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ABSTRACT The dynamics of nonspecific and specific Escherichia coli RNA polymerase (RNAP)-DNA complexes have been
directly observed using scanning force microscopy operating in buffer. To this end, imaging conditions had to be found in
which DNA molecules were adsorbed onto mica strongly enough to be imaged, but loosely enough to be able to diffuse on
the surface. In sequential images of nonspecific complexes, RNAP was seen to slide along DNA, performing a one-
dimensional random walk. Heparin, a substance known to disrupt nonspecific RNAP-DNA interactions, prevented sliding.
These observations suggest that diffusion of RNAP along DNA constitutes a mechanism for accelerated promoter location.
Sequential images of single, transcribing RNAP molecules were also investigated. Upon addition of 5 uM nucleoside
triphosphates to stalled elongation complexes in the liquid chamber, RNAP molecules were seen to processively thread their
template at rates of 1.5 nucleotide/s in a direction consistent with the promoter orientation. Transcription assays, performed
with radiolabeled, mica-bound transcription complexes, confirmed this rate, which was about three times smaller than the
rate of complexes in solution. This assay also showed that the pattern of pause sites and the termination site were affected
by the surface. By using the Einstein-Sutherland friction-diffusion relation the loading force experienced by RNAP due to

DNA-surface friction is estimated and discussed.

INTRODUCTION

Since the invention of the scanning force microscope (SFM)
(Binnig et al., 1982) researchers have steadily progressed
toward the goal of imaging biological samples in aqueous
environments and monitoring biochemical processes at
nanometer resolution in real time (Drake et al., 1989; Rugar
and Hansma, 1990; Hoh and Hansma, 1992; Bustamante et
al., 1993, 1994). DNA was successfully imaged in contact
mode SFM in air (Bustamante et al., 1992; Lyubchenko et
al., 1992; Vesenka et al., 1992), water (Lyubchenko et al.,
1993), and aqueous buffers (Hansma et al., 1993; Bezanilla
et al., 1994a). The nonspecific binding of RNA polymerase
(RNAP) to DNA molecules adsorbed onto mica was ob-
served under aqueous conditions (Guthold et al., 1994). The
recent development of tapping mode SFM in fluid (Dreier et
al., 1994; Hansma et al., 1994; Putman et al., 1994; Han et
al., 1996; Ratcliff et al., 1998; Guthold et al., 1999) has
provided the means for less destructive imaging of biolog-
ical specimens in liquid. By reducing lateral forces exerted
by the tip on the sample, fluid tapping mode has been
critical to the observation of DNA motion and enzymatic
degradation of DNA (Bezanilla et al., 1994b; Bustamante et
al., 1994), the analysis of supercoiled DNA (Lyubchenko
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and Shlyakhtenko, 1997) and Zn?>"-induced DNA kinks
(Han et al., 1997). In the present study, this technique has
been used to investigate the dynamic interactions of RNAP
with DNA.

In Escherichia coli, transcription is carried out by a single
enzyme, E. coli RNAP, and the rate of transcription initia-
tion may, in part, be controlled by the rate at which the
polymerase can find the promoter. That is, if the initial
promoter binding step is not rapidly reversible on the time
scale of subsequent isomerization steps of the promoter
complex (Craig et al., 1998), an accelerated rate of promoter
association will lead to accelerated transcription initiation,
and thus more efficient transcription. In such a scenario, one
problem that RNAP, and for that matter most other specific
DNA-binding proteins, must solve is how to overcome the
kinetic barrier of finding its specific binding site amid an
excess of nonspecific DNA. Previously, it was proposed
that the efficiency of a diffusion-controlled search could be
enhanced by orders of magnitude if it were to take place in
a space of lower dimensionality (Adam and Delbriick,
1968). Shortly afterward it was reported that E. coli lac
repressor locates its target site at rates up to 1000 times
faster than what could be accounted for by a three-dimen-
sional diffusion-controlled search (Riggs et al., 1970).
These and other authors then suggested that the search by
DNA binding proteins for their specific site may be accel-
erated if they were able to first bind nonspecifically to DNA
at any location, and then reach their target site by one-
dimensional diffusion along the DNA (Richter and Eigen,
1974; Berg et al., 1981). According to these ideas, such a
reduction in diffusion dimensionality could lead, under ap-
propriate conditions, to greatly increased binding rates be-
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tween proteins and their cognate sites. This perception
sparked the interest of scientists to demonstrate the exis-
tence and to elucidate the mechanisms of facilitated target
location in DNA binding proteins.

Two investigations have used kinetic analysis to obtain
evidence that RNAP may locate a promoter by one-dimen-
sional diffusion along nonspecific DNA. In the first study
(Singer and Wu, 1987), a rapid mixing/photocross-linking
method was employed to monitor the time-dependent den-
sity of bound RNAP along a relaxed, circular DNA plasmid
containing a single promoter. It was found that the occu-
pancy by RNAP of the DNA segments near a promoter
decreased faster than the occupancy of the segments farther
away from the promoter. This phenomenon was interpreted
as evidence that RNAP reached the promoter through one-
dimensional diffusion along the DNA. In the second study
(Ricchetti et al., 1988), the occupancy of DNA fragments
carrying Al promoters was measured as a function of the
length of the downstream and upstream flanking sequence.
A longer downstream flanking sequence increased the oc-
cupancy of the adjacent promoter in agreement with the
sliding model. However, longer upstream sequences had
surprisingly little effect on promoter occupancy.

