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Abstract: High-level ab initio molecular orbital and density functional theory calculations incorporating cavity
polarity effects via the use of self-consistent reaction field (SCIPCM) simulations reveal that the short, strong
hydrogen bond formed between a formic acid molecule and a formate anion is significantly, but nowhere near
completely, weakened by the presence of an extremely polar cavity. These results suggest that even if an
enzyme active site were to present an environment as polar as aqueous water, the formation of a low-barrier,
or short-strong, hydrogen bond would still be some 8 kcal/mol more favorable than the corresponding neutral,
traditional, weak hydrogen bondslike the one formed between two formic acid molecules. The short, strong
hydrogen bond formed between a formic acid and a formate anion is clearly much more sensitive to the
effects of its environment than is a typical weak traditional hydrogen bond. However, even in the most polar
of cavities, the calculated hydrogen bond energy for formic acid-formate anion is greater than 12 kcal/mol,
whereas the calculated hydrogen bond energy for formic acid-formic acid is less than 4 kcal/mol. These
results suggest that cavity polarity effects alone are insufficient grounds to rule out the low-barrier hydrogen
bond facilitated mechanism, as proposed by Gerlt, Gassman, Cleland, and Kreevoy several years ago.

Introduction

There has been a great deal of interest in “short-strong” or
“low-barrier” hydrogen bonds (LBHBs) in recent years.1-17

Most of this interest has stemmed from the suggestion by

Cleland, Kreevoy, Gerlt, and Gassman that the formation of a
single short-strong, or low-barrier, hydrogen bond during an
enzyme catalytic event can provide enough differential stabiliza-
tion energy to account for the resulting rate enhancements
typically seen in enzymatic reactions.4-6 Briefly, their proposal
involves a mechanism whereby an enzyme-bound intermediate,
or transition state, is stabilized by the formation of a single
LBHB. They hypothesize that such a bond, if formed, could
provide 10-20 kcal/mol of stabilization energy to the enzyme
complex. This would then be enough to rationalize the rate
accelerations observed during many enzyme-catalyzed
reactions.4-6 This hypothesis has certainly not been without
criticism. The most ardent opponents of the low-barrier
hydrogen bond facilitated enzyme mechanism have been
Guthrie7 and Warshel8 although there have certainly been
others.2,3,9,10

Experimental evidence for the formation of LBHBs is
considerable in the gas and solid phases. Excellent reviews by
Emsley13 detail the conditions necessary for the formation of
such bonds, and a recent paper by Gilli14 extends these studies
to the solid state. Recent studies on enzyme inhibitor complexes
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have produced considerable evidence for the formation of
LBHBs during several enzyme-catalyzed reactions.4c There is,
however, only limited evidence that LBHBs may be formed in
the condensed phase.2,3,10,12

The simplest catalytic unit available to most enzymes is the
carboxylate, present in all natural amino acids, and as a side
chain in aspartic (Asp) and glutamic (Glu) acids. The funda-
mental importance of the Asp and Glu residues for catalysis
has long been identified, particularly in enzymes such as the
proteases and the enolases. It is the precise role, however, that
the Asp or Glu plays in such catalysis that is under debate.11

We have chosen to study the simplest Asp and Glu models:
the interactions between two formic acids, and between a formic
acid and a formate anion (Chart 1). It is well-known that the
strongest hydrogen bonds are formed when the proton donor
and the proton acceptor have matching pKas.13 Thus, the choice
of studying the interaction between formic acid and formate
anion should represent one of the best possible situations for
the formation of an LBHB.
Our previous investigations17 of LBHBs have shown that the

formic acid-formate anion17aand enol-enolate anion17f systems
form very strong, very short hydrogen bonds, and are indeed
true LBHBs (for a detailed discussion of the differences between
an LBHB and an SSHB (short, strong hydrogen bond) please
see ref 17f). Those studies17a,d,e,ghave shown that the hydrogen
bond formed between4 and 5 is extremely strong, with a
calculated energy of interaction (EHB) of approximately 27 kcal/
mol (B3LYP/6-31++G(d,p)). The interaction between an enol
and an enolate anion was even stronger (30 kcal/mol, MP2/6-
31+G(d,p)).17f We have also shown that small amounts of
hydrogen bonding solvent molecules, present in many enzyme
active sites, willnot disrupt the strength or geometry of the
LBHB formed in the formic acid-formate anion complex (2).
In fact, in a rather surprising result, the hydrogen bond formed
when two water molecules are symmetrically placed about the
complex produces astrongerLBHB between formic acid and
formate anion!17a This is in excellent agreement with a recent
experimental result4b which showed that the dihydrate of
4-nitrophenoxide hydrogen bonded to 4-nitrophenol has a shorter
(and presumably stronger) hydrogen bond distance than the
nonhydrated crystal structure. Similarly, there has been a recent
report by Zhao and co-workers of the formation of a LBHB in
water.1g We have thus concluded that small amounts of water
in enzyme active sites will not disrupt, or preclude, the existence
of LBHBs being formed during enzyme-catalyzed reactions.17a,f

