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ABSTRACT: T7 RNA polymerase is known to induce bending of its promoter DNA upon binding, as
evidenced by gel-shift assays and by recent end-to-end fluorescence energy transfer distance measurements.
Crystal structures of promoter-bound and initially transcribing complexes, however, lack downstream
DNA, providing no information on the overall path of the DNA through the protein. Crystal structures of
the elongation complex do include downstream DNA and provide valuable guidance in the design of
models for the complete melted bubble structure at initiation. In the current study, we test a specific
structural model for the initiation complex, obtained by alignment of the C-terminal regions of the protein
structures from both initiation and elongation and then simple transferal of the downstream DNA from
the elongation complex onto the initiation complex. Fluorescence resonance energy transfer measurement
of distances from a point upstream on the promoter DNA to various points along the downstream helix
reproduce the expected helical periodicity in the distances and support the model’s orientation and phasing
of the downstream DNA. The model also makes predictions about the extent of melting downstream of
the active site. By monitoring fluorescent base analogues incorporated at various positions in the DNA,
we have mapped the downstream edge of the bubble, confirming the model. The initially melted bubble,
in the absence of substrate, encompasses 7-8 bases and is sufficient to allow synthesis of a three base
transcript before further melting is required. The results demonstrate that despite massive changes in the
N-terminal portion of the protein and in the DNA upstream of the active site, the DNA downstream of
the active site is virtually identical in both initiation and elongation complexes.

T7 RNA polymerase is the most well-characterized
member of a family of single subunit RNA polymerases that
share fundamental biochemical characteristics with the much
larger and apparently unrelated multisubunit RNA poly-
merases (1, 2). The relative simplicity of this system makes
it attractive for the study of fundamental mechanistic aspects
of initiation, elongation, and termination of transcription.

T7 RNA polymerase is highly specific for its 17 base pair
consensus promoter sequence (positions-17 to-1, relative
to the start site). The formation of an initiation-competent
complex between DNA and RNA polymerase is an essential
first step for transcription initiation in any system. In this
process, the duplex promoter DNA is sequence specifically
bound by the RNA polymerase and melts open allowing the
eight bases surrounding the cytosine (encoding guanine) at
the start site (+1) to be positioned in the active site cleft of
the enzyme. The templating bases placed into the enzyme
active site are then ready for binding of incoming nucleoside
triphosphates (3-6). The T7 RNA polymerase promoter is

composed of two functional domains: The upstream binding
region from position-17 to-5 is primarily responsible for
binding and recognition, while the downstream region from
position -5 to the start site (or beyond) is involved in
initiation (7, 8). This latter domain is the region of the DNA
that undergoes requisite melting prior to initiation.

The publication of high-resolution structures for various
RNA polymerases provides a wealth of structural information
to begin to understand the process of transcription, and the
structures for T7 RNA polymerase in complex with promoter
DNA are consistent with the above two-domain model (9,
10). In the structures of the promoter-bound (preinitiation)
and transcribing (with a three base transcript) complexes of
T7 RNA polymerase, the upstream end of the melted bubble
is clearly defined, confirming the expected structural/
functional division (9, 10). The promoter from position-17
to -5 remains duplex, while the DNA unwinds starting from
position-4. However, the structures provide no information
on the nature of the downstream end of the bubble, and the
nature of the constructs used in crystallization ensure that
the structure formed will be that of the open complex. Thus,
the structures provide no information regarding the path of
the downstream DNA, the extent of bubble melting, or the
partitioning between open and closed forms of the enzyme-
DNA complex.

It has been suggested that specific contacts of the protein
with DNA template strand functional groups upstream of
the start site stabilize the observed structure and guide the

† This work was supported by National Institutes of Health Grant
1R01GM55002 to C.T.M.

* To whom correspondence should be addressed. Tel: 413-545-3299.
Fax: 413-545-4490. E-mail: cmartin@chem.umass.edu.

‡ University of Massachusetts.
§ Current address: Momenta Pharmaceuticals, Inc, Cambridge,

Massachusetts 02142.
| National Cancer Institute.
⊥ Current address: Network Biosystems, Woburn, Massachusetts

01801.

1714 Biochemistry2007,46, 1714-1723

10.1021/bi061905d CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/25/2007



first two templating bases into the active site (9, 10). Some
time ago, however, it was shown that the immediate
connection between the upstream elements and the start site
can be replaced by a flexible linkage and initiation is not
substantially reduced (the precise start site does, however,
become less well-defined and shifts downstream by one base)
(6). Subsequently, it was shown that the templating bases
can position into the active site in constructs in which the
physical connection between the bulk of the upstream single-
stranded region and the start site has been lostsThe
templating strand can be brought to the active site via
downstream connections (11). This suggests a model in
which the templating bases need only be tethered near the
active site. Under normal conditions, specific promoter
binding activates initiation by inducing a melting of the DNA
and by providing a simple tethering of the melted template
strand near the active site.

