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Structural Transitions Mediating Transcription
Initiation by T7 RNA Polymerase

an ITC (Cheetham and Steitz, 1999), and of a complex
with T7 lysozyme (Jeruzalmi and Steitz, 1998) reveal
conformational changes in the thumb, fingers, interca-
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7703 Floyd Curl Drive lating hairpin, and C-terminal loop of the RNAP, and

proteolysis experiments (Sousa et al., 1992) and stericSan Antonio, Texas 78229
arguments (Temiakov et al., 2000) imply a significant
isomerization when the polymerase switches from initial
transcription to elongation. In addition to changes inSummary
protein conformation, changes in the configuration of
the nucleic acids in the transcription complex influenceDuring transcription initiation, RNA polymerases ap-

pear to retain promoter interactions while transcribing important steps in transcription. For example, RNA hair-
pin formation mediates termination at intrinsic T7 and E.short RNAs that are frequently released from the com-

plex. Upon transition to elongation, the polymerase coli RNAP terminators (MacDonald et al., 1994; Nudler,
1999; Palangat and Landick, 2001), and the ability ofreleases promoter and forms a stable elongation com-

plex. Little is known about the changes in polymerase T7RNAP to transcribe to �8 while maintaining promoter
contact appears to require that the template (T) strandconformation or polymerase:DNA interactions that oc-

cur during this process. To characterize the transitions “scrunch” into the polymerase (Cheetham and Steitz,
1999; Brieba and Sousa, 2001a).that occur in the T7 RNA polymerase transcription

complex during initiation, we prepared enzymes with Information from crystallographic studies regarding
these structural transitions is, however, limited, bothFe-BABE conjugated at 11 different positions. Addition

of H2O2 to transcription complexes prepared with because the available structures provide an incomplete
set of snapshots for what is likely to be a continuouslythese enzymes led to nucleic acid strand scission near

the conjugate. Changes in the cleavage sites revealed dynamic process, and because it is precisely the mobile
regions of a macromolecule whose conformations area series of conformational changes and rearrangements

of protein:nucleic acid contacts that mediate progres- sensitive to crystal packing contacts or the solution envi-
ronments used for crystallization. To understand thesion through the initiation reaction.
structural changes that occur in the T7RNAP transcrip-
tion complex as it progresses through initial transcrip-Introduction
tion and transits to elongation, we constructed polymer-
ases in which residues near the nucleic acid bindingDuring transcription from �1 to �8, RNAPs appear to

remain bound to promoter and frequently release short sites and/or on putatively mobile elements of the poly-
merase were mutated to cysteine. Each mutant wasRNAs from the initial transcription complex (ITC) (Car-

pousis and Gralla, 1980; Hansen and McClure, 1980; reacted with Fe-BABE, a reagent that conjugates to cys-
teines and contains a chelated Fe2� (Greiner et al., 1997).Martin et al., 1988). When the RNA reaches �9 nt, the

polymerase releases the promoter and moves down- Upon exposure to H2O2, the Fe2� generates OH·, which
cleave nearby nucleic acid. Cleavage positions ofstream as a stable elongation complex (EC) (Krummel

and Chamberlin, 1989; Ikeda and Richardson, 1986; RNAPs carrying Fe-BABE conjugates at single sites
were mapped on the T and nontemplate (NT) strandsStraney and Crothers, 1987; Mukhopadhyay et al., 2001;

Brieba and Sousa, 2001a). The stability and movement and RNA as the polymerase initiated transcription. The
changes in these cleavage patterns reveal how a con-of the EC can be interrupted by certain DNA sequences,

whose effects are often mediated by formation of spe- certed series of conformational changes and both small-
and large-scale rearrangements of protein:nucleic acidcific RNA secondary structures (Uptain et al., 1997; Mac-

Donald et al., 1993, 1994). contacts mediate progression through the transcription
reaction.Execution of a complex reaction like transcription

probably involves concerted changes in polymerase
conformation and nucleic acid configuration, and some Results
evidence for this has been obtained. For example, inter-
actions between E. coli core RNAP and � subunit cause Construction of a Cys-Minimized T7RNAP
a conformational change in the latter that unmasks its Interpretation of Fe-BABE cleavage patterns is simplest
DNA binding function (Gruber et al., 2001; Kuznedelov if the protein to be conjugated has a single, accessible
et al., 2002), and movements of the “crab claw” features cysteine. Since T7RNAP has 12 cysteines, we eliminated
of Taq and yeast RNAPs may be induced by contact 7 of these by consecutively mutating cysteines 530, 510,
with DNA or RNA (Zhang et al., 1999; Landick, 2001; 515, 347, 723, 839, and 125 to serine (the resulting en-
Palangat and Landick, 2001; Cramer et al., 2001; Mekler zyme was dubbed “7�”). The remaining cysteines are
et al., 2002). Comparisons of crystal structures of T7 buried, and mutating them reduced polymerase activity.
RNAP alone (Sousa et al., 1993, 1994), of a pro- Reactivity with DTNB corresponded to �2 cys per na-
moter:polymerase complex (Cheetham et al., 1999) and tive, wt RNAP (�12 cys per SDS-denatured RNAP), while

reactivity of the 7� polymerase with DTNB was less than
0.2 cysteines per RNAP, indicating that the cysteines in1Correspondence: sousa@biochem.uthscsa.edu
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based on the structure of an ITC with a 3 nt RNA (Cheet-
ham and Steitz, 1999), they would be expected to cleave
the RNA inside the T strand binding cleft, and/or the T
and NT strands near, and downstream of, the upstream
edge of the transcription bubble (Figure 2D, Down-
stream Conjugates). Cysteines were also introduced into
the promoter recognition loop (aa 740–770) at 764 and
745 and into the N-terminal domain (aa 1–310) at 153
and 303. Conjugates at these positions (and at an en-
dogenous cys at 723) should cleave DNA upstream of
the transcription bubble and might also cleave the RNA
after it emerges from the T strand binding cleft and
begins to exit the EC (Figure 2D, Upstream Conjugates).

