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ABSTRACT: The specific recognition byEscherichia coliRNA polymerase of single-stranded oligodeoxy-
ribonucleotides (oligos) with the sequence of the-10 promoter region on the nontemplate strand has
been studied. Binding was monitored by observing the increase in fluorescence of 2-aminopurine residues
incorporated in the oligos. The effects of salt on the rates of formation and dissociation of RNA polymerase‚
oligo complexes are relatively small, from which we conclude that electrostatic interactions contribute
minimally to the favorable binding free energy. From the convex temperature dependence of lnKa (Ka

is the equilibrium association constant), we infer that a large apparent negative heat capacity, of 1-2 kcal
M-1 K-1, accompanies complex formation, which is interpreted as due to a conformational change in
RNA polymerase. Contrary to expectation, the forward rate constant for binding of oligos is more than
10-fold smaller than that for open complex formation at strong promoters. This suggests that in comparison
to an oligo, promoter DNA may be better able to accelerate this required conformational change in the
RNA polymerase. Oligo binding was shown to compete with the interaction between RNA polymerase
and promoters, indicating that the two bind to overlapping sites on the RNA polymerase

Promoter recognition byEscherichia coliRNA polymerase
(RNAP)1 depends primarily on two regions of DNA sequence
conservation, located about 10 and 35 base pairs upstream
of the start site. Recognition of these-10 and-35 promoter
elements is carried out by regions 2.4 and 4.2, respectively,
of the major sigma factor,σ70, of Escherichia coli(1). In a
functional complex between RNAP and a promoter, the base
pairing of the promoter DNA has been found to be disrupted
over a stretch of 12-15 base pairs, including the start site
of transcription (2). Neither the disruption of the base pairing
nor the maintenance of the strand-separated “open” complex
requires an external source of energy. Several studies have
indicated that aromatic amino acid residues of conserved
region 2.3 ofσ70 may be involved in the RNAP-induced
strand separation process (3-7), likely by directly binding
the nontemplate strand of promoter DNA in the region where
the strand separation occurs.

At least three lines of evidence indicate that RNAP
primarily interacts with the nontemplate strand of the
promoter in the-10 region and downstream: First, the
classic chemical probing studies by Gilbert and co-workers
(2) show that most of the effects of bound RNAP on the

reactivity of promoter DNA with various chemical probes
are on the nontemplate strand. Second, it has been shown
that sequence-specific recognition of the-10 promoter
element involves the identity of bases of the nontemplate
strand (8). Third, RNAP holoenzyme interacts in a sequence-
specific fashion with single-stranded nontemplate DNA, but
not with the template DNA (7, 9-14).

Formation of the open RNAP-promoter complex is a
multistep process, involving conformational changes not only
in the DNA (strand separation) but also in the RNAP (15,
16). Despite the complexity of the process, substantial
progress has been made in the characterization of the various
intermediates involved. Thus, it now appears that the
conformational change in the RNAP is the rate-limiting step
on this reaction pathway (Tsodikov and Record, personal
communication). To gain a better understanding of the
interaction of RNAP with single-stranded DNA in the region
of strand separation, we have characterized this interaction
directly, building upon recent studies that demonstrated the
specificity of this interaction. We describe here our experi-
ments on the sequence-specific recognition of single-stranded
oligodeoxyribonucleotides (oligos). We also determined the
salt and temperature dependence of the interaction. We
interpret the results to indicate that just as is the case for the
interaction of RNAP with promoters, RNAP has to undergo
a conformational change in order to interact with the oligos.
Contrary to expectation, the forward rate constant for binding
of the oligos is more than 10-fold smaller than that for open
complex formation at strong promoters, which suggests that
promoter DNA, but not an oligo, may be able to accelerate
a required conformational change in the RNAP.
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MATERIALS AND METHODS

Materials. E. coliRNAP holoenzyme prepared by the
method of Burgess and Jendrisak (17) was further purified
by chromatography on phosphocellulose in the presence of
50% glycerol, as described (18). The concentrations of
RNAP reported here are those of the active holoenzyme; our
preparations were 50( 10% active as determined by titration
of a known amount of promoter DNA with purified RNAP
and monitoring open complex formation using a gel shift
assay. Because of our finding that oligo and promoter DNA
occupy functionally overlapping sites on RNAP (see Figure
7), activities determined in this fashion should be relevant
to our studies on the interaction of RNAP with oligos.
Oligos containing 2-AP substitutions were purchased from
core facilities at Case Western Reserve University and at
the University of Wisconsin, Madison. Concentrations were
determined spectroscopically, using the following molar
extinction coefficients (in OD260/M) for the bases in single-
stranded DNA: dA, 15300; dC, 7400; dG, 11800; dT, 9300;
and d(2-AP), 1000. The molar extinction coefficient of an
oligo was calculated from the contributions of its constituent
bases. Unmodified oligos were from Gibco-BRL and the
Case Western Reserve University core facility. Heparin was
from Sigma.

