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ABSTRACT: To form a functional open complex, bacteriophage T7 RNA polymerase (RNAP) binds to its
promoter DNA and induces DNA bending and opening. The objective of this study was to elucidate the
temporal coupling in DNA binding, bending, and opening processes that occur during initiation. For this
purpose, we conducted a combined measurement of stopped-flow fluorescence anisotropy, fluorescence
resonance energy transfer (FRET), and 2-aminopurine fluorescence. Stopped-flow anisotropy measurements
provided direct evidence of an intermediate resulting from rapid binding of the promoter to T7 RNA
polymerase. Stopped-flow FRET measurements showed that promoter bending occurred at a rate constant
that was slower than the initial DNA binding rate constant, indicating that the initial complex was not
significantly bent. Similarly, stopped-flow 2-aminopurine fluorescence changes showed that promoter
opening occurred at a rate constant that was slower than the initial DNA binding rate constant, indicating
that the initial complex was not significantly melted. The indistinguishable observed rate constants of
FRET and 2-aminopurine fluorescence changes indicate that DNA bending and opening processes are
temporally coupled and these DNA conformational changes take place after the DNA binding step. The
results in this paper are consistent with the mechanism in which the initial binding of T7 RNAP to the
promoter results in a closed complex, which is then converted into an open complex in which the promoter
is both sharply bent and melted.

Bacteriophage T7 RNA polymerase (RNAP)1 is a single-
subunit enzyme that is capable of catalyzing all the funda-
mental steps of transcription without requiring any accessory
proteins (1, 2). Although the T7 RNAP structure is more
closely related to the Pol I family of DNA polymerases rather
than to the multisubunit bacterial or eukaryotic RNA
polymerases, the fundamental mechanism of RNA-dependent
transcription is conserved in both single- and multiple-subunit
RNAPs (3-9). After T7 RNAP recognizes and binds to a
specific sequence of DNA, a series of conformational
changes occur in both the promoter DNA and RNAP that
result in sequence specific RNA synthesis. In the initial
process of promoter DNA binding, a key step is the melting
of the DNA duplex around the initiation site to create a
single-stranded DNA for template-directed RNA synthesis.
DNA in the open complex is not only melted from-4 to
+2/+3 (10) but also bent around the transcription start site
(11, 48).

The mechanism by which RNAPs melt a specific region
of the promoter DNA is not well understood, mainly because
the initial steps of promoter recognition and DNA binding

are poorly characterized. Minimally, these steps should
include the formation of a closed complex and intermediates
that initiate promoter melting. Previously, we have used
2-aminopurine (2-AP)-modified fluorescent DNA to monitor
the real-time kinetics of open complex formation under
pseudo-first-order conditions (12-14). On the basis of these
kinetic and thermodynamic studies as well as global fitting
of the kinetic data, we proposed a minimal two-step
mechanism in which open complex formation occurs via a
kinetic intermediate that we termed the closed complex
intermediate (13). This model extended an initial mechanism
that proposed rapid promoter opening is simultaneous with
promoter binding (12, 15). Additional studies indicated that
the closed and open complexes of the duplex promoter are
in equilibrium, with the closed complex being favored until
initiating nucleotides are added, which stabilizes the ternary
open complex (16).

Using steady-state and time-resolved FRET methods, we
have determined that the overall bending angle of the
promoter DNA in the static open complex is∼80° (48).
Equilibrium FRET studies indicated that the initial closed
complex is not bent to a significant extent. The following
questions arise: whether DNA bending is simultaneous with
DNA binding and whether an intermediate in which the DNA
is bent but not melted exists. Although there is no direct
evidence, it is generally thought that promoter DNA bending
induced upon RNAP binding occurs prior to promoter DNA
melting (17-20). In many proteins such as the minor groove
intercalating TATA-binding protein (TBP) (21, 22), the

† This project is funded by NIH Grant GM51966 to S.S.P.
* To whom correspondence should be addressed. E-mail:

patelss@umdnj.edu. Telephone: (732) 235-3372. Fax: (732) 235-4783.
1 Abbreviations: 2-AP, 2-aminopurine; A488, succinimidyl ester of

5(6)-Alexa Fluor 488 carboxylic acid; A546, succinimidyl ester of 5(6)-
Alexa Fluor 546 carboxylic acid; FRET, fluorescence resonance energy
transfer; NT, nontemplate strand; RNAP, RNA-dependent polymerase;
pds, partially double-stranded DNA; T, template strand; TAMRA,
tetramethylrhodamine.

4947Biochemistry2006,45, 4947-4956

10.1021/bi052292s CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/22/2006



chromosomal high-mobility group proteins (HMG) (23), and
the integration host factor (IHF) (24), DNA binding and
bending are synchronous events. For DNA-modifying en-
zymes such as methyltransferases and DNA repair endonu-
cleases (25-28) that recognize and act at specific sites on
the DNA, it was observed that DNA binding, bending, and/
or base flipping occurred as a concerted event. Recently,
Stivers and colleagues argued that DNA bending might take
place earlier and facilitate base flipping in the DNA bound
to uracil DNA glycosylase (29).