Both fluorescence and crystal structure data for the
elongation complex show that T7 RNA polymerase melts at
most one base downstream of the nascent RNA transcript
(12-14), suggesting an economy of energetics but also
suggesting how binding of the downstream duplex can guide
the templating bases into the active site. In this work, we
map precisely the downstream edge of the bubble in the
initially bound and the initiating (with three base transcript)
complexes. Downstream of the active site, the latter complex
appears to be identical to an elongation complex, both in
terms of the extent of melting and in terms of positioning
and phasing of the downstream duplex.

RESULTS

Model for the Complete Initiation Complex.An earlier
study using circular permutation gel shift analysis provided
evidence that initial binding of T7 RNA polymerase to its
promoter induces an effective bend of approximately 60° in
the DNA, centered near the start site of transcription (15), a
result recently confirmed by fluorescence resonance energy
transfer (FRET)1 measurements between two probes placed
at the ends of the upstream and downstream duplexes (16).
Crystal structures of promoter bound complexes are consis-
tent with this view; however, these structures contain no
downstream duplex DNA and so provide no information on
the path of the DNA downstream of the start site. More recent
crystal structures of elongation complex models, clear of the
promoter, do contain downstream duplex DNA (13, 14).
Modeling of downstream DNA from the elongation complex
structures onto the structure of the initiation complex
provides an overall picture consistent with the DNA bending
results.

We present such a model in Figure 1. Although the
transition from initiation to elongation is accompanied by a
large conformational change in the N-terminal domain of
the protein, the C-terminal two-thirds of the protein, contain-
ing the active site for phosphoryl transfer, does not ap-
preciably change structure (13, 14). To prepare the complete
model, C-terminal residues 300-883 in the elongation

complex structure (1MSW) were aligned with the corre-
sponding residues in the initiation complex structure (1QLN).
Downstream DNA from the elongation complex was then
overlaid onto the structure for the initiation complex.
Although only protein residues were used in the alignment,
the template strand DNA near the active site aligns very well
between the two models, providing an initial validation of
the model. Indeed, the overlapping backbones from positions
+3 to +5 align very well (see Figure 4 in the Discussion).
While coordinates for the nontemplate strand from position
-3 through+1 are not available in either model, the distance
is readily spanned to connect upstream and downstream
elements.

Distance Measurements by DNA-to-DNA FRET.To more
directly test this model, we have measured specific distances
between a single position in the upstream DNA and a variety
of positions in the downstream DNA, as illustrated in Figure
2. The model predicts not only that the downstream DNA
will come closer to the upstream DNA on bending but also
predicts a specific helical pattern in the distances. FRET is
well-suited for these measurements, and DNA is readily
prepared with labels at specific positions.

In this study, at position-17, we incorporated a dT
analogue coupled at the 5-position with a spacer arm
terminating in a primary amine. This allows coupling with
the succinimidyl ester derivative of 5-carboxytetramethyl-
rhodamine (TAMRA), to place a FRET acceptor at a fixed
position upstream. We then prepared a series of comple-
mentary template strands containing dT, dC, or dA analogues
with similar amino-terminated spacers at a variety of
positions downstream of the active site. Coupling of fluo-
rescein-5-isothiocyanate (FITC) with these primary amines
to form a thiourea linkage then provides FRET donors at
various positions, for measurement of a progression of
donor-acceptor distances. The strands are designed such that
the nearest guanine base is at least six base pairs away from
the TAMRA label to avoid quenching of TAMRA by

1 Abbreviations: 2-AP, 2-aminopurine; 6-MI, 6-methylisoxanthop-
terin; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; FITC, fluorescein-5-
isothiocyanate; FRET, fluorescence resonance energy transfer; pyr-dC,
pyrrolo-dC; SDS, sodium dodecyl sulfate; TAMRA, 5-carboxytetram-
ethylrhodamine.

FIGURE 1: Model for the complete initiation complex. C-terminal
residues 300-883 in the elongation complex structure (1MSW)
were aligned with the corresponding residues in the initiation
complex structure (1QLN). Downstream duplex DNA from 1MSW
was then transferred to the 1QLN structure (shown).
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guanine (17). All constructs are fully duplex and have the
same DNA sequence and length.

The donor and acceptor fluorophores are attached to the
DNA by linkages that have both rigid and flexible compo-
nents. For consistency in the following analysis, model
distances are calculated from the point farthest out on the
rigid component, indicated by an arrow in Figure 2B′. Thus,
model distances are not expected to match exactly distances

derived from experiment, but periodic trends arising from
the positioning of the downstream helix should remain.

