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ABSTRACT
Binding TS in preference to S and increasing T∆S‡ by freezing out
motions in E‚S and E‚TS have been accepted as the driving forces
in enzymatic catalysis; however, the smaller value of ∆G‡ for a one-
substrate enzymatic reaction, as compared to its nonenzymatic
counterpart, is generally the result of a smaller value of ∆H‡.
Ground-state conformers (E‚NACs) are formed in enzymatic reac-
tions that structurally resemble E‚TS. E‚NACs are in thermal
equilibrium with all other E‚S conformers and are turnstiles through
which substrate molecules must pass to arrive at the lowest-energy
TS. TS in E‚TS may or may not be bound tighter than NAC in
E‚NAC.

1. Introduction
Pauling proposed1,2 in 1946 that the active site of an
enzyme binds the transition state (TS) in preference to
the substrate (S) and by doing so, stabilizes the TS and
lowers the activation energy (Chart 1). This proposal has
had great popular acceptance3,4

Shortly after the first bimolecular-nucleophilic catalysis
of ester hydrolysis by organic bases was reported (1956-
57),5-7 studies showing the effectiveness of intramolecular-
nucleophilic catalysis of the hydrolysis of acetals, esters,
amides, and imine bases were published.8,9 Studies of
intramolecular-nucleophilic catalysis continue.10,11 On the
basis of kinetic data for the intramolecular-nucleophilic-
catalyzed hydrolysis of a series of dicarboxylic acid
monoesters (Table 1), Bruice and Pandit proposed12 that

one-substrate enzymatic reactions could exhibit rate
enhancements of 108-fold, as compared to a correspond-
ing bimolecular reaction, if the substrate were held in a
conformation that closely resembled the transition state.

Page and Jencks13 provided another explanation for the
data of Table 1. They reasoned that translational and
rotational freedom of motion of reactants in a bimolecular
reaction would be frozen out on conversion to an effective
intramolecular reaction or a one-substrate enzymatic
reaction. Using standard formulas for the partition func-
tion and estimated moments of inertia, they approximated
the entropy for two nonpolar molecules undergoing a
pericyclic reaction in water. The difference in the ∆G‡ of
reaction, when corrected for entropic contributions of
motion plus the dampening of vibrational low frequencies
in the TS, was concluded to be sufficient to provide a 108-
fold increase in rate. From this, it became common
knowledge that a 108-fold increase in rate was to be
expected in comparing a bimolecular reaction to a single-
substrate enzymatic reaction.13,14 This has been termed
the “entropy trap”. Computations employing the more
desirable cratic entropy methods establish that the Sackur-
Tetrode calculations of entropy by Page and Jencks are
largely overestimated.16b

2. The Entropy Trap
The activation parameters for a series of one-substrate
enzyme-catalyzed reactions (yeast OMP decarboxylase,
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urease, bacterial R-glucosidase, staphylococcal nuclease,
chymotrypsin, and Bacillus subtilis chorismate mutase)
have been compared to those for the corresponding
nonenzymatic reactions.15 It was found that average T∆S‡

values are similar for the enzymatic reactions (kcat) and
for their noncatalyzed counterparts (knon). For these single-
substrate enzymes, the large difference between ∆G‡

enz

and ∆G‡
non arises from a difference in ∆H‡. Similar

observations have been made for antibody catalysts.16a It
should be remembered that ∆H‡ and T∆S‡ terms are often
related (compensation effect), and this is so in many
enzymtic reactions. Comparisons of activation param-
eters17 for the pericyclic rearrangement of chorismate to
prephenate (in water, ∆H‡ ) 20.5 kcal/mol, -T∆S‡ ) 3.9
kcal/mol; with B. subtilis mutase, ∆H‡ ) 12.7 kcal/mol,
-T∆S‡ ) 2.7 kcal/mol; with Escherichia coli mutase,
∆H‡ ) 16.3 kcal/mol, -T∆S‡ ) 0.9 kcal/mol) show that
the values of ∆G‡ for the two enzyme-catalyzed reactions
are closely similar but the ratios of (∆H‡)/(-T∆S‡) are quite
different (5.25 vs 18). In comparing the reactions in water
to the enzymatic reaction, the values of ∆∆G‡ are depend-
ent on the change in enthalpy for the B. subtilis enzyme
and on both enthalpy and entropy for the E. coli enzyme.
For enzymatic reactions involving more than one sub-
strate, it is expected that the value of T∆S‡ would increase.
This is so for a glutamate dehydrogenase reaction, the only
two-substrate reaction for which activation parameters
have been published.18 It is well-known (by NMR19) that
protein structures are in constant motion. One may
observe the motions of the substrate and transition state
in enzyme-catalyzed reactions by molecular dynamic
(MD) simulations. There is a great deal of motion in both
the substrate and the enzyme in the E‚S complex. With
the exception, perhaps, of the angle and partial bond
length of the bond being made, there is also considerable
motion along the reaction coordinate leading to E‚TS
formation. Thus, freezing out torsional motions in enzy-
matic reactions is far less important than envisioned by

