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The dynamical and equilibrium properties of a strongly coupled chain of charged pafpiclgampholyte
submerged in an immobile viscous medium are studied using the molecular dynamics simulations. The
polyampholyte relaxes to an equilibrium conformation typically in (399 due to folding of the chain for low
temperatures, and expands several times faster for high temperatures, ayhdgethe plasma frequency.

Three regimes with distinct conformations as stretched, oblate, and spherical are observed under the Coulomb
force at high, medium, and low temperatures, respectively. The change in the conformations is considered to
minimize the free energy through the electrostatic potential. The root-mean-squared size of the polyampholytes
in these regimes is scaled, respectively,Rys-N"2 (NT)"3 and N®3T%8-10 whereN is the number of
monomers on the chain and the temperature. The crossover point of the regimes is characterized by the
unique values of the monomer distandég:ZNm, being insensitive to the length and stiffness of the chain. The
present results agree well with the Flory theory in the high and medium temperature regimes. The densely
packed state at low temperatures is first obtained here without the use of the lattice model. The transition
among the different regimes under the Coulomb force is exactly reversible. However, the transition under the
cooperation of the Coulomb force and the attractive short-range force exhibits a hysteresis against successive
changes in temperaturg51063-651X97)13111-1

PACS numbse(s): 36.20.Ey, 52.25.Wz, 61.25.Hq, 64.60.Cn

I. INTRODUCTION Flory theory was developed to explain both the polyelectro-
lyte and polyampholyte regimes of charged chdihl. On
The strongly coupled Coulomb systems are found in conthe other hand, extensive numerical studies were performed
densed matter, highly compressed laser-irradiated plasmasy means of the Monte Carlo simulation with the lattice
and the stellar interior§1—-3]. In these circumstances, the model [5] where static properties of the polyampholytes
Coulomb interactions organize the structure of matter andvere examined using the energy principle to obtain the lower
determine their equilibrium properties. The polyampholyte toenergy state.
be studied in this paper is the charged chain that is composed For the polyampholytes, the number of charged mono-
of a random sequence of positive and negative monomensers in the Debye sphere is typically not very large and may
that have little net charges on the chai]. These mono- be as small as of the order of unity. This is why the polyam-
mers, which represent a group of atoms or molecules, arpholyte chain is not considered a continuous medium, in
connected by the molecular binding force of the entropicsharp contrast with ordinary high temperature plasfd2s
elasticity type. The polyampholyte is an idealization of ma-For this reason, the direct Coulomb interactions between the
terial gels and polymerg5,6], and proteins in biochemical charged monomers play major roles in the structure organi-
systemq 7]. Such polyampholytes are usually submerged inzation, which need to be calculated with high accuracy in
a viscous mediuntsolveny, which works as a thermal res- numerical computations. The dynamics of the polyampholyte
ervoir to exert random thermal forces and frictions on themchain with finite size monomers is governed by the electro-
The properties of the polyelectrolyte that is the chain ofstatic and thermal interactions, as characterized in the cou-
charged monomers of the same sign were extensively studigiling constantl’ =e?/aT, and also by the stiffness of the
to theoretically understand dissolution of the homogeneouslghainv/a®. Here,e is electron chargea the monomer dis-
charged polymers in solvenf8] and physical behaviors of tance,v the volume of the monomer, aridthe temperature
DNA [9]. However, the polyampholytes remained infre-in the energy unitKgT if T is measured in degrees, with
guently studied until quite recently because of their complexthe Boltzmann constantWe remark here that, since we are
ity due to inhomogeneity of the charge sequences. The firgloing to study the global structure of the polyampholytes as
theoretical study of the polyampholytes using the Coulomtstated in the Introduction, it is reasonable to use classical
force can be found in Ref10]. Recently, the two-parametric mechanics, not including quantum mechanical effects.
Molecular dynamicgparticle simulation, which is a tool
adopted in this study, integrates Newton's equations of mo-
*On leave from the Institute of Biochemical Physics, Russiantion in time to trace the dynamical evolution of thebody
Academy of Sciences, Moscow 117977, Russia. system. With the method, we are able to study dynamical
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and equilibrium properties, including reaction and relaxation 77 e2
processes along the dynamical paths. The aforementioned FLr(r) =2 ———Tjj. ©)
Monte Carlo simulation with the lattice modé] was useful Tri— rj|

in studying the static properties of flexible polymers with " . .
ying brop poly Here,r; andv; are the position and velocity of thigh mono-

v/a®<1. However, it did not include dynamical effects and ivel Z d ch i Y
may have eliminated the densely packed state of stiff poly—mer' respectivelym, Z; are mass and charge stai& { +

mers at low temperatures, which is presented in this study.is assumey ry; is a unit vector alongr¢—r;), andv is the

Therefore, the issues of the polyampholytes to be studieffiction constant. In Eq(3), the Coulomb force is summed
here by molecular dynamics simulations are the formation ofVer all the possible monomer pairs, and the harmonic spring
equilibrium conformations and dynamical paths toward sucHorce connecting the monomers is calculated pairwise. The
states under the long-range Coulomb force and other shortbermal forceFy, that acts on the monomers is generated
range forces. Further, the dependence of the final equilibriurdSing random numbers with a Gaussian distribution in each
states on the initial conformations and randomness of théme step. The frictional constant is chosen such that the
charge sequences is examined, as well as the reversibility @verage kinetic energy of the monomers equal3 $73. The
the transition among the equilibrium states that is invoked byhermal and friction forces exerted by the surrounding me-
temperature changes. The last issue relates to an existencedim serve to maintain the kinetic energy of thebody
the metastable states or the local energy minima. system at the thermal equilibrium level.

