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Abstract The hydration of selected amino acids, alanine,
glycine, proline, valine, isoleucine and phenylalanine, has
been studied in aqueous solutions by means of FTIR spec-
tra of HDO isotopically diluted in H,O. The difference
spectra procedure and the chemometric method have been
applied to remove the contribution of bulk water and thus
to separate the spectra of solute-affected HDO. To sup-
port interpretation of obtained spectral results, molecular
dynamics simulations of amino acids were performed. 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. Differences in the influence of amino
acids on water structure have been noticed. The effect of
the hydrophobic side chain of an amino acid on the solvent
interactions seems to be enhanced because of the specific
cooperative coupling of water strong H-bond chain, con-
necting the carboxyl and amino groups, with the clathrate-
like H-bond network surrounding the hydrocarbon side
chain. The parameter derived from the spectral data, which
corresponds to the contributions of the population of weak
hydrogen bonds of water molecules which have been sub-
stituted by the stronger ones in the hydration sphere of
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amino acids, correlated well with the amino acid hydropho-
bicity indexes.
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Introduction

Amino acids belong to a class of metabolites, called
osmolytes, which are accumulated in living organisms as
a protective system under unfavorable environmental con-
ditions (Yancey et al. 1982). It is known that osmolytes
increase protein stability against denaturation without sig-
nificantly perturbing the functional activity of the proteins
and other cellular components (Arakawa and Timasheff
1985; Arakawa et al. 2007; Taneja and Ahmad 1994; Wang
and Bolen 1996, 1997). The stabilization of proteins by
amino acids is manifested in the increased melting temper-
ature of the proteins at both neutral and lower pH values
(Anjum et al. 2000; Jamal et al. 2009; Taneja and Ahmad
1994). It has been observed that various amino acids have
different effects on protein stability in terms of the melting
temperature (Arakawa and Timasheff 1985; Shiraki et al.
2002; Taneja and Ahmad 1994).

Despite significant progress in understanding of the
effect of presence an osmolyte on protein stability, the
precise mechanism of stabilization is still not clear. There
are several theories proposed to explain this effect. One
of these theories assumes that osmolytes are preferen-
tially excluded from the protein surface which is equiva-
lent to preferential hydration of the proteins (Arakawa
and Timasheff 1985; Bolen and Baskakov 2001; Liu and
Bolen 1995; Timasheff 2002; Wang and Bolen 1997). As a
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consequence, it is also stated that osmolytes do not interact
with proteins directly, but rather through the surrounding
water of modifying properties (Bennion and Daggett 2004;
Bruzdziak et al. 2013; Daggett 2006; Panuszko et al. 2009;
Soper et al. 2003). Thus, to understand the effect of amino
acids on protein stability it is important to understand their
influence on the water structure and interactions between
water molecules. Based on the concept that osmolytes sta-
bilize proteins by causing the modification of water struc-
ture and due to the fact that various amino acids have dif-
ferent effects on the stability of proteins, it is expected that
their influence on the structure of water will be also differ-
ent, contrary to the previous findings in solution at neutral
pH (Ide et al. 1997).

Aqueous amino acid solutions were extensively stud-
ied experimentally by IR spectroscopy (Hecht et al. 1993;
Hernandez et al. 2009; Kumar et al. 2005; Olsztynska et al.
2001; Panuszko et al. 2011), NMR spectroscopy (Ide et al.
1997), Raman spectroscopy (Balabin 2010; Ide et al. 1997,
Kumar et al. 2005; Zhu et al. 2011), THz spectroscopy
(Niehues et al. 2011; Sun et al. 2014), neutron diffraction
(McLain et al. 2007; Troitzsch et al. 2007), ultrasonic meas-
urements (Burakowski and Glinski 2010), and theoretically
by molecular dynamics methods (Campo 2006; Pacios
2001; Shirts and Pande 2005; Troitzsch et al. 2007) and by
ab initio calculations (Chaudhari et al. 2004; Hernandez
et al. 2009; Michaux et al. 2009; Mullin and Gordon 2009;
Panuszko et al. 2011). Among these works, excluding our
study on the hydration of glycine and its methyl derivatives
(Panuszko et al. 2011), only two can be directly related to
the results obtained by the method used by us. Ide et al.
(1997) examined aqueous solutions of amino acids by
Raman spectroscopy, by analysis of the intensity of H,O
stretching vibration band corresponding to an in-phase col-
lective vibration of OH oscillators that are connected by
hydrogen bonds. The authors concluded that at neutral pH
various amino acids did not differ from one another signifi-
cantly. They detected difference only after lowering or also
raising pH of solutions. Thus only at acidic or basic condi-
tions did the authors observe that degree of hydrogen bond-
ing between water molecules is affected by side chains of
amino acids. At this point we would like to draw attention
that the so-called the collective OH band is not the only
type of water OH vibration band. Thus collective bond is
not representative for the whole population of water hydro-
gen bonding and then the presented method of analysis
cannot give an adequate characteristic of solute influence
in this respect. The paper of Hecht et al. (1993) presented
difference infrared spectra between zwitterionic amino acid
aqueous solutions and of pure H,O at the 38002600 cm™!
region. Spectra differ depending on the amino acids. How-
ever, the differences obtained are of poor quality. Water OH
bands in difference spectra obtained by authors indicate
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an overall increase in the degree of hydrogen bonding of
water. Corresponding absorption growth has been approxi-
mated by one Gaussian component band with band posi-
tion differing between 3437 and 3383 cm™! in dependence
of amino acid. However, we have established that a differ-
ence spectrum of H,O in aqueous solutions, obtained in
such a way to extract the solute-affected water spectrum,
consists of at least four components (Smiechowski and
Stangret 2007, 2008; Stangret and Gampe 2005). Each of
component bands corresponds to the different state of water
H-bonds. Generally, results presented by the both discussed
papers give definite oversimplified image of the state of
water H-bonds in aqueous solution.

