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Abstract. Serine amino acid in aqueous solution is
theoretically studied at the B3PW91/6-31+ G** level
using a dielectric continuum solvent model. Neutral and
zwitterionic structures in the gas phase and in solution
are described and the proton-transfer mechanism is
discussed. A neutral conformation in which the carboxyl
hydrogen atom is already oriented toward the amino
group seems to be the absolute energy minimum in the
gas phase and the most stable neutral form in solution.
The absolute energy minimum in solution is a zwitter-
ionic form. The energy barrier for proton transfer is
predicted to be very small, in particular when zero-point-
energy contributions are added. Our calculations allow
the dynamic aspects of the ionization mechanism to be
discussed by incorporating nonequilibrium effects.
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1 Introduction

Amino acids are essential constituents of peptides and
proteins. This explains the large number of studies in the
literature devoted to them, in particular to investigate
structural properties and tautomeric equilibria. Neutral
(NE) and zwitterionic (ZW) forms may exist (and
coexist) depending on the media. It is a well-known fact
that some amino acids exist in NE tautomeric form in
the gas phase [1-3]. This NE form can present different
conformations and the assignment of the gas-phase
absolute energy minimum of the simplest amino acid,
glycine, was the subject of an interesting and fruitful
experiment-versus-theory controversy [4—7]. In aqueous
solution, hydration effects may be crucial, so conclusions
reached from studies in the gas phase do not necessary
apply in that case. The solvent critically shifts the NE/
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ZW tautomeric equilibrium so that the latter form
becomes the absolute energy minimum in solution.

Most of the existing data on amino acid tautomeric
equilibrium in solution refer to glycine. So, theoretical
[8-11] and experimental [1, 2] evidence exists for the
prevalence of the glycine ZW form in aqueous solution
and in the solid phase. Thermodynamic and kinetic work
on the tautomeric equilibrium for glycine in aqueous
solution has been reported [12—15]. The free-energy dif-
ference between the ZW and the NE species has been
estimated to range between 7.3 and 7.7 kcal/mol [12—-14],
while a measurement of the activation free energy for the
ZW — NE process led to 14.6 kcal/mol [15]. Combining
these values one obtains an activation free energy of
roughly 7 kcal/mol for the reverse process, NE — ZW.
However, comparison of kinetic and thermodynamic
data is puzzling since the former suggest the activation
enthalpy to be smaller than the reaction enthalpy
[12-15].

Most reported computations on amino acid chemis-
try in solution also concern glycine [3, 811, 16-20].
Following these studies, a direct proton transfer from
the carboxyl to the amino group seems to be the most
pausible mechanism for the tautomerization process.
A recent empirical valence bond (EVB) molecular
dynamics simulation of the intramolecular proton
transfer [21] yielded an activation free energy of 16.9
kcal/mol for the ZW — NE process and 8.4 kcal/mol for
the NE — ZW one. Although the agreement with ex-
perimental data seems to be good, it appears to be for-
tuitous [8, 22]. Indeed, these results were obtained after
parameterization of the EVB method with Hartree—Fock
(HF) energies, which severely overestimate the activa-
tion barrier for this process. For instance, the computed
NE — ZW activation barrier is 11.0, 2.4 and 1.9 kcal/
mol at the HF, second-order Mgller-Plesset (MP2) and
density functional (DF) levels, respectively [8, 9] (results
in aqueous solution using the 6-31 + G** basis set and a
solvent continuum model). Very close values have been
obtained for alanine [9]. Combined DF molecular
mechanics (MM) simulations have predicted a fast and
very exothermic conversion of the NE to the ZW form of
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glycine [22], in consonance with a small energy barrier
for proton transfer.

