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Abstract A theoretical study of L-proline-nH,O (n=1-3)
has been performed using the hybrid DFT-B3LYP and MP2
methods together with the 6-311++G(d,p) basis set. The
results show that the P2 conformer is energetically
favorable when forming a hydrated structure, and the
hydration of the carboxyl group leads to the greatest
stability. For hydrated complexes, the adiabatic and vertical
singlet—triplet excitation energies tend to decrease with the
addition of water molecules. The hydration energy indicates
that in the hydrated complexes the order of stability is:
binding site 2>binding site 1>binding site 3, and binding
site 12>binding site 23>binding site 13. As water
molecules are added, the stabilities of these hydrated
structures gradually increase. In addition, an infrared
frequency analysis indicated that there are some differences
in the low-frequency range, which are mainly dominated by
the O—H stretching or bending vibrations of different water
molecules. All of these results should aid our understanding
of molecular behavior and provide reference data for further
studies of biological systems.
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Introduction

Recently, computer-aided investigations have provided
some important contributions in the field of biological
systems [1-5]. There have also been some useful works on
significant molecular properties, such as the adiabatic
electron affinity, the photoelectron spectrum and the
hydration process [6—12]. In particular, the hydration
process plays an essential role in the life sciences [13—16]
and in drug design [17, 18], because it can provide insight
into solvation effects such as hydrophobicities [19], surface
effects [20] and solvent asymmetries [21]. Indeed, theoret-
ical studies on the hydration process at the molecular level
have already been performed [11, 12, 22-29]. For example,
Ghomi et al. [23] found that the formation of a water dimer
and trimer around uracil is necessary to complete the first
hydration shell when using DFT calculations. Vyas et al.
[26] reported that Ala-(H,O), complexes where water
molecules are attached to the ~-COOH group of Ala are
very stable conformers in the gas phase.

Among the various peptide and protein systems, poly L-
proline II (PPII) attracts much interest as a major
conformational element in aqueous solution [30]. Small
proline residues have been widely investigated [31-36]. For
example, Kang [36] analyzed conformational changes in
Ac-Pro-NHMe using ab initio and DFT methods, and found
that the population of the hydrogen-bonded conformation
decreases and the population of the polyproline-like
conformation increases in polar solution. However, until
now there has not been a detailed study that has explored
the interactions between water molecules and L-proline on
the molecular scale. The hydration process is interesting as
it provides an important way to analyze the features of
hydrogen bonding and conformational stability, and sin-
glettriplet energy separation can help us to understand the
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Fig. 1 The two optimized con-
formers obtained at the hybrid
DFT-B3LYP level of theory.
The relative electronic energies
corrected for zero-point vibra-
tional energy are shown in
parentheses

P2 (0.00 kJ/mol)

damage caused to molecules by ultraviolet radiation [37,
38]. Motivated by this, we have carried out a detailed study
of L-proline and its hydrated complexes using density-
functional theory (DFT-B3LYP) and an ab initio method
(MP2).

Computational details

All of the calculations were performed with the Gaussian
09W (version A.02) software package [39]. Becke’s
three-parameter hybrid exchange functional [40] with
Lee, Yang, and Parr’s correlation functional [41] (hereafter
referred to as B3LYP) and the second-order Mgller—
Plesset perturbation approximation [42] (MP2) were

P1 (2.32 kJ/mol)

computational times and accuracies, the 6-311++G(d,p)
basis set [43, 44] containing diffuse and polarization
functions on each atom was utilized. Harmonic vibrational
calculations were also used to verify whether the opti-
mized geometry corresponds to a molecular minimum and
not to a transition state through the absence of any
imaginary frequency.