We specialize in gaining subtle information about the
energetic and structural state of water molecules hydrat-
ing different solutes on the basis of vibrational spectra of
water in solution (Smiechowski and Stangret 2010). Vibra-
tional spectroscopy is an ideally suited method for inves-
tigation of solute hydration. The time scale of response of
vibrational spectroscopy, ~107'* s, is in the range of water
stretching vibrations, allows registering even relatively
short-lived species formed by water molecules influenced
by a solute. Vibrations of semi-heavy water (HDO), isotop-
ically diluted in H,O, have been used as a sensitive probe
of local molecular surroundings and thus of solute hydra-
tion. HDO spectra are free of interpretive and experimental
difficulties connected with H,O spectra. The OD vibration
is decoupled from all the other OH vibrations in the system
and the local structure and dynamics around the OD vibra-
tion can be studied in the absence of any complication aris-
ing from molecular couplings.

To receive information about the structure and interac-
tions inside the hydration sphere, the contribution of bulk
water to the spectrum should be removed as to obtain the
solute-affected spectrum. This has been done applying the
quantitative version of the difference spectra method devel-
oped in our laboratory. More details on this and related top-
ics can be found in the review (Smiechowski and Stangret
2010).

The goal of our previous work was to characterize the
state of water molecules hydrating the basic hydrophilic
centers of glycine, i.e., the carboxyl and the amino group
(Panuszko et al. 2011). It was preceded by studies of car-
boxylate anions hydration (Gojlo et al. 2009) as well as of
the amino group (Panuszko et al. 2008) and also protonated
amino group (Gojlo et al. 2005) hydration.

In this work, we used FTIR spectroscopy to investigate
the hydration properties of selected amino acids with non-
polar side chain: alanine (Ala), glycine (Gly), proline (Pro),
valine (Val), isoleucine (Ile) and phenylalanine (Phe) in
water solution. On the basis of the band shapes of solute-
affected HDO spectra, the energetic state and organiza-
tion of affected water molecules in the presence of solute
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were determined. The obtained spectral results were com-
pared and discussed with the results of molecular dynamics
simulations.

Experimental section
Chemicals and solutions

Alanine (Ala, 99 %, Aldrich), glycine (Gly, 99 %, Sigma),
proline (Pro, 99 %, Aldrich), valine (Val, 99 %, Aldrich),
isoleucine (Ile, 99 %, Aldrich) and phenylalanine (Phe,
99 %, Aldrich) were used without further purification.

Sample and reference solutions for FTIR measure-
ments of HDO spectra have been prepared as described in
the Supplementary Material. All solution densities were
measured using an Anton Paar DMA 5000 densitometer at
25.000 £ 0.001 °C.

FTIR spectra of HDO measurements

FTIR spectra of aqueous solutions of amino acids were
recorded on Nicolet 8700 spectrometer (Thermo Elec-
tron Co.) with a resolution of 4 cm™'; 128 scans for each
spectrum were made. The spectrometer was purged with
dry nitrogen to eliminate the influence of water vapor and
carbon dioxide on spectra shape. All the FTIR measure-
ments were carried out using a liquid cell (model A145,
Bruker Optics) with CaF, windows separated by Teflon
spacers. The path length was 0.0289 mm and was pre-
cisely determined interferometrically. The temperature of
measurements were kept at 25.0 & 0.1 °C and monitored
using electronic thermometer equipped with thermocouples
placed in the sample cell.

The series of Ala, Gly and Pro solutions were in the
range of molality () between 0 and 1 mol kg~! (in ca.
0.2 mol kg~! steps). For Ile and Phe solutions molalities
were in the range between 0 and 0.14 mol kg~! (in ca.
0.01 mol kg~! steps), and between 0 and 0.4 mol kg~! for
Val (in ca. 0.1 mol kg~! steps). Different concentration
ranges result from the solubility of amino acids in water.
In the case of each amino acid the dependence of molar
absorption coefficient vs. molality (calculated at each
wavenumber) has been approximated with a linear function
(R*>0.9998).

Analysis of spectral data

All spectra have been handled and analyzed using the com-
mercial PC software: OMNIC (Thermo Electron Corpora-
tion), GRAMS/32 (Galactic Industries Corporation, Salem,
NH) and RAZOR (Spectrum Square Associates, Inc.,
Ithaca, NY) run under GRAMS/32.

The difference spectra method has been applied to
extraction the solute-affected HDO spectrum on the basis
of spectra series measured for different molalities of
aqueous solutions and the bulk HDO spectrum (Stangret
1988; Stangret and Gampe 1999). The method is based on
the assumption that it is possible to divide water in solu-
tion into two additive contributions: the bulk water and
the solute-affected water. These contributions correspond
to the spectrum of bulk water identical to the pure water
spectrum, &,, and the solute-affected water spectrum, ey,
respectively.

The basis for isolation of the solute-affected water
spectrum, extrapolated to the infinite dilution is shown in
Eq. (1):

. — 1 [ oe te
=Nt \om), bs (1)

where N parameter is the “affected number”, equal to the

number of moles of water affected by one mole of solute,
M is the mean (4 % D,0 in H,O in the case of HDO spec-
tra) molar mass of water (kg mol™!), and m denotes the
molality of the solution (mol kg™'). The derivative, ds/dm
, in the infinite dilution limit, is received by an approxima-
tion of the molar absorption coefficient value as a function
of molality at each wavenumber using linear or quadratic
regression.

The detailed procedure method of spectral data analy-
sis toward extraction of the solute-affected water spectrum
was previously described (BruzZdziak et al. 2010, 2012;
Smiechowski and Stangret 2010; Stangret 1988). This
method is used extensively in our laboratory inter alia to
study of the hydration of aqueous solutions of molecules
of biological importance such as osmolytes and proteins
(Bruzdziak et al. 2013; Panuszko et al. 2009, 2011, 2012).
The effectiveness of this method has been confirmed by
molecular dynamics simulations (Panuszko et al. 2008,
2009, 2012) as well as by chemometric analysis of HDO
spectra in aqueous solutions (BruzZdziak et al. 2010).