More experimental and theoretical work is needed in
order to clarify the apparent disagreement between
experiment and theory for the activation barrier of
tautomerization of glycine. A possible source of dis-
crepancy could be found in the coupling between con-
formational and tautomeric equilibria in solution. The
most stable NE conformation of glycine in solution
differs from that in the gas phase. Let us call these
conformations NE I and NE II, respectively. They have
been described in previous work [8] and are represented
in Scheme I. All the proton-transfer energy barrier cal-
culations cited previously considered the NE I —» ZW
process. Note that in NE I, the carboxyl and amino
groups are oriented in a manner suitable for direct
proton transfer; however, interpretation of experimental
data of tautomeric equilibrium in solution may require
both processes to be taken into account. According to
our calculations [22], the conformational NE II — NE I
change in solution is expected to have a nonnegligible
barrier (about 10.9 kcal/mol), whereas the proton
transfer is very fast. Thus, the lifetime of NE I would be
very small and, consequently, the experimentally deter-
mined activation energy of the tautomeric processes
should formally be ascribed to the NE II — ZW process
and not to the proton-transfer step.
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Here we report a study of the intramolecular proton
transfer of serine in solution. The barrier and mechanism
of the proton transfer depend on different factors, such
as the nature of the side chain of the amino acid. In this
sense, serine is a good representative of amino acids
containing the complexity of a side chain capable of
strong hydrogen-bonding interactions. We do not limit
this study to the computation of the transition structure
(TS) and the corresponding energy barrier but we also
consider the dynamic aspects of the reaction by exam-
ining the role of fluctuations of the environment on the

energy profile. Consideration of these factors can be of
importance to have better estimations of the proton-
transfer barrier height. Previous theoretical studies on
serine include protonation [23], lattice energies [24],
enantiomers [25] and conformational search of the NE
form in the gas phase [26-30] and of the ZW in aqueous
solution [31]; however, the tautomerization process in
solution has not been studied yet for this amino acid.

2 Method

Calculations were carried out using the hybrid functional B3PW91
[34] and the 6-31+G** basis set [35] (B3PW91/6-31+ G**).
The DF approach has previously been employed to study glycine
and alanine tautomerization and results in good agreement with
MP2 values were obtained [9]. It has also been successfully tested
against experimental ZW vibrational spectra [9, 36]. Molecular
geometries were optimized using the Bemy [37] and redundant [38]
coordinate algorithms. Analytical frequency calculations were
made on stationary structures in order to establish their nature
(minimum or saddle point). Intrinsic reaction coordinate (IRC)
calculations were carried out using the second-order Gonzalez—
Schlegel integration method [39].

Solute-solvent electrostatic interactions were included into the
Hamiltonian using the self-consistent reaction field (SCRF)
approach of Nancy [40-42]. In the standard model, the liquid is
assimilated to an isotropic polarizable medium characterized by
its zero-frequency dielectric constant (g9 = 78.4 for water). The
quantum system (serine) is placed in a cavity whose volume is
obtained from an empirical relationship [43]. The electrostatic
interaction is calculated using a multipolar development of the
quantum system’s charge distribution. The electrostatic solvation
free energy may be written as

1
AGsol = _EZRLML 5
L

where M; are the multipole moments of the solute
and R, the reaction field components given by
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In this equation f}; are constants that depends on g, and the cavity
definition. First and second analytical derivatives of this interaction
term are easily obtained [44], allowing efficient geometry optimi-
zations and frequency calculations.

The previous formulation is valid for evaluating static or
equilibrium solvent effects. Dynamic solvent effects require the
introduction of a fluctuating reaction field. For this purpose, it is
useful to consider solvent polarization as having inertial and non-
inertial components. The noninertial part is related to the electronic
polarization of the solvent molecules and can be assumed to be
always in equilibrium with the solute’s charge distribution. Its value
can be evaluated from the infinite-frequency relative dielectric
permittivity, e.., (about 1.8 for water). The inertial part is related
to the orientational polarization and is characterized by a large
relaxation time when compared, for instance to the characteristic
time for proton transfer. It is related to the difference between g,
and ... If one assumes that an arbitrary inertial solvent polariza-
tion may be related to a fictitious multipole distribution, M}, the
solvation free energy for a system with multipoles, M, is [45]

1 1
AGsol = _EZJ[LOL’ML'ML + Ez(ffy — Ji ) AMpAM,
LU LU

where AM; = M; — M;. Note the presence of f factors for both
dielectric constants. The first term in the expression is the equilib-
rium free energy, whereas the second is a positive destabilizing term
representing the non-equilibrium contribution. In principle, M}
may take any value, but only some particular cases have physical
interest (see later).



