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The effect of a structural water molecule on the electronic
nature of the His64-Asp32 hydrogen bond in subtilisins is
examined by DFT calculations; the structural water is found to
favor a short strong hydrogen bond in the catalytic triad in
sharp contrast to some current beliefs.

The possible involvement of low-barrier hydrogen bondst
(LBHBS) in enzyme catalysis has in recent years attracted much
attention.28 The original proposal2-5 of the presence of special
short strong hydrogen bonds (SSHBs) in enzymatic active siteswas
based on experimental findings of unusua physicochemical
properties as e.g. highly deshielded *H NMR signals, low
fractionation factors and short heteroatom separations.1.6 It was
estimated, that the hydrogen bond energy of LBHB could be as
much as 24 kca mol—15 and that necessary requirements for
formation of LBHB were nearly matching pK,s of the heteroatoms
in the hydrogen bond, a non-polar environment and an equally
shared proton between the heteroatoms.24-6 The proposal set off an
intense debate and arguments were presented against the im-
portance of LBHBs in enzyme catalysis.”-8 Warshel et al. argued
that? “the stabilization of hydrogen bondsislargely electrostatic in
condensed phases’ whereas Bachovchin and co-workers,8 based on
careful NMR experiments on serine proteases, concluded that the
protonisat least 85% located at the nitrogen atom and that the Asp-
His hydrogen bond of subtilisin BPN’, Scheme 1, is accessible by
solvent. Therefore, failing two of the criteriafor LBHB formation,
these were ruled out as playing a role in serine proteases and in
enzyme reactions in general, even though the physicochemical
properties of an LBHB are found in several enzymes.”8

Recently, a very high resolution (0.78 A) structure of Bacillus
lentus subtilisin was published.® The hydrogen bond between
Asp32 and Hisb4 was analyzed and the hydrogen of interest was
found to be “partially shared” between His64(Nd1) and
Asp32(082) with distances measuring 2.6 A for the heteroatom
separation and 1.2 and 1.5 A for the N-H and O-H separations,
respectively, with a slight deviation from a linear arrangement of
the three atoms involved in the hydrogen bond.® The Asp32-His64
dyad was not termed aLBHB, asthe structure showed “ .. .it was not
shielded from solvent and because the pKzs of His64(Nd1) and
Asp32(082) would appear to be unmatched.”®

A hydrogen bond is defined as a LBHB (or SSHB) based on the
shape of the potential energy surface — if the hydrogen atom liesin
a double minimum potential well with zero-point vibrational
energies similar to the barrier height, itisaLBHB.! This definition
of the SSHB (LBHB) is used in the present study. In this paper we
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Scheme 1 The Asp32-His64 dyad of subtilisinswith aprotonated His64 that
is required for formation of the short hydrogen bond.

T Electronic supplementary information (ESI) available: Computational
methods and coordinates for the fully optimised structures of 1, 2 and 3 at
the B3LYP(COSMO)/6-31++G(d,pd) level of theory. See http://
www.rsc.org/suppdata/cc/b3/b314228k/
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will examine the conseguences of having an explicit water
molecule closeto the Asp-Hisdyad of subtilisins on the shape of the
potential energy surface by high-level theory computations.
Electron correl ation effects must beincluded to model the hydrogen
bond in question. Our recent studies on similar systems uses the
DFT method.10 For intermolecular hydrogen-bonded systems, it
has been shown that DFT with the B3LYP hybrid functional1!
represents a very good method for structural optimizations.12
Solvation effects are included by combining a continuum solvation
method with the explicit water molecule. This approach presents a
very accurate modeling for this hydrogen bond.13 Surprisingly, the
results reveal that the water molecule is necessary for formation of
the SSHB, in contrast to earlier belief of a completely deshielded
environment.

A survey of high-resolution structures (<2.0 A) of subtilisins
from the protein data bank4 revealed that a water molecule
hydrogen bonding to Asp32 isindeed a common structural feature.
Eight such structures are displayed in Fig. 1. To model the Asp32-
His64 dyad of the subtilisins, coordinates were extracted from the
high-resolution structure of Bacillus lentus subtilisin.® The model
was truncated to contain an aspartate ion, amethylimidazolium ion
and the water molecule after addition of hydrogens. Upon energy
minimization the water molecule moves dlightly to aposition where
it still hydrogen bonds to Asp32(0d1) but also interacts with
His64(Cel) making an O---H-C hydrogen bond. In the enzyme,
His64(Ce1) isfound to hydrogen bond to the backbone carbonyl of
Ser125 with a heteroatom separation of 3.16 A.9 The water
molecule thus serves two enzymatic functions; being a hydrogen
bond donor to Asp32 and a hydrogen bond acceptor towards
His64(Cel). To model the interesting hydrogen bond between
His64 and Asp32, a large basis set,10ab was used in al density
functional theory calculations combined with a continuum solva-
tion model15 (see ESIT).

