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To extend the nascent transcript, RNA polymerases must
melt theDNAduplex downstream from the active site to expose
the next acceptor base for substrate binding and incorporation.
Anumber ofmechanisms have been proposed to account for the
manner in which the correct substrate is selected, and these dif-
fer in their predictions as to how far the downstream DNA is
melted. Using fluorescence quenching experiments, we provide
evidence that cellular RNApolymerases from bacteria and yeast
melt only one DNA base pair downstream from the active site.
These data argue against a model in which multiple NTPs are
lined up downstream of the active site.

Cellular RNA polymerases (RNAPs)2 are multisubunit
enzymes that share high structural and sequence homology
from bacteria to eukaryotes. Based upon structural studies, it
has been proposed that substrateNTPsmight gain access to the
active (insertion) site of these enzymes through two alternative
routes. The first route is a relatively small opening (10 � 10 Å)
called the secondary channel (the “pore” in eukaryotic RNAPs)
that leads directly to the active site and is a place where various
transcription factors and inhibitors have been shown to bind.
An alternative route may direct substrates through the main
channel in the RNAP (formed by the two largest subunits),
which binds the downstream DNA duplex. The differences in

these substrate entry routes and the mechanisms of substrate
loading are reflected in three major models. In the first model,
the substrate NTP is believed to be loaded through the second-
ary channel into the insertion site either directly or following
initial binding in the E-site, without preselection for the correct
substrate base before its movement into the active site (1, 2).
Another model suggests that the incoming substrate forms an
incipient base pairwith the templating base (n) in a preinsertion
site before itsmovement to the insertion site. This scenario was
demonstrated for T7 RNAP and a number of other nucleotide
polymerases (3–5) and has also been proposed to operate in
bacterial and yeast RNAPs (5, 6). Finally, the third model (the
NTP lineup model) suggests that several (up to four) substrate
NTPs may bind to the template DNA in the main channel
beforemovement of the template base and its cognate substrate
into the active site (7). The latter model would require that the
downstreamDNAbemelted to provide an opportunity for base
pairing with the substrate; however, the structural information
available so far for the cellular RNAP ECs does not provide an
unambiguous answer as to the extent of the downstreammelt-
ing (2, 6, 8).
In this work, we took advantage of nucleotide analogs whose

fluorescence is sensitive to the local DNA environment (9–11)
to monitor melting of the downstreamDNA. Our data demon-
strate that cellular RNAPs melt only one DNA base pair down-
stream from the active site, a finding that is not consistent with
the NTP lineup model, but favors a mechanism of substrate
loading through the secondary channel one nucleotide at a
time.

EXPERIMENTAL PROCEDURES

Purification of RNAPs and Activity Assays—His-tagged wild
type T7 RNAP (pBH161) was purified as described previously
(12). Wild type Escherichia coli core polymerase was purified
from cell biomass obtained from MRE600 strain as described
(13). Yeast RNAP II was prepared as described (14). Polymerase
activity was measured by the ability to extend a 32P-labeled
RNA primer by one nucleotide in a reaction where the concen-
trations of nucleic acid scaffold (R8/TS35/NT35) and RNAP
were equimolar (see transcription conditions below).
RNA and DNA Oligonucleotides—The following synthetic

oligonucleotides were used (all sequences are 5� to 3�). RNA
oligomers (Dharmacon) are as follows: R8, GCGGCGAU; R9,
GCGGCGAUA; R9m, CCGGCGAUA; R9N2, CGCGGCGAU;
R9N3, GCGCGGCGA. DNA oligomers (Integrated DNA Tec-
hnologies) are as follows: TS35, CCTGTCTGAATCGATATC-
GCCGC; NT42U2, GATAGTCAGACAGG; NTC1, AGATA-
GTCAGACAGG; NTC2, AAGATAGTCAGACAGG; NTC3,
TAAGATAGTCAGACAGG; NT491, TGCGATTCAGAC-
AGG; NT38, ATCGATTCAGACAGG; NTF1, AGTGATTC-
AGACAGG; NTF2, GCTATTCAGACAGG; NT35, TCGAT-
TCAGACAGG. The following DNA oligomers containing flu-
orescent analogs were custom synthesized by Integrated DNA
Technologies: TS42pC, CCTGTCTGACTATCpTATCGC-
CGG; TSC1, CCTGTCTGACTATCPTTATCGCCGCGCTC-
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GGACAGGG (Cp indicates pyrrolo-deoxycytosine); TS352F,
CCTGTCTGAATCGCApATCGCCGC; TS35F, CCTGTCT-
GAATCGApTATCGCCGC; TSF1, CCTGTCTGAATCApC-
TATCGCCGC; TSF2, CCTGTCTGAATApGCTATCGCCGC
(Ap indicates 2-aminopurine).
Assembly of ECs andTranscriptionConditions—Nucleic acid