The DNA sequence used and the positions labeled are
shown in Figure 2A. In model linear duplex DNA, the closest
downstream probe (+4) is expected to lie>80 Å from the
upstream probe at position-17. Given thatRo for this FRET
pair is 45 Å, this closest pair (and all others) should show
no appreciable energy transfer in the absence of DNA

FIGURE 2: FRET measurements test the model. (A) The sequence of the DNA constructs. (B) Modeled structure (protein omitted) showing
expected distances. The FITC probe is conjugated to bases in the downstream template strand (positions+4, +5, +6, +7, +8, +10, +12,
+14, and+16). TAMRA is coupled to the thymidine base at position-17 of the upstream nontemplate strand. Although the model shows
DNA only to position+14, the constructs used were fully duplex to position+17. (B′) Fluorophore coupling to A, C, or T is as shown.
Modeled distances are approximated from the positions of the arrows, assuming base geometries from the model in part B. (C) FRET
distance data for each labeled DNA construct were obtained from an average of four measurements with standard deviations shown as error
bars. From left to right within a set are as follows: 1, model distances; 2, FRET distance on addition of enzyme at 4:1 ratio over DNA;
and 3, FRET distances after addition of 100µM 3′dGTP to 2.
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bending (18). Indeed, we observe that the double-stranded
forms of all of the constructs show no detectable energy
transfer (data not shown).

For the polymerase-bound complex, bending of the DNA
will reduce all of these distances. Moreover, as illustrated
in Figure 2, the model predicts a specific helical periodicity
in the distances. The data presented in Figure 2C compare
the distances predicted by modeling with the interprobe
distances calculated from measured FRET efficiencies. The
addition of RNA polymerase to each DNA construct yields
distances within the range of these FRET probes and
consistent with the predictions of the model (the probe at
position+16 lies very near the end of the DNA at position
+17 and so may not position according to simple models).
The general agreement of the distances with the model both
verifies that a bent and open complex forms in the absence
of substrate NTPs and confirms the model for positioning
of the downstream DNA.

In order to ensure complete complex formation and
melting of the DNA, one can exploit mass action to drive
these processes forward. The addition of GTP to polymerase
poised on a template-encoding RNA of sequence GGGA...
yields a steady-state distribution of species synthesizing RNA
slippage products (19). All of these species are poised at
position +3 of the template. Alternatively, the addition of
3′dGTP to the above complexes allows binding of the first
two substrates into positions+1 and+2 of the active site
(without phosphodiester bond formation) and has been shown
to drive binding and melting to completion (20). Crystal
structures with and without a three base transcript show no
significant change in the complex structure near the active
site, and the fluorescence measurements following addition
of 3′dGTP, shown in Figure 2C, confirm this prediction
(similar results are obtained for the addition of GTP, not
shown). No substantial change in distances or shift in the
phase of the periodicity is detectable, suggesting that the
initial binding of DNA to the polymerase poises the system
for synthesis of the initial transcript; no additional DNA is
drawn into the active site. The fact that addition of 3′dGTP
leads to no detectable change in FRET efficiency also
supports our earlier arguments that near-complete open
complex formation does not require binding of the initial
substrate (21).

Fluorescence Mapping of the Melted Bubble.The model
presented in Figures 1 and 2B makes three general predic-
tions: (i) that there is a substantial bend in the DNA, (ii)
that the downstream DNA adopts a specific rotational
position, and (iii) that the base pairs are melted from position
-5 through about position+4. The above results clearly
confirm a substantial bending of the DNA on binding of the
RNA polymerase and are consistent with the positioning of
the DNA predicted by the model. These results are consistent
with a local melting of the DNA at the start site and are not
consistent with extensive melting well beyond the active site;
the observed helical periodicity is consistent only with
positioning of duplex DNA downstream of about position
+4.

In earlier studies, we used fluorescent base analogues to
directly map the melted bubble in both initiation and
elongation complexes (12, 21). Fluorescence mapping of the
elongation complex showed that the enzyme melts at most
one base downstream of the last base incorporated, later

confirmed by X-ray crystallography (9, 10). Mapping of the
initial complex defined the upstream edge of the bubble at
position-4, also later confirmed by crystallography (9, 10,
21). However, mapping of the initially bound complex did
not probe the downstream edge of the bubble. Similarly, the
constructs used in crystallography lacked downstream duplex
DNA.

In order to more precisely map the extent of the open
bubble at initiation, we have incorporated fluorescent
analogues of dC, dA, and dG into the consensus promoter
sequence. In particular, in order to maintain a consensus
promoter sequence, the guanine analogue 6-methylisoxan-
thopterin (6-MI) was incorporated at positions+1, +3, and
+5, as shown in Figure 3. 6-MI has an emission maximum
at 430 nm with excitation at 340 nm, far from protein
absorbances (22). The cytosine analogue pyrrolo-dC (pyr-
dC) is well-suited to pair with guanine, allowing for two
Watson-Crick hydrogen bonds in an isosteric pair (23). The
spectral properties of this analogue are also superior to those
of 2-aminopurine (2-AP) in that excitation and emission
maxima (350 and 460 nm, respectively) are also shifted away