The outline of this paper is the following. In Sec. Il, the It is emphasized that the monomers on the chain can oc-
equations used in the present molecular dynamics simul&upy any point in the six-dimensional spacev), unlike the
tions are presented. We includ®) the long-range electro- lattice model[5]. This turns out to be important especially
static (Coulomb force, (2) the harmonic binding force be- for the densely packed states in the low temperature regime
tween the adjacent monomers, af®l the random thermal to be presented in Sec. lll, because the exclusion effect of the
kicks and the frictional force originating from the surround- neighboring monomers becomes apparent in such states. The
ing medium. In Sec. Ill, we will examine the dynamics and minimum distance allowed for any pair of monomers is
equilibrium of a chain of charged-body system. The relax- ac=0.22 or 0.5, below which the monomers are elasti-
ation to equilibrium conformations occurs (200—300 w;el cally scattered. The stiffness of the chain in our simulation
due to folding of the chain, and the expansion at high temthen becomes/a®= (7/6)(a/a)°~0.004-0.065, where
peratures is several times faster, wherg, is the plasma v =(4/3)(ac/2)° is the exclusion volume of the monomer.
frequency. Three temperature regimes of the polyampholyte-ghe chosen stiffness well represents those values obtained by
with different conformations and parameter dependences ataboratory experiments, i.ex/a®<0.2 for most flexible
observed. The free energy is minimized by the change in thgonomers, and/a®~0.003 for double helix DNA7].
conformations through the electrostatic potential. Good All the simulation quantities in Secs. Il and IV are nor-
agreement between the molecular dynamics simulation an@alized as nondimensional onghke quantities with carers
the Flory theory of the polyampholytd41] is obtained in R R s
the high and medium temperature regimes. On the other r=ar, v=awpy, t=tw,”, (4)
hand, the densely packed compact state at low temperatures ,
is discovered in the present study, which does not adopt th\é”th. Wp= \/47Tn062/m b_elng the _plasma frequency amg
lattice model(Sec. Il B). Then, in Sec. IV we add the short- the initial number density ofpositively) chargegl monomers.
range attractive force to find the cooperative effects of thef We assume nearlzy negt{gl polyampholyteg°~1/2, then
long- and short-range forces. A hysteresis of the transitioNV® havew,~(2mre”/ma’)™ For the CH monomers VY'}h
path among the equilibrium states is demonstrated. Section "3':51 A and e=0.1 esu, we havewp~2X 102 s
will be the summary and conclusion of this paper. (v, "~0.5 pg and the coupling constaifit~1 at room tem-

perature. Under this normalization, the equations of motion

are written agthe caret is suppressed hereafter
Il. EQUATIONS OF MOTION g PP 3

dv;

, . , 3
For the purpose of studying the dynamical evolution and 5= FLr(ri)— m(Zfi—le—file Fo—&vi, (5)

equilibrium properties of the polyampholytEs3], we solve
the equations of motion for the positions and velocities of the

N monomers. The equations for théth monomer dr; 1 ZZ .
(i=1,...N) is written as TR FLR(ri):E; Pl ©®)
i
dv, 3T We see in Eq(5) two nondimensional parameters,
Mt = Fr() = — (2ri=rip—ri-g) +Fp—vmy,
) (1) Pe S e 7
aT’ &= wp’ 0
%:V_ ®) The other important parameter is the exclusion leray,
dt or the stiffness of the chaim/a® in the nondimensional

form, which arises from geometrical exclusion of adjacent
The electrostatic Coulomb force, which is a long-rangemonomersI’ is the so-called coupling constant, which is an
force, is given by inverse of temperaturg&. In high-temperature plasmas, the
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FIG. 2. The time histories ofa) the kinetic energy(b) the
elastic energy(c) the electrostatic potential, and) the gyration
radius(the root-mean-squared s)zef the polyampholyte shown in
Fig. 1.

FIG. 1. The time sequential plots of the 256-mer polyampholyte . .
chain at(a) t=0, (b) t=50w,§el, and (c) t=600wgel of molecular  in a few hundred times the inverse of the plasma frequency.
dynamics simulation. The parameters @re1/2T, a,,=0.22, and ~ The conformation aty,t =50 shown in Fig. ) is already
the charge imbalance is 1.6%. Theand dot on the chain represent close to the final and equilibrium conformation of Figcil
positive and negative monomers, respectively. The time histories of the kinetic energy, the elastic
- . o o (spring energy, the electrostatic potential, and the gyration
conditionI’<1 is always satisfied to ensure shielding of theradius defined by

electric field beyond the Debye lengfti2]. However, the

Debye shielding is incomplete in the polymer system as the 1 ) 2
Debye sphere contains only few charged monomers. Rq= NEi (ri=(r)) 8
IIl. DYNAMICAL AND EQUILIBRIUM PROPERTIES
DUE TO THE COULOMB FORCE are depicted in Fig. 2 for the above polyampholyte chain,
A. Dependence on the charge imbalance where(r) stands for the gravity center of all the monomers.

