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Combined quantum mechanical and molecular mechanical (QM/MM) simulations ofN-methylacetamide in
aqueous solution have been carried out to investigate the charge polarization of the solute and to explore the
feasibility of hybrid QM/MM calculations using ab initio methods. In the present study, the ab initio Hartree-
Fock theory along with the 3-21G basis set was used in the quantum mechanical calculations. Statistical
mechanical Monte Carlo approach was then applied in molecular mechanical simulations, employing the
empirical TIP3P model for water. Comparisons with results obtained from the hybrid semiempirical Austin
model 1 (AM1)/TIP3P and Jorgensen’s OPLS (optimized potential for liquid simulations) potential were
made, and a good accord among the three methods has been obtained. The solute charge polarization was
analyzed through population analyses and determination of polarization energies. We found that the polarization
effects contribute 10-15% to the total solute-solvent interaction energy forN-methylacetamide in water.

Introduction

An accurate description of intermolecular interactions is an
important task in computational chemistry. Traditionally,
empirical potential functions have been used for studies of
condensed phase and biopolymer systems such that the energy
and forces on the atoms can be rapidly evaluated. Although
empirical potentials can yield reasonable results for the equi-
librium thermodynamic properties, there are several well-known
shortcomings. Empirical methods are inappropriate for the study
of chemical processes involving bond forming and breaking,1

and the parametrization process is often time-consuming and
difficult. Further, there is a lack of general procedures for the
treatment of many-body polarization effects.2 Recently, com-
bined quantum mechanical (QM) and molecular mechanical
(MM) methods have become popular because they have the
potential for studying chemical processes in large molecular
systems and in condensed phases.3-8 In these calculations, the
solute molecule is treated quantum mechanically, whereas the
solvent molecules are approximated by empirical or MM force
fields. Since the electronic structure of the solute molecule is
determined for each microscopic state sampled during the
computer simulation, it is no longer necessary to parametrize
empirical potential functions for solute-solvent interactions. In
addition, the method can be generally utilized to study chemical
reactions in solution and in enzymes.
In this article, we examine the solvent effect onN-methyl-

acetamide (NMA) in aqueous solution using a hybrid ab initio
QM/MM potential in Monte Carlo simulations.N-Methylac-
etamide is the simplest molecular model of peptide linkage in
proteins and has been the subject of extensive experimental9-24

and theoretical investigations.25-43 In this report, our emphasis
is on the examination of the possibility of statistical Monte Carlo
and molecular dynamics simulations of solution systems with
the use of an ab initio hybrid QM/MM method. To this end,
most studies employing hybrid QM/MM potentials have been
limited to semiempirical approaches in the quantum mechanical
part.3-8 The main advantage of using a semiempirical method
is its computational efficiency. However, semiempirical QM
methods, including the empirical valence bond approach, are

restricted by their parametrized nature. Thus, it is desirable to
use ab initio molecular orbital or density functional theory to
construct hybrid QM/MM Hamiltonians, since the accuracy of
ab initio calculations can be systematically improved, either by
using large basis sets or by including correlation effects.44 Here,
we are interested in a combined ab initio Hartree-Fock and
MM potential using the split valence 3-21G basis set.45 The
choice for this basis set has taken into account the need for
both computational accuracy and efficiency. Numerous studies
have demonstrated that calculations using the 3-21G basis sets
can yield reasonable results for molecular geometries, energies,
conformational analyses, and reaction paths.44 A larger basis
set and the use of correlated methods certainly would be
attractive; however, it will significantly increase the demands
for computational resources, including CPU time, disk space,
and memory requirement, which would prevent its application
to large molecular systems. Although hybrid QM/MMmethods
have been used previously in energy minimization and single-
point energy calculations, fluid simulations on the basis of a
hybrid ab initio QM/MM potential have not yet been reported.
In a recent study, we have demonstrated that the hybrid ab initio
HF/3-21G (AI-3) and MM method, which is denoted as the AI-
3/MM potential, can yield excellent energetic and structural
results for bimolecular complexes in comparison with full ab
initio HF/6-31G* calculations.46 The work is now extended to
fluid simulations.
In what follows, we first present a brief outline of the hybrid

QM/MM method. Then, the approach is illustrated by fluid
simulations ofN-methylacetamide in water with comparison to
results from Monte Carlo calculations using Jorgensen’s OPLS
and the hybrid AM1/MM potential.

