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ABSTRACT: Transcription initiation by T7 RNA polymerase (T7 RNAP) is regulated by the specific promoter
DNA sequence that is classically divided into two major domains, the binding domain (-17 to -5) and
the initiation domain (-4 to+6). The occurrence of nonconsensus bases within these domains is responsible
for the diversity of promoter strength, the basis of which was investigated by studying T7 promoters with
changes in the promoter specificity region (-13 to-6) of the binding domain and/or the melting region
(-4 to -1) of the initiation domain. The transient state kinetics and thermodynamic studies revealed that
multiple steps in the pathway of transcription initiation are modulated by the promoter DNA sequence.
Three base changes in the promoter specificity region at-11, -12, and-13, found in the naturalφ3.8
promoter, reduced the overall affinity of the T7 RNAP for the promoter DNA by 2-3-fold and decreased
the rate of pppGpG synthesis, the first RNA product. Promoter opening is thermodynamically driven in
T7 RNAP, and a single base change in the melting region (TATA to TAAA) decreased the extent of open
complex generated at equilibrium. This base change in the melting region also increased theKd of (+1)
GTP and the dissociation rate of pppGpG. Thus, transcription initiation at various T7 promoters is
differentially regulated by initiating GTP concentration. The specificity and melting regions of T7 promoter
DNA act both independently and synergistically to affect distinct steps of transcription initiation. Although
each step in the initiation pathway is affected to a small degree by promoter sequence variations, the
cumulative effect dictates the overall promoter strength.

The promoter DNA sequence contains all the information
to direct and regulate the synthesis of RNA during transcrip-
tion. The promoters of bacteria or bacteriophages such as
T7, T3, and SP6 contain a consensus sequence that is
recognized by the respective RNAP.1 Distinct domains of
the promoter DNA are recognized at different stages of
initiation, and when a functional initial complex, referred to
as the closed complex, is formed, it undergoes multiple
conformational changes during which a DNA region close
to the initiation site is melted. Kinetic and thermodynamic
studies show that transcription initiation is a multistep process
in bothEscherichia coliand T7 RNAP (1-3). To understand
how initiation is regulated, one needs to identify the
elementary steps, determine their rate constants, and deter-
mine how these steps and their rate constants are affected
by promoter sequence and/or by transcription factors. T7
RNAP, being a relatively simple enzyme, is an ideal system
to study and to derive principles of how transcription
initiation can be regulated by the promoter DNA sequence.

The crystal structures of the T7 RNAP-DNA complex
reveal a detailed view of the promoter in the open complex
(4-7). In these structures, the promoter binding domain (-17

to -5) is duplex and the melting region (-4 to -1) is single
stranded and suspended toward the active site pocket.
Mutagenesis and crystal structural studies indicate that the
T7 RNAP-DNA complex is stabilized by specific interac-
tions of the protein with bases in the specificity region as
well as the melting region of the promoter (8-10). These
interactions confer specificity and somehow dictate the
transcriptional efficiency of the T7 RNAP, both of which
can be altered by base changes in the promoter DNA (8,
11-13). The promoters of bacteriophage T7 share a con-
sensus sequence of 23 base pairs from-17 to +6 relative
to the initiation site+1 (14). The class III promoters possess
the exact consensus sequence and are considered strong
promoters whereas the class II promoters have divergent
bases and are weak promoters (15-18). It is well-known
that the promoter sequence itself is responsible for modulat-
ing transcription by T7 RNAP along with the negative
regulator, T7 lysozyme protein (19-23). A number of studies
reveal the hierarchy of base pair preference in T7 promoters,
and measurement of the overall efficiency of transcription
reveals the importance of a particular base in the promoter
sequence (24, 25). Although it is obvious that promoter
sequence is responsible for promoter strength, the molecular
basis for the promoter strength is not fully understood (1,
26, 27). The promoter sequence can dictate the efficiency
of initiation and promoter clearance and control the synthesis
of the final RNA transcript. Obvious targets of regulation
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are the rate-limiting steps and those with an unfavorable
equilibrium constant. Studies have not been done to sys-
tematically analyze the effect of promoter sequence variation
on each step of initiation.

We have focused our studies on transcription initiation to
understand promoter strength using T7 RNAP as a model
system. Considering that bacteriophage RNAPs show simi-
larity to mitochondrial and chloroplast RNAPs (28), detailed
studies of T7 RNAP can be valuable in understanding the
mechanism and regulation of transcription in higher organ-
isms. We have developed fluorometric and radiometric
methods to measure the transient state kinetics of each step
during transcription initiation (2, 3, 29). We apply these
methods to examine the basis of promoter strength differ-
ences betweenφ3.8, a weaker promoter, andφ10, a strong
promoter, and a modifiedφ3.8 promoter. The results of these
studies indicate that regulation of transcription occurs at
several steps during initiation, and both intrinsic rate
constants and equilibrium constants are modulated by the
promoter sequence. Some of the steps that are regulated
include the equilibrium constant of closed and open com-
plexes, extent of promoter melting, theKd of initiating NTP,
and the rate of the first phosphodiester bond formation
reaction.

MATERIALS AND METHODS

Protein.T7 RNAP was purified using a modified proce-
dure fromE. coli strain BL21/pAR1219 (30). The enzyme
was >95% pure and free of contaminating exonuclease
activity. The protein was stored at-80 °C after dialyzing
against the buffer containing 50% glycerol (v/v), 20 mM
sodium phosphate, pH 7.7, 1 mM Na3EDTA, 1 mM
dithiothreitol, and 100 mM NaCl. The enzyme concentration
was determined from its absorbance and molar extinction
coefficient of 1.4× 105 M-1 cm-1 at 280 nm.

Promoter DNA. The 2-AP-modified and unmodified
oligodeoxynucleotides were purchased from Integrated DNA
Technologies (Coralville, IA). The chemically synthesized
DNAs were purified by gel electrophoresis. The DNA band
corresponding to the desired length was excised, electro-
eluted, ethanol precipitated, resuspended in water, and stored
at -20 °C. After purification, the ssDNAs of the desired
length were the only band detectable, and we estimate that
the purity of ssDNAs was>95%. The DNA concentrations
were determined from the calculated molar extinction coef-
ficients, as described previously (29, 31). The dsDNAs were
prepared by annealing the individual ssDNA strands. The
exact ratio of the two ssDNAs used to prepare the dsDNA
was determined from titration experiments performed on a
16% native polyacrylamide gel that resolves the dsDNA from
the ssDNAs.

