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After the initial binding of a substrate by an enzyme, their
mutual affinity in water increases by a factor commensurate with
the rate enhancement that the enzyme produces in water.1 During
the substrate’s transformation, theirKd sometimes attains values
as low as 10-23 M in the transition state.2 In seeking to analyze
the sources of that attraction, it seems reasonable to inquire
whether the rate enhancement produced by an enzyme, and hence
the corresponding increase in affinity, tends to be mainly enthalpic
or entropic in its origins. An apparent, but misleading, answer to
that question is suggested by two familiar generalizations:

(1) The rates of chemical reactions increase with increasing
temperature, tending to double in rate (“Q 10 ) 2”) as the
temperature is adjusted from 20 to 30°C.3

(2) Products are formed by many enzyme-substrate complexes
at rates that roughly double when the temperature is increased
by 10 °C.4

If both these generalizations were true, then heats of activation
would be similar for enzymatic and uncatalyzed reactions,
implying that the catalytic effect of enzymes arises from their
ability to increase a reaction’s entropy of activation. Recent
experiments in this laboratory have uncovered a remarkably large
range of rate constants of biological reactions proceeding
spontaneously in the absence of enzymes, furnishing a broadly
distributed set of benchmarks against which that hypothesis can
be tested. Here, we show that very slow reactions tend to be very
much more sensitive to temperature than the first of these
generalizations would imply, so that rate enhancements by many
enzymes increase sharply with decreasing temperature. That
behavior has a significant bearing on the thermodynamic proper-
ties expected of transition state analogue inhibitors, and is also
of interest in considering the forces of attraction that are chiefly
responsible for catalysis.

In the work summarized in Figure 1, reactions were conducted
at elevated temperatures in sealed quartz tubes (2 mm Internal
diameter, 1 mm wall thickness) in solutions containing buffers
(typically 0.1 M) at constant ionic strength (typically 0.3, adjusted
with KCl) under conditions in which reaction rates were found
not to vary with changing pH. To avoid explosions at temperatures
above 260°C, quartz tubes were sealed inside stainless steel pipes
to which water had been added, equalizing the pressure across
the walls of the quartz tube. After each tube had cooled, the
concentrations of reactants and products were analyzed by
comparing the integrated intensities of proton magnetic resonances
with that of pyrazine, added as an integration standard. Each of
these reactions followed simple first order kinetics to completion,

and yielded a linear Arrhenius plot. The energy of activation (Eact)
was obtained by plotting the logarithm of observed rate constants
as a function of the reciprocal of absolute temperature, andT∆S‡

25

was obtained by subtracting∆G‡
25 from ∆H‡ (equivalent toEact

- RT). For these uncatalyzed reactions in water, enthalpies of
activation (∆H‡) are seen to span a range (+18 to+45 kcal/mol)
that exceeds the variation (-9 to +7 kcal/mol) of the entropy
term T∆S‡ (18 kcal), shown on the vertical scale.Q10 values,
shown on the upper horizontal axis, corresponding to this
dominant variation in∆H‡, range from 2.9 for CO2 hydration to
12 for OMP decarboxylation. In contrast, values ofkcat for the
corresponding enzyme reactions show little variation, with∆H‡

typically ∼10 kcal/mol andT∆S‡ typically ∼-5 kcal/mol as
shown by the symbol “ES” in Figure 1. Table 1 shows direct
comparisons of∆H‡ for several spontaneous and enzyme-
catalyzed reactions.

Variations along the horizontal axis of Figure 1 show that these
enzymes invariably lower the reaction’s enthalpy of activation
substantially, by an amount that tends to determine the effective-
ness of the enzyme as a catalyst. Variations along the vertical
axis are relatively minor, showing that the entropy of activation
of a reaction is sometimes raised or lowered to a modest extent.18

