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nature of a chemical
reaction in solution can be inferred from the
dependence of the reaction rate on the
dielectric constant and on the ionic strength
of the medium'~®. As for enzyme reactions,
however, the study of the ionic strength effect
is not so useful, because various ions often
exert specific effects on enzyme reactions;
moreover, the theoretical treatment of this
effect is extremely difficult with such large
complex ions as protein**>. Thus the study
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of the dielectric constant effect becomes
important in elucidating the electrostatic nature
of enzyme reactions, for it would provide
information concerning the reaction mecha-
nisms.

There are, however, two difficulties in the

study of the dielectric constant effect on
enzyme reactions. The first, which is a
theoretical one, is that the conventional

theories that have been developed for simple
ions or molecules'’™* may no longer be
applicable to enzyme reactions because of the
complex charge structure of the molecule ; the
second is that the organic additives used to
control the dielectric constant of the medium
may possibly influence, directly or indirectly,
the reaction rates from various causes other
than the electrostatic one.

The effects of solvent on the rates of various
enzyme reactions have been studied by several

5) C. Tanford and J. G. Kirkwood, J. Am. Chem. Soc.,
79, 5333 (1957).
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authors®~ 1'%, some of whom have interpreted® 10
the results in terms of simple electrostatic
theories developed for simple ions or dipolar
molecules. Recently one of us developed a
theory of the influence of the dielectric
constant of solvent on equilibria and reac-
tion rates'’"'®), using the Kirkwood model
of a spherical solute molecule having an
arbitrary charge distribution®’, which is most
probably an appropriate model for a protein
molecule in solution®. The theory is essentially
applicable to the dielectric constant effect on
reactions in solution, including enzyme
reactions, in which any rearrangement of
charges occurs within the spherical solute
molecules involved. The applicability of the
theory was tested for certain enzyme reactions!®?,
as well as for some simple organic reactions'?,
and the results were considered satisfactory.
Hosoya has also applied the theory to the
interpretation of his data on the peroxidase
reaction’®.

As for the second difficulty, we have tried
in this paper to find some general kinetic
procedures by which we can distinguish the
true dielectric constant effect from the other
non-electrostatic effects caused by the organic
additives.

In Part I of this paper'®, the influence of
pH upon the a-amylase-catalyzed hydrolysis
of amylose was investigated, and the properties
of the ionizable groups essential for the reaction
were elucidated. In this paper, the influence
of solvent upon the reaction rates will be studied
kinetically, and the results will be interpreted
on the basis of the theory developed by one
of us''®, The possible effects of the addition
of the organic solvent will also be examined.

Experimental

Enzyme.—Six times-recrystallized bacterial amy-
loclastic a-amylase of Bac. ampyloliquefaciens
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Fukumoto was kindly provided by Prof. J.
Fukumoto and Dr. T. Yamamoto of Osaka City
University. An aqueous solution of the crystalline
enzyme was used as a stock solution. The enzyme
activity of the stock solution was checked before
each experiment.

Substrate.—Since amylose is precipitated from
an aqueous solution by the addition of even a
small volume of such an organic solvent as
methanol, it can not be used as the substrate for
the present purpose. Therefore, potato soluble
starch, washed with cold water and with methanol
and dried, was used as the substrate.

Solvent.—Water or a methanol-water mixture was
used as the solvent. The methanol was purified
with alkaline silver nitrate and twice redistilled.

Reaction Mixture.—The composition of the
reaction mixture was as follows: Aqueous solution
of soluble starch, 20 ml. ; methanol, xml,; water,
(8-x) ml. ; diluted-enzyme stock solution, 2ml. The
final concentration of the substrate varied from
0.075¢%, to 0.5%. The methanol concentration
ranged from zero to 22.3 per cent by weight. In
order to minimize the ionic strength of the
medium!7:!) no buffer solution was used. The pH
value of the reaction mixture, however, was
maintained at 6.0 =+ 0.1, sufficiently close to the
optimum pH value of 5.85'%. The reaction was
carried out at 25.0°C throughout the experiments.

Procedure.—Two milliliters of the reaction mixture
was pipetted into 1 ml. of 0.5 N sodium hydroxide
to stop the reaction every minute during the first
five minutes; 1ml. of a 3,5-dinitrosalicylate
reagent®’ was then added, and the mixture was
heated at 65-C for one hour and diluted to 20 ml.,
and the red color which developed was measured
photometrically, using maltose as the standard.
Methanol slightly increases the color density, and
this effect was calibrated.

