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ABSTRACT

The alpha-chymotrypsin catalyzed hydrolysis of four
L-tyrosinhydrazides at 25°C have been studied. The values
of the kinetic constants Ky and k3 for gftyrosinhydrazide,
acetyl L-tyrosinhydrazide, and nicotinyl‘E—tyrosinhydrazide
have been evaluated by the usual procedure. ‘Thervalﬁes of
these constants for benzoyl L-tyrosinhydrazide haVé been ob-
tained by the method of competitive hydrolysis,

The procedure for the quantitative determlnatlon of
hydrazine~by the reaction with p—dimethylaminobenzaldehyde
to form the corresponding azine has been adapted to the study
of the rate of the hydrolysis of alpha-amino acid hydrazides.

The rates of formation and of hydrolysis of bis p-dimethyl-
aminobeﬁzalazine have been studied under various conditions,
The effects of dielectric constant, ionilc strength, acld con-
centration, and temperature on the rate of hydroljsis»have
been inVestigated. The acid dissociation consténts for p-
dimethylaminobenzaldehyde in two distinct ethanol-water sys-
tems have béen determined. The acid dissociation‘constants
for the hydrazone and the azine of p-dimethylaminobenzaldehyde
have been obtained. The value of the constant for the as-
sumed aldehyde~ hydrazine- hydrazone equillibrium has been

calculated.
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Part I

STUDIES ON THE MODE OF ENZYME CATALYSIS



INTRODUCTION

The proteolytic enzymes are catalysts for the hydroly-
sis of many proteins. A study of the mode of actlon of
such enzymes implies the determination of the structural
characterisﬁics of the enzyme which are responsible for
the catalysis of the hydrolytic reaction. An approach to
this problem of establishing the nature of the requisite
unigue configuration is an investigation of the require-
ments necegsgary for a reacting system. There are many
parameters for such a system, and positive results are de-
rivable only when a judiclous selectlon of experimental
conditions permits the observation of the system under con-
trolled variations. One of these controlled variétions has
been suécessfully employed for the indirect examination of
the structural characteristics of the enzyme alpha-chymo-
trypsin. This variation, the alteration of the substrate,
has been used in this study.

The proteolytic enzyme alpha-chymotrypsin has the at-
tributes necessary for an investigation of the mechanism
of the enzymic catalysis. This enzyme posseéses the de-
sirable qualities of being available in highly purified
crystalline form, of being stable in an agueous solution

for a period of time sufflcient to secure reliable kinetic
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data, and of being independent of the requirement of the
presence of a coenzyme or actlvator for catalytic activity.
The alpha-chymotrypsin used in this study was bovine alpha-
chymotrypsin (Armour and Company). ‘

A systematic investigation of the effects of the struc-
tural alterations of the substrates upon the reacting sys-
tem involves the cataloging of the effects caused by substi-
tutions of the functional derivative of the carboxyl group,
the alpha-amino acid side chain, and the.other-substituent
of the alpha-carbon atom. A generalized substrate may be

represented by the formula R CHNH(RI)COR . It is the R

2 3 .
group, the group attached to the carboxyl moeity of the

3

alpha-amino acid, which is hydrolysed by alpha-chymotrypsin.
R3.groups which have been found to be susceptible to hydroly-
sis include: amides (1-7), ethyl esters (1), hydrazides
(1,8), methyl esters (1), and hydroxamide (1,9). Investiga-
tions have established that the R2 group may bé the residue
corresponding to that found in E—tyrésine (1,2,6,7,9), L-
phenylalanine (1,6), L-tryptophane (1,2,3,5), L-hexahydro-
phenylalanine (7), L-methionine (1), arginine (1), norleu-
cine (1), or norvaline (1). Substrates with R, being benzoyl
(1), acetyl (1,3,4,7,9), nicotinyl (1,3,4,5,8), carbobenzoxy
(1), carbobenzoxyglycyl (1), carbobenzoxyglutamyl (1),
chloroacetyl (6), and trifluoroacetyl (6). are known. Only

a small number of the possible permutations for Rl, RE’ and



R3 have been considered.

The effect of the stereolsomerism of alpha-amino acids
upon enzymic hydrolysis has been extensively studied (10—13).
To date the data obtained from investigations of a serieé
of enantlomorphic pairs have shown that in every casé the
L-isomer is hydrolysed, and the D-isomer is not hydrolysed.
This stereoisomeric specificity is not due to the inability
of the enzyme and the D-isomer to interact, since the D-
isomers act as competitive inhibitors for the L-isomers,
However, no generalization stating that all D-isomers are
not hydrolysed is Justified. A broad statement of this
type is simply not warranted on the basis of the small num-
ber of substrates studlied and the fact that it is conceiv-
.able that the present experimental procedures are inadeguate
to detect the rate of hydrolysis of isomers of the unnatural
configuration.

Inhibition of the hydrolysis reaction maj be presumed
to occur when the substrate is blocked from the formation of
a reactive transition state with the acﬁive catalytic site
of the enzyme. The hypothesis that the interaétion of a
trifunctional substrate and the enzyme takes place at three
centers of the catalytically active site has-received sub-
stantiation (3,5,6,12,14,15,16) and refines the definition
of inhibition to mean inhibition at one or more of these

centers., Thus, inhibition by the D-isomer of a specific
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substrate is merely one case in which a molecule which is
not measurably hydrolysed by the enzyme contains the struc-
tural requirements for interaction with one or more cen-
ters of the active site of the enzyme. It is clear that
inhibition may be monofunctional, bifunctional, or tri-
functional in so far as 1t is caused by a specie which is
respectively capable of interacting with one, two,‘or all
three of the centers. In this respect the hydroleis
products of non-acylated alpha-amino acids may act as mono-
functional inhibitors; Similarly, the hydrolysis products
of acylated alpha-amino acids may act as monofunctiqnal
and as bifunctional inhibitors. Inhibition by the hydroly-~
sis pfoduots is presumed to be due to the alpha-amino acid
‘regidue and not to the other hydrolysis product, since no
inhibition by these other products has been observed when
they have been added independently to the reacting system.
The process of 1inhibition need not be thé simple case
in which the inhibitor occupies one or more of the centers
of the active site of the enzyme and coﬁsequently prevents
the formation of the enzyme-substrate complex.‘ It is ap-
parent that a substrate possessing similar functional
groups may in effect act as its own inhibitof by interact-
ing in a manner which prevents the formation Qf the reac-
tive transition state of the enzyme-substrate complex. In
addition, the formation of ternary complexes (5) involving

the inhibitor, the substrate, and the enzyme can occur.



THE FORMULATION OF THE KINETIC EQUATIONS

The rate of reaction of the alpha—chymotrypsin,cata;
lysed hydrolysis of acylated alpha-amino acid hydraéides
is a function of several variables. S8ince 1t was desired
to limit the variation to that of the specific étrﬁcture
of the substrate, experimental conditions were selected
and maintained so that, except for the nature of the sub-
strate, the reéction system was maintained constant. The
rate equations presented in this section were formulated
with this basic assumption.

In the formulation of the rate equations used.in this
~study the intermedlate enzyme-substrate postulate has been
assumed {17). The rate determining step for the 6vera11
hydrolysis reaction is presumed to be the macroscopically
irreversible decomposition of the complex inté free enzyme
and producté of hydrolysis. (It can be noted that the
papain catalysed synthesis of acylated L- and Qf alpha-amino
acid hydrazides and phenylhydrazides (18-20) and the alpha-
chymotrypsin catalysed synthesis of acylated L-tyrosyl-,
L-tryptophanyl-, and Q—pheny1a1any1phenykydrézides (21)
have been accomplished.) The enzyme liberated from this
decomposition is held to be equivalent to the free enzyme

before binding with the substrate into the intermediate
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complex, and thus no loss of effective enzyme catalytic:
strength occurs as a result of the hydrolysis. In these
studies the need for studying the effects of the inhibition
due to any of the reaction products 1s obviated by the fact
that in 211 cases any inhibition is precluded by the very

small concentrations of the possible inhibitors.

The symbols used in the development of the rate equa-
tions (17, 22-27) are:
[E] = formal concentration of the free enzyme

[s]

formal concentration of the free substrate

[ES] = formal concentration of the enzyme-substrate
complex
P = products of the hydrolysis reaction

"The rate equations are formulated as follows:
Let the reactions of the free enzyme, free substrate,

and enzyme-substrate complex be represented thus:

kl k3
E+ 8 :;EZi: ES — E+ P (1)
2

where kl’ ko, and k, are the specific rate constants for

3
the reactions expressed by the arrows.
If the decomposition of the complex is the rate determin-

ing step, then:

- a%él = kg [ES] ' (2)
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The rate of formation of the complex is:

d[ES]
dt

=k [E] [8] - (k2 + k3 ) [ES] (3)

For the condition of a steady state, 1.e.

where - d[ES] <6< -d[s] ,

dt dt

then, d[ES]
at

: 0= K IEIS] - (k, + k) [ES] (4)

3

Define K4, the Michaelis-Menten constant, as:

Ky - LEdd ()

For a steady state condiltion:

k k

With the assumption that E = E - ES, the equation for
the rate of disappearance of the substrate becomes

- al8]l -y [ms] = k3 [El [8] _y (7)

at K, + 5]

A form of this equation (7) which relates the experi-
mentally derived variables, S and V, in a manner more
suitable for graphical presentation to obtain Ky and k3 is

(28-30)
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The kinetics for the competitive hydrolysis of two
substrates has been used herein for the determination of
the constants for a substrate which were unobtainable by
ordinary procedures. The method of competitive hydrolyéis
hasvbeen used»previously to offer further evideﬁce fhat
certain substraﬁes are hydrolysed at the same catalytically
active site of the enzyme (2). The formulation‘of‘the rate
equation for the case of competitive hydrolysis is as fol-
lows:

The Michaelis-Menten constants of the two substrates

are defined:

Kgp = [E][S,] and Ko = [E][Sp] - (9)
TES; T [ES2T

The rate of disappearance of the total substfate is:

- d[S] = _ d[Sl] _d{SE] = k31[ESl] -+ st[ESE] (10)
dt dat dat
aésuming that - d[Si] —d[ESj] 1 =1,2
A at >> T dt j =12

The hydrolysis of the substrates is presumed to be

competitive and thus:

[E,] - [BS] - [ES,] [8;]

=
"

ES,] (11)

[Eo] - [ES1) - [Esp] [se]
[ES,]
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Substitution yields:

[E 1[s_IK
[ES,] = o 2 8l (12)
Kg1Kgp + [SplKgy + [811Kq0 '
ana  [ES,] = _ LFollS1lKse o (13)
Kles2 + [SE]Ksl + [Sl]K82
Thus, - afs] . K31%s2[BollS1] + k3oKgn[BollSp] o (14)
at Ks1Kgo + [8p]Kgy + 1511Kgo
This may be rearranged to produce:
VVK S
31 By] = 2% _ (s)
Kk [s.] + 3elEolfsilSp]  KgiKepV KgylSplv
s2” 1 k31[EO] ksler] k31[E'O]

‘Equation (8) in one of its forms has been used to de-
termine the values of K, and ks. It 1s apparént from this

equation and from its integrated form, viz. k3Eot‘= Kgln

[So1/[8] + [Sol-[S] ; that the order of the hydrolysis
reaction is neither a pseudo first order reaction nor a
pseudo zero order reaction; it is rather a combinatioh of
the two types ofbreactions in most instances. The determi-
nation}of a velocity which can be associated with a sub-

strate concentration necessitates the calculations, usually
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by graphical means, of the tangents to the cur%es expressing
the substrate concentration-time relationship. An alternate
mefhod is to calculate the velocities for several substrate
initial concentrations at a point corresponding to zero.
time. These initial velocities are obtained by éxtfapola—
tion to zero time from graphs of assumed zero order and
first order reactions. |

The determination of the values of Kg and kB-from one
of the forms of equation (8) is unambiguous if the reaction
is one which actually proceeds via a composite of zero and
first order kinetics. The accuracy of the values obtained
in these cases is dependent only upon the accuracies of the
expefiménts and subsequent calculations.

If, however, the reaction appears to proceed almost
entirely via first order kinetics, one may obtainionly a
ratio of Kg to k3 from this analysis procedure; (A distinc-
tion must be made between a reaction proceeding via pseudo
first order kinetics and a reaction for which pseudo first
order kinetics are assumed for the purpose of calculating
velocities at zero time. In the latter case no assumption
is made that the reaction itself proceeds via first order
kinetics. The basic assumption 1is rather thét at the early
stages of the reaction a linear relationship between 1n
(SO/S) and time exists for any particular substrate concen-

tration. From this relationship an apparent first order
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rate constant can be calculated. This apparent first order
rate constant however varies with the initial substrate con-
céntration; if it remained a constant independent of the
initial substrate concentration, a true first order,reaé—
tion would be occurring. One may use a linear rélaﬁion be-
tween the time and the substrate concentration, viz. a zero
order graph, in the same sense without assuming.thé reaction
itself proceeded solely as a zero order reaction;) The con-

ditions for this case are that Ky )) S_, since for this

0’
relationship equation (8) becomes an equation describing
pure first order kinetics, It is obvious that only a fatio
of Ks to k3 obtains under such a circumstance.
bAttempts have been made to interpret the activities of

~a series of substrates on the basis of the so-called first
order proteolytic coefficients (31-35) and maximum first
order proteolytic coefficients (36-37). It has been shown
that neither of these methods is valid (36—38). It is
therefore épparent that the ratio of Ks:to k3 cahnot describe
the enzyme-substrate system unambiguously. '

| For the case that Kﬁ >> SO and consequently for which
the constants K, and k3 cannot be independently ascertained
via a plot of equation (9), one may use a prbCedure based upon
a study of the competitive hydrolysis of this substrate and

a substrate for which the constants KS and k3 are known. It

is evident from equation (15) that the k3 value of one sgub-
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strate may be determined from the data of competitive
hydrolysis, i.e. from rate of reaction data using mixtures
of two substrates, when coupled with the known values of

its ratio of KS to k., and the KS and k3 values of the

3
other substrate. The application of this competiti&e
hydrolysis proceduﬁe cannot be made indiscriminately. The
assumption of a condition of competitive hydrolysis de—
mands that the condition be fulfilled whenever the equation
describing it is applied. There are thus limits which must
be placed upon'the rate and affinity characteristics of the

substrates as well as upon the relative amount. of each

which is used.
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DISCUSSION OF THE EXPERIMENTAL RESULTS

In order that the kinetic constants determined. from
the rate of reaction data of this study have any meaning,
i.e. in order thét they may be compared with the kinetic
constants for other substrates, all of the parameﬁers of
the system except the variation of the specific éubstrate
were maintained constant. The parameters which wére recog-
nized and controlled so as to be constant were the pH, the
temperature, the solvent, the ilonic strength, and thevén—
zyme concentration. In addition, the analytical procedure
for ﬁherquantitative determination of the hydrazine was
- 8tandardized. |

For each of the substrates, the relative raﬁes of
hydroleis at various pH values were determihed first.

