672 
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TABLE V 

1~ydrolysis of L-Arginine 1'.1ethyl Ester 
by Trypsin at 25° C and pII 4. 0 

S 
0 

:: 5 J41VI/ml 

E = 0.092 mg enzyme N/ml 

t s 

0 5.0 

50" 4.5 

l' 50" 4.0 

3' 3.5 

41 2011 3.0 

5' 55" 2.5 

71 53" 2.0 

10'4711 1. 5 

15' 15" 1.0 

19' 511 .75 
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£._!._. __ CJmnotrypgn Studi~ - As part of the program that is 

being active ly pursued in t hese laboratories to determine 

the mode of action of pro teolytic enzymes, the kinetics of 

t he ~-ch~notrypsin catalyzed hydro lysis of acetyl- and 

nicotinyl-1-tyrosinamide, at 25° C. and pH 7. 8- 8. 0, has 

been careful l y examined. In these studies consideration 

was given to (a) the effect of t he buffer components on the 

reaction system; (b) the stability of t he enzyme preparations ; 

(c) the dependence of the activity of t he enzyme upon the 

pH of t he reaction system; (d) inhibition of the hydrolytic 

reaction by t he hydro lysis produc ts; (e) the development of 

suitable rate expr essions, and t he determination of rate 

constants; (f) interpretation of the reaction kine tics in 

terms of a probable reaction mechanism; and ( g) t he inhibi-

tion of the substrates by t heir D-antipodes. 

It has been shovm ( 5l) that d.-chymotryptic act:L vi ty, in 

systems buffered at pH 7.8 with either a tris(hydroxymethyl)-

aminornethane-hydrochloric acid buffer, or an ethylenediamine -

hydrochloric acid buffer, is independent of the nature of t he 

buffer. Also, the activity is independent of the concentra

tion of t he above buffers, when varied from 0.005 M to 0.05 M 

with respect to t he amine component. In t he present studies 

only the two above buffers were used, and in t he concentra-

tion of 0.02 M, and t hus, it can be assumed that the only 

function of t he buffers was to maintain a constant pH. It 

will be shovrn later that K5 , for acetyl-L-tyrosinamide, is 
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independent, within experimental error, of the b'u1~·1er employed. 

Since the practice employed was to pre pare stock 

aqueous so l utions of chymotryps i n, and then to store t hem 

at 4° C. be t ween experiment s, it was fe lt necessary to test 

t ~e stability of such solutions. Consequently, the activity 

of a f resh solution was determined at pH 7.9 wi t h acetyl-L-

tyrosinamide as substrate , and then redetermined after 7 

days storage in the ice-box. As can be seen from Table VI 

and Fig. VI, t he re was no change in activity during this 

period. Therefore, since stock enzyme solutions a re rarely 

kept over 24 hours, it is safe to assume constancy of activity . 

Extensive studies have not been made on t he effect of 

pH on the ()( - chymotryptic hydrolysis of synthetic substrates, 

bu t t he re is evidence t ha t t he maximum activity is not 

exhibited at the same pH wi t h al l substrates(32 ,50). There-

f ore, so-called pH-activity curves have been determined for 

both acetyl- and nicotinyl-1-tyrosinamide in aqueous solution 

at 25° C. As can be seen f rom the data in Tables VII and 

VIII and Figs. VII and VIII, maximum activity is obtained, 

with both subst r ates, in t he region between pH 7. 8-8. 0, 

t he re gion in which all the f ollowing experiments were per -

formed. Thes e pH-activity curves are similar to those 

obtained by Kaufrnan , Neurath and Schwert( 24) for ol-chymo

trypsin-benzoyl-1- ty-rosinamide and ~-chymotrypsin-benzoyl-

1-tyrosine ethyl ester in 30 volume % aqueous-ethanol at 

250 c. The fact that the pH-activity curves observed with 
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substrates derived from 1-tyr sine are different fro~ 

those observed V.' i th s1~~ s tra tes der ived fro•n L-tryptophane (32) , 

s-.-:.::_·gests t._o.t tl~e nature of the char2cteristi c e.rn ino acid 

side chain , even thou~h it bc2rs no formal charge, is of 

considerable importance in deter~inin; the nat1-:.re of the 

pE - activity c~rve . 

As a ~irst approxi mation , the kinetics of hydrolysis 

of acetyl- and nicotinyl-L-tyrosinamide were formulated in 

terms of equations (1-9), and Ks values dete rmined for each 

substrate by use of equation (9). I nitia l ve l ocities ~ere 

eitr~er esti:"rrated fro r:1 n plo t of C(S] 0 - [s] ) versus ti:ne, or 

from a plot of log ( (s] 
0 

- (s) ) versus time , dependine on 

vrhether the eo.rly stnr:;es of tl~e !·1ydrolysis :11ore closely 

approximated zero order or first order kinetics wit_ respec t 

to the substrate concentration . Five* independent determin-

a tions, wi t h three di.fferent enzyme concentr c. tions and two 

different b11ffer syste·1:.s , t;ave a :-1e2.n va lue of 

....- ·I· -3 
l~r = :i,o " - 1 0 x·· 10 ~··I \.s _, • ./ • - Lo 

for c.cetyl-L-tyros i naMide , and three* independent deter~in-

ations, nith t~o different enz~ne concentrctions and two 

different buffer syster'1s , ;ave 8. 1esn ve.l11e of 

Ks = 15.0 + 0.5 x l0-3 M 
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for nicotinyl-L-tyrosinamide. Representative data from 

t hes e deter 1ninations are given in Tables I X-XI and 

Fig. IX-XIV. 

In t._e absence of competitive inhibition of the hydro-

lytic react i on by the hydro l ysis products, the rate is given 

byeq. ( 8 ). 

k3 [E] t = 2.3 Ks l og -00..D + ( [SJ 0 - [s] ) ( 8. ) 

pr ovided d [Es] I d t :: O and [Sf] · [s] >I ~~ , this equation 

can be taken as the exact rate expression for the reaction 

. . ( 1 ) ( 42 ) 0 t' . t t . given in eq. , ana ne approx1ma e ra e expression 

for the initial stage s of the t\'10 s in:1).l t aneous reactions 

described by eqs. (1) and (10). The data obtained from 

experiment s, in which the reactions of acetyl-L-tyrosinamide 

and nicotinyl-1-tyrosinan ide were allowed to proceed to near 

comp letion, were tested for congruity with eq. (8). It can 

be seen from Tabl es XI I and XIII, and Figs. XV and XVI , 

wheref (§) = 2.3 K5 log [s] 0 / [s] + C[s] 0 - [S] ) , that, after 

ap , roxima tely 50% hydrolysis , t he reaction velocity for 

acetyl-L-tyrosina~ide is less t han t ha t expe cted on t he basis 

of eq. (8), whi le the reaction velocity for nicotinyl-L-

tyrosinam ide is within experimental error of that to be 

expected on t he basis of t his equation. Thus, it would 

appear th2t there is probably compe titive inhibition due to 

the products of hydrolysis, at least in t he case of a cetyl-

L-tyrosinar'l ide. 
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The fact that the 0..-chymotrypsin ca talyzed hydrolysis 

of acetyl-1-tyrosinamide, at 25° and pH 7.8-8.0, is com

petitively inhibited by acetyl-1 -tyrosine* is obvious from 

the data given in Tables XIV and XV, and Fig. XVII. Kp
1 

was evaluated by the use of eq. (15), from the usual plot 

of l/v0 versus l/SC 43 ), and a mean value of Kp
1 

= 115 ! 15 x 

10-3 H was obtained. Preliminary results of Dr. E. T. Huang C27) 

show that Kp
1 

for nicotinyl-1-tyrosine is approximately 

60 x lo-3 M· 
Wi th the above values of Ks and Kp for acetyl-1-tyro

l 
sinamide and acetyl-1-tyrosine, and with the same experimental 

data as are given in Table XII, the values of 

F(S) = 2.3 Ks (1 + [s]_Q ) 
Kpl 

log 
(S] o 
(SJ 

we re calcule. ted (Table XVI) , and then plotted as a f1mction 

of time (Fig. )~VIII). It is clear that the experimental 

data are in excellent agreement with those predicted on the 

basis of equations (1), (10) and (14), and thus, equation (14) 

is a satisfactory rate equation for the 0..-chymotrypsin cata

lyzed hydrolysis of acetyl-1-tyrosina!nide at 25° C. and 

pH 7.8-BeO. The fact that eq. (8) , rather than eq. (14), 

satisfactorily describes the hydrolysis of nicotinyl-1-tyro-

sinamide, is due to the difficulty of experimentally detecting 

inhibition by the hydrolysis products when the Kp
1 

values 

re l atively are high. 

