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Summary
T7 RNA polymerase is the best-characterized member of a widespread family of single-subunit RNA
polymerases. Crystal structures of T7 RNA polymerase initiation and elongation complexes have
provided a wealth of detailed information on RNA polymerase interactions with the promoter and
transcription bubble, but the absence of DNA downstream of the melted region of the template in
the initiation complex structure, and the absence of DNA upstream of the transcription bubble in the
elongation complex structure means that our picture of the functional architecture of T7 RNA
polymerase transcription complexes remains incomplete. Here we use the site-specifically tethered
chemical nucleases and functional characterization of directed T7 RNAP mutants to both reveal the
architecture of the duplex DNA that flanks the transcription bubble in the T7 RNAP initiation and
elongation complexes, and to define the function of the interactions made by these duplex elements.
We find that downstream duplex interactions made with a cluster of lysines (K711/K713/K714) are
present during both elongation and initiation where they contribute to stabilizing a bend in the
downstream DNA that is important for promoter opening. The upstream DNA in the elongation
complex is also found to be sharply bent at the upstream edge of the transcription bubble, thereby
allowing formation of upstream duplex:polymerase interactions that contribute to elongation
complex stability.
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Introduction
In enzymes that use nucleic acids as substrates, interactions that are not localized to, and may
even be distant from, the active site can nevertheless be important for function through their
roles in determining the overall architecture of the enzyme:nucleic acid complex1; 2; 3; 4. In
particular, DNA bending and melting are often concerted events that serve both to determine
the track of a DNA molecule within a macromolecular complex and to expose the DNA bases
for active site reactions5; 6.

For example, the crystal structure of an elongation complex (EC) of the phage T7 RNA
polymerase reveals a sharp bend at the downstream edge of the transcription bubble that would
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allow the duplex DNA up to 10–15 nts downstream of the bubble to interact with a positively
charged patch of residues (K711/K712/K713; fig. 1a)7; 8. Whether a similar set of interactions
could be made in the initiation complex (IC) is unclear because the crystal structure of the IC
contains no DNA downstream of the transcription bubble9. However, recent FRET studies
have shown that bending of the downstream DNA and promoter opening are concerted events
during T7RNAP transcription initiation and indicate that the downstream DNA is similarly
bent in the IC and EC10; 11; 12. However, these studies do not reveal the role of these
downstream DNA interactions in polymerase function during either initiation or elongation.
Are they important for inducing the bend in the downstream DNA and is this important for
promoter opening during initiation or transcription bubble stabilization during elongation?

The persistence of a similar set of interactions for the downstream DNA during initiation and
elongation is reasonable in light of the observation that the region of the polymerase involved
in these interactions has a similar conformation during both initiation and elongation. This is
not true for the interactions made with DNA upstream of the transcription bubble. The region
of the polymerase involved in interactions with the upstream DNA undergoes a massive
conformational rearrangement during the transition from initiation to elongation coupled to
loss of promoter interactions and changes in how the upstream DNA is bound in the
transcription complex7; 8. While the interactions made by the DNA upstream of the
transcription bubble during initiation are 3 clear from the IC crystal structure, in the EC
structure the DNA extends only 6–8 nts upstream of the base that is paired with the RNA 3′-
end, corresponding only to the transcription bubble portion of the EC. However, DNAseI
footprints of T7RNAP ECs reveal strong protection of the T strand up to 15 nts upstream of
the RNA 3′-end, and both enhancement and weaker protection extending 20 nts upstream13;
14; 15. Exo III digestion patterns similarly indicate that up to 15 nts of DNA upstream of the
RNA 3′-end are protected in the elongation complex, and another 5 nts are weakly
protected13; 14; 15. The transcription bubble in the T7RNAP EC extends 7–8 nts upstream of
the RNA 3′-end16; 17, so the DNAse I and Exo III footprinting data indicate that there are
RNAP interactions with the 7–12 nts of duplex DNA immediately upstream of the transcription
bubble. Currently we have no information on the RNAP contacts or function of these
interactions.