All of the kinetic data for each substrate were then ob-
tained at ﬁhe pH for which the rate of reaction Was a
maximum. From graphs of assumed first and zero order re-
aétions, i.e., from graphs of 1n (SO/S) vs. time and
(SO-S) vs. time, values for the initial velqcity'VO were
obtained. The initial velocities at various initial sub-
strate concentrations were used to find the values of the

kinetic constants Ky and kg from graphs of equation (8).
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The values of K derived in this manner were used to se-.
cure the corrections to the time scale for the first and

zerb ordef reactions (7). The procedure for the calcula-
tion of the initial velocities at various initial sub-
strate concentrations was repeated for both the firgﬁ and
. zero order reactions using the corrected time scales.

Finally, Ks‘and k_ values were once again obtained from

3
plots of equation (8).

For each of the four substrates studied the reaction
system was controlled so that the solvent was water, the
temperature was 25.0 + 0.1°C, the solution was 0.02 F with
respect to the amine component of the tris-(hydroxymethyl)
aminomethane-tris—(hydroxymethyl)aminomethane . HCl.buffer,
the initial free enzyme concentration was 0.208'mg. protein
nitrogen per ml., and the pH was maintained within‘o.l unit
of the pH optimum for the particular system.

The kinetic constants of the four substraﬁes, deter-
mined by a gfaphical treatment, -are presented in table I.

The kinetic data are given in tables II, III, IV, V, and VI.

Thé graphical solutions using the equation

1 Ks

= 1 . + 1
Vo I5,] k3[E,T K3[ET

are portrayed in figures 2, 4, 6, and 8. The determination

of the pH optima are illustrafed in figures 1, 3, 5, and 7.
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When the hydrazides are compared with the amides and
hydroxamides of similarly acylated L - tyrosine compounds,
ohe important and distinct difference of the hydrazides
is noted--all of the k3 values for the hydrazidgs a?e ab—
preciably lower. These differences must be due to the re-
markable influence of the hydraéido group upon the mechanism
of hydrolyéis. A reasonable mechanism for the hydrolysis is
an attack of a hydroxyl ion or a water molecule dn the car-
bonyl carbon atom. Such a nucleophilic attack is facili-
tated by any resonance forms or inductive effects which
increase the relative positive charge on this carbon atom.
The hydrazido group acts as an electron donating center and
in virtue of its adjacent position effectively diminishes the
_ maghitude of a positive charge on the carbonyl'carbon atom,
The degree to which the hydrazido group functioné'in this
manner‘is greater than that of the amido or hydroxamido
groups. |

The pﬁ optimum for L - tyrosinhydrazide is éa 0.7 pH
unit lower than the optima for the acylated hydraZides.

Since it is reasonable, as has been noted, that the hydroly- -
sis reaction is accelerated by an increasing pbsitive charge
on the carbonyl carbon atom, the low value df the pH optimum
for this particular substrate may be interpfeted as represent-
ing an acidity for which the charge is a maximum. However,

the pH optimum does not occur at an acidity which would
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represent a condition for maximum charge. This maximum
results when the accumulative effects of groups acting as
electron sinks for the carbonyl carbon atom is the greatest.
The amino group. acts in the capacity of an electroq,dohor
and opposes the buildup of a positive charge in thefadjacent
carbon position; Acylation of the amino group greatly‘de—
creases its basicity. Protonation of the group'transforms
it into an effective electron attracting site. If the
rate of hydrolysis actually paralleled the concentration
of the substrate having a protonated amino group, the pH
optimum would be less than its value of 7.1. Thié qonclu—
sion is deducible from a comparison of the pKa value of
the pfotonated amino group of an alpha-amino acid hydra—
_zide; viz. pKa = 7.69 for glycylhydrazide (39);v That this
parallelism does not obtain is evidence that the pH optimum
is the point of intersection of curves relating the‘separate
dependence of the rate of hydrolysis of L - tjrosinhydrazide
and of the éctivity of alpha-chymotrypsin on,pH,‘the hydroly-
8is curve decreasing and the activity cﬁrve increasing at
pr7.1, the optimum value. |

The value of k; for L - tyrosinhydrazide, 0.02 X 1073
M per mg. protein nitrogen per ml., is remarkably low. A
reasonable explanation is that since the more readily hy-
drolysable specie 18 not present in an overwhelming propor-

tion, the observed rate is8 that for a mixture, one compon-
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ent of which has a relatively low rate of hydrolysis. This
hypothesis is subject to quantitative examination, if not
in an enzymic system, at least in non-enzymic systems where
the acidities may be varied. The results, as shown. in |
figure 9, demonstrate that the log of the rate df h&drolysis
is proportional to the pH of the solutionh and is'noﬁ pro-
portional hence to the hydrogen ion concentratiﬁn.‘ One may
cbnclude, then, that in an acidic non-enzymicAsyétem’it is
essentially the protonated amino group specle which is
being hydrolyséd and that the rate determining step is an
attack by a water molecule. This relationship can be con—
trasted with that of an acylated substrate, acetyl L-tyrosin-
hydrazide,'which is hydrolysed under identical non-enzymic
conditions. In this instancé the rate of hydrClysis is
directly proportional to the hydrogen ion activiﬁy. lAcyla—
tion of the amino group reduces its basicity tb such an
extent that a reactlon analogous to that of g}tyrosinhydra-
zide cannof occur. This result i1s illustrated ih figure 10.
| Although results derived from a non—enzymicvSystem
cannot Jjustifiably be applied strictly to an enzymic system, .
one may at least consider their implications. The presence
of substrate species having protonated and free amino groups
can certainly be construed to mean that posSibly there are
two different enzyme-substrate complexes. Aside from any

spatial or steric requirements, the center of the active
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site which corresponds with the R, group appears to bind

1
with more stability to groups of decreased electron density
(40,41,15). Thus, the complex of the enzyme with the pro-
tonated amino group specie 1s the more stable of the two
possible complexes. One may conclude, therefore, b& making
the assumption that the complex containing the protonated
amino group specie is hydrolysed much more rapidly than is
ﬁhe other complex, i.e. by assuming an analogy between the
non-enzymic and the enzymic systems, that the‘value'of k3
determinéd for L-tyrosinhydrazide by the customary use of
equation (8) is not a k3 for the substrate. The relation-
ship between these two vaiues is illustrated as follows:
Let - [S]t = total formal free substrate concentration
[SH+] = protonated alpha-amino group formal con-
centration

[S] = unprotonated alpha-amino group formal}éon~

centration
[sHF]
[s]

Define: Ke = at the pH optimum

Then, [S]s = 1 + Ke

[su'] Ke

|
<

SH ‘
Assume, -d[SH'] = k3 [ESH'] = k3 [E ][sH']

at KSR 4 [SHT)

Now, V is the experimental velocity if - d[SH >>
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The constants derived by the conventional procedure are:

k5 PIE ]IS

exp
K™+ [S]g

' However,‘the velocity connected with the total substrate

disappearance is:

d[S]t v 1 + Ke

=

dt Ke

Substituting, the true equation for the total substrate

becomes:
1 =1 Kg + 1
VY [s], kBE[EO] kS“[EO]

As a result of the corrected equation, the tfuelk3 for

exp.

L-tyrosinhydrazide is Y k3

and the true KS..is equal to
K SXP ‘

In so far as the KS values may be interpretéd as being
measures of the relative stabilities of‘the enzymeésubstrate
complexes, one can specify that benzoyl L-tyrosinhydrazide
forms a more stable complex than does nicotinyl L-tyrosin-
hydrazide. The presence of a negative chargé‘at or near the
catalytically active site (1) may seem to substantiate an

argument on the basis of relative electrostatic repulsion.

However, the KS values for the substrates acetyl L-tyrosina-
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mide (42), trifluorocacetyl L-tyrosinamide (6), and chloro-
acetyl L-tyrosinamide (6) indicate that the magnitude of
such a repulsion effect is too small to affect the experi-
mental Ks values. An explanation can be offered, nowevér,
on the basis of other energy considerations. The Ewo states
of the system to be examined with respect to freevenergy
differences are the initial state of free enzyme.and free
substrate molecules and the final state of the activated
transition complex, If the mating of the two entities is
different, i.e. if the nicotinyl substituted substrate does
not fit as well on the enzyme surface as does thé benzoyl
substituted substrate, the former will require an additional
amouhtwof energy for the formation of the transition state.
This is simply a consequence of the fact that'the creation
of a hole in a liquid requires energy, and the amount of
energy required is a direct measure of the siZe of‘the hole,
The elimination of water molecules from bothvthe enzyme and
the substrates is necessary to assure a closeneSs of ap-
proach sufficient to permit interactioﬁ. The work required
to remove the water molecules from the active'site of the
enzyme should be substantially identical for the two cases.
However, the nicotinyl residue is more hydrbphilic than is
the benzoyl residue. Hence, more energy is required for
this process in the case of the nicotinyl compound. In addi-

tion to these considerations of work energy requirements for
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the creation of the transition state, one must examine

the entropy variations for a suitable comparison. The

chemisorption of the substrate on the enzyme (43) results

in a decrease in entropy, a greater decrease acctmpanying

a more rigid, or tighter fitting, complex. The release of

the water molecules in this process causes an inéreasé in

the entropy. If a water molecule is involved in’the.transi—

tion state, a decrease in entropy occurs. For the sake of

a comparison of entropy increments for the two cases only

the incrementé due to chemisorption and water molecule re-

lease vary. Thus, the overall evaluation of the free energy

changes obtaining when the transition states of the two gys-

témsbafe formed is certainly not a simple matter. Little

- success can be attributed to any such evaluatién~which ig-

nores any of the factors without adequate reason. It is

appareht, therefore, that a critical evaluatipn of the vari-

ous contributions to the delta free energies of the forma-

tion of thé two transition states is not possible at present.
As has been noted, the use of a competitive hydrolysis

study in conJjunction with the usual rate of hydrolysis study -

permits the evaluation of the kinetic constants KS and k3 in

those cases in which Ké})) So‘ This method is also applic-

able when the constants are theoretically operationally ob-

tainable, 1.e. when Kg is not ) S, but when the calcula-

tion of unambiguous values is mechanically difficult. This
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case is encountered for substrates for which the values of

KS and k. are such that a plot of SO/VO vs. S, for equa-

3
tion (8) is nearly zero. The substrate benzoyl L-tyrosin-
hydrazide offered an example for both cases, being so ih—
soluble that, even_with a very small KS value, not é
Sufficient améunt could be used to determine Ks and k3
independently from equation (8) and having values of Ky

and k3 such that a determination of independeqt Valﬁes was
impossible unless the range of concentrations could be
greatly extended. For this substrate the general procedure
was successfully employed, obtaining a Kg to k3 fatio}from
a plot of equation (8) and a ky value from data of a study

of cdmpetitive hydrolysis wherein the other substrate was

' agetyl L-tyrosinhydrazide.
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EXPERIMENTS AND DATA

Buffer Solutions

The aqueous stock solutions of buffer were pfepared

-~ from tris-(hydroxymethyl)-aminomethane which had been re-
crystallized twice from aqueous methanol (m.p.,l69.0 -
169.5). These solutions were 0.20 F with respect fo the
amine component of the buffer. The varying pH values were
obtained by the‘dropwise addition of concentrated hydro-
chloric acid. A dilution of 1 to 10 yielded substrate-
enzyme systems which were 0.020 F with respect to the

amine component of the buffer.

Aldehyde Reagent Solutilons

Thé p-dimethylaminobenzaldehyde used for’the aldehyde
reagént solutions was, on different occasions,:reagent
grade (Matheson and Co.), reagent grade recrystaitizea irom
aqueous methanol, and practical grade pufified by re-
precipitation by sodium hydroxide from a hydrochloric acid
solution and twice crystallized from aqueous methanol
(m.p. T4.5-75). The solution was one containing 1bgm. of
the aldehyde for 100 ml. of solution. Thé data from cali-
brations against known concentrations of hydrazine and
from kinetic studies indicated that these solutions were

sensibly constant even though they became colored upon
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standing exposed to light for periods up to a week.

Enzyme Solutions

The enzyme solutions were prepared from alpha-
chymotrypsin of bovine extract (Armour Co., Lot,NofbloTOB).
These solutions were kept at 25.0 ¥ 0.1% for the time
interval during which the aliquot portions were transferred
ﬁo the reaction systems. No aliquots were taken from stock
solutions which had been at 25°C more than one hour. The
reaction systems contained 0.208’mg. pfotein nitrogen per
ml., the proteln nitrogen content having been determined
by the Kjeldahl method after precipitation by trichloro-

acetlc acid.

Enzymic Reaction and Analysis Procedures

A 10 ml. volumetric flask containing 9 ml. of an
aqueous solution of the substrate, of which lvml. was 0.20
F buffer, was placed in a Sargent Constant Temperature
bath. Thertemperature was maintained at 25.0 ¥ 0.1°C. A
period of 30 minutes was allowed for the temperaﬁure of
these solutions to become equilibrated. ' The enzyme stock
solutions were prepared in 5 ml. volumetric‘fiasks, the
dissolving of the enzyme being accomplishedlby gentle re-
peated inversions and swirlings to avoid eXcess foaming.
At zero time a 1 ml. aliquot of the enzyme stock solution

was transferred to the flask containing the substrate solu-
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tioh, and the mixture was gently inverted and swirled six
to seven times. One ml. aligquots from this mixture were
’then transferred periodically into 1 ml. flasks containing
1 mi. of the aldehyde stock solution, 1 ml. ef 1.87 N HC1,
and ca 5 ml. of water. These azine reaction flaeks ﬁere
filled to the mark and inverted and swirled six to seven
times. A minimum time of fifteen minutes was alloWed_for
complete color development, i.e. complete azine fermation.
No appreciable changes in optical density were fouhd if

the development time was extended to 45 minutes. _The opti-
cal densities of the bis-p-dimethylaminobenzalazine in
agueous acid solution at 455 mp were determined using 1 cm.
silice cells in a Beckman Model B spectrophotometer. The
absorption at this wave length follows Beers' Lew when the
hydrazine to be defermined varied from 1 x 107°F fo 50 x

10-5F.

Syntheses of the Substrates

Acetyl L-tyrosinhydrazide (I)

| L-tyrosine was acetylated under Schotten-Bauman condi-
tions and esterified by the usual procedure using HC1l gas.
(I) was obtained from an ethanol solution of‘the ethyl ester
and 85% hydrazine hydrate refluxed for 2 hours, recrystallized
twice from methanol, and dried 1in vacuo over phosphorous pent-

oxide, m.p. 227-228 (corr.)



-27-

Anal. Caled. for CyiHjgOsN3: C,55.70; H,6.36; N,17.71
Found: C,55.69; H,6.33; N,17.79

Nicotinyl L-tyrosinhydrazide (II)

L-tyrosine ethyl ester was acylated using nicoﬁinyl
aZide in an ethyl acetate solution. (II) was obtained by
the method of (I), m.p. 242-243 (corr.).

