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ABSTRACT: It has been recently suggested thatE. coli RNA polymerase can specifically recognize a fork
junction DNA structure, suggesting a possible role for such interaction in promoter DNA melting [Guo,
Y., and Gralla, J. D. (1998)Proc. Natl. Acad. Sci. U.S.A. 95, 11655-11660]. We have determined here
quantitatively, using a site-specific binding assay, the effects of base substitutions within the conserved
-10 hexamer in the context of a short fork junction DNA on binding to RNA polymerase. Adenine at
position-11 and thymine at position-7 were found to be critical for sequence-specific recognition of
the DNA. The identities of bases at positions-9 and-8 were found to be not important for the binding
whereas replacement of bases at positions-12 and-10 had a mild negative effect on the binding affinity.
It was found that for the binding of fork DNA to RNA polymerase, specific sequence recognition was
more important than specific recognition of fork junction DNA structure. The pattern of relative importance
of bases in the-10 region for binding RNA polymerase was generally consistent with the sequence
conservation pattern observed in nature where positions-11 and-7 are the most conserved. Binding
experiments with a series of adenine analogues at position-11 revealed that the N1 nitrogen of adenine
was a critical determinant for the preference of the adenine at this position, suggesting a mechanism for
the nucleation of promoter DNA melting initiation in which RNA polymerase destabilizes duplex DNA
by directly competing with the thymine of the A-T base pair for hydrogen bonding to the N1 position of
the -11 nontemplate strand adenine.

Transcription initiation inE. coli is performed by the
multisubunit RNA polymerase holoenzyme (RNAP)1 with
a subunit composition ofR2ââ′σ (1). Under various growth
conditions, RNAP is able to utilize differentσ subunits.
However, under normal growth conditions,σ70 is the
predominantσ subunit found (2). Previous genetic and
biochemical data have revealed a consensus structure for the
σ70-RNAP core promoter consisting of two conserved
hexamers centered around positions-10 and-35 from the
transcription start position and separated by a 17 base pair
(bp) linker (3). Naturally occurring promoters which have
been characterized have been found to have varying degrees
of departure from the consensus sequence and exhibit a broad
range of promoter strength (4, 5). Therefore, it is reasonable
to suggest that sequence-dependent variability of the interac-
tions between RNA polymerase and promoter DNA plays
an important role as a determinant of the promoter strength.

The σ70 subunit within RNA polymerase holoenzyme is
responsible for sequence-specific recognition of promoter
DNA (6). This recognition involves two main steps: initial
recognition of-35 and-10 promoter elements in the ds

DNA form and a unimolecular isomerization reaction to form
an open complex in which the duplex DNA is partially
melted to expose the template strand. The role of theσ70

subunit in initial recognition of promoter DNA has been
generally accepted since the discovery of the protein (7).
Recent studies suggested that this subunit actively participates
in the promoter melting reaction as well (8). A likely
mechanism for the role ofσ70 subunit in melting promoter
DNA could be to provide favorable interaction with promoter
DNA in the conformation found in the open complex to
facilitate isomerization between the closed and open complex.
The characteristic feature of promoter DNA in the open
complex is a fork junction between ds and ss DNA. Several
lines of evidence suggest that theσ70 subunit is involved in
specific recognition and interaction with the fork junction
structure in the open complex. First, this subunit binds single-
stranded oligonucleotides corresponding to the nontemplate
strand ss portion of the transcription bubble (9-13). The
binding was shown to be sequence-specific and required
bindingσ to the core polymerase (14). These oligonucleotides
could be cross-linked to theσ subunit in a sequence-specific
manner (12, 13). Second, the site-specific cross-linking
between promoter DNA and polymerase revealed thatσ
subunit was cross-linked to the promoter DNA region
corresponding to the fork DNA junction of the open complex
(15). Additional cross-linking in this region was found to
occur to theâ′ subunit, suggesting that theσ andâ′ subunits
collaborate in interaction with this region of promoter DNA
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(15, 16). Finally, Guo and Gralla have shown recently that
RNA polymerase can form a heparin-resistant complex with
short DNA molecules containing fork junction DNA (17).
This interaction requiredσ subunit, and mutagenesis of
several residues in this subunit affected the interaction (8).
Thus, it appears thatσ70 subunit may provide critical
interactions required for the initiation of sequence-specific
melting of promoter DNA.

We present here a quantitative analysis of DNA sequence
determinants for the interaction of RNA polymerase with
fork junction DNA containing the-10 promoter element.
We show that adenine at position-11 and thymine at
position-7 of the nontemplate strand are essential for the
binding of fork junction DNA. We further show that the N1
position of the-11 adenine of the nontemplate strand is
critical for the recognition of adenine at this position.

