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Supplementary Fig. 1. The Target Search Problem. Diffusion–based models for how proteins might
search for binding targets: random collision through 3D–diffusion (i.e. jumping); 1D–hopping, involving
a series of microscopic dissociation and rebinding events; 1D–sliding, wherein the protein moves without
dissociating from the DNA; and intersegmental transfer, involving movement from one distal location to
another via a looped intermediate. These mechanisms are not mutually exclusive, and the latter three are
categorized as facilitated diffusion because by reducing dimensionality they allow target association rates
exceeding limits imposed by 3D–diffusion. DNA is green, the target site (promoter) is blue, and RNAP is
magenta.
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Supplementary Fig. 2. Lifetime analysis of 0 and 1 events. a, Histogram of lifetimes for QDs only in
the absence of RNAP, and the red line is a single exponential fit to the histogram. b, Shows the same QDonly data, but the y-axis is on a logarithmic scale. c and d, Histogram of lifetimes for QD-RNAP and
corresponding double exponential fit. The first time constant obtained from the double exponential fit (5.6
msec) is the same as is obtained from the single exponential fit to the QD-only data set. e and f,
Histogram of lifetimes for QD-RNAP and corresponding exponential fit for data collected in the absence
of DNA. g, This binding distribution uses the data points presented in Fig. 2c, but the data were restricted
to only those events that had a lifetime of 40-msec. Based upon the two exponential components
obtained from the lifetime measurements, this ensures that most of the events (>93%) plotted in this
binding distribution histogram are
events (i.e. nonspecifically bound RNAP). i, Semi-log plot of the
events, corresponding to the inset shown in the lower panel Fig. 2c.
lifetime distributions for the
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Supplementary Fig. 3. Promoter binding by QD-RNAP. a, Schematic of substrate with a ligated
promoter. As a further verification that QD-RNAP was binding to promoters in the phage DNA, and not
simply associating with the AT-rich right half of the molecule, a 100-bp synthetic DNA fragment (IDT)
spanning positions -67 to +24 of
promoter was ligated into the ApaI site on the left half of the phage
genome. Successful insertion of the promoter fragment destroys the ApaI site. The presence of the insert
was confirmed by PCR, and products lacking the insert were then selected against by further digestion
with ApaI prior to assembly of the DNA curtains (molecules that get cut with ApaI cannot be assembled
into double-tethered curtains). The ligation mixtures contain a heterogeneous mixture of substrates with
the promoter fragment inserted in either orientation, as depicted. b, Binding site distribution. The ligated
DNA was used to assess QD-RNAP binding distributions in single-molecule DNA curtain assays. As
shown here, the presence of the new
promoter fragment resulted in a new peak of QD-RNAP in the
binding distribution at the expected location (compare to Fig. 2c, bottom panel)
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Supplementary Fig. 4. Transcription by QD-RNAP. Examples of RNAP movement along the DNA in
the presence of all four rNTPs, and data were collect at room temperature. RNAP and rNTPs were premixed prior to injection into the sample chamber. The trajectories are color coded for each corresponding
promoter, and the relative orientation of each promoter is indicated on the left.
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Supplementary Fig. 5. 1D diffusion of lac repressor and T7 RNAP. Kymograms comparing E. coli
RNAP to QD-tagged T7 RNAP and lac repressor, both of which can diffuse along DNA under low ionic
strength conditions.1-3 a, E. coli RNAP compared to T7 RNAP; buffer conditions: 40 mM Tris-HCl (pH
8.0), 0.2 mg ml-1, 5 mM DTT for T7 RNAP and 1 mM DTT for E. coli RNAP. b, E. coli RNAP compared
to lac repressor; buffer conditions: 10 mM Tris HCl (pH 8.0), 1 mM MgCl2, 1 mM DTT, 1 mg ml-1 BSA.
The DNA used in the experiments with lac repressor contained a single, 21-bp symmetric lac operator, as
indicated by the arrow.4 c, E. coli compared to T7 RNAP; buffer conditions: 20 mM Tris-HCl (pH 8.0),
25 mM KCl, 1 mM MgCl2, 1 mM DTT, 0.2 mg ml-1 BSA.
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Supplementary Fig. 6. RNAP Bead-Aggregates Exhibit 1D Movement. a, Particle-tracking trajectory
showing 1D diffusive motion of an RNAP-saturated bead (1.0 µm) bound to a DNA molecule in the
absence of buffer flow. b, Trajectory of an RNAP-saturated bead (1.0 µm) when buffer flow (0.4 ml min1
) was applied in the direction indicated by the arrowhead. c, A typical trajectory of QD-tagged RNAP
bound to DNA is shown for comparison.
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Supplementary Fig. 7. RNAP and dig-QD Diffusion Coefficient Data. a, Shows a comparison of the
single molecule and ensemble diffusion coefficients obtained for QD-tagged RNAP and an immobilized
dig-QD (this study), along with reported values for lac repressor 2, p53 5, and Mlh1-Pms1 6. b, Magnified
view of the RNAP and dig-QD data sets. Red circles represent diffusion coefficients obtained from all
individual particle-tracking trajectories for RNAP, and blue circles represent diffusion coefficients from
dig-QD trajectories collected and analyzed under identical conditions. Squares represent ensemble values
for the diffusion coefficients obtained from the cumulative tracking data along with corresponding error
bars. Diffusion coefficients are gamma distributed, therefore we report the magnitude of the square root
of the variance (error bars). Also see Supplementary Notes.
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Supplementary Fig. 8. Diffusion Coefficients and DNA Fluctuations. a, Cartoon illustration of DNA
motion giving rise to the apparent diffusion coefficients for the stationary dig-QDs The underlying
fluctuations of the DNA were analyzed by linking a single QD to a fixed digoxigenen tag covalently
attached to the double-tethered DNA molecules.7 b, Distributions of single-frame displacements for data
collected at either 5 or 10 Hz (as indicated) for the entire dig-QD data set. The distributions have been
normalized, and the overlay is a Gaussian fit generated using the mean and standard error of the
distribution. The number of individual displacements is indicated. c, Reference graphs showing the mean
squared displacement analysis of the stationary dig-QD particles. See Supplementary Notes for additional
details.
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Supplementary Fig. 9. Activity of RNAP Under Dilute Conditions. a, Gel shift assay showing RNAP
and promoter PR association. RNAP was titrated into reactions containing 0.4 nM Cy-3 labeled promoter
DNA fragment and then challenged with heparin to disrupt protein-DNA complexes that had not formed
open complexes. The right two lanes are examples of negative controls containing different amounts of
input DNA, which was used to calibrate band intensity. b, Quantitation showing the fraction of bound
promoter DNA fragment as a function of the RNAP to DNA ratio. c, Stability of RNAP under dilute
conditions. RNAP was diluted to 0.6 nM and incubated at room temperature in the absence of DNA.
After the indicated time intervals, the samples were assayed for DNA binding activity using the Cy3labeled PR promoter DNA fragment. Bound and unbound DNA fractions were separated by native gel
electrophoresis and quantitated based on the fluorescence intensity of the bands.
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Supplementary Fig. 10. Parallel Array of Double-tethered Isolated (PARDI) Molecules. a,
Schematic diagram of the new PARDI DNA curtain design used for the promoter association rate
measurements. b, Optical image highlighting nanofabricated PARDI pattern design. c, Image of a typical
PARDI field-of-view, showing the double-tethered, YOYO1-stained DNA molecules. d, Histogram
showing the measured distances between neighboring DNA molecules anchored to the PARDI patterned
surface.
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Supplementary Fig. 11. Promoter Association Rate Analysis. a, Illustration of a PARDI curtain, where
each DNA is numbered. Overlapping DNA and DNA molecules closer than 7-µm are excluded from
analysis. b, A kmyogram is made for each DNA in the field-of-view, and the time required for detection
of the first promoter bound protein on each individual DNA is extracted from the kymograms (e.g.:
& ; for DNA #1 & #2, respectively). Importantly, we are not measuring the rate of either closed
complex (cc; schematically represented as red lines) formation or open complex (oc; schematically
represented as magenta lines) formation, but rather we are measuring the exact instant (with 100 msec
resolution) at which a single molecule of RNAP is detected at a promoter for the molecules of RNAP that
subsequently make a successfully transition to open complexes. Once one promoter in occupied, all
subsequent binding events on that same DNA molecule are excluded from further analysis (e.g.: excluded
for DNA molecules #2 & #34); therefore in this example, we could obtain a maximum of 34 data points.
These restrictions ensure we only record binding events that occur when all promoters on a given DNA
are initially accessible for binding by RNAP, in accordance with calculation parameters. See
Supplementary Notes for complete details.
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Supplementary Table 1. Summary of Prior Promoter Search Studies.