In this paper, we have used stopped-flow fluorescence
anisotropy to directly assess the initial step of T7 RNAP-
promoter DNA association. A “three-color” DNA substrate
was synthesized with donor and acceptor dyes at the DNA
ends, and a fluorescent base 2-AP at the-4 position in the
template strand. The three-color promoter was used to
compare directly the rate constants of DNA bending and
opening and that of DNA binding to investigate the multistep
mechanism of promoter melting during transcription initia-
tion. Stopped-flow FRET and 2-AP fluorescence changes
indicated that promoter bending and DNA opening are
temporally coupled during initiation by T7 RNAP. The
intrinsic rate constants of steps were determined from the
kinetics of binding, bending, and opening with a duplex and
a premelted promoter, both in the absence and in the presence
of the initiating nucleotides. The development of these
methods and the successful application to T7 RNAP provide
ways to study the early events of transcription initiation in
other polymerases. This approach will be particularly useful
for RNAPs in which 2-AP substitution may have a deleteri-
ous effect on transcription of certain promoters (30).

MATERIALS AND METHODS

Protein and DNA. T7 RNAP was purified as described
previously (12, 31), and the protein concentration was
determined by measuring the absorbance at 280 nm in 8 M
urea using a molar extinction coefficient of 1.4× 105 M-1

cm-1 (32). Oligodeoxynucleotides were purchased from
Integrated DNA Technologies, Inc. (Coralville, IA). The
sequence of NT was 5′-TAA ATT AAT ACG ACT CAC
TAT AGG GAG ACT A, that of T 3′-ATT TAA TTA TGC
TGA GTG ATA TCC CTC TGA T, and that of mutNT 5′-
TAA ATT AAT ACG ACT CAC CCG CAT GAG ACT A.
DNA purification, dye labeling [Alexa 488 (A488) and Alexa
546 (A546)], and labeling analysis were as described in ref
48. Fluorescent base analogue 2-aminopurine (2-AP) was
incorporated at position-4 on the template strand during
oligodeoxynucleotide synthesis. Duplex DNA was prepared
by annealing two fluorescent strands in an equimolar ratio
to make a doubly labeled promoter DNA or by adding a 5%
excess of the nonfluorescent strand to make a singly dye-
labeled DNA.

Stopped-Flow Fluorescence Anisotropy Experiments. Time-
dependent measurement of fluorescence anisotropy changes
in the Alexa 546-modified promoter upon binding to T7
RNAP was performed in a T-format setup on a KinTek SF-
2003 instrument (KinTek Corp., Austin, TX) equipped with
computer-controlled motor-driven syringes. The fluorescence
signals were collected in 1000 channels with a dead time of
1-2 ms. Excitation light at 550 nm was transmitted via a
fiber-optic output into an optical sample cell. The emission

signal was passed through 570 nm long-pass filters and
measured simultaneously in parallel and perpendicular
orientation relative to the polarized excitation. All the
measurements were carried out in a buffer containing 50 mM
Tris-acetate, 50 mM Na-acetate, 10 mM Mg-(acetate)2, and
1 mM dithiothreitol (pH 7.5). Duplex promoter labeled with
A546 (final concentration of 40 nM) was mixed with T7
RNAP (from 50 to 800 nM, final concentration). The
polarized emission signal from 10-15 shots was averaged
to improve the signal-to-noise ratio. Differences in the
sensitivity between the two photomultipliers were adjusted
to calculate the anisotropy of DNA-labeled A546. The
observed anisotropy was calculated using eq 1:

At any given time during the DNA binding event, the
observed fluorescence anisotropy,robs, of DNA-labeled A546
is the sum of free and RNAP-bound DNA:

whereff and fb are fractions of unbound and bound DNA,
respectively, relative to total fluorescent DNA (ff + fb ) 1)
and r f and rb are their respective anisotropy values. The
general equation used to fit the time-dependent anisotropy
changes is shown in eq 3

where R ()Ibound/I free) is a correction factor in case the
fluorescence intensity (I) changes upon complex formation
and k is the observed rate constant. Binding to T7 RNAP
did not cause any significant changes in the total fluorescence
intensity of A546 attached to the promoter DNA. Therefore,
R ) 1 and eq 3 is simplified torobs ) ∆re-kt + constant.
The observed rate constant (k) was plotted against T7 RNAP
concentration, and the dependency was fit to eq 4 to obtain
the on-rate constant (kon)

Stopped-Flow FRET Experiments. Rapid assays of T7
RNAP-induced FRET changes upon DNA binding were
conducted on the same KinTek SF2003 setup. Doubly dye-
labeled promoter (final concentration of 20-40 nM) was
rapidly mixed with T7 RNAP (from 100 to 800 nM, final
concentration), and fluorescence intensities of both donor
and acceptor dyes were measured simultaneously in a
T-format setup. A 520 nm band-pass filter was used to
measure the emission fluorescence intensity of A488 within
the 515-525 nm window that excludes emission light from
A546. Similarly, a 570 nm long-pass filter was used to collect
A546 emission. Fluorescence measurements from 10-15
experiments were averaged to optimize the signal-to-noise
ratio. The observed rate constants were obtained by simul-
taneously fitting the time traces from donor and acceptor
fluorescence changes using Sigmaplot (Jandel Scientific
Software, San Rafael, CA). Generally, a single-exponential
equation (eq 5) provided a satisfactory fit to the data as
justified by visible inspection and by the random distribution

robs)
I|/I⊥ - 1

I|/I⊥ + 2
(1)

robs) rbfb + rfff (2)

robs) rb +
rf - rb

1 - R + Rekt
(3)

kobs) kon[E]t + koff (4)
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of residuals.

