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A first-order transition in the charge-induced conformational changes
of polymers
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Analytical mean-field theories and lattice model simulations have been used to study the
charge-induced conformational changes of single polymer molecules. The compact-to-extended
transition induced by charge is found to be first-oréiez., two-state transition with a transition

statg in the presence of strong short-range interactions at low temperatures. Short-range interactions
decay much faster than electrostatic energy so expansion below a minimal value cannot produce
electrostatic compensation for short-range energy loss. This is the origin of a free energy barrier
(transition statebetween the compact and the extended states. If the short-range interactions are
weak in comparison with attractive and repulsive Coulomb interactions, the transition is expected to
be second-ordefone-state transition without a transition sjafehe prediction is compared to the
computer simulation of the exhaustive enumeration of all 12-mer cubic lattice polymer
conformations using different potentials, and qualitative agreement is found. Implications for
protein folding and unfolding are discussed. Z802 American Institute of Physics.
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I. INTRODUCTION proteins is determined by a balance between Coulomb repul-
h@ion, attractive electrostatic interaction and van der Waals

Electrostatics has long been recognized as one of thy 0114 ) :
major contributions to the free energy of macromolecules!Nteraction===“Thus in order to understand the underlying

The well-known phenomenon of acid denaturation of IOrO_physical picture of eIe_ct_rostaticaIIy driven cqnformationa_l
teins clearly demonstrates theH-dependence of protein Changes in polymers, it is necessary to consider the major
stability* The instability induced by additional charges oc- COMPpetitive forces, and not exclusively electrostatics. The
curs to gas-phase protefrsnd synthetic polymetsas well. competition between opposite forces determines the overall
Despite diversity in materials and medium, a sharp, disconconformation. Obviously, the repulsive charge interaction fa-
tinuous transition in size, measured as a function of charge ofors extension of the molecules, and the opposite forces fa-
pH at low temperatures, is found to be a common feature oyoring compactness are the attractive Coulomb interaction
this electrostatically driven process. Understanding howand van der Waals interaction. The nature of the phase tran-
electrostatics affects stability has been the subject of theoresition driven by electrostatics is poorly understood, that is,
ical studies for many decad&s? Among all the approaches, What the dominant forces are and especially how they relate
the underlying assumption is that electrostatic dipole—dipoldo the order of phase transitions have not been fully clarified.
interaction is believed to be the primary force controlling  The goal of this paper is to investigate the nature of
charge ompH dependent phenomehand often it is the only phase transitions and address the bonding and interaction
factor under consideration. Reproduction of the dependengeroperties that govern the stability of polymers. We use ana-
of protein stability uporpH is mainly based upon calculation lytical arguments based on Flory’s mean-field théorpr

of the sum of pairwise electrostatic interactions of aminothe homopolymer and lattice model simulations to address
acids’ Recently, instabilities of charged polyampholytesthese issues. Following this mofelve do not consider the
have been studied by Monte Carlo simulations on latticedetails of the short-range coupling of nearby monomers in
models composed of oppositely charged beads and the phagg polymer chain. Although this interaction can strongly af-
transitiorf from a compact to extended configuration wasfect the nature of the folding collapse transition in short
found when the charge exceeded a threshold vaifie. polymers(see, e.g., Ref. 26we believe that a simple ran-

A delicate balance of all the important interactions, in- dom walk picture can be app“ed, when the po|ymer size is
cluding van der Waals, hydrophobic, hydrogen bond, angnych larger than its persistence length. These effects are
electrostatic interactions, as well as entropy, determines thgcluded into the entropy definition for the coarse-grained
stability of macromolecules. Experiments show that frus-agndom walk model, while the energetics is defined entirely
trated interactions may cause a discontinuous or continuo%y the interactions of monomers located far from each other
phase transition in polyme?sMoIe_cuIar-dynamics simula- iy the polymer chain. For these interactions one can separate
tions also reveal that the energy difference between the compe |ong-range Coulomb interaction of external charges and
pact low charge states and unfolded high charge states @fe short-range interactions including van der Waals, dipolar,
hydrophobic, etc. forces, which decreases with distance very
dElectronic mail: a-burin@nwu.edu quickly. The latter are significant for the closely located
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TABLE I. Definition of radii used through the paper.

Notation Dependence o4 Definition
lo lo2cN? Size of the monomer
Rmin Riin~IoNY3 Minimum gyration radius of the folded state
Rmax Rinax~loN Maximum gyration radius of the aligned
(highly chargedl state
Rg Ry=IoN%2 Random walk length from the beginning to the

end of the polymer chain
Characteristic gyration radius of the long

1
R. R~2ms N¥3(18vg) 501 N> polymer at high temperature
7Q? |18 Gyration radius in unfolded state of highly
Rext Rext= RO(—eRO3kBT) charged polymer with short range interaction
3E,| 3 Gyration radius for the free energy maximum
R ~R_ [ —"
m Rr Rm.n( £ )

monomers only. The folding—unfolding transitions arecannot be too large. This is not important for our results

caused by the competition between the long-range and shorithough it can affect the quantitative applications.

