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ABSTRACT: Escherichia coliRNA polymerase is able to bind fork junction DNA containing a conserved
-10 promoter element in a sequence-specific manner, and it is believed that polymerase-fork junction
DNA interaction mimics those between the enzyme and the promoter DNA in the open complex. In this
report we determined the conformation of polymerase-bound fork junction DNA in solution. A series of
distances between sites in the fork junction DNA in complex with polymerase were determined using
luminescence and fluorescence resonance energy transfer. A series of fork junction DNAs were prepared
containing the luminescent or fluorescent donor probe at the upstream or at the downstream end of the
fork DNA and acceptor probes at nine positions within the fork junction DNA. The measured distances
were compared with analogous distances in a model reference DNA duplex, and the observed distance
differences were used to build a model of the fork junction DNA in a complex with the polymerase. The
obtained model revealed an insignificant perturbation of the duplex part of the fork DNA in a complex
with the polymerase whereas a sharp kink of DNA was observed at the ds/ss DNA boundary of the fork
junction DNA.

Transcription initiation involves two major steps: promoter
DNA recognition and promoter DNA melting to form a
complex capable of template-directed synthesis of mRNA
(1). In bacteria, transcription is carried out by a multisubunit
RNA polymerase. Recent years brought significant advance-
ments in understanding of the molecular events leading to
transcription initiation (for recent reviews, see refs2-6).
An important aspect of such understanding is to learn about
the structure of RNA polymerase and its complexes with
promoter DNA at various intermediate states of transcription
initiation reaction. This is a daunting task due to the
complexity and the size of these complexes. The progress
in this regard was very significant in recent years. The
crystallographic or NMR1 structures of various subunits of
bacterial RNA polymerase or their domains have been
determined (7-9). The low-resolution electron microscopy
images of the enzyme were obtained (10-12), and low-
resolution images of RNA polymerase-promoter complexes
were collected using atomic force microscopy (13). Finally,
the crystal structure of the core enzyme fromThermus
aquaticuswas determined, which provided the most detailed
insight into the structure of the bacterial enzyme (14). The
availability of the crystal structure of the core enzyme allows
now structural interpretation of the results from other indirect

approaches and will also provide necessary background
information for the attempts of molecular modeling of other
forms and complexes of the enzyme.

In this work we present the results of solution structural
measurements on a model fork junction DNA in complex
with RNA polymerase holoenzyme. It was shown previously
that RNA polymerase recognizes fork junction DNA con-
taining conserved-10 and-35 promoter sequence elements
in a sequence-specific manner (15-17). Thus, a complex of
RNA polymerase holoenzyme with the fork junction DNA
constitutes the simplest model for RNA polymerase-
promoter DNA interactions in the open complex. We
prepared a series of fork junction DNAs with a luminescent
(or fluorescent) donor at either upstream or downstream end
of the molecule and with fluorescent acceptor molecules
incorporated into nine positions within DNA. The lumines-
cence resonance energy transfer (LRET) (18-20) and
fluorescence resonance energy transfer (FRET) (21-22)
measurements were then used to determine distances between
the probes. Both energy transfer techniques allow measure-
ment of atomic scale distances in solution under biologically
relevant conditions. LRET is a variant of the FRET in which
long-lived lanthanide chelate probes are used, which simpli-
fies distance determination and eliminates uncertainty of the
measurement due to the relative orientation of the donor and
acceptor probes (18-20). The measured distances were used
to build a structural model of the DNA. The holenzyme-
bound fork junction DNA appears to be sharply kinked at
the ds/ss DNA junction, suggesting that the trajectory of
promoter DNA in the open complex exhibits an abrupt
change at the ds/ss junction.
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MATERIALS AND METHODS

Materials. Cy5 and Cy3 monosuccinimidyl esters (23)
were purchased from Amersham Pharmacia Biotech (Pis-
cataway, NJ), and CPM was purchased from Molecular
Probes (Eugene, OR). Diethylenetriaminepentaacetic acid-
7-amino-4-methylcoumarin maleimide (DTPA-AMCA-ma-
leimide) was prepared in our laboratory as previously
described (24). The reagents for oligonucleotide synthesis
were purchased from Glen Research (Sterling, VA). The
amine-VN phosphoramidite used to incorporate the reactive
amine into the oligonucleotides was from Clontech (Palo
Alto, CA). RNA polymerase was purified fromEscherichia
coli K12 cells (University of Alabama fermentation facility)
using the method of Burgess and Jendrisak (25) as modified
by Polyakov et al. (26) and Hager et al. (27). EuCl3 and
D2O were from Sigma (St. Louis, MO). All the other reagents
were of the highest purity commercially available.