Here site-specifically tethered chemical nucleases are used to define the nucleic acid
architecture of the T7RNAP transcription complex during initiation and elongation.
Characterization of mutant enzymes is used to identify the roles that interactions distant from
the active site or transcription bubble have in determining this architecture and in polymerase
function. We find that an interaction made by the far downstream DNA with a cluster of
positively charged amino acids is important for forming the downstream bend in the DNA and
for opening the promoter during initiation. We find that the upstream DNA in the EC is also
sharply bent. However, mutation of residues expected to be in contact with the upstream DNA
has only a modest effect on polymerase function. Though unexpected, the latter result is
consistent with observations that DNA upstream of the transcription bubble is dispensable for
formation of functional ECs from synthetic RNA/DNA scaffolds18.

Results
Downstream DNA interacts with K711/K713/K714 in the IC as it does in the EC

Fig. 1A shows the crystal structure of the T7RNAP EC that contains a 10 nt RNA; 10 and 7
nts of, respectively, non-complementary template (T) and nontemplate (NT) strands that
correspond to the transcription bubble, and a 10 b.p. duplex element downstream of this
unpaired sequence7. The most downstream elements of the duplex approach a positively
charged patch on the RNAP surface that includes residues K711, K713, and K714. In the crystal
structure of the T7RNAP IC the T and NT strands extend to only +5 and −4, respectively 9,
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and therefore provide no information on the location of the duplex DNA downstream of the
transcription bubble. To ask if the 711/713/714 positive patch interacts with the duplex DNA
in the IC, we substituted a cysteine at residue 711 and conjugated it with Fe-BABE, a chemical
nuclease that cleaves DNA through the generation of diffusible hydroxyl radicals upon addition
of ascorbate and peroxide19. ICs with 4 and 7 nt RNAs, and an EC with a 13 nt RNA were
then formed with this conjugated enzyme and the regions of cleavage in these transcription
complexes on the NT strand were mapped. Fig. 2A (lanes 1–4) shows that the nuclease at 711
generates two sets of cuts, spaced ~10 nts apart, and located ~3 and ~13 nts downstream of the
3′-end of the RNA in the IC4, IC7, and EC13 complexes. These cleavage sites are consistent
with the EC structure in fig 2B, which shows that the two centers of NT strand cleavage in
EC13 would correspond to the 2 regions of this strand which face residue 711. The observation
that the cleavage patterns in IC4, IC7, and EC13 are similar, except for differences in position
which track the translocation of the complex, indicates that the downstream duplex DNA is
positioned similarly relative to residue 711 in both the IC and EC.

However, Fe-BABE cleavage is a low-resolution technique and would not reveal subtle
changes in the position of the DNA, nor does it reveal whether interactions with residues
711/713/714 are important for DNA bending in either or both, the IC and EC. To ask this
question we introduced multiple mutations at this site by mutating residue 713 or both 713 and
714 to glu in the K711C background, leading to a net charge change of −3 or −5 relative to the
WT sequence. All of the mutants described were constructed in a ‘cys-minimized’ T7RNAP
in which 7 of the 12 endogenous cysteines were mutated to serines. The activity of this enzyme
is indistinguishable from WT 20; 21; 22 and is here referred to as WT for simplicity. Cleavage
by Fe-BABE conjugated to 711C nuclease was then assessed in these mutant backgrounds. As
seen in lanes 5–8 and 9–12 of fig. 2A, the K713E and K714E mutations weaken the intensity
of cutting by the nuclease conjugated to residue 711. This suggests that these mutations disrupt
interactions with the downstream DNA and allow it to move away from the 711/713/714
positive patch. Since these mutations have similar effects in both the ICs and the EC, this also
suggests that these residues make similar interactions during both initiation and elongation.

Multiple substitutions in the 711/713/714 patch slow transcription initiation
An alternative explanation for the weak cutting seen with the K711C/K713E and K711C/
K713E/K714E mutants in fig. 2A is not that these mutants form complexes with altered
architecture, but that they fail to quantitatively form either ICs or ECs. Measurement of duplex
melting with KMnO4, however, revealed that the WT and mutant RNAPs exhibited
quantitatively indistinguishable levels of open complex or EC formation (fig. 3A), indicating
that the mutant RNAPs are as capable of forming transcription complexes as the WT enzyme.
Transcription reactions run under conditions that allowed transcript extension to13 nts also
revealed similar levels of halted transcript synthesis by the WT and mutant enzymes (fig. 3B),
corresponding to synthesis of a 1:1 ratio of transcript to template and indicating quantitative
EC formation with the mutant enzymes.

