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Abstract

The effects of periodic boundary conditions are examined for multichain Coulomb polymers that
are composed of both positively and negatively-charged monomers (polyampholyte). At high
temperature, polyampholyte takes a large volume with its chains spreading homogeneously in
the whole domain. At low temperature where the Coulomb energy prevails over the thermal
energy, the polyampholyte is collapsed to form a globule. The resultant globule is somewhat
more compressed than that in an isolated (wall-bound) system. The effect of added salt is also

mentioned briefly.
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1. Introduction

Electrically charged polymers that are
widely found in daily products and live or-
ganisms like DNA and RNA constitute a
many-body Coulomb system, which is elec-
trostatically strongly-coupled even at room
temperature due to predominance of the
Coulomb energy over the kinetic {thermal)
energy, €?/eaT > 1. Such polymers are
categorized to polyelectrolytes and polyam-
pholytes. The former polymers are composed
of monomers of one charge sign, and the
latter polymers contain both positive and
negative monomers which enable them self-
neutralization. These polymers are known to
be highly controlled by co-existing counter-

ions or added salt ions through electrostatic
shielding. Also, the Coulomb attraction force
let the polymers form a network of chains
either above certain concentration or below
some temperature.

The properties of charged polymers,
both for polyelectrolyte and polyampholyte
regimes, were studied extensively by a se-
ries of experimental® and theoretical®>® works
and numerical*® studies. The charged poly-
mers that we are going to study here con-
sist of both positively and negatively charged
monomers, with their sequence along the
chains being at random. This kind of charged
polymers is called quenched polyampholyte,
since its sequence and properties are deter-



mined by the synthesis chemistry. In this pa-
per, we first summarize the results of single-
chain polyampholytes®, where occurrence of
highly collapsed globule and a hysteresis are
proven numerically. Then, we present a dy-
namical process and the structure formation
associated with multichain polyampholytes
under the periodic boundary conditions. We
adopt the Ewald’s PME method®? to take in-
finite sums over the true and image charges
for the long-range Coulomb force. In the fi-
nal part of this paper, we show the effect of
added salt on polyampholytes®.

2. Equations of Motion

In molecular dynarmics (MD) simulations,
a system of charged polymers is described by
a set of Langevin-type equations of motion,

de,/dt = FLR(rz’) — (3T/a2)(21'5
~Tip1 — 1'2'_1) + Fm — Vv, (1)
drz'/dt = Vi, (2)

where 1; and v; are the position and velocity of
the i-th monomer (¢ = 1 ~ N), respectively,
and ¥y, is random thermal force and v the
friction constant. The long-range Coulomb
force Frr is obtained by direct summation
over possible monomer pairs,

N
Fra(r) =3 'ZZe’t /e — ;)% (3)
j=1
where Ty; is a unit vector along (r; — ;), €
the electric permitivity, and (') means omis-
sion of j = i in the summation. For the
isolated polyampholytes, the summation of
Eq.(3) is made only for the true charges in
the primary domain. Eqgs.(1),(2) are time in-
tegrated under the boundary condition of a
reflecting wall.

3. The Ewald’s Sum: Periodic System

For the study of continuous polyampholyte
medium, we use the periodic boundary condi-
tions, where the summation of Eq.(3) should
be replaced by that over the true and image
charges®”,

N 7
FLR() =2, 3 Z.Z:¢"Ry/elRyl, (4
j=lneZ
where R;; = r; — r, +nlL, f{,lj. is a unit vec-
tor along R;;, L the side length of periodic-
ity, and n a three-dimensional integer vector.
To avoid difficulties of infinite sums over n,
the Ewald method is used which splits the
inverse-distance term into the rapidly chang-
ing short-range part and the smooth long-
range part as,

