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ABSTRACT: Strand separation in promoter DNA induced byEscherichia coliRNA polymerase is likely
initiated at a conserved A residue at position-11 of the nontemplate strand. Here we describe the use of
fluorescence techniques to study the interaction of RNA polymerase with the-11 base. Forked DNA
templates were employed, containing the fluorescent base, 2-aminopurine (2AP), substituted at the-11
position in a single-stranded tail comprising the nucleotides on the nontemplate strand at which base
pairing is disrupted in an RNA polymerase-promoter complex. We demonstrate that the presence of 2AP
instead of an A at position-11 has no major effect on the accessibility of DNA to DNase I or KMnO4

in the presence or absence of RNA polymerase, thus justifying the use of templates containing the 2AP
substitution in the fluorescence studies. A blue shift of the 2AP fluorescence emission maximum is observed
in the presence of RNA polymerase. The results of fluorescence anisotropy decay studies indicate that
about 60% of the 2AP residues at-11 are immobilized in an RNA polymerase complex. This value is
in good agreement with the fraction of 2AP-substituted templates determined to be in a stable, heparin-
resistant complex with RNA polymerase. These results are consistent with the residue at-11 being tightly
bound in a hydrophobic pocket of the enzyme.

In a functional or open complex between RNA poly-
merase1 and a promoter, the region surrounding the start site
of transcription (from-11 through+3) is single stranded
(1-6). Kinetically, several intermediates have been detected
on the pathway to formation of the open complex (3, 5, 7-9)
as shown below (Scheme 1):

R is RNAP, P is the promoter, and I0, I1, and I2 are
intermediates. I0 is a closed complex with no strand separa-
tion. Initiation (“nucleation”) of DNA melting would occur
at I2 (10). I0 and I1, but not I2 and RP0, are sensitive to a
challenge with heparin, a polyanionic competitor with DNA
for binding to RNAP (10, 11). It is thought that on promoter
DNA, the melting process nucleates at the-11 position (an
A in the consensus promoter sequence) (12-14), then
propagates in downstream direction. An attractive hypothesis
is that the initiation of the process involves “flipping” of
the-11 A out of the helix (14-16). If this were the case, it
would be expected that the environment of the-11 A would
change dramatically upon interaction of RNAP with promoter
DNA.

Gralla and co-workers (15, 17, 18) have pioneered the use
of “forked DNA” templates (see Figure 1) to model aspects
of an RNAP-promoter complex in which the nucleation of
DNA melting had occurred (I2 or RP0 in Scheme 1). These
templates emulate the boundary between double-stranded and
single-stranded DNA: the region from position-40, includ-
ing the-35 element, through the first base pair of the-10
element (at position-12), is double helical but the 3′ end
of the nontemplate strand, including just the-11 A (“Short
Fork”) of the consensus-10 sequence, or additional nucle-
otides (“Long Fork”), is unpaired. Forked templates have
been the recent focus of structural studies (19). Just as is
the case with promoter DNA, several kinetic intermediates
have been detected on the pathway to formation of a final,
heparin-resistant complex between RNAP and forked DNA
(20) (Scheme 2):

R again represents RNAP, F is the forked DNA, RF1 is a
heparin-sensitive intermediate, and RF2 and RF3 are heparin-
resistant complexes. These results indicate that, with the
forked template, DNA downstream of-11 is not necessary
for triggering progression through the intermediates RF1 and
RF2 (20) and that at equilibrium heparin-resistant and
heparin-sensitive complexes coexist in solution. The distribu-
tion between these complexes is sensitive to forked DNA
sequence.

Detection of an interaction between RNAP and the-11
A upon formation of an RNAP-DNA complex would
advance our understanding of the mechanism of RNAP
induced DNA melting: evidence for tight binding of the-11
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A to RNAP would be consistent with, although not in and
of itself constitute proof of, a base flipping mechanism for
the nucleation of DNA melting. We have addressed this issue
by using forked DNA to deliver the fluorescent base 2AP,
substituted for the A at position-11, in the proper position
for any interaction with RNAP to occur. 2AP is an analogue
of adenine that can form two stable hydrogen bonds with
thymine in the Watson-Crick geometry (21). It has been
widely used as a fluorescent probe for the environment of
A’s at particular positions in DNA. Any tight interaction with
RNAP would then be revealed by fluorescence techniques.
The results obtained indicate that (1) the fraction of RNAP-
DNA complexes for which the DNA is bound sufficiently
tightly to resist a challenge with heparin is not greatly
reduced due to the substitution of A by 2AP at-11, (2) at
the resolution of footprinting and chemical probing tech-
niques, complexes between RNAP and forked DNA are not
affected by the presence of a 2AP at-11, and (3) the
mobility of this 2AP is greatly reduced upon formation of a
stable RNAP-forked DNA complex, consistent with its tight
binding in a pocket on the RNAP.

