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Model of elastic responses of single DNA molecules in collapsing transition
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We present a simple phenomenological model to describe elastic responses of a collapsed single DNA
molecule. The model is represented by the elastic theory for the wormlike chain combined with the order-
parameter equation, which accounts for the intramolecular transition kinetics. Our continuum and discrete
model reproduces the force plateaus and the stick-release patterns in the force-extension curves, respectively.
Both of the elastic responses have been observed experimentally by changing the concentration of the con-
densing agents.
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I. INTRODUCTION teaus and stick-release patterns, depending on the concentra-
tion of SPD. When the concentration of SPD was 204,

Great advances in manipulating single macromoleculethe force plateau of 1-2 pN was observed during the poly-
have enlightened rich and fascinating physics of biopolymergner being both stretched and relaxed. When the concentra-
such as double-stranded DNA and actin filament. In particution of SPD was in the higher range from 1 mM to 100 mM,
lar, DNA condensatiofil,2] has been the center of the con- Stick-release patterns appeared in stretching processes, while
centrated efforts of many researchers in relation to the packorce plateaus of 0.5-2 pN were observed only during relax-
aging of DNA in viruses and living cells. Single molecule ing. Besides, stick-release responses were obtained nearly
observations by fluorescence microscopy have verified thaieriodically. This indicates subsequent abrupt unfolding of
individual DNA chains undergo a first-order phase transitioncollapsed objects. Similar but more pronounced stick-release
from an elongated coil state to a collapsed globule state witpattern was also found in stretching experiment of the giant
the addition of various kinds of condensing agents such asarcometric protein titif12]. In this case, the periodicity
multivalent cation[3,4]. It has been also observed by elec- arises directly from the modular structure of titin. Thus, the
tron microscopy that a toroidal structure appears as an equpresent case seems more difficult and profound because a
librium collapsed stat€5,6]. single DNA molecule is structurally homogeneous before

Another feature of these biopolymers can be found in itscollapsing.
mechanical property. A stiffness of a molecule yields a char- It is tempting to characterize the elasticity of a collapsed
acteristic elasticity. For a long DNA chain, the persistencéDNA theoretically. In this paper, we present a simple phe-
length is typically of the order of 50 nm. Thus, it behaves ashomenological model which can reproduce the measured
a random coil under good solvent condition, whereas a lineaforce plateau and stick-release pattern in the force curves.
conformation is favored locally. Such a polymer is oftenMotivated by an analogy between a single DNA molecule
called as a semiflexible polymer. In the low force regimes, arcondensation and a crystal growth from a supersaturated lig-
elastic response is almost the same as that of a long lineaid [13], we adopt an order-parameter description to account
flexible polymer. However, a manifest deviation is found infor an intramolecular transition kinetics of a single chain.
the high force regime. The elastic property of a semiflexible In the following section, we introduce a continuum model
polymer is now understood quantitatively in the frameworkdescribing a coil-globule transition in the presence of the
of wormlike chain(WLC) model[7,8]. external force. We restrict our interest to the force plateau in

Thanks to huge amount of experimental and numericaBecs. Il and Ill. In Sec. Ill, we show by the numerical cal-
studies, a rich store of knowledge on phase behavior an@ulations that our model semiquantitatively reproduces the
mechanical properties of a long DNA chain has been accuforce plateau. In Sec. IV, we consider the discrete version of
mulated. But so far, the interplay between them has receivethe model to investigate stick-release phenomena. Numerical
limited attention. Our understanding of how the compactioncalculations show that the modified model captures the ex-
of a single chain affects its mechanical properties is stillperimentally measured trends of stick-release patterns. Dis-
poor. cussions and possibility of further improvement of our model

Very recently, elastic properties of a collapsed DNA mol-are presented with brief summary in Sec. V.
ecule have been investigated experimentally by some groups
[9-11]. In our previous work$10,11] the elastic force of a Il. FORMULATION
single DNA molecule was measured using dual-trap optical
tweezers in the coil-globule transition induced by a trivalent
cation spermidiné+ (SPD. We found that the force versus Our goal is to calculate a forde of a collapsed DNA as a
extension curves showed two striking phases, i.e., force pldunction of its extensiorx. Since the forceé versus exten-

sionx relation is a thermodynamical one, an approach based
on equilibrium statistical mechanics seems rather promising
*Electronic address: wada@daisy.phys.s.u-tokyo.ac.jp for our aim. As is well known, Marko and Siggi&] derived

