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INTERACTION OF VALINE
WITH WATER MOLECULES: RAMAN AND DFT STUDY

Interaction of mon-ionized and zwitterionic forms of valine with water molecules is studied
using Raman spectroscopy and quantum chemical calculations. An integral equation formalism
for the polarizable continuum model (IEF-PCM) for solvent effects is used at the BSLYP/6-
311++G(d,p) level of theory. Hydrogen bonding between valine and water molecules is studied
by the Atom in Molecule (AIM) and Non-Covalent Interaction (NCI) methods. By comparing
the experimental and theoretical Raman spectra of valine in the aqueous medium, the complex
of zwitterionic valine with 4 water molecules is found to be the most probable one.
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1. Introduction

Hydrogen bonding is one of the most important in-
termolecular interactions and determines the struc-
ture of many relatively simple and complex molecules,
from water to DNA [1]. Vibrational spectroscopy and
quantum chemical calculations are powerful tools for
the study of intermolecular hydrogen bonding [2-
7]. Recently, such studies were supported with neu-
tron spectrometry methods [8, 9].

Amino acids can be used as a model to study the
importance of intermolecular interactions in life pro-
cesses [10, 11]. Since water is a natural medium for
biological molecules, the nature of intermolecular in-
teractions in aqueous solutions of amino acids is of
significant interest [12 — 25]. A detailed study of the
interaction of amino acids with water is a key step in
understanding the solvation process of larger systems
such as peptides and proteins. Molecular complexes
of various sizes are the main components of aqueous
solutions of amino acids, so that it is necessary to
start studying such interactions from the formation
mechanism of such complexes.

Amino acids are mainly in the non-ionized (neu-
tral) form in the gas phase. In the crystalline phase
and in the aqueous medium, they can be found in the
zwitterionic form caused by the transfer of the pro-
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ton of amino acid molecules from the carboxyl group
(-COOH) to the amino group (-NHs) [12].

The effect of microsolvation on amino acids was
studied using different theoretical methods [13-23].
In this work, the attention is focused on studying the
formation mechanism of complexes of valine and wa-
ter molecules formed in an aqueous medium.

A few years ago, J.K. Gochhayat et al. [24] used
the second-order Moller—Plesset (MP2) perturbation
theory to find the number of water molecules required
for the transition from the neutral to the zwitterionic
form of several amino acids. As a result, it was shown
that, at least three water molecules are necessary for
the transition of valine to the zwitterionic form.

Ju-Young Kim et al. [25] studied the effect of mi-
crosolvation on the relative stability of zwitterionic
and canonical forms of valine for complexes formed by
valine with up to five water molecules [Val-(H20),]
(n = 0-5). These authors found that five water
molecules are needed to stabilize the zwitterionic form
of valine.

Although several theoretical studies have been con-
ducted on the effect of microsolvation of valine in
an aqueous medium [24, 25|, the mechanisms of
interaction of valine with water molecules cannot
be said to be fully covered. Therefore, the purpose
of this work is to study the interaction of valine
with water molecules. These studies contribute to
a better understanding of the molecular structure
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and vibrational properties of valine in its non-ionized
and zwitterionic forms.

2. Methods

The Raman spectrum of the aqueous solution of
valine (concentration 2 M) was recorded using a
Renishaw Invia Raman spectrometer with 1200
line/mm diffraction grating. The spectrum was ob-
tained at room temperature in the spectral range
400-1800 cm~!. An argon laser with a wavelength of
785 nm and a power of 100 mW was used as a source
of excitation light. A standard Renishaw CCD Cam-
era detector was used to record the scattered light.

2.1. Computational method

All calculations were performed using the DFT
method in the Gaussian 09W program [26]. The
DFT method, especially with the B3LYP hybrid
functional, has been successfully used to calculate
the energies and various physicochemical parame-
ters of molecular clusters in different solutions [17,
18]. In this work, we performed calculations using the
B3LYP functional and the 6-311++G(d,p) basis set,
which includes diffusion and polarization functionals,
to consider the intermolecular hydrogen bonding. In
order to account for the effect of the aqueous solution
as accurately as possible, all calculations were per-
formed using the IEF-PCM approach. In addition, for
a more profound understanding of interactions exist-
ing in clusters, based on Bader’s AIM theory [27], the
topological parameteres of the electron density dis-
tribution in the most stable structure were obtained
using the MULTIWFN [28] program. The program
VMD [29] was used to vizualize the results of the
non-covalent interaction (NCI) analysis.

