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Spontaneous rhythmic motion of a polymer chain in a continuous-wave laser field
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Recently, it has been found that a giant DNA molecule exhibits a repetitive change in conformation between
an elongated coil and folded compact states under irradiation by a continuous IR laser. We report here a
theoretical model to explain such spontaneous rhythmic motion. The generation of the rhythm can be attributed
to the competition between optical attraction in the compact state and the instability of the compact state at the
laser focus due to heating. This rhythmic conformational change is discussed in relation to the working
mechanism of biological molecular motors.
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I. INTRODUCTION X 10, Kishida Chemical 4 % (v/v) 2-mercaptethanalNa-
0&:alai Tesqug and 0.3M KCIl(Wako). The prepared samples

The best known macroscopic engine utilizes the Carn I 4 to stand at ambient ¢ t POC. §
cycle, which employs both isothermal and adiabatic pro-Were aflowed to stand at ambient temperature; , for

cesses. Unfortunately, the Carnot cycle cannot be used 1%% mllnDt?\(laiore lobs?rvatlog. Underd'Fheset ctC)nd|t!?ns, f'nd"
explain biological molecular motors. For molecular machin-"194a MOIecUIEs undergo a discrete transition rom

ery on a scale of 100 nm in an aqueous solution, the charat(::-ompaCt to elongated conformations with an incrgase in'tem-
teristic time for thermal diffusion is on the order of 100 ns. perature[6]. The DNA solution was observed with an in-

; erted fluorescence microscopilikon TE-300 equipped
However, molecular motors work at frequencies of less thaQ//vith an objective lengNikon Plan Fluor, 100, numerical

1 kHz [1-4], and therefore the duration of various steps is : T . o
greater[ thg]n 1 ms, allowing time for heat to diffuse inpandaperture(NA) 1.30Q), and a high-sensivity silicon intensifier

making the process nonadiabatic. Thus, the Carnot cycle Cattgqrget (SIT) cat.mera(Hamamalt\ls;. YTgtorrl):sand SO ptlctal
not be used to explain molecular machinery and design misVEEZErS (con muous;wave : asef, pectron,
cromachines. SL902T, w_a\(elength\—1064 nm. Under fluorescence mi-
Recently, it was found that under stationary irradiation bycr0§copy, it is known that folded DNA is observed as an
a focused IR laser beatwavelengthn=1064 nm), a single optical dot anq can be trapped by a focused ldsgrwe .
DNA molecule undergoes a repetitive change in conformaPServed the time-dependent change of the fluorescence im-
tion between an elongated coil and folded compact sfales age of a single T4 DNA under continuous irradiation of the
This preliminary observation on the repetitive conforma-Iaser beam.

o hange has been merprted superiially as the meg 1S 13 Smiifes osclaien o sige TAOMR,
play between different effects of a focused Iaser_ beam::g)ack to a bright spot. Such a rhythmic change continues with

. ; n interval of~2 s. Based on this single-molecule observa-
to the absorption of photons at the _Iaser focus. In this bape jon, a schematic representation of tﬁe rhythmic conforma-
we propose _a_theoret|cal model to interpret such a rhyth_ml ion:'il change in a s?n le DNA molecule é shown in Fi
oscillation arising from a discrete conformational change in a1 9 9 9.

single polymer chain under thermodynamically open condi—I (b). '?‘ folded r?NA mtolocule tis trappcejq atn.d hczateddat the d
tions of heat exchange with the solvent. aser focus, where a temperature gradient is induced aroun

the laser focus due to the weak photoabsorption on the third
harmonics of O-H stretching. It is estimated that the tem-
Il. EXPERIMENTS perature at the focus of the laser beam-i5 K higher than

the environmeni8].