EXPERIMENTAL PROCEDURES

Materials. Oligonucleotides were synthesized by Gibco
BRL or Genset. If necessary, they were purified by electro-
phoresis on 15% denaturing gels; the appropriate band was
excised, and the DNA was eluted by diffusion and finally
recovered by passage through C18 columns. Extinction
coefficients of forked templates at 260 nm,ε(260), were
estimated using 1 A(260) unit) 50 µg/mL for double-
stranded DNA and 1 A(260) unit) 33 µg/mL for single-
stranded DNA and summing the values for single- and
double-stranded regions of the DNA. 2AP riboside was a
generous gift from Dr. Lawrence C. Sowers (Loma Linda
University School of Medicine). [γ-33P]ATP, [γ-32P]ATP,
and [R-32P] UTP were from New England Nuclear. DNA
modifying enzymes were purchased from either New En-
gland Biolabs or Roche Molecular Biochemicals.E. coli
RNAP core enzyme was purchased from Epicenter. RNAP

holoenzyme was purified by established methods (22, 23).
The preparation used for the experiments shown in Figures
2-4 had a concentration of 3.2µM and promoter DNA
binding activity of (50 ( 10)%. The more concentrated
preparation used for fluorescence experiments had a con-
centration of 16µM and binding activity of (40( 10)%.

FIGURE 1: The DNA templates employed in this study. The
sequence of the Short Fork template is based on that of the PR′
promoter of bacteriophage lambda. Vertical lines denote the-35
and (partial)-10 sequences. This template has a one base single-
stranded overhang (the-11 A). The numbering scheme employed
in this paper is consistent with the-10 sequence TATAAT
extending from-12 to -7, as it does in most promoters (i.e., the
right-most base pair of the Duplex DNA would be the start site of
RNA synthesis). The bottom two templates are loosely based on
the sequence of the PRM promoter of bacteriophageλ. Their
nontemplate strand extends an additional 11 bases in the down-
stream direction. This stretch and the-11 A are single stranded
for the Fork and double stranded for the Duplex templates. Also
used in this work are 2AP Fork and 2AP Duplex, which are similar
to wt Fork and wt Duplex, respectively, but each bear a 2AP
substitution for the-11 A.

FIGURE 2: Determination of equilibrium affinities by titration of
wt Fork and 2AP Fork with RNAP. The reactions contained 1 nM
wt Fork and different concentrations of RNAP. Reaction mixes were
analyzed by EMSA immediately (circles) or after a challenge with
100µg/mL heparin for 10 min (squares). All data points for three
separate trials are shown for 2AP Fork subjected to a heparin
challenge, average values for the others. The curves shown reflect
the simultaneous fits to the data points in each panel, as described
in ref. 20. (a) wt Fork (with A at-11). The best fit values areK1
) (1.1 ( 0.1)× 109 M-1 andKf ) 4.7 ( 0.4. (b) 2AP Fork (with
2AP at-11). The best fit values areK1 ) (1.3 ( 0.1)× 109 M-1

andKf ) 1.6 ( 0.1.

FIGURE 3: DNase I footprinting of complexes of RNAP and wt
Fork or 2AP Fork. All reactions contained DNA (10 nM) labeled
at the 5′ end of the nontemplate strand; RNAP (50 nM) and heparin
(100 µg/mL) were added as indicated. The numbering shown to
the right of the gel is based on the migration of markers generated
in DEPC (“A” ladder), KMnO4 (“T” ladder), and DMS (“G” ladder)
modification reactions (not shown). The-10 region extends from
-7 through-12. For consistency with the data shown in Figure 4,
the alignment is such that the number refers to the last base removed
from the 3′ end to generate the species migrating with the particular
mobility.
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RNAP concentrations throughout the paper refer to the active
enzyme.

Deoxyoligonucleotide Labeling and Annealing. 5′ end-
labeling of DNA oligonucleotides was accomplished by
incubation withγ-33P- or 32P-ATP and T4 polynucleotide
kinase (New England Biolabs) using established procedures.
Annealing of (partially) complementary DNA strands was
as described (20).

Electrophoretic Mobility Shift Assay. Binding reactions
were carried out as described (20) in reactions containing
HEPES buffer (30 mM HEPES, pH 7.5, 100 mM KCl, 1
mM DTT) by titrating 1 nM of 5′ 32P-labeled forked DNA
at 25 °C with RNAP.2 The samples were or were not
subjected to a 10 min heparin challenge prior to loading onto
a 5% nondenaturing gel, run at room temperature. Dried gels
were autoradiographed and quantified by phosphorimagery
(Molecular Dynamics) to determine the fraction of total
radioactivity in bands corresponding to free and RNAP-
bound DNA.

Data analysis was carried out using a reaction scheme, in-
volving one intermediate (RF1) and a final heparin-resistant

complex RFCR (where [RFCR] ) [RF2] + [RF3]) (Scheme
3):

For the mechanism of Scheme 3, the following two equi-
librium constants can be defined:

The data collected in the presence and absence of heparin
could be fit as previously described (20) to allow calculation
of values forK1 andKf. The apparent binding affinityKapp

is given byKapp ) K1(1 + Kf). Values for the equilibrium
constantKf were found to correlate well with the relative
ability of RNAP complexes to form open complexes at
promoters.