What remains to be studied is the effect of changing the
effective polarity of the surrounding cavity from that of the gas

phase (standard ab initio simulations) to that of the enzyme
active site. To be sure, there is considerable debate as to what
the environment of an enzyme active site really is. Some
researchers favor the notion that the enzyme active site is truly
nonpolar,4c while others propose that enzyme cavities are very
polar environments.8 We propose to employ a standard Self-
Consistent-Reaction-Field (SCRF) method to study the effect
of changing the polarity of the cavity surrounding the formic
acid-formate anion and the formic acid-formic acid com-
plexes. In this way we hope to determine what effect a polar
enzyme cavity might have on the strength of an LBHB, versus
a traditional, weak hydrogen bond.

Methodology

Structures1, 2, and3 (which corresponds to the transition state for
proton transfer from the formic acid to the formate anion), as well as
the monomers4 and5, were optimized by using the Gaussian 94 suite
of programs.18 The standard split valence basis set 6-31++G(d,p)19
was used as provided in Gaussian 94. Geometry optimizations were
accomplished with ab initio and density functional methods. Ab initio
calculations were performed at the Hartree-Fock (HF) level of theory.
Density Functional Theory (DFT) calculations20 were performed with
the BLYP (Becke-Lee-Yang-Parr) and B3LYP functionals. These
are gradient corrected nonlocal functionals, as described elsewhere.21-23

These methods have proven reliable in our previous investigations of
these systems.17

Since we were primarily interested in the hydrogen bond energy of
a single interaction between formic acid and formate anion, we
constrained the geometry slightly to avoid multiple hydrogen bonds
from forming. This was accomplished by simply forcing the hydrogen
bond to be linear. The same was done for the formic acid-formic
acid complex.
Cavity polarity effects were investigated by using standard SCRF

methods.24 These methods are often referred to as quantum mechanical
continuum methods, and are based largely on the pioneering work of
Onsager a half century ago.25 More modern implementations of the
SCRF formalism correct for some of the deficiencies of the original
SCRF methods; for instance one is no longer limited to approximating
the cavity (or solvent, as is often the case) as a simple dipole, more
elaborate multipole expansions are available.26 More significantly, we
believe, is the work of Tomasi and co-workers in the development of
reaction field methods which make it possible to define a cavity based
on an isosurface of the total electron density, which is calculated
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quantum mechanically by using the same level of theory as applied to
the rest of the molecule (solute).27 The most common of such methods
is the SCIPCM (Self-Consistent Isodensity Polarizable Continuum
Method) code of Tomasi and co-workers. We have used the SCIPCM
method as implemented in Gaussian 94. Although this method has
been criticized recently,28 we believe there is ample evidence for its
superiority over simpler Onsager based methods.24 Unfortunately,
however, the SCIPCM method is not amenable to doing post-SCF
Møller-Plesset perturbation calculations. Thus, we must rely on the
DFT calculations to investigate the effects of electron correlation on
the relative energies of our complexes. This has proven extremely
reliable in the past, where we have shown that MP2 and several DFT
methods give consistently similar results during the study of many
LBHB properties.17

For each structure1-5 we have run SCIPCM-SCRF single point
energy calculations at the HF, BLYP, and B3LYP levels of theory (with
the 6-31++G(d,p) basis set) using the HF/6-31++G(d,p) optimized
geometry. Similarly, for structures1-5 geometry optimized at the
BLYP and B3LYP levels of theory, we have run single point SCIPCM-
SCRF calculations (6-31++G(d,p)) at the corresponding correlated
level of theory. The SCIPCM-SCRF calculations have been done for
several different dielectric continuumssspecifically, forε ) 2.3, 6.0,
15.0, 23.0, 35.0, 47.0, and 79.0. The values were chosen to represent
a wide range of cavity environments, and although some of the dielectric
constants do match those of common solvents, there is no special
significance to attribute to this.
It is fairly well established that these SCRF methods, including the

