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ABSTRACT

Using total intrnal reflection fluorescence micro-
scopy, we directly visualize in real-time, the 1D
Brownian motion and transcription elongation of
T7 RNA polymerase along aligned DNA molecules
bound to substrates by molecular combing.
We fluorescently label T7 RNA polymerase with
antibodies and use flow to convect them orthogon-
ally to the DNA alignment direction, permitting
observation and estimation of the protein diffusivity
along the DNA at the single-molecule level. Our
observations suggest that the 1D diffusion coeffi-
cient varies from molecule to molecule over the
range 6.1 x 10~ cm?/s to 4.3 x 10~° cm?/s. We also
observe binding and transcription by T7 RNA
polymerases on single combed T7 DNA molecules
with an apparent association rate of 1.6 M 's™,
From the measured dependence of the rate of
transcription on concentration of nucleotide tripho-
sphate, we infer that the combed DNA molecules
capable of interacting with proteins are under an
average tension of 25 pN.

INTRODUCTION

With the completion of genomic sequencing for many
organisms, a key program in the field of biology is to
understand the interactions between DNA and the cellular
proteins that control the functioning of the cell. While the
expression of genes as proteins is regulated at several
levels—starting with the transcription of DNA into
complementary RNA and continuing through RNA
processing, transport and translation into protein—it is
evident that the initial transcription of DNA into RNA
is the primary determinant of cellular function. The
synthesis of RNA by RNA polymerases (RNAPs)
generally follow these steps: (i) RNAP binds to the
DNA at a nonspecific location and searches for the
promoter DNA sequence via a process known as

‘facilitated diffusion’, (ii) RNAP binds to the promoter
and initiates RNA synthesis by first inducing a strand
separation to form a transcription bubble, (iii) RNAP
undergoes a conformational rearrangement into an
elongation complex (1) and translocates unidirectionally
downstream powered by nucleotide triphosphate (NTP)
hydrolysis rather than relying on random diffusion as in
the promoter search.

Bacteriophage T7 RNAP is a single-subunit enzyme
(98.8 kDa)that does not require additional transcription
factors to carry out the above three steps of RNA
synthesis. ‘Bulk’ experiments to elucidate the kinetic
properties of T7 RNAP such as measurements of
transcription rate (2,3) and rates of association to, and
dissociation from, the promoter (4) have been carried out,
but, because of ensemble averaging, suffer from loss of
detailed information on molecule-to-molecule variations
in rates and reaction pathways. Single-molecule studies
of DNA-protein interactions can reveal such details by
interrogating one molecule at a time. Using single-
molecule detection tools, researchers have extensively
measured the biophysical properties of Escherichia coli
RNAP including its facilitated diffusivity along a DNA
molecule (5-7), its force-dependent transcriptional
velocities (8.,9), the kinetics of the transition between
closed to open complex formation (10), and its rotational
motion during elongation (11). Direct observations of
E. coli RNAP have revealed the kinetics of transcriptional
pausing (12,13) and backtracking (14) of RNAP using
optical tweezers. Although only a few single-molecule
analyses of T7 RNAP interacting with DNA are available,
recent studies have examined the effect of mechanical
force on the transcription rate using optical tweezers
(15) and on the kinetics of the onset of promoter binding,
promoter escape and processive elongation by
individual T7 RNAP molecules using dual optical trap
arrangements (16).

Single-molecule analyses can prove especially powerful
in elucidating the longstanding question of how DNA-
binding proteins locate their target sites. Proteins that
bind to DNA apparently reach specific sequences in part
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by a facilitated diffusion along the contour of the DNA.
Suggested mechanisms of facilitation include 1D ‘sliding’
along the DNA molecular contour while maintaining
intimate protein—-DNA contact, and ‘hopping’ or
Jumping’ of proteins through 3D space from one location
on the DNA to another site along the DNA contour
(17-19). Using single-molecule detection tools, direct
evidence of 1D Brownian motion of proteins along
single DNA molecules has been obtained for fluorescently
labeled E. coli RNAP (5,6), human oxoguanine
DNA glycosylase 1 (hOgg 1) (20), and Lacl repressor
proteins (21).

