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The dependerce of the a-chymotrypsin-catalyzed hydrolysis of L-tyrosinhydrazide and of six «-N-acylated-L-tyrosin-
lrydrazides, in aqueous solutions at 25° and 0.02 3 in the THAM component of « THAM-HCI! buffer and at tlie optimum
pH for each specific substrate, upon tlie initial specific substrate concentration has been determined. A comparison of tle
values of Kg and k; for a-N-formyl-, a-N-acetyl- and «-N-nicotinyl-L-tyrosinhydrazide witlt those for the corresponding
acylated-L-tyrosinamides has shown that while the values of Kg for the members of any given ainide-hydrazide pair inay be
approximately equal and the value of &, for the amide member may be greater than that for tlie hydrazide member of a par-
ticular pair, the ratio of the values of k; for each amide-hydrazide pair varies with the nature of the acyl moiety present in

the three pairs.

It is known that L-tyrosinhydrazide, «-N-
formyl-, a-N-acetyl-, o-N-trimethylacetyl-, «-N-
dichloroacetyl-, a-N-benzoyl- and «-N-nicotinyl-
L-tyrosinhydrazide are hydrolyzed in the presence
of a-chymotrypsin and the optimum pH for the hy-
drolysis of each of the above specific substrates, in
aqueous solutions at 25° and 0.02 M in the THAM?
component of a THAM-HCI buffer, has been deter-
mined.® In this communication we shall be cou-
cerned with the determination of the dependence of
the rate of the a-chymotrypsin-catalyzed hydrolvsis
of the above specific substrates upon the initial
specific substrate concentration when such systems
are examined in aqueous solutions at 25° and 0.02
M in the THAM component of a THAM-HCI
buffer and in the immmediate region of the pH
optimum of each specific substrate.

It will become evident from the results of this
study that insofar as dependeuncy upon the initial
specific substrate concentration is concerned, the
initial stages of the a-chymotrypsin-catalyzed hv-
drolysis of the above specific substrates may be
represented by equation 1 and that their respective

k1 k
Bt + S = BES —> Eq + Py + Py (1)
ko

rates, during the initial stages of reaction, may be
described, within the limits of experimental error,
by equation 2, where Ks = (ks + k;)/ki. There-

—d[S]/dt = R[E][S]/(Ka + [S]) (2)

fore, in the evaluation of the constants Ks and ks
the primary data, s.e., extent of reaction vs. time,
were first submitted to a first-order correction”s
in order to obtain linear relationships between ex-
tent of reaction and corrected time. From these
linear relationships a least squares fit was employed
to obtain values of ». Since it was observed that
the values of v and [S]p for each specific substrate
gave apparent linear relationships in any one of the
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three plots based upon equation 2,%1 each set of
values of vy and [S]e were fitted by the method of
least squares to the line 1/, = b/[S]o + a, where
b = Ks/ks [El,a = 1/k; [E] and b/c = Ks* The
values of a, b, k3/Ks, Ks and k3 so obtained are
given in Table I along with the experimental pa-
rameters characteristic of each set of experimeuts,
e.g., pH, [E] and [S],. Since values of Ks and k;
acquire significance only when the ratios L's =
[E]/Ks and S’s = [S]i/Ks lie within certain
limits,!! values for these latter constauts also are
given in Table I.

If it is assumed as before!! that the molecular
weight of monomeric a-chymotrypsin is 22,000, its
nitrogen content is 16.0%,, the monomer possesses
but one catalytically active site per molecule and
that all of the enzyme is present in the reaction sys-
tem as the monomer, it is clear that all values of
Es’ given in Table I are well below the value of 0.6
associated with an experimental error of £5%.1
Therefore, insofar as values of Eg’ are concerned,
all values of Ks and ks were obtained under the
conditions required if equation 2 is to have va-
lidity. 1!

If equation 2 is to be used for the evaluation of
Ks and k; and the experimental error is £5%, it is
required that values of S’s be between tlie limits
of 0.05 and 20.1' It will be seen from Table I that
the values of §8’s for a-N-formyl- and a-N-dichloro-
acetyl-L-tyrosiuhydrazide are well within the above
limmits. However, in all other cases the lower values
of S’s are either less than or close to the lower liniit
of 0.05 noted above.