Computational Details

In the present study, the solution system is divided into (1)
a quantum mechanical region, consisting of the solute molecule
N-methylacetamide, which is described by the HF/3-21G level
of theory,45 and (2) a molecular mechanical region, containing
the solvent molecules, which are approximated by the three-
site TIP3P model for water.46,47 The total effective Hamiltonian
of the system is given by
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whereĤ° is the Hamiltonian for the solute molecule in the gas
phase,Ĥmm is the molecular mechanical energy for the solvent,
and Ĥqm/mm is the solute-solvent interaction Hamiltonian.
Explicit descriptions of these Hamiltonians have been given in
previous publications.3-8 The total potential energy of the
hybrid QM/MM system is determined by the expectation value
of the molecular wave function,Φ, over the effective Hamil-
tonian,Ĥeff:

whereΦ is the wave function of the solute molecule in solution
and Emm is the interaction energy of the solvent molecules,
determined classically. In eq 2,Eqm andEqm/mmare evaluated
by ab initio HF-SCF methods. These two terms represent
respectively the energy of the solute molecule in solution and
the solute-solvent interaction energy.Eqm/mm includes two
components, which are determined according to

Here, Ĥqm/mm
el is the electronic part of the solute-solvent

interaction Hamiltonian. The Lennard-Jones term in eq 3
accounts for short-range electron repulsions and dispersion
interactions between the solute and solvent molecules. It is
necessary because of the partition of a molecular system into
inhomogeneous QM and MM regions.5,6 We note that there
are two empirical parameters,σis and εis, for each pair of
interacting atoms. These parameters are determined from atomic
parameters using standard combining rules such thatσis )
(σiσs)1/2 andεis ) (εiεs)1/2, whereσi andεi are parameters for
the “QM” solute atoms andσs and εs are parameters for the
MM interaction sites. The atomic Lennard-Jones parameters
for solvent water molecules are taken directly from the TIP3P
model,47 whereas the parameters for the solute molecule have
been determined previously for the hybrid HF AI-3/TIP3P
potential.46 In the present calculation, the Lennard-Jonesσ
parameter for nitrogen has been slightly modified to obtain a
better description of hydrogen-bonding interactions between
NMA and water. All parameters are listed in Table 1.

We are particularly interested in the solute charge polarization
induced by interactions with the solvent. As in previous
studies,6 the polarization effect is determined by the change in
the solute wave function as illustrated in Figure 1. The

associated polarization energy can be decomposed into two
components:

whereEdist is the energy penalty necessary for polarizing the
solute wave function (eq 5) andEstabis the stabilization energy
that is gained as a result of the solute charge polarization (eq
6).

HereΦ andΦ° are respectively the wave functions of the QM
solute molecule in aqueous solution and in the gas phase. The
total solute-solvent interaction energy can be written as follows:

whereE(1) is the solute-solvent interaction energy with the
“permanent” or gas phase solute charge distribution (Φ°).6 We
note that the effect of the solvent polarization in response to
the charge redistribution of the solute is not considered here
because a significant increase in computational time will be
required and would have been not practical for hybrid ab initio
QM/MM simulations. However, polarizable solvent models
have been implemented in semiempirical calculations. A
detailed description can be found in refs 8a and 8j.
Statistical mechanical Monte Carlo simulations have been

carried out for a cubic box containing 260 water molecules plus
one NMA with the MCQUB/BOSS program.48 The QM
energies (HF/3-21G) are determined using the GAMESS
program,49 which has been modified to include the solute-
solvent interaction terms, while the BOSS program presently
handles input and output for the simulation. The isothermal-
isobaric (NPT) ensemble at 25°C and 1 atm is used with
periodic boundary conditions, along with a spherical cutoff
distance of 9 Å for the evaluation of solute-solvent and
solvent-solvent interaction energies. The Monte Carlo simula-
tions consist of at least 106 configurations of equilibration, which
are followed by an additional 1.5× 106 configurations of data
averaging. All computations are performed on IBM RS/6000
Model 390 computers in our laboratory, which took roughly
10 days.
For comparison, these calculations are repeated with the use

of the hybrid semiempirical AM1/TIP3P method6 and Jorgens-
en’s OPLS potential.28,30 In the hybrid AM1/TIP3P calculation,
the Lennard-Jones parameters for the solute molecule are taken