Oligo Competition Experiments. Ten microliters of RNAP
(100 nM) and oligos at various concentrations were incubated
for 15 min at 37°C in transcription buffer [30 mM HEPES
(pH 7.6), 100 mM KCl, 10 mM MgCl2, 0.1 mM DTT]. Ten
microliters of radiolabeled promoter DNA (4 nM; 40 000
cpm), with consensus-10 and-35 regions [e.g., see (16)],
was added, and incubation was continued for 10 min. After
addition of heparin to 50µg/mL, the reactions were loaded
onto prerunning 4% nondenaturing polyacrylamide gels in
0.04 M Tris-acetate, 0.001 M EDTA to separate free from
RNAP-bound promoter DNA. Binding was quantified by
phosphor imaging (Molecular Dynamics).

Stopped-Flow Experiments. Binding reactions were car-
ried out in transcription buffer (see above), containing10%
glycerol, on an Applied Photophysics SX18MV stopped-flow
spectrophotometer in the fluorescence mode as described
(19). The excitation monochromator was set at 315 nm, and
a 350 nm “cut on” filter (transparent to light with a
wavelength greater than 350 nm) was used for the emitted
light. Excitation monochromator slits were set at 2 nm.
Glycerol was a necessary component of all mixes as the
RNAP is stored in 50% glycerol; both the ssDNA and the
RNAP solutions loaded in the syringes of the instrument were
adjusted to contain the same concentration (10%) of glycerol
in order to get optimal mixing. Typically, the final concen-
tration of active RNAP was 15 nM.

Data Analysis. Initial data analysis was carried out using
software provided by Applied Photophysics. The experi-
ments were conducted with the oligos in at least 4-fold molar
excess over the RNAP so that the kinetics would be pseudo
first order. The data were fit to the equation:

wherey is the fluorescence signal at wavelengths greater
than 350 nm,t is the time in seconds after mixing DNA and

RNAP, kobs is the pseudo-first-order rate constant, Amp is
the observed amplitude, andF0 is the observed fluorescence
at time zero. Each reported value ofkobs is the average of
data collected in five or more separate mixing events. Under
any set of conditions,kobs was obtained at several oligo
concentrations. Initial data analysis was by modeling the
interaction as a simple one-step reaction. The parameters
ka andkd (corresponding to the rate constants for the forward
and reverse reactions as represented by eq 4, below) were
obtained from the slope and intercept of a linear fit of the
data to the equation:

Reported errors in individual values ofka andkd are standard
errors, as determined in fitting the data. Whenever multiple
determinations had been obtained, averages of the values and
standard deviations have been reported.

To obtain equilibrium binding constants from the data, the
amplitudes (Amp in eq 1) of the exponential fits were
averaged for each [oligo], and fit to a rectangular hyperbola:

HereKd is the observed dissociation constant andFmax the
limiting value of the amplitude at infinite [oligo]; the
reciprocal value ofKd will be referred to asKa, the
equilibrium association constant. Other data manipulations
were carried out as described in the text.

RESULTS

The synthetic oligos used in this work are shown in Figure
1. The sequence of the consensus oligo was designed to
minimize secondary structure; the other oligos shown differ
from each other in the incorporation of nonconsensus bases
throughout the-10 region. All bear two 2-AP bases at
positions-14 and-15 in a numbering scheme where the
most downstream T of the-10 region is-7, reflecting its
position with respect to the start site of most promoters. We
had previously observed an increase in 2-AP fluorescence
upon addition of RNAP to promoters bearing 2-AP substitu-
tions between positions-7 and+3 (19). The fluorescence
not only of the 2-AP-substituted oligos described above but
also of oligos containing downstream 2-AP substitutions at
positions+1 and+3 (data not shown) was similarly observed
to increase upon addition of RNAP, providing a spectroscopic

y ) Amp[1 - exp(-kobst)] + F0 (1)

