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Abstract

Sequential Monte Carlo/quantum mechanical (S-MC/QM) calculations are performed to study the solvent effects on
the electronic transitions of N-methylacetamide (NMA) in aqueous solution. Full quantum mechanical INDO/CIS
calculations are performed in the super-molecular clusters generated by Monte Carlo (MC) simulation. The largest
calculation involves the ensemble average of 75 quantum mechanical results obtained with the NMA solute surrounded
by 150 water solvent molecules. After extrapolation to the bulk limit we find that the n — =* transition suffers a blue

shift of 1755 cm™! upon solvation and the n — w* transition undergoes a red shift of 1180 cm

-1, in good agreement

with the experimental findings. © 2001 Published by Elsevier Science B.V.

1. Introduction

The behavior of peptide groups (-CONH-) in
aqueous solution has been of great interest for a
long time. Peptide groups are the main repetitive
units of polypeptide chains and proteins. There-
fore, understanding how these groups can interact
with each other and with the surrounding solvent
molecules can give information about the native
structures of proteins. The peptide group is also
the main chromophore of proteins, which has a
weak n — m* transition at about 220 nm (~45 000
cm~!) and a strong m — ©* transition at about 195

* Corresponding author. Fax: +55-11-3818-6831.
E-mail address: canuto@if.usp.br (S. Canuto).

nm (~51000 cm™'). The electronic transitions of
most side chains occur below 200 nm and are
overpowered by the intense m — w* transition of
the peptide groups [1]. As a result, the electronic
absorption spectroscopy of proteins in solution
will resemble that of small peptide models in so-
lution. For instance, the electronic spectra of
random coil and B-strand proteins are very similar
to peptide models as N, N-dimethylacetamide [1],
with the m — ©* absorption being red shifted.
However, the electronic spectrum of proteins
having o-helix as the main secondary structure
element looks quite different [2]. This feature has
opened up an intense research field in which the
electronic absorption spectroscopy is used to
monitor the secondary structure patterns of pro-
teins. In this case, the far-ultraviolet (UV) circular
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dichroism (CD) is the main technique [3]. Far-UV
CD spectroscopy is a special kind of electronic
absorption spectroscopy that uses circularly po-
larized light and the differences in left and right
absorption of light are measured. The CD occurs
only at energies where normal electronic absorp-
tions take place and recently several theoretical
works have appeared in which the normal elec-
tronic absorption spectra of small amide models
have been studied, in order to furnish good pa-
rameters to improve the understanding of the far-
UV CD spectra of proteins [4-7].

N-methylacetamide (NMA), CH;CONHCH;,
is the simplest and classical model for the main
chain of proteins. As a result, it has been exten-
sively studied both experimentally and theoreti-
cally [4-23], attempting to understand how the
intermolecular interactions between the clusters of
NMA molecules and the interactions between the
NMA with water can affect, for example, the
structure, vibrational spectrum and rotational en-
ergy barrier.

Some of the theoretical investigations of the
NMA molecule have focused on the structural,
energetic and vibrational properties of NMA in gas
phase and in aqueous solution (modeled mainly by
continuum models or super-molecular approach).
The theoretical study of the NMA electronic spec-
trum in solution is sparse. To the best of our
knowledge the only theoretical study dealing with
the solvent effects on the electronic spectra of NMA
reported so far was due to Besley and Hirst [6] who
performed a complete-active-space self-consisted-
field employing the self-consistent-reaction-field
approach to model the solvent. These same authors
have reported more recently the electronic spec-
trum of NMA in solution, using the NMA—(H,0),
complex embedded in a continuum dielectric [7].
They found that in order to model solvatochromic
shift of the n — w* transition, it may be necessary
to consider more explicitly defined solvent mole-
cules and many solvent configurations. It was also
shown in this study that the 1 — #* transition en-
ergy is little affected by the explicitly included sol-
vent molecules, with the computed transition
energy being very close to that obtained with the
purely continuum solvent model. The peptide
transition moment direction is crucial for predict-