With L-tyrosinhydrazide the linited solubility,
i.e., ca. B X 103}, coupled with a value of K5 =
ca. 6 X 10730 makes 1t unlikely that Ks and 2
can be evaluated with greater precision thau that
attained in the present study unless the experi-
mental error can be reduced to below =179, With
a-N-benzoyl-L-tyrosinhydrazide the values of Kg
and k3 given in Table I are suspect for two reasons.
First, they were obtained under conditions where
the estimated values of S’s were so low that the
only constant of possible significance is the ratio
ki/Ks.!'  While it may appear that the situation
could be improved to a modest degree by eliminat-

(9) H. Lineweaver and D. Burk, ¢thid., 56, 658 (1934).

(10) G. S. Eadie, J. Biol. Chem., 146, 85 (1942),
(11} R. J. Foster and C. Niemann, THIS JoUrNaL, 77, 1886 (1955).
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x5 ing the data obtained with values of [S], from 0.06
to 0.12 X 107%* M and basing an evaluation upon
the data obtained with values of [S]p from 0.16 to
0.40 X 10~3 M,'2 it should be noted that in all
cases the extent of reaction was between 53 and
83%. This latter situation coupled with the prob-
ability that the value of K,, 7.e., the enzyme-prod-
uct dissociation constant, may be of the order of
1072 M creates the second uncertainty in that the
use of equation 2 under these circumstances could
lead to erroneous values of Kg and k;. Since the
need for observing the reaction under consideration
for a longer than optimal period was a consequence
of the very low solubility of the specific substrate,
which could not be improved except by the unde-
sirable practice of changing the solvent system, it
was decided to make the best of a difficult situation
by studying the hydrolysis of «-N-benzoyl-L-
tyrosinhydrazide in competition with that of a-N-
acetyl-L-tyrosinhydrazide.!3 The experimental
data so obtained were subjected to a graphical
analysis based upon consideration of all three plots
derived froin equation 2, and the following values
were obtained: ks /Ks; = 0.10 min./mg. protein-
nitrogen per ml.; ki = 0.15 X 10—3 M/min./mg.
protein-nitrogen per ml. and Ks; = 1.5 X 1073 M.
From these values and the values of Kg, = 22 X
103 M, k3, /Ks, and ks /Ks, = 0.029 and 0.244
min./mg. protein-nitrogen per inl., respectively, it
follows that Ks, = 0.5 X 1073 M and k3, = 0.12 X
1073 M /min./mg. protein-nitrogen per ml. While
no great reliability can be placed upon these latter
values, it can be concluded that the value of K is
of the order of 10—% M and k; of the order of 104
M /min./mg. protein-nitrogen per ml. It is clear
that the relationship between the probable values
of Ks and k3 and the solubilities of L-tyrosinhydra-
zide and «-N-benzoyl-L-tyrosinhydrazide are such
as to preclude a precise evaluation of Kg and &; for
these specific substrates.

The relatively low lower limits of S’s associated
with the evaluation of Ks and k; for a-N-acetyl-
and a-N-trimethylacetyl-L-tyrosinhydrazide sug-
gests the desirability of a re-evaluation of the
kinetic constants of these specific substrates at
higher values of [S], if constants of greater reli-
ability are to be obtained. However, it is known
that the values of Ks and ks given in Table I for
a-N-acetyl-L-tyrosinhydrazide are in substantial
agreement with values so determined.! Since
it is possible to examine oa-N-trimethylacetyl-L-
tyrosinhydrazide under conditions where S’s can
be varied between the limits of 0.05 and ca. 6.0,
in spite of the relatively high value of Ks, this spe-
cific substrate has been selected for an investigation
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1170
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¢ In units of 1073 M/min./mg. protein—nitrogen per ml.

¥ Maximum practical solubility ca. 15 X 1073 M.

» Maximum practical solubility ca. 0.4 X 1073 M.

SuMMARY OF VALUES or KiNETIc CONSTANTS®
b
° Value questionable, see text.

a
151650 == 56130
119640 = 3960
7430 = 1800
17690 = 7130
16780 = 6280
10050 = 1050
9670 £ 2850

f In units of 1073 M.

[She
¢ Inunits of 10 =% M and based upon an assumed molecular weight of 22,000 and a nitrogen content of 16.0%. ¢ In units of 1073
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HCONH-
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(CH,),CCONH-
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Cl,CHCONH-
CeH;CONH-
B-(CsH,N)CONH-

H,N-*
@ For systems involving a-chymotrypsin and the respective specific substrates in aqueous solutions at 25° and 0.02 M in the THAM component of a THAM-HCI1 bufler and at the

-CH(CH:CsH:OH)CONHNH:

indicated pH.
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of the nature of the rate equation for both the initial
and extended reaction. These studies, which also
should lead to more precise values of Kg and ks, are
now in progress.

