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Abstract. An atomistic model for molecular dynamics
(MD) simulations of the single chain poly(acrylic acid)
(PAA), terminally substituted with two pyrene moieties,
was developed. MD simulations of the structure and
conformational dynamics of pyrene-labeled PAA for a
varying dissociation degree (o) of the COOH group
revealed that the attachment of pyrene dyes to PAA alters
significantly its conformational behavior. At acidic pH
(a = 0), the PAA chain collapsed into the random coil
conformation, so that the two pyrene moieties formed the
stable m-m stacking structure. However, at basic pH
(a=1), the PAA chain was expanded and stretched facing
the pyrene dyes apart into aqueous solution.
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conformational ~ dynamics, molecular  dynamics
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1. Introduction

Water-soluble pH-responsive polymers, labeled
covalently with fluorescent dyes, have attracted a major
focus of interest in polymer photophysics due to their
stimuli-responsive self-organizing behavior [1-3]. They
have revealed numerous important applications for surface
modification, structuring and, in particular, rheology
control [1]. Among the most studied cases are the poly-
electrolytes, such as poly(acrylic acid) (PAA), randomly
labeled with aromatic fluorophores (e.g., naphthalene,
pyrene, perylene) [4-7]. Numerous experimental studies
of pH-dependent behavior of chemically linked pyrene
fluorescent units to the PAA backbone have been reported
[4,8,9].

The polymer chain conformation and the
photophysical behavior of poly(acrylic acids) randomly
labeled with pyrene have been studied by using steady-
state and time-resolved fluorescence spectroscopy [10,

V. N. Karazin Kharkiv National University, 4, Svobody Sq.,
61022 Kharkiv, Ukraine

5 q.v.kyrychenko@karazin.ua

© Slavgorodska M., Kyrychenko A., 2020

11]. The concurrent increase in excimer emission upon the
increase in polymer concentration was used to monitor
interpolymer association between pyrene groups to form
the dimeric excited state [9, 12].Beside studies of
conformational heterogeneity of pyrene-labeled PAA,
non-radiative excitation energy transfer among pyrene
units has also been reported [5]. In addition, it has been
shown that the pH-responsive amphiphilic pyrene-
functionalized polymers were able to self-assemble into
polymeric nanoparticles in water [13]. Moreover, PAA-
based polymeric nanoparticles have recently been used to
design novel drug-delivery nanocontainers having pH-
tunable and reversible encapsulation of pharmaceutically
relevant compounds [ 14-18].

Therefore, studying toward a better understanding
of the role of dye-modification in the polymer dynamics
and self-assembly will ultimately lead to a better
understanding of the fundamental physicochemical
properties of pH-responsive polyelectrolytes [19]. The
goal of this work is the development and validation of an
atomistic MD model for pyrene-labeled PAA (Fig. 1),
focusing on systematical investigating of the
conformational behavior of PAA as a function of the
degree of dissociation of the carboxylic groups.

2. Experimental

2.1. Poly(Acrylic Acid) Force Field

Poly(acrylic acid) and its derivatives such as
poly(methyl acrylic) (PMA) and poly(ethyl acrylic) (PEA)
acids are of particular interest because of their use as
models of polyelectrolytes and organic polyacids, which
play a major role in many physicochemical processes in
aqueous systems, so that they have computationally been
investigated from a microscopic viewpoint [20-22].
Numerous MD simulations studied were performed for
oligomers of PAA and its derivatives of different
tacticities, molecular weights, degrees of deprotonation,
and deprotonation patterns by using all-atom FF such as
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OPLS-AA [23] and CHARMM?27 [22]. In addition, an
important role of salt effects and counter ion valence in
the conformation behavior of PAA has also been
considered [24, 25]. In the recent study [26], static and
dynamics light scattering measurements were combined
with coarse-grained MD simulations of the chain
extension and hydrodynamic radius (R,) of the sodium
salt of poly(acrylic acid) (Na-PAA). A role of pH and
ionic strength in polymer conformation of PAA, with
large molecular weight (M,, and n reached up to 50 kDa
and 700 units, respectively) has been studied by using the
fluorescence correlation spectroscopy and Monte Carlo
simulations [23]. Finally, self-association behavior of
oligomers of PAA has also been modeled [27, 28].
Recently, Sulatha and Natarajan [29] have adopted the
GROMOS G53a6 united atom FFs suitable for MD
simulations of a single chain PAA oligomer in water.
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Fig. 1. Structure of poly(acrylic acid) (a)
and pyrene-labeled poly(acrylic acid) (b)

For better understanding of the structure and
conformational dynamics of PAA, we developed an
atomistic MD model of poly(acrylic acid) (PAAy4),
peripherally labeled with the two pyrene units (Fig. 1).
The PAA model and FF interaction parameters were
adopted from the recent work by Sulatha and Natarajan
[29], in which the G53a6 united atom FF [27] was
suggested as the most reliable for MD simulations of PAA
oligomers in a diluted aqueous solution. In G53a6, the
CH, CH; and CHj; moieties are treated as a single united
interacting site (Fig. 1). The bond length and angle
parameters for a pyrene dye were optimized by DFT
calculations at the B3LYP/cc-pVDZ level. Partial charges
needed for Coulomb interactions were derived from the
B3LYP/cc-pVDZ electron densities by fitting the
electrostatic potential to point (ESP) charges.