Molecular dynamics simulations

The simulated systems consisted of a single amino acid
molecule (Gly, Ala, Pro, Val, Ile or Phe) in the zwitte-
rionic form, confined in a cubic box of water molecules
with a minimal distance between the solute and the box
edge of 1.2 nm. Molecular dynamics (MD) simulation
was performed using the GROMACS package (Hess
et al. 2008) and the GROMOS53a6 force field (Oosten-
brink et al. 2005) for amino acid molecules. To capture
possible subtle differences in the structural and dynamic
properties of amino acid hydration shells, we used a
flexible water model with anharmonic bond potentials
(Praprotnik et al. 2004).
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Molecular dynamics simulations were carried out in the
NPT ensemble at 300 K and at 1 bar using the Berendsen
weak coupling method (Berendsen et al. 1984) to control
both the temperature and pressure, with a relaxation time
of 0.1 and 1 ps, respectively. Periodic boundary conditions
were applied and the Particle Mesh Ewald method (Darden
et al. 1993) with a real-space cutoff of 1 nm and a grid
spacing of 0.1 nm was used to evaluate electrostatic forces.
The systems were simulated for 100 ns using a time step of
0.5 fs which allowed for full intramolecular flexibility of
the solvent molecules. A geometric criterion for the hydro-
gen bond existence was used for calculation of the inter-
molecular distance R, distribution (Kumar et al. 2007).
According to this criterion a hydrogen bond is present
when the distance between the donor and the acceptor is
less than r, —a#”, where 6 is the acceptor—donor-hydrogen
angle and the parameters r, and o were set to 0.32 nm and
4 x 107> nm deg 2, respectively.

Results and discussion

To understand better the results obtained in this paper for
amino acid hydration, previously established facts and
observation have to be taken into account.

Our results obtained from IR studies, and supported by
MD and DFT calculations, for hydration of mixed hydro-
phobic-hydrophilic type solutes can be explained most
coherently assuming “clathrate structure” (Head-Gordon
1995)—-clathrate-like type hydration. This clathrate water
cage is perturbed by H-bonds formed with the solute hydro-
philic groups. It is only the quantitative issue in which case
the perturbed or non-perturbed structure predominates (see
distinction between TMAO and urea hydration; Panuszko
et al. 2009). Sometimes, this evokes problems of the
semantic nature. Water molecules from the first hydration
sphere are on average parallel to the surface of the solute,
which strongly suggests clathrate-like type hydration. Prac-
tically no orientation and energetic effects are observed
outside the first hydration sphere.

Naturally, water—water H-bond network is perturbed to
the least extent in the surrounding of non-polar part of the
solute. For the hydration sphere of a hydrophobic solute
which does not possess any hydrophilic groups, the general
observation is compatible with the results obtained from the
neutron diffraction method (Finney and Soper 1994; Finney
1996; Turner and Soper 1994)—the difference between
the hydration sphere and the bulk water is very subtle. IR
spectroscopy reveals that these differences comprise differ-
ent distribution of water H-bonds and corresponding inter-
molecular distances: the energetic state of hydration water
H-bonds and O---O distances are on average the same as for
bulk water, but at the same time the population of H-bonds
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around the solute is greater, though these hydrogen bonds
are disturbed, being less linear (Pieniazek and Stangret
2005; Stangret and Gampe 1999). Water in the hydration
shell appears to have a weakly bonded ice-like structure,
in accordance with the general view presented recently by
Galamba (2013) on the basis of MD studies. Therefore, the
applied method enables us to see the structure and ener-
getic state of some distinguished water molecules, which
reflect the effect of many more molecules surrounding the
solute. This way, solute-affected water spectra represent the
water in a “condensed” manner. This, along with the short
time scale of vibrational spectroscopy, is the main cause of
the high sensitivity of the method to differentiate various
states of solvent molecules in the solution. Therefore, it is
not surprising that other direct experimental methods, like
neutron diffraction (Finney and Soper 1994; Finney 1996;
Turner and Soper 1994) cannot show significant differ-
ence between water in the hydration sphere of hydropho-
bic solute and in the bulk phase, even for solution of high
concentration.

The solute-affected water spectra we have obtained in
hydration studies correspond to the N parameter, called
as water-affected number, which should not be confused
with “hydration number”, obtained from diffraction experi-
ments or MD simulations. N is close to the “hydration
number” only when the solute-affected water band dif-
fers sufficiently from the bulk water band, either in posi-
tion or in band-shape. Otherwise, affected number is lower
than the “hydration number”. This is especially the case
for water molecules from the hydration sphere of hydro-
phobic molecules. For instance, N values obtained for
Bu,N*X~ (X = Br, Cl, and F) equal 7.4 & 0.7, 8.1 + 0.8
and 9.7 £ 1.0, respectively (the greatest contribution in N
value falls to the anion; Stangret and Gampe 1999). On the
other hand, the Bu,N*X~ 32.8H,0 ideal formula is known
for solid clathrate hydrates (McMullan and Jeffrey 1959;
McMullan et al. 1963) and a “hydration number” of 46 has
been published for the Bu,N™ cation in solution (Eriksson
et al. 1988).

It is not possible to isolate the solute-affected water com-
ponent band corresponding to the hydrophobic hydration in
the case of a solute of the mixed hydrophobic-hydrophilic
type because the effects of the hydrophobic and the hydro-
philic hydration are not additive. We have observed how
hydrophobic effect of the alkyl side chain is influenced by
polarizing power exerted on the water molecules by the
hydrophilic group of 2-butylamine (Gojlo et al. 2005). This
effect is cooperatively transmitted to the interactions inside
the clathrate-like water ‘“cage” around the alkyl group,
strengthening it. The interaction with the solute donor
group does not, however, perturb significantly the already
existing hydrophobic “cage” around non-polar part of the
solute. This observation seems to be of general nature and
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was confirmed for numerous solutes differing in electron-
donor ability (Gojlo et al. 2007). Such mixed type of hydra-
tion results also in increasing the water-affected number
(N), as water molecules taking part in hydration of the
hydrophobic part of the solute become a source of vibra-
tion band which differs more in the band-shape and posi-
tion in respect to the case of “pure” type of hydrophobic
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H,N*—CH—COO"  H,N*—CH—COO*

Fig. 1 The structures of amino acids in the zwitterion form: glycine
(Gly), alanine (Ala), proline (Pro), valine (Val), isoleucine (Ile) and
phenylalanine (Phe)

hydration, which in turn give vibration band very similar to
the ones of the bulk water.