where F is the observed fluorescence intensity,F0 is the
background fluorescence, and∆F is the fluorescence change
during the binding process. The observed rate constant (k)
was plotted against T7 RNAP concentration, and the resulting
dependency was fit to either a linear equation (eq 4, for the
bubble promoter) or a hyperbolic equation (eq 6, for the
duplex promoter).

wherekmax is the maximum rate constant for the unimolecular
rearrangement (bending or opening) of promoter DNA as
detected by FRET efficiency or 2-AP fluorescence signal,
K1/2 is a nominal measure of the binding affinity whose
meaning is not straightforward, andkoff is the rate constant
of the reverse reaction.

Stopped-Flow 2-AP Fluorescence Experiments.To com-
pare directly the kinetics of T7 RNAP-induced DNA opening
and bending, a three-color DNA promoter was prepared by
attaching the A488-A546 dye pair to the DNA ends and
labeling the template strand with 2-AP internally at position
-4. To minimize interference from A488 and A546 fluo-
rescence, a 400 nm band-pass filter was used to collect 2-AP
fluorescence within the 365-435 nm range. Transmittance
measurements using the 400 nm band-pass filter indicated a
complete blockage of>480 nm light. Experimental condi-
tions and data analyses were the same as those described
above for the stopped-flow FRET experiments.

RESULTS AND DISCUSSION

Real-Time Analysis of Promoter Association by Stopped-
Flow Fluorescence Anisotropy. A 31 bp DNA with the T7
Φ10 promoter sequence from position-22 to +9 was
labeled with A546 at the 5′-end of the template DNA.
Fluorescence anisotropy changes under equilibrium condi-
tions were measured by titrating the dye-labeled duplex
promoter with an increasing T7 RNAP concentration. The
anisotropy of the dye attached to the duplex promoter
increased from∼0.16 in the absence of T7 RNAP to∼0.20
in the fully bound state (Figure 1). The binding data were
fit to obtain the T7 RNAP-duplex promoterKd of 5.2 nM,
which is consistent with the previously measured value for
a consensus T7 promoter with an upstream end at residue
-22 (33, 34). Fluorescence anisotropy changes were then
measured in a stopped-flow instrument to obtain the kinetics
of DNA binding. The A546-labeled duplex promoter was
rapidly mixed with an excess of T7 RNAP in a stopped-
flow instrument, and the time-dependent increase in fluo-
rescence anisotropy was recorded. Real-time measurements
of fluorescence changes of A546 in both parallel (I|) and
perpendicular (I⊥) directions relative to the vertically polar-
ized excitation were taken using a T-format scheme. The
A546-labeled duplex promoter was excited at 550 nm, and
the emission intensity at>570 nm was collected using 570
nm cutoff filters. The sensitivity of each of the two photon
multiplier tubes (PMT) in response to instrument setting
parameters such as excitation and emission wavelengths,

excitation slits, and PMT voltages was evaluated and taken
into consideration to adjust the ratio ofI| and I⊥.

Figure 2A shows a typical fluorescence anisotropy time
course when 40 nM A546-labeled duplex promoter was
rapidly mixed with 200 nM T7 RNAP (both final concentra-
tions). The final trace is an average of 8-12 experiments
and follows a single-exponential equation (eq 3) with a first-
order rate constant of 43 s-1. To determine whether the A546
anisotropy signal change is a direct measure of the associa-
tion of T7 RNAP and promoter DNA, the stopped-flow
kinetics were measured under pseudo-first-order conditions
at final T7 RNAP concentrations from 80 to 800 nM and a
constant dye-labeled promoter concentration of 40 nM. The
observed rate constant of anisotropy changes increased
linearly with an increase in T7 RNAP concentration (Figure
2B), and the bimolecular promoter association rate constant,
kon, was determined from the slope to be 188( 5 µM-1 s-1.
This fast on-rate constant indicates diffusion-limited rapid
association of T7 RNAP with the consensus promoter
fragment. This directly measured on-rate constant of the T7
RNAP-duplex promoter complex is consistent with the
previously estimated value from global fitting of the kinetics
of 2-AP fluorescence changes (13, 14, 16). The off-rate
constant of the T7 RNAP-duplex promoter complex can
be obtained from they-intercept of the observed rate constant
(kobs) versus T7 RNAP concentration linear dependency (kobs

) kon[T7 RNAP] + koff). However, because the starting
concentrations of T7 RNAP were far from zero, the off-rate
constant could not be determined accurately by this method.
The off-rate constant was determined directly from displace-
ment experiments shown below. From theKd of 5 nM for
this promoter DNA sequence and the simplified relationship
Kd ) koff/kon, the off-rate constant is estimated to be∼1 s-1.