In two recent investigations, fluorescence microscopy
was used to observe the interactions of fluorescently labeled
RNAP with DNA. In the first study (Kabata et al., 1993),
super-intensified fluorescence microscopy was employed to
visualize the movement of RNAP over combs of A-DNA. A
fraction of the RNAP molecules was seen to deviate from
the direction of bulk flow and to move along the extended
DNA molecules. This observation suggests that RNAP can
slide along nonspecific DNA. However, in this experiment
the RNAP was predominantly propelled by flow and was,
therefore, not driven by thermal motion. In the second study
(Harada et al., 1999), internal reflection fluorescence mi-
croscopy was used to observe the dissociation and associa-
tion events of RNAP with different regions of a single
A-DNA molecule, which was suspended in laser tweezers.
For AT-rich regions, fast and slow dissociation constants of
3.0 s7' and 0.66 s ' were determined respectively; for
GC-rich regions a fast dissociation rate of 8.4 s~ ' was
measured. In a few instances, sliding of RNAP along the
DNA was also observed in this study.

After RNAP has located a promoter, the protein-DNA
complex undergoes a series of conformational changes that
result in local unwinding of the DNA helix to expose the
template strand (von Hippel et al., 1984; Leirmo and
Record, 1990; Suh and Record, 1993; Craig et al., 1998). In
the presence of nucleoside triphosphates (NTPs), synthesis
of an RNA chain is initiated and the complex enters the
elongation phase. During elongation, RNAP moves along
the DNA template in a highly processive manner (Rhodes
and Chamberlin, 1974), occasionally slowed by pauses
(Chan and Landick, 1994), until a terminator is reached.
Heretofore, nearly all investigations have used a large pop-
ulation of molecules because few techniques were available
to study single transcription complexes. Hence, important
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properties of the individual molecules may have been lost in
the time and population averages involved in bulk studies.
Techniques capable of directly investigating the dynamics
of individual molecules might, therefore, provide further
insights into the mechanisms of transcription (Landick,
1997). In fact, several successful experiments on single
transcription complexes have been reported recently. By
using light microscopy, the shortening of the DNA template
by a transcribing RNAP, which was fixed to a glass surface,
has been monitored via a bead (Schafer et al., 1991). More-
over, the stall force of a transcribing RNAP was measured
with laser tweezers and found to be ~14-30 pN at saturat-
ing NTP concentration (Yin et al., 1995; Wang et al.,
1998D).

In the studies communicated here, scanning force micro-
scope (SFM) imaging in liquid was used to investigate the
dynamics of single, nonspecific, and specific RNAP-DNA
complexes in real time. The first part of this paper describes
the appropriate imaging conditions to carry out this work. In
the second part, image sequences are shown that provide
direct evidence that RNAP can diffuse along DNA (see also
Bustamante et al., 1999). In the third part, image sequences
of individual transcribing single RNAP molecules are in-
vestigated (see also Kasas et al., 1997) and the frictional
loading force experienced by RNAP due to DNA-surface
friction is estimated. Parallel biochemical experiments con-
firmed the activity and transcription rate determined from
the image sequences.

MATERIALS AND METHODS
Sample preparation

A 1001-bp promoterless fragment, corresponding to the region from +12
to +1012 of the APy, gene, was used for the sliding studies. The fragment
was amplified by PCR and gel-purified, followed by phenol/chloroform
extraction and ethanol precipitation. A 946-bp promoterless fragment,
which was used in some experiments, was obtained by EcoRI/PvuPvull
digestion of pJES534, (gift of Dr. K. Rippe, German Cancer Research
Center, Heidelberg, Germany), and further purified similarly to the
1001-bp fragment. Nonspecific binary complexes were formed by incu-
bating 50-80 nM RNAP holoenzyme (070) (Epicentre Technologies,
Madison, WI) and 10 nM nonspecific DNA fragment in transcription
buffer (20 mM Tris or Hepes, 50 mM KCl, 5 mM MgCl,, 1 mM 2-mer-
captoethanol, pH 7.0) at room temperature for ~5 min.

The 1047-bp DNA template, which was used for the transcription
studies, contains the AP, promoter and the tg, terminator (Fig. 3 4). It was
amplified by PCR from plasmid pSAP (Dr. C. Rivetti) and purified by
phenol/chloroform extraction, ethanol precipitation, and filtration through
a Microcon 100 (Amicon, Inc., Beverly, MA). Stalled elongation com-
plexes (A70) were formed according to Levin et al. (1987). RNAP holoen-
zyme (30 nM) was incubated with 10 nM DNA template in transcription
buffer for 10 min at 37°C. Stalled elongation complexes were then formed
by the addition of ATP, GTP, and UTP to a final concentration of 20 uM
each and incubation for 10 min at room temperature.

