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Abstract

dipole moment of the dyad.

The hydrogen bond plays a vital role in structural arrangement, intermediate state stabilization, and biological
activity of certain enzymatic reactions. The hybrid B3LYP functional was employed with 6-311++G(d, p) basis set
for the exploration about the solvent effect on hydrogen-bonded acetic acid...arginine, acetic acid...imidazole,
acetic acid...phenol dyads, as well as the Tyr...Asp...Arg triads. The difference of two hydrogen bonds lengths
in every dyad is enlarged in diethyl ether solvent as compared to that in gas phase. The increasing of solvent
dielectric constant enhances the isomers’ relative stability owing to the interaction between the polar conformer
and the polarity solvent molecules. While the proton transfer barrier reduces. The linear relationship between
dipole moment and stability can be utilized to estimate the stability modification by measuring the alteration of
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Introduction

Hydrogen bond, which is ubiquitous in chemistry, biology, and
materials, plays a fundamental role in many aspects of molecular
science. According to the bond energy between a donor group (XH)
and an acceptor (Y) (Both X and Y are electronegative atoms), the
hydrogen bonds are classified into three types:

(i) weak or conventional with the interaction ranges from 2.4 to 12
kcal/mol;

(ii) strong or low-barrier with the coupling between 12 and 24 keal/mol;
(iii) very strong or single-well with over 24 kcal/mol interaction [1].

The hydrogen bond plays a vital role in structural arrangement,
intermediate state stabilization, material function, and biological
activity of certain enzymatic reactions. Especially, the successive
hydrogen bonds constitute the channel for proton transfer. Generation
or breakage of a hydrogen bond can produce significant changes in
the kinetics or mechanism of an enzymatic reaction. The nature of the
hydrogen bond in solution is of particular interest and has been probed
extensively utilizing various experimental and theoretical methods [2-6].

It is reported that a strongly hydrogen bonded tyrosine residue
within the active site of enzyme ketosteroid isomerase facilitates
quantum proton delocalization, which dramatically stabilizes the
deprotonation of the tyrosine residue, resulting in a very large
isotope effect on its acidity [7]. Where, the heavy-atom distances in
hydrogen-bonds are slightly longer (~ 2.6 A) than those typically
associated with low-barrier hydrogen bonds (LBHB) [1,8,9], which
have been characterized in a variety of systems [10-13]. To simulate
the electron and proton transfer behavior in photosystem, the phenol-
imidazole-base triads have been employed with a special emphasis on
solvent effect [14]. The hydrogen-bonded triads have been observed
in exoglucanase [15,16]. The hydrogen bonds have been observed in a
number of enzymes, and play a vital role in the substrate recognition,
the generation of enzyme-substrate complex, the detailed reaction
mechanism, as well as the formation and delivering of the product
[17,18].

To reveal the role of these hydrogen bonds in the enzyme, it is
necessary to recognize the characteristic of this network.

The hydrogen bonded dyads, generated by acetic acid and one of
phenol, imidazole, and arginine, as well as the Tyr...Asp...Arg triads
are explored. Section 2 presents the computational details. The solvent
effects on geometry structure, proton transfer mechanism, IR spectra,
and the relative stability are compared. The results and discussion are
collected in Section 3. Section 4 shows the conclusion.

Computational Details

The well-developed density functional theory (DFT) with the Becke
three parameterized Lee-Yang-Parr (B3LYP) exchange correlation
functionals has been proven to be successful in describing large free
radicals and hydrogen bonded complexes [14,19,20]. All calculations
were performed employing B3LYP functional with the 6-311++G(d,
p) basis set using a suite of Gaussian 09 programs [21]. At the same
level, the vibrational frequency calculations were carried out to confirm
the optimized stationary points to be local minima or transition states
on the potential energy surfaces (PES). Solvent effect on geometry
structure, IR spectra, and the energy profile for proton transfer was
compared employing the integral equation formalism polarizable
contimuum model (PCM) within the framework of the self-consistent
reaction field theory (SCRF), which was well-developed and accepted in
treating solvent effects of molecular properties. The solvent effects were
estimated using the diethylether and water solvents with the dielectric
constant of 4.2 and 78.4. The variations of geometrical structure, IR
spectra, and the proton transfer energy profile upon reduction and
oxidation are also detected [22-24].