The stopped-flow fluorescence anisotropy experiments
(Figure 2C,D) were also conducted with a premelted
promoter (bubble promoter) that contained six contiguous
mismatches in the nontemplate strand from position-4 to
+2. Binding of the A546-labeled bubble promoter to T7
RNAP resulted in an increase in dye anisotropy. The
observed exponential rate constant of binding increased
linearly with an increase in T7 RNAP concentration (Figure
2D) and provided an on-rate constant of 299( 20 µM-1

s-1. This association on-rate constant of the bubble promoter
is only slightly higher than the on-rate constant of the duplex

FIGURE 1: Fluorescence anisotropy changes accompanying the
binding of A546-labeled duplex promoter under equilibrium condi-
tions. The duplex promoter labeled with A546 (40 nM) was titrated
with increasing T7 RNAP concentrations at 20°C, and fluorescence
anisotropy was measured. The dye was excited at 550 nm, and
perpendicular and parallel intensities at 585 nm were monitored in
a T scheme. Error bars represent deviations in 10 consecutive
fluorescence measurements at each protein concentration.

F ) F0 + ∆F exp(-kt) (5)

kobs) koff +
kmax[E]t

[E]t + K1/2

(6)
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promoter (∼1.5 times). On the other hand, the affinity of
the bubble promoter for T7 RNAP is nearly 3 orders of
magnitude stronger than that of the duplex promoter (35),
suggesting that the tight binding of the bubble promoter is
due to the greatly reduced off-rate constant (shown below)
of the RNAP-promoter complex (35).

Real-Time Analysis of DNA Bending and Opening by
Stopped-Flow FRET and 2-AP Fluorescence. To dissect the
pathway of DNA binding, bending, and base pair opening,
a three-color DNA promoter was made with A488 and A546
dyes attached to the opposite ends of the DNA and 2-AP
substituted at position-4 in the template (Figure 3).
Unstacking of the 2-AP base at the-4 position on the
template strand occurs upon promoter DNA melting, and the
accompanying fluorescence increase has been exploited to
characterize the thermodynamics and kinetics of open
complex formation (12, 15, 35, 36). By following the real-
time fluorescence changes of the 2-AP base, one can assess
the formation of the RNAP-promoter open complex (13).
Similarly, real-time bending of the promoter DNA can be

measured by monitoring the time-dependent donor and
acceptor fluorescence changes that accompany binding of
the promoter to T7 RNAP. Thus, the three-color DNA
provides a direct and error-minimized comparison of the rates
of T7 RNAP-induced DNA bending and opening by the
stopped-flow method.

FRET and 2-AP signals were measured with the three-
color DNA in a single sample. The 2-AP signal was
measured after excitation at 315 nm, and the FRET signal
was measured after excitation at 490 nm. A band-pass filter
centered at 400 nm with a broad width of 70 nm was used
to collect the 2-AP signal, while preventing A488 and A546
fluorescence interference in the long-wavelength region. The
changes in donor and acceptor emission were simultaneously
monitored with a T-format detection system. A 520 nm band-
pass filter was used to measure the emission fluorescence
intensity of A488 within the 515-525 nm window that
excludes emission light from A546. Similarly, a 570 nm
long-pass filter was used to collect A546 emission. Although
the binding kinetics by anisotropy can be measured using
the same three-color DNA by selectively exciting the
acceptor only, the requirement of reassembling several key
parts of the stopped-flow setup makes this difficult. However,
we confirmed that the three-color and the singly dye-labeled
DNA substrates provided similar DNA binding rate constants
(data not shown).

Figure 4 shows typical fluorescence changes observed after
the mixing of 100 nM T7 RNAP (final concentration) with
40 nM three-color duplex promoter. The time-dependent
increase in 2-AP fluorescence is mainly due to base un-
stacking that accompanies duplex DNA opening, and the
kinetics fit to a single-exponential rate constant of 12 s-1.
The time-dependent decrease in donor fluorescence and the
accompanying increase in acceptor fluorescence measure the
kinetics of DNA bending upon T7 RNAP binding. The donor
and acceptor signals were fit simultaneously to a single-
exponential rate constant of 12 s-1. Thus, the 2-AP fluores-
cence and the FRET changes occur with similar kinetics.
The stopped-flow 2-AP fluorescence and FRET kinetics were