The average kinetic energy per monomer is held constant,

The temporal evolution of the polyampholyte chains a”dvv in~3/2T, by the thermal kicks and the frictional force, as
their equilibrium properties under the long-range Coulomb_ K" ' f

force are examined with various amounts of charge imbal>€€N N Fig. &). The elastic energy that is proportional to

ance. The temperature for the run depicted in Fig. 1 iéhe mean square of ‘h‘; average distar_lce bgtween_ t_h_e con-
T=1/2T, (the coupling constar =e¥aT=2), the exclu- nectgd monomerg,(Ar) Z,lmcreases q.LucI.(Iy in the initial
sion length isa,=0.2a, and the friction constant ig=0.1, ~ transient phase df<20w. . Beyond this time, the energy
where the base temperatureT, corresponds to equipartition is satisfied during the rulyi,~Wsp. Also,
I'y=e¥aT,=1. The net charge of this chain consisting of the electrostatic potent.lal and the rapllus relax to eqlill!brlum
256 randomly distributed charged monomers is 1.6%. In Figvalues, whose relaxatiore{folding) time 7,¢~280w ¢ is

1 and the following figures, the plusses and circles on thdéong compared to that of the elastic energy. Oscillating fluc-
chain represent the positive and negative monomers, respe@iations with ry_,se= (130 — 170 w,¢ are observed for
tively. For the chosen parameters, the initial conformation ifN=256 in Figs. 2c) and 2d), whereas the oscillation period
Fig. 1(a) is organized to be a spherical and compact globuldor N=64 is 7y_gs~ 80w‘;el. The oscillation period is pro-
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(a) “ 0 : : _ time of the structure for these 256-mersrig= (200 — 300

’ W w,;el. The criterion for the collapse and expansion of the
< L polyampholytes against the charge imbalance agrees with
L _ that obtained by the Monte Carlo simulatiffi]. A simple
0.0 I ' theory based on the energy principle and valid for the non-
neutral polyampholyte predicts that the transition between
the compact and stretched configurations occurs at the

charge imbalance ofN~\/N. Indeed, the free energy is
given by the sum of the electrostatic and elastic terms,

L ] F=Q?% R+ (3T/2)NR?/a2. 9

" 7 If the charge imbalanc® scales af)~eN¢, then by mini-
0 200 200 600 mizing the free energy with respect to the average monomer
Whet distanceR, one obtainsR~ (e2a?/3T)*NZ*~ Y8 |n order
for the polyampholyte not to collapse or expand, one must
have a=1/2. The critical radius isR.~(e?a?/3T)3
©) =a(I'/3)'3. In the present simulation, the excess charge
120 - ' o SN=N? corresponds t@N/N= 0.063 at which the transi-
= | - tion of the equilibrium conformations did occur, as in Fig.

i 3(b).

. , For the runs shown above, the connected-monomer dis-
X 0 200 400 600 tances are nearly constantcat 1.6a during the time evolu-

Y Wpet tion, while the polyampholytes either collapse or expand de-
pending on the amount of their charge imbalance. Thus, the
large change in the structure is due to folding or unfolding of
the chain. For the case with a small net charge, it is possible
for the charged monomers to find their optimal positions so
that one charged monomer is nested among those with the
opposite charge sign to minimize the electrostatic energy.

the gyration radius for the 256-mer chains wih,=0.2a and monomers are created.

T=3To. The charge imbalance {8) SN/N= 1.6%, (b) 6.3%, and The effects of the electrostatic force on the equilibrium
(¢) 14.1%. The conformation fofc) is reduced to 53% that of the  properties are further studied in a statistical fashion. A set of
real size. the 300 non-neutral polyampholytes of 64-mers having ran-

dom conformations and charge sequences is generated as the

portiona| to \/N, |mp|y|ng that the masﬁengtw of the os- initial condition of molecular dynamiCS simulations. The
cillating arm(a part of the chainis proportional to the total temperature of the system %= (1/5)T, (corresponding to
mass(length of the chain. I'=5), and the exclusion length &.,=0.5a.

The observed two relaxation mechanisms in the short and Figure 4a) depicts the generated case distribution of the
long time scales, respectively, are the local adjustment of theolyampholyte chains against their net charge, which is es-
connected monomer distances by elasticity, and the glob&entially a Gaussian distribution centered @=0. The
structure organization due to folding of the chain under thecritical charge imbalance for the 64-mers is calculated to be
Coulomb force. OoN¢/N~0.13. The gyration radiuBy at equilibrium in Fig.