Page and Jencks. In addition, their assumption that
freezing out frequencies lower than 1000 cm-1 in the
transition state contributes to the decrease in activation
energy required for rate enhancements of 108-fold has no
basis. 20-22

Warshel22 offers a computer-simulation approach to
determine the entropic contribution of the reactants to
the free energy of enzymatic catalysis. The approach was
designed to evaluate the difference between ∆S‡ of an
enzymatic reaction and the corresponding reference reac-
tion in a solvent cage. It was concluded that many of the
motions that are free in solution are also free in the
transition state, and the binding of substrate to the
enzyme does not completely freeze out the motion of the
reacting fragments. The entropic contributions of the
reacting fragments were computed to be “not so different
in the enzyme and in the solvent cage”.

3. Model Intramolecular Reactions and the
Concept of Near-Attack Conformers (NACs)
Conformational analysis, using a combination of stochas-
tic search23 and molecular mechanics,24 of the conformers
of each ester in Table 1 was carried out.25 The results of
the study showed that the most stable conformers are
extended (with the reacting -CO2

- and -CO2R groups as
far apart as possible) and that the reactions take place
through near-attack conformers (NACs) that clearly re-
semble the transition state. For reactions involving bond-
ing between O, N, C, and S atoms, NACs are characterized
as having reacting atoms within 3.2 Å and an approach
angle for reaction of (15° of the bonding angle in the
transition state (Chart 2). A distance of 3.2 Å places the
reacting atoms at a contact distance equal to about the
sum of their van der Waals radii. The energy of the
conformers does not change when the angle of approach
deviates by (15° from the bonding angle in the transition
state for nucleophilic attack on sp3 or sp2 carbons sepa-

Table 1
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rated by 3.2 Å.26 The mole fraction (P) of ground state
conformers that are NACs was calculated for each ester
from the energies of all conformers for each ester using a
Boltzmann distribution. The relationship shown in eq 1
was

found (Figure 1). The value of P is determined by the
preorganization of the ground-state structure and is
reflected in ∆H° rather than in the phase-space entropy,
T∆S°. Thus, the rate constants of Table 1 are directly
dependent on the population of NACs for each ester.

4. Computational Methods for Enzymatic
Reactions
Comparison of the dynamic structures of E‚S and E‚TS
allows (i) the observation of ground-state NAC formation,
(ii) the contrast in E‚NAC and E‚TS structures, and (iii)
an evaluation of the importance of transition-state binding
in comparison to the binding of ground-state NAC. If

