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Abstract Intermolecular hydrogen-bond interactions in
the monohydrated complexes of formamide, N-methylac-
etamide and glycylglycine have been studied using ab
initio and DFT methods. The geometries were optimized
using second-order Møller–Plesset perturbation theory
and the B3LYP DFT functional with the 6-311++G**
basis set. It is observed that hydrogen-bond interactions at
the carbonyl group of the peptide moiety are stronger
than those at the amino group of the formamide and N-
methylacetamide molecules. Because of the presence of
cyclic hydrogen-bonding interactions in glycylglycine,
the interaction at the amino group is higher than at the
carbonyl. The 13C and 15N NMR shielding values were
calculated for the non-hydrated and monohydrated com-
plexes. Condensed Fukui functions have also been calcu-
lated for non-hydrated formamide, N-methylacetamide
and glycylglycine molecules at the B3LYP/6-311++G**
level of theory, and the results are discussed.
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Introduction

The interaction of water with biomolecules is of great
interest in biology. The network of hydrogen bonds
involving water molecules with amino acids stabilizes the
structure of a protein. [1, 2] Water molecules bound to a
protein molecule establish hydrogen bonds and act as
donors to C=O groups, and acceptors to N–H groups of
the peptide chain. These hydrogen bonds play an impor-
tant role in the determination of structure and activity of
amino acids in proteins.

The interactions of water molecules with peptide
moieties have been studied extensively, both experimen-
tally [3, 4, 5, 6, 7, 8] and theoretically. [9, 10, 11, 12, 13,
14, 15, 16, 17] Weir et al. [11] have studied the force field
and vibrational frequencies for the dipeptide alanine–
alanine in water using the supermolecule approach.
Nemukhin et al. [12] have studied the hydrogen-bonded
complex of the dipeptide N-acetyl-alanine-N’-methy-
lamide with water using a QM/MM approach, and they
concluded that QM/MM is also a suitable method for
describing the conformational properties of dipeptides. Fu
et al. [13] have studied the different conformations and
interactions of formamide–water complexes using DFT
methods and reported that a cyclic double hydrogen-
bonded structure is most stable. Recently, Lecomte et al.
[14] have reported that N-methylacetamide (NMA) is the
best molecule for modeling hydration of proteins using
Rydberg electron-transfer spectroscopy and quantum
chemical methods. The main problem in choosing the
molecules for the peptide model is that they do not have
the same conformational flexibility as amino acids. To
extrapolate from these small model peptide systems to
water–protein systems, the study of interactions between
glycylglycine and water is significant. This will provide
valuable information regarding the hydration of proteins.
Sieler et al. [6] have measured the spectra for the amide
band of glycylglycine and N-acetylglycine in water, and
studied the dynamics of atoms in an aqueous environ-
ment. Kameda et al. [7] have found that the glycyl-
glycine-hydrate crystal has three water molecules per two
molecules of dipeptide. The intermolecular hydrogen-
bonding interactions in glycylglycine dimer have been
studied by Abramov et al. [18] Chaudhuri et al. [19] have
investigated the importance of electron-correlation effects
in the peptide bond formation in glycylglycine using ab
initio and density functional theory methods.

With these backgrounds, we have started the present
study to gain more knowledge about the hydration of
peptide model systems. Ab initio and density functional
theory methods have been used to study the nature of the
intermolecular interactions between water and the peptide
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groups of formamide, NMA and glycylglycine within the
supermolecule approach. Special emphasis has also been
given to predicting the active binding sites for the above
molecules using condensed Fukui functions.