SFM imaging in liquid

Nonspecific or stalled elongation complexes were diluted 5-10-fold in
deposition buffer (4 mM Hepes, 1 mM KCl, 1 mM MgCl,, pH 6.7-7.0),
and 20 pl were deposited into the liquid cell O-ring, which had been placed
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on freshly cleaved mica (Pelco Mica, Ted Pella Inc., Redding, CA).
Without a prior rinsing or drying step, the SFM liquid chamber (glass cell,
chamber volume ~30 ul, Digital Instruments, Santa Barbara, CA), was
placed on top of the sample drop. Using a flow apparatus (Thomson et al.,
1996), imaging buffer (20 mM Tris-Cl, 5 mM KCI, 5 mM MgCl,, 1 mM
2-mercaptoethanol, pH 7.0) was gently passed through the chamber for a
few minutes to flush out the complexes that had not yet bound to the
surface. In this flow apparatus, buffer containers (20 ml syringe tubes)
were hung above the liquid chamber in order to obtain gravity-driven flow
through the chamber. The outgoing tubes of the containers were connected
to a six-port selection valve (valve and fittings; Upchurch Scientific, Oak
Harbor, WA), which was connected through flexible tubing to the liquid
chamber. This arrangement facilitated the switching between different
buffers without disturbing the microscope. For the entire experiment,
buffers were continuously flown through the chamber at a constant rate of
~0.3 ml/min. Note that constant flow was also maintained while capturing
images. The flow was controlled with a micrometer screw clamping on the
liquid cell inlet tube and the flow rate was determined by weighing the
effluent with a balance (accuracy *£10 mg). When stable images were
obtained, imaging was continued in transcription buffer for several minutes
to establish optimal conditions for RNAP activity. For the transcription
experiments, transcription buffer containing 5 uM NTPs was then flown
through the chamber for the remainder of the experiment. Under these
conditions, the temperature of the substrate in the liquid chamber was
~30°C as determined with a thermocouple that was attached to the mica
surface. All images (256 X 256 pixels) were acquired at a rate of ~5 lines/s
with a Nanoscope III SFM (Digital Instruments, Santa Barbara, CA).
Electron-beam-deposited (EBD) tips (Keller and Chou, 1992) were used in
all experiments. These tips were grown on gold-coated silicon nitride
cantilevers (0.38 N/m) in an SEM (JSM-6300V, Joel U.S.A., Inc. Peabody,
MA) at 20 kV and a working distance of 15 mm. The cantilever was driven
at frequencies in the range of 10—15 kHz and drive amplitudes of 1-2 V.
Free cantilever amplitudes were ~15-20 nm as determined from SFM
force curves. The force exerted by the cantilever was minimized by
imaging at the highest possible setpoint voltage, which was ~0.05 V less
than the amplitude of the free oscillation close to the surface.

Two-dimensional diffusion coefficient of
DNA molecules

For every frame in the sequence, the contour of each DNA molecule, L,
was subdivided into n segments of length /, such that n/ = L. The
coordinates of the center of mass of each molecule, (x,,, V.m), Were then
determined from

¢ n n
(xcmsycm) = Z Exb Eyl (1)

i=0 i=0

where x; and y; are the coordinates of the geometric center of the ith
segment. The coordinates of the DNA contours were normalized relative to
a fixed point in the image to eliminate the effect of lateral drift and scan
motion. The two-dimensional diffusion coefficient of a molecule is then

Elljz_ll (A-xcm,k)2 + ]ljz_ll (Aycm,k)z
- 4N — 1)t &

where Ax,,,, and Ay, represent the x and y excursions of the center of
mass of a molecule during the time interval 7. The values of D,, deter-
mined for all molecules were then averaged to obtain the diffusion coef-
ficient quoted in the text.

Dyp

One-dimensional diffusion coefficient
The one-dimensional diffusion coefficient was calculated from

N—1 2
o1 (A
Dy, = 12t (3)
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where A/; is the change in DNA length measured from one DNA end to the
polymerase during a time interval 7. The values of D, determined for all
complexes were then averaged to obtain the diffusion coefficient given in
the text. The coordinates of the DNA contours were obtained from the
images using the locally written image analysis program Alex (C. Rivetti
and M. Young) which runs in the Matlab environment (The MathWorks,
Inc., Natick, MA).

Biochemical transcription assay on mica surface

Stalled elongation complexes were formed as described above, except that
[@-**P]GTP (3000 Ci/mmol) was added to the reaction (final concentration
0.66 uM) before the addition of ATP, GTP, and UTP. The complexes were
deposited onto mica disks and subjected to the same buffers used in the
imaging experiments. After deposition, the disks were washed with 5 ml
imaging buffer (wash 1) and then with 5 ml transcription buffer (wash 2)
to rinse off complexes that had not yet bound stably to the surface.
Transcription buffer containing 5 uM of all four NTPs was then applied to
the mica disks, and the reaction was quenched after different lengths of
time (see text) by rinsing with transcription buffer (no NTPs) (wash 3), and
then adding gel loading buffer (7 M urea, 1X TBE, 0.5% SDS, 0.05%
xylene cyanol, 0.05% bromphenol blue), which removed the sample from
the mica disks. The washes ensured that only surface-bound complexes
were analyzed in this transcription assay. The mica disks and all buffers
were kept at 30°C according to the temperature measured inside the liquid
cell under imaging conditions. The reaction products and the washes were
analyzed by polyacrylamide gel electrophoresis (PAGE) in a denaturing
8% gel. The bands were quantified with a phosphoimager (STORM 860,
Molecular Dynamics Inc. Sunnyvale, CA).