range forces, defined above. The gyration radiuRR characterizes the scattering cross
The paper is organized as follows: We begin with ansection for gas-phase experimeft$, where the charged

analytic treatment and then compare those results with thpolymer molecules move in an applied electric field. The

computer simulations. In Sec. Il the model for the polymerscattering process arises from collisions of the polymers with

charging and the analytical expression for the free energy an@ert gas host atoms. When the polymer is in the compact

obtained in two different regimes of short-range and long<folded) state its scattering cross section is given by the

range interaction of different monomers. In Sec. Il we applysquared gyration radius

this model to study the folding and unfolding caused by the

external charging of a polymer composed by monomers with o~ R?, (2.1

the short-range interactigi®ec. Il A) or charged monomers .
with the long-range Coulomb interacticiSec. 1lB). The  Since the polymer molecule is not transparent to the gas mol-

system of charged monomers shows a qualitatively differenfcules. When the gyration radius exc_eeds some critical value
transition between compact and extended state. Therefof: Where the molecule becomes partially transparent and the
this system is interesting as the alternative to discontinuouSCattering cross section increases much slower than predicted

change of the molecular size with charging in the case of th@Y Ed- (2.1. However the scattering cross section should

short-range interaction. In Sec. IV a lattice model simulation?/Ways increase with the gyration radius and we expect that

is completed to study the validity of analytical theory andthe transition from_the folded state to the unfoldeq state
analyze the limiting cases where the mean-field descriptiof2used by the addition of charge should be accompanied by a

fails. In Sec. V the comparison of different approaches Withremarkable chapge of the scattering pross section. This
each other and experimental data is presented. change can be either continuous for continuous change of the

gyration radius or discontinuous if this change is similar to a
first order phase transition. Use of a single characteristics
Il. MODEL AND FREE ENERGY gyration radiusk to describe the state of the system is the
For the sake of simplicity we use the model for the ho-simplest single parameter approach, which should be suitable
mogeneous polymer, suggested by Bryngelson anébr describing the folding—unfolding transition in terms of
Wolynes?® Certainly this model does not have all the ingre- the increase oR. Generally the unfolded system state can
dients for understanding the phase transition of heterogeiave more complicated structure that requires a description
neous polymers, but it gives a reasonable description for thm terms of more than a single parameter, like the necklace
size of the molecule as a function of temperature and chargstructures of unfolded states in poor solvefits.
at sufficiently low temperatures. The energy minima and the  We start with the free energy of the polymer as a func-
energy barrier between them are derived, and their physicaion of its size. Generally there are three different cases for
meanings are discussed. the configuration of the monomers. In a highly charged state
Consider a coarse-grained random walk model. The cornthe energy minimum is realized when the charges are
formation of an ideal chain composedNfmonomers can be strongly separated from each other. The optimum configura-
represented as a random walk Mfsteps from the origin to tion is then a fully aligned polymer with the size given by its
some end poinR. R gives the typical size of the system, i.e., lengthR,.,~NIy wherel; defines the length of the monomer
the radius of gyration of the chain to a crude approximationpr the persistence length of the polymer ch&@mce many
it can also be defined as the mean-square deviation of monaharacteristic radii will occur in our analysis, we have col-
mer coordinates from the center of the systéihore gener- lected the notations in Table. |
ally the elementary step contains a finite number of mono-  The state of the polymer is folded at room temperature
mers since the angle between two neighbor monomerand low charging. Under these conditions the polymer forms

Downloaded 27 Mar 2003 to 129.79.133.70. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



9966 J. Chem. Phys., Vol. 116, No. 22, 8 June 2002 Mao et al.

a three-dimensional condensed state with low free volume (k—1)v,
inside. The gyration radius corresponds to the compact struc- 1= —¢gz—- (2.9
ture of the size abouRy,i,~N3l,.

The intermediate state occurs at radRibetween upper For N monomers the reduction of the excluded volume can

and lower limits be expressed as the product of all fact@g) from k=1 to
k=N?*®
Rinin <R< Ry 2.2 "
(k=1)vy
Only in this regime can statistical mechanics be applied to  Pew( R):kﬂl I-——= ] (2.6

define the free energy and the equilibrium state of the mol-

ecule. In fact for small gyration radius the free energy de-TheNth term in Eq.(2.6) approaches zero, when the radRis
pends strongly on the specifics of the polymer interaction iris so small that the system is always folded

the folded state while for large radius the details of near 13

neighbor interaction and angular dependence of the energy R~voN™~Rpin. 2.7)

should be significant. In this regime the theory is not applicable as we discussed

To describe the phase transition between the uncharggghfore. For the intermediate regime H8.2) all factors in
folded state and charged extended state it is enough to knqu_ (2.6) are close to unity and we can expand the product as
the properties of the system in the intermediate state. If the

transition is continuous the gyration radius will continuously N (k=1)vg N(N—1)vg
change through the intermediate regime. Free energy can be Pev(R)~ex _21 TR TR T TR )
computed as a function of the gyration radius in that inter- (2.8

mediate regime and the minimum of free energy defines the o
equilibrium state of the molecule. On the other hand if freeThe contributions of random walk2.3) and excluded vol-
energy has a maximum at intermediate radius one woultime (2.8) define the weight factor

expect the presence of two quasi equilibrium states at low N(N—1)vg 3( R )2)

and high radius separated by a barrier. P R)~R%exp — S
. . . tot! 3
We restrict our consideration to the low-temperature case ° 2R 2\Ro

where the uncharged polymer is folded and the coupling enrpe gistribution(2.9) describes the high-temperature regime,

ergy exceeds the thermal energy. _ _and the maximum of2.9) with respect to the gyration radius
Consider the free energy of the system at given gyrations (eglized. wherR~ N35

radiusR that satisfies the conditiaf2.2), following the Flory
theory version suggested in Ref. 15. The free energy is de- 3512 15
fined from the distribution function that contains both a sta- ~ R=™~ 2_1/?3'\' (Tovo)™, (2.10
tistical part(entropy and an energy related part.
The statistical part of th@(R) contains random walk instead of R~NY? for random walks ignoring self-