Figure 3 shows variability of the equilibrium conforma- 4(b) is smallest when the polyampholyte is charge neutral.
tions due to the charge imbalance and the time histories dfVhen the charge imbalance exceeds the critical vAIt&
the corresponding gyration radius for the 256-mer chainsthe size of the polyampholyte increases drastically. For ex-
The net charges aré) SN/N=1.6%, (b) 6.3%, and(c) ample, the equilibrium gyration radius 8N/N~0.31 is 3.8
14.1%. [The scale of the three-dimensional pia@) is re- times that of the neutral case, whereas the connected mono-
duced to about half the real si}eThe chain collapses to mer distancdAr)=[=;(r;,1—r;)2/N]"2in Fig. 4(c) is only
Ry~2.3a for the small net charge casa), but it swells to 1.1 t!mes that of the neutral case. Similarly., the volufwé
Ry~ 13a for the significantly non-neutral cage). The equi-  that is a sum of the small cubes&@ occupied by at least
librium conformation for the small net charge case is aone monomer of the chain becomes 1.7 times that of the
spherical and compact globule. For this case, the attractiveeutral case. The observed relatR3><V> shows that large
force by the elasticity that is provided by the harmonicincrease in size with temperature is due to unfolding of the
springs overcomes the electrostatic repulsive force. The gyshain. (The gyration radius is related to the volume by
ration radius for the case with intermediate charge imbalanc(aV)~Rg if the polyampholyte is spherical, but it tends to
in Fig. 3(b) undergoes amplitude oscillations whose period isgive the largest distance between the monomers if the chain
ZOOwgel. When the charge imbalance is larger, the gyrations highly stretched.
radius increases monotonically in time and the chain be- The average electrostatic potential depicted in Fid) &
comes highly stretched, as shown in Fi¢c)3The relaxation  defined by
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FIG. 4. (a) The case distribution of non-neutral 64-mer chains , 1{“” .
against the charge imbalance. The equilibrium valuegbdfthe > 0or /HJ‘L\H ]
gyration radius,(c) the connected monomer distance, ddy the E | |
elastic energy against charge imbalance. The parameters a 00 !
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The potential measured from the bottofoharge neutral

cas@ increases with the amount of charge imbalante FIG. 5. The equilibrium conformations of the neutral 256-mer
~5.0x10 2 as the charge imbalance increases from null tachains with a,,=0.5, and corresponding velocity distribution
6N/N=0.31. The elastic energy&NSp,=(3T/2a2)((Ar)2>, functions in thex, y, z directions for (&) T/To=2 and (b)
increases b)AWspr~1-4>< 1072, which is a quarter of the T/To=1/8. The maximum and minimum of the velocity plots are
increase in the electrostatic potential. Thus, the electrostatigix times the thermal speed.

force is greatly contributing to organizing the structure of the

polyampholytes when the temperature is loW=To, Of  |iprium properties. Figure 5 depicts the typical equilibrium
r>1. ) ) i . conformations in the high and low temperature regimes and
We note in passing that the sign of the potentlalis e corresponding velocity distribution functions for the neu-
negative as a whole. However, if we limit the summation 4| 256-mers witha,=0.5a. For T/Ty=2 shown in Fig
e 13 ; - :
over the monomer pairs witft; —r;|>2R,/N™= the sign of 5.5 the equilibrium conformation is quite stretched. The
the potential turns out to be positiveepulsive for SN>1.  {ime evolution of the gyration radius for the high temperature
This procedure excludes a large contribution of the aggreregime varies substantially depending on the charge se-
gated monomer pairs to the electrostatic potential. Thig ences. Generally, a fast expansion takes place, typically in
large-scale potentiab  actually organizes the global struc- Tex~50w,4 , which is accompanied by slow amplitude os-
ture of the polyampholytes. cillations of the gyration radius. The radius oscillates be-

When the temperature is high, the magnitude of th 1Mt on ; ; 1
changes in the gyration radius, the monomer distance, aﬁé}lgeg(;g 10a:x2a in the time period of about 30, in

the electrostatic potential against the charge imbalance
small compared to their counterparts shown in Fig. 4. But
the overall tendency stays qualitatively the same. Also, w

2 ; ion.
remark that the equilibrium properties of the polyampholytes On the other hand, the gyration radius for the low tem-
presented in Sec. lll do not depend on the initial conforma- y

tions. Although the details of each final conformation areperature casd/To=1/8 decreases monotonically with the

affected by the charge sequence, the deviation in the quant‘i—:‘-'fOIdIng time 7re| ZOOwPe ' Wh'.Ch is significantly slow .
ties shown in Fig. 4, for example, is eliminated by an en_compared to the expansion at high temperatures. The equi-

semble average of the measured data of each run over all t}lf%]”um conformation thus reached is shown in Figbp

runs with randomly generated sequences that constitute t 'Ch IS spherlpal and compact. The veloplty d'Str'bUt'on
Gaussian distribution in thermal equilibrium. unctions for this case are nearly Maxwellian. During the

collapse the chain becomes multiply folded, but the distance
between the connected monomers is shortened only a little.
The charged monomers tend to be loosely aggregated to

Now we trace the dynamical evolution of the polyam-form neutral clusters; the effective interactions are reduced to
pholytes under various temperatures and retrieve their equthe dipole interactions. When the number of monomers is

Ignisotropic and deviating from the Maxwellian distribution,
being consistent with large time variability of the conforma-

B. Temperature dependence
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FIG. 6. The temperature dependence@fthe kinetic energy, / 0