Mutant polymerases conjugated with Fe-BABE were
used to cleave DNA in complexes to which NTPs
allowing RNA extension to 1, 4, 6, 7, or 13 nt were added.
Complexes with RNA 1–7 nt in length are denoted ITC1,
ITC4, etc. (ITC1 corresponds to adding only 3� dGTP to
the reaction), and the EC with the 13 nt RNA is EC13.
The ITCs are dynamic, with RNAs being continuously
synthesized and released, so the observed cleavage
sites could represent time- and population-averaged

Figure 1. DNA and RNA Cleavage by Fe-BABE-Conjugated Wild- composites of multiple states. However, kinetic studies
Type and Cys-Minimized (7�) Enzyme show that the slowest step in abortive cycling by
Lanes 1–14: ECs halted at �13 (lanes 2, 4, 5, 7, 9, 11, 12, 14) or T7RNAP is release of the transcript whose extension is
ITCs halted at �6 (lanes 3, 6, 10, 13) were formed with DNAs in halted by NTP limitation (Jia and Patel, 1997; Villemain
which either the 5� end of the T strand (lanes 2–7) or NT strand

and Sousa, 1998; Huang et al., 1999). The ITC popula-(lanes 9–14) was labeled with [�-32P]ATP, and with either Fe-BABE-
tions should therefore be dominated by complexes withconjugated wt (lanes 2–4, 9–11) or 7� (lanes 5–7, 12–14) enzyme.
RNAs of the specified length. A conjugate is referred toH2O2 was added to lanes 3, 4, 6, 7, 10, 11, 13, and 14, and cleavage

was mapped by reference to G�A ladders (lanes 1, 8). Cleavage by the number of the residue to which it is tethered.
positions are highlighted by vertical bars. Since cleavage by Fe-BABE is through diffusible OH·,
Lanes 15–22: ITCs halted at �7 (lanes 15–18) or ECs halted at �24 cleavage diminishes with distance to target with no
(lanes 19–22) were formed with 3� end-labeled RNAs and with either

sharp cut-off (Han and Dervan, 1994), and interpositionFe-BABE-conjugated wt (lanes 15, 16, 19, 20) or 7� (lanes 17, 18,
of protein or nucleic acid between the conjugate and21, 22) enzyme. H2O2 was added to lanes 16, 18, 20, and 22. Tem-
the target can block cleavage. For example, cysteinesplates were a duplex T7 promoter extending from �17 to �25 in

lanes 1–14, and a linearized plasmid (pPK7) containing a T7 promoter 385, 388, 393, and 394 are close in space, but sit on
in lanes 15–22. different faces of helix N of the thumb subdomain. Resi-

dues 385 and 388 are adjacent and face away from the
T strand binding cleft, while 394 faces into this cleft and

the 7� enzyme would be inaccessible to conjugation 393 occupies an intermediate position (Figure 2D). If the
with Fe-BABE. To see if the 7� enzyme would provide NT strand in the ITC lies outside the T strand binding
a suitable background for examining cleavage by Fe- cleft, it would be most accessible to cleavage by 385/
BABE, we compared cleavage patterns of Fe-BABE- 388 and inaccessible to 394. The NT strand cleavage
conjugated wt and 7� enzymes (Figure 1). The wt en- patterns of these conjugates bear this out. NT strand
zyme cleaves the T strand near �3 in an EC halted cleavage in the ITCs is strongest with 385 (Figure 2A,
at �13 (lane 4). It cleaves the NT strand in an ITC and lanes 1–4), followed by 388 (Figure 2A, lanes 6–9; re-
an EC near �10 and �4, respectively (lanes 10 and 11). duced cleavage by 388 probably reflects both greater
The wt enzyme also cleaves the 5� region of the RNA in distance and interposition of Y385 between 388 and the
an EC halted at �24 (lane 20). The 7� enzyme shows NT strand). NT strand cleavage is further diminished for
little cleavage in any of these complexes, and therefore 393 (Figure 2A, lanes 11–14) and is undetectable for 394
provides a suitable background in which to observe (lanes 16–19).
DNA or RNA cleavage by Fe-BABE conjugated to single An inverse relationship is expected for T strand cleav-
cysteines introduced into the RNAP. age, since 394 should cleave T strand inside the cleft,

while 385 and 388 should not (Figure 2D). This is borne
Cleavage Patterns of Fe-BABE Tethered out by the T strand cleavage, at least for ITCs 1 and 4.
to Introduced Cysteines In ITC1, 394 cleaves T strand at �4/�5 (Figure 2B, lane
T7RNAP is organized around a large cleft that contains 16). As the RNA is extended from 1 to 7 nt, cleavage
the active site and in which the T strand binds (Figure appears at more downstream positions (Figure 2B, lanes
2D). Surrounding this cleft are structures—the thumb (aa 16–19). Significantly, T strand cleavage by 394 at �4/�5
330–410) and fingers (aa 540–740, 826–883) subdomains persists even as cleavage at �3 (lane 17), �1 (lane 18),
and intercalating hairpin (aa 232–242)—that change con- and �1 (lane 19) develops in ITCs 4, 6, and 7, respec-
formation upon promoter binding (Cheetham et al., tively. This suggests that the �4/�5 nts are not moving
1999). Cysteines were introduced into these elements away from 394 even as more downstream DNA is moving

closer, i.e., it is consistent with the idea that the T strandat positions 239, 385, 388, 393, 394, and 644 where,
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is scrunching into the T strand binding cleft. On the lanes 4, 5, 9, and 10). This probably reflects polymerase
translocation, since cleavage shifts by a distance similaropposite side of helix N, 385 and 388 cleave T strand

weakly around �9 in ITCs 1 and 4 (Figure 2B, lanes 1, to the length of the RNA extension. However, cleavage
by 385/388 also increases in intensity in EC13, and on2, 6, and 7). This is consistent with the ITC3 structure