Relative Rate-pH Curves. — In the investigation
of the effect of methanol on the relative rate-pH
curve, a Britton-Robinson buffer was used in its
1/30 concentration to adjust the pH values.

Even at the maximum methanol concentration
used, no irreversible inactivation of the enzyme
was detected during the reaction period at 25°C
and pH 6.0.

Results

The Michaelis constant, Km, and the first
order rate constant for the breakdown of the
ES complex, k;, obtained from the Lineweaver-
Burk plot*> for nine different substrate
concentrations at various methanol contents,
are listed in Table I. Since the substrate
soluble starch contains a-1,6 linkages, which
are not hydrolyzed by this enzyme, the
intrinsic substrate concentration cannot be

19) S. Ono, K. Hiromi and Y. Yoshikawa, ibid., 31, 957
(1958).
20) G. N. Smith and C. Stocker, Arch. Biochem., 21, 95
(1949).
21) H. Lineweaver and D. Burk, J. Am. Chem. Soc., 56, 658
(1934).
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TasLeE I. THE VALUES OF Ky AND k3 AT
VARIOUS METHANOL CONCENTRATIONS
AT 25°C AnD pH 6.0

Methanol  Water K k
concn.  concn. Dw o 3,

% by wt. M % sec
0 55.5 78.5 0.043 1750
5.34 51.9 76.3 0.043 1480
10.84 48.3 74.0 0.042 1210
16.50 44.8 71.6 0.040 970
22.33 41.3 69.1 0.042 750

a) Dielectric constant of the solvent. Inter-
polated from the values of Davis and
Jones®*®,

defined accurately. The Michaelis constants,
therefore, is conveniently expressed in per
cent units.

It is clearly indicated that K, is constant
over the range studied, while ks decreases with
an increase in the methanol concentration, or
with a decrease in the dielectric constant of the
medium.

The relationship between pH and the rela-
tive rate, v/Umax, the ratio of the initial rate
at a given pH value to that at the opti-
mum pH value, is influenced by the addition
of methanol, as is shown in Fig. 1. The
curve is shifted towards the alkaline side by
the addition of methanol (22.3 per cent by
weight), which is probably due in part to the
fact that the pK values of the essential
ionizable groups of the enzyme have been
influenced by the addition of methanol. It
may be seen from Fig. 1 that the velocity is

1.0 1
L3
-
g
=
)
=

05 1

] | | ] |
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pH
Fig. 1. Plots of v/vmax vs. pH.

O: without methanol
@: in 22.3wt. % methanol
Substrate concn. 0.2%

22) R. Davis and T. Jones, Phil. Mag., 28, 307 (1939).
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remarkably influenced by the addition of
methanol at pH’s remote from the optimum
pH while the rate at the optimum pH is
changed only insignificantly. In order to study
the dielectric constant effect on the reaction
rates, therefore, the reaction should be observed
in the vicinity of the optimum pH. In the
present case, in which the reactions were carried
out at pH 6.0, the discrepancy between the
curves is so small that the observed decreases
in k; cannot be attributed to the shift of the
pH optimum.

Analysis of the Results

In the interpretation of the effect of a
solvent upon the rate of enzyme reaction
special caution is required, since the addition
of an organic solvent may give rise to changes
in reaction rates for various reasons. Six
factors which may influence the rate on the
addition of organic solvents and which are
considered to be important in the present case
are as follows: 1) a change in the dielectric
constant of the solvent, which may directly
influence the rate; 2) a decrease in the water
concentration ; 3) an inhibitory action of the
organic additive: 4) an irreversible or revers-
ible denaturation of the enzyme; 5) an
aggregation of the substrate, and 6) a shift
in the relative rate-pH curve. The first
factor is the electrostatic one at which the
present study is aimed. However, there may
possibly exist influences from the other factors.
In fact, for the enolase reaction®® it was
observed that the rate is the same function of
the water concentration, irrespective of the
nature of the organic additives used. In the
myosine- and a-chymotrypsin-catalyzed reac-
tions, it has been reported that methanol acts
as a “water analogue” to yield methanolysis
products, and the existence of the specific
water site in these enzymes has been suggested
24,25 The hydroxylaminolysis of methyl
hyppurate catalyzed by a-chymotrypsin has
also been observed?®. On the other hand, by
using a variety of organic substances as solvent
additives, Castafieda-Agullé and Del Castillo
13,14 have shown that in a-chymotrypsin- and
trypsin-catalyzed hydrolyses there is an
obvious relationship between the rates and the
dielectric constant. Thus, how to distinguish
these possible factors is a general and important
problem in the interpretation of solvent effects
on enzyme reactions. The kinetic procedure
for it will be worked out below.
Westhe&d and B. G. Malmstrom, J. Biol.