N.A.

Reported
Sliding
Distance
No 1D Sliding.

Nonspecific
Binding
Lifetime
30 msec

1.3x105

~250 bp

N.A.

1.5x105

~2,000 bp

~3.3 sec

0.62-1.5x105

85-13,000 bp

N.A.

~1x104

~90 nm
(~300 bp)

0.12 sec

N.A.

>10 µm
(>30 kb)

N.A.

1.1x101

~150 nm
(~440 bp)

~600
seconds

Reported D1,obs
(nm2 sec-1)

Experimental
Approach

Reference

Single molecule
TIRFM
Transcription
initiation kinetics
Rapid
mixing
followed
by
photocrosslinking
Rapid
mixing
followed
by
photocrosslinking
Single molecule
fluorescence
imaging
Single molecule
fluorescence
imaging
AFM, did not
address
how
promoters were
located

This study.
Ricchetti et al.,
1988. 8
Singer and Wu,
1987. 9
Singer
1988.

and Wu,

Harada
1999. 10

et

al.,

Kabata
1993. 11

et

al.,

Guthold
1999. 12

et

al.,
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Supplementary Table 2. List of -Phage Promoters.

Promoter Position (bp) Orientation

†

Reference
NCBI Nucleotide data base

PBL

23,231

left

PI

29,065

left

NCBI Nucleotide data base

PL

35,582

left

NCBI Nucleotide data base

PLit

36,256

left

NCBI Nucleotide data base

PRM†

37,940

left

13, 14

PR†

38,023

right

NCBI Nucleotide data base

PRE

38,343

left

NCBI Nucleotide data base

PO

38,675

left

NCBI Nucleotide data base

PAq

44,146

left

15

PR’

44,587

right

NCBI Nucleotide data base

http://www.ncbi.nlm.nih.gov/nuccore/J02459.1

There are ten promoters in the  phage genome, however, binding to PRM and PR is mutually exclusive
, therefore a maximum of nine promoters can be occupied in our assays.

16
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Supplementary Table 3. Buffer Conditions Tested in this Study.

Buffer Conditions
20 mM Tris-HCl [pH 8.0], 100 mM KCl, 10 mM
MgCl2, 1 mM DTT, 250 mM rNTPs, 0.2 mg ml-1
BSA
20 mM Tris-HCl [pH 8.0], 25 mM KCl, 1 mM
MgCl2, 1 mM DTT, 0.2 mg ml-1 BSA
40 mM Tris-HCl [pH 8.0], 50 mM KCl, 5 mM
MgCl2, 1 mM DTT, 0.2 mg ml-1 BSA
40 mM Tris-HCl [pH 8.0], 100 mM KCl, 10 mM
MgCl2, 1 mM DTT, 0.2 mg ml-1 BSA
40 mM Tris-HCl [pH 8.0], 1 mM DTT, 0.2 mg ml-1
BSA
10 mM Tris-HCl [pH 8.0], 1 mM MgCl2, 1 mM
DTT, 1.0 mg ml-1 BSA
8 mM Tris-HCl [pH 7.9], 50 mM NaCl, 6 mM
MgCl2, 1 mM -Me
10 mM Tris-HCl [pH 7.9], 200 mM KCl, 10 mM
MgCl2
10 mM Tris-HCl [pH 7.9], 50 mM KCl, 1 mM
MgCl2
20 mM HEPES [pH 7.8], 100 mM KCl, 1 mM
MgCl2, 50% sucrose, 0.5% -Me, plus an O2
scavenging system
a
20 mM Tris-HCl [pH 8.0], 100 mM KCl, 10 mM
MgCl2, 0.1 mM DTT, 0.4 mg ml-1casein
20 mM Tris-HCl [pH 7.0], 5 mM KCl, 5 mM
MgCl2, 1 mM -Me
a
The concentration of Tris-HCl was not reported in
conditions.