TABLE 1: Lennard-Jones Parameters for the OPLS,
AM1/MM, and HF 3-21G/MM Potentials

OPLS30 AM1/MM6a HF 3-21G/MM46

atom
q
(e)

σ
(Å)

ε
(kcal/mol)

σ
(Å)

ε
(kcal/mol)

σ
(Å)

ε
(kcal/mol)

O -0.53 2.96 0.210 2.95 0.20 3.60 0.15
N -0.55 3.25 0.170 2.80 0.15 3.90 0.20
C 0.58 3.75 0.105 3.50 0.08 3.80 0.08
CC 0.0 3.91 0.160 3.50 0.08 3.80 0.08
CN 0.20 3.80 0.170 3.50 0.08 3.80 0.08
HC 2.00 0.01 2.60 0.008
HN 0.30 0.00 0.000 0.80 0.10 1.30 0.10

TIP3P47

O -0.8340 3.1506 0.1521 3.1506 0.1521 3.1506 0.1521
H 0.4170 0.0 0.0 0.0 0.0 0.0 0.0

Etot ) 〈Φ|Ĥeff|Φ〉 ) Eqm + Eqm/mm+ Emm (2)

Eqm/mm) 〈Φ|Ĥqm/mm
el |Φ〉 +

∑
i

solute

∑
s

water

4εis[(σis

Ris
)12 - (σis

Ris
)6] (3)

Figure 1. Schematic representation for the calculation of polarization
energies. See refs 6 and 7.

Epol ) Edist + Estab (4)

Edist ) 〈Φ|Ĥ°|Φ〉 - 〈Φ°|Ĥ°|Φ°〉 (5)

Estab) 〈Φ|Ĥqm/mm
el |Φ〉 - 〈Φ°|Ĥqm/mm

el |Φ°〉 (6)

Esx ) EvdW + E(1) + Epol (7)
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from previous publications,6 while Jorgensen’s OPLS parameters
are those from ref 30. To compare the results of these
calculations, which employ different levels of approximation,
all simulations have been performed utilizing the same condi-
tions as in the hybrid ab initio AI-3/TIP3P calculation. The
hybrid AM1/TIP3P simulation took about 10 h, while the use
of the OPLS potential reduced the computational time to only
1.5 h.

Results and Discussion

Bimolecular Complexes. To assess the validity of the hybrid
QM/MM potential for fluid simulations, hydrogen-bonding
complexes ofN-methylacetamide with a water molecule are first
examined. In these calculations, NMA is treated quantum
mechanically using the ab initio HF/3-21G method, whereas
the water molecule is represented by the TIP3P model.
Intermolecular geometry optimizations are executed using a
program developed in our laboratory, with the NMA structure
held fixed at the corresponding levels of theory. The experi-
mental geometry was used for water. Thus, only intermolecular
hydrogen bond distances and angles are optimized. The results
are summarized in Table 2, and the structural arrangements are
given in Figure 2. In addition, listed in Table 2 are results
obtained using the OPLS and the hybrid AM1/TIP3P potential,
along with full ab initio HF/6-31G* calculations. The data for
the molecular mechanical and full ab initio calculations are taken
from previous studies.30

The agreement in hydrogen-bonding energy between the
hybrid AI-3/TIP3P model and the HF/6-31G* calculations is
reasonable for both hydrogen bond acceptor (I andII ) and donor
(III ) complexes. For structureI , the AI-3/TIP3P potential yields
an interaction energy of-6.6 kcal/mol, comparing with values
of -6.5,-6.8, and-6.9 from the OPLS, AM1/TIP3P, and HF/
6-31G* calculations, respectively. The AI-3/TIP3P potential
underestimates the hydrogen-bonding energy for structureII
by 0.6 kcal/mol in comparison with the HF/6-31G* results. For
the donor complex,III , the hybrid AI-3/TIP3P interaction
energy is in good accord with the HF/6-31G* data, whereas

the OPLS potential overestimates the interaction energy by 0.5
kcal/mol, and the hybrid AM1/TIP3P model yields weaker
binding by about 1 kcal/mol. Note that the original OPLS
potential predicts an interaction energy that is 1.2 kcal/mol more
attractive than the ab initio data forIII .29