Chem., 228, 655 (1957).
24) D. E. Koshland, Jr. and E. B. Herr, Jr., ibid., 228,

1021 (1957).
25) M. L. Bender and W. A. Glasson, J. Am. Chem. Soc.,

82, 3336 (1960).
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Kinetic Treatment Considering the Participa-
tion of the Water Molecule.—With respect to
the role of water in enzyme-catalyzed hydrolytic
reactions, two cases may be considered, based
on the usual Michaelis-Menten-Briggs-Haldane
mechanism, which includes a single intermediate
enzyme-substrate complex?™.

Case 1. Water reacts with the ES complex
directly from the bulk of the solvent.

The reaction scheme should be written as
follows :

E+S f ES n
k3’
ES+H:0—E+P )
instead of the ordinary scheme:
ky k3
E+SfES—>E-'rP (3)
z

Obviously the apparent rate constant, k;, is
proportional to the water concentration [H,O] :

k:=k;' [H,0] )

The k; values obtained are tentatively plotted
against the water concentration in Fig. 2. It
is apparent that the observed change in ks is
too large to be accounted for by Eq. 4.

Case 2. The case in which there is competi-
tion between the water molecule and the orga-
nic solvent molecule for the water site on the
enzyme.

15
o
L5 ]
< 10
T
=
X
¢

0.5

0

[H:0], M

Fig. 2. Plot of k3 vs. molar concentration

of water. The dotted line represents the
proportionality between them. )
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Since evidence has been obtained for the
existence of a specific water site in some
hydrolytic enzymes®:?®2, it is possible that
there is a specific water site on this enzyme
for which the water molecule competes with
the organic solvent molecule. The reaction
scheme may then be written as follows:

Ky Kw
EM = E = EW
Ks''|1 Ks]b Ks'f (5)
Eu'  Kw' ko
EMS =ES= EWS — E+P
where W and M represent water molecule and
organic solvent molecule, respectively, and
where only the ternary complex EWS is
assumed to break down into the hydrolytic
product P with the rate constant k.. The
Ks' are the association constants for the binding
of S, W and M to E, as is indicated in the
scheme; five of these are independent. A
quasi-equilibrium treatment leads to the equa-
tion :
_ koKerlrswe
- (1+wa+Kmm)+(K5+K5'wa+Ks”KHm)S

(6)

where w, m, s and e are the molar concentra-
tion of water, the organic solvent, the substrate
and the total enzyme, respectively. The Km

v

and k; obtained from the Lineweaver-Burk
plot are now represented by :
1+wa+KHm
— 7
Km Xs+Ks’wa+Ks”Kmm ( )
k K;'wa
ks 2 = (®

T Kot Ko Kaw+ K. Kym

If the substrate binding is not affected by
the binding of water and that of the organic
solvent molecule (it may be true with
water and an organic solvent molecule of a
small size, such as methanol), i.e., if Ks=
Ks'=Ks'', Km reduces to 1/Ks, which is
independent of the solvent composition. The
density of a mixed aqueous solvent relative
to pure water, p, is approximately expressed
by p=1+bm, where b is a constant characteristic
of the organic solvent for not so large an organic
solvent content (e.g., up to ca. 30% by volume
for methanol and ethanol). Using this relation

we have :
w4+ pm=55.5 (9)

26) 8. A. Bernhard, W. C. Coles and J. F. Nowell,
ibid., 82, 3043 (1960).

27) Similar treatments have been worked out by Inagami
and Sturtevant!®' in the case of two intermediate complex-
es; according to them, the ratio of the apparent k3 value
to the apparent Km value should be independent of the
water concentration, although each of them is dependent
on it. These features are obviously inconsistent with our
results.
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p is a constant expressed by p= (My—100056)/
My, where My and Mw are the molecular
weights of the organic solvent and water
respectively. (For a methanol-water mixture,
b=—0.0059 and p=2.10.)