A. Guidelines for modeling
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a force-extension formula for the ideal WLC by taking into Effective contour length L,
account the bending elasticity of the polymer within the e
framework of equilibrium statistical mechanics. Its analytical ; PRGN
expression is given by R A ple)=1
kgT [ X 1 1
F(X) = |_

—_—t ], 1
P L+4u—wu2 4 @

O\ 0<p)<1

wherelL is the contour lengthl,, the persistence lengthg
the Boltzmann constant, aridthe temperature.
However, the present situation seems quite different from Actual conformation

the ideal case. In our case, elongated coils and compact glob- of a polymer

ules coexist within a single molecule. In addition, transitions o ) o

between a coil and a collapsed state can be induced by the FIG. 1. Schematlc_ illustration of t_he definition of the order

externally applied force. For instance, when the chain i§arameter and the notion of the effective contour length.

stretched by a larger force than the short-range attractive . S .

X . coil state, whilep=0 indicates an entirely collapsed state. In

force for the compaction, some of globular objects undergo &, . .
. o : ~~_a bimodal statep varies from 0 to 1. We assume that a

conformational transition to a random coil. Furthermore, it is

not suitable to expect that the system is kept in thermal equf_:ollapsed part (% p)ds acts like a coil part with its length

librium during stretching and relaxing. Thus, it is necessaryle(l._ p)ds, whe_:reef<1.hTh|?f |mmed|ately Ielads tho_ the fol-
to consider dynamical aspects of ordering processes of {wing expression or the efiective contour length:
single molecule under the external force. Lo

To investigate such a complicated system, a phenomeno- La=f {e+(1—¢€)p(s)}ds. 3)
logical approach is often suitable. In this paper, we employ a 0
Ginzburg-Landau-type phenomenology to describe the interB

nal structure of a single polymer. Combining an equation fo
tmhZn(;redre:/vgac:?::rgliirtr\:\gt?ort(k:]:-efgtr;lgi?)nEfje-?alt?or? simple length . In such spatial resolution, the elasticity of the

’ . X ' polymer is not noticeable. Therefore, we have to choose the

As already mentioned, experimentally measured force:

; . magnitude ofds smaller than the persistent length. In the
extension curves showed plateaus and stick-release patteryis i ow quench case, a globule may be a so-called liquid

gﬁ&i@i‘?%g%éﬁiﬁj&tgm éﬁiﬁgnﬂggﬁtxﬁibg |§annot d?eZSr?SM'Ob rather than a crystal one because it is substantially swol-
' . 9 . fen. Hence, it is conceivable to expect that an interface be-
both phases simultaneously. We consider the case of the

- . . ween coil and globule is well defined with its thickness
force plateau at the first step. Next, by improving the mode . ; X
. . comparable td,. On the basis of these considerations, we
to suit the deep quench case, we will proceed to study thé p

H 1
stick-release phenomena. determineds=;I, here. , _
By the definition,p is a nonconservative quantity. We

then assume that obeys following relaxational dynamics:

@ p(s)=0

y the way, an ideal wormlike chain is nearly identical with
fa flexible polymer wherds is larger than the persistence

B. Model
When an intramolecular phase segregation has occurred ﬁ_P__Li )+ 4
and an elongated coil state and a collapsed state coexist ar 5p(ﬂ )+ 7(s,7), )

within a single polymer, an apparent contour lengthdif-

fers from the original oné, [14]. Presumably, the collapsed Where3=1/kgT. The Gauss-Markov thermal noisgis as-
globule is hard to stretch compared to the coil. We then exsumed to be related to the kinetic coefficientvia the
pect that the percentage of coil state mostly determines thguctuation-dissipation relation,

flexibility of the polymer. If we identify this polymer with an .y , ,

ideal WLC having the contour length,, a forceF and an (n(s,7)n(s",7"))=2L8(s=s")o(r—7"). (5
extensiorx of the chain can be connected by the formula 1y g e coarse-grained Hamiltonian of the system and is