RESULTS
DNA diffusion on mica surface

Imaging the dynamic interactions between RNAP and DNA
by SFM first required the resolution of an apparent paradox.
Protein-DNA complexes had to be stably adsorbed onto the
mica substrate so they could be imaged by the scanning tip,
yet they had to be bound loosely enough to be able to
diffuse on the substrate. To reconcile these conflicting re-
quirements, initial experiments focused on finding imaging
conditions in which the RNAP was stably bound to the
mica, whereas the DNA molecules, although adsorbed onto
the surface, were able to diffuse on it. It was found, as has
also been reported previously, that binding of DNA to the
mica substrate requires the presence of a divalent cation
such as Mg®", Mn**, Ca**, Zn**, or Ni** (Guthold et al.,
1994; Hansma and Laney, 1996) in the deposition buffer. It
was also found that the concentration of monovalent cations
in the deposition solution (not necessarily the imaging so-
lution) should be less than about five times that of the
divalent cations, independent of the total concentration of
these ions. At higher monovalent ion concentrations in the
deposition buffer, DNA molecules did not adsorb strongly
enough to the mica to be imaged with the SFM. Deposition
buffers with pH values below 6.5 also resulted in DNA
adsorption too weak for imaging. Magnesium was chosen as
the divalent ion in the present experiments because it is also
essential for RNAP activity, while other cations are inhib-
itory to transcription (Zn*", Ni*") (Niyogi and Feldman,
1981) or induce kinks in the DNA (Zn*",) (Han et al.,
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1997). To minimize the lateral force exerted by the tip on
the sample, images were acquired with tapping mode SFM
in liquid. Furthermore, hydrophobic EBD tips, which ap-
pear to have minimal interactions with proteins and DNA,
and which are often sharper than regular silicon nitride tips,
were used in all experiments.

In Fig. 1 a the contours of 11 DNA molecules (1047 bp)
from 11 sequentially recorded SFM images are superim-
posed to illustrate the DNA motion on the mica substrate.
The coordinates of the molecules were taken with respect to
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FIGURE 1 Two-dimensional diffusion of DNA on mica. (a) The con-
tours of 11 DNA fragments (1047 bp) obtained from 11 consecutive SFM
images (time interval between images, t ~ 7 min) are superimposed to
illustrate the diffusion of the molecules on the surface. The inset shows the
movement of the center of mass of one representative DNA molecule. To
eliminate the x-y drift of the microscope between frames, the movement of
the center of mass of each molecule was normalized to a fixed reference
point on the surface. Image size: 2000 nm. (b) Plot of mean diffusion
distance (Ar) vs. time . A square root dependence, typical for diffusion-
controlled motion, is seen.
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a fixed feature in the image to eliminate the effect of drift
and scan motion. The excursion of the center of mass of one
DNA molecule is shown in the inset of Fig. 1 a. Fig. 1 b
demonstrates that the mean diffusion distance, (Ar), is pro-
portional to the square root of the time #, which is typical
only for diffusion-controlled motion. The curve fit yielded a
Pearson’s R value of 99%. The average two-dimensional
diffusion coefficient, D,, = (Ar*)/4t, determined from 91
molecules of several different experiments, had a value of
~7 X 10~ cm?%s. The diffusion coefficient varied by
approximately one order of magnitude among different ex-
periments. This was probably due to the variability of the
mica surface, which influences the strength of the mica-
DNA interaction. Some of the motion of DNA on the
surface could be due to the tip-DNA interaction. However,
there is good evidence that the motion is mainly due to
thermal energy. If the motion was caused by the tip it would
be expected that the DNA moves mainly along the scan
direction. This was usually not observed. More importantly,
when the time between scans was increased, the mean
square diffusion distance of the DNA molecules, (A7?), also
increased. Such behavior is typical only for thermal motion,
but it would not be observed if the molecules were moved
by the tip.

