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ABSTRACT Using total internal reflection fluorescence microscopy, we have directly observed individual interactions of
single RNA polymerase molecules with a single molecule of A-phage DNA suspended in solution by optical traps. The
interactions of RNA polymerase molecules were not homogeneous along DNA. They dissociated slowly from the positions of
the promoters and sequences common to promoters at a rate of ~0.66 s~ ', which was more than severalfold smaller than
the rate at other positions. The association rate constant for the slow dissociation sites was 9.2 X 10> bp~ ' M~ ' s . The
frequency of binding to the fast dissociation sites was dependent on the A-T composition; it was larger in the AT-rich regions
than in the GC-rich regions. RNA polymerase molecules on the fast dissociation sites underwent linear diffusion (sliding) along
DNA. The binding to the slow dissociation sites was greatly enhanced when DNA was released to a relaxed state, suggesting
that the binding depended on the strain exerted on the DNA. The present method is potentially applicable to the examination
of a wide variety of protein—nucleic acid interactions, especially those involved in the process of transcription.

INTRODUCTION

The first step of gene expression is the binding of RNA1996; Wang et al., 1997). Single-molecule processes of
polymerase molecules to DNA and its search for the genéranscription by RNA polymerase have been detected by
promoter. This step is the center of the regulatory mechamonitoring a tag attached to DNA (Schafer et al., 1991; Yin
nism of transcription and has been extensively investigatedgt al., 1995). Kabata and co-workers have observed move-
mainly by kinetic (McClure, 1985; Singer and Wu, 1987; ment of single RNA polymerase molecules, conjugated with
Ricchetti et al., 1988; Spolar and Record, Jr., 1994) andvidin labeled with many fluorescent dye molecules, in a
structural (Polyakov et al., 1995; Werner et al., 1996) studbundle of extended DNA molecules under a conventional
ies. The kinetic studies have proposed some mechanisms foptical microscope (Kabata et al., 1993). Their results sup-
promoter searching based on the results of the binding gbort sliding as a mechanism for searching the promoter. We
RNA polymerase molecules to specific and nonspecifichave demonstrated that single fluorophores can be clearly
sites on the DNA: sliding (one-dimensional diffusion of observed in agueous solution by total internal reflection
nonspecific binding proteins along the DNA), intersegmentfluorescence microscopy, refined so that the background
transfer (direct intersegment transfer of proteins betweefight is very low (Funatsu et al., 1995; Vale et al., 1996;
nonspecific DNA sites within the domain), and simple dis-Harada et al., 1998). By combining this technique with the
sociation-association reactions (three-dimensional diffusiomanipulation of DNA by optical traps, we have developed
in solution) (von Hippel and Berg, 1989). Fluid tapping- a new system in which individual interactions of single
mode atomic force microscopy has allowed the initiationRNA polymerase molecules with a single molecule of DNA
(formation of the open complex) and elongation in thesuspended in solution can be directly observed in real time.
transcription process to be directly observed in sequential
images (Rees et al., 1993; Kasas et al., 1997; Rippe et al.,
1997). MATERIALS AND METHODS

Recently, new optical methods for imaging (Matsumoto
et al., 1981) and manipulating (Perkins et al., 1994) DNA
have opened a new phase in the study of gene expressiopireptavidin-coated beads were prepared according to the method of Ber-
Detailed elastic characteristics of DNA have been examine&ner and colleagues (Berliner et al., 1995), with some modifications.

. . . . . Biotin-x-cadaverine (0.78 mg/ml; Molecular Probes, Eugene, OR) was

by mampUIatlng a single molecule of DNA with an_ optical conjugated to 1um carboxylated polystyrene beads (2% wi/v; Bangs
trap and a microneedle (Cluzel et al., 1996; Smith et al. aporatories, Carmel, IN) in a solution containing 5 mg/ml of 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide HCI, 6 mg/ml Bfhydroxysulpho-

succinimide, and 20 mM sodium phosphate, pH 7.0. After 1 h, the reaction
Received for publication 7 July 1998 and in final form 8 October 1998. was quenched by the adqun of 10 mM gly.cme, pH.8.0. Eree cross-lmk'er

