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Abstract: Hartree-Fock, Moller—Plesset, and DFT calculations have been carried out using the-6-G1* basis

set to study the effect of microsolvation on the strength of a typical low-barrier hydrogen bond. In the gas phase,
the hydrogen bond formed between a formic acid molecule and a formate anion is approximately 25 kcal/mol, with
a calculated energy barrier for proton transfer from the formic acid to the formate anion which is lower than the zero
point vibrational energy resonant in the system. When both the formic acid and formate anion are microsolvated,
by one water molecule each, the resulting hydrogen bond is actually increased in strength slightly. When the
microsolvation is asymmetrical, however, so as to cause a mismatch iiKtheloes of the hydrogen bond donor

and hydrogen bond acceptor, the resulting H-bond is weakened by approximately 4 kcal/mol. These results suggest
that small amounts of interstitial water in enzyme active sites may not preclude the existence or importance of
low-barrier hydrogen bonds in such biological catalysts.

Introduction Whether or not LBHBs can exist in the condensed phase is
of great significance to their purported importance in enzyme
lcatalysis. It has been suggested by several researchers, most
notably Kreevoy, Cleland, and Gerlt, that most of the energy
Srequired during a typical enzyme catalytic event can be provided

There has been spirited debate recently concerning whethe
or not low-barrier hydrogen bonds (LBHBs) really exist?
Recent computational and gas-phase experimental work ha

shor\i{\grlﬂugeilﬁ?]n\émcmglg thg;LBHBs_ (t.lalsLoB:_('réown ?shS[ieak- via the formation of one LBHB involving either the transition
ma " adzf™ hydrogen bond$)can exist: 1BS, or “snhort- state or an energetically similar reactive intermediaté. The
strong hydrogen bonds as they are sometimes called, are %ormation of a LBHB can, in principle, supply 20 kcal/
reality. They exist, under certain conditions. Elegant condensedrnol of catalytic energy pe,r enzymatic é:y@lé% This is more

phase work has shown that for the most part LBHBSs do not than enough energy to account for most of the catalysis observed

survive in polar or protic solvents; however, there may be some duri 9 i 9y This hvoothesis h {) butted

remnants of LBHBs formed in apolar aprotic solvehts:® uring enzymatic processes. This nypo es!SGbas een rebutte
by several researchers, including Klu§eGuthriett-cWarshet!

® Abstract published ilAdvance ACS Abstract#jugust 1, 1997. and other$a.”:8

(1) (a) Garcia-Viloca, M.; Gonzalez-Lafont, A.; Lluch, J. M.Am. Chem. : : : : :
Soc 1997, 119, 1081. (b) Laidig, J. A.: Platts, J. A. Phys. Chem996 The primary focus of this research is to investigate what

100, 13455. (c) Scheiner, S.; Yi, Ml. Phys. Cheml996 100, 9235. (d) happens to the strength of a LBHB as a function of varying
\1’\5131'0\?33)“6;: MJU"?\;' Z-I_Pt-: V\Iﬁlf?eltm- ?hﬁs- Shelzn1|39g 1A0Q environmental factors; specifically, in this case, the effect of
. en, J.; McAllister, M. A.; Lee, J. K.; Houk, K. N. Am. : . . . .
Chem. So¢ submitted for publication. (e) Ganeshkumar, A.; McAllister, microsolvation. By studying the eﬁeCt.S_ of various environ-
M. A. Manuscript in preparation. (f) Pan, Y.; McAllister, M. A. Manuscript ~mental factors on the strength and stability of a LBHB, we can

:51 %fepaiati?”éég)nigggli??é;-(ffé?hft”} iOC&949 335&- N(Ih)Cl-:alei(’J begin to understand what conditions would be necessary for
. Pure Appl. e s { erit, J. A.; Kreevoy, ., Clelanaq, . . .
W. W.; Frey, P. A.Chem. Biol, in press. their existence in an enzyme.