Anal. Caled. for CygHygOsNy: C€,60.00; H,5.37; N,18.66
Found: ¢c,60.14; H,5.35; N,18.76

L-tyrosinhydrazide (IIT)

(III) was obtained from the methyl ester by él;owing
a methanol solution with 85% hydrazine hydrate to stand at
room ﬁemperature for 3 days, recrystallized twice from
‘ethanol, and driled 1n vacuo over phosphorous péntoxide,
m.p. 193-194 (corr.). |
Anal. Calcd. for  CgHi302N3: C,55.40; H,6.71; N,21.52
Found: ' C,55.40; H,6.76; N,21.42

Benzoyl L-tyrosinhydrazide (IV)

(IV) was prepared from benzoyl L-tyrosine ethyl ester
by the procedure of (I), m.p. 247-248 (corf.).
Anal. Calcd. for C16H19O3N3: c,64.20; H,5.72; N,14.04

Found: ™ c,64.21; H,5.63; N,14.07

lMicroanalyses by Dr. A. Elek, Elek Micro Analytical
Laboratories, Los Angeles, California. '
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TABLE I

The Calculated Values of the Kg and k3 Constants for the
Alpha-Chymotrypsin Catalysed Hydrolysis of L-tyrosinhydra-
zide, Acetyl L-tyrosinhydrazide, Nicotinyl L-tyrosin-
hydrazide and Benzoyl L- tyr051nhydrazide at

25.0 + 0.1°cC,. :

Substrate pH Optimum Kg =~ k3
Acetyl-L-tyrosinhydrazide 7.9 33. -0.90
Benzoyl-L-tyrosinhydrazide 7.9 2.0 0.48
Nicotinyl-L-tyrosinhydrazide 7.8 9.1 0.97
L-tyrosinhydrazide ‘ 7.1 5.7 - 0.02

Ky in units of 10-3M

k3 in units of 1073M/min. /mg. protein—nitrogen/ml{
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The following symbols pertain to tables II-VI
inclusive: (

Dy = optical density at 455 mp at time t

)
o
O

[

optical density at 455 mp corresponding
to 100% hydrolysis ' '

C oot
I

time corrected for first order rate reaction

o
il

time corrected for zero order rate reaction
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TABLE IT

The Alpha-Chymotrypsin Catalysed Hydrolysis of
L-tyrosinhydrazide at pH 7.1 and 25.0°C

uii _,..]_)_9.9.,._ _.._]_3,9_9._ I
[8]ox10 " t(min) Dy Doo-Dt Dgoo-Dt 10gDgo-Df t €
4i.2 15 .208 15,53 1.013 00561 15 15

45 469 15,27 1.032 .0137 45 45
75 687 15.05 1.047 ,0200 75 75
105~ .,898 14,84 1.061 L0257 105 105
135 1.08 14.66 1.074 . .0310 130 = 135
165 1.31 14,43 1.092 .0382 160 165
195  1.48 14,26 1.104 .0430 190 195
V, =2.98 x 1078N sec.-1
41,2 15 .201 15,54 1.013 .00561 15 15
45 A6 15,28 1.032 .0137 U5 Ly
75 .663 15.08 1.045 .0191 75 75
105 .867 14,87 1.059 . 0249 105 105
135  1.07 14,67 1.073 .0306 130 135
165 1.28 14,46 1.090 .0374 160 165
195 1.37 14,37 1.096 .0399 190 195
V, = 2.98 x 10791 sec.”!
30.6 15 168 11.52 1.014 . 00604 15 15
5 377 11.31 1.033 L0141 Ly 45
75 .551 11.1h4 1.049  ,0208 75 75
105 .711  10.98 1.066  .0278 105 105
135 .923 10.77 1.087 .0362 130 135
165 1.05 10.64 1.098 0Lo6 160 165
195  1.14 10.55 1.108 .ok4s 190 195
V, = 2.50 x 10781 sec.™t
30,6 15 L7h 11,52 1.014 .00604 15 15
45 374 11.32 1.033  .0141 45 L5
75 543 11.15 1.048 .0204 75 75
105 .709  10.98 1.066 .0278 105 105
135 .882 10.81 1.081 .0338 130 135
165 1.05 10.64 1.098 .0L406 160 165
195 1,17 10.52 1.111 .ols7 190 195
-1

0

. -8
V, = 2.50 x 10 M sec.
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TABLE II (cont.)

. ._.LI. ..UOO .UOO "
[8] x107" t(min) Dy  Dyo-Dy Doo-Dy 10gDgo-Dy ¢ t
25,2 5 .057 9.57 1.006 .00260 5 5

10 .095 9.53 1.010 .00432 10 10
15 .120 9.51 1.013 .00561 15 15
20 .150 9.48 1.016 .00689 20 20
25 175 9.45 1.019 .00817 25 25
30 .200 9.43 1.021 .00903 30 30
35 .223 9,41 1.023 .00988 = 35 35
Lo .2h5 9.38 1.027 .0116 40 4o
Lg .273 9.36 1.029 L0124 bx 45
v, = 2.22 x 1070 sec.”?
24,7 15 .156 9.27 1.017 .00732 -~ 15 15
45 .331 9.10 1.036  .0154 hs 45
75 492 8.94 1.055 .0233 75 75
105 .619 8.81 1.070  .0294 105 105
135 .756 8.67 1.087 .0362 130 135
165 .901 8.53 1.106 L0438 160 165
195 1.02 8.41 1.121 .0L96 . 185 195
V, =2.13 x 10-8M sec. t
2h.7 45 .317 9.11 1.035 .0l49 U5 45
75 A71 0 8,96 1.052 .0220 75 75
105 .625 8.80 1.072 .0302 105 105
135 LTh4L 8.69 1.085 .0354 130 135
165 .906 8.52 1.107 olblp . 160 165
195 .082 8.45 1.115 L0473 185 195
VO = 2.13 X 1Of8M sec. .
18.3 15 127 6.66 1.018 .00775 - 15 15
45 .254 6.54 1.037 .0158 L5 4
75 .374 6.42 1.057 .o241 75 75
105 .509 6.28 1.082 L0342 100 105
135 .597 6.19 1,097  .0ko2 130 135
165 .698 6.09 1.115 L0473 160 165
195 .795 5.99 1.133 .0542 185 195

V, = 1.59 x 107 sec.
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TABLE II (cont.)

D D

O

i ’. - 00 00 ' .
(8] %107 t(min) Dy  Dgo-Dy Dgo-Dy logDoo-Dy t' ¢
18.3 15 1oh 6.67  1.017  .00732 < 15 15
: 45 .262 6.53 1.039 .0166 45 45
105 495 6.29 1.080 .0334 100 105
135 571 6.22 1.092  .0382 130 . 135
165 657 6.13 1.108 .0oL4s 160 165
195 .7y 6.0L 1,124 .0508 185 195
Vv, = 1.59 x 107%M sec.”t
18.0 5  .046 6.83 1.008  .00346 5 5
10 .066 6.81 1.010 .00L32° 10 10
15 .090 6.79 1.014  .00604 15 15
20 .11h 6.77 1.016  .00689 20 20
25 .130 6.75 1.019  ,00817 25 25
35 .170 6.71 1.024 0107 35 35
Lo .187 6.69 1.029 L0124 Lo 40
U5 .208 6.67 1.030 .0128 45 45
o V) = 1.77 x 1070M sec.™?
16.5 15 114 6.19  1.018  .00775 - 15 15
: 45 .238 6.06 1.039 .0166 45 45
75 347 5.95 1.058  .0245 75 75
105 62 5.8L 1.078 .0326. 100 105
135 . .569 5.73 1.100 .ohik 130 135
165 .659 5.64 1.117  .o481 160 165
195 LTh4 5.56 1.132  .,0%539 185 105
Vo = 1.53 x 107°M sec.”t
10.8 5 .035 4.09 1.010  .00432 5 5
10 .05 4,08 1.012  .00518 10 10
15 .061 4,07 1.015 00647 15 15
20 .OTh I, 06 1.017  .00732 20 20
25 .087 L.ok4 1.022 . 00945 25 25
30 .100 4,03  1.025  .0107 30 30
35 L11h 4.02 1,027  ,0116 35 35
Lo 22 L.01 1.030 .0128 Lo Lo
L5 .136 3.99 1.035 0149 45 e
V., =1.14 x lO_8M sec,-l
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TARLE II (cont.)

Doo Doo . "

(8] x107" ¢t(min) Dy Doo-Dt Doo-Dy 108Dgo-Dy & t
12.2 15 . 097 4,56 1.022 .00945 /i5 15
. L5 .194 b7 1.043 .0183 L5 L5
75 .284 4,38 1.064 L0269 75 75
105 377 L, 28 1.089 .0370 100 105
135 RIRIE 4,21 1.107 o2 130 135
165 .518 4,14 1.125 .0512 160 165
195 .592 4,07 1.145 .0588 - 185 195

Vv, = 1.25 x 107°M sec.™?
12,2 15 .092 4,57 1.020 .00860 15 15
L5 .191 L. 7 1.043 .0183 L5 L5
75 .278 4,38 1.064 .0209 75 75
105 . 357 4,30 1.084 .0350 100 105
135 L1438 L 22 1.104 L0430 130 135
165 .510 4,15 1.123 . 0504 160 165
195 .561 4,10 1.137 .0561 185 195

VO = 1.25_xv10;8M sec."l
7.2 5 .025 2.725 1.009 .00389 - 5 5
, 10 .035 2,715  1.013 . 00561 10 10
15 .045 2,705 1.017 .00732 15 15
20 .051 2,700 1.019 .00817 20 20
o5 . 060 2.690 1.022 .00945 25 25
30 .070 2.680 1.026 .0112 30 30
35 077 2.673 1.029 L0124 35 35
Lo .085 2.665 1.032  .0137 Lo Lo
45 .093 2.657 1.035 .0149 Ls L5

1

v, = 8.72 x'10f9M sec.”
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66 70 74 78 82

Fig. 1. pH-activity relationship of the system alpha-
chymotrypsin—é—tyrosinhydrazide in aqueous solutions at
250C and 0.02 M with respect to the amine component of a
tris-(hydroxymethyl)-aminomethane-hydrochloric acid buffer.

R.H.= relative activity.
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So 1
Vb —
| 1 L l
1.0 20 3.0 4.0
So
[ ]
Fig. 2. O/V o graph for the system ,of alpha-

chymotrypsin-L- tyr081nhydraz1de at pH 7.1 and 25. OMC
So 1s in units of 1073M, S8,/Vo is in units of 10** sec.
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TABLE III

The Alpha-Chymotrypsin Catalysed Hydrolysis

of Nicotinyl-L-tyrosinhydrazide
at pH 7.8 and 25.09C

o ‘ ' Doo Doo . 1"
[s] x10 t(sec) Dg Doo-Dt Doo-Dg 108Dge-D¢ t t
43,6 60 08 16,24 1.025 .0107 -~ 60 60
120 760 15.89 1.047  .0200 120 120
180 1.08 15.57 1.070 L0294 175 180
240  1.36 15.29 1.087 - .0362 235 240
300  1.66 14,99 1.110 .0ls3 290 - 305
360 1.93 14 72 1.130 .0531 345 365
oo 2,18 14,47 1.151 L0611 - 4os hos
VO =-1.08 x 10 6M‘sec._l
38.2- 60 JA00 14,17 1,028 .0120 - 60 60
120 .700  13.87 1.051 L0216 120 120
180 1.00 13.57 1.073 .0306 175 180
240  1.29 13.28 1.093 .0398 235 . 240
300 1.54 13.03 1.117 LOU81 200 305
360 1.80 12.77 1.142.  ,0577 . 345 365
hLoo 2,05 12,52 1.162 L0652 Loo 425
4L8o 2.26 12.31 1.182 L0726 ks U85
v, =1.01 x 10701 sec .1
32.7 60 .370 12,12 1.028 = .0120 60 60
120 655 11,83 1.054  ,0228 120 120
180 .920  11.57 1.080 .0334 175 180
240 1.16 11.33 1.101 .ol18 235 240
360 1.66 10.83 1.152 L0615 345 365
420 1.88 10.61 1.175 .0700 Loo 425
480 2.00 10.49 1.190 L0756 Lhss - 485
VO = 9.56 x 107 M sec. .
27.3 60 280 10.13 1.027 L0116 60 60
120 490 9.92 1.050 L0212 120 120
180 .705 9.70 1.074 .0310 " 175 180
240 .910 9.50 1.096 .0398 235 240
300 1.11 9.30 1.119 .0ol88 290 300
360 1.33 9.08 1.147 .0596 340 360
L2o 1.50 8.91 1.168 L0674 Los 420
480 1.68 8.73 1.194 L0770 4ss 48O
s40  1.87 8.54 1.222 L0871 4os  s5h45
-1

Vo = 7.68 x 107TH sec.
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TABLE III (cont.)

‘ D D
-4 00 ; 00 y 0
(8] x10 t(sec) Dy Doo-Dt Dgo-Dt 10ogDoo-Dr t &

16.4 60 .225 6,02 1.038 .0162 60 60
: 120 .380 5.87 1.065 L0274 120 120
180 .510 5.74 1.089  .0370 175 180
240 .650 5.60 1.117  .0k81 230 240
300 .690 5.46 1.145 .0588 285 300
360 .915 5.33 1.173  .0693 335 360
420 1.05 5.20 1.202 .0799 385 L20
480 1.15 5.10 1.226 .0885 435 480
540 1.31 4.oh 1.266 @ .102 485 545

V) = 5.33 x 107 7M sec.
15.3 70 L146 5.69 1.026  .0112 65 70
105 L2148 5.63 1.037 .0158 105 105
175 .334 5.51 1.058  .0245 170 175
350 .611 5.23 1,117 L0481 330 350
540 .887 4,95 1.179  .0751 500 540
720 1.12 L 72 1.237 .0924 655 725
900 1.42 4,42 1.321 .121 790 910
1080 1.61 L.23 1.381  .140 940 1090

Vo= bbb x 10"TM sec.™ !
15.0 95 243 5.49 1.044  ,0187 95 95
165 .389 5.34 1.074  .0310 160 165
305 .672 5.06 1.132  .0539 290 305
485 .995 4,73 1.213 .0839 445 485
720 1,47 4,26 1.345 129 635 725
900 1.72 4. o1 1.429  .155 765 910
1080 1.88 3.85 1.488 .173 910 1090
1260 2,04 3.69 1.554 [1901 1030 1270

V, = 5.08 x 107M sec.”!
14,7 105 .267 5.34 1.053 .0224 105 105
160 .369 5.24 1.073  .0306 155 160
275 .585 5.02 1,118 .olsu 270 275
430 .867 4,7h 1.185 L0737 395 430
615  1.15 b 46 1.257 .0993 555 620
785  1.42 4.19 1.342 .128 690 790
970  1.62 3.99 1.407 .148 830 975
1155 1,92 3.69 1.522 .182 960 1165

V, = 5.07 x 10" sec.-1
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TABLE III (cont.)

