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Classical MD simulations of the IR spectra of amino acids
with neutral residues in water.
Reassignment of the band around 2300 cm™
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Aqueous solutions of glycine, phenylalanine and proline were studied using the classical MD
simulations. The amino acids were described by Amber and OPLS-AA force fields. The SPC/E and TIP3P
models were used for water. Pair correlation functions of the amino acids evaluated using the Amber-TIP3P
scheme agree well with the experimental data. This scheme was used in the subsequent simulations. The IR
spectrum was obtained from Fourier transform of the autocorrelation function of classical dipole moment of
the amino acids. The theoretical frequencies of the IR-intensive bands of glycine in water, associated with
N-H and C—H stretching, and N—H bending vibrations, agree with the experimental data. The appearance of
band near 2300 cm™ is a characteristic feature of the theoretical IR spectra of aqueous glycine and
phenylalanine. This band is associated with the stretching vibrations of the NHs+ group forming strong
+N-H...0,, bonds with the adjacent water molecules. This band appears in the experimental IR spectrum of
aqueous solution of glycine, and was treated as a combination band (Spectrochim. Acta A 61 (2005) 2741).
In the theoretical IR spectrum of proline no band around 2300 cm™ was obtained. This difference could be
explained by inability of the proline NH,+ group to form strong +N—H...0O,, bonds with water molecules.
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WK crexTpsl BOAHBIX pPacTBOPOB TIJIMIMHA, (DeHWIATaHHHA M TMPOJIMHA PACCUHTAHBI METOIOM
kiaaccuueckoit MJI. Ilpu stoM mpuMmeHsuinch cuioBsle most Amber u OPLS-AA, a Boxa ommchiBaiach
momensimu SPC/E u TIP3P. Haiineno, uro mpubmmkerne Amber-TIP3P xoporiio BOCIPOU3BOINUT MapHBIE
(GYHKIMM pacripesiesieHusl PacCTOSHUM a30T — Kuciaopox Modekyn Boabl. MK crnextpel momyvanu
nocpeacTBoM Dypbe-npeodpa3oBaHusi aBTOKOPPEISILUOHHON QYHKINYU TUITOJIEHOIO MOMEHTa aMUHOKHUCIIOT.
Pacuernbie 3HaueHus yactor MK-akTHBHBIX MOJIOC, OOYCIOBJIEHHBIX BaJeHTHBIMH KojeOanusiMu N—H u
C—H rpymm, cormacyroTcst ¢ TUTEpaTypHBIMU JaHHBIMEL. [lomoca okomo 2300 cm™ cyiecTByeT B pacueTHbIX
UK cnekrpax mmnuHa ¥ QeHmtanannHa. OHa 00ycIIOBJIE€Ha BaJICHTHBIMM KosieOaHusMu rpynnsl NHg+,
obpazyromeit +N—H...O,, cBs3u ¢ MoneKkynamu Bojbl. JTa mojoca oTcyTcTByeT B pacuetHoM UMK cnekrpe
MIPOJIMHA.

KioueBble c10Ba: IBUTTEP-HOHBI aMUHOKHUCIIOT, MEKMOJIEKYJIIsIpHBIe H-CcBsI3M
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Introduction

The solvation of the simplest amino acids (AAs) as already been investigated with
various theoretical methods in recent years, see e.g. Refs. 1-21 for an incomplete list. The
microsolvation regime presents an extreme limit of environmental effects on the structure
and relative stability of the neutral and zwitterionic forms of AAs [2-6]. This regime led to
valuable insights into the hydrogen bond (H-bond) interactions with water molecules;
however, it fails to describe the long-range electrostatic effects. The latter can be taken into
account in terms of the discrete-continuum model [22, 23] or quantum mechanics—
molecular mechanics simulations [7, 8, 24]. The discrete-continuum model is successfully
used for evaluation of the vibrational frequencies of molecules in water [25]. A serious
drawback of the model is the uncertainty in the minimal number of water molecules
required to simulate the diluted aqueous solutions [26]. A few water molecules are usually
included into the quantum-chemistry part of the peptide models in the quantum mechanics—
molecular mechanics simulations [27-30]. This complicates the adequate description of the
solvation because the average number of solvent molecules in the first solvation shell is
around 20 for zwitterionic glycine and alanine [8, 9]. A more rigorous description of the
solvation phenomenon can be obtained by using explicit solvent models. Classical
molecular dynamics (MD) and Monte Carlo simulations [10-16], and the RISM integral
equation method [17, 18] led to valuable insights the hydration structure of zwitterions
hydrophilic groups. However, the obtained results are very sensitive to the force field used
in the simulations [31, 32]. The DFT based on MD (AIMD) simulations [33, 34] are
believed to give a reliable description of the local structural motifs [19] and solvation shell
of AAs in water [20, 21]. It should be noted that AIMD simulations for modest system
sizes (an AA residue/molecule and ~ 50 water molecules) are at present computationally
demanding, and for larger sizes (an AA residue/molecule and ~ 1000 water molecules [12,
35]) are currently intractable.