Solute-affected HDO spectra

Figure 1 shows the structures of analyzed amino acids in
the zwitterionic form. Amino acid-affected water spectra
include not only the absorption of HDO but also absorption
contribution of isotopically substituted amine groups (N-D
stretching vibrations), which has been removed using the
procedure described in “Supplementary Material”.

Figure 2 presents the solute-affected HDO spectra for
amino acids (without the contribution of ND vibrations)
decomposed into physically meaningful bands. The pro-
cedure of decomposition of the solute-affected water spec-
tra has been described in “Supplementary Material”. The
number of component bands results from adequate fitting
the band shape of solute-affected HDO spectra with a mini-
mal number of analytical bands while remaining consistent
with previous findings on the hydration of glycine and its
methyl derivatives (Panuszko et al. 2011), which in turn
are based on findings related to the hydration of carboxy-
late anions (Gojlo et al. 2009) and amides (Panuszko et al.
2008). Amino acid-affected HDO spectra are characterized

Fig. 2 Decomposition of
affected spectra in the OD
stretching region of HDO for

a Gly, b Ala, ¢ Pro, d Val, e

Ile and f Phe into component
bands. Solid black line indicates
original affected spectrum; dot-
ted black line indicates sum of
the component bands (covered
by the solid line of the original

spectrum); dashed black line
indicates OD component bands
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among others by the presence of two component bands at
2544 + 10 and 2487 &+ 7 cm™!, which are related to HDO
molecules interacting with the oxygen atoms of the car-
boxyl group. The positions of these bands are consistent
with the results of the spectral analysis of water affected
by glycine and its methyl derivatives (Panuszko et al. 2011)
and the carboxylate anions (Gojlo et al. 2009). Water mol-
ecules involved in proton transfer within the amino acid
molecule, linking the carboxylic and amino group, give
rise to the band at 2416 + 13 cm™!, whereas HDO, weakly
interacting with the hydrogen atom of amine group, shows
the band at 2614 + 11 cm™. It should be noted that the
urea-affected HDO spectrum shows similar small compo-
nent band at 2631 cm™', which is due to a water molecule
weakly interacting with the hydrogen atom of the amino
group (Panuszko et al. 2008, 2009). The above-mentioned
assignments of component bands follow from previous
findings (Gojlo et al. 2009; Panuszko et al. 2008, 2011).
Disappearance of the component band at 2614 & 11 cm™!
in the case of Ile, Val and Phe can be explained assum-
ing that water molecules which are normally forming
weak H-bond with the amine group (and normally reveal-
ing the band at ca. 2611 cm™") (Panuszko et al. 2011) are
now incorporated into the pseudo-clathrate water struc-
ture surrounding the side chain of amino acid. It should
be remembered that water molecules from the hydration
sphere of the hydrophobic solutes resemble the bulk water
(Pieniazek and Stangret 2005; Stangret and Gampe 1999,
2005). The component band at 2650 + 2 cm™! arises most
probably from vibrations of these water molecules of the
pseudo-clathrate surrounding the hydrophobic side chain,
which simultaneously experience the OD contact with the
a-proton of the amino acid. High-wavenumber component
band present in HDO spectrum affected by Ala and Gly
(Fig. 2a, b), at 2674 + 8 cm™! is derived from not com-
pletely compensated own vibrations of these solutes. It may
be suggested that clathrate-like water structure surrounding
the side chain can have even reinforced structure, relative
to the other hydrophobic groups or solutes, due to the spe-
cific cooperative coupling of water H-bonds chain connect-
ing the carboxyl and amino group of the amino acid mol-
ecule (Panuszko et al. 2011, see Fig. 5 in this reference).
This opinion will be justified in subsequent discussion of
obtained results.

Figure 3a shows the solute-affected HDO spectra from
Fig. 2, together with the bulk spectrum, scaled to the same
maximum absorption value for better comparison. Band
shapes of these spectra were compared and additionally
transformed into the oxygen—oxygen distance distribution
function P(Ryq) of the water molecules (Fig. 3b), accord-
ing to Eq. (2):

Roo/A = [16.01 — In(2727 — vop/ cm™1)]/3.73 )
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Fig. 3 a Solute-affected HDO spectra in the OD stretching region
for Gly (red), Ala (blue), Pro (black), Val (green), lle (pink) and Phe
(orange) together with the bulk HDO spectrum (black, dashed). The
spectra have been scaled to the same maximum absorption value for
better comparison. b Interatomic oxygen—oxygen distance distribu-
tions function derived from the HDO spectra affected by Gly (red),
Ala (blue), Pro (black), Val (green), lle (pink) and Phe (orange),
along with the bulk HDO (black, dashed) distance distribution curve
(color figure online)

The equation linking vgp to Ryo was established on
the basis of vibrational spectra and neutron diffraction
measurements on solid hydrates (Berglund et al. 1978).
It has been verified many times that this correlation is
working well for aqueous solution (Bratos et al. 2009).
The band parameters for all studied amino acid-affected
HDO bands, together with the bulk HDO band, are shown
in Table 1, along with intermolecular oxygen—oxygen dis-
tances, Ryq.