. kaT [ X 1 1 o written in the form

F(x) —t . 2
lp \La  4(1-x/Ly% 4 BH:fOLO[E(&_p) +W(p'f)]ds, (6)

2\ 4ds
Then what we have to do is to calculate “effective contour

length” L, under a given condition. with a suitable upper cutoff wave numbar Here,W is an

In this aim, we introduce an order paramepealong the effective potential which includes the dimensionless fdrce
coordinates, wheres is the contour distance from one chain =I,F/kgT as a control parameter and has local minima at
end. We define thap(s)ds represents the local contour p=0 andp=1 for eachf. The profile ofW and its depen-
length of coil-like flexible part within a small sectissr~s  dency onf are shown in Fig. 2. Here, a critical force valfje
+ds (see also Fig. )1 p=1 corresponds to a fully random is a material constant.
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FIG. 2. Schematic representation of a double-well poteiial
controlled by the parametér

Choosing the polynomial form fow, we arrive at

h(p)= w_ 1 ! k(f 7

(p)= %—MP( p)lp— 5tk ], (7
where|k|<1/2. We assume that and u are positive con-
stants for simplicity AW=W(1,f)—W(O,f)=(u/6)k(f) is
proportional tof —f, at least wheri is close tof.. On the
other handAW approaches constant valueg ./12) whenf
is away enough fronfi,. Taking the numerical stability into
account, we adopt the specific form kfff) as

*(

wherev is a material constant. In what follows, we will often
useb(f)=3—k(f) rather thark(f) itself.
The equation of motion is now written as

1

Etan

f—f,

k(f)= , ®)

&zp

9s?

9

o7 Ap(p—Db)(p—1)+ n(s,7),

where we put\=uL and D=cL, which is the diffusion
constant. Note that can be set to 1 by rescaling

—\"17. Also takingL, as the unit of space, the equation of

motion is now expressed in the dimensionless form as

2

P2l pp-b)p-D s, (10
o Ve PP p ' 7),

with the fluctuation-dissipation relation
(6(s,7)0(s",7'))=2M S8(s—s")8(7—1'). (12)

Here,»?=D/(\L3)=c/(uL3) is the dimensionless diffusion
constant, and =L/(\Ly)=1/(nLo) is the noise intensity.
Note also thatv and M are now independent of the kinetic
coefficientL.

Throughout this paper, we impose the zero-flux conditio
as the boundary condition @f.

dsp(s=0,7)=0, dep(s=1,7)=0. (12

C. Stationary solutions

One can readily find that E¢10) without the noise term

PHYSICAL REVIEW@B, 061912 (2002

)}

with the interface thicknes§=22v and the propagating
velocity

For b>3, which is equivalent tof<f., the domain
boundary(interface is driven so that more stable regign
=0 can expand, while fob<3, which is equivalent tdf
>f., the boundary moves in order to enlarge more stable
regionp=1. Only when the conditiofi=f is kept for suf-
ficiently long time, the whole system can reach the global
thermal equilibrium. It is also noted that these analytic re-
sults are useful to check the validity of the numerical calcu-
lations which we perform in the following section.

s—Ur

3

p(s,7)= %[ 1—tan|‘( (13

V2w

——tan )‘(

f—f,

U (14)

2

\/Ev(%—b)z

I1l. NUMERICAL SIMULATION
A. Calculation methods

In the following simulations, we obtaiR-x curves as a
set of consecutive data points; (F;),(i=1,2,... Np) in
stretching and relaxing processes, respectively. We always
control the extensiork; and calculate the corresponding
force F;. In each measurement of;(F;), the extension is
fixed at some value during a certain waiting timg after its
instantaneous change. Since the force fluctuates during the
waiting timeT,,, we average the force for the waiting time
in each measurement:

The parameters are fixed &p=5 um, 1,=25nm, T
=296 K corresponding to the setup of the experim{ddi.
Since the thickness of the interfage: 2%y is comparable to
the scaled persistence length/L,=5X 103, we havev
~10 3. The extensiorx is varied fromX;,=1.0 um to
Xmax=4.8 um with Ax=|x; 1 —X;| set to 19 nm. The noise
intensityM, the small parameter, material constants, and
v are chosen to be 0.0005, 0.15, 12.5 and 3.7, respectively.
The simulations are performed for the waiting tinTg,
=2.5 and 3.0. Unfortunately, we cannot specify the precise

pvalue of T,, in physical units because it is crucially depen-
dent on the unknown kinetic coefficiehtwhich has disap-
peared by the nondimensionalization. However, we have
checked thaf,,=2.5 and 3.0 are long enough for a polymer
to reach quasistationary state for the above parameters by
changingT,, from 0.5 to 3.5, whereas the data is not shown
in this paper.