PCM method used herein, do not accurately represent specific solvent
interactions, such as hydrogen bonding.24,29 That is perfectly acceptable
for our purposes since we are only interested in the cavitypolarity
aspects of the enzyme active site, and not its ability or inability to
hydrogen bond; that was the focus of our previous studies.17a,e,f

Results

Fully optimized geometries for structures1-5 can be found
elsewhere.17a Calculated hydrogen bonding energies (EHB) and
the calculated activation energy (EA) for transfer of the proton
from formic acid to formate anion using the HF/6-31++G(d,p)
optimized geometries can be found in Table 1. This table shows

the results of SCIPCM-SCRF single point energy calculations
at the HF, BLYP, and B3LYP levels of theory, using the
6-31++G(d,p) basis set.EHB is calculated as the difference in
energy between the complex energy (either1 or 2) and the
energy of its constituent monomers,4 + 5 or 4 + 4, infinitely
separated.EA is simply the difference in total energy between
the complex (2) and the transition state (3). Gas-phase results
are also given (ε ) 1.0).
Table 2 contains similar results with use of the BLYP/6-

31++G(d,p) and B3LYP/6-31++G(d,p) optimized geometries
of 1-5. Table 2 shows the results of SCIPCM-SCRF single
point energy calculations on these optimized geometries. This
analysis will allow us to directly determine the relative effect
of increasing the cavity polarity on the strength of a LBHB (2)
versus a traditional hydrogen bond (1).

Discussion

It has been proposed that LBHBs cannot exist in enzyme
active sites due to the inherent polar nature of such cavities.
The argument put forth by Warshel and co-workers,8 and
Guthrie to a certain extent,7 maintains that an ionic hydrogen
bond, such as that formed in an LBHB, is necessarily destabi-
lized by the presence of a polar cavity, relative to that of a
traditional, weak, neutral hydrogen bond. So much so, they
would claim, that followed to its logical conclusion, LBHBs
cannot be involved in enzyme catalysis since they would in fact
be lessstable than their neutral counterparts.8 We believe the
results reported here refute this assertion. The data in Tables 1
and 2 clearly show that at all levels of theory, and for all cavity
polarity values, the ionic LBHB is still significantly more stable
than the traditional neutral hydrogen bond. This is also
consistent with our previous study of the hydrogen maleate
system,17b which showed that the introduction of a very polar
cavity only weakened the LBHB in that system by 7 kcal/mol.
Table 2 clearly shows that there is indeed a fairly large effect

on the calculated hydrogen bond energy (EHB) of complex2 as
the cavity polarity is made significantly more polar. However,
even in the most polar environment studied (ε ) 79.0, roughly
corresponding to the dielectric constant of water), the calculated
EHB in complex 2 is still significantly larger than that for
complex1. Thus, the differential stabilization afforded by the
formation of an SSHB (2) relative to that of a traditional
hydrogen bond (1) is on the order of 8 kcal/mol, even in a very
polar environment. Of course, it is somewhat unlikely that the
environment within an enzyme active site would be as polar as
aqueous water, but these calculations suggest that even if that
were the case, there would still be an approximately 8 kcal/

(27) (a) Miertus, S.; Scrocco, E.; Tomasi, J.Chem. Phys. 1981, 55, 117.
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Acta1992, 65, 29.

(28) Truong, T. N.; Stefanovich, E. V.J. Phys. Chem. 1995, 99, 14700.
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8810. (b) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B.;
Ringnalda, M. N.; Sitkoff, D.; Honig, B.J. Phys. Chem. 1996, 100, 11775.

Table 1. Calculated Hydrogen Bond (EHB, kcal/mol) and
Activation (EA, kcal/mol) Energies for Formic Acid-Formic Acid
Complexes (1) and Formic Acid-Formate Anion Complexes (2)
with Use of the HF/6-31++G(d,p) Optimized Geometries

dielectric constant (ε)

1.0 2.3 6.0 15.0 23.0 35.0 47.0 79.0

HFa

EHB(1) 4.7 3.8 3.1 2.8 2.7 2.6 2.6 2.6
EHB(2) 22.2 13.7 9.6 8.0 7.6 7.4 7.3 7.2
EA 1.4 1.8 2.2 2.4 2.3 2.4 2.4 2.4

BLYPb

EHB(1) 4.3 4.1 3.7 3.5 3.4 3.4 3.4 3.3
EHB(2) 25.0 17.7 13.7 12.5 12.3 12.1 11.9 11.9
EA -1.6 -1.1 -1.0 -0.3 -0.1 -0.3 -0.6 -0.3