RNAP diffusion along nonspecific DNA

Having obtained conditions in which DNA molecules can
diffuse on the substrate while remaining adsorbed to it,
experiments were designed to investigate whether RNAP
can diffuse one-dimensionally along nonspecific DNA. Fig.
2 shows a typical time-lapse sequence of a nonspecific
RNAP-DNA complex. In these images the polymerase ap-
pears as a white globular feature at the center of each image
stably bound to the surface. The DNA molecule appears to
be sliding back and forth beneath the enzyme (Fig. 2, a—g).
In the last frame (Fig. 2 &), the protein has released the
DNA. The position of the RNAP on the DNA fragment in
successive images is depicted schematically in Fig. 2 i.
Similar plots, obtained from >30 different imaging se-
quences, revealed that the relative position of the protein
along the DNA is consistent with a random walk in one
dimension. Fig. 2 j shows a plot of the mean diffusion
distance along the DNA contour, (Al), versus time 7. It can
be seen that (Al) is roughly proportional to the square root
of ¢, which is typical only for diffusion-controlled motion.
The curve fit yielded a Pearson’s R value of 89%. The average
one-dimensional diffusion coefficient, D,, = (AF)/2t, ob-
tained from these images, had a value of D,p, = 1.1 X 10~ '3
nm?/s. The average lifetime of these nonspecific RNAP-DNA
complexes on the surface was ~600 s, which is large com-
pared to nonspecific complexes in solution (see Discussion).

Effect of heparin on nonspecific complexes

The spatial resolution of the SFM images is generally not
sufficient to unequivocally identify these pairs as nonspe-
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FIGURE 2 One-dimensional diffusion of nonspecific binary complexes of RNAP along the DNA. (a—/) SFM time-lapse sequence of RNAP sliding.
Polymerase appears to slide back and forth several times along the DNA molecule before it is released. The elapsed time after the initial observation of
the complex is indicated above each image. The DNA contour is traced with a thin line and the center of the RNAP is marked with a dot. Image size: 350
nm. The height color code ranges from 0 nm (black) to 5 nm (white). (i) Bar plot representation of the length of the two DNA arms (hatched and solid
bars) in 13 sequential images. (/) Plot of mean diffusion distance (A/) vs. time 7. A square root dependence, typical for diffusion-controlled motion, is seen.

cific complexes. Therefore, a control experiment was car-
ried out to demonstrate that these complexes are indeed
nonspecific complexes and not just the DNA and RNAP
positioned in close proximity by chance. Heparin, a polya-
nion and DNA analog, is known to disrupt the relatively
weak nonspecific RNAP-DNA interaction and to inhibit
DNA binding of RNAP (Walter et al., 1967; Kadesch et al.,
1980; Schlax et al., 1995). Accordingly, if these complexes
were true nonspecific complexes, subjection to heparin will
have a deleterious effect on sliding. However, heparin will
have no effect if RNAP and DNA would not be interacting
with each other, or if the complexes were the heparin-
resistant tight-binding kind (Kadesch et al., 1980). The
effect of heparin on diffusion of RNAP along a DNA

fragment was tested on 14 sliding complexes. When these
complexes were exposed to heparin, 13 of them dissociated
right after the arrival of heparin in the liquid cell and no
re-association was observed, thus significantly reducing the
lifetime of these complexes. Only one of them seemed to
stay bound for a longer time. The fact that heparin had such
a marked effect on these complexes implies that the DNA
and RNAP were interacting nonspecifically with each other.

Image sequences of single transcribing
RNAP molecules

To study the dynamics of a transcribing RNAP, a fragment
containing the APy promoter and tg, terminator was used
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(Fig. 3 h). Stalled elongation complexes were formed in
solution and adsorbed onto a mica surface. To capture
various intermediates of the elongation process, the rate of
transcription was adjusted by lowering the nucleotide con-
centration to 5 wM. Under these conditions, NTP binding
becomes the rate-limiting step of the reaction. Assuming a
simple Michaelis-Menten model, the steady-state initial rate
of elongation is given by vy, = v, * INTP)/(K,, + [NTP]).
With a maximum velocity of v,,,, = 50 nt/s (Kassavetis and
Chamberlin, 1981) and a Michaelis constant of K, = 50
uM a rate of v, =~ 5 nt/s is obtained for an NTP concen-
tration of [NTP] = 5 uM. Fig. 3 is a time-lapse sequence of
a transcribing RNAP complex imaged in transcription
buffer with the SFM. A stalled elongation complex, identi-
fied by the location of the polymerase on the DNA template,
is shown shortly before the addition of NTPs to the liquid
cell (Fig. 3 a). In several images before Fig. 3 a, the arms of
the DNA on both sides of the polymerase diffused laterally

T=0sec

Start site
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on the mica surface but did not move through the polymer-
ase in either direction, indicating a stable stalled elongation
complex. Upon nucleotide injection, RNAP began to thread
the DNA template in a processive and unidirectional man-
ner (Fig. 3, b—g) toward the shorter arm of the DNA,
consistent with the orientation of the promoter in the tem-
plate. After transcription, RNAP usually released the DNA.
An analysis of the transcription rates from a total of 20
complexes yielded an average value of 1.5 %= 0.8 nt/s.

