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Monte Carlo simulations of polyampholyte-polyelectrolyte complexes: Effect of charge sequence
and strength of electrostatic interactions
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We present the results of Monte Carlo simulations of complexation between polyampholyte and polyelec-
trolyte chains. Polymers are modeled as bead-spring chains of charged Lennard-Jones particles each consisting
of 32 monomers. Formation of a polyampholyte-polyelectrolyte complex is driven by polarization-induced
attractive interactions. The complex is usually formed at the end of the polyelectrolyte with the polyampholyte
chain elongated and aligned along the polyelectrolyte backbone. This complex structure between the polarized
polyampholyte chain and the polyelectrolyte leads to maximization of the attractive and minimization of the
repulsive electrostatic interactions. The size of a polyampholyte in a complex is usually larger than that of an
isolated polyampholyte chain. We also observed that initially collapsed polyampholytes undergo a coil-globule
transition by forming a complex. The structure of a polyampholyte-polyelectrolyte complex was analyzed by
tail and loop distribution functions. We have found that the number of loops increases while their sizes
decrease with the strength of the electrostatic interactions. Polyampholytes with random charge sequence form
stronger complexes with polyelectrolytes than those with alternating charge sequence. Polyampholytes with
long blocky sequences form a double helix with a polyelectrolyte at sufficiently large values of the Bjerrum
length.
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[. INTRODUCTION tured proteins such as gelatidenatured collagerare flex-
ible random coils in water. Such coils polarize in the
Considerable theoretical and experimental work duringoresence of the polyelectrolyte, putting their oppositely
the last half a century has been devoted to charged polymegfiarged amino acids close to the polyelectrolyte. Insoluble
[1-9—macromolecules with ionizable groups. Under ap-complexes[6] are formed when the net charge on the
propriate conditions, such as in aqueous solutions, thegolyampholyte is of opposite sign to the charge on the poly-
groups dissociate, leaving ions on chains and counterions ilectrolyte. Complexation between polyampholyte and poly-
solution. If the charges on polymers are all positive or all€lectrolyte chains is controlled by ionic strengpHi, con-
negative, these polymers are called polyelectrolytes. Conf€ntration of polymeric components, and molecular weight

mon polyelectrolytes are polyacrylic and methacrylic acids®f Polymers[15].
poYy y polyacry Y Globular proteins such as albumin aneglobulins are

and their salts, sulfonated polystyrene, cellulose derivatives

DNA, and other polyacids and polybases. If, after dissociaf”iISO known to form soluble complexes with flexible .p°|Y'.
. ... electrolytes of the same net charge. For globular proteins it is
tion of the charged groups, the polymers carry both positive

nd neaative char th ; led polvampholvies. E not yet clear whether the proteins denature on binding, as-
a cegative charges, they are called polyampnoyles. =X, 5 different form, or maintain their native form with the
amples of polyampholytes include proteins, for exampl

. ! ) , eponeIectronte adapting its conformation to facilitate bind-
gelatin, bovine serum albumiBSA), and synthetic copoly- 55" A important example of complexes with globular pro-

mers made of monomers with acidic and basic groups. lfgins is found in synovial fluid, where the anionic polyelec-
these groups are weak acids or bases, the net charge on f#§iyte sodium hyaluronate binds with a variety of proteins
polyampholyte can be changed by varying fiité of aque- [20-23.
ous solutions and at high charge asymmetry these polymers Recent theoretical studi¢@4—29 of polyampholyte ad-
demonstrate polyelectrolytelike behavior. sorption on charged objects supported the idea that polariza-
Soluble complexes between polyampholytes and polytion of polyampholytes in the external electric field created
electrolytes are well-documented in the literaty8-18. by a charged object is the major factor leading to their strong
When the polyampholyte has a weak net negative charge itteraction with these objects. For example, polarization-
binds to anionic polyelectrolytes to form a complex that re-induced attraction between polyampholytes and charged sur-
mains in an aqueous solution. Fibrillar proteins such as actirface can lead to multiple adsorbed polymeric layers. The
collagen, and fibrinogen are sufficiently rigid that they havestructure and thickness of these layers depends on the charge
an open structure, allowing easy access to the amino acids dfstribution along the polyampholyte backbone, which deter-
opposite charge to the polyelectrolyte. For example, fibrinomines the polarizability of polyampholyte chains in external
gen is known to bind to sulfonated polystyrefi®]. Dena-  electric field§30—34, solution concentration, surface curva-
ture, and surface charge density. This theory of polyam-
pholyte adsorption on charged surfaces is in good qualitative
*Electronic address: avd@ims.uconn.edu agreement with experimental resulg5—-43.
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The aim of the present paper is to test the idea of 1500
polarization-induced attractive interactions between polyam- Ucoulrij) =keT——,
pholyte and polyelectrolyte chains and to show how their 4

complexation can be influenced by the charge sequence .
along the polyampholyte backbone and the strength of thwhereq; is the valence of a charged bead. The strength of the

electrostatic interactions. To answer these questions, we peglectrzostatic interactions is controlled by the Bjerrum length
formed Monte Carlo simulations of polyampholyte- lg=¢e ./(skBT)_, defined as the length scale at Whlgh the.C0u-
polyelectrolyte complexes formed by a fully charged poly-10mb interaction between two elementary chargés a di-
electrolyte chain and a symmetric polyampholyte moleculeelectric medium with dielectric constanat is equal to th_e
carrying an equal number of positive and negative chargedhermal energkgT. In water at room temperature the Bjer-
The rest of the paper is organized as follows. The simulatioium length is about 7 A.We performed simulations of com-
model and the algorithm are described in Sec. Il. Section I1Plex formations in a system of chains with the values of the
gives a detailed account of the simulation results for theBjerrum lengthg=2o—60- In our simulations we consider
complexation threshold dependence on the charged s&€9mplex formation at infinite dilution and neglect the effect
quence, distribution of the charged monomers within a com®f counterions. _ . .
plex, as well as the dependence of the complex size, the tail TWO different types of moves are used in our simulations:

and loop distribution funcitons on the strength of the electro{i) translational move of a single bead affid pivot rotation
static interactions. Finally, in conclusici®ec. IV) we dis- Move of chain section. A translational move is performed in

cuss our results. such a way that a displacemehf=(Ax,Ay,Az) of a ran-
domly selected bead is chosen randomly from the intervals
—0.50=<AXx, Ay, Az=<0.5¢. For a pivot rotation move, two