FIGURE 2: Stopped-flow kinetics of duplex and bubble promoter
binding measured by fluorescence anisotropy. (A) A546-labeled
duplex promoter (NT/Alexa 564-T) at 40 nM (final) was rapidly
mixed with 200 nM T7 RNAP (final concentration) at 25°C in a
stopped-flow instrument. The resulting time course of fluorescence
anisotropy change that fits to a single-exponential function with a
kobs of 43.2( 1.5 s-1 (smooth curve) is shown. (B) The observed
rate constant of anisotropy change is plotted as a function of
increasing T7 RNAP concentrations that provided akon of 188 (
5 µM-1 s-1. (C) A546-labeled bubble DNA (mutNT/T-A546) at
40 nM (final concentration) was rapidly mixed with 200 nM T7
RNAP (final concentration) at 25°C in a stopped-flow instrument,
and the resulting kinetics of fluorescence anisotropy changes are
shown. Ten traces were averaged (rugged curve) and fit to a single-
exponential function to obtain an observed rate constant (kobs) of
68 ( 13 s-1 (smooth curve). (D) Observed rate constants of bubble
DNA binding are plotted vs T7 RNAP concentration, and the slope
provided akon of 299( 20µM-1 s-1. All anisotropy measurements
were made with vertically polarized excitation at 550 nm and by
collection of parallel and perpendicular emission at wavelengths
longer than 570 nm (using dual 570 nm long-pass filters). The
dashed lines in the schematic (here and in the following figures)
represent the liquid solution, and the curves represent excitation or
emission lights transmitted through fibers.

FIGURE 3: DNA bending and opening kinetics measured using a
three-color promoter. The DNA promoter was labeled with donor
and acceptor dyes at the DNA ends and with 2-AP at position-4
in the template strand. The three-color DNA substrate was used to
measure the kinetics of bending and opening as shown in the
diagram. The incorporated 2-AP is shown as a white box in the
free DNA (less fluorescent) and as an explosion in the complex
(highly fluorescent). The upstream and downstream labeled donor
(D) and acceptor (A) are colored gray and black in the free DNA
and black and gray in the T7 RNAP complex, respectively,
corresponding to the FRET enhancement. Fluorescence excitation
was set at 315 nm, and changes in the 2-AP fluorescence at
wavelengths of>365 nm were measured using a 400( 35 nm
band-pass filter. With the same DNA, the excitation was moved to
490 nm and simultaneous changes in donor and acceptor fluores-
cence emission were made in two channels using a 570( 5 nm
long-pass filter (acceptor side) and a 520( 5 nm band-pass filter
(donor side), respectively.
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measured over a wide T7 RNAP concentration range from
80 to 800 nM (final concentration), and the data are
summarized in Figure 4C. The finding that the observed rate
constants of DNA bending and opening are indistinguishable
over a broad range of T7 RNAP concentrations suggests that
the two events occur simultaneously within∼1 ms, the time
resolution of the measurement.

In Figure 4C, we compare the observed rate constants of
DNA bending and opening at increasing T7 RNAP concen-
trations with that of DNA binding from the stopped-flow
anisotropy measurements. At low concentrations of T7
RNAP, the measured rate constants of the three events
coincide. This indicates that at low concentrations of T7
RNAP, the bimolecular association step to form the initial
complex limits the entire process of open complex formation.
At higher concentrations of T7 RNAP, the bimolecular
association step is no longer rate-limiting, whereas the DNA
conformational changes become rate-limiting. Therefore, the
kinetics of association and DNA conformational changes start
to deviate. The observed rate constants of DNA bending and
opening steps, unimolecular events, approach at high T7
RNAP concentrations their maximum values. Separate fits
of the dependency of the observed rate constants of DNA
bending and opening on T7 RNAP concentration to a
hyperbolic equation (eq 6) provided a maximal rate constant
(kmax) of 190( 49 s-1 for the DNA bending step and a rate
constant of 150( 17 s-1 for the DNA opening step. The
latter value is within the range of the DNA opening rate
constant previously determined using a 40 bp T7 promoter
that spanned residues-21 to +19 (13, 14, 16).

Stopped-Flow Kinetics of DNA Bending and Opening in
the Bubble Promoter.The bubble promoter with contiguous
mismatches from position-4 to +2 is a good mimic of the
melted DNA in the open complex. Even though the region
of residues-4 to +2 of the bubble DNA is premelted, the
fluorescence of 2-AP at position-4 in the template increases
when the bubble DNA binds to T7 RNAP because the base
unstacks upon formation of the binary open complex. Thus,
we refer to the event reflected by the 2-AP fluorescence
change as DNA opening, bearing in mind that the bubble
promoter does not need to be melted in the same way as the
duplex promoter. Figure 5A shows typical FRET and 2-AP
fluorescence signals when the doubly dye-labeled bubble
promoter (40 nM) is rapidly mixed with 200 nM T7 RNAP
(both final concentrations). DNA bending as measured by
time-dependent FRET changes and opening (or unstacking)
as measured by time-dependent 2-AP fluorescence changes
follow single-exponential kinetics (Figure 5B) with rate
constants of 42 and 40 s-1, respectively. The rate constants
of DNA bending and opening are indistinguishable within
the time resolution of the method, indicating the simultaneous
occurrence of the two events in the six-mismatch bubble
promoter as observed with the duplex promoter. The
magnitudes of FRET and 2-AP signal changes were larger,
however, in the bubble promoter, which is attributed to the
complete conversion of the binary complex to the open form.
In other words, the final complex of T7 RNAP with the
bubble DNA contains only the open complex as the
mismatches prevent the reannealing of the bases to form the
closed complex.