However, in the latter experiments it is seen that there is a delay in the quantitative appearance
of the 13mer with the mutant enzymes in comparison to the WT enzyme (compare lanes 7 or
13 to lane 1 in fig. 3B). Plots of 13mer vs. time (fig. 3D) show that productive initiation is 50%
complete in 3.9±0.25, 7.0±0.4 and 9.0±1.3 sec. (±s.e. for n=3) for the WT, K711C/K713E, and
K711C/K713E/K714E enzymes, respectively. This indicates that the mutants are 2–3 fold
slower in initiating transcription, but the difficulties in manually measuring differences for
such rapid reactions prompted us to characterize these enzymes under more stringent
conditions, where functional differences might be more apparent. Because initiating NTP
binding drives T7RNAP open complex formation23; 24, reduction of the GTP concentration
can slow initiation. When reactions like those in fig. 3B are run with GTP reduced from 500
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to 20 μM, initiation rates are reduced and the differences between the WT and mutant enzymes
are more apparent over the time range accessible to manual sampling (fig. 3C), and the time
for 50% completion of initiation is found to be 17, 49, and 63 sec. for the WT, K711C/K713E,
and K711C/K713E/K714E enzymes, respectively (fig. 3E).

Reaction stringency can also be enhanced by running reactions in the presence of NaCl, and
when we ran multiple turnover reactions in the presence of 100 mM NaCl, we observed both
a 4–5 fold retardation in the rate of initial appearance and subsequent accumulation of a short
runoff (“R.O.”) transcript with the mutant enzymes as compared to the WT enzyme on a duplex
template (fig. 4A). However, on a ‘pre-melted’ partially single-stranded (PSS) template we
observed no difference between the rate of run-off transcript appearance and only a 1.5 fold
reduction in the rate of accumulation of the runoff transcript (fig. 4B), suggesting that the defect
in the mutant enzymes reflected reduced duplex melting activity. To test this directly, we used
KMnO4 footprinting of reactions carried out in the presence of 100 mM NaCl (fig. 4C). All 3
enzymes could form transcription bubbles in reactions allowing transcript extension to 13 nts
(fig. 4C: lanes 3, 6, 9), although the mutant enzymes did so at a modestly reduced level, however
in the reaction in which transcript extension is limited to 6 nts (lanes 2, 5, 8), the mutant enzymes
exhibited a sharp decrease in formation of open complexes, with the triple mutant having the
greater effect.

Placement of upstream DNA in the T7RNAP EC
RNAP interactions with the duplex DNA immediately upstream of the transcription bubble are
not sequence specific and could be expected to be primarily ionic in character. Inspection of
the upstream face of the RNAP in the EC crystal structure reveals 2 positively charged regions
that could form interaction surfaces for the upstream duplex. One of these includes residue
K407 and K412 and is identified by the arrow labeled 2 in figs. 1A and 1B. Binding of DNA
to this surface would require a sharp bend immediately upstream of the transcription bubble.
The other positively charged region includes residue K206 and is indicated by the arrow labeled
1 in fig. 1. Binding of the upstream DNA to this region would not require as severe a bend as
needed for binding to region 2.

To determine where on the RNAP the upstream DNA is bound we analyzed cleavage patterns
of nucleases tethered to residues 207, 239, 133, 407 or 412 on both the T and NT strands in
halted ECs. Residues 207, 239, and 133 are within region 1. If the duplex DNA binds to this
region, then nucleases tethered to these residues should give strong cutting up to as much as
~30 nts upstream of the 3′-end of the RNA with cut sites separated by ~10 nts and offset by
~5 nts on each strand, as has been observed when a duplex DNA element lies opposite a source
of hydroxyl radicals such as a tethered Fe-BABE molecule20; 22. However, if the upstream
DNA binds to region 2, then a single set of cuts on each strand is expected at the sites where
the T and NT strands first emerge from the RNAP and become accessible to hydroxyl radicals
generated at residues 207, 239 and 133. As seen in fig. 5D, the conjugates at these positions
generate single sets of cuts ~11 and ~14 nts upstream of the 3′-end of the RNA on, respectively,
the NT and T strands. As modeled in fig. 5A this would be consistent with the upstream DNA
binding to region 2 so that the cleavage sites (highlighted in magenta) would correspond to the
regions on the T and NT strands accessible to the hydroxyl radicals generated at residues
133/207/239.