Reference
This study.
This study.
This study.
This study.
This study.
This study.
Ricchetti et al., 1998, 8 and this study.
Singer and Wu, 1987, 9 and this study.
Singer and Wu, 1988,17 and this study.
Harada et al., 1999, 10 and this study.
Kabata et al., 1993, 11 and this study.
Guthold et al., 1999, 12 and this study.
Kabata et al., and we selected 20 mM for our assay
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Supplementary Table 4. Diffusion coefficient values.
Protein
lac repressor
p53
Mlh1-Pms1

Diffusion coefficient
(nm2 sec-1)
4.6(1.0) x 104
1.62(0.15) x 105
1.43(0.29) x 105

Reference
Elf et al., 2007.2
Tafvizi et al., 2011.18
Gorman et al., 2010.6

a,b

This study.
dig-QD 3
52.0  25.25
This study.
RNAP
; ~3
96.66  28.5
a
This study.
RNAP
;3
49.78  64.80
a
This study.
RNAP
;6
17.44  17.91
a
This study.
RNAP
;9
14.8  9.33
a
This study.
RNAP
; 9
15.76  2.25
a,b
This study.
dig-QD
9
1.32  0.593
a
The diffusion coefficients we report of RNAP cannot be interpreted as diffusion of the proteins along the
DNA. This is because diffusion coefficients in the small value range are dominated by DNA fluctuations
rather than protein movement, and small value diffusion coefficients are also subject to large sources of
error (see Supplementary Notes, Supplementary Fig. 7 & Supplementary Fig. 8).
a,c

b

The dig-QD diffusion coefficients were obtained from particle tracking data collected for either 3seconds or >9-seconds, as indicated. The difference between the diffusion coefficient values obtained for
dig-QD 3
and dig-QD
9
does not reflect differences in the behavior of the dig-QDs,
rather it reflects the greater precision of the diffusion coefficient measurements obtained for particle
tracking data collected over longer time intervals. For the same reason, the
diffusion coefficients
decrease as the data collection windows increase from 3-seconds to >9-seconds.
c

Note that the
molecules exhibited an exponentially distributed lifetime. Therefore these diffusion
coefficients were obtained from the analysis of particle tracking data sets comprised of trajectories of
differing time lengths, whereas all other data sets were built from tracking data spanning the indicate time
intervals.
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Supplementary Notes
RNA Polymerase Purification and Characterization. Cells for expressing a chromosomal copy of RNA
polymerase that harbors a biotinylation peptide tag on the C-terminus of the ’ subunit were generously
provided by Dr. Robert Landick (University of Wisconsin-Madison),19 and RNAP holoenzyme was
expressed, purified, and characterized as previously described.4
We sought confirmation that RNAP remained functional under the dilute conditions necessary for
single molecule measurements. For this, we adapted a gel shift assay for quantifying promoter binding
activity under dilute protein conditions. The active RNAP concentration under the single molecule
experiment conditions was determined using a gel shift assay by titrating RNAP into reactions containing
a fixed amount of promoter DNA, as previously described (Supplementary Fig. 9a).20 To enhance
detection, these assays utilized a Cy3-label 249–bp DNA fragment containing promoter PR, which was
made by PCR using  phage DNA as a template with the following primers: Cy3 (5’- Cy3–GGC CTT
GTT GAT CGC GCT TT -3’, 5’- CGT GCG TCC TCA AGC TGC TCT T -3’, IDT). Varying amounts of
purified RNAP (0.1 – 1.6 nM) were incubated with 0.4 nM of the Cy3-labeled PR DNA fragment in
buffer (20 mM Tris [pH 8.0], 25 mM KCl, 1 mM MgCl2, 1 mM DTT, and 0.2 mg ml-1 BSA) at room
temperature for 40 minutes. Heparin (10 µg ml-1) was then added to disrupt non-specifically bound RNAP
and closed complexes, and the reactions were resolved on native 5% polyacrylamide gels to separate the
free and bound DNA. The gels were then scanned for Cy3 fluorescence using Typhoon FLA 9000 (GE
Healthcare), and the fractions of bound and free DNA were quantified using ImageQuantTL software (GE
Healthcare). Under these reactions conditions, the formation of open complex is essentially irreversible,
and fractional activity of RNAP capable of forming stable open complexes is revealed as the inverse of
the saturation point in the titration curve (Supplementary Fig. 9b).20
To verify that RNA polymerase remained active over time after dilution, a time series of RNAP
promoter-binding activity using the gel shift procedure described above. Briefly, RNAP was diluted to a
final concentration of 0.6 nM in buffer (20 mM Tris [pH 8.0], 25 mM KCl, 1 mM MgCl2, 1 mM DTT,
and 0.2 mg ml-1 BSA) and the diluted samples were then incubated at room temperature for the indicated
time intervals. The activity of the diluted RNAP was measured using a gel shift assay as described above.
As shown in Supplementary Fig. 9c, the activity of diluted RNAP did not change significantly over a 40minute period. Our single molecule measurements are typically completed within 15 minutes of diluting
the RNAP stock solutions.
Promoter Dissociation Kinetics. A key feature of the
and events was that they coincided with the
locations of the known phage promoters (Fig. 1 & Fig. 2c).4 The assignment of
and
events was
made by inspection of reaction trajectories, and this assignment was facilitated by the drastic difference in
the observed lifetimes for these two types events. Molecules assigned as
events dissociated from the
events did not dissociate from
DNA during collection of real time videos, whereas those assigned as
the DNA during the typical 200-second observation windows (Fig. 2). To determine the lifetime of the
events, we measured the times over which the individual proteins remained bound to the DNA before
dissociating, and resulting data was fit to a single exponential decay. RNA polymerase molecules
assigned as
events (i.e. promoter-bound open complexes) exhibited lifetimes that greatly exceeded the
typical lengths of the videos that were used to monitor DNA binding in real time. Therefore dissociation
events) was measured in separate experiments by injecting 1
of promoter-bound open complexes (i.e.
nM QD-RNAP into the flow cell to bind the promoters in buffer (20 mM Tris [pH 8.0], 25 mM KCl, 1
mM MgCl2, 1 mM DTT, and 0.2 mg ml-1 BSA). After an incubation of 3 minutes, free QD-RNAP was
removed from solution by flushing the sample chamber with buffer lacking RNAP. The number of
promoter-bound QD-RNAP molecules was then monitored versus time over a 2-hour period with data
collected at 5-minute intervals. The resulting data were then corrected for broken DNA molecules, and fit
to a single exponential decay (Fig. 2c).
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Promoter Association Kinetics. For association rate measurements, we developed a new type of sparse
DNA curtain that ensures experimental measurements are made under conditions where the DNA is
effectively at the infinite dilution limit, such that the binding of RNA polymerase molecules on individual
DNA molecules can be regarded as independent process. The patterns were made by electron-beam
lithography, as described,21 but the pattern geometry was altered so that the surface was much more
sparsely populated with double-tethered DNA molecules (Supplemental Fig. 10).
We next determined the concentration profile in the flowcell using an injection rate of 0.5 ml min-1. A
700 µl sample of 1nM QDs was loaded into the sample loop and the syringe pump was then pre-run for 1
minute at 0.5 ml min-1. The sample was then injected without stopping the syringe pump. Images were
recorded continuously and the QD signal intensity in the sample chamber of the flowcell was measured
over time. The concentration of QDs in the sample chamber relative to the concentration of the injected
sample (1 nM) was then calculated based on the volume of the sample loop and the flow rate. This
concentration profile was then used in the kinetic measurements of promoter association rates to calculate
the actual concentration of QD-RNAP present in the sample chambers.
To begin a measurement, 700 µl of diluted QD-RNAP was loaded into the sample loop. To avoid pH
changes due to the oxygen scavenger system, the GLOXY components were added to the buffer
immediately prior to use; imaging buffer stored in a closed syringe will maintain a constant pH for than 1
hour after the addition of the oxygen scavenging system. To avoid any dead response time from the
syringe pump, the pump was pre-run at a flow rate of 0.5 ml min-1 for 1 min. The QD-RNAP sample was
then injected while maintaining a constant flow rate of 0.5 ml min-1, and data acquisition was initiated 10
sec after sample injection. Exactly 30 sec after the injection, the buffer flow was terminated, ensuring that
the concentration of QD-RNAP in the sample chamber remained constant after this time point; the
selection of the 30 sec stopping point was based on the concentration profiles of our flowcells under this
sample injection regime. During this procedure, imaged were continually collected at either 5- or 10-Hz
for a period of up to 15 minutes.
The resulting kinetic data were analyzed to determine the association rates based upon the initial
binding observed within the field-of-view after the concentration of QD-RNAP in the sample chamber
has plateaued. For each individual DNA molecule, we first determine the time to initial binding
,
which we define as the time when the first promoter-bound QD-RNAP open complex is detected,
conditioned upon its subsequently forming an open complex, and for the purpose of this analysis we
defined the open complex as anything with a lifetime more than 40 sec. Binding events prior to the 30 sec
time point after initial sample injection were excluded to ensure that any measured association events
occurred only after the concentration of QD-RNAP in the flowcell had plateaued. Once the first promoter
was occupied by an open complex, any subsequent events occurring on the same DNA molecule were
excluded from analysis such that the resulting data set describes only the initial binding events that
occurred under conditions where all of the -phage promoters were unoccupied and accessible for
binding, in accordance with the theoretical calculations. For all DNA molecules we then build a data set
of the promoter initial association times
, where each of these values represents the time it
, ,⋯,
took for the first promoter to be occupied on each DNA within the field-of-view. The data were then
sorted into ascending order
,
,⋯
⋯
. The residual waiting
such that
and a corrected time for each
times between binding events were then calculated as
(Supplementary Figure 11). We then determined the
measured event was determined as
〈 〉 over the entire data set at each tested concentration of RNA polymerase
average association time
(Fig. 3d). The primary advantage of this analysis is that it eliminates the need to definitively establish a
zero time point prior to an initial binding event, so long as the concentration of QD-RNAP in the flowcell
remains isotropic, because all calculations are based on residual waiting times between initial binding
events on the different DNA molecules in the sample chamber. Therefore, in the absence of a mechanical
stop-flow device, this analysis of residual waiting times is more reliable than more typical kinetic
measurements of bimolecular processes that are based upon cumulative occupation probability fitting to
get the reaction time.
18
Nature Structural & Molecular Biology: doi:10.1038/nsmb.2472