electrostatic, dipolar, and hydrophobic interactions are
comparable in ground-state E‚NAC and in E‚TS, it can be
concluded that the binding of TS and NAC by the enzyme
is much the same. Experimental procedures have yet to
be developed that directly measure the strengths of the
interactions in E‚TS. We have used molecular dynamic
(MD) simulations starting with the X-ray coordinates of
E‚S (or E‚I, which is convertible to E‚S) and derived
starting coordinates for TS to determine the dynamic
structures of E‚S and E‚TS. The advantage of classical MD
simulations is that relatively long time periods are avail-
able for structure sampling. A disadvantage is that neither
the activation energy nor the free energies of activation
(∆G‡) can be determined easily. A number of computa-
tional procedures27,28 are used to determine activation
energies or free energies of activation for E‚S f E‚TS
starting with the X-ray-derived coordinates of E‚S. In the
QM/MM methodologies for the determination of activa-
tion energies, bond formation and bond breaking at the
reactive site are described by quantum mechanics (QM),
but a molecular mechanics (MM) computed empirical
force field determines the structure of the remainder of
the system. The use of ab initio or density functional
methods suffers in that the QM portion of QM/MM can
reasonably handle only about 40 atoms. Semiempirical
(AM1, PM3) methods can handle hundreds of atoms, but
may lack the needed accuracy. The use of semiempirical
methods for the QM portion is acceptable, providing that
it has been shown in a nonenzymatic model that the
semiempirical procedure provides results similar to those
from a higher-level computation for the reaction at hand.
If not, the semiempirical parameters should be reparam-
etrized,29 or energy surfaces created by AM1 can be
iterated by a higher-order QM. The QM-free energy (QM-
FE) method involves the determination of the reaction
path in vacuo employing a high-level QM procedure. This
is followed by a series of QM/MD simulations at points

Chart 2

log krel ) 0.94 log P + 7.48 (R2 ) 0.915) (1)

FIGURE 1. Plot of the log of the relative rate constants (krel) of Table 1 vs log of the probability (P) for NAC formation for each ester.
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along the reaction path in the enzyme. The QM-FE
procedure28 has the advantage of using high-level QM
calculations, but it suffers in that the gas-phase structures
and their charges are not altered by being placed in the
active site of the enzyme. The energies of the gas-phase
structures are, however, influenced by the enzyme struc-
ture. QM/MM, even if supplemented by umbrella sam-
pling, and QM-FE methods do not involve as extensive
sampling of structural states as do classical MD simula-
tions taken to the nanosecond time scale.

5. How Is the Value of KTS Related to the
Tightness of Binding of TS to the Active Site?
In Scheme 1, knon and kcat/KM are the first-order and

second-order rate constants for the spontaneous conver-
sion of substrate to product in water and for the enzymatic
reaction, respectively. According to transition-state theory,
the ground states of both reactions are in equilibrium with
their transition states. Since the ground states are identical
(H2O + enzyme + substrate), a thermodynamic cycle is
created when the two transition states are placed in
equilibrium (eq 2)

It has been concluded, accepting Scheme 1 and eq 2, that
the binding affinity of E for TS exceeds the binding affinity
of (H2O)n for TS by a factor (KTS) that matches the increase
in rate that the catalyst produces. In other words, the
efficiency of enzymatic reactions can be explained entirely
by preferential enzyme binding of TS.31 If KTS is to be
accepted as a measure of the difference in interaction
energies of a TS with enzyme and with water (eq 2),31 the
transition states generated in water and in the enzymatic
reaction should be identical. How often is this so?

There is an alternate explanation that satisfies eq 2 and
the equilibrium between ground state and transition state
that is required by transition state theory. The stability of
a given TS is dependent upon its free energy content when
compared to the ground state (∆G‡

enz and ∆G‡
non in

Scheme 2). The difference in stability of two transition
states (E‚TS and TS(H2O)n) sharing a common ground
state is the difference in their free energy content (eq 3).

The standard free energy of the equilibrium of eq 2
(∆Go

KTS) is then determined by those features that deter-
mine the free energies of activation for the enzymatic and
nonenzymatic reactions. Transition-state binding may or

may not be one of those features. A computational
comparison (QM-FE) of transition states in enzyme and
in water by Peter Kollman30 indicated that transition-state
stabilization by the enzyme is too small to explain
enzymatic rates.

Pauling’s proposal1,2 was that the efficiency of enzy-
matic reactions is dependent upon the preferential bind-
ing of the transition state compared to the ground state.
We have chosen to employ ab initio and molecular
dynamic procedures to compare the structures of E‚S and
E‚TS as an approach to the question of preferential TS,
as compared to S, binding in enzymatic reactions. The
results so obtained are then compared to predictions from
comparisons of the experimental value of 1/KS for sub-
strate binding and 1/KTS () kcat/KMknon).

