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phosphate buffer pH 7.4 and lo-' ,V ethylenediaminetetra- 
acetate. 

Correlation of Loss of Catalytic Activity with Extent of 
Reaction with p-Mercuribenz0ate.-For these experiments, 
from 1 to 5 X 10-6 X aldolase was incubated with 3 X 
-2.1 p-mercuribenzoate and 0.15 M phosphate buffer, PH 
7.0. ,4t room temperature, only approximately 8 -SH 
groups per mole of aldolase reacted within a 3-hour period. 
Exposure a t  37' for 1 hour was necessary to obtain reaction 
R ith 12 -SH groups and exposure for 3 hours resulted in re- 
action of 14 groups. Longer exposure periods usually re- 
sulted in dppearance of turbidity from protein precipitation. 
Sub-equent to the desired incubation with the p-mercuri- 
benzoate, samples mere diluted with water to give solutions 
containing 20 pg. of aldolase per ml., and the activity was 
determined by the usual procedure. No compensation was 
iiecessx) far differences in unrcacted p-mercuribenzoate in 

the diluted sampies because the low resiclac1 concentrations 
did not affect the catalytic assay. Aldolase samples incu- 
bated a t  37' for three hours in the phosphate buffer without 
addition of p-mercuribenzoate showed little or no loss of 
catalytic activity. The loss observed in the presence of p -  
mercuribenzoate could thus be ascribed to  reaction of the 
enzyme with the mercurial. 

Reversal of the p-Mercuribenzoate Inactivation of Aldo- 
lase.-Samples of 1 ml. total volume containing l X 
M aldolase and 0.12 1l.I phosphate buffer PH 7.2 with or 
without 3 X 10-6 Af p-mercuribenzoate were incubated at 
0 or 37" as indicated in Table 11. Then either 0.2  ml. cf 
water or of 0.05 If glutathione, pH 7, was added, the samples 
allowed to stand 20 minutes a t  room temperature, and placed 
in an ice-bath. Catalytic activity assays were then made 
on appropriate aliquot5 as described previously. 
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It has been found tha t  the a-chymotrypsin-catalyzed hydrolysis of L-tyrosinhydrazide and of six a-N-acylated-L-tyro- 
sinhydrazides can be followed quantitatively by the spectrophotometric determination of the liberated hydrazine in the 
form of a protonated bis-p-dimethylaminobenzalazine. With this procedure it has been shown that for aqueous solutions 
a t  25' the pH optimum for the a-chymotrypsin-catalyzed hydrolysis of L-tyrosinhydrazide is 7.05 f 0.15 and that the pH 
optima for the comparable reactions involving the six 0-X-acglated-L-tyrosinhydrazides lie in a more basic region, i.e., 
ca. 7.7 to  8.0. It also has been observed that the pH optima for the a-chymotrypsin-catalyzed hydrolysis of three repre- 
sentative a-N-acylated-L-tyrosinhydrazides are strikingly temperature dependent in the region between 25 and 40' and 
that  an increase in temperature from 25 t o  40' causes the PH optima to  be shifted to  a more acidic region, L e . ,  from ca. 7.8 
to  ca. 6.8. 

The knowledge that a-N-nicotinyl-L-tyrosinhy- 
drazide and presumably a-N-acetyl-L-phenylal- 
aninhydrazide are hydrolyzed in the presence of 
a-chymotrypsinb-7 led us to consider the usefulness 
of the hydrazides of certain a-amino acids and 
acylated a-amino acids as specific substrates in 
studies involving the above enzyme. JlThile Mac- 
Allister and Niemand had followed the a-chymo- 
trypsin-catalyzed hydrolysis of a-N-nicotinyl-L- 
tyrosinhydrazide, in aqueous solutions a t  25' and 
pH 7.9 and 0.02 M in the EDA8 component of an 
EDA-HCI buffer, with the aid of a formol titrationQ 
and Goldenberg, Goldenberg and McLarena had 
determined the extent of the a-chymotrypsin 
catalyzed hydrolysis of a-N-acetyl-DL-phenylal- 
aninhydrazide, in aqueous solutions a t  24.6' and 
pH 7.3 and 0.05 M in an unspecified phosphate 
buffer, with a Grassmann-Heyde titrationlo nei- 
ther of these procedures was employed in the 
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present study because it was anticipated that for 
many a-amino acid and a-N-acylated amino acid 
hydrazides any titrimetric procedure based upon 
the determination of liberated carboxyl groups 
would not be sufficiently sensitive to be used for 
determining their rates of hydrolysis by a-chymo- 
trypsin. 

Goldenberg, Goldenberg and McLaren' were 
aware of the limitations of the above titrimetric 
procedures when applied to the hydrazides and 
these investigators devised a colorimetric procedure 
for the qualitative recognition of the a-chymotryp- 
sin-catalyzed hydrolysis of a-N-acetyl-Dr,-phenyl- 
alaninhydrazide, which was based upon the reduc- 
tion of phosphomolybdate ion to the so-called 
molybdenum blue by the liberated hydrazine 
While it was stated' that this latter procedure was 
capable of detecting an extent of hydrolysis of 1 to 
2% a t  specific substrate concentrations of 0.03 to 
0.05 M no attempt appears to have been made to 
develop the procedure to the point where i t  could 
be used for quantitative measurements. 