Fluorescence Measurements.The equilibrium DNA bind-
ing experiments were carried out at 25°C in a 3 mLquartz
cuvette on a FluoroMax-2 spectrofluorometer (Jobin Yvon-
Spex Instruments S.A., Inc.) using the DataMax software
program (31). Fluorescence titrations were carried out by
adding small aliquots (2-4 µL) of t(-4) 2-AP DNA to a
constant amount of T7 RNAP (0.5µM) in 2.5 mL of buffer
A (50 mM Tris-acetate, 50 mM sodium acetate, 10 mM
magnesium acetate, 5 mM dithiothreitol). The corrected
fluorescence (Fc) was obtained after correction for inner filter

and volume using the equation:

whereFobs is the observed fluorescence intensity,Vf is the
final volume of the solution,V0 is the initial volume, Absex

is the absorbance of the T7 RNAP-DNA solution at the
2-AP excitation wavelength of 315 nm, and Absem is the
absorbance of the same solution at the 2-AP emission
wavelength of 370 nm. The corrected fluorescence was
plotted as a function of total DNA concentration, and the
data were fit to the quadratic equation (eq 2) to obtain the
Kd values:

whereEt andDt are the concentrations of total enzyme and
total DNA, Kd is the dissociation constant of the T7 RNAP-
DNA complex, andFmax is the maximum fluorescence
change at saturating [DNA].

To measure the extent of open complex formed at
equilibrium, the fluorescence intensity of buffer A, T7 RNAP
(4 µM), DNA (1 µM), or the T7 RNAP-DNA mixture (4
µM T7 RNAP + 1 µM DNA) was measured after excitation
at 315 nm and emission at 370 nm. The fluorescence intensity
of the T7 RNAP-DNA (ED) complex was determined after
correcting the fluorescence of free DNA and T7 RNAP using
the formula fluorescence) Fc(f) - Fc(nf), whereFc(f) and
Fc(nf) are the fluorescence intensities of the ED complex
with fluorescent (t(-4) 2-AP modified) and nonfluorescent
(unmodified) DNA, respectively.

Stopped-Flow Kinetics.The stopped-flow experiments
were carried out using a SF-2001 spectrophotometer equipped
with a photomultiplier detection system from KinTek Corp.
(Austin, TX). Varying concentrations of T7 RNAP (40µL)
from one syringe were rapidly mixed with a constant amount
(0.15µM final) of t(-4) 2-AP DNA (40µL) from a second
syringe at 25°C at a flow rate of 6.0 mL/s. The sample was
excited with light at 315 nm wavelength, and the progress
of the reaction was monitored by measuring the intensity of
the emission using a cut-on filter>360 nm (WG360). About
5-10 traces (one trace per mixing) were averaged at each
concentration of T7 RNAP and the time courses at all
concentrations best fit to a single exponential equation,F )
A(1 - e-kobst) + C, whereF is the 2-AP fluorescence at time
t, A is the amplitude of the fluorescence change,kobs is the
observed rate constant, andC is the fluorescence att ) 0.
The kobs thus obtained under pseudo-first-order conditions
was plotted as a function of total T7 RNAP concentration,
[E]t, and fit to eq 3 using SigmaPlot (Jandel Scientific) to
obtain the maximum observed rate (kmax), the K1/2, andkoff

from they-intercept:

The Kd for GTP was determined by measuring the kinetics
of fluorescence change after mixing a complex of T7 RNAP

Fc ) Fobs(Vf

V0
) × 100.5(Absex+Absem) (1)

Fc ) Fmax

((Kd + Et + Dt) - x(Kd + Et + Dt)
2 - 4(EtDt)

2 ) (2)

kobs)
kmax[E]t

K1/2 + [E]t

+ koff (3)
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(0.45µM final) and nt(+4) 2-AP DNA (0.15µM final) with
varying concentrations of GTP (or GTP+ GMP) in a
stopped-flow instrument, as described above. The observed
rates were plotted as a function of final [GTP], and the
dependency was fit to the hyperbolic equation:

whereVmax is the observed rate of a conformational change
upon GTP binding andKd is the equilibrium dissociation
constant of GTP.

Pre-Steady-State Kinetics of RNA Synthesis.The pre-
steady-state kinetic experiments were carried out on a rapid
chemical quench-flow instrument (KinTek Corp., Austin,
TX) (2). A typical quench-flow experiment was carried out
as follows. T7 RNAP (15µM final) and promoter DNA (10
µM final) were preincubated in buffer A in one syringe. In
another syringe was loaded the substrate solution containing
GTP and [γ-32P]GTP (from Amersham Life Science). The
temperature was maintained constant at 25°C using a water
bath. The reaction was initiated by rapidly mixing equal
volumes of the two solutions in the quench-flow instrument.
After predetermined time intervals, the reactions were
quenched by rapidly mixing with 1 N HCl from a third
syringe. Chloroform was then added, and the reactions were
neutralized using an appropriate volume of 0.25 M Tris base
and 1 M NaOH within 1 min. The RNA products were
resolved by electrophoresis at 55°C (110 W) on a highly
cross-linked 23% polyacrylamide/3 M urea gel on a Bio-
Rad sequencing gel apparatus (0.25 mm thick spacers and
comb). The gel was exposed to a phosphor screen for about
15 h and scanned on a PhosphorImager instrument (Molec-
ular Dynamics), and the RNA products and the substrate were
quantitated using the ImageQuaNT program.

The pre-steady-state kinetic data were fit to the burst
equation (eq 5) using SigmaPlot software:

whereA is the burst amplitude,k is the exponential burst
rate constant,b is the linear steady-state rate constant, and
C is they-intercept. The GTP concentration dependence of
the burst rate was fit to the hyperbolic equation (eq 4).