was removed from the solution by successive centrifugation and pelleting
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ligated on to the\-phage DNA (Takara Biochemicals). Streptavidin-coated DNA (~5 pN) was determined by measuring the displacements of the bead
beads (in 0.5l of 10 mM HEPES, pH 7.8, 100 mM KCI, 1 mM EDTA) from the center of the trap with nanometer accuracy (Finer et al., 1994). As
were incubated with biotinylated-phage DNA (470 pM in 0.5l of 10 the bead undergoes free thermal rotation in the trap at an applied force of
mM HEPES, pH 7.8, 100 mM KCI, 1 mM EDTA). A flow cell (Iwane et several pN (Tsuda et al., 1996), rotational strain exerted on the DNA by
al., 1997) was rinsed with 2 mg/ml ef-casein in 10 mM HEPES, pH 7.8, pulling it taut would be negligibly small. Fluorophores were excited with
100 mM KCI, 1 mM EDTA,; incubated for several minutes; and rinsed a frequency-doubled Nd:YAG laser (wavelength 532 nm, model 140-0534-
twice with a solution containing 20 mM HEPES, pH 7.8, 100 mM KCI, 1 200; Light Wave Electronics, Mountain View, CA). Fluorescence images
mM MgCl,, 50% sucrose, 0.5% 2-mercaptethanol, and an oxygen scaverwere captured by a silicon-intensified target camera (C2741; Hamamatsu
ger system (Harada et al., 1990). Rinse volumes wereullOBeads Photonics, Hamamatsu, Japan) coupled to an image intensifier (VS4-1845;
conjugated with DNA were then diluted in 1@ of 9 nM fluorescently Video Scope International, Sterling, VA) and recorded on videotape.
labeled RNA polymerase molecules in 20 mM HEPES, pH 7.8, 100 mMBright-field images of the beads and fluorescence images of Cy3-labeled
KCI, 1 mM MgCl,, 50% sucrose, 0.5% 2-mercaptethanol, and an oxygerRNA polymerase molecules could be observed simultaneously. An oil-
scavenger system. Pretreatment of the glass surfacewddisein and 50%  immersion objective lens (Plan NCF Flusrl00, 1.3 NA; Nikon, Tokyo)
sucrose was essential for low nonspecific binding of RNA polymerasewas used.

molecules to the glass surface. An unlabeled DNA molecule that had beads

bound at both ends was selected and suspended near the surface of a

pedestal by manipulating the beads with dual optical traps under brightRESULTS AND DISCUSSION

field illumination. The concentration of DNA was low (see above), so that

only a few beads out 0f~1000 beads were connected with other beads Qbservations

through the DNA. Therefore, there should be a negligibly small possibility

that more than one DNA molecule was suspended between two beads. THieg. 1 a shows a schematic drawing of the experimental
point was confirmed by directly observing the DNA after fluorescent arrangement. An unstainexdtphage DNA molecule with
labeling with TOTO-1 (Molecular Probes). both ends attached to beads was captured and stretched to
full extension by dual optical traps under bright-field illu-
mination. The tension exerted on the DNA wa$s pN in all
experiments, except for those in Fig. 6. The DNA was
brought near the surface of a rectangular pedestahB
Escherichia colcore RNA polymerase is composed of twasubunits, one  wide and 2um deep, which had been made on a glass

B-subunit, and on@’-subunit. The cysteine residues of #aasubunit of an surface by chemical etching (Ishijima etal., 1998). Individ-
RNA polymerase molecule, except for 269C, were replaced with alanine, . . -
Mutanta([269C]a)-, B-, B, ando™®-subunits were expressed and purified ual interactions of single fluorescently labeled RNA poly

according to the methods of Igarashi and Ishihama (1991). The 269dNerase molecules with the DNA were directly observed by
residue of the [269Ch-subunit was labeled with Cy3-maleimide. Cy3- the evanescent field produced when a laser was totally
maleimide was synthesized from Cy3-OSu (Amersham Pharmacia Bioteclreflected in the interface between the glass and the solution
A”E‘gt(on Heoilghts'b IL) by i”C“ba“"”)r"f‘gtw‘(z‘(l‘piF";ra[Z‘”y')e}ihy')g‘a'e‘ (Funatsu et al., 1995). Fig.i.shows the bright-field image
imide (Dojindo Laboratories, Japan at40°C. The [269Ch-subunit . . . .

was mixed with Cy3-maleimide in a ratio of 1:10 in 10 mM Tris-Cl, pH of the beads in the optlcal traps, between V\_/hICh a Smgle
8.0, 5% glycerol, 0.1 mM EDTA fol h at37°C. Unbound dyes were DNA molecule has been suspended. An oblique band be-
removed by gel filtration. The molar ratio ef-subunit:Cy3 was 1:0.5. tween the beads indicates a part of the rectangular pedestal.
Reconstitution and separation of assembled enzymes from unassemblﬁjg_ 1 ¢ shows the fluorescence image of the same field as
subunits was carried out as previously described (lgarashi and Ishihamgy Fig. 1b when the bright—field illumination was switched