For our stated purpose, enzymatic reactions that
involve formation and breakdown of covalent intermedi-
ates have been avoided, since the transition states are
bonding (or bound) to the enzyme. Therefore, they cannot
exist in equilibrium with the transition state in water (eq
2). For similar reasons, reactions involving the formation
of covalent bonds between substrate and coenzyme have
not been included. We have chosen to examine enzymatic
reactions that involve only electrostatic, dipolar, and
hydrophobic interactions between enzyme and S and TS.

It is understood that one can calculate a value of
KTS ) KM(knon/kcat) for any enzymatic reaction. KTS is a
measure of the relative activation free energies (∆∆G‡ )
∆Gnon

‡ - ∆Genz
‡) of any enzymatic and nonenzymatic

reaction and all the features that go into the determination
of the values of ∆GENZ

‡ and ∆Gnon
‡.32 From plots of log knon

vs -log KTS and log kcat vs -log KTS, one finds that log knon

decreases as -log KTS increases [slope, -0.95; R ) 0.96],
but log kcat is essentially independent of -log KTS.31 Thus,
the slower the nonenzymatic reaction, the greater must
be the efficiency (1/KTS) of the enzymatic reaction in order
to achieve a kcat essential for biological processes. This is
a satisfying observation.

6. Examination of Several Enzymatic Reactions
That Do Not Involve Covalent Intermediates
The chorismate mutase enzymes catalyze the Claisen
rearrangement of chorismate to prephenate (Chart 3)33,34

The catalysis involves only electrostatic and van der Waals
interactions of the enzyme with both the substrate and
transition state. Studies with the B. subtilis enzyme have

Scheme 1

E‚TS + (H2O)n y\z
KTS

E + TS(H2O)n (2)

∆Go
KTS ) ∆G‡

enz - ∆G‡
non (3)

Scheme 2
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provided evidence in support of the enzyme’s stabilizing
a conformer capable of progressing into the transition
state for prephenate product formation.35,36 We have
examined the E. coli chorismate mutase enzyme (EcCM).
Chorismate exists in four principal conformations and the
TS for chorismate f prephenate has been identified37 by
B3YLP/6-31+G(d,p) (Chart 4). The value of KM/KTS can be
calculated to be 2 × 106. As we shall see, stabilization of
the TS has nothing to do with the mechanism of EcCM.

We have examined the 2-ns MD simulations of EcCM
with chorismate conformers II and IV initially docked at
the active site. The binding of the abundant conformer II

is followed by a kinetic step in which II is converted to
an intermediate structure, which is then converted to a
NAC. The NAC then goes onto the TS with little expen-
diture of energy. This sequence of events explains why
secondary isotope effects are not observed. For conven-
ience, most of the studies were initiated with both the
most NAC-like conformer of chorismate (IV) and the TS
docked at the active site.37 The EcCM active site is
extremely proficient in inducing the rearrangement of
substrate (II and, particularly, IV) to form a NAC. The
electrostatic and hydrophobic interactions between EcCM
and chorismate are identified in Chart 5. The preorgani-
zation of the EcCM structure sturdily holds the guanidine
substituents of Arg11* and Arg28 in place. The two
carboxylate groups of the substrate are electrostatically
bound to Arg11* and Arg28, which are separated by a
distance that requires a change in structure of the cho-
rismate conformers (II or IV) to a conformation in which
the reactive C16 terminus is tucked under Val35. The
enforced changes in conformation result from twisting
around the two dihedral angles (dh1 and dh2 of Chart 3).
The van der Waals contact of C16 with Val35 restricts the
space between reactive termini (C16 and C5), resulting
in a shorter C5-C16 distance. There is no strain on the
substrate by the van der Waals contact with Val35. Seventy
percent of chorismate exists in this “active site box” as
NACs. When EcCM‚NAC f EcCM‚TS, there is no change
in the various electrostatic interactions with Arg11*, Arg28,
Gln88, and Lys39, but the lyophobic interactions of Arg51,
Ile81, and Val35 are released. It is concluded that the >106

rate enhancement by the enzyme is overwhelmingly due
to the conformational restriction of ground-state struc-
tures to NACs. Menger has shown in synthetic chorismate-
like model systems that conformational restriction to a
NAC-like conformer provides rate enhancements equal to
that of the enzymatic reaction.36