Oligonucleotides.The oligonucleotides used for this study
were synthesized on an Applied Biosystems model 394 DNA
synthesizer (Foster City, CA) using standard phosphorami-
date chemistry. Oligonucleotides were synthesized in trityl-
on form and were subsequently purified on a PRP-1 reverse-
phase column (Hamilton, Reno, NV). The amine-VN-
containing oligonucleotides were labeled with Cy5 (or Cy3)
by incubation of 20-30 nmol of oligonucleotide with 1-2
mM Cy5 (or Cy3) monosuccinimidyl ester for∼18 h at room
temperature. Following the reaction, the excess of unreacted
Cy5 (or Cy3) label was removed on a G-25 spin column
(Pharmacia-Amersham), and the labeled oligonucleotides
were further purified on a 1 mL RPCreverse-phase column
(Pharmacia-Amersham). The oligonucleotides labeled at the
5′ or the 3′ end with DTPA-AMCA-maleimide were
prepared by first converting the 5′-phosphate or 3′-phosphate
to a cystamine derivative (28). The cystamine derivative, after
reduction with 1 mM DTT, was reacted with 2 mM DTPA-
AMCA-maleimide in 20 mM Tris-HCl (pH 8.0), 100 mM
NaCl, and 10µM EDTA buffer for 4 h atroom temperature.
The excess of the chelate was removed on a G-25 spin
column (Amersham Pharmacia Biotech), and the modified
oligonucleotide was purified on a 9× 250 mm DNAPAC
PA-100 column (DIONEX, Sunnyvale, CA). A convex
gradient of 37-62% of buffer B was used, and the column
was run at 4 mL/min. Buffer A: 25 mM Tris-HCl (pH 8.0)
and 10 µM EDTA. Buffer B: buffer A + 1 M NaCl.
Fractions containing the correct product (as confirmed by
MALDI mass spectrometry) were pooled, and 10µM EuCl3
was added. After 30 min of incubation at room temperature
the excess of EuCl3 and the salt were removed on a Sep-
Pak C18 cartridge (Waters). The modified oligonucleotide
was eluted with 50% acetonitrile and was dried in a Speed-
Vac. DNA duplexes were formed by mixing equimolar
amounts of appropriate complementary strands in 20 mM
Tris-HCl (pH 8.0) buffer containing 100 mM NaCl and 10
µM EDTA, followed by heating for 1 min at 95°C and
cooling to room temperature in 2 h. Fluorescein at the 3′
end of the nontemplate strand was incorporated during
oligonucleotide synthesis and was purified by reverse-phase
HPLC as described previously (29).

Electrophoretic Mobility Shift Assays.Resistance of poly-
merase-fork junction DNA complexes to heparin challenge
was determined using electrophoretic mobility shift assay

(15). RNAP (80 nM) was incubated for 30 min on ice with
a Cy5-labeled fork junction DNA (40 nM) in 20 mM Tris-
HCl (pH 8.0) buffer containing 100 mM NaCl, 10µM
EDTA, 5 mM MgCl2, 5% glycerol, 0.1 mM DTT, and 50
µg/ mL albumin. Heparin (100µg/mL) was added to the
mixture, and the samples were incubated for 1 min on ice
and were loaded on 7.5% native polyacrylamide gel. The
gel was run in 1× TBE buffer, and DNA bands were
visualized by scanning with STORM (Molecular Dynamics,
Sunnyvale, CA), detecting fluorescence of Cy5-labeled DNA.

Luminescence Resonance Energy Transfer Measurements.
LRET experiments were performed in a 120µL cuvette on
a laboratory-built two-channel instrument described earlier
(29, 30). Reaction mixtures contained 50 nM polymerase
and 25 nM fork junction DNA in 20 mM Tris-HCl (pH 8.0)
buffer containing 100 mM NaCl, 10µM EDTA, 5 mM
MgCl2, 5% glycerol, 0.1 mM DTT, and 50µg/mL albumin.
Reaction mixtures were incubated for 5 min at 25° C before
the luminescence lifetime measurement was performed. The
donor emission was collected using a 620 nm interference
filter (Oriel, Stratford, CT) whereas the sensitized acceptor
signal was detected using a 668 nm interference filter (Oriel,
Stratford, CT). The decay curves were analyzed by nonlinear
regression using SCIENTIST (Micromath Scientific Soft-
ware, Salt Lake City, UT) according to