Fig. 1. Optimized structures of
the neutral (NE) conformers NE
I and NE II of serine in the gas
phase and in solution. Bond
lengths are given in angstroms

Gas Phase

Solution

For simpleness, we assume that the cavity shape is constant
along the proton-transfer reaction coordinate, which seems to be a
reasonable approximation (the estimated cavity volume change is
only about 1%). This assumption justifies the use of a simple
ellipsoidal cavity shape. The multipole development is made up to
the sixth order, ensuring a good convergence of the solvation
energy.

All calculations were carried out using the Gaussian94 program
[46] interfaced with software developed at Nancy [47] for solvent
effects.! It should be finally mentioned that our calculations do not
include two important factors that could partially change the
present results: the quantum nature of the proton motion and
specific solute—solvent interactions. About this last point, a recent
investigation on glycine tautomerization [8] has shown that water
molecules probably do not actively participate in the proton
transfer.

3 Results

We first summarize the results for the structure of serine
in solution. We describe the stationary points predicted
for NE and ZW forms as well as for the TS leading to
proton transfer. The corresponding IRC is described.
The role of fluctuations of the system on the energy
profile is incorporated afterwards.

3.1 NE amino acid conformations

We start the present study with the analysis of the NE
form of serine. From previous studies on other amino
acids [8, 9] and considering the results obtained for
serine in the gas phase [30], we selected the two
conformers NE I and NE II as candidates to be the

! The software developed at Nancy was modified by D. Rinaldi
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absolute energy minimum for the NE form. The
B3PW91/6-31 + G** optimized structures of both
conformers in the gas phase and in solution are shown
in Fig. 1.

Let us first consider the gas-phase structures. NE I
displays a cycliclike conformation where the carboxyl
and amino groups form an intramolecular hydrogen
bond. In NE II, the carboxyl group has rotated 180°
around the C—C bond. This conformation has been
reported to be the absolute gas-phase energy minimum
for glycine, alanine and serine [8, 9, 17, 30]. In the latter
case, the energy difference with respect to NE I was
predicted to be only 0.1 kcal/mol through MP2/6-
31+ G* energy computations using RHF geometries and
0.3 kcal/mol at the MP4SDQ/6-31 + G*//MP2 level [30].
At the present computational level, we also predict a
small energy difference, but the NE I structure is found
to be more stable than NE II by 0.42 kcal/mol in the gas
phase (0.21 kcal/mol if we include zero-point energies).
Though the relative order seems to be quite sensitive to
the computational level, the absolute energy difference
is always small, as illustrated by the following values:
AE (NE II - NE I) = 0.16, 0.44 and —0.02 kcal/mol
at MP2/6-31+ G**, B3PW91/6-311 + + G** and MP2/
6-311+ + G** levels, respectively. The smaller energy
difference in serine with respect to that in glycine
and alanine can be attributed to a cooperativity effect
between intramolecular hydrogen bonds in which the
hydroxyl group participates. In NE I, the hydroxyl
group forms two hydrogen bonds, one acting as a proton
donor with the carbonyl oxygen and the other one as a
proton acceptor with the amino group, while in NE II,
the hydroxyl group only forms one hydrogen bond with
the amino group. Thus, the cooperativity effect is
expected to favor NE I with respect to NE II.
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In solution, we find the same picture as in previously
studied amino acids. Because of the larger dipole moment
of NE I (8.82 D versus 0.83 D for NE II), the energy gap
(now including the electrostatic and polarization free
energy of solvation, AG,,) between both NE structures is
considerably increased and now NE I is 4.02 kcal/mol
more stable than NE II (3.73 kcal/mol taking into ac-
count zero-point energies). It is worthwhile to make a few
remarks concerning the geometrical changes induced by
solvent effects on the NE structures. First, one notes that,
in contrast to the gas phase, the hydroxyl hydrogen atom
does not form an intramolecular hydrogen bond. The
hydrogen atom is now oriented toward the solvent, fa-
voring the solute interaction with its solvent environ-
ment. The energy cost of keeping the intramolecular
hydrogen bond can be estimated to amount to about 1.0
kcal/mol. Besides, it may be noted that in structure NE II
the carboxyl group lies on a plane perpendicular to the
NCC one (while in the gas phase both groups were found
to lie on the same plane). It has already been discussed [9]
that solvent effects diminish the force constant associated
with this movement and thus the carboxyl group would
be able to rotate in order to optimize its interactions with
the solvent. One should also note that the breaking of the
cyclic intramolecular hydrogen-bond network by solvent
effects is compensated by the cooperativity between in-
tramolecular hydrogen bonds and electrostatic solute—
solvent interactions [43]. Finally, it must be noted that in
NE I, the hydrogen bond between the hydrogen atom in
the carboxyl group and the amino group is favored by the
solvent. The OH_and NH distances in the gas phase are
0.990 and 1.865 A, respectively, while in solution they are
1.020 and 1.685 A. This effect leads, in turn, to a rein-
forcement of the hydrogen bond of the amino group with
the hydroxyl oxygen. These geometric changes, together
with the polarization of the electronic cloud, contribute
to a large increase in the dipole moment when passing
from the gas phase (4.34 D) to solution (8.82 D). The
introduction of specific solute—solvent interactions could
slightly change the current description of solvent effects
on the intramolecular hydrogen bonds; however, the
more important trends are usually well given by the
continuum model.