Computational procedures

The non-hydrated structure (ST1) and the monohydrated
structures (ST2, ST3) of formamide, NMA, and glycyl-
glycine have been optimized using second order Møller–
Plesset perturbation theory [20] and the B3LYP [21, 22]
DFT method with the 6-311++G** basis set. The opti-
mized gas-phase structures of monohydrated complexes
of formamide have been reoptimized using the polarized
continuum model (PCM) of self-consistent reaction field
theory (SCRF) to study the system in liquid phases. The
interaction energy of the complexes studied were cor-
rected for basis set superposition error (BSSE) using the
Boys and Bernardi’s counterpoise (CP) method, [23, 24]

ECP
int ABð Þ ¼ EAB

AB ABð Þ � EAB
AB Að Þ � EAB

AB Bð Þ
where EAB

AB ABð Þ is the energy of the supersystem and
EAB

AB Að Þ and EAB
AB Bð Þ represent the energies of the subsys-

tems with complex geometry. Moreover, the geometry
relaxation effects also contribute to the calculated inter-
action energies. Thus, to determine the contribution of the
geometry-relaxation energy ER in the interaction energy,
we have used the equation ER ¼

P
i E ið Þ � nEm, where

E(i) is the energy of the monomer in the complex

geometry and Em is the energy of the optimized monomer.
[25] 13C, 15N NMR shielding tensors for carbon and
nitrogen atoms in the peptide bond have been calculated
using the gauge-independent atomic orbital (GIAO)
method. [26, 27] Condensed Fukui functions fk(r) [28]
have been calculated using the atomic charges qK calcu-
lated by the Mulliken population analysis scheme (MPA),

fþK ¼ qK N þ 1ð Þ � qK Nð Þ

f�K ¼ qK Nð Þ � qK N � 1ð Þ

f 0
K ¼ 1=2 qK N þ 1ð Þ � qK N � 1ð Þ½ �

where N refers to the number of electrons in the system K,
and condensed Fukui functions fk+, fk

� and fk
0 represent

the nucleophilic, electrophilic, and radical attacks, re-
spectively. All the computations were performed using
Gaussian 98W. [29] All the figures were drawn using
Molden. [30]

Results and discussion

The optimized geometrical parameters (selected val-
ues) calculated at the MP2/6-311++G** and B3LYP/
6-311++G** levels of theory for the non-hydrated (ST1)
and monohydrated (ST2, ST3) structures of formamide,
NMA and glycylglycine are shown in Table 1 along with
the experimental values. [7, 14] The generalized molec-

Table 1 Selected geometrical parameters of non-hydrated (ST1), monohydrated complexes (ST2, ST3) of formamide, N-methylacetamide
and glycylglycine at the MP2/6-311++G** and B3LYP/6-311++G** levels of theory; distances (r) in � and dihedral angles (q) in degrees

Compounds r(C1=O3) r(N2–H4) r(C1–N2) r(Ca–C) r(NH...O) r(CO...H) (NCCN) (HNCC) (H4N2C1O3)

Formamide
ST1 MP2 1.217 1.006 1.364 – – – – – 179.99

B3LYP 1.212
(1.219)a

1.007
(1.002)

1.361
(1.352)

– – – – – 180.00

ST2 MP2 1.226 1.007 1.356 – – 1.952 – – �170.75
B3LYP 1.224 1.007 1.354 – – 1.920

(2.03)
– – �178.99

ST3 MP2 1.220 1.012 1.360 – 2.005 – – – 169.97
B3LYP 1.216 1.013 1.355 – 1.996

(2.1)
– – – �179.99

NMA
ST1 MP2 1.225 1.007 1.369 1.518 – – – �0.007 180.00

B3LYP 1.221 1.007 1.368 1.519 – – – �0.004 �179.99
ST2 MP2 1.234 1.007 1.359 1.513 – 1.876 – 8.611 �173.14

B3LYP 1.230 1.007 1.357 1.514 – 1.861 – 2.116 �177.65
ST3 MP2 1.229 1.011 1.362 1.518 2.025 – – 8.134 �173.08

B3LYP 1.225 1.011 1.359 1.520 2.040 – – 0.001 �179.99
Glycylglycine
ST1 MP2 1.239 1.014 1.347 1.522 – – 13.064 �0.917 �179.24

B3LYP 1.235
(1.221)