FIGURE 1: Sequences of the oligos used in this work.A denotes
2-AP.

kobs) ka[oligo] + kd (2)

Amp )
Fmax[oligo]

[oligo] + Kd

(3)
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assay for their interaction. However, oligos containing 2-AP
at positions-9 and-8 (in the-10 element) or at positions

-5 and-4 (just downstream of-10) did not generate a
measurable signal upon addition of RNAP (data not shown).
Using oligos containing 2-AP substitutions at+1 and+3,
we had previously verified that the presence of A’s at-15
and-14, rather than the “TG” sequence conserved in some
promoters (20), did not affect the observed rates (data not
shown). For the studies reported here, we chose 2-AP
substitutions at-15 and-14 (as shown in Figure 1), rather
than at+1 and +3, as the former are closer to the-10
sequence. The presence of two, rather than one, 2-AP
substitutions provided a useful increase in the measured
fluorescence signal. In comparisons between oligos with the
2-AP upstream or downstream of the-10 sequence, similar
results were obtained, with few exceptions (noted below).

To study the kinetics of the interaction between RNAP
and oligos, solutions of RNAP and 2-AP substituted oligos
were mixed in a stopped-flow spectrophotometer, and the
observed increase in 2-AP fluorescence was monitored over
a time interval of 5 s, sufficient for adequate definition of
the end point of the reaction. Representative traces are
shown in Figure 2, from which the values ofkobs for [oligo]
) 400 nM, plotted in Figure 3, were determined. As can
be seen, single exponentials (eq 1), withkobs ) 5.0 ( 0.2
s-1 and Amp) 0.072( 0.002 for the consensus oligo, and
with kobs ) 2.6 ( 0.1 s-1, and Amp) 0.060( 0.002 for
the T-7C oligo, fit the data quite well. However, a fast phase
is also evident between 0 and 0.1 s, where eq 1 represents a
less satisfactory description of the time dependence as
evidenced by the residuals shown at the top of the figure. A
double-exponential function (eq 1a) was also used to analyze
the data:

The fast phase is characterized bykobs1;Amp1 with values
of 13 ( 1 s-1;0.074( 0.004 and 11( 2 s-1;0.056( 0.004,
respectively, for the consensus and T-7C oligos, and the slow
phase bykobs2;Amp2 with values of 1.4( 0.2 s-1;0.022(

FIGURE 2: Time dependence of the increase in fluorescence upon
mixing RNAP with the consensus and the T-7C oligos. Final
concentrations were: [RNAP], 15 nM; [oligo], 400 nM; the
temperature was 25°C. See Materials and Methods for additional
experimental details. The traces shown are averages of at least 5
individual mixing events, and commence at the origin. The smooth
lines shown are for single-exponential fits withkobs ) 5.0 ( 0.2
and 2.6( 0.1 s-1, for the consensus and T-7C oligos, respectively.
Differences between the fitted and measured values (residuals) are
shown in the top part of the figure.

FIGURE 3: Representative data for two of the oligos used. All determinations carried out at 25°C. (a) Plots ofkobs(each data point represents
an average of at least 5 individual traces) as a function of [oligo] for the consensus and the T-7C oligos. The slopes of the lines yieldka
[(1.1 ( 0.1) × 107 M-1 s-1 and (3.4( 0.1) × 106 M-1 s-1 for the consensus and T-7C oligos, respectively];kd was determined from the
intercepts (0.5( 0.1 s-1 and 1.2( 0.2 s-1 for the consensus and T-7C oligos, respectively). (b) Plots of the amplitudes of the fluorescence
increase observed at each [oligo] (averages of at least 5 traces) versus [oligo]. From these saturation curves, the equilibrium binding constants
can be determined (Kd e 7 ( 2 nM for the consensus andKd ) 70 ( 20 nM for the T-7C oligo). See Table 1 for average values from
several experiments forka, kd, andKa ) 1/Kd.