The adiabatic excitation energy was evaluated as the
difference between the absolute energies of the singlet and
the corresponding triplet geometries in the following manner:
EE,q = E(optimized triplet) — E(optimized singlet), while
the vertical excitation energy was computed as the energy
difference between the optimized singlet and the
corresponding triplet with the optimized singlet geometry:
EE e = E (triplet energy at optimized singlet geometry)—

employed in the calculations. In order to obtain reasonable  E(optimized singlet). In addition, the BSSE-corrected hy-

Table 1 The phase angles (P), puckering amplitudes (Q), dipole moments, and relative energies (AE) of stable L-proline-nH,O (n=1-3)
complexes obtained at the DFT-B3LYP/6-311++G(d,p) and MP2/6-311++G(d,p) levels of theory

Structure P (degrees) 0 A) Dipole (debyes) AE?® (kJ/mol) AE® (kJ/mol)
Pl 228 0.35 2.63 2.32 2.90
P2 49 0.40 1.34 0.00 0.00
PI-1W-1 219 0.35 2.08 18.95 15.91
PI-1W-2 240 0.35 2.75 1.97 2.19
PI1-1W-3 209 0.37 2.25 26.51 18.49
P2-1W-1 89 0.40 2.57 16.83 14.92
P2-1W-2 54 0.40 1.97 0.00 0.00
P2-1W-3 34 0.38 2.23 22.99 17.11
P1-2W-12 224 0.35 2.43 2.00 1.25
P1-2W-13 211 0.37 3.08 27.98 19.02
P1-2W-23 215 0.36 1.87 7.57 1.50
P2-2W-12 92 0.40 2.63 0.00 0.00
P2-2W-13 41 0.37 3.76 25.38 19.13
P2-2W-23 35 0.38 2.65 6.04 1.90
P1-3W-123 213 0.36 3.88 0.26 2.48
P2-3W-123 41 0.37 3.10 0.00 0.00

#The values were calculated at the hybrid DFT-B3LYP/6-311++G(d,p) level
® The values were calculated at the MP2/6-311++G(d,p) level
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dration energies for stable L-proline-nH,O (n=1-3) com-
plexes were computed using the counterpoise correction
method of Boys and Bernardi [45, 46].

In this study, the pseudorotation phase angle and the
puckering amplitude [47] were employed to define the five-
membered ring in locally stable geometries. The puckering
phase angle (P) is given by:

03+ 05 — 0, — 04

tan(P) — |
an(P) 20, (sin 36° + sin 72°)’ (1)

where the torsion angles ¢, are 6,(5,3,1,2), 6-(3,1,2,4),
05(1,2,4,5), 04(2,4,5,3), and 605(4,5,3,1), respectively. The
puckering amplitude (Q) is calculated by the following
formula: 0> = 2/5%" (Qj)z, where the puckering amplitude
is in A.

0.975

P1-1W-1 (18.95 kJ/mol)

P2-1W-3 (22.99 kJ/mol)

Results and discussion
Hydrated structures and relative stabilities

L-Proline has two major conformations with very similar
energies (2.32 kJ mol™' for the B3LYP method and
2.90 kJ mol' for the MP2 method), and the optimized
geometries are shown in Fig. 1. We can see that the P2
conformer of L-proline is the lowest-energy structure. In the
hydrated complexes, the numbering formalism used is as
follows: 1W, 2W or 3W denotes the number of water
molecules around the L-proline, and this is followed by a
number (i.e., 1, 2, or 3) indicating the primary water-
binding site in the molecule. The relative energies obtained
at the B3LYP(or MP2)/6-311++G(d,p) theoretical level are
listed in Table 1.