1.014
–

1.344
(1.333)

1.527
(1.529)

– – 9.209 1.155 �177.42

ST2 MP2 1.246 1.016 1.340 1.521 – 1.951 11.175 �1.345 �179.80
B3LYP 1.244 1.015 1.338 1.525 – 1.926 8.087 0.279 �178.38

ST3 MP2 1.241 1.020 1.346 1.523 1.870 – 29.893 4.009 �174.36
B3LYP 1.238 1.020 1.344 1.527 1.904

(2.110)
– 25.094 5.082 �173.24

a Values in parenthesis are experimental results taken from [7, 14]
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ular structure with attached groups and atom numbering is
given in Fig. 1.

In the present study, we have considered two inter-
molecular interactions. The first is the interaction of a
water molecule with the oxygen atom of the carbonyl
group of the peptide moiety (ST2); the second is that of a
water molecule with the hydrogen atom of the amino
group of the peptide moiety (ST3). The optimized
structures (ST1, ST2, and ST3) of formamide, NMA
and glycylglycine are shown in Fig. 2a–c. Extensive
structural studies have been reported for formamide and
NMA, [31] and our present calculated values agree very
well with those values. The calculated C1=O3...H and
N2-H4...O hydrogen-bond length values are compared
with the experimental results, [7, 14] and it is found that
the hydrogen-bond lengths calculated with MP2 are much
closer to the experimental values. The interaction of a
water molecule with the peptide moiety changes the
structural parameters of the complex molecule. Compar-
ison with the non-hydrated (ST1) structure of all com-
plexes reveals that there is a slight increase in the N2-H4
bond length in the ST3 structure. The hydrogen-bonding
interaction between the C1=O3 bond and the water
molecule in the ST2 structure elongates the C1=O3 bond
and shortens the C1-N2 bond. The same trend is also
observed in the ST3 structure. Because of the elongation
of the C1=O3 bond due to the interaction with water
molecule, the electrons are delocalized in the bond. Thus,
the nearby nitrogen atom gains more charge from carbon,
which decreases the C1-N2 bond length. The hydrogen-
bonding interaction with the N2-H4 group, does not
influence the C1=O3 bond, because of the rigidity of the
C1-N2 bond.

In formamide, when a water molecule interacts with
the carbonyl oxygen, the peptide bond deviates from
planarity by approximately 10� at the MP2 level of the-
ory. The same trend is also observed for NMA. The
presence of multiple intermolecular hydrogen-bond inter-
actions in glycylglycine produces different trends in the
planarity of the peptide bond. The C1-N2 bond in the ST2

structure of glycylglycine is strong, which restricts the
deviation from planarity, but in the ST3 structure, the
interaction with the N2-H4 group increases the flexibility
of the C1-N2 bond, which causes a deviation (~5�) from
planarity. This can be acceptable, since Arthur et al. [32]
reported on the basis of crystallographic data that sub-
stantial deviations from planarity could be tolerated with
a standard deviation up to 6�.

The total energies calculated for the non-hydrated and
monohydrated complexes of formamide, NMA and gly-
cylglycine at the MP2 and DFT levels are given in
Table 2. In all cases, structure ST2 is more stable than
ST3, but in glycylglycine, both levels of theory predict
structure ST3 to be more stable than ST2. This is due to
the formation of cyclic double hydrogen-bonded interac-
tions between the water molecule and the N-terminus of
glycylglycine and the amino group of the peptide moiety.
The hydrogen-bonded complexes (ST2, ST3) of form-
amide in polar medium (water) were studied using the
PCM of self-consistent reaction field theory at the
B3LYP/6-311++G** level of theory. It is predicted that
the total energy of the complexes ST2 and ST3 of
formamide are �246.44378 and �246.44422 Hartrees,
respectively, which shows that structure ST3 is more
stable than ST2 in liquid phase. This can be confirmed by
the dipole moment of the complexes. In the gas phase, the
dipole moment of ST3 is higher than ST2, and this order
is reversed for the complexes in the liquid phase. This
study is restricted to formamide complexes, due to the
inadequacy if the memory of our computer system. How-
ever, one can expect from the dipole moment that the
order of stability is reversed for NMA in liquid phase, but
at the same time the order of stability is the same for both
gas and liquid phases for the glycylglycine complex, since
the dipole moment and total energy of ST3 are higher
than ST2.