3.2 Zwitterion

Attempts to locate a ZW minimum-energy structure in
the gas phase at the current computational level always
failed. The ZW structure in solution is displayed in
Fig. 2. As shown by comparing this structure to those in
Fig. 1, proton transfer from the carboxyl to the amino
group does not produce very important geometrical
changes. The intramolecular hydrogen bond between the
amino group and the hydroxyl oxygen atom is rein-
forced as a consequence of the positive charge developed
on the amino group. In the carboxyl group, the carbonyl
double bond is now delocalized between the two oxygen
atoms and the two CO distances become quite similar.
The calculated bond lengths agree quite well with the
experimental neutron diffraction values determined from
serine monohydrate crystals [48]. Typical deviations are

TS W

Fig. 2. Optimized structures of the zwitterionic (ZW) form of
serine and the transition structure (7'S) connecting with the NE
form in solution. Bond lengths are given in angstroms

about +0.01 A, except for the CC, distance which is
0.03 A shorter in the crystal.

3.3 Energetics and reaction path

The TS for proton transfer from NE I to ZW in
solution (assuming solute—solvent equilibrium) was
directly located on the potential-energy surface (which
includes the electrostatic and polarization free energy)
starting from an initial guess structure derived from our
previous work on glycine and alanine and using an
analytical Hessian matrix. The computed geometry is
given in Fig. 2. After optimization, we carried out an
analytical frequency calculation and verified that the
proposed structure had one imaginary value (999.7i
cm~!). In the TS the OH distance is still shorter than
the NH onge. The OH bond has been lengthened by
about 0.18 A while the NH bond has been shortened by
0.37 A, which is mainly due to the reduction of the NO
distance.

Relative energies of the structures studied, with and
without consideration of the zero-point-energy contri-
butions, are given in Table 1. The ZW form is more
stable than the NE one in solution by about 3 kcal/mol
(2 kcal/mol if we take into account zero-point energies).
It has been previously discussed [9] that this energy
difference could be underestimated and that the model
should be refined to get more reliable relative energies
between the two tautomeric forms in solution.

The calculated energy barrier for proton transfer is
1.40 kcal/mol (0.44 kcal/mol after zero-point-energy
correction) which is not far from the barrier found for

Table 1. Relative energies (kcal/mol), with and without inclusion
of zero-point energy (ZPE) contributions, of the neutral (NE)
structures, the transition structure (7'S) and the zwitterionic (ZW)
structure studied at the B3PW91/6-31+G** level assuming
equilibrium solvation. Values in parentheses are gas-phase energies

AE A(E + ZPE)
NE 11 4.02 (0.42) 3.73 (0.21)
NE I 0.00 0.00
TS 1.40 0.44
ZW -2.95 -2.00




glycine at the same level. This energy barrier can be
easily overpassed at room temperature and thus one
could consider proton transfer in serine as a nearly
barrierless process (if solute—solvent equilibrium con-
ditions are assumed, see later for nonequilibrium
effects).