(Figure 2D), which reveals that the NT strand and interca- the NT strand a biphasic pattern of cleavage develops
with centers at appx. �6 and appx. �2. This biphasiclating hairpin protect T strand downstream of �8 from

OH· generated at 385/388, while T strand upstream of pattern is seen with 385, 388, and 393, though with 385
the �6-centered cleavage is strongest (Figure 2A, lane�10 is protected by NT strand and the promoter recogni-

tion loop, so that only �8 to �10 of the T strand would 5), with 393 the �2-centered cleavage is stronger (lane
15), and 388 exhibits similar intensities for both setsbe accessible to OH· generated at 385/388 (as sug-

gested by the red arrow in Figure 2D). However, in ITC6, cleavages (lane 10). These changes suggest that exten-
sion of the RNA from 7 to 13 nt is associated not simplycleavage at �9 diminishes or disappears, and cleavage

appears around �2 (Figure 2B, lanes 3 and 8), and then with translocation of polymerase, but also with a reorga-
nization of the transcription complex.shifts to �1 in ITC7 (lanes 4 and 9).

A change in the position of cleavage by any given Residue 239 is part of the intercalating hairpin, which
is important for promoter melting, and stacks betweenconjugate could reflect movement of the polymerase as

a whole, reorientation of DNA within the complex, or the T and NT strands on the �5 bp in ITC3 (Figure 2D).
Like 394, 239 faces the T strand binding cleft but is notconformational changes in the polymerase. Therefore,

assignment of changes in cleavage sites to specific as deep in the cleft (Figure 2D). Like 394, 239 cleaves
T strand at �4/�5 in ITC1 (Figure 2C, lane 1), and itsstructural transitions relies, at least in part, on subjective

considerations. In our analysis, conformational changes cleavage pattern lengthens by downstream extension
as the RNA extends from 1 to 7 nt (Figure 2C, lanes 1–4).were identified as instances in which cleavage by a given

conjugate changed in a manner distinct from that of However, 239 can also cleave the more downstream T
strand as it emerges from the ITC (Figure 2D, �5) andconjugates cleaving in the same regions, while changes

due to translocation or reorientation of the DNA were displays a second set of T strand cleavages between �6
and �14 in ITCs 4 to 7 (Figure 2C, lanes 2–4; failure toidentified as instances in which cleavage by several

conjugates changed in a concerted manner. For exam- detect such cleavage in ITC1 may reflect the fact that
the T7RNAP open complex is not fully stabilized untilple, the shift in T strand cleavage by 385/388 from �9

to �2 upon RNA extension from 4 to 6 nt is unlikely RNA synthesis begins; Brieba and Sousa, 2001b). These
cleavages shift as the RNA is extended from 4 to 7 nt.to reflect T strand translocation because cleavage by

upstream conjugates indicates that the �9 region of For example, 239 cleaves T strand between �6 and �11
in ITC4 (lane 2) and between �9 and �14 in ITC7 (lanethe T strand does not move during initial transcription

(Figures 2F and 2G). Further, this 7 nt shift in cleavage 4). Comparable shifts are not seen for 239 NT strand
cleavages, which extend from �4 to �6 in ITCs 1 throughposition is much larger than the 2 nt increase in RNA

length that accompanies it, and it also moves cleavage 7, though cleavage intensity varies as the RNA grows
(Figure 2E, lanes 1–4).by 385/388 from outside of the T strand binding cleft (T

strand �8/�9) to inside (T strand �1/�2), which is diffi- In EC13 the biphasic pattern of T strand cleavage by
239 disappears and is replaced by a single cleavagecult to reconcile with the structure in Figure 2D. This all

suggests that extension of the RNA from 4 to 6 nt causes site around �2 (Figure 2C, lane 5). Thus, while 239 in
ITC7 cleaves the T strand 0–3 and 13–17 nt downstreama conformational change in the thumb, probably a bend-

ing toward the RNA, as suggested by the blue arrow in of the upstream edge of the transcription bubble, in
EC13 it cleaves 3–7 nt upstream of the bubble. It isFigure 2D. This would allow OH· generated at 385/388

into the T strand binding cleft and would block OH· difficult to explain the loss of T strand cleavage down-
stream of the upstream edge of the bubble and appear-from reaching regions of the T strand upstream of the

intercalating hairpin. ance of cleavage upstream of the bubble, if the confor-
mation of the intercalating hairpin in EC13 is like that inIf the thumb bends upon RNA extension from 4 to 6

nt, a change in NT strand cleavage by 385/388 at this ITC3 (Figure 2D). This suggests that transition to elonga-
tion involves a conformational change in the intercalat-point is also expected. NT strand cleavage at �5 in ITCs

1 and 4 disappears or diminishes sharply in ITC6 (Figure ing hairpin.
Residue 644 is on the edge of the fingers subdomain,2A, lanes 1–4 and 6–9). This does not appear attributable

to NT strand translocation, since NT strand cleavage by which forms the side of the T strand binding cleft oppo-
site the thumb and intercalating hairpin and binds T393 (Figure 2A, lanes 11–14) or 239 (Figure 2E, lanes

1–4) hardly shifts as the RNA is extended from 1 to 7 strand near the RNA 3� end (Figure 2D). Changes in
cleavage by 644 indicate that transition to elongationnt. However, bending of the thumb toward the RNA

would block cleavage at �5 by interposing the interca- may also cause a change in the fingers subdomain con-
formation or interaction with DNA, since 644 cleaves thelating hairpin between 385/388 and NT strand �5 (Figure

2D). Since cleavage by 393 and 394 does not exhibit T and NT strands around �18 and �12, respectively, in
EC13 (Figures 2C and 2E, lane 10) but cleaves neitherthe same shifts seen with 385/388, this indicates that

the “hinge” in the bending of the thumb is between 388 strand in the ITCs (Figures 2C and 2E, lanes 6–9).
The upstream conjugates (303, 764, 745, 153, and 723)and 393.