B3LYPc

EHB(1) 5.0 4.6 4.1 3.8 3.8 3.7 3.7 3.7
EHB(2) 25.9 18.3 14.4 12.7 12.5 12.0 12.0 12.0
EA -1.3 -1.2 0.0 -0.2 0.1 -0.8 -0.5 1.1

a HF/6-31++G(d,p)//HF/6-31++G(d,p). b BLYP/6-31++G(d,p)//
HF/6-31++G(d,p). c B3LYP/6-31++G(d,p)//HF/6-31++G(d,p).

Table 2. Calculated Hydrogen Bond (EHB, kcal/mol) and
Activation (EA, kcal/mol) Energies for Formic Acid-Formic Acid
Complexes (1) and Formic Acid-Formate Anion Complexes (2)
with Use of Optimized Geometries from Correlated Calculations

dielectric constant (ε)

1.0 2.3 6.0 15.0 23.0 35.0 47.0 79.0

BLYPa

EHB(1) 4.7 4.4 4.1 3.9 3.8 3.8 3.8 3.8
EHB(2) 26.8 19.6 15.2 13.2 12.8 13.0 13.0 12.4
EA 0.0 0.2 0.2 -0.7 -0.2 0.6 0.9 -0.2

B3LYPb

EHB(1) 5.4 4.9 4.5 4.3 4.3 4.3 4.3 4.2
EHB(2) 27.2 18.8 14.6 13.0 12.6 12.4 12.3 12.2
EA 0.0 -0.1 0.5 -0.3 0.1 -0.2 -0.9 -0.2
a BLYP/6-31++G(d,p)//BLYP/6-31++G(d,p). b B3LYP/6-

31++G(d,p)//B3LYP/6-31++G(d,p).
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mol advantage in forming a SSHB versus a traditional weak
hydrogen bond.
Table 2 also shows that the classical energy barrier for transfer

of the proton from the formic acid to the formate anion is not
very dependent on the polarity of the cavity. In all cases the
calculatedEA remains essentially zero, indicative of a true
LBHB situation. In all cases that residual barrier disappears
after inclusion of zero-point vibrational energy. This, we
believe, is further evidence that LBHBs are not disrupted by
the presence of a polar environment. There is no doubt that
SSHBs, such as that formed in2, do not survive in aqueous
water. It would be fallicious, however, to attribute that fact to
the polarity of water. It is not the polarity of bulk water itself,
but rather the disorder and randomess of the multiple hydogen
bonds formed between water and the ionic substrate that causes
the complex to weaken. As pointed out by Perrin not too long
ago,10 it really is the entropic disorder of solvents such as water
that precludes the existence of a single, stable, short-strong
hydrogen bonded complex, such as2, and not simply the
effective polarity of the environment itself. Thus, even though
an enzyme active sitemight be a very polar environment, it
almost certainly is not a higly disordered environment. That
being the case, one must conclude that short, strong ionic
hydrogen bonds can, and very likely do, offer a significant
catalytic advantage over traditional, weak, neutral hydrogen
bonds in enzyme active sites.

Conclusions

High-level ab initio and DFT calculations reveal that the
SSHB formed between a formic acid molecule and a formate
anion (2) is significantly, but nowhere near completely, weak-
ened by the presence of an extremely polar cavity. Thus, even
if an enzyme active site were to present an environment as polar
as aqueous water, these calculations suggest that the formation
of an SSHB (2) would still be some 8 kcal/mol more favorable
than the corresponding neutral, traditional, weak hydrogen
bondslike the one formed between two formic acid molecules
(1). The SSHB formed between a formic acid and a formate
anion is clearly much more sensitive to the effects of its
environment than is a typical weak traditional hydrogen bond.
However, even in the most polar of cavities, the calculatedEHB
for 2 is greater than 12 kcal/mol, whereas theEHB for 1 is less
than 4 kcal/mol. These results suggest that cavity polarity
effects alone are insufficient grounds to rule out the low-barrier
hydrogen bond facilitated mechanism for enzyme catalysis, as
proposed by Gerlt, Gassman, Cleland, and Kreevoy several years
ago.
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