3. Results and Discussions

3.1. Optimized structures of Val+nW
and ZVal+nW (n = 1-5) complezes

It is known that amino acids have several proton ac-
ceptor and proton donor centers. Therefore, valine
forms various hydrogen-bound complexes with wa-
ter molecules. In this research, we consider the com-
plexes with the lowest energy. The optimized geome-
tries of non-ionized (Val) and zwitterionic (ZVal) va-
line molecular complexes with water (W) molecules
(Val+ nW, ZVal4+nW, n = 1-5) are presented in
Fig. 1.
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Fig. 1. Most stable ground state optimized geometries
of Val+nW and ZVal+nW (n = 1-5) calculated at the
B3LYP/6-311++G(d,p) level theory. Red, grey, white, and
blue balls represent oxygen, carbon, hydrogen, and nitrogen
atoms, respectively

The ground-state and relative energies of Val +nW
and ZVal+nW (n = 1-5) complexes are pre-
sented in Table 1. Binding energies of molecu-
lar complexes were determined using the formula
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Fig. 2. MEP surfaces of valine: non-ionized (a) and zwitte-
rion (b)

BE = Ecomplex — (E(z)val + 1 Ew) (Table 2). To es-
timate the thermodynamic stability of the complexes,
thermodynamic parameters such as the Gibbs energy,
enthalpies, and entropies are determined (Table 3).

When a water molecule approaches the neutral va-
line’s carboxyl group, a molecular complex is formed
that is more stable than those generated by other con-
formers (Fig. 1, a). The zwitterionic form of valine is
supported by just one water molecule [18]. Valine’s
two functional groups (amino and carboxyl) must in-
teract with the water molecule for this to happen
(Fig. 1, b). Table 1 shows that the ZVal+ 1W com-
plex’s formation energy is by 1.38 kcal/mol higher
than that for the Val + 1W complex’s. The ZVal+1W
is more stable than the Val+ 1W, as follows from
the complex formation energy and Gibbs energy pre-
sented in Table 3.

In the complex of neutral valine with two water
molecules, the carboxyl group performs both H-donor
and H-acceptor functions and has a cyclic struc-
ture (Fig. 1, ¢). The complex formed by two wa-
ter molecules with zwitterion valine also has a cyclic
structure, where the carboxyl group (COO™) acts as
an H-acceptor, and the amino group (NHJ) acts as
an H-donor (Fig. 1, d). It follows from Table 1 that
the formation energy of the ZVal +2W complex is by
1.25 kcal/mol higher than that for the Val+2W com-
plex, so that it is structurally more stable.

The complex formed by neutral valine with three
water molecules also has a cyclic form, and wa-
ter molecules are located around the carboxyl group
(Fig. 1, e). The complex formed by zwitterion valine
with three water molecules (ZVal + 3W) has a bicyclic
form (Fig. 1, f) and is structurally more stable by
1.88 kcal /mol compared to the Val + 3W complex.

The complex formed by neutral valine with four
water molecules is in a bicyclic form (Fig. 1, g), the
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amino group of valine acts as an H-acceptor. The
ZVal +4W complex is also in a bicyclic form
(Fig. 1, h) and is structurally more stable by
3.07 kcal/mol as compared to the Val +4W complex
(Table 1).

In the interaction of neutral valine with five water
molecules, the amino group acts as an H-acceptor,

Table 1. Calculated energies
of stable Val + nW and ZVal +nW (n = 1-5)
complexes at BSLYP/6-311+-+G(d,p) level of theory

Val + nW ZVal +nW AE = By — By
No energy (F1) energy (E2)
kecal /mol
(Hartree) (Hartree)
1 —478.9870 —478.9892 1.38
2 —555.4664 —555.4684 1.25
3 —-631.9427 —631.9457 1.88
4 —708.4236 —708.4285 3.07
5 —784.9018 —784.9052 2.13