Vibrational spectroscopy has been applied for decades as a powerful probe of AAs,
short peptides and protein secondary structures in hydrated media [36]. The major attention
is usually focused on the analysis of the N—H stretching vibrations (> 3000 cm™) and the
amide 1, I and 111 bands (< 1800 cm™) [37 — 43]. The low-intensive band around 2200 cm~
! was detected in the IR spectra of aqueous solutions of AAs with neutral residues [44 -
46]. It was tentatively assigned to the combination band [44, 46]. According to [47 - 51],
the IR active band in the 2200-2400 frequency region is a typical feature of the systems
with +N—H...O- fragments and short H-bonds. At the same time, in the AIMD study of
aqueous solutions of glycine no band around 2300 cm™ was obtained (Table 3 in [20]).
This can be explained as follows. It was shown for glycine in water [20], that perturbations
of the geometric and electronic structure of the solvating water molecules are astonishingly
small even in the first shell compared to bulk water. This conclusion conflicts with the
results obtained very recently in the FTIR study of AAs hydration [15]. According to it,
“The structural-energetic characteristic of these solute-affected water molecules shows
that, on average, water affected by amino acids forms stronger and shorter H-bonds than
those in pure water”. This discrepancy may be explained by the use of the Perdew—Burke—
Ernzerhof exchange correlation density functional [52] in the AIMD study [20]. According
to [53, 54], DFT within the generalized gradient approximation poorly reproduces the
experimental properties of liquid water. In the present study the IR spectra of aqueous
solutions of AAs with neutral residues are evaluated using the classical MD simulations.
The main attention is paid to the 1900 — 2500 frequency region.
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Experimental

In the present study a set of AAs with neutral residues is considered. It includes the
simplest AA glycine; the AA with the bulky residue, phenylalanine; and proline which
contains an unusual ring to the N-end amine group. These AAs contain only two functional
groups, therefore un-ionized functional groups are absent in aqueous solutions. L forms of
proline and phenylalanine are considered in the present study. For each aqueous AA the
cubic cell consisted of a single AA and 1000 water molecules (corresponding to
concentration of ~ 0.1 M). Such concentration is typical for aqueous solutions of AAs [55,
56].

MD simulations are conducted using the GROMACS code [57]. Amino acids are
described by the Amber force field [58] together with the TIP3P water model [59]. It will
be called as the Amber-TIP3P scheme below. To check the sensitivity of the results to
force fields the OPLS all-atom force field [60, 61] together with the SPC/E water model
[62], the OPLS-SPC/E scheme, is also considered. The equations of motion are integrated
using the leap-frog algorithm with a time step of 0.5 fs. Simulations are performed at the
constant temperature of 298 K employing the Berendsen thermostat [63] with the time
constant of 0.5 ps. An atmospheric pressure of 1 bar is maintained by the Parrinello-
Rahman barostat [64] with the coupling constant of 0.5 ps. A short-range nonbonded cutoff
of 12 A is used, and long-range electrostatics were calculated using the particle mesh
Ewald method [65] (cutoff was equal to 14 A). Equilibration of each model is performed
for 10 ns in the NPT ensemble using the both force fields. The NVT simulations are used
for the data collection. A time step is 0.5 fs and the trajectory length is 100 ps. The IR
spectrum is obtained by the Fourier transformation of the dipole moment autocorrelation
function derived of the classical dipole moment [66] and adjusted by the harmonic
quantum correction factor [67]. Details of this procedure are given elsewhere [51]. A
classical MD simulation gives a reasonable description of the IR spectrum of the liquid
systems [68, 69], where a 0.5 fs time step is sufficient to produce reliable IR results for the
~ 2000 cm™ region [70].

Results and discussion

The considered systems are well equilibrated after 20 ns NPT simulations run. The
drift of the total energy is less 0.05 kJ/mol. The frame from the end of the NPT
equilibration with volume closest to the average is used to start the production simulation.

In accord with the literature data [32, 71], a pair correlation function g(N...Oy) of a
nitrogen site (N) with respect to the oxygen (O,,) sites of the water molecules evaluated for
the glycine zwitterionic form is very sensitive to force fields. The first maximum of the
g(N...Oy) function of glycine in water is at 2.76 A (OPLS-SPC/E) and 2.94 A (Amber—
TIP3P). The latter value is in accord with isotopic neutron diffraction experiments [72],
where a similar mean N...O,, distance of 2.93 +/- 0.03 A was deducted based on the
N...Ow correlation. To find out the scheme that gives reasonable results for the considered
systems, different pair correlation functions of proline in water were evaluated. This AA
was chosen because its aqueous solution was studied by neutron diffraction (ND) [11, 73].
The computed values of the first maximum position of the computed pair correlation
functions are compared with the available literature data in Table 1. The values evaluated
using the Amber-TIP3P scheme for non-hydrogen atoms agree with the ND data much
better, than those evaluated using the OPLS-SPC/E scheme. We conclude that simulations
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using the Amber-TIP3P scheme describe the g(N...O,y) function of aqueous solutions of
AAs, considered in the study, quite realistically.