MATERIALS AND METHODS

Materials. Cy5 monosuccinimidyl ester (18) was pur-
chased from Amersham Pharmacia Biotech (Piscataway, NJ).
Diethylenetriaminepentaacetic acid-7-amino-4-methylcou-
marin-maleimide (DTPA-AMCA-maleimide, the lumi-
nescent donor used in LRET experiments) was prepared in
our laboratory as previously described (19). The reagents
(to include phosphoramidites for normal DNA bases and the
various adenine analogues) for oligonucleotide synthesis were
purchased from Glen Research (Sterling, VA). Core RNAP
was purified fromE. coli K12 cells (University of Alabama
fermentation facility) using the method of Burgess and
Jendrisak (20) as modified by Polyakov et al. (21) and Hager
et al. (22)

Oligonucleotides.The oligonucleotides used for this study
were synthesized on an Applied Biosystems (Foster City,
CA) model 394 DNA synthesizer using standard phosphora-
midite chemistry. The sequence of the consensus oligonucle-
otide was 5′-TAACCGCCAGAGGTAA(S9)-
TTACCTCTGGCGGTTATAATGGTP-3′where(S9)represents
the position at which a spacer 9 phosphoramidite (Glen
Research) was incorporated during synthesis. This spacer was
used to increase the stability of a short DNA duplex by
facilitating hairpin formation (see Figure 1). Computer
modeling (not shown) indicated that this spacer would allow
hairpin formation without perturbation of the DNA duplex.
The underlined sequence is the nontemplate-10 region (-12
to -7 positions), and the consensus sequence is shown. A
total of 41 such oligonucleotides were synthesized which
included the 1 consensus sequence, the 18 possible single-
base substitutions, 10 selected double-base substitutions in
the-10 region, and 12 sequences which contained adenine
analogues at the-11 nontemplate position. The 3′-phosphate
group was incorporated during synthesis to facilitate labeling
with an acceptor fluorophore (described below). When base
substitutions at-12 or-11 of the nontemplate strand were
made, the corresponding bases in the template strand were
also mutated to preserve Watson-Crick base-pairing and to
prevent end-fraying. Thus, with the exception of some
experiments with adenine analogues, the experiments in-
volved testing-12 and-11 positions in the context of
duplex DNA whereas-10, -9, -8, and-7 were tested in
the context of ss DNA. Following synthesis and purification,
the oligonucleotides were heated to 95°C and allowed to

cool to room temperature (in order to facilitate duplex
formation). The final fork junction DNA product was a
duplex from the-26 to -11 positions and single-stranded
(nontemplate strand) from the-10 to-4 positions (Figure
1). The correct structure of the fork junction DNA after
annealing was confirmed by gel electrophoresis and by S1
nuclease digestion experiments (not shown). Also, DNA
melting experiments were performed in which the hairpins
used in this study exhibited a single cooperative transition
with the melting temperature which was much higher
compared to the melting temperature of a corresponding
DNA duplex (without spacer 9 linker) and which was
independent of DNA concentration. These melting studies
thus further confirmed the DNA hairpin structure. Addition-
ally, the observation of a single cooperative melting transition
indicated that the incorporation of the spacer 9 linker did
not affect the ability to form a correct duplex in the upstream
portion of the hairpin DNA.

For the binding experiments, the hairpin/fork oligonucle-
otide which contained a consensus-10 hexamer sequence
(TATAAT) was labeled at the-4 position of the single-
stranded (nontemplate) overhang with the acceptor fluoro-
phore, Cy5. Labeling the oligonucleotide with the acceptor
fluorophore was performed by converting the 3′-phosphate
group to an ethylenediamine derivative followed by a
reaction with Cy5 monosuccinimidyl ester as previously
described (23, 24). For the stopped-flow kinetic experiments,
the DNA fork and the corresponding nontemplate ss DNA
were labeled with 7-diethylaminocoumarin-3-carboxylic acid
succinimidyl ester (Molecular Probes, Eugene, OR) in the
same manner as with Cy5.

RNAP Holoenzyme Labeled with (Eu3+)DTPA-AMCA-
Maleimide.A single cysteine mutant ofσ70 ([A59C]σ70) was
expressed and purified as previously described with the
exception that a 10 mL Q Sepharose column was used instead
of a Resource Q column (14, 19). [A59C]σ70 was used to
prepare RNAP holoenzyme labeled with DTPA-AMCA-
maleimide at a specific site. Briefly, purified [A59C]σ70 was
denatured using 6 M guanidine hydrochloride and incubated
with a ∼2-3-fold excess of DTPA-AMCA-maleimide.
Excess label was removed by the use of a G-50 spin column.
[A59C]σ70 was subsequently refolded by dialysis. The entire
labeling procedure has been described elsewhere (25). EuCl3
was added to DTPA-AMCA-[A59C]σ70 at a 1:1 ratio.
Holoenzyme was reconstituted by mixing (Eu3+)DTPA-
AMCA-[A59C]σ70 and core polymerase at a final ratio of
1.5:1, respectively, and incubating at 4°C for 30 min
followed by purification on a Superdex 200 HR sizing
column (Pharmacia) equilibrated in 50 mM HEPES (pH 7.9),
100 mM KCl, and 10µM EDTA.

Luminescence Resonance Energy Transfer (LRET) Com-
petition Binding Measurements.Fork junction DNA binding
experiments were performed at 25°C in 50 mM HEPES
(pH 7.9), 10 mM MgCl2, 10 µM EDTA, 0.05µg/mL BSA,
1 mM DTT, 250 mM KCl, 2.8% poly(ethylene glycol)
(molecular weight 8000), and 6.0 ng/µL double-stranded
poly(dI‚dC) (Amersham). The BSA, DTT, and poly(dI‚dC)
were added fresh prior to each experiment. The relative
binding affinity of fork junction DNA molecules with base
substitutions in the-10 region was determined by their
ability to compete with an equimolar amount of Cy5-labeled
fork junction DNA containing the consensus-10 sequence
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(TATAAT). The final concentrations of Cy5-labeled and
unlabeled competitor fork DNA were 15 nM each. RNAP
holoenzyme containing (Eu3+)DTPA-AMCA-[A59C]σ70

was added to the reaction mixture last at a final concentration
of 5 nM. After a 5 min incubation period, the sensitized
acceptor emission at 670 nm was determined using pulsed
nitrogen laser excitation at 337 nm. Sensitized acceptor
emission was measured on a laboratory-built two-channel
instrument described previously (26). The time-resolved
sensitized acceptor signal resulting from 1000 excitation
pulses was accumulated, and the total sensitized acceptor
signal was calculated by integration of the time-resolved
signal from 60 to 1000µs. The total sensitized acceptor signal
was normalized by dividing by the total initial donor signal
(measured simultaneously with the sensitized acceptor signal)
to correct for the variability due to the fluctuation of laser
pulse power or due to a nonspecific quenching of the donor
signal. The total initial donor signal was calculated as a sum
of donor decay amplitudes obtained by the fitting of donor
decay curves to a double exponential decay function. The
data presented represent the results of at least three inde-
pendent experiments.