On the basis of the Badger—Bauer rule (Badger and
Bauer 1937), which states that water hydrogen-bond
energy changes linearly with the shift in OH (OD) band
position, it is possible to define the energetic state of water
molecules in hydration spheres of selected amino acids.
The value of the maximum of absorption band position
(1°) refers to the most probable hydrogen-bond energy,
and the value of the gravity center band position (V) cor-
responds to the mean energy of water hydrogen bonds.
Accordingly, we recognized the most probable (R3) and
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Table 1 Band parameters of HDO affected by amino acids, and for the bulk water bands as well as the respective intermolecular oxygen—oxy-

gen distances

Solute N ngb u(g)DC Fwhh F R‘(’)Of R%Og

Bulk 2509 £2 2505 £2 162 +4 10,046 2.823 £+ 0.003 2.844 + 0.003
Gly 11.0£0.5 2505 £2 2495 £2 185+ 4 9986 2.821 £ 0.003 2.831 £ 0.003
Ala 11.9£0.5 2500 £ 2 2490 £+ 2 183 + 4 8530 2.819 £ 0.003 2.827 £0.003
Pro 11.2£0.5 2505 £2 2494 £+ 2 185+ 4 9114 2.819 £ 0.003 2.829 £ 0.003
Val 89+0.5 2496 £ 2 2484 + 2 184 + 4 9077 2.809 £ 0.003 2.819 £ 0.003
Ile 10.2 £ 0.5 2496 + 2 2482 + 2 178 £ 4 7929 2.809 £ 0.003 2.819 £ 0.003
Phe 16.0 £ 0.5 2502 £2 2488 + 2 184 +4 6738 2.809 £ 0.003 2.824 +0.003

Ry errors have been estimated on the basis of the HDO bands position errors

4 Affected number (see text)

b Band position at maximum (cm™~")
¢ Band position at gravity center (cm™')
4 Full width at half-height (cm™")

¢ Integrated intensity (dm> mol~! cm™)
f The most probable O---O distance A

2 The mean O---O distance (A)

the mean (R%O) intermolecular oxygen—oxygen distance of
water. In the case of water “structure-making” solutes the
value of the center of gravity of OD band is shifted towards
lower wavenumbers with respect to the corresponding posi-
tion for pure water. It is accompanied by the shortening of
oxygen—oxygen intermolecular distance. For the “structure-
breaking” solutes it is shifted towards higher wavenum-
bers with increasing of the oxygen—oxygen intermolecular
distance.

The most probable distance (RJ,) and the mean dis-
tance (R%O) for the studied amino acids are shifted toward
shorter values with respect to the corresponding ones for
pure water (Table 1). From Table 1 it follows that the mean
energy of water hydrogen bonds in the amino acid hydra-
tion sphere decrease in the following order: Ile > Val > Phe
> Ala > Pro > Gly > bulk water. Thereby, Ile appears as the
most water “structure-making” solute among the studied
amino acids.

To provide greater insight into the difference in intermo-
lecular distances, AP(Rqg) has been calculated, the result
of subtraction of the distribution function for amino acids-
affected water, P*(R), and for bulk water, P°(Rq) shown
in Fig. 4a for each studied amino acid. On the basis of the
difference in intermolecular distance distribution (Fig. 4a)
it may be seen that population of weak hydrogen bonds
of water around amino acids decreases. Concurrently, the
probability of the occurrence of short hydrogen bonds
in water affected by amino acids increases. All selected
amino acids enhance in this respect water structure in their
surroundings.

0.6+
0.3+
0.0
-0.3 —v\/

T T T T T T T T T

3.2 3.1 3.0 29 28 27 26
R, (A)

OO(

Fig. 4 a Differences between interatomic oxygen—-oxygen distance
distribution function of affected water, P*(R,y) and the bulk water,
P°(Rp), calculated as AP(Roq) = PY(Rog) — P°(Rop): Gly (red), Ala
(blue), Pro (black), Val (green), lle (pink), Phe (orange) and tetrabu-
tylammonium cation (dotted black) (Panuszko et al. 2008; Stangret
and Gampe 1999). The vertical dashed line shows the position of the
most probable distance for bulk water. b Illustration of the method
of calculating the area corresponding to the population of weak
hydrogen bonds of water molecules, which have been replaced by
the stronger ones in the hydration sphere of the solutes (color figure
online)
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Table 2 The contributions of vanishing weak hydrogen bond population in the hydration shell of solutes, solvent-accessible surface of solutes

and values for selected scales of hydrophobicity of amino acids

Solute o Act B Aa/B x 1074 1f 2f 3f 4f
Gly 0.053 - - - —0.4 0 —0.74 —0.57
Ala 0.071 0.018 24.14 7.48 1.8 0.2 —0.11 0.17
Pro 0.062 0.009 70.48 1.34 —-1.6 -22 —2.23 —0.21
Val 0.101 0.048 75.91 6.35 4.2 4.7 0.31 1.21
Tle 0.107 0.054 101.64 5.30 4.5 4.8 0.60 2.06
Phe 0.085 0.032 142.29 2.23 2.8 4.4 0.32 1.29
Bu,N* 0.061° - 582.35 1.05

* The parameter which reflects the contribution of vanishing weak hydrogen bonds of water molecules. The a parameter was calculated as the

area (see Fig. 4b and text)

® The value for tetrabutylammonium cation, calculated for the difference in the intermolecular distance distribution function AP(R) shown by
Panuszko et al. (2008) and obtained on the basis of the results presented by Stangret and Gampe (1999)

¢ The « parameter for the amino acid relative to glycine (o —
molecules around the amino acid side chain

agly), determining the contribution of vanishing weak hydrogen bonds of water

4 The solvent-accessible surface for the amino acid side chain and for Bu4NJr ion (Az)

¢ The contribution of vanishing population of weak hydrogen bonds of water molecules per unit surface of the side chain (A«/g for amino acids

and o/ for Bu4N+ ion) (A’z)

f Hydrophobicity values taken from (1) Kyte and Doolittle (1982), (2) Cornette et al. (1987), (3) Hessa et al. (2005) and (4) Cid et al. (1992)