Biochemical transcription assay on mica surface

The RNA transcript was not unequivocally identifiable in
the images. Presumably, it attained a compact secondary
structure that remained in contact with the RNAP, and
perhaps could not be resolved due to the apparent broaden-
ing of the RNAP by the scanning tip (Bustamante and

T=110sec T=180sec

Terminator

577 bp

+1 470

+313 +470

FIGURE 3 SFM time-lapse sequence of a transcribing RNAP. (a) Image of a stalled elongation complex (A70), as judged from the length of the DNA
arms, before the injection of NTPs into the liquid cell. (b—g) Consecutive images after transcription was resumed by flowing 5 uM NTPs in transcription
buffer through the liquid cell. During transcription, which proceeds toward the shorter arm, the RNAP remained stably bound to the surface while the DNA
was pulled through the protein. The DNA contour is traced with a thin line and the center of the RNAP is marked with a dot. Image size and colors as
in Fig. 2. (h) Map of the 1047 bp DNA template used in the transcription experiments. The sequence of the coding strand allows the formation of stalled
elongation complexes (A70) with a 70 nucleotide-long transcript in a transcription reaction lacking CTP. The location of the stalling site on the template
is asymmetric (577 bp vs. 470 bp) so that stalled elongation complexes and the direction of transcription can be identified in the images.
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Keller, 1995). A biochemical control experiment was, there-
fore, designed to investigate the activity and transcription
rate of mica-bound complexes. Stalled elongation com-
plexes prepared with a radiolabeled transcript were depos-
ited onto mica and subjected to the same buffer conditions
and temperature as in the imaging experiments. Fig. 4 a
compares the activity and transcription rates of these mica-
bound complexes with those determined for complexes in
solution. A quantitative analysis of the bands revealed that
~40-50% of the complexes on the surface and ~75-80%
of the complexes in solution are able to extend the tran-
script. Hence, as judged by this criterion, the activity of the
complexes on the surface is similar, but somewhat lower
than the activity of the complexes in solution. When com-
paring the transcription rates of solution and surface-bound
complexes, a larger difference is apparent. The complexes
in solution transcribe at a rate of ~5 nt/s, whereas the
surface-bound complexes transcribe at a rate of ~1 nt/s. At
higher NTP concentrations, the transcription rates for both
complexes increased, but the rate for complexes on the
surface remained lower than the rate for complexes in
solution. The pattern of pauses and termination at the tg,

30
S|M

[a] [o] 45" ] 80"

SIM|S|M

term.
—

FIGURE 4 Activity and transcription rates of stalled elongation com-
plexes in solution and on a mica surface. (a) Stalled elongation complexes
in solution (S) or on a mica surface (M) were chased with 5 uM NTPs in
transcription buffer. The reaction was quenched with gel loading buffer at
the indicated times, and the products were analyzed using denaturing
PAGE. Lane 1: 70 nt RNA from unchased stalled elongation complexes;
lanes 2—15: time course of transcription elongation for solution (S) and
mica-bound (M) stalled elongation complexes. A quantitative analysis of
the bands revealed that ~40-50% of the complexes on the surface, as
compared to ~75-80% of the complexes in solution, were able to extend
the transcript. The rate of transcription is ~1 nt/s and 5 nt/s for the
surface-bound complexes and complexes in solution, respectively. (b)
Analysis of the three washes applied to surface-bound complexes. About
70% of the total number of complexes deposited were rinsed off in the first
wash (lane I). They had not yet bound to the surface. No complexes were
detached from the surface in the two subsequent washes (lanes 2 and 3)
indicating that once the complexes had bound to the surface they remained
adsorbed to it.
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site are also affected by the surface. Although many pause
sites are the same for surface-associated complexes and
solution complexes, there are also distinct differences. One
might expect that surface-bound complexes would just have
more pauses because RNAP has to overcome the additional
drag force acting on the DNA. However, it appears that
either complex has some unique pause sites that are not very
pronounced in the other one. Moreover, surface-associated
complexes apparently yield different transcripts than the
correct, full-length transcript, and seem to produce signifi-
cant quantities of transcripts that are longer than the correct
full-length transcripts (see Discussion).

To verify that the measured transcriptional activity cor-
responded to surface-bound complexes and not to com-
plexes that had detached from the surface, the sample was
rinsed twice after the deposition and once after the addition
of nucleotides. These washes were then analyzed by dena-
turing PAGE. Fig. 4 b shows that ~70% of the total number
of complexes were rinsed off in the first wash; these com-
plexes had not yet bound to the surface. Both subsequent
washes were completely clear, indicating that the com-
plexes remained adsorbed to the surface once they had
bound to it. The radiolabeled transcript was removed from
the surface using denaturing gel loading buffer containing
0.5% SDS and analyzed by PAGE.

DISCUSSION

The goal of this study was to image and characterize the
dynamics of specific and nonspecific RNAP-DNA com-
plexes. The initial challenge in these experiments was to
find imaging conditions in which, at the same time, 1)
RNAP be active on a surface suitable for SFM imaging,
2) DNA fragments be stably adsorbed onto the surface so
that they can be imaged by the scanning tip, and 3) the
DNA fragments be able to diffuse laterally on the surface.
The conditions described in this paper satisfy all these
requirements.