A single chain of Py,-PAA;g was built by randomly
assigning tacticity and backbone dihedral conformations
(Fig. 2). In order to randomize the structure and to relax
local stresses further, the chain was subjected to steepest

descent energy minimization and 200 ps molecular
dynamics pre-equilibration of the polymer in vacuum, as
described earlier [30, 31].
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Fig. 2. MD snapshot of the initial conformation
of Py,-PAA;3 with a = 0. The pyrene dyes were substituted
at the residues 3 and 38, respectively

2.2. Molecular Dynamics Setup

The systems were solvated by 17200 explicit water
molecules using the Simple Point Charge (SPC/E) water
model [32], compatible with the G53a6 FF. The size of
the water box was chosen to ensure that the systems have
at least 15 A solvation shell from the outermost PAA
atoms in all directions. To keep the electro neutrality of
the system, sodium ions Na' were added to aqueous
solution. All the MD simulations were carried out at a
constant number of particles, constant pressure of P =
101.3 kPa, and constant temperature 7= 298 K (the NPT
ensemble). Solvent (water, ions Na') and PAA were each
coupled separately to a heat bath at the reference
temperature of 298 K, which was kept constant using the
velocity rescaling weak coupling scheme [33] with a
coupling constant = 0.1 ps.

The initial atomic velocities were generated with a
Maxwellian distribution at the given absolute temperature.
Periodic boundary conditions were applied to all three
directions of the simulated box. Electrostatic interactions
were simulated with the particle mesh Ewald (PME)
approach [34] using the long-range cutoff of 0.8 nm. The
cutoff distance of the Lennard-Jones interactions was also
equal to 0.8 nm. The MD simulation time step was 2 fs
with the neighbor list updates every 10 fs. All bond
lengths in PVA were kept constant using the LINCS
routine [35, 36]. The MD simulations were carried out
using the GROMACS set of programs, version 4.6.5 [37].
Molecular graphics and visualization were performed
using VMD 1.9.2 [38].
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3. Results and Discussion

3.1. Conformational Dynamics
of Py,-PAA3g as a Function of pH

A pyrene probe has been used as a fluorescent label
in chemistry and biology [6, 39]. To get an insight into the
conformational behavior of Py,-PAA;s as a function of
pH, we studied its equilibrium conformations by MD
simulations. The degree of protonation was varied from 0
to 1 to investigate the effect of protonation of the carboxyl
group on the conformational state of PAA, where the
groups —COOH were fully protonated (¢ = 0) or
unprotonated (a = 1), respectively. According to the pK,
value of PAA, the COOH groups almost appear in the
form of protonation and deprotonation under acidic
conditions (pH < 3) and basic conditions (pH > 11),
respectively [40].

Fig. 3 shows representative MD conformations
of Py,-PAA;z obtained after 120 ns of MD sampling.
As seen, compact globule conformations of PAA were
observed at o = 0-0.3. The PAA collapsed into the
compact globule, in which the hydrophobic moiety of a
pyrene dye could be located. Upon an increase in «
value to 0.4—0.6, as a consequence of the progressive
ionization of the carboxylic (COOH) groups, the
electrostatic repulsion between the carboxylate (COQO")
groups leads to stretching of the polymer chain, which
affects the distance between terminal pyrene groups
(Fig. 3). Extended coil conformations of Py,-PAA;g
were dominant at a > 0.7.

3.2. Radius of Gyration

To monitor the compactness of a polymer chain,
the radius of gyration of PAA was calculated according to

Eq. (1):
_ /z,.||r,-||2m,.
Re= Zimi (1)

where m; is the mass of atom i and r; the position of atom i
with respect to the center of mass of the molecule [41].
Therefore, R, represents the dimension of a polymer chain
as calculated by averaging of the mass-weighted distance
of each atom from the center-of-mass position of the
polymer [19, 42].