whereIi and ti are the amplitude and the lifetime of theith
component andB is the background noise. Energy transfer
was calculated using (21, 22)

whereτDA and τD are luminescence lifetimes of the donor
in the presence and absence of the acceptor, respectively.
The distances between donor and acceptor were calculated
according to (21)

whereR is a distance between a donor and an acceptor and
Ro is a distance at which the energy transfer is 0.5. TheRo

for (Eu3+)DTPA-AMCA and the Cy5 donor-acceptor pair
(55 Å) was calculated as described previously (29). In
calculatingRo, a completely randomized orientation of donor
and acceptor fluorochromes was assumed (18-20, 29). For
calculating distances measured in a buffer containing D2O,
the Ro values were calculated as described previously (29)
using the quantum yield of the donor calculated according
to

whereτd is a lifetime of the donor in a water/D2O mixture
andτd(100%) is a lifetime in 100% D2O.

All distances reported in Tables 1, 2, and 4 are averages
from two to six measurements. The error of measured
distances calculated as standard error of the mean of
independent measurements was less then 3%. However, this
error is likely to be a low estimate of the true error since it
does not include uncertainties inherent to the energy transfer
technique (for example, uncertainty of orientation factor).

I ) ∑Ii exp(-t/τi) + B (1)

E ) 1 - τDA/τD (2)

R6 ) R6
o(1 - E)/E (3)

qd ) τd/τd(100%) (4)
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FRET and Time-Dependent Anisotropy Measurements.
Nanosecond decays of CPM and fluorescein were measured
using time-correlated single photon counting (TCSPC) (31).
The excitation in the case of CPM was at 405 nm with a
pulsed diode laser (IBH, Glasgow, Scotland) operating at 1
MHz, and the emission was collected with a 520 nm
interference filter. The excitation in the case of fluorescein
was at 480 nm [using a 480 nm interfernce filter and a 495
nm pulsed LED (IBH, Glasgow, Scotland)], and the emission
was collected with a 520 nm interference filter. Fluorescence
was detected by an integrated detection module (TBX-04,
IBH) containing a photomultiplier, preamplifier, and constant-
fraction discriminator. The output from this module was
processed by time-correlated single photon counting. The
instrument response function measured with a LUDOX
suspension (DuPont) had a full width at half-maximum of
250 ps (405 nm excitation) and 1.2 ns (480 nm excitation).
Decays were fitted to a sum of exponentials using the
standard deconvolution procedure (32). Energy transfer
calculations were performed according to eqs 2 and 3 using
number-averaged lifetimes. All intensity decays were re-
corded with the excitation and emission polarizers at “magic
angles”. Time-dependent anisotropy decays were measured
with the excitation polarizer set at vertical orientation, and
the emission polarizer was cycled during data acquisition
between vertical and horizontal orientation by a computer-
controlled motorized accessory. Time-dependent anisotropy
decays were quantitatively analyzed by the impulse recon-
volution method (33) using software from IBH.

RESULTS

The major goal of this work was to obtain a model of the
conformation of the fork junction DNA bound to RNA
polymerase holoenzyme. This DNA molecule mimics inter-
actions between the polymerase and promoter DNA in the
open complex, providing a simple model for structural and
thermodynamic studies. The approach taken in this work was
to prepare a series of fork junction DNA containing
luminescent (or fluorescent) donor and fluorescent acceptor
at different locations within DNA molecule (Figure 1). The
donor was incorporated at the 5′ end or the 3′ end of the top
(nontemplate) strand. The acceptor was incorporated into nine
different locations in the bottom strand. Eight sites were in
the spacer region between the-10 and-35 sequences, and

one site was in the upstream-35 region. Thus, in principle
a total of 17 distances between a total of 11 positions within
the fork DNA could be measured using this set of DNA
molecules. One distance (between the donor at the 5′ end of
the top strand and acceptor at position-37) could not be
measured since the probes were too close to each other.
Determination of an overall architecture of a reasonably large
molecule from energy transfer distance measurements is a
difficult task. Very rarely will it be possible to determine
enough distances to allow unambiguous placement of many
(in this case 11) points in three dimensions. To simplify this
task, we decided to use a reference molecule of known
conformation [full duplex analogue of the fork DNA (Figure
1)] and to compare the distances between donor and acceptor
probes within the fork DNA bound to the holoenzyme with
the distances between identical sites within the reference
duplex DNA. Differences in distances (which are easier to
measure by energy transfer then the actual distances) between
these two molecules could be then used to conclude about
the deviation of the fork DNA from the structure of the
reference duplex.