(2) (a) Shan, S.; Herschlag, D. Am. Chem. S04996 118 5515. (b) The simplest catalytic unit available to most enzymes is the
Shan, S.; Loh, S.; Herschlag, [3ciencel996 272 97. (c) Shan, S P y . . y .
Herschlag, DProc. Natl. Acad. Sci. U.S.A996 93, 14474. carboxylate, present in all natural amino acids, and as a side

(3) Schwartz, B.; Drueckhammer, D. G. Am. Chem. Sod 995 117, chain in aspartic (Asp) and glutamic (Glu) acids. The funda-
11902. i i i

(4) Warshel, A.: Papazyan, A Kollman, P. Sciencel 995 269, 102. mental |mportance o.f' the Asp and G!u residues for catalysis

(5) Frey, P. A.Sciencel995 269, 104. has long been identified, particularly in enzymes such as the

(6) (a) Scheiner, S.; Kar, T1. Am. Chem. Sod 995 117, 6970. (b) proteases and the enolases. Itis the precise role, however, that

Guthrie, J. P.; Kluger, Rl. Am. Chem. S04993 115 11569. (c) Guthrie, ; ; ;
3 P.Chem. Biol.1096 3, 163. the Asp or Glu plays in such catalysis that is under debate.

(7) (2) Perrin, C. LSciencel 994 266, 1665. (b) Perrin, C. L.; Thoburn, ~ We have chosen to study the simplest Asp and Glu models:

J. D.J. Am. Chem. S0d.992 114 8559. the interactions between two formic acids, and between a formic
85%) Kato, Y.; Toledo, L. M.; Rebek, Jr., J. Am. Chem. Sod996 118 acid and a formate anion (Chart 1). It is well known that the
(9) (a) Gerlt, J. A.; Gassman, P. &.Am. Chem. Sod993 115, 11552. strongest hydrogen bonds are formed when the proton donor

(b) Gerlt, J. A.; Gassman, P. Biochemistryl993 32, 11943. (c) Gerlt, J. and the proton acceptor have matchirg palues!? Thus, the

A';(foisér;%?éghf WA% .ngg\./osfcﬁagsslc}ghgizgsﬂ 264, 1927. (b) choice of studying the interaction between formic acid and

Marimanikkuppam, S. S.: Lee, I.-S. H.; Binder, D. A.; Young, V. G.; formate should represent the best possible situation for the

Kreevoy, M. M. Croat. Chem. Actd 996 69, 1661. formation of a LBHB.
(11) Cleland, W. W Biochemistry1992 31, 317. . . .
(12) (a) Hibbert, F.; Emsley, Adv. Phys. Org. Cheml99Q 26, 255. The general approach was to study the interactions shown in
(b) Emsley, JChem. Soc. Re 1980 9, 91. Chart 1. After determining whether or not this system forms a
(13) Frey, P. A.; Tobin, J. B.; Whitt, S. ASciencel994 164, 1887. -
(14) Jeffrey, G. A.An Introduction to Hydrogen BondingOxford proper LBHB, we go on to study the effect of specific solvent
University Press: New York, 1997. molecules on the complexes. For this study water was chosen
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as the solvent (Chart 2). This will allow conclusions as to

whether or not small amounts of water alone can disrupt a fo

LBHB.
The interactions of small molecules with specific solvent

molecules has been of great interest recently, particularly in the .oy included

development of accurate solvent force fiel#3® For many

potentials could not reproduce the known solvation behavior

of simple amines. Calculations involving Monte Carlo, mo-

lecular dynamics, continuum electrostatics, and solvent cavity

methods all failed to produce accurate resti$. It was only
very recently that FriesnErand co-workers were able to solve
this problem by looking at the specific interactions occurring

between an amine and a solvent molecule using quantum
mechanical methods that accurate solvent potentials were
produced. This is only the beginning of such fundamental

Pan and McAllister

Methodology

As shown in Chart 1, we have chosen to study the interactions
between either a formic acid molecule and another formic acid molecule
(2), or between a formic acid molecule and a formate an®)n (t is
well known that systems of this type would prefer to form multiple
hydrogen bonds, usually resulting in a doubly hydrogen bonded dfmer.
However, for the purpose of this study, we specifically did not want to
study multiple hydrogen bonds of this sort. It would seem unreasonable
to expect that active site residues in enzymes would have enough
mobility, enough freedom of movement, to attain the necessary
geometry for a fully doubly hydrogen bonded dimer. Additionally,
since we are in fact using the formic acid/formate system as a model
for possible interactions of other functional groups, it seemed prudent
to restrict our investigation to the singly hydrogen bonded complexes,
as represented in Chart 1. The effect of an external hydrogen bonding
solvent molecule (water) on the strength and geometry of the LBHB
was then modeled by studying the structures shown in Chart 2.
Formation of multiple hydrogen bonds was prevented by forcing the
central hydrogen bond in compountis6 to be 180. A separate study
has shown that such a constraint is energetically inconsequential to
the calculated hydrogen bond strengjth.