(b) the electrostatic potential¢c) the connected-monomer distance,
and(d) the gyration radius of the neutral 256-mers wétly=0.5a. FIG. 7. The temperature dependence of the gyration rathes
root-mean-squared sigén logarithmic scales for the neutral 64,
small (N=64), the gyration radius decreases in a similari2g and 256-mer polyampholytes with,=0.5a. Three different
time scale as for the long chains. The relaxation time of theegimes are identified at low, medium, and high temperatures.
global structure is thus independent of the number of the
monomergthe length of the chain. monomer pair reduces the distanda. This occurs for
In order to eliminate the aforementioned deviations origi-T<T, (or'=1), as shown in Fig. @). Alternatively, this is
nating from randomness of the charge sequences, multipiirectly proven by omitting the Coulomb force and making
runs for the same set of the parameters are made startiige simulation runs in various temperatures; the connected
from random conformations and charge sequences. Then, timonomer distance is found to remain the same in the ab-
measured data such as the kinetic energy and the gyrati@ence of the electrostatic force.
radius are averaged over these runs. Also, other series of runs The magnitude of the electrostatic potentidt<0) in-
are performed for various values of the temperature, the excreases as temperature is lowered, as depicted in Hy. 6
clusion length, and the number of monomers on the chain. This is consistent with reduction of the average monomer
Figure 6 is the linear-scale plot ¢&) the kinetic energy, distance Rg/Nl’3. The large-scale potentidh, defined be-
(b) the electrostatic potentialc) the connected-monomer low Eg. (10) is measured to be a fraction of the average
distance, and(d) the gyration radius, for the 256-mer potential®, but it stays negativéattractive for the neutral
polyampholyte chains with.,=0.5a, each of which is plot-  polyampholytes. We note that the low and medium tempera-
ted against the temperatufe=e?/al’. Each point in the fig- ture regimes are characterized by dominance of the electro-
ure is the average over ten different runs. Energy equipartistatic potential over the kinetic energy, which stabilizes the
tion is established between the kinetic and elastic energieseutral polyampholytes.
over the wide temperature range; they are proportional to the To obtain the precise functional form, the gyration radius
temperature, Wy, ~Wsp~ 3/2T=I'"1, due to the random for thea.,=0.5a case already depicted in Fig. 6 is plotted in
thermal kicks and the frictional force exerted by the sur-logarithmic scales against temperature and the number of
rounding medium. However, there occurs a slight offset bemonomers on the chain. Figure 7 shows the temperature de-
low the 3/2T line for the elastic energy &t/To<1. Thisis pendence for the 64-, 128-, and 256-mers where three re-
because the elastic energwsp,=(3T/2a2)((Ar)2>, is af- gimes are found in the temperature domain joined at
fected by contraction of the connected-monomer distanc&/T,~0.3 and 1.0. The ellipticity, which is the ratio of the
(((Ar)®))¥2 in the low-temperature regime, especially atsize of the polyampholyte measured along the long Bxi®
T/Ty<0.5. However, the decrease in the gyration radius ighat perpendicular to iR, , increases linearly fronR| /R,
generally much greater than that in the connected-monomer 1.3-2.2 against the temperature chamgg,~ 0.1-1. The
distance when the temperature is lowered. Consequentigllipticity stays constan®|/R, ~2.2 in the high temperature
folding of the chain is responsible for the global structuralregimeT/T,=1. At the crossover point of the low and me-
changes. On the other hand, contraction of the connectedtium temperature regimes, the ellipticityRs/R, ~1.8. The
monomer distances is not small at low temperatures wheshape of the polyampholyte in the medium temperature re-
the polyampholyte is very stiffy/a®<0.005. gime is very oblate but not stretched unlike the conformation
The contraction of the connected-monomer distance i the high temperature regime.
easily understood. When the Coulomb energy is negligible, The dependence of the gyration radius on the number of
the balance 3/~ Wy, determines the distance @&r)~a.  the monomers on the chain is plotted in logarithmic scales
However, when®|=W,,=3/2T, an addition of the attrac- for the three temperature regimes in Fig. 8. With Figs. 7 and
tive force between the positively and negatively charged, the functional form of the gyration radius is compiled to
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FIG. 8. The dependence of the gyration radius on the number of
monomers on the chain in logarithmic scaleJ &f,=0.2, 0.5, and
2.0 for the neutral polyampholytes wity,=0.5a.

FIG. 10. The temperature dependence of the gyration radius in
logarithmic scales for the neutral 64-, 128- and 256-mer polyam-
pholytes witha,,=0.2a.

be Ry~N22°T%8 R ~NO%7033 and R,~N%2 in the low, . . . . . .
medium, and high temperature regimes, respectively Thgpherlcal ones is manifested in the different functional de-
low temperature regime is thought to be affected by the Stiﬁpendence.o.f t.he electrostatic potential. The free energy 1s
ness of the chains since the exclusion length is not smquer.GbY m|n|m|zeo_l at each temperature. The elgctros_tat_lc po-
compared to the intermonomer distand%QZNm (the expo- tential in th0e4zned|gm temperature regime of Fig. 9 is fitted
nent toN should be larger than 1/3 for very larg®. The by [®[~T~>*, which is independent of the number of the
electrostatic potential for the same series of runs is depicteH]O_lr_]r?merS' " dius for th I USi lenath
in Fig. 9. Again, three regimes are found in the electrostatic —8 zgy_ra I?ntt rg "IJS .orl € .trs]m.a exlc us_|onF_ enfo
potential that exactly correspond to those in Fig. 7. The tran@col~ Y-8 IS plolted also In logarithmic scales in Fig. 10.