We use the standard implicit methg€rank-Nicolson

1

_kgT

Tw
i | f f(Xi,T)dT . (15)

TWO

p

has a stationary propagating solution satisfying the boundargchemégfor numerical integration by approximating the non-

conditionp(s—«)=0 andp(s— —x)=1,

linear term as
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0 e ) A S A—
1 2 3 4 5 0 1 2 3 4 5 01 2 3 4 5
Extension x [um] Extention x [um] Extention x [um]
_ B FIG. 4. Dependence of effective contour length on the ex-
10 y T 3 tensionx in stretching and releasing processes for parameters as in
(b) Fig. 3(b). The dashed lines ale,=1.17% (releas¢ andL ,=1.15
8t " 1 (stretch, respectively.
= t | | |
& 6f A corresponding to 80% of its overall chain length. Moreover,
R } a marked hysteresis appears between stretching and releasing
8 4r i : processes. These features are also generically observed in the
g a~ —> J experiment[10,11]. One can find that the gap of the force
Y wd V ] plateaus between stretching and releasing processes in Fig.
™™ < L 3(b) seems to be narrower than that in Figa)3 Further
0 e . discussions of the physical mechanism underlying the emer-
1 2 3 4 5 gence of hysteresis and its relation to the waiting time are

given in the following section.
Figure 4 shows the effective contour lendth as a func-
FIG. 3. Force versus extension curves. Parameters for thedéon of the extensiorx in the case of Fig. ®). One can
plots are (8 M=5x10"4v=0.001,f,=12.5,0=3.7,T,=2.5; clearly see thal , is proportional tax while the force plateau
(b) the same aéa) exceptT,,=3.00. The dashed line is E(L) with IS observed in Fig. 3. This can be understood intuitively by

Extension x [pum]

the parameterk,=25 nm,L=5 um, andT=296 K. noticing that(dimensionlessforce f = f(z) remains constant
as far aZ=x/L, does not change in our model calculations.
p(r+AT)+p(7) Figure 4 also suggests that the chain becomes fully elongated
h[p(7+A7)]= f[p(ﬂ—b][l—p(ﬂ], in x>4.5 um, which is consistent with the WLC behavior

(16) found inx>4.5 um in Fig. 3b).

with the time incremena 7 and grid sizeA s set to 0.005 and C. Hysteresis and motion of domain boundaries

0.0025, respectively. In order to examine the nature of the hysteresis in force
Throughout the following calculations, the initial condi- curves, let us consider the motion of domain boundaries in

tion of the chain is set to fully random-coil state=1 with  the one-dimensiona space. The profiles gf(s) for several

its extensionx,,,=4.8 um. We first relax the polymer ex- selected values of the extensigris displayed in Fig. 5 for

tension toxyi,=1 um, and again stretch it back tq,,x  parameters of Fig.(8).

=4.8 um. Suppose now that there akedomains at timé. As shown

in Fig. 6, a domain means a coil region in thepace, here-

after. We simply consider that there ardl 2lomain bound-

) aries (interface$ and their width is much smaller than the
The calculated force versus extension curves are shown i§omain width. Note that the variable can take a half of a
Fig. 3. The simulation was performed wifh,=2.5 in Fig.  patural number as well. Representing the interface positions
3(@), and withT,,=3.0 in Fig. 3b), respectively. Itis found 4 i gomain as=X((t),X()(t), we can write down the

that the elastic responses are obviously different from th%quations of motion r;\s "
WLC behavior. TheF-x curves clearly show the force pla-

B. Force plateau

teaus of 1-2 pN during both stretching and releasing pro- dXEﬁ)

cesses. In the releasing process, a depression in the force dt =U(f), (17
curve can be seen associated with the onset of the force

plateau. It is likely to be due to the nucleation barrier to )

generate a critical globule nucleus. In the stretching process, dXy ——U(f) (18)
the plateau persists up to its extensiert um, which is dt '

