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Electrostatic complexation of spheres and chains under elastic stress
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We consider the complexation of highly charged semiflexible polyelectrolytes with oppositely
charged macroions. On the basis of scaling arguments we discuss how the resulting complexes
depend on the persistence length of the polyelectrolyte, the salt concentration, and the sizes and
charges of the chain and the macroions. We study first the case of complexation with a single sphere
and calculate the wrapping length of the chain. We then extend our consideration to complexes
involving many wrapped spheres and study cooperative effects. The mechanical properties of such
a complex under an external deformation are evaluate®0@1 American Institute of Physics.
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I. INTRODUCTION ksTlp
F(I)s(—Rz——)\)H—O(Iz) (1)
The complexation of polyelectrolytes and oppositely

charged macroions is a primary ingredient in biological pro-

cesses. The nonspecific part of the interaction between pr(\?/\—“th | the length of chain wrapped around the sphere. The

teins and DNA is governed by electrostatics. A well-known Irst term in the brackets rgpresgnts. the bending energy per
. S L length of the adsorbed chain, taking into account the fact that
example of this form of complexation is the association of

) X i ' “lits curvature is of the order of B/*® Under conditions where

DNA with .opposne.ly charged octamers of hlstong proteins,.o interion release dominatée., high bare charggsh is of
an essential step in chromosomal DNA compacti@om- e orderkgT/b with b the spacing between charges along
plexation of macroions is also encountered in several techy,e chain(cf. the discussion in Sec.)llAccording to Eq(1),
nological applications. For instance, the complexation Ofcomplexation starts whek exceedkgTp/R2. It would ap-
synthetic polymers with colloidal partice$ and charged pear reasonable that wrapping continues until the charge of
micelleg is of practical importance for modifying macroion the wrapped part of the chain has compensated the charge of
solution behavior. the central sphere. The counterion release mechanism pro-

A number of experimental® and theoretical studi€s™  duces a surprise: An analyXior this case found that, for
have demonstrated that complexation of highly charged maemall enough persistence lengths, the chain/sphere complex
roions is governed by an unususal electrostatics mechanisris overcharged more chain is wrapped on the sphere then
counterion releaseThe electrostatic free energy of associa-required for charge compensation. “Charge-reversal” nor-
tion of oppositely charged macroions is dominated by thenally is associated with short-range correlations between the
entropy increase arising from the release of counterions th@harges? but here it is again due to entropy increase of the
had been condensed onto the macroions before associatigifpunterions.
This electrostatic free energy gain must compete with a free  In the present paper we extend the above-mentioned
energy cost induced by deforming either or both of the mac@nalysis to examine complexation of a flexible charged chain

roions so as to bring the fixed macroion charges of oppositglaced in aolutionof oppositely charged macroions, assum-
sign in close contact. ing that the complex adopts a “beads-on-a-string” geometry.

A simple example of this competition, first discussed bygg'i(;‘s/hparticular ge?metry iT’ for elxample, encontgt_ere_d for
Marky and Mannind* is the association of a charged sphereI Lstonefcohmp e>(<jes T]t ow sa(tjcohnc_entratm |5|m|- "
with an oppositely charged semiflexible chain.Rfis the lar system ol charged spherés and chains was aiso recently

. . __investigated by Nguyen and Shklovskii.Their study fo-
radius of the spherdy the persistence length of the chain cuses on weakly charged systems where counterions are not
(i.e., the bending modulus of the chain equi}s |, with y 9 y

. important(a recent preprint of their work also considers the
kgT the thermal energy and\ the electrostatic free energy role of condensed counterions in highly charged systdms

gain p.er.unit. length of adhesion, then the free energy cost O:&S we discuss in the conclusion of this paper their system

association Is shows nevertheless many features that are characteristic of
our system. It should be noted though that such simple mod-
3Electronic mail: heli@mpip-mainz.mpg.de els are only useful for a discussion of the generic aspects of
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complexation of charged linear macromolecules with spheriparameteré=Ig/b is much larger than one. According to

cal macroions. For any particular case, the specific aspects Manning>2* (1— &~ 1)L/b counterions condense on such a

the molecular interactions for that situation must be ac-chain reducing the effective charge density th;1/The en-

counted for. tropic “confinement” cost isQQkgT per condensed counter-
The central claim of this paper is that whereas complexion with Q=2 In(4¢x/r).2>2?® The total entropic electro-

ation of a chain with a single sphere leads to spontaneoustatic charging free energy of the chain in this cage 1) is

overcharging, complexation in a solution of spherical macthen given byQ kgT times the number of confined counteri-

roions leads to spontaneousderchargingeven though both  ons:

are due to the same counterion release mechanism. The sur-

prising role reversal is reflected in force-extension curves of B

the kind now routinely measured for long biopolymers. For Fenail L) = TQ'—- @

the case of individual sphere/chain complexes the effect of

an external tensiofican be accounted for by addingzj, in Ed. |n Eq. (2) we replaced for simplicity the number of con-
(1),.a termfl. At a critical tension equal th —kgTlp/R% the  gensed ions, (¢ 1)L/b, by L/b, which is an excellent
chain—sphere complex dissociates. The measurement of the,oximation foré>1 as assumed throughout this paper.