Extension of RNA from 7 to 13 nt shifts T strand cleav- cleave DNA upstream of �5 in ITCs 1–7 (Figures 2F
and 2G). The static nature of the contacts between theage by 385/388 from appx. �1 to appx. �7 (Figure 2B,

lanes 4, 5, 9, and 10) and shifts the strongest cleavages polymerase and the �5 to �17 element of the promoter
during RNA extension from 1 to 7 nt is revealed by theon the NT strand from appx. �1 to appx. �6 (Figure 2A,
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Figure 2. DNA Cleavage by Fe-BABE Tethered to Introduced Cysteines

(A) Cleavage of transcription complexes with 5� end-labeled NT strand by conjugates at aa positions 385 (lanes 1–5), 388 (lanes 6–10), 393
(lanes 11–15), or 394 (lanes 16–20). The RNA length in the complex is 1, 4, 6, 7, or 13 nt as indicated at the top of each lane (a length of 1
corresponds to adding only 3�-dGTP).
(B) As in (A), but with 5�-labeled T strand.
(C) As in (B), but with conjugates at either 239 (lanes 1–5) or 644 (lanes 1–10).
(D) Crystal structure of a T7RNAP ITC with a 3 nt RNA (PDB # 1QLN). NT strand is dark blue; T strand is cyan; RNA is red; the promoter
recognition loop is tan; the thumb subdomain (aa 330–410) is red; the intercalating hairpin (aa 232–242) is green; the fingers flap (aa 586–620)
is cyan; and the positive patch (K711/713/714) is blue. Positions of Fe-BABE conjugation are yellow and are labeled (aa 723 is hidden; 764
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essentially invariant pattern of cleavage of the �9 to �12 strand:RNAP interactions (Brieba and Sousa, 2001a).
region of the NT strand in ITCs 1 to 7 (Figure 2F, lanes We therefore examined the effect of NTP binding on T
1–4, 6–9, 11–14, and 22), as well as by the T strand strand cleavage by 239 (Figure 3A). The cleavage pat-
cleavages centered at �14 and �6 (Figure 2G, lanes terns are discussed in reference to Figure 3B, which
1–4, 6–9, 11–14, and 16–19; a shift in the center of the �6 shows a superposition of the DNA from a T7RNAP:pro-
cleavage by 1–2 nt upon RNA extension from 1 to 6 nt moter structure (Cheetham et al., 1999) and ITC3 (Cheet-
may reflect stabilization of the transcription bubble). NT ham and Steitz, 1999). Also shown are the RNA and
strand cleavage of �9 to �12, and of the flanking regions the intercalating hairpin from ITC3. The �4-centered
of the T strand, is consistent with how the duplex pre- cleavage in ITC4 (Figure 3A, lane 1) is consistent with
sents either T or NT strand to face the upstream conju- the proximity of 239 to �4 of the T strand in ITC3 (Figure
gates (Figure 2D). OH· generated at 745 is also able to 3B). Scrunching of the T strand upon extension of the
reach T strand downstream of the RNA 3� end (Figure RNA gives rise to the downstream extension of the �4
2D, �5), so that 745 cleaves T strand between �8 and cleavage pattern seen in lanes 2 and 3. T strand cleavage
�14 in ITCs 4 to 7 (Figure 2G, lanes 12–14). As seen for between �1 and �5 is undetectable, perhaps reflecting
cleavage in the same region by 239, these cleavages the distance between 239 and the �1 to �4 region and
shift downstream as the RNA grows, indicating that this protection by RNA (Figure 3B). However, 239 does
region of the T strand is moving relative to the polymer- cleave T strand downstream of �5 (Figure 3A, lane 1),
ase even as contacts with more upstream DNA are im- reflecting how a bend brings the more downstream re-
mobile. gion of the T strand close to 239. Translocation of the

In EC13, cleavage upstream of �5 disappears (Figures T strand through the polymerase moves more down-
2F and 2G, lanes 5, 10, and 15), reflecting promoter stream DNA toward 239, leading to the shifts in the
release. However, if DNA upstream of the RNA were downstream (�5 to �14) cleavage patterns seen in lanes
similarly positioned in EC13 and the ITCs, we would 1–3. To determine how NTP binding affects transloca-
expect the upstream conjugates in EC13 to cleave tion, we added increasing concentration of the elongat-
somewhere between �6 and �9 (i.e., 7–22 nt upstream ing NTP to the 3�-dCMP-terminated ITC7 (lanes 3–7).
of the RNA 3� end, as seen in the ITCs). However, the Increasing [NTP] has no effect on cleavage at the up-
upstream conjugates do not cleave DNA upstream of stream (�4) site. However, the center of the downstream
the RNA in the EC. Instead, they cleave downstream of (�11) cleavages shifts downstream as [NTP] increases
the RNA, near �20 in the NT strand and �18 in the T

(addition of incorrect NTP had no effect, and NTP bind-
strand (Figures 2F and 2G, lanes 5, 10, and 15). It is

ing had no effect on NT strand cleavage; not shown). A
unlikely that binding to the end of the DNA by a second

net shift of �1 nt in lane 3 versus lane 7 is confirmedpolymerase can account for this cleavage because (1)
by the superimposed scans of the �8 to �14 regionsthe DNAs used here extend only to �25, so a polymerase
of lanes 3–7 (shown to the right of the gel). Translocationhalted at �13 would occlude all but 8 bp of downstream
of the T strand downstream of the RNA 3� end mayDNA from being bound by a second molecule; (2) this far
therefore occur when NTP binds, during which the �4downstream cleavage is seen only when NTPs allowing
to �1 segment doesn’t move. After NMP incorporation,formation of EC13 are present; and (3) addition of hepa-
the �1 to �4 segment must then “catch up” with therin to block nonspecific DNA binding had no effect on
more downstream element. During this cycle of discon-cleavage patterns (not shown). Finally, we carried out
tinuous translocation, T strand:polymerase contacts aresimilar experiments with 745 and 153 using DNAs that
likely to change, which may account for the NTP binding-extend to �30. If the far downstream cleavage were due
dependent changes in T strand KMnO4 reactivity.to end binding by a second molecule, use of a longer