RESULTS

The φ3.8 andφ10 promoter sequence from-21 to +19
was incorporated into 40 bp oligodeoxynucleotide constructs
as shown in Figure 1. These two natural T7 promoters were
selected as representatives of class II and class III promoters.
The two major “domains”, binding (-17 to-5) and initiation
(-4 to +6), have been further subdivided into specificity
(-13 to-6) and melting (-4 to -1) “regions”. To explore
distinct effects of the promoter specificity and melting
regions on steps of initiation, a variant (A-2T) of φ3.8
promoter was also prepared. Theφ3.8(A-2T) promoter has
the same sequence asφ3.8 in the binding domain, only the
-2A base in the initiation domain was changed to-2T to
restore the consensus sequence TATA. To enable measure-
ment of the kinetics and thermodynamics of promoter
opening and GTP binding, the t(-4) and nt(+4) adenines
were individually substituted with the fluorescent base 2-AP.

We have shown previously that even multiple 2-AP substitu-
tion (from -4 to +4) has no deleterious effect on transcrip-
tion (29).

Nonconsensus Promoters Bind T7 RNAP with a Weaker
Affinity Than Consensus Promoters.The affinity of T7
RNAP for the promoter DNA has been estimated by a
number of methods, including fluorophore-labeled DNAs
measuring either the anisotropy changes or fluorescence
intensity changes of the DNA (29, 32). Here we have used
the fluorescence method to determine the relative binding
affinities of the three promoters for T7 RNAP. To measure
the Kd of promoter DNA by the fluorescence method, the
promoter DNA was modified with the fluorescent adenine
analogue, the 2-AP. The fluorescence of 2-AP base (incor-
porated in the TATA sequence,-4 to -1) increases when
T7 RNAP binds the promoter DNA (29, 31, 33). Previously,
we measured theKd’s of φ10 andφ3.8 promoters using
multiple 2-AP’s incorporated in the-4 to +4 region (29);
theφ3.8 promoter exhibited 2-fold weakerKd relative to the
φ10 promoter. Recently, we reported a peculiarly large
fluorescence increase from a single 2-AP incorporated at the
t(-4) position (31) and attributed to 2-AP unstacking from
the neighboring t(-5) guanine when the TATA sequence
melts during open complex formation (7). This fluorescence
increase provides a sensitive signal for measuring the affinity
of the promoter DNA for the T7 RNAP (and also the kinetics
of initiation, described below) with minimal perturbation.
In the fluorometric titration, a constant amount of T7 RNAP
was titrated with increasing concentrations of t(-4) 2-AP
DNA, and the fluorescence of 2-AP was measured at
equilibrium. The corrected fluorescence was plotted versus
[2-AP DNA], and the equilibrium DNA binding isotherms
(Figure 2) were fit to a single-site DNA binding model (eq
2) to obtain the overallKd for each promoter. Bothφ3.8 and
φ3.8(A-2T) promoters show a 2-fold weaker affinity for
T7 RNAP, withKd close to 1µM, relative toφ10 promoter
with a Kd close to 0.5µM. The maximum fluorescence
increase (Fmax) is different for each promoter, withφ10
showing the largest increase andφ3.8 the lowest.

The measured dissociation constants are macroscopic
parameters that provide the overallKd of the complexes
generated when T7 RNAP binds to the promoter DNA. We
have proposed that the pathway of open complex formation

kobs)
Vmax[GTP]

Kd + [GTP]
(4)

y ) A(1 - e-kt) + bt + C (5)

FIGURE 1: Sequences of synthetic T7 DNA promoters. The upper
row of each 40 bp double-stranded DNA represents the 5′-3′
sequence of the nontemplate strand of the promoter DNA. The
sequences shown are from-21 to+19 relative to the start site, G,
at +1. The promoter specificity region (-13 to-11) and melting
region (-4 to -1) sequences for promoter strength comparison are
shown in bold letters. The base pair changes inφ3.8 andφ3.8(A-
2T) promoters from the consensus sequence (-17 to +6) of φ10
promoter are shown in lowercase letters.
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goes through at least one intermediate, a closed complex EDc

that is formed before the formation of the open complex,
EDo (31). The measuredKd values are therefore close to
K1(1 + K2), whereK1 is the association constant of the E+
D S EDc reaction andK2 is the association constant of the
EDc S EDo reaction. The higherKd values ofφ3.8 promoters
indicate that either the association constantK1 or both K1

andK2 are affected by the promoter sequence. TheKd’s of
p-dsφ10 and p-dsφ3.8 promoters were also estimated from
koff and kon values obtained from pre-steady-state stopped-
flow kinetics reported earlier (29). The p-dsDNAs contain
only the ds binding domain and lack the melting and coding
regions and therefore provide an intrinsicKd of the promoter
region. The binding affinity for p-dsφ3.8 was found to be
60-fold weaker than p-dsφ10 (18 vs 0.3 nM). The weaker
affinity of p-ds φ3.8 was reflected in a 70-fold faster
dissociation rate (koff) than p-dsφ10 promoter due to the
nonconsensus promoter binding sequence only.

The Extent or Amount of Open Complex Is Lower with
the Nonconsensus Promoters.Promoter melting is a critical
step that can be controlled at the kinetic or the thermody-
namic level by RNAP-DNA interactions that occur during
closed complex formation. The preinitiation open complex
formation has been investigated in T7 RNAP using various
methods such as measurement of linking numbers in a
plasmid relaxation assay (34), KMnO4 oxidation of unpaired
thymines in the TATA region (35, 36), and measurement of
2-AP fluorescence in DNA (31). All methods indicate that
although most of the T7 RNAP is bound to DNA, only part
of the T7 RNAP-DNA complex is in the open form, as
EDo. In addition, it was observed that when GTP, the
initiating nucleotide, and ATP were added, the open complex
was readily detected by increase in KMnO4 modification of
the TATA region (36), change in the plasmid linking number
(34), and as an increase in the fluorescence of 2-AP DNA
in the TATA region (Stano and Patel, unpublished results).
We interpret this result to mean that, in the absence of
initiating nucleotide, most of the T7 RNAP-DNA complex
is present as EDc that contains DNA in the closed or
unmelted form, which is in equilibrium with EDo, and GTP
+ ATP binding drives EDc to EDo conversion. The promoter
sequence could affect both the equilibrium and kinetics of
preinitiation open complex formation, which we have

measured here for all three promoters using the 2-AP
fluorescence assay. The 2-AP fluorescence has been a subject
of numerous theoretical and experimental studies (37, 38),
especially because 2-AP has proven to be a valuable probe
in studying the dynamics of nucleic acids and nucleic acid
binding proteins. These studies of 2-AP fluorescence indicate
that quenching of 2-AP fluorescence in DNA is mainly due
to base stacking interactions and collisions with neighboring
bases, and the fluorescence of 2-AP in DNA is relatively
insensitive to base-pairing or H-bond interactions. Thus, the
fluorescence intensity changes of 2-AP in promoter DNA
can be interpreted in terms of the degree of 2-AP base
unstacking during open complex formation. The fluorescence
method is quantitative and provides sensitive measurement
of the kinetics and thermodynamics of promoter opening with
minimum perturbation.