An alternative colorimetric procedure for deter- 
mining the extent of the ol-chymotrypsin-cata- 
lyzed hydrolysis of a-amino acid and a-N-acylated 
a-amino acid hydrazides, and one that promised 
exceptional sensitivity, was suggested by the ob- 
servation of Pesez and Pelitl! that hydrazine reacts 
with p-dimethylaminobenzaldehyde in aqueous 
acidic media to give a protonated bis-p-dimethyl- 
aminobenzalazine with an absorption maximum 

(11) M. Peaez and A. Pelit, B d l .  soc. chim., 122 (1947). 



in the region of 455 mp. Therefore, a procedure 
for the spectrophotometric determination of hy- 
drazine which was based upon the above reaction 
was developed and although it was anticipated, 
and in a sense improved, by Watt and Crisp12 and 
by UTood13 it was employed in its original form in 
all of the studies described in this communication. 
With the availability of this latter procedure, 
which was capable of determining quantities of 
hydrazine of the order of to X in con- 
trast to the lower limits of lop3 to Af encoun- 
tered in the determination of carboxylate groups 
with the formol titrationj9 it was possible to deter- 
mine the extent of the a-chymotrypsin-catalyzed 
hydrolysis of seven a-amino acid and a-N-acylated 
a-amino acid hydrazides to carboxylate ion and 
hydrazine under conditions that involved only a 
limited extent of hydrolysis. 

The seven specific substrates employed in the 
present investigation were, respectively, L-tyrosin- 
hydrazide and the formyl-, acetyl-, trimethyl- 
acetyl-, dichloroacetyl-, benzoyl-, and nicotinyl-a- 
N-acyl derivatives of L-tyrosinhydrazide. All of 
these compounds were prepared from the corre- 
sponding esters and were found to be stable in the 
absence of a-chymotrypsin under the conditions 
employed in the enzymatic studies. In  every in- 
stance it was found possible to establish conditions 
that would permit the demonstration of an en- 
zyme-catalyzed hydrolysis. In view of the fact 
that a-N-benzoyl-~-tyrosinhydra;lide, a compound 
which was previously reported’? to be ineffective 
as a competitive inhibitor of the a-chymotrypsin- 
catalyzed hydrolysis of benzoyl-L-tyrosinamide, 
or of benzoyl-L-tyrosine ethyl ester, has now been 
shown to be a specific substrate of this enzyme it is 
clear that the inference that benzoyl-L-tyrosin- 
hydrazide is incapable of interacting with the 
catalytically active site of a-chymotrypsin can no 
longer be maintained. 

In  view of the genera1 dependence of enzyme- 
catalyzed reactions upon hydrogen ion concentra- 
tion the PH optima of systems containing cy- 

chymotrypsin and the seven specific substrates 
listed above were determined for each enzyme- 
substrate pair in aqueous solutions a t  2.5’ and 0.02 
M in the THA4il115 component of a THXM-HC1 
buffer.l6 The results obtained in these studies are 
given in Table I along with comparable values for 
the corresponding amides and hydroxamides. l7 

It will be seen from the values summarized in 
Table I that the p H  optima for the six a-N- 
acylated-L-tyrosinhydrazides, in aqueous solutions 
a t  25’, are identical, within the limits of experi- 
mental error, with those of the four acylated-L- 
tyrosinamides, which were studied under com- 
parable conditions, and that in general the op- 
timum @H with respect to the attainment of the 
maximum extent of reaction in aqueous solutions 

(13) G .  W, Watt  and J. D. Crisp, Anal .  Cheiii .  24, 2006 (1952) .  
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which was 0.02 J f  in added cacodylic acid was employed in the region 
below pH 7. 

(17) R. J ,  Foster and C. Niemann, THIS JOURNAL, 77, 1886 (1955). 

177, 793 (1919). 

a t  25’ in a given time interval is approximately 
7.8 for both the acylated-L-tyrosinamides and the 
a-N-acylated-L-tyrosinhydrazides. The observa- 
tion that the pI-1 optimum for the reaction in- 
volving acetyl-L-tyrosinhydroxamide, ;.e., 7.60 
f 0.05, lies in a more acidic region than that ob- 
served for the comparable reaction involving either 
acetyl-L-tyrosinamide, i.e., 7.90 f 0.10, or acetyl- 
I>-tyrosinhydrazide, ;.e., 7.95 * 0.20, is not unex- 
pected since of these three specific substrates only 
acetyl-L-tyrosinhydroxamide is capable of partial 
ionization in the region of the pH optimum and to 
thus cause a :;hift of the @H optimum in the direc- 
tion noted. 

‘I-AULE I 
PH Omrxa AT 23” 

-CH(CHKSHIOH)CO- -“OH -SH2 -?-HI;H? 