DNA Footprinting and Chemical Probing. DNase I foot-
printing (16, 24) and DEPC (4) and KMnO4 probing (25,
26) were carried out following established procedures. In
all cases the DNA (10 nM, labeled at the 5′ end of one of
the strands) and RNAP (50 nM) were incubated for 30 min
at 37 °C prior to initiating DNase I cutting or DEPC or
KMnO4 modification reactions. Tests for heparin resistance
involved additional incubation for 2 min in the presence of
heparin (100µg/mL). The DNase I reactions were carried
out in HEPES buffer containing 10 mM MgCl2. The labeled
DNA was exposed to 0.025 units DNase I for 45 s at 37°C.
Reactions were terminated by adding one-fifth volume of
stop solution (final concentrations: 0.375 M sodium acetate,
0.25 Mâ mercaptoethanol, 1 mg/mL glycogen, 62.5µg/mL
tRNA), following which the DNA was ethanol precipitated,
redissolved, and analyzed on sequencing gels. To probe A
residues in single-stranded regions, DEPC was added to 30%,
incubation was carried out in HEPES buffer for 5 min, the
reaction was terminated by addition of stop solution to the
same final concentrations as shown above, and the DNA was
ethanol precipitated. To probe T residues in single-stranded
regions, KMnO4 was added to 7.5 mM, the reaction was
carried out for 3 min in HEPES buffer, stop solution (same
as for DEPC) was added, and the DNA was ethanol
precipitated. Following the ethanol precipitation, the DEPC
and KMnO4 treated DNAs were dissolved in 10% piperidine
and heated to 90°C for 20 min. The reactions were then
chilled on ice and piperidine was removed either by repeated
cycles of water addition and evaporation, or by ethanol
precipitation in the presence of 0.5 M LiCl (4). Analysis
was by electrophoresis on a sequencing gel.

Spectroscopic Measurements.Absorption and fluorescence
measurements were made at 23°C in 45 µL cells with 3
mm path length. The final composition of the buffer (after
addition of RNAP in storage buffer to the reaction in HEPES
buffer) was 30 mM HEPES, 4.5 mM Tris, pH 7.5, 0.1 M
KCl, 45 mM NaCl, 10 mM MgCl2, 1 mM DTT, 45 µM
EDTA, and 22.5% glycerol. Samples of forked DNA alone
contained 1 or 10µM 2AP Fork. Mixtures of RNAP and
forked DNA contained 2µM 2AP Fork and 2.7µM RNAP.
Under these conditions no free 2AP Fork was detectable by
EMSA. 2AP Fork concentration was determined from A(260)
values measured on a Cary 3E UV-vis spectrophotometer,

2 Data in ref20were analyzed using total, rather than active, RNAP
concentration. This underestimatesK1 by approximately a factor of 2,
but has no effect onKf.

FIGURE 4: The accessibility to KMnO4 of T residues of the
nontemplate strand. Duplex and Fork templates, containing either
-11 A or -11 2AP were probed. All reactions contained DNA
(10 nM) labeled at the 5′ end of the nontemplate strand; RNAP
(50 nM) and heparin (100µg/mL) were added as indicated. The
sequence shown next to the lanes was based on the bands produced
by exposure of the nontemplate strand to DEPC (“A” ladder, lane
1) and KMnO4 (“T” ladder, lane 2). Additions of RNAP, heparin,
and KMnO4 were made as indicated above the gel. (a)-11 A. (b)
-11 2AP; all lanes show a faint band at-11 because some chain
scission occurs at the position of 2AP just due to the addition of
piperidine.

R + F y\z
K1

RF1 y\z
Kf

RFCR

K1 ) [RF1]/([R][F]) (1)

Kf ) [RFCR]/[RF1] (2)
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using the extinction coefficientε(260) ) 4.49 × 105 M-1

cm-1. Theε(320) ) 4.48× 103 M-1 cm-1 for 2AP in 2AP
Fork was calculated from A(320) using the measured DNA
concentration.

Steady-state fluorescence was measured in the ratio mode
on a SLM 8000C photon counting spectrofluorometer as
described elsewhere (27). An excitation wavelength of 320
nm was used to avoid exciting the tryptophans in RNAP.
Fluorescence quantum yieldsΦ were determined relative to
quinine sulfate in 1 N H2SO4 using a value of 0.549 at 23
°C (28). To reduce errors due to low absorbance of 2µM
2AP Fork at 320 nm, 2AP absorbance of these solutions was
calculated from the absorbance measured at 260 nm times
theε(320)/ε(260) ratio. Theε(320) of 2AP Fork was assumed
to be the same in the absence and presence of RNAP.

Fluorescence decays were measured by time-correlated
single photon counting using a picosecond DCM dye laser
system as described elsewhere(27, 29). Decay curves were
acquired at 370 nm emission wavelength (16-nm band pass)
in 1024 channels of 13-52 ps/channel using a PCA3
multichannel analyzer (Oxford Instruments). Counts in the
peak channel were>1-5 × 103 for samples with 1 or 2
µM 2AP Fork andg5-20 × 103 with 10 µM 2AP Fork.
Decay data were deconvolved in the Beechem global
program (30). Goodness of fit was judged by reduced chi
squareør

2 and autocorrelation function of the weighted
residuals.