By comparing the fluorescence of the T7 RNAP-DNA
complex of an already melted p-dsDNA with that of dsDNA,
we can determine the extent or percentage of open complex
at equilibrium. The p-dsDNA is used as a control and as a
mimic of a fully melted DNA in an open complex. The
p-dsDNA contains an upstream duplex promoter binding
sequence (-21 to -5) and a downstream single-stranded
initiation and coding sequence (-4 to +19). The t(-4) base
in the p-dsDNA is similarly substituted with 2-AP, and
although it is unpaired, its fluorescence increases when the
p-dsDNA binds to T7 RNAP because the t(-4) base unstacks
during open complex formation (6, 7). We have shown that
the p-dsDNAs of bothφ10 andφ3.8 promoters bind to T7
RNAP with a very tight affinity in the low nanomolar range
(29). We assume that the fluorescence intensity of p-dsDNA
complexed with T7 RNAP represents the expected fluores-
cence of a 100% open complex. If all of the dsDNA in
complex with T7 RNAP is converted to the open form, then
the fluorescence of the ED complex with dsDNA should
increase to the same level as the fluorescence of the ED
complex with p-dsDNA. We use saturating concentrations
of T7 RNAP and DNA to ensure that all of the DNA is
bound. As a control, the fluorescence of ED complexes with
respective nonfluorescent DNAs was used to correct for any
Kd effects and also to eliminate fluorescence contribution of
bound T7 RNAP, so that the resulting fluorescence comes
only from the 2-AP base in the T7 RNAP-DNA complex
(33). This method provides a very strict comparison of the
2-AP base environment in dsDNA versus p-dsDNA com-
plexes.

Figure 3A shows the results of such a fluorescence
equilibrium experiment. The p-dsDNAs of all three promot-
ers in complex with T7 RNAP showed similar increases in
fluorescence. The dsDNAs of all three promoters in complex
with T7 RNAP, however, showed a lower increase in
fluorescence. Figure 3B shows the ratio of dsDNA complex
to p-dsDNA complex fluorescence taken from Figure 3A.
Becauseφ10 andφ3.8 have different sequences, taking the
ratio of dsDNA with respective p-dsDNA rules out any
effects of the DNA sequence (such as TAAA versus TATA)
on the fluorescence of 2-AP in DNA and thus allows us to
compare the percentage or extent of open complex generated
by the three promoters. The fluorescence ofφ10 dsDNA
promoter in complex with T7 RNAP is about 30% (28.9(
0.6) of the fluorescence of theφ10 p-dsDNA complex.
Similarly, the fluorescence of theφ3.8 dsDNA promoter

FIGURE 2: Equilibrium binding ofφ10, φ3.8, andφ3.8(A-2T)
DNA promoters. The fluorescence of the T7 RNAP-DNA complex
using 2-AP DNA was measured at increasing DNA concentration
and at constant T7 RNAP concentration (0.5µM) at 25°C for φ10
(O), φ3.8 (9), andφ3.8(A-2T) (4). The corrected fluorescence
versus 2-AP DNA concentration was fit to eq 2 to obtain theKd
(( standard error) ofφ10 (0.47( 0.02 µM), φ3.8 (0.95( 0.10
µM), andφ3.8(A-2T) (1.13( 0.08 µM).
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complex is 15% (14.5( 0.5) of the fluorescence of its
p-dsDNA complex, and the fluorescence of theφ3.8(A-
2T) complex is 25% (24.1( 1.4) of the fluorescence of its
p-dsDNA complex. These results indicate that the extent of
promoter opening in the nonconsensusφ3.8 promoter is 50%
lower than in the consensusφ10 promoter. Interestingly,
changing the nonconsensus melting region TAAA to con-
sensus TATA inφ3.8(A-2T) results in an increase in the
extent of promoter opening to 83% of the consensus TATA
sequence. Note that the 2-AP fluorescence provides informa-
tion about the degree of base unstacking. These results
indicate that either the nature of the initiation bubble is
different or the equilibrium constant of closed to open
complex conversion is different in the three promoters.
Assuming that the nature of the initiation bubble is similar
with φ10 andφ3.8 promoters, using the fluorescence values
we can estimate the overall equilibrium constant between
closed and open complexes. The equilibrium constant,
Keq,open, for the step EDc S EDo for φ10, φ3.8, andφ3.8-
(A-2T) is estimated as 0.3, 0.15, and 0.25, respectively.

The Kinetics of Open Complex Formation Is Affected by
the Promoter Sequence.The 2-AP-modified fluorescent
promoter DNAs can be used to monitor the real time kinetics
of DNA binding and melting. The kinetics of open complex
formation under pseudo-first-order conditions was measured
by the stopped-flow method. A constant amount of 40 bp
DNA with 2-AP at t(-4) was mixed with increasing

concentrations of T7 RNAP. The observed rate of promoter
opening was obtained from the time-dependent increase in
DNA fluorescence, as reported previously (31, 33). The DNA
binding kinetics were similar forφ10, φ3.8, andφ3.8(A-
2T) promoters. The fluorescence increase with time was
monophasic, and the observed rate of this phase showed a
hyperbolic dependency on the T7 RNAP concentration for
all three promoters (Figure 4).

