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STRUCTURAL-DYNAMIC BEHAVIOR

OF HISTAMINE IN SOLUTION: THE ROLE
OF WATER MODELS

A highly dilute aqueous solution of histamine at T = 300 K was studied by molecular dynam-
ics using the TIP3P and SPC/E water models. It was shown that the local structure of the
solution around histamine is determined by local Coulomb interactions and hydrogen bonds
and is practically independent of the choice of the water model. Dynamic analysis based on the
mean square displacement functions revealed a significant dependence of the diffusion behavior
of histamine on the water model. It was found that the TIPSP water model leads to overesti-
mated values of the diffusion coefficients of water and histamine and a transition to diffusive
motion. It was found that the SPC/E water model provides slower dynamics of the solution
components, and the values of the diffusion coefficients are in better agreement with exper-
imental data. It was shown that the dynamics of histamine is highly sensitive to the choice
of the water model, and the SPC/E model is more suitable for the correct description of the
dynamic properties of the “histamine-water” system under physiological conditions.
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1. Introduction

Imidazole ligands play a key role in coordination che-
mistry, biochemistry, and pharmacology due to their
ability to participate in proton transfer, hydrogen
bond (HB) formation and transition metal ion coor-
dination. The central structural element of such com-
pounds is the imidazole ring, a five-membered hete-
rocycle with two nitrogen atoms, one of which ex-
hibits pronounced o-donor properties. Imidazole moi-
eties are widely represented in the active centers of
enzymes and metalloproteins, where they participate
in catalytic processes, electron transfer, and stabiliza-
tion of protein structures [1, 2]. The high sensitivity
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of the imidazole ring to protonation makes such sys-
tems particularly dependent on the properties of the
aqueous environment. A convenient model molecule
for studying the behavior of imidazole ligands in wa-
ter is histamine (C5HgN3), which contains an imida-
zole ring and a primary amino group. The histamine
molecule can exist in several protonated forms. The-
refore, the dynamics and conformational equilibrium
in solution are largely determined by the structure
and dynamics of the hydration shell around histamine
dissolved in water. Due to these properties, histamine
is widely used to study solvation processes, hydro-
gen bond dynamics, and diffusion characteristics of
small biologically active molecules [3]. At the same
time, a correct description of the properties of water
is a critically important condition for correct molec-
ular dynamics (MD) modeling of ligand-water sys-
tems, since water is a complex associated fluid with a
wide range of relaxation time scales. Therefore, even
relatively small differences in the parameters of wa-
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Fig. 1. Model representation of histamine (C5HgN3)

ter models can lead to significant discrepancies in
the reproduction of density, self-diffusion coefficients,
dielectric constants, and HB lifetimes, which is di-
rectly reflected in the results obtained regarding the
structural-dynamic behavior of the ligands dissolved
in it. Among the classical rigid water models that
are widely used in biomolecular MD calculations, a
special place is occupied by the three-point models
TIP3P and SPC/E [4]. Despite the formal structural
similarity, these models differ significantly in their re-
production of the experimental thermodynamic and
dynamic properties of water at the physiologically rel-
evant temperature 7' ~ 300 K. Modern studies show
that the choice of the water model directly affects
the dynamic properties of ligands in solution [5]. The
temperature T = 300 K is physiologically relevant
and optimal for analyzing the differences between
water models [6], since it is in this range that the
most pronounced differences in the dynamics of the
HB networks and the transport properties of the sol-
vent are detected [7]. For histamine, which plays an
important role in immune reactions, neurotransmis-
sion, and regulation of vascular tone, a correct de-
scription of the dynamics of hydration at this tem-
perature is of great importance for understanding its
functional activity. Despite the availability of data on
the static hydration structure of histamine, the dy-
namic characteristics of the histamine-water system
remain poorly understood, especially in the context
of a systematic comparison of different water mod-
els. In this context, the study of a dilute histamine
solution at T = 300 K using the TIP3P and SPC/E
models allows us to isolate the influence of the mi-
croscopic properties of the solvent and assess how the
choice of the water model affects the dynamics of the
imidazole ligand.
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2. Research Methodology