Hzh-- 
HCONH- 
CHaCONH- 
C (CHa) C O N K -  
CFJCONH- 
CH%ClCONH-- 
CHC12COTH- 
(C6Ha)CONH- 
P -  (CnH4N) CONH- 

a IVith respect to the cu-chvIrlotrypsirl-catal?-zed hg’tirol~ - 
sis of a series of derivatives of L-tyrosine in aqueous solutirn\ 
0.02 .bf in the THAM component of a THAIM--HC1 buffer 
mless otherwise noted. * 0.1 M THXhI. c 0.8 TH.iM. 

From an argumentIg developed to explain the 
difference in pH optima for the ar-chymotrypsin- 
catalyzed hydrolysis in aqueous solutions a t  23’ of 
acetyl-L-tyrosinhydroxamide, ;.e., 7.60 =k 0.05, 
and L-tyrosinhydroxamide, ;.e., 6.95 =t 0.05, it 
would be expected that the pH optimum for the 
a-chymotrypsin-catalyzed hydrolysis of acetyl-L- 
tyrosinhydrazide, i.e., 7.95 h 0.20, would lie in a 
more basic region than that observed for the com- 
parable reaction with L-tyrosinhydrazide, ;.e., 
7.05 f 0.15. While this expectation has been 
realized it should be noted that SchwertZ0 has sug- 
gested that the pH optimum reported”,lY for the 
a-chymotrypsin-catalyzed hydrolysis of L-tyro- 
sinhydroxamide, in aqueous solutions a t  ?so,  i.~., 
(i.93 =t 0.05, is to be associated with a transpepti- 
dation reaction rather than with the assumed hy- 
drolytic reaction. Since the absence of pertinent 
information does not permit us a t  this time to 
affirm or deny what appears to us to be an unlikely 
possibility we have undertaken a study of the im- 
portance of transpeptidation reactions under the 
conditions ordinarily employed for the evaluation 
of the kinetic constants of a-chymotrypsin-cat- 
alyzed hydrolyses of a-amino acid esters, hydrox- 
amides, amides and hydrazides. These studies are 
now in progress. 

The observation that the pH optima for the 
a-chymotrypsin catalyzed hydrolysis of I=tyro- 
sinhydrazide and of L-tyrosinhydroxamide. l i s L g  in 
aqueous solutions at  25”, are identical, within thy 
limits of experimental error, i .e  , cn. 7.0, and that 
this latter value is greater than the value of (j.23 

(18) D. S. Hrtgness and C. Niemann, ibid., 76, 884 (1953) .  
(19) R.  J. Poster, R. R .  Jennings and C. Niemann, i b i d . ,  76 ,  3 1 4 2  

(1954). 
(20) G. W. Schwert, A n n  Rru. Biochem , 2 4 ,  99 (1955). 
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which has been reported21J2 for the pH optimum 
for the equivalent reaction involving L-tyrosine 
ethyl ester raises the question as to whether the 
difference just noted is real or is the result of a vari- 
ation in procedure. 

We may assume that the ammonium group pres- 
ent in a monoprotonated a-amino acid ester, 
hydroxamide or hydrazide will have a pI<'A value 
of 7.4 =t 0.4.19,28,24 Therefore, in aqueous solutions 
at  25" and between pH 6.0 and 9.0 one may expect 
to encounter significant amounts of the mono- 

protonated, Le., H,NCHRCOY, and unpro- 
tonated, i . e . ,  H2NCHRCOY, species of each of the 
above specific s ~ b s t r a t e s ~ ~  with the relative con- 
centrations of the two species being dependent upon 
the pH of the particular system under investiga- 
tion. Thus, with all three of the above specific 
substrates it is clear that the over-all dependence 
of relative activity upon pH is much more com- 
plicated than the case involving interaction of the 
enzyme with a single substrate species in systems 
of varying pH since in the former instance one is 
confronted not only withthe added problem of multi- 
ple and competitive specific substrate9 but also by 
the fact that their relative concentrations are 
varying with the pH of the systems. Conse- 
quently with situations of such complexity it is 
imperative that in the first instance significance 
be given only to those differences that can be ob- 
served through the use of comparable experimental 
procedures. 

I t  will be noted that the pH optima for L-tyrosin- 
hydrazide and L-tyrosinhydroxamide which are 
given above were evaluated under conditions where 
in each reaction system the extent of reaction aris- 
ing from the interaction of the enzyme with all sub- 
strate species derived from either of the above 
added specific substrates mas collectively determined. 
In  contrast to these two cases the pH optimum for 
L-tyrosine ethyl ester which is given above was 
evaluated by a procedure which measured only the 
extent of reaction of the monoprotonated L-tyro- 
sine ethyl ester in a given reaction system. 