DNA would shift this cleavage further downstream, but
Cleavage of RNA in the ITC and ECcleavage in EC13 was centered near �19, irrespective
Cleavage of RNA by the upstream conjugates is shownof the length of the DNA (not shown). Thus, the far down-
in Figure 4A (lanes 1–12) for an EC with a 24 nt RNA.stream cleavage in EC13 is attributable to the polymer-
Peak cleavage by 303 and 764 is at �10, though 764ase halted at �13. The observation that transition to
cleaves slightly upstream of 303 (lanes 2 and 4; number-elongation switches DNA cleavage by the upstream con-
ing refers to distance from the RNA 3� end with the mostjugates from upstream to downstream of the RNA 3�
3� nt numbered 0). Peak cleavage by 745 is at �8 (laneend further indicates that this transition involves a reor-
6), while cleavage by 153 and 723 is centered at �13ganization of the transcription complex.
(lanes 8 and 10), though 723 cleaves with reduced inten-
sity (lane 10). Conjugate positions are indicated in FigureDiscontinuous Translocation of Upstream
4C, on a display of the surface charge distribution ofand Downstream Regions of the T Strand
the polymerase. Strikingly, a positively charged grooveupon NTP Binding
is identified on the upstream face of the enzyme. RNaseNTP binding to the ITC alters KMnO4 reactivity of the

T strand, suggesting that NTP binding alters T protection, crosslinking, and KMnO4 reactivity indicate

and 393 are largely obscured). Numbering of the DNA is relative to the �1 start site, and numbering of the RNA is relative to the RNA 3� nt.
(E) As in (C), but with 5�-labeled NT strand.
(F) As in (A), but with conjugates at 303 (lanes 1–5), 764 (lanes 6–10), 745 (lanes 11–15), and 153 (lanes 16–20). Also shown is cleavage by an
Fe-BABE-conjugated enzyme from which four cysteines have been removed, but which retains a cys at 723 (lanes 21–23), and an enzyme in
which C723 was mutated to ser (lanes 24–26). H2O2 was added to all reactions except those in lanes 21 and 24.
(G) As in (F), but with 5�-labeled T strand.
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Figure 3. Effects of NTP Binding on T Strand
Cleavage

(A) T strand cleavage by 239 as a function of
RNA length and elongating NTP concentra-
tion. RNA length is specified above the gel
lanes. In lanes 3–7, the RNA is 3�-dCMP termi-
nated and the elongating NTP is present at
0.06 to 1.0 mM. Superimposed scans of
the �8 to �14 regions of lanes 3–7 are shown
to the right of the gel.
(B) Superposition of DNA and intercalating
hairpin from a T7RNAP:promoter complex
structure (PDB # 1CEZ) and a T7RNAP ITC
structure. DNA from the promoter complex
is light brown (T strand) and dark blue (NT
strand). DNA from the ITC is magenta (T
strand) and cyan (NT strand); RNA is yellow.
The intercalating hairpin is green, except for
residue 239, which is yellow.

that the RNA:DNA hybrid in a T7RNAP EC is 7–8 bp and 764 lie close to �10, with 764 slightly downstream
of 303. The asymmetric distribution of cleavage by 303/long, with �6 nt of single-stranded RNA binding to a

site located at least partly on the N-terminal domain 764 is readily understood, since downstream of �8 the
RNA would pass into the large cleft of the polymerase,(Temiakov et al., 2000; Huang and Sousa, 2000). The

positively charged groove identified in Figure 4C lies becoming inaccessible to OH· generated at 303/764.
The 745 and 153 cleavages are also readily interpretedmostly on the N-terminal domain and accommodates

�6 nt of RNA. If �8 to �13 of the RNA is modeled in in term of this model. The weak cleavage by 723 is
consistent with its distance from this putative RNA bind-this groove, with �8 at its downstream edge, then 303

Figure 4. RNA Cleavage

(A) RNA cleavage by 303, 764, 745, 153, 723, 385, 388, 393, and 394 in ECs halted at �24. For each pair of lanes, minus sign and plus sign
denote absence or addition of H2O2, respectively. RNA was 3� end labeled by incorporation of a single [�-32P]CMP at �1. Numbering denotes
distance from the RNA 3� end.
(B) RNA cleavage by conjugates at 239, 385, 388, and 644 in ITC7.
(C) Structure of T7RNAP ITC with surface charge potential colored blue for positive and red for negative. T strand is magenta and NT strand
is light blue. The phosphate ribose backbone of an 8 nt single-strand of RNA (in light pink) is modeled into a positively charged groove on
the upstream face of the polymerase. The positions of residues 153, 239, 303, 644, 745, 764, and 723 are labeled. A positively charged cluster
of three lysines (K711/713/714), which may interact with downstream DNA in the EC (see Discussion), is also indicated.
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ing groove, but it is not immediately apparent why 723
cleavage is strongest at �13, rather than at the closer
�9/�10. However, inspection of Figure 4C reveals that,
if RNA is bound in the groove, a wall of protein would
partially protect �9 to �12 from OH· generated at 723
(as suggested by the magenta arrow in Figure 4C). This
wall ends at the upstream edge of the groove, allowing
OH· a free path from 723 to �13 (suggested by the green
arrow). These data indicate that RNA from �8 to �13
binds in a positively charged groove flanked in its central
segment by 303 and 764, and by 745 and 153 at its
downstream and upstream edges, respectively.