The molecular dynamics method for studying the
structural and dynamic properties of water-histamine
systems was implemented using the DL POLY 4.06
[8] and DL_FIELD [9] software packages. The
DL _FIELD package was used to generate the param-
eters and charges of the histamine molecule, which
was described using OPLS force field parameters
in this study (Fig. 1). Interactions between water
molecules were modeled using the SPC/E or TIP3P
potential. All calculations were performed with a
time step of 2 fs for systems consisting of one his-
tamine molecule and ~887 water molecules at a
temperature of 7' = 300 K. The following molecu-
lar dynamics calculations were performed using the
DL POLY 4.06 software package in a cubic cell with
periodic boundary conditions. The cell volume was
calculated based on experimental data on the den-
sity of water at T' = 300 K. The initial configuration
of the studied water—histamine systems was equili-
brated in the NVE ensemble for 1.5 x 106 steps, after
which the final structure was used for further equili-
bration and calculations in the NVT ensemble with a
Berendsen thermostat for 2.0 x 10° steps. Short-range
Coulomb interactions were taken into account by as-
signing charges to each atom in the molecule, and
long-range electrostatic interactions were taken into
account by Ewald summation.

In the studied systems, intermolecular interactions
in the system were described as the sum of Lennard-
Jones and Coulomb interactions [10]:

U =Ur-3 + Ucoulomb =
+ : (1)

- 12 ,.6
N4 (Ua) (ﬁ)
~ Y4y,
> o - o
i * * ij Y

where the parameters o;; and €;; correspond to the
Lennard-Jones potential, which describes the interac-
tions between atoms i and j in the molecule, r;; is the
distance between them, and ¢; and g; are the charges
of the atoms, respectively. The interaction parame-
ters between the atoms of the histamine molecule
and water were calculated using the Lorentz—Ber-
thelot rule.

q:4;j

3. Results and Discussion

3.1. Local structure
of the water-histamine system

To understand intermolecular interactions in biologi-
cally significant systems, such as the water-histamine
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system, it is important to assess not only the in-
fluence of the solute (histamine) on the formation
of the local structure of the solution, but also the
role of the chosen water model used in the simula-
tion. For this purpose, the SPC/E and TIP3P wa-
ter models were used to study the structural fea-
tures of the water-histamine system at a tempera-
ture of T'= = 300 K. In addition, special attention
was paid to determining the influence of the choice
of the water model on the specificity of the interac-
tion of water molecules with the atoms of the im-
idazole ring of histamine. Structural analysis of the
solutions was carried out based on the analysis of ra-
dial distribution functions (RDFs), which allow quan-
titative determination of the structural parameters
of solutions (distances between water molecules, dis-
tances between water and histamine molecules, the
size of the free space between them, and the proba-
bility and characteristics of HBs between histamine
and water). In general, the RDF Gxy (r) gives the
probability of finding particles of type y near particles
of type z and can be calculated using the following

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 11
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equation [10]:

(Ny(r,r +dr))

Gxv(r) = dmpyridr

In this equation, the numerator describes the average
number of particles y in the spherical layer (r, r+dr),
and the denominator normalizes the distribution
such that Gxy(r) = 1 when N, = p,, where p, is
the density of the system.

Fig. 2 shows the RDF for water-histamine systems,
in which water is represented by TIP3P (left col-
umn) and SPC/E (right column) models. The RDF
(Fig. 2) shows that water molecules can be located
at a distance of ~3.0 A from the N45p atom due
to the Coulomb interaction between the N45p atom
and the HY hydrogen of the water molecule. In ad-
dition, due to the Coulomb interaction between the
N45p nitrogen atom and the O% oxygen atom of the
water molecule, water molecules are also observed
at a distance of ~2.8 A in the vicinity of the NH,
group, which leads to a change in the local structure
of water in the NHy group region. According to the
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Fig. 3. Gxy(r) RDFs
for water-histamine sys-
tems at T = 300 K,
in which water is repre-
sented by the TIP3P
(left  column)  and
SPC/E  (right  co-
lumn) models: upper
panel: Cls...OW (1),