scaffolds were assembled by annealing equimolar concentra-
tions of complementary RNA and DNA oligomers as described
previously (15). To test the efficiency of complex formation and
NTP incorporation, RNA oligomers were labeled at their 5�
ends using [�-32P]ATP and T4 polynucleotide kinase (New
England Biolabs) prior to assembly. To assemble elongation
complexes, RNAP (0.2–1�M)was incubatedwith an equimolar
concentration of scaffold for 5 min at room temperature in 10
�l of transcription buffer containing: 20 mM Tris�HCl, (pH 7.9
at 25 °C), 100 mM NaCl, 10 mM MgCl2, and 5 mM 2-mercapto-
ethanol (for E. coliRNAP); 20mMTris�HCl (pH 7.9 at 25 °C), 40
mM KCl, 5 mM MgCl2, 1 mM 2-mercaptoethanol (for yeast
RNAP II); 20 mM Tris�HCl (pH 7.9 at 25 °C), 10 mM MgCl2, 5
mM 2-mercaptoethanol (for T7 RNAP). Primer extension was
achieved by incubation of complexes with substrate NTPs (500
�M) for 2 min at 37 °C (T7 and E. coli RNAP) or 30 °C (yeast
RNAP II). Reactions were terminated by the addition of 90%
formamide, 50mM EDTA solution, and products were resolved
in 20% PAGE in the presence of 6 M urea and visualized by
PhosphorImagerTM (GE Health).
Fluorescence Spectroscopy—Fluorescence measurements

were carried out using a Fluoromax-3 fluorometer (HORIBA
Jobin Yvon) equipped with a F-3004 thermostated sample
holder and a LFI-3751 temperature controller (Wavelength
Electronics). Quartz cells (30 �l) with 1.5 � 1.5-mm optical
length paths (Hellma) were used. Samples containing pyrrolo-
cytosinewere excited at 350 nm, and fluorescence emissionwas
monitored at 450 nmwith both excitation and emission slits set
at 5 nm. The nucleic acid scaffolds carrying a fluorescent probe
were prepared as described above by annealing together RNA
andDNAoligonucleotides. The ECswere prepared by preincu-
bating 200 nM scaffold with 300 nM yeast RNAP II, T7, or E. coli
RNAP in a corresponding transcription buffer (see above) for
10 min at 23 °C. When needed, the resulting fluorescent com-
plexes were incubated with or without cognate NTP (0.5 mM)
for 5 min at 23 °C, and emission was averaged over 10 min with
a 1-s interval. All measurements were performed at 23 °C and
repeated at least three times for each EC in independent exper-
iments. The effect of protein and NTP absorption on the emis-
sion of the pyrrolo-cytosine was determined to be negligible.

RESULTS

Fluorescence emission of NTP analogs such as 2-aminopu-
rine and pyrrolo-cytosine (pC) is sensitive to the local environ-
ment of the nucleic acid polymer in which they are incorpo-
rated (9, 10, 16). It is thought that quenching of fluorescence is
due to base stacking interactions with the adjacent bases, which
is increased in the case of double-stranded DNA (9). Thus,
changes in fluorescence emission can be used to monitor the
transition from double-stranded (ds) DNA to single-stranded
(ss) DNA, for example, during promoter melting (17). In this
work, we took advantage of pC probes incorporated at specific

positions into the template (T) strand of the nucleic acid scaf-
fold used to assemble transcription elongation complexes. Two
types of scaffolds were used: scaffolds with a ds-DNA duplex
(ds-scaffolds) having both T and non-template (NT) strands in
the downstream region or scaffolds that contained only RNA
and T DNA strand (ss-scaffolds).
To find out whether and how far bases in the downstream