Table 2. Binding energy
of Val+ nW and ZVal + nW (n = 1-5) complexes

Complex Binding energy Complex Binding energy
(kcal/mol) (kcal/mol)

Val + 1W 4.22 ZVal + 1W 5.60

Val +2W 12.33 ZVal +2W 13.58

Val + 3W 18.49 ZVal 4+ 3W 20.38

Val +4W 27.54 ZVal + 4W 30.62

Val + 5W 34.90 ZVal 4 5W 37.04

Table 3. Gibbs energies (G),
enthalpies (H) and entropies (S) of Val + nW
and ZVal +nW (n = 1-5) complexes (T' = 298 K)

Complex ¢ H S
(eat) () | (e)x
Val +1W 92.56 126.34 113.27
ZVal + 1W 95.57 127.52 107.14
Val +2W 107.31 143.77 122.28
ZVal 4+ 2W 144.80 108.88 120.48
Val +3W 119.12 160.97 140.34
ZVal + 3W 123.20 162.31 131.17
Val +4W 133.87 178.52 149.77
ZVal + 4W 134.91 179.39 149.20
Val +5W 146.66 195.75 164.63
ZVal + 5W 153.19 197.70 149.31
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Table 4. Topological parameters at the BCP of the valine-water
complexes. All calculations are performed at the BBLYP /6-311+-+G(d,p) level of theory

Laplacian Lagrangian Hamiltonian Potential H-bond
Electron - o

Complex BCP density, p of electron kinetic kinetic energy energy,
’ density, V2p energy, G energy, H density, V' FEing
Val +1W O18-Hig ... O29 0.0406 0.1295 0.0345 0.0021 —0.0366 11.48
Val + 2W O23-H2s5...O19 0.0303 0.1113 0.0263 —-0.0015 -0.0247 7.75
O17-Hig ... O29 0.0245 0.1358 0.0401 0.0062 -0.0463 14.53
Val + 3W Og26-H27...010 0.0301 0.1182 0.0275 -0.0021 -0.0254 7.97
O23-Has ... O2¢ 0.0380 0.1259 0.0324 0.0009 -0.0334 10.48
O20-Ha21 ... O23 0.0408 0.1282 0.0343 0.0023 —0.0366 11.48
O17-Hig ... O29 0.0502 0.1416 0.0420 0.0066 —0.0485 15.22
Val + 4W O18-Hig...O26 0.0497 0.1357 0.0405 0.0066 —0.0470 14.75
O26—Hag ... O29 0.0387 0.1208 0.0318 0.0016 —-0.0335 10.51
O29—H3p ... O20 0.0339 0.1148 0.0285 —-0.0002 —-0.0283 8.88
O20—H2z2...023 O 0.0371 0.1242 0.0317 0.0006 -0.0324 10,16
O29-H31...010 0.0246 0.0923 0.0209 —0.0022 -0.0187 5.87
O23-Has ... Ny 0.0424 0.0943 0.0289 0.0053 —0.0342 10.73
Val +5W O18-Hig ... O2¢ 0.0522 0.1326 0.0432 0.0076 —0.0508 15.94
O26—Ha27 ... O23 0.0417 0.1297 0.0350 0.0026 —-0.0376 11.80
O23-Hay4 ... O29 0.0418 0.1292 0.0349 0.0026 -0.0375 11.76
O29-H3zp ... 010 0.0256 0.1012 0.0227 —-0.0026 —-0.0200 6.27
O29—-H31 ... O29 0.0349 0.1169 0.0293 0.0001 —-0.0295 9.25
Og0-Ha22 ... O32 0.0388 0.1272 0.0331 0.0013 —0.0344 10.79
O32-H33...N; 0.0439 0.0955 0.0300 0.0061 -0.0361 11.33
ZVal + 1W N1-H> ... Ogo 0.0337 0.1097 0.0273 —-0.0002 -0.0271 8.50
Og20-Ha2z2 ... Hi2 0.0401 0.1318 0.0347 0.0018 —0.0365 11.45
ZVal +2W Og20-Ha22 ... O12 0.0379 0.1332 0.0338 0.0006 —0.0344 10.79
O23-Ha24 ... O29 0.0373 0.1216 0.0313 0.0009 -0.0322 10.10
N1-Hy ... O23 0.0366 0.1125 0.2905 0.0009 —-0.0300 9.41
ZVal +3W O23-Ha4...019 0.0348 0.1159 0.0290 0.00002 —-0.0290 9.10
O20-Ha21 ... O23 0.0273 0.0929 0.0220 —-0.0012 —0.0208 6.53