The minimal mechanism for promoter binding leading to
open complex formation can be described by a two-step
mechanism, shown in reaction 1:

where EDc is the closed complex and EDo is the open
complex; the forward rate constant,k3, corresponds to rate
of opening (kopen), and the reverse rate constant for the same
step,k4, corresponds to rate of closing (kclose). This two-step
mechanism predicts biphasic kinetics (39) where the first
phase is the sum of all four intrinsic first-order rate constants
()k1[E] + k2 + k3 + k4) and exhibits a linear dependence
on [E], whereas the second phase is expected to show a
hyperbolic dependency on [E]. The rates of two phases must
differ at least 8-10-fold to be observed as separate phases.
Under the conditions of the stopped-flow experiments
reported here, the kinetics were monophasic, whose rates
increased in a hyperbolic manner with increase in T7 RNAP
concentration. The hyperbolic dependency is consistent with
the two-step minimal model of open complex formation
shown in reaction 1. If the first step, E+ D to EDc

conversion, is a rapid equilibrium step, then monophasic
kinetics are expected. It is also possible that the first phase
is too rapid relative to the time resolution of the stopped-
flow instrument and the fluorescence signal for the faster
phase is lost in the dead time of the measurement. Alterna-
tively, the first step may not be a rapid equilibrium step, but
the rates of the two phases are not very different and hence
the two phases are not resolvable.

We attempted to fit the rate dependency data in Figure 4
to the explicit equation for reaction 1 (39), but unique values

FIGURE 3: Extent of open complex formation. The fluorescence of
40 bp dsDNA or p-dsDNA promoters (1µM) modified with 2-AP
at t(-4) was measured at 25°C in the presence and absence of T7
RNAP (4 µM). The fluorescence was corrected using the formula
fluorescence) Fc(f) - Fc(nf), where Fc(f) and Fc(nf) are the
fluorescence intensity of the ED complex with fluorescent (2-AP
modified) and nonfluorescent (unmodified) DNAs, respectively.
Three measurements were taken for each sample, and the standard
error in data acquisition was less than 2% in each experiment. (A)
Fluorescence intensity of p-dsDNA (0) and dsDNA (9) in complex
with T7 RNAP from a representative experiment. (B) The experi-
ment in (A) was performed twice, and the mean ratio (( standard
deviation) of the fluorescence intensity of ED complexes of dsDNA
versus p-dsDNA for each promoter DNA is shown. The ratio is
0.289( 0.006 forφ10, 0.145( 0.005 forφ3.8, and 0.241( 0.014
for φ3.8(A-2T) promoters.

FIGURE 4: Stopped-flow kinetics of open complex formation. The
time-dependent increase in fluorescence of t(-4) 2-AP DNA
promoter (0.15µM final) was measured at 25°C in a stopped-
flow instrument at various T7 RNAP concentrations. The observed
rate constants,kobs, are plotted against T7 RNAP concentration for
φ10 (O), φ3.8 (9), andφ3.8(A-2T) (4). The rate dependency fit
to eq 3 with the followingK1/2, kmax, andkoff (( standard error)
values forφ10 (1.0( 0.4 µM, 182 ( 14 s-1, and close to zero),
φ3.8 (3.3( 1.9 µM, 120 ( 14 s-1, and 41( 11 s-1), andφ3.8-
(A-2T) (2.0 ( 1.3 µM, 120 ( 12 s-1, and 18( 16 s-1).

reaction 1

E + D y\z
k1

k2
EDc y\z

k3

k4
EDo
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for intrinsic rate constantkopenandkclosecould not be obtained.
We therefore fit the rate dependency to the hyperbolic
equation (eq 3), which provided macroscopic parameters such
as the apparentkoff (y-intercept),K1/2, andkmax of T7 RNAP-
DNA open complex formation. Thekoff of φ10 could not be
accurately determined, as the fitting predicted a value close
to zero, butφ3.8 andφ3.8(A-2T) rate dependency indicated
that the apparentkoff of the nonconsensus promoters is faster
and close to 40 and 18 s-1, respectively. The apparentK1/2

for DNA binding was close to 1.0µM for φ10 but higher
for nonconsensus promoters, equal to 3.3µM for φ3.8 to
2.0 µM for φ3.8(A-2T). The meaning ofK1/2 is not
straightforward. If EDc formation is a rapid equilibrium step,
then K1/2 corresponds to theKd of EDc (k2/k1). If EDc

formation step is not a rapid equilibrium step, thenK1/2 is a
complicated function of all the intrinsic rate constants in
reaction 1 (39). The kmax values ranged from 180 s-1 for
φ10 to around 120 s-1 for φ3.8 andφ3.8(A-2T) promoters.
The kmax is approximately equal tok3 + k4 or kopen + kclose

(39). The apparentkon for EDo formation can be calculated
from the ratiokmax/K1/2. The consensus promoter has a 3-5-
fold higherkon equal to 180µM-1 s-1 relative toφ3.8 (36
µM-1 s-1) and φ3.8(A-2T) (60 µM-1 s-1). Thus, the
nonconsensus promoters form the EDo complex at an overall
slower bimolecular rate constant.

To determine the values ofkopen and kclose, we combine
the results of two experiments. The ratiokopen/kcloseor Keq,open

was obtained from direct equilibrium fluorescence measure-
ments described in Figure 3, andkmax ) kopen + kclose was
obtained from the hyperbolic fit of the stopped-flow DNA
binding data shown in Figure 4. Thekopen andkclose values
for the step EDc S EDo were thus calculated to be 41 and
141 s-1 for φ10, 16 and 104 s-1 for φ3.8, and 23 and 97 s-1

for φ3.8(A-2T) promoters. These values indicate that
although the observed rate of open complex formation ()kmax

+ koff) is relatively unaffected by variations in the promoter
sequence, the individual rates of opening and closing are
affected. Hence the equilibrium constant of the closed to open
complex formation step is different and dictated by the
promoter DNA sequence.

The Rate of the First Phosphodiester Bond Formation Is
Reduced by the Nonconsensus Promoter Sequence.After the
promoter DNA is melted and the template is placed at the
active site, the initiating NTPs must bind in a template
sequence directed manner followed by the formation of the
first phosphodiester bond. All three promoters,φ10, φ3.8,
andφ3.8(A-2T), initiate with the (+1)GGG sequence; thus
the kinetics of initial RNA synthesis can be measured with
GTP alone. We have shown for theφ10 promoter that the
synthesis of pppGpG, the first RNA product, is a rate-limiting
step during initiation (2, 3). To determine the effect of
promoter sequence on the steps of GTP binding and pppGpG
synthesis, the pre-steady-state kinetics of G-ladder RNA
synthesis was measured. Previous studies have shown that
G-ladder synthesis under pre-steady-state conditions occurs
with burst kinetics (2, 3). The fast phase or the burst phase
depends on [GTP], and the dependency provides the cumula-
tive Kd of +1 and+2 GTPs and the intrinsic rate of pppGpG
synthesis (kpol). High concentrations of T7 RNAP and
promoter DNAs enable accurate measurement of the single
turnover kinetics. Thus, theKd of the T7 RNAP-DNA
complex or the rate of promoter melting does not affect the

observed rate of pppGpG synthesis, although the extent of
promoter opening can influence both of these parameters.