Two-dimensional diffusion of DNA

The behavior of the DNA on the substrate can be explained
by a model for the equilibration of DNA molecules on a
mica surface (Rivetti et al., 1996). The mica substrate is
described as an array of discrete binding sites capable of
interacting with the many segments of a DNA polymer. The
DNA segments are able to exchange among the various
binding sites; the rate of this exchange, and thus the mag-
nitude of the diffusion constant, is determined by the acti-
vation energy to move one segment from one binding site to
another with no net change in binding energy. The dynamics
of the molecules on the surface are thus controlled by the
density and strength of binding sites and the length of the
polymer (Bustamante and Rivetti, 1996; Rivetti et al.,
1996). According to this model, complete detachment of a
molecule from the surface is thermodynamically unfavor-
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able, as it would require the simultaneous breaking of many
molecule-surface interactions.

RNAP sliding

In the present study, sequential SFM images of single
RNAP molecules sliding along individual DNA fragments
were recorded and analyzed. These images demonstrate that
RNAP can use one-dimensional diffusion along nonspecific
DNA to accelerate the search for promoters. The ability of
heparin to disrupt the sliding process and, thereby, reduce
the mean diffusion time of the polymerase on the DNA,
supports the identification of the RNAP-DNA complexes as
nonspecific complexes and eliminates the possibility that
these complexes are simply DNA and RNAP juxtaposed by
chance.

The average lifetime of surface-bound nonspecific com-
plexes was found to be ~600 s, which is much larger than
the average lifetime of 3.3 s (Singer and Wu, 1987) and
1.5-0.1 s (Harada et al., 1999) reported for nonspecific
complexes in solution under similar salt conditions. A pos-
sible explanation is that the constraints imposed by the
surface slow the rates at which the complex adopts inter-
mediate configurations required for dissociation. Dissocia-
tion rates smaller by a factor of 180 would require an
increase in the activation energy leading to this intermediate
by ~3.1 kcal/mol. This value is well within the range of
activation energies for surface diffusion of DNA (~8.1
kcal/mol) obtained from a comparison between the diffu-
sion constants of the DNA fragment on the surface, D,, =
7 - 10~ ecm?s, and in solution, Dy, = 5.4 - 10°% cm?/s
(Rivetti et al., 1996). Furthermore, both molecules remain in
close proximity to each other for a longer time when RNAP
releases the DNA, because both of them are adsorbed to the
surface. Attractive interactions between the molecules
might increase the probability that RNAP and DNA re-
associate many times before the DNA fragment eventually
dissociates completely and diffuses away. This interpreta-
tion is consistent with the observation that the lifetime of
nonspecific complexes is reduced in the presence of the
negatively charged DNA competitor, heparin. It is possible
that the small diffusion constants and large lifetimes ob-
served on the surface might also be observed in analogous
experiments that were carried out in very viscous mediums,
such as the inside of cells (Bausch et al., 1998, 1999).

Transcription

The transcription experiments showed that 40-50% of the
surface-bound stalled elongation complexes, compared with
~75-80% of the complexes in solution, were able to re-
sume transcription after addition of all four NTPs. Thus, as
judged by this criterion, a large fraction of the complexes
maintain their activity when being adsorbed onto the sur-
face. However, the pattern of pauses and the termination site
seem to be affected by the surface. Generally, there are
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many pauses because the concentration of nucleotides is
only 5 uM. Several pauses are at the same sites for both
complexes (for surface-bound complexes they appear to be
delayed, as these complexes transcribe slower), but there are
some pauses that are unique to either one of the complexes.
There might be several reasons for this observation. There is
evidence that RNA secondary structure, RNA interactions
with the transcription complex, and the conformation of
RNAP at a particular site play a crucial, regulatory role in
the pattern of pauses and the termination event (Landick,
1997; Artsimovitch and Landick, 1998). It is likely that all
three factors are somewhat perturbed by the surface. The
surface may hamper (or stabilize) the formation of hairpins,
it may influence the interactions of the transcript with the
RNAP-DNA complex, and it may affect the conformation
of RNAP at a particular site. Moreover, it could also be that
the drag force acting on the DNA of surface-bound com-
plexes might cause additional pauses for these complexes.

Recently, it has been shown that a hairpin in the nascent
transcript is crucial for termination at the tg, terminator
(Yarnell and Roberts, 1999). Thus, termination for surface-
bound complexes might be different, because the formation
of this hairpin, or its interaction with the transcription com-
plex, is impaired by the surface. If the hairpin is unable to
interact with the transcription complex, RNAP might read
through the termination site and synthesize longer than
regular, full-length transcripts, as was observed in the
experiments.