In the present study, we directly visualize in real-time
three biophysical phenomena: (i) the 1D Brownian
motion of T7 RNAP in search of its promoter sequence
along single, stretched, DNA molecules either firmly
immobilized on a substrate at multiple points along the
contour by combing (22,23) or immobilized at one end
while the opposite end is free in the solution (20,24),
(i1) the association of T7 RNAP onto combed DNA
molecules and (iii) the transcription by T7 RNAP of
single combed T7 DNA molecules. Our single-molecule
results suggest that T7 RNAP locates its target
sequence via 1D Brownian motion maintaining intimate
contact with the DNA. We also observe T7 RNAP
associating with, and translocating unidirectionally along,
the DNA under a tension in a NTP-concentration-
dependent manner.

MATERIALS AND METHODS
DNA preparation

A-DNA (48.5kbp, New England Biolabs) was heated to
65°C for 10min followed by quick cooling to melt the
initially dimerized and cyclized DNA molecules (produced
by the 12bp 5 extruded end) and restore them to their
simple linear forms, as recommended by the provider.
T7 DNA (39.9 kbp, Boca Scientific) was used as supplied.
To stain the DNA, intercalating dye YOYO-1 (Molecular
Probes) was diluted to 100nM in Tris-EDTA buffer
and mixed with DNA to yield a staining ratio of 1 dye
molecule per 20bp. DNA solutions were prepared in
50 mM MES buffer (pH 5.5) for combing and 10 mM Tris-
HCl 1 mM EDTA (TE) buffer (pH 8.0) for flow stretching.
For flow stretching, A-DNA (3nM) was ligated to a
biotin-labeled oligo (5-agg tcg ccg cce-biotin, 30 nM)
using T4 DNA ligase (New England Biolabs).

DNA combing

Polystyrene-coated cover glasses were each dipped into a
DNA solution for a short period (3min) and then a
syringe pump (kD Scientific 100 series) was used to slowly
pull the substrates out from the DNA solution at a
constant rate (200 um/s).

Flow stretching

Cover glasses were cleaned by nitric acid and hydrochloric
acid followed by washing with deionized water. A cover
glass was attached to the flow cell (length 20 mm, width
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8 mm and height 80 um) to form the bottom wall. The flow
cell was filled with Smg/ml neutravidin (Invitrogen) and
incubated for 1h to form a monolayer of protein
on the glass surface, thus providing binding sites for
biotin-labeled DNA. To occupy any remaining protein-
binding sites on the glass surface, the flow cell was then
washed with TE buffer containing 2mg/ml o-casein
(Sigma) and incubated for 0.5h. The biotin-modified A-
DNA was then injected into the flow cell and incubated
for S5min to allow the biotinylated DNA to bind to the
neutravidin on the surface of the glass. The syringe pump
was used to create a strong shear flow (10 ml/h) to stretch
DNA molecules as illustrated in Figure 1B.

Protein visualization

T7 RNAP was purchased from New England Biolabs.
T7 RNAP mouse monoclonal antibody (AB) and
rhodamine conjugated anti-mouse immunoglobin
G (IgG) were purchased from Novagen. T7 RNAP was
mixed first with equimolar T7 RNAP monoclonal anti-
body and then with equimolar rhodamine conjugated
anti-mouse IgG, forming a RNAP-AB complex (RPAB).
The RPABs were prepared fresh just before each
experiment. We note that the terms ‘RPAB’ and ‘T7
RNAP’ will be used interchangeably.

Protein 1D diffusion assay

The cover glass with DNA stretched onto its surface
formed the bottom wall of a customized flow cell as shown
in Figure 1A. As mentioned above, the flow cell was
incubated with a surface-blocking solution containing
2mg/ml a-casein in TE buffer. The protein solution
containing 25-50nM RPAB, 100pg/ml BSA and
0-0.1M NacCl in TE buffer was introduced into the flow
cell at a rate of 0.3 ml/h. We recorded 50-200 images at a
rate of five images per second.