As a result of this tendency, the corresponding rate enhancements
(kcat/knon) increase acutely as the temperature is lowered, as
illustrated in Figure 2 by the example ofR-glucosidase. The
decarboxylation of OMP, another example, exhibits∆H‡ ) +43.8
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Figure 1. Entropies (vertical axis) and enthalpies (lower horizontal axis)
of activation of spontaneous uncatalyzed reactions (2), compared with
ES (circled), an average4 of the values that have been reported for
enzyme-substrate complexes. All values for uncatalyzed reactions fall
to the right of the “Harcourt line”,3 representingQ10 ) 2. Diagonal
reference lines bounding the clear area represent half-times of 1 year
(left diagonal) and 4.5 billion years (right diagonal) at 25°C. Reactions
shown include (1) orotidine 5′-phosphate decarboxylation,2 (2) â-methyl
glucoside hydrolysis,6 (3) fumarate hydration,7 (4) methyl phosphate
hydrolysis,8 (5) dimethyl phosphate hydrolysis,8 (6) mandelate race-
mization,9 (7) peptide hydrolysis,10 (8) cytidine deamination,11 (9)
chorismate mutation,12 and (10) carbon dioxide hydration.13
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kcal/mol for knon, and ∆H‡ ) +11.0 for kcat, so that the rate
enhancement produced by this enzyme increases 6.5-fold as the
temperature is lowered from 30 to 20°C. As a result of this
general tendency, enzyme affinities for transition state analogue
inhibitors are expected to increase sharply with decreasing
temperature, relative to their affinities for conventional substrates
or substrate analogues. That behavior is exemplified by the much
more negative enthalpy of binding of 1,6-dihydroinosine (-18
kcal/mol) by adenosine deaminsase than for binding of the
substrate adenosine (-7.7 kcal/mol) or 1,6-dihydronebularine, a
substrate analogue (-8.3 kcal/mol). Correspondingly,∆H‡ is
roughly 8 kcal/mol more favorable for the enzyme-catalyzed than
for the uncatalyzed reaction.19 This sharp temperature dependence
of Ki furnishes a new criterion for testing potential transition state
analogue inhibitors, and may have a significant bearing on the
practical uses of transition state analogues as enzyme antagonists
in medicine and agriculture.

What is the source of the misleading generalization that rates
of spontaneous chemical reactions in water tend to double with
a 10°C rise of temperature. Rates of reaction are relatively easy
to measure if their half-times fall in the range between 1 min
and 1 day, with corresponding∆G‡

25 values that range between
20 and 24 kcal/mol at 25°C. If T∆S‡ falls in the range between
0 and-10 kcal/mol, as is the case for most spontaneous reactions
in water (Figure 1), then∆H‡ must fall in the range between 10
and 24 kcal, corresponding toQ10 values of 2 to 4, in the low

range observed by Harcourt3 and later investigators. When these
unrecognized constraints of experimental convenience are aban-
doned, it becomes evident (Figure 1) that values of∆H‡ for
spontaneous reactions seldom or never fall near the “Harcourt
line” (Q10 ) 2), but are distributed over a much wider range.
Thus, enthalpies of activation, not entropies of activation, tend
to govern the variation in the rates of spontaneous reactions.

The findings presented in Figure 1 suggest that the rate
enhancement, and hence the corresponding increase in affinity
as the ES complex proceeds from the ground state to the transition
state, is largely enthalpic in origin. Thus, the increase in substrate
affinity tends to be accompanied by a substantial release of
enthalpy. That would be consistent with the formation of new
electrostatic and hydrogen bonds that can act synergistically,9,19

for whose existence much evidence exists in the structures of
enzymes crystallized with transition state analogue inhibitors.20

Figure 2 suggests a possible evolutionary advantage of that release
of enthalpy. At the elevated temperatures at which the earliest
organisms may have arisen, even a weak catalyst would have
allowed the reaction to occur at a substantial rate.2 Such a catalyst,
if it chanced to share the∆H‡-reducing character of modern
enzymes, might have conferred an ever-increasing advantage on
the host organism as the surroundings cooled, by enhancing the
rate of the desired reaction relative to the rates of other reactions.21
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Table 1. Enthalpies of Activation for Enzyme-Catalyzed (kcat) and
Nonenzymatic (knon) Reactions

reaction ∆H‡ (kcat) ∆H‡(knon)

yeast OMP decarboxylase 11.014 44.42

urease 9.915 32.116

bacterialR-glucosidase 10.514 29.76

staphylococcal nuclease 10.814 25.98

chymotrypsin 8.617 24.410

chorismate mutase 12.712 20.712

Figure 2. Effect of temperature on the rate enhancement by a∆H‡-
reducing enzyme, illustrated by the rates of hydrolysis of glycosides in
the presence (this work) and absence (ref 5) of bacterialR-glucosidase.
Dark lines show the actual ranges of temperature over which enzymatic
and uncatalyzed reaction rate constants were collected.
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