y ) Amp1[1 - exp(-kobs1t)] +
Amp2[1 - exp(-kobs2t)] + Fo (1a)
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0.003 and 1.2( 0.1 s-1;0.030( 0.003, respectively, for the
consensus and T-7C oligos. Equation 1a provides a clearly
improved fit in the 0-0.1 s range, but overall the difference
between the single- and double-exponential fits is less than
the noise in the data. We also noticed that the values for
both the amplitude and thekobs obtained with eq 1a varied
considerably and unpredictably as a function of oligo
concentration, or in the comparison of duplicate experiments.
To better define the fast phase, we have carried out
experiments where all the data collection was in the 0-0.5
s interval (data not shown). Over this time interval, the rate
constant as determined by eq 1 was independent of oligo
concentration for the range 50-400 nM, where significant
variation is seen forkobs of the slow phase (see Figure 3).
This behavior is unexpected for the formation of a collision
complex. It is currently unclear what process gives rise to
the fast phase, or even whether this phase is relevant to the
interaction between RNAP and oligo. From here on, we
focus exclusively on the slower phase of the reaction; all
values forkobs reported are from single-exponential fits to
the data.

Representative data for the dependence ofkobs on [oligo]
are shown in Figure 3a for the consensus and T-7C oligos
(see Figure 1). Each data point represents the average of at
least five traces. The data were interpreted in terms of a
simple one-step reaction, as shown in eq 4, below:

ka was obtained as the slope of the plots shown in Figure
3a, andkd values were obtained from the intercept with the
y-axis. Values forkd may also be obtained directly, by
preforming an RNAP-oligo complex, and then challenging
it with either heparin or a large excess of oligo lacking 2-AP
substitutions, to capture the free RNAP and pull the
equilibrium in the direction of the dissociation of the 2-AP-
substituted oligo from its complex with RNAP. In experi-
ments using oligos with the 2-AP substitutions at positions
+1 and+3, similarkd values were obtained with the use of
either heparin or oligo scavengers; these values were also
similar to those determined from the intercepts of plots such
as those shown in Figure 3a.

Equilibrium binding constants can be calculated from the
ratio of the rate constantska and kd as well as from the
titration of the amplitude of the total change in fluorescence
intensity observed at different oligo concentrations (eq 3),
as shown in Figure 3b. Note that for the consensus oligo in
this experiment only an upper limit ofKd could be estab-
lished. The averages of values obtained in several experi-
ments such as those shown in Figure 3a,b have been collected
in Table 1. The T-7C substitution is seen to cause a 2-fold

increase inkd and a smaller reduction inka. The net effect
of this substitution is a 3-fold decrease in the value of the
equilibrium binding constant, regardless of whetherKa

()1/Kd) values determined from the amplitudes are com-
pared, or ratios ofka/kd, although the values of the former
are about 2.5-fold greater (see below).

The results of a systematic study of substitutions at
positions in and next to the-10 region onKd, kd/ka, ka, and
kd are shown in Figure 4. At each position, we chose a base
which, when substituted in promoters, would most dramati-
cally reduce promoter strength [e.g., see (21)]. In agreement
with previous studies (7, 9-14), it is seen that the interaction
is sequence-specific, although not at all positions tested. The
effects of substitutions at-7 and-8 are evident in all four
panels of Figure 4, while the substitution at-9 appears to
not affectka. Substitutions at positions-10 to -12 were
not found to significantly affect the kinetics or the equilib-
rium of the interaction. Note that an oligo bearing substitu-
tions at each of the six positions of the-10 region
(“ACGTGC”) has substantially lowerka and higherkd values,
as well as reducedKa, compared to oligos with T-7C or A-8G
substitutions. Similar patterns have been observed for an
analogous series of oligos containing 2-AP at positions+1
and+3, with one exception. The T-12A substitution does
not appear to affect oligos with the 2-AP at-14 and-15
(see Figure 4), but the same substitution in oligos with the
2-AP at +1 and+3 leads to a 75% reduction inka and a
2-fold increase inkd as compared to the values of the
consensus oligo (data not shown). The latter result is more
akin to that obtained in competition assays (13), where a
T-12C substitution was found to reduce the affinity by
approximately 20-fold. Even so, it is interesting that the
boundary between sequence-dependent and sequence-
independent recognition in the middle of the-10 region
coincides with the boundaries of strand opening [e.g., (2)]
and of specific recognition by fragments of sigma factor (22).