Results and Discussion

The acetic acid...arginine (AA), acetic acid...imidazole (AI),
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acetic acid...phenol (AP) dyads, as well as the Tyr...Asp...Arg
(TAA) triads in gas phase and diethylether solvent were explored.
Here, the methyl-guanidine is employed as a model for arginine. The
primary geometrical parameters optimized in gas phase, as well as
those obtained in diethylether solvent (labeled with italic character)
are presented in Figure 1. The IR spectra of these complexes in gas
phase and solvent are collected in Figures 2 and 3 denotes the one-
dimensional (1D) potential energy surface of AA dyad in gas phase, as
well as in the diethylether and water solvents. The corresponding 2D
potential energy surfaces of AA and AP in gas phase and diethylether
solvent are described in Figures 4 and 5, respectively. The variation of
relative energy along with the dipole moment when the environment
changes from gas phase into diethylether solvent is shown in Figure 6.

Geometrical structure

Three conformations (AA1 ~ AA3) are determined according to
two protons location for the acetic acid...arginine (AA) dyad. In AA1,
the O2...HN"™ hydrogen bond distance is 2.914 A (Table 1), longer
than that of O®'H...N" (2.649 A), which carries the characteristic of
low barrier hydrogen bond (LBHB). The protons positions are opposite
in AA2 as compared with those in AA1. The O¢...HN" and O<*H...N"
hydrogen bonds distances are 2.888 and 2.627 A, respectively (Figure
1). Thus, the distance of OH...N is shorter than that of O...HN. As
indicates that the larger the electronegativity of the atom covalently
bonded with hydrogen is, the stronger the hydrogen bond is. Two
fragments coupling through hydrogen bonds in AA1 and AA2, where
two moieties remain neutral. The coupling between two fragments of
AA3 varies into cation...anion electrostatic interaction. Both protons
locate at nitrogen site in AA3, with short O...HN distances (2.587 and
2.636 A) and bearing the LBHB features.
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Two isomers are optimized for the acetic acid...imidazole (AI)
dyad, AIl and AI2. The bare nitrogen of the imidazole fragment acts
as the hydrogen bond acceptor in both of them. No proton transferred
AI conformer is found. The N...HO bond is a little longer by ~0.1 A
than those in AA dyads. While, the CH...O coupling is weak, as is
manifested by the longer distance of H...O (Table 2).

In the first isomer of acetic acid...phenol dyad, AP1, the hydroxyl
group acts as both the proton donor and acceptor, with the O"H...
O and O2H...O" distances of 2.729 and 2.788 A, respectively. The
electronegativity of O" should be larger than O%, as reflects the electron
withdrawing property of benzene ring. The hydroxyl group of phenol
fragment in this conformer, similar to OH in water, acts as the bridge
during the proton relay from O®*H to O®. Besides, the proton transferred
conformer is same with AP1, and they are antipode. When O" and the
adjacent CH group serving as the hydrogen bond acceptor and donor,
respectively, the AP2 structure is generated, with longer OH...O"/
CH...O* distances (2.832/3.470 A). Only one state is determined for
gaseous hydrogen bonded neutral Tyr...Asp...Arg triad TAA1), where
three residues are all neutral. The hydrogen bond between Tyr and Asp
is longer by 0.10 A than that between Asp and Arg. The optimized CO
distance in neutral triads (1.360 A) is in good agreement with that
calculated for phenol (1.370 A)." It was pointed out that the CO bond
length was dominated by the 7 value in sp” hybridization of oxygen and
carbon atoms of the phenolic CO sigma bond.

The solvent effect on geometry structure is explored employing
the diethylether solvent. The corresponding parameters are gathered
together with those obtained in gas phase in Figure 1. Based on the
initial structure utilized in gas phase optimization, all stationary
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Figure 1: The geometrical structures of acetic acid...arginine (AA1 ~ AA3), acetic acid...imidazole (Al1 ~ Al2), and acetic acid...phenol (AP1 ~ AP2) dyads, as
well as the Tyr...Asp...Arg (TAA1 ~ TAA2) triads, accompanied with the primary parameters of triads in gas phase and diethylether solvent (in parentheses). The

units for hydrogen bond length and energy are in A and kcal/mol, respectively.
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AA1 AA2 AA3
Gas Diethylether Gas Diethylether Gas Diethylether
O'H/N"H 1.032 1.058 1.024 1.022 1.098 1.056
O1..N"! 2.649 2.592 2.888 2.918 2.587 2.700
O2H/N"H 1.023 1.021 1.040 1.075 1.075 1.051
02...N"? 2914 2.948 2.627 2.565 2.636 2.722
Table 1: Primary geometrical parameters (A) of acetic acid...arginine isomers optimized at B3LYP/6-311++G(d, p) basis set level.
Al Al2 AP1 AP2
Gas Diethylether Gas Diethylether Gas Diethylether Gas Diethylether
(C)H...O0 2415 2.664 2.575 2.847 OH 0.977 0.977 0.963 0.965
OH 1.009 1.022 1.006 1.019 H...0¢! 2.729 2.747 2432 2.553
N...O 2.726 2.676 2.737 2.686 HO#= 0.982 0.982 0.980 0.982
On...0% 2.788 2.798 2.832 2.806