()

Il. MODEL AND METHODS

48|_J
Upy(r)=

beads in a chain are initially selected at random thus dividing
In our simulations all polymers are modeled as bead chain into two or three sections. Then the randomly chosen
spring chains of charged Lennard-Jones particles. Polyele€hain section is rotated on a random angle around the axes
trolyte hasNpg=32 negatively charged beads while polyam- drown through two selected beads. This pivot rotation move
pholyte containd\p,=32 repeat units with an equal number [45,46 is carried out after every Monte CariIC) step
of positive and of negative charges. All beads interact via théattempted trial move per bepds completed. The accep-
truncated-shifted Lennard-Jon@s)) potential, 'Zaorl;:e of the pivot rotation moves in our simulation is about
0.
o\12 [g\6 [ o\12 [g\6 At the beginning of each simulation run both chains were
(?) —(?) _(r_) +(r—) , F=<rg preequilibrated for % 10° MC steps. For the considered
¢ ¢ range of parameters after a preequilibration run the polyam-
0, r>re, pholyte is in a collapsed globule state while the polyelectro-
(1) lyte is in an elongated rodlike conformation. At the begin-
ning of the simulation run the polyampholyte is placed in the
wherer is the distance between two beadsjs the bead middle of the polyelectrolyte chain at a distance of the order
diameter, and the cutoff distancg is equal to 2.6. The  of its radius of gyration from the polyelectrolyte backbone.
parametee ; determines the strength of the short-range in-Then the system is allowed to equilibrate for additional 1.6
teractions and is set to ;=0.3%5T, wherekg is the Bolt-  x10° MC steps. The production run lasts anotherx.1®’
zmann constant and is the absolute temperature. This MC steps. For random polyampholytes various properties of
choice of the parametey ;=0.3%gT corresponds to a theta polyampholyte-polyelectrolyte complexes obtained during
condition[44] for a neutral polymer chain. the production run were also averaged over 70 different
The connectivity of beads into a chain is maintained bycharge sequences.
the finite extension nonlinear elastiEENE) potential,

2 Ill. RESULTS AND DISCUSSION

1 r
Urene(n)=— EkRgm 1- =/,
0

2 A. Position of polyampholytes in a complex

The evolution of the complex structure formed by random
wherek=7kgT/o? is the spring constant ariR,=20 is the  polyampholyte and polyelectrolyte chains during the simula-
maximum bond length at which the elastic energy of thetion run is shown in Fig. 1. As mentioned earlier, a collapsed
bond becomes infinite. The FENE potential only gives thepolyampholyte is initially placed in the middle of a polyelec-
attractive part of the bond potential. The repulsive part of therolyte chain. In earlier stages of the simulation run, the
bond potential is provided by the shifted LJ potenfisée polyampholyte chain is polarized by the external electric
Eqg. (1) abovs. field created by the polyelectrolyte chain by stretching out

The solvent is modeled by a dielectric medium with theperpendicular to the polyelectrolyte backbone in such a way
dielectric constant. In such a continuous representation of that oppositely charged monomers are located closer to the
the solvent, all charged particles separated by distafjce polyelectrolyte while similarly charged ones are farther away
interact with each other via the unscreened Coulomb poterfrom it. During the simulation run, the polyampholyte mi-
tial grates towards the end of the polyelectrolyte chain, maintain-
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ing its elongated shape. The elongated part of the polyam-
pholyte forms an angle with the polyelectrolyte backbone.
The migration of the polyampholyte towards the end of the
(@ polyelectrolyte proceeds by forming a long loop or by mov-
ing back and forth while positively charged beads are in
contact with the polyelectrolyte. Once the polyampholyte
reaches the end of the polyelectrolyte, it usually keeps its
position and rarely moves to another end of the polyelectro-
() lyte. This tells us that the energy barrier for the polyam-
pholyte to move back to the middle of the polyelectrolyte
chain is higher than the thermal enerigyT.
Figure 2 shows snapshots of complexes formed by ran-
domly and alternatively charged polyampholytes and poly-
© electrolytes at different values of the Bjerrum length. The
polyelectrolyte in each complex has a rodlike shape regard-
less of the strength of the electrostatic interaction and the
charge sequence on the polyampholyte chain. Polyam-
pholytes that were initially in a collapsed globule state adopt
an elongated conformation oriented along the polyelectrolyte
backbone.

To quantify the results shown in Fig. 2, during the pro-
duction runs we have calculated the distribution function
P(Rpa) of the center of mass of the polyampholyte chain in

© a complex(see Fig. 3 The position of the center of mass of
) the polyampholyte chaiRp 4 is measured with respect to the

FIG. 1. Evolution of structure of random polyampholyte- canter of mass of the polyelectrolyte chain. For random

polyelectrolyte complex with the value of the Bjerrum lendth oy ampholytes this distribution function was also averaged

=5¢ during the simulation run ag&) 0 Monte Carlo step$MCS), . o I
over 70 different charge realizations. As indicated by the
(b) 10000 MCS, (c) 50000 MCS,(d) 100000 MCS, and(e) osition of the maximum in the distribution functidisee

500000 MCS. Dark spheres correspond to negatively chargeEig 3, both types of polyampholytes with random and al-
bead d whit t itively ch d beads. C
eacs and white ones fo posiively charged beads ternating charge sequences form a complex at the end of

(d

FIG. 2. Typical conformations
of polyampholyte-polyelectrolyte
complexes at different values
of the Bjerrum length Ig.