In contrast to the duplex promoter, the observed rate
constants of bending and opening increased linearly instead

FIGURE 4: Stopped-flow kinetics of duplex promoter bending and
opening. (A) Stopped-flow kinetic traces of donor fluorescence
quenching, acceptor fluorescence increase (FRET signal), and 2-AP
fluorescence increase after rapidly mixing 40 nM (final concentra-
tion) three-color DNA (A488-NT/2-AP-T-A546) and 100 nM (final
concentration) T7 RNAP at 25°C. The experimental data (rugged
curves) fit well to a single-exponential function (smooth curve), as
judged from the residuals in panel B. FRET signals of the donor
and acceptor were fit simultaneously to a rate constant of 12.9 s-1,
while the 2-AP trace was fit separately to a rate constant of 11.3
s-1. (C) T7 RNAP concentration dependence of the observed rate
constants of binding (9), bending (3), and opening (b) of a duplex
promoter. DNA bending and opening dependencies were fit to a
simple hyperbola withkmax values of 190( 49 s-1 (bending) and
152 ( 17 s-1 (opening). All data points were averaged from at
least three independent experiments. The binding rate constants were
taken from Figure 2B and plotted here for comparison.
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of hyperbolically as the concentration of T7 RNAP was
increased to 600 nM (Figure 5C). The linear dependency
indicates that the intrinsic rate constants of DNA bending
and opening steps are faster in the bubble promoter than in
the duplex promoter. The linear dependency provided
second-order rate constantskbend and kopen for the bubble
promoter represented by the slopes of the linear curves as
165 ( 10 and 167( 9 µM-1 s-1, respectively. These rate
constants are lower than the bimolecular rate constant of
bubble DNA binding (299µM-1 s-1), as measured in
stopped-flow anisotropy studies. This indicates that open
complex formation with the bubble promoter still goes
through a multistep kinetic pathway, but with a reduced
reverse rate constant and an increased forward rate constant
relative to the corresponding values for the duplex promoter.
This idea is consistent with the result that the observed
bimolecular rate constant of open complex formation in-
creases as the bubble length increases. Thus,kopenvalues are
112µM-1 s-1 for the four-mismatched bubble promoter, 167
µM-1 s-1 for the six-mismatched bubble promoter, 432µM-1

s-1 for the eight-mismatched bubble promoter, and 442µM-1

s-1 for the partially duplex promoter with a single-stranded
template downstream of position-4 (35). These results
indicate that the stability of the “closed” complex intermedi-
ate in this promoter decreases as the bubble length increases.
In other words, the energy barrier for T7 RNAP-induced
DNA opening must be reduced to a minimum value in the
partially duplex promoter and in the eight-mismatched bubble
promoter. Therefore, the closed complex is very unstable in
the bubble promoters and is rapidly transformed to the open
complex, making open complex formation in these premelted
promoters essentially a one-step process.

DNA Binding in the Presence of 3′-dGTP. Previously, we
made the observation that the initiating nucleotide GTP and
its analogue 3′-dGTP drive the open complex formation
reaction to completion by stabilizing the open complex by
forming a T7 RNAP-promoter-GTP ternary complex (16).
We observed that the DNA binding rate constant (measured
as the 2-AP fluorescence change) increased hyperbolically
with an increase in T7 RNAP concentration but was saturated
at a much lower value (32 s-1) in the presence of GTP or
3′-dGTP than in the absence of nucleotide (∼180 s-1).
Similarly, the observed rate constant of DNA binding
decreasedwith an increase in initiating nucleotide concentra-
tion. Note that the observed rate constant of DNA binding
at saturating T7 RNAP concentrations is the sum of the
promoter opening (k2) and closing (k-2) rate constants (Figure
8). Thedecreasein the observed rate constant as a function
of GTP concentration indicated that promoter opening and
closing steps are reversible in the duplex promoter, and GTP
binding stabilizes the open complex and hence drives the
complete conversion of the closed complex to the open
complex. Thus, at saturating GTP concentrations, the ob-
served rate constant provides the value ofk2 or the DNA
opening rate constant (37). In deriving this model, we
assumed that GTP binds to only the open complex and does
not affect the kinetics of binding of T7 RNAP to the
promoter. In this paper, we have developed a stopped-flow
fluorescence anisotropy assay for measuring the kinetics of
DNA binding, and therefore, we can directly test this
assumption. Figure 6 shows the observed DNA binding rate
constant (as measured by anisotropy changes) in the presence

FIGURE 5: Stopped-flow kinetics of bubble promoter bending and
opening. (A) Typical traces of stopped-flow FRET and 2-AP
fluorescence changes obtained upon mixing 40 nM (final concentra-
tion) three-color six-mismatch bubble DNA (A488-mutNT/2-AP-
T-A546) with 200 nM (final concentration) T7 RNAP. The donor
and acceptor fluorescence changes globally fit to a rate constant of
42 s-1, while the 2-AP fluorescence kinetics fit to a rate constant
of 40 s-1. (B) Residual plots show the random distribution of the
data around the fitted line throughout the time range, justifying
the application of a single-exponential function to fit the data in
panel A. (C) Observed rate constants of binding (9), bending (3),
and opening (b) of the bubble DNA increase linearly with an
increase in T7 RNAP concentration. The bending and opening
dependencies occur with slopes of 165( 10 and 167( 9 µM-1

s-1, respectively. All data were averaged from at least two
independent measurements. The binding rate constants were taken
from Figure 2D and plotted here for comparison with the bending
and opening rate constants.
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of 3′-dGTP as a function of the increasing T7 RNAP
concentration. The observed rate constant of anisotropy
change increases linearly with an increase in T7 RNAP
concentration, and the slope of 154µM-1 s-1 in the presence
of 3′-dGTP is comparable to the slope of 188µM-1 s-1 in
the absence of 3′-dGTP. The initiating nucleotide, therefore,
does not alter the mechanism of RNAP-DNA association.