Figure 2a) shows time courses of the fluorescence inten-
sity and position of the center of mass in the rhythmic con-
formational change at laser power =1000 mW: the fluores-
cence intensity changes periodically between high and low
intensity with large fluctuation. Thus, the rhythmic confor-
mational change in a single DNA molecule can be character-
ized as the periodic transition between a bright spot and a
blurred swollen image. The time course of the position of the

*Present address: Nanotechonology Research Centre, Researgnter of mass indicates that a DNA molecule exhibits peri-
Institute for Electronic Science, Hokkaido University, Sapporo 001-odic motion between the center of the laser focus and a

Samples were prepared as follows: @Bl T4 DNA in
nucleotides(Nippon Gene, 166 kbpwas dispersed into a
buffer solution (10 mM Tris-HCI, pH 7.4 that included
0.9 uM fluorescence dye, '46-Diamidino-2—phenylindole
dihydrochloride (DAPI) (Molecular Probes Co., Lty.
73 mg mL-! poly(ethylene glycol (PEG (averageM,=2

0021, Japan. “cool” ambient area. In the autocorrelation, the main peak
TAuthor to whom correspondence should be addressed. Electron@ppears at around 1 Hz. FigurébRshows the trajectory on
address: yoshikaw@scphys.kyoto-u.ac.jp the two-variable plane.
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FIG. 1. (a) Upper: snapshots of fluorescence images of the % 05
rhythmic conformational change in a single DNA molecule under 5
irradiation by optical tweezerdaser power: 1000 mW, time inter- §
val: 1 9. The bar corresponds to/Am. Lower: schematic represen- £ 00}
tation of the conformation of a DNA molecule with a blurring ef- k)
fect. (b) Schematic representation of rhythmic conformational £
. . . . = -0.5
change in a single DNA molecule under irradiation by a focused cw 2
(=7

laser beam. A folded DNA molecule is attracted to the laser focus =0 ﬂ'20 -10 ) . . o 20
and heated. Then it becomes unfolded, receives less attractive force, gseence intensity, ()
and moves away from the focus driven by Brownian motion. The

DNA molecule out of the focus feels the ambient unheated circum- FIG. 2. (a) Left column: time trace of fluorescence intensity and

stance and returns back to the folded state. The folded DNA is agaithe position of the center of mass obtained from fluorescence im-

attracted to the focus, and this cycle repeats. ages. Right column: autocorrelation of the time traces of both vari-
ables.(b) The trajectory on the two-variable plane for the data in the
[1l. DISCUSSION shaded area ifa).

Before discussing the detailed mechanism of the oscilla-

tory change in the conformation of a single giant DNA mol- viewpoint of the free energy. The bimodality in the free en-
ecule, we will briefly address the thermodynamic propertiesrgy, F, in a finite system implies that kinetic characteristics
of a single semiflexible molecular chain. It has become cleagan pe described by cubic relationships, as in @y. with

that, in general, a semiflexible polymer chain undergoes espect to an order parametex, which corresponds to the
discrete transition between an elongated coil and foldedjensity of the DNA molecule,

compact statef9]. Since a single semiflexible chain consti-

tutes a microscopic thermodynamic system with a finite

number of elements, the free energy to describe the discrete

transition is given by a double-minimum profile. Thus, the dng  JF 1

conformational transition in a single semiflexible chain cor- € It 9 7’ (1)

responds to a first-order phase transition according to the

criterion of Landau[10Q]. Reflecting the finiteness of the

number of elements on individual molecular chains, there is _ 2

a rather wide region of the coexistence between the elon- F=an(n=-1)+pT{re) - Toln, (2)

gated and compact states, and therefore the transition appears

to be continuous with regard to the physico-chemical propwheree is the proportionality constant, is the position of

erties of an ensemble of chains, such as viscosity and ligithe center of the mass of a polymer chain, ang, andT,

scattering[11]. are positive constants that determine the shape of the free-
We consider the mechanism of the oscillation of a singleenergy profile.