FIGURE 3: Fluorescence measurements from nine different con-
structs incorporating pyr-dC, 2-AP, or 6-MI at individual positions
both upstream and downstream of the start site for the initiation of
transcription. Fluorescence measurements for each construct were
taken (in order, from left to right within a set) as follows: (1)
double-stranded DNA in transcription buffer followed by (2)
addition of enzyme to an equimolar concentration and then (3)
addition of GTP to 1.0 mM (allows initiation and cycling to position
+3). Concentrations of polymerase and promoter were each 1.0
µM, except for constructs with labels at positions+4 and+6, which
were at concentrations of 2.0µM. Lane 4 measures fluorescence
of the single (nontemplate) strand containing the indicated fluoro-
phore. Relative fluorescence values for each group are normalized
to the fluorescence in double-stranded DNA for that construct. Each
value represents the average of three separate measurements (with
standard deviation as indicated).
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from those of the protein. Fluorescent base analogues
introduce alterations in the major or minor grooves of the
DNA duplex but appear not to dramatically alter helix
stability. In the application of these probes in the current
study, subtle changes to the major or minor grooves are not
expected to have a substantial impact on function.

Each construct studied contains only a single 2-AP, 6-MI,
or pyr-dC substitution, base-paired to the corresponding
unmodified base, enabling us to monitor the environment at
a unique position in the DNA. Base pair opening at the
location of the probe is expected to lead to increases in
fluorescence intensities, since in all cases, fluorescence is
higher for a probe in a single-stranded context than for the
same probe base paired. The analogue 2-AP was substituted
into various positions on both the template and the nontem-
plate strands, both immediately upstream of the start site, as
in our previous study, and farther out into the templating
DNA, to measure the extent of downstream opening. To
probe melting of the initially templating bases at positions
+1 and+2, 6-MI was incorporated. Finally, incorporation
of pyr-dC in place of C in the template strand allows us not
only to confirm the results with 6-MI but also allows
observation of the formation of the initial heteroduplex.

In the previous fluorescence study (21), the DNA duplex
extended downstream only to position+5, so it is possible
that the construct presented an artificially low barrier to
melting. In the current work, duplex constructs extend to
position+15, ensuring a near-native barrier to melting. In
order to confirm the previous results that the TATA region
immediately upstream of the start site is unwound upon
enzyme binding (21, 24, 25), we substituted 2-AP at position
-2 on the template strand and at position-1 on the

nontemplate strand. The DNA sequence from position+1
downstream is GGGAGA..., allowing the use of 2-AP in the
template strand at positions+4 and+6 and the placement
of 6-MI in the nontemplate strand at the actual start site and
beyond. The analog pyr-dC provides a complement in the
template strand at position-2. As a control, pyr-dC was
also placed at position-7 of the nontemplate strand, in a
region of the promoter known to remain duplex throughout
the initiation of transcription. Combined with the earlier
study, this range of probes provides a complete picture of
the open complex (21).

Mapping the Melted Region in Preinitiation and Initiation
Complexes.The results summarized in Figure 3 compare the
average relative fluorescence of each probe substituted at
various positions. In this plot, the label “ssDNA” represents
the fluorescence from a probe in the corresponding single-
stranded DNA, approximating the melted state, while “ds-
DNA” represents fluorescence from the same DNA annealed
to its complementary strand. The label “dsDNA+E” repre-
sents fluorescence from a probe in the enzyme-DNA
complex. Finally, the bars labeled “dsDNA+E+GTP”
represent fluorescence from the enzyme-DNA complex in
the presence of saturating GTP (1µM each of dsDNA and
enzyme, plus 800µM GTP), with the fluorescence measure-
ment complete within 4 min, to avoid substantial depletion
of the substrate GTP. In all experiments, the appropriate
background subtraction was carried out, as previously
reported (21).

As expected from previous studies, the fluorescence from
2-AP at positions-2 of the template strand and-1 of the
nontemplate strand increases on the addition of enzyme. At
the concentrations used (1µM each), we expect about 90%
complex formation, assuming aKd of about 5 nM (8, 26).
The fluorescence signals from 6-MI at positions+1 and+3
and from pyr-dC at position+2 all increase substantially
upon addition of enzyme, indicating that melting extends to
at least position+3 in the absence of substrate. The signal
from 2-AP at position+4 of the nontemplate strand also
increases but to a lesser extent, while the fluorescence signals
from 6-MI and 2-AP at positions+5 and+6, respectively,
do not change substantially. The bubble extends clearly to
position+3, and perhaps to position+4, but no further.

Subsequent addition of GTP drives the synthesis of a three
base transcript, which is then extended slowly by slippage
synthesis (19, 27). The slight increase in fluorescence at most
melted positions reflects the expected mass action-driven
formation of 100% of an open complex under these condi-
tions (the varying lengths of poly-G RNA should not, to a
first approximation, influence the fluorescence). The control
containing pyr-dC at position-7 in the upstream binding
region shows no increase in fluorescence, as expected.

Throughout slippage synthesis, the enzyme never needs
to translocate beyond position+3. The unchanged fluores-
cence from probes at positions+4, +5, and+6 indicates
that these bases remain duplex in the steady state average
complex, demonstrating that the downstream edge of the
bubble has not moved at all on progression of the active
site to position+3. At this point, the active site must now
be positioned very close to the downstream edge of the
bubble, as observed in elongation complex crystal structures
(13, 14).