Fluorescence acceptors were introduced into the DNA by
a covalent modification of the abasic analogue containing a
reactive aliphatic amino group attached to the sugar backbone
(Figure 2C). We have determined if this mode of fluoro-
chrome incorporation did not inhibit the ability of polymerase
to bind fork DNA in a sequence-specific manner. The ability
of polymerase holoenzyme to bind acceptor-labeled fork
junction DNAs was tested using electrophoretic mobility shift
assay (Figure 2A). The results show that essentially 100%
of DNA was bound under conditions of a small molar excess
of polymerase. Figure 2 also shows that the complexes
formed exhibited resistance to the challenge with heparin, a
hallmark of a sequence-specific recognition of fork junction
DNA (15). We concluded that labeling of internal sites in
the fork junction DNA did not adversely affect interaction
of this DNA with polymerase. Further control experiments
showed that the binding of labeled fork junction DNA under
our experimental conditions was sequence specific. Forma-
tion of a complex of RNA polymerase with Cy5-labeled fork
junction DNA was inhibited efficiently in the presence of
the unlabled consensus sequence fork junction DNA whereas
a fork junction DNA in which-10 and-35 DNA sequences
were eliminated was a poor competitor (Figure 2B). Solution
fluorescence binding experiments (not shown) revealed that
the equilibrium dissociation constant for the labeled fork
junction DNA-polymerase complex was∼10 nM. Thus, all
subsequent experiments were performed with the polymerase
at 50 nM concentration, ensuring∼100% saturation of DNA
with the polymerase.

We first determined the conformation of the duplex part
of the fork DNA in complex with polymerase. The 5′ end
of the top strand of the reference duplex and the fork DNA
was labeled with the (Eu3+)DTPA-AMCA (donor), and the
eight positions within the spacer region were labeled with
Cy5. Distances between these positions were determined by
LRET. Figure 3 shows typical examples of luminescence
decay curves obtained in these experiments. Figure 3A shows
that a donor-only labeled sample (the donor at the 5′ end of
the top strand) decayed in a single-exponential manner. The
example of donor decay in the donor-acceptor-labeled
sample (donor at the 5′ end of the top strand and the acceptor

FIGURE 1: Fork DNA and reference duplex DNA used in LRET
and FRET measurements. The-35 and-10 sequences are in italic
bold type. Positions where Cy5 and Cy3 acceptors were incorpo-
rated are in bold type and are underlined.
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at -23 position on the bottom strand) is shown in Figure
3B. The decay of the donor in this case required fitting to a
double-exponential decay function (Figure 3B). The major
component (86%) decayed with a lifetime (158µs) which
was much shorter than the lifetime observed for the donor-
only sample (615µs) whereas the minor component (13%)
decayed with a lifetime (563µs) similar to the lifetime of
the unquenched donor. Thus, the major decay component
corresponded to the donor engaged in energy transfer with
the acceptor whereas the minor component represented the
population of donors unable to transfer energy due to
incomplete labeling or incomplete annealing of the DNA
molecule. This interpretation is consistent with the sensitized

acceptor decay data (Figure 3C). The sensitized acceptor
signal in the case of the europium chelate-Cy5 donor-
acceptor pair can only be observed if the acceptor is excited
via energy transfer from the donor (18-20, 29). The decay
of the sensitized acceptor signal was fitted to a double-
exponential decay equation (Figure 3C). The lifetime (173
µs) of the major component (82%) was very similar to the
lifetime of the major component in donor decay observed
in the same sample (Figure 3B). The minor component
decayed with a lifetime of 83µs. Interpretation of the
amplitudes of sensitized acceptor decays should take into
account the fact that they do not represent properly popula-
tions of donors from which different components of sensi-

