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The role of an upstream promoter interaction
in initiation of bacterial transcription
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The bacterial RNA polymerase (RNAP) recognizes promo-
ters through sequence-specific contacts of its promoter-
specificity components (¢) with two DNA sequence motifs.
Contacts with the upstream (‘—35’) promoter motif are
made by ¢ domain 4 attached to the flap domain of the
RNAP B subunit. Bacteriophage T4 late promoters consist
solely of an extended downstream (‘—10’) motif specifi-
cally recognized by the T4 gene 55 protein (gp55). Low
level basal transcription is sustained by gp55-RNAP
holoenzyme. The late transcription coactivator gp33
binds to the p flap and represses this basal transcription.
Gp33 can also repress transcription by Escherichia coli ¢”°-
RNAP holoenzyme mutated to allow gp33 access to the
p flap. We propose that repression is due to gp33 blocking
an upstream sequence-independent DNA-binding site
on RNAP (as ¢’° domain 4 does) but, unlike ¢°° domain
4, providing no new DNA interaction. We show that this
upstream interaction is essential only at an early step
of transcription initiation, and discuss the role of this
interaction in promoter recognition and transcriptional
regulation.

The EMBO Journal (2006) 25, 1700-1709. doi:10.1038/
sj.emb0j.7601069; Published online 6 April 2006

Subject Categories: chromatin & transcription; microbiology
& pathogens

Keywords: gene regulation; repression; RNA polymerase;
phage T4 gp33; promoter

Introduction

Promoter recognition by RNA polymerase (RNAP) is a key
step of gene regulation in bacteria. To begin transcription, the
initiating form of RNAP, the holoenzyme, which comprises
the catalytic core (subunit composition o,Bp'®) and one of
several promoter-specificity components (sigma subunits),
must first recognize a promoter among other DNA sequences
to form the initial, closed complex. The closed promoter
complex then isomerizes into the open complex, in which
~13 base pairs (bp) around the transcriptional start site
are melted (McClure, 1985; Record et al, 1996). The open
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promoter complex can begin RNA synthesis, but must
pass an additional checkpoint (of abortive initiation) before
engaging in productive transcript elongation. Each step of
transcription initiation involves multiple reaction intermedi-
ates and is subject to extensive and often tight regulation in
the cell (reviewed by Lloyd et al, 2001).

A majority of promoters for the most-studied holoenzyme,
containing the Escherichia coli primary sigma subunit c”°,
are defined by two hexanucleotide motifs located ~35 and
~10bp upstream of the transcriptional start site (+1)
(Harley and Reynolds, 1987). These promoters are recognized
through sequence-specific interactions of 6’° RNAP holoen-
zyme with DNA: an upstream interaction with the —35 motif
by ¢’ domain 4, bound to the RNAP core B subunit’s
flap (Murakami et al, 2002; Murakami and Darst, 2003);
and a downstream interaction with the —10 motif by o’
domain 2, bound to the RNAP core B’ subunit’s coiled
coil domain. Some promoters contain an extension of the
—10 motif (Kumar et al, 1993; Burns et al, 1999). These ‘—10
extended’ promoters do not require the —35 motif, and can be
recognized by holoenzymes that lack ¢”° domain 4 or the B
flap (Kumar et al, 1993; Kuznedelov et al, 2002).

During infection of E. coli with bacteriophage T4, tran-
scription of viral genes occurs in three stages, successively
engaging three families of promoters. T4 early and middle
promoters require RNAP holoenzyme containing c’°; late
promoters require a holoenzyme containing the T4-encoded
late promoter-specificity subunit gp55 (Stitt and Hinton,
1994; Williams et al, 1994; Brody et al, 1995). The 185
amino acid gp55 is a highly divergent member of the ¢”°
family, sharing only a limited similarity with 6”° core-binding
segments 2.1 and 2.2 (Gribskov and Burgess, 1986; Helmann
and Chamberlin, 1988; Lonetto et al, 1992). Gp55 also lacks a
o domain 4 equivalent. Accordingly, T4 late promoters con-
tain only a —10 motif with the closely adhered-to consensus
sequence TATAAATA, and have no additional sequence
determinants (Elliott and Geiduschek, 1984; Kassavetis
et al, 1986). In vitro, RNAP core and gp55 allow specific,
albeit low-level, basal transcription from T4 late promoters.
Two additional T4 proteins, the RNAP-bound gp33 and the
DNA-loaded sliding clamp, gp45, together greatly enhance
this transcription (Herendeen et al, 1990, 1992), facilitating
both the formation of the closed promoter complex and its
isomerization into the open complex (Kolesky et al, 2002).
Gp33 binds the RNAP core at its B flap (Nechaev et al, 2004),
and gp45 interacts with gp55 and gp33 (Sanders et al, 1997;
Wong and Geiduschek, 1998).