From Eqgs. 8 and 9 we derive the following
equation :

1 ( Ks+55.5Ks"' Ku/p )_1

koKs'Kw

ks W
Ks'Kw—Ks'' Ku/p )
(Tt (10)

which predicts a linear relationship between
1/k; and 1/w. As may clearly be seen from
Fig. 3, however, the linearity does not hold
for the present case. Thus. this mechanism is
not consistent with the observed results.

—
k=]
T

1/k3 < 108 (sec)

e

o
@0

0 1 1 | ] J

1
14 1.6 18 20 22 24 26
1/[H:0] x10%, m~!
Plot of 1/ks vs. 1/[H:0].

Fig. 3.

The Inhibitory Action of the Organic
Additive.—Apart from the inhibitory action of
the organic additive as a water analogue
discussed above, there is a possibility that the
organic additive may act as a simple inhibitor,
either competitive, or non-competitive. At
least qualitatively, the results obtained in this
study are not inconsistent with a possible
interpretation that methanol acts as a non-com-
petitive inhibitor. If this is the case, k; may
be written as:

K; )
boa=( — ). ke
’ (Ki+m” !

where m and K; denote the methanol concentra-
tion and the dissociation constant of the

(11)

Hydrolytic Reaction Catalyzed by Bacterial a-Amylase 435

inactive complex EM, (or ESM,) according
to the scheme:

K
E (or ES)+nM = EM, (or ESM,)  (12)

where n is the number of methanol molecules
combined with the enzyme molecule to form
the inactive enzyme-methanol complex, and
k3:° is k3 at m=0. If we define a« as the ratio
k3/ki°, we have:

l-aa m®

a K 1%

l_
Thus, a plot of log (Ta) versus logm

should give a straight line of slope n. This
plot is shown in Fig. 4, which does not give
a straight line of an integral number of
slope, but does give a concave curve with an
average slope of ca. 1.4. Thus, the results are
not consistent with a typical non-competitive
inhibitory mechanism involving the stoichio-
metric binding of the organic solvent molecule
to the enzyme molecule.

04

1.0 | I 1 | I
0 0.2 0.4 0.6 0.8 1.0 1.2

log [MeOH]

1—-

Fig. 4. Plot of 1og( ‘*) vs. log [MeOH].

The dotted line represents a straight line
whose slope is equal to 1.42,

Denaturation of the Enzyme.—Although an
irreversible denaturation of the enzyme caused
by the addition of the organic solvent could
easily be found out experimentally, a rapid,
reversible denaturation would be difficult to
detect. If the enzyme undergoes a reversible
denaturation in the presence of the organic
solvent, the scheme may be written as follows:
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k1 ki y
E+S = ES — E+P }

2 i

% l
E'+S = E'S )
where E' denotes the reversibly denatured

form of the enzyme, which may (or may not)
combine with the substrate to form an inactive
complex E'S, where Kn' is the dissociation
constant of this complex, and where K
represents the equilibrium constant for the
denaturation of the enzyme, which, in general,
may increase with an increase in the concentra-
tion of the organic solvent. Then the initial
rate v becomes

 kses
Km(K+l)+(KmK/Xm +1Ds

where Kun=(k:+k3)/ki. The apparent Michaelis
constant, Km., and the apparent breakdown
rate constant, k3. which are obtained from the
Lineweaver-Burk plot, are expressed as follows :

(15)

P=—

_ KnKu'(K+1)

Kome = KnK+Kn' (16)
__ ksKw'

ko= KK+ K an

K. will be independent of the solvent composi-
tion if Km=Km'. Assuming that k3. and Kma
in water (or in the absence of the organic
additive) are equal to ks and K, respectively,
at a given concentration of organic solvent
can be calculated from ks./Km. (or directly
from kz. if Km=Kwn'). The K' values were
tentatively calculated from the data on the
assumption of this mechanism. There is,
however, no linear relationship between K and
the methanol concentration nor between log K
and 1/D, as may be seen from Figs. 5 and 6.
Thus, the experimental results are inconsistent
with this assumption.