force-extension curve thus gives information on the adhesiogy the other hand, the electrostatic charging free energy of a
energy per unit length. For the case of a chain under te”Sioé‘pherical macroion of charggis

in chemical equilibrium with a solution of spherical macro-

ions, however, we find that with increasing tension more and 252

more spheres condense on the chain and that the critical ten- — for |Z|<Znax

sion to add one additional sphere vanishes in the thermody- Fspher¢Z)= 2eR : 3)
namic limit of an infinitely long chain. We also consider a 1Z|kgTQ(Z)  for |Z|>Zpa

chain complexed with a fixed humbBsrof spherical macro-

ions under an externally imposed strain. Here one might exphere {3(z)=2 In(Z|lgk YR?) (cf. Ref. 23 and Zaux
pect that beads are released with increasing strain in order tORy|, . For weakly charged SPherdg| < Z ax FspherelS the
have the remaining beads close to their optimal wrappinglectrostatic charging energy, E®) |Z| < Zax. In the case
length—resulting in a “saw-tooth-like” force-extension of highly charged spheres willZ|> Z,,,,, most of the coun-
curve of the type recently encountered for the tensionterions are localized close to the sphere with an entropic cost
induced denaturation of the linear macromolecule fitiff 0(2)ksT per counterion leading to E€Q) for |Z|> Zyay. In
Again, our finding comes as a surprise: The chain simultag, o case only a small fractiad, ., /Z of counterions is stil
neously unwrapsll the beads in parallel and there is no free. Z,.—which is also the effective charge of the

sequential release. sphere—follows the balance of electrostatic charging energy

In Sec. Il we start by reviewing the statistical thermody-, ~_, ~ .
namics of complexation of a single sphere with an oppositel;l/Bme")!2R and entropy((Z)Zmax, and is therefore of the

charged flexible rod and discuss the mechanism of spontan@der 2R/lg 2 _ _
ous overcharging. Next we treat the complexation and the e will determine the total free energy of the chain/
force-extension behavior of a chain in chemical equilibriumSPhere complex as follows. Assume that a lenigtf the

with a solution of free macroions, and then the complexatiorfhain has been wrapped around the sphere. We divide the
and force-extension curve of a chain with a fixed number offPhere/chain complex in two parts: the sphere with the

spheres. wrapped part of the chain—of length—and the remaining
chain of the length. —1. The first part, which we will refer
Il. COMPLEXATION OF A CHAIN AND A SINGLE to as the “complex”(“compl” ), has a total charge.
SPHERE
Z(l)y=2Z—1/b. (4)

Consider the case of a single sphere of radtuand

chargeeZ and a semiflexible rod with a charge per unit We estimate the electrostatic free enefymp(l) of the

length —e/b, persistencellengﬂkp, IenthL>R, and r_adius complex byF e Z(1)). Equations(3) and (4) then imply
r. They are both placed in a salt solution characterized by: that Feompl Varies quadratically as Z-1/b)? for |Z(1)]

Bjerrum |ength|BEezlkaT, with e the dielectric constant <Zmax whereas it will be apprOXimately linear fdz(|)|

. i =1
cif the so_l\i/e;nt, and a Debye screening lengin >Z7.«. Note that this procedure neglects higher-order mul-
=(87Clg) ™ with ¢ the bulk concentration of salt. We tipole contributions that may play a role for sma(ll). Note

will assume salt concen_tranons such that is large com- o5 that there is a special length,=bZ such thatZ(l .,)
pared to the sphere radiusR<1, but small compared tb.  _q  gimply invoking the principle of charge neutrality

The persistence length is ass“me_d Iarge_ compar(_edF?z,vmn . would lead one to expect that the total free energy is mini-
contrast to the case of complexation of highly flexible Cha'nsmized forl =|

with spheres R>13) studied by Pincugt al?! and recently
by Nguyen and Shklovskf?
We restrict our study to highly charged chains where the E(=F DA Fo (L—)+E (]
distanceb between charges on the chain is much smaller than () =Fcompl(1) *Fenai L =1+ F compr.chaid )
the Bjerrum lengthlg, i.e., where the so-called Manning + Fejasid ) - (5)

iso*
The total free energy is
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The first two terms have already been discussed in &js.