Transcription assay

The cover glass with DNA stretched onto its surface
formed the bottom wall of a customized flow cell as above.
The flow cell was incubated with a surface-blocking
solution containing 2mg/ml a-casein in RNAP reaction
buffer (40mM Tris-HCI, 6 mM MgCl,, 10mM DTT,
pH 7.9) for 30min. For the association kinetics assay,
a protein solution containing 50-200nM RPAB, 100 pg/
ml BSA, 0.6 mM NTP (Promega), and 40 U/ml ribonu-
clease inhibitor (Promega) in RNAP reaction buffer was
introduced into the flow cell at a rate of 1ml/h. For
the transcription assay, a protein solution containing
100-200nM RPAB, 100 pg/ml BSA, 0.1-0.6mM NTP
and 40 U/ml ribonuclease inhibitor in RNAP reaction
buffer was introduced into the flow cell at a rate of
0.5ml/h. For visualization of the RNA transcript, a
protein solution containing 200nM T7 RNAP, 0.2mM
NTP, 8uM Alexa Fluor 488-UTP or 546-UTP
(Invitrogen) and 40 U/ml ribonuclease inhibitor in a
RNAP reaction buffer was introduced into the flow cell
at a rate of 0.5ml/h.
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Figure 1. Experimental setup for visualizing DNA-T7 RNAP interactions. (A) Blow-up at the bottom of the diagram shows aligned DNA molecules
(green) on the surface, interacting with RNAPs (red). (B) A shear flow is created inside the flow cell to stretch A-DNA molecules modified with biotin
at one end. (C) Co-crystal structure of T7 RNAP and DNA. The epitope for AB binding is highlighted in red and DNA in green. We modified the
original Chime image adopted from Zhen Huang’s website (academic.brooklyn.cuny.edu/chem/zhuang). (D) Alexa Fluor 488-UTP labeled RNA
transcripts (left) synthesized by RPAB (right) along combed T7 DNA. Scale bar=35um. (E) Photobleaching trajectory of RPAB and (inset) free

secondary antibody showing stepwise decrease in the fluorescence intensity.



Fluorescence microscopy

Fluorescently labeled molecules were visualized with a
Nikon TE2000-U inverted fluorescence microscope and
a front-illuminated charge-coupled device camera
(Cascade 512F, Roper Scientific) with integration time
of 200ms for each frame. Total internal reflection
fluorescence (TIRF) was achieved by focusing a white
light (x-cite metal halide) through a high numerical
aperture x 100 objective at the critical angle. The camera
exposure time and filter wheel shutter speeds were
controlled by Metavue.

Protein localization

The centroid of fluorescent dots in each image was
determined by fitting a 2D fluorescence intensity profile
to a Gaussian using DiaTrack (Semasopht). The accuracy
of centroid localization can be estimated by

2o 524+ a?/12 N 8msth?
N N a*N?

where s (=1 pixel, which is 167nm) is the standard
deviation (SD) of the Gaussian, ¢ (=167nm) is the size
of the pixel, b is the SD of the background noise and N is
the total photon count (25). We collect an average of
N =150 counts per molecule in each image with an SD
of b=11 counts, yielding the standard error of the
centroid location as o =60 nm.

1

RESULTS AND DISCUSSION

We first investigate the 1D Brownian motion of T7 RNAP
on A-DNA molecules. A-DNA does not contain any T7
promoter sequence; hence the RNAP is not expected to
initiate transcription on A-DNA. We label T7 RNAP
with primary and fluorescent secondary ABs forming
a RNAP-AB complex (RPAB) for direct visualization.
The epitope for specific binding of T7 RNAP monoclonal
AB is located on the C-terminal portion of the palm
domain (residues 861-883), facing away from the catalytic
core (Figure 1C). The catalytic activity of this RPAB
complex was examined by investigating its ability to
synthesize RNA. The green fluorescent dots (left in
Figure 1D) indicate fluorescent UTPs incorporated into
RNA transcripts formed along the contour of single
combed T7 DNA (23), and orange fluorescent dots (right
in Figure 1D) show the positions of RPABs on the same
DNA. Since the locations of the green and red fluorescent
dots coincide, we conclude that RPAB is capable of
initiation and elongation.