Cls...HW (2); lower

RDFs (Fig. 2), the well-defined first RDF minimum
for the N500-3...OW and N500-3... HV interactions
indicates the formation of the first hydration shell
with a size of up to ~2.7 A. The size of the second
hydration shell in the region of the N500-3 atom of the
imidazole ring is ~4.5 A. In addition, the RDF shows
that in the region of the N500-1 atom of the imida-
zole ring, water molecules can be located at distance
ranging from ~3.9 to ~4.8 A. The RDF analysis al-
lows us to establish that several hydration shells are
formed in the vicinity of the N500-1 atom, and the
radius of the first hydration sphere in the vicinity of
this atom is ~5.7 A.

The RDF analysis (Fig. 3) shows that due to the
interactions between the Cls, C5002, C500-4, C500-
5, and C45 atoms and the atoms of water molecules,
water molecules can be located in the vicinity of the
carbon atoms at a distance ranging from ~3.8 A (in
the case of the C500-2 atom) to ~4.0 A (in the case
of the Cls atom). Moreover, the first hydration shells
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panel: C500-2...OW (1),
nd C500-2...HW (2)

with a size of ~4.8 A are formed around the C500-2
and Cls atoms of histamine. The second hydration
shell around these atoms reaches ~8.0 A.

It should be noted that the RDF (Fig. 3) shows
that the choice of a model representation for de-
scribing the interactions between water and histamine
molecules does not affect the size of the free space
between histamine and water atoms, which is ~4.0 A
in the vicinity of the carbon atoms of the histamine
molecule. The RDF (Fig. 4) shows that due to the
interaction between the hydrogen atoms of the NHy
group of histamine and the oxygen atoms of water
molecules, HBs with lengths of ~2.0 A and ~3.2 A
can be formed. In turn, interactions involving hydro-
gen atoms bound to the carbon atoms of the imidazole
ring lead, with a relatively low probability (~0.8), to
the formation of HBs without the formation of clearly
defined hydration shells in their vicinity. Due to in-
teractions involving the H45A atom, the CH 2 groups
can form HBs with a relatively low probability (~0.8),

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 11
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Fig. 4. ny(r) RDFs
for water-histamine sys-
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which also affects the processes underlying the forma-
tion of the local structure of the solution. In addition,
the RDF (Fig. 4) indicates the possibility of the for-
mation of an HB with a length of ~2.0 A due to the
interaction of a hydrogen atom bound to the nitrogen
atom of the imidazole ring with the oxygen atom of
the water molecule. Moreover, in the region of this
hydrogen atom, a clearly defined first hydration shell

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 11

panel: H45N-2 ... OW (1),
nd H45N ... HW (2)

(with a size of ~2.8 A) and a second hydration sphere
(with a size of ~6.5A) are observed, which indicates
a change in the local density of water.

The analysis of the RDF (Fig. 2, 3, 4) shows that
the choice of model representation for describing the
interactions between water and histamine molecules
does not affect the positions of the maxima, prob-
abilities and shape of the RDF [11]. This indicates
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that the key structural characteristics of the first
solvation shells remain stable regardless of the wa-
ter model. Thus, in the molecular dynamics trajec-
tories of water-histamine interactions, the first solva-
tion shells, determined by the positions of the RDF
maxima around the nitrogen atoms, are at compa-
rable distances in both the TIP3P and SPC/E sim-
ulations. This is consistent with the general conclu-
sion that different three-point water models under
the same thermodynamic conditions reproduce sim-
ilar positions of the first Gxy (r) maxima, although
the peak height and structuring outside the first shell
may differ slightly due to the difference in the param-
eterization of the potentials, which is well illustrated
by the example of pure water for TIP3P and SPC/E
[4]. The RDF (Fig. 2) demonstrates that the distribu-
tion of water around the nitrogen atoms of histamine
(e.g., N45p, N500-1, N500-3) forms clear first peaks
at characteristic distances reflecting the first solva-
tion shell, which correlates with the conclusions of
the work [12]. That is, water molecules are located
at close distances to the key functional groups of his-
tamine, and the differences between the models are
manifested by slight changes in the shape and RDF
values for the first maxima, but not in their posi-
tions, which correlates with the conclusions of the
work [13]. Such a stable nature of the RDF reflects
the fundamental physicochemical principles of solva-
tion: the local density of water around a dissolved
organic molecule is determined primarily by its geom-
etry and intermolecular distances in the liquid, and
not by the subtleties of a specific parameterization of
the three-point water model [14]. Taken together, the
data obtained indicate that the choice of model rep-
resentation (TIP3P or SPC/E) for describing water
interactions with histamine has a negligible effect on
the positions of the maxima, probabilities, and shape
of the RDF, which is important when comparing the
structural characteristics of different force fields in
molecular dynamics.