All structures were optimized using the standard 6-31G** basis
set!” Calculations were carried out at several levels of theory,
specifically Hartree-Fock (HF) and Mollet+-Plesset many-body per-
turbation truncated at the second order (MP2), and using density
functionals (DFT)® The density functionals that were chosen for this
study were BLYP and B3LYP. BLYP is a gradient-corrected nonlocal
functional incorporating the 1988 Becke exchange functiSreald the
correlation functional of LeeYang—Parr (LYP)?° B3LYP is a hybrid
functional made up of Becke’s exchange functional, the LYP correlation
functional, and a Hartree-Fock exchange tétnThese functionals were
used as supplied in the Gaussian 94 suite of progfdms.

The geometry of each complex was optimized at each level of theory,
with the constraint that hydrogen bonds were fixed as linear. This
was necessary to prevent the energetically more favorable, but
theoretically less important, multiply hydrogen bonded dimers from
forming (as discussed above).

Results and Discussion

Calculated total energies for all compounds studied can be
und in Table 4 of the Supporting Information. Table 1 shows
calculated relative energies for the many different reactions of
interest to this study. Results at all four levels of theory have
In each case the geometries were optimized
using the 6-31+G** basis set. Inspection of Table 1 reveals

%hat all three correlated methods (MP2, BLYP, B3LYP) give

very similar interaction, or hydrogen bonding, energigss].

In each case the calculated Hartré®ck hydrogen bond energy

is slightly smaller than the corresponding correlated calculation.
Since the correlated methods are generally accepted to be
superior to HF, particularly for hydrogen bonding interactions,

(17) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARInitio
Molecular Orbital Theory Wiley-Interscience: New York, 1986; see also
references therein.

(18) (a) Kohn, W.; Becke, A. D.; Parr, R. @. Phys. Chenil996 100

studies, and a great deal more work needs to be done in this12974. (b) Parr, R. G.; Yang, Vidensity Functional Theory of Atoms and
area. Particularly, if one ever hoped to develop an accurate Molecules Oxford University Press: New York, 1989. (c) Dreizler, R. M.;

solvent potential for the study of peptides and proteins, where

LBHBs may be important, then studies of this kind will be
critical to the parametrization process.

(15) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B;
Ringnalda, M. N.; Sitkoff, D.; Honig, BJ. Phys. Chem996 100, 11775.

(16) (a) Ding, Y.; Bernardo, D. N.; Levy, R. Ml. Phys. Chem1995
99, 11575. (b) Morgantini, P.-Y.; Kollman, Rl. Am. Chem. Sod 995
117, 6057. (c) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.;
Sitkoff, D.; Nicholls, A.; Ringnalda, M.; Goddard, W. A. Ill; Honig, B.
Am. Chem. Socl994 116, 11875. (d) Meng, E. C.; Kollman, P. Al
Phys. Chem1996 100, 11460. (e) Meng, E. C.; Caldwell, J. W.; Kollman,
P. A. J. Phys. Chem1996 100, 2367. (f) Gao, J.; Pavelitee, J. J;
Habibollazadeh, DJ. Phys. Chem1996 100, 2689.

Gross, E. K. V.Density Functional TheorySpringer: Berlin, 1990.

(19) Becke, A. D.Phys. Re. A 1988 38, 3098.

(20) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(21) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Becke, A. D.
J. Chem. Phys1996 104, 1040. (c) Becke, A. D. IrModern Electronic
Structure TheoryYarkony, D. R., Ed.; World Scientific: Singapore, 1995.