To investigate the effect of the initiating nucleotide binding
on DNA bending and opening kinetics, stopped-flow FRET
and 2-AP fluorescence were measured with the three-color
duplex promoter in the presence of 0.5 mM 3′-dGTP.
Experiments were conducted at increasing T7 RNAP con-
centrations in the same manner as in the absence of the
nucleotide, and the single-exponential rate constants versus
the T7 RNAP concentration are shown in Figure 6. DNA
bending and opening kinetics in the presence of 3′-dGTP
coincided, and at high T7 RNAP concentrations, the rate
constants were saturated at 28 and 32 s-1, respectively. These
rate constants are much slower than the rate constants of
∼190 s-1 observed in the absence of 3′-dGTP. These
observations are consistent with previous results that indi-
cated that in the absence of the initiating nucleotides the step
of closed to open complex conversion is reversible and the
observed rate constant is the sum of the forward and reverse
steps (opening and closing, respectively) (16). As mentioned
above, the observed rate constant is smaller in the presence
of 3′-dGTP because of the nearly complete inhibition of the
reverse rate constant,k-2 (38, 39). The observed rate constant
of bending and promoter opening in the presence of 3′-dGTP
provided an estimate of the forward rate constant,k2

(opening), which for simultaneous DNA bending and open-
ing is ∼30 s-1. We calculate from the sum of forward and
reverse rate constants that reverse rate constantk-2 of the
closing step is∼149 s-1, in agreement with previously

determined opening and closing rate constants for the duplex
promoter.

Off-Rate of the T7 RNAP-Promoter Complex. The dis-
sociation rate constant (koff) of T7 RNAP from the duplex
promoter was determined from the time-dependent decrease
in fluorescence anisotropy as the dye-labeled promoter
initially bound to T7 RNAP was displaced by unlabeled
promoter in a displacement experiment. A preformed com-
plex of A546-labeled duplex promoter and T7 RNAP (50
nM, final concentration) was rapidly mixed with 1µM
unlabeled duplex promoter on the T-format KinTek stopped-
flow fluorimeter. Under these experimental conditions, when
the labeled duplex promoter dissociates from T7 RNAP, it
cannot compete with the excess concentration of unlabeled
DNA, and therefore, a decrease in A546 anisotropy is
observed as a function of time (Figure 7A). The kinetics of
the anisotropy decrease, therefore, provide the dissociation
rate constant of the duplex promoter. The time course was
fit to a single exponential to obtain a dissociation rate

FIGURE 6: Stopped-flow kinetics of duplex promoter binding,
bending, and opening in the presence of 3′-dGTP. Single-
exponential rate constants of duplex promoter binding (4), bending
(O), and opening (0) were obtained from stopped-flow kinetic
measurements of A546 anisotropy, FRET, and 2-AP fluorescence
signals, respectively. Both DNA and the T7 RNAP solutions
contained 0.5 mM 3′-dGTP. A linear fit of the fluorescence
anisotropy data yields akon of 153µM-1 s-1, which is comparable
to the on-rate constant of 188µM-1 s-1 obtained without 3′-dGTP.
The lines connecting the experimental data points of DNA bending
and opening rate constants show the nonlinear trend.

FIGURE 7: Dissociation rate constant of the duplex and six-
mismatch promoter as measured by anisotropy changes. (A) A
mixture of A546-labeled duplex promoter and T7 RNAP (50 nM)
was rapidly mixed with 1µM unlabeled duplex promoter (both
final concentrations). The resulting fluorescence anisotropy decrease
(average of 8-10 traces) that was measured through a T-format
stopped-flow device fits to the single-exponential function (eq 2)
with a rate constant of 0.8 s-1. (B) The DNA-labeled A546
anisotropy was measured after mixing 2µM (final concentration)
unlabeled six-mismatch DNA with a preformed complex of 20 nM
A546-labeled bubble DNA and 40 nM T7 RNAP. The slow labeled
DNA displacement process was assessed in an L-format steady-
state device (PTI QM-3 spectrofluorimeter) with an observation
time window of 10 s. The time-dependent fluorescence anisotropy
decrease fits to the single-exponential decay equation (eq 2) with
a rate constant of 0.09 min-1 (solid curve).
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constant of∼0.8 s-1, which is consistent with the off-rate
constant recently measured for a 40 bp duplex promoter
complex with T7 RNAP using 2-AP fluorescence (34). The
binding affinity derived from the comparison ofkoff with kon

according to the relationshipKd ) koff/kon yields 4.3 nM as
the dissociation constant for the T7 RNAP-duplex promoter
complex which agrees with the result from equilibrium
measurements.