ing the far-UV CD spectra of proteins and there are
some interesting and complementary combined
experimental/theoretical studies investigating the
transition moment directions in amide single crys-
tals. Clark [8] measured the polarized V-UV
absorption spectra of single crystals of N-acetyl-
glycine and found that the transition moments for
then — n*and © — =* transitions are polarized at
—55 and —-61°, respectively. INDO/S calculations
showed a reasonable agreement with the experi-
mental results. It was also shown by Clark that the
crystal interactions do not lead to significant
changes in the transition moment directions. More
recently, Woody et al. [9] measured the single-
crystal polarized reflection spectra of amides, with
subsequent INDO/S calculations and concluded
that the 1 — 7* transition dipole moment obtained
by the INDOY/S calculations is significantly different
from experiment. These authors also proposed that
in order to improve the calculation of the far-UV
CD spectra of proteins the transition moment di-
rections should be taken from ab initio calculations
or experimentally for the isolated molecule, with
the gas-to-crystal shifts taken from the INDO/S
calculations. Since proteins are generally studied in
a condensed phase, an understanding of the elec-
tronic spectrum of the constituent monomers in
solution is very important.

In the present work, we deal with the electronic
spectrum of NMA in an aqueous solution, using a
sequential Monte Carlo/quantum mechanical (S-
MC/QM) procedure [24-26]. We perform a sys-
tematic study of the solvent effects on the n — *
and T — 7©* electronic transitions of NMA, where
the solvent molecules are explicitly included in the
quantum mechanical calculations. This includes
the electrostatic interaction between the solute and
the solvent and the corresponding induced polar-
izations both in the solute and in the solvent. We
use Monte Carlo (MC) simulations to generate
structures of the liquid and super-molecular
quantum mechanical calculations, with all-valence
electrons, to obtain the separate contributions of
the different solvation shells to the specific elec-
tronic transition. The largest calculation involves
the ensemble average of 75 quantum mechanical
results obtained with the NMA solute surrounded
by as much as 150 water solvent molecules. At the
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present stage, these super-molecular quantum
mechanical calculations can only be made using
semi-empirical methods. The quantum mechanical
calculations start with a self-consistent-field inter-
mediate neglect of differential overlap (INDO)
calculation with a properly anti-symmetric wave-
function with 1230 valence electrons. The transi-
tion energies are obtained next using singly excited
configuration interaction (CIS). The final result is
estimated after extrapolation to the bulk limit. The
S-MC/QM procedure differs from the conven-
tional QM/MM in that all molecules — solute and
solvent — are treated by quantum mechanics. The
classical MC part is used only to generate the
statistical structure of the liquid.

2. Theoretical methodology

MC statistical mechanics simulations are car-
ried out employing standard procedures [27], in-
cluding the Metropolis sampling technique and
periodic boundary conditions using the minimum
image method in a cubic box. The simulations are
performed in the canonical (NVT) ensemble. The
system consists of one NMA molecule plus 400
solvent molecules (water). The volume of the cubic
box is determined by the experimental density of
water, which at 7' = 298.15 K is 0.9966 g/cm’. The
intermolecular interactions are described by the
standard Lennard-Jones plus Coulomb potential
with three parameters for each atom 7 (g, 0; and
q;). For the water molecules we use the SPC po-
tential developed by van Gunsteren and co-work-
ers [28]. For NMA, we use the same potential of
Jorgensen and Gao [20]. The intermolecular in-
teractions are spherically truncated within a center
of mass separation smaller than the cutoff radius,
rc, of 11.49 A. Long-range corrections of the
Lennard-Jones potential are calculated beyond
this cutoff distance. In the simulation the mole-
cules are kept with rigid geometries. The water
molecules are kept in their Cp, structure with
rou = 1.000 A and ZHOH = 109.47°. The NMA
molecule is held rigidly in its structure, optimized
at the MP2/6-31G(d) level of theory, as shown in
Fig. 1. The initial configurations are generated
randomly, considering the position and orienta-

Fig. 1. Optimized (MP2/6-31G(d)) structural parameters for
the NMA molecule. Distances in A, angles in °.

tion of each molecule. A new configuration is
generated after 400 MC steps, i.e., after all solvent
molecules sequentially attempt to translate in all
Cartesian directions and also attempt to rotate
around a randomly chosen axis. The simulation
consists of a thermalization phase of 2 x 10® MC
steps, followed by an averaging stage of 24 x 10°
MC steps. After completing the cycle over all 400
molecules a configuration is separated. Thus, the
total number of configurations generated by the
MC simulation is 60 000.