061912-4
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x=4.76 pm

1 Wl prer S ; ~
pls) [
0 x=4.36 um
0 1 2 3 4 5 1f ' e
s [um] [ u
v %
0 1 2 3 4 5
xl=3.57 pm . T FIG. 5. Evolution of spatial

1_"""} m m m q ﬂr’“‘““‘"' domain structure along the poly-
x=3.17 um mer contour corresponding to the
0t , , d , 1 1 extension change. A series of
0 1 2 3 4 5 these figures is obtained when the
¢ of ] force curve is Fig. ®). The left
0 1 > 3 4 5 hand side represents the releasing
x=2.37 um T process from Xp,,=4.8 um to

1 Xmin=1.0 um, while the right
hand side is the stretching process
of . . . : *= 1.97 pm from Xpmin=1.0 t0Xya,=4.8 wm.
5

0 1 2 3 4 5
1 r\ x= 1.20 pm . / s [wm]
O W o Lt - ]
0 1 2 3 4 5
where the velocity is given from E¢l14) by Note that we have to choosg=0 andy>0 in the stretch-
ing process, whileg=X;,ax @and y<0 in the releasing pro-

f—f. cess. Then Eq$21) and(22) may hold in either stretching or
U(f)=Uotan U)- (19 releasing process.
Extracting Eq.(22) from Eq.(21), we obtain

Let us consider the situation where the extensias var- d
ied continuously as &(Xﬁ”— XN =2y71U(f). (23

X=Xo+ L. (20 In the force-plateau region, where the foifceetains nearly

constant valud,, the velocityU is also constant at)(f)
By exchanging the variable from t, Egs.(17) and (18)  =uU,. Since most of the domains disappeaxat0, X(*)
become —XF*)—>0 can be realized in the limit of— 0. Solving Eq.
(23) with this condition, we easily find

dx(
Y g Y, (21 X{=x{=2y71U x. (24)
X On the other hand, the apparent contour length can be
X calculated approximately in the limit af—0 as
Y=g =), (22) bp y
Lazj p(s)yds=>, (X{=x{). (25
p=1 n
P : Substituting Eq(24) into Eq. (25), we obtain
La=2Ny tUpx. (26)
p=0 ;
) ) H fi hat th i
X2 x50 ence, we find that the quantity
-1
FIG. .6. Schematic illustration of the motion of domain Z:i: Y tan fp_fC) (27)
boundaries. L. 2NUg v
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is independent of the extensianThis gives the value of the

slope of the dashed line in Fig. 4. This relation also provides

us a self-consistent equation fég with the following for-
mula:

1

7

B 1

Before solving Egs(27) and (28) in terms of f,, we
remark on some points. First, since the conditidr:1

should be satisfied at all times, the additional constraint for

f, is imposed by

<

<|fp—fel.

b (29

2NU,

f,—f
vXtan?‘( P C)
v

Second, it should be noted that the number of domiirsa
certain decreasing function of the stretchifay releasing
speed|y|. In the limit of the quasistatic operatiop—0, a

PHYSICAL REVIEW E 66, 061912 (2002

3 : :

28l stretching *
E 261 . releasing »

. 0.163 X f,, -==---

*j‘ 24} .
8 2.2' v L .
O‘ 2 ...........................................................‘....;....
I M B
k‘u‘ 1.8' * *

1.6}

0 1 2 3 4 5 6 7

Waiting time 7,

FIG. 7. The magnitudes of force plateaus in stretching and
releasing processes given as the solutions of(&4).

where in the region &y<a, and a desired solution ig
> a, respectively. We represent this solutionyasA-. . On

single-domain boundary may survive because the phasté‘e other hand, we find that there is only one solutiory in

separation proceeds macroscopically in eaclihen, in or-
der that the apparent contour lendth~2xU,/y remains
finite at y—0, U, also approaches zero 3s-0, which
means that,, coincides withf, asymptotically in the quasi-
static process.