Aggregation of the Substrate.—If the addi-
tion of the organic solvent gives rise to
aggregation of the substrate, the effective
concentration of the substrate will be reduced
from s to ys, where y is a positive number
less than unity. The initial rate, v, becomes

kaes

T Kalr+s as

Thus, in the presence of the organic solvent,
the apparent Michaelis constant will be in-
creased by a factor of 1/7, while k; will remain
constant. Obviously this is not consistent
with our results.

As was mentioned earlier, it was experimen-
tally confirmed that neither the irreversible
inactivation of the enzyme (one of factor 4)
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Fig. 5. Plots of K (CurveI) and log K (Curve
II) vs. methanol concentration.
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Fig. 6. Plot of log K vs. 1/D.

nor the shift of pH curve (factor 6) can be the
cause of the present results.

Analysis of the Results by the Electrostatic
Theory.—The above arguments have shown that
no reasonable interpretation of the results can
be obtained on the basis of factors 2 to 6
mentioned above. We will next, examine the
possibility of the factor 1, i. e., the electrostatic
influence of the dielectric constant of the
medium. According to the theory of the
dielectric constant effect on enzyme reactions
which has been developed by one of the
present authors '"'®, the variation of the rate
parameters, K and ks, with the dielectric
constant, D, of the solvent can be expressed
in the following equations:

_dlog Km_
d (1/D)
sz_“__ Ls , 1
= 2303Q2kT) [ % (LE LES)] (19)
& [Ls 1 _
5 (zm( o (LOE LOES)J (20)
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d log ks
d(1/D)
S S S 1)
T 2303QkT)  bes S RSk
2 1
¢ —— (LO%s—LO%s.) (22)

T 2303(2KT)  bes

where ¢ is the protonic charge, k the
Boltzmann constant, 7, the absolute tempera-
ture, b’s are the radii of the species denoted by
the suffixes, and L’s are their “ charge configura-
tion functions” as defined elsewhere'™. Lisa
dimensionless quantity which is determined by
the radius and the charge state of the molecule ;
it is calculated by the aid of Tables I and II
of Ref. 17, provided the charge configuration
within the molecule is given. Although the
spatial distribution of every charge in E, ES
or ESs is not yet known, and the exact
evaluation of the L values of these species is
impossible, it can be shown that under certain
conditions we may use the “effective charge
configuration function '*? denoted by L° instead
of the complete charge configuration function,
L. L° is the charge configuration function
constructed with respect only to the small
number of charges within the local region of
the enzyme or the enzyme-substrate complex
in which the catalytic reaction is considered to
occur, neglecting all the other charges, which
are considered to be unimportant for the
reaction and to be fixed during the course of
the reaction. The radii of E, ES and ESs«
may be equated for small substrates. Thus,
Egs. 20 and 22 are the approximate equations
to be used in treating enzyme reactions. These
equations predict that the plot of log Km or
log ks against 1/D will give a straight line, the
slope of which will be determined by the radii
and the effective charge configuration functions
of the species involved. In Fig. 7 are shown
the plots of log Km and logks: versus 1/D.
The linearity of the plots is in accordance
with the theory.

Since L is usually small for a neutral molecule
unless it is largely polarized, the contribu-
tion of the Lg/bs term in Eq. 20 to the slope
may be no more than the experimental error
of the slope. (For example, this contribution
has been found to be negligibly small for
several uncharged organic acids'”?). Thus, the
fact that the slope dlog K./d(1/D) is zero
implies that LOs is equal to L% (or Legs=Lg) ;
i.e., there is no appreciable change in charge
state during the formation of the ES complex
because a change in the charge state would
be reflected in a change in L°. The force
operating in the ES complex formation,
therefore, is supposed to be non-electrostatic
in origin, i.e., van der Waals force or hydro-
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Fig. 7. Plots of log Km (Curve I), log ks

(Curve II) and log k3/[H:0] (Curve III)
vs. 1/D.

gen bonding, or both.

On the other hand, the plot of log k3 versus
1/D gives a straight line of negative slope,
indicating that the effective charge configura-
tion function of the activated state of the ES
complex (L°gs.) is larger than that of the
normal ES complex (L°gs). If we calculate
L°gs and L°gs., assuming certain charge
configurations of ES and ESs, and compare
the slope dlogks/d(1/D) thus calculated with
that observed experimentally, we can pick up
some of the charge configurations as plausible ;
this may give information about the reaction
mechanism.