In the absence of the gp45-sliding clamp, gp33 represses
basal transcription from T4 late promoters (Williams et al,
1989; Herendeen et al, 1990). Here, we investigate the
mechanism of this repression in detail and show the follow-
ing: (1) Gp33 prevents RNAP binding to internal sites of
double-stranded DNA, but does not prevent interaction with
DNA ends. (2) Gp33 represses transcription only if present
before the T4 late promoter opens; even partial pre-opening
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of the promoter blocks repression. (3) Gp33 binds to the
upstream end of the open promoter complex, and remains
with, or can reattach to, the elongating transcription
complex. (4) Repression by gp33 is not restricted to the
gp55-RNAP holoenzyme; gp33 can also repress transcription
by the nonconjugate ¢’® holoenzyme when the interaction
of 67° domain 4 with the B flap is weakened by mutation. We
suggest that, like o domain 4, gp33 blocks an upstream,
sequence-nonspecific DNA-binding site on RNAP core but, in
contrast to o domain 4, gp33 does not replace it with a new
DNA interaction. We also discuss the role of an upstream
DNA interaction in promoter recognition and transcriptional
regulation.

Results

Gp33 prevents the formation of open complexes,

but does not inhibit transcription by preformed

open complexes

The first experiment examines the effect of gp33 on the
formation and stability of T4 late promoter complexes.
E. coli RNAP core and T4 gp55 were incubated with 125-bp
linear DNA containing a T4 late promoter (P23) to form open
complexes and promoter opening was monitored by KMnO,
probing (Figure 1A). When added to RNAP before DNA, gp33
prevented formation of open complexes (compare lanes 2
and 3 and lanes 5 and 6). In contrast, when added after
pre-incubating RNAP with DNA, gp33 did not affect already
opened complexes (compare lanes 2 and 4 and lanes 5
and 7), even if these were allowed to form for only 5min
(lanes 2 and 4).

Monitoring the formation of open complexes by DNase I
footprinting (in the presence of heparin, to selectively visua-
lize open complexes) yielded a similar result: gp33 prevented
the formation of open complexes (Figure 1B, compare lanes 1
and 3) but did not destroy already formed open complexes
(lane 4). However, gp33 did change the DNase cleavage
pattern of the preassembled, open promoter complex both
on the nontemplate strand (Figure 1B, compare lanes 2
and 4) and the template strand (Supplementary Figure 1),
generating a consistently observed change between bp —23
and —32 and diminishing protection upstream of bp —32.
These changes indicate that gp33 interacts with the open
promoter complex at its upstream end. This interaction is
specific, since gp33 had no effect on the DNase I footprint of
the open promoter complex assembled with RNAP core
lacking its gp33-binding site, the B flap tip helix (AFTH;
Figure 1B, lanes 5-7). The result is fully consistent with an
earlier finding that gp33 binds to the RNAP flap (Nechaev
et al, 2004), and suggests that the RNAP flap domain does not
participate in maintaining the open promoter complex.

Gp33 only blocks interaction with internal DNA sites

To determine whether attaching gp33 to the open promoter
complex alters its transcriptional output, open T4 late pro-
moter complexes formed as above were supplied with a
mixture of NTPs and heparin, enabling a single round of
transcription (Figure 2A). Transcription of this 125bp pro-
moter fragment yielded multiple discrete RNA products,
several of which exceeded the length of the template. These
transcripts can be divided into two groups (Figure 2A). The
lengths of one group of transcripts (estimated by comparison
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Figure 1 The effect of gp33 on T4 late open promoter complexes.
(A) Open promoter complexes monitored by KMnO, probing. RNAP
was combined with gp33, where indicated (Step 1), followed by
the addition of P23 promoter DNA, *?P-labeled on the transcribed
(template) strand and incubation for 5 or 20min, as specified.
Alternatively, gp33 was added to preformed open promoter com-
plexes (Step 2). DNA cleavage at T +2, —6, and —8, indicative of
promoter opening, is shown by asterisks. (B) Open complexes
monitored by DNase I footprinting. Complexes containing the
indicated RNAP were formed for 20 min, with gp33 added before
DNA (Step 1) or after open complex formation (Step 2), as indi-
cated. Heparin was added (to 100 pg/ml) for 30s prior to DNase
addition. Lanes A: A-sequence ladders; lanes 1: DNA without
protein. The DNA segment protected by the open promoter complex
is indicated by the vertical bar, with gp33-dependent changes
highlighted by striping.
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Figure 2 Gp33 prevents RNAP binding to internal DNA sites, but not to DNA ends. (A) Repression of transcription by gp33. Open complexes
were formed on a 125bp template containing a T4 late P23 promoter; where indicated, gp33 was added before DNA (Step 1) or after the
formation of the open promoter complex (Step 2). Transcripts originating at the promoter and DNA ends are identified as P and E, respectively,
and their predicted lengths are indicated in brackets. P1 and E1 are run-off transcripts; longer transcripts are products of template switching.
RM: labelled DNA recovery marker. (B) The effect of gp33 on nonspecific DNA binding, monitored by DNase I footprinting. The same 125 bp
P23 DNA was labelled in the nontranscribed (lanes 1-6) or transcribed (lanes 7-12) strands. RNAP core or gp55 holoenzyme was incubated
with DNA for 20 min at 25°C and treated with DNase I in the absence of heparin, except for samples for lanes 5 and 11, to which heparin was
added 30 s prior to DNase. Where indicated, gp33 was added to RNAP prior to DNA. The extent of DNA end that is protected by RNAP in the