Very similar patterns are found forKd and kd/ka as a
function of oligo sequence (compare Figure 4a and Figure
4b). Agreement betweenKd andkd/ka is quantitative for the
four oligos which bind most tightly, but for the other oligos
the values of the two parameters differ considerably (up to
a factor of 10 for ACGTGC) as is immediately apparent from
the scales of they-axes in Figure 4a,b. It is not clear whether
this discrepancy, also seen in other experiments (see Table
1), is due to experimental artifact, or to an unrecognized
fundamental feature of the reaction mechanism. In all cases,
however, the trends displayed byKd andkd/ka are qualitatively
similar. We will report here values forka and kd as
determined by using eq 2, andKd (or Ka) values as
determined with eq 3. In the following sections we compare

Table 1: Sequence Dependence of RNAP-Oligo Interaction

equilibrium kinetics

oligo Ka (M-1)a ka/kd (M-1) ka (M-1 s-1)b kd (s-1)b

-10 TATAAT (5 ( 3) × 107 c (2 ( 1) × 107 (7 ( 2) × 106 c 0.4( 0.2c

-10 TATAAC (1.6( 0.2)× 107 d (7 ( 3) × 106 (5 ( 1) × 106 d 0.7( 0.2d

-10 ACGTGC (8 ( 2) × 106 (8.4( 0.2)× 105 (1.1( 0.2)× 106 1.3( 0.05
a Determined from the amplitudes of the observed fluorescence signal (eq 3).b Determined from plots ofkobs versus [oligo].c Average ((SD) of

6 separate determinations, each based on 5 or more individual mixing events on the stopped-flow spectrophotometer.d Average ((SD) of 3 separate
determinations, each based on 5 or more individual mixing events on the stopped-flow spectrophotometer.

RNAP + oligo y\z
ka

kd
RNAP‚oligo (4)
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the behavior of an oligo with a consensus-10 sequence to
that of an oligo bearing a T-7C substitution.

In Figure 5 we show the dependence ofKa, ka, andkd on
salt concentration. The slopes of plots of the logarithms of
these respective parameters versus the logarithm of the salt
concentration (23) indicate the number of ions released upon
complex formation, in steps up to and including the processes
limiting the association rate of the complex, and the number
of ions taken up in dissociation. The salt dependencies are
small, with the only clear effect that of KCl onka. The slope
of the log-log plot is-2.0( 0.3, which would indicate the
release of 2 ions in complex formation. The apparent
discrepancy between this result and the fact that no significant
effect is observed on the equilibrium constant can be ascribed
to experimental error. To determine if the effects of KCl
are due to the release of cations from DNA, and thus indicate
ionic interactions between RNAP and the DNA, experiments
were also conducted in solution with F- as the anion. As
F- binds much less avidly to proteins than Cl- [e.g., (24)],
in such solutions, ion release from the protein can be ignored.
Then salt effects can be ascribed uniquely to the release of
cations from DNA as a result of neutralization of specific
phosphates by positively charged groups on the DNA binding
protein. As NaF was not found to have a significant effect,
we conclude that the interaction of oligos with RNA
polymerase is not accompanied by the release of cations and
thus not driven by electrostatic interactions. The effects

observed due to variation of [KCl] can then be interpreted
as being due to the release of at most two Cl- from RNAP
upon complex formation (in general, Na+ behaves identically
to K+ in these types of experiments).

In Figure 6a-c we show the dependencies of lnKa, ln ka,
and lnkd on temperature, as obtained in one representative
experiment. The reason for using this representation instead
of the more common Arrhenius plots (ln k vs 1/T; k ) ka or
kd) and van’t Hoff plots (lnKeq vs 1/T; Keq ) Ka or ka/kd) is
that the latter plots displayed nonlinear behavior (not shown).
The behavior of lnKa observed here [strikingly similar to
that of several other protein-nucleic acid interactions [e.g.,
(25)] has generally been interpreted as indicative of burial
of hydrophobic groups upon complex formation, with
concomitant release of bound water molecules (26). The
“signature” of the hydrophobic effect is a large and neg-
ative change in the heat capacity,∆C°p, which is the
temperature dependence of the enthalpy of the reaction:
∆C°p ) d∆H°obs/dT. The curve for the consensus oligo in
Figure 6a is a fit to the data assuming the∆C°p is
independent of temperature, when the following equation
describes the temperature dependence of the equilibrium
binding constant [e.g., (25)]:

whereTH andTS are the temperatures at which, respectively,

FIGURE 4: Sequence effects on the interaction of RNAP with oligos. Values forKd, kd/ka, ka, andkd (determined at 25°C) are shown in
panels a, b, c, and d, respectively. Columns are labeled by-10 sequences of the oligos (see Figure 1).