So we restrict our interest to the small such that the
following condition typically may hold:

el
P °) <1 (30)

v

In this case, it is allowed to neglect the higher-order terms i
the expansion tank=x+0(C). Settingy=f,—f., we have
following simultaneous equations:

Z(y)

(31)

ay

and

y=2(y)+ -8B, (32

A1-2(y))?

where we puix= yv/2NUg and 3= f.+ 1/4. The constraints
(29 and (30) may be expressed together as

la|<]y| and (y/v)?<1. (33

Substituting Eq(31) into Eq.(32), we obtain the equation
fory as

y*+(a?=2aB— a)y?

1
|D(y)=y“—<2a—ﬁ+z1

+a?(B+2)y—a=0. (34

< a which satisfies the constrai83) for reasonable nega-
tive values ofae and forB used in the above simulations. We
express this solution as=—A_ .

As a consequence, the magnitudes of the force plateaus
are given by

fareteh=fo+ A, (35
for stretching processa(>0), and
f;)elease: fc_A< , (36)

r*or releasing processa(<0). Thus the finite force gap

=ftreteh_frelease_ A+ A_ generally exists for nonzero
a. This directly suggests that the hysteresis appears in the
force curve during stretch and release processes. However, in
the quasistatic limiw—0~, Eq. (34) simply becomes
y3(y+fc)=0. (37)
Thus, the trivial solutiory=0, namelyf,=f only survives.
Because we immediately have=0 in this case, no hyster-
esis appears in the force curve, at least apart from the initial
transient regime of the onset of the plateaus.

We solved Eq(34) numerically by changing the stretch-
ing and releasing speeg The results are shown in Fig. 7.
Actually the magnitude ofy is represented by the waiting
time T,,, which is related toy as y=|Ax|/T,,. We set
|Ax|=3.8x 102 corresponding to the simulations in Fig. 3.
We also substitutdl(y) with the average number of domains

N. Judging from Fig. 5, we séti=2 in the stretching pro-

cess and\N=5 in the releasing process, respectively. Note
that the dimensionless valdg is converted to the real force
valueF, asF,=0.163<f, in Fig. 7. The predicted values of

We first investigate the schematic profile of the functionF, by the present simple analysis are very close to those

p(y). We readily findp(0)=—a?, p(a)=—a®/4, p’(0)
=a?(B+2), andp’ (a) = — 3a/4, where the prime denotes
the derivation with respect tg. Therefore, for positiver,
Eqg. (34) has a solution iny<0, a local maximum some-

obtained in the simulations as summarized in Table |. The
calculation also predicts that the force gap decreases with
increase of the waiting time, and vanishes in the long waiting
time limit. This implies that the polymer essentially under-
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TABLE I. The magnitudes of force plateaus in stretching andmolecule is beyond the scope of this paper. Instead, we
releasing processes obtained by Egf}) and by the simulations. solely give a rather simplified description of the stick-release
The values from the simulations averaged betweer? um and  phenomena and show that qualitatively similar elastic re-

X=3 pm. sponses can be reproduced by slightly modifying our plateau
model.
Tw=25 Tw=30 From these considerations, let us employ further coarse
Ff)”e”“ (simulation 2.48 2.48 graining of the spatial structure of the polymer. The charac-
Fg”e‘Ch (prediction 2.41 2.35 teristic length is not the persistence lengithas opposed to
F 5% (simulation 1.76 1.90 the force plateau, but the diameteof the compact globular
F e8¢ (prediction 1.88 1.91 object in the real space. We expect that the order parameter

p(s) is constant, at least within the distantg along s.

o - o Moreover, the interface betweer=0 andp=1 may be very
goes nonequilibrium phase transition when it is stretched Okteep. We then assume that the chain is compose® of
relaxed with a finite speed, whereas its conformational tran— Lo/l, pieces of “modules” that can undergo a transition
sition recovers equilibrium reversibility only in the quasi- petween two energetically different states. Although this idea
static operation limit. Although such a consideration is alsos griginally inspired by the work of Rieét al. [15] for the
expected from the simple thermodynamical argument, tGnyscle protein titin, whether such a modular structure is
confirm this statement, one may require a more detailedpontaneously formed is less pronounced in a collapsed
study due to the complexity of the present system. They WilpNA chain. In case of the DNA chain, there is relevant

be reported elsewhere. short-range interaction between polymer segments to recover
structural uniformity. Such an effect can be partially respon-
IV. STICK-RELEASE PHENOMENA sible for the formation of a compactly packed toroidal struc-

ture. We thus let the diffusion constamtbe finite in the
present model.

