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Folding /unfolding kinetics on a semiflexible polymer chain
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We studied the kinetic process of a folding/unfolding transition of a long semiflexible polymer chain
by Brownian dynamics simulation. A semiflexible chain with an elongated coil conformation is
folded into a compact and ordered structure, such as a toroid or rod, through the processes of
nucleation and growth. This transition is characterized as a disorder—order transition. The folded
morphology is not necessarily the global minimum of free energy, which demonstrates the crucial
effect of kinetics on the semiflexible chain folding. The growth process of toroid formation is
characterized by a constant growth rate reflecting the dimensionality of a chain, which corresponds
well with experimental observations of DNA folding. It is also shown that the path of the unfolding
process is much different from that of folding. @002 American Institute of Physics.

[DOI: 10.1063/1.1504431

I. INTRODUCTION are formed. In the subsequent coarsening stage, those clus-
ters grow mainly by unification with smaller ones. In the late
The collapse transition, or coil-globule transition, of astage the process is characterized as a slow approach to the
single polymer chain has attracted much interest for severdinal collapsed state, where the entanglement effect should be
decades™® One of the main motivations among the wide significant. A numerical analysis based on the Langevin
range of problems on this subject is to understand the strugquation has suggested that the decrease of the gyration ra-
tures and behaviors of biopolymers, such as DNA and prodius in the first kinetic stage is ascribed to the change in the
teins, in living cells. The coil—globule transition has usually large wave-number internal mod&s>® This kinetic feature
been considered to be analogous to the gas—liquid transitioih the flexible chain is, thus, regarded as a kind of spinodal
where the term globule implies the character of a sphericallecomposition.
liquid with minimum surface area. According to the mean-  Thus, nowadays the essential aspects on the collapse ki-
field theory, the order of this phase transition depends on thaetics of flexible polymers are well established. Contrary to
chain stiffness, i.e., second-order for a flexible chain andhis, the theoretical scenario on the kinetics of semiflexible
first-order-like transition for a stiff chaih? On the other chains seems to have not been fully clarified gt2°-34
hand, recent Monte Carlo studies have shown that a stiff oBuch a situation may be unfortunate, because many biologi-
semiflexible chain exhibits a discontinuous folding transitioncal macromolecules, such as DNA, actin and collagen, have
from the elongated coil into the crystalline or liquid crystal- a relatively high asymmetry of the ratléo, wherel is the
line structure’~*2 The folded products show morphologies, Kuhn length andr the monomer diameter. A flexible chain
such as toroid and rod, similar to those of collapsed DNA<corresponds to the case bfic=1. Whenl| is considerably
observed by electron microscopy?** larger thane, the long polymer behaves as a semiflexible
As for the kinetics of the folding transition in a single chain by suitable degree of course graining. A typical ex-
polymer chain, most of the previous theoretical works treateéample is DNA. In the usual agueous solution, the Kuhn
the process in a flexible chain, where the final product of théength of DNA, whose diameter is about 2 nm, is about 100
transition is a liquidlike spheréglobule.’®=2° According to  nm, thusl/c of DNA is about 50 and DNA can be consid-
the study by de Gennes, the collapse transition is describegted as a stiff cylinder in the small lengthnm) scale. Most
by a sausage model, where a long flexible polymer is deBDNAs of biological origin have contour lengths of maom,
scribed as a sequences of thermal blobs, and the blobs tebeing several orders larger than their Kuhn length, thus natu-
to stick together and take a shape similar to a sausage durimgl DNAs generally behave as semiflexible chains.
the collapsé? Grosberget al. extended this model to include As is getting clear that a semiflexible chain undergoes
possible entanglement effects at a late stage in the collapse disorder—order transition, it is necessary to study the kinetics
a long chain and proposed two-stage kinetfcFhis two-  of folding transition in relation to the steric structure on the
stage kinetics was indeed observed by @hal. using dy-  final compact state. Ganazzeli al > studied the kinetics of
namic light scattering in a dilute solution of polystyrene in contraction on a freely rotating stiff chain and reported a
cyclohexané! but the interpretation of experimental results two-step process, almost without the consideration on the
is still under dispute at presefitComputer simulation stud- steric structure of the folded chain. Off-lattice Monte Carlo
ies have shown that the collapse transition consists of severaimulation with a circular stiff chain revealed the folding
distinguishable stages, each of which is characterized by path through metastable states of hairpin conformétidgi-
length scale and a time scale!®In the very beginning after netic aspects of the folding on star/comb heteropolyfher
quenching below the point, numerous local dense clusters and homopolymer with chemical defetthave also been
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studied with Monte Carlo method. In recent Brownian dy- d?r. dr. 9U
namics simulations using a relatively short stiff linear chain m—2I =— yd—t'+ Ri(t)— o (4)
in two® and three dimensions,it was shown that the stiff dt '