The theoretical estimation of the slope,
d log k:/d(1/D), will be made on the basis of
the following assumptions, all of which are
considered plausible: 1) In the activated state
of ES, designated by ESs, the C, atom and
the glucosidic oxygen atom of the substrate
molecule are located near the surface of the
sphere of ESsx, with their centers situated &
A below the surface (d was taken to be 0.3 A
to 1.0A). The bond length between these
atoms is assumed to be ca. 509 stretched over
the normal value. (For convenience of calcula-
tion, the angle between the lines adjoining
the center of the sphere to the C, atom and
the oxygen atom was kept constant at 5°26'40''.
This angle corresponds to the bond length of
2.15A when d is 05A. The bond length
ranges form 210 A to 217 A depending on
the value of 4°*®.) As a consequence of the

28) This minor change in the bond length scarely affects
the value of the slope.
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charge separation in ESs, two charges of equal
magnitude but of opposite signs are produced
on the C, atom and the glucosidic oxygen
atom between which the linkage is to be split.
In the ground state of ES, however, no such
charge separation is assumed to occur. 2) The
essential dissociable groups of the enzyme, the
carboxylate and the imidazolium (or ammo-
nium) group, which are considered essential in
the breakdown process of ES'®), are assumed
to be located below the glucosidic bond and
to attack the bond simultaneously as a base
and as an acid, respectively'®. The water
molecule is considered to be situated between
the carboxylate group and the C; atom. The
positions of these essential groups are assumed
to be kept fixed in ES and ESs. The
geometrical disposition of the atoms assumed
in the calculation is shown in Fig. 8. The C,

—-____-T_—___{—___‘_‘-‘\.

d ]\d
2,10~ 2.17
£, e‘é_—}g____ e, &
T

H—y  HE
‘ +
AN

to the center

Fig. 8. Model of ESs.
e; and e; represent the charges of the essential
ionizable groups of the enzyme, and e; and e,
represent the charges produced in the glucosidic
linkage in the activated state.

atom, the O-H bond of the water molecule
and the carboxylate oxygen atom are assumed
to lie on one radius, and the glucosidic oxygen
and the N-H bond of the imidazolium group
on another radius. The hydrogen-bonded dis-
tances of O-H:--O and N-H---O are taken as
2.63 A and 2.88 A respectively?”. The charges
to be considered (or to be involved in the
effective charge configuration functions) are
those on carboxylate oxygen, imidazolium
nitrogen, glucosidic oxygen, and the C; atom;

29) G. C. Pimentel and A. L. McClellan, *“ The Hydrogen

Bond ", Freeman & Co., San Francisco (1960), pp. 284,
289, These are the average values for carboxylic acids and
for ammonium, respectively. A minor change in these
values does not affect the resultant slopes seriously.

[Vol. 36, No. 4

they are designated by ey, eo,..., €, respectively,
as is shown in Fig. 8. &’s are the valences of
the charges. In ES, it was assumed that §;=—1
and §;=+1 and &§:=§:=0. In ESs, calcula-
tions were carried out for several cases, i.e.,
E3=—&4==*1 and *=1/2; —&=+6&:=1, 1/2 or
0, and d=0.3, 0.5, 0.7 and 1.0 A.

The expressions for L°gs and L°gssx are as
follows!8-19:

LOgs =821+ &2+ 26152812
4 4
LOES;-. = El &l frr+ kgl E}fx&g‘u =& fu+é e

+ &2+ 83+ 26182812+ 2683813+ 2818481
+26:63803+ 26281824+ 28364854 (24)

fur is a function of (ri/b)2, where ri is the
distance of the charge, e, from the center of
the molecule. gy is a function of (ryri/b?)
and cos 0w, where 0y, is the angle between ry
and r;. The values of fix and gw may be
readily obtained from the tables'” if r.’s and
0i1’s are calculated from Fig. 8.