Doo Doo "

[s]oxlo'u t(sec) Dg Doo-Dt Dog-Dt 1logDog-Dr t' . &
10.9 60 .165 3.99 1.043  ,0183 60 60
: 120 .270 2.86 1.078  .0326 115 120
180 .375 2.78 1.101 L0418 170 180
240 460 2.70 1.124  ,0508 230 240
300 .560 2.60 1.156  ,0630 280 300
360 .650 2.51 1.186  .o741 335 360
L20o . 735 2.42 1.218 .0857 385 420
480 .810 2.35 1.242 L0941 435 480
540 .910 2.25 1.281 .108 485 540
VO = 3.60 x 10-TM sec. ™t
10.0 75 .130 3.69 1.035  .0l49 75 75
125 .192 3.63 1.052 .0220 120 125
240 .349 3.47 1.100 Loh1h 230 240
350 Lu8h 3.34 1.143 L0581 330 350
535 .682 3.14 1.217 .0853 485 535
720 .893 2.93 1.304 .115 640 720
900 1.11 2.71 1.408 .149 - 775 900
1080 1.23 2.59 l1.475 169 -~ 910 1090
Vv, = 3.45 x 107N sec.”"
10.0 75 .132 3.69 1.035  .0149 75 75
115 .186 3.63 1.052  ,0220 115 115
240 341 3.48 1.098 .0406 230 240
355 ATk 3.35 1.140  .0469 335 355
540 .699 3.12 1.225  .0881 Loo 540
720 .870 2.95 1.205  ,112 640 720
900 1.07 2.75 1.388 .142 - 775 900
1080 1.22 2,60 1.470  .167 910 1090
Vo= 3.45 x 10" sec.™t
9.67 90 - .153 3.54 1.042  .0179 90 90
160 Lol 3.45 1.072  .0294 155 160
285 409 3.28 1.125 L0512 270 285
500 .654 3.04 1.214 o842 460 500
735 .928 2.76 1.337 .126 645 74O
1030 1.19 2.50 1.475 .169 865 1040
1450  1.57 2.12 1.740 .241 1150 1465
1.88 1.965  .293 1360 1830

1810 1.81

V. =3.52 x 10°'M sec.”t
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TABLE III (cont.)

' i DOO DOo . H
[8],x10 t(sec) Dy Doo-Dt Doo-Dy 1logDgo-Dp t t
5.33 105 .103 1.94 1.052 .0220 105 105
v 180 .162 1.88 1.085 L0354 175 180
365 .280 1.76 1.160 L0645 - 340 365
545 .378 1.66  1.230 .0899. 495 - 545
TU5 Jgo 1.55 1.315  .119 655  Th5
1030 .633 1.41 1.446 160 - 865 1030
1455 .818 1.22 1.673 224 1150 1455
1810 .9U3 1.10 1.855 .268: 1350 1830
V, = 1.7h x 10 M sec.™t
5.00 75 .072 1.84 1.038 L0162 75 75
115 .099 1.81 1.055 .0233 115 115
180 141 1.77 1.078 .0326 175 180
360 .258 1.65 1.157 . 0633 335 360
725 .458 1.45 1.317 .120 640 725
1090 .629 1.28 1.493 174 905 1090
1440 775 1.13 1.691 .228 1140 1440
1800 .806 1.01 1.893 270 1350 1800
Vo = 1.73 x 10~7M sec.”t
5,00 65 075 1.83 1,043 .0183 65 65
100 .101 1.81 1.055 .0233 100 100
200 .163 1.75 1.092 .0382 190 200
250 267 1.64 1.164 L0660 235 250
720 56 1.45 1.317 .120 635 720
1080 .650 1.26 1.515  .180 900 1080
1450 .791 1.12 1.705 .232 1040 1450
1800 L914 1.00 1,910 .281 - 1350 1820
1

Vo = 1.73 x 107TM sec.”
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Fig, 3. pH-activity relationship of the system alpha-
chymotrypsin-nicotinyl L-tyrosinhydrazide in agueous solu-
tions at 25°C and 0.02 M with respect to the amine component
of a tris-(hydroxymethyl)-aminomethane-hydrochloric acid
buffer. R.H.=relative activity.
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ig. 4. 8o/Vy vs. Sy graph for the system of alpha-
in-nicotinyl Eftyros%nhydrazide at pH 7.8 and
is in units of 107"M. S8,/V, i1s in units of
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TABLE IV

The Alpha-Chymotrypsin Catalysed Hydrolysis
of Acetyl-L=tyrosinhydrazide :

at pH 7.9 and 25.0°C

[s,]oéclo"LL t(sec) bt

66.7

66.7

66.7

42.3

60
150
2o

1360
480

690

750

60
150
240
360
480
600
690
750

- 60
165
240
360
480
600
690
750

90
180
300
480
840
960
1080

s

gy

.160
344
523
L157
L9979

.35
A48

.161
.334
.509
.738
. 980
.21

037 ‘
-50

.160
.362
.520
752
.982
.20
.37
.50

176
275
486
716
.20

.35
48

Doo-Dt  Doo-Dt

ommvsmmpremen:

DOO

DOO

25

25.
2k,
24,
24,

2l

25

23

25,
.06
.90
2l |
Ll
ol |
.05
.92

24
24

24
23

15

14

.26

08
90
66
hh

.07
23.

o4

.26
.09
24,
24,
24,
24,
24,

91
68
Ly
21

05

.92

25

67
22

.98
.88
15.
15.
14,

67
Ll
96

.81
14,

68

ety

. 005
.014
.022
.032

e e

L056
.063
VO
1.005
.014
022
.032
L0440
.050
.056
.063

R

VO
, 005
.015
.022
.032
.0l4o
.050
.056
. 063

N e e

VO
1.011
1.018
.031
047
.080
.090
.101

i

e

.oho

1

logDoo-Dr t =t
.00217 60 60
.00604 150 150
00045 240  2ho
.0137. 355 360
L0170 475 480
.0237 675 695
L0265 735 55
5.33 x 10" M sec. ™
.00217 60 60
L00604 150 150
.00ou5 240 240
.0137 355 360
.0170 - 4ys 480
.0212 590 605
.0237 - 675 695
. 0265 735 755
5.33 x 10-TM sec, !
.00217 60 60
.00604 150 150
.00945 240 240
.0137 355 360
.0170 = 475 480
.0212 590 605
.0237 675 695
.0265 735 755
_ L. -1
5.33 x 10 M sec.
.ool4T75 90 90
.00775 180 180
.0133 295 300
.0200 470 480
.0334 815 850
L0374 930 - 970
L0418 1050 1090

Vo = 3.51 x 1077y sec.-1
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TABLE IV (cont.)

0

DOO DOO "t
[81,x10°% t(sec) Dy Dyo-Dy Dgg-Dp logDog-Dp t'
42.3 90 L1470 16,01 1.009 .00389 90 90
180 276  15.88 1.018 .00775 180 180
300 456 15.70 1.029 .0124 295 300
480  .6T7H  15.49 1.043 .0183 470 480
840 1.09 15.07 1.072 . 0302 815 850
060 1.34 14,82 1,090 L0374 930 970
1080 1.4 14,74 1.097 L0ho2 1050 1090
V. =3.51x 1077H sec. T
42.3 90 155 16,00 1.009 .00389 90 90
180 284 15,87 1.018 .00775 180 180
300 As56 0 15,70 1.029 L0124 295 300
480 .700  15.46 1.046 .0195 L7o 480
840 1.16 15,00 1.077 .0322 815 850
960 1.31 14.85 1.089 .0370 930 970
1080 1..48 14,68 1.101 L0418 1050 1090
V, = 3.51 x 10°"M sec.-t
35.8 - 60 .120 13.53 1.009 .00389 60 60
120 212 13,44 1.016 .00689 120 120
180 304 13.35 1.023 .00988 180 180
240 .390" 13,26 1.029 L0124 20 240
315 500 13.16 1.038 L0162 310 315
360 565 13,08 1.044 .0187 355 360
L2o 642 13,01 1.049 .0208 Lio 420
480 .720 12.93 1.054 .0228 h7o 480
540 .800 12.85 1.062 L0261 530 545
V= 2.96 x 10°M sec.”?!
25,3 90 .118 9.54 1.013 . 00561 90 90
~ 210 224 9.44 1.023 .00988 210 210
330 .328 9.33 1.037 .0158 325 330
570 .535 9.12 1.059 .0249 560 570
930 .849 8.81 1.097 .olo2 900 930
1290 1.09 8.57 1.128 L0523 1230 1290
1830 1.48 8.18 1.182 .0726 1700 1850
2790 2.13 7.53 1.284 .109 2510 2815
V. =2.27 x 10-TM sec.”t
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" TABLE IV (cont.)

u ' _Poo _DPoo | ’
[S]oxlo | t(seg) Dtv DOO Dt DOO Dt 1ogDOO-Dt ot t
25.3 90 «  .l1l23 9.54 1.013 .00561 90 90

210 .231 9.43 1.025 .0107 210 210

- 340 .333 9.33 1.037 .0158 330 340

570 533 9.13 1.059  .0249 560 570
975 .867 8.79 1.099 L0410 olis 975
1335 1.16 8.50 1.138 L0561 1270 1335
1830 1.54 8.12 1.190 .0756 1700 1850
2790 2.15 7.51 1.287 .110 2510 2815
V., = 2.27 x 107 (M sec.”?
25.3 90 124 9.54 1.013 .00561 90 90
210 222 9,44 1.023 .00988 210 210
330 L3344 9.32 1.037 .0158 325 330
570 .5h2 9.12 1.059  .0249 560 570
930 .839 8.82 1.097  .04o2 900 930
1290 1.10 8.56 1.128 L0528 1230 1290
1830 1.55 8.1 1.190 L0756 1700 1850
V, =2.27 x 10" TM sec.™
31.3 75 130 11.82 1.011 .ool7s 75 75
, 120 .168  11.75 1.018 .00775 120 120
180 280 11.67 1.024 .0103 180 180
240 .358  11.59 1.031 .0128 oo 240
300 Ao 11,51 1.039 .0166 295 300
360 510 11.44 1.045 .0191 355 360
L20o 575 11,37 1.051 L0216 410 420
480 670  11.28 1.059 .0249 470 485
540 .T735 11.21 1.066 .0278 530 545
V= 2.61x 10 TM sec.” !
22l 75 .098 8.43 1.012 .00518 75 75
120 .150 8.38 1.018 .00775 120 120
180 212 8.32 1.025 .0107 180 180
240 .270 8.26 1.033 L0141 240 240
300 .320 8.21 1.037 .0158 295 300
360 .370 8.16 1.044 .0187 355 360
Loo 30 8.10 1.053 L0224 4io 420
480 480 8.05 1.059 L0249 470 480
540 .525 8.00 1.067 .0282 530 540
V_ =1.95 x 10-TM sec. !

O
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TARLE IV (cont.)

o}

;4 : Doo Doo . "
[S]Oxlo ‘t(sec) D, 0o D¢ DooDy 1ogﬁ;g?ﬁ; i t
16.9 60 .073 6.39° 1.012 .00518 60 60

180 .139 6.32 1.023 .00988 180 180

- 300 215 6.24 1.037 L0158 295 300

540 354 - 6,11 1.057 L0211 525 540
1020 613 5.85 1.104 L0430 970 1020
1980 .12 - 5.34 1.211 L0831 1820 1980
2460 .32 5.14 1.258 .0997 2220 2485
V, = 1.57 x 1077 sec. 1
16.9 60 .073 6.39 1.012 .00518 60 60
180 .136°  6.32 1.023 .00988 180 180
300 204 6.26 1.032 L0137 295 300
540 .334 6.13 1.055 . 0233 525 540
1020 578 5.88 - 1.100 Lol1h 970 1020
1980 .06 5.40 1.197 .0781 1820 1980
2460 .28 5.18 1.250 L0969 2220 2485
Vo = 1.57 x 107'M sec.-!
16.9 60 .071 6.39 1.012 .00518 60 60
180 146 6.31 1.023 .00988 180 180
300 .211 6.25 1.034 L0145 295 300
540 .356 6.10 1,060 .0253 525 540
1020 .633 5.83 1.109 .Olilio 970 1020
1980 11 5.35 1.208 .0821 1820 1980
2460 .36 5.10 1.268 .103 2220 2485
Vy = 1.57 x 107 sec.™?
13.4 60 .060 5.06 1.012 .00518 60 60
120 095 5,02 1.021 .00903 120 120
180 .137 4,98 1.028 .0120 180 180
240 77 4. ok 1.037 .0158 235 240
300 .210 4,91 1.043 .0183 295 300
360 .245 L.,87 1.051 L0216 355 360
- Lh20 .280 4,84 1.058 L0245 41o  L2o
480 .315 L .80 1.067 .0282 4es 480
540 .350 L.77 1.073 .0306 525 540
vV =

1.18 x 10~ "M sec.” 1
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TABLE IV (cont.)

D

_u_ (e]0) OO "
[S]Oxlo t(sec) Dy Dyo-Dy Dyo-Dy 1ogD o-D¢ t' t
12.7 90 .067 4,78 1.015 .00647 90 90

210 .132 4,72 1.028 .0120 210 210
330 .188 4,66 1.041 L0175 325 330
570 .296 4,55 1.067 .0282 550 570
1050 564 4,29 1.132 .0539 1000 1050
1980 .907 3.94 1.232 .0906 1800 2000
2760  1.19 3.66 1.327 .123 2430 2785
3270 1.37 3.48 1.395 L145 2820 3300
V, = 1.23 x 107’ sec.
12.7 90 .072 4,78 1.015 .00647 90 90
210 .128 4,72 1.028 .0120 210 210
330 .188 4,66 1.041 L0175 325 330
570 .308 4,54 1.070 .0294 550 570
1050 .552 4,30 1.129 .0527 1000 1050
1985 .918 3.93 1.235 .0917 1800 2000
2760 1.20 3.65 1.330 .124 2430 2785
3270 1.38 3.47 1.400 L1h6 2820 3300
V, = 1.23 x 10774 sec. !
12.7 90 .071 4,78 1.015 . 00647 90 90
. 210 .131 4,72 1.028 .0120 210 210
330 .186 4,66 1.041 .0175 325 330
570 .305 4,54 1.070 .02904 550 570
1050 .550 4,30 1.129 .0527 1000 1050
2760 1.17 3.68 1.319 .120 2460 2785
3270 1.36 3.49 1.390 L146 2820 3300
V, = 1.23 x 107 M sec.’
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Fig. 5. pH-activity relationship of the system alpha-
chymotrypsin-acetyl L~tyrosinhydrazide in aqueous solutions
at 25°C and 0.02 M with respect to the amine component of
a tris-(hydroxymethyl)—aminomethane—hydrochloric acild buffer.
R.H.=relative activity.
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1.0 3.0 5.0 7.0 9.0

Fig. 6. So/Vo vs. S, graph for the system of alpha-
chymotrypsin-acétyl L-fyrosinhydrazide at pH 7.9 ang 25,0°C
Sy 1s in units of 1073 M. 8,/V, is in units of 103 sec.
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TABLE V

The Alpha-Chymotrypsin Catalysed Hydrolysis
' of Benzoyl L-tyrosinhydrazide

at pH 7.9 and 25.0°C

[s]oxlo_"LL

t(sec)

2.00

0.60

0.60

60
180
300
420
540
780
900

1140
1260

120
240
360
480
600
720
840
960
1080

180
360
540
720
900
1080
1260
1440
1620

Dy

.024
.043
.060
.088
-095
.118
130
.150
-157

.030
.052
071
.086
.103
.115
.129
.136
147

.oh1
071
.095
L1114
.130
146
.155
.165
175

.205
.186
.169
L141
.134
.111
-099
.079
.072

.199
177
.158
L143
.126
L1114
.100
.093
.082

.188
.158
.134
.115
.099
.083
Nergs
.064
.054

Doo Doo . "
Doo-Ds 1og§;g?ﬁg t 0t

1.116 .o47T7 57 60
1.232 . 0906 165 180
1.355 .132 260 300
1.625 211 335 420
1.710 .233 425 540
2.083 .319 560 785
2.335 .368 620 010
2.93 Iy 720 1150
3.21 . 507 755 1270
Vo = 5.23 x lO"SM sec. 1
1.150 .0607 113 120
1.293 .112 215 240
1.448 .161 305 = 360
1.600 . 204 390 480
1.816 .259 L6 600
2.010 ,303 535 725
2.29 .360 590 850
2.49 .396 645 970
2,82 RIS 690 1090
V, = 5.23 x 107°M sec.™!
1.217 .0853 165 180
1.448 .161 305 360
1.710 .233 Log 540
1,962 . 299 530 725
2.335 .368 620 010
2,788 RIVILS 690 1090
3.12 Lol 770 1280
3.61 .558 835 1455
h.28 .631 875 1635
V =5.23 x 10°5M sec." !