presence of gp33 is shown by brackets.

with labelled single-stranded DNA markers that are not
shown) correspond to the run-off transcript (P1; 48nt)
and 48nt plus multiples of the template length (P(n+ 1)
(48 +125n) nt); these transcripts are presumed to have
initiated at the promoter and, for n> 0, to have been extended
by RNAP ‘switching’ from one template end to another
without releasing the nascent transcript. The lengths of the
second group of transcripts (E) correspond to multiples of the
template length (125n), indicating that these transcripts were
end-initiated. In the presence of gp33, promoter-originating
(P) transcription was repressed, as expected; in sharp con-
trast, end-initiated (E) transcription was not repressed by
gp33 (Figure 2A, lanes 1 and 2). There was no repression of
transcription by gp33 in control reactions containing the
AFTH holoenzyme (lanes 4-6).

The production of these ‘too-long’ P and E transcripts was
relatively insensitive to DNA concentration. In particular,
serial dilution from the standard assay concentration of
4-0.4nM DNA progressively reduced the extent of template
transfer by a factor of less than 1.4 (versus the expected
10-fold reduction if template switching had been exclusively
intermolecular). These observations suggest that the tem-
plate transfer had a substantial intramolecular component,
that is, that RNAP was able to ‘catch’ the other end of the
already engaged 125bp template. This is a somewhat
unexpected finding for a transcription template shorter than
the DNA persistence length (~150-175bp) and considerably
shorter than optimal DNA lengths for cyclic ligation (Shore
et al, 1981; Hagerman, 1988; Crothers et al, 1992; Kahn et al,
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1994; Bouchiat et al, 1999). On the other hand, the persis-
tence length of DNA is sensitive to the concentrations of
counterions and especially Mg>" (present in the reaction
medium at relatively high concentration), as well as sequence
(Crothers et al, 1992; Baumann et al, 1997) (this DNA is
A/T-rich and contains partly phased A,:T, tracts); the DNA
path in the elongating transcription complex is also sharply
bent (Kahn and Crothers, 1993; Rees et al, 1993); each of
these specific structural features would be expected to
make this relatively short DNA more compliant with cyclic
template switching.

We also noted that gp33 reduced the proportion of higher
molecular weight P and E transcripts (Figure 2A, compare
transcripts P1-E4 in lanes 1 and 3; see also Figure 5). This
result indicates that the apparent stimulation of transcripts E1
(lane 2) and P1 (lane 3) by gp33 was due to reduced template
switching during transcript elongation, and not to stimulation
of initiation (see also Figure 1A). These effects of gp33 were
seen with wild-type RNAP (lanes 1-3) but not with AFTH
RNAP (lanes 4-6), indicating that they require binding
of gp33 to the RNAP  flap, and implying that gp33 remains
bound to, or is capable of reattaching to, transcript-elongat-
ing RNA polymerase through interaction with its B flap.

When added to the preformed open complex, gp33
increased the production of P1 (promoter-initiated run-off)
transcripts that are shorter by 1 nt (Figure 2A, lanes 1
and 3). Primer extension revealed that the start site was not
changed (data not shown), and therefore that gp33 must have
affected the last step of nucleotide addition to the run-off
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transcript. The proportion of shorter P1 transcripts produced
by the AFTH enzyme was not affected by gp33 (lanes 4-6).