(@ Random  polyampholyte-
polyelectrolyte complexes ar(th)
alternating polyampholyte-
polyelectrolyte complexes. Dark
spheres correspond to negatively
charged beads and white ones to
positively charged beads.
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FIG. 3. Dependence of the distribution functi®fRp,) of the (RY=((Fy—T1)?). 5)

position of center of masRp, of (a) random polyampholyte and
(b) alternating polyampholyte on the value of the Bjerrum length | Egs.(4) and (5) f; is the position vector of théth bead
g andf. . is the position vector of the chain center of mass.

polyelectrolyte chain. For random polyampholytes, the maxi-The_ summation in Eq4) is carried out over all beads on a
mum in the distribution function moves closer to the end ofchain- o _

the polyelectrolyte and the distribution function narrows as, Figure 4 shows the variations of the swelling parameter
the value of the Bjerrum lengths increases. The maximum [Of chains in a complex as a function of the Bjerrum length.
is located aRp,=9.10 for the value of the Bjerrum length For_companson, the va}rlathn Qf the chain size of isolated
la=20-. It shifts toRps=12.17 at |z =50 while increasing chains is also shown in this figure. The size of polyam—
its height at the same time. The standard deviation of theE’hCleteS In a complex is usually larger than that of isolated
distribution function is 3.7& and 2.26 at the value of the _polyampholyte chains. Furthgrmore, random polyampholytes
Bjerrum lengthl g =20 and 5, respectively. In the case of in a complex have a larger size than alternating ones. It also

alternating polyampholytes, the distribution function of the€@n be seen that the size of isolated polyampholytes de-

center of mass does not show such a drastic change with &ﬁeasehs as thefvslue ?f the thlerrumh Igngth mcrealses.hHow-
increase in the strength of the electrostatic interactions. ThEVer. the size of the polyampholyte chain in a complex shows

maximum of the distribution function shifts only by @:5 an opposite trend. Such an increase in the size of the polyam-
from 11.1r atlg=40 to 11.67 at|z=60. The distribution pholyte chains is due to their polarization in the external

function stays broad and asymmetric even when the Bjerrurﬁle‘:triC rf]ield clreallted bly a pogelectro[yttle. TEe att(rja(t:)tior(lj be-
length is equal to its largest valuky=60. tween the polyelectrolyte and oppositely charged beads on

the polyampholyte chain leads to weak contraction of the

polyelectrolyte chain in a complex. As a result, the size of

the polyelectrolyte in a complex is smaller than that of an
The quantitative information about the change in eachsolated polyelectrolyte chain.

chain’s conformation as they form a complex can be ob- To examine the shape variations of polyampholyte and

tained by analyzing the mean-square radius of gyra(tRé), polyelectrolyte chains in a complex, we use the shape ratio

B. Polarization of polyampholytes in a complex
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polyelectrolyte complex showing definitions of the dipole moment
R T S T S T . E T . of polyampholyte and its orientation with respect to the end-to-end
1.5 20 25 30 35 40 45 50 55 60 65 vector of the polyelectrolyte chain.
Iy

faster with the Bjerrum length than that for random ones.
FIG. 5. Dependence of the shape raﬁ@(Ré)/(Ré) on the  This is due to regular charge sequence—alternating polyam-

Bjerrum lengthl ;. Notations are the same as in Fig. 4. pholytes in a complex are able to stretch out more efficiently
with the polyelectrolyte chain forming zig-zag-like structure.
B=(R§>/(RS)- (6) The electric dipole moment
. . . . NPA
The shape ratig is equal to 6 for a random coil and is equal p=> eqr; 7)
to 12 for a rigid rod. Figure 5 shows variation of the shape i=1

ratio B for chains in a complex. The shape ratio of polyelec-

trolyte chains in a complex stays almost unchanged througprovides further information about polarization of the
the entire range of the Bjerrum lengths. It is also slightlypolyampholyte chain in a complex. The absolute value of the
smaller than that of an isolated polyelectrolyte chain, agairelectric dipole momen| shows how far the center of mass
indicating contraction of a polyelectrolyte in a complex. of positively charged beads is separated from that of the
However, the shape ratj for polyampholytes in a complex negatively charged ones. Obviously, the larger the value of
increases with increasing the strength of electrostatic interthe electric dipole momentp|, the more strongly the
actions. For random polyampholytes, the shape rgtis  polyampholyte chain is polarized. Figure 6 shows the depen-
equal to 6.7 atg=20 and increases to 7.4 for the value of dence of the value of the electric dipole momépt of a

the Bjerrum lengtig=50. Such a change in the shape ratio polyampholyte chain on the strength of the electrostatic in-
means that polyampholyte chains become more elongated &sractions. The value of the dipole momeft for random

the strength of electrostatic interactions increases. Howevepolyampholytes is always larger than that of alternating ones
the shape rati3 for alternating polyampholytes increases
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l/o
B/ FIG. 8. Dependence of the anglebetween the direction of the
FIG. 6. Dependence of the absolute value of the dipole momendipole moment of polyampholyte chain and the end-to-end vector
on the Bjerrum lengthz for random(®) and for alternatingO) of polyelectrolyte chain on the Bjerrum lengtp for random(@®)
polyampholytes. and alternatindO) polyampholytes.
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at the same strength of the electrostatic interactions. In factlistance between their centers of mass is smaller than or

the value of the electric dipole momelj| for alternating equal to their diameter. The number of bonds in a tail