DNA region of EC are melted, we placed the fluorescent probe
in the T strand at different positions in immediate proximity to
the active site (i.e. at positions n, n�1, n�2, and n�3). The
principle of this experiment is illustrated in Fig. 1A. In a scaffold
prepared by annealing together onlyTDNAstrand and anRNA
primer, relatively high emission of the pC probe is detected
(supplemental Fig. S1). As expected (9), the addition of an NT
strand results in quenching of fluorescence (supplemental Fig.
S1). Incubation of RNAP with ss- or ds-scaffolds results in the
formation of an EC (18). In the case of an ss-scaffold EC, the
fluorescence emission of the probe is expected to remain high
since a complementaryDNAregion is not present.When anEC
is formed using a ds-scaffold, two possibilities exist. In one sce-
nario, RNAPmelts open the G:pC base pair, and an increase in
emission up to the level of the ss-scaffold ECwould be expected
(Fig. 1A). Alternatively, if the G:pC pair remains intact (is not
melted), no changes in fluorescence emission should be
registered.
To test our experimental setup, we employed T7 RNAP

elongation complexes assembled on scaffolds containing a
pC probe at different positions downstream from the active
site. Scaffold ECs of T7 RNAP having a fully complementary
downstream region starting from base n�1 or n were previ-
ously crystallized, and the crystal structures showed that the
DNA is melted only one base pair downstream from the
active site in these complexes (5, 19).When we compared the
fluorescence emission of pC probes positioned at n, n�1,
n�2, or n�3 in ss- and ds-scaffold ECs formed with this
enzyme, we found that the quantum yield was reduced 1.6–
1.8-fold in all positions except for base n (Fig. 1, B and C).
This indicates that, in agreement with the structural data
and prior fluorescence data obtained with the promoter-
originated ECs having 2-amino purine (11), T7 RNAP melts
open only one base pair ahead of the active site (Fig. 1C). Also
consistent with the structural data and prior observations
(20), the absolute value of fluorescence intensity of the probe
placed at position n in the ss-scaffold EC was significantly
higher as compared with the unbound scaffold, reflecting a
90° kink in the DNA in this region (Fig. 1, B and D).
We next used the same approach to examine melting of

the downstream region in bacterial RNAP ECs. Previously,
we demonstrated that depending upon the length of the
RNA-DNA hybrid in the scaffolds used for their assembly,
bacterial ECs may exist in either the pretranslocated or the
post-translocated states (18). In this study, we utilized scaf-
folds having a 9-bp RNA:DNA hybrid, which results in the
formation of E. coli RNAP EC that is in the post-translocated
state and therefore should have a similar location of the 3�
end of the RNA relative to the insertion site as in T7 RNAP
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EC. We found that, as in the case with T7, the pC probe
placed at base n had the highest fluorescence emission in
both ss-scaffold and ds-scaffold ECs (Fig. 2A), suggesting a
similar kink in the DNA strand in this complex, as has been
observed for other RNAPs (19, 21). Also, as in the case with
T7 RNAP, we observed 1.8–2-fold reduction of the fluores-
cence emission in ds-scaffold ECs as compared with ss-scaf-
fold ECs at positions n�1, n�2, and n�3 (Fig. 2B) but not at

position n. The same data were
obtained when 2-aminopurine
was used at position n, n�1, and
n�2 in the template strand of bac-
terial EC (supplemental Fig. S2),
indicating that the quenching was
sequence-independent.
Prior to fluorescence measure-