(22) Gaussian 94Revision C.1):, Frisch, M. J.; Trucks, G. W.; Schlegal,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R,;
Keith, T. A.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-
Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski,
J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,
J. P. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A., Gaussian, Inc.,
Pittsburgh, PA, 1995.
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Table 1. Calculated Energies of InteractioBs, kcal/mol) Using hydrogen bondk). The interaction energy for this reaction
ctiate
the 6-31++G** Basis Set (second entry, Table 1) ranges from 4.7 kcal/mol (HF) to 6.1
E(ns) (kcal/mol) kcal/mol (MP2). Clearly, this is a typical weak hydrogen bond,

reaction HE MP2 BLYP B3LYP as Wk()ltj)ld gf expected between a moderately strong acid and a

1 HCOO -HOOCH 222 269 268 272  VeaKDbases _

2 HCOOH--HOOCH 47 6.1 47 5.4 To determine the effect that a small amount of water might

3 HCOO::-HOH 146 17.0 16.6 17.0 have on a LBHB, we have reoptimized the structures of formic

4 HCOOH:-HOH 44 51 42 4.7 acid, formate, and their complexes in the presence of one or

g E:zgg:gggﬁ'm%%%i Zg-é 273-8‘ 252-3 2;2‘ two water molecules. In each case we were only interested in

7 (HO)HCOO -HOOCH(HO) 247 295 296 299 complexes with one hydrogen bond to water; structures with

8 (H,0)HCOOH-HOOCH(HO) 4.7 6.1 4.6 55 multiple hydrogen bonds to water were not considered. As the

third entry in Table 1 shows, formate forms a very strong

Table 2. Calculated Activation Energies (kcal/mol) for Proton complex with water, ranging from 14 to 17 kcal/mol (HF,

Transfer from Formic Acid to Formate Anion Using the B3LYP). Formic acid on the other hand forms only a weak
6-31++G** Basis Set hydrogen bond (entry 4, Table 1) with a water molecule:—4.4
HE MP2 BLYP B3LYP 5.1 kcal/mol (HF, MP2). It is worth noting at this point the
Ex 140 0.01 0.02 0.00 ;jhrar?atw (1|ffere(;1ce |tn calculate(fj |ntgract|%n endergytchangtis for
Ex + ZPVE ~0.90 ~0.02 001 —027 e formate and water versus formic acid and water systems.

That is, while the interaction between water and formate is

we will largely refer only to the correlated calculations in the c@lculated to be quite large (17.0 kcal/mol, B3LYP), it is
discussion to follow” However, the fact that HF and correlated significantly smaller than the calculated interaction between
calculations are so similar is encouraging, and suggests that evefiormate and formic acid (27.2 kcal/mol, B3LYP). This
higher level calculations may not be necessary to accurately cOnSiderable lowering of interaction energy as th palues
describe these potential energy surfaces. Similarly, the excellent the donor and acceptor are varied is also characteristic of
agreement in calculatels from MP2 and DFT suggests that LBHBs. In order to form a true LBHB, thelf, values of the
DFT methods should be reliable for the further study of LBHB donor and the acceptor must be exactly, or nearly, matthed.
systems in the future. No one had previously investigated the Altering the K from that of formic acid to that of water causes
behavior of DFT methods in these types of systems. a decrease of 10 kcal/mol in the ob_served interaction energy.
Table 2 contains the calculated activation energies for proton CONVersely, no such effect is seen with the non-LBHB system.
transfer from a formic acid molecule to a formate anion. At 1he calculateds for the formic acid/formic acid system was
each level of theory the calculated activation energy disappears>-4 kcal/mol (B3LYP), and the calculated interaction energy
after zero point vibrational energy effects are accounted for. fOr formic acid and water is 4.7 kcal/mol (B3LYP), a difference
This results in a negative energy of activation, but simply means ©f only 0.7 kcal/mol. Thus, altering thekpvalues of the proton
that there is no potential barrier for proton transfer along the donor and acceptor in a traditional weak hydrogen bond has
reaction coordinate. This is consistent with the results of a VerY little energetic consequence.
recent quantum dynamics study on the potential energy surface The LBHB complexes reveal very interesting trends upon
for proton transfer in the kD, systen?® That study found microsolvation. As the fifth entry in Table 1 reveals, a
that even though the classical potential energy surface is thatmicrosolvated formate moleculd)(forms a weaker hydrogen
of a double well, quantum effects result in an essentially bond with formic acid (23.4 kcal/mol, B3LYP) than does a
centrosymmetric distribution of the proton, as if the real potential nonmicrosolvated formate anion (27.2 kcal/mol, B3LYP). This
was single-welled. difference of approximately 4 kcal/mol could be very significant,
1. Energetics of LBHBs. Calculations at the Hartreg~ock and will be discussed in section 3. If the formic acid/formate
(HF), Moller—Plesset (MP2), and density functional (DFT) system is a real LBHB, then one would expect that the
levels of theory using the 6-31H-G** basis set clearly show  introduction of a water molecule hydrogen bonded to the formate
that the formic acid/formate system forms a LBHB. The anion should cause a weakening of the LBHB due to a disruption
interaction energy, calculated as the difference between the totalin the K, balance between the proton donor and the proton
energy of the complex versus the infinitely separated carboxyl acceptor. Thus, in effect, theKp of the formate hydrogen