polyampholytes stays almost unchanged for our consideredaries between 1 anbtlppo—1. A loop is defined as a se-

range of the Bjerrum lengths. This means that alternatinguence of bonds between two nearest monomers along the

polyampholytes have limited polarizability. chain backbone that are in contact with a polyelectrolyte.
Another important characteristic of the complex structureThus, the minimum length of a loop is 1 and the maximum

is the orientation of the dipole momept Figure 7 shows length of a loop isNp,— 1. Let us define the probability to

our definition of the anglep between the direction of the find a tail P, (i) and a loopPqp(i) with i bonds as fol-

electric dipole momenp and polyelectrolyte backbone. The lows:

angleq is always smaller than 55%ee Fig. 8 With increas-

ing the strength of electrostatic interactions, the induced _ Niair(1)

electric dipole moment of a polyampholyte aligns along the Pain(=f =1 (8)

end-to-end vector of a polyelectrolyte chain leading to a de- S Ny (i)

crease in the value of the angle Judging from Fig. 6, random &l

polyampholytes have higher polarization ability than alter-

nating ones, aligning better with a polyelectrolyte chain thatgng

results in smaller values of the angte

. Nloop(i)
C. Distribution of loops and tails in a complex Pioop(i) = ol (9)
Detailed information about complex structure can be ob- > Nigop(i)
tained by analyzing tail and loop distribution functions. A tail i=1

is defined as a sequence of bonds beginning from a chain end
to the first bead in contact with a polyelectrolyte. Below wewhereN,; (i) andN,,, (i) are the total numbers of tails and
assume that two beads are in contact with each other if thimops with the number of bondsobserved during the simu-
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FIG. 9. (a) Tail Py (i) and(b) loop Pyop(i) distribution functions for random and alternating polyampholytes.
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lation run. Figure 9 shows the dependence of theRai} (i) 8 "y
and loopP,, (i) distribution functions on the value of the ]
Bjerrum lengthl g . For random polyampholytes the bimodal ]
form of the tail distribution functionsee Fig. @] with 64 o @
higher probabilities of sho®,;(1) and longP,,;(15) tails 1 e o
agrees well with the structure of the complex shown in Fig. A, 57
2. According to this figure, half of the polyampholyte chain 5
is aligned parallel to a polyelectrolyte forming a train of .
small loops while the other half forms a long tail. Generally, § 34
the probability to find a short 100R4,,(1) is much higher .A: 1 o ©

than that for any other loop size®,,,(i) [see Fig. @)]. Vo2 o ° A
This tells us that the majority of contacts in complexes are ] 0 N

formed by consecutive beads. In the case of alternating |
polyampholytes, tail and loop distribution functions are re- 1 —
peating the alternating charge sequence. When the Bjerrur L5 20 25 30 35 40 45 50 55 60 65
length |l is equal to 4, the probability of the longest tail I/

P.2i1(31) is highesfsee Fig. 8a)]. Such a distribution func-

tion is possible if there is only one bead located at the end of FIG. 10. Dependence of the average number of bdhs, , in

the polyampholyte chain in contact with a polyelectrolyte.a loop (filled symbols and the average number of conta¢hé.)

This propensity in the tail distribution function disappearsbetween polyampholyte and polyelectrolytgpen symbolson the
with increasing strength of electrostatic interaction. The loogBjerrum length Iz for random (®,0) and alternating(A,A)
distribution function for an alternating polyampholyte clearly polyampholytes.

shows that most loops have an even number of bdses

Fig. Ab)]. Furthermore, the large value Bf,,,(2) indicates  ever, the position of the maximum does not change much
that almost all oppositely charged beads are in contact witluntil the block size reaches 4. For polyampholytes where the

the polyelectrolyte backbone. number of charges in each block is 8, the maximum of the
Further analysis of the loop structure can be done by caldistribution function shifts to the right, meaning that a whole
culating the average loop size polyampholyte is moving closer to the end of a polyelectro-
Npa—1 lyte chain. The distribution function becomes sharper and
2 ip . more symmetric as the block length increases.
= ! toop(1) Polyampholytes with sufficiently long blocky charge se-
T e a—— (10) quences, such aN,.,=8 and 16, and a Bjerrum length
PA larger than 3, intertwine with a polyelectrolyte backbone-
21 Ploop(i) forming double helix. The double helix structure consists of
i=

monomers from one block of the polyampholyte, which are

positioned at the end of a block polyampholyte, and the same
mber of monomers from the polyelectrolyte chain. Snap-

shots of the double helix structure are shown in Figgc)12

With increasing strength of the electrostatic interactions, th
average loop size decreases for both random and alternati
polyampholytes(see Fig. 10 The decrease in the average
loop size is consistent with the increase in the average num-

ber of contactsN.) between polyelectrolyte and polyam- 0.12
pholyte chains in a complex as the value of the Bjerrum lg=to
length increases. There is about one contact per chain at th  0.10 __Z__xwoc,,:
Bjerrum IengthIBf 20 for random polyampholytes and at . —D—NZ::;‘
|g=4o0 for alternating ones. Such a trend agrees with the fact 084 O Ny 8
that no complexes were formed beldw=20o for random —O0—Nyou=16
and belowl g=4¢ for alternating polyampholytes. f‘;\,i 0.06 -
&
D. Effect of block charge sequence on complexation A
So far we have compared complexes made of random ani
alternating polyampholytes. In this section we study the ef-
fect of block length of polyampholytes on the complex struc-
ture. In our simulations we studied block polyampholytes : ,
where the number of monomers in a blocNig,.,=1, 2, 4, 20 25

