HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 194901(2005

Stretching globular polymers. I. Single chains
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We review the force-extension behavior of polymers collapsed in poor solvent, modified to include
the effects of semiflexibility and considered for globules with “ordered” and “disordered” internal
structures. A series of ordered globules is used as a model for the unbinding of a disordered globule
beneath its glass transition and for multiple-repeat proteins such as the poly-lg-domain titin used in
atomic force microscopy studies. These single-chain results form the foundation for the treatment of
cross-linked networks of globular polymers. Z005 American Institute of Physics
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I. INTRODUCTION novel adjustments to account for semiflexibility and the

L _ ) crude effects of internal structure of globules with a native

.T he_ quasistatic force-extension behavior of p()lymerconformation, or without a native conformation but beneath

chains is one .Of the .best-explored branches_ of polyme{he glass transition. In Sec. Il, we briefly discuss the classical
theory. Beginning with the Langevin-function force-

extension response of random-walk chairtseorists have model of semiflexible polymers used for all subsequent re-
b e sults. Sections Il A and Il B furnish descriptions of glob-

gone on to provide models for the force-extension behavior ) . o . . )
of semiflexible chain&® o helices®® plectonemes in twist- ules with and without specific native conformations, which

storing polymer§, and copolymerg. we refer to as “ordered” and “disorde'red" gIoque;, respec-
Further studies of the force-extension response of fregvely' For dlsordereq globules, we review the existing thepry
chains have paralleled the study of the collapsed state Jf’r the force-extegspn beh"’_“"?r of spherical and toroidal
polymers in poor solvent. Following the mean-field treat-9l0Pules, and modify its predictions to account for the effect
ment of flexible polymers in good and poor solvénes of sgmlerX|b|I|ty in the extended ghaln. We also .|ncorp0r.ate
Flory and the Green’s function description of similar the idea of globule “bursting” predicted to occur in spherical
system%o of Lifshitz, a number of scaling and mean-field globules into the treatment of toroidal globules. In Sec. Il B
arguments have been developed with regard to the structur@/e develop a simple, versatile model of ordered globules,
stability, and formation of polymer globulésThe most ex- and connect this model to experimental data on protein
tensive attention has been given to the “Gaussian globule” otretching and simulation data for spherical disordered glob-
a collapsed chain that is densely packed, but still uncorreules stretched beneath their glass transition, effectively link-
lated in its direction. These globules have been studied, anithg the ordered and disordered models.
the mechanical response of individual globules examined un-
der extensiolf and various regimes of compressi]énvlore
recently, experimental observations of DNA in poor
solvent*~® and an improved theoretical understanding of
semiflexible polymers'’*® have given rise to theories of Il. SEMIFLEXIBLE CHAINS
globules with a well-defined internal structure. The develop-
ment of these theories have also been encouraged by the Before treating the globules themselves, we first must
strong analogy between heteropolymers and protéins. describe the unbound, semiflexible state of the polymer
In recent years, experimental work has developed toolshain. A substantial literature now exists on semiflexifoe
for the micromechanical manipulation of polymer strands,‘wormlike”) chains. These are simply polymer chains with
particularly optical tweezef$?® and atomic force an intrinsic bending energy characterized by a persistence
microscopy’* that have made it possible to probe the me-lengthl,, which represents the distance over which the direc-
chanical response of single polymer chains and globules diion of the chain becomes uncorrelat8Clear physical in-
rectly. Results from these experimental studies have largelgtances of semiflexible chains include single-molecule DNA,
supported the existing theoretical results for stretching freelong carbon nanotubesg-helical polypeptides, Aramid/
single chains, and extended general polymeric propertiegolyphenyleneterephtalamide, and Zylon/polybenzoxaloe,
such as persistence length and mechanical stability tamong others. It is worth noting that biopolymers appear
biopolymers. particularly suited for treatment as semiflexible chains as a
In this paper, we review existing theoretical models forresult of their relatively wide, complex polymer backbones.
the force-extension behavior of single collapsed chains, withegr the purposes of this paper, we will describe semiflexible
chains by the mean-field Hamiltonian by Ha and
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Globule

Lo 1p(du)?
— P ~ 2_
w_fo d52<ds> +u?-1), (1)

whereu(s) is the tangent vector of the chamis the contour
length along the chaind=(kT)™%, andy is a Lagrange mul-
tiplier that enforces the global average constrdimt)=1.
For L>1,, semiflexible chains follow the force-extension
curve given by

Tether
) ; Lk

FIG. 1. Spherical disordered globule with total lengttand unbound frac-
3X tion « under extension.