ments with yeast RNAP II, we ana-
lyzed the conformation of ECs
formed on scaffolds having different
lengths of RNA:DNA hybrid in a
pyrophosphate sensitivity assay
(supplemental Fig. S3). We found
that RNAP II ECs having a 9-bp
RNA:DNA hybrid were resistant to
PPi, andwere thus in the post-trans-
located state (18). Analysis of the
fluorescence emission of the pC
probe in RNAP II ECs revealed the
same pattern of downstream DNA
melting as in bacterial RNAPs, i.e.
melting of the n base pair only (sup-
plemental Fig. S4). To confirm that
multisubunit RNAPs melt only a
single base pair downstream of the
active site, we performed “walking”
experiments in which the RNAP II
active site was shifted one base pair
at a time downstream by providing
the ds-scaffold ECs with the next
incoming NTP (Fig. 2C). As
expected, incorporation of GMP
into the RNA in a ds-RNAP II EC
having pC at position n resulted in
the quench of fluorescence emis-
sion due to inclusion of the probe
into the RNA:DNA hybrid (n�1
position). In a scaffold ECwhere the
pC probe was at position n�1, the
fluorescence emission is low. Upon
primer extension, following the
addition ofATP, the probemoves to
position n, where it becomes
unpaired, causing an increase in the
fluorescence quantum yield. At the
same time, no changes in fluores-
cence emissionwere observedwhen
ECs containing the pC probe at
position n�2 and n�3 were incu-

bated with the cognate substrates, confirming that no DNA
melting occur at this region.
In a separate experiment, we examined whether the addition

of several cognate NTPs results in stabilization of a possible
transient melting of the downstream DNA in RNAP EC. For
this, we incubated the ds-scaffold E. coli EC (R9/TSC1/NTC1)
having pC at then�1 basewithAMPCPP (n andn�2NTP) and
GTP (n�1 NTP). No changes in fluorescence emission were

FIGURE 1. Melting of the downstream DNA in T7 RNAP EC. A, principle of the fluorescence quenching
experiments. The template DNA base that is paired with the 3� end of the RNA is designated as n�1, and the
template base in the substrate site is designated as n; template bases further downstream are designated as
n�1, n�2, etc. The fluorescent probe, pyrrolo-cytosine, is incorporated into the T DNA strand (shown at n�2
positions as an example). Quenching is observed when the fully complementary NT DNA strand is annealed to
an ss-scaffold. The addition of RNAP to the ds-scaffold results in an increase of the fluorescence emission if the
n�2 base pair is melted in an EC or remains unchanged if the n�2 base is intact. B, fluorescence emission of ss-
and ds-scaffold T7 RNAP ECs. The complexes were prepared as described under “Experimental Procedures.”
The fluorescent probe, pyrrolo-cytosine, was placed in the template strand at the position n, n�1, n�2, or n�3.
T7 RNAP (300 nM) was added to the scaffold and incubated for 10 min at room temperature prior to the
measurements. C, relative fluorescence emission of pyrrolo-cytosine placed at different locations in the down-
stream DNA in ss- or ds-scaffold T7 RNAP ECs. Fluorescence emission values for each T7 RNAP EC obtained as
described above are normalized to the fluorescence emission of the ss-scaffold EC having pC at the corre-
sponding position. D, topology of the nucleic acid scaffold in T7 RNAP EC crystal structure (Protein Data Bank ID
1S0V).

ACCELERATED PUBLICATION: Accelerated Publication: RNAPs Melt Only Single DNA Base Pair

21580 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 30 • JULY 27, 2007

 at M
ax Planck Inst.B

iophysikalische C
hem

ie,O
tto H

ahn B
ibl,Pf.2841,37018 G

oettingen on February 27, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/
http://www.jbc.org/


detected, indicating that the presence of the substrate NTPs
does not affect melting of the downstream DNA (data not
shown).

DISCUSSION

The mechanism by which substrate NTPs are selected and
loaded into the RNAP active site is of fundamental importance
to our understanding of the transcription process (and indeed
to all template-directed nucleotide polymerization reactions)
(22). In viewof the differentmodels that have been proposed for
this step, it is important to establish the extent of melting of the
downstream DNA duplex and the availability of the template
strand bases for substrate binding and formation of incipient
base pairs. Structural analysis for multisubunit RNAP ECs may
eventually provide an answer to this question, as they did in the
case of T7 RNAP (19, 23). Biochemical approaches to probe
melting of the DNA duplex have included endonuclease and
permanganate footprinting; however, these assays are not usu-
ally able to provide single-base resolution (24). As fluorescence
quenching assays have successfully been applied to questions
involving the topology of nucleic acids in a number of protein
complexes (4, 11, 17, 20, 25), we utilized this approach in this
work.
Our choice of pC as a fluorescent analog was determined by

the emission spectra of the probe, which is far (450 nm) from
the protein emission, which thus brings little if any interference