Table 2: Primary geometrical parameters (A) of acetic acid...imidazole and acetic acid...phenol isomers optimized at B3LYP/6-311++G(d, p) basis set level.

states are determined in diethylether solvent. Furthermore, another
conformer (TAA2) with the proton transferred from Asp to Arg is
appended. The O"H...O¢! distance in TAA2 is shorter as compared to
the corresponding length in TAA1 by ~0.1 A. This indicates that the
coupling between Tyr and Asp is strengthened along with this proton
transfer. As compared with the length optimized in gas phase, the longer
hydrogen bond lengthens while the shorter one shortens in diethylether
solvent. In other words, the difference between two hydrogen bonds is
enlarged in diethylether solvent. The gap of hydrogen bonds lengths is
enhanced further with the increase of dielectric constants.

IR spectra

As a good facility, the IR spectra have been employed to determine
the geometry structure because the variation of conformer can be
reflected directly by the shift of IR spectra. The IR spectra of the selected
dyads calculated in gas phase and diethylether solvent are presented in
Figure 2. The difference of IR spectra in fingerprint region for three
gaseous AA conformers is slight. Significant distinction is observed for
the spectra with strong signals over 2000 cm™. Two signals appear at
2571.6 and 3373.8 cm™ for conformer AAl. They are assigned as the
OH...N" and O%...HN™ hydrogen bonds stretching, respectively.
In AA2, the spectra with distinct signal locate at 2443.3 and 3351.3
cm™ are assigned as the OH...N" and O¢'...HN" stretching modes,
respectively. Two strong signals are observed in the IR spectra of
gaseous conformer AA3 at 2168.9 and 2530.3 cm™. The assignments
were given as the O®...HN" and O%<...H N" hydrogen bonds
stretching, respectively.

When the dyads are dipped into the diethylether solvent, the
frequency of the OH...N stretching mode in AA1 and AA2 is red-
shifted significantly, approaching to 2000 cm™. The effect on O...HN
hydrogen bond is slight. Two O...HN stretching modes are blue-
shifted and approach to each other in AA3 structure as compared to
those in gas phase. The OH...N stretching mode in AIl and AI2 is
red shifted when the system changes from gas phase into diethylether
solvent. On the contrary, the influence brought by solvent dielectric
constant on the spectra of AP is slight (Figure 2).

The CO stretching mode of gaseous TAALI is assigned at 1292.3
cm’!, which is blue-shifted slightly as compared with the CO stretching
in AP1 and AP2 by 21 and 50 cm, respectively. The CO stretching of
TAAT1 red-shifts to 1281.6 cm™ in diethylether solvent. The OH...O and
OH...N stretching modes connecting three fragments are assigned in
gas phase at 3570.6 and 2962.4 cm’!, respectively. The OH...N mode
red-shifts distinctly in diethylether solvent to 2502.2 cm, while the

solvent effect on OH...O stretching is slight. These two stretching
modes of TAA?2 are assigned at 2775.0 cm™ for OH...O hydrogen bond
and 3241.6 cm™ for O...HN hydrogen bond, respectively.

Potential energy surfaces

The potential energy surfaces (PESs) for proton transfer of AA
system in gas phase, diethylether, and water solvent were determined
(Figure 3). Taken the energy of the most stable structure in every phase
as zero point, the lines are described as the relationship between the
relative energy and two O...H distances.

In gas phase, the most stable structure is AAl, the other two
conformers are higher in energy by 1.4 (AA2) and 2.1 (AA3) kcal/
mol, respectively. AAl, the predominant conformer in gas phase,
corresponds to the left minima points on black and red lines at ~ 1.05 A
of O...H distance (R, ). AA2 and AA3 refer to the right local minima
on red and black lines, respectively, approaching 1.55 A of O...H
distance. The transition state, locating between AA1 and AA2/AA3, is
determined with the energy higher than AA1 by 1.5/2.3 kcal/mol. For
the backward reaction, the barrier for the inversion of configuration
from AA3 to AA1/AA2 is very low. In diethylether solvent, the energy
of conformer AA3 is the lowest around O...H distance of 1.65 A.
Relatively, AA1 and AA2 are higher in energy by 3.3 and 4.3 kcal/
mol, respectively near 1.05 A of R . The energy barrier varing from
high-energy conform AA1/AA2 to low-energy structure AA3 is 0.3/0.0
kcal/mol, decreasing as compared with the barrier in gas phase. The
principal conformation corresponds to conformer AA3.