P00 = e @

wheref andx are1t7he force and imposed end-to-end exten-  F(#:X) = Fsi(r,%) + Fo(,), (4)
sion, respectivel§:'’ The force-extension behavior of E®  \yhere x denotes the fraction of the total length in the tether.

can be seen up tb~1, in both the mean-field treatment of |t \ve have a monomer size? and a free-energy cost per

semiflexible chains g\nd numerical solutions of the exacyjt surface area exposed to the solvent, we can rewrite our
Kratky—Porod modef® For the regime of chain lengths and nits in dimensionless formzF=gF ?:I[gfb L=L/b, ¢
persistence lengths discussed here, theory suggests that %_111 ' ’ '

= = 2 = I 1
discrete nature of the chain only becomes important at defor- ﬁ’/b’ I'=90% and y=x/b. We use these dimensionless

. . units henceforth. For a globule with radius of gyratiggq,
mations x/L>0.95-0.99 (Ref. 27 and yields a force- . _ .
extension relation of the forngf(x) < (1-x/L)™* that effec- given by Rg'Ob_[(3/47T)£(1_K)]1/3’ we can now write the

tively makes the chain stiffer than E@2) predicts. This semiflexible contribution to Eq4) from the tether as
observation keeps with earlier experimental atomic force mi- (Lk)® 1

croscopy(AFM) force-extension spectra for dextfarthat Failrex) = 86 (L1)2=(x-Raop)?" (5
are dominated by monomer-specific effects in this regime. X~ g

However, we will neglect discrete-chain effects, as they doThe surface-area contribution follows as

not dramatically affect the globule bursting key to this paper.

Instead, we use E@2) as the simplest result which improves Folr,x) =T Licm + T(@6m(L(L = 1)), 6)
on the classical Langevin force-extension relzft?djy incor-
porating semiflexibility. Equationi2) also has the advantage
of its simple and tractable associated free energy

where the first term is the surface energy of the solvent-
exposed tether, and the second that of the remaining globular
surface. Here we have assumed that the polymer chain has a
13 1 roughly cylindrical form with diametel; realistic, noncylin-
BF«(Xx) = PR (3)  drical polymers will have slightly different numerical prefac-

P tors in F, from Eq. (6), but the energy should scale identi-
which we also use throughout this paper for the stretchingally in the key parameter§ and . We have also neglected
energy of “free chain” segments found in globules underthe effects of the bending energy required to form the glob-
extension. ule, but we can imagine that the number of tutasd so as
the bending energyscales with the surface area of the glob-
ule and would so only add another numerical prefactor to the
globule term in Eq(6).

The total free energy can now be found by minimizing
A. Disordered globules Eq. (4) with respect toc. As detailed in previous studié&?*
the fraction of free chaim can suddenly jump to unity as we

We use the term “disordereddr random globules to db d ical val ForT —O(1). this (di
refer to collapsed polymer states analogous to the Gaussigi€"d beyond a critical valug. ForI'~ O(1), this (dimen-
sionles$ critical extension isy.~ £I'v2/3. The jump inx

globules formed when flexible polymers collapse, but gener= _ ) : .
alized to semiflexible chains. These globules are predicted tf1a7ks a discontinuous first-order transition that corresponds

be either sphericafor long chain lengths or extremely poor [© the bursting of the globule, and comes about when the
solven) or toroidal (for long persistence length® Regard- ~ Surface free energy gained by keeping the polymer stored in
less of their undeformed shape, when extended these glofﬁe sp_herlcal globule and pamally out of the poor splvent IS
ules are thought to be described by a “ball and Chain,outwe!ghed by th_e stretching free energy to be g{;uned from
model’2 in which the globule remains basically intact, but "¢/€asing the entire polymer length as a free chain. The ap-
releases some of the polymer as a free Cm§|g 1. propriate force-extension curves follow fI'OfFF'f’é’X]:(K,X),
which we obtain for a range of “strains” <Ix/Rgqp
< LIRgon Note that sinceC/R yon~ L33 we obtain maxi-
mum strains on the order of 4@r £=1000, a high value
that will recur throughout this paper and figure importantly
If we model the polymer-solvent interaction with a into the behavior of networked globules. We ploadainst
simple surface-tension term, the free energy of this ball-andx/ R, in Fig. 2 for varying scaled persistence lengthand
chain system can be written for a spherical globule as in Fig. 3 with a varying effect of poor solveit.