FIGURE 4: Modeling the downstream edge of the initiation bubble.
Alignment of the C-terminal domains of the initiating complex
stalled at position+3 (1QLN), and the elongation complex clear
of the promoter (1MSW) yields excellent alignment of the DNA
template strand backbones (the source of the coordinates is indicated
above: initiation/elongation). The model predicts a return to base
pairing at position+5, as observed in the current fluorescence study.
The coincidence of the template strand backbones also suggests
that the downstream duplex in the initiation complex will take the
same overall path as seen in the elongation complex, a result
confirmed by the observed FRET distance phasing.

1718 Biochemistry, Vol. 46, No. 7, 2007 Turingan et al.



Interestingly, the fluorescence signal from pyr-dC at
position+2 of the template strand returns to the equivalent
signal of the probe in a duplex environment, consistent with
the expected presence of a three base pair RNA hybridized
to the template strand. This result confirms that at steady
state, RNA product is bound (release of product is slower
than reinitiation). This result is also consistent with previous
studies, which indicate that formation of an A-form duplex
also provides an appropriate environment for fluorescence
quenching (28-30).

Assessments of the Extent and Energetics of Melting.In
principle, RNA polymerases can bind promoter DNA in both
closed and open complexes and should partition between
these two states (31). The fluorescent probes used here should
allow us to quantitatively assess the extent of melting. An
accurate assessment of the extent of melting requires having
the proper controls for the fluorescence signal from fully
duplex and fully melted DNA but also requires an indepen-
dent measure of the (overall) binding constant, as residual
unbound DNA will, of course, remain unmelted. As a control
for fluorescence from the fully melted state, one can use
either single-stranded DNA, a protein-DNA complex con-
taining DNA lacking the nontemplate strand in the melted
region, or one can drive melting by the addition of GTP or
3′dGTP. The dissociation constant for binding of the
consensus promoter to T7 RNA polymerase under conditions
similar to those used here is approximately 5 nM (8, 26).
As noted above, under the concentrations of enzyme and
DNA used in these studies, this predicts that about 90% of
the DNA should be bound by protein. The fluorescence
change expected for fully melted complexes should then be
90% of that for fully melted controls: single-stranded DNA
or the complex with added GTP (driving≈100% complex
formation). For each probe position, a horizontal bar in
Figure 3 indicates this level.

For most positions melted by the binding of RNA
polymerase (in the absence of GTP), the change in fluores-
cence is less than expected for a completely open complex.
Assuming 90% overall DNA binding and using single-
stranded DNA as a control for fully melted DNA, the
calculated fractional melting for positions-2 through+3
ranges from 66-92%, measured at different positions along
the bubble. If instead, the complex with added GTP (produc-
ing a ladder of products from a stall at position+3) is used
as the control, the data suggest about 62-71% of the
complexes are melted in the absence of NTPs.

DISCUSSION

Numerous recent crystal structures of RNA polymerases
with and without DNA bound have set the stage for a deeper
understanding of mechanisms in initiation and elongation in
transcription. Structures of the multisubunit enzymes from
both prokaryotes and eukaryotes demonstrate the complexity
of highly regulated transcription (32-38). In contrast, the
single subunit bacteriophage RNA polymerases present a
model of simplicitysfor an inherently complex process (9,
10, 13, 14, 39). Despite very different overall structures, the
multi- and single-subunit RNA polymerases share substantial
functional homology (40).

The current study completes the structural picture of the
initial transcription bubble in the model single subunit RNA

polymerase from bacteriophage T7. Consistent with earlier
studies and with recent crystal structures, the results dem-
onstrate melting within the sequence TATA, adjacent to the
start site, and confirm that the region upstream of position
-5 remains duplex (9, 10, 21). The use of new fluorescent
base analogues allows us to extend previous analysis into
and downstream of the start site, a region where high-
resolution structural information is lacking (13, 14, 21).

Fluorescence Defines the Complete Bubble.The results
presented in Figure 3 show that in the absence of GTP, the
transcription bubble extends downstream to position+3 or
+4. The ambiguity arises from the fact that the enzyme-
induced increase in fluorescence from a probe placed at
position +4 is only one-half that of the single-stranded
control. There are two potential explanations for this result.
It cannot be completely ruled out that at steady state, there
are two populations of the complex, with different translo-
cational states (one in which the DNA is open a single base
farther downstream than the other). This is unlikely in that
the same intermediate fluorescence is observed at position
+4, in the absence of substrate GTP and under saturating
concentrations of GTP with a three base heteroduplex
presentsvery different conditions. Alternatively, the inter-
mediate fluorescence might reflect a probe environment that
is intermediate between that of double-stranded and single-
stranded DNA (with respect to the stacking interactions that
lead to quenching). This might be expected for a base sitting
at the edge of an open bubble, as predicted by the model.