Our MD simulation results revealed that in the case
of unlabeled-PAA, the mean values of R, increases with the
increase in a. When a approaches 0.5 and pH reaches 6-7, a
PAA macromolecule becomes charged, so that long-range
electrostatic interactions become strong enough to extend
conformations of the polymer backbone and to increase the
values R, (Fig. 4a). However, the further increase in o leads
to some decrease in R, of unlabeled-PAA because of
counterion condensations and the polyelectrolyte chain
collapse [17]. These results agree with the conformational
behavior of PAA of similar sizes (n = 20-30), which were
previously reported [23, 29, 40]. However, our MD
simulations of pyrene-labeled Py,-PAA;g suggest that the
attachment of a pyrene dye to PAA alters significantly its
conformational behavior. Fig. 4a shows that the R, values
of unlabeled and pyrene-labeled PAA agree well for
0.>0.7. In contrast, for a<0.7, the hydrophobic pyrene
substituents favor more compact structure of the PAA
macromolecule (Figs. 3 and 4a).

Fig. 3. MD snapshots of the equilibrium conformation of Py,-PA Az, taken for different o after 120 ns.
The pyrene dyes are shown in the vdW-representation
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Fig. 4. Variations in the radius-of-gyration (a) and the solvent accessible surface area (b)
with the degree of dissociation of the PAA chain for unlabeled-PAA and pyrene-labeled-PAA, respectively

3.3. Solvent Accessibility Surface Area

Since the polymer conformation could also affect
solvent accessibility to the polymer chain, the solvent
accessible surface area (S454) was calculated by rolling a
water probe across the van der Waals surface of PAA. The
changes of S454 follow the similar trend to that of R, as
shown in Fig. 4b. The SASA values show that the fully
protonated and unprotonated pyrene-labeled Py,-PAA;g
prefers to be in the globule and coil state, respectively.

4. Conclusions

Probing of structure and dynamics of water-soluble
polymers with fluorescent dyes has several advantages
over other spectroscopic techniques; however, the role of
fluorescence dyes in polymer photophysics of dye-labeled
polymers should not be underestimated. To test this
hypothesis, we developed and validated an atomistic
model for molecular dynamics (MD) simulations of
poly(acrylic acid) (PAA), which was terminally labeled
by the two pyrene dyes. This MD model allowed us to
study the structure and conformational dynamics of
pyrene-labeled PAA, as a function of a degree of
dissociation (&) of the carboxyl groups —COOH. By
comparing the conformational behavior of unlabeled and
pyrene-labeled PAA4y, we found that the attachment of a
pyrene dye to PAA4 alters significantly its
conformational behavior. MD simulations revealed that at
low pH (a = 0) the PAA chain collapsed into the random
coil conformation due to the formation of the stable z-z
stacking structure by the two pyrene moieties. No such
stacked pyrene dimer was formed at a = 0.5, because of
partial dissociation of the polymer side-chain groups. The
conformation of Py,-PAA;g macromolecule was expanded
and the pyrene dyes were isolated inside hydrophobic
microdomains formed by the polymer. Moreover, at high

pH (a = 1.0), the PAA chain was further expanded and
stretched facing the pyrene dyes apart into aqueous
solution. Finally, we showed that the pH-adaptive
behavior of PAA makes its successful applications in
novel generations of smart materials; however, fluorescent
pyrene probes should be used with caution due to their
hydrophobic nature.
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BYJIOBA TA TMHAMIKA MIPEH-MIYEHO{
IMOJITAKPUJIOBOI KUCJIOTU: MOJIEKY JISAIPHO-
JUHAMIYHE MOJAEJIFOBAHHS

Anomauyin. Po3pobneno amomicmuuny mooeis Oisi Mojie-
KYNSAPHO-OUHamMiyno2o  mooemosannsi (M) neposzeanyscenol
noniakpunoeoi kuciomu (I1AK), sixka micmume 06a nipeHogi 300U
Ha Kinyax aanyroza. 3a pesynomamamu M/ modentosanus 6yoosu
ma koHpopmayitinoi nosedinku nipen-wivenoi IAK sk gynxyii
cmynenst oucoyiayii KapOOKCUIbHUX 2pyn (o) 6CMAHOBILEHO, WO
nipeHosi 3aMICHUKU 30AMHI CYMMEBO GNAUBAMU HA KOHGOpMayiiHy
nogeoinky IAK. IIpu kucnomy pH (0. = 0) nonimepnuii ranyroe [TAK
3eopmaemoca y popmy 2no6ynu, npu ybomy 08a NIPEeHO8i 3AMICHUKA
Ymeopoms - cmekinzogi Oimepu. Oowax, 6 mycHomy pH
(o = 1) IIAK nanyioe pozeopmacmucsi ma USLIbHSIE NPEHOB 30HOU
¥ 800He cepedosuuye.

Knwuosi  cnoea:  noniakpunoea  xucioma, — nipew,
@nyopecyenmuuii 3010, KOHGOpMAYiliHa OUHAMIKA, MOLEKYISPHO-
OUHaMIYUHe MOOENIOBAHHSL.