The binding of the consensus fork junction DNA under
our experimental conditions appeared to be tight (Figure 2),
preventing accurate determination of absolute values of the
equilibrium binding constants. However, the relative affinities
of fork DNA molecules containing mutations in the-10
region could be determined from the measurement of the
relative degree of saturation of RNA polymerase with labeled
consensus fork and unlabeled competitor when both were
present in the binding reaction. Under these conditions:

where νcons is the degree of saturation of RNAP with
consensus DNA in the presence of mutant DNA,νmut is the
degree of saturation of RNAP with mutant DNA in the
presence of consensus DNA, [DNAcons] and [DNAmut] are
the free concentrations of consensus and mutant DNA,
respectively, andKconsandKmut are the equilibrium associa-
tion constants for consensus and mutant DNA, respectively.
Since [DNAcons] ) [DNAcons]tot - νcons[RNAP]tot and [DNA-
mut] ) [DNAmut]tot - νmut[RNAP]tot, eq 3 can be rewritten:

where [DNAcons]tot and [DNAmut]tot are the total concentra-
tions of consensus and mutant DNA, respectively, and
[RNAP]tot is the total concentration of RNA polymerase.
Thus, measurement ofνcons and νmut allows determination
of the ratio of equilibrium binding constants for the consensus
and mutant DNA from which the free energy loss or gain
due to a mutation can be calculated:

Under our experimental conditions,νcons andνmut could be
easily determined because when the Cy5-labeled consensus
fork DNA was present at a final concentration of 15 nM,
RNA polymerase (5 nM, final) was 100% saturated (Figure
2). Thus, the LRET signal in the absence of unlabeled
competitor (Fo) corresponds to 100% saturation with Cy5-
labeled consensus fork (i.e., corresponds toνcons ) 1). In
the presence of unlabeled competitor:

whereFmut is the signal observed in the presence of unlabeled
competitor. To eliminate possible effects of the fluorescence
probe on the affinity of Cy5-labeled consensus fork DNA,
the competition with unlabeled consensus fork DNA was
included in the experiments, and all∆∆Gcons-mut values were
calculated using unlabeled consensus fork DNA as the
reference.

Stopped-Flow Measurements.These measurements were
performed on an Aminco Bowman Series 2 Luminescence
Spectrometer equipped with a stopped-flow accessory (Spec-
tronic Instruments, Rochester, NY). The binding of 7-di-
ethylaminocoumarin-3-carboxylic acid-labeled fork junction
DNA or nontemplate ss DNA to RNA polymerase was
initiated by rapid mixing of equal volumes of DNA (5 nM,
final) and RNA polymerase (15-100 nM, final). A change
of fluorescence emission at 472 nm (excitation at 432 nm)
was monitored as a function of time at 25°C in the same
buffer as used in DNA fork binding experiments. For both
the fork junction and single-stranded DNA experiments, the
curves from at least five independent experiments were
averaged and analyzed using SCIENTIST (Micromath, Salt
Lake City, UT) according to the following kinetic equation:

whereF is the observed fluorescence of 7-diethylaminocou-
marin-3-carboxylic acid-labeled DNA at timet, A andk are
the amplitude and observed rate constant, respectively, and
C is the fluorescence intensity att ) 0.

RESULTS

Site-Specific Assay for Fork DNA Binding.Our main goal
in this study was to quantitatively determine the relative
contribution of each position within the-10 region of
promoter DNA on the binding of a simple model fork
junction DNA. The model fork junction DNA we used for
the experiments presented herein is shown in Figure 1. The
sequence is based on theλPR promoter and extends from
the-26 to-4 positions. The fork DNA is duplex from-26
to -11 with single-stranded nontemplate strand from the-10
to the-4 position. This DNA did not contain a-35 region.
Thus, the effects of substitutions in the-10 region were
studied here in the absence of possible correlations of such
mutations with the recognition of the-35 element. This
DNA contained only the upstream fork junction and only
the nontemplate strand ss DNA extension since these were
shown to be the most important determinants for the binding
to polymerase (17). The junction between duplex and ss

νcons) Kcons[DNAcons]/(1 + Kcons[DNAcons] +
Kmut[DNAmut]) (1)

νmut ) Kmut[DNAmut]/(1 + Kcons[DNAcons] +
Kmut[DNAmut]) (2)

νmut/νcons) Kmut[DNAmut]/Kcons[DNAcons] (3)

{νmut([DNAcons]tot - νcons[RNAP]tot)}/

{νcon([DNAmut]tot - νmut[RNAP]tot)} ) Kmut/Kcons (4)

∆∆Gcons-mut ) ∆Gcons- ∆Gmut ) -RT ln Kcons+
RT ln Kmut ) RT ln (Kmut/Kcons) (5)

νcons) Fmut/Fo andνmut) 1 - νcons (6)

F ) A*[1 - exp(-k* t)] + C (7)
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DNA was between the-11 and-10 positions since it was
shown by chemical and enzymatic probing that the transcrip-
tion bubble in the open complex extends up to position-11
or -10 (27, 28). Furthermore, it was shown that specific
fork DNA binding was the strongest with a junction at either
-12 or -11 (17).