Balls and his c o - w o r k e r ~ ~ ~ , ~ ~ J 7  in their studies on 
a-chymotrypsin and modified a-chymotrypsin 
catalyzed hydrolyses of L-tyrosine ethyl ester em- 
ployed an analytical procedure which was developed 
earlierz8 for following the enzyme-catalyzed hy- 
drolysis of acylated a-amino acid esters. In this 
procedure, which may be represented by eq. 1 and 
2, the reaction system was maintained a t  a con- 
stant, or nearly constant, pH by the frequent ad- 

t 
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dition of standard alkali and the amount of the 
latter reagent added was taken to be proportional 
to the extent of reaction. However, in solutions 
RCONHCHR'COzR" + HzO + 

RCONHCHR'COz- + R"OH + H +  (1) 
H f  + O H - +  H20 (2) 

containing added a-amino acid ester and in the PH 
region with which we are concerned one is con- 
fronted with a situation represented not only by eq. 
3 and 2 but also by eq. 4. Therefore, when the 
Ha +NCHR'COzR" + HOH --f 

+ 
HsNCHR'COs- + R"OH + H +  (3) 

H~NCHR'COZR'' + HOH + 
H,&CHRTO~- + R"OH (4) 

procedure of Schwert, et a1.,28 is used with a-amino 
acid esters in the pH region where both monopro- 
tonated and unprotonated species are present only 
the extent of reaction of the monoprotonated 
species can be determined. 

Having established the fact that  the procedure 
used by Balls and his ~ o - w o r k e r s ~ ~ ~ ~ ~ ~ ~ ~  for the 
evaluation of the pH optimum of L-tyrosine ethyl 
ester differs in principle from those employed for 
the evaluation of the pH optima of L-tyrosinhy- 
drazide and L-tyrosinhydroxamide the question 
that arises is whether the difference in pH optima 
noted above may or may not be due to the differ- 
ence in procedures. 

If it is assumed that the monoprotonated species 
derived from L-tyrosine ethyl ester is hydrolyzed at  
a faster rate than the corresponding unprotonated 
specieslg and that the ~ K ' A  value of the monopro- 
tonated L-tyrosine ethyl ester is ca. 7.329 it  may be 
inferred that had Balls and his c ~ - w o r k e r s ~ ~ ~ ~ ~ ~ * ~  
employed a procedure that was comparable to 
those used for the evaluation of the PH optima of 
L-tyrosinhydrazide and L-tyrosinhydroxamide they 
would have observed with L-tyrosine ethyl ester 
that the relative activities in the region between 
pH 6.3 and 6.9 did not decrease, within the limits 
of experimental error, with increasing pH and thus 
would have obtained a pH activity relationship 
with a relatively flat maximum extending from 
ca. PH 6.3 to 6.9. Since the location of the p H  op- 
timum would be somewhat arbitrary in a case of 
this kind all that can be said with certainty is that  
the pH optimum evaluated by measurement of the 
cumulative extent of reaction embracing all reactive 
species would lie in a more basic region than the PH 
optimum evaluated by determining the extent of 
reaction of only the monoprotonated species. Thus, 
we may conclude that the difference in the pH op- 
tima of L-tyrosine ethyl ester and of L-tyrosinhy- 
drazide and L-tyrosinhydroxamide which was 
noted earlier may not be real since the difference 
could arise either wholly or in part from a differ- 
ence in procedures. In this connection i t  may be 
recalled that Goldenberg, Goldenberg and Mc- 
Laren' have noted that the pH optimum for the a- 
chymotrypsin-catalyzed hydrolysis of L-leucine 
ethyl ester in aqueous solutions at  25' appears to  

(29) The PK'A value of monoprotonated L-tyrosine ethyl ester does 
However, the monoprotonated not appear to have been determined. 

L-phenylalanine methyl ester is known to have a #K'A value of 7.3." 
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be cn. 6.8 when determined by the procedure used 
hy Balls and his c o - ~ o r k e r s * ~ , ~ ~ ~ ~ ~  for L-tyrosine 
ethyl ester and to be ca. 7.2 when determined by a 
procedure which would be expected to reveal the 
cumdative extent of reaction of both the unproton- 
ated and. monoprotonated L-leucine ethyl ester. 
!~lthotlgh it has been suggested30 that the difference 
in pH optiina noted abow may be a consequence of 
a transpeptidation reaction we believe that the ar- 
gument given above provides a more likely explana- 
tion of the observation of Goldenberg, Goldenberg 
and McLaren7 and it  may be added that the shift 
in the p1-I optiins. noted by these authors7 is in the 
tlirection anticipated on the basis of this argument. 

The absence of information with respect to the 
dependency of the PI3 optima of a-chymotrypsin- 
catalyzed hydrolyses upon temperature led us to 
determine the pH optima for the a-chymotrypsin- 
catalyzed hydrolysis of a-N-acetyl-, a-N-benzoyl- 
and a-N-nicotinyl-L-tyrosinhydrazide in aqueous 
solutions a t  10, 25 and 40" and those of L-tyrosin- 
hydrazide in aqueous solutions at  25 and 40". 
It will be seen from the data summarized in T:Me TI 
that the PH optiixia for the a-chymotrypsin -cata- 
lyzed hydrolysis of the above three a-N-acylated- 
1,-tyrosinhydrazid.es in aqueous solutions a t  10" are 
identical, within the limits of experimental error, 
with those observed a t  25". However, when the 
values observed at  25" are compared with those 
observed a t  40" it is seen that an increase in tem- 
perature from 25 to 40" causes a shift in the pH op- 
tima from cu. 7.9 a t  25" to cu. 6.8 a t  40" for all 
three of the above a-N-acylated-I..-tyrosinhydra- 
zides. In  contrast to the behavior of the a-N-  
acylated-L-tyrosinhydrazides it  was found, cf. 
Table 11, that the pH optimum for the a-chymo- 