In a similar displacement experiment, the off-rate constant
of the bubble DNA from its complex with T7 RNAP was
measured on an L-format steady-state spectrofluorimeter. The
very slow dissociation allowed us to mix manually an excess
of nonfluorescent bubble DNA with a preformed complex
of T7 RNAP and the A46-labeled bubble DNA and to
measure the fluorescence anisotropy of DNA-labeled A546
in a 10 s time window (Figure 7B). A much smaller off-rate
constant (koff ) 0.09 min-1 or 1.5× 10-3 s-1) for the bubble
promoter was derived from fitting the data to a single-
exponential decay equation (eq 2). Similarly, slow off-rate
constants were measured previously for four- and eight-
mismatch bubble promoters (35). We concluded that the
increased affinity of T7 RNAP for the six-mismatch DNA
(Kd ) koff/kon ) 5 pM) is mainly due to the much slower
dissociation of the bubble promoter complex with T7 RNAP
versus dissociation of the duplex promoter complex with T7
RNAP.

A Refined Model of Open Complex Formation.From the
combination of equilibrium and stopped-flow anisotropy,
FRET, and 2-AP fluorescence detection of DNA binding,
bending, and opening, we propose that the two-step model
(Figure 8) is a minimal mechanism that explains the process
of promoter opening during transcription initiation by T7
RNAP. The experiments in this paper and the accompanying
paper (48) provide additional insights into the conformation
of the DNA in the closed versus open complex and the
temporal coupling of DNA binding, bending, and opening
reactions. T7 RNAP binds a consensus promoter sequence
at a rapid rate constant of 188µM-1s -1 to form a closed
complex (EPc) that has a dissociation constant,Kd, of 4 nM.
DNA bending in the closed complex is slight, and when the
closed complex is converted to the open complex, the DNA
is bent more sharply. The DNA bending and opening events
occur simultaneously with an apparent rate constant of 179
s-1 (an average value obtained from the observed DNA
bending and opening rate constants). The observed rate
constant is the sum of the forward (k2) and reverse (k-2) steps.

The difference in the free energies of the closed and open
complexes (48) is small in the absence of initiating nucle-
otides; hence, the initiation reaction results in an equilibrium
mixture of∼20% closed and∼80% open complex. This is
also supported by a previously determined value (k2/k-2 )
0.23) obtained from the opening and closing rate constants
of a 40 bp promoter (16) and the 31 bp promoter (48). The
initiating nucleotides bind to the open complex and without
causing any large changes in the DNA conformation drive
the open complex reaction to completion.

Coupling of DNA Binding and DNA Conformational
Changes in Other Proteins.T7 RNAP represents one of the
few examples in which the kinetics of DNA binding and
DNA deformation of bending and opening have been
extensively characterized. Synchronous DNA binding and
bending events have been widely found in several architec-
ture proteins, including the TBP fromSaccharomyces
cereVisiae and humans (21, 40), HMG (23), and IHF (24).
A single concerted event of DNA binding and bending was
found also during the recognition of the cognate DNA
sequence by EcoRV (41). Synchronous DNA binding and
base flipping have been observed in methyltransferases such
as EcoRI methyltransferase (27, 42), HhaI DNA C5-cytosine
methyltransferase (43, 44), and adenine EcoRV methyltrans-
ferase (26). Only isolated cases in which DNA binding and
DNA deformation (such as DNA bending and melting)
events are not synchronous have been found; e.g., the binding
of T4 DNA polymerase to duplex DNA precedes base
unstacking, and this is related to the partitioning of the DNA
in the polymerase versus the exonuclease sites for error
correction (45). The temporal separation between DNA
bending and base flipping and the latter event being
facilitated by the former one were also proposed for uracil
DNA glycosylase recently (29). The results with T7 RNAP
indicate that the reactions of DNA bending and base pair
opening are coupled during open complex formation. Similar
observations of increased bending angle and greater opening
of the promoter DNA have been made forEscherichia coli
RNAP‚σ54 with theglnA promoter, where an increase in the
extent of DNA bending (from∼49° to ∼114°) during the
transition from the closed to open complex was observed
(46), and for theE. coli RNAP‚σ70 holoenzyme with theλPL

promoter (from∼30-70° to ∼80-110°) (47). Thus, cou-
pling between global deformation of the promoter DNA
(bending) and DNA opening may be a general mechanism
for prokaryotic RNA polymerases.

FIGURE 8: Model of promoter DNA binding, bending, and opening during open complex formation. The consensus promoter sequence (P)
with a slight intrinsic curvature forms a closed complex (EPc) upon binding to T7 RNAP. Sharp bending, untwisting, and duplex opening
occur around the start site of initiation to form the open complex (EPb/o). The open complex is stabilized upon binding of the initiating
nucleotides to form the ternary complex (EPb/oG). Kinetic parameters obtained from the stopped-flow kinetic studies of fluorescence anisotropy,
FRET, and 2-AP fluorescence are shown.
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