* As has been mentioned previously, only the liberated 
acylated amino aQid$, and not the ammonia, inhibit chymo
tryptic activityl32J. 
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The k
3 

values for the above reactions were evaluated 

either from eq . ( 8 ), or for initia l r a tes, from eq. (14)* , 

and a mean va l ue of k
3 

= 2.4 t 0.1 x lo-3 mol es/liter/ min./ 

mg. enzyrne N/ml. ·was obtained for acetyl -1-tyrosinamide, and 

a ~ean value of k3 = 6 .2 ± 0.2 x 10-3 moles/liter/ min./ 

mg. enzyme N/ ml. was obtained for nicotinyl-1-tyrosinamide. 

Representative data are given in Tables IX - XI and Figs. 

XI X and XX. 

On the basis of previous observations it was expected 

that the 0..-chy?J.otrypsin catalyzed hydrolysis of acetyl- and 

nicotinyl-1-tyrosinarnide woul d be competitively i.nhibi ted by 

the D-antipodes. This was indeed found to be the case, and 

the dissociation constants, Kr, were ca lculated wi t h the 

use of eq. ( 24 ), giving a value of Kr = 12.0 + 1.0 x 10-3 1'.1I 

for acetyl-D-tyrosinamide**, and a value Kr = 6.4 x lo-3M 

f or nicotinyl-D-tyrosinamide, at 25° C. and pH 7.8-8.0. 

Data for t hese determinations are given in Table XVII, 

and Figs. XXI and XXII. 

Fror:i the data c i ven in Tables XVIII-.:X:.."'\, and Fig. XXIII, 

it will be seen that acetyl-D-tyrosine ethyl ester is also 

a co!:!petitive inhibitor of the o<.-chy:notrypsin catalyzed 

tydrolysis of acetyl -1-tyrosina;;iide, and in this case the 

to be 3. ~ ± o.s x io-3 dissociation constant, KI, was fom1d :: , M 

* This practice is permissible in t his particular case 
because of the relatively l a r ge values of Kp

1
• 

** The prirna~y data _fory in_?ibi ti?n by (ag$tyl-:-D-tyrosinamide 
were obta ined by R. V. MacAll1ster 2 J . These data were 
recalculated using Ks, for acetyl-1-tyrosina~ide, equal 
to 30.5 x io-3 g. 
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at 25° c. and pH 7. 8-8.0. Preliminary results of Dr. H. T. 

Huang(27) indicate that Kr for nicotinyl-D-tyrosine ethyl 

ester is approximately 1.0 x lo - 3 M· 
As has been mentioned previous ly (p. 35), in the deri 

vations of the equations used to describe t he kinetics of 

t he above hydrolyses, in a ( di tion to the assrunption that 

d l ES] I dt = o, it was also assrnned that [s] :: ~Sr1 ))[ES1 , 

[P1) :: LPir1 )) lEP11 , and [I1 :: (Ir1 >'>[EI] , these latter 

assumptions being valid only if the syste:ns m1der consider-

ation are in zone A. Since an error of 0.01, for values of 

v/V, appears to be acceptable for these experiments, the 

ur)per boundary of zone A corresponds to a s pecific enzyrile 

concentration , E~ = (E) /Ks, or Ep1 = [E) / Kp
1

, or EI = (E] /Kr, 

of 0.1. As can be seen froP1 Table .XXI, the maximum specific 

enzyme concentrations never exceeded t h i s value. Therefore, 

it can be concluded that the experimental conditions used 

in t hese investigat ions were such as to ensure t he validity 

of the assrnnptions made above. 

Wi t h the information now available, it is apparent that 

the o<.- chymo trypsin catalyzed hydrolysis of both acetyl- and 

ni cotinyl- 1 - tyrosina:nide (a s well as of ace tyl- and nicoU_nyl

L- t ryptophanamide(32) ) , at 25° C. and pH 7. 8-8. 0, can be 

described in terms of the classical ~ichaelis-Menten t heory. 

The observed dependence of the initial velocities unon the 

ini tial substrate concentrations, and the biphasic course 
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of the hydro l ys is of t he above substrates (cf. Tables IX-XI, 

and Figs. XXIV and J::X.V ) provide further evidence i n support 

of this formulation. It should be pointed out, as is evi-

dent from equations ( 8 ), (14) and (21), that one effect of 

compe titive inhibition by the hydrolysis products, or by the 

D-antipode of a substrate, is to increase the i mportance of 

the first-order ter~. Thus, with the above ty9es of com-

petitive inl1ibition, a p)arent congruity to a first-order 

rate expression may be observed throughout the course of the 

t . ( 18' 24 ' 2 5) th h . d d b t . d reac ion , _oug. more exten e , o serva ions woul 

reveal the biphasic character of the reaction. 

It is often not valid to compare the relative affinities 

of t\r.10 substrates for an enzyme on the basis of Ks values, 
. 

since K
5 

= k2/k1 only when k2 >> k3 . Eowever, if the respec-

tive Ks values for two substrates are in inverse order of 

their respective k
3 

values, j_t then follows<5, 2 0,53) tbat 

the s11.bstrate 1'>'i th the smaller ~ and l arge r k3 will have 

the smaller value of k2/k1 , or, in other words, the greater 

affinity for tl:e enzyme. Therefore, on the bas is of the 

s1;_mnarized kinetj_c cons tan ts given in Tcicble }-::;(II, it can be 

concluded that nicotinyl-1-tyrosinamide is bonded more 

strongly to ~-chymotrypsin, at 25° C. 2nd pH 7.9, than is 

acetyl-L-tyrosina~ide, and that nicotinyl-1-tryptophanamide 

i s bonded more strongly to o<.-chyrlotrypsin than is acetyl-1-

tryptophanamide. However, a tryptophane substrate cannot 

be compared to a tyrosine substrate on the basis of Ks and 

k3 vc:::..lues. 
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In contrast to Ks, Kp
1 

2nd K1 , v.rhen deten:1ihed with 

syste:ns in zone C 4o~ 4l ), are true ec_;uilibrium constants, 

and quanti ta ti ve compc;.risons can thus be m2de . I n Table XXIII 

are given tte ratios of various Kp , Kr and Ks v a lues, and 
1 

from these it can be concluded that inhibitors derived from 

D- or 1-try_'.)toptane a r e bonded :_-,1ore fir:nl y to the enzyme . 

t han a re the corresponding inhibitors derived fro~ D- or 

1 -tyrosine. Also t>e re)l acer:ien t of a~ ace tyl group by a 

nicotinyl crot'. l) results in an incre8sed e.f:.::~in i ty for t~~e 

enzyme. Finally, the replace:r.en t of an -~1~H2 group by an 

-oc2H
5 

croup proc~uce s a more strong ly bound i nhibitor. 

Ins~Y?.ct ion of Table xx:rrr shoVJS that 211 the given 

r a tios of ace t y l -inhibitors to nicotinyl-inhibitors are 

approximate ly 2.0, and also t he given ratios of acetyl -

substrate s to nicotinyl-subs trates are aprroximate ly 2.0. 

This fact strongly suggests ( 32 ) that in the syste:-:1s under 

discussion, the values of k3 are very much smaller than 
. 

those of k2 , and t hus Ks = k2/k1 • Also , the fact that no 

l ag has ever been observed in t he establishment of the 

steady state in these syste~s , supports t his view C45). 

Further evidence in favor of t he rela tive srrial l ness of t he 

k3 va l ues is t l::.e l ov1 t urnove r m.unber; a)proxima tely 

2 ~10 lecules / enzyme ;11o l ecul e/1nin. for ace tyl-L-tryptophan-

amide C 32 ), approxi0ate ly 7 for nicotinyl-L - tryptophana~ide(32 ), 

c;.~'))roxj_112 t e ly 1 0 for acetyl - L-tyros j_n2·'·1ide, and ap1Jro:xirna te ly 

27 for nicotinyl - L-tyrosinarn.ide . 'l'hese values are consider-

ably sr.raller than those for fifteen representative enzyme 
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substrate syste 1ns li sted by I.Tcilwa in ( 54), where the vo.lues 

varied .:::ro•-1 approxj_"!W_tely 8 x 102 to 26 x 105 :..!Jo lecu les/ 

e:;:1zyne ·-1o lecule/min. 

A significant f~nding , based on the validity of the . 
assu:nption that Ks : k2/k1 , is that the D- nnt i9ode s, of 

t he substrates discussed above, appear to be oore fir:nly 

bound to the enzyme tr:an are the corresponding; L- substrates 

( cf. Table :::XIII). .Also it has been s~ mm that for two 

enantior1orphic competitive inhibitors, the one possessing 

the D-configuration is bonded ,_1 ore strongly to the enzyme 

than is t he one possessing the L-confi~uration (27). It is 

possible that an explanation of the apparent preference of 

d.-ch:r11otrypsin for a r_:o l e cule of the 1Jnna t1JTal or D-config-

uration may a l so provide at l east a partial answer to the 

ll tl.on as ~ o the ~oQ'e o~ ~c ~ i· on of thi~ p-nz-~e(52 ,55) q es - (., --~ -" J_ a(., '' J ____ ,:i ~i J'" • 
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TABLE VI 

Stabi l ity of Aqueous ~-Chymotrypsin Solutions at 4° c. 