The binding of transition-state analogues, such as VI,
has been offered in support of TS stabilization’s being the
driving force in catalysis by EcCM. When comparing VI
to the stable conformers of chorismate (I, II, III) and to
the NAC and TS structures of Chart 4, it is seen that the
two carboxylate groups of VI are positioned as in the NAC
and TS but not positioned as in I, II, and III. Thus, the
carboxylate groups of VI, NAC, and TS are in position to
enter into electrostatic bonding with Arg11* and Arg28 at
the active site. This explains the observed 100-fold in-
creased binding of VI, as compared to the predominant

Chart 3

Chart 4
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chorismate conformers (I, II, III).38 VI is as much a
ground-state “NAC analog” inhibitor as a TS analogue
inhibitor.

Other enzymatic reactions which involve only electro-
static and hydrophobic interactions between E and TS
may be found among reactions in which a first-order
decomposition of a glycoside or a nucleoside involves an
oxocarbenium-ion-like transition state. ADP-ribosylating
toxins4 are a well-studied group of enzymes. From mul-
tiple kinetic isotope effects,39 the structure of the TS for
the diphtheria-toxin-catalyzed hydrolysis of NAD+ is
known to be an exploded ribo-oxocarbenium ion in which
the bond order to the leaving nicotinamide nitrogen is
0.02 and the bond order to the entering water oxygen is
0.03 (Chart 6). There is an X-ray structure of the E‚NAD+

complex of the complete ribosylating apparatus but not
of the NAD+ hydrolase portion. Employing the former, the
latter was generated, and since the structure of the
transition state is known, the E‚TS structure can be
generated. Scheme 1 and eq 2 can be investigated, since
the TS structures for hydrolysis have been shown to be
much the same in water40 and in the enzyme. Since, KS/
KTS ) 6000 (ref 39), the transition-state binding hypothesis

would have enzyme binding of the common TS exceed
that for substrate binding by 6000-fold.

Ab initio calculations establish (i) the lowest-energy
ground state of N-substituted and positively charged
nicotinamides (such as NAD+) has the carboxamide group
in a cis configuration, with the carbonyl oxygen pointing
in the direction of C2; and (ii) the most stable conformer
of non-N-substituted neutral nicotinamide has the trans
configuration, with the carbonyl oxygen pointing toward
the C4 atom. The carboxamide group of enzyme-bound
NAD+ is trans, which means that strained substrate gives
way to relaxed product, and since the TS is much
advanced, the strain in the ground state is essentially
relieved in the transition state. Ab initio calculations
predict that this release of ground-state strain provides
about 40% of the free energy of activation advantage of
the enzymatic reaction, as compared to the solvolysis of
NAD+ in water.

From MD simulations of E‚TS and the diphtheria
toxin-NAD+ complex, we find41 the following features.
Although the ribose 3′-OH is endo in the X-ray structure,
there is a change during the MD simulation to 3′-exo in
E‚NAD+ prior to formation of the E‚TS in which the ribose
3′-OH is exo. This feature has been predicted from
experimental KIE measurements in Schramm’s labora-
tory.39 Adjacent to the positively charged N1 of NAD+ is
negatively charged Glu148-CO2

- (4.5 Å) and the negative
oxygens of ribose C5-O-(PO2

-)- (4.5 Å). On going from
E‚NAD+ to E‚TS, the nicotinamide ring has essentially
departed as an almost neutral species, and the positive
charge now resides principally on the oxygen and C1 of
the appearing ribosyl oxocarbenium ion (Chart 6). The
distances of Glu148-CO2

- and the negative oxygens of
ribose C5-O-(PO2

-)- from the positive charge (now
primarily on oxocarbenium ion C1 in the E‚TS) are very
much the same as in E‚NAD+. Face-to-face contact of the
nicotinamide ring with the aromatic ring of Tyr65 and
hydrogen bonding between the Gly22 peptide linkage and
the nicotinamide carboxamide side chain remain es-
sentially unchanged when E‚NAD+ approaches E‚TS. The
ribose 2′-OH is hydrogen-bonded to Glu148-CO2

- ∼20%
of the time in E‚NAD+ and ∼60% of the time in E‚TS. In
the E‚NAD+ complex, the side chain carbonyl of Asn45 is
hydrogen-bonded to the ribose 2′-OH (12% of the time)

Chart 5

Chart 6
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and 3′-OH (33% of the time). This hydrogen bonding was
absent in E‚TS. Thus, at the reaction center, electrostatic
and hydrophobic interactions in E‚S and E‚TS are much
the same (Stereoview of E‚TS structure around the bond
breaking site in Chart 7). Comparing the restriction of
movements of the entire NAD+ and TS entities, it is found
that up to 1 ns, NAD+ and TS have comparable average
thermal positional flutuations when enzyme-bound.