IIl. MODELS OF POLYMER GLOBULES

1. Spherical globules
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5 . . . T Toroid
L(1-x) Tether
12 i
5 L«
f
: —0—0.1
3l —n—1.0 FIG. 4. Toroidal globule under extension.
; ——10
0 ! . ! formational restrictions on the monomer level within the

1
0 20 40 - 60 80 100 globule. As temperatures rise these conformational restric-
glob tions ease, and one obtains the same smooth behavior as in
FIG. 2. Force-extension curve of a disordered globule with varying chainthe ball-and-chain model shown above. However, we also
stiffness ¢ (values indicated on plptfor surface tensioi’=1 and length ~ note that Ref. 30 qualitatively reproduces the smooth force-
£=1000. The dashed line indicates the sizeR;, Which is the initial extension curve shown in Figs. 2 and 3 as an average of 100
chain size, the cutoff of numerical calculation. Monte Carlo runs made below the glass transition. The simu-
lated “stiff cantilever” force-extension curves of the
Though the graphs closely resemble those from Ref. 30.ennard-Jones globules in Ref. 32 also follow the plateau-
there is a small difference in the near-zero initial force,and-rise shape of the ball-and-chain model, though confor-
which represents an error in the numerical derivativemational restrictions again result in a higher plateau force at
—-dF/dy at y=1. More importantly, we have made the im- T=0 than at other temperatures. We suggest approximating
provement of explicitly incorporating semiflexibility into the this effect by simply introducing a temperature-dependent
chain response. In particular, Fig. 3 indicates that increasingesistancew(T) into the ball-and-chain model such that
the persistence lenglh=b¢ decreases the force required to I'chain=I'(1+u(T)).
stretch a globule, since more rigid chains contain few Kuhn
lengths relative to more flexible ones and so act as Weake§ Toroidal alobul
entropic springs. This trend will recur throughout our treat-"" globutes
ment of different polymer globules. The unbinding threshold ~ Experimental work™*® has shown that semiflexible
X. also increases with persistence length, as one might expolymers with large persistence lengths, such as DNA and
pect if relatively less free energy can be gained from releasactin, condense into a toroidal phase when placed into a poor
ing the chain out of the globule. Though we will see thatsolvent, an observation since incorporated into the body of
chains with ¢>10 and £=1000 form toroids rather than polymer theory:*****The toroidal conformation is simply
spherical globules, Fig. 2 does illustrate the generic effects ahe result of havind, so large relative to the surface contact
increasing chain rigidity. energyl that even though the chains are in a collapsed con-
The simplified ball-and-chain model of the random glob-formation, they will not fold freely as in the Gaussian glob-
ule produces force-extension curves that conflict with Monteule, but will prefer to minimize the local bending energy by
Carlo studies of random globuldsThese suggest that the stacking on top of each other in circular loops, with a
polymer winds off the globule in small sections due to con-roughly hexagonal packing of the coil. The energy balance
between the packing and bending energies indicates that the

15 major radius of a toroidal globule is given38y
_ Rtor_(‘c(l_K)d)Z)l/s .
12 - Oy T\ 272 ) @

A simple scaling argument suggests that the toroidal globule
is stable against collapse into a spherical globule when its
major radius exceeds the minor radiup=r/b
~(LI27R )2, i.e.,