chain is folded into a toroid structure through various paths,,

Since the chain used in these studies had a contour Iengﬁhits’ respectivelyU is the internal potentialU= Uy

only several times longer than its Kuhn length, the internal+Ub U, andR; is a Gaussian white noise on thth
freedom of the chain is highly restricted, consequently the, J o1 <™

chain should exhibit characteristics between those of a semi-

flexible and a stiff chain. To get an insight into the folding (Ri(1))=0, (Ri(DR;(t"))=6yT5 ;o(t—t"). (5)
kinetics of an actual semiflexible chain, i.e., how a long and ) .

spatially fluctuating coil is folded into an ordered structure _ e studied a polymer chain of contour length
without forming defects and entanglements in the thermai~ 2120 The bending parameter was chosenkass0, indi-
fluctuation, a study on a longer chain is essential. In theating that the persistence lengthr=9.6+0.15. These pa-
present study, we have performed the Brownian dynamicEameterS have been adopted so as to satisfy the relationship;

simulation to get deeper insight on the folding scenario on g <! ~2\<L. For thg statistical Qata we plgrformed. inde-
linear semiflexible macromolecule. pendent 40 calculations from different initial conditions.

Hereafter we measure all lengths, energies and time in units
of o, temperaturd and 7= yo?/T, respectively.

erem, y are mass and friction constant of monomeric

Il. MODEL

We consider a single linear polymer chain madeNof 1ll. RESULTS
effective monomeric units of diameter. All adjacent mo- 5 £qged products

nomeric units are connected by the harmonic bonding poten-
tial, Figure 1 shows typical snapshots of the folded products

with the two different morphologies, toroid and rod, together

with the histograms of the mean value of internal potential

normalized by the number of monomeric unid$éN, radius

. . of gyrationR,, and the maximum distance between mono-

where we choose a relatively large spring constert400,  meric UNitsRya,=max; j{|ri—r;[}. Both toroid and rod are

to keep the bond length at a nearly constant vatpandTis  staple, and are separated by a enough free energy barrier

the temperature. We set the Boltzmann conskanto unity  ynder the present conditions.

throughout this paper. Figure 1 shows that the toroid structure has lower inter-
The chain stiffness is modeled through the bending ponga| potential than the rod structure, suggesting that the toroid

tential depending on the angle between adjacent bond vegtrycture may correspond to the global minimum of free en-

kT
Ubond:_ZZ (Iri=risal—0)?, (1)
20

tors, ergy. The wide distribution of the rod in all of the histograms
(F=Fi ) (1= 2 indicates the presence of multiple local free energy minima.

Upen= kT, | 1— — -1 > il i ) , (2 On Fhe other harld, the Qistribution is rather narrow for the

o toroid. The maximum distance between monomeric units,

wherex is the bending parameter. Considering that the bondimax: corresponds to the outer diameter of the toroid and

length is nearly constant),..qis approximately equal to rom Fig. 1 we see that_lt is f_:llmqst the same as the Kuhn
kT3 (1 - cosb)? length of the polymer coil, which is consistent with the ob-

H H 5,36
To model the solvent quality the short-range interactionServed toroid size of DNA’

between nonadjacent monomeric units is represented by a
Morse potential,

o =g B. Folding kinetics
exp[ _2“( p= )]_2 exp[ _a( p= )H As typical examples for the toroid and rod formation,
Figs. 2a) (toroid) and 3a) (rod) shows the time develop-
ment of the normalized internal potential/N and three
other quantitiesP, S;, andS,. The parameteP is the ratio
of monomeric units which have at least one neighbor and is

Uine= ETE

where we setv=6, ro/o=(log 2/a) + 1, ande is a param-
eter for the interaction strength, which we seteas0.75 for

the folding simulation. We have confirmed that other choices, ..
. . defined as
for the effective potentiale.g., Lennard-Jones, square well,
etc) do not affect the following results, when an appropriate p(i) 1-T0ij=n(1=pi))
ratio of hard core repulsive and attractive ranges is adopted. P=i—~ =% N : (6)