When the experimental data for a-N-nicotinyl-
L-tyrosinhydrazide were evaluated, it was found
that only the constants b and k3/Ks could be ob-
tained. The least squares treatment led to a nega-
tive value for . However, a subjective graphical
estimate, based upon uncorrected initial velocities,
gave the values of Kg and k; presented in Table 1.
Although the k3/Ks ratio, 7.e., 0.11 min./mg. pro-
tein-nitrogen per ml., derived from these values is
in agreement with the value of k;/Kg obtained by
the least squares treatment, it is impossible to as-
sign limits of variability to the values of K and k3
given in Table I. However, they may be ac-
cepted as being substantially correct.!*

Of the seven compounds considered in this study,
it is clear that five, 1.e., a-N-formyl-, a-N-acetyl-,
a-N-trimethylacetyl-, a-N-dichloroacetyl- and
a-N-nicotinyl-L-tyrosinhydrazide are useful specific
substrates of «-chymotrypsin. The ratio k3/Ks
is an index of over-all reactivity when [S]; loses
significance with respect to Ks. The fact that
values as low as 0.0032 and as high as 0.244 could
be determined illustrates the exceptional sensitivity
and flexibility of the analytical inethod that may be
used for following the hydrolysis of the above
specific substrates.

A comparison of the values of Kg and k: for
a-N-formyl-, «-N-acetyl- and «-N-nicotinyl-L-
tyrosinhydrazide with those for the corresponding
amides which were determined under comparable
conditions,!! reveals that the values of Kgs for a
given amide-hydrazide pair are approximately
equal for all three pairs and that the value of &; for
the amide member of a given pair is greater than
that for the hydrazide member of the pair, cf,
Table II. However, when the ratios of k; for a

TaBLE II
K3 AND k3 VALUES OF AMIDE-HYDRAZIDE PAIRS®

Ksb 1354
Amided Hydrazide Hydrazide

Acyl moiety Amided

a-N-Formyl 12 3 9.8+ 0.5 0.45 £0.05 0.058 & 0.002
a-N-Acetyl 324 28 +38 2.4 03 07 =£0.2
a-N-Nicotinyl 12 %3 9 5.0 1.0 1

@ For L-tyrosine derivatives in aqueous solutions at 25°
and at the optiinum pH. ¢ In units of 1078 A/, ¢ In units
of 1073 3/ /min./ing. protein-nitrogen per ml. 3 Cf,, ref. 11.

given pair are compared, it is seen that this ratio
is ca. 8 for the a-N-formyl derivatives, ca. 3 for the
a-N-acetyl derivatives and ca. 5 for the «-N-
nicotinyl derivatives. Thus, even when the values
of Ks are approximately the same for an amide-
hydrazide pair, which differ only in one being an
amide and the other a hydrazide, the differences in
the values of k; for such pairs are still dependent
upon the nature of the acyl moieties present in the
different pairs. While a rigorous and quantitative
explanation of this phenomenon cannot be given at
this time, we believe that it may be a consequence
of a situation where Kg is an index of the extent of
combination of the enzyme and specific substrate
in a variety of inodes only some of which lead to
orientations in the ES complex which permit the

R. Lutwack, H. F. MoweR AND C. NIEMANN
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formation of a transition state and where k3 is an in-
dex not only of the intrinsic energetics of the reac-
tion involving the potentially hydrolyzable bond
and its adjacent atoms but also of the probability
of combination in a mode which can lead to a transi-
tion state.16—18

The values of Ks and k; obtained for a-N-di-
chloroacetyl-L-tyrosinhydrazide were unexpected
since earlier studies with acetyl- and chloroacetyl-
L-tyrosinamide,!! conducted under comparable
conditions, indicated that replacement of an acetyl
group by a chloroacetyl group had little or no
effect upon the values of Ks, t.¢., 32 £ 4 and 27 =+
2 X 1078 M, but caused a marked increase in the
value of k3, 1.6, 24 £ 0.3 and 4.0 £ 0.2 X 10~
M /min./mg. protein-nitrogen per mil. With the
observation made in this study that replacement of
an acetyl group by a dichloroacetyl group in the
case of a-N-acylated-L-tyrosinhydrazides has the
effect of causing no substantial change in the value
of ks, .., 0.7 £ 0.2 and 0.70 = 0.07 X 103 M/
min./mg. protein-nitrogen per ml., but instead of
causing a marked decrease in the value of Kg, i.e.,
22 + 8and 5.2 = 0.7 X 103 M, it is clear that un-
til the constants for the systemns a-chymotrypsin-
dichloroacetyl-L-tyrosinamide and a-chymotryp-
sin—a-N-chloroacetyl-L-tyrosinhydrazide are deter-
mined, it will remain unknown as whether the re-
sults noted in this study are a consequence of a
unique behavior associated with the presence of the
dichloroacetyl group or of the carbohydrazide
group or of a combination of both.