When the concentration of multivalent cation is large On the basis of these preparations, let us improve our
enough to induce deep condensation of a single polymer, th@odel to suit the present situation. The procedure is simply
force-extension curves show stick-release patterns. In the exs follows:
periment[11], there is a tendency for the stick-release re-
sponse to occur periodically with a certain characteristic Lo 2
length 1,~300 nm. We immediately associate this finding p(s,7)—=pi(7), ds—1,2,
with a beaded structure, where a few “crystallized” globular
objects are connected with short caigee also Fig. B Such
a morphology has been actually observed by fluorescen

A. Modular structure

(38)

microscooy in a lona DNA chain collansed but partiall Cfhis is the discrete version of the plateau model. A confor-
! Py I 9 ! psed but partially . iional transition mainly occurs when it is thermally acti-
stretched by the externally applied electric fi¢lB]. Pro- vated

vided that the chain takes such a beaded structure, stick-
release responses correspond to subsequent abrupt release of
condensed objects. Furthermore, sigeas comparable to

the length of one turn of toroifl5,6], we empirically con-

sider that a globular bead forms a toroidlike structure with its Numerical simulations were performed with the param-
typical sized~100 nm. It is considered that such an in- etersQ=16,=0.10, andM=5-6x10"°. It is legitimate
tramolecular phase segregated state is thermodynamicaligre to choose a smaller value Mfthan that for the force
stable. Some authors have observed such a state that compBt&teau because the effective potentlahas deeper minima
domains with their typical sizes remain stable without fur- in the collapsed phase. Other conditions are the same as
ther aggregation§4,13). However, to answer the question those of the preceding section.

that why such a unique structure is generated within a single A selected plot of the elastic responses are shown in Fig.
9. In stretching processes, stick-release-like patterns appear,

while the force plateaus of 0.5—2 pN in magnitude are ob-
DNA chain served during relaxing process. Force magnitudes at the peak
positions are generally within the range of 4—12 pN. Hence,
the main features of our previous measurements on elastic
response of a collapsed DNJ1] are reproduced by the
present numerical calculations for reasonable values of the
dimensionless parameters.

In Fig. 10, we plot the effective contour length, as a
function of the extension for parameters of Fig.(@). The
curvel ;=L ,(x) looks rather irregular compared to that of a

FIG. 8. Schematic illustration of an intramolecular phase segreforce plateau. Sharp changes of the contour length may cor-
gated chain as an image. respond to abrupt releases of the globular objects or rapid

B. Simulation results
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. FIG. 10. Shown are extension dependence of effective contour
lengthL, in the forward and reversed process for parameters as in

Fig. 9a).

Force F[pN]

length which can vary with the force dependent transition

rate. It is proved that combining the elastic theory of a single

polymer with the kinetics of a metastable system is efficient
5 to describe the main features of the measured force-extension

Extension x [um] curves qf a .collz_;lpsed DNA. In part_iculqr, the continuqm

model with diffusion along the chain is suitable for describ-

ing a force plateau. The motion of domain boundaries, which

FIG. 9. Force versus extension curves. Parameters for thes&yn pe induced by the force working on the chain, is impor-
plots are(a) M;BXlOﬁS' v=0.001,1.=12.0,v=6.0, Ts=3.0  (ani to understand the plateau in force curves. We also found
(b) M=5x10"", »=0.001,f,=12.0,0=8.0, T, =2.5. from the simple analysis that hysteresis is generically appre-

curve is more evident than that of the force plateau, whicHSh In the quasistatic limit. This implies that the system is

reflects the larger irreversible work in the cycle process agenerally in the nonequilibrium process in the stretching ex-
can be seen from Fig. 9. periment. On the other hand, a steep change in the measured