The interaction energies for the monohydrated com-
plexes calculated using the MP2 and DFT methods are
shown in Table 2. It has been observed that the structures
ST2 of formamide and NMA have higher interaction
energies than ST3. The difference between the interac-
tion energies of the two structures ST2 and ST3 is
~2 kcal mol�1 for formamide and NMA complexes, and
for glycylglycine it is ~4 kcal mol�1. The interaction
energy of ST3 is greater than that of ST2 because of
cyclic hydrogen bonding-interactions in the ST3 structure
of glycylglycine. The contribution of geometry-relaxation
energies to the interaction energies of all the complexes
have also been calculated and the values are given
in Table 2. The above energies are small for all the
structures except the ST3 structure of glycylglycine,
where it is found to be 2.59 and 2.80 kcal mol�1 at the
MP2 and DFT levels, respectively. The dipole moment of
all the structures computed at both levels of theory are
shown in Table 2. The dipole moment of the formamide-
water (ST2) complex is found to be low compared with
the NMA-water and glycylglycine-water complexes be-
cause the water dipoles in ST2 of formamide point almost
in opposite directions. However, in the a-helix, it is noted

Fig. 1 Molecular structure of the compounds studied and number-
ing of the atoms involved in the peptide bond. R=H and R0=H: for
formamide. R=CH3 and R0=CH3: for NMA. R=NH2CH2 and
R0=CH2COOH: for glycylglycine
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Fig. 2 Optimized non-hydrated
and monohydrated structures of
a formamide, b NMA, c gly-
cylglycine
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that there is a cooperative effect that will increase the
dipole moment in the peptide. In NMA, the cooperative
effect is detected, which indicates the increase in dipole
moment than the non-hydrated structure. However, this
effect is not observed in glycylglycine. It is concluded
that, among the three investigated molecules, NMA is the
most suitable for modeling the hydration of proteins.

The 13C and 15N shielding values were calculated for
the structures ST1, ST2 and ST3 of all molecules at the
B3LYP/6-311++G** level of theory and the values are
shown in Table 2. Comparisons have been made between
the nitrogen and carbon atoms of ST2, and ST3 with the
reference to the structure ST1 of the respective com-
pounds. The calculated values show that a significant
change is observed in the shielding values of 13C in all the
complexes after interaction with water molecules (ST2,
ST3). But it is noted that the 15N NMR values in these
structures are slightly different, which is due to the
presence of lone pair electrons on nitrogen, which restrict
the deshielding of the nitrogen atom and gain more charge
from nearest neighbors. The strength of the hydrogen
bonding in ST3 is weaker than the interaction with the
carbonyl group. During the formation of hydrogen bond-
ing (ST2), the oxygen atom in the CO group aquires more
charge from the nearest hydrogen and carbon atoms.
Thus, the carbon atom is less shielded than in the structure
(ST1). In structure ST3, the oxygen atom in the water
molecule attracts more charge from the neighboring
hydrogen atoms leaves nitrogen more shielded. Thus, we

conclude that the structures with stronger hydrogen-
bonding interactions are less shielded. The shielding
values of ST3 are higher than those for ST2, so ST2 has
stronger hydrogen-bonding interactions.