(4). The third term is the electrostatic free energy of the
interaction between the complex and the remainder of the
chain. This is of the order:

F compl-chaift 1) =Z* () In(xR), (6)

whereZ* (1) is theeffectivecharge of the complex. For small
complex charges witl (1) <Z,,. the effective charge obeys
Z*(1)=Z(l); in the opposite caseZ(l)>Z.x, one has
Z* (1) =Zpax, thereby makingF compl.chainindependent of.
The final term in Eq(5)—the elastic free energy—was al-
ready discussed in Sec. I

l. (7)

keTl,
Felasti((')E _R2_+f

We will consider separately the two cag@§l)|<Zmax
and | Z(1)|>Zmax. 22 For the first case we find from Eg¢5)
(for f=0)

O _ e (5 1) s <1 <1
kB_T:ﬁ b const, |,in< max:

®)

where all contributions linear in the wrapping lendgtiend-

ing energy, electrostatic interaction between the complex and
the “free” chain and counterion release of the counterions of
the chain are combined in the quantité with

A= —In(xkR)—Q. 9)

The V_a”dity ”m?ts Imin @nd I may of Eq. (8) are found by g1 1. schematic view of the single-sphere/chain complex. The counteri-
equating Z(1) with £Z . min =liso~ PZmax aNd I ma=liso  ons of the positive sphere and negative chain are shown explicitly. Depicted
+bZ,a For the second CaSbZU ) | >Z max it follows from are three scenarios: Fb«l ,;, all the counterions of the wrapped part of the

Eq (5) that chain are released but there is still a fraction of the counterions of the sphere
’ present. By adding a further short piece of chain to the complex, counterions
F() of the sphere and chain are releagadows. At | ~1;, there are no negative
=B7|/b+ const (10) counterions left on the complex. The addition of chain is driven exclusively
kBT by release of counterions of the chain. For wrapping lengths beljgnd
there is no further release of counterions; rather the positive counterions of
with the chain are just transferred to the complex.
B -2 _0=0 11
TR (11) wrapped length “jumps” froml=0 to |=1,,. Then for

B~ <0 one has>1,,,. More specifically, the position of the

The minus sign refers to the caZ¢l)>Z,.« (equivalently, free energy minimuni* is given by

[ <Ilin) When for every segmettt of adsorbed length both a
negative counterion of the sphere and a positive counterion 1% =liso— AR/¢ (12)

of the chain are released, leading to a decrease in the fr%%cording to Eq(8). As long asA>0 the complex in under-
energy by—(Q+Q)kgT. The plus sign refers to the case charged. Further reduction bf leads to(decreasingA and
Z(1)<—=Z(I>1 ) when for every adsorbed segment a posi-hence increasing* until the complex reaches the isoelectric
tive counterion is transferred from the chain to the sphergyint at A=0. For smallerl ,,A<0 and, according to Eq.

leading to a changkg(Q — Q) of its entropy. The various (12), 1*>l,,, i.e., the complex is overcharged. Conse-

cases are illustrated in Fig. 1. quently, for a fully flexible chain withp=0, the complex is
We can use Eqg8)—(11) to discuss the onset of com- always overcharged &> Z,,,,.2>*
plexation as a function of chain stiffnegat zero tension The various regimes can also be traversed as a function

For largel p there is no complexation and we have the casef the external tensior. This requires replacing-(l) by
Z(1)>Zax With B~ >0, implying—see Eq(10)—that the F(I)+fl and A by A+fb/kgT. For f=0 and sufficiently

free energy is minimized fof=0. As we reduce,,B~ smalll, one had =1* with |* given by Eq.(12). The cor-
changes sign marking the onset of complexation. This comresponding end-to-end distance of the chain is giverSby
plexation occurs in a discontinuous fashion: Bt =0 the =L—I1*+2R (the exact value o8 depends on the location
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_ We represent the solution as a reservoir with a concentration
f ¢y of uncomplexed macroions. The sphere chemical poten-
tial in solution is the sum of the usual ideal solution term and
the electrostatic free energy of a spherical macroion &ith
>7 max.

fmax

Hephere_ (¢, R3) + Z80. (15)
KT

The concentration of the macroions is assumed to be so large
that the ideal solution term can be neglected, i.e.

Mspherd ks T=Z0. We will determine the number of spheres
that have complexed with the chain by requiring this chemi-
cal potential to equal that of the complexed spheres. We as-
S sume a beads-on-a-string configuration, with a mean spacing
D between spheres. The Euclidian distance between the be-
FIG. 2. Force-extension curve of the single-sphere/chain complex. The linginning and the end of the chain will be denoted®yrhen
ear increase of with Sis due to the charging contribution of the sphere. N=S/D is the number of complexed spheres. The total chain

Further unwrapping leads to the transfer of counterions from the solution t ; . ;
the chain and to the sphere—resulting in a plateau in the stress—strain pr%@ngth L is kept fixed. Ifl denotes the wrapping length per

file. At S=L the inextensibility of the chain leads to a sharp increase in theSphere’ thersandL are related by
force.