A difficulty in binding studies of model short DNA
molecules to RNA polymerase is that in addition to theσ70

subunit the other subunits are also capable of binding
different DNA molecules. Since we wanted to determine the
effect of the -10 hexamer sequence on binding theσ70

subunit within RNA polymerase, it was necessary to develop
a binding assay that would report DNA bound specifically
to the σ70 subunit. Theσ70 subunit-specific binding assay
was based on luminescence resonance energy transfer
(LRET) (29, 30) between donor-labeledσ70 subunit recon-
stituted to the RNAP holoenzyme and acceptor-labeled fork
DNA (Figure 2A). In this assay energy transfer can occur
only upon formation of a complex between Cy5-labeled fork
junction DNA and the (Eu3+)DTPA-AMCA-[A59C]σ70

subunit (when present within RNAP holoenzyme). The
limited range of resonance energy transfer(29, 30)implies
that this was effectively aσ70 subunit-specific binding assay
and that possible nonspecific complexes formed with other
subunits of the polymerase should not contribute to the signal.
Based upon quantitative measurement of energy transfer (not
shown), we estimate that the distance between residue 59 of
σ70 and the polymerase-bound fork junction DNA was∼43
Å, which was well within the distance allowed by the
dimensions ofσ70. Energy transfer can be conveniently
measured by sensitized acceptor emission (i.e., emission of
the acceptor upon excitation of the donor). The use of the
(Eu3+)DTPA-AMCA-Cy5 donor-acceptor pair allows the
measurement of sensitized acceptor emission with very little
background using pulsed excitation and time-gated sensitized
acceptor intensity measurement (23). As a control experi-
ment, we incubated the (Eu3+)DTPA-AMCA-[A59C]σ70

subunit with Cy5-labeled fork DNA (-10 region, TATAAT)
in the absence of the other subunits of RNA polymerase (data
not shown). Upon excitation of the donor, the observed
emission of the acceptor was essentially that of the back-
ground signal. This indicated that theσ70 subunit, in the
absence of the other subunits, was unable to bind fork
junction DNA. This is in agreement with previous observa-
tions that specific recognition of ss nontemplate strand
oligonucleotides required core-σ70 interaction (14).

Figure 2B shows a titration of (Eu3+)DTPA-AMCA-
[A59C]σ70 holoenzyme with Cy5-labeled fork junction DNA
containing the consensus-10 element. The sensitized

acceptor signal increased with the increase of DNA concen-
tration, and the signal reached essentially a plateau at∼3-
fold excess of DNA. This suggests that under the experi-
mental conditions used in this experiment the binding was
tight (almost stoichiometric).

Effects of Single-Base Substitutions on Fork Junction DNA
Binding.To measure the effects of a base substitution in the
-10 region, competition binding experiments were per-
formed in which the ability of fork junction DNA’s with
base substitutions in the-10 region to compete with the
binding of Cy5-labeled consensus fork junction DNA was
measured. Under the experimental conditions used (saturation
of the polymerase holoenzyme with the Cy5-labeled con-
sensus fork junction DNA), the relative binding affinity of
fork junction DNA containing a mutant-10 sequence could
be determined from the measurement of the relative degree
of saturation of polymerase with both DNA molecules (see
Materials and Methods). Figure 3 summarizes the results of
such competition experiments with all 18 possible variants
of single-base-substituted fork junction DNA molecules. The
first three bars in the upper panel illustrate the methodology.
In the absence of labeled consensus fork junction DNA, only
a very small background signal was observed (bar “1”), while
in the presence of labeled consensus fork junction DNA
efficient sensitized acceptor was detected (bar “2”), illustrat-
ing an excellent signal-to-noise ratio of the methodology
employed. As expected, in the presence of an equimolar
amount of unlabeled consensus fork junction DNA∼50%
decrease of sensitized acceptor signal was observed (bar
“TATAAT”), suggesting ∼50% decrease in saturation of
polymerase with labeled DNA. The equimolar concentrations
of a corresponding full duplex DNA (i.e., DNA identical to
the one shown in Figure 1 except that the bases in template
strand between positions-10 and-4 were added) did not
compete at all (not shown). Also, the “anticonsensus” DNA
fork (in which all A’s and T’s in the-10 region were
mutated to G’ and C’s, respectively) was a very poor
competitor (not shown). We estimate that the free energy
difference for the binding of consensus vs anticonsensus fork
was on the order of∼4.0 kcal/mol.