(2.9

Gaussian factor intersection. For the intermediate regime we ignore the con-
formational factor suggested in Ref. 15 since it does not

5 3/ R\? depend on the radiuR.
Prw(R)<R”ex “2\Ry) |’ (2.3 For the low temperature case under consideration the

energy related terms are significant. For the system with

where R, is the radius of gyration of a random colR,  short-range interaction the attractive energy describes nearby
=1,N¥2. (Many different length parameters are used in thismonomers. For the intermediate regime the probability for
work. They are all described in Table The details of the two monomers to be located nearby and overlap are similar.
shape dependence of the polymer energy caused by its stiffFherefore, we can use the factor
ness and other effects of the short-range interaction of next

H : H : . N(N - 1)00
neighboring monomers are ignored here. As discussed inthe [, —5
introduction these effects should not affect our qualitative . 2R’

study for sugficiently long Po'ymef- In accordance with theto describe the average number of close monomer pairs. The
Flory theory* the opportun|3ty for different monomers 10 OC- tactorzis responsible for the excess of the number of neigh-
cupy the same .V.°|um°~|° shoulq be ex_cluded. This IO_W' boring positions compared to direct overlap. Making the rea-
ers the probability of small gyration radius. If we continu- sonable assumption that close pairs can be described by

7 3
ously fill the volumeR" by N monomers th(_an the allowed some characteristic attractive average endrgype can write
fraction of volume for the second monomer is reduced by thethe short range interaction energyas

presence of the first monomer by the factor

N(N-1)v,
Vo Ee=—2)——5 (2.12)

1- o3 (2.4)

We consider the limitN>1 that permits us to ignore energy
For the monomer numbde¢ the reduction factor can be ex- fluctuations. This is especially well justified for homopoly-
pressed similarly to Eq2.4) as mers. The polymer is assumed to be sufficiently lomgich
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longer than its persistence lengtio pay the most attention system and the charge, scales a?N*’2. Then the distribu-
to the interaction of monomers located very far from eachtion over radii can be written dsee Eq.(2.12)]
other in the polymer chain.

2
The Boltzmann distribution of polymers over their sizes  , (R)~R2 exp( _ N(N_i)vo_ §(5) 2+B%> _
can be expressed using the weight fa¢t®) and the prob- 2R 2\Ro R
ability becomes (2.17)
N(N=1)v, 3/ R\2 We restrict our consideration to the low-temperature case
Pt R)~R? exp{ - T(l—z/&])— E(R_) ) where the Coulomb attraction term dominates the excluded
0 volume term in the exponent in E@®.17) until the minimum
1 (212 radius is approached. Therefore, the excluded volume term
B= kB_T' can be neglected under this assumption.

Finally we consider the effect of the external charge in-
As follows from Eq.(2.12 the phase of the polymer is de- corporated in the experiment similar to Refs. 2 and 12. If the
fined by the relationship of the temperature and characteristigmolecule has total charg@ one would expectfor the inter-
binding energyzJ. In the regime of high temperature mediate statethat the total energy for the long-range repul-
KeT>2J, 2.13 sive Coulomb interaction is defined by long distances and
has the standard form

2

the entropy(excluded volumgterm dominates and the poly-
mer is in extendedunfolded state. In the regime of interest
corresponding to low temperature

kgT<zJ, (2.14  The Coulomb interaction strength is defined by long dis-

he distributi hes i . h Il radiu tances, since the interaction at distaités defined by the
the distribution reaches |ts maximum at the small radis o, charge in the volum@g~R (d is the system dimen-

correspondmg_ o the folde_d state. For th_e sake of S'mpl'c'%ionalitw divided by the characteristic separati@nlt scales
one can describe that maximum by seeking for the minimurm, RY~1, and therefore, the interaction is maximum at large
p20315|blekvalueRcl1F\; we _consfe;R; Rdm‘” and the energy p excluding one-dimensional case. The dielectric constant of
(2.11) taken atR=Rpy, gives the fo ed state energy. the material is denoteeland  is a constant coming from the
Our model can be compared with the real folding tran'geometry. This data can be compared to the molecular-

sition that occurs near room temperattk.gT~0.025 e\/. ynamics simulations of Ref. 12, where the Coulomb energy
Then the binding energy of a monomer pair can be estimateg. 19 ojectronic charges at the gyration radRis 3.5nm
as has been estimated as 0.6 eV. In order to reproduce the esti-
. mated 0.6 eV, the ratio of dielectric constant to the geometric
J~——ev~0.0025 ev. (219 factor should be about 100. Since normally the geometric
factor  is estimated to be around 1, the dielectric constant
As the “experimental" parameter one can use the mOIeCUIahaS to be very |arge~100) The reason for this unreason-
dynamics simulation daté, deduced for cytochrome pro-  ahly large dielectric constant value is that in this crude
tein ContainingN~100 monomers. According to these datamodeL the Charg@ is taken as integeﬁ_]_’ no fraction
the total binding energy caused by the short-range interactiopharges exist. As a consequence, there is no delocalization of
is about 0.2 eV(eaCh monomer partiCipateS in about two Charge in the modeL and the very important effects in
bindings. Then the energy per the single monomer pair carntharge-induced protein unfolding such as charge solvation
be estimated as 0.2/100 eN0.002 eV. This number is close have been tota”y ignored. In this regard, this model gives

to the estimate2.19 for the energy of single binding. Thus mostly qualitative description and cannot account for the de-

one can see that theory and molecular-dynamic simulationgjjed microscopic behaviors of the system.