Figure 5 shows the pre-steady-state kinetics of G-ladder
RNA synthesis withφ3.8 andφ3.8(A-2T) promoters at
various [GTP]. The pre-steady-state kinetics of G-ladder
RNA synthesis under identical conditions with theφ10
promoter has been reported previously (2, 3). All of the
promoters show burst kinetics indicating that pppGpG
synthesis at the active site of T7 RNAP is fast and a step
after pppGpG or G-ladder synthesis, either the product
dissociation step or T7 RNAP recycling, is slow. The
biphasic kinetics of RNA synthesis withφ3.8 is less
pronounced relative toφ10 orφ3.8(A-2T). This is because
the steady-state rate of G-ladder synthesis is actually greater,
indicating that early RNA products such as pppGpG dis-
sociate faster from the T7 RNAP-φ3.8 complex. At 500-
600µM GTP, the observed rate of RNA synthesis withφ3.8
is about one-fourth that ofφ10, and that ofφ3.8(A-2T) is
one-third that ofφ10. The slower rates of RNA synthesis
with the φ3.8 promoters relative toφ10 could be due to a
decrease in the intrinsic rate of initiation,kpol, and/or an
increase in theKd of +1 and+2 GTPs. The pre-steady-state
burst rates at various GTP concentrations were analyzed to
determine thekpol andKd values of GTP for each promoter
DNA.

The Binding Affinity of Initiating GTPs and Rate of
pppGpG Synthesis Are Decreased by the Nonconsensus
Promoter Sequence.Figure 6 shows a plot of the pre-steady-
state burst rate as a function of [GTP] for all three promoters,

FIGURE 5: Pre-steady-state kinetics of G-ladder RNA synthesis at
various GTP concentrations. The time course of G-ladder RNA
synthesis by the T7 RNAP-DNA complex (15µM T7 RNAP +
10 µM DNA, final) and at increasing concentrations of GTP was
measured at 25°C in a rapid chemical quench-flow instrument.
(A) shows the pre-steady-state kinetics of total G-ladder RNA
synthesis withφ3.8 promoter at GTP concentrations of 100µM
(4), 200 µM (2), 250 µM (b), 300 µM (0), 500 µM (]), 1000
µM (3), 1500 µM (O), and 2000µM (9). (B) shows a similar
experiment withφ3.8(A-2T) promoter at GTP concentrations of
100 µM (4), 300 µM (0), 500 µM (]), 1000µM (3), and 1500
µM (O).
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φ10,φ3.8, andφ3.8(A-2T). The [GTP] dependencies were
fit to the hyperbolic equation to derive the kinetic parameters
including the overallKd of +1 and +2 GTPs and the
initiation ratekpol, listed in the table of Figure 8. The pppGpG
synthesis occurs with a 2-fold slower rate with theφ3.8
promoter, which binds GTP with a 5-fold weaker affinity
(1560( 456 µM) relative toφ10 (330( 86 µM) (3). The
φ3.8(A-2T) promoter also shows a close to 2-fold slower
rate of pppGpG synthesis, but the affinity for GTP (558(
44 µM) is 3-fold tighter thanφ3.8 and closer in value to
φ10. The specificity constant,kpol/Kd, is a parameter that
provides the overall efficiency of RNA synthesis during
initiation, and this parameter is 8 times lower forφ3.8 and
only 3 times lower forφ3.8(A-2T) relative toφ10. An
interesting result from these studies is that promoters with a
consensus-4 to -1 TATA sequence have a higher affinity
for initiating GTP. Similarly, promoters with a consensus
specificity region sequence show a faster rate of pppGpG
synthesis. These effects are most likely due to allosteric
mechanisms and not the result of the different binding
affinities of the various promoters. Thus, promoter specificity
and melting regions that are away from the site of RNA
synthesis can affect the efficiency of RNA synthesis by
modulating different steps of initiation.

The Binding Affinity of+1 GTP Is Decreased by the
Nonconsensus Promoter Sequence.Jia and Patel (3) have
shown that the kinetics of GTP binding can be measured by
following the fluorescence of 2-AP in promoter DNA. The
2-AP probe can be incorporated in place of adenines in the
-4 to +4 region, and modification at any of these positions
provides a sensitive fluorescence signal for measuring the
kinetics of GTP binding. In the experiments described here,
a complex of T7 RNAP and nt(+4) 2-AP-modified promoter
(φ3.8 andφ10) was mixed with GTP in a stopped-flow
instrument. The fluorescence of 2-AP at nt(+4) increases in
a time-dependent manner upon GTP binding as shown in
Figure 7A. The observed exponential rate increases with
increasing [GTP] as shown in Figure 7B, and theKd of +1/
+2 GTP can be derived from the hyperbolic dependencies.
Consistent with the radiometric RNA synthesis assay (Figure
6), the overallKd of +1 and+2 GTPs is 3-fold higher with
the φ3.8 promoter and the rate of a conformational change
induced by GTP binding is 2.5-fold slower relative toφ10.

The same experiment was then carried out in the presence
of a constant amount of GMP to determine the relativeKd

values of+1 and+2 GTPs. It has been shown that T7 RNAP
can initiate very efficiently with GMP (40), implying that
the +1 position can bind GMP. However, the binding of
GMP alone does not show any fluorescence change, but the
addition of GTP provides the observed fluorescence change.
Thus, in the presence of a saturating concentration of GMP,
one can estimate theKd of +2 GTP. In the presence of GMP,
the apparentKd of GTP is tight, andφ3.8 shows only a 1.5-
fold higher Kd for +2 GTP relative toφ10. From the
relationshipKd,GTPs,overall) (Kd,(+1)GTPKd,(+2)GTP)1/2, we calcu-
late theKd of +1 GTP close to 13 mM forφ3.8 and 2 mM
for φ10 promoter. These results indicate that the affinity of
+1 GTP is modulated by the promoter sequence, but the
affinity of +2 GTP appears to be less sensitive to the
promoter sequence. Thus, GTP concentration can differen-
tially regulate the efficiency of transcription initiation at
various promoters.