ln Keq ) (∆C°p/R)[(TH/T) - ln (TS/T) - 1] (5)
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∆H°obs and∆S°obs are) 0. The data forKa andka/kd were
fit to the three parameters∆C°p, TH, andTS; average values

for ∆C°p, as obtained from several experiments analogous
to that shown in Figure 6, are shown in Table 2. The fits of
ka/kd appear to be indicative of a less negative value of∆C°p

for the interaction of RNAP with the T-7C oligo than with
the consensus oligo. However in view of the large uncer-
tainties in the values, it cannot be concluded that they are
significantly different. The large negative values of∆C°p

for both oligos are quite similar to that estimated for the
interaction of RNAP with the PR promoter [about 1 kcal M-1

K-1 (25)]. The temperature dependence of the rate of open
complex formation at the PR promoter also results in a
nonlinear Arrhenius plot (27), which has been interpreted
as reflecting a conformational change in the RNAP involving
additional folding of the protein upon DNA binding (26).
Thus, it is likely that, upon binding to an oligo, the RNAP
undergoes a similar conformational change as it does upon
interacting with promoter DNA.

The values for the two rate constantska and kd show
extrema (see Figure 6b,c) which would not be expected if
they were elementary rate constants. This behavior is
indicative of a rapid equilibrium preceding the rate-limiting
step in both the forward and reverse directions. Thus, even
if the same step were rate-limiting in both directions,
intermediates both preceding and following the rate-
determining unimolecular step have to be invoked to explain
the observation of extrema in bothka andkd. This is shown
in eq 6:

K1 and K2 are the equilibrium constants for the two rapid
equilibrium steps, whilekf andkb are the rate constants for
the rate-limiting step in the forward and reverse directions,
respectively. These need not be elementary rate constants,
and their temperature dependence could include a∆C°p term.
RNAP is the prevalent conformation of RNAP free in
solution, RNAP′ the conformation of RNAP in the most
stable complex with the oligo, oligos the oligo with the bases
stacked, and oligou the oligo with unstacked bases. RNAP‚
oligos is the initial or “collision” complex between RNAP
and an oligo, and RNAP′‚oligou is the complex responsible
for the observed increase in fluorescence. This equation is
further considered in the Discussion. If the two rapid
equilibria favor the beginning and end products shown in
the equation, respectively, the expressions for the forward
and reverse rate constants would be

FIGURE 5: Salt dependencies of the interaction of RNAP with
oligos. Data (obtained at 25°C) are shown for the effects of KCl
and NaF for the interaction of RNAP with the consensus oligo, as
well as that bearing the C-7T substitution; log-log plots. (a)Ka;
(b) ka; (c) kd. For these experiments, the 10 mM MgCl2, normally
present in our buffer, was omitted to allow the results to be more
readily interpreted. The lines shown were obtained by linear
regression.

FIGURE 6: Temperature dependence of the interaction of RNAP
with oligos. In panels a-c, ln Ka, ln ka, and lnkd are plotted as a
function of temperature for the interaction of RNAP with both the
consensus oligo (O) and that bearing the C-7T substitution (4).
The data in panels a-c were fit to eqs 5, 8a, and 8b, respectively.
The curves shown are based on these fits.

Table 2: Heat Capacity Changes in RNAP-Oligo Interactions

∆C°p (kcal M-1 K-1)

oligo Ka ka/kd ka kd

-10 TATAAT -0.9( 0.3a -2.3( 1b -0.9( 0.1b 1.5( 1b

-10 TATAAC -0.8( 0.6c -1.2( 0.8c -0.9( 0.1a 0.75( 0.3a

a Average( spread for 2 determinations.b Average( SD for 3
independent determinations.c Meaningful fit only for 1 out of 2
determinations; standard errors based on computer fits of the data.