1991). RNA polymerase core enzyme activity was assayed under standal . . . . .
conditions (lgarashi and Ishihama, 1991). The core enzyme activity aftei% the evanescent field illumination. Arrowheads show sin

fluorescent labeling was 96% of that before labeling. Holoenzymes werdllé RNA polymerase molecules bound to the DNA at the
prepared by mixing the reconstituted core enzymes with a sixfold molatimes indicated. The fluorescence of a surface-adsorbed
excess of purifiedr’® and incubating for 15 min at 30°C in 10 mM Tris-Cl, RNA polymerase molecule disappeared primarily in either a
PH 7.6, 10 mM MgC}, 20 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, - gne-step or a two-step process, as expected for photobleach-
and 50% glycerol. All experiments were performed at 25°C. ing reactions of one or two dye molecules, respectively,
bound to the twoa-subunits of RNA polymerase. The
distribution of fluorescence intensities of the spots was
similar at various concentrations of KCl in the range of

A total internal reflection microscope used to visualize single fluorophoresq)_100 mM. Brighter spots due to Iarge aggregations of
(Funatsu et al., 1995) was modified to accommodate dual optical traps. Th

i 0
optical trap used a diode-pumped Nd:YAG infrared laser (wavelength 10613rlOIeCUIeS were VerY feW.In nymbeKG/a of Obser\./?d
nm, 7910-Y4-106; Spectra-Physics Lasers, Mountain View, CA). TwoSpOts) and could easily be identified by eye. The position of
traps were produced by passing the laser beam through a quarter-waBe RNA polymerase molecules bound to a suspended DNA
plate followed by a polarizing beam splitter. One of the beams waswas determined frame by frame, and the centroid of the

deflected with two orthogonal scanners that were operated with the mousg,grescent spots was calculated with an image processor.
of a computer. Microbeads were illuminated with infrared light (700—800 The resolution was-0.2 m

nm) from a halogen lamp. A beam splitter was used to produce two images ' '
of the beads. One image was captured by a CCD camera. The other was

projected onto a quadrant photodiode detector to monitor the stiffness by

measuring displacements of one of the beads in two dimensions as dé-ocalization

scribed previously (Higuchi et al., 1997). The trapping stiffness (0.06 . . . o

pN/nm) was determined from thermal fluctuations of trapped beads byl N€ histogram in Fig. 2 shows the localization of RNA

using the equipartition law (Svoboda et al., 1993). The force applied topolymerase molecules bound to thhephage DNA. The

Preparation of fluorescently labeled RNA
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FIGURE 1 Imaging of individual interactions of sin-
gle molecules of RNA polymerase with a single DNA
molecule. & Schematic drawing of experimental ar-
rangement (not drawn to scale). See text for explana-
tion. (b) Bright-field images of the beads in optical
traps. A singlex-phage DNA molecule is suspended
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between the beads (marked layrows), although it
cannot be observed directly. An oblique band between
the beads indicates the rectangular pedestal on the glassb
surface. €) Fluorescence images of the field ln Ar-
rowheads indicate single molecules of fluorescently la-
beled RNA polymerase bound to the DNA (time in .
seconds). Asterisks:( show the positions of the beads.
The DNA cannot be observed because it is not fluores-
cently labeled. The rate of photobleaching was 0.08 s

or the lifetime of the fluorophore was, on average, 30 s.
The concentration of RNA polymerase was low (9 nM),
so that usually no more than two polymerase molecules
bound to the DNA at any given time. Bar,im.

extended length of tha-phage DNA used was-16 um.  AT-rich regions. The rate for slow dissociation could not be
The base composition of DNA is shown in Figh2RNA  determined because the frequency was too small. The asso-
polymerase molecules bound more frequently to AT-richciation rate constants in the fast and slow dissociation sites
regions than to GC-rich regions. In some cases, RNA polywere also determined. As the rate of sudden disappearance
merase molecules bound about fourfold more frequently t@f the spots of RNA polymerase molecules on the glass
the DNA at 11-12.5um from the left bead than at the surface (photobleaching), determined as previously de-
corresponding symmetric position, 3.548m. In other scribed (Tokunaga et al., 1997), was 0.03 for the mean
cases, the reverse was found to be true. Thus it was easy litetime of fluorophores was 30 s), the effect of photo-
identify the orientation of the DNA suspended between thebleaching was negligible; the probability that photobleach-
beads. As the RNA polymerase should have higher affinityng occurred before dissociation was calculated~ds —