The increasing of solvent dielectric constant enhances the stability of
polar conformer. Similar phenomenon has been observed in hydrogen-
bonded water chains [19]. As contributes mainly to the interaction
between the polar conformer and the polarity solvent molecules. The
larger the solvent dielectric constant is, the stronger the interaction is.
Here, the potential energy surfaces in water solvent are also explored in
order to inspect the dielectric constant effect on proton transfer. When
the dielectric constant increases furthermore along with the solvent
variation from diethylether to water, the minimum at left side near 1.05
Aof R, | disappears, and the double-well PES converts into the single-
well PES. No matter where the protons locate initially, both of which
transfer to the Arg moiety after optimization.

To determine the proton transfer mechanism of these two protons
(concerted or stepwise), the 2-dimentional potential energy surfaces in
gas phase and diethylether solvent were determined (Figure 4). Three
minima can be observed on top-left corner, top-right corner, and
bottom-right corner in plot (a), corresponding to AA1, AA3, and AA2,
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Figure 2: The IR spectra of acetic acid...arginine (AA1 ~ AA3), acetic acid...imidazole (Al1 ~ Al2), and acetic acid...phenol (AP1 ~ AP2) dyads, as well as the
Tyr...Asp...Arg Triads.
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Figure 3: The 1-D potential energy surface of acetic acid...arginine (AA)
dyad in gas phase (G), diethylether (D), and water solvent (W). Arginine is
simplified with a model of methyl guanidine. The energy of the most stable
structure in gas phase is taken as the zero point.
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Figure 4: The 2D potential energy surfaces (kcal/mol) of acetic acid...arginine
\(AA) dyad in (a) gas phase; (b) diethylether, and (c) water solvent.
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respectively. The barriers from AA3 to AA1 and from AA3 to AA2 are
relatively low as compared with that from AA2 to AA1 (5.8 kcal/mol).
Therefore, these two protons transfer according to the one-by-one
mechanism. The 2-dimentional PESs obtained in diethylether solvent
(plot b) show obviously that AA3 corresponds to the minimum point.

The 2D PESs of acetic acid...phenol dyad in gas phase,
diethylether, and water solvent shown in Figure 5 illustrate that there
are two minima points, locating at bottom-left corner and top-right
corner, respectively. Two protons transfer synergetically along the red
dotted line, which represents the minimum energy path. Along with
the increasing of solvent dielectric, the barrier of this double proton
transfer decreases gradually from ~22.5 kcal/mol in gas phase to 19.2
kcal/mol in diethylether and 18.9 kcal/mol in water.

Dipole Moment

The dipole moment reflects the electrical polarity of a system.
The variation of solvent dielectric constant induces the shift of dipole
moment. The complexes, shown in Figure 1, were optimized in gas
phase and diethylether solvent. A good linear relationship is found
between the shift of the dipole moment and the variation of the relative
energy (Figure 6). Such as AAl, the relative energy and the dipole
moment in gas phase are 0.0 kcal/mol and 4.2 Debye, respectively.
When AALl is put into the diethylether solvent, the relative energy
decreases by 5.9 kcal/mol and the dipole moment increases to 5.5
Debye. Therefore, the variation of relative energy is 5.9 kcal/mol, and
the alteration of the dipole moment 1.3 Debye. Thus, this relationship
can be utilized to estimate the stability modification by measuring the
alteration of dipole moment.

Conclusion

The calculations were carried out at B3LYP/6-311++G(d,p) level
employing the polarizable contimuum model (PCM) to illustrate the
solvent effect on hydrogen bonds. The difference between two hydrogen
bonds distance is enlarged in diethylether solvent as compared to
those in gas phase. The solvent effect on IR spectra is distinctive.
The potential energy surfaces for the proton transfer of acetic acid...
arginine complex in gas phase and diethylether solvent are determined.
The protons transfer according to the stepwise mechanism. While, the
proton transfer mechanism of acid...phenol dyad was based on the

124
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> 64
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=
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Figure 6: The variation of energy and the dipole moment when the system
changes from gas phase to diethylether solvent. The energy refers to the
difference of the dyad in gas phase and diethylether solvent.

concerted mechanism. The increasing of solvent dielectric constant
enhances the isomers’ relative stability and reduces of energy barrier
for proton transfer. The dipole moment can be taken as an index to
judge the variation of stability.
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