PN fmmmmm e em e

L'lmax L"liso L-lmin

L=NI+S—2NR. (16)

of the points where the chain enters and exits the compleXThe Gibbs free energy is now
With increasing the wrapped chain becomes more and more
unraveled, which leads to an increasing end-to-end distance:  G(N,1)=NF(1) +Fiy(N,)) = SN, — prgpneN  (17)

S=L—-I*+2R+ KaTE f. (13)  with F;, the interaction between the complexed spheres. For
B a sphere—sphere spacing(N,l)=S(N,I)/N small com-
When the critical force pared tox ! but larger than R, the repulsion is electrostatic
KaT and given by(approximately, forSs>« 1)
B _
fmax= — o B (14
NIgZ%(1)
Fint(N,1)=AKkgT (18)

is reached the complex becomes unstable and unravels com-
pletely, i.e.,I=0 andS=L. If instead the end-to-end dis-
tanceSis imposed the force increases linearly wland up  for |Z(1)|<Z .. Equation(18) follows from summing over
to the pointS=L—I, where a plateau witlf=f ., is  the electrostatic repulsion between all complexes on the
reached, cf. Fig. 2. beads-on-a-string configuration. The quantitys a logarith-

If we identify A =(Q+Q)kgT/b with the adhesion en- mic factor of the order In¢ /D). Finally, for D<2R adja-
ergy per unit length arising from counterion release, then Egcent spheres interact via a strong excluded volume interac-
(14) reproduces the result by Marky and ManniigThe  tion.
force extension curve is here, however, more complex than We now must minimizeG(N,l) with respect to botiN
assumed in that study. Also it is important to note that theandl. We always will assume that the parameBer>0 so
unwrapping does not necessarily imply a complete dissociahat for the single sphere case the wrapping length*is
tion of the complex. Rather, the chain can touch the sphere aiven by Eq.(12). Let us first assume tha is so low that
one point(see Netz and Joantly or—if it is sufficienty =~ D>«"1. In that case]=I*. We can lowerG(N,|) by in-
long compared to its persistence length—it can form manycreasingN. Even when R<D<« ! it is energetically fa-
leaf “rosette” structures? If, for instance, the loops have a vorable to keep adding spheres to the chain because the
diameter of the order of the persistence length then the bendhemical potential term- ug,nedN is larger than the first
ing energy per loop is of the ordégT. On the other hand, three terms ofG(N,I). Complexation continues untiD
the gain of adsorption energy per contact follows from coun=2R and the hard-core repulsion term terminates complex-
terion release and leads usually to a gain of a kgW. ation. SinceD =S(N,I)/N, it follows from Eq.(16) that the

number of spherebl depends on the wrapping lendthas

D(N,I)

11l. COMPLEXATION OF A CHAIN WITH MULTIPLE

SPHERES N=L/I. (19

A. Chemical equilibrium This argument holds for anl,;,<I<l .. Using Eq.(19),
We now turn to the central subject of the paper: thethe Gibbs free energy, E¢L7), depends only oiN, the total

complexation of a chain in a solution of spherical macroionsnumber of complexed spheres:
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G(N,L/N) G(N) Ig 5 of beads always is chosen such that each complex is close to
KeT kel =N} (A+1) 5p 2 (lise~ LIN) its isoelectric wrapping lengths,. With increasing end-to-
end distance the length—S available for wrapping de-
2RT  spher creases and thus the necklace would have to release spheres
" keT  KeT +const. (200 in order to have the remaining complexed spheres close to

the isoelectric point. A consequence of this mechanism

The constant term is not dependention would be a sawtooth pattern in the measured force-extension

Clearly, the first term of Eq20) (representing the charg- urve.
ing energy OI tEe indiviollua;;:ompleﬁes plusl the electrfostatic Let us first consider the chain with dl spheres com-
interaction of the complexggavors the isoelectric configu- ; .
ration L/N=1,,. However, because of the second and thirdplexed' The free energy follows directly from Eq.7):
terms (representing an external tensibrand the release of FIN,D=NF() +Fin(N,1). (23
counterions of the spheres upon adsorptieame can lower
the free energy further by increasihgoeyondL/l;s,. This is
not a small effect sinceug,nedKgT is of the orderZ>Z,,,
while the first term of Eq(20), the capacitive energy, is of
the order (g/R)Z2.,~Zmax (SiNC€Zma=Rilg). The spheres
in the many-sphere complex are thus undercharged. Physi- R( 2ARN)

We assume in the following the case of equally spaced and
well-separated beads for whi¢hiN greatly exceedsg, and

R. In the force-free casef,=0, we find from Eq.(23) the
following optimal wrapping length:

. (24

cally, we can illustrate this effect by first settihgN= 1. I EIiSO_AE
In that case the complex is isoelectric. Now add one more ) ) ) ) )
sphere. By equally redistributing the chain between he COmPparing this result with the single-sphere case,(E2), it

+1 spheres, one has a individual wrapping lengt./(N can be seen.that the extent of over- or undgrchargmg is re-
+1) close to the isoelectric one. Therefore the previoushfuced. By this means the electrostatic repulsion between the
condensed counterions of the added sphere are released &itinPlexes is lowered.

increase their entropy. By adding more and more spheres— V& compute now the behavior of thebead-on-a-string
while reducingl=L/N—we can liberate more and more configuration under an imposed end-to-end distaficé/e

counterions. assume that the wrapping length is the same for each com-
Minimizing Eq. (20) we find thatG(N) has a minimum  PI€X, i.e., it is given byl(N,S)=(L—S+2NR)/N=(L
in the regime ,;,.<I<I..., given by —S)IN. There are two casesi) For small values of the
@ wrapping length withl (N,S)<l,, [and thusZ(l)>Z