If the upstream duplex DNA binds near region 2 then nucleases at 407/412 should cleave the
DNA well upstream of the transcription bubble with cut sites ~10 nts apart on each strand but
offset by ~5 nts on the T vs. NT strands. However, if the DNA binds to region 1, then the
nucleases at 407/412 should cleave the upstream DNA weakly or not at all, since region 1 is
far from residues 407/412. In particular, if the DNA follows the path defined by arrow 1 in fig.
1, then more upstream DNA would be farther from 412 than 407 and the nuclease at 412 should
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cleave the more upstream DNA more weakly than the nuclease at 407. However, if the DNA
follows the path suggested by arrow 2, the exact opposite is expected: the more upstream DNA
would be placed closer to residue 412 than 407 and the relative intensity of cleavage of the far
upstream DNA should reflect this. The cleavage patterns of the 407/412 conjugates therefore
provide strong discrimination between the 2 models for placement of the upstream DNA. As
shown in fig. 5E, these cleavage patterns indicate that the model in which the upstream DNA
is near region 2 is correct: the 407/412 conjugates exhibit cleavage across one face of the first
2 full turns of duplex DNA that are immediately upsteam of the transcription bubble in the EC.
Cuts are seen centered ~20 and ~30 nts upstream of the RNA 3′-end on the T strand (fig. 5E,
lanes 1, 2), and ~15 and ~25 nts upstream on the NT strand (lanes 3, 4). Moreover, these cut
sites show that the more upstream DNA is closer to residue 412 than 407. First, we see that
centers of the cut sites are shifted 1–2 nts upstream for 412 vs. 407 but, more importantly, we
observe that on the T strand the 407 conjugate cuts intensely at a single site centered ~18 nts
upstream of the RNA 3′-end (fig. 5E, lane 1), indicating that this conjugate is closest to this
region of the T strand. The 412 conjugate, however, shows 2 weaker cut sites centered ~20
and ~30 nts upstream of the RNA 3′-end (lane 2), indicating that this residue sits between these
two positions on the T-strand. This is consistent with the cleavages seen on the NT-strand,
where the 412 conjugate exhibits a strong set of cuts centered 25 nts upstream of the RNA 3′-
end and a weaker set 15 nts upstream (lane 4), while 407 displays the reverse: strong cutting
14 nts upstream and weaker cutting 24 nts upstream. The locations of the strongest sets of cuts
on each strand are highlighted in magenta for the 407 and 412 conjugates in fig. 5B and 5C,
respectively, on models in which the DNA is shown interacting with region 2. While these
cleavage patterns provide for only an approximate placement of the DNA, we conclude that
the upstream DNA in the EC more nearly follows the path described in fig. 1 by arrow 2, rather
than by arrow 1.

Mutations in the upstream positively charged region do not alter EC architecture and have
only modest effects on RNAP function

To determine if interactions made by the DNA with the upstream positively charged region on
the RNAP are important for function we tested single site substitutions in this region in a battery
of assays to detect effect on EC stability (measurement of EC turnover rates and RNA release),
processivity in long transcript synthesis, and termination on class I (classical hairpin) as well
as class II (PTH or concatemer junction-type terminators: see accompanying manuscript).
Assays were carried under both low-salt, and stringent (+100 mM NaCl), conditions. However,
these assays did not identify any strong effects on EC stability or processivity (not shown). We
therefore prepared enzymes in which multiple positively charged residues in the upstream
region were mutated to neutral or negatively charged residues to maximally disrupt interactions
with the upstream DNA (mutants constructed: K407C, K412C, K407E, K407C/K412C,
K407E/K412E, K332E, K332E/K494E, K332E/K412C, K332E/K494E/K412C, K407E/
K332E/K494E/K412C).