DISCUSSION

T7 RNAP does not require any accessory protein factors
for initiation, and the efficiency of transcription is regulated

FIGURE 6: Apparent dissociation constant of+1/+2 GTPs for
promotersφ10, φ3.8, andφ3.8(A-2T). The biphasic pre-steady-
state kinetics of RNA synthesis in Figure 5 were fit to the burst
equation (eq 5), and the burst rates are plotted against [GTP]. The
[GTP] dependency was fit to the hyperbolic equation (eq 4). The
computer fit providedkpol ()Vmax in eq 4), the maximum rate of
pppGpG synthesis (( standard error), equal to 7.8( 0.7 s-1, 4.8
( 0.8 s-1, and 4.2( 0.1 s-1 and apparent dissociation constants
for GTP of 330( 86 µM (3), 1560( 456µM, and 558( 44 µM
for promotersφ10 (O), φ3.8 (9), andφ3.8(A-2T) (4), respectively.

FIGURE 7: Stopped-flow kinetics of initiating GTP binding. (A)
The fluorescence of nt(+4) 2-AP DNA (0.15µM final) in complex
with T7 RNAP (0.45µM final) increases as a function of time
upon addition of GTP. The GTP binding kinetics at 25°C were
measured at various [GTP], and a representative trace (in two time
windows) at 2500µM GTP is shown forφ10 promoter. (B) The
observed exponential rate of fluorescence increase was plotted
against [GTP], both in the absence of GMP and in the presence of
GMP. The data were fit to the hyperbolic equation (eq 4), which
provided an apparentKd (( standard error) forφ10 and φ3.8
promoters of 400( 70 µM (O) and 1300( 275 µM (0) in the
absence of GMP and 80( 10 µM (b) and 130( 50 µM (9) in
the presence of 600 and 1000µM GMP, respectively. The
maximum rate of conformational change induced by GTP binding
is 14.2 ( 0.8 s-1 for φ10 promoter and 5.7( 0.4 s-1 for φ3.8
promoter, in the absence of GMP. The corresponding rates in the
presence of GMP are 14.5( 0.4 s-1 for φ10 promoter and 6.4(
0.5 s-1 for φ3.8 promoter.
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by the T7 promoter sequence (and defined as promoter
strength), but the kinetic and thermodynamic basis has not
been established. In this paper, we have investigated the
kinetics and thermodynamics of each step of transcription
initiation by T7 RNAP using promoter sequences to under-
stand the effect of the divergent sequence on promoter
strength relative to the consensus sequence. Rationally
speaking, any number of sequences from class II and class
III natural T7 promoter selection could be used for promoter
strength comparison. Since all five class III strong promoters
have absolutely conserved sequence from-17 to +6, only
one promoter from this class is sufficient as an upper limit
of promoter strength, and for our studies we chose theφ10
promoter. Of the 10 class II weak promoters, only five
promoters (φ1.1A,φ1.3,φ3.8,φ4c, andφ4.7) have divergent
bases in the promoter binding domain (-17 to-5), of which
only one promoter, i.e.,φ3.8, has the most nonconsensus
bases (total three bases) in the promoter specificity region
(-13 to-6). Theφ3.8 promoter also has an altered base (at
-2) in the melting region (-4 to -1) among six class II
promoters that have the most nonconsensus bases (one base)
in this region. Thus, with most divergent bases in both
promoter specificity and melting regions, theφ3.8 promoter
represents the lower limit of promoter strength for compari-
son. An artificial class II promoterφ3.8(A-2T) divides these
upper and lower limits. Altogether, these three promoters

provide sequences for “distinct” comparison of the effect of
the specificity region only (φ10 vs φ3.8(A-2T)) or the
melting region only (φ3.8 vsφ3.8(A-2T)) or both (φ10 vs
φ3.8). It is interesting to note that the 10 divergent promoters
from class II constitute an average of four nonconsensus
bases per promoter, of which three lie in the initiation domain
and one in the binding domain. Therefore, it is not surprising
that regulation at the level of transcription initiation occurs
mainly from the initiation domain and to a lesser extent from
the promoter binding domain. Transcription initiation is a
multistep process, as shown in Figure 8, and in principle
each step is a target of transcription regulation. Transcription
can be regulated at the level of promoter recognition, open
complex formation, by the affinity of initiating nucleotides,
and the rate constants of initiation, promoter clearance, and
processivity during abortive and elongation phases of RNA
synthesis. The rate-limiting steps and those with unfavorable
equilibrium constants have a greater influence on the overall
efficiency of transcription. Our goal in these studies was to
identify the steps of initiation that are most affected by the
promoter sequence. The results of our studies with three
promoters are summarized in Figure 8.

The first step during transcription initiation is the specific
recognition of the promoter by the T7 RNAP, resulting in
the formation of a specific closed complex in which an
initiation bubble is not yet formed. The closed complex

FIGURE 8: Transcription initiation pathway of consensus and nonconsensus T7 promoters. The minimal pathway of transcription initiation
defined by studies described here and in previous reports (2, 3, 29, 31) is illustrated. T7 RNAP and 40 bp dsDNA promoter are represented
by E and D, respectively. The template and nontemplate strands of DNA are colored red and blue, respectively. Part of the DNA shown
in solid lines in the EDo complexes was constructed using the DNA coordinates from the crystal structure of the initiation complex (PDB
id 1QLN). The dotted line is the hypothetical extension of the two strands that illustrate the transcription bubble during initiation. The table
compares the kinetic and equilibrium parameters of each step during initiation for the three promoters obtained from the following
measurements: (1) fluorometric titrations (Figure 2), (2) equilibrium fluorescence measurements (Figure 3), (3) pre-steady-state kinetics of
RNA synthesis (Figure 6), and (4) stopped-flow GTP binding (Figure 7). Uncertainties of only experimentally determined parameters are
reported. The parameters such as apparentkon, kopen, kclose, Kd,(+1)GTP, andkpol/Kd calculated from experimental values are reported without
uncertainties.
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isomerizes to an open complex in which the TATA sequence
from -4 to -1 region is melted (31). With the 40 bp
promoters, the resulting open complex would contain a
bubble approximately in the middle of the DNA. Using 2-AP
DNA and stopped-flow transient state kinetics, we infer that
theφ3.8 promoter forms a much weaker closed complex than
the φ10 promoter. The equilibrium fluorescence measure-
ments indicate a 2-fold reduction in binding affinity ofφ3.8
promoters. Thus, bases at positions-11,-12, and-13 are
primary determinants of the binding affinity during closed
complex formation. The crystal structure shows specific
interaction of guanine at nt(-11) of the φ10 promoter
sequence with the side chain of N748 (6, 7). Similarly, nt-
(-13) and nt(-14) bases interact respectively with the side
chain amine and backbone amide of K98 (from the AT-rich
recognition loop). The relativeKd values ofφ3.8 andφ10
promoters indicate that these interactions correspond to a
∆∆G value of 0.4-0.6 kcal/mol.