3

—hl

: Note that our estimate for globule stability differs signifi-
0 10 20 30 40 50 60 70 80 cantly from that given in Ref. 14 due to differences in the
XIR giob scaling relations for the major radius. Under extension, these
toroidal globules can be modeled with roughly the same
FIG. 3. Force-extension curve of a disordered globule with varying surfac

tensionI” (values indicated on plptfor chain stiffness¢=10 and length erorm_Of free en?rgy as spherlcal glObUIeS’ E‘q’ alb.elt with
£=1000. The dashed line indicates the sizeRy,, Which is the initial & suitably modified Surface'eneFQY_ term. Assummg th_at the
chain size, the cutoff of numerical calculation. tether pulls off the globule tangentially as shown in Fig. 4,
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FIG. 6. Ordered globule under extension. The shaded area marks the region
with a bond between two topologically distant sections, the “lock.”
15 —0—25
—1—50
——75 ) ) ,
o b ' . . . . —2—100 ranged bonds could arise by chance in a small proportion of
0 20 40 60 80 100 120 the disordered globules of Sec. Il A. However, we use the
X/R tor term “ordered” globules since we require that long-ranged

‘ _ _ _ ~ bonds occur in the whole ensemble of these globules, which
FIG. 5. Force-extension curve of a toroidal globule with varying chain tiall . that th lobul h fi truct
stiffness ¢ (values indicated on plptfor surface tensiod’=1 and length esser? lally requires tha .e globu (_:"S ave a nEf_ ve S ructure.
£=1000. The dashed line indicates the sizeR,,, which is the cutoff of ~ Proteins held together at distant points by disulfide bridges or

numerical calculation. strong hydrophobic interactions and RNA “clovers,” are

clear candidates for the ordered globule model. Highly coop-
we have the free energies erative structureglike many small proteinscan also be

(Lk)? 1 modelled as ordered globules in our sense, since appfying
Fsilk, X) = 86 (Lx)2—(x-Reg)? 9 disrupts their cooperative pattern and results in the complete

X o unbinding of the globule. Regardless of the details of the
and bonding, the essential features of ordered globules for our
57  ———— = purposes are presented in Fig. 6. For proteins, the critical

Folk,X) :?F\'Zﬁ(l—K)Rtor"“ Vel Lk. (10)  unfolding force is generally on the order of 100 pN. Note

_ _ that our algorithm specifies not the absolute fofcéut the
Note that 7, actually incorporates the bending ENCTYY Jimensionless forcé, the actual value of which depends on

for the formation of the globule; the bending energy aSSOC"temperatureT and chain widthb. If we assume thab for a

ated with the torus is given b =L(1-k)pl (2R?), S .

which simplifies to(w/Z)F\ffbmd__Zﬁ(l—K)Rmr when we apply peptide is~5 A and T=300 K, we arrive ~at a value of
R =Ry from Eq. (7). This is in marked contrast to E¢4) kT/b=8 pN. Under these conditions, a valuefef2 in Fig. 7
for spherical globules, which does not explicitly account forcorresponds to an unbinding force of 16 pN, wHile- 2 A
the bending energy within the globule. As before, we mini-for a thinner chain would havé=2 represent 8 pN, and so
mize with respect tac to obtain the actual free energy at g
imposed deformatiory. Again, we obtain a bursting of the
globule at somg, as can be seen in Fig. 5. This bursting is -
clearly implied by the fact that the surface area of the toroio‘engthﬁ’ initial bound lengthlpoung and
scales as~¢'L%5, very close to the~L?? scaling of the

spherical globule. Thus, the balance between surface energy

and tether tension should be similar in toroids to the same 25
balance in spherical globules, and hence bursting should oc-
cur. Note that increasing the chain rigidity also increases

If we consider an ordered globule with a cutoff for~<ge f

. 20} i
Rir @and so we reach full extension at lower values of the
strain x/ Rior-
151 i
f
B. Ordered globules 10L |

In contrast to the gradual stretching of the toroidal and
random globules with no internal structure, we now turn our 5|
attention to globules which release the stored length discon-
tinuously when subjected to a critical forég A physical 5 . ‘
example of this case would be a globule with a relatively 0 100 150 200
strong bond, which we term the “lock,” between two topo- X/R giob
logically dISta!‘lt parts of the chain .and vyeak bpnds elsewherEIG. 7. Force-extension curve of an ordered globule withl for cutoff
along the chain. Such a globule will resist unbinding until the ~ _ _ _