Fluorescence intensity decaysI(t) were fit to a sum of
exponentials

with amplitudesRi and lifetimesτi. The amplitude-weighted
lifetime τj ) ΣRiτi/ΣRi. Data sets acquired under different
experimental conditions (concentration, number of peak
counts, and time scale) were analyzed simultaneously with
lifetimes but not amplitudes constrained to be the same in
all the decay curves.

Conformational states and relative populations of 2AP in
2AP Fork were determined from fluorescence quantum yield
and lifetime data as described by Rachofsky et al. (31, 32).
The fraction of intrahelical stacked 2APfs was calculated
from

HereΦrel ) Φ/Φ2AP andτrel ) τj/τ2AP are the quantum yield
and amplitude-weighted lifetime of 2AP in 2AP Fork relative
to the free 2AP nucleoside. For 2AP riboside,Φ2AP ) 0.74
( 0.02 andτ2AP ) 10.7 ns. The quantum yield and lifetime
of 2AP deoxyribo- and ribonucleoside are the same (31, 33).

Fluorescence anisotropy decaysr(t) were fit to a sum of
exponentials with preexponentialâi and rotational correlation

time φi. The initial anisotropyr(0) ) Σ âi. Individual
polarized decaysIVV(t) andIVH(t) were deconvolved simul-
taneously with a magic angle decayI(t)

where the correction factorG ∼ 1 in our instrument. The
global analysis constrained the lifetimesτi to be the same in
all three decay curves, and the preexponentialsâi and
rotational correlation timesφi to be the same in the two
polarized decays.

RESULTS

The experiments described here employ a forked template
(“Fork”; see Figure 1), loosely based on the PRM promoter
of bacteriophage lambda, that has a double-stranded upstream
region and a 12 nucleotide single-stranded DNA overhang
beginning at position-11. In this respect the templates
described in this paper differ from those we used previously
(16, 20), which had only a one base overhang, namely the
A at -11 (“Short Fork”, see Figure 1). The extended
overhang not only allows probing of interactions with RNAP
over almost the entire stretch of DNA that becomes single
stranded in an open complex, but was also advantageous in
providing a longer substrate for the footprinting and chemical
probing experiments. To lay the foundation for fluorescence
experiments utilizing DNA with a 2AP substitution at-11,
we compared the behavior of several DNAs and RNAP-
DNA complexes containing A and 2AP at this position.
Below we present the results of our studies of the effect of
2AP on the partitioning of RNAP-forked DNA complexes
into stable (heparin-resistant) and unstable (heparin-sensitive)
complexes and on the structural perturbations of the DNA
in these complexes. We then describe the use of 2AP
fluorescence to study the interaction of RNAP with the-11
base.

Effect of-11 2AP on Partitioning into Heparin-SensitiVe
and -Resistant RNAP-Forked DNA Complexes. We followed
the procedure outlined by Tsujikawa et al. (20): binding
isotherms were obtained for the formation of complexes
between RNAP and wt or 2AP Fork (see Figure 1), with or
without a short challenge with heparin (Figure 2). Determi-
nation of the distribution of complexes by addition of heparin
is justified because the time of the challenge is short
compared to the half-life of the heparin-resistant complexes.
Formation of a final heparin-resistant complex (RFCR) with
RNAP was previously shown to proceed through a heparin-
sensitive intermediate (RF1) (see ref20 and Experimental
Procedures). By simultaneous fitting of data obtained with
or without a heparin challenge, values forK1 andKf can be
obtained. The values forKf are largely derived from the
fraction of the complexes that prove to be resistant to the
heparin challenge. For wt Fork,K1 ) (1.1 ( 0.1) × 109

M-1 andKf ) 4.7( 0.4 (Figure 2a);Kapp ) 6.3× 109 M-1.
For 2AP Fork,K1 ) (1.3( 0.1)× 109 M-1 andKf ) 1.6(
0.1 (Figure 2b);Kapp ) 3.4 × 109 M-1.

While the 2AP substitution apparently does not signifi-
cantly affect the initial binding event (K1 is about the same),
it decreases, but does not abolish, the propensity of RNAP
and 2AP Fork to form heparin-resistant complexes:Kf is
reduced by a factor of 3. As a result, approximately 83% of
the complexes present at equilibrium, are heparin resistant
if the -11 base is A, but only 62% if the-11 base is 2AP.
The 2AP substitution does not affect the stability of the
heparin-resistant complex: within experimental error the
half-lives for complexes containing wt and 2AP Fork are
similar (about 6 h; data not shown). The fits to the “no

I(t) ) ∑Ri exp(-t/τi) (3)

fs ) 1 - Φrel/τrel (4)

r(t) ) ∑âi exp(-t/φi) (5)

IVV(t) ) I(t)[1 + 2r(t)]/3 (6a)

IVH(t) ) GI(t)[1 - r(t)]/3 (6b)
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heparin” data in Figure 2 yield binding constants of 3.6×
109 M-1 for wt Fork and 2.9× 109 M-1 for 2AP Fork.
Experiments performed on Short Fork DNAs (see Figure 1)
with an overhang consisting of just the-11 A showed a
more drastic effect of 2AP substitution for the-11 A: no
heparin-resistant complex could be detected (data not shown).
The observation of only modest effects of 2AP substitution
when the single-stranded overhang is longer likely reflects
the fact that sequences downstream of-11 greatly increase
the propensity of complexes with RNAP to isomerize to a
heparin-resistant form (18, 20). Even in the absence of a
heparin-challenge, an effect of the presence of 2AP on the
interaction of Short Fork with RNAP is apparent: the
measured binding constant was 1.3× 107 M-1 if the base at
-11 is 2AP (data not shown), 2 orders of magnitude less
than the value obtained if-11 is an A (20).