DNA molecule under irradiation by a cw laser beam from the  For the profile of temperatur@&, around the focused laser,
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whereG(r) corresponds to the energy supplied by the laser < 08 g
beam, which has a large value only near the focus, sl & 0'6 T;“ [
the thermal diffusion constant. In a three-dimensional sys- 2 04 2
tem, the temperature profile near the focus is B 52 22}
0.0
I’2 02 . Uniolded 0
T:Tmaxex BV E (4) 8 5 4 3L
rtemp E &

g = 3 .§
where T, is the temperature at the focus, ang,, is the % f% 722 -
typical radius that relates to the diffusion constedt,and ;.i s 2 8
the energy induced by the laser bedftr,.). Considering that 5 E § 1k
the diameter of a DNA chain is-2 nm, which is much & !
smaller than the optical wavelength, the optical potential can g & i . ; B
be adequately described by the Rayleigh resyifr#. The a° 0 500 1000 1500 %o 0.01
time dependence af, is ) time f (a.u.) frequency (a. u.)
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whereU is the optical potential induced by the focused laser densi
ensity 1 (a. u.)

beam,f...is the scattering force by the laser beaitt) is
the Gaussian white noise, akth andr,, are the constants ) ) )
that correspond to the depth and width of the optical poten- FIG- 3. Results of numerical calculations using Eds(6). (a)

tial, respectively. The scattering forde.., is attributed not ~ Left column: time trace of the order parametet, which corre-
only to the direct effect of the laser force but also to ansSPonds to the density of the DNA molecule, and the position of the
indirect convective effect via water center of mass of the DNA moleculg, Right column: autocorre-

In the above equations, the nature of the first-order phaslgzion Oflthe t:(me :acdes °f7 arr:drc'h(b; Tdhe traj‘:.“c_tr?]ry on theyre
transition between folded and unfolded states is incorporate ase plane Or_t © a_ta n t_e S a_ © are@)in ° paraTeters
. o .~ “used here arg=10, a=1, =1, Tp=0.5, Ty,=0.76, rem=2.0,
in Egs. (1) and (2.)’ and th‘? competltlo'n between trapping fscar=0.025,Up=1.0, andr5,=2.0. The variance of Gaussian noise
force and scattering force is deplct_ed in E§). These WO i3 The initial state is.=0.5 andy=0.5.
aspects are the sources of interaction between the density
and the position of the center of mass

From a system with coupled differential equations, the ) .
tempora' Change in the Conformation and position of a Sing|@e related to the Work|ng meChan|Sm Of molecular motors. It
chain can be numerically obtained as shown in Fig).3’he  has been reported that the discrete conformational change in
density of the DNA moleculey, shows a periodic change. molecular motors under an ATP supply is closely related to
The position of the center of mass of the DNA molecule alsdhe function of such motors, for instance myo$i8] and
oscillates with some time delay with respecttoThese time ~ Fi-ATPase[4,14. The discrete conformational change in
traces correspond at least qualitatively to the experimentdnolecular motors driven by the ATP supply is expected to
results shown in Fig. 2. The trajectory on ther, plane as correspond to the first-order phase transition driven by a fo-
depicted in Fig. 3 exhibits a similar feature to that in thecused laser beam.
experiment including the direction of rotation on the phase
plane[see Fig. 2b)]. It is thus concluded that our theoretical
framework reproduces the essence of the experimental
trends. As there remain many uncertain parameters in the
equations at present, we do not try to perform the simulation
by changing each parameter. In conclusion, a numerical simulation showed that a

The theoretical framework, which is associated with thesingle polymer chain can undergo a rhythmic conformational
periodic conformational change of a polymer chain andchange under a microscopic temperature gradient. The essen-
spontaneous motion under nonequilibrium conditions, mayial features reported for the rhythmic change of a DNA

IV. CONCLUSION
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chain under a focused IR laser were reproduced within thehinery on a macromolecule, especially focusing on the effi-
theoretical framework. Studies on self-excitation in such aciency of energy conversion.

rhythmic change in a microscopic system may be useful to

obtain the deeper 'unde'rstandlng of the mechemsm of mo- ACKNOWLEDGMENTS

lecular motors in biological systems. Such studies may also

aid in the development of a theoretical framework toward the The authors thank Masatoshi Ichikag&yoto University,
design of micromotors for practical applications. The presenfapan for the discussion on the mechanism. This work was
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