are consistent with each other. Making use of the definition of the Coulomb energy of
An alternative situation occurs when the polymer is neuthe external chargé2.18 one can write the distribution of

tral but composed of charged monomers and the Coulomihe gyration radii for two cases of interest in the low-

interaction of appropriately located positive and negativeiemperature limit. For the case of short-range interaction of

charges leads to the formation of a compact configuration ahonomers and the net Coulomb cha@ethe distribution
low temperature. The reasonable expectation is that due i@ads[see Eq(2.12)]

the long-range character of the Coulomb interaction the en- N(N=1) 3/ R\? 9
ergy is defined by the typical form for the Coulomb energy P2 — Vo A AR .
q2 O (R)~R“ex BT zBJ 2Ry BneR .
E=—&- 2.16 (2.19

We neglected the contribution of the excluded volume since
The chargey, describes the characteristic charge fluctuationt has the same functional form as the attractive interaction
for the finite domain of the polymer. It was demonstrated inbut smaller due to the low temperature. Therefore it can be
Ref. 10 that even in the absence of charge correlations themitted.
interaction is attractive for the neutral systgeach local For the long-range attraction of charged monomers as
chargeq interacts with the total charge q in the neutral dominating interaction we gésee Eq.(2.17)]
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) N(N—1)vg 3[R)\? derivative is positive aR=R,;,, until the Coulomb repul-
QrR)~Rexp — T oRE 2 R_o sion energy aR,,, would exceed three times the short-range
attractive energy
qS WQZ) ) 2
+ 8| =— . 2.2 N(N-1)v
PlR™ R (2.20 3%—°zJ< 7 Q. (3.2
2Rmin eRmin

Here we keep the excluded volume term since it has different h h ditior(3.2) i isfied the folded
distance dependence compare to the Coulomb interaction elffhen the con itior(3.2) is satisfied the folded state corre-

ergy. Therefore, they can be both significant for differ(::ntSpondS to a free energy maximum and it is not the stable
gyration radii. state. The energy minimum occurs at laRye R.,; where the

It is more convenient to describe the properties of thea}ttractive energy can be neglected. Then solving(&d) we
polymer in terms of the distribution logarithms defining thefln

free energyF=—kgTIn(Q2). Then free energies for the 7Q% |\
short-range and long-range regimes can be written as Rext™= Ro( eROSkBT) 3.3
Fo(R)— — N(N—i.)voz‘]+ §kBT(E 2+ nQ_Z (2.21) Thi_s radius is expected to be_ _Iarger than the ra_ndom walk
2R 2 Ro €R radiusR, because of the conditiof8.2) (when that inequal-
and ity is first satisfied we hav&q,~ RyN*3).
When the total charge is small enough to satisfy the
N(N-1)v, 3 ( R)Z az Q? inequality opposite to Eq.3.2)

Fi(R) =kgT——z3—+skgT| = | ~=+7—=.

2R 2 Ry R eR 3E4>Ec,

(2.22
. L . N(N—=1)v,

Recall that the gyration radius is constrained from the lower E =—7 "7, (3.9
side byR,,,. The preexponential term in EqR.19), (2.20 2Rmin
is omitted since it is always less important than the terms in Q2

the exponent. We will analyze the dependence of the gyra- E.=7%
tion radius on the external charge in the next section.

€Rmin

The free energy has its minimum &=R.,,, so that the
folded state is either stable or metastable. Equdtoh can

. ANALYTICAL STUDY OF CHARGING EFFECT have either zero or two solutionsRt R, . Exact algebraic
ON THE POLYMER SIZE analysis of the free energy second derivative shows that no
. ) solution exists at very small external charge
A. Strong short-range interaction
R.. 4/5 kBT 3/5
We start by considering the polymer with short-range  E.<1.14Eg, Rlom) ( E h) (3.5
S

interaction between monomers. This polymer is described by

the free energy2.21). The equilibrium values of the gyration the free energy has only one minimunfat R,,;,. When the

radius are defined by the free energy minima, either wher€oulomb energy increase due to the charge is larger
the derivative of the expressid@.21) is zero or at the edge

4/5 3/5
constraint radiuR i, Ec> 1.14E5h( %) (kEBT) , (3.9
dF(R) 3N(N—1)v, R Q2 ° "
iR - R zJ+ 3kBT¥— ’7@:0' Eqg. (3.1 has two solutions. One solution can be very well
0

3.1) approx.imated.by'\.’elxt [Eq. (3.3)] siﬂce the short-range inte'r.-
action is not significant at long distances when the condition
We start with the analysis of the possible free energy minima3.6) is satisfied. This solution corresponds to the minimum
within the folding regimeR=R.,. If the derivative(3.1) is  of the free energy. The second solution is located between
negative aR= Ry, then the free energy must have a mini- R, andR,,;. It describes the maximum of the free energy
mum there. The second term on the right-hand side of Eqthat must exist between two minima. The position of maxi-
(3.1) can be neglected in comparison with the first term neamum can be found from Eq3.1) if we neglect the interme-
R~ Ry, at low temperature. In fact if we takR,,~Io0N3,  diate term[the consistency of this approach results from the
vo~13, Ro~IoN*?the ratio of first and second terms fBr  condition (3.6)]. Solving Eq.(3.1) in this situation, we find
~Rnin can be expressed as 12
3Eg;,
zJ R~ Rm~ Rmin( E—) .
_ N4/3> 1 C
kBT ’