To analyze the solvent effects on the electronic
spectra of the NMA molecule we employ the S-
MC/QM procedure [24-26], in which the quantum
mechanical calculations are performed on the su-
per-molecular clusters, generated by the MC sim-
ulations, composed of one NMA and all solvent
molecules within a particular solvation shell. To
reduce the number of super-molecular clusters that
will be submitted for the quantum mechanical
calculations, the configurations are selected ac-
cording to the auto-correlation function of the
energy [25,26,29]. From this a total of 75 config-
urations are selected, with less than 5% of statis-
tical correlation [24-26,29], and used in the
quantum mechanical calculations. The solvation
shells were defined from the analysis of the radial
distribution function. The electronic spectra are
then calculated using the semi-empirical ZINDO
[30] program, within the INDO/CIS [31] approach.
As the appropriate Boltzmann weights are in-
cluded in the Metropolis Monte Carlo sampling
technique, the average values of the transition
energies and solvatochromic shifts are given as a
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simple average over a chain of 75 uncorrelated
configurations. The use of the auto-correlation
function of the energy for selecting configurations
has been shown before to be an efficient procedure
for obtaining converged average values [29].

All ab initio calculations reported here were
performed using the GAussiaAN 98 program [32].
The MC statistical mechanics simulations were
performed using the Dicg program [33].

3. Results and discussions
3.1. Hydrogen bond

The MP2/6-31G(d) optimized structural pa-
rameters for the NMA molecule are shown in Fig.
1, which is in good agreement with the experimental
structure obtained from electron diffraction exper-
iments [13]. Fig. 2a shows the radial pair distribu-
tion function between the carbonyl oxygen of
NMA and the water hydrogen, go u(#), as well as
the radial distribution function between the car-
bonyl oxygen and the water oxygen, go o(r). Fig.
2b shows the radial distribution function between
the amino hydrogen of NMA and the water oxy-
gen, guo(r). Hydrogen-bond interactions are ob-
tained from the analysis of go_n(r),go-o(r) and
gn.o(r) plots in Figs. 2a,b. The go_y(r) and go_o(r)
distribution functions have sharp and well-defined
first peaks, indicating a strong hydrogen-bond in-
teraction. The first peak in the go o(r) distribution
function starts at 2.35 A, reaches its maximum at
2.27 A and ends at 3.25 A. For the go n(r), the first
peak starts at 1.45 A, passes through a maximum at
1.85 A and ends at 2.55 A. The spherical integration
of the first peak in the go o(r) over the corre-
sponding interval, gives 2.4 water molecules as
nearest neighbors. The first peak of the gy o(r)
function starts at 1.55 AD;, has a maximum at 1.95 A
and ends at 2.65 A. After integration over this in-
terval gives one water molecule as nearest neighbor.

Hydrogen bonds are also obtained using a
geometric and energy criteria [26,34]. We consider
a hydrogen-bond formation when the distance
Rpa <4 A, the angle ZAHD < 30° and the binding
energy are higher than 3.0 kcal/mol. In doing so, in
the 75 MC configurations we find 120 hydrogen
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Fig. 2. Radial pair distribution function for the NMA in water
system. (a) g(r) between the carbonyl oxygen of NMA and the
oxygen and hydrogen atoms of water. (b) g(r) between the
hydrogen atom of NMA (N-H) and the oxygen atom of water.