Conjugates 385, 388, 393, 394, and 644 cleave RNA
in EC24 �5 nt away from the 3� end (Figure 4A, lanes
13–22). This is consistent with simple extension of the
3 bp RNA:DNA duplex in ITC3, as well as with structure-
function studies, indicating that in the ITC, 393 and 394
are near the RNA �5 nt away from the 3� end (Brieba
et al., 2001). Figure 5. AFM of Transcription Complexes

In ITC7, 239, 385, 388, and 644 also cleave RNA �5 (A) AFM image of 304 bp DNA molecules containing a T7 promoter
98 bp from one end.nt away from the 3� end (Figure 4B; failure to detect
(B) Images of ITCs with 6 nt RNAs formed with DNA from (A).cleavage by 393 and 394 may be due to the fact that
(C) Images of ECs with 13 nt RNAs formed with this same DNA.mutation of 393/394 increases RNA dissociation from

the ITC). Since this is similar to the positions of RNA
cleavage by 385, 388, and 644 in EC24, its suggests that

the DNA, had an average bend of 55� � 20� for ECs andthe position of the RNA:DNA hybrid in the transcription
59� � 30� for ITCs. The bends in ECs and ITCs arecomplex does not change markedly upon transition to
therefore similar and within the 40�–60� range previouslyelongation. However, cleavage by 385/388 intensifies in
estimated for the bend in a T7RNAP open complex (Uj-the EC, especially for 385 (Figure 4A, lanes 14 and 15),
vari and Martin, 2000).similar to the increase in 385/388 T strand cleavage

upon formation of EC13 (Figure 2B, lanes 4, 5, 9, and
10). Cleavage by 239 is strong in ITC7 (Figure 4B, lane Discussion
2), but is undetectable in the EC (not shown), paralleling
the disappearance of 239 cleavage of T strand within The cleavage patterns seen as T7RNAP initiates tran-
the transcription bubble upon transition to elongation scription are summarized in Figure 6. As RNA grows
(Figure 2B, lanes 4 and 5). from 1 to 7 nt, cleavages upstream of �4 do not shift

Finally, note that 385, 388, 393, 394, and 239 in Figures (Figure 6, Static), indicating that interactions with these
2 and 3 do not cleave the T strand region expected to regions anchor the polymerase even as more down-
hybridize with RNA. If this reflects protection by RNA, stream DNA threads through the complex. An exception
these same conjugates should cleave the RNA comple- is T strand cleavage by thumb residues 385/388, which
mentary to the protected T strand regions. This is con- shifts from �9 to �2 when the RNA is extended from 4
firmed by the RNA cleavage data. For example, 239 to 6 nt, and NT strand cleavage at �5 by 385/388, which
does not cleave T strand downstream of �1 in ITC7 decreases markedly at the same point. Since similar
(Figure 3A, lanes 3–7), but does cleave RNA opposite �1 changes are not seen for other conjugates that cleave
to �4 of the T strand (Figure 4A, lane 2), a cleavage upstream of �4, the changes in 385/388 cleavage are
pattern consistent with the location of the RNA in ITC3 most simply explained as due to bending of the thumb.
(Figure 3B). A similar change is seen in the thumb of DNAP I (KF)

upon binding primer-template (Beese et al., 1993).
While cleavages upstream of �4 are static during ini-AFM Indicates a Similar DNA Bend Angle

in the EC and ITC tial transcription, cleavage sites downstream of �5 (due
to 239 and 745) shift downstream as the RNA is extendedCleavage of downstream (�20) DNA in EC13 by up-

stream conjugates (Figures 2F and 2G) was unexpected. (Figure 6, Moving). T strand cleavage by 394 and 239 in
the region between the upstream edge of the transcrip-This could mean that DNA in the EC is bent more than

90� so that DNA downstream of the RNA would approach tion bubble (�5) and the RNA also changes as the RNA is
extended from 1 to 7 nt (Figure 6, Scrunching). However,the upstream face of the polymerase. To assess this we

used atomic force microscopy. Without polymerase, 0.3 unlike cleavages downstream of the RNA, cleavage pat-
terns in this region do not simply shift downstream, butkb DNA molecules containing a T7 promoter 0.1 kb from

one end were either straight or smoothly bent over a lengthen by downstream extension, consistent with the
idea that the T strand in this region scrunches into theshallow angle (Figure 5A). ITCs with a 6 nt RNA (Figure

5B) or ECs with a 13 nt RNA (Figure 5C) were formed transcription complex as the RNA is extended (Cheet-
ham and Steitz, 1999; Brieba and Sousa, 2001a).with this DNA and imaged in air. Sixty particles, chosen

from fields of either ITCs or ECs, based on the apparent The �1 and �3 bp in a T7RNAP ITC remain open as
RNA is extended from 1 to 7 nt (Place et al., 1999;presence of a polymerase �0.03 	M from one end of
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Figure 6. Summary of Cleavage Patterns

NT, T, and RNA are in red, green, and yellow, respectively. Cleavage ranges are indicated by horizontal bars and are stacked identically in
ITCs 1–7, but are labeled explicitly (by conjugate number) only in ITCs1, 4, and 7, as well as in EC13. Gray boxes in ITC6 and EC13 indicate
extent of RNAP footprint in those complexes (Ikeda and Richardson, 1986).

Brieba and Sousa, 2001a, 2001b) and as the size of (Figure 6, EC13). Among the latter are the increases in
T strand and RNA cleavage by 385/388, T and NT strandthe unwound region grows (Villemain et al., 1997). The

transcription bubble closes 1–2 nt downstream of the cleavage by 644 in EC13 (which does not cleave DNA
in the ITC), and appearance of NT strand cleavage byRNA 3� end (Huang and Sousa, 2000). The length of

unpaired NT strand must therefore grow as the RNA is 385, 388, and 393 upstream of the transcription bubble
(between �1 and �5) in the EC. Changes in cleavageextended from 1 to 7 nt, as shown in Figure 6. However,

this does not lead to translocation of the NT strand, at patterns due to conformational changes (rather than
translocation or DNA rearrangement) were assigned toleast not relative to 239 and 393, which cleave at similar

positions on the NT strand as the RNA is extended from instances where the cleavage positions of a conjugate
changed in a manner distinct from those of other conju-1 to 7 nt (changes in NT strand cleavage upon RNA

extension from 1 to 4 nt may reflect stabilization of the gates that cleaved in the same regions. This is sug-
gested for 239, which—like 385, 388, or 394—cleavesopen complex). A shift in the center of NT strand cleav-

age by 385/388 from �2 to �1 as the RNA is extended T strand within the transcription bubble in ITC7, and
which—like 385, 388, and 644—also cleaves RNA infrom 4 to 7 nt may reflect bending of the thumb (rather

than NT strand translocation) because such a bend ITC7 (Figure 6). In EC13, 385, 388, and 394 continue to
cleave the T strand at positions (relative to the RNA 3�would move 385/388 downstream along the NT strand,

and because the other conjugates that cleave in this end) similar to those seen in ITC7, and 385, 388, and
644 cleave RNA in the EC as they do in the ITC. However,region do not show similar shifts in their cleavage sites.