into the experimental data. This
probe is sensitive to the local DNA
environment and was successfully
used in promoter melting experi-
ments with T7 RNAP (17). With
regard to RNAP studies, the struc-
tural picture of substrate binding is
the most complete for T7 RNAP as
high resolution structures are avail-
able for both initiating and elonga-
tion complexes. Importantly, in all
post-translocated T7 RNAP ECs,
the downstream DNA region was
formed with fully complementary
DNA oligonucleotides, and melting
of that region observed in the crystal
structure is therefore the result of
RNAP binding. Our experimental
data with T7 RNAP EC are in agree-
ment with the structural data and
indicate that melting of only one
base pair in the downstream DNA
region is necessary for elongation.
Prior to the analysis of the down-
stream DNAmelting in structurally
unrelated multisubunit RNAPs
from bacteria and yeast, it was
important to establish whether the
assembled complexes are in the pre-
translocated (the 3� end of the RNA
occupies the insertion site) or post-
translocated (the 3� end of the RNA

is in the product site) conformation as this may affect availabil-
ity of unpaired DNA in the downstream region. Thus, in the
crystal structure of the pretranslocated T7 RNAP EC, in con-
trast to the post-translocated EC, the base closest to the RNA:
DNA hybrid is paired (26). We therefore used only post-trans-
located complexes in measurements of fluorescence emission
(18).
Importantly, the level of fluorescence emission of pC at posi-

tions n�1, n�2, and n�3 for each RNAP (Figs. 1 and 2 and
supplemental Fig. S4) is similar and well below the level of flu-
orescence observed at position n, indicating that there are no
significant changes in the topology of the downstream DNA
(such as a kink at base n). Therefore, the observed difference in
fluorescence emission between ss- and ds-scaffold ECs clearly
represents melting of the DNA duplex. The results of the fluo-
rescence quenching assay with both bacterial and yeast RNAP
indicate that these RNAPs, similar to T7 RNAP, melt only the
base pair closest to the active site, whereas the rest of the down-
stream duplex remains intact. It thus appears that not only the
length of the RNA:DNA hybrid but also the size of the tran-
scription bubble may be conserved between single and multi-
subunit RNAPs.
The data obtained in our fluorescence experiments appar-

ently contradict the NTP lineup model, which requires the
availability of several unpaired template bases downstream
from the active site (7). Although diffusion of substrate NTP

FIGURE 2. Melting of the downstream DNA in cellular RNAP ECs. A, fluorescence emission of ss- and ds-
scaffold E. coli RNAP ECs. The fluorescent probe, pyrrolo-cytosine, was placed in the template strand at the
position n, n�1, n�2, or n�3, and the measurements were performed as described above. B, relative fluores-
cence emission of pyrrolo-cytosine placed at different locations in the downstream DNA in ss- or ds-scaffold
E. coli RNAP ECs. Fluorescence emission values for each E. coli RNAP EC obtained as described above are
normalized to the fluorescence emission of the ss-scaffold EC having pC at the corresponding position. C,
melting of the downstream DNA in a ds-scaffold RNAP II EC. Changes in the fluorescence emission were
monitored upon the addition of the substrate NTP (indicated) to the RNAP II ECs assembled on scaffolds
R9m/TS42UpC/NT42U2 (n to n�1 transition), R9/TSC1/NTC1 (n�1 to n), R9N2/TSC1/NTC1 (n�2 to n�1), R9N3/
TSC1/NTC1 (n�3 to n�2) as described under “Experimental Procedures.”.
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into the RNAP active site through the main channel remains
possible, loading through the secondary channel should be
direct and sufficient for the delivery of the cognate substrate to
the place of its base paring with an acceptor DNA base.
The extent of melting of the downstream DNA duplex has

implications with regard to transcription fidelity. We have
recently demonstrated that a number of misincorporation
errors in cellular RNAPs can be generated by anNTP-stabilized
template strand misalignment mechanism (25). Importantly,
the rate of misincorporation by misalignment is significantly
increased when the n�1 base pair is melted (by means of an
abasic or non-complementary site in the non-template strand)
(25, 27), suggesting thatmelting of nomore than a single base at
a time downstream of the active site is essential for the accurate
transcription.
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