FIGURE 2: (A) Binding of acceptor-labeled fork junction DNAs to RNA polymerase. Cy5-labeled fork DNAs were used. Formation of the
polymerase-DNA complex was detected by electrophoretic mobility shift assay (14). The lanes labeled free DNA contained Cy5-labeled
fork junction DNA only, the lanes labeled+RNAP contained Cy5-labeled fork junction DNA and RNA polymerase, and the lanes labeled
+heparin contained Cy5-labeled fork junction DNA incubated with RNA polymerase followed by addition of heparin. (B) Sequence specificity
of polymerase-fork junction DNA complex formation. Binding of Cy5-labeled fork junction DNA to RNA polymerase in the presence of
a 10-fold excess of unlabeled fork junction DNA (lane 3) and a 10-fold excess of unlabeled fork junction DNA in which-10 and-35
consensus hexamers were replaced by unrelated sequences (lane 4) is compared. Lane 1 is Cy5-labeled fork junction DNA in the absence
of polymerase, and lane 2 is the binding experiment in the absence of the competitor. (C) Structure of amine-VN (Clontech, Palo Alto, CA)
used to incorporate acceptors into internal sites of DNA.

FIGURE 3: Luminescence decays of fork junction DNA in complex with RNA polymerase. (A) Decay of the donor-only sample; (B) donor
decay in the donor-acceptor-labeled sample; (C) sensitized acceptor decay in the donor-acceptor-labeled sample. Solid lines represent the
best fit to a single-exponential equation (A) or double-exponential equation (B and C). The data shown are for a sample with the donor at
the 5′ end of the top strand and with the acceptor at position-23.
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tized acceptor decay arise (30). This is because the amplitude
of sensitized acceptor decay depends not only on the
concentration of donors but also on the rate constant of
energy transfer (30). When the amplitudes of the two
components in sensitized acceptor decay were corrected for
this effect as described previously (30), it appeared that the
amplitude of the major component was even higher (92%).
Thus, in all subsequent analyses only this major component
was taken into consideration. The minor fast-decaying
component was observed with all DNAs used in this study
and was always<10%. The simplest interpretation of this
minor component is that it corresponded to some nonspecific
aggregates. Also, in all subsequent analyses only the
sensitized acceptor decays were used since, compared to
donor decays, they allow more accurate determinations of
τda. This is especially true when the energy transfer is low.
Under these conditions it is difficult to determineτda because
its value becomes close to the value ofτd and donor decays
always contain a small component corresponding to the
unquenched donor. Some of these distance measurements
were repeated in a buffer containing 75% D2O. Under these
conditions the quantum yield and the lifetime of europium
chelate are increased, resulting in a larger value ofRo (19,
20, 29). This provides a more stringent test for the reproduc-
ibility of measured distances and allows a more precise
measurement of longer distances. Table 1 summarizes
distances calculated from these LRET experiments. In the
case of reference duplex DNA there was a simple linear
dependence of the measured distance on the number of base
pairs separating the donor and acceptor (Figure 4). A straight
line could adequately represent experimental data with a

correlation coefficient of 0.997, and the slope was 3.4(
0.1 Å/bp (identical to an axial rise of the B-DNA duplex).
Clegg et al. (34) have shown that relative positions of donor
and acceptor molecules with regard to the axis of DNA can
be determined by studying the energy transfer between the
donor and the acceptor in a series of model DNA duplexes
in which the number of base pairs separating the labels is
varied in a systematic way. This approach is based on the
observation that for donors and acceptors located on the axis
of the DNA duplex a simple linear dependence of the
distance on the number of base pairs separating the donor
and acceptor should be observed. However, for donor and
acceptors which are located at some distance from the axis,
the helical periodicity of the distance should be observed
and the dependence of the distance on the number of base
pairs separating the donor and acceptor should be nonlinear.
A simple linear dependence of the measured distance on the
number of base pairs separating the donor and acceptor
observed for the reference duplex suggested that donor and
acceptor labels were collinear with the long axis of the DNA
duplex and indicated that distances measured with this
donor-acceptor pair reflect the DNA duplex backbone
conformation. This simple collinear localization of the donor
and acceptor is very likely due to the method of attachment
of acceptors to the DNA employed in this work. The
acceptors were covalently attached to an aliphatic amino
group located on the sugar residue of DNA backbone (Figure
2C). Thus, the acceptor effectively replaced the base at the
point of attachment to the DNA backbone, and thus it is
likely that the fluorophore was held near the axis of the
duplex through stacking interactions to neighboring base
pairs. It was found previously that Cy3, a fluorochrome very
similar in structure to the Cy5 used as an acceptor in our
LRET experiments, was stacked on the terminal base pair
when attached to the 5′ end of the DNA duplex (35).