(3.7

Thus one can specify three different regimes for the gy-
because of the conditio(2.14) for low temperatures and a ration radius behavior depending on the absolute value of
large number of monomeis> 1. charge. At very low charge E@3.5) the system has only one
Comparing two significant terms describing the shortstable statdfree energy minimum, see Fig) &t R=R,.
range and Coulomb energies we find that the free energWhen the charge increases above the critical value given by
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FIG. 1. The free energy as a function of radius of gyration at differentFIG. 2. The schematic dependence of gyration radius on the external charge.
chargeQ. Note the plot here is only for illustration. The low charge regime The solid line describes the polymer with short-range interaction of mono-
is shown by the solid line. The charge regime, where the two states coexighers and the dashed line describes the case of long-range interaction. Thick
is shown by the dashed line. The h|gh Charge regime where 0n|y the unSOIld line shows the stable state, while thin solid line is for the metastable
folded state is stable is shown by the dot—dashed line. WR,§gt0.5(see ~ State.

Table ).

. . .. simulations it occurs much later &>17e. The difference
(EC’)q.Af)(?ie)rzuatlrzetl\/c\)/\c/)v ftrr:aiséiceorg?/ \rﬁrﬁ;g'vg:ebﬁgaﬂgqg;géof 1.7 close to 32 can occur due to the presence of two

' . . T minima of the free energy in the rangeek0Q<17e with
at the gyration radius almost equBl,;, while the second o 9 Q

minimum 's at a size exceeding the random walk ran the lower minimum corresponding to unfolded state. Mo-
um occurs at a size exceeding the ranco alk ranggscular dynamics simulations are started from the folded
Ry. Therefore, those two sizes strongly differ from each

ther. Thev form ibl flibrium  stat ¢ molecul state. Since at H< Q< 17e this state is metastable the tran-
other. They torm possibie equ um states of MOIECUIeSiiinn to the lower unfolded state requires the system to over-
separated by an energy barrisee Fig. 1L The free energy

g . . come the energy barrier. The time of molecular-dynamics
stable state is defined by the deeper energy minimum. ThI§imulations is not long enough to describe the thermal acti-

minimum occurs at the .small radius approximately when thevation of the cytochrome molecule. The experiments take
Coulomb energy amiy is less than the short-range energy longer time and the barrier between two minima is not high

|Esti>|Eq|, (3.8  enough to keep the protein in the folded state. Therefore, the
or at large radius otherwise. Thus the radius of the therma#measured gyration radius exceeds the numerical predictions

equilibrium stable polymer jumps fromR,,, t0 Rey, When or that iptermediate charge.
: min extr The increase of the molecular charge from ® 11e
energiesk,, and E; become equal. The dependence of the

gyration radius on the external charge is shown schemat’?ads to jump like increase of the scattering cross section in

cally in Fig. 2. The change of the gyration radius is discon-ﬁg:e:;nzr;;tmth tvc:/l;r ri:g;Jn:nae?;i.es(?trshiri)%z{slto\?atlzz Z{;S ox-
tinuous similar to a first-order phase transition. Finally at P 9 9

very large charge, wheng, < E.. the small radius minimum periment shows the presence of both folded and unfolded

of free energy vanishes and the folded state becomes absroe_ahzatlo_ns of cytochrome since some molecules do not have
. enough time to unfold. We do not consider the temperature-
lutely unstablgFig. 1).

Comparing the predictions of theory with the simula- induced folding—unfolding transition of uncharged or weakly

tions data and experimettperformed at room temperature charged protein. This transition can also be discontintfous

. - due to the interplay of the local chain stiffness and any in-
one should consider two significant crossovers. These OCCltl(réraCtionS of far separated monomers. In our case the tem-
following the failure of Eq.(3.4), where the folded state P '

becomes completely unstable and Ej8), where the folded perature is low enough to hold the uncharged system in a

state becomes metastable while the unfolded state is mOnearly collapsed state and the transition is driven by the Cou-

€ . o i
stable. Our theory is not sufficiently accurate to estimate th(‘eomb repulsion of external charges that is in competition

crossover charges, although the experimental sgalelCe \;\;I;?ethe short-range attraction responsible for the folded

is reasonable with our choice of parameters according to our . . .
P g The free energy expressidd.21) permits us to describe

discussion in the previous section. However, the differenc - ; . .
by the factor 32 between the charge satisfying the metasta?he characteristic average gyration radius as well as its fluc-

bility criterion Q., (3.8) and the charg®, , where the folded tyauons. Straightforward analysis shows that these fluctua-
. t|(t>ns are small for the folded state due to the low temperature
state becomes completely unstable can be used to mterprﬁzntiI it becomes completelv unstable

the results of Ref. 12. In fact, the experimental study shows pietely '

unfolding at the external charge €,0while in the numerical AR<Rpin, (3.9
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while in the unfolded state they can be described by the 2 ) 1 13
length scale of random walk R|1=Ro(( N~ qO) Ro3kBT) : (3.16
AR~Ry. (3.10