¢ o

P2-1W-1 (16.83 kJ/mol)

1.971

L2058

0968
W 0.963

/2015

1.019

P1-1W-3 (26.51 kJ/mol)

Fig. 2 Optimized geometries of six stable isomers of L-proline-H,O complexes obtained at the hybrid DFT-B3LYP level of theory. The relative
electronic energies corrected for zero-point vibrational energy are shown in parentheses
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As can be seen from Fig. 2, six stable isomers of L-
proline-H,O complexes are obtained. The lowest-energy
monohydrate structure is characterized by the O—H...Ow—
Hyw...O=C cyclic hydrogen bond between the P2 conformer
and a water molecule. The optimized O—H...Oy and C=0...
Hy hydrogen bond lengths are 1.788 and 1.993 A,
respectively. It was also found that P1-1W-2 is slightly
higher in energy than the lowest-energy structure (by
1.97 kJ mol '), which is due to the fact that they have
different main structure conformations. Other monohy-
drated structures also show that the hydrated P2 conformers
are more stable than the hydrated P1 conformers, but these
conformers have high energies. In particular, the three
primary binding sites (P1-1W-3 and P2-1W-3) have weaker
intermolecular hydrogen bonds.

Among the L-proline—2H,0O complexes, P2-2W-12
(shown in Fig. 3), which possesses two water molecules
at binding sites 1 and 2, is the lowest-energy structure, and

P2-2W-12 (0.00 kJ/mol)

|
0.975 f 0963 0.972
2108
T 0,967 0.962

N

0.991

P1-2W-23 (7.57 kJ/mol)

2044 963

P1-2W-12 (2.00 kJ/mol)

P2-2W-13 (25.38 kJ/mol)

this conformer has the strongest intermolecular hydrogen
bond of all of the dihydrated structures. It can be obtained
through the linkage of one water molecule to the lowest-
energy monohydrated structure, resulting in a shorter C-O—
H...Oy hydrogen bond (1.763 A) and a longer C=0... Hy,
hydrogen bond (2.035 A). As can be seen in Fig. 3, P1-2W-
12 is only 2.00 kJ mol ' different in energy from the
lowest-energy structure. It is also clear that the binding sites
1 and 2 are more energetically favorable than sites 2 and 3
or 1 and 3. In Fig. 4, two stable conformers of L-proline—
3H,0 complexes are described (P1 or P2), and they show
major conformational differences. We can see that P2-3W-
123 is slightly lower in energy than P1-3W-123 (by
0.26 kJ mol™'). The two conformers also have slightly
different intermolecular hydrogen bond lengths: 1.751
(1.740) A for the C-O-H...Oy hydrogen bond, and 2.083
(2.061) A for the C=0...Hy hydrogen bond. In a word, the
P2 conformer is energetically favored for the formation of

0_973: 0.963

1.330 f 0-991

P2-2W-23 (6.04 kJ/mol)

~71.958

P %71

2187

Lo017 1.019

P1-2W-13 (27.98 kJ/mol)

Fig. 3 Optimized geometries of six stable isomers of L-proline—2H,0 complexes obtained at the hybrid DFT-B3LYP level of theory. The relative
electronic energies corrected for zero-point vibrational energy are shown in parentheses
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Fig. 4 Optimized geometries of
two stable isomers of L-proline—
3H,0 complexes obtained at the
hybrid DFT-B3LYP level of
theory. The relative electronic
energies corrected for zero-point
vibrational energy are shown in
parentheses

E 0.963

0972 \1.751

/2.083

P2-3W-123 (0.00 kJ/mol)

hydrated complexes. The order of stability of the three
binding sites is 2>1>3 or 12>23>13, indicating that the
hydration of the carboxyl group leads to the greatest
stability, which is consistent with the results of a previous

Fig. 5 Comparison of the cal-
culated and experimental infra-
red spectra for hydrated L-
proline complexes. The calcu-
lated spectra were obtained at
the DFT-B3LYP/6-311++G(d,p)
level of theory, and the experi-
mental spectrum was
reproduced from [51]

Relative intensity %

P1-3W-123 (0.26 kJ/mol)

study [26]. In addition, the calculated pseudorotation phase
angles and puckering amplitudes are displayed in Table 1.
We can see that the phase angles are 209-240° for the
hydrated P1 complexes and 34-92° for the hydrated P2
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Table 2 The zero-point-corrected adiabatic excitation energies (EE,q), vertical excitation energies (EEy.y), and zero-point- and BSSE-corrected
hydration energies (EfPVHBSSE) of stable L-proline-nH,O (n=1-3) complexes obtained at the DFT-B3LYP/6-311++G(d,p) level of theory