S0 - 20 r M/ml of Acetyl-1-tyrosinamide 

E - 0.139 mg. enzyme N/ml 

Age of Enzyme 
Solution t (min) 

0 

3 

5 

1 hour 10 

15 

20 

30 

0 

3 

5 

7 days 10 

15 

20 

25 

35 

s 

20.00 

19.70 

19.35 

18.70 

18.05 

17.45 

16.30 

20.00 

19.60 

19.20 

18.65 

17.75 

17.27 

16.73 

15.63 
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TABLE VII 

pH Optimuia for the c:( -Chymotryptic 
Hydrolysis of Acetyl-L-Tyrosinamide at 25° c. 

E - 0.125 mg. enzyn1e N/ml 

Buffer = tris (hydrolxymethyl) Aminomethane-hydrochloric acid, 
except for pH 7.75 where ethylenediamine-hydrochloric 
acid buffer was used. 

t 

0 
2.5 
5 

10 
15 
20 
25 

0 
3.3 
5 

10 
15 
20 
25 

0 
5 

10 
15 
20 
25 

0 
2.5 
5 

10 
15 
21 

25 

0 
2.5 
5 

10 
14.5 
20 
25 

s 

20.00 
19.80 
19.60 
19.25 
19.00 
18.60 
18.45 

20.00 
19.65 
19.35 
18.85 
18.15 
17.70 
17.15 

20.00 
19.40 
18.70 
18.25 
17.60 
17.10 

20.00 
19.70 
19.20 
18.70 
18.20 
17.50 
17.10 

20.00 
19.70 
19. L1-0 
18.75 
18.25 
17.82 
1'7.30 

log S 

1.301 
1.297 
1.292 
1.284 
1.279 
1.270 
1.266 

1.301 
1.293 
1.287 
1.275 
1.259 
1.248 
1.234 

1.301 
1.288 
1.272 
1.261 
1.246 
1.233 

1.301 
1.294 
1.284 
1.272 
1.260 
1.242 
1.233 

1.301 
1.293 
1 .287 
1.275 
1 '.)"J9 • ~'.I 
1.248 
1.234 

pH 

6.63 

7.75 

8 .03 

8.22 

k ist. . x nnn. 

14 x lo-4 

-4 25 x 10 

27.4 x lo-4 
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TABLE VII (Cont) 

t s log S pH kist. x min. 

0 20.00 1.301 
2.5 19. 75 1.296 
r:;' 19.40 1.288 ,/ 

22.6 x lo-4 10 12-.90 1.276 8. 50 
15 18 .40 1. 265 
20 17.90 1.253 
25 17. 55 1.244 



>
!:: 
> 

1.0 

~ 0 .8 
0 
<t 

IJJ 
> 

~ 
...J 0.6 
IJJ 
a:: 

0.4 

6.5 7.0 
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FI G. VII 

7.5 

pH 

8.0 8.5 

Acetyl -L-tyrosinamide, cs1o = 20 x i o-3 H; [E] = 0.125 mg. 
enzyme N per ml.; o 0. 02 M tris(hydroxymethyl)aminomethane
hydrochloric acid buffer; • 0.02 U ethylenediamine-hydro-
chloric acid buffer. 
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TABLE VIII 

pH Optimum for the d. -Chymotryptic 
Hydrolysis of Nicotinyl-L-Tyrosinamide at 25° C 

So= 12.5 )-lLVml. 

E - 0.047 rn.g enzyme N/ml. 

buff er = 0.02 M tris(hydroxy.rnethyl)aminor:iethane-hydrochloric 
acid. 

t s pE kO/ M/ml./min 

0 20.00 
2.3 19.90 
5 19.55 ') 

10 19.15 6. 75 e. 55 x lO-"-
15 18.75 
20 18.25 
24.5 18. 10 
30 17.45 

0 20.00 
3 19 .75 
6 19-35 

lo.o x lo- 2 l0.3 19.05 7.02 
15 18.45 
20 18. 05 
25 17.55 
30 16.95 

0 20.00 
2.5 19.90 
5 19. 40 

11. 75 x io-2 10 18.80 7.40 
14.7 18.30 
20 17.60 
25.5 17.00 
30 16. 45 

0 20.00 
2.3 19.75 
5 19.35 

12.3 x 10-2 10 Hl.75 7.60 
15 18.25 
19.5 17.55 
24.5 17.00 
30 16.65 
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TABLE VIII (Cont) 

t s pH kO/ M/ml./min 

0 20.00 
2.3 19.85 
5 19.35 

12.5 x io-2 10 18 .75 7.96 
15 18.15 
20 17. 50 
25 16.90 

0 20.00 
2.5 19.65 
4.5 19. 50 

11.8 x lo-2 10 18 .85 8 .12 
15. 5 18 .15 
20 17.65 
25 1'7.10 
30 16.55 

0 20.00 
2.3 19.75 
5 19.45 

11 2i:;- lo-2 10 18.85 8 .3 - • ,/ x 
14 18.35 
20 17.75 
24.5 17.25 
30 16.65 

0 20.00 
2.3 19.80 
5 19.50 

10.25 x lo-2 10 19.00 s. 54 
14.5 18 .65 
20 18.05 
25 17.60 
30 17.00 
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TA!3I_,E IX 

DeterLlination of K5 for 

Acetyl-1-tyrosinamide at 25° C. and pH 7.9 + 0.1 

E = 0.204 mg. enzyme N/ml 

Buffer = 0.02 ~ ethylene diamino-hydrochloric acid 

t S ( f'.mil•.'1) 
(min ) 

0 40.0 

2 39.5 

5 38.7 

10 37.5 

20 34.6 

30 32.1 

40 29.8 

60 25.5 

90 20.4 

0 30.0 

5.5 28.9 

10 28.0 

20 26.0 

30 24. 0 

40 22.2 

log S 

1.602 

1. 597 

1. 588 

1. 574 

1. 539 

·1 r.-;-07 -· --
1.474 

1.407 

1.310 

1. 4'77 

1.461 

1.447 

1.415 

1.380 

1.346 

So So 3 
log If'" 2.3 Ks log g- (S0 -S) F(£) x 10 

0 

.005 

.014 

.028 

.063 

.095 

.128 

.195 

.292 

0 

.016 

.030 

.062 

.097 

. 131 

0 

0.37 

1.03 

2.06 

4.63 

6.98 

9.41 

14.32 

21.45 

0 

1.18 

2.20 

LL c:::5' ·•) 

7.13 

9.63 

0 

o. 50 

1.30 

2.50 

5.40 

7.90 

10.20 

14.50 

19.60 

0 

1.10 

2.00 

4.00 

6.oo 

7.80 

0 

0.87 

2.33 

4. 56 

10.03 

14. 88 

19.61 

28.82 

41.05 

0 

2.28 

4.20 

8.55 

13.13 

17.43 
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TABLE IX (Cont) 

t S~) s So 103 (min) log S log -2 2.3 Ks log s (S 0 -S) F(§) x ml s 

0 20.0 1.301 0 0 0 0 

2 19.6 1. 292 .009 o.66 0.40 1.06 

5 19.3 1.286 .015 1.10 0.70 1. 80 

10 18 .4 1.265 .036 2.65 1.60 4.25 

20 16.8 1.224 .077 5.67 3.20 8.87 

30 lt:' r ::; . ) 1.189 .112 8.23 4.50 12.73 

40 13.9 1.143 .158 11.60 6.10 17.70 

0 25.0 1.398 0 0 0 0 

'.)_ 24.5 1.389 .009 o.66 0.50 1.16 J 

C;' 24.0 1.380 .018 1.32 1.00 2.32 / 

10 23.2 1.365 .033 2.43 1.80 4.23 

20.5 21.1 1.324 .074 5.L14 3.90 9-34 

30 19.8 1.296 .102 7. 50 5. 20 12.70 

40 18 .2 1.259 .139 10.21 6.80 17.01 

0 5.00 .699 0 0 0 0 

2 4.95 .694 .005 0.37 0.05 0.42 

5 4.50 • 653 . 046 3.40 0.50 3.90 

10 L~. 25 .628 .071 5.20 0. 75 5. 95 

20.5 3.75 • 574 .125 )' .20 1.25 10.45 

30 3.17 .501 .198 14.55 1.83 16.40 

40 2.80 .447 • 252 18. 50 2.20 20.70 
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TABLE X 