We adopted the Langevin equation which is suitable for
the study of dynamics of a coarse grained model. By neglectwherep; ; is an indicator of the pair contact:
ing the hydrodynamics interaction for simplicity, the equa- .
tion for the motion of a model polymer chain in thermal and B [ri=rl<ro), @
viscous medium is described by Pii7lo (otherwise.
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FIG. 1. A snapshot of toroid and rod structure and histogram@ofior- ~ FIG. 2. (@) The time development oftop) normalized internal potential
malized internal potentidl/N, (b) gyration radiusR,, (c) maximum dis- U/N, (middle) the ratio of monomeric units which have at least one neigh-

tance between monomeric unk,,,=max; j{r;—r;} |n the folded state. To  bor P, (bottom) the degree of the local bond orientational ordeiff@ndS,
obtain the mean value from each trial, the quantity was sampled after thér the toroid formation.(b) A sequence of conformational change during
completion of the folding transition, where it was confirmed that measurecthe folding process for the toroid formation.

quantities did not show any substantial change except for the fluctuation

around the mean values. The standard deviation is on the order of the bin

width. p(i), n(i). The order paramete, is the average ofy(i)
over all monomeric units, thus, indicates the ratio of the
orientational ordering of the polymer chain

In the following we setr,=2. The parameter§; and S,

indicate the degree of local bond orientational ordering, and Si=(n(i))= 2in(i) ) (10)
are calculated from the average operationygn), which is N
defined as The other order paramet& is the average of(i) only on
ST _ the monomeric units having at least one neighbor
. s (p(H=1), (i
7(i)=1 Zji-j|>)\Pi,j (8) So={(1(1)) (p(i)0) - 1D
0 (otherwise, ThereforeS, reflects the presence or absence of the orienta-
= 13 cog 6,~Dpr, . ) tional ordering along a chain. Figurél2 shows the confor-

mations of polymer chain corresponding to Figa)2 After

The notationz; ; is an indicator of orientational ordering changing the solvent quality from good to poor, the chain
between two contacting bonds adg is the angle between remains in the coil state for a while, suggesting that the coil
them. To analyze the local structure around monomeric unitsonformation is a metastable state. Owing to the effective
due to the nonbonded long range interactions, the monomerattractive interaction between monomeric units, pairs of mo-
units within persistent length are not included to calculate nomeric units stick to each other for a short time during
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(a) coil state survives for some time after quenching and, then, a
rod shaped critical nucleus with an orientational order is
formed in a stochastic way. The typical growth process of
rod formation consists of almost flat parts or relatively gentle
slopes and abruptly changing patg. 3(@)]. The structures

like Fig. 3(b)(ii), (iii ), where the remaining coil part reaches
the edge of the rod during the growth process, have a finite
lifetime, since the free energy barrier arising from the diffi-
culty in bending the stiff chain should be overcome to grow
further. We observed that the growth from this metastable
state consists of two processes. The first process is the abrupt
adsorption of a portion of the coil part into the rod shaped
nucleus in a random and disordered way. After that, the sec-
ond slow process follows where the monomeric units inside
the rod shaped nucleus are rearranged to lower the free en-

ergy.
'y ) . ) . _ It is noted that the above descriptions are the typical
0 5x10° 10x10* 15x10* examples which are often observed, but of course the actual
folding process is more diverse. The following processes
(b) were observed(i) the rod shaped critical nucleus is formed,

however, before the remaining coil part is pulled into the
nucleus, a hole appears in the center of the nucleus to change
into a doughnut shape which grows to be the toroid structure
(2/40): (ii) the large rod shaped nucleus with multiple loop
parts are formed, which turns into the toroid by bending
(2/40). In both cases the generated toroids have many hair-
pin defects.

()t=-1x1d"

(iv)t=6.35x10"
(i t=3.2x10"
C. Unfolding process

We now discuss the reverse process, i.e., unfolding from
(v)1=6.75x10" the condensed, ordered phase to the dispersed coil phase. In

M contrast to the folding process where the quasi-one-

(iii)=5.5x10" dimensionality of the chain is essential, the melting can only
(viyt=14x10* begin at the surface on a three-dimensional condensed ob-

ject. Thus we can easily expect that the kinetic process of the
unfolding transition is much different from that of the