8, and 16. The distribution functioR(Rp,) of the center of
mass of a polyampholyte chain in a complex at the value of
the Bjerrum lengtHg=40 is shown in Fig. 11. This figure FIG. 11. Distribution functiorP(Rp,) of the position of center
shows that the more charges a block has, the larger the arsf massRp, of block polyampholytes at the value of the Bjerrum
plitude is of the maximum of the distribution function. How- lengthlg=4¢.
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FIG. 12. Typical conformations of block polyampholyte- ° ”““"fz o
N 7.04| o Nytoct™3
polyelectrolyte complexes with block lengtta) Npoc=2; (b) O Ny
Npiock=4; (©) Npjock=8; (d) Npjock= 16 at the value of the Bjer- 637 o Mypunte
rum length lz=40. Dark spheres represent negatively charged 6.0 s 20 25 30 3% 10 45 T0 o5 ¢
beads and white ones positively charged beads. 035 10 15 20 25 30 35 40 45 50 55 60 65
lB/O'
and 12d). The local structure of the double helix resembles (b)

a double helix formed by two oppositely charged polyelec- FIG. 13. The shape ratig of (a) a polyelectrolyte andb) a
trolyte chains. Recently, Winkleat al.[47] reported that op-  block polyampholyte as a function of the Bjerrum lentjh

positely charged polyelectrolytes form a collapsed conforma-

tion and a stretched double helix depending on the chaiat the value of the Bjerrum lenglig=30. Thus a polyam-
length and value of the Coulomb interaction parameterpholyte with Np,.=8 and 16 at the value of the Bjerrum
When the Coulomb interaction parameter is large enougHengthlg=3c approaches its fully extended conformation.
collapsed structures were found for all chain lengths. In our In Fig. 14, the largest value of the electric dipole moment
simulation, we found that the double helix structures are

stable for all values of the Bjerrum lengths. It is stabilized by 2207
the electrostatic repulsion between similarly charged blocks 200 o O
and the polyelectrolyte chain. 180 o

The shape ratig for polyelectrolyte chains in a complex 160 O Nypoer™!
shows a weak dependence on the strength of the electrostat 4] © 2 xb’“ii
interactions[see Fig. 183)]. However, the polyelectrolyte 1201 o N
chains contract to a greater extent in complexes formed by.s 1 o O Nyooi=16
polyampholytes with longer blocks. For example, the shapex, 1007
ratio 8 for a polyelectrolyte in a complex with a polyam- — 801
pholyte withNy,,.= 8 is smaller than 9.0, showing signifi- 60 o & © o
cant contraction of the polyelectrolyte in the complex. Be- 404 ©
cause of the formation of a double helix structure for 20 o o m =
polyampholytes withNy,,c,=16, the polyelectrolyte chain 0] A 4 o 5 o
undergoes a larger contraction than in any other case. Thi 05 10 15 20 25 30 35 40 45 50 55 60 65

shape ratioB for block polyampholytes increases with the

strength of the electrostatic interactions and with the block ly/o

length[see Fig. 18)]. In the case of a polyampholyte built  FIG. 14. Dependence of the absolute value of the dipole mo-
of blocks withNy,,.,=8 and 16, the shape rat@®levels off  ment of the block polyampholyte on the Bjerrum lenggh
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0.35

distribution function is nonzero in the intervals<8 andi
0304 1 Nuoc;=_81 >23. The shapes of tail and loop distribution functions for
I it block polyampholytes wittNy k=1, 2, and 4 are similar to
0254 4 ___.,;36 those shown in Fig. 9 for alternating polyampholytes which
‘, ----- I,~40 can be considered as block polyampholytes with period one.
= 14 - lySe The only difference is the period of the zig-zfspe Figs.
8 015 ! 2(b), 12(a), and 12b)].
<1
0.10 '.‘\t‘
:_t;\ E. Model of polyampholyte-polyelectrolyte complexes
0.05 R
1 \ In this section, we will discuss a theoretical model of
T e % = polyampholyte-polyelectrolyte complexes. Consider random
; symmetric polyampholyte chains of degree of polymeriza-
tion N with equal fractions of positively , =f/2 and nega-
@) tively f_=1f/2 charged monomers in &solvent for the
0.09 polymer backbone. Such a chain will keep its Gaussian
0,08 shape if the intrachain electrostatic interactions are weaker
007 than the thermal enerdg T. The intrachain electrostatic in-
{3 teractions can be estimated as the energy of electrostatic in-
0061 % teractions between two halves of a chain separated by a typi-
~ 0057 cal distanceRy~bN? whereb is the bond length. For
\':é 0.04 random polyampholytes, a typical charge imbalance in two
O 03] halves of the chain is proportional &/fN. Thus the intra-
] chain electrostatic interactions are of the order of
0.02 kgTlgfN/Ry. These interactions are weak and chain confor-
0.01 mations remain almost unperturbed by these interactions if
0.00 the fraction of charged group$ is smaller thanf,qax

~1/u\N, where parameteu is the ratio of the Bjerrum
i lengthlg to the bond lengttb. In our simulations, polyam-
(b) ph_olytes are strongly charged and the paramitsrequal to
unity. Such strongly charged polyampholytes form a globule
FIG. 15.(8) Loop Pjoop(i) and(b) tail Py (i) distribution func-  [24,48]. The equilibrium density inside the polyampholyte
tions for block polyampholytes with, .= 8 at different values of ~ globule is determined by balancing the fluctuation-induced
the Bjerrum length. attractive interactions-kgTR®/r3 with the three-body re-