for its promoters (11.7 and 12/&m), the orientation of the exp(—0.03 s %/(0.66—8.4) s') = ~5% (Ishijima et al.,
DNA was determined so that the region where RNA poly-1998). The results are summarized in Table 1. For the fast
merase molecules most frequently bound to the DNA coindissociation sites, the association was one order of magni-
cided with its promoter positions (Figs. 2 and 4). A histo- tude slower and the dissociation was one order of magnitude
gram of the lifetimes of RNA polymerase molecules boundfaster, respectively, than those estimated by kinetic studies
to the AT-rich regions of DNA fits a function of two (Singer and Wu, 1987). This difference may be due to the
exponentialsN = 281 exp(-3.0t) + 19 exp(-0.64) (Fig.  fact that the DNA was stretched in this study. More RNA
3). The rates were 3.0°$ for the fast dissociation and 0.66 polymerase molecules were found to bind to the DNA when
s ! for the slow dissociation. A major component of the it was relaxed, as shown later (see Fig. 6), supporting this idea.
histogram of the lifetimes of RNA polymerase molecules Fig. 4 a indicates the localization of RNA polymerase
bound to the GC-rich regions (not shown) could be fitted bymolecules that remained bound to the DNA for more than
a single exponential with a dissociation rate constant of 8.4.5 s. Most of RNA polymerase molecules that remained
s, which corresponds to that for the fast dissociation in thebound for>1.5 s should bind to the slow dissociation sites
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FIGURE 3 Histogram of the lifetimes of RNA polymerase molecules
bound to the AT-rich regions of-phage DNA. A solid line shows a best
fit to two exponentials, 281 exp(3.0) + 19 exp(-0.66). See text for
detail.

A+T contents (%)
8 8

401 movement along the DNA was random, indicating that the
movement was due to thermal diffusion. This observation
provides direct evidence of the linear diffusion of single
FIGURE 2 Localization of RNA polymerase molecules bound to Molecules of RNA polymerase, bound to the fast dissocia-
\-phage DNA. &) Histogram of the frequency of binding of RNA poly- tion sites, along a single DNA molecule. The fraction of
merase molecules ta-phage DNA. The number of RNA polymerase RNA polymerase molecules that diffused further than the
molecules |nteract_|ng with DNA for a unit period was counted every 0.25present space resolutiowO.Z wm; see above) was 10 out
nm. The left and right ends of-phage DNA are denoted as 0 and 4, f381 | | | d by the i A
respectively. The regions from 0 to 3i6n and from 13 to 16um (gray 0 molecules analyzed by the image processor. Assum-
regiong were out of the evanescent field, so the binding of RNA poly- INg that other RNA polymerase molecules underwent ther-
merase molecules was not observed. RNA polymerase molecules undamal diffusion, but their diffusion could not be observed
went linear diffusion along DNA (see Fig. 5). The fraction of RNA

polymerase molecules that slid along the DNA ox€r.2 um was~2.5%,

so we did not consider the effect of the sliding on the binding position. TheTABLE A L d di . £

total number of RNA polymerase molecules observed was Sj0Pér- 1 Association and dissociation rate constants o

centage of A+ T contents of\-phage DNA in windows of 100 bases. The RNA polymerase at fast and slow dissociation sites of A-

30 -

average is 50.1%. phage DNA

Kott (57 Kon (bp™* M1 s7%)
as defined above, because more than 99% of RNA polymerasgr ¢4 3.0 2 4% 10
molecules bound to the fast dissociation sites should dissociager siow 0.66 9.2x 107
from DNA within 1.5 s (Fig. 3). Many RNA polymerase GC fast 8.4 1.8 10°
molecules remained bound to the region of the DNA betweer$C slow ND ND

11.5 and 13um. TheA-phage DNA has two promoters, Bnd ~ The histogram of the lifetimes of RNA polymerase molecules bound to the
P, located near the 35,600 base and the 38,000 base, whiéfi-rich regions of DNA fits the sum of two exponentials, 281 exB(0)
correspond to Iengths of 11.7 and 126, respectively. The + 19 exp(fO.GG) (Fig. 3). The dissociation rate constants were obtained

itions of the promoters correspond to the region where thfrom the time constants of the two components. The fast and slow com-
posi p p_ g ) Sonents correspond to dissociation at fast and slow dissociation sites,
RNA polymerase molecules remained bound for a long timerespectively (see text for details). The association rate constants were
Thus the slow dissociation should be due to the specific bindebtained as (number of RNA polymerase molecules bound to DXA)
ing of RNA polymerase molecules to the promoters. High_(numberof base pairs} x (observation time)* x (concentration of RNA