The effects of these mutations on EC architecture were assessed by comparing cleavage
patterns by Fe-BABE conjugated to residue 412 in either WT or mutant backgrounds. Data is
presented in fig. 6A for the multiply mutated enzymes that have large net charge changes in
the positively charged region (negative charge increases of −3 and −7). Surprisingly, the singly
substituted (412C, lanes 1–4), doubly substituted (407E/412C, lanes 5–8), and quadruply
substituted (332E/494E/407E/412C) enzymes all show similar cleavage patterns, indicating
that the mutations are not altering upstream DNA architecture in the EC. When we tested the
effects of these mutations on initiation and rates of transcript synthesis on duplex templates
we also found that there was no difference in the rate of appearance of runoff transcripts
between WT and multiply substituted enzymes (fig. 6B: compare 10 sec. reaction time point
in lanes 1, 4, 7), nor between the rate of accumulation of runoff transcripts (compare 1 and 10
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min. time points in lanes 2 and 3 vs. 5 and 6 vs. 8 and 9). Identical results were obtained in
reactions with 100 mM NaCl (not shown). This result is consistent with the observation that
residues from the upstream positive patch are not involved in DNA or RNA interaction in the
IC9, so their mutation should not affect initiation rates. The only detectable effect of the
mutations on the transcript patterns is an increase in the amounts of transcripts shorter than the
runoff, suggesting that the mutant ECs are spontaneously dissociating at a greater rate than the
WT enzyme.

To test this directly, we formed halted ECs with the WT and mutant enzymes and then incubated
them in the presence of varying NaCl concentrations, following which they were subjected to
ultrafiltration to separate transcripts associated with halted ECs from those that had been
released into solution. For the WT enzyme, only ~50% of transcripts were released from ECs
even after a 2 hr. incubation in reactions with either 0 or 100 mM NaCl (lanes 1–4; fig. 7A),
though addition of 800 mM NaCl led to release of most of transcripts (lanes 5–6). An enzyme
mutated in the downstream positive patch behaved like the WT RNAP in the 100 and 800 mM
NaCl conditions (lanes 9–12), but reproducibly exhibited less transcript release in 0 mM NaCl
(lanes 7–8). Enzymes mutated in the upstream positively charged region showed increased
transcript release, with a quadruply substituted enzyme releasing most transcripts under all 3
NaCl conditions (lanes 13–18) and a doubly substituted enzyme releasing most of the
transcripts in the 100 and 800 mM NaCl reactions (lanes 19–24)

Discussion
During T7 RNAP transcription initiation a sharp bend is induced in the downstream DNA in
concert with opening of the promoter10; 11; 12. We find that far downstream interactions with
the K711/K713/K714 cluster are important for inducing this bend and for promoter opening.
Comparatively, however, these lysines are less important for promoter opening than is the
intercalating hairpin (residues 231–242) which stabilizes the upstream edge of the open
promoter by inserting between the nts at −4. Deletion or mutation of the intercalating hairpin
severely reduces transcription from duplex promoters25; 26, while multiple mutations in the
711/713/714 cluster reduce initiation on duplex promoters only ~4 fold. This may be because
the bending and opening of the upstream DNA involves multiple additional residues, including
other positively charged groups on the RNAP surface (fig. 1a) and the side-chain of F644,
which inserts between the T and NT strands at the upstream edge of the bubble27; 28 and may
play a role analogous to the intercalating hairpin at the downstream edge.

Our analysis of the cleavage patterns of Fe-BABE nucleases tethered to residues on the
upstream face of the RNAP also provides information on the placement of the upstream DNA
in the EC. Some of this cleavage data was published previously in a cataloguing of cleavage
patterns of 23 distinct Fe-BABE conjugated mutant T7RNAPs22. However, here this data is
analyzed in terms of defining the architecture of the up- and downstream DNA in the EC, and
we present new data on the effects of mutations in disrupting this architecture. These data
indicate that the upstream DNA in the EC approaches a positively charged surface of the RNAP
that encompasses K407/K412 (fig. 1B). To approach this surface the DNA would have to be
sharply bent at the upstream edge of the transcription bubble.