pieces, is defined as the hydrogen bond eneEgg), As the bonded to water has been lowered relative to that of the non-
first entry in Table 1 reveals, at all levels of theory the hydrogen bonded formate anion (or formic acid). This is
interaction energy for the formic acid/formate systéig very consistent with the idea of maximizing the strength of a LBHB

large, ranging from 22.2 kcal/mol (HF) to 27.2 kcal/mol when the [K,values of the two constituents are exactly matched.
(B3LYP). At each of these levels of theory the true minimum Formic acid hydrogen bonded to water, on the other hand, does
is a nonsymmetrical complex, suggesting that the potential not show any dramatic differences in its interaction with another
surface in this region is that of a double well, as expected for formic acid (entry 6, Table 1). This is to be expected since the
a LBHB.X? Structures which have symmetrically positioned formic acid/formic acid systen] is not a LBHB.
hydrogen bonds, representing transition states for proton transfer, |nterestingly, when both the formate and formic acid moieties
are only marginally higher in energy than the true minimum. are microsolvated, i.e., hydrogen bonded to watestranger
The barriers for hydrogen transfer range from essentially 0 to | BHB is formed. Entry 7 in Table 1 shows that on average
1.4 kcal/mol. In all cases this barrier vanishes for the true the interaction energy between microsolvated formic acid and
adiabatic potential energy surface, that is, when zero point monohydrated formate anioB)(is 2.5 kcal/mol larger than in
vibrational energy is accounted for (Table 2). the nonmicrosolvated syster)( Why the interaction energy
On the other hand, the interaction of a formic acid molecule for this LBHB is larger than for the non-water LBHBs is an
with another formic acid molecule does not form a strong interesting question. Simplistically one might expect that partial
(23) Tuckerman, M. E.; Marx, D.; Klein, M. L.; Parrinello, Mscience atomic charges could explain the results; however, no clear trend
1997, 275, 817. between partial charges and LBHB strength can be seen from
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Figure 1. B3LYP/6-31++G** optimized geometries of formic acid,
formate anion, the weak complex between formic acid and formic acid
(1), and the LBHB complex between formic acid and formate anion

).

the current study, or from a similar recent stdélyHowever,

this is an important aspect of low-barrier hydrogen bonding,
and will demand further attention in the coming years. Quali-
tatively, this phenomenon can be explained: the water interact-
ing with the formate anion makes the anion a slightly poorer
proton acceptor. However, at the same time, the water
interacting with the formic acid (proton donor) makes it more
acidic, since the formic acid is now also acting as a lone-pair
donor with the water molecule, thus removing some electron
density from the acidic proton.

Not surprisingly, the complex between two microsolvated
formic acids b) has about the same hydrogen bond energy (entry
8, Table 1) as the nonhydrated systelh (This is consistent
with a weak hydrogen bonding model for complexde8, and
5.

2. Geometries of LBHBs. Figure 1 shows the B3LYP
calculated geometries of formic acid, formate anion, the weakly
hydrogen bonded complex between two formic acid molecules
(1), and the LBHB complex between a formic acid molecule
and a formate anior2]. Figure 2 contains B3LYP geometries
for microsolvated formic acid, microsolvated formate anion, the
monomicrosolvated LBHB complex between watéyrmate
and formic acid 4), and the weak complex between mono-
hydrated formic acid and formic aci®)( Figure 3 shows the
complexes formed from dimicrosolvated interactions, specifi-
cally water-formate complexed with watefformic acid ¢) and
water—formic acid complexed with waterformic acid 6). For
the sake of both brevity and simplicity, only B3LYP calculated
geometries are included here. Where significant differences in

Pan and McAllister

Figure 2. B3LYP/6-31++G** optimized geometries for monohy-
drated formic acid, monohydrated formate anion, the weak complex
between a monohydrated formic acid and another formic &jcad

the strongly bound complex between a monohydrated formate anion
and a formic acid4).