3.2. Dynamics
of the water-histamine system

It was previously established that the use of TIP3P in
modeling the properties of solutions can lead to over-
estimated diffusion coefficients in the systems under
study and underestimated lifetimes of solute-water
hydrogen bonds [15]. The effect of the choice of water
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model representation on the dynamics of the compo-
nents of the histamine-water solution at infinite di-
lution at T' = 300 K can be studied qualitatively by
analyzing the mean square displacement (MSD) func-
tion. This function describes the displacement of the
center of mass of the i-th molecule over the time in-
terval from 0 to t and is determined by the following
relation [4]:

(r*(t)) = LN <Z |Ari(t)|2>.

i=1

The study of the values of the parameter « (Fig. 5)
in the logarithmic dependence

log (r?(t)) ~ alog(t)

makes it possible to qualitatively distinguish time
intervals in which the nature of the motion of the
system components changes. Such changes are as-
sociated with the restructuring of the local struc-
ture of the solution and changes in diffusion mech-
anisms. In addition, given that the histamine-water
system can be considered as a mixture of large (his-
tamine) and small (water) particles with a mass ratio
a = % > 1, the structural rearrangement in
the histamine-water solution, according to the conclu-
sions of [16], is determined by the processes of short-
term relaxation and diffusion at short times. The-
refore, it is advisable to choose a short time scale
( t < 1000 ps ) for analysis when studying the dy-
namics of the solution components and the influence
of the choice of the water model on the dynamics of
the studied system.

Fig. 5 presents the functions (r%(t)) for water (top
panel) described by the SPC/E and TIP3P mod-
els. At times less than 200 ps, the values of (r?(t))
for water in the different models coincide. At times
greater than 200 ps, the values of the function (r%(t))
for water described by the SPC/E model exceed the
values of the function (r?(t)) for water described
by the TIP3P model. However, the behavior of the
log (r%(t)) function for water in both the SPC/E
and TIP3P models indicates that the water diffusion
mechanisms coincide over the same time intervals.

Namely, at short times, water exhibits slow subdif-
fusive motion, which becomes nearly diffusive at rel-
atively long times. In turn, the behavior of the func-
tion (r?(t)) for a histamine molecule in water with
different water models correlates with the behavior

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 11
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Fig. 5. Time dependence of the functions (r?(t)) (a) and log (r2(t)) (b) for the centers of mass of a water molecule (upper panel)
and a histamine molecule (lower panel) in the histamine-water system (water models: SPC/E (1), TIP3P (2)) at T'= 300 K

of the corresponding (r2(t)) functions for water. Na-
mely, for a histamine molecule in water modeled using
TIP3P, the function (r?(t)) grows much faster than
the corresponding function for histamine in water
modeled using SPC/E. At time intervals of less than
200 ps, histamine motion in the studied systems can
be described as slow and subdiffusive. At relatively
long times in the histamine-water system modeled
using TIP3P, histamine motion changes from a slow
subdiffusive regime to a diffusive regime. No changes
in the nature of histamine diffusion in the histamine-
water system (SPC/E model) are observed. This re-
sult is consistent with the conclusions presented in
[5, 16], which state that the use of the TIP3P model
to describe water leads to larger values of the ligand
diffusion coefficients in water, while the use of the

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 11

SPC/E model for water allows for a better descrip-
tion of the solvation processes.