Analogous distances in the fork DNA and in the fork DNA
in complex with the holoenzyme were very similar (Table
1). The distances to the acceptor at positions-20 and-22
of the bottom strand were not used in the case of fork DNA
bound to the holoenzyme because sensitized acceptor decays
for this DNA could not be fitted to simple models illustrated
by Figure 3 (not shown), suggesting that the label at position
-20 or -22 perturbed the DNA-polymerase complex.
Distance differences measured between the fork bound to
the holoenzyme and the reference duplex were small, and
most of them were negative. The simplest interpretation of
these results is that the conformation of the duplex part of
the fork DNA was not perturbed greatly upon binding to
the polymerase.

To obtain information regarding the conformation of the
ss part of the fork DNA, the 3′ end of the top strand of the
reference duplex and the fork DNA was labeled with the
(Eu3+)DTPA-AMCA (donor) and the eight positions within
the spacer region and one position upstream of the-35
hexamer were labeled with Cy5 (Table 2). In the case of the
reference duplex, distances to positions-28 and-37 could
not be measured since at these long donor-acceptor distances
we were unable to obtain good quality LRET data. In the
case of fork DNA alone, distances to positions-14 and-16
could not be measured since apparently donor-acceptor
distances in these cases were too short for good quality decay
measurements. In the case of fork DNA in the presence of

FIGURE 4: Relationship between the donor-acceptor distance
determined by LRET and the number of base pairs separating them
in reference duplex DNA. The solid line is a linear regression line
(correlation coefficient of 0.997).

Table 1: Summary of LRET Distance Measurements with the
Donor at the 5′ End of the Nontemplate Strand (Position-38)

distance (Å)

acceptor
position

in full
reference
duplex in fork

in fork +
holoenzyme

∆ [(fork +
holoenzyme)-
full duplex] (Å)

-28 41.0 40.5 39.3 -1.7
-26 47.0 47.0 46.7 -0.3
-24 53.0 53.4 52.7 -0.3
-22 60.8 62.0
-20 67.9 69.3
-18 73.1 75.3 75.7 +2.6
-16 83.9 84.3 80.9 -3.0
-14 87.1 89.2 85.8 -1.3
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polymerase distances to positions-20 and-22 were not
measured since, as described above, sensitized acceptor
decays for this DNA could not be fitted to simple models
illustrated by Figure 3. Also, the distance to position-37
was not measured because the distance was too long.
Comparison of analogous distances obtained with the fork
DNA alone and the duplex revealed that the distances in the
case of fork were much smaller. In the presence of the
holoenzyme, the distances were increased, and the compari-
son with the reference duplex DNA revealed that the short-
range distances (to the sites adjacent to the-10 hexamer)
were very similar in fork DNA bound to the holoenzyme
and in the reference duplex. In contrast, long-range distances
(to the sites adjacent to the-35 hexamer) were significantly
shorter in the case of fork bound to RNAP (Table 2). The
interpretation of the LRET data in the case of the donor
located in the ss fork extension requires considering a
possible effect of the flexibility of the single-stranded
extension of the fork. In contrast to the rigid DNA duplex,
single-stranded extension of the fork DNA could undergo
flexible movements. The lifetime of the donor used in LRET
experiments is in the microsecond range, which should
provide enough time for the flexible ss tail to assume all

possible transient positions. Thus, the distance measured by
LRET under these conditions would correspond to the
distance of the closest approach between the donor and
acceptor and would not report an average distance. To
directly address potential flexibility of the ss tail in the fork
DNA, time-resolved fluorescence anisotropy measurements
were performed. The 3′ end of the top strand of the fork
DNA was labeled with CPM. The decay of the probe in fork
alone was double exponential (Figure 5A) with the majority
of fluorescence decaying with a lifetime of∼4 ns. Intensity
decay in the presence of RNAP was also double exponential,
and the decay parameters were only slightly different from
those observed for fork DNA alone (not shown). Figure 5B
shows anisotropy decays for the fork in the presence and
absence of RNAP and for the reference duplex DNA. Visual
inspection of the curves and quantitative analysis of aniso-
tropy decay parameters (Table 3) revealed evidence for a
significant flexibility of the ss tail in the fork DNA in the
absence of polymerase. The anisotropy decay of the fork
alone was much faster compared to the full duplex. The mass
difference between the fork and the duplex DNA is only
∼10%, which would produce an insignificant difference in
the anisotropy decay parameters between the fork and the
duplex. Thus, the large observed difference between the
anisotropy decays of fork and duplex DNA was entirely due
to the flexibility of the ss tail in the fork. In the presence of
RNA polymerase anisotropy decay was very slow, reflecting