Yr= fr)fr+ 1 =f(r)/r, (5
where f(r) is a smooth function that van-
ishes at large distances. With the choice of
the complementary error function for f (r),
erfe(r) = 2n7Y2 [* exp(—t2)dt, the sum in
Eq.(4) that corresponds to the second term
of Eq.(5) gives rise to the electrostatic po-
tential B(k) = (47/k?) exp(—k2/40?)j(k) in
the Fourier space. Here, j(k) is a Fourier-
transformed charge density, and o is an arbi-
trary parameter that sensitively affects accu-
racy of the sums for chosen real and Fourier
space cutoffs, 7 and kmg.r. This poten-
tial is calculated efficiently with the use of
the fast Fourier transform (FFT); the force
due to this contribution is derived from the
back Fourier-transformed potential ®(r) by
F®(r) = —g;V®(r). The direct sum in
Eq.(4) due to the first term of Eq.(5) is given
by,

FO S ’ 2_0! —a2R? .
i %Z Z (ﬁexp( a Rij)/-RtJ

F=lneZ



—E—erfc(aR,J)/RfJ) R,;. (6)

A suitable choice of the Ewald parameter o
and summation cutoffs, and the charge and
field interpolation schemes are found in the

previous literatures®’.

4. Single-Chain Polyampholytes

The first non-lattice type simulation for

single-chain polyampholytes with the use of
molecular dynamics simulation® showed that:
(1) Folding of the chain occurs in a time scale
of 100 ps. The equilibrium conformation is
a globule if charge imbalance of monomers
is less than v/N, and that it is a stretched
Gaussian coil for highly charged case, where
N is the number of monomers (Figure 1).
{2) Three temperature regimes are identified
for the gyration radius, i.e., the structure
of polyampholytes, which are the globular,
transition, and stretched coil regimes at low,
medium, and high temperatures, respectively
(Figure 2). The globule at low temperature
is due to intensive folding of the chain, which
is much more compact than that obtained by
lattice-type simulations®.
(3) Cooperation of the short-range attraction
force and the long-range Coulomb force gives
rise to a hysteresis in the volume of polyam-
pholyte against a slow cyclic change of tem-
perature (Figure 3).

These are the results corresponding to ex-
periments of very low density solution of
polyampholyte, or those with an extracted
single-chain of the DNA coil.

5. Multichain Polyampholytes (Periodic)
(a) Dynamical behaviors
Mulfichain polyampholytes have more

freedom to expand compared to single-chain
ones, since the chains are not connected. At
high temperature, the volume that polyam-
pholyte chains occupy is bound only by the
container size, since diffusion proceeds in-
finitely due to thermal agitations.

The time history of the kinetic energy
Wi, electrostatic energy ®gg, and elastic
energy W, per monomer is shown for high
temperature T/Ty == 1 (Rper = 42a) on
the left column of Figure 4 (Tj is the base
temperature defined by e?/ealy = 1). That
of the gyration radius of the whole polyam-
pholyte R, the gyration radius of a spe-
cific chain R,;, and the x-component veloc-
ity of a monomer is shown on the right col-
umn. Energy equi-partition holds between
the kinetic and elastic energies. The expan-
sion speed of the chains is deduced to be
about 20% that of the thermal speed v,;, =
(3/4xT)Y 2aw, (T = Ty/T),

Vairr = dRysys/dt ~ 0.1aw, ~ 0.2vu4, (7)

Large time fluctuations in the gyration ra-
dius reveal undamped folding /unfolding os-
cillations of the chains in a viscous Langevin
fluid. Each monomer is also under thermal
vibrations as seen in V.

Figure 5 shows the typical conformations
that the randomly co-polymerized multichain
polyampholytes take at (a) high tempera-
ture T/7p = 1, and (b) low temperatures
T/To = 1/8. At high temperature, the chains
tend to distribute homogencously in the do-
main, but their relative positions are quite
variable in time due to thermal fluctuations.
On the other hand, a stable and compact
globule conformation is taken in each domain
at low temperature. Although the monomers



are under thermal vibrations, the radius of
the globule is almost constant in time.