RNA extension from 7 to 13 nt results in several in EC13, 239 cleaves neither the RNA nor the T strand
within the transcription bubble, and T strand cleavagechanges in cleavage patterns, some of which can be

attributed to translocation, but many of which may not is, instead, directed upstream of the bubble, suggesting
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Figure 7. Structural Transitions during Transcription Initiation by T7 RNAP

(A) Structure of ITC3 with modeled T strand from �6 to �16 and NT strand from �3 to �16. The thumb (aa 330–410; red), intercalating hairpin
(aa 232–242; green), promoter recognition loop (aa 740–770; brown), fingers flap (aa 586–620; cyan), positively charged cluster (K711/713/
714; blue), and positions of Fe-BABE conjugation (yellow) are highlighted. RNA is red, T strand is blue, and NT strand is cyan.
(B) Modeled structure of ITC6.
(C) Model of an EC. Arrows indicate movements in DNA and protein accompanying progression through the initiation reaction. See text for
details.

that 239 participates in a conformational change upon To account for differences between the DNA cleavage
patterns of upstream conjugates (153, 303, 723, 745,transition to elongation. The most dramatic change upon

transition to elongation is loss of cleavage by the up- and 764) in the ITCs versus EC13, we suggest that upon
transition to elongation, DNA downstream of the tran-stream conjugates (153, 303, 723, 745, 764) in the region

upstream of the transcription bubble and simultaneous scription bubble bends toward the promoter recognition
loop (suggested by the blue arrow in Figure 7B), whileappearance of cleavage downstream of the bubble. Be-

cause this change involves all of the upstream conju- DNA upstream of the bubble bends away from the loop
(as suggested by the cyan arrow). This would maintaingates, including those on the promoter recognition loop

(745, 764) and N-terminal domain (153, 303), it is unlikely a similar DNA bend angle in the ITC and EC, as sug-
gested by AFM, but would cause loss of cleavage ofto be due to a conformational change in the polymerase

(though this cannot be ruled out), and may instead reflect the upstream DNA by the upstream conjugates and ap-
pearance of cleavage downstream of the RNA. It woulda change in how DNA is bound within the complex.

Figure 7 models a set of structural transitions that also explain the appearance of cleavage by 385, 388,
and 393 in NT strand upstream of the transcription bub-can account for the changes in cleavage patterns. The

starting point is the ITC3 crystal structure with NT strand ble, since movement of the upstream DNA away from
the promoter recognition loop would place this regiondownstream of �4 and T strand downstream of �5 mod-

eled in, based both on constraints imposed by the cleav- of the NT strand nearer to these residues (Figure 7C).
Like the bending of the thumb, placement of the up-age patterns and data on the size of the melted region

in the ITC (Figure 7A). As the RNA is extended from 3 stream DNA as shown in Figure 7C has precedent in a
DNAP I (KF) primer-template structure. In that structureto 6 nt, the T strand scrunches into the complex (sug-

gested by the wavy blue arrow in Figure 7A), and more (Beese et al., 1993), primer-template binds in a cleft
beneath the thumb that, in T7RNAP, is partially occupiedNT strand becomes unpaired and loops out (cyan arrow

in Figure 7A) but does not translocate across the poly- by the intercalating hairpin. Thus, the upstream DNA in
the T7RNAP and DNAP I ECs may bind similarly, themerase. The thumb also bends in, toward the RNA and

the template binding cleft (indicated by the dark blue major difference being that the former has an intercalat-
ing hairpin that forces DNA in this region to bind inarrow), hinging between 388 and 393.

When the EC forms, additional transitions occur. Resi- unwound form (Figure 7C).
In the EC13 used here, the RNA:DNA hybrid is, atdue 239 turns away from the T strand binding cleft and

downstream DNA, and toward DNA upstream of the most, 7 bp (Brieba and Sousa, 2001b). In Figure 7C, a
7 bp hybrid is modeled and �8 to �13 of the RNA istranscription bubble. As suggested by the red arrow in

Figure 7B, this could involve rotation of the intercalating placed in the positively charged groove identified in
Figure 4C. This constrains RNA from �7 to �9 to passhairpin by �90�. Increased T strand and RNA cleavage

by 385/388 upon transition to elongation might be due over the promoter recognition loop as indicated by the
labeled �7 nt in Figure 7C. This agrees with observationsto a conformational change that limits diffusion of OH·

out of the cleft. For example, movement of the fingers that RNA 8 nt from the 3� end crosslinks near 745 on
the recognition loop (Temiakov et al., 2000).“flap” (in cyan in Figure 7), as suggested by the purple

arrow in Figure 7B, could help trap OH· generated at The proposed structural transitions appear to be func-
tionally concerted. Bending of the thumb may make385/388 near the T strand and RNA, leading to increased

cleavage. room for the new position of the upstream DNA in the
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EC, and both bending of the thumb and rotation of the the concerted structural transitions seen here for a tran-
scription initiation reaction, should emerge.intercalating hairpin may make room for a 7–8 bp hybrid

in the T strand binding cleft, which has otherwise been
proposed to be constrained to �3 bp due to clashes Experimental Procedures
with the thumb and hairpin (Cheetham and Steitz, 1999).
Bending of the thumb may be driven by RNA:thumb Mutant Enzyme Preparation and Conjugation