FIGURE 5: Time-dependent anisotropy decays of fork DNA labeled at the 3′ end of the top strand with CPM. (A) Time-dependent intensity
decay of fork DNA at magic angles (curve 2). The solid line represents the best fit of the data to a double-exponential decay equation. The
resolved lifetimes were 1.49 ns (0.33 amplitude) and 4.17 ns (0.67 amplitude). The pulse profile is also shown (curve 1). (B) Time-
dependent anisotropy decays for free fork DNA, fork DNA in complex with the holoenzyme, and duplex DNA. Solid lines are fits to
double-exponential decay (fork and duplex) and single-exponential decay (fork+ holoenzyme). The anisotropy decay parameters were
obtained by impulse reconvolution analysis (33) and are summarized in Table 3.

Table 2: Summary of LRET Distance Measurements with the
Donor at the 3′ End of the Nontemplate Strand (Position-4)

distance (Å)

acceptor
position

in full
reference
duplex in fork

in fork +
holoenzyme

∆ [(fork +
holoenzyme)-
full duplex] (Å)

-14 36.0 33.7 -2.3
-16 39.5 39.3 -0.2
-18 56.3 41.3 42.5 -13.8
-20 63.5 39.1
-22 67.4 41.8
-24 73.7 46.9 53.8 -19.9
-26 78.9 49.6 68.4 -10.5
-28 61.6 70.8
-37 85.6 100.9

Table 3: Summary of the Analysis of Time-Resolved Fluorescence
Polarization Experiments

sample Φ1 (ns)a A1
a Φ2 (ns)a A2

a

fork 0.7 0.150 5.0 0.147
duplex 0.8 0.089 9.3 0.182
fork + holoenzyme ∼90b 0.295

a Apparent rotation correlation times and amplitudes obtained by
impulse reconvolution analysis of time-dependent anisotropy data.
b This is a poorly defined value since very little anisotropy decay
occurred within the observation time allowed by the lifetime of the
excited state of the probe (Figure 5B).
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tumbling of the entire complex. No evidence for local
flexibility of the fork DNA within the complex was evident
since the anisotropy decay could be well described by a
single rotation correlation time (Table 3). We concluded that
in the complex with RNAP fork DNA is rigidly bound to
the enzyme and thus in this case LRET distances would
correctly report the overall conformation of the fork DNA.
Comparing these distances with the distances measured in
the reference duplex could be used to conclude about the
conformation of the ss tail of the fork in complex with
RNAP. In contrast, for the fork alone the flexibility of the
ss tail prohibits the use of LRET data to conclude about the
“average” conformation of the molecule. The surprisingly
short distances found in the fork alone were due to the ability
of the donor to transiently come into close proximity of
acceptors due to flexible movements of the tail during the
long excited-state lifetime of the donor.

To obtain independent confirmation of the above inter-
pretation of LRET data, we have remeasured the distance
difference between the fork+ RNAP and the duplex using
FRET (i.e., using the donor probe with nanosecond rather
than microsecond lifetime of the excited state). The 3′ end
of the top strand of the fork DNA was labeled with
fluorescein, and seven positions within the spacer DNA were
labeled with Cy3, an efficient acceptor for fluorescein. Figure
6 shows the examples of donor decay curves which were
used to calculate the distances. The pattern of distance
differences between the fork-RNAP complex and the duplex
(Table 4) was very similar to that observed in LRET
experiments [no change in short-range distances (to the sites
adjacent to the-10 hexamer) and significantly shorter long-
range distances (to the sites adjacent to the-35 hexamer)].
In contrast to LRET experiments, the distances in free fork
DNA were similar to the distances in the reference duplex,
confirming that unusually short distances in free fork
observed with LRET were due to the extensive flexibility

of the ss tail.
The characteristic pattern of differences between distances

in fork + RNAP and the reference duplex [no change in
short-range distances (to the sites adjacent to the-10
hexamer) and significantly shorter long-range distances (to
the sites adjacent to the-35 hexamer)] was observed both
by LRET and by FRET. The simplest model of the fork DNA
bound to RNAP explaining this pattern is shown in Figure
7. Such a pattern can be only obtained if the ss tail is sharply
kinked. Other simple deformations (for example, linear
contraction of the length of the ss tail) are not consistent
with the observed pattern of distance differences between
the fork-RNAP complex and the duplex. The angle of the
kink was estimated by determining the range of angles which
would be consistent within the error of experiment with the
range of observed distance differences between the fork-
RNAP complex and the reference duplex DNA. The esti-
mated range of the kink angle was between 45° and 90°.
The model shown in Figure 7 shows the ss tail at a 67° angle.
The exact location of this kink is difficult to pinpoint on the
basis of the obtained data. However, taking into account the
significant difference in the bendability of ss and ds DNA,
it is reasonable to assume that the kink is located at the
boundary between ds and ss DNA.