Somewhat unexpectedly the introduction of multiple charge-altering mutations into the
upstream positively charged region did not have any marked effects on EC architecture and
only modestly affected EC stability. Since Fe-BABE is a low-resolution technique it is possible
that, while the proposed placement of the upstream DNA is approximately correct, we have
not identified and mutated the specific side-chains with which the upstream DNA interacts. It
is also possible that these interactions are only functionally important in special contexts that
we have not examined, i.e. transcription through regions of DNA with bound proteins or
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through G:C rich stretches of DNA that are resistant to bending/opening. However, it may also
be the case that polymerase interactions with the upstream DNA are intrinsically weak, perhaps
to facilitate translocation of the EC, and therefore partially dispensable. Indeed,
characterization of synthetic RNA/DNA scaffolds used to assemble T7 RNAP ECs for
crystallization revealed that scaffolds in which DNA extended only 8 nts upstream of the RNA
3′-end were more active than scaffolds in which the T-strand DNA extended 18 nts
upstream18. Furthermore, the addition of an NT strand to the extended upstream T-strand
resulted in non-functional scaffolds unless the NT strand was also extended into the
transcription bubble. Therefore, it appeared that the upstream DNA actually engaged in non-
productive interactions that impaired functional EC assembly unless the transcription bubble
portion of the NT strand was also present, possibly to guide the upstream DNA away from
such nonproductive interactions.

Methods and Materials
Preparation and purification of mutant polymerases

Mutant RNAPs were constructed in a “cys-minimized” T7RNAP in which 7 of the 12
endogenous cysteine residues had been mutated to serine using a PCR site directed mutagenesis
kit (Stratagene) and following manufacturer’s instruction. Multiple substitution mutants were
prepared by the sequential introduction of single residue changes into the cys-minimized
T7RNAP background. Expression and purification of mutant polymerases were carried out as
described 20. Purified RNAPs were stored at −20° C in 10 mM Tris-HCl; pH-8.0, 0.5 M NaCl,
1 mM EDTA, 5 mM DTT, 50% glycerol.

Template preparation
A 59 base oligonucleotide (SPT34 (T-strand) 5′-
AGGATCCCCGGGCGAGCTCGAATTCCGGTCTCCCTATAGTGAGTCGTATTAATTT
CGAT-3′) was synthesized and PAGE purified by Operon Biotechnologies. This
oligonucleotide was annealed to either a complementary 59 base oligonucleotide (SPT34-NT)
to generate a duplex (DS) promoter template or to a 21 base oligonucleotide (SPT34-PNT: 5′-
ATCGAAATTAATACGACTCAC-3′) corresponding to the segment of the T7 promoter from
position −25 to −5, to generate a partially single-stranded (PSS) template as described14.
Where indicated, synthetic oligos were labeled at the 5′-end of either the T or NT strand with
[γ-32P]ATP (4000 Ci/mmol; ICN) by T4 polynucleotide kinase (Invitrogen) as described.

Transcription reactions
Transcription reactions were carried out at room temperature in a volume of 10 μl in 10 mM
Tris-Cl (pH-8.0), 10 mM NaCl, 6 mM MgCl2, 5 mM DTT, 2 mM spermidine 20, 0.5 mM ATP,
GTP, CTP and UTP (Trilink), 0.1 μM of either DS or PSS template and 0.3 μM RNAP.
Transcripts were labeled by inclusion of 1% (v/v) [α-32 P]GTP (3000 ci/mM, 10 mCi/ml; ICN).
ECs halted at +13 were formed by adding GTP, ATP, CTP and 3′-dUTP (0.5 mM) to reaction
mixes containing DS template at 0.1 μM and RNAP at 0.3 μM. In some cases NaCl was added
at concentrations indicated in individual figure legends. RNA synthesis was initiated by
addition of RNAP. Reaction samples were taken out at indicated time intervals as reflected in
the figure legends and quenched by addition of an equal volume of stop buffer (95% formamide,
20 mM EDTA, 0.01% xylene cyanol). Transcription products were resolved by electrophoresis
in 20% (w/v) polyacrylamide gels (19% acrylamide, 1% bis-acrylamide, 7 M urea) in 1X TBE
buffer and analyzed with a Molecular Dynamics Phosphorimager.
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DNA cleavage with Fe-BABE conjugated RNAP mutants
Fe-BABE [Iron (S)-1-(p-bromoacetamidobenzyl) EDTA] (Dojindo Laboratories) was
conjugated to cysteine substituted RNAPs as described 21. ICs halted at +4, +6, or +7, or ECs
halted at +13 were formed at room temperature in transcription buffer containing labeled DS
template at 0.01 μM and Fe-BABE conjugated RNAP at 0.03 μM. After a 10 min incubation
with varying NTP mixes to form complexes halted at different positions, cleavage was initiated
by addition of sodium ascorbate and H2O2 as described 21. Cleavage reactions were quenched
after 5 s by addition of one reaction volume of stop buffer (95% formamide, 20 mM EDTA,
0.1% xylene cyanol). Cleavage products were analyzed by electrophoresis in denaturing 15%
polyacrylamide gels (14.2% acrylamide, 0.8% bisacrylamide, and 7 M urea) and visualized by
phosphorimaging. Cleavage positions were mapped in reference to Maxam-Gilbert G+A ladder
prepared as described 29.