TABLE I1 
VARIATION OF pH OPTIMA WITH TEMPERATURE' 

-CH(CHrCsH,OH)- 
COSHXII2 100 25' 40' 

H1X . . . . . . . . .  7.L35f0.15 6.8510.15 
CHaCOXM- 7 . 8 5  f 0 . 2 5  7 .95  f . 2 0  6 . 7 8 1  .15  
IC",) CONH- 7 .80  + . 2 5  8 . 0  .20 6.75f .20 
@-(C~II IN)COXH- 7.80 i . 25  7.80 f .20 6 . 7 5 r t  .20 
li7itli respect to the u-chymotrypsin-catalyzed hydroly- 

sis of 1.-tyrosiuhydrazide and of three a-K-acylated-L-tyro- 
siiili>-drazides in aqueous solutions 0.02 dd in the THXM 
component of a TI-I.%M-HCl huff er. 

trypsin-catalyzed hydrolysis of L-tyrosinhydrazide 
in aqueous solutions a t  25", ;.e., 7.05 f 0.15, is 
identical, within the limits of experimental error, 
with that observed in aqueous solutions a t  40", 
i.e., 6.S5 i- 0.15. It is noteworthy that in aqueous 
solutions a t  40" the $JH optimum for the a-chymo- 
trypsin catalyzed hydrolysis of L-tyrosinhydrazide 
is practically the same as that observed for any one 
of the three a-N-acylated-L-tyrosinhydrazides con- 
sidered in this study. 

When it is realized that the pI-1 optimum of an 
enzyme-catalyzed reaction is a reflection of the 
effect of pH upon a relatively large number of in- 
dependent reaction parameters, that  each of these 
dependencies may in turn possess different tem- 
perature dependencies and that one may also en- 
(30) H. M. Green and H. Neurath in H. Neurath and K. Balky, 

"The Proteins." Vol. ITB, Academic Press, Inc., New York, N. Y., 
1954, p. 1104. 

counter temperature dependencies which are in- 
dependent of the PH of the reaction system it is 
clear that  in the absence of knowledge of the mag- 
nitude and direction of each of the above depend- 
encies one must regard the p H  optimum and its 
dependence upon temperature simply as the sum- 
niation of all of the above effects. Therefore, in 
view of the nature of the information reflected in 
knowledge of the pH optimum and its dependence 
upon temperature in the case of the a-chymotryp- 
sin-catalyzed hydrolysis of L-tyrosinhydrazide and 
of a-N-acetyl-, a-IN-benzoyl-, and a-N-nicotinyl- 
1.-tyrusinhydrazide in aqueous solutions a t  10, 2 5  
and 40" one can only note that the practice of eval- 
uating the thermodynamic constants of similar a- 
chymotrypsin catalyzed  reaction^'^^^^ by studying 
such reactions a t  a coiistant pH, i.e., 7.8 , appears to 
contain more elements of uncertainty than those al- 
ready e n ~ i s a g e d l ~ , ~ ~  even though such reactions 
were studied in the temperature range from ca. 10 
to 30" but in solutions containing 30% aqueous 
methanol. 

Experimentala2, 32 

L-Tyrosinhydrazide.JeThis compound was prepared by 
the reaction of L-tyrosine methyl ester in methanol solution 
with hydrazine hydrate essentially as describeds' for the 
equivalent reaction of the ethyl ester. The product which 
crystallized from the reaction mixture was twice recrystal- 
lized from ethanol and dried in  ziacuo over phosphorus pent- 
oxide to give L-tyrosinhydrazide, m.p. 193-194'. Cur- 
tius3* gives a m.p. of 195.5' for the same compound and a 
1n.p. of 171" for DL-tyrosinhydrazide. 

Anal. Calcd. for GH&Na(l95): C ,  55.4; H,6.7; N,  
21.5. Found: C, 55.4; H, 6.8; N, 21.4. 
a-N-Formyl-L-tyrosihydrazide.-To a well-stirred solu- 

tion of 10.5 g. of L-tyrosine ethyl ester, m . ~ .  108.5-109.5', 
in 290 ml. of SOTo formic acid was added 43 ml. of acetic an- 
hydride a t  a rate such that the temperature of the reaction 
mixture remained below 70". After the reaction mixture 
had stood overnight a t  room temperature the solution was 
evaporated to dryness in vacuo, the sirupy residue taken up 
in 200 ml. of ethyl acetate, the ethyl acetate solution suc- 
cessively washed with 3 N aqueous sodium hydroxide, 6 N 
aqueous hydrochloric acid and with water, dried over an- 
hydrous potassium carbonate, the solvent removed in vacuo 
and the 7.1 g. of sirupy residue taken up in 20 ml. of meth- 
anol. To the boiling methanol solution was added 2.25 g. 
of hydrazine hydrate, the reaction mixture allowed to stand 
overnight prior to concentration the concentrate allowed to  
crystallize, the crystalline product recrystallized from aque- 
ous methanol and dried in  vacuo over phosphorus pentoxide 
to give 1.7 g. of a-N-formyl-L-tyrosinhydrazide, m.p. 218' 
with decomp., [ C Y ] ~ ~ D  +21.4' (in 30% aqueous ethanol). 