Determination of Ks for Acetyl-1-Tyrosinamide 

at 25° c. and pH 7 0 • 7 ± 0.1 

Ks = 31. 5 x lo-3 M 

E = 0.139 mg. enzyme N/ml 

Buff er = 0. 02 g tr is ( hydroxyn1ethyl) aminomethane-
hydrochloric acid 

t S (~) log S 
So 

2.3 Ks 
So 

(S 0 -S) F(S) 103 (min) log S 10 2· - x ml ~ 0 s 
0 10.0 1.000 0 0 0 0 

2.3 9.8 .991 .009 .65 .20 • 85 

5 9.6 .982 .018 1.31 .40 1.71 

10 9.4 .972 .028 2.03 .60 2.63 

15.5 8.9 .948 .052 3.77 1.10 4.87 

22 8.7 .940 .060 4.35 1.30 5.65 

30 8.1 .908 .092 6 .67 1.90 8. 57 

40 .5 7.3 • 86 5 .135 9.79 2.70 12.49 

53 h ~J ,_ • J . 813 .187 13.55 3. 50 17.05 

63 5.9 .771 .229 16.60 4.10 20. 70 

0 15.00 1.176 0 0 0 0 

3 l L~ • 6 5 1.166 .010 .72 • 35 1.07 

7 14.40 1.158 .018 1.30 .60 1.90 

13.5 13. 90 1.143 . 033 2.39 1.10 3.49 

21 13.05 1.116 .060 4.35 1.95 6.JO 

30.5 12.25 1.088 .088 6.38 2.75 9.13 

40 11.25 1.051 .125 9.07 3.75 12.82 
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TABLE X (Cont) 

t S~) s s 103 log S log -2 2.3 Ks log _Q (So-S) F(S) x (min) ml s s 
51 10.25 1.011 .165 11.95 4.75 16.70 

60 9.70 0.987 .189 13.70 5.30 19.00 

0 20.0 1.301 0 0 0 0 

4 19.5 1.290 .011 .80 • 50 1.30 

7 r:; . / 19.2 1.283 .018 1.31 .80 2.11 

15 18.1 1. 258 .043 3.12 1.90 5.02 

24 17.2 1.236 .065 4. 72 2.80 7. 52 

34 16.3 1.211 .090 6. 53 3. 75 10.28 

42.5 15.2 1.180 1.210 8.78 4.85 13.63 

51 14.4 1.158 1.430 10.37 5.60 15.97 

60 13. 5 1.129 1.720 12.48 6.55 19.03 

0 30.0 1.477 0 0 0 0 

2 29.6 1.471 .006 .44 .40 .84 

5 29.3 1.467 .010 .73 .70 1.43 

12 28.3 1.452 .025 1.31 1.70 3. 51 

20 27.1 1.432 OLLr:: . ' ,/ 3.26 2.95 6.21 

30 25. 4 l.405 .072 5.22 4.60 9.82 

41 23.9 1.378 .099 7.18 6.10 13.28 

50 22.7 1.356 .121 8 .77 7 .30 16.07 

58 21.8 1 .338 .139 10.08 8.20 18.28 
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TABLE X (Cont) 

t ~ So So 103 (mj_n) S( ' log S log S 2.3 K8 log S (S 0 -S ) F(S ) x ml' 

0 40.0 1. 602 0 0 0 0 

3 39.4 1. 596 .006 .44 .60 1.04 

7 38.8 1 . 589 .013 .94 1.20 2.14 

13 3'7. 5 1.574 .028 2.03 2.50 4. 53 

21 36.1 1. 558 .044 3.19 3.90 7.09 

30 34.2 1. 534 .068 4.93 5.80 10.73 

40. 5 32.4 1.511 .091 6.60 7.60 14.20 

61 29.1 1.464 .138 10.00 10.90 20.90 
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T BLE XI 

Determination of Ks for Nicotinyl-L-Tyrosinamide 
at 25° C. and pH 7.9 :!: 0.1 

Ks = 15.0 o-") x 1 ..) M 

E = 0.047 mg. enzyme N/ml 

Buff er = 0.02 M tris(hydroxymethyl ) arninomethane-
hydrochloric acid 

t scd) log S 
So 

2.3 Ks 
So 

(S o-S) Ji:(S) (min) ml log S log S 

0 7.5 .875 0 0 0 0 

2.5 7.3 .863 .012 • 41 .20 .61 

5 7 .05 .848 .027 • 93 .45 1.38 

10 6.7 . fi 26 .049 1.69 .80 2.49 

16 6.15 .789 .086 2. 96 1.35 4.31 

20 5. 75 • 759 .116 4.00 1. 75 5.75 

0 10.00 1.000 0 0 0 0 

2.3 9.85 .994 .006 .21 .15 .36 

5 9.40 .974 .026 .90 .60 1. 50 

10 8.85 .947 .053 1.83 1.15 2.98 

15 e .25 .916 .084 2.90 1.75 4.65 

20 7.70 og7 • c) .113 3.90 2.30 6.20 

25 7.20 .857 .143 4.93 2.80 7.73 

30 6.55 . 816 .184 6.34 3.45 9.79 

40 5. 75 .760 .240 8.28 4.25 12. 53 
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TABLE XI (Cont) 

t S(~) s s 
(min ) log S log --2 2.3 Ks log So (So-S) F(S) s 

0 12.50 1.097 0 0 0 0 

2.5 12.20 1.086 .011 .38 .30 .68 

5 11.90 1.076 .021 .73 .60 1.33 

10 11.25 1.051 .046 1°59 1.25 2.84 

15 l0.55 1.023 .074 2.55 1.95 4. 50 

21 9.95 • 998 .099 3.42 2.55 5.97 

25 9.20 .964 .133 4. 58 3.30 7.88 

30 8.55 • 932 .165 5.69 3.95 9.64 

0 15.00 1.176 0 0 0 0 

2.5 14.55 1.163 .013 .45 4i:;' . / .90 

5 14.25 1.15·4 .022 .76 .75 1.51 

10 13.65 1.135 .041 1.41 1.35 2.76 

15 12.90 1.111 .065 2.24 2.10 4. 34-

20 12.15 1.085 .091 3.14 2.85 5.99 

25 11.4-5 1.059 .117 A.OJ 3.55 7. 58 

30 10.95 1.039 .137 4.73 4.05 8. 78 

0 17.50 1.243 0 0 0 0 

3 17.05 1.232 .011 -38 .45 .83 

5 16.75 1.224 .019 .66 .75 1.41 

10 16.15 1.208 .035 1.21 1.35 2. 56 

15 1 i:: 25 ...r... ./. - 1.183 .060 2.07 2.25 4.32 

20 14.40 1.158 .085 2.93 3.10 6.03 

25 13.65 1.135 .108 3.73 3.85 7. 58 

30 12.95 1.112 .131 4. 52 4 i::i:: . ,,/ ,/ 9. 07 
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'.!.'ABLE XII 

Course of ol-Chymotryptic Hydr olysis of Acetyl-L-Tyros inamide 

t 
(min ) 

0 

2.5 

h' 
./ 

10 

15 

25 

35 

45 

55 

70 

So - 20 JLM/rnl -
E = 0.312 mg. enzyme N/ml 

Ks = 30.5 x io-3 M 

Buffer = 0. 02 I\I tr is (hydroxymethyl) aminomethane
hydrochloric acid 

pH = 7.9 

S(~) 
s s 

lo g S 1 0 2.3 Km 
0 (8 0 -S ) F(S) ml __ og S log S 

20.00 1.301 0 0 0 0 

19.35 1.287 .014 • 98 • 65 1.63 

18.65 l.271 .030 2.10 1.35 3.45 

17.L1r5 1.242 . 059 4. 13 2.55 6 . 68 

16.10 l.207 .094 6. 58 3.90 10.48 

14 .00 1. 146 .155 10.85 6.oo 16.85 

12.00 1.079 .222 15. 53 8.00 23. 53 

10. 30 1.013 .288 20.16 9.70 29.86 

8.55 0.932 .]69 25.83 11.45 37.28 

6. 6 5 0.823 .478 33 . 46 13.35 46.81 
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FIG. XV 

10 20 30 40 50 60 70 80 90 

MINUTES 

£(.§) in uni ts of io-3 M; acetyl-L-tyrosinamide, [ s] 0 = 
20 x io-3 M; [ E] = 0.312 mg. enzyme N/ml.; 0.02 M tris(hydro

xymethyl)-aminomethane-hydrochloric acid buffer. 
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TABLE XIII 