_ o _ folding®® as is usual in a first-order phase transition.
FIG. 3. (a8 The time development oftop) normalized internal potential T th h t f th foldi Fig) 4
U/N, (middle) the ratio of monomeric units which have at least one neigh- 0 see the character o € uniolding process, Hg,

bor P, (bottom the degree of the local bond orientational ordeSi@ndsS, shows an example of the time development of the same
for the rod formation(b) A sequence of conformational change during the quantities monitored for the folding process @t 0.6, «

folding process for the rod formation. =60, where the starting conformation is a toroid obtained in
the folding simulation é=0.75, k=60). Since the con-
densed phase is metastable in this condition, the monomeric
thermal agitation, however, such pairs soon separate. As famits on the surface try to dissolve, or to evaporate. Due to
the manner of monomers contac®, indicates that the di- the connectivity of the polymer chain, however, the small
rection of contacting bonds are not isotropic but prefer ori-fraction of melted monomeric units soon go back into the
ented alignment, though the fluctuation is large due to thenetastable toroid, and it cannot be unfolded to a coil state
small number of monomeric pairs satisfyiing—r]-|<rc in until a large enough fraction of monomeric units evaporate.
this stage. If a large enough doughnut shaped nudits Once the metastable state becomes unstable, the whole chain
cal nucleus is formed at a certain occasion, the remainingis unfolded in an abrupt way. This point is in sharp contrast
coil part is pulled into the nucleus in order and finally the to the folding process, where the new equilibrium phase ap-
toroid structure is formed. It should be noted that such nuclepears at some part of the chain and the ordered structure is
ation accompanies the increaseSyf, indicating high orien- formed by the propagation of the boundary between this new
tational ordering in the nucleus. The typical characteristic ofequilibrium phase and the metastable phase. This difference
toroid formation is the almost constant speed of the growthis clearly seen by comparing the time development of the
process as is shown in Fig. 2. order parameter§; and S, in folding and unfolding pro-
Figure 3b) shows the polymer chain conformations cor- cessegFigs. 2a) and 4a)]. Note that the difference in the
responding to Fig. @). Similar to the toroid formation, the pathway between folding and unfolding processes has been
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(b) the toroid are formed as the final product. The word size means the
number of monomeric units needed for the formation of critical nucleus,
(b) where the monomeric units in loop sections, if any, are also included, and
(i)t=1.15x10* (i)t=1.6x10*  (ii)t=5.5x10* distinguished by the column type. The arrows(im signify that the gener-

ated rod shaped nucleus changed into a toroid during successive folding.

as a function of order parameter has a bimodal profile near

(v)t=12.5x107 the transition point under present conditions, i.e., the transi-
(v)£=19.5x10* tion is first-order.

As described in Sec. Ill, kinetics is a crucial factor for
the folded morphologies, which is almost determined at the
nucleation stage. To argue the relative probabilities for the
appearance of the toroid and rod shaped critical nuclei, it is,
in principle, possible to calculate the nucleation free energy
barrier for each case. However this is insufficient in the case
of the polymer chain whose kinetic pathway in the phase

FIG. 4. (a) The time development oftop) normalized internal potential ~ space is strongly restricted due to the fact that all monomeric
U/N, (middle) the ratio of monomeric units which h_ave at least one neigh- nits are connected into a chain and any chain section cannot
bor P, (bottom the degree of the ocal bond orientational ordefi@ndS, oo another. Figure 5 shows a histogram of the critical
for the unfolding process at=0.6, «=60. As an initial condition we used . . . -
a toroid conformation obtained in the folding simulatios=(0.75, x ~ Nucleus size(the number of monomeric units required to
=60). (b) A sequence of conformational change during the unfolding pro-form a critical nucleufor the toroid and rod formation. The
cess. critical nucleus was expediently judged to be formed when
the interaction energy;,./N falls below — 0.25 irreversibly.

) ) This corresponds to the point where the param&gebe-
actuall_y observgd through the experiment on the direct obggmes a high stable valy€igs. 2a) and 3a)]. As for the
servation of a single DNA molecuft.  definition of the size, when the critical nucleus includes

It should be noted that entanglements are sometimegome |oop structures, the loop parts are also included in the
formed in the early stage of the unfolding. Figure 4 is an,ymper of monomeric units required to form the critical
example of such processes. Once entanglements are formegcleys. There is a tendency that the critical nucleus size of
they are usually preserved during the successive stage of theioroid is smaller than that of a rod. In addition, when the
unfolding because of the nonphantom nature of the regljtical nucleus includes some loop parts, it is always rod
chain. Since it is very difficult to untie the entanglement in shaped, and most of them are folded into the rod. This result
the swelled coiled state, this topologically constrained coilndeed shows that the diversity of the pathway toward the