The competition experiments using fork junction DNA
with base substitutions at every position within the conserved
-10 hexamer revealed that single-base substitutions at the
-11 or-7 position were the most deleterious to binding by
RNAP holoenzyme. Base substitutions at positions-12 and
-10 had a small negative effect on the affinity whereas base
substitutions at positions-9 and -8 had essentially an
insignificant effect on the binding. The sensitized acceptor
emission intensities shown in the upper panel were used to
calculate the free energy loss (or gain) due to the mutation
(see Materials and Methods), and the calculated∆∆G° values
are shown in the lower panel. The above discussed pattern
(i.e., the importance of positions-11 and-7) is more clearly
seen in this representation of the data. The most deleterious
single-base substitutions at the-11 and-7 positions resulted
in a free energy difference of about 0.8 and 1 kcal/mol,
respectively. This value is roughly comparable to the free
energy difference due to a loss of a single protein-DNA
hydrogen bond (31). There seem to be no simple rules
regarding the relationship between the identity of the base
replacing the consensus base and the effect on the binding
(for example, there is no preference for replacing purine with

FIGURE 1: Schematic representation of fork junction DNA which
was used for this study. The consensus sequence for the nontemplate
strand is depicted. The last base pair is at the-11 position which
results in a single-stranded overhang that extends from the-10 to
-4 positions on the nontemplate strand. The hairpin was formed
by incorporation of a Spacer 9 phosphoramidite (Glen Research)
during synthesis immediately following the-26 position. The
position of the fluorescent probe is indicated (filled circle).
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purine etc.). Based on the data shown in Figure 3, we
synthesized a DNA fork (the-10 sequence: GCCTTC)
which should exhibit the weakest affinity for binding of the
polymerase. The free energy difference for the binding of
this fork DNA in comparison to consensus DNA was∼4.5
kcal/mol, which is consistent with the theoretical predictions
(such as, for example, that this DNA should be a worse
binder compared to the “anticonsensus” DNA).

To test the additivity of the effects of the individual base
substitutions, we next synthesized a limited set of fork
junction oligonucleotides which contained double-base sub-
stitutions in the-10 hexamer region, and we determined

their effect on binding to RNAP via the same competition
assay. The observed acceptor fluorescence intensity values
when these double substitution mutants were used as
competitors and their resulting free energy differences are
shown in Figure 4. Several double mutants exhibited simple
additivity of the effects observed in corresponding single-
base substitutions. For example, TATCAG mutant consisting
of base substitution at position-9 (no effect on binding)
and at position-7 (1.0 kcal/mol loss of free energy of
binding) exhibited ∼1.0 kcal/mol loss of free energy,
consistent with summation of the effects of single-base
substitutions. However, some of the double-base substitutions
showed lack of such simple additivity. The most apparent
example is the AATAAG mutant which contains a base
substitution at position-12 (minimum negative effect on
binding) and a base substitution at position-7 (1.0 kcal/
mol loss of free energy of binding). The combined effect of
both substitutions was∼1.9 kcal/mol, which is much more
than expected from the summation of the effects of both
single-base substitutions. Interestingly, it was observed
previously that some promoter mutations can be context-
dependent. For example, mutations at position-12 and-8

FIGURE 2: (A) Design of luminescence resonance energy transfer (LRET) competition binding assay. (B) Saturation of donor-labeled RNA
polymerase holoenzyme (RNAP) with acceptor-labeled fork junction DNA that contains a consensus-10 sequence (TATAAT). The
concentration of RNAP was 5 nM. Based on these results, 15 nM DNA was used for all subsequent competition experiments.

FIGURE 3: Effect of a single-base substitution in the-10 hexamer
region of promoter DNA on binding RNAP. Upper panel: Normal-
ized acceptor intensity for each single-base substitution. For each
experiment, the concentrations of each component were as fol-
lows: donor-labeled RNAP, 5 nM; acceptor-labeled fork junction
DNA, 15 nM; unlabeled competitor fork junction DNA (where
indicated), 15 nM. Donor-labeled RNAP was added last to the
mixture and incubated for 5 min at the indicated temperature prior
to measuring the acceptor intensity. The control experiments at the
far left were as follows: bar “1”, donor-labeled RNAP only (5 nM,
final); bar “2”, donor-labeled RNAP (5 nM, final)+ acceptor-
labeled DNA (15 nM, final); bar “TATAAT”, donor-labeled RNAP
(5 nM, final) + acceptor-labeled consensus DNA (15 nM, final)+
unlabeled consensus DNA (15 nM, final). Lower panel: Free energy
calculations from the results obtained in (A). Calculations were
performed as described in the text. Positive values indicate a more
preferred-10 sequence (over the consensus TATAAT).

FIGURE 4: Results of selected double-base substitutions in the-10
hexamer region on binding RNAP. The upper and lower panels
are as in Figure 3.
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were found to have a grossly nonadditive effect on the
transcription from P22 promoter(32).

Comparison between Fork Junction DNA and Single-
Stranded (Nontemplate Strand) DNA Binding.To determine
the relative contribution of sequence-specific recognition of
fork DNA and the general preference of polymerase for
binding DNA molecules containing a junction between
single-stranded and double-stranded DNA, we quantitatively
compared the affinities for binding consensus fork DNA and
the corresponding nontemplate single-stranded DNA (i.e.,
ss oligonucleotide corresponding to the top strand of the fork
DNA shown in Figure 1). Also, the affinities of fork DNA
and corresponding ss DNA in which all A’s and T’s in the
-10 region were mutated to G’ and C’s, respectively
(“anticonsensus” DNA), were also compared. The competi-
tion binding experiments (not shown) revealed that in both
of the above cases the DNA fork molecules displayed a slight
preference over the corresponding ss oligonucleotides. The
∆∆G(sscons/forkcons) was∼0.1 kcal/mol whereas∆∆G(ssanti/
forkanti) was∼0.15 kcal/mol.