sition of the conformations among the stretched, oblate, anzdrhree regimes are aga|n_|d<_ant|f|ed, with the crossover point
of the regimes located this time @ T,~0.8 and 2.0, about

twice greater than for tha,,=0.5a case. The gyration ra-
10! T —r—rr——1 dius is scaled aRy~N°3T*0 R;~N%“T4 andRy~N%®in
- N the low, medium, and high temperature regimes, respec-
B N tively. The electrostatic potential in the medium temperature
regime is fitted by|®|~T % For the stiff chains, the de-
% pendence on the temperature and the number of the mono-
- g\ N mers is more sensitive than for the flexible chains.
B \g i When we compare the two series of the runs presented in
& §8 Figs. 7-10, it is found that the functional form of the gyra-
N\ tion radius,Rg~T“NB, is universal in the medium tempera-
\\9\ ture regime witha~ B~ 1/3. These values are not sensitive
\9\2\ to the exclusion length or the number of monomers for
L ®e N>43, The short chains wittN=43 seem to be somewnhat
O N=256 different from the long chains probably because the number
4 N=I128 of the monomers on the polyampholyte surface is a little too
many to deal with the volume interactions. For the densely
packed compact state in the low temperature regime, the ex-
1021 S T o e—— ponent to temperature depends on the exclusion length, i.e.,
' ‘ ' the stiffness of the polyampholytes. The exponent to tem-
/T, perature for the long chaindNE43) is a~0.8 fora.,=0.5
anda~ 1.0 fora,,=0.2a. This tendency is qualitatively rea-
sonable since the stiff polyampholyte with small exclusion
FIG. 9. The magnitude of the electrostatic potenitia) against ~ radii can be more densely packed as the monomers come
temperature in logarithmic scales for the polyampholytes depicte@loser to each other at low temperatures.
in Fig. 7. Three regimes corresonding exactly to those of Fig. 7 are A remarkable fact is that, while the temperatures for the
identified at low, medium, and high temperatures. crossover point of the regimes depend on the exclusion
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TABLE |. The characteristic value of the temperature the
gyration radiusRy, and the average monomer distandg, N3 at
the crossover point of the low and medium temperature regines (
M), and the medium and high temperature regimdsH).

L-M

M-H

Remarks

T

Rg
2Ry /N3

0.3T,
0.8T,
6.0a
1.%
2.0a

1.0T,
2.0T,
8.6a
2.7a
2.7a

ac=0.52, N=256
ac=0.2a, N=256
= (0.22,0.52), N=256

N=256
N=64

length, the gyration radius there is the same between the rur
with different exclusion lengths if the number of the mono-

Wepr

0.8

0.0

6.0

0.0

2.0
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0.8

0.0

6.0

0.0

20

mers is fixed Table ). Even more remarkably, the crossover

point of the regimes is characterized by the unique values o
the average monomer distancé{gZNl’S, being independent 0.0
of both the exclusion length and the number of the mono- 0 ot 5000 ot
mers on the chain, as depicted in the bottom rows of Table | re ¥

The implications aréi) the free energy of the polyampholyte

is written mainly as the function of the average monomer FIG. 11. The time histories of the kinetic energy, the elastic

distanceii) each selected conformation minimizes the freeenergy, the gyration radius, and the applied temperature, from top
energy in that temperature regime through the electrostatito bottom in this order. The left and right columns correspond to

potential. rapid and slow temperature changes, respectively.

We interpret that the high and medium temperature re- ¢ b velv. Wh h
gimes observed in the molecular dynamics simulations corPerature from top to bottom, respectively. en the tem-

respond, respectively, to the unperturbet>(;,) and perature is I_owered and _then raised quickly With the time
polyampholyte {<t,) regimes of thed solvent of the Flory consyant 50 e as shown in the left column, the k|r_1et|c and
theory for which the second virial coefficient vanisté4]. elastic energies _follow the temperature change without time
Indeed, for the charge neutral case, the theory provides tHi€lay- But, the size of the polyampholyte does not follow the
spherical polyampholyte with its radius scaledrRas N2 in change |'mmed|e.1tely. The folding of thfa1 chain occurs rather
the first regime andR~(NT)¥3 in the second regime, in slowly with the time constant,~ 200w, for the 64-mers;
good agreement with the analysis for Figs. 7, 8 and 10. Onthe expansion takes place faster witg~50w,q . These
difference is that the shape of the polyampholyte in the higime scales are the same as those for the 256-mers in Fig. 5
temperature regime is stretched by molecular dynamics. ButSec. Il B).
since no principal axis exists as the conformation is highly On the other hand, when the temperature is changed
variable in time, the time average will result in the relationgradually with the time constant 46Q., which is long
(L)~(D). compared with the relaxation time of the chain, the gyration
The previous Monte Carlo simulation with the lattice radius of the polyampholyte changes closely following the
model showed two regimes, the high and medium temperanstantaneous value of the temperature, as depicted in the
ture regimeg5]. However, the exponents to the temperatureright column of Fig. 11. This simple experiment reveals that
for the gyration radius and the electrostatic potential werghe conformation of the polyampholyte is exactly reversible
appreciably small compared with the long-chain cases of thender the Coulomb forcéef. hysteresis in Sec. IV The free
molecular dynamics simulations. For example, the gyratiorenergy has only one minimum with respect to the monomer
radius in the medium temperature regime is read aseparation. Unfortunately, we cannot compare dynamics data
Rg’MCNTO-ZO, instead ong’MD~T1/3 of the molecular dy- of this section with the theory of kinetics of flexible chain
namics simulationthe long chaing Finally, the low tem- collapse[14], because Eq.1) implies immobile solvent and
perature regime was not detected in the lattice model simuthus hydrodynamic interaction of monomers is left beyond
lation since it incorporated the self-avoiding features ofthe scope of the present study.
adjacent monomers.