Collision frequencies and nonspecific DNA binding events. In experiments conducted at either 5 or 10 Hz,
we readily detected the binding of QD-RNAP to the promoters within -phage DNA, but we could not
detect any appreciable binding to nonspecific sites on the same DNA molecules (see Fig. 3a, upper
panel). This observation indicated we were missing collisions between the QD-RNAP and the nonspecific
DNA because these collisions should have occurred at equal frequency everywhere along the DNA, and
also indicated the lifetimes of the nonspecific complexes must have been substantially shorter than the
100–200 msec integration time for data collected at 10 or 5 Hz, respectively. To detect nonspecific
binding, we increased the data acquisition rate to 100 Hz. We also sought to measure the collision
frequencies for the QDs and QD-RNAP complexes at 100 Hz, and then compare these measured rates to
calculated values for the collision frequency, in order to determine whether we were capturing all
potential collisions with the DNA in the single molecule experiments.
First, the intensity threshold necessary to distinguish camera noise from actual QD excursions within
the evanescent field was determined for 100 Hz data sets. The EMCCD was set to frame transfer mode
and an AOI (63  1 pixels), and one DNA molecule was imaged for 10,000 frames at an acquisition rate
of 100 Hz in the absence of any QDs. A histogram of the resulting signal intensities corresponded to
background noise, which dropped dramatically above an intensity of ~2000 (A.U.). From the histogram
we calculate that the probability of camera background noise beyond this threshold is ~ 9.510-5,
therefore we selected a threshold value of 2040 (A.U.). Next, QDs (150 pM) were injected into the flow
cell, and data were collected as described above using the same EMCCD settings. Comparison of the two
histograms revealed signal intensities that exceeded the threshold values for the camera noise, and these
values were scored as QD excursions into the detection volume that is defined by the penetration depth of
the evanescent field (350 nm).
Next a control experiment was conducted to determine how frequently QDs alone (in the absence of
RNAP) entered the detection volume, and how much time they spent within this volume before diffusing
back out into bulk solution. To count the number of events (see below), a kymograph was made from data
collected at 100 Hz, as described above, and a QD detection event was defined as any signal within the
kymograph that exceeded the defined threshold for EMCCD noise. The lifetime of these collision events
was well described by a single exponential function with =5.68 msec (95% confidence interval [5.56,
5.78]). This lifetime corresponds to the time QDs spend within the detection volume before diffusing
back into free solution.
The same experiment was then perfomed using QD-RNAP in order to measure the lifetime of
interactions between RNAP and DNA. QD-RNAP (150 pM) was injected into the flow cell and data were
collected at 100 Hz, exactly as described above. In 100 seconds, 1251 events exceeding the noise
threshold were recorded along the length of the DNA. The resulting data were best described by the sum
of two exponential functions with =5.58 msec (5.46, 5.74) and =29.23 msec (24.53, 36.18) (Fig. 3 &
Supplementary Fig. 2b-c). The first time constant is the same as the QD-only control (Supplementary
Fig. 2a-b), and was also found for control measurements made in the absence of DNA (Supplementary
Fig. 2e-f), therefore does not arise from a polymerase-specific interaction with the DNA. We conclude
that corresponds to the lifetime of a nonspecific interaction between DNA and RNAP.
The number of expected non-specific interactions between QD-RNAP and DNA can then be
estimated as follows below. The ratio of and events is given by:
13.4
where , , , and
are the amplitude and rate constants of the two components of observed events
1⁄ and
1⁄ . The protein samples used for single molecule
with QD-RNAP; note that
imaging are subject to dilution while passing through the microfluidics and additional loss can also occur
through nonspecific adsorption to the sample tubes, injection needles, tubing components, etc. Therefore
19
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the actual concentration of protein within the sample chamber may not be the same as the concentration
that was injected. To correct for the difference due to dilution in the microfluidics, the actual versus
injected concentration of QD-RNAP was determined by injecting a fixed volume (50 µl) of QDs (200
pM) into the sample chamber at a defined flow rate (0.05 ml min-1) while continuously monitoring the
bulk fluorescence signal through the microscope objective. The resulting signal versus time curve was
normalized to define the QD concentration profile as a function of these defined injection parameters.
Therefore the number of non-specific interaction events between DNA and RNA polymerase is given by:

N
1251

 6371
(1 r)  0.15nM  0.35  55% 6.8  0.15nM  0.35  55%
per 100 sec per nM, where 0.35 is the ratio of actual concentration versus injection concentration, and
33% is the percentage of active protein. This corresponds to an observed non-specific interaction between
RNAP-QD and DNA at a frequency ~10.03 sec-1 (at 200 pM RNA polymerase).
To verify whether we were capturing all of the potential collision events from the data collected at
100 Hz, we next calculated the expected collision frequency for comparison to the experimentally
measured values. For this purpose we define two volumes,
and , where
is defined by the region
is defined by the region
0, where is the experimentally detectable volume
0, and
surrounding the DNA and is chosen such that the total volume contains a single particle, i.e. it satisfies
the following equation, where is the length of DNA and is the concentration of protein:

We then have an equation that relates the rate of QD-RNAP diffusing out of each volume to the radial
extent of each region through the law of mass action:
1

1

Given an experimentally observed lifetime of QDs within the volume defined by , we then calculated
5.68 msec
an expected value for the collision frequency. For an experimentally measured lifetime of
(see above), at a QD-RNAP concentration of 150 pM, with an excitation radius of 178-nm, we find an
expected collision frequency of 13.8 sec-1, which is in excellent agreement with the experimentally
observed value of ~10.03 sec-1. The good agreement between the experimentally observed collision
frequency and the calculated collision frequency indicates that we are capturing most, if not all, potential
collision events at a data acquisition rate of 100 Hz.
Diffusion Coefficients and DNA Fluctuations. In single molecule experiments, the diffusion coefficient is
commonly determined by performing a linear regression of the mean square displacement (Ψ), against
time. In Michalet,22 it was noted that for a given length of trajectory, diffusion coefficient (D), frame rate
Δt, and level of measurement noise, σ, there exists an optimal point to perform the regression, which
minimizes the error in the estimation of , . We applied this method to our 1D system and calculated
1D-diffusion coefficients for
and
events. A full derivation can be found for the 2-dimensional case
in Michalet,22 and here we present only the necessary equations to extend the calculations of the variance
and covariance of Ψ to a 1-dimensional system:
〈Ψ 〉

〈Ψ 〉
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For convenience we also present the equations for the mean and dispersion of a least squares regression
fit to P points, respectively.
〈

∑

Ψ 〉

〈 ⋅Ψ 〉
∑

∑

∑

〈Ψ 〉

∑

and

〈

∑
∑

,

∑

,

Ψ 〉

〈

Ψ〉

〈Ψ Ψ 〉 〈Ψ 〉〈Ψ 〉
∑
〈Ψ Ψ 〉 〈Ψ 〉〈Ψ 〉
∑

∑

,

〈Ψ Ψ 〉 〈Ψ 〉〈Ψ 〉
∑ ,
〈Ψ Ψ 〉 〈Ψ 〉〈Ψ 〉

Using these equations, we performed a check of predicted values versus values calculated from
simulation experiments for both 〈Ψ 〉 〈Ψ 〉 and 〈 Ψ 〉 〈 Ψ 〉 , and for each set of parameters,
1000 simulation experiments were performed and the average values obtained. The appearance of a
minimum in 〈 Ψ 〉 〈 Ψ 〉 leads to the method by which we should calculate , , as outlined:
Algorithm to calculate best estimate of , :
1. Perform a LSF (least squares fit) to n% of Ψ, and calculate the diffusion
coefficient.
2. Using the diffusion coefficient from step one, determine the optimal point at
which to perform a regression, and recalculate the diffusion coefficient.
3. Repeat step two until convergence.
4. Repeat entire process again from additional starting points to ensure global
convergence.
Applying the above analysis to the tracking data for individual RNAP molecules resulted in three
populations. The first group, ~84 percent of trajectories in this study, converged to a single optimum fit.
The second group, ~11 percent, exhibited two or three ‘optimums’ in close proximity to one another. In
this case, choosing between the values was arbitrary. In the final group multiple ‘optimums’ were
measured which were sizably different. For these cases we based our decisions on the output of the
convergence loop, and a holistic view of the particular data set.
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The ensemble mean squared displacement Ψ is calculated from a number of individual trajectories,
and for notation purposes we introduce two variables: Q as an index over trajectories, and , which is
defined below:

Then Ψ may be calculated as:
1

Ψ

The variance and covariance of Ψ are calculated as in the single trajectory case, just appropriately
weighted by the number of terms that originate from each set:
〈Ψ 〉

〈Ψ 〉

1

〈Ψ 〉

〈Ψ 〉

and
〈Ψ Ψ 〉

〈Ψ 〉〈Ψ 〉

1

〈Ψ Ψ 〉

〈Ψ 〉

〈Ψ 〉

We can then determine the dispersion of slopes resulting from a LSF analysis of Ψ, which is identical to
the single trajectory case aside from the use of Ψ in place of Ψ , and these relationships were also
verified with synthetic data.
The above analysis presents a rigorous means of obtaining diffusion coefficients for experimental
particle tracking data, however, one must still recognize that when diffusion coefficients are very small
(on the order of the noise and error), or when the trajectories are very short (N<10 frames) negative
diffusion coefficients can begin to emerge (see Supplementary Fig. 7). Diffusion coefficients are obtained
from correlation functions, so that any error in calculation of the positions will propagate through to the
final value. The first is there is a localization error, which encompasses DNA fluctuations (see below), as
well as camera noise (including frame averaging), florescence fluctuations, and Gaussian fitting errors.
This error is systematic at short time separation due to the DNA fluctuations. Secondly, the mean squared
displacement is known to carry significant statistical error from two sources: (i) The mean squared
displacement time average from a single trajectory only equals the ensemble average in the limit that the
trajectory is infinite (see below), so only when a trajectory is infinitely long, is the apparent diffusion
coefficient obtained from that trajectory precisely correct; and (ii) there is also a correlated error, which
comes about from overlaps in calculation of displacements. Readers should be directed to Qian et. al., and
X. Michalet for in depth discussion.22,23
The sources of error described above can be considered negligible when the diffusion coefficients are
relatively large, as is the case for proteins that can diffuse long distances on DNA. However, when the
diffusion coefficients are in the small-valued range the DNA fluctuations contribute substantially to the
obtained values. Detailed analysis of such small-value diffusion coefficients would require the
development of equations that implicitly include the DNA fluctuations in the density functions used to
calculate the diffusion coefficients, which is beyond the scope of our current work. Instead, we analyzed
the motion of quantum dots that were covalently linked to the DNA via a directed antibody interaction,7
obtained
and use these results to qualitatively assess the contribution of DNA fluctuations to the ,
from promoter-bound closed and open complexes (dig-QD; Fig. 3e, Supplementary Fig. 8,
22
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Supplementary Table 4).
We begin by recognizing that the probability density function for 1-D Brownian motion in the
6
presence of Gaussian localization error can be shown to be the following:
,