This regime is valid when the difference of charge terms is
In the experiments'? the fluctuations of the scattering cross not too small so thaR,;>R... When the difference is small
section are definitely larger for the unfolded state. The directhe effective interaction vanishes and the gyration radius is
comparison of absolute values is not possible since for thas in the high-temperature limit.
unfolded statdR>R, and the molecule can be almost trans- ~ The behavior of the gyration radius for the charged
parent. monomers case is shown in Fig. 2 by the dashed line. Thus
Our conclusions about the phase transition betweeithe gyration radius changes continuously with the external
folded and unfolded states caused by the excess charge in taBarge. The chain model simulations in Sec. IV for the poly-
case of short-range interaction agrees qualitatively with théner composed by charged monomers support this conclu-
numerical study of two state model later in this paper. sion.
Thus we have considered two different models of a poly-
B. Molecule with long-range interaction mer: The first contains neutral monomers with short-rangg
of charged monomers interactions and the sgcond gonta!ns charged monomers with
long-range Coulomb interactions in the low-temperature re-
The polymer composed of charged monomers can bgime where the uncharged state is folded. The external
studied similarly to the previous subsection but with the dif-charging leads to an unfolding transition. It is discontinuous

ferent expression for the free energy E2,22). We are look-  in the case of the short-range interaction and continuous for
ing for the free energy minimum defined either by the de-the |ong-range interactiotsee Fig. 2
rivative of the free

dF, (R) N(N—1)v, R IV. LATTICE MODEL SIMULATIONS
=—3kgT——==7—+3kgT = o )
dR 2R Rg The predictions of analytical theorecs. Il and Il] are
1 2 made using the simple mean-field model most suitable for
= qg_n? =0, (3.1) the intermediate radius state of the homopolymer. This

model does not treat adequately most folded and most ex-

energy or by the constraint radi®,,. Two different re- tended states. _ _
gimes can be distinguished depending on the value of the N this section we are going to use the lattice magek,

external charge. When the external charge is low e.g., Refs. 18—-20where the spatial polymer states are dis-
cretized. Monomers are treated as the points on a square
€ lattice of the spacing a and the angles between subsequent
Q<do\/ = (3.12 o :
7 directions from monomer to monomer are restricted to 90° or

the attractive interaction dominates. In this regime we car?‘soo'
neglect the seconftandom walk term in Eq.(3.11 since
the equilibrium gyration radius is small in comparison with
the high temperature equilibrium value H.9)

The free energy, and especially entropy of polymers can
be examined exactly by computer calculations on such lattice
models if the number of sitegnonomergis not very large.

The discretization of conformational space makes adequate

R<R.. (3.13  sampling possible. To avoid computational pitfalls, an ex-
Then Eq.(3.11) can be solved and we get haustive enumeration of_ z_ill confo_rmations is performed to
calculate exactly the partition function and thermal averages.
Current computational power and the immensity of configu-
1 2 5 2 (3.14 ration space restrict our calculation to a chain of 12 mono-
(%‘ 77?) mers on the cubic lattice. Although the number of monomers

is much less than that in any realistic polymer or protein, the

The minimum of free energy occurs at the larger of the Sototal length of the polymer is larger than the persistence
lutions (3.14) or Ry, Thus increase of the external charge |ength that is about one to two lattice periods. Therefore we

to its crossover value given by E.12 leads to continuous - can expect a qualitatively reasonable estimate of the charging
increase of the gyration radius until it reaches its infiniteeffect using exact thermal averaging.

3 kgTN(N—1)v,

temperature value E¢2.10 (see Fig. 2 Certainly this model is quite different from that studied
When the external charge is sufficiently large to makejn the first part of this work. It incorporates several features
the interaction repulsive on average of real folded proteins including the specificity of interac-
e tions and the finite monomer size. The mean-field theory and
Q>qp \/% (3.159 the lattice model approach real polymer thermodynamics

from different directions. Qualitative agreement between the
the radius keeps increasing and we should consider the effeptedictions of these two approaches suggests that the main
of the repulsive and random walk term. A regime similar tofeatures of charging effects have been captured.
Eq. (3.3) is then realized and the gyration radius takes the  The goal of the computer work is to study the properties
similar form of the chain as a function of its net char@e temperaturd
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and interaction potentidt, and compare the results with the
predictions from the statistical theory of Secs. I, Ill, and
with the experimental study As the oversimplified mean-
field theory of Secs. Il and Il considers only the mean force
of interaction, it cannot deal with fluctuations in interactions.
Different potentials for the short-range monomer interaction%
instead of the homogeneous picture interactions used in th .
analytical theory can be used within the lattice model. The
purpose of using different potentials in the simulations is to
examine the sensitivity of the results to the fluctuations, and™
whether or not the physical picture emerging from the theory
depends on the details of the potential.
Each monomer is assigned charge, or —qg (qp=1 B

in our studieg The neutral chain is chosen to have Sl ,
alternating-charge monomers. The net charge of the chainit 00 04 08 12 16 20 24 28 32 36 40
increased by flipping the-1 charge of one monomer to1. Temperature
Since there is more than one way to choose the beads to ﬂiP—IG 3. Th ted radius of avrafi d'in units of lat .
all the possible choices, i.e., all the possible charge permusc, "¢ e hare a1 'Wprte$se n s o7 atiee per

. . : ge and temperat(reunits of 0.-jg/a) in the
tations are considered for each charge. The possible tOt@&seBij:o.
excess charge for the 12-mer chain+g, +4, +6, +8, +10,
and +12. The results do not change qualitatively if the

ri

monomers are_charged randomly. A property of interestX, is written as a function of co-
The potential we use here is ordinatesr and chargeg, and its average is computed by
averaging all the configuration space and charge permutation
qiq; . space.
E=iEj —'+§ By A(i,]). 42 P

) <>((r’q»:EX(r,q)exp(—E(r,q)/T)

4.2
The first term is the electrostatic potential and the second 2 exp(—E(r.a)/T)
term accounts for the short-range interactid{i,j)=1 if One result of our enumerations for a given set of inter-
monomers andj are separated by one lattice spacing but nofactions is the radius of gyration, the measure of the size of
connected by a bon@.e., a so-called contact is formg@nd  the chain, given by the mean-square deviation of the mono-
zero otherwiseB;; is a parameter that depends on the typesmer coordinates from their inertia center. Its thermal average
of monomers andj, and is defined by a specific potential. is computed as a function of charge and temperature.