Effect of -11 2AP on the Structure of RNAP-DNA
Complexes. DNase I footprinting data for the top (nontem-
plate) strand of wt Fork, 2AP Fork, wt Duplex, and 2AP
Duplex are shown in Figure 3. In the absence of added
RNAP, the observed patterns are similar for wt and 2AP
Fork, but not for wt and 2AP Duplex (Figure 1). The most
striking effect of the substitution is that the A at-8 becomes
more sensitive to cleavage (compare Figure 3, lanes 4 and
10); subtle changes include the G at-18 (increased
sensitivity) and the Ts at-12 and-20 (decreased sensitiv-
ity). These multiple changes may reflect perturbations of
DNA conformation, or an effect of 2AP on the interaction
of DNase I with the Duplex. The patterns of bands obtained
in the -10 region and upstream for RNAP-bound forked
DNAs and wt Duplex, with or without heparin challenge,
and for 2AP Duplex without heparin challenge, are very
similar to each other and to those obtained for promoter DNA
in complex with RNAP. The spacer DNA separating the-10
and -35 regions is almost entirely protected, except for a
stretch in the middle (positions-20 to-22 of the nontem-
plate strand and-23 to -26 on the template strand; data
not shown). This is typical of footprints seen at promoters
(34). We conclude that for the forked DNAs, the footprint
is not affected by the substitution of a 2AP at-11 and that
their mode of interaction with RNAP is similar to that of
promoter DNA. For heparin-challenged complexes of RNAP

and Fork DNA with either-11 A or -11 2AP, hypersensi-
tive sites become visible downstream of the-10 region for
nucleotides at-2 and-1 (compare lanes 1 and 3, and 7
and 9). Little cutting is observed in this region with either
the free Fork or the Duplex DNA, indicating that the RNAP-
bound forked DNA must have unique accessibility to DNase
I in the presence of heparin. We speculate that the heparin
displaces the single-stranded DNA tail downstream of-7
from the RNAP by binding in the nontemplate groove (19),
and that the displaced region of the single-stranded DNA
then adopts a particularly DNase I sensitive conformation.
For the 2AP Duplex, the pattern for the heparin-challenged
complex is similar to that of the free DNA. As described
below (see Figure 4b), even in the presence of heparin, the
KMnO4 sensitivity of 2AP Duplex is RNAP-dependent,
demonstrating the existence of stable, strand-separated
RNAP-2AP Duplex complexes as well. We conclude that
in the presence of heparin, 2AP Duplex bound to RNAP and
free 2AP Duplex coexist in solution, with the former giving
rise to the banding pattern produced by KMnO4, and the latter
to the one resulting from DNase I cutting.

To probe in more detail the effect of 2AP on the interaction
of RNAP with regions of single-stranded DNA already
present in the Fork templates or generated by RNAP on the
Duplex templates, complexes with RNAP were treated with
KMnO4, which preferentially oxidizes T residues in single-
stranded regions of DNA. The data for the nontemplate strand
are shown in Figure 4. The presence of 2AP at-11 enhanced
the sensitivity of the DNA to piperidine (the distinct band
visible at -11 in lanes 2-9 of Figure 4b is absent for
untreated DNA; data not shown) and, dramatically, to DEPC
(Figure 4b, lane 1). The banding patterns for wt and 2AP
Fork are similar. The base pair at-12 is protected (compare
lanes 2 and 3, most evident in Figure 4b), indicating a lack
of significant “fraying" for this base pair at the edge of the
helix, likely due to the single-stranded overhang. The patterns
for the two forked DNA templates are similar in the presence
of RNAP as well, demonstrating that the 2AP substitution
does not significantly affect the interaction of RNAP with
single-stranded regions of the Fork. In both cases protection
of the -7 and-10 bases from KMnO4 attack is observed.
These patterns are but little affected by a heparin challenge.