IV. COOPERATION OF LONG- AND SHORT-RANGE

C. Reversibility under the Coulomb force FORCES

The response of a single polyampholyte against succes- It is known theoretically and by experiments that compe-
sive temperature changes is studied in this subsection. Whtion of the attractive and repulsive forces generates asym-
use a charge neutral, 64-mer chain with the exclusion lengtimetry in the phase transitidi]. Here, we reproduce such a
aco=0.2a. The temperature is changed either slowly or rap-process in the molecular dynamics simulation by introducing
idly in the following mannerT/Ty=2—0.2—2. the second local minimum to the free energy. The short-

Figure 11 depicts the time histories of the kinetic energyrange attractive force that corresponds to a negative value of
the elastic energy, the gyration radius, and the applied tenthe second virial coefficienB<<0 (poor solvent may be
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0.0 1 1 1 FIG. 13. The diagram of the gyration radius versus temperature
0 100 200 for a single 64-mer polyampholyte under the Coulomb and short-
X Wpet range forces in the left column. The time histories of the volume,
¥ the gyration radius, and the applied temperature for the same run,

from top to bottom in the right column.

plies that there will be a hysteresis against successive tem-
perature changes under the long- and short-range forces. In
the following run, the temperature is raised gradually in
T= 100()50,;81 asT/To=1—2 in the first stage, and is then
lowered to the initial valud/Ty=2—1 in the second stage
(Fig. 13. During this operation, the size of the polyam-
pholyte increases suddenly &t-1.4T, in the first stage, as
shown in the right column of Fig. 13. Both the volume and
the gyration radius undergo amplitude oscillations around
(V)~32a® and Ry~4a. The polyampholyte once expanded
maintains such a conformation until the temperature falls
down to as low a§ ~1.1T, in the second stage. The shrink-
ing process occurs in a short time interval. The final gyration
mggselpelgcbe){j t&ﬁr{; r(;ectr?;izp;;?;enséebetween the two MONQ4dius thus reacheq .is the same as the initial one.
' The above transition process invoked by the temperature
- change is plotted as thd (R,) diagram in the left column of
—for for r<agpg, . . 9 .
Fou(r)= _ (12) Fig. 13. The data points are sampled in everw;@) after
0 otherwise. the initial transients have subsideg 200(»,},31, and are pro-
cessed with broad-window smoothing of 3§ for the

Including the Coulomb force and the short-range force giverypase with expanded conformations. A hysteresis of the tran-
by Egs.(3) and(11), the molecular dynamics simulations are gjtion path is seen in the figure. More precisely, when the

performed. temperature is raised, the transition path takes the lower

Figure 12 depicts the time histories of the gyration radius, gnch rightward starting atTg,1.2a) and jumps up sud-
and corresponding final conformations of the neutral 64—meraen|y toR,~3a at T~1.4T,; in the reverse way, the path
g o ,

for (a) the force constart= 10, (b) fo=15, and(c) fo=15 (5465 the upper branch leftward and then steps down abruptly
without the Coulomb force. Other parameters agg=0.5a, asR,~3a—1.2a at T~ 11T,

acoi=0.22, andT/To=1. The figure shows that the equilib- g remarked that the transition temperature is unique for
rium conformation is not affected by the short-range forcey,, given set of parameters afg, as,, andf; the tem-
when the force is wealto<fg"~13, for (a). Otherwise for  perature at which the shrinkage occurs in the second stage
case(b), the gyration radius is reduced froRy~3ato .22 goes not change when the temperature is lowered twice more
in the time interval ofr~50w,, . The attractive force results rapidly. The hysteresis of the transition path, which is caused
in a compact conformation when it dominates over the Coupy the cooperation of the long and short-range forces, is

lomb force at the short distancessasg. When the long- clearly contrasted with the exactly reversible process under
range force is omitted, on the other hand, the reduction of théne Coulomb force onlySec. Il O.

radius still occurs but slowly inr~ 100(»,;61 as shown in Fig.
12(c). Thus, the cooperation of the Coulomb force and the
short-range force is nonlinearly additive in the sense that the
Coulomb force brings the monomers to a short distance Using the molecular dynamics simulations, we studied in
where the short-range force is operative. The time constarthis paper the dynamical evolution and the equilibrium prop-
of the collapse is expected to be progressively large as therties of the polyampholytes in terms of charge imbalance,
range of the forcegy is reduced. temperature, length, and stiffness of the chains. The polyam-

The observation that the size of the polyampholyte ispholytes submerged in the immobile viscous medium

drastically reduced by addition of the short-range force im-evolved following Eqs(1)—(3) to reach thermal equilibrium

FIG. 12. The equilibrium conformations and the time history of
the gyration radius fofa) the force constarfty= 10, (b) f;=15, and
(c) fo=15 without the Coulomb force.