Mutants were prepared as described (Brieba et al., 2001) and storedcontacts since the RNA appears to contact the thumb
in 20 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 5 mM DTT, 1 mM EDTA,when it reaches �5 nt in length (Brieba et al., 2001).
50% glycerol (storage buffer). Before conjugation, enzymes wereMovement of the fingers’ flap may help bend down-
exchanged into 20 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 1 mM EDTA,

stream DNA toward the promoter recognition loop. The 50% glycerol by gel filtration and diluted to 10 	M. Fe-BABE was
conformational changes in the thumb and fingers may added to 0.5 mM and incubated for 1 hr at 37�C. Unreacted Fe-

BABE was removed by gel filtration, and the conjugated enzymestabilize the EC. Strikingly, bending of the downstream
was stored in storage buffer (with 1 mM DTT) at �70�C. The percentDNA causes it to approach a cluster of positively
conjugation was determined from DTNB reactivity before and aftercharged residues (K711/713/714, Figure 7C), which may
conjugation.help orient the downstream DNA in the EC. Movement of

the upstream DNA away from the promoter recognition
Cleavage Reactionsloop may be a consequence and/or a cause of promoter
A synthetic template 42 bp in length with a consensus �17 to �6release, and may be important in keeping the elongating
T7 promoter and a T strand sequence from �7 to �25 of GGCenzyme from sticking to promoter-like sequences. T7
CTTAAGCTCGAGCGGG was labeled at the 5� end of either the T

RNAP is inhibited by T7 lysozyme, which causes a or NT strand. DNA and RNAPs were mixed at 0.1 and 0.3 	M,
change in polymerase conformation (Jeruzalmi and respectively, in 10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 6 mM MgCl2,

5 mM DTT, 2 mM spermidine (transcription buffer). NTPs were addedSteitz, 1998; Huang et al., 1999), including a change in
to 0.5 mM and reactions were incubated for 3 min at 37�C. Reactionsthe putative RNA binding groove. T7RNAP becomes
were split in two, and ascorbic acid and H2O2 were added to 1resistant to T7 lysozyme upon transition to elongation
aliquot to 10 and 25 mM, respectively. After 2 min, reactions were(Zhang and Studier, 1997), so it is possible that the
quenched and an equal volume of 95% formamide, 20 mM EDTA,

RNA binding in this groove inhibits the conformational 0.01% xylene cyanol was added. Reactions were placed in boiling
change caused by lysozyme binding. water for 5 min, placed on ice, and resolved by electrophoresis on

17.5% polyacrylamide, 0.8% bis-acrylamide, 7 M urea gels in TBE.Other interpretations for the cleavage patterns seen
RNA cleavage in the ITC used supercoiled pT7-7 (Brieba and Sousa,here could be offered. However, our models are con-
2001b), whose initially transcribed sequence (ITS) is GGGAGCUU,strained by biochemical and crystallographic data, and
as template. RNAP and template were mixed in transcription bufferwe have proposed a minimal set of reasonable structural
and incubated for 10 min at RT, followed by addition of GTP and

changes that can account for our cleavage data. Appar- ATP and a further 3 min incubation. Reactions were placed on ice
ent conformational changes were limited to structures for 2 min, followed by addition of 3�-dUTP and [�-32P]CTP. The

reaction was split in two. Ascorbic acid and H2O2 were added to(thumb, fingers, intercalating hairpin) known to be mo-
one aliquot, reactions were placed at 37�C for 1 min, quenched,bile by crystallography. Examination of cleavage in the
mixed with formamide loading buffer, and resolved on 20% poly-T and NT strands and RNA by a large number of conju-
acrylamide, 1% bis-acrylamide, 6 M urea gels. RNA cleavage in thegates provided crossvalidation. Thus, a discontinuous
EC used Bgl-II linearized pPK7 (RNA seq.: GAGGGAGGGAGGGAG-

change in T strand cleavage by 388 upon RNA extension GGAGACU; Mentesanas et al., 2000). Template and RNAP in tran-
from 4 to 6 nt coincided with an analogous change in scription buffer were incubated at RT for 20 min; GTP, ATP,

[�-32P]CTP, and 3�-dUTP were added and reactions were incubatedthe NT strand and was reinforced by observation of
for 4 min at 37�C. Reactions were split in two, and one aliquot wassimilar changes with the adjacent 385 conjugate. Inter-
reacted with ascorbate and H2O2 for 2 min at 37�C, quenched, andpretation was assisted by the high resolution of cleav-
resolved as described above. Reactions were also done with heparinage. For example, though 385 and 388 are directly adja-
added to 0.1 mg/ml after NTP addition. Gels were analyzed with a

cent on thumb helix N, the cleavage patterns of these Molecular Dynamics Phosphorimager.
conjugates are clearly distinct, and in Figure 3 we distin-
guish translocation of the T strand by, at most, 1 nt.

Atomic Force MicroscopyInvestigators attempting to understand macromolec-
pT7-5 (Tabor and Richardson, 1985) was digested with Fok I to

ular machinery increasingly confront situations where release a 304 bp fragment containing a T7 promoter 98 bp from one
direct structural data is limited to a small number of end. Gel-purified fragment was mixed at 10�8 M with 10�8 M RNAP

in transcription buffer with either 0.5 mM GTP and ATP (ITCs), orincomplete and irregularly spaced snapshots, but where
0.5 mM GTP, ATP, CTP, and 3�-dUTP (ECs). Reactions were incu-processes are likely to be continuously dynamic. Cleav-
bated 15 min at 37�C and diluted 1:10 with transcription buffer, andage by tethered chemical reagents can fill in the gaps
then 3 	l was pipetted onto freshly cleaved ruby mica. After 2 min,

in such processes and is complementary to energy the mica was rinsed with water, dried in a nitrogen stream, and
transfer approaches. In particular, structural changes imaged in air.
that may not involve movement across large distances,
but that mask or unmask cleavage sites (as seen when
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