To provide short-range interaction in the model close to  First consider the case of absence of short-range interac-
the real system we will use two sorts of potentialenstants  tions[B;; is set to be 0 in Eq(4.2)]. The radius of gyration
B in Eg. (4.1]. The simplest type is thélP potential in is plotted as the function of charge and temperat&ig. 3).
which there are two types of monomers: hydropholtig ~ The lowest temperature and the temperature interval are cho-
and polar(P); andB;; is set to be unity only if both andj] sen to be O.q?,/a. Even at low temperatur@d ~0.1-0.5,
are hydrophobié! A more sophisticated pairwise potential (“low” in the sense that the low charge configurations stay
has been suggested by Miyazawa and Jerni§had poten-  compac}, there is a continuous increase in radius of gyration
tial) in which Bj; are the matrix elements of pairwise inter- as a function of charge that suggests a second-order transi-
actions of 20 amino acid?.1n our calculations théJ pa-  tion from the compact to extended states, as predicted from
rameters are scaled by a factor of 0.2, in order to behe theory of the Sec. Il B.
compatible with the order of magnitude of the electrostatic =~ We have considered analyticallBecs. Il and 1] the
energy. These interactions are more realistic than the codew-temperature behavior only, while the simulations reveal
stant interaction employed in the analytical study. the behaviors at various temperatures. There are two differ-

Our calculations consist of three stefg) generating ent behaviors in the temperature dependence of radius of
lists of all spatial conformations and charge permutatidinls; gyration. ForQ=4, the radius of gyration increases signifi-
using the lists to calculate various thermodynamic quantitiegantly at first then slowly as a function of temperature. For
for different potentials(c) averaging the results over charge Q>4, the radius of gyration decreases dramatically at first
permutations according to Boltzmann weighing. The firstthen slowly as a function of temperature. The reason is that
monomer is located at the origin and the second one is fixetbr the low charges, the compact configurations are low-
at (1,0,0 to eliminate the degeneracy related to rotationenergy states and the extended ones are high-energy states;
around the direction of the initial step. Except for the straighthigh temperature enables the chain to occupy the high-
chain, all configurations have degeneracy due to reflection ienergy states, which leads to the increase in the average ra-
the x—y plane andy—z plane, and symmetry under inter- dius of gyration. For the high charges the reverse is true due
change ofy andz axes. The total number of configurations to dominance of charge-charge repulsion. The dividing line
for a 12mer chain, after removing all the degeneracy, i®f charge between these two types of behavior depends on
881 147. the potential, but qualitatively the generality of two different
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FIG. 4. The computed radius of gyrati¢im lattice periodsa) as a function FIG. 5. The computed radius of gyrati¢im lattice periodsa) as a function
of charge and temperatu(i the unit of 0.43/a) in the caseB;; = — 1. of charge and temperatuti units of 0.1j%/a) in the case oMJ potential
as the short-ranged interactions.

temperature-dependent behaviors holds, as shown below.
The distinction between these two different behaviors shoul@xhibited by proteins during foldingof HP sequences has
not be taken as a sign for a first-order transition, since it habeen examined in the absence of electrostatic interactions,
nothing to do with the discontinuity of populations of the and it has been found that cooperativity is possessed by some
states. sequences and is denied to oth@r&ne possible reason for

When the Short_range interaction is turned on, the p|c_theH P pOtential destroying the first-order transition in F|g 6
ture changes. Figure 4 shows the radius of gyration as B that the discrimination against the contacts involving polar
function of charge and temperature, wtgnis set to be-1. monomers breaks down the size dependence of the short-
It is a homopolymer model, and the degeneracy of thdange interactions. In fact the theory of Sec. Ill is irrelevant
ground state is 78he same as the model without the short-for this case since the short-range interaction is repulsive.
range interactions Overall the temperature-dependence of 1o verify this, a modifiedHP potential is employed in
radius of gyration still has two types of behaviors as dis-Which Bjj=—1 if i and| are both hydrophobic and;,
cussed above. Through all the temperatures the radii of gy_: — 0.5 otherwise. The modification is intended to keep the
ration forQ=2—6 are similar. At low temperatures there is a heterogeneous nature BfP sequence and enhance the size-
significant jump in radius of gyration fror®=28 to Q= 10. dependence of the interactions. The results are depicted in
This is a signature of a first-order transition. Thus the gyrafig. 7. The first-order transition re-emerges, thus confirming
tion radius change with the external charge agrees with théhat the heterogeneity of the short-range interactions does not
expectation of the mean-field theory of Sec. Il A. affect the nature of the transition.