The addition of GTP as the sole substrate allows formation
of a three base heteroduplex, with reiterative synthesis of
poly-G RNA (19). Interestingly, the fluorescence results
indicate that the downstream edge of the bubble shows no
sign of movement on addition of GTP. This suggests that
the crystal structure of a similar ternary complex, with a
resolved three base RNA fragment and no downstream
duplex, forms a good foundation on which to build a model
of a complete open complex, in the presence or absence of
substrate (10). It seems that initial DNA melting in the
absence of substrate primes the system for synthesis of up
to three bases of RNA without movement of the downstream
DNA. Because initial substrate binding (in particular, GTP
at position+1) is weak, it makes sense to use the energy of
promoter binding (alone) to maintain the melted bubble.

This result is also consistent with our previous fluorescence
mapping of an elongation complex transcription bubble and
with recently solved crystal structures of elongation complex
models (12-14). In these structures, DNA is melted at most
one base beyond the last incorporated base. During RNA
synthesis, the enzyme melts the DNA no farther downstream
than necessary.

Estimation of Fractional Melting.A potentially important
mechanistic step in the initiation of transcription is the
transition from an initially closed complex to an open
complex, melted near the start site. Studies in theE. coli
enzyme suggest that this simple question can be complicated
by the existence of multiple forms of open and closed
complexes (31, 41). It is tempting to use the fluorescence
changes associated with DNA binding in a quantitative sense
to determine the thermodynamic distribution between open
and closed states. However, as illustrated above, because
changes in fluorescence arise primarily from changes in
base-base stacking interactions, and only indirectly from

FRET Tests of Structural Models in T7 RNA Polymerase Biochemistry, Vol. 46, No. 7, 20071719



melting of the duplex, ambiguities necessarily arise (similar
uncertainties exist for other probes of melting, for similar
reasons). The results presented here report anywhere from
62-92% melting at equilibrium, depending on the placement
of the probe in the bubble and the choice of control for the
fluorescence signal from a fully melted complex. Given the
range of variation in this value with the location of the probe,
measurements of this sort can therefore be considered
semiquantitative at best.

Comparison of FRET efficiencies in the presence and
absence of 3′dGTP should also provide information on the
distribution between open and closed complexes at equilib-
rium. If in the absence of the initiating nucleotide a
substantial fraction of the population exists in the closed and
therefore, approximately linear, state, then the measured
FRET efficiencies should be lower than expected, represent-
ing an average of the linear (long distance) and bent (short
distance) populations. The distances measured in Figure 2
approximate the model distances, suggesting near-complete
open complex formation, but more importantly, the FRET
efficiencies (and resulting distances) do not change substan-
tially on binding of 3′dGTP. These results, reproduced with
probes placed at a number of positions, argue that at
equilibrium in the absence of substrate, the complex is largely
open, consistent with our measurements using fluorescent
base analogues.

These data are in agreement with our earlier work (21)
but are in quantitative disagreement with other published
studies, using similar approaches (26). The latter studies have
determined most recently that about 20% of the complexes
are open at equilibrium, while we find greater than 80% open.
The difference in free energy between these two conditions,
however, is small. Indeed, these fractions correspond to a
barrier to melting in the complex of from 1.0 to 0.1 kcal
mol-1, respectively. Considering that melting eight base pairs
of DNA should require substantially more than 1 kcal mol-1

of energy, the primary conclusion from both sets of experi-
ments must be that promoter binding, rather than substrate
GTP binding, pays the bulk of the cost of melting. It is likely
that the mechanism of melting arises from the obligatory
coupling of the intrusion of the intercalating hairpin into the
DNA at position-5 and the establishment of tight-binding
duplex contacts upstream of this position (42, 43).

Structural Support for the Initially Bound Complex Model.
Fluorescence energy transfer measurements provide a mea-
sure not only of the overall bend of the DNA in the initiation
complex but, by mapping distances to points along the helical
path of the template strand, can support the details of the
model. Although the fluorescent probes are anchored to the
bases by a linker with a flexible component, the model-
derived and experimental distances are in remarkable agree-
ment (17, 18, 44).

Both the FRET and the base analogue fluorescence results
are fully consistent with the model for the initiation complex
derived from alignment of the protein domains in initiation
and elongation complexes and the simple transfer of the
downstream duplex from the latter to the former. In the
modeling presented in Figure 4, only the DNA is shown for
clarity. The initiation complex crystal structure resolves
template strand DNA downstream through position+5.
Although the complementary nontemplate strand did not exist
in the crystallized complex, the path of the template strand

backbone is largely coincident with the path of the backbone
in the corresponding elongation complex containing a
complete downstream duplex. The model also predicts a
return to duplex pairing by position+5, a prediction
confirmed by the fluorescence results presented here.

Finally, by measuring distances to multiple positions along
the downstream DNA, we can obtain information on the
rotational state of the downstream duplex. The analysis
presented in Figure 5 starts with the model derived from
alignment of the initiation and elongation complex structures
(0°). The experimental data (closed circles and squares) are
in reasonable agreement with the model distances. We then
rotate the downstream DNA by 90, 180, and 270°, comparing
the data with the new model distances (open circles). The
experimental data are clearly not consistent with rotations
of 90 and 180° and are most consistent with the original
model (0°). Thus, the FRET measurements support not only
the modeled trajectory but also the phasing of the down-
stream duplex.