O
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TABLE V (cont.)

_y _Doo _Doo | "
(8], x10 t(sec) Dt Doo-Dt Doo-Dt 1logDoo-Dt © 5
'1.00 120 .OU6 .336  1.137 .0558 108 120
240 .080 .302  1.266 .102 215 240
360 .115 .267 1.431 .156 305 360
480  .138 24L 1,565 .195 395 480
600 .163 .219 1,745 2o L70 605
720 .183 .199  1.920 .283 sLO 725
840 .200 182 2,097 .322 605 850
960 .220 162 2.358 .373 620 970
V, = 8.82 x 10-8M sec.” !
1.00 60 . 060 .322 1,186 L0741 56 60
180 . 066 316 1.210 .0828 165 180
300 .100 .282  1.355 .132 260 00
Loo .128 .254 1,504 177 350 20
540 .156 226 1.690 .228 42y  5h45
660 .178 204  1.874 .273 500 665
780 .198 184 2,075 .317 560 785
900 .218 164 2,330 .367 620 910
VO = 8.82 x 10'8M sec.”
1.20 180 .079 .379  1.208 .0821 165 180
360 .138 .320 1.432 .156 305 360
720 .230 228 2,07 .316 585 725
900 .260 .198 2,31 .364 640 910
1260 .307 .151 3.03 481 780 1285
1440 .328 .130 3.523 .547 850 1470
1620 345 113 4,06 .609 1650
1800 .365 .093 4,92 .692 1855
1980 .367 .091 5,03 L702 2040
V= 9.95 x 10-8M sec .-l
1.20 60 .035 23 1.083 L0346 58 60
180 .075 .383  1.195 .07T7L 170 180
300 .110 .348 1.316 .119 265 300
420 L4l .314 1,505 .178 350 L20
540 .179 .279  1.6h42 .215 4ho 545
660 .200 .258 1.775 249 515 665
780 .223 .235  1.950 .290 500 785
900 L2420 216 2.12 .326 640 910
1020 .262 L1966  2.335 .368 705 1030
-1

Vo = 9.65 x 1078 sec.
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TABLE V (cont.)

' M ' Doo Doo , "
[8] x107" -t(sec) Dt Doo-Dt Doo-Df 1logDoo-Dt t t
1.20 120 .056 JAo2 1,139 .0565 115 120
240 . 095 .363 1.260 .100 215 240
360 .130 .328  1.395  .145 310 360
480 .165 .293  1.563 .104 Loo 480
600 L1994 264 1.735 .239 475 605
720 .218 .237 1.934 .286 540 725
840 .240 .218 2.10 .322 605 850
960 .262 L1906 2.335 .368 660 970
1080 .280 .178 2.57 410 710 1090
Vo = 9.96 x 108 sec.”!
1.20 180 . 080 .378  1.210 .083 165 180
360 .130 .328  1.395 L1145 310 360
540 175 .283 1.618 .209 Lo 545
900 .252 206 2,225 347 640 910
1080 .282 L1176 2.60 JA1s 710 1090
1260 .307 151 3.13 JA496 780 1270
1440 .319 139 3.29 .517 865 1455
1620 .338 .120  3.81 .581 970 1635
Vo = 9.85 x 10781 sec."!
1.60 60 .0U5 566 1.080 .0334 58 60
180 .096 .515 1.188 L0748 170 180
300 L14h A6e7  1.310 L117 265 305
420 .192 19 1.460 164 355 Loy
540 .233 .378 1.617 .209 4ho 545
660 .267 344 1.778 .250 515 665
780 .30 .311  1.965 .293 585 785
900 .326 .285 2,145 .331 650 920
V. = 13.4 x 1078 sec.”?
1.60 120 074 537 1.138 L0561 113 120
240 .126 485  1.262 .101 215 240
360 175 L4360 1.403 .147 310 365
480 215 .396  1.545 .189 4oo 485
600 .253 .358 1.709 .233 b7y 605
720 .29 .321 1.905 .280 550 725
900 .333 278  2.200 .342 640 920
1080 .37 241 2,538 L4ok 725 1100
1260 405 206  2.970 473 795 1285
Vo = 13.3 x 1079M sec.™!
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TABLE V (cont.)

DOO

D

_ _4 _ : OO 1 1"
[s] _x10 t(sec) Dy Dyo-Dy Dgo-Dy logD,,-Dy ¢ t
'1.60 300 .150 A6l 1.326 .123 265 305
540 .237 374 1.636 214 430 - 545
720 .293 .318 1.924 .284 540 725
900 .343 268 2.281 .358 630 920
1080 .372 .239 2.558 408 725 1100
1320 AT L1904 3,182 499 820 1345
1560 446 .165 3.708 .569 905 1590
1800 JA65 J146 4,180 .621 990 1835
2340 .505 .106  5.77 .761 2385
Vo = 13.6 x 1070M sec.”!
2.00 120 .00k 674 1,133 L0542 115 120
240 155 .609 1.255 .0986 215 240
360 .216 548 1.395 L1145 310 365
480 .270 Jaoh 1,547 .189 395 485
600 .320 A 1,721 .236 Lys 605
720 .367 .397 1.925 .284 540 725
840 400 364 2,008 .322 605 855
960 432 .332 2,300 .362 670 980
1080 468 206  2.580 e 690 1100
Vo = 16.6 x 10"8M sec.” !
2.00 . 180 .126 .638  1.197 .0781 165 180
300 .188 576 1.325 .122 255 300
420 iV 520  1.4€8 167 350 425
540 .295 A69 1,630 .212 Lo 545
600 .340 Jaok 1,802 .256 450 605
780 .382 .382 1.998 .301 575 785
900 23 .341 2,240 .350 640 920
1020 A58 316 2.415 .383 700 1040
Vg = 16.6 x 10°°M sec.!
2.00 180 L1224 640 1.193 L0766 165 180
480 .216 548  1.395 L145 Li1o 485
540 .300 RIT 1.645 .216 430 545
720 .365 .399 1.915 .282 540 725
900 Ja24 342 2.233 .349 640 920
1080 LA470 .20L 2,595 U1k 715 1100
1260 .510 254 3,005 478 770 1285
1440 .538 .226  3.375 .528 865 1470
8 -1

<
o
i

16.6 x 10°°M sec.
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TABLE V (cont.)

D

D

}-l- Q0 [o]e; ' "
[S]OXIO‘ “t(sec) Dt Dgo-Dt Dgo-Dt logDoo-Dt ¢ t
2,45 60 077 844 1,003 .0386 58 60
180 .160 761 1.210 .0828 165 180
300 240 681  1.353 .131 265 305
Loo .310 611 1.507 .178 350 lh2s
540 .368 554 1,665 221 430 545
660 JAes A96 1.856 .269 510 665
780 485 436 2,110 .324 570 795
900 .532 .389 2,37 .375 630 920
1020 .556 .365 2.525 JAaoz 695 1040
V, = 20.8 x 10"8M sec. 1
2.45 120 .112 809 1.1l L0573 115 120
240 .200 721 1,277 .106 215 240
360 278 .643 1.435 157 310 365
480 L340 .581  1.585 .200 395 485
600 .4o8 .513 1.796 .25k 470 605
720 us55 A66 1,975 .296 540 725
840 .500 el 2,19 340 605 855
960 531 .390 2.365 374 670 980
1080 .570 .351 2,63 JA20 725 1100
Vo = 20.8 x 1078 sec,” 1
2.45 180 .155 766 1,202 .0799 165 180
360 275 BU6 1,426 L1654 310 365
540 .366 .555 1,660 .220 430 545
720 450 A71 1,955 .291 540 725
900 .515 Jdoe 2,27 .356 640 920
1080 .568 .353 2.61 17 725 1100
1260 .615 .305  3.025 L4811 795 1285
1440 .660 261  3.53 .548 850 1480
1620 .685 .236  3.91 .592 905 1670
Vo = 20.8 x 10781 sec."1
4,00 60 .088 1.13 1.080 .0334 60 60
180 .205 1.01 1.207 .0817 165 180
300 .310 .91 1.340 127 265 305
L20 LA00 .82 1.487 172 360 425
540 L4185 .73 1.673 .223 bho 550
660 .557 .66 1.850 .267 520 675
780 .625 .59 2,068 .316 595 805
900 .685 .53 2.300 .362 655 925
1020 LT43 A48 2.540 L4os 715 1050

27

3 X 10"8M Sec.‘l



) i . _ _ Doo _ Doo , '
(81,2107 t(sec) Dy Dgo-Df Doo-Dy LogDoo-Dy b
3.20 120 L145 1.07 1.140 0569 115 120
: 240 .26l .G6 1.271 L104 220 240
360 .36 .86 1.418 152 315 365
480 L3 .78 1.565 .195 4os 490
600 L5240 .70 1.745 242 L85 610
720 .590 .63 1.936 287 555  7HO
840 .655 26 2,179 .338 53¢ 865
960 L7128 LB1 2,362 .379 600 990
1080 Rrarde A5 2.710 433 735 1110
v, = 27.3 x 1075 sec.™}
3.20 180 .206 1.01 1.207 0817 165 180
3€0 .355 .86 1.418 ,152 315 365
540 485 .73 1.672 223 o 550
720 .585 .63 1.936 .287 555 740
900 o7 55 2.219 346 665 G30
1080 L7485 ik 2.595 JH1d 755 1110
1260 .813 A1 2.975 473 830 1310
1440 .853 .37 3.295 518 g5 1405
1620 .91 .31 3.932 595 955 1685
Vo = 27.3 x 107°M sec, !
4,02 60 L102 1.43 1.069 L0290 58 50
180 P26 1.30 L. 177 .0708 170 180
300 .347 1.18 1.2956 .113 270 305
C 420 .448 1,08 1.415 L1517 365 hes
540 L5U5 .98 1.562 L1904 gz 5h5
660 .63 .89 1.720 .236 535 665
780 L7R22 .81 1.888 .276 510 795
S00 .800 .73 2,095 .321. 670 920
1020 .888 L6l 2.39 .378 735 1040
Vo = 32.6 x% 10~y sec, !
4,02 120 .168 1.36 1.125 L0512 115 120
240 .297 1.23 1.244 .0GL8 220 240
360 J4o8 1.12 1.365 .135 215 365
480 515 1.01 1.515 .180 410 L9o
£00 .608 .92 1,664 L2211 490 510
720 .6o4 .84 x.821 .260 560 735
840 770 .76 2.01 .303 sho 855
960 .84z .68 2.25 .352 700 290

lO"BM sec. T



) i Doo Doo . "
leoxlo t(sec) Dy  Dyy-Dy gogfvt Logﬁogfbt t T
60 .093 1.44 1.063 L0265 58 60
180 .226 1.30 1.177 .0708 170 180
360 L1o8 1.12 1.365 .135 . 315 365
540 555 .97 1.577 .198  4B3 550
720 .638 L84 1,821 .260 560 735
900 .810 .72 2,125 .32 670 925
1080 .902 .53 2.43 .386 770 1110
1250 LOT7L .56 2.73 A6, 860 1295
1440  1.07 A6 3.33 522 010 1495
V, = 32.6 x 1070K sec.”t
6.5 60 .155 1.96 1.081 .0378 &8¢ 60
180 .353 1.77 1.195 L0774 170 180
300 .53 1.58 1.342 .128 270 305
420 .703 1.42 1.403 LL7h 365 430
540 862 1.26 1.683  .20206 L50 555
60 1.00 1.12 1.892 277 530 680
780  1.138 .98 2,163 .338 500 810
900 1.276 .84 2.526 o2 650  9ols
v, = 48.5 x 10-81 sec.”
6.5 120 .253 1.87 1.13L4 . 0546 115 120
240 by 1.67 1.270 L1004 220 240
360 620 1.50 1,413 .150 315 365
480 LT 1.3% 1,57 .196 hio  4es
6500 .930 1.19 1.782 .251 L35 620
720 1.08 1,04 2,036 .309 560 750
8Lo  1.21 .01 2.330 .367 620 875
960  1.31 .81 2.517 Lol 680 1005
1080 1,41 el 2.990 76 720 1145
v, = 48.2 x 1075 sec.”!
6.53 90 .208 1.91 1,110 .oh1h 85 9
180 .360 1.76 1.203 .080 170 18¢
360 .632 1.49 1,423 .153 315 365
540 .895 1.22 1.737 .250 65 555
720 1.09%5 1.02 2.078 .318 555 750
900  l.27 .85 o.ho5 397 650 945
1080 1.43 .69 3,072 487 720 1145
1260  1.556 .56 2.688 567 780 1335
140 1.65 7 L ,510 Lonl 835 1540

vV = 48,8 =z 10“8M sec. T
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Fig. 7. pH-activity relationship of the system alpha-
chymotrypsin-benzoyl L-tyrosinhydrazide in agueous solutilons
at 25°0C and 0.02 M with respect to the amine component of
a tris-(hydroxymethyl)-aminomethane-hydrochloric acid buffer.
R.H.=relative activity.
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Fig. 8. SO/V vs. S, graph for the system of alpha-
chymotrypsin—benzo§l L-tyrosinﬁydrazide at pH 7.9 and
25,09C. Sy is in units of 10-%M. 8,/V, is in units of

103 sec,
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Fig. 9. Non-enzymatic hydrolysis of L-tyrosinhydra-
zide at 25.0°C in an aqueous solution. Ordinates are log
relative rate constants. Abscissae are pH.
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Fig. 10, Non-enzymatic hydrolysis of acetyl L-tyro-
sinhydrazide at 25.00C in an aqueous solution. Ordinates
are relative specific rate constants. Abscissae are in
formal units.
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PART II

HYDROLYSIS OF
BIS-P-DIMETHYLAMINORENZALAZINE
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INTRODUCTION

The hydrazine liberated in the alpha-chymotrypsin
catalysed hydrolysis of acylated E—tyrosinhydrazides; as
~described 1n Part I of this thesis, was quantitatively de-
termined using the reaction of hydrazine with p—diméthyl~
aminobenzaldehyde to form the corresponding azine. The
method is extremely sensitive, the results are reproducible,
and the procedure is simble (1,2,3).

Azine formation 1s a reve}sible reaction, the yield of
azine depending upon the concentration of the p-dimethyl-
aminobenzaldehyde and the acidity of the solution. Thus,
the complete integration of the various aspects bf this
guantitative method required studies of fthe mechanism of
the hydrblysis as well as of the parameters of the formation
of the azine.