The results of the calculation are summarized
in Table II, in which the slopes theoretically
predicted for various cases are presented. The
theoretical slopes are negative in all the cases
considered, the magnitude depending primarily
upon the valences of the charges produced on
the glucosidic linkage (§; and £,) and on the
depth of the charges, d, and being relatively
insensitive to the situation of the neighboring
charges, e; and e;. The experimentally observed
magnitude of the slope, —210, may reasonably
be accounted for if d=0.6 A and —&=+&:=
=+1, i.e., if a considerably large separation of
charges occurs in the glucosidic linkage in
the activated state, ES.. The value of 4 is
not of an unreasonable order of magnitude,
although it appears to be somewhat smaller
than that of the carboxylic oxygen atom (ca.
1.0 A)'», calculated from the dependence of
the pK values of carboxylic acids on the
dielectric constant of the medium.

(23)

Discussion

The above calculations have revealed that
the observed results can reasonably be explain-
ed in terms of the electrostatic effect of the
dielectric constant of the solvent on the
reaction rates only, although slightly smaller
values had to be assigned for 4. However, it
may also be possible that, in addition to the
dielectric constant effect, some non-electrostatic
effects, e. g., a decrease in the water concentra-
tion or an inhibitory effect of the organic
solvent, might have been involved in the
observed results. Although it is not a simple
matter to determine the magnitude of the
effect which is really due to the dielectric
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THE THEORETICALLY PREDICTED SLOPES d log k3/d(1/D)

—d log kz/d(1/D) for d=

0.34A 0.5A 0.7A 1.0A
656.5 290.2 160.6 85.6
504.9 256.8 136.9 66.9
615.5 279.5 152.6 79.3
539.7 262.7 140.7 70.0
576.5 270.3 145.9 74.1
183.1 76.7 43.1 23.7
107.2 60.0 31.2 14.3
161.0 70.1 38.0 19.8
123.0 61.8 32.1 15.0
141.0 65.1 34.3 16.9

a) The large white or black circle represents a positive or a negative unit charge, and
the small white or black circle a positive or a negative half unit charge, respectively.

constant of the solvent itself, we may be able
to take the non-electrostatic effect to some
extent into consideration by plotting the
logarithms of k3;/[H:0] instead of k; versus
1/D. This case corresponds to case 1 con-
sidered above, where water reacts with the
ES complex directly from the bulk of solvent
(see Eq. 4), or to a special case of case 2 (the
case in which Kw=Ku/p in Eq. 8), where
methanol competes for the water site with
the water molecule. This plot is shown in
curve III of Fig. 7, where a straight line with
a slope of —124 is obtained. Table II shows
that this order of magnitude of the slope is
reasonably accounted for if —&3=+&,==*1
and d=0.75~0.8 A.

Although there is a little ambiguity in the
value of d to be assigned, it may be reasonable
to conclude that the main effect operating in
the present case is the electrostatic one, i.e.,
the effect of the dielectric constant on the
rate, and the results of calculation are
consistent with the hypothesis that the charge
separation occurs at the glucosidic linkage of
the substrate molecule to be hydrolyzed in the
activated state of the ES complex.

Electrostatic Entropy.—Electrostatic entropy
is often discussed in relation to the dielectric
constant effect on reaction rates'~*%!'®.  Ag
will be shown in the Appendix, we can
estimate the electrostatic part of the entropy
change involved in the formation of the ES
complex, 4S..s., and of the entropy of

activation involved in the breakdown of the
ES complex, 48e.s.s, if we assume that the
temperature dependence of the internal
dielectric constant of the cavity is much
smaller than that of the solvent. From Egs.
A-13 and A-14 in the Appendix, with water
as the solvent and at 25°C, we obtain:

o dlog Km
48e.s.=—0.159% d(1/D) (25)
= _dlogks
A8e.s.5x= 0.159% aa/D) (26)
Since dlog Kn/d(1/D)=0, and dlogks/

d(1/D)=—210 or —124 according as the non-
electrostatic effect of the solvent is disregarded

or not, we can estimate the electrostatic
entropies to be:
48s.5.=0

48e.s.=—33 or —20 cal. deg=! mol !
The negative entropy of activation suggests
that the electrostriction of the solvent is
caused by the charge separation in ES-.

Summary

The influence of methanol on the rate of
the hydrolytic reaction of soluble starch
catalyzed by crystalline bacterial amyloclastic
a-amylase has been studied at 25°C and pH
6.0, over the methanol concentration of 0~
22.6% by weight.

The apparent Michaelis constant, Kmn, is
independent of the methanol concentration,
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while the breakdown rate constant of the ES
complex, k3, decreases with an increase in the
methanol concentration.