[Fig. 4(b)(iv),(v)] has a very long lifetime. rod shaped nucleus is a crucial factor in determining the type
of nucleation, which eventually affects the final folded mor-
IV. DISCUSSION phology. It is noted that the relative probabilities for the tor-

oid and rod appearance may depend on the degree of super-

cooling. Further careful study is necessary to make clear the
As described above, a coil state continues as a metaelationship of the quench depth on the final folded morphol-

stable state with a finite lifetime after changing the solventogy.

quality from good to poor. This indicates that the free energy ~ According to the experiments in DNA collapse toroids

A. Nucleation
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FIG. 6. Histogram ofR;, the position where the critical nucleus was
formed along the chain. The two cases, corresponding to the rod and the
toroid formation, are distinguished by different column type.

are the most common morphology in the usual experimental
conditions. Whereas some condensing agents have been re- (C)
ported to tend to produce more rod morpholdg¥f It has
been shown that the folded equilibrium morphologies are
determined by the competing effects of chain stiffness and
attractive interaction, and also by chain lengtfi!? The
present result demonstrates the crucial effect of the kinetics
on the folded morphologies for a semiflexible chéi.It
should be noted that the polyelectrolyte nature of DNA may
also affect the relative stabilities of toroid and rod shaped
nuclei, and thus the corresponding free energy barrier.
Figure 6 shows the position where the critical nucleus is

formed along the chain. The positi@y, is defined by ‘O
Lp b
if =0.5],
L,+Ly L,t+Lp
Rp: (12 FIG. 7. Experimental observation on nucleation and growth in a single T4
1.0— (otherwise, DNA molecule (Ref. 38. Quasi-three-dimensional plot of the fluorescent
La+ Lb intensity distribution and the schematic representation of the DNA confor-

. . . . mation during the folding proces&) The metastable coil has a lifetime on
wherelL, is the length of free tailin a coil stat¢ on one side e order of several tens of minutes) During thermal agitation a bright

of the nucleus and, is the same quantity on the other side. spot spontaneously appears at a certain point on the cliain(d) The

We see that there is a high probability that the nucleus idluorescence intensity on the spot gradually increases. The time interval of
formed at the chain end reflecting the Iarge freedom in thert_hese figures is 2s except for 6s betwéarand(b). The scale bar represents
mal motion. The same tendency was reported by the direct

observation of the nucleation and growth of giant DNA mol-

ecules using fluorescence microscpyn this experiment _ _ _ _ .
the probability of nucleation dependence on the base-paﬁhe fluorescence intensity during the folding transition of a

sequence was also reported, which indicates the importan(,s(%ngle T4 DNA molecule induced by the addition of polyeth-

of the chain stiffness on the folding kinetics. The special role/ enle glypol. Sl spontaneousdfo_rrr;]atmn r?f the crlt{catl)l
of the chain end in the folding kinetics of the flexible chain nucleus, it grows ata constant speed. Then, what s a suitable

has also been reportédi?’ Thus the folding kinetics is ex- order parameter to characterize this dynamic process? We are
pected to be modified in circular chain for both flexible and"oW trgatlng a one-dimensional string em'beddedl in three-
semiflexible polymer. dlmensuongl real space. The result of our smu!aﬂl@g. 2). '
together with the experimental observation as in Fig. 7 indi-
cates the appearance of one-dimensional nature on the pro-
cess of growth of the folded compact part along a chain.
It is well known that the growth rate depends on the sizeThus, by considering a quasi-one-dimensional nature of a
(curvature of the nucleus in the usual diffusion controlled polymer chain, we adopt the local segment dengify,t) as
crystal growth in three-dimensional space such as liquich function of the position along the chainand of timet,
droplet formation from supercooled g3sin contrast, as de- where ¢(x,t) should be smoothed out to be a quasimacro-
scribed in Sec. Il B, the typical kinetics of toroid formation scopic parameter from the average operationp6i) over
is characterized by nearly constant growth speed after nuclenany or at least several monomeric units. In the collapsed
ation. In fact, such a feature in the folding transition is seerpart, ¢(x,t) is large, while its value is low in the coil part.
in a single DNA molecule observation using fluorescencerigure 8 shows an example of the time development of
microscopy’ 4% Figure 7 exemplifies the time course of ¢(x,t) calculated from the simulatiofthe same run as in

B. Growth process
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Though the length of real polymer chain is finite, this discus-
FIG. 8. The time development of the two valued local segment densitysion may be useful after a large enough size of nucleus is
profile ¢(x,t) as a function of the position along the chaiand of timet,  formed. Equatior(17) is represented by using the difference

where the white and shaded regions represent the coil part and dense ¢ [T ;
densed part, respectivel(x) is calculated fromp(i), which reflects the Bf the free energy density in the coll and condensed states.