It is known that ionization of the 2′-OH of the nico-
tinamide-bound ribose brings about a 10 000-fold increase
in the rate of hydrolysis of NAD+ in water.42 Thus,
ionization of the ribose 2′-OH increases the rate of
hydrolysis more than does the enzymatic reaction. One
would suppose that the mechanism of the enzymatic
reaction would include this feature. The partial negative
charge imposed on the 2′ oxygen when hydrogen-bonded
to Glu148-CO2

- would be expected to be of some
importance in enzymatic catalysis. Mutagenesis experi-
ments, however, have shown that glutamine or aspartate
residues replace Glu148 without loss of hydrolytic activ-
ity.43 In summary, 40% of the acceleration of NAD+

hydrolysis by the hydrolase enzyme arises from release
of ground-state strain. The factors responsible for the
remainder of the acceleration remain unidentified. Some
portion of this could be due to preferential TS binding.

A 1.5-Å resolution X-ray structure of an ADP ribosyl-
transferase (VIP2), which is a bacterial vegetative insec-
ticidal protein (VIP), has been recently reported.44 The
active site is much the same as that of diphtheria toxin.
The structure of the active site of the VIP2‚NAD+ complex
(2.7 Å) has been interpreted to indicate that formation of
the ribosyl oxocarbenium ion does not involve TS stabi-
lization.

7. How Formation of NAC Structures Lower
∆G‡ Compared to ∆G‡ for the Noncatalyzed
Reaction
The energies of E‚S conformers are predetermined by the
shape of the active site, the distribution of its charges, and
dipolar and hydrophobic interactions with the substrate.
On the basis of these energies, the populations of the
various conformers are determined by a Boltzmann
distribution (Figure 2).25 If NAC populations are as low as
1 mol % of total E‚S conformers, the free energy content
of the NAC is no more than ∼2 kcal/mol above that of
the average E‚S conformer. In the few extended MD
simulations of total E‚S that have been carried out, NAC
conformers represent between 1 and 70 mol % of total
conformers.36,45-51 The reaction trajectories of an enzy-
matic and a nonenzymatic reaction are compared in
Figure 3. According to Figure 3, the kinetic advantage of
the enzymatic reaction compared to the nonenzymatic
reaction is the ease of formation of NAC structures and
the favorable free-energy difference between NAC and TS.
In other words, the enzyme increases the mole percent
of conformers that are NACs. NACs are the turnstiles
through which substrate must pass to become the lowest-
energy TS.

The importance of the resemblance of the NAC struc-
ture to the most stable TS structure can be shown by

FIGURE 2. Plot of the vertical angles of approach between formate
and nicotinamide [(NAD+)C4‚‚‚‚(formate)H1‚‚‚‚(formate)C1] vs dis-
tance between NAD+ C4 and (formate)H1. The plot contains ∼9500
conformers at the active site of formate dehydrogenase sampled
by MD simulations. NACs are found in the box in the left-hand corner.

FIGURE 3. Cartoon of the coordinates for formation of transition
states (TS) in the reactions involving (i) an enzymatic reaction in
which active site Asp-CO2

- makes a covalent bond with substrate,
and (ii) the nonenzymatic analogy in which formate attacks substrate.
The common ground state is indicated by {E-CO2

- + S‚(H2O)n +
HCO2

-}. The formation of the enzyme-substrate complex (S‚E-
CO2

-) involves desolvation of S‚(H2O)n and KS ) 5 × 10-5. Ground
state MD simulation studies indicate that only ∼1% of the (S‚E-
CO2-) conformers are near-attack conformers (abbreviated E‚NAC).
Thus, the E‚NAC conformers are ∼2 kcal/mol in free energy above
the ground state shared by 99% of S‚E-CO2