The plot of log k; versus the reciprocal
dielectric constant of the solvent gives a
straight line with a negative slope.

Various possible effects on the reaction rates
caused by the addition of methanol have been
examind, and it has been concluded that the
dielectric constant effect is predominantly
operative.

The results have been interpreted quantita-
tively on the basis of the electrostatic theory
previously developed by one of the present
authors. The results of calculation have been
found to be consistent with the hypothesis
that charge separation occurs in the glucosidic
linkage to be hydrolyzed in the activated state
of the ES complex.

The electrostatic entropy of activation in the
breakdown of the ES complex has also been
estimated.

The authors wish to express their apprecia-
tion to Professor Juichiro Fukumoto and Dr.
Takehiko Yamamoto of Osaka City University
for their gift of the crystalline enzyme.
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Appendix

The Evaluation of the Electrostatic Entropy.—
The electrostatic part of the entropy of reaction
and that of the entropy of activation may be
estimated from the variation of the equilibrium
constant and of the rate constant with the dielectric
constant of the medium respectively, in the follow-

ing manner. For example, consider an equilibrium :
A+B=C+D (A-1)

with an equilibrium constant of K. We have:
4G=—RTInK (A-2)

where 4G is the standard free energy change,
which is divided into the non-electrostatic part,
4Gy 6.5, and the electrostatic part, 4Ga.s.. Thus

AG=4G.e.5.+dGe 5. (A-3)

The electrostatic free energy, 4G.s., is expressed

in terms of the work of the charging, W, of each
species, in the following equation :

dGe.s. =NIW=N(Wec+Wp—Was—Wg) (A-4)

where N is the Avogadro number. 4W of a species

for zero ionic strength, designated as W, is ex-
pressed in the form:

e2 /L' L
W“"zb(m*"ﬁ)
where ¢ is the protonic charge, b, the radius of

the species, L, the charge configuration function,
and L', a parameter also dependent on the charge

(A-5)
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configuration of the species. (The full expressions
of L and L' will be found in Eq. 3 of Ref. 17.)
D, the internal dielectric constant of the spherical
cavity formed by the solute species, was taken by
Kirkwood to be 2 for all the molecules or ions.
D is the dielectric constant of the solvent.

The electrostatic part of the entropy change,
A48,.s., is obtained by differentiating 4Ge.s. with
respect to the absolute temperature, 7. Thus we
have:

al4d a(dw
S50 m—2dGen) 2
Net[aQ/Dy  (L'\,9(/D) /LY
== [ aT “’(b)* aT "(b)J
(A-6)

where 4(L'/b) and 4(L/b) stand for:

L'\_Lc Lp La L's -
J( b )-— be * bp ba bp (A-T)
"L Lc LD L)\ LB
A T I W -1 A-
d( b ) bc * bp ba bs (A-8)

The dielectric constant of a liquid can be
expressed as a function of temperature by the em-
pirical formula3® :

D=Dre-T/0 (A-9)

where D° and # are the constants characteristic of
the liquid. Since L and L' are considered to be
independent of temperature, if we assume that
@(1/D;) /8T is much smaller than a(1/D) /3T, i.e.,
the temperature coefficient of the reciprocal
dielectric constant of the cavity is negligibly
smaller than that of the solvent, Eq. A-6 becomes :

N /L
ASes==50 4 )
=ﬂ(£»\_$!e5_£c_#!:n.)
D8 \ by bs be bp
4.606 RT dlogkK
=" Do " d(1/D) (A-10)
since
dlogk ¢ (La Ls Lc Lo

d(1/D) ~ 4.606KT \ bs = bs  bc  bo
(A-11)

Thus, the electrostatic entropy, 4Se.s., is expressed
in terms of the slope, dlog K/d(1/D), which can
be obtained experimentally. Quite similarly, for a
rate process, we have:
4.606 RT dlogk

Dé d(1/D)
where 45..5.5. and k are the electrostatic entropy
of activation and the rate constant, respectively.

With water as solvent and at 25°C, #=2190,
D=78.5 and T=298; therefore, we have

AS&.S.#= (A-IZ)

_ dlog K -
4805, =0.159% 3258 (A-13)
4S5 %=0.159 x 3108 K (A-14)

d(/1D)

30) R. W. Gurney, "“lonic Processes in Solution™,
McGraw-Hill, New York (1953), p. 16.