The IRC pathways, from the TS down to the reactant
(NE I) and product (ZW) valleys have been traced.
From the last point of the IRC calculation toward the
products we started a geometry optimization that led to
the ZW form. The reaction profile in solution is shown
in Fig. 3. For comparison, Fig. 3 also shows the energies
obtained for the isolated system using the structures
along the solution reaction path. The solute reaction
coordinate, rg, ranges from —1.4 au (NE I) to 2.0 au
(ZW). As usual, the TS is defined as the structure having
r, = 0. The whole proton-transfer process can be de-
composed in three schematic phases. First, the proton
donor—proton acceptor (NO) distance is reduced from
2.494 A to a value close to that found in the TS (2.374
A). Then, proton transfer from oxygen to nitrogen
occurs with a nearly constant NO distance. Finally,
the NO distance lengthens to its final value in the ZW
2.558 A.

3.4 Dynamic effects

The previous reaction path assumes the equilibrium
hypothesis, i.e., all the solute and solvent degrees of
freedom are fully relaxed for a given value of the
reaction coordinate, the latter being defined by a
combination of solute coordinates. Actually, proton
transfer is a very fast process which takes only a few
tens of femtoseconds (see, for example, the DF/MM
molecular dynamics simulation in Ref. [22]) and the
equilibrium hypothesis does not hold in practice. For
instance, solvent orientational relaxation lies on the
picosecond scale and is much slower than the reaction
event. In this part, we discuss how nonequilibrium
situations may affect the proton transfer mechanism.
The general idea is to assume that the reaction can
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Fig. 3. Energy profile of the intramolecular proton transfer process
of serine (NE — ZW) in solution. The continuous line corresponds
to the total energy in solution and the dashed line to the gas-phase
energy of the structures appearing along the intrinsic reaction
coordinate obtained in solution
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proceed for suitable configurations of the solute—solvent
system that remain essentially frozen during the transfer
of the proton. Obviously, only some cases present
physical interest, namely those configurations accessible
by thermal fluctuations. The importance of environment
fluctuations has been demonstrated for proton transfer
in solution and also for enzymatic reactions [49-51].
A full dynamic treatment would be necessary in order to
investigate formally these fluctuations and a few recent
works have addressed this specific point [21, 22]. In the
SCRF model, one can simply draw a schematic picture
by including nonequilibrium energy corrections in the
static treatment [45], following original ideas by Marcus
[52] and Kurz and Kurz [53] and developed by other
authors [50, 54].

Let us first consider the solvent degrees of freedom.
To a first approximation, one may consider that the
inertial solvent polarization, P', is frozen during the
reaction whereas the noninertial component P", relaxes
instantaneously and is in equilibrium with the chemical
system [33]. At the reactants, P' fluctuates around a
mean value with probabilities given by the correspond-
ing Boltzmann factor. Among all possible fluctuations,
those that favor the solvation of the ZW form are
expected to assist proton transfer. This is shown in
Fig. 4, where we have plotted the energy profile for the
reaction path by assuming different values of a global
solvent coordinate, s, that corresponds to the inertial
polarization of equilibrated configurations of the system
at particular locations along the reaction coordinate: the
NE form (s = —1.4 au), the TS (s = 0.0 au), the final
ZW (s = 2.0 au) and an intermediate structure (s =
—0.7 au). The equilibrium curve is also plotted for
comparison. For the ‘“‘reactant-like” profile (s = —1.4
au) the energy maximum is shifted toward the product
side and the effective energy barrier is higher than in the
equilibrium case, namely 2.8 kcal/mol. There is still a
ZW energy minimum on the profile but it is shifted to-
ward smaller values of the reaction coordinate. Besides,
the NE form is now 1.98 kcal/mol more stable than the
ZW and the barrier for the reverse process is small (0.8
kcal/mol). Obviously, this case does not favor charge
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Fig. 4. Energy profiles of the intramolecular proton transfer
process of serine (NE — ZW) in solution at different nonequilib-
rium conditions (s = —1.4, —0.7, 0.0, 2.0 au). The equilibrium
curve (dashed line) is also included for comparison
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separation. By increasing s, the ZW form is progressively
stabilized with respect to the NE form and the energy
barrier decreases. It vanishes for the “product-like”
profile (s = 2.0 au).

We now consider the solute degrees of freedom. For
simplicity, we only select an internal coordinate which is
closely related to the barrier height: the NO distance,
dno- Previous DF/MM molecular dynamics simulations
for glycine in water at 25 °C showed the NO distance in
the NE conformer to oscillate by more than 0.3 A [22].
On the other hand, in serine, the potential energy of NE I
displays only modest energy changes with respect to dno.
For instance, shortening dxo from 2.494 A (i.e,, the value
for the minimum-energy structure) to 2.380 A (which is
close to the value for the TS in Fig. 2) requires only 0.72
kcal/mol. This is a striking result as far as diminishing the
NO distance, renders easier proton transfer, so for
dno = 2.33 A a barrierless transfer is predicted.