Structure EE, (eV) EE o (V) EZPVETBSSE (kcal/mol)
P1 3.57 5.24 —

P2 3.53 4.65 —
P1-1W-1 3.50 5.31 3.65
P1-1W-2 3.65 5.31 7.29
P1-1W-3 3.36 5.09 1.58
P2-1W-1 3.48 4.81 3.62
P2-1W-2 3.54 4.75 7.21
P2-1W-3 3.31 4.36 1.79
P1-2W-12 3.57 5.39 10.89
P1-2W-13 3.27 5.13 4.92
P1-2W-23 341 5.18 9.40
P2-2W-12 3.53 4.88 10.83
P2-2W-13 3.26 4.28 4.76
P2-2W-23 3.37 4.38 9.08
P1-3W-123 3.31 5.18 12.56
P2-3W-123 3.19 4.33 12.31

complexes, while their puckering amplitudes are 0.35-37
and 0.37-0.40 A, respectively.

Excitation energies

The zero-point-corrected adiabatic excitation energies
(EE,q) and vertical excitation energies (EE, ;) of stable L-
proline-nH,O (n=1-3) complexes obtained at the hybrid
DFT-B3LYP level of theory are listed in Table 2. The
hydrated P1 structures have larger adiabatic and vertical
excitation energies than those of the corresponding hydrat-
ed P2 structures. In the hydrated complexes, the structures
with a hydrated amine group (binding site 3) display the
smallest adiabatic and vertical excitation energies, while
those with a cyclic hydrated carboxyl group (binding site 2)
have the largest excitation energies. The adiabatic excita-
tion energies of P1 and P2 molecules, calculated as 3.57
and 3.53 eV, respectively, are very similar to the values of
3.6 (£0.08) eV for thymine [48], 3.5 eV for cytosine [49]
and 3.65 (£0.05) eV for uracil [50], as measured using
electron energy loss spectroscopy. When compared with the
two free molecules, the adiabatic excitation energies of the
monohydrated structures (binding site 2) are slightly higher
(by 0.08 and 0.01 eV, respectively). The dihydrated
structures (P1-2W-12 and the P2-2W-12) also have higher
vertical excitation energies than the corresponding free
molecules (by 0.15 and 0.23 eV, respectively). Moreover,
we can see that, in the L-proline-nH,0O (n=1-3) complexes,
the vertical excitation energies are obviously larger than the
adiabatic excitation energies (by 1.66—1.87 eV for hydrated

@ Springer

P1 complexes and 1.01-1.35 eV for hydrated P2 com-
plexes). The adiabatic and vertical excitation energies tend
to decrease with the addition of water molecules. It is also
apparent that the water molecules should have larger
electron distributions in their LUMOs due to the contribu-
tion of the L-proline molecule, but the contribution of this
molecule to the HOMOs of the water molecules is minor.

Hydration energies

Table 2 reports the zero-point- and BSSE-corrected hydra-
tion energies (EZTVETBSSE) of stable L-proline-nH,0 (n=1-
3) complexes obtained using the hybrid DFT-B3LYP
method. The hydration energies of the hydrated complexes
can alter their relative energies. For example, the P1-3W-
123 structure is more stable in hydration energy than P2-
3W-123 by 0.25 kcal mol ', in contrast to their relative
stabilities. As can be seen from Table 2, the monohydrated
carboxyl group with an O-H...Ow—Hy...O=C cyclic hy-
drogen bond should be more energetically favorable than
any other binding site in the P1 and P2 molecules, in accord
with the results of a previous study [26]. For , P1-2W-12
(which shows binding at sites 1 and 2) has the largest
hydration energy, just as it does for the excitation energies
of the dihydrated complexes, as mentioned above. The
hydration energy shows us that, among the hydrated
complexes, the order of stability is binding site 2>inding
site 1 >binding site 3, and binding site 12>binding site 23>
binding site 13. It should be mentioned that the stabilities of
the hydrated complexes gradually increase with the addition
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of water. Thus, it seems wise to explore the relative
stabilities of these hydrated complexes, which depend on
the number of water molecules at different binding sites. In
addition, trihydrated structures have larger dipole moments,
which may be due to their large hydration energies.