The authors wish to express their indebtedness
to Drs. R. M. Bock, J. T. Braunholtz, R. Kerr
and W. E. M. Lauds and to Mr. Charles Goebel
for their assistance during the course of this in-
vestigation.

Experimental

Specific Substrate Stock Solutions.—The specific sub-
strates and their stock solutions were prepared as described
previously .S

Buffer and Enzyme Stock Solutions.—The solutions were
prepared with the same precautions as before® from THAM
and crystalline bovine e-chyinotrypsin, Armour preparations
1os. 10705 and 00592.

Analysis of Reaction Systems.—Tlie procedure described
by Lutwack, Mower and Niemann® was used witliout modi-
fication.

Reaction Systems.—The general procedure has been de-
scribed previously.® All experitnents were conducted in
aqueous solutions at 256° and 0.02 3 in the THAM compo-
nent of a THAM-HCI] buffer. The reaction conditions
employed with eacl: specific substrate are summarized below.

L-Tyrosinhydrazide.—Eleven experimnents with values of
[S]o from 0.72 to 4.12 X 1073 M, [E] = 0.208 mg. protein-
nitrogen per wnl. of Armour preparation no. 107053, total re-
action time of 45 to 195 min., total extent of reaction of 3.0
to 12.79, gave 11 corrected values of v of 0.441 to 1.904 X
10~% M /min. with each value being deterinined by a least
squares fit of 6 to 9 poitits corresponding to the samme number
of obscrvations of the corrected extent of reaction’® gs. time
within the above total reaction tiines.

a-N-Formyl-L-tyrosinhydrazide . —Ninc experiments with
values of [S]o from 3.71 to 13.47 X 1073 M, [E] = 0.1444
mg. protein-nitrogen per ml. of Armmour preparation no.
00592, total reaction timte of 32 to 38 min., total cxtent of
reaction of 1.2 to 2.79, gave 9 corrected values of n of

(16) R. J. Foster and C. Niemann, Proc. Natl. Acad. Sci., 39, 371
(1953).

(17) (+. S. Eadie and F. Bernheim, Buli. Math, Biophys, 18, 33
(1953).

(18) S ILevine, Enzymologia. 16, 236, 265 (1953-1954).
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2.330 to 4.940 X 10~% M/min. with each value being de-
termined by a least squares fit of 8 to 9 points.

a-N-Acetyl-L-tyrosinhydrazide.—Fifteen experiments
with values of [S]; from 1.27 t0 6.67 X 1073 M, [E] = 0.208
mg. protein-nitrogen per ml. of Armour preparation no.
10705, total reaction time of 13 to 55 min., total extent of
reaction of 5.8 to 28.5%, gave 15 corrected values of vy of
0.735 t0 3.117 X 107% M/min. with each value being deter-
mined by a least squares fit of 7 to 8 points.

a-N-Trimethylacetyl-L-tyrosinhydrazide.—Two sets of
six experiments with values of [S]; from 0.494 to 1.08 X
10—% M and 2.99 to 10.48 X 103 M, [E] = 0.1444 mg. pro-
tein-nitrogen per ml. of Armour preparation no. 00592,
total reaction time of 32 to 60 min. and 16 to 36 min., total
extent of reaction of 6.2 to 8.6% and 1.9 to 4.4% gave 12
corrected values of vy of 0.071 to 1.380 X 1075 M/min. with
each value being determined by a least squares fit of 8 to 9
points.

a-N-Dichloroacetyl-L-tyrosinhydrazide.—Ten experi-
ments with values of [S]y from 0.909 to 3.82 X 1073 M,
[E] = 0.1444 mg. protein-nitrogen per ml. of Armour
preparation no. 00592, total reaction time of 9 to 10 min.,
total extent of reaction of 10.0 to 15.09%, gave 10 corrected
values of vy of 0.145 to 0.420 X 10—% A//min. with each
value being determined by a least squares fit of 7 to 9
points.

a-N-Benzoyl-L-tyrosinhydrazide —Two sets of experi-

ments, one with 8 values of [S], from 0.06 t0 0.12 X 1073 W
and the other with 10 values of [S}, from 0.16 to 0.402 X
10—3 M, [E] = 0.208 mg. protein-nitrogen per inl. of Arniour
preparation no. 107053, total reaction time of 15 to 27 min.
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and 15 to 39 min., total extent of reaction of 57.1 to 80.1%
and 53.4 to 82.79, gave 18 corrected values of v, of 0.290
to 1.862 X 1075 M /min. with each value being determined
by a least squares fit of 8 to 9 points. The conditions used
in the competitive hydrolysis of a-N-acetyl- and «-N-ben-
zoyl-L-tyrosinhydrazide are summmarized in Table III.