In order to evaluate the shape of the potential energy surface, two
isomers are considered. Chemica structures of the ion-ion
complex, 1, denoted N-side, and the neutral complex 2, termed O-
side, are displayed in Scheme 2, together with the structure of the
transition state, 3, TS, for the hydrogen transfer reaction. Important
numbers are found in Table 1 for the threeisomers, al of which are
all fully optimized at the B3LY P(COSMO)/6-31++G (d,pd) level
of theory. In 1 and 2, the N-H and O—H bonds show considerable
elongation compared to non-hydrogen bonded structures. The
computed numbers revea that the O-side isomer is preferred by
only 1.45 kcal mol—1 relatively to the N-side isomer. The interna
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Fig. 1 Overlay of eight high-resolution structures (<2.0 A) of various
subtilisins. The structural water molecule is found at the same volume of
space in dl structures. Pdb-codes are: 1DUI (cyan), 1GNS (white), 1SUP
(magenta), 1GCI (dark green), 1CSE (red), 1SVN (orange), 1Y JA (yellow)
and 2SIC (light green).
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Scheme 2 Chemical structures of the O-side, N-side and TS-isomers.

barrier for hydrogen exchange is 0.15 kcal mol—1 when moving
from N-side to O-side. Upon inclusion of the zero-point vibrational
energies, the barrier vanishes, and the TS-structure becomes the
lowest energy structure. The TS has an amost equally shared
proton and aheteroatom separation of 2.48 A, Fig. 2. Thisisdightly
shorter than the experimentally reported number, 2.6 A9 however
one hasto recall that an error of approximately +0.1-0.2 A isfound
in the experimental structure.16 Interestingly, the computed struc-
tural parametersfor 3 are very similar to the experimental numbers
found for the low-temperature structures of a model compound.t?
Inthe TS, the hydrogen is partialy transferred, however it resides
closest to the nitrogen, in agreement with the NMR-results.8

The results are indicative of a short strong hydrogen bond
(SSHB) of the low-barrier type, as the vibration frequencies are
comparable to the internal hydrogen transfer barrier, thereby
showing that the presence of awater moleculein close proximity to
apotential SSHB does not prohibit its formation, in sharp contrast
with what has previously been thought to be the case.24-6 When
either the explicit water molecule or the continuum is removed
from the simulations, the N-side isomer no longer represents a
minimum structure at the B3LYP(COSMO0)/6-31++G(d,pd) level
of theory. This observation shows that an explicit water moleculeis
arequired structural element for formation of a SSHB in this model
of subtilisin, probably because it stabilizes the system through
hydrogen bonding to Asp32(0d1) and His64(Ce1), both of which
are within interacting distance of Ser125(0) in the crystal structure.
Asp32(081) and Hist4(Cel) are hydrogen bonded to one another
without the water molecule in the model.

In summary, the calculations in the present paper reveal that a
mixed discrete continuum solvation model13 is required to
reproduce the experimental features of the His-Asp dyad in the

Table 1 Optimized geometrical parameters and electronic energies (in
Hartrees) calculated at the B3LY P/6-31++G(d,pd) level of theory using
COSMO-solvation.1s Eg. is the electronic energy in solution. The sum of
the zero-point vibrational energies is added to Eqec in the last column (1
Hartree = 627.5 kcal mol—1)

(Eetec + Ezpv)/

N-H/A O-H/A N.--O/A N-H-O/° Ego/Hartree Hartree
1 1124 1416 2534 1719 —571.141665 —570.957249
2 1583 1.042 2614 1688 —571.143970 —570.959280
3 1227 1263 2480  169.9 —571.141432 —570.960042

Fig. 2 Structure of thetransition state, 3, B3L'YY P(COSM 0)/6-31++G(d,pd);
important bond distances (A) and angles (°) are shown. Oxygen atoms are
displayed in dark gray, carbonsin light gray.

catalytic triad of subtilisins. The results revea that the water
molecule hydrogen bonding to Asp32 in the crystal structure is
essential for formation of a short strong hydrogen bond. When not
present, the potential energy curve has just one minimum
corresponding to 2. This finding suggests that the hitherto belief of
the necessity of having SSHB totally solvent screened is not
important, and can thus not be used arguing against the formation
of LBHB. Experimental reportsfor astrong HB in aqueous solution
of pKg-matched dicarboxylic acids have recently appeared in the
literature,18 supporting the findings in this paper. Recently, QM/
MM studies of other serine proteases also show similar short N-O
separations, when electron correlation is included.1® The results
may indicate that a partial proton transfer can be involved in the
catalytic mechanism, as has been proposed in other enzymatic
reactions.20 Further studies are under way to gain deeper under-
standing of the role (electronic, energetic) of the explicit water
molecule on the nature of the hydrogen bond.
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