Contributions of the population of weak hydrogen
bonds of water molecules

It is possible to quantitatively characterize the population
of hydrogen bonds formed by water molecules present
around the amino acids. On the basis of the difference in
the intermolecular distance distribution (Fig. 4a), the van-
ishing population of weak hydrogen bonds of water mol-
ecules was calculated as the area, o (as shown in Fig. 4b).
These values correspond to the contributions of the popu-
lation of weak hydrogen bonds of bulk water which have
been substituted by the stronger ones in the hydration
sphere of amino acids. They are shown in Table 2. It can
be seen that the parameter o decreases in the following
order: Ile > Val > Phe > Ala > Pro > Gly. Decrease of weak
hydrogen bonds of water molecules in the hydration sphere
is characteristic for hydrophobic solutes—it is a sign of
hydrophobic hydration. This effect can also be observed
in the case of tetrabutylammonium cation (Fig. 4a), stud-
ied previously in our laboratory as a model for hydropho-
bic hydration (Stangret and Gampe 1999). It is possible
to compare the results obtained for tetrabutylammonium
cation and amino acids, namely determine the influence of
the side chain on surrounding water molecules. It is noted
that the o parameter for the amino acids reflects the con-
tribution of vanishing weak hydrogen bonds of water mol-
ecules surrounding the amino acid molecule: around side
chain, as well as those water molecules involved in hydro-
gen bonds formation with the hydrophilic groups of amino
acids. Therefore, we used the glycine molecule as a model
which takes into account interactions of water molecules
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with the amino and carboxyl group, occurring in the case
of all amino acids. The contribution of vanishing weak
hydrogen bonds of water molecules around amino acids
side chain, A, has been obtained by subtracting the value
of parameter o corresponding to glycine from the value of
the parameter « for each other amino acids. Then, we cal-
culated the obtained A« value per unit solvent-accessible
surface of side chain. The solvent-accessible surfaces of
amino acid side chain and of Bu4NJr ion, B, have been cal-
culated by the grid method described by Bodor et al. (1989)
using the atomic radii (Gavezzotti 1983) implemented in
HyperChem 8.0.3 software. The applied procedure allowed
calculation of the vanishing population of weak hydro-
gen bonds of water molecules per unit surface of the side
chain, Aa/B. All the respective data used for calculations
are included in Table 2. These results show that the van-
ishing population of weak hydrogen bonds of water mol-
ecules (which have been substituted by the stronger ones in
the hydration sphere of amino acids) per unit surface of the
side chain decreases in the following order: Ala > Val > Ile
> Phe > Pro > Bu,N™. The same order we obtained by con-
verting the contribution of vanishing weak hydrogen bonds
of water molecules per unit volume and solvent accessible
volume of the side chain. It is worth noting that the smallest
side chain (methyl group in alanine), has the greatest abil-
ity to organize a surrounding water molecules. A smaller
contributions of vanishing weak hydrogen bonds of water
molecules around the tetrabutylammonium cation means
that interactions between water molecules around the side
chains of the amino acid are numerous and stronger than
around the hydrophobic molecule such as Bu,NT. This
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Fig. 5 Correlation between the contributions of vanishing weak
hydrogen bond population (see Fig. 4b) and the amino acid hydro-
phobicity values: / Kyte and Doolittle (1982); 2 Cornette et al.

confirms the earlier statement that the hydrophobic hydra-
tion of the hydrophobic side chain of an amino acid can be
enhanced because of the specific cooperative coupling of
water strong H-bond chain, connecting the carboxyl and
amino groups (Panuszko et al. 2011), with the clathrate-like
H-bond network surrounding the hydrocarbon side chain.

The correlations with the amino acid hydrophobicity
indexes

Interesting observations appear from the correlation of the
o parameter (Table 2) and the amino acid hydrophobicity
values. Many authors have proposed different scales of
hydrophobicity of amino acid side chains based on a vari-
ety of experimental and theoretical methods of measuring
their hydrophobicity/electrophilicity specifity, such as solu-
bility measurements or the free energy of transfer determi-
nations. One of the most widely used scales has been pro-
posed by Kyte and Doolittle (1982). This scale was derived
from a combination of experimentally measured water—
vapor transfer free energies for amino acids (Wolfenden
et al. 1981) and the interior—exterior distribution of amino
acid side-chains (Chothia 1976). The Kyte—Doolittle scale
can be used for identifying both surface-exposed regions
as well as transmembrane regions. Hessa et al. (2005)
determined a biological hydrophobicity scale based on

1@
o1l @ lleg
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Hydrophobicity index

(1987); 3 Hessa et al. (2005) and 4 Cid et al. (1992). All hydropho-
bicity indexes and area values are summarized in Table 2

measurements of the apparent free energies of insertion
for each amino acid residue to its position within the test
segment. They found generally strong position dependence
for polar and charged residues. Cornette et al. (1987) have
reviewed the existing scales and developed a scale that is
optimal for detecting amphipathic structures in proteins.
Cid et al. (1992) proposed normalized hydrophobicity scale
for alpha and beta proteins. There are fundamental differ-
ences between the suggested scales in ranking hydropho-
bicities of amino acids, as they measure different properties
more or less directly related to hydrophobicity.

Values for selected hydrophobicity scales are shown
in Table 2. The correlations between the contributions
of vanishing weak hydrogen bonds (« parameter) and the
amino acid hydrophobicity indexes from different scales
are shown in Fig. 5. In the hydrophobicity scales, positive
numbers are assigned to the amino acids with hydrophobic
side chains and negative numbers to those with hydrophilic
side chains.

From the data in Table 2 it can be seen that ranking
hydrophobicities of the examined amino acids proposed
by Kyte and Doolittle (1982) and Hessa et al. (2005) are in
good agreement with the contributions of vanishing weak
hydrogen bond sequences, except for proline. This disa-
greement is probably due to the fact that side chain of pro-
line is connected twice with the backbone, thus restricting
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its conformational flexibility. Additionally, proline, with
respect to other amino acids, builds a ring including the
amino group. We have found a good correlation for the con-
tributions of vanishing weak hydrogen bonds and the Cid’s
hydrophobicity values (Cid et al. 1992) for the smaller
amino acids, and slightly worse for larger amino acids. The
opposite situation can be observed between o parameter
and the hydrophobicity indexes proposed by Cornette et al.
(1987).