The dye manufacturer has indicated that the molar
ratio of dye to secondary antibody is 3.14. We checked
this by measuring the photobleaching behavior of the
protein complex measured in free solution, where to
reduce noise the intensity was added over a 6 x 8 pixel
array and each point integrated over 2s. As shown in
Figure 1E, is the results are consistent with the presence of
around 3-4 dye molecules on the protein complex (imaged
while not attached to DNA), based on the number of
apparent steps in the decrease of fluorescence intensity.
We observe similar apparent step-wise photobleaching
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behavior, and similar fluorescence intensity, for the free
stained secondary antibody alone, imaged under the same
conditions, from which we can infer a similar number of
dye molecules (3—4 dyes) on the secondary antibody alone
(inset, Figure 1E). We therefore expect to find a single
secondary antibody in the RPAB complex. This can also
be verified by estimating the size of the complex from its
diffusivity. The majority of the fresh RPABs have a
diameter of around 40-50 nm, as determined by following
their 3D diffusion in the bulk to measure their bulk
diffusivity. With a diameter of ~6nm for T7 RNAP and
~13nm for both the primary and secondary AB, the size
of the whole complex (40—50 nm in diameter) is consistent
with its containing only one, or at most a few monomers
of each of the three proteins (RNAP, primary AB,
secondary AB) within the experimental error.

We next observe diffusive motion of RPAB after it
binds to the DNA stretched on a substrate. We arrange
the flow of RPAB to be approximately perpendicular to
the direction along which the DNA was stretched, so that
diffusion of the protein along the DNA molecules can
easily be distinguished from convection in the flow
direction. Stretching of a coiled DNA molecule into
a linear configuration is likely to limit our observation of
protein motion to sliding and short-range hopping. The
stretched configuration of the DNA molecules prevents us
from observing any long-range jumping between segments
of DNA that are remote to each other along the chain
contour, but which could be physically close to each other
if the DNA were in a coiled conformation.

As can be seen in Figure 2A, the movement is
bidirectional along the DNA contour. The two dots that
do not move in Figure 2A are presumably proteins bound
to the DNA at points where the DNA is attached to the
substrate. It has been shown that combing of DNA
molecules onto a hydrophobic substrate at acidic condi-
tions leads to multiple anchor points along the backbone,
evidently because of local unpairing of hydrophobic bases
(26). We observed that the protein that initially binds to a
free segment of the DNA between two anchor points
diffuses freely without interference by the substrate. The
RPABs showed no significant photobleaching on the time
scale of our experiments, so that we could visualize these
molecules for as long as several minutes. We also observed
RPAB diffusing along YOYO-stained DNA (Figure 2B).
The displacements of proteins in Figure 2A and B, and of
another similarly diffusing protein, are plotted as a
function of time in Figure 2C and their distributions of
relative displacements y(j)—y(j—1) in Figure 2D. The
distribution of displacements can be well fitted to a
Gaussian centered around zero, which is a characteristic
of Brownian motion.

We can obtain the 1D diffusion coefficient (D;) by
plotting the mean-square displacement (MSD) versus the
time interval over which the displacement takes place
and taking the slope of the linear region. The MSD is
calculated using

N—io . 2 Y
MSD(iAN =Y (Xiey x’)N+ Wiy = )
P —1

J
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Figure 2. Sequence of images of T7 RNAP diffusing along (A) single combed unstained A-DNA and (B) stained A-DNA. Two stationary dots in the
sequences are T7 RNAPs stalled at positions where the DNA is apparently attached to the substrate. The time lapse between each image is 0.2s.
Scale bar =2.5um. (C) The displacements of proteins in the sequences shown in A and B are shown as 1 and 2, respectively, and another similarly
diffusing protein as sequence 3. (D) Histograms of relative displacements y(j)—y(j—1) of protein for the sequences A and B are shown as 1 and 2,
respectively, and another similarly diffusing protein as 3. The distributions are well fitted to a Gaussian centered near zero. (E) Histograms of the 1D
diffusion coefficient (D) and of the diffusion length, defined in the text. (F) The MSD (square) of protein in Figure 2A plotted as a function of time.
The error bar shown is calculated by o;/+/N — i, where (7,2 is the variance in the MSD [Equation (3)] and i is the measurement index going from 1 to