Harmonic vibrational frequencies

The simulated infrared spectra of the most stable L-proline—
nH,O (n=1-3) complexes obtained at the hybrid DFT—
B3LYP level of theory are shown in Fig. 5. To allow for
comparison with the calculated results, the experimental
infrared spectrum in the range 700-1700 cm ™' (as reported
in [51]) is also displayed in the figure. The most stable
mono-, di- and trihydrated structures have P2 as the major
conformation. As can be seen in Fig. 5, the spectra of the
mono-, di- and trihydrated structures all show a similar
strong peak at approximately the same position: 3392,
3354, and 3329 cm ', respectively. These frequencies are
mainly due to the O-H stretching vibration of the carboxyl
group. With the addition of water, they are redshifted
slightly by 38 and 25 cm™', respectively. In addition, the
peaks at 3649 and 3888 cm ™' for P2-1W-2, as well as those
at 3671 and 3888 cm ' for P2-2W-12 and 3714 and
3887 cm ™' for P2-3W-123, are due to the O—H stretching
vibration of the water molecule as well as its O—H bending
vibration, which is similar to the results obtained experi-
mentally [51]. Also, the peaks at 1758, 1730 and 1744 cm ™'
can be ascribed to the O=C stretching vibration, in
agreement with a previous experiment [51, 52], but the
calculated infrared frequencies are redshifted by about
140 cm™'. This may be due to large solvent effect in the
experiment. The band at around 1600 cm ', which is
mainly due to a C—H bending vibration of the pyrrolidine
ring, is also consistent with the results of the corresponding
experiment [52, 53]. In the three simulated infrared spectra,
there are some similar profiles. However, they are still
small differences at low frequencies. For example, in the
dihydrated structures, the peaks at 123, 351, and 576 cm '
are mostly due to the O—H stretching vibration of the water
molecule located at binding site 1. In the trihydrated
structure, the peaks at 176, 417 and 473 cm ™' are ascribed
to the O—H bending vibration of the water molecule located
at binding site 3.

Conclusions

In this work, we performed a theoretical study of L-proline—
nH,O (n=1-3) complexes using density-functional theory
(DFT-B3LYP) and an ab initio method (MP2). Some
molecular properties were considered, such as the hydrated
structures, the zero-point-corrected adiabatic excitation

energies, the vertical excitation energies, the hydration
energies, and infrared spectra. According to the calculated
results, the P2 conformer is energetically favored for the
formation of a hydrated structure, and the hydration of
carboxyl group leads to the greatest stability. For hydrated
complexes, the adiabatic and vertical singlet—triplet excita-
tion energies tend to decrease with the addition of water
molecules. The hydration energy shows that, in the
hydrated complexes, the order of stability is: binding site
2>binding site 1>binding site 3, and binding site 12>
binding site 23>binding site 13. It should be noted that, as
water molecules are added, the stabilities of the hydrated
complexes gradually increase. In addition, an analysis of
the infrared spectra for the three most stable mono-, di- and
trihydrated structures are similar in that they exhibit their
strongest peaks at almost the same position in the spectrum:
3392, 3354, and 3329 cmfl, respectively. However, they
are still some small differences among the spectra in the
low-frequency range, which is mainly dominated by the O—
H stretching or bending vibrations of different water
molecules. We hope that these results will provide a
reference for further experimental and theoretical work in
this field.
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