0.964

Figure 3. B3LYP/6-31++G** optimized geometries of the weak
complex between two monohydrated formic acid molecu®saqd

the strongly bound complex formed between a monohydrated formate
anion and a monohydrated formic acid molecw8g (

for all systems studied, as calculated at each level of theory.
This allows for a direct comparison of how each theory handles
LBHBs. Each O--O entry represents the distance between the
oxygen atom of the proton donor and the oxygen atom of the
proton acceptor. The ©®H distance is the true hydrogen bond

length, between the proton itself, and the oxygen of the proton
acceptor. In cases where the proton acceptor is a water

geometrical parameters between the various levels of theorymolecule, the oxygen and proton of the water are represented

were encountered, they are mentioned specifically below. The
full set of optimized geometrical parameters can be found in
Tables 5-14 of the Supporting Information.

Table 3 contains the important hydrogen bonding distances

by Oy and H,, respectively.

Figure 4 is a graphical representation of the information in
Table 3. It is a plot of calculated ©O distances for the
hydrogen bonds in the various complexes, at all four levels of
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Table 3. Optimized Hydrogen Bonding Distances (A) Using the

6-31++G** Basis Set

system HF MP2 BLYP B3LYP
formic acid/formate 2)
O:--0 252 243 2.46 2.43
O---H 150 1.26 1.23 1.26
formic acid/formic acid {)
O---0 290 284 285 282
O---H 195 1.86 1.86 1.83
H,O/formate
O---Oy 274 267 267 265
O---Hy 1.77 1.67 1.65 1.64
H.Offormic acid
O-+-Oy 3.03 296 299 295
O-+-Hy 2.08 199 1.99 1.97
(H20)—formate/formic acid 4)
O---0 256 249 251 248
O---H 156 1.42 1.40 1.40
O---Oy 279 273 273 271
O-+-Hy 1.82 1.74 1.73 1.72
(H20)—formic acid/formic acid 8)
2.88 281 2.82 2.79
O---H 192 1.83 1.82 1.80
O---Oy 299 293 293 290
O-+-Hy 2.04 196 1.95 1.93
(H20)—formate/formic acieg-(H-0) (6)
O---0 252 243 246 243
O---H 150 1.27 1.23 1.23
OF-+-Oy 2.80 276 277 275
OF-+Hy 183 1.78 1.76 1.76
OFA-+-0y, 2.88 279 277 275
OFA«++H,, 193 1.80 1.76 1.76
35
O HF
J ® MP2
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Figure 4. Calculated interaction energieEns (kcal/mol), versus
calculated oxygenoxygen distances for the various hydrogen bonded
complexes using all four levels of theory (HF, MP2, BLYP, B3LYP).

J. Am. Chem. Soc., Vol. 119, No. 32, 798%

traditional weak H-bond. Figure 1 clearly shows that the proton
involved in the LBHB of complex2 is very nearly shared
between the oxygen of the donor molecule (formic acid) and
the acceptor molecule (formate anion). Theld(formic acid)
distance is calculated (B3LYP) to be 1.172 A, while the-8
(formate anion) distance is 1.262 A. In contrast, thetD
distance in complex is 0.987 A, and the ©-H distance is
1.834 A. Complex1 illustrates the localized bonding of a
traditional hydrogen bond, while compl@aptly demonstrates
the marked differences for LBHB interactions. Figure 2 shows
what happens when theKp values of the proton donor and
proton acceptor are mismatched. The geometry of complex
reveals a somewhat more localized proton that was found in
complex2. The O-H distance is now 1.085 A, while the-GH
distance has grown to 1.401 A. While these interaction
distances are clearly still shorter than those for weak interactions,
they are nonetheless significantly altered from those in the ideal
LBHB, complex2. The manifestation of this, of course, is that
the Eyg for complex4 is about 4 kcal/mol weaker than for
complex2. Thus, geometrically, the introduction of a solvent
molecule (water) has caused a perturbation of the LBHB surface
so that the proton is no longer “shared” between the donor and
acceptor oxygens; it is now more localized. There is very little
observable effect of the water molecule on the geometry of
complex 3, the interaction between two formic acids, as
compared to compleg. Figure 3 shows what happens when
both fragments of the LBHB are now solvated. As the geometry
of complex6 reveals the proton is now even more delocalized,
shared, between the donor and acceptor oxygens, thel O
distance having grown to 1.196 A, while the @4 distance
has shortened to only 1.231 A. This is reflected by the stronger
interaction energy for this complex relative to that for eitBer