∆ | ,

1
√2

2

,

∆

2

exp

4

,

∆

4

Multiplication by
′ and integration reveals that, for a stationary particle, ,
0, the MSD
should be a straight line at 2σ2. Furthermore, detailed calculations reveal that measured MSD values are
6
gamma distributed about their true means. That is to say, when ,
is small, it is common to attain
MSD values in the range 0,2
. Since the diffusion coefficient is determined through a linear fit to
MSD values, it is not irregular to obtain a negative measured value for ,
such as when early time
. This, of course
points produce values in the range 2 , ∞ , and later time points yield values on 0,2
for stationary particles (see Supplementary Fig. 7).
is also the source of positive values of ,
For a completely stationary particle, the MSD plots should be independent of time, and while the
resultant curves for the QD-labeled DNA do exhibit time independence at long time separation, at short
times there is clearly some motion, as revealed in the rise of the MSD plots at early time points
(Supplementary Fig. S8b). Errors resulting from the camera and fitting functions are not correlated in
time, and won’t induce this kind of time dependent behavior in the MSD. However, the motion of the
DNA will produce time dependent effects if the fluctuations occur on a time scale comparable to the QD
motion (Fig. 8c). The MSD plots yield a straight line corresponding to 2σ2, yielding values for σ of ~39
nm2 sec-1, which we ascribe to the underlying DNA fluctuations (Fig. 8c). Importantly, this dig-QD data
set reflects an ensemble of approximately 34,000 – 58,000 individual diffusive steps (as indicated,
Supplementary Fig. 8b), and thus reflects what can be considered the average noise of the system arising
from the movement of the DNA collected under ideal conditions. As indicated above, in the case of small
value diffusion coefficients obtained from smaller data sets (such as those arising from shorter time
trajectories for QD-RNAP), one can expect a large variation in ,
even for stationary particles. Based
on these results for stationary dig-QDs, we conclude that our results are upwardly biased by the DNA
chain motions, and that the diffusion coefficients obtained for the promoter-bound RNAP molecules
assigned as closed or open complexes do not likely reflect motion of the proteins along the DNA, but
rather reflect motion of the DNA itself.
Lac repressor experiments. FLAG-tagged lac repressor protein was expressed, purified, and labeled with
anti-FLAG quantum dots, as previously described.4 Double-tethered DNA curtains were made using a
version of -DNA containing either a single 21-bp symmetrical operator sequence (Fig. 4),4,24 or a 5x
tandem repeat of the same operator sequence (Supplemental Fig. 5). We have previously shown that QDtagged lac repressor co-localizes with the operator site, and dissociated rapidly in the presence of IPTG,
as expected.4 Target search experiments (Fig. 4 & Supplemental Fig. 5) were conducted in low ionic
strength buffer containing 10 mM Tris-HCl (pH 8.0), 1 mM MgCl2, 1 mM DTT, 1 mg ml-1 BSA, using
the indication amounts of QD-tagged lac repressor (0.1–1 mM). Proteins were injected into the sample
chamber and data were collected at 10 Hz. For each target-binding event, two position measurements
were collected. First, the position of the protein was recorded in the first frame in which it appeared.
Subsequently, the position of the particle was measured after it had bound stably at the target for a time
greater than or equal to 1 min. The difference between these two points, Δ , was then determined. For
Δ
100
(three standard deviations of noise) events are scored as direct collisions. Furthermore,
Δ
100
corresponds to facilitated transport to the operator. The initial binding location of nonspecific events that did not result in target capture (failed searches) were also collected, provided the
binding event occurred prior to target engagement by the successful protein (i.e. the target was still
unoccupied). For the failed searches, Δ was calculated by measuring the initial binding location of the
23
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failed searcher relative to the location of the operator.
T7 RNAP experiments. The gene for T7 RNAP was fused to a C-terminal AviTag
(GGGLNDIFEAQKIEWHE) and cloned into the vector pTBX3 (NEB). The vector was transformed into
BL21 cells, which were then grown in LB (1L) containing carbenicillin, and induced at an OD600~0.8
with 0.8 mM IPTG. After 4 hours of induction, cells were harvested by centrifugation and resuspended in
buffer containing 20 mM Tris-HCl, pH 8.0, 1 M NaCl, 1 mM EDTA, plus a Halt protease inhibitor
cocktail (Pierce). The cell paste was then flash frozen on liquid nitrogen and stored at -80˚C until lysis.
For lysis, the cells were thawed at room temperature, lysed by sonicatation, and the lysate was clarified
by centrifugation. The clarified lysate was loaded onto a 10-ml Chitin bead column (NEB), and washed
extensively with buffer containing 20 mM Tris-HCl, pH 8.0, 1 M NaCl, 1 mM EDTA, following the
manufactures protocol. The column bed was then quickly flushed with 20 mM Tris-HCl, pH 8.0, 1 M
NaCl, 1 mM EDTA, plus 50 mM DTT, and incubated at 4C for ~20 hours. The protein was then eluted
and dialyzed into T7 RNAP storage buffer (50 mM Tris-HCl [pH 7.9], 100 mM NaCl, 20 mM mercaptoethanol, 1 mM EDTA, 50% glycerol, 0.1% triton X-100) at 4C overnight. Protein activity was
tested by in vitro run off transcription assays. Single-molecule experiments using double-tethered DNA
curtains were conducted exactly as described for E. coli RNAP, under the indicated buffer conditions (see
Supplemental Fig. 5).
Mechanisms of Diffusion-Controlled Reactions. To address the rate at which diffusion-controlled
processes occur, we begins with the descriptions of colloidal aggregation developed by Smoluchowski,25
where the rate,
, of the reaction
Stokes-Einstein diffusion coefficients,
4

can be shown to be proportional to the sum of the
, of the two reactants.
,

,

1

/

(Eq. 1)