The most significant improvement over the previous com-
bined AM1/MM potential, as well as the empirical MM force
field, is in the optimized geometrical variables. In the present
AI-3/TIP3P optimization, hydrogen-bond distances are nearly
in perfect agreement with the HF/6-31G* results. In contrast,
because charge polarization is much smaller in the semiempirical
AM1 model, the hydrogen bond distances are about 0.3 Å
shorter than the corresponding HF/6-31G* values. A similar
trend is necessary in empirical MM force fields, in which
hydrogen bond distances are typically 0.2-0.4 Å too short
comparing with HF/6-31G* results in order to compensate for
the condensed phase polarization effects in fluid simulations.50

Hydrogen bond angles predicted by the AI-3/TIP3P model are
in accord with the ab initio results, though the angular flexibility
typically is large for these complexes.
Energetics. Energetic results for NMA-water interactions

in aqueous solution are listed in Table 3. TheEsx term gives
the total solute-solvent interaction energy averaged over the
trajectory during the Monte Carlo simulations. Overall, the
agreement among the three potentials is remarkable in view of
the different approximations that have been made in these
models. Specifically, the total bonding energies of NMA in
water are predicted to be-27.4( 0.5,-26.5( 0.6, and-28.0
( 0.8 kcal/mol using the AI-3/TIP3P, AM1/TIP3P, and OPLS/
TIP3P potentials, respectively. The energetic environment
surrounding NMA in the solution is depicted by the bonding
energy distribution functions in Figure 3. The NMA molecule
experiences roughly an energy range of about 25 kcal/mol,
between-40 and-15 kcal/mol, with an average reflected by
the total solute-solvent interaction energy. However, it is

TABLE 2: Geometries and Interaction Energies (kcal/mol)
for the Complexes ofN-Methylacetamide with Water

OPLS AM1/MM HF 3-21G/MM 6-31G*a

ROH φ ∆E ROH φ ∆E ROH φ ∆E ROH φ ∆E

I 1.78 138 -6.5 1.71 133-6.8 2.0 119-6.6 1.98 115-6.9
II 1.78 141 -7.2 1.70 144-7.1 1.99 143-6.6 1.98 134-7.3
III 1.94 175 -5.9 1.77 176-4.3 2.1 168-5.6 2.12 177-5.4

a Taken from ref 30 forN-methylacetamide-water complexes.

Figure 2. Structures considered for the complexes ofN-methylaceta-
mide with water.

TABLE 3: Computed Total Interaction Energies of NMA
in Water and Energy Components (kcal/mol) at 25°C and
1 atma

energy HF 3-21G/MM AM1/MM

Epol -2.8( 0.1 -4.2( 0.2
E1 -18.4( 0.5 -15.7( 0.3
Edist 2.8( 0.1 4.0( 0.2
EvdW -6.2( 0.2 -6.7( 0.1
Estab -5.6( 0.2 -8.2( 0.3
Esx -27.4( 0.5 -26.5( 0.6

a E1, which is defined as〈Φ°|Ĥqm/mm
el |Φ°〉, represents the electro-

static interaction energy of the solute with solvent, with the solute gas
phase charge distribution (Φ°).

Figure 3. Computed distributions of total solute-solvent bonding
energies (kcal/mol) for NMA in water. Units for the ordinates are mol
% per kcal/mol.
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apparent from Figure 3 that the interaction energy between NMA
and water has somewhat wider distributions, perhaps due to the
greater polarization effects predicted using the AM1/TIP3P
model. Overall, the agreement with calculations using an
optimized empirical potential for liquid simulations provides
strong support to the validity of hybrid QM/MM methods for
fluid simulations.
The energy pair distribution function contains important

information on the hydrogen-bonding interactions between
NMA and individual water molecules in the solution. Figure
4 compiles the enermy pair distribution functions obtained from
the three separate simulations. The low-energy bands are from
specific hydrogen-bonding interactions between the solute and
solvent, while the central peak at interaction energy of close to
zero represents interactions with distant water molecules in bulk.
The lowest interaction energy appears at about-7 kcal/mol
for simulations using the OPLS potential, which mirrors the
interaction energies considered for the biomolecular complexes
(Figure 1). On the other hand, for both hybrid potentials the
lowest energy band starts at less than-8 kcal/mol, lower than
the interaction energy for the bimolecular complexes. This is
the consequence of the solvent polarization effect, which
enhances the charge separation in NMA, leading to stronger
interactions with water molecules in solution. This is a
significant advantage of hybrid QM/MM potentials because the
solute charge distributions are adjusted to the positions and
charges of the surrounding environment.6 However, in the
empirical OPLS potential, atomic charges are fixed throughout
the liquid simulation.28-31 For the energy pair distribution
function, the AI-3/TIP3P results seem to be in better agreement
with the OPLS potential, while the hybrid AM1/TIP3P model
yields stronger interactions with water.
Interestingly, the polarization energy can be directly evaluated