Template melting as assessed by KMnO4 foot printing
Transcription reactions were halted at +6 or +13 by inclusion of appropriate NTPs in
transcription reactions (with no DTT) containing labeled DS template at 0.1 μM and RNAP at
0.3 μM. KMnO4 was then added to a concentration of 1.5 mM and allowed to react for 1 min
before being quenched by addition of 1/10 reaction volume of 50% β-mercaptoethanol.
Cleavage of modified nucleotides was carried out as described25. In some experiments NaCl
was added to concentrations indicated in individual figure legends.

Measurement of EC stability
ECs halted +13 (EC13) were formed by adding 0.5 mM of GTP, ATP, CTP and 5μM of 3′-
dUTP in transcription buffer containing DS template at 0.1 μM and RNAP at 0.3 μM. After a
5min incubation at room temperature, heparin was added to 0.2 mg/ml to prevent re-initiation.
NaCl was then added to final conc. of 0, 100, or 800 mM and reactions were incubated for 2
hrs at room temperature. 30 μl of each reaction was then applied to a centricon ultrafiltration
unit (Amicon) with a 100 kD MW cutoff, and centrifuged at 12 K rpm for 5 min. The filtrates
and retenates were mixed with equal volumes of stop buffer and resolved by denaturing PAGE
(19% acrylamide, 1% bis-acrylamide, 7 M urea) in 1X TBE buffer and analyzed with Molecular
Dynamics Phosphorimager.
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Abbreviations used
RNAP  