Course of ol-Chyrnotryptic Hydrolysis of Nicotinyl-1-Tyrosinamide 

So = 15 j.J. M/ml 

E = 0.104 mg. enzyrne -·T/ 1 h m 

Ks = 15.0 x io- 3 :M 

Buff er = 0. 02 l\·I tr j_s ( hydroxyrnethyl) aminomethane-hydro-
chloric ac id 

pH = s.o 

t 
(min) (~) S ml log s So 

logs 2.3 Km 
So 

logs (S 0 -S) F(S) 

0 15.00 1.176 0 0 0 0 

2 14.40 1.158 .018 .62 .60 1.22 

5 13. 50 1.130 .046 1.59 1. 50 3.09 

10 12.00 1.079 .097 3.34 3.00 6.34 

15 10.68 1.028 .148 5.11 4.33 9.44 

25 8.48 •• 928 .248 8.55 6. 53 15.08 

35 6. 35 .803 .373 12.87 8.65 21. 52 

LL5 4.55 • 658 • 518 17.90 10 .45 28.35 

55 3.20 • 505 .671 23.15 11.80 34.95 

70 1. 98 .295 .881 30.40 13 . 03 43.43 
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TABLE XIV 

Determination of Kp for Acetyl-1 -Tyrosine 
at 25° C. 1t pH 7.9 ± 0 .1 

ll"i x lo-3 M 
, -

= 25 j..J- M/ml 

0.139 mg. enzyme N/ml 

t(min) S (}tM/ml) log S 

0 15.00 1.176 

2.5 14.85 1.1'72 

5 14. 50 1.161 

10 14.15 1.151 

15 13.70 1.137 

20 13.15 1.119 

30 12.25 1.088 

40 11.65 1.066 

0 20.00 1.301 

2.5 19.85 1.297 

5 19.40 1.288 

10 18 .85 1.275 

15 18.30 1.262 

20 17.70 1.248 

25 17.10 1.233 

30 16 .60 1.220 

40 15.60 1.193 
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TABLE XI V (Cont) 

t (min) S CfM/ml) log S 

0 30.00 1.477 

2.5 29.65 1.472 

5 29.15 1.465 

10 28.45 1.454 

15 27.55 1.440 

20 26.75 1.427 

25 26.00 1.415 

31 25.15 1.400 

41.5 23.75 1.376 

0 4-0. 00 1.602 

2 39.70 1.599 
z; 39.00 1. 591 / 

10 38. 30 1. 583 

14.5 37.30 i.571 

20 36.40 1. 561 

25 35. 50 1. 550 
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TABLE XV 

Determination of Kp for Acetyl-L-Tyrosine 
at 25° cl and pH 7.9 ± 0.1 

Kp = 115 x io-3 M 
1 

(PlJ 0 = 40 j-Ll:I/ml 

[E] = 0. 139 mg. enzyme N/ ml 

t(min) S (f-M/ ml) 

0 12. 50 

2.3 12.30 

h 12.00 ,I 

9 11.75 

14 11.45 

20 10.90 

24.5 10.50 

30.3 10.20 

40 9.50 

0 15.00 

2.5 14.80 

5 14. 50 

10 14.10 

15 13 .65 

20 13.20 

25 12. 75 

32 12.20 

45 11.20 

log S 

1.097 

1.090 

1.079 

1.070 

1.059 

1.037 

1.021 

1.009 

.978 

1.176 

1 .170 

1.162 

1.149 

1.135 

1.121 

1.105 

1. 086 

1.049 
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TABLE 1.'V (Cont) 

t(min ) S (f.vI/ml) log S 

0 20.20 1.305 

2.5 19.90 1.299 

4.5 19. 60 1.292 

9 19.05 1.280 

15 18.40 1.265 

20 17.90 1. 253 

25 17. 40 1. 241 

30 16.75 1.224 

40 15. 95 1.203 

0 30.00 1.477 

2.5 29.70 1.473 

5.3 29.20 1.466 

9.8 28. 58 1.456 

15 27. 80 1.444 

20 27.10 1.433 

25 26.30 1.420 

32 25.40 1.405 

4-6 23.70 1.375 

0 Ll-0 . 00 1. 602 

2. 5 39.55 1. 597 

5 39.10 1. 592 

9.5 38.25 1. 583 

15 37.20 1. 571 

20.5 36.25 1. 559 

26 35.25 1. 547 

32 34005 1. 532 

45 32. 35 1. 510 



-94-

FIG. XVII 

36 

28 

1/V0 

20 

(IJ• IO 

(IJ•5 

12 
(IJ• 0 

4 

0 0 .05 0 .1 

[S10 in moles x lo-3 per liter of acetyl-1-tyrosinamide ; 

V0 (initial velocities) in moles x lo-3 per liter per min; 

inhibition by acetyl-1-tyrosine , ( P1 ] 0 in moles x io-3 per 

liter; (E] = 0.139 mg. enzyme-nitrogen per ml.; 0.02 M 

tris (hydroxymethyl)aminomethane-hydrochloric acid buffer . 



t 
(min ) 

25 

35 

45 

55 

70 
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TABLE XVI 

Course of the d -Chymo tryptic Hydrolysis 
of Acetyl-1-Tyros inamide 

2.3 Ks (1 + [SJ o) loa (SJ O K 
( 1 - Ks ) ( [ s]o - [SJ ) Kpl o (S] 

~ P1 

12.75 4.43 

18.25 5.92 

23.65 7.17 

30.40 8 .70 

39.30 9. 87 

F(S) 

17.18 

24.17 

30.82 

39.10 

49.17 

The first four F(S), from Table XII, were not recalcu

lated as L~e difference is insignificant. 
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FIG. XVIII 

0 10 20 30 40 50 60 70 80 90 

MINUTES 

F (S) in units of io-3 .U; acetyl-1-tyrosinamide , [s10 = 2ox10-3 

1.~ ; [ E] = 0 .312 mg . enzyme N/ ml.; 0 .02 LI tris(hydroxymethyl)

aminomethane-hydrochloric acid buffer. 
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FIG. XXI 

24° 

0 .05 0.10 
Molar Cone. Leucine 

lS1
0 

in mole s x lo-3 per liter of acetyl-L-tyrosinan1de; 

Vo (1nitial velocities) in oo l es x io-3 per litGr per min.; 

inhi bition by acetyl-D-tyrosinaMide, [ I ] in ~ole s x lo-3 

per liter; (E] = 0.150 mg . enzyme-nitrogen pe:- Y'll.; 0 .02 I.i1 

et~ylene dianine-hydrochloric a cid buffer . 
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TABLE XVII 

Deter mination of Kr for Ni co tinyl-D-Tyrosinamide 

Kr = 6 .4 x io-3 11 

lIJ = 2 . 5 }'I.I/ml 

[E] = 0.047 mg . enzyme N/ ml 

:Suffer = O. 02 "f·II tr is ( ~ydroxy;:lethyl ) aminomethane - hydro
chloric acid 

t(min ) S ()"M/ ml) 

0 12. 50 
2 . 5 12.45 
5.0 11.95 

10 11. 40 
l~ 

./ 10.90 
20 10.35 
25 9 .75 
30 9.30 

0 15.00 
2.5 14.80 
r::' 14-35 

10 13.80 
15 13.15 
20 12. 50 
25 11.90 
30 11.30 

0 18.25 
2.5 18 .0 5 
5 17.55 

15 16.25 
25 15.00 
30 14 . 45 

0 20.00 
2. 5 19.80 
5 19.25 

10 18.60 
15 18.00 
21 17.25 
') r::' 
'- / 16 .45 
31 15.85 
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TABLE ;::vrrr 

Determination of Kr for Acetyl-D-Tyrosine Ethyl Ester 

Kr = 3 . 5 x io-3 :u 
(I) = 5 j-tI:I/ ml 

(E] = 0 .13 9 mg . enzyme I~ / ml. 

t( min) S CjtIJ/ ml) l og S 

0 20. 00 1-301 
2. 3 20 .00 1.301 
4 . 5 19 . 65 1. 293 

10 19 .30 1. 28 5 
17 18 .75 1. 273 
?r:;' 
- / 18 . 25 1. 261 
34 17. 65 1.247 
45 l '? .15 1. 234 
60 16 .25 1.211 

0 15.00 1.176 
2 14 . 90 1.173 
4 . 8 14 . 68 1.167 
9. 5 14 .33 1 .156 

16 13 . 95 1.145 
21. 5 13. 55 1.132 
27 13.30 1.124 
35 12. 90 1.110 
45 12.55 1.099 

0 3 i:;- li:,' 
/. / 1.546 

2 34 . 95 1. 543 
6 34 . 45 1. 537 

10 33 . 95 1 . 531 
16 33.3 5 1. 523 
27 32.15 1. 507 
':< i;:' 31.3 5 1. 496 _, _; 

50 30 . 20 1. 480 
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T'.'.\.BLE XI X 

Deterqination of Kr for Ace tyl-D-Tyrosine Ethyl Ester 

K1 = 3.5 x io-3 M 

(I ) = 10 JL E/ ml. 