N—1. The dotted line is a linear fit of first five MSD points.

where x; and y; denote centroid positions of the protein in
the ith image, iAt denotes an interval of i time steps
each of duration Ar (=0.2s), and N is the total number of
positions measured. D; is thereby calculated to be

1.241.0 x 107? cm?/s (mean & SD, n=32) for the RPAB
at [NaCl]=0M. Increasing the salt concentration to
0.05M does not affect the diffusivity, suggesting that the
protein maintains close contact with the DNA over the



time scale of our observation. A further increase in salt
concentration to 0.1 M dramatically reduces the binding
affinity of the protein. We note that staining DNA with
intercalating dye does not influence the diffusivity of
protein at the staining ratio we used (dye:bp=1:20).
We define the diffusion length as the maximum distance
covered by the protein over the time scale of our
observation (~20s) and it is thereby calculated to be
1640 £830nm. D; and the diffusion length wvary
from protein to protein over a large range of
6.1 x 107" em?/s4.3 x 10 °cm?/s, and 480-3630 nm,
respectively as shown in Figure 2E (the ‘diffusion length’
is just set by the time we ran the experiments, since we
rarely saw proteins escape from the DNA along which
they diffused).

Here we discuss whether this large variance in Dy is
statistically meaningful by investigating the error in the
MSD for a single protein. The variance in MSD increases
as [ in Equation (2) increases from 1 to N because the
number of statistically independent data points of
displacement decreases with increasing i (Figure 2F).
It has been shown that the variance in MSD can be
expressed as (21,27)

02 = (2DyiAD* 27 + 1)/3i(N — i + 1). 3

The relative SD in D; can thereby be estimated as
[22 4+ 1)/3i(N — i + 1)]'/?>. With N~ 100 in our experi-
ments and i~ 5 for an upper bound of the linear region in
the MSD versus time plot (Figure 2F), we estimate the SD
of D; due to statistical error to be around 20%. In order to
check the validity of our estimation of the error in Dy, we
followed the 1D Brownian motion of a single protein for a
time period of 80s (N =400), which is four times longer
than that of our measurements with different proteins, and
obtained D, for each of four subsets of the data, each
containing 100 measurement points. Using the same
method to determine MSD, we found that D; for a
single protein varied from a minimum of 4.4 x 10~'%cm?/s
in one of the four time intervals to 7.9 x 10~'cm?/s in
another interval, giving a mean value of 6.3 x 107'%cm?/s
and a relative SD of 20%. We also simulated 30 sets of 1D
random walks each with N =100 steps and obtained a
relative SD of 17%, which is in good agreement with our
estimated error in D;. We thereby conclude that the
relative SD of D; due to uncertainly associated with
determination of MSD is around 20%. The much larger
variance in D; we obtained for different proteins, yielding
a relative SD of 83%, far exceeds our estimation of
statistical error, suggesting that the individual RPABs
have distinct intrinsic diffusivities.