The bis;p-dimethylaminobenzalazine 18 a canary yellow
solid. An ethanolic solution of it has a A maeximum at
L00 mp (12), whereas an aqueous acidic solution absorbs
at a A maximum of 455 mpL. It is the N maximum at 455 mp
which is used for the spectrophotometric determination of
hydrazine concentration. This species which absorbs at 455
mp in the aqueous acidic solution is obviously a protonated

form of the azine molecule (1). It is of interest, for the
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hydrolysis study particularly, that the position of attach-
ment of the proton be known. If this problem is considered
on the basis of a positiveAAJA maximum when the solvent is
" changed from ethanol to aqueous acid, then the protonation
of an azo nitrogen atom is reasonable. The principai reson-

ance forms for this case are:
CHz3 CHy CH3 + CH,
M4 CH=N-—N=CHG> < JJCH=N-N- CHD
CH3 !
H+

If the consideration 1s based on the known basicities of simi-
lar, isolated nitrogen groups, undoubtedly the protonation

of the dimethylamino group would be presumed. That ﬁhe former
argument is the correct one and that the basicities of the
individual groups are drastically altered in virtue of their
positions in the azine molecule can be demonstrated by mak-
ing use of the data of analogous compounds,

The wave length of the light absorbed by a molecule is
inversely proportional to the difference in energies of the
normal and excited states of the molecule, the excited state
arising from a displacement of electric charge. A lower
difference in energy, i.e. a lower frequency of absorbed
light, corresponds to a greater charge displacement and a
greater distance in space for the displacement. The intro-
duction of suitable groups may lower the required energy
for the transition of states. The absorptions of the para

substituted derivatives of stilbene, wherein a shift in ab-
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sorption to longer wave lengths 1s occasioned by the para
substitution of the dimethylamino and nitro groups and the
para-para' disubstitution of these groups, provide examples
of this process (4). Each substitution causes a batho-
chromic shift, the effect of the disubstitution being
'greater-than the sum of the individual effects of the
groups. In this case the large positive[ﬁ).maximum regults

from the contribution of the structure:

o (O omon LW

Such a structure demonstrates that a much smaller increment
of energy 1s requlired for the charge displacement than is
necessary to produce a comparable structure from the parent

molecule stilbene, viz.

O e

The correlation of A >\ maximum and the protonation re-
action may be made in this same general manner. There is
evidence Which confirms the conclusion that any protonation
which prevents the formation of guinoldlike structures of
the type noted in the case of L-nitro-4'-dimethylaminostil-
bene causes a decrease in the wave length of absorption.
Examples of this type are: aniline (5), 4-nitro-4'-amino-
stilbene (6), 4-dimethylamino-2'-methylstilbene (7). One

is able then to assign structures to the protonated and un-



_68-

protonated forms of a compound on this basis.

The basicity of the azo group nitrogen atom in com-
pounds such as azo benzene (8) and p-nitroazobenzene (9)
‘is very small, the latter compound possessing a pKA of
-3.06. However, the basicity of azo compounds haVingbpara
subétituted electron donor groups 1s enormously greater,
e.g. the pKp, or pKAl, values of p~aminoazobenzeﬁe (10),
p-dimethylaminoazobenzene (11), and 4-dimethylamino-L'-
methylazobehzene (ll) are 2.80, 2.2, and 2.3, respectively.
One cannot conclude that the ézo group has increased 1in
baslcity to these degrees without a consideration 6f the
concomitant effects of the protonation on the spectra,.
since in these cases, as 1n the case of the bis—p~dimethyl—
aminobenzalazine, the presence of the amino groups as the
electron donating para substituents may simply mean that
the pKps of the amino groups of the molecules are béing
measured. The position of this proton can be established
as being on én azo nitrogen atom on the basis of the criter-
ion which has been suggested, viz. the cfiterion of wave
length shift due to protonation (11,13). In all of these
instances of the para amino group substituted azobenzenes a
protonation results in a posiltive A N maximum for the
first protonation and in a negative JA %~ maximum for the
second protonation. These results are in accordance with
the initial protonation of an azo nitrogen atom and a

subsequent protonation of the amino group. One can con-
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clude that the position of the proton in the case of the
azine is also on an azo nitrogen atom.

A study of the kinetics of the formation and of the
"hydrolysis of the azine requires a knowledge of the naturé
of the active species of the reactants. A reasonéblé inter-
'preﬁation of the kinetic data also necessitates the calcu-
lations of the concentrations of these activevspéciés,
mahy equilibria between protonated and unprotonated forms
being extant in the system. The influence‘of changés in
the solvent may not be neglected in the considerations of
these factors. The use of a water-ethanol mixture‘as the
solvent thus directly affects the acidity function, the
pK,s of the various reactants, and the rate constants in
so far as the dielectric constant and solvolySis_power '
effects are appreciable.

The modifications of reaction rates and meéhanisms by
solvent changes are primarily electrostatic phenomena. In
general, theiresult of increasing the dielectric éonstant
1s to increase the reaction rate for reactant lons of like
sign, to decrease the rate for reactant ions of unlike sign,
to decrease the rate for the reaction of a poéitiVe ion
with a dipolar molecule, and to increase the rate for a
reaction of a negative ion with a dipolar molecule. Devi-
ations from the predicted effects in low dielectric con-
stant solvents are believed to be caused by the preferential

orientation about the solute molecules of the molecules of
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the higher dielectric constant component of a solvent mix-
ture (14).

The comparative degrees of solvation of the reactants
and of the transition state determine in a large measure
the increments of heats and entropies of activation. The
energy needed to separate lons 1s compensated fqr by the
heat of solution of the ions. The orientation of ﬁhe_sol—
vent molecules to a greater extent about the products'of
reaction rather than the reactants results in a decrease
in entropy. The exact prediction of the effects of dif-
ferent solvents upon energy and entropy changes 1s not
generally possible., However, generalizations derived from
a treatment'using simple electrostatic theory for lons
reveal that the free energy decreases with iﬁcréasing
polarity of the solvent and that the entropy increment has
a minimﬁm value for solvents of moderate polarity but it is
always a negative value (15). Values for the enthalpy incre-
ments are calculated from the equation AH = AF + T A s,
Such a treatment, based on Coulomb's Law, is not applicable
in cases 1n which the solvent molecule fOﬁmsessentially a
covalent bond with a species,and the differences in bond
energies must be included for the calculation of the total
change of heat content when covalent bonds are broken and
formed.

In the case of the reaction of an ion and a neutral

molecule the solvation of the sevarate entities is not much
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more than that of the transition state. The reaction rate
is predicted to increase with decreasing dielectrilc con-
stant from electrostatic considerations if the dilelectric
constant is varied by changing the proportions of a mix-
ture (16). -

| The primary salt effect, the effect of lonic strength
on the activity coefficlents, is important when one-or more
species are lons. For dilute solutions where the.total
ionic concentration is less than 0.02 M the Debye-Huckel
limiting law may be used to calculate activity coefficients
(17). The use of this equation presumes that there are no
complicating interactions of ions to form complexes. Al-
though according to this theory the ilonic strength should
not affect a reaction in which one of the reactants is
a neutral molecule, at higher lonlc concentrationé'there
may be deviations from predicted values due either to the
non-applicability of the Debye-Huckel equation or to changes
in the changes in the activity coefficients of neﬁtral
molecules. There are modified equations designed to per-
mit the calculations of both of these effects (14,18).

The secondary salt effect is of primary importance in
cases involving acid or base catalysis. This effect, which
is that of ionic strength on the dissociation of weak acilds
and bases, thus can alter the rates of reactlons dependent
upon the concentration of a reactant or catalyst which is

controlled by a dissociation equilibrium.



DISCUSSION OF THE EXPERIMENTAL

RESULTS

Preliminary Studies

A knowledge of the conseguences of varying acidities
upon the components of the reaction system is required in
order that the effect of this variable on the reaction may
be correctly interpreted. The acid-base equilibria of each
of “he reactants, the azine, the aldehyde, the hydrazone,
the hydraziﬁe, and water, must be examined, and reasonable
values for the activity of each reactant can be assigned
only after a consideration of these equilibria.

In the case of the azine one 1is concerned;ﬁith the
identification of the species being measured as well as
with its activity. For the system in Which hydrazine is
quantitatively determined using p-dimethylaminobenzaldehyde
in an acidic mixture of water and ethanol it has been re-
ported that the species predominantly present, the one ab-
sorbing at U455 my, is a mono-protonated azine, the proton
being'on one of the central nitrogen atoms (1). In the
system in which the ethancl content of a 10 ml. mixture
of ethanol and water is 6 ml. and the lonlc strength is

constant for varying acidities, the initial rate of hydroly-
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sis, as measured spectrophotometrically at 455 mp, is di-
rectly proportional to. the concentration of the azine,

and the logarithm of the apparent first order rate constant
is a linear function of the pH of the solution. These

data are presented in tables I and II and figures 1 and 2.
This latter relationship is significant for the distinguish-
ing of the form of the active speciesas well as beihg.a
criterion for the mechanism of the hydrolysis. . Since the
two conclUsions are derived from the same pattern of analy-
sis, théy may ® considered concomitantly.

The linear relationship of the pH and the log of the
apparent first order rate constant establishes the_rate de-
tefmining step to be the hydrolytic decomposition of an
azine specieswhich has been protonated via a'reiatively
rapid previous step (19). The mechanism by which a proton
transfer 1s the rate determining step is thus proved to
be incorrect. These conclusions can be demonstrated in
this manner.

If the hydrolysis decomposition reaction is the rate

determining step, then

+
rate = k[CHNycH']  [CHNpCH
Lrr

where k is the specific rate constant, [CHNECH+] denotes

the concentration of the active protonated azine species,
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and fCHNECH+ and fprp are the activity coefficients of the

protonated azine specles and the transition state, respec-
tively.
The rate of the reaction which was experimentally de-

termined is
rate = k, [CHNch]455

where kg is the apparent first order rate constant and the
subscript 455 denotes the spectrophotometrically followed
azine concentration.

It follows that

(CHNQCH+) fCHN20H+

ky = k
(CHN,CH)ys5  frrg

Assuming that fCHNgCH+ = fTR and using the acld-base
equilibrium constant for these two azine forms the following

equation results:
+y
k, (H") = Kpk

Thus, the log of the apparent first order rate con-
stant is directly proportional to the pH.

A similar analysis, assuming the proton transfer to
be the rate determining step, leads to the conclusion that
the apparent first order rate constant is proportional to
the acid concentration., Therefore, it follows that the

azine species being hydrolysed is a form pcssessing one more
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proton than the form whose absorption is spectrophotometri-
cally measured at a wave length of 455 mp.

In the case of the aldehyde the spec®s having a pro-
tonated dimethylamino group may be presumed to be the ac-
tive form on the basis of a consideration of the reéctivity
of the carbonyl carbon atom, which for the nucleophilic
attack is measured by its relative positive chafge; An
electron donating dimethylamino group in the para position
reduces this charge. A comparison of the dipole moments
of benzaldehyde and p-dimethylaminobenzaldehyde reveals the
magnitude of this effect, the respective mgnetic dipole
tmoments being 3.16 and 4.29 (20). When the dimethylamino
group 18 protonated, not only is the electron donating ef-
fect removed but in addition the inductive effect of the
@ositive charge tends to increase the positive chéracter
of the carbonyl carbon atom.

The Bronsted acid constant, defined by the equation

[8] (H")

KA = [BHF]

(21), has been determined so that the calculations of the
concentration of the active speciss of the aldehyde under
varying acid concentrations may be made. This constant has
been obtained for the two water-ethanol systems, 10 ml.
solutions containing 1 ml. and 6 ml, of ethanol, the latter

being the system for the hydrolysis studies. The deriva-
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tion of equilibrium constants for water-organic solvent
systems must take cognizance of the possible aberrations

of the hydrogen ion activity coefficient caused by varying
compositions; different ionic strengths, and different acid
concentrations. Studies have indicated that the activity co-
efficient 1s dependent upon the specific salt used to main-
tain a constant ionic strength (22). For systems at.a
conétant ionic strength, as maintained by a particular
salt, it has been noted that a linear relationship between
the logarithm of the activity coefficient and the hydro-
chloric acid concentration is independent of tThe solvent
composition (23). The procedure for the calculation of

the value of KA in this case has been to reproduce the ex-
perimental conditions for the published data for the water-
ethanol system at a constant ionlc strength of 1.0 M

using sodium chloride so that the reported relations may

pe used (23), to extrapolate a value for log § (O)l’ and

to calculate the activity ccefficients from the equation

log ¥ > - log § (O)l =X 10 My

Here - 52 1s the activity coefficient to be calculated,
y (o)1 is the activity coefficient of the hydrogen ion
when the concentration of hydrochloric acid approaches zero |
for the ionic strength of 1.0 M in the same system, X 12
is the slope of the straight line obtained from a plot of

log 5 + vs. hydrochloric acid concentration at constant
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ionie strength of 1.0 M, and my is the molality of the
hydrochloric acid (24). The activity coefficients of
the hydrochloric acid obtained in this manner and the
spectrophotometric data for the absorptions at three wave
lengths were used to calculate Ky via the determinant
method (25). The data and results are presented in table
11T,

The value of KA of the aldehyde for the system contain-
ing 1 ml. of ethanol was calculated from spectrophotometric
data at the wave length of 350 mu using the Debye-Huckel

Law for activity coefficients,

1
Zy Z-ApZ

lnb/-_t=— L
1+ ? asp”

For decadic logarithms and using the expressions of

0.509 0.3286 x 108
S e e Pe Tar @9
S T
where d = 78 .54 and t = 298.16 @ °

this law becomes for a diunivalent electrolyte:

|_l
(@]
¢]
4
I
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The value of KA was calculated by the following procedure:

Ky 8 gt (ut1{cuol § mt
Let K = Ycomot [cHo™] § crot

where CHO and CHO+_represent the unprotonated and the pro-
tonated forms of the aldehyde, respectively, and ,a CHO = 1.
By taking the logarithm and substituting the Debye-

Huckel expression for log & CHO' the equabtion becomes

P~

. 0.56 1
log Ky' § g+ = log Ky + 1+ .339 ajp

L
2

The plot of log 1
2

0.56 p
T
1 + .339 a;p®

KA'X gyt vs. - is a straight

line of unit slope if the correct value of ay is employed.
This value of a; required to meet this condition Was_ob—
tained by a method of successive approximations and was
found to be 7.2 X. The value of KA was derived from the
intercept of the plot. The data for thié determination are
presented in table IV,

The active species of hydrazine was presumed to be the
neutral molecule. Several similar reaction systems have
been reported substantiating this assumption {27-29). The
KA for the first protonation was extrapolated from that
reported for the ammonium ion in a similar system (30), the

pKA value of hydrazine being changed from 7.10 in water to

6.4 in the ethanol-water system used.
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Hydrolysis Studies

The first section of the study of the hydrolysis of
the azine was an investigation of the effect of acld con-
centration variation. Although the condition of constant
ionic strength was maintained, there is no intended impli-
cation that the activity coefficients of the various re-
actants remain insensitive to differences in acid concen-
tration. Changes in the activity coefficient of the hydro-
gen ion and of the salt used to maintain fthe condition of
a constant lonic strength have been reported for many sys-
tems (31-33). Corrections have not been applied to these
data, since such corrections would only be extrapolations
from the data of analogous compounds and systems and would
pfobably be subject to errors of the magnitudé-incurfed
by their neglect. It can be noted that where:activity
coefficlent corrections have been applied in this study,
viz. in the determination of the acld dissociation constant
of p-dimethylaminobenzaldehyde, such uncertainties were
removed by duplicating the system for which the data for
the activity coefficlents of the hydrogen ion were re-
ported (23).