QO +2Rf/1ZksT R/l there are condensed counterions on the sphérgss then
LIN=liso{ 1 A+1 Z | (21 given by Eq.(10) andF(N,S) is linear inl (andS):
where we use the fact th@>Z,,,,<R/lg. This means that F(N,S) | ~ 1522 Alg
L/N is not much less thahg,, so we do remain close to the kB—TEB BN_ NOZpat N 2R + TzéaxNz
isoelectric point.
Using Eq.(21) we can now compute the force required +IN(kR)NZppax (29
to increasethe numberN of spheres by one, starting from \yith |=|(N,S). In Eq. (25 we explicitly wrote down the
f=0: I-independent terms that account for the electrostatics of the
ZkgT{ Z2\ b necklace forl —0 whereZ(l)=Z,,.. (ii) For larger wrap-
f(N—>N+1)E(A+1)W(m)E- (22 ping lengths withl ;;<|<l,. all the counterions of the

o spheres are released. In that ckses given by Eq.(8) and
Note that from the work of Sec. I, the application of a force the total free energy of the necklace is quadratit (@ndS):
would be expected to reduce the number of sphere—chain FINS) 1N

=B

complexes whereas under the present condition of full ZZ(I)+AI—N—N(~IZ

chemical equilibrium force application now, paradoxically, keT ~ 2R b
increases the number of complexes. Note that in the thermo- 21 -2
AT o . : N4l gZ4(l)
dynamic limit of largeL, the critical tension vanishes ad.1/ [oN(=2R) +In(kR)NZ(I). (26)

) Note that atl=I,,=liso— 0Zmnax (i.€., at S=L—1,,N) the

B. “Fixed” N two free energies have the same value as well as the same

We assumed in the previous section that the spheres i@erivative with respect to&S Here Zy,, is of the order
solution are in chemical equilibrium with the chain. In par- R/l1g(Q) —In(xR))(1—2ARNL).
ticular, the rate of spheres “evaporating” from the complex  We now ask if it is favorable for the necklace to hold on
must equal the rate of spheres “condensing” onto the comto all its spheres or if—for a given value 8—the necklace
plex. If, in a force extension experiment, we ramp the forcecan lower its free energy by releasing some of its spheres.
such that it is not possible to maintain chemical equilibrium,Assume a complex witiN—m complexed spheres and
we would be in a fixed\ ensemble. We ask: What is the free ones. In this case the individual wrapping length is given
optimal number of condensed beads for a given externallpy |(N—m,S)=(L—S)/(N—m). The free energy in this
imposed strain? Naively, one might expect that the numbecase is given by
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F(m,N,S)=F(N—m,S)—mQZ a0t MlgZ2./2R. (27) the end-to-end distanc&,=L—(N-m)b(Z—Z,,.). The
o for | | corresponding free energies are shown in Fig).3Evi-
HereF(N—m,S) is given by Eq.(25) for I((N—-m,§)< min — dently, for S<S,, the system withm—1 free beads has a
and by Eq.(26) for |(N—m,S)>Ipy. The last two terms in lower free energy than the one with free beads.

Eq. (27) describe the free energy of tinefree spheres. . o .
Let us first consider the case of high ionic strength where From this analysis it follows that there is r®value

the electrostatic interaction between complexes can be néf{ghere the reIeas:a of spheres WOIU|d liad tlo a Iower_lng of the
glected, i.e., the cast =0. Then the expression for wrap- €€ €nergy—as long as we neg ect the electrostatic interac-

ping lengthl*, Eq. (24), reduces to the single sphere case,tions between the constituents of the complex.. Itis now easy
Eq.(12) (for f=0). The end-to-end distance of this necklace© Show that one breaks the degeneracy previously discussed
is given byS* =L —N(I* — 2R). by accounting for the sphere—chain interactions. The release
We now compare the free energies of necklaces Wlt}'pf beads is not favorable since one has to overcome the
different numbers of beads for a given externally imposeddead—chain attraction IRR)Z, per released sphere. This
end-to-end distanceéS>S*. For simplicity, let us first picture will also not change if we include the sphere—sphere
“switch off” the sphere—chain interaction, i.e., set formally interaction term since it is of the ord®&N/L smaller and is
In(kR)=0. In this caseF(m,N,S) is independent ofn as  thus only a small correction. Therefore the chain always
long as the individual wrapping length fulfilfkN—m,S) holds on to all of its spheres. The corresponding free energies
<lmin, i.€., as long as one is in the linear regime, E2p). as a function of the externally imposed end-to-end dist&ce
So if we neglect sphere—chain interactions we find that—fo&re depicted in Fig. (®).
a given imposed end-to-end distan8e-all (N—m)-bead Consider now theN-bead necklace that has an unper-
necklaces have theamefree energy as long a® is suffi-  turbed length5* =L —N(I* —2R) with |* being the optimal
ciently small, namelymn<N—(L—S)/l,j,. Furthermore, as wrapping length per bead, Eq24). If we increaseS we
discussed previousiy(m,N,S) crosses over smoothly to the encounter the following restoring force= dF(N,S)/dS=
quadratic regime dt(N—m,S)=1,,,, which corresponds to —N~1gF/Jl:

keT

isN(S—L+N(I*+2R))f0r L—N(I* =2R)<S<L—N(I j,+ 2R)
=) kT

_TB for L—=N(l,n—2R)<S<L.