Anal. Chlcd. for CloHl,OaNa (224): C, 53.8; H, 6.0; 
N. 18.9. Found: C, 53.7; H,6.0; N, 18.8. 
a-N-Acetyl-L-tgrosinhydrazide.-This compound was ob- 

tained from r--tyrosine by the same procedure used by Hog- 
ness and Niemann'8 for the preparation of the D-isomer for 
which a m.p. of 236-2.36.5' T T ~ S  erroneously reported in- 
stead of the correct value of 226-226.5". The crude a-X- 
acetyl-L-tyrosinhydrazitie recovered from the rex t icn  mix- 
ture was recrystallirici tuice from methanol arid dried in 
vacuo over phosphorus pentoxide to give a-N-acetyl-L- 
tyrosinhydrazide, m .p. 227-228'. 

Anal. Calcd. for CllHlrOsNa (237): C, 55.7; H ,  6.4; 
K, 17.7. Found: C, 55.7; H, 6.3; N ,  17.8. 

a-N-Trimethylacetyl-L-tyrosinhydrazide.-A vigorously 
agitated solution of 10.5 g. of L-tyrosine ethyl ester in 300 
ml. of ethyl acetate was cooled to -5' prior to the addition 
of 2.75 g. of trimethylacetyl chloride, b.p. 104-105', pre- 

(31) J. E. Snoke and €I. Neurath, J. B i d .  Chem., 189, 577 (1950). 
(32) All melting points reported are corrected. 
(33) Microanalyses by Dr. A. Elek. 
(34) T. Curtius, J. prakl .  Chcm., [Z] 98, 349 (1917). 
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pared in 35% yield by the reaction of trimethylacetic acid 
with benzoyl chloride.36 Two minutes after the addition 
of the above amount of acid chloride 50 ml. of 0.05 iY 
aqueous potassium carbonate was added to the cold and 
vigorously agitated reaction mixture and the process re- 
peated until four portions of acid chloride and of aqueous 
potassium carbonate solution lynd been introduced. The 
cold solution was then allowed to separate into two phases, 
the ethyl acetate phase collected, washed with 6 N aqueous 
hydrochloric acid and then twice with water prior to drying 
over anhydrous potassium carbonate. Removal of the sol- 
vent in vacuo gave 7.2 g. of a sirupy residue n hich was taken 
up in 20 ml. of methanol and allowed to react with 2 g. of 
hydrazine hydrate as described for the preparation of the 
a-N-formyl derivative, vide ante, to give 5.4 g. of the crude 
hydrazide which was recrystallized twice from aqueous 
methanol and dried in vacuo over phosphorus pentoxide to 
give 2.5 g. of a-iY-trimethylacetyl-L-tyrosinhydrazide, m.p.  
179-180', [alZsD +29' (in water). 

Anal. Calcd. for ClaHnlOsru'3 (247): C, 60.2; H, 7 5; 
N, 15.1. Found: C, 60.2; H, 7.5; N, 15.1. 

a-N-Dichloroacetyl-L-tyrosinhydrazide .-L-Tyrosine 
ethyl ester, 10.5 g. in 300 ml. of ethyl acetate was acplated 
with 14.7 g. of dichloroacetyl chloride, b.p. 106-107.5", 
and 200 ml. of 0.05 N aqueous potassium carbonate as de- 
scribed for the preparation of a-N-trimethytacetyl-L-tyro- 
sine ethyl ester, vide ante, and the 7.7 g. of crude a-N-di- 
chloroacetyl-L-tyrosine ethyl ester obtained as a gummy 
solid was taken up in 1.5 ml. of methanol and allowed to re- 
act with 1.8 g. of hydrazide hydrate to give 5.9 g. of the 
crude hydrazide which was recrystallized twice from aqueous 
methanol and dried in UQCUO over phosphorus pentoxide to 
give 2.0 g. of a-N-dichloroacetyl-L-tyrosinhydrazide, m.p. 
193-193.5', 

A n a l .  Calcd. for C I I H I Z O ~ X ~ C ~ Z  (306): C, 43.2; H, 4.3; 
N, 13.7; C1, 23.2. Found: C, 43.2; H,  4.2; N, 13.8; C1, 
23.3. 
a-N-Benzoyl-L-tyrosinhydrazide.-This compound was 

prepared essentially as described by Bergmann and Fru- 
ton.36 The crude hydrazide was recrystallized twice from 
methanol and dried in  vacuo over phosphorus pentoxide to 
give a-N-benzoyl-L-tyrosinhydrazide, in p .247-248 O . Berg- 
mann and Fruton36report a m.p. of ca. 255'.  

f12.5' (in 40% aqueous ethanol). 