Lastly, we show the profile op(s) for several selected force may involve an abrupt and cpoperative transition from
values of the extensior in Fig. 11 for parameters of Fig. a globular state to an elongated c0|l_sta_1te. Th_erefore, a quu-
9(a). Apart from the regions near domain boundaries, thdar structure seems to be an ess_ent|al ingredient for the_ stick-
overall structure and its evolution are, at first sight, similar'éléase pattern. Although there is no consensus of this sug-
with those of the force plateau. The structure emerged in th@€stion, our calculations based on the discrete model
column of x=1.20 um can be interpreted as the expectedStrongly supports this idea. .
beaded structure. However, because of the shortness of the Here we refer to the dimensionality of the system briefly.
original contour length, a beadlike structure seems to be difln the present study, we considered the one-dimensional sys-
ficult to appear in the present case on the whole. A largefém and only took into account the closeness due to the
amount of toroidal object would be generated provided thafonnection between segments along the chain. However,
the chain is much longer. To our knowledge, there is nosmce_th_e polymer is emb_edded into a three-dimensional sys-
experimental report to study whether such a morphology i$€M. it is generally possible for a segment to have contact
actually formed when the chain is stretched by the mechani%ith other segments which are separated along the chain.

cal stress. It is of great interest and one of the present authorHCch a contact may become a trigger for further growth of a
is now conducting the experiment to clarify this question. condensation when the chain is in the metastable state under

a poor solvent condition. Thus, the dimensionality is an im-
V. DISCUSSION AND SUMMARY portant problem, in general, to consider a coil-globule tran-
' sition [14]. In our case, however, both the ends of the poly-

Our theoretical calculations suggest that two types of elasmer are trapped at controlled positions and the chain is
tic responses, i.e., force plateau and stick-release pattern céorced to stretch with shorter apparent contour length than
be understood as WLC behavior of an apparent contouthe original one. Then the polymer is considered to be rather
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“straight” almost throughout the measurements. In such situtual questions still remaiieven when the polymer is not
ations, a nucleation primarily occurs by the contact amongubjected to any mechanical streddence, it offers further
nearby segments along the chain. Thus, our one-dimensionebmplicated problem of how and why a collapsed DNA
model is expected to be fairly appropriate. chain forms the unique modular structure under |pad.
Regardless of the satisfactory agreements between oghere may be a lot of important ingredients to be considered,
theoretical calculations and experimental results, it should bguch as the Competition between |ong-range Coulombic re-
still concerned that our present model is somewhat oversimpylsion and short-range attraction between segments, or the
plified, especially for the stick-release phenomena. In thigain of translational entropy by the exchange between
paper, we applied slightly different models to describe forcemonovalent and multivalent catiorig]. Besides, not only
plateaus and stick-release responses, respectively, which mghese electrostatic-originated effects but also dynamical cou-
be eventually the source of our uneasiness. We assumed thfings between them and the conformational change due to
attractive force between polymer segments from the beginexternal stress may enter into our problem.
ning by preparing the double-well potenti for the chain Although the situation seems rather difficult as mentioned
conformation. In order to avoid any complexity and to em-just above, it is still challenging to develop an elaborate de-
phasize on the influence of the condensation of a DNA molscription on the observed stick-release phenomena. Encour-
ecule on its mechanical property, we did not consider theyged by the good agreement between our present phenom-
electrostatic effects explicitly. However, since a DNA mol- enological model and the experimental observations, we
ecule is highly charged with negative charges and a nearljirther expect that it is a promising way to introduce another
90% charge neutralization by the counterions is needed fafrder parameter in order to account for these electrostatic
the DNA condensation to occlit6], electrostatic effects are effects, as well as the current order parampte®n the basis
intrinSica”y most important in determining the conformation of this prospect, Constructing a two-order-parameter descrip-

of a DNA. Many attempts have been made so{fa-20to  tion on the DNA condensation is in progress.
clarify the counterion induced attraction between two paral-

lel charged rods as a model of the condensation of charged
macromolecules, and some of them seem quite promising
now. But they cannot be directly applied to the problem of
the condensation of biopolymers, mainly due to the lack of We are grateful to Takao Ohta for a number of helpful
knowledge on the delicate molecular architecture of biopoly-discussions, especially on the motion of domain boundaries.
mers[20]. Then, for more realistic problem such as a DNAWe also acknowledge Shin-ichi Sasa for his variable
condensation induced by multivalent cations, many concepsomments.
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