DISCUSSION

Recent years brought significant advances in understanding
the structure of multisubunit RNA polymerases. Most
significantly, a high-resolution crystal structure of the core
enzyme fromT. aquaticusis now available (14). In contrast,
the information regarding the conformation of promoter DNA
is known only from indirect or low-resolution approaches.
The deformation of promoter DNA in complex with poly-
merase is an important, functional component of the tran-
scription initation reaction. The major change of promoter
DNA conformation obviously occurs during open complex
formation in which∼1.5 turns of DNA duplex undergo

FIGURE 6: Examples of intensity decay data for the DNA labeled
at the 3′ end of the top strand with fluorescein. Decays were
recorded at magic angles. Curves: 1, pulse profile; 2, donor-only
decay; 3, donor-acceptor labeled with the acceptor at position-14.
Solid lines correspond to the fits to double-exponential decay
equations. The resolved decay lifetimes for donor-only samples were
1.64 ns (32% amplitude) and 4.63 ns (68% amplitude). The resolved
decay lifetimes for the donor-acceptor sample were 0.47 ns (77%
amplitude) and 1.98 ns (23% amplitude). When fitting donor-
acceptor decays, a fixed 10% component with 4.63 ns lifetime was
included since all donor-acceptor decay had∼10% unquenched
donor component likely due to incomplete labeling or incomplete
DNA hybridization.

FIGURE 7: Model of the fork DNA conformation when bound to
the holoenzyme. The duplex part of the fork was found to be
relatively unperturbed by binding to RNAP. A sharp kink at the
ds/ss DNA boundary is the simplest interpretation of distance
changes observed upon binding to RNAP between the 3′ end of ss
nontemplate strand extension and positions in the spacer DNA.

Table 4: Summary of FRET Distance Measurements with the
Donor at the 3′ End of the Nontemplate Strand (Position-4)

distance (Å)

acceptor
position

in full
reference
duplex in fork

in fork +
holoenzyme

∆ [(fork +
holoenzyme)-
full duplex] (Å)

-14 45.2 51.2 47.9 +2.7
-16 46.4 48.0 47.1 +0.7
-18 52.3 49.0 48.6 -3.7
-20 53.2
-22 57.6
-24 62.8 59.2 52.6 -10.2
-26 65.4 62.0 56.2 -9.2
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melting to ss DNA. In addition, more subtle but possibly
important conformational changes of promoter DNA were
proposed. DNA bending by RNA polymerase was observed
using several techniques (36-39). Atomic force microscopy
measurements predicted wrapping of DNA around the
polymerase (13). Finally, a distortion of a spacer DNA
between the-10 and-35 promoter region upon formation
of the initial closed complex was proposed to occur and to
function as an energy storage for later use in melting DNA
duplex (5).

The fork junction DNA studied in this work corresponds
to the upstream end of the transcription bubble. The model
of DNA conformation in this region built using our LRET
measurements reveals a sharp kink of fork junction DNA at
the boundary between ss and ds DNA. Thus, our model
predicts an abrupt change in DNA trajectory at the boundary
of ds and ss DNA at the upstream end of the transcription
bubble in the open complex. Such prediction is consistent
with a recent model of the open complex developed on the
basis of extensive polymerase-promoter DNA cross-linking
studies (40). Such sharp deformation of DNA required for
the efficient interaction of the nontemplate strand in the ss
form could be one of the driving forces for DNA melting
necessary for the open complex formation. The conformation
of the spacer DNA duplex appears to be only slightly
perturbed. It will be of interest now to determine the
conformation of RNA polymerase-bound promoter DNA in
the duplex form corresponding to the closed complex to
determine if the sharp DNA kinking observed for the fork
junction DNA is functionally coupled to the melting of the
DNA duplex. The approaches used in this work to determine
the conformation of polymerase-bound fork junction DNA
can be extended to address this question.
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