We also note that the variability in 1D diffusivities that
we have observed does not correlate with the light
intensity of these proteins. The fluorescence intensity of
a protein with a ‘high’ 1D diffusion coefficient of
3.0 x 10" cm?/s was measured to be ~1800 (arbitrary
unit), and that of a protein with a ‘low’ 1D diffusion
coefficient of 1.8 x 10~'%cm?/s was ~1000 (arbitrary unit).
Intensities both higher than 1800 and lower than 1000
were also measured for proteins with 1D diffusion
coefficients in between the above two values. We therefore
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conclude that the brightness of proteins does not correlate
with the 1D diffusivity. In addition, the fairly modest
variation in light intensity compared to the large variation
in 1D diffusivity, is consistent with the rather tight range
of particle sizes inferred from the 3D diffusivity
(i.e. 40-50nm). Also, the fluorescence intensity of the
free dyed secondary antibody was measured to be
1000-2000 (arbitrary unit) under the same imaging
condition we used to measure the intensity of the RNAP
complex, where we measured intensity in the range of
1000-1800 (arbitrary unit). (These values differs from
the intensities in Figure 1E where to reduce noise the
intensity was added over a 6 x 8 pixel array and each point
integrated over a longer time period; i.e. 2s versus 0.25s).
The similarity in the brightness of the free dyed secondary
antibody and the protein complex under two different
imaging conditions suggests that a single secondary
antibody may be found per RPAB complex, thus the
variation in 1D diffusivity can hardly be due to protein
aggregation.

The residence time of RPAB on the DNA in our
experiments is much longer than that of other proteins in
previous reports, which typically are on the order of a
tenth of second (6,20), while in our experiments, we almost
never see the protein detach from the DNA, even after
many tens of seconds. In order to verify whether using
combed DNA increases the lifetime, we alternatively
stretched DNA molecules using a laminar shear flow
after attaching DNA molecules to the substrate at one end
via a biotin—neutravidin link. As can be seen in
kymograph in Figure 3A, the protein displays somewhat
jerky unidirectional motion on DNA due to the shear
flow, and we do not observe the 1D Brownian motion seen
with combed DNA. The MSD’s as functions of time for
protein moving along flow-stretched DNA and along
combed DNA are shown in Figure 3B. The quadratic
relationship seen in the MSD curve for a protein moving
along flow-stretched DNA is a characteristic of convection
rather than diffusion, the latter of which produces a linear
relationship, such as seen when a protein diffuses along
combed DNA in Figure 2A. It is of interest that Blainey
et al. using a DNA molecule similarly bound at just one
end and stretched by flow at the same velocity, saw only
diffusive motion of the protein hOgg 1 (20). However,
convective motion of proteins in stretched DNA has been
observed by Granéli et al. and Kabata et al. with human
Rad51 (28) and EcoRI (29), respectively. In the experi-
ments by Granéli er al., Rad51 molecules were observed to
move in the direction of flow along A-DNA, stretched
using a hydrodynamic force as depicted in Figure 1B.
In the absence of buffer flow, the 1D Brownian motion of
Rad51 was observed on A-DNA tethered at both ends.
In the experiments by Kabata e al., convective motion
along the DNA could be distinguished from simple
convection in the flow by a change in direction of the
motion of the stained proteins when they encountered
the DNA molecules, which were oriented diagonally to the
flow direction.

Although we do not observe 1D Brownian motion of
RPAB on flow-stretched DNA, the lifetime of the protein
on the DNA is very long, as is it on combed DNA.
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Figure 3. (A) Kymograph of T7 RNAP moving along A-DNA stretched
by shear flow. (B) The MSD plotted versus time for T7 RNAP moving
along flow-stretched (squares) and combed DNA (circles).

This shows that the long residence time of proteins
on combed DNA does not result from the influence of
the substrate to which the combed DNA is bound. The
majority of RPABs do not dissociate from either combed
or flow-stretched DNA within the time scale of our
observation. It is possible that the antibody binding that
we use for staining represses the protein’s dissociation
from the DNA after a repetitive search. However, the
amino acids involved in antibody binding do not directly
participate in the catalytic activity which is well preserved
since the protein is fully capable of binding to the DNA,
initiating transcription and elongating the RNA chain,
as will be discussed more in detail below. The prolonged
lifetime of RPAB on the DNA and its resistance to
photobleaching, however, enable us to observe both the
1D Brownian motion and transcription over a time
scale that is longer than previous experiments, offering
opportunities to obtain long-time trajectories for a single
protein and observing protein-to-protein variations in
diffusivity.