To further probe possible mechanistic differences in the
association of RNA polymerase with fork versus single-
stranded DNA, the kinetics of binding of consensus fork and
consensus ss DNA were examined. For these experiments,
we labeled each oligonucleotide with 7-diethylaminocou-
marin-3-carboxylic acid succinimidyl ester at the-4 position
of the nontemplate strand. This probe was placed at exactly
the same position as the Cy5 probe used in the LRET
competition binding experiments. This fluorescent probe (i.e.,
7-diethylaminocoumarin-3-carboxylic acid), when covalently
attached to promoter DNA in the vicinity of the-10 region,
has previously been shown to be able to report the initial
binding of promoter DNA by RNAP (33). Upon addition of
wt RNAP to 7-diethylaminocoumarin-3-carboxylic acid-
labeled fork DNA or ss DNA, a∼50% increase in fluores-
cence intensity was observed (not shown). The time course
of this fluorescence change upon rapid mixing of RNA
polymerase with the 7-diethylaminocoumarin-3-carboxylic
acid-labeled fork DNA is shown in Figure 5 (inset). The
observed change in fluorescence intensity was described well
by a single-exponential kinetic equation. The time-dependent
fluorescence changes observed with the ss DNA (not shown)
were very similar and could also be described by a simple
first-order kinetic equation. Plotting the observed rate
constants as a function of polymerase concentration revealed
a simple linear dependence between these two parameters,
suggesting a simple kinetic scheme:

wherekobs is the observed rate constant,k1 is the rate constant
for the binding of DNA to polymerase, andk-1 is the rate
constant for the dissociation of protein-DNA complex. The
value ofk1 was determined from the slopes of plots shown
in Figure 5. The calculated bimolecular association rate
constants for fork and ss (nontemplate) DNA were (the
values in parentheses correspond to 95% confidence inter-
vals)k1(fork) ) 5.00× 106 M-1 s-1 (4.98× 106; 5.02× 106)
andk1(ss) ) 4.21× 106 M-1 s-1 (4.19× 106; 4.23× 106),
respectively. The values ofk-1 (intercept) could not be
determined accurately since they were much smaller than
the rate of the forward reaction. However, the rate of

dissociation for the fork and ss DNAs seem to be very
similar. Taken together, these results suggest that RNA
polymerase exhibits a very slight preference for binding the
fork DNA over ss DNA and this preference is the result of
a faster rate of association of the fork DNA compared to
the ss DNA.

Determinants of the Recognition of Adenine at Position
-11.Having determined that a base substitution at the-11
or -7 position was deleterious to binding by RNAP, we were
interested in the nature of the selectivity for particular bases
at these positions. We were particularly interested in the
interactions with the adenine at the-11 position as this
position is widely accepted to be at or about the first position
which undergoes strand separation leading to an open
complex from which productive transcription initiation can
proceed (34).

The approach taken to address this question was to
synthesize a series of DNA forks with the consensus
sequence (TATAAT) and with a number of adenine ana-
logues incorporated into the-11 nontemplate position. The
use of base analogues to address which functional groups
are important in the T7 RNA polymerase promoter has been
previously reported (35). Figure 6 shows the analogues which
were used in these studies. Since some of these analogues
would perturb or even eliminate base-paring of the base
analogue at position-11 in the nontemplate strand with
thymine in the template strand, the binding studies with
adenine analogues were conducted using fork DNA with the
ds/ss DNA boundary between positions-12 and-11. It
has been shown previously that a fork with the last base pair
at position-11 or at position-12 could bind polymerase
with a similar affinity (17). Figure 7A shows a comparison
of the competition binding experiments with these two fork
DNA’s. The affinity of both DNA’s for binding RNA
polymerase was indeed very similar. As an additional control,
we incorporated cytosine at the-11 position in the non-
template strand of a fork DNA that had its last base pair at

FIGURE 5: Comparison of the binding of fork junction DNA and
single-stranded DNA. Both DNA species contained the consensus
-10 hexamer region (TATAAT). The only difference is the
structural context in which it is presented. Filled circles, fork
junction DNA; open circles, single-stranded DNA. See text for
kinetic parameters. Each data point (for fork and single-stranded
DNA experiments) is the result of five individual experiments. The
error bar for each point is plotted; however, in most instances it is
smaller than the size of the plotted symbol. The inset depicts a
representative fit to a single-exponential kinetic equation in which
fork DNA was used (25 nM RNAP, 5 nM DNA).

kobs) k1[RNAP] + k-1 (8)
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the -12 position. We did so because in the single-base
substitution experiments shown in Figure 3 (in which the
fork junction DNA had its last base pair at the-11 position),
cytosine at the-11 nontemplate position was determined
to be deleterious to binding by RNAP. As shown in Figure
7A, cytosine (-11 nontemplate) in the context of DNA with
a fork junction at-12 was also deleterious to binding. We
thus concluded that the DNA fork with the last base pair at
position-12 was an appropriate model for the studies with
adenine analogues at the-11 nontemplate position.

Adenine can be specifically recognized by a protein
through formation of hydrogen bond(s) between the protein
residue(s) and any of the potential hydrogen bond donors or
acceptors present in adenine. The DNA fork with 5-nitroin-
dole (VIII), a base analogue which was shown to be capable
of stacking interactions similar to purine bases (36) but
devoid of any hydrogen bond donors or acceptors present
in adenine, bound RNA polymerase very poorly (Figure 7B).
The adenine analogues used (Figure 6) were designed to
eliminate or alter individual hydrogen bond donors or
acceptors of the adenine at the-11 nontemplate position.