Table 1: Fluorescence Dataa

DNA template

parameter 2AP Forkb RNAP-2AP Fork complexc

emission peak 369 nm 364 nm
quantum yieldΦ 0.032( 0.005 0.044( 0.003

lifetime ns (amplitude)d

τ1 (R1) 7.0 (0.08( 0.003) 7.4 (0.13( 0.05))
τ2 (R2) 2.3 (0.13( 0.01) 2.4 (0.10( 0.02)
τ3 (R3) 0.48 (0.23( 0.03) 0.53 (0.18( 0.03)
τ4 (R4) 0.07 (0.43( 0.04)
τj 1.15 3.16

rotational correlation time ns (preexponential)e

φ1 (â1) 0.18( 0.07 (0.26(0.03) 1.40( 0.01 (0.13( 0.02)
φ2 (â2) 18 ( 4 (0.09( 0.03) 110( 40 (0.22( 0.01)
r(0)f 0.35( 0.04 0.35( 0.02

a Excitation wavelength 320 nm, emission wavelength 370 nm, 23°C. b Concentrations: 1 and 10µM. c Concentrations: 2µM 2AP Fork, 2.7
mM RNAP. d Global analysis of 10 decay curves for 2AP Fork, globalør

2 ) 1.23. Global analysis of 12 decay curves for RNAP-2AP Fork, global
ør

2 ) 1.15. AmplitudesRi scaled to the relative steady-state intensity at 370 nm:∑Riτi ) 1.00 for 2AP Fork;∑Riτi ) 1.30 for RNAP-2AP Fork,
stray light component omitted.e Mean values and standard deviations of anisotropy decay parameters from three experiments at 370 nm emission
wavelength.f Literature values for 2AP in DNA are 0.26-0.30 at 300 nm excitation wavelength (39) and 0.331-0.377 at 317 nm excitation
wavelength (33).
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The T’s of the Duplex templates are well-protected in the
absence of added RNAP, as expected for double-stranded
DNA (compare lanes 3 and 6 of Figures 4a and 4b). Addition
of RNAP leads to patterns similar to those observed for the
Fork templates. While the bands are of similar intensity for
complexes of wt Fork and wt Duplex (Figure 4a, compare
lanes 4 and 7, and 5 and 8) they are less intense for the 2AP
Duplex than for the 2AP Fork (Figure 4b, compare lanes 4
and 7, and 5 and 8), indicating that RNAP-induced melting
is incomplete with a 2AP at-11. Addition of heparin reduces
the intensities of the bands for the 2AP Duplex (compare
lanes 7 and 8 in Figure 4b). We conclude that almost all
RNAP-DNA complexes survive the heparin challenge if the
DNA has a-11 A, and a smaller, but significant fraction if
it has a-11 2AP. The latter was not observed in the DNase
I footprinting experiments (Figure 3, lane 12), as the DNase
I pattern largely reflected the free DNA in the solution.
Probing of the template strand (not shown) reveals that in
the presence of RNAP several Ts, including those opposite
both -11 A and-11 2AP, become accessible to KMnO4

modification. This again shows that at least some RNAP-
induced strand separation occurs for the 2AP Duplex.

2AP Fluorescence. Fluorescence quantum yields, lifetimes,
and anisotropy decays were measured at 23°C for 2AP Fork
in the presence and absence of RNAP (Table 1). At 320 nm
excitation wavelength, only emission from 2AP was detected.
The emission from solutions of RNAP alone was indistin-
guishable from buffer in both steady-state and time-resolved
measurements. However, tryptophan fluorescence of RNAP
was detectable at lower excitation wavelengths (<315 nm).
The emission spectrum of 2AP Fork shifted 5 nm to the blue
upon binding of RNAP. A 5 nmblue shift was also reported
for the complex of T4 DNA polymerase with 2AP substituted
primer-template DNA (35). The lowest absorption band of
2AP is a π f π* transition (36, 37), and the emission
spectrum is blue shifted in nonpolar solvents (36, 38). The
5 nm blue shift is consistent with transfer of the fluorescent
base to a more hydrophobic environment in the RNAP-
2AP Fork complex.

As commonly observed upon incorporation of 2AP into
polynucleotides, the quantum yields and amplitude-weighted
lifetimes of free and bound 2AP Fork dropped dramatically
relative to 2AP riboside, and the fluorescence decay went
from monoexponential to multiexponential. Global analysis
of 10 or 12 decay curves for each sample gave reasonable
fits to three exponential functions. However, four exponential
functions improved theør

2 values. In 2AP Fork, the lifetime
of the fourth component is 70 ps. Three or four exponential
decays with lifetimes from 0.03 to 10 ns have been reported
for 2AP in DNA (32, 33, 39). In RNAP-2AP Fork complex,
the lifetime of the fourth component was shorter (1-10 ps)
and is probably due to light scattering by RNAP (<2% of
total intensity). Five exponential fits gave no improvement
in ør

2. Table 1 shows the results of the four exponential fits
omitting the stray light component for the RNAP complex.
The amplitude-weighted lifetime of 2AP Fork increased
almost 3-fold in the presence of RNAP.