(E} = 0 .139 mg enzyme N/ ml 

t( rnin ) S C;.cM/ml ) log S 

0 15.00 1.176 
2.5 15.00 1.176 
5 14 .70 1.167 
9.5 14. 50 1.161 

15 14 .30 1.155 
20 14 .10 1.149 
30 13.75 1.138 
40 13.45 1.129 
55 12 . 85 1.109 

0 20.00 1.301 
2.7 19. 85 1.298 
t:;' 19. 65 1.293 / 

10 19.50 1.290 
15 19.20 1.283 
20 18 . 90 1 .276 
30 18 .45 1.266 
40 18 .00 1 .2 55 
60 17.10 1.233 

0 30. 00 1.477 
2.7 29. 90 1.475 
5 29. 50 1.470 

10 29 .20 1.465 
15 28 . 85 1. 460 
20 28 . 60 1.456 
30 28. 00 1 . 447 
40 27.40 1 . 438 
60 26.45 1. 422 

0 40.00 1. 602 
~ 30 70 1.599 ._./ / .. 
6 39.35 1. 595 

10 39 . 00 1. 591 
16 38 . 40 1. 584 
2;' 

/ 37. 80 1.577 
40 36. r:o 1. 562 
60 35.20 1. 547 
75 34 .15 1. 533 
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Ti BLE JO~ 

Det ermination of Kr f or ce t yl-D -Tyrosine Ethyl Es t er 

Kr = 3. 6 x lo-3 M 

(r1 = 15 )-J- ~.V:nl 

[E] = 0 .13 9 mg en zyme N/ ml 

t( mi n ) 3 Cji.M/ ml) 

0 20. 40 

3.3 20.30 

7 20.10 

12 19 . 90 

20 19. 65 

30 19. 45 

40 18 . 80 

50 18. 45 

60 l e.oo 

log S 

1-310 

1.307 

1-303 

1.299 

1.293 

1. 289 

1.274 

1.266 

1.255 
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FI G. XXIII 

25 

20 

15 

l/V 0 

10 (I]• 0 

5 

0 0 .025 0 .05 0 .075 0.1 

l/[S]o 

[ S] 0 i n mo l es x lo-3 per li te r of acetyl-1-tyrosinami de; 

V0 ( initial velocities ) in moles x lo-3 per liter per min.; 

inhibi tion by acetyl-D-tyrosine ethyl ester, [ I ] i n moles 

x io-3 per lit er; [ E] = 0 .139 mg . enzyme I'~ per ml.; 0 .02 M 

t ris (hydroxymethyl)arriinomethane-hydrochloric acid buffer . 
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TABLE .XXr 

Maxi mum Specific Enzyme Concentrat:i..ons 

Constant 
') (E) 105 M E' x 102 x 10.) NI x 

Ks (Acetyl-L·-tyrosinamide ) = 30.5 4.8 0 . 16 

Kpl (Acetyl-1-tyrosine) = 115.0 3.2 0.03 

Kr (Acetyl-D-tyrosinamide) - 12.0 3.5 0.30 -
Kr (Acetyl-D-tyrosine ethyl 

ester ) = 3.5 3.2 0.90 

Ks (Nicotinyl-L-tyrosinamide) = 15.0 1.1 0.07 

KI (Nicotinyl-D-tyrosinamide ) :: 6.4 1.1 0. 17 

* Calculated on t he basis of tl1e reasonable assmnption 

that d -chy:-notrypsin :ias a mo lecular weight of 27,000, and 

contains but one reactive site per mo lecule(32). 
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TABLE XX:II 

Kinetic Constants of Several Substrates and 
Competitive Inhi.bi.tors of cA.-Chyr.iotrypsin 

Compound K x 103 M k3xl03*** 
vaiue Constant 

J cetyl-L-tyrosinamide 

Acetyl-1-tryptophanamide* 

Acetyl-1-tyrosine 

Acetyl-1-tryptophane* 

Acetyl-D-tyrosinamide 

Acetyl-D-tryptophanamide* 

Acetyl-D-tyrosine ethyl ester 

l~icotiny1-L-tyrosinamide 

Nicotinyl-1-tryptophanamide* 

Nicotinyl-1-tyrosine** 

Nicotinyl -1-tryptophane* 

Nicotinyl-D-tyrosinamide 

Nicotinyl-D-tryptophanamide* 

Nicotinyl-D-tyrosine ethyl ester** 

* cfe reference(32). 

** cf. reference( 27). 

30.5 1.0 Ks 2.4 

5.3 ± 0.2 Ks 

115 :t 15 Kp1 

17.5 ± 1.5 Kp
1 

12.0 ± 1.0 Kr 

2.7 ± 0.2 Kr 
+ 3.5 0.5 Kr 

15.0 ± 1.0 Ks 

2.7 :t 0 .2 Ks 

60 ± 5 

8.8 :I: 1.0 Kp1 

6.4 + 0.5 Kr 
+ 1.4 0. 1 Kr 
t 1.0 0 .4 Kr 

0.5 

6.2 

1.6 

***In aqueous solution at pH 7.9 + 0.1 and 25° c. 
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TABLE XXIII 

Ratios of Various Kp , K1 , and Ks Values 
1 

Acetyl-~--:~.X.:f'O~Jne = ll2.._ = 6 6 
Acetyl-1-tryptophane 17.5 • 

N~cotinyl-L-tyrosin~e.___ 
Nicotinyl-1-tryptophane = ~ = 6.8 

o .o 

Acetyl-D-tvrosinamide --Acetyl-D-tryptophanamide 
= 12.0 = 

271 
4.4 

Ni co ti..QY-1-D-tyro ~ inamide 
Nicotinyl-D-tryptophanamide 

= 6 .4 = 
1.4 

A~~tyl-L-tyrosine = lg5 = 1.9 
Nicotinyl-1- tyrosine 0 

Acetyl-1-try_P.tophane . = 17.5 = 2.0 
Nicotinyl-L-t:ryptophane tr:8 

4.6 

A~~yl-D--~y_r O_§_:b_.:Q_?.;;;.1&-~ = 12 • 0 = 1. 9 
NicotiiiYl-D.::Cyrosinamide b. 4 

Ac~tyl-D_-trypt?:Q.hanarn"'"i.de _ = 
Nicotinyl-D-tryptophanamide 

u = 1.9 
1.4 

Ace t yl-D-tyrosihami . ....,d_e ___ _ 
Acetyl-D-tyrosine ethyl ester 

- 12.0 = 3.4 
3:5 

Ni cot ~!];y:l-:Q..:_t_y.s_g2_i_n_a_m_i_,..d_e_~-__,..
Ni cot inyl-D- tyrosine ethyl ester 

- 6 . 4. = 6. 4 
1.0 

Acetxl-~-t_yros~nami_d_e..,....,.._ 
Nicotinyl-1-tyrosinamide 

- .3ih.2 = 2.0 
15 

A cetyl-1-trvptoph~namid_.e~
Ni cotinyl-L-tryptophanamide 

Acetyl-1-tyrosina~ide = ~ - 2 t:) 
Acetyl-D-tyrosinamide 12.0 ·~ 

NicotiJJ...yl-L:tyrosir:iamide 
Nicotinyl-D-tyrosinamide 

- lS' -6:4 - 2.4 

Acetyl-L-t;vyptophanamide = ~ = 2.0 
Acetyl-D-tryptophanamide 2.7 

Nicotinyl-1-tryptophanamide 
Tr:Lco-:Cinyl-D-tryptophanamide = hl = 

1. 4 

2.0 

1.9 
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Enzyme Solutions - Crystalline ~-chymotrypsin conta ining 

magnesium sulfate (.Armour, Lot ro. 90402 ), and crystalline 

trypsin also containing magnesium sulfate (Armour, Lot No. 

8011X.) were l sed in these studj_es. The chymotrypsin p!'e-

paration contained 10 .4% N, and the trypsin prep2, ration 

7.9~ N. Stock solutions of ~nzyme were prepared daily and 

were kept in the ice box, except ~hen it was necess2ry to 

brinB them to 250 C. to allow withdrawal of 1.0 ml. aliquots. 

Buffer Sol}ltio_M - The tri~hydroxymethyl)ar.i.inor.1 ethane-hydro-

chloric acid and ethylenecUamine-hydrocLloric acid buffers, 

0 .2 E with respect to the amine component, and of the desired 

pH , were prepared as described by Iselin and Eier.'lann ( 51). 

£.g_ue<;:>us _ _Formaldehyde - I.1erck reagent grade for :'tlaldehyde, 

36-38;~ , •.r.ras adjusted to pH 8 with aqueous sodium hydroxhte . 