; 32 ~ 3\ —1/2 ;
|p| corresponds to a block polyampholyte with the longes ulsion kgTN(pb*)*, whererp~(IgN{/R") s the De-
block length. It is another indication of the fact that the block[gy(.a radius W'thm a globule andl |s_the 5|z?3of the globule.
polyampholyte with longer periods of charge sequence arg—.hIS results '”f,*;e molr)gomeridl%nsmyvufb and globular
more easily polarizable and reach saturation faster. This sat ize R~(N/p) P~bN*uf) =~ The bulk free energy
ration is in agreement with the leveling off behavior seen in 48,49 of a polyampholyte globule is
Fig. 13b) for the shape ratig8 of polyampholytes with
Npiock=8 and 16. Fbu|k°<_kBTNU2f2. (12
Figure 15 shows the dependence of tail and loop distribu-
tion functions @, and Pj,,p) for the block polyam-
pholytes withN,,,.x=8 on the different values of the Bjer- The polyampholyte globule can be viewed as a droplet of
rum length. Such a polyampholyte has two positively andconcentrated polyampholyte solution of Gaussian strands
two negatively charged blocks. There are two possible comwith size R and the number of monomers in each strand
plex structures: either one positive charged block or botbeingg~R?/b?~(N/uf)?>.
positive charged blocks are in contact with a negatively To begin with, let us consider complexation of a random
charged polyelectrolyte. If both positively charged blocks arepolyampholyte with a rodlike infinitely long polyelectrolyte
in contact with a polyelectrolyte, the loop distribution func- chain with linear charge densigppe. This approximation
tion Pj,0p(i) should be nonzero in the intervak@<24.  of an infinitely long polyelectrolyte chain is correct as long
Figure 1%a) shows the opposite: the probability to find a as the polyampholyte is located close to the middle of a
loop in the interval 8i<24 is almost zero while the func- polyelectrolyte chain of a finite length at distancesmaller
tion Py,0(i) is large in the interval &i=<8, thus supporting than the lengttLp¢ of a polyelectrolyte chain. An electric
the fact that only the end block is in contact with a polyelec-field created by the uniformly charged polyelectrolyte chain
trolyte. This is further collaborated by the shape of the tailwith a linear number charge densjye= N/Lpg at distance
distribution functionP,,;;(i) shown in Fig. 18b). The tail ris
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PPE

FIG. 17. Schematic sketch of polyampholyte-polyelectrolyte
FIG. 16. Schematic sketch of polyampholyte globule near a rodcomplex above the transition threshold.
like polyelectrolyte.
pholyte chain is proportional to the total number of charges
eppe on a chainfN. This polarization energy is proportional to the
BN =5_"o; for r>Lpg. (120 square of the so-called Oosawa-Manning condensation pa-
rameterl gppe.

When placed near a polyelectrolyte chain, the polyam- Itis easy to show that the polyampholyte globule is stable
pholyte globule is polarized by orienting its strands with With respect to gradual deformations from increasing the lin-
monomers along the electric fieldee Fig. 16 Each strand €ar charge density on the polyelectrolyte backbone. To see
of g monomers typically has a charge imbalance in twothis, it is sufficient to estimate the energy of the cylindrical

halves of a strand of the order ef/fg. The orientational 9lobule of lengthLp, and thicknesg. For such a globule the
polarizability  of the dipole with the dipole momen(g) leading term in the polarization energy is similar to that for a

xeRy/fg can be estimated &R?fg/kgT. The polarization spherical glot_)ule_and is given _by Equ_l). But the surface
energy of each strand in the external electric fB(®R) is energy of cylindrical globule will be higher than that of a
spherical one, thus precluding globule elongation.

To complete the analysis of the globule stability, it is nec-
Wpoi(9) = — aE(R)*~ —kgTI3ppefg. (13  essary to consider its global stability by comparing the en-
ergy of a polarized polyampholyte globule with that of a
completely dissolved polyampholyte globule whose structure
Thus, the total polarization energy of a random polyam-s exclusively controlled by an external electric field. In this
pholyte chain is equal to the number of strands per chaingase, the polyampholyte chain in the complex is divided into
N/g, times the polarization energy of a strav},(g), blobs with a Gaussian chain conformation within each blob
(see Fig. 1. This structure will be locally stable if the in-
trablob electrostatic interactions are weaker than the thermal
energykgT. This is true if the number of monomers in a blob
g is smaller than (f) 2 (One can arrive at this estimate by
repeating the analysis presented in the beginning of this sec-
tion for the collapse threshold of a polyampholyte chain for a
The polarization energy of a randomly charged polyam-chain section containing monomers. Each blob has polar-

W ~EW ~—kgTI2p3 fN 14
pol g pol(g) g ! IgPpe!N. (14
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FIG. 18. Schematic sketch of a complex structure. Dark spheres represent negatively charged beads and white ones positively charged
beads.

ization energwpol(g)~—kBT|§p§,Efg of the order of the 1. At the initial stages of the simulation, the polyampholyte
thermal energkgT. This leads to the number of monomers chain spreads itself over the polyelectrolyte and then moves
g in a blob to be equal tg~ (13p3:f ) ~*. Thus, as the linear towards the end of the polyelectrolyte chain. Above the
charge density on a polyelectrolyte chain increases, the nuninstability threshold fpg> Jf/b), the external electric

ber of monomers in a blofy decreases. The total polarization field created by polyelectrolyte macromolecules controls
energy of a polyampholyte chain in this conformation isthe conformation of the polyampholyte in a complex. In
equal to the number of blobs on a chaihg times the ther- this case the intrachain electrostatic interactions between
mal energykgT, which leads us to the expression for polar- charged monomers on the polyampholyte can be neglected
ization energy of a polyampholyte chain similar to E&d)  and in developing the theoretical model of a complex

obtained for the polarization energy of a globule. ~we can only take into account interchain electrostatic
The polarized globule becomes globally unstable when it$nteractions.

total free energy that includes both the bulk free energy ofa | our theoretical model of a polyampholyte-

globule Eq.(11) and polarization energy of a globule Eq. hoyelectrolyte complex, a polyelectrolyte chain is assumed