Here, is the reaction radius, which will be defined below. This relation is commonly cited as the upper
limit on the speed at which a diffusion-controlled reaction may occur.26,27 However, early measurements
of the rate at which the lac repressor associates to its operon sequence exceeded this limit by two orders
of magnitude.28 This paradox of faster-than-diffusion association was resolved for site-specific
association of proteins by including mechanisms of lower dimensionality: hopping, sliding, and
intersegmental transfer, in what has been termed the facilitated diffusion model (Supplementary Fig. 1).26
With facilitated diffusion, the association rate has the form
1
where depends on the
dissociation rate of the protein from non-specific DNA, the diffusion coefficient of the protein on the
surface of DNA, and the protein concentration.
In the simplest terms, a facilitated association process of a protein to its cognate sequence consists of
three states: (i) a free state, (ii) a non-specifically bound state, wherein the protein is bound to non-target
DNA, and (iii) a specifically bound state, where the protein has located and bound target DNA. In
general, the search process that a protein undergoes consists of cycling through the non-specifically
bound and free states until eventually locating the target. When the concentration of available nonspecific states outnumbers specific states, this process is slow. The “facilitation” occurs due to two
factors. First, the affinity of proteins for non-target stretches of DNA localizes the protein to the DNA for
extended periods of time, allowing for many successive rebinding events. Second, when the protein is
able to translocate along the DNA during its time in the bound state, it may interrogate multiple sites
during a single binding event.
Reaction Radius & Target Size. The theoretical framework of for facilitated diffusion separates the bound
and free states at a distance , which is termed the reaction radius. The motion of the protein beyond this
distance is expected to be free thermal diffusion in three dimensions. While, within the protein’s motion
is constrained to only allow movement along the dimension of the DNA (Fig. 3a-d). This motion is
24
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expected to be Brownian as well, however the diffusion coefficient must now include the average effect
of the potential along the DNA as well as the viscous forces from solution. The reaction radius is then
dependent on the size of the protein and the DNA, as well as the ionic strength of the solution, as it
describes the point at which one can disregard the gradient of the radial portion of the electrostatic
potential of DNA. Here, is chosen to be the sum of the radii of the searching protein and the DNA plus
, under our reaction conditions
the Debye screening length,
Investigations of the sequence-specific binding of proteins commonly consist of foot printing and
mutation methods, revealing both the extent of the protein-DNA interface and minimal consensus
sequences. However, a fundamental question remains: over what range can the protein be out of register
with the target sequence and still recognize it (Fig. 3b)? If we move the protein 1-bp to the left or right of
a perfectly centered target, is the protein heavily biased toward registered binding or does the protein act
as if it is has been placed on a random sequence for which it has no preference? If the answer is the
former, then this begs the question, exactly how far out of register is it necessary to move the protein until
the latter is true? This is the concept of the linear target size, which we will term . If the position
defines when the protein is perfectly in register with the target sequence, then whenever the proteins
, it recognizes the target sequence and rapidly moves to .
position, , satisfies
Above we considered the effect of lateral displacement on target recognition, we must also consider
the effect of the protein’s angular orientation with respect to the target (Fig. 3a). The importance of
orientation arises due to the fact that the entire surface of the protein does not carry out the function of
sequence recognition. For example, consider a protein as a Janus particle, where half of the surface
recognizes DNA sequences, and the other half does not. If we consider the search process to consist of
only proteins colliding with the DNA from solution, it should be clear that half of the particles which
collide with the target sequence will recognize it, as the other half would have encountered the DNA in an
unproductive orientation. While, it is difficult to consider the motion of a protein about its own axis in
calculation, the effect of orientation can easily be accounted for by altering the target size. For the
example above, an effective target size
equal to half of the size of the usual size,
, would
account for the non-binding surface, while allowing every encounter to be productive. In the calculations
that follow, we will treat the protein-quantum dot complex as a sphere. The portion of this sphere
corresponding to the reactive portion of the protein is then defined by the half-angle, , subtended by the
area of an equivalent circle of the sphere. Then, the above condition for recognition becomes
,
,
.
While the mapping of the orientation of the protein onto the target size accounts for the probability of
successful collisions between the protein and target DNA when the protein originates in bulk solution, it
underestimates the probability of locating the target via sliding mechanisms. If
is the one-dimensional
diffusion coefficient in the reduced system, it is then straightforward to recover the usual one-dimensional
diffusion coefficient,

,

.

Association Rate to the DNA from Solution. We consider the DNA to be initially void of bound protein
and immersed in an isotropic distribution of RNAP molecules at concentration . Then, the initial (first
encounter) association rate of proteins to the DNA is identical to the flux of proteins across an absorbing
cylinder of radius and length , where
48,502-bp. This flux can be found from the solution to the
radial diffusion equation, subject to the following boundary conditions.
,0
,
∞,

0

The Laplace transformed solution satisfying these boundary conditions is given by:
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,

1

(Eq. 2)

, and
is the modified Bessel
Where the Laplace transform is defined as
function of the second kind. The solution to the above in the time domain can be written as:29
,

(Eq. 3)

To determine the rate of association per unit length, we find the flux ( ) of proteins across the boundary
at , and then integrate this flux over the entire surface of the DNA:
2

,

|

(Eq. 4)

From the above we also find
. In general, we will make use of the Asymptotic solutions
of
, by considering the small argument (long time) and the large argument (short time) expansions
, which leads to:29
of
. Note, here we have scaled time as
2

→

√

4

→

...

(Eq. 5)

...

(Eq. 6)

Effect of Protein Concentration on Association Rates & Calculation of Effective Target Size. The
hallmark of facilitated diffusion, is that the overall association rate can be greatly accelerated by the
mechanisms of sliding and hopping we have described. Notably, the magnitude of this effect is
proportional to the concentration of reactants. That is, the acceleration, which may be present at lower
protein concentrations, vanishes as the concentration increases. To see this consider the flux to the
operator to be comprised of three terms: the first, , is described above, the second , the hopping rate
is proportional
into the promoter, and the third, , is the sliding rate into the promoter. Notably, while
and
are also both proportional to the concentration but they are
to the initial concentration,
additionally scaled by the nonspecific lifetime, and in the case of , by the 1D diffusion coefficient.
over the association rate is then easily inferred from the limiting cases
Conceptually, the domination of
of the non-specific lifetime and 1D diffusion coefficient. For example, when the dissociation rate is zero,
(i.e. the DNA is infinitely sticky), hopping cannot exist. Then the concentration at which hopping is
≫
, where is the
effectively eliminated from the association rate corresponds to establishing
average number of hops to the target. To estimate the limiting rate of association, recall that the average
number of initial binding events per unit length up to a time is given by.
〈