For each acid concentration the initial phase of each
kinetic run was that of a first order rate reaction. How-

ever, the reaction deviated from that of the first order
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type in increasing degree throughout the time interval of
the run. This deviation is portrayed in table II and
figure 10. It was, tﬁus, only the data of the linear seg-
ment which were suitable for comparison to enable a dedué-
tion regarding the effect of aclid concentration dn the rate
of hydrolysis. In this limited range the rate equation

becomes

d 1n(azine) -k

dt a

where the azine of the equation represents the particular
species measured spectrophotometrically at a wave length

of 455 mp and k, 1s the apparent first order rate constant.
Since the hydrolysis rate is directly dependent upon the
acid concentration, the constant k; is a function of the
acid concentration. There are in general two formulations
for the.dependence of the rate of an acid catalysed hydroly-
sis reaction upon the acidity of the system (19). The
mechanism of the reaction can be represented either as a
rate determining proton transfer followed by a rapid hydroly-
sis dissociation or as a fast proton transfer prior to a
relatively slow, rate determining hydrolysis. These two
reactlon schemes are distinguishable by their intrinsically
different dependencies upon the acid concentration. This
subject has been treated in the section contalning a dis-

cussion of the effects of the acid concentration on the
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concentrations of the various specles of the reactants.
That the logarithm of kg 1is a linear function of the pH

of the system was the conclusion reached. This linear re-
lationship i1s i1llustrated in figures 1 and 2. The Hammett
acldity function expresses the same linear correspondence,
and the value of the Hy, function reduces to the pH value
in solutions where the acid concentration is less fhan
1.0F(34). |

It can be noted that there were no measurable amounts
of hydrolysis in the cases 1n which elther no acid was added
to the system or the acid was replaced by sodium hydroxide.

The gradually increasing deviations from the apparent
first order rate relation suggested the operation of a re-
verse reactlon., This was qualitatively established to be
the case by adding increasing amounts of the p—diﬁethyl—
aminobenzaldehyde to the system at the start'of the kinetic
runs and observing the increasing retardations of the rate
of hydrolysis. These data are presented in figure 3.

A satisfactory quantitative treatment of the data re-
gulred that a rate equation be derived which describes the
variation of the azine concentration with time throughout
the time interval of each kinetic run. In essence this
means a rate equation which predicts the deviation from a
first order rate reaction. The reaction was assumed to pro-
ceed 1n two discrete steps, a hydrolytic decomposition of

the azine into the aldehyde and the corresponding hydrazone
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followed by a hydrolytic decomposition of the hydrazone
into hydrazine and the aldehyde. Of these compounds the
azine was the only one which could be gquantitatively meas-
‘ured by spectrophotometric means. The constants which were
calculated from the data from the rate of hydrolysis and
rate of formation kinetic studles were thus:

- _d(azine)
a k, as defined by - at =k, (azine)

and a k_3 as defined by _.Clﬁ.g.-_fg_.illi)_ = x_3(aldenyde)® (hydrazine).

The first step was to relate. the experimental k_3 to the
k_q of the hydrolysis reaction rate equation expressed as
giég%ﬁil = kl(azine) - k_q(hydrazone)(aldehyde)
The formulation of the rate equation in this manner states
that the assumption has been made that for the general re-

action described by

1 .
azine ————— hydrazone + aldehyde
and
ko
hydrazone ————= aldehyde + hydrazine
k
-2

the reactions governed by the specific rate constants kq

and k_q are slow when compared with the reactions governed
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by the constants k. and k_p, respectively. On the basis

2
of these definitions, the nature of the dependence of the
specific rate constants on the different species concen-
trations, and the assumption regarding the rate determining
steps, one can proceed to relate the constants k_3 ahd k-l

as follows:
Let the rate of azine formation be expressed as

V_3 = k_q(aldehyde)(hydrazone) (1)

The experimentally determined dependence of this rate is

described by the equation

V= kg (aldehyde )2 (hydrazine) (2)

Assume that k, and k_, are of such a magnitude that there

exists an equilibrium such that

k = (aldehyde)(hydrazine) (3)
(hydrazone)

The equating of equations (1) and (2) and the substitution

of equation (3) results in the relation

Kk =k

-3 -1

The substitution of Kk_3 for k_; in the expression for the

overall reaction ylelds the equation
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- —QL%%EQEJ-= k, (azine) - k_3K(aldehyde)(hydrazone). (4)
The concentrations of the active species are represented
in this equation, of course. Therefore, since the only
quantity which was determined absolutely was the.initial con-
céntration of the total azine, equatidn (4) is applicable
to experimental data only via the introduction 6f concentra-
tion correction factors. The assumption is made in all cases
that the active specie of each compound is represented by
only one form and that the various species of each compound
are related via a base-conjugate acid equilibriuﬁ. »If 2,
is the initial azine concentration, X is the amount of azine

hydrolysed, Y is the amount of subsequent hydrolysis of the

hydrazone, and the A s are the concentration correction

+ :
factors as defined by A 1 = (i) for the case
Ky + (HT)

in which the conjugate acid is the active speéiﬁ and

AL -

J Ky + (%)

when the base is the active species, then equation (4) becomes

diln(ag-x) k_3K(X+Y)(X-Y) Z&zaldehyde‘ﬁxhydrazone (5)
dt =k - (ag - x) N\ azine

This equation may be rearranged to become
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(kq-k')(Dyec)(a) Z& azine
(Xg-yg) — 1 45A5 O . A o AN (6)
(D455)o k_3Aaldehyde K /A hydrazone
. dln(ao—x)
‘where k is -——3f — and (D455)O is the optical @ensity

corresponding to the initial azine concentration. The

value of

Z& azine
K [&hydrazone

18 such that a graph of

(kl-k' XD455)(aO)

(Dyss5) ¥_3 A aldenyde

(xg—yg) vs.

is linear and has a zero intercept. The guantity y2

was not
measured, but it can be calculated from the form of equation

(6) which has a value of

[X azline
K A hydrazone

such that the condition of a zero intercept is fulfilled.
The general procedure for the calculations of such
values was as follows:
1. For each of the three kinetic runs for which
the deviations from an apparent first order re-
action were sufficiently large to allow signifi-
cantly different values for k' to be determined,

two of these values were used to calculate cor-
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responding values for Z in equation (6).

An arbitrary line was drawn through the origin
intersecting each of these two lines represent-
ing the two values of Z on graph of Z vs.
(x2-y2).

The intersections yielded values of (x©

fyg)

corresponding tc values of Z.

An equilibrium expression of

K = (aldehyde ) (hydrazine) -
(hydrazone)

(x+y ) (y) [Saldehyde [Shydrazine _ (x+y)( ' R
(x-v) \ hydrazone Xy

was assumed. The guantity R is a constant for a
constant hydrogen ion activity.

The values of x and y derived from step (3) were
used to calculate two values for K. |

The procedure was repeated by successive approxi-
mations until a line was obtained whose intercepts
yielded values of X and y such that the two cal-
culated values of K were sensibly the same. The
slope of this line was thus A, slnce it satis-
fied equation (6) and the values of x and y were

limited by the equilibrium equation.
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- [SaZine .
The values of' A = K A hydrazone for the three acid

concentrations permit the calculation of the values of KA

of the azine, of the KA of the hydrazone, and of the equili-
brium constant K. In the case of the azine, the KA is that
which represents the acid-base equilibrium between the acid
form measured at a wave length of U455 mp and ité cOnjugate
base. The protonated form of the hydrazone, the conjugate
acid of the acid-base equilibrium, is presumed %o be the
active form. It can be noted that these Kp constants are
Bronsted acldity constants as defined by |

(") [B]
[BHT]

K (21).

The equilibrium constant is a concentration équilibrium
constant. These three constants have been calculéted by
the method of determinants. The results are pfesented in
table V.

The influence of the dilelectric constant variations
resulting from changing ethanol-water prbportions on the
initial first order rate constant kg is illustrated in
table VI and figures 4 and 5. The general coﬁclusions which
may be drawn from these data are that the rate of reaction
decreases approximately linearily up to between fifty and
"s8lxty volume percent ethanol and that the positive depart-
ure from linearity increases with increasing ethanol con-

tent thereafter. It has been established thdt the rate of
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hydrolysis is directly proportional to the factor:

[cHNzcHT] 4 Tomvocnt
[CHN,CH] s frr

On this basis it was shown that the azine species which is
hydrolysed is a form which possesses one more proton than
the form measured spectrophotometrically. The dependence
upon the concentration of water was not specifically desig-
nated in this equation, because the data.were for conditions
of a constant water concentration. The reaction is thus a
bimolecular reaction between an azine ion and a neutfal
water molecule. As such the dependence of the rate upon

the dielectric constant may be expressed as

22 |

1

=1 y Nze (1 1 | 1
1nk nko 2 DRT (r' PR - ( 6)

The specific rate constant is expected to increase with de-
creasing dielectric constant, since the radius of the transi-
tion state is greater than that of the azine ion. The data
presented in table VI and figures 4 and 5, however, show

that the Inverse of this statement holds. It is evident,
therefore, that, assuming the equation for the dependence

of the rate of hydrolysis on the dielectric constant is ap-
plicable to this case, the inverse result 1s caused by con-
comitant effects occasioned by dielectric constant variaﬁions

produced by changing the ethanol-water proportion. Indeed,
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the increases in the rate caused by the changes in the di-
electric constant alone are not expected to be large, es-
pecially in this case wherein the azine 1on and the transi-
tion state differ to a large extent only by a water molecule.

The rate of the hydrolysis reaction, being directly
proportional to the concentration of a protonated azine
species, is dependent upon the ability of the systém to donate
protons. It has been reported that the activity coefficients
of hydrochloric acid for systems of ethancl and water de-
crease appreclably when the ethanol content is increased
(35-37), that hydrochloric acid is completely ionized -in
ethanol-water systems containing up to twenty volume percent
ethanol (35), and that its dissociation is very large in
systems containing up to ninety volume percent of ethanol
(38). The magnitude of the rate decreases indicates that
explanations based upon diminutions of hydrogen ion formality
and actlvity coefficients are quantitatively inadequate.
The decreasing ability to donate protons for similar solvent
systems has been interpreted as resulting from the break-
down of the quasi-crystalline tetrahedral structure of water
by the introducticon of the organic molecules and the conse-
guent increase 1in proton affinity of the water molecules
(39).

The examination of this problem in the light of the

theory of absolute reaction rates, illustrating the depend-
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ence of the specific rate upon the entropy and heat of
activation, offers a reasonable explanation for this
phenomenon. The theory states that the rate increases with
" decreasing energy of activation and decreases with de-
creasing entropy ¢f activation. In essence the hydrblysis
“reaction may be considered as one 1n which an ion reacts
with a molecule to form two ions. The activatedlcdmplex
represents a state of the incipient formation of ﬁhe ions.
Thus, this complex is solvated in a decreasing degree when
the ethanol content of the system is increased and conse-
guently the heat of activation increases concomitantly.

The entropy of activation undergoes increasingly large
decreases under these conditions in view of the fact that
solvation by water molecules occasions small entropy de-
creases even though the solvation is greater in this case
than for the ethanol molecules. It can be conciuded, there-
fore, that both effects act to decrease the rate of reaction
when the ethanol content of the system is increased.

The noted decreasing rate of decrease of the reaction
rate can also be considered on this same basis and can be
explained as the preferential orientation of water molecules
abvout all species (14). Thus, the observed rate is not that
which can be associated with the actual composition of the
system, mt rather it is one which can be described by a
system with a higher water content, this effect being caused

by the preferential orientation. A contributing factor to
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this decreasing rate of the decrease of reaction rate 1s
the gradual change of the acidic catalyst in the system
from the hydronium ion to the protonated ethanol cation,
The protonated ethanol cation 1s a stronger acid than is
the hydronium lon, and hence the proton donating abiiity
- of a system increases with increasing proportions of the
former. The concentration of the protonated ethénoi cation
becomes appreciable in systems containing more than eighty-
five volume percent ethanol (40). This marked decrease in
rate in this region of solvent compesition is apparent from
figures 4 and 5.

The dependence of the initial first order rate constant
'on the temperature is 1llustrated by the data presented in
tavle VII and in figﬁre 6. The values for the entropies
and energles of activation have been calculated fof seven
systems differing only in hydrochloric acid formality.
These values vary irregularly, since temperature changes
generate alterations in the dielectric constant (41), in
equilibria and in the activities of the Qarious species,
The prediction of the accumulative effect of these varia-
“ions is not possible on the basis of the data obtailned.

The influence of the ilonic strength upon the initial
first order rate constant has béen measured, and the data
have been presented in tabler VIII . One can discern

from these data that there is sensibly no change in the
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rate constant resulting from ionic strength variation. This
conclusion is in accordance with the effect predicted from
the equation relating the rate constant and the ionic strength,

viz.

1
2 ZpZpX p*
1+ P'ai B2

In k = 1n ko +
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EXPERIMENTS AND DATA

Synthesis of Bis-p-dimethylaminobenzalazlne

This azine was prépared by the method described for the
synthesis of benzalazine (42), recrystallized twice from boil-
ing 95% ethanol, and dried in vacuo over phosphorous pentoxide,
"m.p. 258.0-259.0 (corr.).