(14) becomes of the order of the polarization energy of thei, pe in a strongly elongated configuration and is represented
polarized Gaussian polyampholyte chain given by @ep. Tby a rodlike chain of length.p¢ (see Fig. 18 A randomly
c

This leads to the following estimate of the threshold value o har lvamphol hain i
the linear charge density of the polyelectrolyte chain, diballo%id Sgly)//:mghglil/tt:. CT?]IQSEIES rbr:ggkesledchya Cchh;rggeesd
=eyNpaf and are having lengthk}, and Ly, for posi-
PPE™ Jilb. (15  tively and negatively charged blocks, respectively. The rela-
tive orientation of two blocks with respect to each other is
controlled by the angle). (See Fig. 18 for a definition of
At this value of the linear charge density there exists thdength scaleg.ln our model we will assume that the oppo-
first-order transition between the polarized globule and thesitely charged block is aligned parallel to the polyelectrolyte
polarized Gaussian polyampholyte chain. For a fully chargedackbone at a distana# from its axis. The junction point
random polyampholyte chain with=1, this transition oc- between two blocks is located at distangefrom the center
curs when the distance between charged monomers on tlod mass of the polyelectrolyte chain. The free energy of a
polyelectrolyte chain is of the order of the bond length polyampholyte chain in a comple;ompiexhas two contri-
The instability of a polyampholyte globule in a butions. The first contribution is associated with the electro-
polyampholyte-polyelectrolyte complex can be seen in Figstatic energyJeect Of @ polyampholyte chain in a complex

Uelect_ IgNpeNEA [Lpef2 Lpa dsds N IsNpeNFR [Lre2 fL;A dsds
kgT Lrelpa J-tpe2o o2+ (xg—s—5)2  Lpelpa J-tpe2)o  (d+ssin6)2+ (xo+scoso—s')2
+IBNPAJL;A L;A ds dg _,’_IBNPAJ’LPA L;A ds dS IBNPA JL;A L;A ds dg
2Lps Jo Jo J(s=s)2 2Lp2)o Jo s=s)? LiLpado Jo Js2+s'Z+2sS cosd’

(16)
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where the first and the second terms on the right-hand sidec 10

Eq. (16) describe the electrostatic interactions between the
polyampholyte and the polyelectrolyte and the last three 0]
terms are the electrostatic self-energy of the block polyam-
pholyte. The second contribution to the free energy is due tc 4] ,
the polyampholyte chain elasticity. This elastic enefgy,s: B T S
can be written as a sum of the elastic of two blocks, { wd T o
204 o
B e , 7
Felast Npa sink(,8+) §" e .7 s
= —_— — _— ~) -
kaT 5 B, cothB.)—In 3. +B_coth B_) S i /,/
11— Tl /'
Sln B 404 | T \-—_/‘
_In(ﬂ)_z}, (17) - = =l=c
B_ N =——lg=5e
-50 T T v T T T T T T
wheref.. is related to the block length of the polyampholyte 0 4 8 12 16 20
through the following equation: @ X/
. Npab
Lpa=——[cothB.)—1/B.]. (18) 0.7
— =20
The equilibrium structure of a polyampholyte chain ina ___jﬂj“ )
complex as a function of the Bjerrum lendth and the po- | lB=SZ H
sition of the junction poink, is obtained by minimizing the o B it
chain free energy with respect to block lengths, andL 0.4+ ,’:"\'t_

>
angled, and distanceél. During minimization, the distancg2 & | I
A 0.3 4 #o §

between two chains always decreases to the monomessize
due to the fact that it was kept constantoat

Figure 19a) shows how the free energy of a complex
Fcomplexdepends on the position of the junction point at the
different values of the Bjerrum length. This plot shows that
the free energy of the complex gradually decreases toward
the chain end and then starts to increase as it goes beyond tt
end of the polyelectrolyte chain. The probability of finding
a particular complex conformation is proportional to (b) xo/o-
exp(—FcompleXKsT). This probability distribution function is
plotted in Fig. 18b). Here it is shown that the complex forms ~ F!G- 19. Dependence df) the complex free energl compiex
with the highest probability at the end of the polyelectrolyte2nd(0) corresponding distribution functidf(xo) on the position of
chain. The amplitude of the distribution function maximum the junction pointx, for different values of the Bjerrum length.

increases with the Bjerrum lengtly. The distribution is  helix structure, we modified the rail-track mod&0-52
similar to that shown in Fig. @) except for a small shift in  shown in Fig. 20 to calculate electrostatic enetiye; of a
the peak position due to contraction of the polyelectrolytedouble helix as a function of the twist angle Figure 21
chain that was ignored in our complex model. shows the dependence of the repulsive and attractive parts of
Block lengthsL s, andLy,, angled, and the free energy the electrostatic energy on the twist anglet the value of
of a complexFompiex at the Bjerrum lengtig=50 are  the Bjerrum lengtig =40 as the complex transforms from
tabulated in Table I. The length of the positively chargedtwo parallel chains to a double helix. The twist angle value
block L 3, increases from 5@to 12.2r while the negatively ~Of #=180° means that the positively charged block of the
charged blockLy, decreases from 1lslto 9.0r as the Polyampholyte is parallel to the polyelectrolyte chain. The
polyampholyte chain moves towards the end of the polyelec§ma”eSt value of the twist a_nglq& |s.equal to 70.5° and is
trolyte chain. The angled formed by two blocks of the _(I:_%ntrolled by the hard-core interactions 'between monomers.
olyampholyte is equal to 110&he two blocks are almost e electrostatic energy of a doubloe hell_x has a minimum at
polyampholy 4 . ) the value of the twist anglés=70.5°. This means that the
perpendlcqlar to each othein the middle of the polyelec- helical structure is a linked set of tetrahedrons. This tendency
trolyte chain and 11%the two blocks are almost perfectly