ForN=1 we recover Eq913) and(14). In the linear regime erential size: If they can aggregate to one large homogeneous
the slope of the restoring force decreases with increading globule, as is the case for a neutral polymer in a poor sol-
Hence the force that is required to stretch the chain by aent, one finds just one plateau in the force profile corre-
given amountAS vanishes in the thermodynamic limNM  sponding to the unwinding of the globui@.
—o0 andL—o with L/N fixed. The chain necklace discussed in this paper has a prefer-
Concluding, we find that the “fixed’'N case does not ential wrapping length close to the isoelectric wrapping
lead to release of spheres and sawtooth-like patterns. This iength |,;,, which minimizes the charging energy. The
different from a large variety of systems where one has amechanism that prevents stepwise unfolding is the free en-
stepwise unfolding of a chainlike structure under stretchingergy loss by releasing a sphere. The contribution of counter-
and a sawtooth pattern in the force profile. Experimentally iion condensation on the sphere is already so large so that one
was observed for the muscle protein titin where the unfoldfinds the degenerate case depicted in Fi{g@.3The electro-
ing of domains is responsible for this behaVidf® Other  static sphere—chain interaction leads to a further shift of the
promising candidates are polymers that self-assemble intfsee energies leading to the case depicted in Fig). ®nly if
chains of subunits connected by strings. Polysoaps fornwe assume an additional large negative contribution to the
strings of micelles® Polyelectrolytes (PE§ in poor  chemical potential of the spheres, H@5), is it possible to
solvent’* as well as polyampholyt&s® (polymers that carry  achieve a situation at which the curves intersect, as depicted
positive and negative chargesssume necklace-type con- in Fig. 3(c). In this case one has a sequential release of the
figurations(globules connected by stringg he stepwise un- spheres and a sawtooth pattern in the force-extension profile.
folding was studied in detail for PEs in a poor solvérf Therefore it cannot be expected that the charging contri-
where a sawtooth pattern in the force profile is predictedbution would induce a stepwise unfolding of a beads-on-a-
Each step corresponds to the disintegration of a globule anstring complex like the chromatin fiber. The sequential re-
the redistribution of its material between the remaininglease of histone octamers would be too costly due to
beads. In this way the necklace can lower its surface energgounterion condensation effects. It is also important to note
Important in these systems is that the subunits have a prefhat for physiological salt concentratiofl00 nM) the charg-

Downloaded 12 Nov 2002 to 194.95.63.241. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 15, 15 October 2001 Electrostatic complexation of spheres and chains 7251

F With increasing chain stiffnes®r increasing externally im-
posed tensionthe wrapping length decreases and so the de-
gree of overcharging. By this means it is even possible to
have an undercharged complex—up to a critical stiff{ess
tension where an abrupt complete unwrapping of the chain
occurs. The structures beyond this unwrapping transition are
open multileafed “rosettes” that were considered in a prior
study®?

On the other hand, if the chain is placed in a solution
with a finite concentration of spheres the resulting complex
is a chain completely “decorated” with spheres, each of
which is undercharged. This is the case even for highly flex-
ible chains. This profound difference between single-sphere
complexes and multisphere complexes is also reflected in the
response of such a structure to an externally imposed ten-
sion. The single-sphere complex will unwrap gradually and
then unwrap abruptly when a tension of the ordgl per
monomer lengttb is reached. On the other hand, for multi-
sphere complexes applying a tension leads to the surprising
effect of the complexation of more and more spheres.

We also considered chains complexed with a “fixed”

| i | numberN of spheres that show a very soft stretching modu-
L, i i i | - (C) Ius_proportional taN L. Intergstingly, the chgi_n holds on to
S all its spheres up to the point when the critical tension for
unwrapping is reached where all spheres unwrap simulta-
FIG. 3. Free energies of necklaces with different numbers of beads as geously.

function of the imposed end-to-end distance. Case&lepicts a special case There is a large amount of work on the problem of com-
where necklaces with different numbers of beads are degenerate. As dis-

cussed in the text this is found when only the contribution of the counteriondl€xation of a chain with a single sphere, including theoret-
is taken into accountb) The attraction between the spheres and the chainical studie$®1422:31:8241-43 14 computer simulatiorfg:*6-48
breaks this degeneracy. The chain holds always onto all its splerésor It is important to note that most of these studies find the

a large negative contribution to the chemical potential of the sphéwes .
instance, for a very low density of sphereke curves intersect and the phenomenon of overcharging, even though all but'dde

stretching leads to a sequential release of spheres. In this case one has Mt consider counterion condensation, i.e., these studies are
occurrence of a saw-tooth pattern in the force-extension profile. restricted to weakly charged systems. Nguyen and Shklovskii
showed in a recent stutf/that the overcharging of these