RNAP + oligo y\z
K1

RNAP‚oligos {\}
kf

kb
RNAP′‚oligos y\z

K2

RNAP′‚oligou (6)

ka ≈ K1kf ) K1Ka
#kBT/h (7a)

kd ≈ K2
-1kb ) K2

-1Kb
#kBT/h (7b)
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Here Ka
# and Kb

# are the equilibrium constants describing
the position of the transition state with respect to the
beginning and final components, respectively;kB, Boltz-
mann’s constant; andh, Planck’s constant. Thus, the
temperature dependence of the rate constantska andkd would
be a composite of the contributions from the pathway up to
and including the transition state. The data in Figure 6b,c
were fit to the following equations:

where∆C°p,a and ∆C°p,d are the changes in heat capacity,
up to and including the transition state, starting from either
end of the reaction eq 6. Other symbols are as in ref5, but
now applied toward the temperature dependence of the
association and dissociation rate constants. The∆C°p values
obtained with the use of eqs 5, 8a, and 8b (collected in Table
2) are of the order of(1 kcal M-1 K-1.

Sequence-specific recognition of the-10 promoter ele-
ment is carried out by region 2.4 of sigma factor (1); the
same region of sigma factor has been implied in the
recognition of the-10 sequence on nontemplate oligos (7,
13). Thus, promoter DNA and oligo are expected to compete
for this region of RNAP, and not to be able to concurrently
bind to the same RNAP. We tested this prediction by
determining the effects of increasing amounts of unlabeled
oligo on the interaction of radiolabeled promoter DNA with
RNAP. As shown in Figure 7, competition of nontemplate
strand oligos with formation of RNAP-promoter complexes
is observed with oligos bearing the TATAAT sequence, but
less so with oligos containing the C-7T substitution. This
substitution in promoter DNA is known to dramatically
reduce promoter strength. From the fact that oligo and

promoter DNA compete for binding to RNAP, we conclude
that indeed the oligo and promoter DNA bind to overlapping
sites on RNAP.

DISCUSSION

We have characterized the kinetics and thermodynamics
of sequence-dependent recognition by RNAP of a single-
stranded nontemplate oligo. We propose that this interaction,
by circumventing the process of strand separation, is a useful
model system for studying particular aspects of RNAP-
promoter interactions, such as the conformational change in
RNAP. This contention is bolstered by the observed
competition between oligo and promoter DNA (see Figure
7), as well as by the good agreement between the results
obtained here with those obtained by others on the interaction
of RNAP not only with oligos but also with promoters. Quite
likely (3-5, 7), the aromatic groups in sigma factor region
2.3, positioned on helix 14 in the crystal structure, interact
with single-stranded promoter DNA in the establishment and/
or maintenance of the open complex. The results presented
here would be consistent with this assignment: the large
negative ∆C°p we observed could be due both to such
hydrophobic interactions and to the conformational change
in RNAP we invoke here (see below). On the other hand,
we find little evidence for electrostatic interactions contribut-
ing favorably to the binding of oligos to RNAP. By
ethylnitrosourea probing, Gilbert’s group (2) identified 6
phosphates in the 22 base pair stretch of promoter DNA
spanning the length of the oligo used here, as being important
for open complex formation. In addition, pronounced effects
of salt on the nonspecific binding of RNAP holoenzyme to
single-stranded DNA were observed (28). As yet we do not
understand the reasons for these discrepancies.

Our results on the kinetics of oligo-RNAP interaction are
not compatible with a simple, one-step mechanism for the
reaction. We summarize here the observations that lead to
this conclusion. (1) The kinetic traces suggest that there may
be an additional step, faster than that studied here (see Figure
2). (2) The association rate constants are affected, albeit
not to a major extent, by the sequences of the oligos (Figure
4). Apparently, in the transition state some specific contacts
between RNAP and the oligo are already established. This
is not compatible with a simple, diffusion-limited binding
reaction. (3) The association rate constant for the binding
of oligos to RNAP is smaller by about an order of magnitude
than that for forming an RNAP-promoter open complex:
7 × 106 M-1 s-1 for the consensus oligo (see Table 1) versus
at least 108 M-1 s-1 for a consensus promoter under the same
conditions (de Haseth et al., unpublished). Thus, a process
other than formation of an initial collision complex of RNAP
and oligo must be limiting. (4) The anomalous temperature
dependencies of both the forward and dissociation reactions
(Figure 6) require a more complex kinetic equation.