MATERIALS AND METHODS

T7 RNA Polymerase.T7 RNA polymerase was prepared
from E. coli strain BL21 carrying the overproducing plasmid
pAR1219 (kindly supplied by F.W. Studier), in which RNA
polymerase is expressed under inducible control of thelac
UV5 promoter (45).The enzyme was purified, and the
concentration was determined (ε280 ) 1.4× 105 M-1 cm-1)
as described previously (46). The purity of the enzyme
(>95%) was verified by sodium dodecyl sulfate (SDS)-
denaturing polyacrylamide gel electrophoresis.

FIGURE 5: Phasing analysis supports the model. Closed data points
are FRET distance measurements from Figure 2 (closed squares,
enzyme and DNA only; closed circles, enzyme, DNA, and 3′dGTP).
Open data points are distances measured from models in which
the downstream duplex has been rotated about its axis. Curves
drawn through the various data sets are best fits to a simple sin
function and are not intended to accurately predict distances, as
they do not include translocation down the helix axis. Rather, they
are presented to aid the viewer in seeing the phasing of the modeled
distances, relative to the experimental distances.
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Oligonucleotides.Oligonucleotides were synthesized using
phosphoramidite chemistry on an Applied Biosystems (ABI)
Expedite 8909 Nucleic Acid Synthesis System. Standard
phosphoramidites were purchased from CPG Inc. 2-AP
phosphoramidite and pyr-dC phosphoramidite were obtained
from Glen Research Corp. and coupled normally.

Amino-modified bases dT, dC, and dA containing six-
carbon linkers (Glen Research) were introduced at select
positions during the synthesis. Single-stranded DNA was
purified by gel electrophoresis containing 15% polyacryla-
mide/6 M urea followed by ethanol precipitation to ensure
that the amine-modified oligonucleotides are free of shorter
sequences and of triethylamine and ammonium salts that may
interfere with labeling. Oligonucleotides of the desired length
were extracted using an electroseparation chamber (EluTrap,
Schleicher, and Schuell). Fluorescent labeling of these amine-
modified oligonucleotides was done postsynthetically in 1
M Na2CO3 reaction buffer (pH adjusted to 9.5 with HCl).
The aliquoted fluorescent dyes TAMRA succinimidyl ester
(Molecular Probes) and fluorescein isothiocyanate (Anaspec,
Inc.) were initially dissolved in DMSO. Efficient labeling
was achieved by mixing a 25-fold molar excess of dye
relative to DNA, in 200 mM Na2CO3. The reactions were
incubated for 2-3 h at 37°C. Oligonucleotides were then
ethanol precipitated and further purified by gel electrophore-
sis. Fluorescent bands were visualized using a UV illuminator
(Fotodyne Inc.) and excised, and oligonucleotides from gel
slices were again extracted by electroelution. Oligonucle-
otides were again ethanol precipitated, and the labeled pellets
were rinsed twice with 70% cold ethanol. The pellets were
redissolved in Tris-EDTA (TE) buffer prior to determination
of concentration by UV absorbance.

Oligonucleotides containing 2-AP or pyr-dC were syn-
thesized under standard coupling conditions. Single strands
were purified using an Amberchrom DG-16C reverse phase
resin as previously described (47). 6-MI containing oligo-
nucleotides were synthesized as previously described using
an ABI 392-8 synthesizer (coupled normally) ending with
the oligonucleotides still attached to the column (manual
deprotection selected). 6-MI deprotection was achieved
utilizing 1 M DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) in
acetonitrile as follows. Set up the column with an empty 3
mL syringe on each side. Add 425µL of acetonitrile to one
syringe, flush it back and forth, and then add 75µL of DBU.
Flush it back and forth at least three times, then put it in a
dark place at room temperature for 5 h flushing it back and
forth about once an hour. After the incubation, remove and
save the solution. Add 0.5 mL of acetonitrile to the column
flushing it back and forth several times. Combine this wash
with the first eluate and evaporate them using a Speed-Vac.
Add 1 mL of NH4OH to the column, flush it back and forth,
and allow it to stand for 1 h. Add this NH4OH eluate to the
corresponding DBU/acetonitryl eluate pellet (from the speed
vac) and heat it for 14 h at 55°C. Vacuum dry and purify
as usual. The pellet will be yellow and oily. It can be put
through ethanol precipitation before gel purification or
“dissolved” in buffer prior to loading on a gel.

Purity of all oligonucleotides was confirmed by denaturing
(urea) gel electrophoresis of 5′-end-labeled single strands.
Double-stranded templates for fluorescence and transcription
assays were prepared by heating a 1:1 mixture of comple-

mentary single strands in TE buffer (10 mM Tris, pH 7.8, 1
mM EDTA) to 75 °C for 5 min. The solutions were then
allowed to cool slowly to room temperature and stored frozen
until use.