Frictional loading force on a transcribing RNA

An analysis of the transcription rates from the SFM se-
quences yielded an average value of 1.5 = 0.8 nt/s at an
NTP concentration of 5 wM. This value is in good agree-
ment with that obtained under the same conditions in the
biochemical assays (1 nt/s), and is about three to five times
smaller than that measured in solution. Using the two-
dimensional diffusion coefficient of free DNA molecules it
is possible to estimate the average frictional drag experi-
enced by the polymerase as it threads a DNA molecule on
the surface. Because of the variability of the DNA-mica
interaction among different experiments, this analysis was
done using free DNA molecules in the neighborhood of a
transcribing complex. Using the Einstein-Sutherland fric-
tion-diffusion relation,

kT
=D “4)

with D = 1.4 = 0.6 nm%s and kz7 = 4.2 pN - nm (T =
30°C), a value of £ = 3.0 = 0.2 pN - s/nm is obtained. The
frictional drag against which a polymerase molecule must
transcribe is then

F= v )

where v, is the rate of RNA elongation. Under the condi-
tions used in these experiments, a frictional force of 1.5 *
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0.5 pN is obtained. The frictional force estimated here
represents a lower bound, since it utilizes only data for the
lateral diffusion of the DNA molecules on the surface.
However, RNAP must not only thread, but rotate the DNA
molecule, a movement that is also hindered by the surface.
The DNA helix is rotated at a speed of ~0.9 nm/s (for a
DNA diameter of 2 nm). Assuming that the frictional coef-
ficient £ is about the same for rotation and translation, an
equivalent calculation would yield an additional rotational
drag force of ~2.7 pN, resulting in a total friction force of
~4.2 pN.

A recent theoretical paper has put forth a mechanical
model in which RNAP is treated as a molecular motor that
converts chemical energy into kinetic energy to move along
the DNA (Wang et al., 1998). The model was used to
calculate force-velocity curves and the stall force for RNA
polymerase for different NTP or PPi concentrations. It is
thus possible to predict the velocity of RNAP for a given
NTP concentration and a given force acting on it. According
to this model, a frictional force of ~4 pN would be required
to reduce the rates from 5 nt/s to 1-1.5 nt/s at an NTP
concentration of 5 uM. This number is in good agreement
with the measured frictional force above, where it was
assumed that RNAP has to overcome lateral and rotational
friction during transcription on a surface.

Other, surface-related factors might also cause a reduc-
tion in the transcription rates. 1) Torsional strain: during
transcription, positive supercoils develop in front of RNAP
and negative supercoils behind it. For a linear fragment in
solution, they are almost instantaneously relaxed because
both helix strands can freely swivel with respect to each
other. However, when the DNA strands are adsorbed onto a
substrate, the relaxation of such supercoils is slowed. In this
case, RNAP transcribes against an increasing torsional
stress until either it stalls or the DNA lifts, at least partially,
off the surface, releasing the stress before re-attaching to it.
2) Steric hindrance: RNAP may undergo conformational
changes during elongation (Nudler et al., 1994), which may
be necessary for transcription to proceed efficiently. Strong
adsorption of RNAP to a substrate might restrict such move-
ments and thus also reduce the transcription rate.

Recently, the viscosity, m), of the cytoplasm of macro-
phages and fibroblast has been found to be ~210 and 2000
Pa - s, respectively (Bausch et al., 1998, 1999). Assuming
that the viscosity of the cytoplasm of E. coli is of the same
order of magnitude (~1000 Pa - s), a molecule of the size of
RNAP (r ~10 nm) experiences an in vivo frictional coef-
ficient of ~&é = 6mmr =~ 0.2 pN - s/nm. Thus, the in vivo
coefficient is much closer to the frictional coefficient that
RNAP experiences in the AFM experiments (~3 pN * s/nm)
than the one it experiences in standard in vitro experiments
(~2+1077 pN * s/nm; .., = 10> Pa - s). In this sense,
RNAP polymerase experiences a more realistic drag force
in the present AFM experiments than it does in standard in
vitro experiments. However, it should also be noted that
drag force cannot be the only determining factor for the
transcription rate, since the in vivo rate is higher than the
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rate measured in typical in vitro experiments (Uptain et al.,
1997). Most likely, other factors also contribute to the high
rates and fidelity of RNAP in living cells.

CONCLUSION

Transcription through-put in the cell depends on the inter-
play between thermodynamic and kinetic factors. The
former warrant an adequate occupancy of the polymerase at
the promoter, while the latter ensure both an efficient search
of the target site in the midst of a large excess of non-
cognate DNA and appropriate elongation rates. These com-
plex requirements determine the nature and strength of the
interactions of RNAP and DNA. In this paper, the scanning
force microscope has been used to investigate, in real time,
the specific and nonspecific interactions of RNAP with
DNA. Images of RNAP holoenzyme bound nonspecifically
to promoterless DNA showed that the protein can diffuse
along the DNA. This finding suggests that RNAP uses
sliding to accelerate promoter location. Images of stalled
elongation complexes of RNAP resuming and completing
transcription upon the addition of NTPs have also been
obtained. Parallel biochemical studies in solution and on the
surface confirmed the rates of transcription observed for
individual complexes. Further studies will benefit from im-
proved time resolution of the instrument to better charac-
terize elongation intermediates and the dwell times associ-
ated with pausing sites. It will also be possible to alter the
conditions of deposition and modify the strength of attach-
ment of the DNA to the surface. Following the approach
demonstrated here, the diffusion coefficient of free DNA
molecules in the vicinity of the elongating complexes could
be used to systematically investigate the effect of increasing
frictional load on the rate of transcription and pausing by
RNAP as a function of NTP concentration.
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