In contrast, the quantum yield increased only about 40%
in bound compared to free 2AP Fork. Combining fluores-
cence quantum yield and lifetime data can identify local
conformational states of 2AP in DNA (31, 32). Model studies
show that the fluorescence quenching is due to two types of

interactions: aromatic base stacking and collisions with
neighboring bases (31). Base stacking in the appropriate
geometry quenches by a static mechanism due to formation
of a nonfluorescent ground-state complex (31). It reduces
the quantum yield, but not the lifetime. Collisions with other
bases quench by a dynamic mechanism, which lowers
quantum yield and lifetime proportionally. The efficiencies
of static and dynamic quenching are the same for all the
natural bases. The fraction of stacked 2AP,fs, was calculated
from quantum yield and lifetime data for 2AP Fork using
eq 4. The values offs are 0.62( 0.07 in the absence of
RNAP and 0.80( 0.02 in the presence of RNAP. The
longest lifetime for 2AP in free or bound 2AP Fork is∼7
ns, which is lower than the 10.7 ns lifetime of 2AP riboside.
This suggests that 2AP does not adopt a completely un-
quenched, extrahelical conformation (32). The fraction of
unstacked 2AP,fu ) 1 - fs comprises fluorescent species
with lifetimes from 0.07 to 7.0 ns in the absence of RNAP

FIGURE 5: Fluorescence anisotropy decay data for 2AP Fork and
RNAP-2AP Fork complex. The left curve is the instrumental
response, points areIVV(t) (higher) andIVH(t) (lower), and smooth
curves through points are best fits from global analysis. The
autocorrelation function of the weighted residuals (inset) is shown
for IVV(t). (a) Decay parameters for 2AP Fork:τ1 ) 7.2 ns (R1 )
0.07),τ2 ) 2.5 ns (R2 ) 0.12),τ3 ) 0.59 ns (R3 ) 0.31),τ4 ) 0.11
ns (R4 ) 0.26) withΣ Ri τi ) 1.00;φ1 ) 0.15 ns (â1 ) 0.26),φ2
) 20 ns ((â2 ) 0.13); globalør

2 ) 1.87. (b) Decay parameters for
RNAP-2AP Fork complex:τ1 ) 6.8 ns (R1 ) 0.10),τ2 ) 1.9 ns
(R2 ) 0.25),τ3 ) 0.40 ns (R3 ) 0.34) with Σ Ri τi ) 1.30, stray
light component omitted;φ1 ) 1.4 ns (â1 ) 0.11),φ2 ) 90 ns (â2
) 0.23); globalør

2 ) 1.46.
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and 0.53 to 7.4 ns in the presence of RNAP, presumably
representing partially unstacked conformations of 2AP. On
the basis of the amplitudesRi, the longest lifetime component
accounts for the increase in quantum yield of the RNAP
complex compared to DNA alone.

The anisotropy decay data of both free and bound 2AP
Fork were best fit by two exponential functions. Figure 5a
shows an experiment for 2AP Fork with about 20× 103

peak counts. Similar results were obtained from an experi-
ment with only about 5× 103 peak counts. The subnano-
second rotational correlation time of 2AP Fork is typical of
literature values for short DNA duplexes and represents rapid
internal motion of the base in DNA (39). The 18 ns
correlation time represents overall tumbling of the DNA. Five
rotational correlation times ranging from 14 to 83 ns were
calculated for a molecular model of 2AP Fork using
HYDROPRO (40). The harmonic mean correlation time of
23 ns is quite close to the experimental value. Judging by
the relative values of the preexponential factorsâi, about
75% of the motion in free 2AP Fork is rapid internal motion.
Figure 5b shows an experiment for RNAP-2AP Fork
complex with about 1× 103 peak counts. Similar results
were obtained from experiments with about 5× 103 peak
counts. The 1.4 ns correlation time indicates much slower
internal motion of the base than in free 2AP Fork. Moreover,
the bound RNAP appears to have reduced the amount of
internal motion to half that in the free DNA. About 63% of
the 2AP is completely immobilized by the enzyme. The long
110 ns correlation time is poorly resolved on the time scale
of the anisotropy experiment, which is limited by the
intensity-weighted lifetime〈τ〉 ) ΣRiτi

2/ΣRiτi of the fluoro-
phore. For 2AP in forked DNA,〈τ〉 values are 4.7 and 6.0
ns for free and bound 2AP Fork. Rotational correlations times
5-fold greater than〈τ〉 are not well-determined, so the 110
ns value should be considered a lower limit. This time scale
limitation is also responsible for the similarity of the
anisotropy decay curves in Figure 5a,b.

DISCUSSION

The use of forked DNAs (see Figure 1) as model templates
for the study of RNAP-promoter interactions is predicated
upon the specificity of the interaction. Previously, we and
others had demonstrated the sensitivity of the interaction to
base substitutions that also affect promoter utilization (17,
18, 20). The results of the footprinting and chemical probing
experiments presented here indicate that the forked templates
studied (Figure 1) behave similarly not only to their double-
stranded variants, but also to promoter DNA. Thus, at the
level of resolution of these experiments, the interactions of
RNAP with the nontemplate strand in the melted region of
an open complex are not dependent upon the presence of
the template strand. The complexes between RNAP and
forked DNA templates behave similarly to those between
RNAP and promoter DNA in other respects as well. We had
shown before that base substitutions in forked and promoter
DNA had similar effects upon RNAP binding and that
complexes of RNAP and Short Fork (see Figure 1) undergo
isomerizations such as those seen for RNAP-promoter
complexes (20). In aggregate, these results support the use
of forked DNAs as model templates to simplify the study of
particular facets of the interaction of RNAP with promoter
DNA.