This result is confirmed by the calculated self-
diffusion coefficients of the components of the studied
systems. These coefficients can be obtained using the
Green—Kubo relation based on integration of the ve-
locity autocorrelation function (VAF) [10]. The VAF
is defined in terms of the velocity V(t) = p/m of a
tracked particle (a water or histamine molecule) mov-
ing through the liquid in the x direction:

where V(0) is the component of the particle veloc-
ity along its initial direction of motion, averaged over
the initial conditions. The diffusion coefficients of the
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components of the studied water-histamine systems
were calculated according to the Green—Kubo rela-
tion:

D= / VOV (0))dt.

0

The calculated value of the water diffusion coeffi-
cient in the histamine-water system (SPC/E model)
is 2.85 x 1072 m? /s, which is in relatively good agree-
ment with the experimental value of the water dif-
fusion coefficient [17]. The value of the histamine
diffusion coefficient in the histamine-water system
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(SPC/E model) is 0.38x 1072 m?/s. In turn, the value
of the water diffusion coefficient in the histamine-
water system (TIP3P model) is 5.94 x 1072 m?/s,
which significantly exceeds the experimental values of
the water diffusion coefficient. The value of the his-
tamine diffusion coefficient in this system is 4.61 x
x 1072 m?/s. It should be noted that, when studying
the dynamic behavior of the “water-histamine” sys-
tem at T = 300 K, water at 7" < 350 K [18,19] can
be considered a nearly harmonic system with rela-
tively rare “jumps” of water molecules from one equi-
librium position to another [20]. At the same time,

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 11
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according to Frenkel [21], the diffusion of compo-
nents of highly dilute aqueous solutions can be de-
scribed within the framework of the vibrational-jump
diffusion model. Within this model, a particle in an
equilibrium position can perform one or two oscilla-
tions. The complexity of the description lies in the
lack of a clear criterion for separating the purely vi-
brational and vibrational-jump mechanisms of diffu-
sion of a particle (water or solute) in the case when
the particle makes only one or two oscillations be-
tween the jumps. This problem can be solved by an-
alyzing the time dependence of the derivative of the
correlation scattering function Fj(q,t) [22, 23], which

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 11

allows us to determine the values of the correspond-
ing times at which the diffusion mechanisms change
in the system. The scattering function Fs(q,t) can be
represented as:

1N
) = e liax (50 =50

where r; is the position vector of the j-th particle.
The first inflection point of the graph of (OF%i(tq’t))
for water in both the TIP3P and SPC/E water mod-

els occurs at ~5 ps (Fig. 6). The second inflection
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point of the function (MSTW) is observed at ~8 ps

for water. The first inflection point of the function

(aFST(tq’t)) for histamine occurs at ~10 ps (Fig. 7). The

second inflection point of the graph of (%&qi)) for
histamine occurs at ~15 ps. At times less than ~3 ps,
the functions (8'{%7(27@) for water and histamine co-

incide. This indicates that at time intervals shorter
than ~3 ps, the mechanisms of motion of histamine
and water are the same. This result indicates that the
time intervals over which the diffusion mechanisms
change are independent of the choice of water model
and are determined by the physical properties of the
studied histamine-water system.