from hybrid QM/MM approaches since the solvent effect is
directly incorporated into the HF-SCF computation. Following
the analysis outlined in ref 6, the polarization energy for a solute
in solution is decomposed into two terms (eq 3): (1) a solute
electron distortion energy,Edist, which yields a positive value
for reorganizing the solute electron distribution in solution; and
(2) a solute electrostatic stabilization energy,Estab, which is a
net gain in the interaction energy between the polarized solute
and the bulk solvent over that of an unpolarized solute (Figure
1). Usually, the energy penalty for distorting or polarizing the
solute charge density to create its electron distribution in solution
is one-half of the gain in interaction energy. Numerical
simulation results provide a good assessment of such a linear
response relationship.51 The total polarization energy ofN-
methylacetamide in water is computed to be-2.8( 0.1 kcal/

mol at the HF 3-21G/TIP3P level (Table 3), while a value of
-4.2( 0.2 kcal/mol is obtained using the hybrid AM1/TIP3P
model. The present calculation indicates that the polarization
energy estimated with the hybrid AM1/TIP3P potential is greater
than that of the ab initio HF 3-21G model by 1.4 kcal/mol. This
is reflected by the wider bonding energy distribution for the
AM1/TIP3P model (Figure 3). The difference in the predicted
polarization energy between the two hybrid methods may be a
consequence of the shorter interaction distances for bimolecular
complexes in the hybrid AM1/TIP3P potential, which would
impose stronger polarization effects on the solute molecule.
However, it is also possible that the difference is due to the use
of a semiempirical QM method. Of interest is to note the linear
response behavior of the polarization energies computed at both
ab initio and semiempirical levels. For the AI-3/MM potential,
theEdist term is determined to be 2.8 kcal/mol, exactly one-half
of theEstab term in magnitude (-5.6 kcal/mol). For the AM1/
TIP3P model, the relationship also roughly holds withEdist and
Estab values of 4.0 and-8.2 kcal/mol, respectively. Overall,
the polarization energy for NMA in water contributes about 10-
15% to the total solute-solvent interaction energy.
Atomic Charges. To further explore the solute charge

redistribution due to interactions with the solvent, Table 4
compares the computed atomic charges for NMA in the gas
phase with those obtained in solution from the AI-3/TIP3P and
AM1/TIP3P potentials. In determining the atomic charges,
Mulliken population analysis has been used since the primary
purpose is to illustrate thechangein atomic charges.52 We only
note here that atomic charges can also be divided by fitting the
QM electrostatic potentials averaged during the liquid simula-
tion.53 For clarity, only the total charge on the methyl groups
are given in Table 4. Standard deviations for the computed
charges are about 0.002eon average. As expected, the largest
charge variations occur on the carbonyl oxygen and amide
hydrogen atoms, with net changes of-0.144 and 0.049e,
respectively, using the AM1/TIP3P model, and of-0.087 and
0.045 e using the AI-3/TIP3P potential. For comparison,
continuum self-consistent reaction field (SCRF) calculations at
the HF/6-31G* level revealed charge variations of-0.115 and
0.029e for these two atoms, in good accord with our simulation
results.38 Charge variations on the amide methyl group, CH3-
(N), is minimal, for which both the AI-3/TIP3P and AM1/TIP3P
model predict nearly zero charge transfer. However, hybrid
QM/MM models indicate that the acetyl group, CH3(C), has a
decrease of about 0.03-0.04e in electron density (or an increase
in overall positive partial charges) for the AM1/TIP3P and AI-
3/TIP3P potential, along with a loss of about 0.05-0.09e from
the amino group (NHCH3). Concomitantly, this is accompanied
by the large electron density increase at the carbonyl oxygen.
Thus, there is a significant intragroup charge transfer in the
solvation ofN-methylacetamide, leading to increased conjuga-
tion effects at the amide bond. This result echos the finding
that rotational barriers around the peptide bonds have great
solvent effects and are increased by about 2-4 kcal/mol in

Figure 4. Computed distributions of individual solute-solvent interac-
tion energies (kcal/mol) for NMA in water. Units for the ordinate are
number of water molecules per kcal/mol.