or 4. Not surprisingly, the structure &fis very similar to that

for both1 and 3.

Table 3 highlights the differences between the various levels
of theory employed in this study. The geometries for the weakly
bound complexesl( 3, 5) are very similar at all levels of theory.
There are noticeable differences, however, with the calculated
geometries for the more strongly bound complexgs4( 6).

For each of those systems the geometries calculated using
correlated methods (MP2, BLYP, B3LYP) predict structures
in which the proton of the LBHB is largely delocalized between
the oxygen of the donor and the oxygen of the acceptor. This
is completely consistent with what is known about the potential
energy surfaces of low-barrier hydrogen bohé&1423

Figure 4 shows the relationship between the hydrogen bond
distance, in this case defined as the distance between the two
oxygens, and the calculated interaction eneigys). The plot
clearly reveals the biphasic nature of this relationship. The
region between approximately 2.8 and 3.1 A represents the
bonding in traditional weakly hydrogen bonded complexes.
There is a somewhat abrupt jump in the calculdgglbetween
2.7 and 2.8 A. This would seem to be the demarcation point
between weak and moderately strong hydrogen bonding.
Complexes with @-O distances greater than 2.7 A must fall
in the weak hydrogen bonding category. The plot remains fairly
linear in the 2.72.5 A region. This is the moderately strong
to strong hydrogen bonding region. There appears to be a slight
upward curvature of these plots at each level of theory as the
geometries approach 2.4 A. This would be the very strong or
LBHB region. This plot agrees remarkably well with a recent
solid-state study of short-strong hydrogen bonds in crystals.

theory employed here, versus the calculated interaction energy 3. Implications for Enzyme Catalysis. What is the exact

of that complex Eug).

Figures -3 and Table 3 reveal the dramatic difference in

environment in an enzyme active site? That is clearly a very
(24) Gilli, P.; Bertolasi, V.; Ferretti, V.; Gilli, GJ. Am. Chem. Soc

bonding that occurs in a low-barrier hydrogen bond versus a 1994 116, 909.
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important question, but has never been answered definitively. allows us to test many hypothesis that would otherwise be
If we are to ever discern whether or not LBHBs play an untestable. Many aspects of this debate remain unanswered.
important role in the mechanism of enzyme catalysis, we must For instance, how sensitive are LBHBs to the polarity of their
investigate more closely what environmental factors are at work environment? How sensitive are LBHBs to very small chaffges
in an enzyme active site, and how that environment affects the pKa, values? How sensitive are LBHBs to small structural
LBHB. . changes in their geometry? How sensitive are LBHBs to

Small amounts of water, or other hydrogen bonding solvents, macroscopic amounts of solvent? These are important questions
could very well be present in the active sites of enzymes. Ny need to be answered to help resolve the question of whether
this study we have investigated Wha.t effect a small amount of or not LBHBs play an important role in enzyme catalysis. Our
water might have on the characteristics of a LBHB. As shown . ; )

group is currently exploring the answers to these questions, for

in Figures -3 and Tables 1 and 3, both the geometry and 7. )
energy of interaction of the low-barrier hydroger?bond fc?rmed it is only through a thorough understanding of all the factors

between formic acid and formate anion are significantly altered that affect low-barrier hydrogen bonds that we can hope to
by the addition of one solvent molecule. This is largely due to SOmeday understand their precise role in nature.