The overall on-rate,kon, for the three promoters indicates
that nonconsensus promoters bind T7 RNAP at a rate 3-5-
fold slower than the consensus promoter. Similarly, the
overall koff values for the three promoters suggest that
nonconsensus promoters form a kinetically unstable complex
with T7 RNAP. These results indicate that T7 RNAP binds
more efficiently and also stays more stably bound to a
consensus promoter. Several studies indicate that the forma-
tion of open complex in T7 RNAP (in the absence of
MgGTP) is an unfavorable equilibrium reaction. Thus, the
preinitiation ED complexes consist of a mixture of EDc and
EDo. The ratio of EDc to EDo is estimated to be between
7:1 by steady-state RNA synthesis assay (34) and 3:1 by
the relative fluorescence increase of dsDNA versus p-dsDNA
in φ10 promoter DNA complexes with T7 RNAP (31). The
fluorescence method therefore provides aKeq,openfor theφ10
promoter around 0.3, indicating that at equilibrium 30% of
the total ED complexes is in the open form. Similar
measurements with theφ3.8 promoter provided aKeq,openof
0.15, indicating that only 15% of the total ED complexes
exists as open complexes. Interestingly, theφ3.8(A-2T)
promoter with a consensus melting region showed a higher
amount of open complex (25%), almost close to the level
observed in theφ10 promoter. Thus, kinetic and thermody-
namic studies of promoter binding and opening indicate that
base changes in the promoter specificity region affect the
overall stability of the ED complexes whereas base changes
in the melting region affect mainly the stability of the EDo

complex. The observed rates of open complex formation
()kmax + koff) are relatively insensitive to base changes in
the specificity and/or melting region, but the individual rates,
kopenandkclose, are affected, and both nonconsensus promoters
show a slowerkopen. The values ofkopen and kclose are
determined by considering a minimum two-step mechanism;
however, a complete mechanism of open complex formation
may involve more than two steps. Therefore, intrinsic rates
of promoter opening and closing need to be determined either
by direct measurements or by computer simulation of the
kinetic data.

How can a single base change in the TATA region affect
the stability of EDo and the equilibrium between closed and
open complexes? One parameter that can have a global effect
on the stability of the melted DNA is the bendability or
deformability of the sequence in the melting region. It has

been proposed that DNA bending is the first step that occurs
during promoter opening, and bending the DNA results in
base unstacking and nucleation of DNA melting at the RNAP
active site (41). T7 promoters with TATA and TGCA
sequences in the melting region contain an intrinsic bend
(42). When these promoters bind T7 RNAP, the DNA is
further bent 40-60°, and the bending is postulated to be
centered at the-2 to +1 position (42). When we examine
the trinucleotide parameters that predict bendability of the
-4 to -1 region of the dsDNA, they indicate that the
bendability of the-4 to -1 region with sequence TATA
and TGCA is much higher than that with TAAA (43). Thus,
the TATA box, a ubiquitous sequence found in promoters,
may be intrinsically easier to bend as well as easier to
maintain in a single-stranded form relative to other sequences
such as the TAAA sequence. Thus, a single base change
can alter the local bendability of the dsDNA, making
nucleation of DNA melting an unfavorable process and
influencing on multiple steps of initiation.

The promoter sequence also influences theKd of +1 and
+2 GTPs as well as the observed rate of the first phosphodi-
ester bond, the pppGpG synthesis. This observation is similar
to that ofE. coli rrn promoters that appear to be regulated
by the initiating nucleotide concentration (44). We show here
that T7 promoters are differentially regulated by initiating
NTP concentration. The pre-steady-state kinetics of tran-
scription initiation showed that nonconsensus promoters have
an overall weaker affinity for initiating GTPs and a slower
rate of pppGpG synthesis. More specifically, it is theKd of
+1 GTP that limits the rate of pppGpG synthesis. A promoter
with a consensus melting sequence (TATA) binds GTP with
an overall tighter affinity relative to a promoter with a
nonconsensus melting region (TAAA). The initiation rate,
that is, the rate of pppGpG formation, on the other hand is
dependent on the sequence of the specificity region. A
promoter with a nonconsensus specificity region synthesizes
pppGpG with a 2-3-fold slower rate relative to a consensus
promoter. Since the specificity region is away from the site
of RNA synthesis, we propose that conformational changes
resulting from the interactions between the T7 RNAP and
the specificity region are somehow relayed to the site of
catalysis to modulate the rate of initiation.

CONCLUSIONS

The comparative studies ofφ10 andφ3.8 promoters shed
light on the transcription initiation steps that are sensitive to
the promoter sequence. These studies have identified some
of the “intrinsic” regulatory mechanism built into the
promoter sequence that the T7 RNAP enzyme uses during
initiation to control the level of RNA synthesis without the
aid of other protein factors. The results indicate that multiple
steps in the pathway of transcription initiation are affected
by the promoter sequence. Some of these steps include the
stability of the closed and open complexes, the rate of the
first phosphodiester bond formation, and the affinity for the
+1 initiating nucleotide. Transcription control at the promoter
melting step occurs by regulation of the equilibrium constant
between closed and open complexes and to a lesser extent
by the rate of open complex formation. Our studies also
indicate that although base variations in the promoter
sequence affect the individual steps to a small degree, the
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cumulative effect can significantly affect the overall yield
of the final transcript and dictate the overall promoter
strength.
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