Next, we investigate the real-time dynamics of tran-
scription by T7 RNAP beginning with the kinetics of
association of T7 RNAP to individual combed T7 DNA
molecules. We vary the protein concentration over the
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range 50-200nM and measure the time elapsed between
two consecutive binding events, yielding the results shown
in histograms in Figure 4A and B. The time distributions
can be fitted to a single exponential, giving a decay time of
3.1s for 200nM T7 RNAP (Figure 4A), 5.9s at 100nM
T7 RNAP (Figure 4B), and 11.2s for 50nM T7 RNAP
(not shown). The association rate can be estimated by
taking the reciprocal of the decay time and plotting it
as a function of protein concentration. We thereb

obtain an association rate constant of 1.6uM~'s™',
which is an order of magnitude lower than reported
in previous bulk studies (4). Similar reduction in the
association rate was observed for the Lac repressor
when the rate was measured using a surface plasmon
resonance biosensor (30). In this biosensor, as in our
experimental scheme (Figure 1A), the protein must diffuse
through a stagnant boundary layer, in which the velocity
of fluid past the surface is reduced due to no-slip
condition, to reach the surface on which it binds, and
this probably affects the apparent binding-rate constant.
Obtaining the true binding-rate constant will therefore
require accounting for the diffusion of the protein through
the stagnant boundary layer.

We then investigated the real-time dynamics of tran-
scription by T7 RNAP on single combed DNA molecules.
In similar experiments performed previously (23), fluores-
cently stained uridine triphosphate (UTP) was used in the
reaction mixture, where it was incorporated into the
growing RNA transcripts and appeared as visible spots
along combed DNA, as we also observe in Figure 5A.
The previous work successfully demonstrated that
sequence-specific  protein-DNA interactions can be
observed on combed DNA, but it provided no informa-
tion on the dynamics of the process because of the high
background fluorescence of the free UTP. In ordinary epi-
fluorescence microscopy this background fluorescence
obscures the view of the RNA transcripts, which can
only be observed after stopping the reaction and washing
out the free UTP’s, as we also did to obtain Figure 5A.
However, we were able to overcome this problem by
using TIRF microscopy which only illuminates fluoro-
phores very close to the substrate. This allows one to
follow in real-time the trajectory of T7 RNAP both
by visualizing the RNAP-RNA transcript elongation
complex (RPT-EC) as it is synthesized from fluorescently
labeled UTP’s during transcription elongation and by
directly visualizing the RPAB elongation complex
(RPAB-EC).

The sequence of images in Figure 5B and C shows
examples of the RPT-EC moving along a single combed
T7 DNA molecule incorporating fluorescent UTP into
RNA. In Figure 5C, a new fluorescent spot appears at
t=76s as fluorescent UTP is incorporated into the
location (topmost bright dot). The transcription rate of
RPT-EC can be obtained by tracking pixel positions in
each frame and assuming 0.34nm rise/bp for a B-form
DNA (since transcription does not occur along over-
stretched DNA) as shown in Figure 5D. The RPT-EC
stalls when it encounters a point at which the DNA is
attached to the surface. At an attachment point, RPT-EC
halts presumably due to lack of space for the complex
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Figure 5. (A) Images of RPT-EC formed along (left) unstained T7
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cently labeled by incorporating Alexa Fluor (left) 488-UTP and (right)
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Sequence of images of RPT-EC moving along combed T7 DNA. Scale
bar=2.5um. (D) Time trajectory of RPT-EC in (C) is converted into
RNA transcript length as a function of time.
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Figure 6. (A) Sequence of images of RPAB-EC moving along a combed T7 DNA as indicated by an arrow in the first image. Stationary dots in the
sequence are RPABs stalled at points where DNA is attached to the substrate. Scale bar =2.5 um. (B) Time trajectories of RPAB-EC converted into
RNA transcript lengths as a function of time at different NTP concentrations. Immobile protein nonspecifically attached to the substrate is used as a
control. (C) Lineweaver—Burke plot showing a linear relationship between reciprocals of transcription rate and NTP concentration. The error bar

shown is the standard error of the mean.