Procedure - The substrate, or substrate plus inhibitor, was 

placed in a 10 ml . volumetric flask, and approxima tely 7.5 ml. 

of distilled wa ter added . Hea t was applied if necessary to 

effect solution , 1.0 ml . of 0.2 E buffer tten added, and the 

sto·onerE~d f l ask Dlaced in a constant te ·rnueratur e wat er ba th - ~ ~ ~ 

at 25.0 ± 0 .1° c. Sufficient time was allowed for the con-

tents of the flask to come to tempera ture, and then 1.0 ml 

of enzyme solution added at "zero ti r.ie " n1 j_nus 20 seconds. 

The solution was i •n.::-,ed j_c;_ tely r1ade u:p to volume, tl:J.e flask 

stoppered and inverted gently 10-12 ti~es to ensure adequate 
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mixing, and then returned to the constant te~perature bath . 

1 . O ml . aliquot wo.s then wi tto.ravm and delivered into a 

10 ml. shell vial containing 1 . 0 ml. of formaldehyde solu-

tion. Further aliquots were then wi thdrm~m at t he desired 

times , and i mmediate ly added to fofina l dehyde , as above, to 

stop the hydrolytic reaction. 

The above mixt ures were Lrirned i a tely ti tra.ted potentio-

::·1etrically with standard 0 . 01 N sodium hydroxj_de , by use of 

a Beckman I·.~odel G pH me ter, equiped with a No . 270-6 calome l 

electrode and a No . 290-11 gl ass electrode . The a l kali was 

added fro~ a burette, gradua ted in 0 . 01 ml., equipped with 

a capillary ti p of sufficient length to permit in t roduction 

of the reagent beneath t he surface of the solution being 

ti tr2. ted . Adequa te s ti!' r ing was achieved by rot2. ti on of t he 

shell via l(5l). The end - point of the titration and extent 

of hydrolysis were de t ermined by examination of t he curve 

constr ucted for ea ch titration(5l). Where the react i on was 

apparently zero-order with respect to the substrate concen-

tration, the initial velocities were estiLlated from a plot 

of ( [S] 0 - (s] ) versus time; whe r e t~e reaction was approxi-

na tely first - order wi t h respect to the substrate concentration 

the initia l velocities were esti~a ted from a plot of 

log C[S] 0 - [SJ ) versus t ime . 

• l ank determinstions were made ~i th all substr ates and 

. h . 'b . t d . t ' ' l in.:.l l ors, an . vn n i:; 1e enzymes. I n no case was it found 

ne cessary to correct for non-enzymatic hydro l ys is, or for 
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autolysis of chY:11otryps i n, ( t h e instability of trypsin has 

been discussed elsewhere), the reaction periods being 

relative l y short ( 30-60 min . ) . Frequent c.1e cks were also 

made to deternine if the pH was bej_ng r1<J.in tained const::mt . 

was 

The precision of the mea sure~ents reported in this study 

identical with tl:_at obtained by Euang and I:ieEtann(32 ) . 

N-Acetyl - 1 -Arginine • 2H20 - 'I'his coJ1p01md was first prepared 

by Bergnann and Zervas C56). Eowever , :i.t v.ras found t.b._at on 

duplication of their procedure , racemization was apt to 

occur. Therefore , various modificat i ons were tried , and 

it is felt that the pr ocedure s iven below is t he most satis -

fB.ctory . 

L- rgininehydrochlor i de ( (a] ~5o = + 26 . 7 :!: 0 . 5° 

( C = 1 . 7;.; in 6,N ECl)), 50.0 g. , and sodium. carbonate , 40 . 0 g., 

were dissolved in 375 ml . 0£' v.rater . _1-i.e solution V!as cooled 

in an ice-bath , and 25 ml. of 95% acetic anhydride uas added 

dropwise and ....-.1i t 11 constant shaking . ~fore sodium carbona te 

was added , if necessa ry, to bring the final pE to approxi ma t ely 

8 .0 . After standinc overnight in the ice - box, copious crystal-

lization had ocrurred. The pro~uct vas recrystallized twice 

o ["' ] D2 5° : fr om water . ~ield 35 ; . , m. p . 258-260 dee.*, ~ 

+ 9.4 :'.: 0 .15° ( C = 3. 5;: in v:a ter). Lit .C 57), m. 1! . 269-270° , 

[ d) ~6 = + 7 • 72 • 

.. nal . calcd . for C8H1603N4 • 2H2o ( 252.3) : c , 38 .1 ; H , 7 . 9 ; 

N, 22 . 2. Found : C , 38 .3; E, 7 . 7 ; N, 22.4. 
~~----------------------------------------------------------
~All me lting poj_nts are corrected. 
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mlO t r:s·l- 'ch .... e nti• 1 . i f tr 1T ..L 1 T • • '-" " J..1 ca puri ~y o __ e _. - ace L.Y -J..J-2I'Sll1J_ne , 

part of tLe :·0 2.te:ci2. l r:as l":ydrolyzed by refluxing for 6 hours 

in 6[ EC l, and the rotation deterr1ined for the L- arginine 

ttus obt::; i ned . (d.] 25° = ... 27.0 ± 0.50 (C: = 1.1~; :Ln 6_ITHC1). 
D 

Lit . ( 58 ), [cxJg3° = + 26 .9 (C = 1.7~: j_n 6H EC l). 

L-Arginine was dissolved in me t hanol, and the so l u tion satu-

ro.ted wi th dry HCl a t o0 c. fter 2 days in the i ce box , 

tr~e soll.Jtion Y'e.s evaporated at 300 J::.:-"2. .:@..CUQ, . The oil thus 

obtained could neither bB crystallized, nor comp letely freed 

from excess 3Cl. An a ttempt to pr e pare tbe crrstalline ~thyl 

ester 2lso f2i l ed. 

r: -acetyl-1-ar~inineuethyl ester in methanol, and saturated 

the so l 1.rtion 'f!ith dr:.r ~,TE3 at o° C. .After standing for 2 d ays 

in tl:"~e ice box , tl:.e so l ut ion was eva porated a t 30° in .Y§..~lS2 • 

?he oil t tus o·. ·: tc.ined F2s extre:·rn ly hygroscopic, and con-

t ai.ned ~nuch anr-1onhun ch l oride. Precipitation from var i ous 

a lcohols finally gave an a-·nor:yhous ::D.a t eria l that cou ld be 

..L l J · d ~r ') e ~~anol •r11e yi· Al d o ~, cr~rs~Rlli·ne cr:rs L.8. .lZe J. om al s. uu· • - - _ v~ 

products ~as lo~ M.p . 128-13 2° . 

Ff 27 8 
"" ' . ' . 

Found: c, 38.3; H , 7.4; r: , 27. 6 . 

1-Argint_!];e. r ~ e th;z1__Est_~_J2At'::.Ydroc l1)-o~·:Jde - The ~ne thod of 

preparation was that of Dirr and Sp~thC59l To 5.0 g. of 
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L-arginine hydrochloride added 100 ml. of Get~anol . The 

suspension was sat~rated wi t h dry ECl at o0 c, and the 

resulting solution pl a ced in tte ice-box for 2 d~ys. Evapor -

"'t.; on i· n ·v co c- , · v. :. ' :_ _';'.:.., ~£ gave an oil that cryst~llized 

Re crys tallized twice from ethanol. Yield 3.5 g . n .p. 185-187° 

dee. Lit C59), m.p . i950 dee. 

prep2.red by Dr. Rinderknecht, according to t:re procedure of 

Bergmann et a1 . C lO ~ m.p. 120-125°, decamp . 260° 

Fotmd: N, 21 . 2 . 

Acet_y_1- L-Tvrosine - T1:li s ma terial was pr epared as directed 

by duVj_gneaud and Meyer C 57). Co l orless rods , m. p. 151-153°, 

Lit. C57) , m.p. 152-1540, [ct J 25° = + 47.4° ( C= 20 in vva ter ) • 
D 

1J 

( <i} 260 = + 47. 5°. 
D 

Anal . ca1cd. for C11H1304N( 223 ) : C, 59. 2; H , 5. 9; J\! , 6 -3. 

F01md : c, 59.2; H, 5.8; JIT 
' ' 6.2. 

Acetyl - L-tyrosine was esterified in 

t te Tisual nanner with ethanolic-hydrogenchloride to give 

a cetyl-L-tyrosine etl:.yl ester, rn D C16 - 0770 [<:X_) 2 50 : + ')4 7 
- · L • .!.. • / ' D . t _ • 

Cc - 7c.' . ti-, 1) . - , o i n e dano , in an yield ( 52 ). This E1a teria l 

•Nas dissolved in me thanol , t he solution saturated vii t h ammonia 

a t oo, the reaction mixture allowed to stand at 250 for 2 days, 

t he solution evaporated to dryness in vacu.o , and the residue 

recrystallized twice fro~ aqueous-ethanol to give 2 60% 

yield of the amide . rn . p. 
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(C = o.3% in wa te r ). Lit. C23), m.p . 222-224°. 