(i) N7. The nitrogen at position N7 is selectively eliminated
in compound III. DNA fork with analogue III at position
-11 binds RNA polymerase with an affinity similar to
consensus fork DNA (Figure 7A). We concluded that
nitrogen at position N7 was not essential for recognition of
adenine at position-11.

(ii ) N6. The N6 amino group is selectively eliminated in
compound IV, and the DNA fork with this analogue at
position-11 was able to bind polymerase with an affinity
similar to the consensus fork (Figure 7A). Also, methylation
of the N6 amino group (compound II) did not significantly
reduce the affinity of the fork DNA for binding RNA
polymerase (Figure 7B). We concluded that the N6 amino
group was not essential for recognition of adenine at position
-11.

(iii) N1. None of the commercially available adenine
analogues perturb only the N1 position. However, the results

of binding experiments with compounds I, V, VI, and VII
when taken together allow the conclusions regarding the
importance of this position. Analogues in which position N1
is covalently modified (VII) or in which its hydrogen bonding
nature is changed from hydrogen bond acceptor to hydrogen
bond donor (V) exhibited a severe defect in binding (Figure
7B). In both of these analogues, in addition to perturbation
of position N1, the N6 amino group was either eliminated
(V) or covalently modified (VII), which complicated analysis
of these results. However, we have previously determined
(see above) that the N6 amino group is dispensable for the
binding. Thus, we conclude that the N1 nitrogen of adenine
at position -11 is the major determinant for specific
recognition of this base by RNA polymerase. In view of this
conclusion, the observation that an additional amino group
at position 2 (I and VI) perturbs somewhat the binding can
be explained by steric hindrance imposed by an additional
group in the nearest vicinity of the functional N1 position.

(iV) N3. None of the available analogues perturbed the
N3 position. Thus, the available data cannot rule out the role
of this position in specific recognition of adenine at position
-11. However, perturbations of the N1 position result in a
loss of binding affinity similar to that obtained when adenine
is replaced with C, T, G, or VIII, suggesting that if N3 is
important for specific recognition of adenine its role is
probably minor compared to the N1 position.

The results of binding experiments with DNA forks with
duplex terminating at positions-11 and-12 (Figure 7A)
showed very little difference in affinity between fork junction
DNA in which the adenine at position-11 was or was not
base-paired. To further investigate the role of base-pairing
of the base at the-11 nontemplate position, the binding
experiments were performed with 2-aminopurine (I) and 2,6-
diaminopurine (VI) incorporated into this position in fork
junction DNA’s whose duplex portions terminated at-11
or -12 (Figure 7C). Our rationale for using these analogues
was that they were still able to form hydrogen bonds with
thymine present in the template strand. The 2-aminopurine
(I) is able to form two hydrogen bonds with thymine, but
one of them is different than in a canonical Watson-Crick
A‚T base pair. 2,6-Diaminopurine can form three hydrogen
bonds with thymine, producing a more stable base pair in
comparison to the two hydrogen bonds normally present in
an A‚T base pair. The results of these binding experiments
showed that within experimental error the affinity of the fork
DNA with these analogues was very similar regardless of
whether the base at position-11 was base-paired.

DISCUSSION

In this study, we have determined the relative importance
of each position within the-10 hexamer sequence of
promoter DNA (within the context of a fork junction DNA)
for the binding to RNA polymerase holoenzyme. This fork
junction DNA most likely mimics interactions involved in
the formation of the open complex. We find that adenine at
position-11 and thymine at position-7 of the nontemplate
strand are the most important for sequence-specific binding
to RNA polymerase. The replacement of consensus bases at
these positions with any other base resulted in a loss of∼1
kcal/mol. Figure 8 compares the base preference for binding
the fork junction DNA determined from our data with the

FIGURE 6: Adenine analogues that were incorporated into the-11
nontemplate position.
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sequence conservation pattern in the-10 region and with
previous studies in which a base preference for the binding
of ss oligonucleotides corresponding to the-10 region of
the nontemplate strand was determined (37). The base
preference for binding RNA polymerase which has emerged
from our data corresponds very closely to the sequence
conservation of bases in the-10 region observed in nature.
Positions-11 and-7 are the most conserved and are the
most important for the binding whereas positions-9 and
-8 exhibit the lowest degree of sequence conservation and
appear to be not essential for the binding. Interestingly, quite
different results were obtained when the base preference for
binding ss oligonucleotides was studied [(37), Figure 8]. The
-11 nontemplate position was also found to be important
in these studies. However, thymine at position-7 was not
essential whereas the identity of bases at positions-8 and
-9 was critical. The experiments with fork junction DNA
containing both-10 and-35 hexamers also did not suggest
the important role of-7 T (17). On the other hand, recent
kinetic experiments (38) suggested that the T at-7 is
important for binding ss oligonucleotides. These apparent
differences in base preferences observed for different DNA

substrates may reflect different methodologies employed in
these studies which could have emphasized different aspects
of DNA recognition by the polymerase. For example, the
affinities of fork junction DNA determined in this work were
measured in solution using an equilibrium technique whereas
binding of -10 and-35 element-containing fork junction
DNA was determined using heparin-resistance of the com-
plexes(38). Heparin-resistance experiments may have em-
phasized the dissociation rate of the complexes whereas the
solution equilibrium approach reported overall equilibrium
binding properties. On the other hand, the observed base
preference differences could be a reflection of differences
in the structure between ss DNA,-10-containing fork
junction DNA, and-10- and-35-containing fork junction
DNA. This may have interesting mechanistic implications.
One possibility could be that the ds/ss DNA junction is
required for a proper presentation of the nontemplate strand
in single-stranded form for sequence-specific interactions
with RNA polymerase. In the absence of ds/ss junction, some
“out of register” interactions would be possible, resulting in
an apparent difference in base preference pattern observed
with ss oligonucleotides. In this context, it is interesting to
note that gross deviations from simple additivity observed
with some double mutants (Figure 4) appear to involve
mutants in which one of the mutations was in the duplex
portion and the other mutation was in the single-stranded
portion of the fork junction DNA. Double mutants in which
both mutations were in a single-stranded portion of the fork
junction DNA exhibited reasonable additivity of the effects
of individual mutations (Figure 4). Such pattern of nonad-
ditivity would be consistent with the described above function