. LT force f.=20, bound lengthCy,,,=500, and lengthC=1000. The dashed
lock has been overcome at forég at V_Vh'Ch point it sud- jine indicates the force-extension curve of the pure semiflexible chain with
denly reverts to the coil state. Admittedly, strong, long- ¢=1 and lengthc=1000.
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o v 400
O
Z 300
s
FIG. 8. Ordered globules in series. 200
( 2V3 ) 100
Xe=|(1- = Lound (11
V3 +32f.¢
0 ls
as the critical extension at which the force on the chain 0 50 100 150 200
equals { in Eq. (2), the free energy of the ordered globule is Extension / nm
Just FIG. 9. Ordered globules in seri¢sircles fit to experimental titin unfold-
_ 3([: - ﬁboumf 1 ing data(solid line), (Ref. 37 with n=5,1,=1.6 nm, andf <~300 pN. We
X<Xo F(ex)= . thank D.A. Smith for the data.
8¢ (£- »Cbount) X
3t 1 (12) also suffer from the fact that the measured force-extension

Y>x F(? X) = — _ curve cannot drop instantaneously to lower values of the
“ @ 8¢ L2— 7 force after a globule unbinds, but slopes down gradually in-

. _stead. One must also concede that as it is, this model is itself
In effect, the ordered globule follows the force-extension.

o ) . incomplete, as the exact values of themust be predicted
curve for a semiflexible chain of lengthC —Lyound until . . ;
. . ) . from molecular-dynamics simulations or the known proper-
reachingy,, at which point the chain follows the curve for a

chain with the same and lengthZ. This is illustrated by the ties of the bpr_lds holding the protein together. Hovyever, the
LT ) ._lack of detall in the ordered globule model lends it the ad-
dashed line in Fig. 7, which represents the force-extension . . ; :
o . vantage of being generalizable to all cooperative proteins
curve for pure semiflexible chain. .
that do not deform gradually under extension.
We also use the ordered-globule-series free energy as a
1. Ordered globules in series model for the discontinuous unbinding of a random globule

in the glassy phase, as alluded to in Sec. Ill A. Beginning

series of ordered globules, as one might obtain in a repeg th Loound™ £, that is, with nearly all the polymer length

orotein h the titin strand d in atomic for cked into the globules, we then averaged the force-
polyprotein such as the 37 stra “S use ”a OMIC TOTCq,x tension curves over 50 members of an ensemble randomly
microscopy experlmenl?é; or the “necklaces” of small

globules(see Fig. 8 hypothesized to exist in unfolded ran- distributed inZ; and Gaussian-distributed if, with mean
dom heteropolymers® If we assume that our series has (f ) and standard deviatiop as shown in Fig. 10. Intrigu-

globules, each with bound lengt; and bond strengtﬁ{: ingly, the resulting averaged curve qualitatively reproduces
(with index i arranged in increasing order of the bond an averaged force-extension curve taken from explicit Monte

The logical extension of a single ordered globule is

strength, the free energy follows as Carlo simulations of a globular Lennard-Jones chlitwer-
(L-Liw)? 1
F=— ™ 7. (13) o
8¢ (£- »Cj+1) -X :
where the remaining bound Iengﬂ]+1=2{‘=j+l£; the Xic are 6
those values of the extension wherdFdy=f |, and x L
<x<xit. 45¢

The free energy of a series of ordered globules found in %
Eq. (13) is the free energy implicit in the piecewise fits of
force-extension curves with semiflexible force-extension re-
lations, as AFM experimenters have long used to assess the

protein unfolding datd’>°** As such, we match the 155

ordered-globule-series model against the force-extension

measurements of the immunoglobulin domain of titin, re- ol L L ‘ L . .
ported in Ref. 37, in Fig. 9. An approximate fit can be found 0 20 40 60 80 100 120

x/

in a series of ordered globules with=5,1,=1.6 nm, and glob

f:;%300 pN.Di: One finds a. relatively poor fit to th? .ﬁ.rSt FIG. 10. Force-extension curve of series of ordered globules with Gaussian-
glque unbinding, thof"gh this may be a result Of.the 'mt'a”_y distributed cutoff forcef .((f y=3,p=0.1) for random bound lengths;,
noisy force data obtained for this small extension; the fitsn=20.
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