Steady-State Fluorescence Measurements.Fluorescence
measurements were carried out with a PTI (Photon Technol-
ogy International) L-format fluorimeter with a 75 W arc lamp
and both emission and excitation monochromators, using a
75 µL (light path 3 mm× 3 mm, center 15 mm) ultramicro
cell (Hellma). The sample compartment was thermostated
at 25°C, and excitation and emission slits were both set to
5 nm. For experiments containing the analogue 2-AP,
fluorescence was excited at 310 nm and emission was
monitored at 375 nm. Samples containing 6-MI were excited
at 340 nm, and the emission was monitored at 430 nm. In
measurements of samples containing pyr-dC, the emission
was measured at 460 nm, with excitation at 350 nm. All
fluorescence experiments were carried out in fluorescence
buffer: 30 mM HEPES, pH 7.8, 15 mM magnesium acetate,
25 mM potassium glutamate, 0.25 mM EDTA, and 0.05%
TWEEN-20 (Calbiochem, 10% protein grade). The fluo-
rescence changes recorded in all experiments represent an
average of three measurements, which were taken after 1
min of incubation, when the reading no longer changed.
Background measurements were recorded under identical
conditions but with an unlabeled nucleotide. This allowed
correction for changes not only in the fluorescence from the
protein but also for any possible changes of unlabeled DNA
during the measurements.

For FRET measurements, a 1 cmpath length ultramicro
Starna cell (Starna Cells, Inc.) with a nominal volume of
100µL was used. The slit widths were set to 3 nm, and the
reactions were carried out at 37°C. Reported data represent
the average of four measurements. Fluorescence buffer
consisted of 30 mM HEPES, pH 7.8, 25 mM potassium
glutamate, 0.25 mM EDTA, 50 mM NaCl, and 0.5%
glycerol. Buffer background was subtracted from each
measurement.

Determining Corrected Single-Stranded DNA Concentra-
tion. The contribution of fluorescent probes to the measured
DNA absorbance was subtracted to correctly determine the
concentration of labeled DNA strands. A full spectrum from
220 to 650 nm was collected for samples containing only
free unconjugated dyes and dyes conjugated to DNA. This
also ensures the presence of dye in the sample. The labeling
efficiencies (∼64-95% before purification) were calculated
by determining the molar ratio of dye to DNA.

Preparation of Duplex DNA Molecules.Complementary
strands of TAMRA- and FITC-labeled oligonucleotides were
hybridized in Tris-EDTA buffer. Samples were again gel-
purified using a 12% nondenaturing acrylamide gel to
separate labeled double-stranded DNA from excess (labeled)
single-stranded DNA. Fluorescent bands were imaged using
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a Fuji PhosphorImager. These methods were designed to
obtain 100% labeling efficiency.

To determine the corrected concentration of the labeled
duplexes, the hypochromicity factor, X was first measured
using unmodified and unlabeled template and nontemplate
strands before and after hybridization. Results showedX )
0.870.

FRET Experiment and Analysis of Data.Labeled duplexes
were reacted with enzyme. The final concentrations of DNA
and T7 RNA polymerase used were 0.013 and 0.104µM,
respectively. The reaction was carried out in fluorescence
buffer. DNA and enzyme were incubated for 1 min at 37°C
prior to fluorescence measurement. 3′dGTP mix (with
concentrations of 3′dGTP, magnesium acetate, and Hepes
equal to 100µM, 15 mM, and 10 mM, respectively, in the
final reaction mixture) was added to the binary complex and
then allowed for 1 min incubation prior to measurement. All
steady-state measurements were thermostated at 37°C.

FRET efficiency was measured using enhanced fluores-
cence of TAMRA upon excitation at FITCλmax ) 490 nm.
Emission scans from 500 to 650 nm were measured. Standard
FITC-only labeled duplexes were constructed to subtract
FITC contribution to the total emission to give pure TAMRA
emission. In this study, we normalized the total acceptor
emission by dividing the resulting acceptor emission by the
fluorescence value of the same doubly labeled duplex sample
that is excited at 560 nm, the wavelength where only acceptor
TAMRA absorbs. By so doing, we also normalize the
obtained FRET signal for the concentration, for the quantum
yield and for possible error in percent labeling of the acceptor
TAMRA (18, 44).

Parametersε andE above are the extinction coefficients
and efficiency of transfer, respectively, and labeling ef-
ficiency, after purification, was near 100%. Experimental
values for extinction ratios were measured and found equal
to 0.734 for εfluorescein490nm/ εTAMRA560nm and 0.05769 for
εTAMRA490nm/εTAMRA560nm. For normalized ratio values to
calculate for FRET efficiency, ratios of signals taken at 580
nm (the experimentalλmax emission for TAMRA) were used.
The FRET efficiencies measured are then transformed into
distance values fromE ) R0

6/(R6 + R0
6), whereR0 is equal

to 45 Å (18).

SUPPORTING INFORMATION AVAILABLE

Table with FRET efficiencies, corresponding to the data
in Figure 2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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