4. Conclusions

In this work, the structural characteristics of his-
tamine hydration in a dilute aqueous solution at a
temperature of 7' = 300 K were studied by molec-
ular dynamics using two common three-point water
models — TIP3P and SPC/E. Analysis of radial distri-
bution functions allowed us to characterize in detail
the spatial organization of water molecules around
the key atoms of histamine, in particular the nitro-
gen atoms of the imidazole ring and the primary
amino group, as well as the carbon atoms of the
molecule. The work shows that histamine hydration
has a well-defined shell structure. Stable first hydra-
tion shells with characteristic radii of ~2.7-3.0 A
are formed around the nitrogen atoms. The existence
of a second and, in some cases, several hydration
shells was established for the atoms of the imida-
zole ring, which indicates a complex solvation struc-
ture. Around the carbon atoms of histamine, the first
hydration shells are more diffuse and localized at
larger distances (~3.8-4.8 A), which corresponds to
a weaker specific interaction with water. The key re-
sult of the work is the finding that the choice of the
water model (TIP3P or SPC/E) has practically no
effect on the positions of the first RDF maxima, the
corresponding shell radii, and the general topology of
the first solvation shells of histamine. This indicates
that the main structural characteristics of hydration
are determined by the geometry and chemical nature
of the histamine molecule, and not by the details of
the parameterization of a specific three-point water
model. The results obtained demonstrate the struc-
tural stability of the histamine hydration shell with
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respect to the choice of the water model and con-
firm the validity of using both TIP3P and SPC/E to
analyze the structural properties of systems contain-
ing an imidazole ligand and water. The dynamics of
the system is described within the framework of the
oscillatory-jump diffusion model: at short time inter-
vals, the motions of water and histamine both exhibit
subdiffusive oscillatory behavior. It is shown that the
transition to nearly diffusive motion at relatively long
times is observed only when the TIP3P water model
is used, while in the system simulated using SPC/E,
the motion of the components remains subdiffusive
throughout the entire studied time range. Such a
change in the nature of diffusion when the TIP3P wa-
ter model is used may explain the overestimated dif-
fusion coefficients obtained when modeling aqueous
ligand solutions. The SPC/E model, on the contrary,
provides stronger solvation and a physically correct
description of diffusive mobility, consistent with ex-
perimental data.
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A.M. I'pueop’es, O.K. Muporenro

CTPYKTYPHO-AMMHAMIYHA ITOBEJITHKA
TICTAMIHY ¥V PO3YUHI: POJIb MOJIEJIEN BOIU

MetonoM  MOJIEKYIAPHOL JIOCJTi?KEHO
po36aBjieHUi BOJHUN PO3YMH TiCTaMiHy 3a TeMIEpaTypu
T = 300 K i3 Bukopucranuam mogeseii sogu TIP3P i SPC/E.
ITokazano, mo JiOKaJbHA CTPYKTypa PO3UUHY HABKOJO TicTa-
MiHY BU3HAYAETHCHA JIOKAJIBHOIO KYJIOHIBCHKOIO B3aEMOJIEIO

Ta BOJHEBUMU 3B’sI3KaMu i IIPAKTUYIHO HE 3aJIC2KUTh Bi}l

JMUHAMIKHT CUJIBHO

BuUbGOpY Mojesi Bogu. Junamidauil aHa/i3 HA OCHOBI dyHKIIN
CEePETHPOKBAIPATUYHOTO 3MiIl[EeHHsI BUSBUB
KHICTb audysiitnol moBexinku ricramimy Binm Mozesni Bomu.
Bcranosseno, mo momens Bogu TIP3P mae memo 3aBuineni
3HadeHHs KoedimieHTiB mudysil Bogu i ricramimy, a TaKoXK

icrorHy 3aJje-

3YMOBIJIIOE Iiepexif 10 audysiiHoro pexxumy pyxy. BusiBieno,
mo B mMozeni Bogu SPC/E orpuMyemMo moBlibHIILY AuHAMIKY
KOMIIOHEHTIB PO3YHUHY,
Kpallle y3rO/KYyIOThCS 3
Tlokazano, moO guHaMiKa TricTaMiHy € BHUCOKOYYTJIMBOIO 0
BuGopy Mogesi Boxu, npuiomy monesnb SPC/E kopekrrime
ONHCYyE JUHAMIYHI BJIACTHBOCTI cucreMHu ‘ricramin—Boma” 3a

a 3HadeHHs KoediuieHTiB mudysil
€KCIIEPIMEHTAJIbHIMY  JJAHUMHU.

diziomoriunux ymoB.

Kawwoei caosa: iMmigazonsauit jirany, SPC/E mozpens
Boau, TIP3P wmopmesns Bomu, JiOKaibHA CTPYKTyDa PO3YHUHY,
nudy3sis, ricramin.
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