Table 1

Statistics of the hydrogen bonds formed between NMA and
water and their contribution to the solvatochromic shifts of the
n — n* and 1 — w* transitions®

Number Occurrence n— m T — T

of HB (%) shift shift
(em™) (em™)

0 8 - -

1 35 357 -404

2 47 673 =747

3 10 920 -1055

Total 100(120) 444 + 27 —503 + 26

#The calculated INDO/CIS transition energies, computed in
gas phase, for the n — n* and m — =* transitions are, respec-
tively, 35004 and 56620 cm™!, with oscillator strengths of 0.001
and 0.236, respectively.
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bonds formed in the oxygen site of NMA. This
gives an average of 1.6 hydrogen bonds. NMA can
form up to three hydrogen bonds with the sur-
rounding water molecules and Table 1 gives the
statistics obtained for the hydrogen bonds formed.
We find that in 8% of the configurations the NMA
does not form hydrogen bonds, 35% form one,
47% form two and 10% form three hydrogen
bonds. The average value computed for the hy-
drogen-bonding energy when the carbonyl oxygen

of NMA acts as a proton acceptor and when the
NH group acts as a proton donor are —5.6 and
—4.8 kcal/mol, respectively. Typical hydrogen-
bonded structures obtained in the simulation are
shown in Fig. 3.

3.2. Electronic spectrum

Table 2 summarizes some experimental results
obtained for the n — n* and m — w* electronic

Fig. 3. Typical hydrogen-bonding interactions between the NMA molecule and water, obtained during the simulation. Distances in /&,

angles in °.
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Table 2
Summary of the experimental results for the absorption transitions of NMA in gas phase and in solution
Band Experimental
assignment Gas phase® Water® Cyclohexane®
Energy f Energy f Energy f
(em™) (em™) (em™)
n— N/A® N/A® 44683 0.0025 44683 0.0025
T — 54926 N/A® 53797 0.300 54361 0.170
#Vacuum measurements, taken from [11].
Ref. [12].

“Not available.

transitions of NMA molecule in gas phase, water
and in cyclohexane. As it can be seen, the 1 — w*
transition undergoes a red shift of 1130 cm™' on
going from the gas phase to the aqueous solution.
The n — =* transition is not measured in the gas
phase and so, we cannot estimate the corre-
sponding experimental solvatochromic shift of this
transition. We could, in principle, assume that the
results obtained in cyclohexane are the same as of
those for the gas phase, however, recent experi-
mental work has shown that NMA tends to self-
associate in apolar solvents [35], invalidating this
assumption.

The calculated solvatochromic shifts on the
electronic transitions of NMA, due only to the
hydrogen bonds between the NMA and water, are
shown in Table 1. The n — =* transition of NMA
suffers a blue shift of 444 cm™' due only to hy-
drogen-bonding interactions. Similarly, the
n — m* undergoes a red shift of 503 cm~!. To an-
alyze the effect of the outer solvation shells on the
electronic transitions of NMA, we use the solvation
shells around the NMA molecule, defined from the
radial distribution function (g(r)) considering the
center-of-mass (cm) of the solute and solvent
molecules. The g om(7) calculated for the NMA
molecule in water solution is depicted in Fig. 4,
where two solvation shells are easily distinguished.
The first solvation shell starts at 2.85 A and extends
up to 4.45 A. The second solvation shell ends at
6.55 A. Spherical integration of the gey m(#) over
the corresponding intervals gives 8 and 36 water
molecules in the first and second solvation shells,
respectively. Since the liquid is not structured be-
yond the second solvation shell, we just added

more solvent molecules up to 150 and we named
these shells as third, fourth and so on. For each
shell a total of 75 quantum mechanical calculations
of the electronic spectrum were performed and the
values of the transition energies were averaged out.
The results obtained are reported in Table 3. Our
largest calculation, made for the outermost shell,
includes one NMA molecule and 150 water mole-
cules, with a total of 1230 valence electrons ex-
plicitly included. The corresponding calculated
shifts for the n — n* and = — =" transitions of
NMA are 1362 and —998 cm™', respectively. The
results of Table 3 show that water molecules lo-
cated beyond 10 A can still influence the solvation
shift. This is a consequence of the increased dipole
moment of the complex formed by the hydrogen
bond between the solute and the solvent. The
monotonic behavior of the calculated energy shift
for the n — n* and m — w* transitions of NMA
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Fig. 4. Radial pair distribution function between the NMA and
water.
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Variation of the calculated (INDO/CIS) shifts of the n — ©n* and ©1 — n* transitions of NMA in water with the solvation shells