V. SUMMARY AND CONCLUSION
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while receiving random thermal kicks and the frictional dragdeviations for the short chains witN=43 and when the
force. The major observations under the Coulomb interacmonomer distance was comparable to the exclusion length,
tions (i) and the Coulomb and short-range for¢gswere as 2Rg/N1’3~aCO|. The latter was considered as being due to
follows: geometrical exclusion of the adjacent monomers. The former
(ia) The equilibrium conformation was stretched and os-might be due to that the number of the surface monomers
cillating in time when the amount of charge imbalance ex-Was too large to deal with the volume interactions of the
ceeded\’2, for which the large-scale potential was positive Coulomb force. o _ _
(repulsive. The oscillation period of the gyration radius was ' the molecular dynamics simulations, the evolution of
proportional to the total lengttmas$ of the chain. Other- the pOIyamphontes was trac_ed in time b_y integrating New-
wise for a small net charge, the conformation was stationarjon'S €quations of motion with a finite time steft. The
and compact. range of the temperature that was suitable for the simulations
(ib) Three regimes with different conformations and pa-Was rather limited, 0£T/To=<3, due to the necessity of a
rameter dependences were identified in the temperature déMall time step foff/To>3, and the numerical fluctuations
main under the Coulomb force. The polyampholyte was@ssociated with dynamical motions of the monomers for
spherical, oblate, and stretched in the low, medium, and higH—/T0<o-1-
temperature regimes, respectively. The gyration radius was Nevertheless, good agreement was found between the mo-
scaled aﬂngO.ZfrO.BTO.Bfl.O (NT)033-04 gndNO5- 060y lecular dynamics simulations and tldesolvent of the Flory
the exclusion radig.,= 0.2a—0.5. The electrostatic poten- theory of the polyampholytes. Namelfy) stretched confor-
tial showed three regimes exactly corresponding to those dpations were obtained for the non-neutral polyampholyte
the temperature. The free energy was considered to be minftith SN>N"% (i) the high and medium temperature re-
mized by the electrostatic potential through the changes i§imes were identified with the correct scaling for the gyra-
the conformations. The crossover points of the regimes werlon radius(iii) the transition among the different regimes of
characterized by the unique values of the monomer distand®€ Polyampholyte showed the hysteresis, as predicted when
2Rg/N1/3, although the stiffness of the chain affected thethe attractive and repulsive forces coexist. The scaRyg

i . . 1/3 . . .
transition temperatures across the regime boundaries. ~ *N™° represents the maximal packing in the three-
(ic) The nearly neutral polyampholytes relaxed to thedimensional case. .
equilibrium conformations inr,q= (200-300w_} due to On the other hand, differences were found between the
pe

folding of the chain at low temperatures. The expansion ofresent study and the Monte Carlo simulation with the lattice
the polvampholvte occurred more rapidly #o.~ 50w -+ for model. The temperature_dependences of the gyration radius
polyampholyt PICLy T8, pe nd the Coulomb potential were much milder for the Monte

Cvlgg tiirdngséﬁtdugﬁts 'o-;h&;elsjragg; tlor?(?[r?; t;eoﬂfrz?;tr:ﬁn:; arlo simulation. This was attributable to the fact that the
chain. Under the Coulomb force, the transition among th ensely packed state of the stiff polyampholytesaC<1)
' was not treated adequately by the simulations that adopted

regimes with different conformations was exactly reversibleth latii del. althouah the latti del ful i
with temperature. e lattice model, although the lattice model was useful in

(i) The cooperation of the short-range and Cc)ulombmoqeling the volume exclusion effects due to large sigie
forces acted to organize the structure of the polyampholyte(.:.halns .Of the polymers. By contrast, the molecular (_1yn_am|cs
A compact conformation was obtained for the temperature§ImUIatlon allowed the monomers to occupy any point in the
where stretched conformation was normally expected. Th hasg space unless (.EXp“C'tly proh|b|tgd by the pqtentlal
hysteresis of the phase transition path against successivaction. lt. IS emphas'ze,f' .that the choice of the §t|ffness
temperature changes was demonstrated by the molecular d arameter in our stud_y;,/a s1sin good accordance with the
namics simulation. eal laboratory and biological polymers.

The densely packed compact state for the low tempera-
tures was identified, as summarized (ib), owing to the
molecular dynamics simulation, which allowed densely Itis a great pleasure for one of the auth@T.) to thank
packed conformations in the configuration space, unlike th&rofessor Bruno Coppi who hosted him to make a sabbatical
lattice model. However, this densely packed state may notesearch at the Massachusetts Institute of Techndlbly)
necessarily occur for all the polymers, especially for thoseduring the year 1996—97. His research at MIT was mainly
associated with large side chains. supported by the grant from Japan Society for the Promotion

It is remarked that with the scaling df), there were of Science.
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