Anal. calcd. for C11H140~N2 ( 222 ): C, 59.5; n , 6 .4; 
J 

N, 12. 6. 

Found: C, 59. 5; H, 6. 4; N, 12. 6. 

Acetyl-D-Tyros in('; Et11Y)_ Es t_er 

by R. V. lTacA1lister (52 ). m.p. 

(C = 7% in ethanol). 

- This na teri a l was pre pared 

95-9'7°, la] ~5° 24.8° 

Anal. calcd. for c13H
17

o4NC251): c, 62 .1; E , 6 . 8; n, 5.6. 

Found: c, 62 .2; H, 6.8; N, 5.6. 

A ~~tyl-D-T_yrosinamide: - Thip material was prepared by 

R. V. Lla c.Allister <52 ). m.p. 225-226°, [aj fi5° = - 49.4° 

(C = 0.9% in water ) . 

Anal. calcd. for C11H1403N2 ( 222): c, 59.5; H, _6.4; 

n, 12. 6. 

Found: C, 59 . 7; H, 6 . 6; N, 12. 5. 

HicotiD.YJ--L-Tvrosinam:i.C e - This mater i a l wa s pr epa red by 

R. V. ~a cAllister( 26 ). M. p. 226-227°. 

Anal. c a ='..cd. for c1 5::15o3N
3

C285) : c, 63 .2; H, 5.3; N, 14.7. 

Found : C (-., I 0 • 11 i:;' 6 • 1' ~ 1 4. 8 ' _, _, . ' _, ~· '.,, ... 

'::J V T' I 1 1 • t ( 26 ) h . • . : e c.'-:1. ~" is er • M. p. 224-226° . 

Ana 2.. calcd . fo r C15H1 503N3 C285): C, 63.2; H, 5. 3; N, 14. 7. 

F mm d : C , 6 3 • 4 ; E , 5. 6 ; F , 14 • 5. 
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Propositions 

1. The c lai~ (1) that in 0.1 M hydrochloric acid solutions 
of glucose , iron ( III ) preferentially complexes with the 
-iso~er of glucose does not seem justified from the data 

presented . 
- ( 1 ) Delaney, Kleinberg and Argersinger, J. Am. Chem. 

Soc., .z.g, 4277 (1950 ). 

2. ( a ) In t he Mineral acid catalyzed hydrolysis of low 
!'lolecul ar vve igh t, unsubstituted amides , a maximum rate is 
obtained in the concentration range of 3-6 M acid . It is 
predicted that such a maximum woul d also be found j_n the 
a cid- catalyzed hydrolysis of hydrazides . 

( b ) The state~ent of Laidler and Socquet (2) on p. 527 
leads to the impression that the minera l acid-catalyzed 
hydrolysis of a~ides can be characterized in terns of 
equations ( 24 ) and (25). It is felt that equation (12) 
more e.ccurately describes t he observed maximum in such an 
acid-catalyzed hydro l ysis . 

( 2 ) Laidler and Socquet, J. Phys. and Colloid Che~ ., 
.i'±, 519 (1950). 

3. It is felt that heteroauxin ( indole acetic acid ) may 
not function as a plant hormone in the general l y excepted 
sense , but rather as a catabolic inhibitor. Thus t he effect 
of auxin a and of hetero auxin on growth may be very 
different. 

4. Chyqotrypsin is only known to catalyze the hydro l ysis 
of substrates Y'.1here tl"e " specific 11 amino acid is of the 
L- configuration ( 3 ) • Acetyl-1-tyrosylglycinamide is knm'm 
to be hydrolyzed by ch.ymotrypsin, giving a cetyl-1-tyrosine 
and glycina~ide. It woul d be worthwhile to investigate the 
possibility that acetylglycyl-D-tyrosinamide , or a similar 
cori.p onnd, rnie;ht be hydrolyzed to g:i ve acetylglycine and 
D- tyros inarnj de . 

(3) This Thesis , p. 29. 

c:;' KI t~i ves a trne ·-1e&sure of the af:ini ty of an enzy·-ne 
f~r an inhibitor (t, 1 , and while it is felt that Ks also is 
a true ueasure of the affinity of ch~~otrypsin for a sub
strate, tl1.is is not k:noi:m 1.'1ith certs.i~~ty. Since secondary 
and tertiary ar'lide s are not hydrolyzed by chymotryps in, 
and since tte an1ides of 11 specificn D-an:ino acids a ct as 
inhibitors, it right be possible to est~nate the value of 
k2/k1 for an aoide substrate by de t er,ining t he inhibitor
enzyme dissociation cons tants for a series of substituted 
D- a:'l.d 1- 11 specif ic 11 aPlino ac:i.d a '.ddes . 

(4) This Thesis, p. 63. 
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6. ( a ) ~eurath and Schwert ( 5) sta t e t~at subst r ates for 
t:r-:rpsin 1ms t :•ave ter c1ino. l cationic _To':ps o t!"e 11 specj_f i c 11 

a 'n~i_r10 acid side ch0ins, and t! ~at t'.'-:e steri c effect of the 
side c i3.ins j s re la ti vely u.ni"'1portant. The evidence of 
8ran_d et al ( 6 ) and Eofrnann anc'1 ~lprr::;rn.:rnn (7) can better be 
j_nterpretod to indi. co.te t hat 2. C[~ tionic f T 011l) :Ls not neces
sar~r, bl1t that tl-i_e 11 5?)8Cific 11 arJ".ino ci.cid s:Lde c . ~ain ~:ms t 
ave n certain critical l eni::;t __ • 

(5) l'Teurat~ G.nd Scl-:1.'Vert, Che:n . Hevs ., LJ..6 , 104, 107 (1950 ). 
( 6 ) Brand e t a l, Abstracts of Paper s , ll 7 th ~ ·'ee t ing , 

AM . Chem . Soc., Philade l phi a, 1 950, p . 56 C. 
( 7) EofFJ.ann and Bergri.ann, J. Biol . Cher.i ., 1)0 , e1 ( 1939). 

7. ATP is present in blocd in relatively h i gh c oncen trations. 
F'i'orlnogen r ese"'ri.hl e s :myosin in rmny of its properties . It 
would be worthw .. ile to investigate t h e r o l e of ATP in co
a[;uln t ion. 

t~ . The theory of ~l.isenan and :Kirkwood ( 8 ), on the role of 
ATP i n r:ms cle contra ction , ?Ohould be extensively invest i ga ted 
using model systems. 

( 8 ) Hiseman and Kirkwood , J • .Ar'1 . Chei'n . Soc., 2Q, 2820 
(1949 ). 

9. The recen t work of Jansen et al (9) indicates a verv 
s pecif ic r eo.ct ion rJe t ween c ~:y:-'1otrypsin c.nd diisopropyl-v 
fluorophosphate , t he enzy~e being pbosphoryla ted near, or 
at tl"e enzyMa t j_ c3lly o.cti ve site of the "'1.0le cl1le. 'rt.is 
pl-:ospJ:.orylatinc 2.t;ent offers oppo rt1 'nlt les to st11dy the 
nat1lre of tl".e er~ zy-.. ,1ati c a lly o.ctive gr01Jp . A.tt e "1 pts t o 
r ever se the ~hos~horylation shoul d be ~2de . 

( 9) J an~en ~ t al , J. Jiol. Cte'.:1 ., 185, 209 (1 ~· 50 ). 

10. ( a ) T ~1e stlic.::' of t'.'.".e fo lJ.01.'.'in:; co:1'pounds as c ~~ y·-:1otryp 
s in sl ibs tr a tes or in:-lF~i tors vro1; l d ,:i ve fr.r t he r evicJ.ence as 
to the ~ode of ac tion of the c~Z!~e . 

(1) 

( 2) 

phenyl-CH 2-Ci1-CE2-c 0 2J 
1 
~~~~co phenyl 

phenyl-C.:2-CE-C~~ = CE-CO')R 
l L 

FECO phenyl 

( 3) h rl r<::r CP r< 0 R _ p .enj -v~-- -·2-'"' 2-
1 
N~~co phenyl 
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( 4 ) phenyl-CH-CI: = c:-:'.-CO')R 

( 5) 

(6) 

( 7 ) 

1 '-
lTECO phenyl 

Phernrl-f'U -C'-' _("T-T -CO D 
- -,j VJ..2 -'"') V-'" ').:_\ '-· 1 L 

rn1co phenyl 

0 
II 

phenvl-CI>:,-CE,...-C-CE3 
... "' L. L 

11. It is proposed that a portion of the undergradua te 
stndent body be a llowed to r~,ajor in the Eumanities . 