Anal. Calcd. for C16HlQO3?;3 (301): C, 64.2; H,  5.7; 
N, 14.0. Found: C, 64.2; H ,  5.6; N, 14.1.  

a-N-Nicotinyl-L-tyrosinhydrazidc.-Thi~ cenipound was 
prepared as described by MacAllister and Siemanns from 
a-~-nicotinyl-L-tprosine ethyl ester, m.p. li7-14Q0.n The 
crude hydrazide was recrystallized twice from methanol and 
dried in vacuo over phosphorus pentosidc to give a-N- 
nicotinyl-L-tyrosinhydrazide, m .p. 242-24:J O . 6  

Anal. Calcd. for C I S H I ~ O ~ N ~  (300): C ,  (i0.0; H, 5.4; 
N, 18.7. Found: C,60.1; H, 5.4; N, 183. 

Buffer Solutions.-Aqueous stock solutions were prepared 
from THAM, m.p. 169-169.5", which had been recrystal- 
lized twice from aqueous methanol. These stock solutions 
were 0.20 M with respect to the THAM component and 
were adjusted to the desired pH by the dropwise addition cf 
concd. hydrochloric acid at the temperature at which they 
were to be used and prior to adjustment to the final volume. 
In every case the p H  was checked upon a 1: 10 dilution o l  
the above stock solutions and the PH readjusted if necessarv. 
All reaction systems were 0102 &f with respect to the THAM 
component. 

In a few cases a sodium cacodylate-cacodylic acid buffer, 
which was 0.02 M in cacodylic acid when present in the r e  
action system, was employed. Some evidence was obtained 
that a 0.02 M THXM-HC1 buffer and a 0.02 -11 sodium ca- 
codylate-cacodylic acid buffer of identical p H  may not be 
exactly equivalent in the reaction systems considered in this 
communication. However, the differences observed rn ith 
these two buffer systems were of minor significance. 

p-Dimethylaminobenzaldehyde Reagent.-The p-di- 
methylaminobenzaldehyde, m.p. 74.5-7,5", was prepared 
from a reagent grade product by recrystallization from 
aqueous methanol or from a practical grade product by re- 

(35) H. C .  Brown. TEIS JOWRNAL. 60, 1325 (1838). 
(86) M. Bergrnann and  J. S. Frnton, J.  B i d .  Chcm., 124, 321 (1838). 
(37) R .  M. Iselin. H. T. Huang. R.  V. MacAllister and C. Niernann, 

TliIs JOURIAL.  71.  1729 (1~50). 

precipitation with aqueous sodium hydroxide from a hy . 
drochloric acid solution followed by two recrystallizations 
from aqueous methanol. The reagent employed contained 
1.0 g of the aldehyde in 100 ml. of absolute ethanol. Tlik 
solution was stable for periods up to 1 week when stored in 
sealed brown glass containers. 

Enzyme Stock Solutions.-The aqueous enzyme stcck 
solutions were prepared, usually in 5-ml. volumetric flasks, 
from crystalline bovine a-chymotrypsin, Arrnour prepara- 
tions No. 10705 and 00592, but in no case waq a stock solu- 
tion used after i t  had stood a t  25' for more than 1 hour 
In every case the stock solutions were equilibrdted for not 
less than 15 minutes at the temperature employed for the 
examination of a particular system. 

A set of experiments uere conducted to determine whether 
there was a significant change in activity when enzyme solu- 
tions were maintained at 40" for 1 hour by holding the en- 
zyme in aqueous solutions at 40" and pH 7.8 and 0.02 AI 
in the THXM component of a THAM-HCl buffer for pe- 
riods up to l hour and then determining the activity at 25' 
and p H  7.8 using a-N-nicotinyl-L-tyrosinhydrazide as the 
specific substrate and comparing it with the activity of an 
equivalent enzyme solution that  had been kept a t  25' and 
pH 7.8 for the same period. The rcsults obtained from 
these experiments gave no indication that there was a sig- 
nificant change in activity when the enzyme was mdiiitained 
a t  40" for 1 hour under the conditions specified. 

Specific Substrate Stock Solutions.-Aqueous stock 
solutions of the various specific substrates were prepared a t  
concentrations such as to permit !he addition of the desired 
amount of specific substrate to  the reaction system in the 
form of an 8.0-ml. aliquot. 

Reaction System.-To a 10-ml. volumetric flask was 
added, at 25", 8.0 ml. of the specific substrate stock solu- 
tion and 1.0 ml. of the 0.2 AT buffer stock solution and the 
mixture equilibrated for 30 minutes in a constant tempera- 
ture bath maintained within 10 .1 '  of the selected tempcra- 
ture. At zero time a 1.0-ml. aliquot of the enzyme stock 
solution was added to the flask containing the buffered 
specific substrate solution and the solution mixed by gentle 
inversion six or seven times. Aliquots were then witli- 
drawn from the reaction system a t  selected time intervals 
and analyzed as described below. A summary of represen- 
tative reaction systems employed in this study is given in 
Table 111. 