〉

(Eq. 7)
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Now, if there are promoter sites, each of an effective length on the DNA, then the probability of
randomly choosing one of these sites is
/ . That is to say, on average, it takes /
random collision
̅
̅
〈
〉
events until a promoter is found. We then ask for the time such that
/ . If we again let
/ , then for each value of , , , , and , there is a ̅ such the following equality is true.
(Eq. 8)
When the concentration reaches a value necessary for
to be the predominant contribution to the
association rate, the above calculation yields the effective target size. Furthermore, at any concentration
higher than this value, the above continues to give the same result for . However, at lower
concentrations, this calculation will over estimate , due to the combined influence of hopping and
sliding. Traditionally, this would be referred to as the “antenna” effect.8,27
Comparison to Previous Single-molecule Promoter Search Studies. The work of Kabata et al. is often
cited as evidence for long-distance 1D-diffusion of E. coli RNA polymerase along DNA.11 However
inspection of the data presented in Kabata et al. shows that the reported single molecule trajectories were
not diffraction limited fluorescent spots, as would be expected for single molecules of RNAP. We
surmised that these data might have reflected behavior of large aggregates of RNA polymerase. An RNAP
aggregate would have numerous DNA binding sites, and the collective effect of these binding sites could
cause an aggregate to appear to slide on DNA. To test this hypothesis, we saturated large (1.0–µm dia.)
streptavidin-coated beads (Chemicell GmbH, Cat. No. 2205-1) with biotinylated RNAP, and asked
whether these artificial mimics of an RNAP aggregate could slide on DNA. As shown in Supplementary
Fig. 6, the RNAP-coated 1.0–µm beads were observed moving along the DNA by 1D-diffusion and could
also be pushed in 1D along the DNA when flow was applied, confirming that an aggregate of RNA
polymerase might display apparent sliding behavior. Alternatively, Kabata et al. could not define the
number of DNA molecules that gave rise to each observed sliding event, and the DNA belts they were
using were 2-3 µm thick (10-300 mg ml-1), so the apparent sliding they observed may have arisen as the
cumulative outcome of multiple nonspecific binding events involving numerous DNA molecules.
The work of Guthhold et al. also presented evidence for 1D diffusion of RNA polymerase along
nonspecific DNA. In this study, the authors used AFM to image RNAP bound to nonspecific DNA
adsorbed onto a mica surface, and reported a value for , of 1.1x101 nm2 s–1 and a nonspecific lifetime
of 600 seconds.12 The authors of this study concluded that the extraordinarily long 600-second lifetime of
RNA polymerase bound to nonspecific sites was likely a consequence of both the DNA and the protein
being absorbed to the mica surface, as was necessary for the AFM measurements. In this scenario, the
exceedingly small diffusion constant that Guthold et al. report for nonspecifically bound RNA
polymerase is in full agreement with our data, and we infer that they detected 1D-diffusion because of the
extraordinarily long lifetime of the nonspecifically bound complexes adsorbed to the mica surface.
Harada et al. studied DNA binding using Cy3-tagged E. coli RNAP and -phage DNA held
suspended above a surface by a dual optical trap, and concluded that 1D diffusion may contribute to the
promoter search.10 In this study the authors reported different lifetimes for RNAP bound to either the ATrich or GC-rich halves of the -DNA, which correspond to the side of  containing all of the promoters
and the side lacking promoters, respectively. For the AT-rich half, they reported lifetimes of 330–msec
and 1.5–sec, and for the GC-rich half they reported lifetimes of 120–msec. However, they did not detect a
population of proteins consistent with open complexes, and they suggested that inability to detect open
complexes was due to the relatively high 5 pN of tension on the DNA. They also demonstrated a drastic
increase in binding at lower DNA tensions, therefore it seems plausible that the application of 5 pN of
tension may have also altered the lifetimes of the other binding intermediates, thus yielding different
values than reported in our study. Moreover, the lifetime of 120–msec reported by Harada et al. for the
nonspecifically bound intermediate was 4-fold higher than the 30–msec upper bound we have placed on
27
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this lifetime. Harada et al. also reported that 10 out of 381 RNAP molecules (2.6%) underwent 1D
diffusive motion detectable above instrument resolution (0.2 µm). Notably, the experiments of Harada et
15.4) may have
al. were conducted in 50% sucrose,10 and the high viscosity of this buffer ( % ⁄
artificially prolonged the lifetime of the nonspecifically bound intermediates by reducing the 3D diffusion
coefficient of RNAP and restricting its ability to diffuse away from the DNA upon dissociation, or
through the increase osmotic stress, which is commonly reflected as an increase in the affinity for
nonspecific DNA relative to specific DNA sites30-35; either effect would have led to an overestimate of
1D-sliding. More importantly, our results show that even if the protein were able to slide, 3D-diffusion
will still dominate the promoter search mechanism at physiologically relevant protein concentrations
regimes.
Influence of DNA tension. DNA wrapping or bending by RNA polymerase should be antagonized under
tension, and as such might be expected to perturb open complex formation. However, this effect should
occur at much higher DNA tensions than are used in our study. The DNA in our experiments is typically
stretched to ~75% its contour length, and the tension on the DNA can be estimated based upon relative
mean extension using the Worm-Like Chain model:

1
4

1
4 1

〈 〉

〈 〉

Where
is the DNA persistence length (53 nm),
is termal energy, x is the mean observed
extension, is the full contour length of the DNA (16.49 µm for -DNA), and is the calculated tension
force.36 Based on this calculation the DNA in our experiments experiences a tension force of ~0.35 pN.
The total free energy change required for site-specific binding under tension for a protein that bends DNA
can then be estimated as:
∆∆

20 ⋅

20 ⋅

1

cos

2

4

√

Where  is the bend angle of the DNA molecule induced by the bound protein, is the DNA stretch
modulus (~1,200
), and 20 ⋅ is the length of the bound site times the length of an unperturbed base
pair (20
⋅ 0.34
/ ).37 This equation predicts a simple, linear relationship between the energetic
cost of bending the DNA as a function of applied tension: for a protein with bend angle of 60˚ and
. Based on these rough
binding site of 20-bp, on DNA under 0.35
of tension, ∆∆
0.078
calculations, the low tension experienced by the stretched DNA in our experiments should have little or
no impact on promoter binding by RNAP, and much higher tension forces than those that are accessible
by simple flow-stretched DNA experiments would be required to substantially perturb the binding of
proteins that bend the DNA. Note that the value for ∆∆
changes from 0.004 to 0.4
for
binding site sizes ranging from 1-bp to 100-bp, and bend angles of 45˚ and 90˚ (for a 20-bp binding site)
yield values of 0.05
and 0.77
, respectively; so our conclusion that DNA bending will not
be impacted at low tension holds true for a range of site sizes and bend angles. The conclusion that low
DNA tensions experienced in our curtain assays should not drastically impact binding is reflected by our
data in that RNAP recognizes and binds to the promoters on the extended DNA substrates, the lifetime we
obtained for open complex formation closely match literature values, and RNAP moves along the DNA
when provided with all four rNTPs. In addition, RNA polymerase can transcribe against applied forces of
28
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up to ~14-25 pN,38,39 which again suggests that the relatively low tension used in our assays should have
little or no impact upon the proteins ability to bind promoters.
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