TABLE 4: Computed Partial Atomic Charges (e) and
Dipole Moments (D)

HF 3-21G/MM AM1/MM

atom gas phase aqueous gas phase aqueous

N -0.905 -0.904( 0.001 -0.392 -0.365( 0.002
C 0.846 0.852( 0.001 0.300 0.329( 0.001
O -0.631 -0.718( 0.004 -0.370 -0.514( 0.003
HN 0.349 0.394( 0.002 0.220 0.269( 0.002
CH3(N) 0.320 0.319( 0.003 0.171 0.182( 0.003
CH3(C) 0.020 0.058( 0.003 0.069 0.099( 0.003
µ (D) 3.85 5.15( 0.03 3.51 5.20( 0.04
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aqueous solution relative to in organic solvents due to such an
enhanced ground state delocalizations.54

A further indication of the polarization effect is the change
in molecular dipole moment due to solvation (Table 4). The
average dipole moment for NMA in water is 5.15( 0.03 D
from hybrid AI-3/TIP3P simulations, which represents an
induced dipole of 1.30 D over the gas phase value at the HF/
3-21G level (3.85 D). The HF/3-21G dipole moment for NMA
is in good accord with the experimental value of 3.78 D.55 The
semiempirical AM1/TIP3P model gives an induced dipole
moment of 1.69( 0.04 D, which is somewhat greater than the
AI3-TIP3P result. Comparison can be made to continuum
SCRF HF/6-31G* calculations, which yielded dipole moments
of 3.94 and 5.27 D in the gas phase and in water or an induced
dipole of 1.33 D. This falls between our hybrid QM/MM
simulation results. It is interesting to note that the dipole
moment for NMA predicted with the OPLS partial charges is
3.85 D, which is much smaller than the value of about 5 D
predicted here for NMA in water. However, surprisingly,
interaction energies with water do not appear to be significantly
different in these models.
Radial Distribution Functions. Specific hydrogen-bonding

interactions are revealed in the radial distribution functions
(rdf’s) in Figures 5-8. In these figures, the first atom for an
xy distribution,gxy(r), refers to an atom of the solute NMA,
and the second atom is either the oxygen or the hydrogen of
water. All radial distribution functions have been normalized
to the bulk density of solvent atoms. The error range in these
plots is estimated to be one-half of the bin size (0.05 Å) used
in data collection.
The OO and OH distributions in Figures 5 and 6 have well-

defined first peaks, indicating strong hydrogen-bonding interac-

tions between the carbonyl oxygen with water hydrogen. The
first peak for the OO rdf was predicted to occur at 3.00, 2.85,
and 2.75 Å using the AI-3/TIP3P, AM1/TIP3P, and OPLS
potentials, respectively. A similar trend is observed for the first
peaks in the OH rdf’s at 2.10, 1.95, and 1.85 Å from the three
models. Integration to the minimum of each OH rdf gives
nearest neighbors of 2.1, 2.5, and 2.1 for the AI-3/TIP3P, AM1/
TIP3P, and OPLS calculations.
For the amide HO and NH rdf’s (Figures 7 and 8), differences

are shown among the three models. The first peak in the amide
HO rdf occurs at 2.05 Å with the AI-3/TIP3P potential, and
the hybrid AM1/TIP3P model gives a maximum peak at 1.85
Å. The OPLS potential has a somewhat larger value than the
two hybrid QM/MM values at 2.15 Å, although it is in
reasonable agreement with the AI-3/TIP3P potential. The short
hydrogen bond distance predicted by the hybrid AM1/TIP3P is
a documented shortcoming of the model, which is necessary in
order to yield good interaction energies in comparison with ab
initio results. The number of oxygen molecules hydrogen
bonded to the amide hydrogen is estimated to be 0.7, 1.0, and
0.5 by integrating the HO rdf’s for the AI-3/TIP3P, AM1/TIP3P,
and OPLS potentials. The small coordination number to the
amide hydrogen for the modified OPLS potential, which was
designed to describe NMA-water interactions for both the cis
and trans configurations,30 is in reasonable accord with the AI-
3/TIP3P potential. We note that the original OPLS potential,
which overestimates the interaction energy between the amide
hydrogen and water for NMA by 1.2 kcal/mol, predicted 0.9
water oxygens from the amide hydrogen.29 The NH rdf’s
displayed in Figure 8 show little structural features for all three
potential functions used. For the hybrid AM1/TIP3P and the
OPLS potential, N-H distances are about 0.2-0.3 Å shorter