. I : . . _complexes is driven by a correlation effect. For perfectly
ing contributions are effectively negligible due to SCreeNINGqxible chains as considered in their study the chain winds

-1 . .
effetctst (KF .12'&)' Hpvr\]/ever, othgtr. fact]?:?l mtl)gh'[(jpe '™ around the sphere so that neighboring turns lie parallel at a
ggtgee;no.f Dol\rl Al\ndsuaenfoe}t:;nbzgneoggir:zelgieonce ?eazqolg?ﬁzigﬁ(?istanceA of the orderR?/I. The interaction of the chain
binding energies of the histone octamers. This might lead t(\)NIth ltself beyondA is effectively screened leading to a de-

. 4 ) . . crease of the self-energy of the polyelectrolyte upon adsorp-
their sequential release. A recent microrheological stretchmgon This argument has to be somewhat modified for semi-
expenmen‘f on single chroma}tm fibers shows indeed 4 NONqexible chains where the resulting path of the wrapped chain
reversible increase of the fiber length when the fiber is . .

X : . Is more complicated and—at least for short wrapping
stretched up to a point where the restoring force is of th‘?en ths—resembles a tennisball seam pati@i for in-
order of 20 pN. Subsequent stretch—release cycles find theqagce Ref. 45 P
further nonreversible increase in the stretching length at Thé ab.ove-mentioned correlation effect can be ne-
h|gh.er and hlghgr force(su.p tq ~50 pN. I.t 's assumed that lected, i.e., the charges of the adsorbed chain can be simply
the irreversible increase in fiber length is due to the loss Ogsmeared out” on the sphere if the wrapping of the chain
histone octamers; the increase in the critical force from cycle P ppIng

to cycle might indicate variations in the binding energy pera_roun.d.the sphere is sufficiently tigit~r; accgrdmgly, for .
histone. simplicity, the present study does not consider correlation

effects. In the opposite case, whar>r, correlation effects

have to be carefully taken into account. At the same time, the

counterion release mechanism becomes less important. This
The analytical study presented here shows that a systemas shown by Sens and Joafhfor the case of the adsorp-

of polyelectrolytes and oppositely charged spheres can forrtion of a highly charged rod on an oppositely charged planar

under- or overcharged complexes depending on the chaisurface; the fraction of counterions released from the rod

flexibility, the concentration of spheres, etc. For the case of aipon its adsorption decreases with decreasing surface charge

single sphere—chain complex we find overcharging for a sufdensity of the planécf. also Ref. 18

ficiently flexible chain—in accordance with a recent sttily. There are two recent studies that are also devoted to

IV. CONCLUSION
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multisphere adsorption on a polyelectrolyte. Jonsson an
Linse* performed Monte Carlo simulations of a flexible
chain complexing with oppositely charged spheres, accoun
ing explicitly for the counterions of the chain and the

Schiessel, Bruinsma, and Gelbart

#T. T. Nguyen and B. I. Shklovskii, J. Chem. Phyd4 5905 (2007).

18T, T. Nguyen and B. I. Shklovskii, cond-mat/0105078.

{"M. Rief, M. Gautel, F. Oesterhelt, J. M. Fernandez, and H. E. Gaub,
Science276, 1109(1997).

20\, B. Viani, T. E. Schaffer, G. T. Palocat al, Rev. Sci. Instrum70,
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concerning over- and undercharging that are found in thé'P- A. Pincus, C. J. Sandroff, and T. A. Witten, J. Phifari9 45, 725

present study. A single sphere is usually overcharged by thg

complexed part of the chain, whereas in the case of an abu

(1984.
T. T. Nguyen and B. I. Shklovskii, Physica 203 324 (200J.
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the number that is required to form an isoelectric complex

,259 follows from the ratio ofc.,,y, the concentration of counterions within
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I. Rouzina and V. A. Bloomfield, J. Phys. Che@00, 4292(1996.

S. Alexander, P. M. Chaikin, P. Grant, G. J. Morales, P. Pincus, and D.

posed strain: For sufficiently strong screening more and Hone, J. Chem. Phy&0, 5776(1984.

more beads associate with the chain with increasing tensio

Due to the presence of the charged rod the valuggf is slightly dif-

Interestingly, for the weak screening case it is found that ferent from that for an isolated sphere. The electrostatic charging energy

complexed beads leave the chain one by one under increas
ing tension—reminiscent of the behavior of a polyelectrolyte,,

necklace in a poor solvenf:*®

ACKNOWLEDGMENTS

The authors would like to thank M. Jonsson, K.-K.
Kunze, T. T. Nguyen, and B. I. Shklovskii for useful discus-

sions. This work was supported by the National Science

Foundation under Grant No. DMR-9708646.

IR. D. Kornberg and A. Klug, Sci. Am244, 52 (1981); K. Luger, A. W.
Mader, R. K. Richmond, D. F. Sargent, and T. J. Richmond, NaiLoe-
don) 389 251(1997; J. Widom, Annu. Rev. Biophys. Biomol. Stru@7,
285(1998.