O20-H22012 0.0310 0.1091 0.0263 —-0.0009 —0.0254 7.97
O26—Ha7 ... O29 0.0369 0.1165 0.0302 0.0010 -0.0312 9.79
N1-Hyg ... Og6 0.0364 0.1122 0.0289 0.0008 —-0.0297 9.32

ZVal + 4W Og6—Hag ... O19 0.0336 0.1201 0.0293 —-0.0007 —0.0286 8.97
O23-H24 ... O2¢ 0.0319 0.1084 0.0265 —0.0006 —-0.0259 8.13
O23-H2s...O019 0.0327 0.1104 0.0272 —0.0004 —0.0268 8.41
O29-H3p ... O12 0.0380 0.1271 0.0327 0.0009 -0.0336 10.54
O20—H21023 0.0431 0.1285 0.0355 0.0033 —-0.0388 12.17
N;1-Hsz ... O29 0.0442 0.1288 0.0359 0.0037 —-0.0396 12.42
N1-Hy...O12 0.0242 0.0995 0.0216 —-0.0033 -0.0182 5.71
ZVal +5W O32-Hz3...012 0.0322 0.1126 0.0273 —0.0008 —-0.0265 8.31
O20—Ha2 ... 032 0.0268 0.0957 0.0223 -0.0016 —-0.0206 6.46
O23-Ha4 ... O32 0.0229 0.0824 0.0187 —-0.0019 -0.0169 5.30
O29-H3p ... O23 0.0388 0.1194 0.0316 0.0017 —-0.0033 1.03
Og23-Ha2s ... 019 0.0321 0.1085 0.0267 —0.0004 -0.0263 8.25
O26—Ha27...019 0.0309 0.1083 0.0263 —-0.0008 —-0.0255 8.00
Og6—Hag ... O29 0.0247 0.0883 0.0203 —-0.0018 -0.0185 5.80
O20-Ha21 ... O29 0.0279 0.0986 0.0232 —-0.0014 -0.0218 6.84
N1-Hsz...O10 0.0398 0.1161 0.0312 0.0022 -0.0334 10.48
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Fig. 3. The coloring isogram for Val+nW and ZVal +nW
(n = 1-5) complexes

and the resulting complex is in a bicyclic form
(Fig. 1, 7). The complex of the zwitterion with five
water molecules is in the form of a cage (Fig. 1, j),
and, as compared to the Val +5W complex, is struc-
turally more stable by 2.13 kcal /mol energy (Table 1).

The calculations show that, in the solvated phase,
ZVal +nW complexes are structurally more stable
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than Val+nW complexes. It is also found that the
interaction of neutral valine with water molecules in-
creases the binding energy with the increase in the
number of water molecules, and the fragments of
ZVal +nW complexes more strongly interact than
those of Val +nW complexes (Table 2).

3.2. Molecular electrostatic
potential surface analysis

The molecular electrostatic potential (MEP) sur-
face is characterized by the electron density distri-
bution of the atoms in the molecule. Its analysis al-
lows obtaining the information about the size, shape,
charge density, and chemical reactivity properties of
molecules. Figure 2 shows the MEP surfaces of non-
ionized and zwitterionic forms of valine. Depending
on the level of MEP, the surfaces are represented in
different colors. The red <yellow <green <blue order
is shown in the ascending order of the electrostatic
potential of the molecule.

As can be seen from Fig. 2, the MEP surfaces of
non-ionized and zwitterion structures of valine are dif-
ferent. In non-ionized valine, the nucleophilic region
is located on the hydrogen atom of the O-H group,
and the electrophilic region is located on the oxygen
atom of the C=0 group. In zwitterionic valine, the
nucleophilic sphere is located on the hydrogen atoms
of the NH3Jr group, and the electrophilic sphere is lo-
cated on the oxygen atoms of the COO~ group.