Solvation shell N M L r n — n* shift n — n* shift
(A) (em™) (em™)
First 8 94 75 4.45 892+43 —809 £ 46
Second 36 318 75 6.55 1122451 -834+52
Third 74 622 75 8.20 1235+ 51 -917+49
Fourth 100 830 75 9.05 1281+ 51 -934+52
Fifth 150 1230 75 10.3 1362 £ 50 —998 +47
Limit Bulk 1755450 —1180 £ 60
Experimental N/A -1130

N is the total number of water molecules included. M is the total number of valence electrons included in the quantum mechanical
calculations. L is the number of MC configurations used for ensemble average. r is the radius of the solvation shell obtained from the
radial distribution function shown in Fig. 4. Experimental result is taken from Table 1. N/A means the result is not available.

permits an extrapolation of the results to the bulk
limit. In doing so, we obtain a limiting value of
1755 and —1180 cm™! for the n — n* and ©* — =*
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Fig. 5. Calculated solvatochromic shift for the n — n* (A) and
n — n* (B) transition of NMA in water, as a function of the
inverse size of the solvation shell as shown in Table 3.

transitions, as can be seen in Fig. 5. This would be
our best estimate for the solvatochromic shifts of
the n — n* and © — ©* electronic transitions of
NMA in aqueous solution. This final value for the
m — 7" transition is in excellent agreement with
the experimental observations. Unfortunately we
do not have an experimental estimate for the
n — 7" electronic transition of NMA, maybe due
to the broad aspect of the 1 — m* transition, in
conjunction with the very low intensity of the
n — m* transition. However, it is interesting to see
that the solvation shifts are affected by long-range
polarizations extending beyond 10 A, and we must
go to the outer solvation shells to reproduce the
experimental results for » — m* transitions shifts
[26].

4. Summary and conclusions

In this work, we employed an S-MC/QM pro-
cedure to analyze the solvent effects on the n — =«
and m — 7 electronic transitions of NMA in
aqueous solution. The structural analysis of the
solution, by means of the radial pair distribution
function, showed that NMA can form up to three
hydrogen bonds with water. The hydrogen bond
statistics revealed that in 8% of the configurations
the NMA does not form hydrogen bonds with
water, 35% form one, 47% form two and 10% form
three hydrogen bonds. The average values com-
puted for the hydrogen bond energies when the
carbonyl oxygen of NMA acts as a proton ac-
ceptor and when the NH group acts as a proton
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donor were —5.6 and —4.8 kcal/mol, respectively.
The n — =©* transition of NMA suffers a blue shift
of 444 cm™' due only to hydrogen-bonding inter-
actions. Similarly, the 1 — ©* undergoes a red
shift of 503 cm~!. Next, 75 quantum mechanical
calculations were made for each of the first, second
and outer solvation shells up to the limit of 150
water molecules. The variation of the spectral shift
with the solvation shells showed that the solvation
shifts are affected by long-range polarizations ex-
tending beyond 10 A. After extrapolation to the
bulk limit we found that the n» — w* transition
suffers a blue shift of 1755 cm™' upon solvation
and the 1 — =©* transition undergoes a red shift of
1180 cm™!. The latter result is in good agreement
with the experimental result of 1130 cm™'. The
calculations of the far-UV CD spectra were not the
main concern of this work but, maybe it should be
interesting to use the experimental transition mo-
ment directions in conjunction with the gas-to-
liquid solvatochromic shifts reported here, to test
if any improvement is achieved on the CD calcu-
lations. Further studies on the preferential solva-
tion of NMA in binary mixtures and how the
intermolecular interactions affect the electronic
spectrum are in progress.
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