Moreover, correlations between the o parameter and the
amino acid hydrophobicity index (Cornette et al. 1987; Cid
et al. 1992) (Fig. 5) show that the analyzed amino acids can
be divided into two groups: the first group includes Gly,
Ala and Pro, and the second one includes Ile, Val and Phe.
Classification of amino acids into two groups based on the
vanishing population of weak hydrogen bonds of water
molecules is consistent with the division on the basis of the
amino acid hydrophobicity indexes from different scales
(Table 2). Independently, values of the most probable inter-
molecular oxygen—oxygen distance of water (Rpy) from
Table 1 can already discriminate studied amino acids as
belonging to the two discussed above groups.

Molecular dynamics results

Distance range of the first hydration sphere for each amino
acid (Table 3) was determined from the radial distribution
functions between the surface of amino acids and water
molecules, as shown in “Supplementary Material”.

The thickness of the first hydration sphere calculated
from the MD data (Table 3) relative to the surface of Ile,
Phe and Val is the same (0.47 nm) and is considerably

Table 3 Structural and dynamic properties of the hydration shell of
amino acids obtained from molecular dynamics simulations

Amino acid r ncoo.? NNH3+ b tcoo-¢ INH3tS
Gly 0.35 5.98 2.73 7.64 6.43
Ala 0.36 5.87 2.67 8.87 7.63
Pro 0.44 5.75 1.71 8.74 7.15
Val 0.47 5.76 2.64 10.37 9.75
Ile 0.47 5.75 2.63 10.61 9.95
Phe 0.47 5.79 2.64 9.83 9.52

 The thickness of the first hydration sphere calculated relative to the
surface of the amino acids (nm)

® The average number of hydrogen bonds between the carboxyl
(COO™)/amino group (NH3+) and water

¢ The average life time of the hydrogen bonds between the carboxyl/
amino group and water (ps). Hydrogen bond life times were deter-
mined by fitting a single exponential to the MD-derived H-bond auto-
correlation function. Standard errors of hydrogen bonds are of the
order of 0.3 %. Standard errors of average life time are of the order
of 3%
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greater than for Gly (0.35 nm) and Ala (0.36 nm), and to
a lesser extent relative to Pro (0.44 nm). This observa-
tion indicates that the amino acids from the first group are
hydrated in the similar way, which resembles hydrophobic
hydration, where a solute molecule is closed in the cage
of the water pseudo-clathrate structure. The amino acids
from the second group reveal more hydrophilic hydration
type, relying on direct hydrogen bond formation between
water molecules and the amino acid polar groups. Such
interpretation is also supported by the average numbers of
hydrogen bonds between amino acids and hydration water
shown in Table 3. These were calculated from MD trajec-
tories using the standard geometric criterion, i.e., hydro-
gen bond is considered to exist if the distance A-D is less
than 0.35 nm and the angle A-D-H is less than 40°, where
A is the acceptor, D the donor and H is the proton (van der
Spoel et al. 2010). It has to be added that the average num-
ber of hydrogen bonds obtained depends considerably on
the angular cutoff used in the H-bond definition (see Fig. 9
in “Supplementary Material”).

Comparison of the calculated average life time of
hydrogen bonds between amino acids and hydration water
(Table 3) is alike symptomatic in the discussed aspect. As
expected, for all amino acids these hydrogen bonds persist
on average 3-5 times longer than water—water hydrogen
bonds in the bulk aqueous phase (2.15 ps). In the case of
Ile, Val and Phe average life time of hydrogen bonds are
longer than for smaller, more hydrophilic amino acids. It
appears that for more hydrophobic amino acids, dynam-
ics of water molecules H-bonded to polar groups is more
restricted. It can result from the influence of relatively
static and structured hydration sphere of the hydrocarbon
side chain. In this context, it is worth noticing that the inte-
gral intensity of amino acid-affected HDO bands, shown in
Table 1, decreases noticeably for larger, more hydrophobic
solutes.

The integral intensity, measured as the area under the
plot of the absorption coefficient against wavenumber, & (v)
, over the entire band, can change because of two reasons.
The first one comes from a change of the derivative of the
electric dipole moment in respect to vibration coordinate
of the absorbing species, depending on the molecular sur-
rounding and especially on the specific interaction, includ-
ing hydrogen bond formation. It is well known that for
water molecules involved in H-bond, the band of OH (OD)
stretching vibration shifts linearly with its energy toward
lower wavenumbers (the Badger-Bauer rule) accompa-
nied by the approximately linear increase of the band inte-
gral intensity (Bergstrom et al. 1991; Glew and Rath 1971;
Stangret and Gampe 1999). Inspection of values from
Table 1, namely the band position (at the maximum or at
the gravity centre) and the integral intensity of the OD band
of HDO affected by amino acids, leads to a conclusion that
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no simple relationship exists between these data. So, the
difference observed in the integral intensity of the OD band
of HDO affected by amino acids is determined by another
factor. The second reason for variability of the intensity of
the solute-affected water band can result from variability of
the local density of water in the specific molecular arrange-
ment around a solute. The integral intensity is independent
of the concentration of the absorbing species in such a sense
that it has been calculated using the average concentration
of the species in the whole solution. Taking into account
that considered species can form different local structures
in solution, a different corresponding concentration can
be expected. As a consequence, the vibrational band of
the given local structure of the species can be character-
ized by the integral intensity value different from the mean
value for the species in the whole solution. Thus, decreased
integral band intensity of the solute-affected water can be
explained by lower local concentration of water molecules
hydrating hydrophobic side chain of amino acids, forming
the ice-like open space structure. It should be noted that
both reasons of the band intensity change discussed above
are approximately independent: the first one depends on the
energy of hydrogen bonding and the second one depends
on the water geometrical structure.