Table 1. The computed values of the first maximum position of different pair correlation
functions of aqueous solution of proline vs. the literature data (the units are A)

RDF ? OPLS-SPC/E AMBER-TIP3P ND [73] RISM [74]
N—Ow 2.74 2.92 2.90 3.00
0, Ow 2.62 2.72 2.80 3.10
0, Ow 2.66 2.70 2.80 3.3
O Hw 1.64 1.78 1.80 1.75
O, Hw 1.66 1.78 1.80 1.78

% N and H, denote the nitrogen and hydrogen sites of proline, while Oy and Hy denote the oxygen and
hydrogen sites of the water molecules

The dipole correlation function of aqueous AAs is well converged. Computed IR
spectrum of glycine in water evaluated using the Amber-TIP3P scheme is given in Fig. 1.
A tentative assignment of the IR-intensive bands is given in Table 2. Obtained results
enable us to make the following conclusions. The theoretical frequencies of the IR—
intensive bands of glycine in water, associated with N—H and C—H stretching, and N—H
bending vibrations, agree with the experimental data. Their frequencies systematically
overestimated on 100-200 cm™. At the same time, the classical MD simulations do not give
a correct description of amid 11 and 111 bands. The appearance of band near 2300 cm™ is a
characteristic feature of the theoretical IR spectrum of glycine in water. This band is
associated with the stretching vibrations of the NHz+ group forming strong +N-H...O
bonds with the adjacent water molecules, see the next Section. In the theoretical IR
spectrum of proline no band around 2300 cm™ was obtained (Fig. 1). Proline is the
naturally occurring AA with a secondary a-amino group, which explains its more basic
character with respect to many other a-AA [75]. We believe that the absence of this band
in proline is explained by inability of the proline NH,+ group to form strong +N—H...Oy
bonds with water molecules. In contrast to proline, the band around 2300 cm™ does exist in
the theoretical IR spectrum of phenylalanine in water (Fig. 2).
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» 0.04

IR intensit
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0 1000 2000 3000

. -1
Wavenumber, cm

Fig. 1. IR spectra of glycine and proline in water evaluated using
the Amber-TIP3P scheme.

The computer simulation and the experimental correlation times for the bond
rotations in NHs+ groups in peptides and proteins suggest that their hydrogen bonding is
highly dynamic with a subnanosecond lifetime. According to [76] lifetimes of H-bonds
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between lysine side-chain amino groups in proteins and water molecules vary from 2 to 4
ps. Assuming that strong “N-H...O" bonds forming by glycine and phenylalanine
zwitterions with water molecules exist around 4 ps, we conclude that these bonds can be
detected by IR spectroscopy.

Table 2. Comparison of the theoretical frequencies of the IR-intensive bands of glycine in
water, evaluated using the Amber-TIP3P scheme, with the literature data (the units are

cm™).
This work AIMD [20] Exp. [44] Tentative assignment
3646 - - “Free” N—H str.
3352/3179 3064 +/- -/3170 Asymm. N—H str./Symm. N—H str.
3045/2918 335 -/2898 Asymm. C—H str./Symm. C—H str.
2304 - 2140 Asymm. str. of the +N—H...O,, moety
2024 - - CQOg, str.
1750 1630 +/- 20 1615 N-H bend.
- 1535 +/- 60 1510 NH; umbrella +C H, wagg.”
- - 1412 C H, bend.”
- 1350 +/- 10 1332 C —C¢str. +C—O str. +C —H bend."”
- 1295 +/- 10 - C H,wagg.”
1110 1112 +/- 40 1111 H-N-C bend.

% The designations introduced in Table 3 in [20]
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Fig. 2. IR spectra of glycine and phenylalanine in water evaluated using
the Amber-TIP3P scheme.

Conclusions

The theoretical frequencies of the IR-intensive bands of glycine in water, associated
with N—H and C—H stretching, and N—H bending vibrations, agree with the experimental
data. The classical MD simulations do not give a correct description of amid Il and Il
bands.

The appearance of band near 2300 cm™ is a characteristic feature of the theoretical
IR spectra of glycine and phenylalanine in water. This band is associated with the
stretching vibrations of the NHs+ group forming strong +N—H...O, bonds with the
adjacent water molecules. In the theoretical IR spectrum of aqueous solution of proline no
band around 2300 cm™ was obtained. This difference could be explained by inability of the
proline NH2+ group to form strong +N—H...0O,, bonds with water molecules.
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