TaBLE III
a-CHYMOTRYPSIN-CATALYZED COMPETITIVE HYDROLYSIS OF
«-N-ACETYL- AND «-N-BENZOYL-L-TYROSINHYDRAZIDE®

[S1lo [Sz)e [Stle tmax b
X 108 M X 108 M X 108 M (min.) X 105 M /min.
0.140 0.268 0.408 14 0.696
.140 .358 .498 14 762
. 140 .447 . 487 11 .918°

@ In aqueous solutions at 25° and pH 7.9 and 0.02 M in
the THAM component of a THAM-HCI! buffer withh [E]
= 0.208 mg. protein-nitrogen per ml. of Armour preparation
no. 10705. °® From a least squares fit of 7 points unless
otherwise noted. ¢ 8 points.

a-N-Nicotinyl-L-tyrosinhydrazide.—Thirteen experiinents
with values of [S]; from 0.50 to 4.56 X 1073 M, [E] = 0.208
mg. protein-nitrogen per ml. of Armour preparation no.
10705, total reaction time of 7 to 30 min,, total extent of re-
action of 13.1 to 47.89, gave 13 corrected values of v of
0.102 to 0.808 X 10~* M /min. with each value being deter-
mined by a least squares fit of 7 to 9 points.
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2-Amino-3- (8-aminoethoxy)-propionic acid (4-oxalysine) has been prepared through an acetamidomalonic ester con-
densation using 2-chloroethyl chloromethyl ether, followed by ammonolysis and liydrolysis of the intermediate, to give a

mixture of products.
column.

The reaction mixture was separated into several pure components by chromatography on an alumina
4-Oxalysine inhibits the growth of a number of microérganisms.

The reversal of this toxicity by lysine has been

most extensively studied with Leuconostoc dextranicum 8086 and was found to be competitively reversed over a 300-fold

range of concentrations with an inhibition index from 1 to 3.

The introduction of an oxygen atom in place of a
methylene group in the carbon skeleton of a natu-
rally occurring amino acid has resulted in the for-
mation of an inhibitory analog.!'=® 1In the present
study, it was desired to prepare an analog of lysine
by the introduction of an oxygen atom in place of
the methylene group at the 4-position. Such an
analog has the structural similarity and similar dis-
tance between the amino groups which would be
necessary for antagonism of lysine. For example,
2,6-diaminoheptanoic acid (e-C-methyllysine) has
been reported to be an effective lysine inhibitor, but
other compounds of similar structure but having
amino groups different in distance apart from that
of lysine are ineffective as inhibitors.* Accordingly,
2-amino-3-(B8-aminoethoxy)-propionic  acid  (4-
oxalysine) was prepared and found to be an effec-
tive inhibitory analog of lysine for several micro-
organisms.
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(3) C. G. Skinner, T. J. McCord, J. M. Ravel and W. Shive, ibid.,
78, 2412 (1956).

(4) A. D. McLaren and C. A. Knight, J. Biol. Chem., 204, 417
(1933).

In all of the synthetic approaches attempted,
which resulted in the formation of 4-oxalysine, a
mixture of products was obtained which proved
difficult to separate. Further, the yield of by-
products in every case exceeded that of the de-
sired compound. The most satisfactory technique
found was through an acetamidomalonic ester
condensation with 2-chloroethyl chloromethyl
ether. The desired product of this condensation,
2 - acetamido - 2 - (8 - chloroethoxymethyl) - malo-
nate, was always contaminated with unreacted
starting material and only a 389, conversion® was
obtained. Several attempts to improve this yield
by using inverse addition, altering the temperature
and/or time of addition, using other condensing
agents® and by direct fusion of the reactants at
elevated temperatures’ failed. The substituted
malonic ester derivative was treated with concen-
trated ammonium hydroxide at room temperature
for several days to replace the terminal chlorine by
an amino- group and then acid hydrolyzed; or

(5) This factor takes into account the recovered starting material.

(6) J. Shapira, R. Shapira and K. Dittmer, TuIS JOURNAL, 75>
3555 (1953).

(7) S. Maeda, M. Terumi and T. Suzuki, Buil. Inust. Phys. Chem.
Research (Tokyo) 19, 267 (1938); through C. A., 34, 6931 (1940).