TABLE I11 
REPRESESTATIVE REACTIOX COYDITIOSS USED IN p H  

OPTIMVM STUDIES" 

Hydrazide 

L-Tyrosin- 

a - h ~ - I ~ o r r n y l - ~ - t ~  rosiii- 
a-S-Acetyl-L-tyrociii- 

a-N-Trimeth ylacetyl-L- 

a-N-Dichloroacetyl-L- 

a-X-Benzoyl-L-tyrosin- 

tgrosin- 

tyrosin- 

a-N- Nicotin yl-L-th-rosin- 

T ,  
OC. 

25 
40 
25 
10 
25 
40 

25 

25 

25 
40 
10 
25 
40 

i n  

[El, mg. 
P.X/rnl. 

0 . 104'' 
,104b 
. 144c 
, 104" 
,104b 

,144" 

144c 
,052  
.05P 
, 052b 

. 059 

.05P 

.052* 

[SI0 x 10'. 
AT 

1.65 
I. 6 j  
0.12 

.45  

.45  

.49  

2 .56  

0.60 
,24 
. 10 
. I 9  
.1; 
.93 
.33 

1 ,  
min 

60 
60 
35 
00 
60 
13 

22 

40 
45 
30 
45 
6 0 
17 
50 

I n  aqueous solutions 0.02 A4 in the TFLIM component 
of a THAM-HCl buffer except in a few cases below p H  7.0 
where a sodium cacodylate-cacodylic acid buffer 0.02 M 
in cacodylic acid was employed. *Armour lot no. 10705. 
6Armour lot no. 00592. 

Analysis of Reaction System.--4t preselectwi time inter- 
vals an aliquot, usually 1.0 ml., was withdrawn from the 
reaction system and transferred to a 10-ml. volumetric 
flask containing 1 .O ml. of the P-dimethylaminobenzalde- 
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6.5 7.0 7.5 8.0 8.5 

P H. 
Fig. 1.-Relative activity v5. p H  for the a-chpmotrypsin- 

catalyzed hydrolysis of L-tyrosinhydrazide, 0, and of a-S-  
formyl-L-tyrosinhydrazide, 6, in aqueous solutions at 25" 
arid 0.02 iZf in the THAM component of a THAM-HCl 
buffer. 

hyde reagent, 1.0 ml. of 1.72 N aqueous hydrochloric acid 
and ca. 5 ml. of water. The above solution was then made 
up to 10.0 ml. with water and allowed to stand for a period 
of 15-45 minutes before the optical density of the solution, 
contained in a 1-cm. quartz cell, was determined a t  455 mp 
using a Beckman Model B spectrophotometer equipped 
with a therniostated cell compartment maintained a t  25". 
I t  was found that  the absorption a t  this wave length, i.e.. 
455 m,u, followed Beer's law when the concentration of hy- 
drazine was between 1 and 50 X 10-5 M .  The size of the 
aliquot withdrawn from the reaction mixture was adjusted 
so the amount of hydrazine determined \vas between these 
limits. 

n'ith regard t o  blank corrections i t  should be noted that 
none of the specific substrates considered in this study were 
hydrolyzed in the absence of the enzyme under the conditions 
einployed. However, a small blank correction was frc- 
quently made because of the presence of trace quantities of 
hydrazine in the specific substrates and because of a turbidit>- 
arising from the presence of a small amount of denatured 
ciizl-me in the solution of the azine. 

Results.-The primary data obtained from analy- 
sis of the various reaction systems were recorded in 
terms of optical density, i.e., extent of reaction, ob- 
served after a constant time interval for systems of 
varying hydrogen ion concentration with all other 
factors, i e . ,  enzyme concentration, specific sub- 
strate concentration, time and temperature being 
maintained constant for any one specific substrate. 
I3ecause the rather large variability in the suscepti- 

I I I I I I 

t 
L 0.8 * 
4 \ 

'02[  , j , , , 
6.5 7.0 7.5 8.0 8.5 

PH. 
Fig. 2.-Relati\-e activit! . )!I for the a-chyInotr?-psiii- 

catalyzed hydrulysis of a-N-benzoyl-L-tyrosinhydrazide a t  
40°, 0 ,  and a t  2Z0, 8 ,  in aqueous solutions 0.02 ill in the 
THAM component of a THrlRI-HC1 buffer. 

bility to hydrolysis of the various specific sub- 
strates resulted in a lack of uniformity, particu- 
larly with respect to enzyme and specific substrate 
concentrations, which had to be separately estab- 
lished for almost each specific substrate in order t o  
obtain a significant extent of hydrolysis in a reason- 
able time interval, all of the primary data were 
normalized in order to facilitate presentation of the 
principal results of this study. In the normaliza- 
tion process the maximuin optical density ob- 
served with any one specific substrate was assigned 
a value of unity and all other optical densities ob- 
served with the same specific substrate, where the 
only variable was the hydrogen ion concentration, 
were assigned values between zero and unity which 
were proportional to the respective observed optical 
densities relative to the observed maximum optical 
density. The plots given in Figs. 1 and 2 are r e p  
resentative examples of the derived data used for 
estimating the PH optiim n.11ic.h are summarized 
in Tables I anti TI. 
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