2F. Ganachaud, A. Elasari, F. Pichot, A. Laayoun, and P. Cros, Langmuir
13, 701 (1997.

3G. B. Sukhorukov, E. Donath, S. Davis, H. Lichtenfeld, F. Caruso, Vi. I.
Popov, and H. Mbwald, Polym. Adv. Technol9, 759 (1999.

4D. W. McQuigg, J. I. Kaplan, and P. L. Dubin, J. Phys. Ch@®.1973
(1992, and references therein.

SW. H. Braunlin, T. J. Strick, and M. T. Record, Biopolyme2$, 1301
(1982.

5D. P. Mascotti and T. M. Lohmann, Proc. Natl. Acad. Sci. U.8A.3142
(1990.

7J. O. Raller, |. Koltover, T. Salditt, and C. R. Safinya, Scier®#5, 810
(1997.

8. Koltover, T. Salditt, and C. R. Safinya, Biophys.7¥, 915(1999.

9M. T. Record, C. F. Anderson, and T. M. Lohmann, Q. Rev. Biophis.
103(1978.

105, Y. Park, R. F. Bruinsma, and W. M. Gelbart, Europhys. L48.454
(1999.

1R, Bruinsma, Eur. Phys. J. B 75(1998.

2D, Harries, S. May, W. M. Gelbart, and A. Ben-Shaul, Biophyg/5).159
(1998.

13p, Sens and J.-F. Joanny, Phys. Rev. [84}.4862(2000.

14N, L. Marky and G. S. Manning, Biopolyme®&i, 1543(1991).

15R. A. Harries and J. E. Hearst, J. Chem. Phy#;.2595(1966.

16T, T. Nguyen, A. Yu. Grosberg, and B. I. Shklovskii, J. Chem. PH{i§
1110(2000.

includes now the sphere-chain interaction term, &, i.e., IBZ,Zna/ZR

+IN(KR) Zpnax leading to aZ,,, value of the order @ — In(xR)R/lg .

Complexes formed by DNA and histone octamers show overcharging. In

these complexes 147 base pairs of DiArrying 294 negative charges

are wrapped in a ﬁ left-handed superhelical turn around the octamer

containing 220 cationic residud$or details, cf. Ref. 3D This clearly

indicates that the histone octamer is overcharged by the wrapped part of

the DNA. The notion of overcharging is, however, only reasonable when

the charging energy is operative—favoring an isoelectric complex. For

high ionic strength where the size of the complex exceeds vastly the

screening length of the solution this concept might be less useful. The

nucleosome core particlghe histone octamer plus the 147 base pairs of

wrapped DNA is a cylindrical particle with a radius of about 5 nm and a

height of 6 nm(Ref. 1. Its size is therefore large compared to the screen-

ing length at physiological conditior(soughly 100 mM salt, correspond-

ing to k" 1=~1 nm).

30s, N. Khrapunov, A. I. Dragan, A. V. Sivolob, and A. M. Zagariya, Bio-
chim. Biophys. Actal351, 213(1997).

31R. R. Netz and J.-F. Joanny, Macromolecu8&s 9026 (1999.

32H. Schiessel, J. Rudnick, R. Bruinsma, and W. M. Gelbart, Europhys. Lett.
51, 237(2000.

330. V. Borisov and A. Halperin, Eur. Phys. J.®B 251 (1999.

34A. V. Dobrynin, M. Rubinstein, and S. P. Obukhov, Macromolect#8s
2974(1996.

%Y. Kantor and M. Kardar, Europhys. Le®7, 643 (1994.

36T. Soddemann, H. Schiessel, and A. Blumen, Phys. Re%7E2081
(1998.

3”M. N. Tamashiro and H. Schiessel, Macromolect88s5263(2000.

38T, Vilgis, A. Johner, and J.-F. Joanny, Eur. Phys. 2,289 (2000.

39A, Halperin and E. B. Zhulina, Europhys. Lett5, 417 (1997).

40y, Cui and C. Bustamante, Proc. Natl. Acad. Sci. U.9&. 127 (2000.

41T, Odijk, Macromoleculed.3, 1542(1980.

42p, Haronska, T. A. Vilgis, R. Grottenttier, and M. Schmidt, Macromol.
Theory Simul.7, 241 (1998.

43E. Gurovitch and P. Sens, Phys. Rev. L&®, 339(1999.

4E. M. Mateescu, C. Jeppesen, and P. Pincus, Europhys. 4&:t493
(1999.

%K. K. Kunze and R. R. Netz, Phys. Rev. Le#6, 4389(2000.

46T, Wallin and P. Linse, Langmuit2, 305 (1996.

47T. Wallin and P. Linse, J. Chem. PhyK09, 5089 (1998.

“8R. Messina, C. Holm, and K. Kreméunpublishegl

49M. Jonsson and P. Linse, J. Chem. PHyk5 3406(2007).

Downloaded 12 Nov 2002 to 194.95.63.241. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