3.3. AIM topological analysis

The analysis of atoms in molecules (AIM) proposed
by Bader [30] is an effective tool for the analy-
sis of intermolecular interactions in molecular com-
plexes. The properties of hydrogen bonds between
complexes are characterized by the electron density
p(r), electron density Laplacian V2p(r), Lagrangian
kinetic energy G(r), potential energy density V(r),
Hamiltonian kinetic energy H(r) = G(r) + V(r), and
the H-bond energy can be described using topologi-
cal parameters such as Fiy,, = V(r)/2. The topologi-
cal parameters of the Val + nW and ZVal +nW com-
plexes at the bond critical point (BCP) of the molec-
ular interactions obtained with the MULTIWFN pro-
gram are presented in Table 4.

The strength of the hydrogen bond is characterized
by the Laplacian of the electron density and the en-
ergy density at critical points. According to I. Rozas
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Fig. 4. Simulated Raman spectra of ZVal+nW (n = 1-5) complexes along with the experimentally recorded Raman spectrum

of valine in aqueous medium
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Table 5. The experimentally observed Raman line positions
of valine in aqueous medium along with the calculated values
for different hydrogen bonded complexes of zwitterionic valine (ZVal) and water (W)

Observed Calculated Raman line positions (cm™!)
Raman line
position (em™) ZVal + 1W ZVal + 2W ZVal + 3W ZVal + AW ZVal + 5W
407 411 424 416 414 442
437 452 438 434 442 444
538 520 537 558 534 533
735 763 714 734 694 735
759 780 770 766 766 766
824 816 820 816 824 830
850 871 861 874 849 880
948 939 945 942 951 957
967 970 971 972 970 969
1062 1062 1069 1074 1091 1095
1125 1122 1130 1136 1106 1116
1138 1185 1189 1190 1132 1149
1277 1291 1301 1314 1292 1308
1326 1345 1343 1350 1349 1342
1359 1347 1353 1355 1351 1356
1413 1419 1416 1415 1421 1425
1449 1480 1481 1421 1426 1432
1473 1483 1491 1481 1478 1480
1634 1633 1635 1636 1636 1637

et al. [31], hydrogen bonding interactions can be clas-
sified as follows:

e Weak hydrogen bond (Exp < 50 kJ/mol)
V2p(r) >0, H(r) > 0;

e Medium hydrogen bond (< Egp < 100 kJ/mol)
V2p(r) >0, H(r) < 0;

e Strong  hydrogen bond
< Eup)V3p(r) <0, H(r) < 0.

Table 4 shows that the values of the electron den-
sity (p) at the critical points of bonding are in the
interval of 0.0245-0.0522 au and 0.0229-0.0442 au for
clusters Val + nW and ZVal +nW (n = 1-5). These
values are in the hydrogen bond interval (0.0033—
0.168 au) [32]. The Laplacian of the electron density
(V2p) values are all positive and lie between 0.0923—
0.1357 au and 0.0824-0.1332 au. All of them are in
the interval of hydrogen bonding (0.020-0.139 au)
and confirm the presence of hydrogen bonding in the
clusters.

In Figure 3, non-covalent interactions between va-
line and water molecules are depicted by a colored iso-
gram. Blue represents hydrogen bonding, green rep-
resents Van der Waals interactions, and red repre-
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(100 kJ/mol

sents strong repulsion (steric effect). The results of
the analysis confirmed that hydrogen bonding is dom-
inant in the formation of Val+nW and ZVal+nW
complexes.

3.4. Vibrational analysis

Raman spectra of zwitterionic valine complexes with
water molecules (ZVal+nW, n = 1-5) simulated by
DFT: B3LYP/6-311++G(d,p) method along with the
experimentally registered Raman spectrum of valine
in the aqueous medium are presented in Fig. 4. These
spectra were then cross-compared to determine the
number of water molecules involved in the hydro-
gen-bonding interactions with one zwitterionic va-
line molecule. Table 5 presents several experimen-
tally observed wave numbers of different vibrational
modes of the zwitterionic valine molecule in an aque-
ous medium and the theoretically calculated wave
numbers of five most stable conformers [ZVal + nW,
n = 1-5]. Calculated wavenumbers are given without
any scaling factor. It should be noted that DFT cal-
culations yield Raman scattering amplitudes, which
cannot be taken directly as Raman intensities. The
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Raman intensity is proportional to the scattering
cross-section (0o /0v) and can be calculated using
the Raman scattering amplitude and wavenumbers
calculated for each normal mode using the following
formula [22]:

(vo —vi)*

do; 2474 h S
i\ 45 ) \1 —exp [“her] ) \8n2ev) ™"

where 1 is the frequency of excitation light, v; is
the frequency of the i-th normal vibration mode, h is
Planck’s constant, ¢ is the speed of light in vacuum,
k is Boltzmann’s constant, S; is Raman activity.