Anal. Caled. for  CygH,,N): C,73.44; N,19.03; H,7.53
Foundl: | ¢,73.56; N,18.85; H,7.51

Aldehyde Solutions

The ethanol wslutions were prepared from the p-dimethyl-

aminobenzaldehyde descritbed in Part I of this thesisf

Experimental Procedure

The solvent systems were acidic ethanol-water mixtures,
the proportions being varied to secure the desired data. The
10 ml. volumetric flasks, containing all reactants except the
azine, were equilibrated at 25.000 in a Sargenf Constant
Temperature bath. At zero time a 1 ml. aliquot of the azine
solution was added, and the mixture was iInverted and swirled
seven times. A 1 cm. silica cell was filled and placed in the
constant temperature water-jacketed compartment of a Beckman
Model DUR Spectrophotometer. The data were obtained using a
Beckman Recording Quartz Spectrophotometer Amplifier and a

Leeds and Northrup Company Type G Speedomax Recorder.

lMicroanalysis by Dr. A. Elek, Elek Micro Analytical
Laboratories, Los Angeles, California.
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TABLE T

Effect of Acid Concentration

Variations at 25.0°C in a System Containing

60% by Volume Ethanol

t(min) D1 Dp D3 Dy Dg Dg D7 Dg Dg
1 0.64 0.70 0.73 0.75 0.75 0.74 0.74 0.70 0.635
2 Lo .51 .59 .63 .67 .68 .68 665 .61
3 .26 .39 485 .54 .60 .625 .64 .63 .585
4 .185 .31 LAl U7 .54 .58 .60 .60 .56
5 .14 .25 .35 A1 ke .535 .56 .57 .54
6 .115  .205 .305 .365 .45 .50 .53 .54 .525
7 75 .27 .33 L1547 .505 .515 .505
8 .15 el .30 .385 .44 .48 .49 RIts)
9 .13 212 .27 .36 JA1s o 4ss 47 AT
10 .115 .19 .25 .34 .395 .43 L5 455
pH 0.88 1.18 1.40 1.58 1.88 2.18 2,40 2.58 2.88
kg 0.22 0.15 0.10 0.08 0.05 0.037 0.028 0.022 0.018

D; are optical

ka in units of

min.

densitles at U455 mp at time ¢

-1
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TABLE II

Hydrolysis of the Azine. Effect of Acid Concentration
Variations at 25.0°C in a System Contalning

60% by Volume Ethanol

t(min) Dy Dy Dy Dy Dg Dg Do

-1 0.81 0.845 0.86 0.87 0.78 0.71
2 .755 0.785 .735 .70 .59 .43
3 .71 .725 .655 .585 .59 ey 28
4 .675 .67 .59 .50 505 .375  .195
5 .64 .625 .53 AU35 LAl .305 .145
6 .61 .585 .48 .38 .39 .255  ,115
7 .58 .55 Jhs .34 .35 .215  .095
8 .55 .53 a1 .31 .31 .185 .082
9 .53 .385 .278 .285 .16

10 .505 A6 .36 .253 .26 L1845

pH 2.59 2.28 1.88 1.58 1.58 1.28 0.88

k, .025 .039 .061 .084 .084 .12 .22

D; are optical densities at 455 mp at time €.

ka in units of min."l

.
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TABLE TIIT

The Acid Dissociation Constant of p-dimethylaminobenzaldehyde
at 25.0°C in the Water-Ethanol System
Containing 6 ml. Ethanol

my log x 1 X 1 (H+) ‘DBBO DB“—O | DBBO

0.187 -0.0732 0.845 0.158 0.490 0.440 0.300

0.374 L0672 .856 .320 .365 .325  ,220

0.561 .0613 .868 LA487 .270 S.2h0 .160
Ky = 0.70 0.71 0.71

D, are optical densities at noted wave lengths
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TABLE IV

The Acid Dissociation Constant of p-dimethylaminobenzaldehyde
at 25.0°C in the Water-Ethanol System
Containing 1 ml. Ethanol

[E¥] D350  Ka' v e+ “log Kp fy+ log fopot

0.024 1.33 0.033 0.024% 0.86 1.548  0.0631
036 1.10 .033 .036 .84 1.558 L0727
.0k8  0.94 .033 048 .824 1.566 .0801
.060 .82 .033 .060 .816 1.571 .0858
072 72 .032 .072 .80 1.576 ~ 0906
084 .64  .032  .084 .80 1.579 .09Lg
.00C 2.28

K, = 0.033
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TABLE VI

Hydrolysis of the Azine.

Effect of Dielectric
Constant Variations at 25.0°C

Mole

2

Vol.% Fraction ]ljg 1" ! ka ka

EtCH H,0 ka ky [H,0] [Ho0]
30 0.882 1.55 0.400 0.380 0.409 0.430
40 .83 1.69 257 .310
50 764 1.87 .280 .190 ,229 .337
60 .682 2.10 .210 .130 171 27
70 .582 2.40 .156 .100 147 . 229
80 443 2.80 112 .070 .120 .193
90 .265 3.33 .080 .045 .102 179

ka' = gpparent first rate constant when [H+] = 0.133F

k. = apparent first rate constant when [HY] = 0.0665F
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TABLE VII

Temperature Dependence

t(min) D(2.49) D(2.18) D(1.78) D(1.48) D(1.18) D(1.00) D(0.78)

T = 298,2°K
1 0.80 0.845 0.87 0.78 0.74
2 755 0.78 . 735 .70 .59 .53
3 .71 .72 .65 .59 A6 .385
4 675 .67 .585 .50 .37 .29
5 .6l .53 435 .305 .225
6 .61 .58 .48 .385 .253 .18
7 575 .545 RIS .345 .215 .15
8 .55 408 .185 .128
9 .525 .48 .38 .28 .16 .11
10 .505 455 .355 .255 .143 .0%5
kg 0.030 0.045  0.065 0.096 0.130 0.155.
T = 303.2°%K
1 0.79 0.84 0.82 0.77 0.68 0.63
2 .73 LTl .655 .565 s .39
3 67 .67 L5l 435 .32 .255
I .63 .605 L5 .35 .2k .18
5 .285 .185
6 .33 243 .148
7 .29 .21
8 .26 .182
9 .235 .16
10 215 Llup
k, 0.037 0.058 0.102 0.138 0.190 0.210
AE
(cal.)7.5x103 9.1x303 16.x103 13.x105 14.x103 1.
log Z 3.94 5.21 1C.5 9.5 8.9 7.0
As
(cal.
degzl)-41, -35. -10. -15. -18. _27.

0.70
Jh2
-275

.143
115
. 095

.08

.063
0.225
0.56

.29

.168
.108

0.292

%103 9.5x103

6.2

-30.
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Fig. 2. Hydrolysis of the azine at 25.0°C., Depend-
ence on acid concentration. Solvent: ethanol-water con-
taining 60 _vol, % ethanol. Inlitial azine concentration =
2,08 x 10-2F., Ionic strength = 0,133F., Ordinates are log
kg. Absclssae are pH, '
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Fig, 3. Hydrolysis of the azine at 25.0°C. Retarding ef-
fect by initial addition of aldehyde and hydrazine to systenm,
Solvent: ethanol-water containing 60 vol. % ethanol. Initial
azine concentration = 2,08 x 10-5%, Acid concentration = 0,133F,
Curve 1: no additions; curve 2: 1 wl, 4.0 x 10™%F aldehyde
added; curve 3: 1 ml, 8 x 10-%F aldehyde added; curve 4: 1 ml.
10-2 nydrazine added, Ordinates are log Dyss.  Abscissae are min,
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Fig., 6. Hydrolysis of the azine. Temperature depend-

ence. Solvent: ethanol-water containing 60 vol, % ethanol.
Ordinates are log k,. Abscissae are 1/T. Ionic strength =

0.133F. Acidities of systems indicated by pH values at ends
of curves,



~-108-

4

.9

o

50 x

1
rdinates are

. 0.067F

Curve

5
1 ml
O

4

o
s
-

ten
zine,

3
o £

&
0=

A

lrd
La

Sys
7.
«

hyd
20

2
@
Y

1

¥
i

1

curve

=
-~

the azine.




-100-

|

[0 W,

|

10

Fig
aldehyde, 1
hydrazineg.

12 % 10-°F,

«

|
i

Th ey
4 W

rmation of

ml, 1.33F HCL,

e
&

Curve 1:
Ordinates

~-
-

x 1

are

O

the azine,

1. EtOH,

ml,
~2F; curve

~

System:

0,067F

5
s

3

L

2 ml, HpO, and 1 ml,

23
:

20 %

Avoeissoe are nmin.,

T10-0F; curve 33



6

o

S

i

|
Y

| l ‘
L {
1 3 5 7
5, Forration of the azinec, System: 1 nl, 0,007F
L oml, 25 % 10-°F hydre zine, 5 mi, BtOH and 3 ml.
qa@ﬁuu HPl. Curve 1: 1 ml., 1.33F HC curve 23 2 mil., 1.35F
3+ 3 ml., 1.33F HCL, Ordinabes are Diss . Apscissae

HC1; wwwe 31 3 ml



-111-

0

O

:
|

=50 500 750 1000

Fir, 10, Hydrolysis of the azine at 25,09 . Solvent:
ethancl-water containing 60 vol. % ethanol., Initial azine
concentration = 2,08 x 1072F, HC1 concentration = 2,6 x 10-3F,
fonic strength 0.133F. Ordinates are log D x 10, Absclosae
di’t‘.. aaeconds



(O

10.

11.

12.

13,
14,

15.

16.

-112-
BIBLIOGRAPHY

Pesez, M., and Petit, A., Bull. Soc. Chem. France.,
122 (1947)

Watt, G. W., and Chrisp, J. D., Anal. Chem., 24, 20006
(1952)

wOod, P. R., Anal. Chem., 25, 1879 (1953)

Vehkataraman, K., The Chemistry of Synthetic Dyes,
Academic Press Inc., Publishers, 1950, p. 345.

Doub, L., and Vandenbelt J. M., J. Am. Chem. Soc.,
69, 2714 (1947)

and Alter, H. W., J. Chem. Phys., 19, 765

Calvin, M.,
(1951)

Beale, g. N., and Liberman, A., J. Chem. Soc., 1950,
22087

Taylor, T. W., and Baker, W., Sidgwick's Organic Chem-
istry of Nitrogen, Oxford Unlver31ty Press, 1930,

p. 437.

Hammett, L. P., and Deyrup, A. J., J. Am. Cheni. Soc.,
56, 2721 (1934) -

Hammett, L. P., and Paul, M. A., J. Am. Chem. Soc.,
2@: 827 (1934)

Rogers, M. T., Campbell, T. W., and Maatman, R. W.,
J. Am. Chem. Soc., 73, 5122 (1951)

Barany, H. C., Braude, E. A., and Pianka, M., J. Chem.
Soc., 1949 1898

Bury, C. R., J. Am. Chem. Soc., 57, 2115 (1935).

Laidler, K. J., and Eyring, H., Ann. New York Acad. Sci.,

39, 303 (1940)

Frost, A. A., and Pearson, R. G., Kinetics and Mechanism

John Wiley and Sons, Inc., 1953, p. 124,

Frost, A. A., and Pearson, R. G., Kinetics and Mechanism

John Wiley and Sons, Inc., 1953, p. 137.



17.

18.
19.

20.

21.

22,

23.

2L,

25.
26.

27.

28.
9.

30.

31.

32.
33.

34,

~-113-

Bronsted, J. N., and LaMer, V. K., J. Am. Chem. Soc.,
46, 555 (1924)

Amis, E. S., and Jaffe, G., J. Chem. Phys., 10, 598
(1942) '

Hammett, L. P., Physical Organic Chemistry, McGraw-
Hlll Book Co., 1940, p. 107

Syrkln, Y. K., and Dyatkina, M. E., Structure of
Molecules and The Chemical Bond Interscience
Publishers Inc., 1950, p. 219, 228

Bronsted, J. N., Chem. Rev., 5, 291 (1928)

Harned, H. S., and Brumbaugh, N. J., J. Am. Chem. Soc.,
44, 2729 (1922).

Akerlof, G., Teare, J. W., and Turck, H., J. Am. Chem.
Soc., 59, 1916 (1937) -

Harned, H. S., and Owen, B, B., The Physical Chemistry
of Electrolytic Solutlons, Rheinhold Publishing Co.,

1943, p. 457
Rosenblatt, D. H., J. Phys. Chem., 58, 40 (1954)

Van Rysselberghe, P., J. Am. Chem. Soc., 65, 1249 (1943)

Conant, J. B., and Bartlett, P. D., J. Am. Chem. Soc.,
5& 2881 (1932) :

Westheimer, F. H., J. Am. Chem. Soc., 56, 1962 (1934)

Price, F. P., Jr., and Hammett, L. P i.,ém.‘Chem.
Soc., 63, 2387 (1941) '

Gutbezahl, B., and Grunwald, E., J. Am. Chem. Soc., 75,
559 (1953) |

Harned, H. S., and James, G. M., J. Phys. Chem., 30,
1060 (1926)

Akerlof, G., J. Am. Chem. Soc., 48, 1160 (1926)

Randall, M., and Breckenridge, G. F., J. Am. Chem. Soc.,
b9, 1435 (1927)

Zucker, L,, and Hammett, L. P., J. Am. Chem. Soc., 61,
2791 (1939) | ‘ —




37.
38.

39.

ho.
41,

-114-
Harned, H. S., and Calmon, C., J.- Am. Chem. Soc., 61,
1491 (1939)

Harned, H. S., and Fleysher, M. H., J. Am. Chem. Soc.,
47, 82 (1925)

Lucasse, W. W., Z. physik. Chem., 121, 254 (1926)

Bezman, I. I., and Verhoek, F. H., J. Am. Chem. Soc.,
67, 1330 (1945)

Braude, E. A., and Stern, E. S., J. Chem. Soc., 1948
1926 :

Braude, E. A., J. Chem. Soc., 1944, L3

Wyman, J., Jr., J. Am. Chem. Soc., 53, 3292 (1931)



~-115-

PROPOSITIONS

1. It has been postulated that the difference in the K
values of nicotinyl and benzoyl substituted substrates for
the alpha-chymotrypsin catalysed hydrolysis is in part due
to the difference in the hydrophilic character of these two
substituents (1). I propose that this hypothesis may be
tested by the use. of mixed solvent systems.

(1) Huang, H. T., and Niemann, C., J. Am. Chem. Soc.,
74, 101 (1952) —

2. It has been postulated that the decrease in the value

of the pH optima for non-acylated alpha-amino acid substrates
for alpha-chymotrypsin catalysed hydrolysis as compared with
the acylated substrates 1s due to the fact that the pH optima
for these substrates represent the intersectiohs of an en-
zyme activity curve and curves portraying the relative
amounts of the actlve species of the substrates as a func-
tion of the pH (1). I propose that this postulate may be

tested by fthe use of mixed solvent systeums.

(1) ILutwack, R., Ph.D. Thesis, California Institute
of Technology, 1954.

3. It has been postulated that for a series of substrates

the relative closeness of fit of a particular substrate and
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the enzyme in the substrate-enzyme complex is measured by
the KS value of the system. I propose that this postulate
may be tested by the use of kinetic data from hydrolyses

at different temperatures in various solvent systems.

4, It has been postulated that the solvation of the hydro-
gen ion changes in such a manner when the organic component
of a binary mixture with water is increased that the con-
centration of the hydronium ion increases (1). I propose
that this postulate may be tested by the method of proton

[ ]

magnetic resonance,

(1) Braude, E. A., J. Chem. Soc., 1944, 443,

5. The slow formation of bis-p-~dimethylaminobenazlazine
has been observed in an acidic solution of semicarbazide

and p-dimethlyamincbenzaldehyde (1). I propose.that a
reasonable explanation of this phenomenon is the slow de-
composition of semicarbazide to form hydrazine-dicarbonamlde
and hydrazine.

(1) wWatt, G. W., and Chrisp, J. D., Anal. Chem., 24,
2006 (1952)

6. A value for the second acld dissocilation constant for
> - (e pyridyl) - piperidine has been reported (1). I pro-
pose that this value 1s incorrect.

(1) Linnell, R. H., J. Am. Chem. Soc., 76, 1391 (1954)
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7. I propose that the hydration of alpha-chymotrypsin
in aqueocus solution may be studied by the method of proton

magnetic resonance.

(1) Jacobson, B., Anderson, W. A., and Arnold, J. T.,
Nature, 173, 772 (1954)

8. The optical densities at 455 mu of bis-p-dimethyl-
aminobenzalazine as functions of the concentrations of p-
dimethylaminobenzaldehyde and acid have been reported (1).

I propose that the conditions of the experiments were not
satisfactory for the derivation of independent relationships.

(1) Wood, P. R., Anal. Chem., 25, 1879 (1953)

9. It has been reported that the values for KS and kB flor

a substrate hydrolysed by alpha-chymotrypsin may be calcuiated
froﬁ the kinetic data at only one substrate concentration (1).
I propose that the proof intended to show that‘the kinetics
follow the Michaelis-Menten equation is fallacious.

(1) Cunningham, L. W., J. Biol. Chem., 207, 443 (1954)

10. It has been reported that nicotinyl Q—phenylalanyl—@
naphthylamide is not an inhibitor for the L-isomer (1). I
propose that the conditlons of the experiment did not justifly
this conclusion.

(1) Ravin, H. A., Bernstein, P., and Seligman, A. M.,
J. Biol. Chem., 208, 1 (1954)