presencd p(i)=1] or absencép(i)=0] of other monomeric units in the C 12

close vicinity of ith monomeric unit{Eq. (6)]. The rather rough spatial v=LA /_—(f(¢1)_f(¢2))_ (18)
profile p(i) is smoothed to produce the smooth profigx). We have 2a(¢,1_ ¢2)3

performed the smoothing using neighboring 10 monomeric units.

the boundary conditiomb(—o,t) = ¢p1, d(+°,t)=¢,, the
traveling speed of the boundary, in other words the growth
rate, is calculated

Thus, the growth rate is constant and increases with the de-

gree of supercooling. As the number of statistical segments

in the individual polymer chain is not so large, the thermal
Fig. 2). Since the density profile during the growth process isfjyctuation affects it strongly, consequently the observed
found to be approximated by a steplike function, we set thgyrowth speed has some distribution in the actual growth pro-
threshold, abovébelow) which the segments aroundwere  cegs.
judged to belong to the condensmbil) phase. In the Fig. 8 The above discussion relies on the following two hy-
the shaded and white parts represent the dense condensgstheses:(1) a polymer chain is a quasi-one-dimensional
part and coil part, respectively. This figure indeed exempli-system, thus, the boundary between the condensed nucleus
fies the usefulness @b(x,t) in the description of the dynam- and the coil part is a “point” though the polymer chain is
ics of the spatial inhomogeneity along the chain. It should bembedded in three-dimensional spa¢®. The condensed
noted that the density(x,t) is not a conserved quantity in phase is spatially homogeneous. For the growth process of
the present description. Instead¢fx,t), we can also adopt  toroid formation, both conditions are well satisfied within the
the degree of local orientational orderijgmoothed-out coarseness of the present description. However, as discussed
7(i)] as an order parameter, since they are coupled as hgs sec. 111 B, instead of constant growth we observed step-

been shown in the Sec. Il B. o wise growth process for rod formation, since the second con-

~ The time development ob(x,t) is given by the follow-  dition is violated. It should also be noted that it is sometimes

Ing: observed during the growth process that the free segments in
Ip(x) SF{B(X)} the coil part which are not adjacent to the nucleus make

= o0 (13 contact with the nucleus by accident due to the presence of
o $(x) the long range interactions. Such events make the observed
whereF{ ¢} is Ginzburg—Landau free energy; kinetics deviate from the above simple argument with a
single order parameter.
a2
: (14

ax

C

= + J—
et} j dx(f{¢(x)} 2 V. CONCLUSION
where we do not consider the presence of the long range We have shown that a single semiflexible polymer chain
interactions along the one-dimensional chain explicitly,is folded through nucleation and growth into distinguishable
which indeed are indispensable for the folding but not for theprdered morphologies; one is a stable toroid and the other is
growth process. The first term in the integral is the free ena (metgstable rod under the present conditions. Which type
ergy density orx, and the second term describes the effect ofof morphologies is produced is mostly decided at the nucle-
a spatial gradient on the order parameter. Thus we obtain thgtion stage. Previous studies by the8ry and

following equation: simulatiort'**?have revealed the evidence for the metasta-
) bility and competition between different conformation in the

I$(X) __ L( If(¢) —CM) (15) folding of a short stiff chain. Here, we would like to empha-

at d ax? size the novel characteristics in a “long semiflexible” chain

different from a “short stiff” chain(more precisely, these are

This dif_‘ferential equation has th? 39“,“‘0” of a tra,ve”ngdistinguished by the ratie/l1). From our result, it becomes
wave with a constant speed. For simplicity let us consider th%vident that to form a critical nucleus during thermal fluc-

fourth-order po!ynomial a$(¢) to describe the bistable sys- tuation, about 200 monomeric unitmore than 10 Kuhn seg-
tem, 9t(¢)/d¢ is represented by mentg are required at leasFig. 5). Thus it is almost impos-
ot () sible to form a natural critical nucleus for a short stiff chain.
W=3(¢— $1)(d—d2)(d— o), (16)  In the case of a short stiff chain, the possible pathways are
the uniform chain shrinking or to form extend conformation
where ¢, and ¢, correspond to the order parameter of the(rod or racket with a few stems at first, which is dynamical
(metgstable state, ang is that of the unstable state. Under intermediate with a finite lifetime. Then such structures are
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