The analysis of Fig. 4 implies that the simulated
Raman spectrum of the ZVal +4W complex is in bet-
ter agreement with the experimental spectra of va-
line in the aqueous medium compared to other com-
plexes. Moreover, the positions of the calculated Ra-
man lines of the ZVal+4W complex are close to
the positions of the experimentally observed Raman
lines. Therefore, one should draw conclusion that the
ZVal + 4W complex is present in the aqueous solution
of valine, and this form is dominating among all other
possible complexes.

4. Conclusion

In this work, the ground state geometries of the
hydrogen-bound Val+nW and ZVal+nW (n =
1-5) complexes were optimized at the B3LYP/6-
3114++G(d,p) level by the DFT method. The re-
sults of calculations show that the zwitterionic form
of valine is structurally more stable in the aqueous
medium than its neutral (non-ionized) form. Compa-
ring the binding energy of a valine molecule with wa-
ter molecules, it is found that water molecules bind
more strongly to the zwitterionic structure of va-
line. Based on the carried out AIM topological analy-
sis, it is found that valine forms complexes with water
molecules by hydrogen bonds. In addition, the Ra-
man spectra of ZVal + nW (n = 1-5) complexes are
theoretically calculated and compared with the ex-
perimentally observed Raman spectrum of valine in
the aqueous medium. It is also found that the cal-
culated Raman spectrum of the [ZVal+ 4W] com-
plex is in the best agreement with the experimentally
observed Raman spectrum of valine in the aqueous
medium. Thus, it has been concluded that this struc-
ture is the most probable hydrogen-bound complex of
valine with water molecules.
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A. 2Kymabaes, V. Xoaixynaos,

X. Xywesaxmos, A. Abcanos, JI. Bysasin

B3AEMO/IIS BAJIIHY 3 MOJIEKYJIAMU
BO/JIU: JOCJILIXKEHHSA METOJAMU DFT
TA PAMAHIBCBKOI CIIEKTPOCKOIIIT

Bzaemoniro HeionizoBaHol Ta 1BiT€piOHHOI POPM BajliHy 3 MO-
JIeKyJIaM{ BOJU TOC/iI?KEHO METOJNAaMU PaMaHiBCBKOI CIIEKTPO-
ckormil Ta KBaHTOBO-XiMiuHOrO MozemoBanus. Popmasizm ixTe-
IPaJIbHOIO PIiBHSHHS JJIsT MOJEJIi IOJIAPU3ALITHOIO KOHTHHYY-
My (IEF-PCM) ayis1 BpaxyBaHHS BIUINBY PO3YMHHUKA BUKODH-
croByBaBcsa Ha pisui Teopil B3LYP/6-3114++G(d,p). Boxuesi
3B’SI3KHM Mi’K MOJIEKYJIaMH BaJIiHy Ta BOIN BHBYAJINCH METOIA-
MU KBaHTOBOI Teopil aromis y mosnekysnax (AIM) i mekoBasen-
0T B3aemozil (NCI). IInsxoM NOPiBHAHHS €KCIIEPUMEHTAJIb-
HHUX i TEOPETUYHUX PAMaHIBCBKHMX CIEKTDPIB BaJiHy y BOJHOMY
CepeJIOBUILI BCTAHOBJIEHO, M0 HAWOIIBII IMOBIDHUM € KOMILJIEKC
nBiTepioHHOrO BaJjiHy 3 4 MOJIEKYJIaMU BOJIH.

Katowoei caoea: BajiH, IBITEPIOH, BOAHEBUI 3B’S30K, pa-
MaHiBCbKi ciekTpu, merog DFT.
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