. . . 1

afflnlty regions also exist near the center of thphage DNA. polymerase)~. The number of RNA polymerase molecules that bound to

p ter-lik ist in thi . Fido) 4 fast and slow dissociation sites of DNA for the observation time (1400 s)
romoter-iiké sequences exist In this region ( Ig))’ even were 529 and 200, respectively, as determined from the histograms. Other

though no promoter could be identified. Itis possible that RNAnumerical values: number of base pairs at AT-rich regienl7,400;
polymerase molecules remained bound to these pseudoprancentration of RNA polymerase 9 nM. A histogram of the lifetimes of
moters for long periods of time. The role of the pseudopro-RNA polymerase molecules bound to GC-rich regions of DNA (not
moters is not known. shown) was fitted to a single exponential of 110 exf(4t). Only the rate
constants at the fast dissociation sites were determined, because the fre-
quency of the association at the slow dissociation sites was too small to be
Linear diffusion analyzed. Rate constants were determined in the same manner as the
. AT-rich regions. Numerical values specific to GC-rich regions: number of
Some of the RNA polymerase molecules on the fast diSSOrna polymerase molecules that bound to fast dissociation sitesto:

ciation sites moved along the DNA (Fig. 5). The direction of number of base pairs at GC-rich regien6700. ND, Not determined.
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a 10 W

FIGURE 4 Localization of RNA polymerase mole-
cules bound to\-phage DNA for more than 1.5 s\
Histogram of the number of RNA polymerase molecules
bound to DNA. Arrows indicate the positions of the
promoters and pseudopromoters, as showrb.irBin
b
4

Frequency (x10°s™")

width, 0.25um. (b) Positions of the promoters (PPg)
and sequences common to promoters (pseudopromoters, 0 T
blue-black strips Sequences common to promoters 0 2 35 6 8 10 12,5 14 16
were searched according to the method of McClure ' Position (it m)

(1985).

b 0 75 87 11,?. 1.2.5 1Eium
7.8

| ) T |

0 10,000 20,000 30,000 40,000 48,502 bp

because of the small diffusion range@.2 um), and the (~0.2 s) has been calculated@$*/? = (2Dt,)*? ~ 90 nm,
polymerase molecules have the same average behavior ine., 300 bp. The probability of RNA polymerase molecules
dependent of the local sequence of the DNA, then théinding to the promoters would be increased by diffusion
diffusion constanD can be estimated to be on the order ofalong DNA, compared to polymerase undergoing random
1071° cn? s7! by inserting the average lifetime of fast association/dissociation (hopping) along the DNA (Singer
dissociation sites, = 0.2 s (1/3.0 s%) into the equation and Wu, 1987; Ricchetti et al., 1988; von Hippel and Berg,
(Berg, 1983) 2[5 ,m (L/VA4mDt,) exp(—x?/4Dt )dx = 1989; Kabata et al., 1993).

10/381. This diffusion constant is one to three orders of

magnitude smaller than those predicted by kinetic studies

(Singer and Wu, 1987; McClure, 1985). This difference Enhanced binding to relaxed DNA

may be due to the fact that we stretched the DNA in thispna forms a random coil structure in its physiological

study or the prediction used to determine the diffusiong o Therefore, we examined the binding of RNA poly-
coefficient in the kinetic studies might be incorrect. The 1 orase molecules to DNA when it was released to a relaxed
average range of linear diffusion for the lifetime of binding ;e Fig. 6 shows the change in the number of RNA
polymerase molecules bound to the DNA after the relaxed
DNA had been extended. Many RNA polymerase mole-
cules remained bound to the DNA for 1-2 s after extension
(Fig. 6, upper panél. Bound RNA polymerase molecules
gradually dissociated from the extended DNA, and new
polymerase molecules bound to it at a steady rate (Fig. 6,
middle and lower pane)sThe positions of the majority of

the bound RNA polymerase molecules after extension of the
DNA coincided with the slow dissociation sites observed in
Fig. 4a. The lifetime of the binding was as long as that for
the slow dissociation sites, indicating that the bound poly-
merase molecules observed should be trapped in the slow
dissociation sites of the DNA. Thus the specific binding of
RNA polymerase molecules to the promoters and sequences
common to promoters was enhanced when DNA was in a
FIGURE 5 Linear diffusion of an RNA polymerase molecule along relaxed state. This may be because the relaxed DNA could

DNA. Arrowheads track a diffusing fluorescently labeled RNA polymerase
molecule along DNA (time in seconds), and asteris§sr{ark the beads in wrap around the RNA polymerase, and thus the RNA poly-

the optical traps. A stationary fluorescent spot shows an RNA polymerasén€rase bound more steadily to the DNA (Rippe et al., 1997;
molecule trapped in a pseudopromoter. Bap8. Craig et al., 1995; Giladi et al., 1996; Tang et al., 1996).
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