Let us now discuss the energetics of proton transfer in
a few relevant solute-solvent nonequilibrium configu-
rations. We computed the energy profiles in the follow-
ing way. First we selected three values of the NO
distance dno = 2.38, 2.45 and 2.50 A, the first and the
last values being close to those found, respectively, in the
TS and the NE conformer of the equilibrium scenario.
The geometry of NE I is relaxed in solution as usual but
the NO constraint is kept. From the resulting geometry,
we performed a scan of the proton position maintaining
the NO distance constant. The reaction coordinate is
simply the difference dog—dny. For each NO value, we
computed the energy profile using a frozen inertial sol-
vent polarization which is either “reactant-like” or “TS-
like”. Relative energy profiles are plotted in Fig. 5 (note
that the energy reference is the NE structure NE I in
equilibrium solvation). As a function of the fluctuating
quantities considered, the upper point of the energy
profiles changes substantially. It varies between 1.5 and
5.5 kcal/mol. The highest value corresponds to dno =
2.50 A and ‘‘reactant-like” solvent polarization. The
lowest value holds for dno = 2.38 and ““TS-like” sol-
vent polarization. The fact that proton transfer is fa-
vored by a NO length decrease and forward solvent
fluctuations was expected on the basis of the comments
made previously. The most striking information con-
tained in Fig. 5 is that the energy cost to get a suitable
non-equilibrium solute—solvent configuration assisting
proton transfer is small (around 1 kcal/mol). Such a
fluctuation is of the order of k7" and is accessible at usual
temperatures. Therefore, the proton transfer in serine
can take place through this frozen-environment mecha-
nism that requires an energy cost comparable to that
found for the ideal fully relaxed environment one.

4 Conclusions

In contrast to glycine and alanine amino acids, the gas-
phase serine NE structures NE I and NE II are very
close in energy, but further theoretical calculations and
experimental work are necessary in order to determine
unambiguously their relative energy. In aqueous
solution, NE I is found to be the absolute energy
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Fig. 5. Energy profiles of the intramolecular proton transfer
process of serine (NE — ZW) in solution at different nonequilib-
rium conditions for both the solvent and the solute coordinates.
The upper figure corresponds to a frozen solvent at the reactants
and the bottom figure to frozen solvent at the TS. The different lines
represent different fixed N—O distances. Continuous line: 2.38 A,
short dashed line: 2.45 A, long dashed line: 2.50 A

minimum for the NE form, in accordance with the
results found for glycine and alanine. The reason is
basically the much larger dipole moment of NE I
compared to that of NE II. The NE/ZW tautomeric
conversion has also been studied. There is not a stable
ZW in the gas phase. In solution, the ZW form is about
2-3 kcal/mol more stable than the NE form but, as
discussed previously [9], this energy difference could be
somewhat underestimated. The equilibrium proton-
transfer path leading from NE serine to its ZW shows
a small energy barrier (1.4 kcal/mol) which nearly
disappears when considering zero-point energies. Thus,
under equilibrium conditions, NE I will quickly undergo
proton transfer to give the corresponding serine ZW.
According to the conclusions of previous investiga-
tions on proton transfer in solvated systems, dynamical
or nonequilibrium effects can be important. The energy
shift of the energy barrier due to the lack of solvent
relaxation reaches 3 kcal/mol, but this value can change
and may even become negative when appropriate
solvent fluctuations are taken into consideration. The
study of dynamical effects has been extended here to the
solute’s degrees of freedom, in particular, to the proton
donor—proton acceptor distance dno, which can largely
determine the magnitude of the energy barrier. We have
compared proton-transfer energy profiles for different
values of dno and solvent inertial polarization (both
kept frozen along the reaction path). We found that for
dno = 2.38 and “TS-like” solvent polarization, the
proton transfer is extremely favorable with a negligible
activation barrier. The energy cost for reaching such a



solute—solvent configuration is of the order of kT at
room temperature and is therefore accessible to the
hydrated serine system.
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