The recent study [33] on halomethane molecules
reveals that condensed Fukui functions successfully
predict the reactive sites. The binding sites of amino
acids have also been studied theoretically using ab initio
methods for the glycine-water complex. [34] In the
present study, condensed Fukui functions have been
calculated from the atomic charges of the hydrogen and
oxygen atoms in the peptide for the non-hydrated struc-
ture (ST1) of formamide, NMA and glycylglycine at the
B3LYP/6-311++G** level of theory and are listed in
Table 3. The calculated condensed Fukui function values
fk

+, fk
0, and fk

�, for C=O* are 0.522, 0.289, 0.056 in

Table 2 Total energies (Etot, in
hartrees), interaction energies
(Eint, in kcal mol�1), relaxation
energies (ER, in kcal mol�1),
dipole moments (m, in Debye),
13C and 15N NMR shielding
valuesa (in ppm) at the MP2/6-
311++G** and B3LYP/6-
311++G** levels of theory

Compounds Etot Eint ER m 13C 15N

Formamide
ST1 MP2 �169.50540 – – 4.381 – –

B3LYP �169.95485 – – 4.044
(3.73)b

21.943 145.124

ST2 MP2 �245.79584 �9.94 0.20 2.764 – –
B3LYP �246.42832 �9.83 0.46 2.742 17.032 135.623

ST3 MP2 �245.79043 �6.31 �0.04 6.888 – –
B3LYP �246.42251 �5.85 0.13 6.731

(6.20)
20.576 139.333

SCRF
ST2 �246.44378 – – 4.445 – –
ST3 �246.44422 – – 7.273 – –

NMA
ST1 MP2 �247.89553 – – 4.204 – –

B3LYP �248.60602 – – 3.909
(3.80)

12.246 136.309

ST2 MP2 �324.18387 �8.23 �0.19 4.397 – –
B3LYP �325.07643 �7.78 0.33 4.648

(4.33)
6.295 135.773

ST3 MP2 �324.18128 �6.48 �0.31 7.213 – –
B3LYP �325.07273 �5.29 0.16 6.855

(6.56)
10.160 134.917

Glycylglycine
ST1 MP2 �491.31328 – – 8.372 – –

B3LYP �492.60691 – – 7.682 2.134 128.975
ST2 MP2 �567.60031 �7.78 0.18 6.380 – –

B3LYP �569.07627 �7.13 0.35 5.706 �1.960 125.211
ST3 MP2 �567.60181 �11.13 2.59 9.117 – –

B3LYP �569.07686 �9.96 2.80 8.283 4.105 121.894

a NMR shielding values and SCRF calculations using B3LYP/6-311++G** level of theory
b Values in parentheses are experimental results taken from [14]

Table 3 Calculated condensed Fukui functions at the B3LYP/6-
311++G** level of theory

Compound C=O* N–H*

Formamide fk+ 0.522 0.095
fk0 0.289 0.657
fk� 0.056 1.219

NMA fþk 0.287 0.093
fk0 0.165 0.426
f�k 0.042 0.759

Glycylglycine fk+ 0.152 0.007
fk0 0.105 0.086
fk� 0.059 0.166
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formamide, 0.287, 0.165, 0.042 for NMA and 0.152,
0.105, 0.059 for glycylglycine, which show that oxygen is
the favorable reactive site for nucleophilic and the hy-
drogen atom in the amino group is the most favorable for
electrophilic attack, because fk

� is greater than fk
0 and fk

+

values for all the molecules.

Conclusions

The non-hydrated (ST1) and monohydrated structures
(ST2, ST3) of formamide, NMA and glycylglycine have
been optimized using the MP2/6-311++G** and B3LYP/
6-311++G** levels of theory. The planarity of the peptide
bond depends on the rigidity of the C-N bond. The cal-
culated interaction energies show that the hydrogen-
bonding interaction with the carbonyl group is stronger
than with the amino group. Among the three molecules
investigated, NMA is the most suitable for modeling
protein hydration due to the presence of a cooperative
effect. Condensed Fukui functions calculated at the
B3LYP/6-311++G** level of theory show that the oxygen
atom in the carbonyl group is the favorable reactive site
for nucleophilic attack and hydrogen atom is the favor-
able reactive site for electrophillic attack.
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