to rotate around the helix (11,31). The mean transcription
rate is found to be 42 +8nt/s (n=16) for 0.2mM NTPs,
which agrees well with recent single molecule measure-
ment under similar conditions (43 £ 3.2nt/s for 0.25mM
NTP) (15), obtained using a DNA molecule anchored
both ends to beads held in optical traps. This transcription
rate is faster than that of E. coli RNAP (4-7nt/s for
0.2mM NTP'? and 5-15nt/s for 0.1 mM NTP) (8.9).
The sequence of images in Figure 6A shows one of the
examples of RPAB-EC translocating along a single
combed T7 DNA. Using RPAB enables us to study
transcription rates as a function of NTP concentration,
which is difficult to achieve with RPT-EC, since at higher
concentrations of fluorescent UTP there is excessive
background light even when TIRF is used. The transcrip-
tion rates at different NTP concentrations, inferred from
RPAB-EC imaging, are shown in Figure 6B. The
transcription rate is observed to be 30+8nt/s (n=11)
for 0.1mM NTP, 49+4nt/s (n=9) for 0.2mM NTP,
72+ 13nt/s (n=12) for 0.4mM NTP, and 95+ 15nt/s
(n=12) for 0.6 mM NTP. Transcriptional pausing and
arrest that have been observed for E. coli RNAP were not

detected in RPT-EC and RAB-EC imaging within our
optical resolution. We also estimate from the Lineweaver—
Burke plot in Figure 6C the maximum transcription rate
Vmax and the Michaelis constant K4, which is the NTP
concentration at which the reaction rate is half maximal.
We obtain V. =149 nt/s and Ky =0.4mM from linear
relationship of the plot. Thomen et al. previously obtained
the following expression for Ky; by measuring transcrip-
tion rates on the DNA under varying tensions imposed
using an optical trap (15)

Ku(F) = Kyiss(1 + Kexp[Fd/kpT))

where o is enzyme step size (= 1bp) and Ky is the
dissociation constant for NTP binding. Using their values
for Kyiss=0.124mM, and K=0.27, and fitting the above
formula to our data in Figure 6, we obtain an average
force of F=25 pN applied on our combed DNA
molecules capable of interacting with proteins. At this
force, the DNA is fully stretched (32,33), but not
overstretched (i.e. stretched beyond the B-form contour
length, which does occur for some DNA molecules are at
the pH condition we used for combing) (26).



In summary, we have investigated the real-time
dynamics of the 1D diffusion of fluorescently labeled T7
RNAP along a combed DNA, the association kinetics
of promoter binding, and the rate of transcription
as a function of NTP concentration. We have fluorescently
labeled T7 RNAP with primary and secondary antibodies,
yielding a protein complex fully capable of binding to
the DNA, initiating transcription and elongating the RNA
molecule. We have visualized for the first time that
T7 RNAP, upon encountering DNA molecules, diffuses
one-dimensionally along the contour of the DNA
molecule, which we had aligned orthogonally to the bulk
flow. The 1D diffusion coefficient and diffusion length
vary over a large range, almost two decades, suggesting
inhomogeneity in the molecular properties revealed by
single-molecule analysis. We note that a previous study of
1D diffusion of Lacl repressor labeled by green fluorescent
protein by Wang et al. yielded an even larger molecule-to-
molecule variation in 1D diffusivity, namely over three
decades (21). The apparent association rate obtained in
our experiment is in good agreement with previous
reported value for Lac repressor binding to the target on
a surface, although the diffusion through a stagnant
boundary layer should be accounted for when comparing
with bulk values. We have also visualized the transcrip-
tional motion of RPT-EC and RPAB-EC along individual
combed T7 DNA molecules. The transcription rates of
RPT-EC and RPAB-EC seem to agree well with previous
single-molecule measurements, when the tension on the
combed DNA molecules is accounted for. These results
indicate that both diffusive and processive motion as well
as enzymatic activity of proteins can be observed on DNA
that has been deposited onto a surface, for example by
molecular combing.

SUPPLEMENTARY DATA

Movie clips of RPAB diffusing along A-DNA and
RPAB-EC moving along T7 DNA are available. This
material is available free of charge via the Internet.
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