(b) Statistical Properties

The temperature dependence of the
polyampholyte is shown in Figure 6; the sys-
tem gyration radius R sy, the average of gy-
ration radii of the chains Ry, and the fill-
ing index ( = N!3Ry /Ry s,s are displayed
for six 32-mer polyampholytes, where N, is a
number of chains that make up the polyam-
pholyte. (Each data point is an average over
ten independent runs.) The side length of
the simulation box (or the periodicity length)
1s Ry = 42a. Both the gyration radii
R, s and R, are increasing functions of
temperature. However, for the multichain
polyampholyte at high temperature, the ra-
dius of the system (whole chains) increases
much faster than that of each chain R, since
the chains are not connected. The system
gyration radius is only limited by the con-
tainer size or periodicity. The polyampholyte
swells infinitely under non-bound (uncon-
fined) boundary conditions®. By the filling
index, we can measure the degree of chain
entanglement (overlapping). The condition
¢ > 1 means that the chains are well over-
lapped, which is achieved at low temperature
T/To < 0.2

Also in Figure 6, a comparison of differ-
ent boundary conditions is made, where ” Iso-
lated” corresponds to the run with a re-
flecting boundary condition, and ”Periodic”
to those with periodic boundary conditions.
Both kind of gyration radii, R, ., and Ry
are smaller in the periodic system at low tem-
perature, which tells occurrence of more com-
pression in the continuous medium. However,

at high temperature the chains are more ho-
mogeneously distributed in the periodic sys-
tem; the chains tend to stay away from the
boundary wall in the isolated system.

The effect of the domain size is shown in
Figure 7. The difference occurs only at high
temperature T/Ty > 0.5, for which the typ-
ical state of the polyampholyte is a wall-
bound one that consists of separate chains.
The ratio of the gyration radii for the cases
with Rpy.; = 42 and 28 is exactly the ra-
tio of the domain size, 42/28 = 1.5. At low
temperature, little difference is found since a
compact globule that is the typical state the
chains is not affected by the domain volume.

Detailed MD simulation results of multi-
chain polyampholytes, including the effect
of charge sequences, stiffness, the molecular
weight and the number of the chains, the for-
mation and stability of the globular state,
under the wall boundary condition are de-
scribed in a separate publication3.

6. The Effects of Added Salt

As salt causes swelling of charged gels, an
addition of salt on polyampholyte makes the
globule loose and soluble to solvent. In the
MD simulation below®, salt ions are placed
homogeneously at the beginning of the run,
where the charge density of salt ions is com-
parable to that of the polyampholyte in a
globule.

Figure 8 shows the system gyration radius
Rysys, average of gyration radii Ry, and the
filling index ¢ for the polyampholytes in salt
aqueous solution {(open circle) and in salt-free
solvent (solid circle). As shown, the gyration
radius of polyampholyte increases if salt is
added. This is more apparent at low temper-



ature where a compact globule is the typical
state of the chains in the salt-free solvent.
A scatter plot of the polyampholyte clearly
tells us that the globule becomes loose with
its surface fuzzy and irregular after addition
of salt. The time evolution of disintegration
process of the globule is described in a sepa-
rate publication®.
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Figure Captions

Figure 1.: Non-neutral charge effect: (a) al-
most neutral case, N/N = 1.6%, (b) 6.3%,
(¢) highly charged case, 14.1%.

Figure 2.: The temperature dependence of the
gyration radius for neutral polyampholytes of
64, 128 and 256 mers.

Figure 3.: A hysteresis of the gyration radius
of polyampholyte against slow cyclic change
of temperature, obtained for a single 64-mer.

Figure 4.: The time history of the kinetic
energy Wy, electrostatic energy ®gg, elastic
energy W, on the left column, and that of
the system (whole polyampholyte) R, 5,5, the
gyration radius of a chain, and the velocity
of a monomer.

Figure 5.: The typical conformations that the
polyampholyte chains take at {a) high tem-
perature T/Tp = 1, and (b) low temperature
T/To = 1/8. Two consecutive domains in the
z-direction are displayed.

Figure 6.: The effect of different boundary
conditions is seen between the wall-bound
and periodic systems.

Figure 7.: The effect of domain size under

the periodic boundary conditions is shown for
Rar = 28 and 42 cases.

Figure 8.: The effect of added salt is shown for

randomly co-polymerized six 32-mer polyam-
pholyte. Results for the salt-free case are also
shown.
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