RNA polymerase

nt  
nucleotide or nucleotides

T-strand  
template strand

NT-strand  
Non-template strand

IC  
Initiation complex

EC  
Elongation complex

Fe-BABE  
iron (S)-1-(p-bromoacetamidobenzyl)ethylenediamine-tetraacetate
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Figure 1.
Putative paths for up- and downstream DNA in the T7RNAP transcription complex. A:
Accessible surface representation of the T7RNAP EC (pdb 1MSW) with positively and
negatively charged regions on the RNAP colored blue and red, respectively, and the T, NT,
and RNA strands in cyan, green, and red. A cluster of positively charged residues (K711/K713/
K714: the ‘downstream positive patch’) that could interact with DNA 5–15 nts downstream of
the RNA 3′-end are indicated, as are 2 possible paths (arrows “1” and “2”) for DNA upstream
of the transcription bubble. B: The model from A rotated 90°, as indicated. Residues mutated
to allow mapping of upstream DNA interactions are labeled.
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Figure 2.
Effects of downstream positive patch mutation on DNA architecture in the T7RNAP IC and
EC. A: 5′-end labeled T strand cleavage patterns by RNAPs with Fe-BABE conjugated to
residue 711 and in which the RNA has been extended to 4, 7, or 13 nts, as indicated (“-”= no
cleavage control). Numbering of cut sites is relative to the +1 transcription start. Lanes 1–4:
Fe-BABE conjugated K711C RNAP; lanes 5–8: Fe-BABE conjugated K711C/K713E RNAP;
lanes 9–12: Fe-BABE conjugated K711/K713E/K174E RNAP. B: Surface representation of
T7RNAP EC colored as in fig. 1. The downstream DNA has been extended by 10 nts of duplex.
The positions of cuts generated by a conjugate at residue 711 (indicated) are highlighted in
magenta and numbered assuming the RNA 3′-end is at +13 relative to the transcription start.
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Figure 3.
Transcriptional activity of downstream positive patch mutants. A: KMnO4 probing of 5′-T
strand labeled promoters in complexes with RNA extended to 6 or 13 nts, as indicated (“-”=no
RNAP). Lanes 1–3: WT (“7-”20: designates that 7 of 12 endogenous cysteines have been
mutated to serines in this ‘WT’ and in all mutants used in this study); lanes 4–6: K711C/K713E;
lanes 7–9: K711C/K713E/K714E. B: Transcription reaction run for indicated times without
UTP so that transcript extension is limited to 13 nts. Lanes 1–6: WT (7-); lanes 7–12: K711C/
K713E; lanes 13–18: K711C/K713E/K714E. C: As in (B) but with GTP reduced from 500 to
20 μM to slow initiation. D. Plot of amount of 13mer vs. time for reactions carried out at high
(500 mM) GTP concentrations and fit to: A(1−e−kt), where A is the amount of 13mer at long
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time points and k is time constant for productive transcription initiation (as measured by
appearance of the 13mer). Black line: WT; Red line: K711C/K713E; Green line: K711C/
K713E/K714E; E: As in D, but with GTP at 0.02 mM.
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Figure 4.
Transcriptional activity of downstream positive patch mutants in the presence of 100 mM NaCl.
A: Multiple turnover runoff transcription reactions run for the indicated times (in seconds) on
a duplex synthetic promoter. Lanes 1–4: WT (7-); lanes 5–8: K711C/K713E; lanes 9–12:
K711C/K713E/K714E. B: As in A, but with a partially single-stranded (PSS) promoter that
lacks NT strand downstream of −5. C: KMnO4 probing of 5′-T strand labeled promoters in
complexes with RNA extended to 6 or 13 nts, as indicated (“-”=no RNAP).
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Figure 5.
Location of upstream DNA in the T7RNAP EC. A: Model of T7RNAP EC in which the EC
crystal structure has been extended by addition of 20 nts of duplex DNA upstream of the
transcription bubble and placed as suggested by ‘arrow 2’ in fig. 1. The model is colored as in
fig. 1, and the regions of DNA cleavage by Fe-BABE conjugates at residues 207, 239, or 133
(panel D) are highlighted in magenta and numbered relative to the RNA 3′-end. B: Model from
A rotated 60° as indicated and with the centers of strongest DNA cleavage by an Fe-BABE
conjugate at residue 407 (panel E) highlighted and numbered. C: As in B, but with the centers
of strongest DNA cleavage by an Fe-BABE conjugate at residue 412 (panel E) highlighted and
numbered. D: Cleavage on the T (lanes 1–3) or NT (lanes 4–6) strands by Fe-BABE conjugated
to residues 133, 207, or 239 as indicated. E: Cleavage on the T (lanes 1, 2) or NT (lanes 3,4 )
strands by Fe-BABE conjugated to residues 407 or 412, as indicated
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Figure 6.
Effects of mutations in upstream positively charged region on EC architecture and function.
A: Cleavage of 5′-end labeled NT strand by Fe-BABE conjugates to residue 412 in a WT (lanes
1–4), K407E (lanes 5–8), or K332E/K407E/K494E (lanes 9–12) background in transcription
complexes with RNAs 4, 7, or 13 nts in length, as indicated (lanes 1, 5, 9 are no cleavage
controls. B. Transcript patterns in multiple-turnover runoff transcription reactions run for 10
sec. (lanes 1, 4, 7), 1 minute (lanes 2, 5, 8), or 10 minutes (lanes 3, 6, 9) with WT (lanes 1–3),
K332E/K407E/K494E/K412C mutant (lanes 4–6), or K412C/K407E (lanes 7–9).
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Figure 7.
Effects of mutations in up- and downstream positively charged regions on EC stability. A:
Transcripts (13mers) retained (“R”) or freed (“F”) from halted ECs formed with WT (lanes 1–
6), K711C/K713E/K714E (lanes 7–12), K407E/K494E/K332E/K412C (lanes 13–18), or
K407E/K412E (lanes 19–24) mutant T7RNAPs in the presence of 0 mM (lanes 1, 2, 7, 8, 13,
14, 19, 20), 100 mM (lanes 3, 4, 9, 10, 15, 16, 21, 22), or 800 mM (lanes 5, 6, 11, 12, 17, 18,
23, 24) NaCl. B: Ratio of Free/Retained transcripts from the experiment in A plotted vs. enzyme
and NaCl concentration (error bars give ranges from n=2).
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