If the model switches from homopolymer to heteropoly-
mer, the nature of the transition does not change. To obtain a
more realistic modeling description for the protein molecule, 3¢ — 1 ' L L R L B B B
a sequence used in our calculatiof®HE ILE CYS PHE
CYS CYS ILE CYS MET CYS HIS PHEis designed based 32
on theMJ potential®®> Examination of the density of states
indicates that the degeneracy of the ground state is 1 a:_ 28
should be for the true folded state of the protein. The resultss
from computer simulations are shown in Fig. 5. We see that_% 24
there is still a first-order transition, a big jump in radius of
gyration fromQ=28 to Q=10 takes place at low tempera-
tures. The critical charg€. at which the compact to ex-
tended transition occurs is larger, compared to Fig. 4, pre- 1¢
sumably due to the stronger short-range interactions in the
MJ potential. 120 4

Figure 6 depicts the radius of gyration as a function of P S S EE R SR B RRPIN DU
charge and temperature using i€ potential forB;; . The 00 04 08 12 16 20 24 28 32 36 40
HP sequence iHHPHPHHPHPHH and it has a nonde- Temperature
gen_erate ground state. Interestingly, the fIrSt'Orde_r tranSItIC'EIG. 6. The computed radius of gyratidim lattice periodsa) as a function
vanishes and the second-order transition occurs instead. TRecharge and temperatutia units of 0.11%/a) in the case oHP potential
cooperativity(cooperativity refers to an all-or-none transition as the short-ranged interactions. The sequenétH® HPHHPHPHH,

Radius of

2.0
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36— ' T - A * x counts for the discrepancy between the experimental and
molecular dynamics study of Ref. 12. In fact the molecular
dynamics predicts unfolding at the chargeeX@t room tem-
perature that differs from experimental value &0This dis-
crepancy can be explained by the analytical theory assuming
that at charge 1®the folded state is metastable while agl17
it becomes completely unstable. Unfolding for the charge
less than 1& requires overcoming an energy barrier. This
process is too slow for molecular-dynamics simulations but
can be sufficiently fast to proceed in the experiment. The
ratio of upper and lower charges 17/10 agrees very well with
the prediction of theory %2

To demonstrate the opportunity for the different transi-
N tion scenarios we have examined a model with the long-

3.2

2.8

N
~

Radius of gyration

P T SR TR NI T
00 04 08 12 16 20 24 28 32 36 40 range interaction of monomers. The size of the molecule

Temperature increases continuously with charging in this model. The
same conclusion can be drawn from the lattice model simu-

FIG. 7. The computed radius of gyratidim lattice periodsa) as a function .
of charge and temperatufin the units of 0.13/a) with modified HP po- lations. _ _
tential as the short-ranged interactions. One result of our enumeration of the lattice model for a

given potential is the radius of gyratidR(Q,T), i.e., how
the ensemble averaged radius of gyration changes as a func-
V. CONCLUSION AND DISCUSSION tion of charge and temperature. The low-temperature jump in

In this paper we have studied the effect of the external@dius of gyration as a function of charge is regarded as the
charge on the size of a polymer molecule. Two differentsignature of the first-order transition induced by charge. In
theoretical approaches have been suggested. The first ageneral, we find strong qualitative agreement between simu-
proach is based on an analytical mean-field theory suitablation results and theoretical prediction. In the absence of
for low temperatures and intermediate size of the moleculeShort-range interaction, the compact-to-extended transition is
The second approach uses lattice model simulations. Tw8f the second order; while in the presence of short-range
different modeling systems have been considered, the polynteraction, the transition is of the first order. The details of
mer with a short-range interaction of monomers and polymethe short-range interaction affect the valueQofor which the
composed of charged monomers with a long-range Coulomyansition occurs, but certainly the nature of transition only
interaction. The first model is more realistic for the macro-depends on the coarse-grained description of a Hamiltonian,
molecules like proteins while the second model is considereih this case whether or not the short-range interaction is
to show the opportunity of qualitatively different behavior. present.

Evident effect of charging at low temperature is the tran- ~ The mean-field analytical theory based on the ho-
sition of molecule from the compact glatiolded) state of mopolymer does not take into account the heterogeneity or
small size to the extendddnfolded state of large size. This fluctuations of the interactions, and simulations suggest that
transition can be studied in the gas phase using a scatteririgese approximations do not lead to disastrous effects in pre-
cross section measurement technigieand therefore, our dicting the behavior of phase transition, and only the nature
results for the short-range model can be related directly t®f the interactiongdistance-dependence in this capkays a
experiment. crucial role.

The analytical approach enables us to describe the evo- Our finding that electrostatics only leads to a second-
lution of molecular size upon increasing the external chargerder transition and a combination of electrostatic and van
incorporated into the molecule. We have found that the molder Waals interactions results in a first-order transition do not
ecule with short-range interaction of monomers should unagree with previous lattice model studies on a very similar
dergo discontinuous transition from the compact to the exsystem. This was a three-dimensional lattice chain composed
tended state. In more detail two free energy minimaof random-charge monomersq, with electrostatics only
separated by a barrier are formed by the interplay of shortpotential. There it was found that for longer chains “the ra-
range attractive and Coulomb repulsive interactions. Thalius is barely increasing for smal, but an extreme steep
transition from a folded to an extended state occurs with theise begins beyond a threshold chatftéhe conclusion was
increase of charge as a jump between two those minima. not valid for chains as small as 13-mers. The disagreement

This conclusion is supported by the numerical analysiamay arise from the fact that the radius of gyration for longer
performed within the discrete lattice model of a polymerchains was calculated by the Monte Carlo method, which has
completed both for identical attraction of all monomers anddifficulties giving adequate sampling and the molecule tends
for more realistic heteropolymer models with a degeneratéo be trapped in some minimum. Consequently the size of the
ground state. Experimental study of Ref. 12 shows similachain is overestimated at lar@and underestimated at small
discontinuous behavior of the scattering cross section for th®, so the slope of) versusR near the transition is much
cytochromec protein when the charge increases to more thersharper than it should be.

10 electronic charges. Moreover the analytical theory ac- Cooperativity has been regarded as one of the very key
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