The oxygen—oxygen distance distribution function of
water molecules forming hydrogen bonds in the first hydra-
tion sphere of amino acids and for the bulk water has been
also obtained on the basis of the MD simulation method.
Unlike for infrared spectra, respective distance distribu-
tion function obtained from MD simulation can be calcu-
lated independently for water molecules directly H-bonded
to amino acids (Fig. 6) as well as not directly associ-
ated (Fig. 7). Figure 6a compares the distribution func-
tion P(Ryn) for the bulk water obtained from the infrared
spectra and from the MD simulation. As can be seen, the
shapes of distribution functions differ: the distance distri-
bution function from experimental data is narrower and its
maximum is shifted towards longer distances. Such dis-
crepancies have been reported previously (Panuszko et al.
2008, 2009). It should be emphasized that the mean dis-
tance obtained from both methods is practically the same
(0.283 nm).

When comparing distance distribution functions
obtained from the infrared spectra (Fig. 4) and from the
MD (Figs. 6, 7) method one should keep in mind that the
former depends on the two groups of water molecules:
H-bonded to the solute as well as being under the influ-
ence of the solute in solution. On the basis of the differ-
ences between the distance distribution functions for water
molecules directly H-bonded to the amino acids and the
bulk water (Fig. 6b), it can be seen that these functions take
small values and are very alike as all the solutes have the
same centers of interactions (amino group and carboxyl
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Fig. 6 a Comparison of the oxygen—oxygen distance distribution
functions obtained from molecular dynamics (blue) and from the
infrared spectral data (red) for bulk water. b Distance distribution
functions for water molecules forming direct hydrogen bonds with
the amino acids: Gly (red), Ala (blue), Pro (black), Val (green), lle
(pink) and Phe (orange). ¢ Differences between the distance distribu-
tion functions for the water molecules forming direct hydrogen bonds
with amino acids (panel b) and for bulk water (panel a): Gly (red),
Ala (blue), Pro (black), Val (green), lle (pink) and Phe (orange). The
vertical dashed line shows the position of the most probable oxygen—
oxygen distance for bulk water (color figure online)

group). The differences in intermolecular distance distri-
bution obtained for water molecules not directly bonded to
the solutes and for bulk water (Fig. 7b) can be divided into
two groups: the first one corresponding to the small amino
acids, like Pro, Gly and Ala, resembling the functions for
water molecules directly H-bonded, and the second one
corresponding to the larger amino acids (Ile, Val and Phe)
possessing hydrophobic side chain, resembling the function
for the bulk water. This result points to certain limitations
of the conventional force-field based MD in describing
hydrophobic solvation. This discrepancy can be ascribed
to the fact that by construction non-polarizable force fields
cannot properly describe the cooperativity of water hydro-
gen bond networks. The obtained result remains in general
agreement with recent observations obtained from MD
simulation (Galamba 2013): structural changes of water in
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Fig. 7 a Distance distribution functions for water molecules in the
hydration sphere of the amino acids, not involved in hydrogen bonds
with the solute: Gly (red), Ala (blue), Pro (black), Val (green), lle
(pink) and Phe (orange). b Differences between the distance distri-
bution functions for hydration water not involved in hydrogen bonds
with the amino acids (panel a) and for the bulk water (panel a in
Fig. 6): Gly (red), Ala (blue), Pro (black), Val (green), lle (pink) and
Phe (orange). The vertical dashed line shows the position of the most
probable oxygen—oxygen distance for bulk water (color figure online)

the vicinity of small nonpolar solutes are unnoticeable from
the water radial distribution functions; changes are only
observed in a significantly enhanced tetrahedrality of water
in the first hydration shell.

Conclusions

The effect of selected amino acids on the structure of the
surrounding water has been studied by FTIR spectros-
copy and by molecular dynamics simulations. The results
of molecular dynamics helped to interpret spectral results.
The agreement between received results is satisfactory and
gives a consistent picture of the molecular details of the
amino acid hydration in aqueous solution.

The obtained results show that the hydrogen bonds
of water molecules around amino acids are stronger and
shorter than those in pure water. The mean energy of
water hydrogen bonds in the amino acid hydration sphere
decrease in the following order: Ile > Val > Phe > Ala > Pro
> Gly > bulk water. Both the experimental and theoretical
results confirmed that the investigated amino acids can be
divided into two groups: the first of them includes Val, Ile
and Phe, and the second one contains small amino acids
like Ala, Gly and Pro. Hydration of the amino acids from
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the first group is similar and resembles hydrophobic hydra-
tion, where a significant part of a solute molecule is closed
in the cage of water pseudo-clathrate structure. The amino
acids from the second group show more hydrophilic type of
hydration, in which water molecules form direct hydrogen
bonds with the amino acid centers of interaction. The van-
ishing contributions of weak hydrogen bonds of water mol-
ecules around amino acids decrease in the following order:
Ile > Val > Phe > Ala > Pro > Gly and are in good agree-
ment with ranking hydrophobicities of amino acid (Hessa
et al. 2005; Kyte and Doolittle 1982).

Moreover, correlations between the vanishing population
of weak hydrogen bonds of water molecules and the amino
acid hydrophobicity indexes from different scales also show
the division the analyzed amino acids into two groups men-
tioned before. Our analysis seems to point out that the hydro-
phobic side chain of amino acid exerts more pronounced
hydration effect than normally expected for non-polar groups
of other types of molecules. This can be realized by the spe-
cific cooperative coupling of the strong water H-bond chain
between the carboxyl and the amino group of amino acid
molecule (Panuszko et al. 2011) and the pseudo-clathrate net-
work of water H-bonds including the hydrophobic side chain.

The most important aspect of this work is that, contrary
to previous study results (Ide et al. 1997), we noticed dif-
ferences in the hydration of analyzed amino acids and we
pointed out their basis. These differences reflect the dif-
ferences in the oxygen—oxygen distance distributions of
water molecules, which result from various distributions of
hydrogen bond energy between affected water molecules in
the in the nearest surroundings of amino acids.

The detailed study of water structure around amino
acids is essential for understanding the hydration process of
larger systems, such as peptides and proteins and will help
to better understand the influence of amino acids on the sta-
bility of proteins in aqueous solution.
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