FIGURE 7: Results of using various adenine analogues at the-11 nontemplate position. The concentrations used were 5 nM donor-labeled
RNAP, 15 nM acceptor-labeled consensus fork DNA, 15 nM unlabeled mutant fork DNA. (A) Ability of RNAP to bind with comparable
affinity to model fork DNA when the last base pair is at the-11 or -12 position. Lanes 1 and 2 are as in Figure 3. (B) Effect of various
adenine analogues (see Figure 6 for analogue structure) at the-11 nontemplate position on binding to RNAP. (C) Effect of selected
adenine analogues at the-11 nontemplate position in fork DNA (whose duplex portion ended at either the-12 or the-11 position) on
binding to RNAP.

FIGURE 8: Comparison of base sequence preferences in the-10
hexamer region for RNAP-σ70 promoters as determined by sequence
alignment analysis (4), ssDNA competition binding as determined
by electrophoretic gel mobility shift assay (36), and fork DNA
competition binding using aσ70 subunit specific luminescence
resonance energy transfer methodology.

Recognition of-10 Fork Junction DNA Biochemistry, Vol. 39, No. 40, 200012281



of the duplex portion of the fork junction DNA.
It has been suggested previously that RNA polymerase

has an ability to specifically recognize fork DNA containing
a junction between ss and ds DNA (17). Thus, in addition
to sequence-specific recognition, there should also be a DNA
structure-specific component to the recognition of fork
junction DNA. The comparison of the binding affinity
between fork DNA and corresponding ss nontemplate strand
oligonucleotide suggested only a very small preference for
the binding of the fork DNA. This small preference was
observed regardless if DNA contained consensus-10
sequences or if the-10 element was replaced with a
nonspecific sequence. The difference in affinity was small
enough that it could be explained by some trivial effects and
not necessarily by a selective recognition of ss/ds DNA
junction structure. For example, the fork DNA containing a
stretch of duplex DNA should exhibit a higher degree of
monovalent cation condensation compared to the corre-
sponding ss oligonucleotide (39). Under the same buffer
conditions, the binding of polymerase to the fork DNA would
thus displace a higher amount of condensed cations compared
to the ss oligonucleotide, making DNA-polymerase complex
formation thermodynamically more favorable in the case of
the fork DNA. A small difference between the binding
affinity of fork junction DNA vs ss DNA suggests that for
the specific recognition of fork DNA the sequence-specific
interactions are much more important than recognition of
the ss/ds DNA junction structure. As already mention, the
role of the fork junction is probably not to enhance the overall
affinity for the binding to the polymerase, but maybe to
ensure a proper presentation of the single-stranded nontem-
plate DNA for sequence-specific interactions with the
polymerase.

Adenine at position-11 of the nontemplate strand is one
of the most conserved bases in the-10 region, is essential
for the specific binding of ss nontemplate strand oligonucle-
otides, and is essential for specific binding of fork DNA
(Figure 8). All of these observations underscore a special
role of this residue in transcription initiation. It has been
proposed that the probable role of this residue is in the
nucleation of transcription bubble formation [ref (40) and
references cited therein]. We have found that the N1 position
of this residue is essential for its specific recognition by RNA
polymerase. The N1 position is involved in Watson-Crick
hydrogen bonding in the A-T base pair. Therefore, a simple
mechanism for the nucleation of melting can be envisioned
in which RNA polymerase would directly compete with the
thymine of the A-T base pair for hydrogen bonding to the
N1 position of adenine in the-11 nontemplate position. The
critical role of the N1 position of adenine at-11 is consistent
with the previously proposed mechanism of melting nucle-
ation involving a “base-flipping” reaction of the-11 adenine
followed by base-specific interaction with the polymerase
(41). Specific interaction with the thymine at position-7
could function as a specific “check-point” to ensure down-
stream extension of duplex melting.

Specific recognition of the N1 position of-11 adenine
suggests that fork DNA molecules in which adenine at
position-11 is not base-paired should bind polymerase more
tightly compared to DNA forks in which position-11 is
base-paired. However, our results showed essentially no
difference between fork DNA with the duplex DNA portion

terminating at-11 or -12 regardless if the base at-11
was adenine (Figure 7), 2-aminopurine (Figure 7C), or 2,6-
diaminopurine (Figure 7C). Our interpretation of this obser-
vation is that this is probably due to a very low stability of
a terminal A-T base pair resulting in a low energy cost of
disrupting the adenine N1-thymine N3 hydrogen bond in
order to allow an adenine N1-polymerase interaction.

In summary, our results provide additional support for the
role of sequence-specific interactions between RNA poly-
merase and the-10 region of promoter DNA in a partially
ss conformation during the process of promoter melting. The
discovery that the N1 position of adenine at the-11
nontemplate position is specifically recognized by RNA
polymerase provides an important clue to the understanding
of the nucleation of promoter melting.
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