the fact that the water molecule causes an asymmetry in the

LBHB system. This causes the proton donor and proton Conclusions

acceptor molecules to have differettqvalues, thus disrupting

the LBHB. This is further illustrated by the fact that a second  Hartree-Fock, Moller—Plesset, and DFT calculations have
water molecule, strategically placed, rebalances kevplues, been carried out using the 6-B%+G** basis set to study the
and causes the reformation of the LBHB, and a very strong effect of microsolvation on the strength of a typical low-barrier
Exg. Presumably, if we had chosen to put both water molecules hydrogen bond. For all systems studied the DFT methods gave
on the same oxygen, this would have caused a further reductionresyits comparable to those at the HF and MP2 levels of theory,
in Eg for the formic acid and formate anion system. This is  g,gqesting that DFT is a suitable model chemistry for which to

in excellent agreement with recent experimental studies by g ,qy the very strong interactions present in LBHBs in the future.
Kreevoyet al.that found that the dihydrate of sodium hydrogen In the gas phase, the hydrogen bond formed between a formic

bis(4-nitrophenoxide) has ahorter (and thus presumably : L .
1 acid molecule and a formate anion is approximately 25 kcal/
stronger) hydrogen bond than the nonhydrated 'SaitThey mol, with a calculated energy barrier for proton transfer from

found the O--O distance for the nonhydrated salt to be the formi id 1o the f i . hich is | than th
approximately 2.49 A, while that for the symmetrically dihy- € formic acid 1o the formate anion which 1S fower than the

drated salt was 2.46 A. This is in excellent agreement with Z€r0 Point vibrational energy resonant in the system. When
our computational results which predict that the hydrogen bond POth the formic acid and formate anion are microsolvated, by
formed in 6 (dihydrate) is stronger than that formed 2n(no one water molecule each, the resulting hydrogen bond is actually
solvent). increased in strength slightly. This suggests that LBHBs can
Extending these findings to the more general cases found in€Xist in the presence of small amounts of solvent. When the
actual enzymes suggests intriguing possibilities. In all the microsolvation is asymmetrical, however, so as to cause a mis-
systems studied by Gerlt, Gassman, Kreevoy, and Clgfdhd match in the K, values of the hydrogen bond donor and
there is always some degree dfgimbalance in the proposed  hydrogen bond acceptor, the resulting H-bond is weakened by
LBHBs that are formed. For instance, they suggest that there approximately 4 kcal/mol, and is no longer a LBHB (although
may be a LBHB formed during the reaction catalyzed by it is certainly still a very short-strong H-bond). The possibility
ketosteroid isomeragé. During that reaction a tyrosine residue  that nature may actually use solvent molecules to balakge p
is believed to interact with the developing enolate of the steroid mismatches in enzyme active sites is suggested. The micro-
molecule. The |, of the tyrosine residi# is believed to be  gqjyation results are in excellent agreement with a recent
approximately 12, while that of the enolétevould be ap- o perimental study of microsolvated LBHB®, where the
proximately 10. These numbers are approximations, by defini- authors also concluded that small amounts of interstitial water

tion, since the exactify values of these compountsenzyme in enzyme active sites may not preclude the existence or

active sitesare unknown. - However, assuming they probably importance of low-barrier hydrogen bonds in such biological
are not perfectly matched, a LBHB may not form. On the other caltoalysts yarog 9

hand, if a water molecule, or other hydrogen bond donor, was
available to coordinate with the tyrosine moiety, thereby
lowering its K, accordingly, perhaps a much stronger hydrogen ~ Acknowledgment. This research has been supported by a
bond could form. Perhaps that would be a LBHB. This system grant from the Texas Advanced Research Program (No. 41508)
is still controversial, as a recent study indicat&dyut the best administered by the Texas Higher Education Coordinating
estimate thus far is that the energy of the hydrogen bond formedBoard, and is gratefully acknowledged.

between the Tyr-14 and the substrate is 7.1 kcalAtfolThis

is certainly stronger 'thian a traditional hydrogen bond, but is Supporting Information Available: Tables 4-14 contain-
clearly at the lower limit of a Speakmasadzi short-strong g caiculated total energies and geometries of all compounds

hydrogen_ bond. . studied (11 pages). See any current masthead page for ordering
These issues are clearly controversial. LBHBs may or may information and Internet access instructions

not play an important role in enzyme catalysis. However, theory
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