Figure 5. Carbonyl oxygen-water hydrogen radial distribution
functions computed forN-methylacetamide in water.

Figure 6. Carbonyl oxygen-water oxygen radial distribution functions
computed forN-methylacetamide in water.

Figure 7. Amino hydrogen-water oxygen radial distribution functions
computed forN-methylacetamide in water.

Figure 8. Nitrogen-water hydrogen radial distribution functions
computed forN-methylacetamide in water.
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than using the hybrid AI-3/TIP3P model. Figure 8 indicates
that, in all cases, solvent molecules do not participate in
hydrogen-bonding interactions with the nitrogen atom perpen-
dicular to the amide plane. All other radial distribution functions
show little specific structural interest, and thus they are not
displayed here.
Generally, we find that the radial distribution functions

obtained from the hybrid AI-3/TIP3P calculations display greater
interaction distances between the solute and solvent atoms. The
hybrid AM1/TIP3P model as well as the OPLS potential gives
relatively shorter distances for certain interaction pairs. Al-
though the general features of the radial distribution functions
for hydrogen-bonding pairs are similar in all calculations, the
specific details in hydrogen-bonding distances can be different
by as much as 0.2-0.3 Å. Thus, it is necessary to examine
bimolecular complexes by comparison with high-level ab initio
calculations when these potential functions are chosen for fluid
simulations. The present study indicates that the hybrid HF
3-21G/MM approach yields the best structural results in
comparison with full ab initio HF/6-31G* calculations in the
gas phase and more consistent hydrogen bond distances from
the computedg(r)’s in solution.

Conclusions

Hybrid QM/MM simulations ofN-methylacetamide in aque-
ous solution has been carried out using the combined ab initio
HF 3-21G/MM potential in Monte Carlo calculations. In the
present study, the solute molecule is treated by the ab initio
Hartree-Fock theory with the use of the 3-21G basis function,
while the solvent molecules are represented by the three-point
charge TIP3P model for water. The hybrid HF 3-21G/MM
potential is found to yield good results for bimolecular
complexes ofN-methylacetamide with water in comparison with
full ab initio HF/6-31G* results. The predicted hydrogen bond
distances for NMA-water complexes are found to be in
excellent agreement with the ab initio data, whereas both
empirical OPLS and hybrid semiempirical AM1/MM methods
give shorter hydrogen bond distances. The solvent effect on
the solute electronic polarization has been analyzed. At the
hybrid HF 3-21G/MM level, a polarization energy of-2.8 kcal/
mol is obtained, which comprises 10% of the total solute-
solvent interaction energy. The semiempirical method (AM1/
TIP3P model) yields great polarization effects with a computed
polarization energy of-4.2 kcal/mol or about 15% of the total
solute-solvent interaction energy. The energy gained in the
solute polarization is found to be twice the energy costs for
polarizing the solute charge distribution, consistent with the
linear response relationship. The induced dipole moment of
NMA in water is predicted to be 1.30( 0.03 D over its gas
phase value (3.85 D) using the ab initio 3-21G/MM potential
and 1.69( 0.04 D with the semiempirical AM1/MM model.
The charge polarization was echoed by an intragroup charge
transfer of about 0.05-0.09 e from the amino unit to the
carbonyl group across the peptide bond. Thus, the conjugation
effect of the peptide bond is predicted to be increased in aqueous
solution over that in the gas phase or nonpolar solvents.
Comparisons of structural findings with results obtained using
the parametrized empirical OPLS potential and the hybrid
semiempirical AM1/TIP3P model indicate that the hybrid HF
3-21G/MM potential can provide an excellent description of
solute-solvent interactions. The present study demonstrates
the feasibility of ab initio hybrid QM/MM methods for fluid
simulations.
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