X i is independent of the value of the Bjerrum lendgh
aligned with each otherat the end of the polyelectrolyte When our calculations are expanded to the whole com-

chain. These results agree well with snapshots shown in Figyjex the twist angley, tilt angle ¢ at a junction point be-

1; therefore, our theoretical model successfully explains thyeen blocks, and rotational anggevith respect to the end-

structure of random polyampholyte-polyelectrolyte com-to-end vector of the double helix were adjusted to minimize

plexes. complex electrostatic energy. After optimization of these pa-
Since complexes between block polyampholytes withrameters, the angles, 6, and ¢ are equal to 70.5°, 13.5°,

Npiock=8 and 16 and polyelectrolyte chains have the double20.0°, and respectively, regardless of the value of the Bjer-

20
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TABLE I. Dependence of the equilibrium block length$,, 400
Lpa, angle 6, and free energyF ompiex Of the complex on the 300_'
position of the junction poink, at the Bjerrum lengthg=50". ]
200+ repulsive
Xolo Loalo Lpalo 6 (deg FeomplexdKaT 100 '_’;'_"_ii(t’tt:lwﬁve
0 5.9 11.1 110.5 -30.6 N 04
1 6.1 11.1 108.2 -31.1 & S I
2 6.2 11.1 106.0 ~314 31
3 6.5 11.2 103.7 ~318 D -200
4 6.6 11.2 101.5 -32.2 300
5 6.8 11.2 99.1 —32.6 1 e
6 7.0 11.2 96.5 ~33.0 -4007 ISRt
7 7.2 11.2 93.7 ~335 500 +——————— : : —
8 74 11.2 905 ~340 60 80 100 120 140 160 180
9 7.6 11.2 86.9 -345 v (deg)
10 7.9 11.1 82.5 —-35.1
11 8.2 1.1 77.0 _359 FIG. 21. Dependence of the electrostatic energy of double helix
12 85 11.1 701 _36.9 on the twisthangleplfqr IB:tAtfo—. tT_he solijd,t dtoftefl, ?nd td?shed lines
represent the repulsive, attractive, and total electrostatic energy, re-
13 8.9 11.0 60.9 ~38.0 sp'zctively. P 9
14 9.3 10.8 48.5 —39.4
15 9.8 10.4 33.2 —40.8
16 10.4 10.0 213 ~399 tially formed at the end of a polyelectrolyte chain. This com-
17 11.0 9.7 15.9 —36.2 plex structure allows maximizing the electrostatic attraction
18 11.5 9.4 13.2 —30.6 between oppositely charged sections of the polyampholyte
19 11.9 9.2 11.8 —23.9 chain and polyelectrolyte backbone while at the same time
20 12.3 9.0 11.1 —16.5 minimizing the electrostatic repulsion between similarly

charged sections of the polyampholyte and the polyelectro-
lyte. Block polyampholytes with long blocky charge se-
rum lengthlg. Furthermore, about five monomers of a block quences form a double helix with the polyelectrolyte back-
polyampholyte form the unit pitch in a double helix struc- bone. This helical structure appears first for the block
ture. This explains why only block polyampholytes with polyampholytes withNy,,.,=8. For shorter blocky se-
Npjock=8 and 16 form a double helix with a polyelectrolyte quences, it is hard to establish the formation of a double
chain. helix because at least five monomers per strand are required
to complete a pitch of the double helix. Thus, charged blocks
IV. CONCLUSIONS with Ny oc =4 are too short to form a well-defined double

helix. The parameters of the double helix are not very sensi-

We have a”?'yzed the effect of a charge sequence on trff?/e to the strength of the electrostatic interactions. Instead of
complex formation between polyampholyte and polyelectro—a double helix, oppositely charged monomers of a random

lyt?. Chilf?st' gur Mont? Cat(lo sgmtj\ll\?tlons h?ve cor?fllrr?ed th olyampholyte form loops with the polyelectrolyte back-
notion that the compiexation between polyampholyles ang,,ne The number of bonds in a loop as well as its typical

polyelectrolytes is driven by polarization-induced _attraction.size decrease with increasing strength of the electrostatic in-
Independent of charge sequence, the complex is preferelpéractions

Our simulations have also shown that collapsed polyam-
pholytes undergo a coil-globule phase transition during com-
plex formation. This can be seen in the snapshot sequence
shown in Fig. 1 representing the evolution of the chain con-
formations during the simulation run.

We have neglected counterions in our simulations. It is
believed that counterions can facilitate complexation be-
tween polyampholytes and polyelectrolytes. Often, the large
contribution to the free energy of binding between polyam-
pholytes and polyelectrolytes comes from the counterions
released from the polyelectroly{®&3-56. For example, a

FIG. 20. Schematic sketch of a complex formed by block POlyampholyte has many positively charged monomers that
polyampholyte with N,,ck=16 and polyelectrolyte chain. The €an bind to a negatively charged polyelectrolyte. These posi-
twist, tilt, and rotational angles are denoted fayd, and ¢, respec-  tively charged monomers partially stabilize the large nega-
tively. Dark spheres represent negatively charged beads and whit&/e charge that causes counterions to condense on the an-
ones positively charged beads. ionic polyelectrolyte in the absence of polyampholyte. This
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stabilization allows a bound protein to release multiple coun-The details of this study will be presented in future publica-
terions from the polyelectrolyte. Entropy thus contributestions.

significantly to a large portion of the binding free energy.

This effect of counterion release during complex formation is

the subject of our current study. Our preliminary results thus ACKNOWLEDGMENT

far show that counterion release does not in fact change the

final complex structure in dilute solutions. A polyampholyte  We are grateful to the University of Connecticut Research
preferentially binds to the end of the polyelectrolyte chain.Foundation for the financial support.
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