- conformers. The
corresponding enzyme transition state structure (abbreviated E‚TS)
has been taken as being 8 kcal/mol above E‚NAC. In the uncatalyzed
reaction, the HCO2

- and S reactants have to find each other as
near-attack conformers, which involves desolvation of the nucleo-
philic carboxylate group. NACs in noncatalyzed reactions do not
represent detectable minimums along the reaction trajectory. The
transition state is assumed to be 13 kcal/mol above NAC in the
nonenzymatic reaction. The difference in the free energy of activation
(∆GE

‡) for nonenzymatic and enzymatic reactions is 11 kcal/mol;
however, if one compares the free energy differences in going from
NAC to TS, one finds the enzymatic reaction favored by but 5 kcal/
mol. The figure is a cartoon. Only the mole fractions of enzyme‚
substrate complexes that are in a NAC are presently calculated.
Calculations of mole fractions of reactants existing as NACs in
bimolecular reactions in water have not been carried out; however,
the mole fractions of NAC conformation in reactions of two species
in an intramolecular reaction in water have been calculated (20).
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comparing the activation energies when starting with the
most stable ab initio optimized ground-state structure and
when starting with the NAC structure of the enzymatic
reaction. Replacement of the most stable ground-state
conformer by a NAC from the catechol O-methyltrans-
ferase MD simulation decreases the activation barrier for
the SN2 displacement of the sulfonium methyl group by
18 kcal/mol52,53. For the Xanthobacter autotrophicus ha-
loalkane dehalogenase reaction, replacement of the op-
timized ground-state structure by NAC lowers the activa-
tion energy for the SN2 displacement of Cl- by Asp124-
CO2

- by 9 kcal/mol (Chart 8)54 The NAC structure in the
E‚S complex of dihydrofolate reductase has the substrate
and cofactor in a conformation that resembles an exo-
TS, rather than an endo conformation that is energetically
favored in the gas phase.55 Like results have been reported
with the Rubisco enzyme.56From the MD simulations of
E‚NAC and E‚TS, we can observe the active site structures
around the ground-state NAC and the TS. If the overall
electrostatic, dipolar, and hydrophobic interactions are
closely similar, then the TS is not bound significantly

tighter than the ground-state NAC. For example,47 in the
formate dehydrogenase reaction, there are 11 electrostatic
interactions between substrate and nicotinamide moieties
in both NAC and TS. The overall stabilities of the elec-
trostatic interactions are comparable because of compen-
sating changes in the distances of two electrostatic
interactions (Chart 9). Since electrostatic interactions with
the E‚NAC and E‚TS of catechol O-methyltransferase are
similar,52,53 the rate enhancement57 of 1016 cannot be
ascribed to TS binding by enzyme. Much the same is true
for the other enzymatic reactions that we have exam-
ined.20,37,47,52,54,56,58

8. Conclusions
The transition state in an enzymatic reaction is reached
through ground-state conformers that closely resemble the
transition state (near-attack conformers or NACs).12,20 The

Chart 7

Chart 8 Chart 9
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mole percentage of E‚S conformers present as E‚NACs
amounts to g1% (Figure 3). Thus, the free energy content
of the enzyme bound NAC is no more than 2 kcal/mol
greater than that of the average enzyme-bound conform-
ers of S. In gas-phase calculations, it can be shown that
the activation energy for NAC f TS is much less than the
activation energy required for conversion of the optimized
most stable nonenzymatic ground-state conformers f TS.
The electrostatic interactions that are complementary
between the active site and NAC may also be comple-
mentary to TS. Retaining complementarity when the
polarity of the TS is much different from the NAC comes
about by changes in the distances of electrostatic interac-
tions that reflect changes in polarization.

The belief that enzymatic reactions owe their facility
to TS binding or to an increase in ∆S‡ requires modifica-
tion.

The author expresses gratitude to the National Institutes of
Health (5R37DK09171-36) and the National Science Foundation
(MCB 9727937) for support and to Dr. Paula Y. Bruice, Dr. Kalju
Kahn, and Ms. Sun Hur for conversations and advice.
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