For the Duplex DNA, the presence of a 2AP base at-11
reduces by similar amounts the formation of heparin-resistant
complexes with RNAP and RNAP-induced strand opening
as probed by KMnO4 sensitivity. This contrasts a recent
report from Adhya’s laboratory (41), that substitution of-11
A for 2AP at the promoters of the gal operon prevents strand
opening by RNAP, even though a heparin-resistant complex
is still formed. Our observation from both binding (Figure
2) and footprinting experiments (Figures 3 and 4) that 2AP
substitution does not prevent formation of a heparin-resistant
complex is in agreement with the above study (41). As
reported here, Heyduk and co-workers (42) also found that
the presence of a 2AP at-11 in a model template decreased
the apparent binding affinity for RNAP. However, our
observation that 2AP at position-11 in double-stranded
DNA reduced, but did not prevent, RNAP-induced strand
separation in the Duplex (Figure 4b) contradicts the previous
finding that promoters bearing a 2AP at-11 did not undergo
RNAP-induced strand separation (41). The observed dis-
crepancy may result from our use of the Duplex template
shown in Figure 1, rather than an intact promoter. Alterna-
tively, the effects of 2AP substitution at-11 may be
promoter-specific.

The environmentally sensitive intrinsic fluorescent probe,
2AP, is widely used to study DNA structure, dynamics, and
interactions. Recently, increases in 2AP fluorescence intensity
have been attributed to base flipping in enzyme-DNA
complexes (43-45). RNAP holoenzyme has 19 tryptophans.
Förster energy transfer from one or more tryptophans to 2AP
would increase the intensity and depolarize the fluorescence
of the bound 2AP Fork. Excitation of tryptophan and thereby
distortions of quantum yield, lifetime, and anisotropy decay
data due to energy transfer were avoided by exciting at 320
nm. Although considerably reducing fluorescence signals,
this resulted in selective excitation of 2AP fluorescence in
the RNAP complex. To our knowledge, this paper is the first
report of time-resolved fluorescence anisotropy for a protein
complex with 2AP-containing oligonucleotide.

While no X-ray or NMR structures of A- or B-form
duplexes containing 2AP have been reported, 2AP was
shown to form a Watson-Crick base pair with T that is only
slightly weaker than an A-T base pair (21, 39, 46, 47). Thus,
the base analogue is not expected to greatly perturb double-
stranded DNA structure. On the other hand, any process
critically dependent on the 6-amino group of A at a particular
position would be affected by 2AP substitution. Recently,
Rachofsky et al. proposed a simple method for distinguishing
three conformational states of 2AP in duplex DNA: intra-
helical stacked, intrahelical unstacked, and extrahelical (32).
We applied their analysis to the quantum yield and lifetime
data of 2AP Fork. In the absence of RNAP, about 60% of
the 2AP is stacked, with the remainder being partially
unstacked. In the presence of RNAP, the apparent stacking
increases to 80%. However, the method of Rachofsky et al.
does not account for static and dynamic quenching of 2AP
fluorescence by the protein. Stern-Volmer experiments show
that aromatic amino acids quench the fluorescence of 2AP
riboside (data not shown). Further investigation of the effects
of protein functional groups on 2AP fluorescence are needed
before 2AP base stacking can be determined in protein-
nucleic acid complexes.
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The most salient result of these studies is the large effect
of RNAP on the rotational correlation times of the 2AP at
-11. Two possible interpretations of the anisotropy data for
the complex are: (1) The two anisotropy decay components
of RNAP-2AP Fork represent two species of RNAP
complex, tightly and weakly bound or open and closed. In
this scenario, the 110 ns correlation time would correspond
to tightly bound complex and the 1.4 ns correlation time to
weakly bound complex. On the basis of the relative preex-
ponential factorsâi, 63% of RNAP-2AP Fork complexes
are tightly bound. This is in good agreement with the
population of heparin-resistant RNAP-2AP Fork complex
determined in the EMSA binding studies. (2) The two
anisotropy decay components of RNAP-2AP Fork represent
the range of mobility of the fluorescent base in the complex.
As in the case of free 2AP Fork, all bound 2AP Fork exhibits
both internal and overall tumbling motions. However, the
internal motion of 2AP is substantially reduced in the
complex. We conclude that RNAP is able to accommodate
the 2AP, and by inference also an A at the equivalent
position, in a tight pocket near the surface of the enzyme.
This result is consistent with nucleation of DNA melting by
flipping of the-11 A out of the duplex. While recently the
structure of a complex betweenThermus aquaticusRNA
polymerase and a forked DNA was determined (19), provid-
ing much useful information concerning the alignment of
the RNAP and the DNA, the 6.5 Å resolution is insufficient
to pinpoint residues involved in formation of a binding pocket
for the -11 A. Mutational studies from Gralla’s and our
groups (12, 15, 16, 26) would suggest that such a pocket
could include several aromatic amino acids from region 2.3
of σ70, with likely candidates being Y430, W433, and W434.
Confirmation of this assignment will have to await the
determination of the effects of alanine substitutions for these
aromatic residues on the correlation times of the 2AP at-11.
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