Based on the above observations, the general reaction eq
6 was proposed, which in each direction involves a rapid
equilibrium prior to the rate-limiting step. We envisage that
both RNAP and the oligo have to undergo conformational
transitions from their predominant forms in solution. A
conformational change in the RNAP (RNAP to RNAP′) is
likely in view of the large negative∆C°p that accompanies
complex formation. This step, the RNAP‚oligos to RNAP′‚

FIGURE 7: Oligos bearing the consensus-10 sequence compete
with promoter DNA for RNAP binding. Reaction mixtures (37°C)
contained 2 nM radiolabeled promoter DNA, unlabeled oligo at
the indicated concentration, and RNAP (50 nM). Promoter binding
was monitored by gel mobility shift, and normalized to the extent
of retention in the absence of oligo. Values shown are averages of
two determinations. All oligos contained 2-AP, but not at the same
positions. (9) T-7C; (b) consensus, both with 2-AP at-14 and
-15; (2) consensus, 2-AP at+1 and+3.

ln ka ) ln (kBT)/h +
(∆C°p,a/R)[(TH,a/T) - ln (TS,a/T) - 1] (8a)

ln kb ) ln (kBT)/h +
(∆C°p,b/R)[(TH,b/T) - ln (TS,b/T) - 1] (8b)
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oligos conversion, would be rate-limiting. Based on eq 6, it
is expected thatkobs would saturate at a high [oligo]. The
fact that saturation is not observed could be due to weak
binding of the oligo to RNAP in the predominant conforma-
tion in solution: if even the highest [oligo] used still is
,1/K1, then no curvature is observed in thekobsversus [oligo]
plot. This is analogous to a two-step reaction, corresponding
to the first two steps in ref6, discussed by Johnson (29).

With the consensus oligo and that bearing the T-7C
substitution, similar∆C°p values are obtained within experi-
mental error (see Table 2). It therefore seems likely that
these two oligos require a similar conformational change in
RNAP in order to form the complex we have monitored in
these studies. It is possible to interpret observed values of
∆C°p in terms of the surface area of buried nonpolar groups.
Record and co-workers (25) proposed the empirical relation-
ship∆C°p/∆Anp ) -0.3 cal K-1 Å-2, with ∆Anp the surface
area (in Å2) that gets buried. For a∆C°p of 1 kcal M-1 K-1

or greater, as found here for the interaction of RNAP with
a single-stranded oligo, 3000 Å2 or more of nonpolar surface
could be buried upon the binding of the consensus oligo.
This is much more than the surface area on the protein which
can be covered directly by the oligo. Based on the surface
areas of the bases, the oligo would have at most about 250
Å2 of nonpolar surface. The region of sigma factor interact-
ing with the nontemplate strand of promoter DNA is likely
nonpolar, so by direct interaction maximally about 500 Å2

could be buried, which is only 16% of the total required by
Record’s estimation. The rest of the buried surface would
be due to the folding of regions of RNA polymerase which
would accompany a major conformational change of the
enzyme. This might involve the closing of the “jaws” of
the polymerase which are thought to form a sliding clamp
which keeps the enzyme associated with DNA during the
elongation process (15, 16, 30).

The interpretation of the nonlinear Arrhenius plots we
observed in terms of a model involving a linear dependence
on temperature of the∆H°obs for the binding reaction may
not be the only one consistent with such behavior. Lohman
and co-workers (31) have shown that similar effects could
also be obtained for processes involving coupled equilibria,
where one of the two equilibria would have a positive, but
temperature-independent∆H°obs. In our case this possibly
could be the unstacking of the bases on the oligo.

The similarity in the values for the∆C°p of the interactions
of RNAP with oligos and with promoters suggests that
similar conformational changes of RNAP could be involved
in both processes. This underscores the value of the
interaction with oligos as a model system for studying facets
of the process of open complex formation at promoters. At
the same time, the rate constant for the interaction of RNAP
with promoters is an order of magnitude greater than that
for the interaction with oligos. Additional favorable interac-
tions between the promoter and RNAP would have to
stabilize the transition state for the conformational change
by only 1.2 kcal/mol in order to accomplish this. The-35
region of the promoter could be responsible for this stabiliza-
tion. However, we cannot exclude an alternative possibility,
namely, that promoter DNA dissociates more slowly from
an initial (collision) complex than an oligo, again due to
interactions with the-35 region of the promoter. In this

case, the differences in the observed rates would be due to
the relative population of the initial complex, rather than to
the relative rates with which the promoter DNA and the oligo
would induce conformational changes in RNAP.
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