That gp33 inhibits promoter-initiated transcription but
not end-initiating transcription implies that it only prevents
RNAP binding to promoters, and not to DNA ends. To
monitor relatively weak, non-promoter DNA binding,
DNase I footprinting was carried out in the absence of the
heparin competitor (Figure 2B). RNAP core, alone or in the
presence of gp55, generated general protection of the 125bp
P23 DNA from DNase I cleavage (Figure 2B, lanes 2 and 4).
(The residual cleavage in lane 4 at positions —20, —21, and
~ —35is due to the gp55-dependent open complex formation,
as revealed by the addition of heparin to the reaction
(lane 5).) In the presence of gp33 (added before DNA),
protection from DNase I cleavage was lost everywhere, except
for an approximately 25bp segment at the labeled DNA end
(lane 3). The same result was obtained in the presence of
gp55 (conditions under which gp33 represses promoter-
specific transcription) (lane 6). Footprinting the other DNA
strand (lanes 7-12) showed that gp33 exerts its protective
effect at both DNA ends, indicating that DNA end-binding
by core or gp55 holoenzyme does not depend on a unique
DNA sequence.

That gp33 prevents RNAP binding to internal DNA sites
but not to DNA ends is consistent with an observation that
gp33 only partially inhibited transcription of promoterless
templates such as poly(dG-dC):poly(dG-dC) (Supplementary
Figure 2). Partial inhibition can be rationalized as inability to
block initiation at DNA ends (and possibly also single-strand
breaks, branch junctions, and other structural singularities)
while preventing internal initiation.

Gp33 represses transcription by a nonconjugate
¢ holoenzyme
Domain 4 of 67 is at a very large advantage in competing
with gp33 for occupancy of the RNAP core’s  flap because it
is tethered to the core by attachment of the rest of ¢’°, which
effectively greatly increases its local concentration. However,
gp33 does bind to ¢’ holoenzymes with deletions of, or
mutations in, 6’° domain 4 that weaken its interaction with
the B flap (Nechaev et al, 2004). The ability of gp33 to repress
transcription by these holoenzymes was tested with a variant
template in which a 6”° consensus extended —10 promoter
replaced the P23 promoter (Figure 3A). Gp33 had no effect on
transcription by the wild-type ¢’ holoenzyme, as expected
(Figure 3B, lanes 1-3), but did repress transcription by c*°
holoenzyme with two ¢”° region 4 point mutations that
weaken its interaction with the B flap (compare lanes 4 and
5), and by holoenzyme deleted for ”° region 4.2 (compare
lanes 7 and 8). As shown above for gp55 holoenzyme, gp33
did not repress promoter-specific transcription by any of the
67 holoenzymes when added to preformed open complexes
(Figure 3B, lanes 3, 6, and 9). Thus, repression of transcrip-
tion by gp33 is not restricted to its cognate gp55 holoenzyme;
it does not depend on any interaction with gp55 and appears
to depend only on the accessibility of the  flap on RNAP.
Similar to transcription by gp55 holoenzyme, end-initiated
transcription by these ¢’® holoenzymes was not blocked by
gp33 (E transcripts in Figure 3), and a comparable reduction
of template switching efficiency and 1-bp shortening of
the run-off product was observed, even for the wild-type
c’° holoenzyme (see the short-exposure inlay for the P1
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Figure 3 Transcription by o”° holoenzyme can be repressed
by gp33. (A) The sequences of the 126bp consensus extended
—10 (—10 Econ), and 125 bp T4 late (P23) promoter templates differ
only within the box-enclosed segment. Only the nontranscribed
strands are shown. (B) Single-round transcription on the —10
extended consensus promoter template with wild-type RNAP core
and the indicated 6”’-derivative holoenzymes was performed as for
Figure 2A. The bottom panel shows P1 transcripts in a shorter
exposure, to emphasize the 1 bp transcript shortening referred to in
the text. Transcripts indicated by (x), obtained with wild-type o”°
holoenzyme, are of unknown origin.

transcript in Figure 3B). These observations are compatible
with 6”° release from the elongation complex (Kapanidis
et al, 2005; Mooney et al, 2005; Raffaelle et al, 2005) or
with release of 6’ domain 4 from the p flap to make way for
gp33 attachment to the RNA chain-elongating transcription
complex.

Gp33 does not repress transcription from partially
opened DNA templates

The above experiments show that gp33 blocks initiation of
transcription at an early step. If binding to double-stranded
DNA were the sole step blocked by gp33, then bypassing it
by presenting templates containing a preopened promoter
should abolish repression. P23-derived templates preopened
at the promoter to varying extent (bp —13/-8; —13/-10;
—13/-12; —13; —11/-10, and -10), by changing the
sequence of the transcribed (bottom) strand, were used to
examine transcription in the presence or absence of gp33
(Figure 4). Each template gave rise to two run-off transcripts:
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the canonical 37 nt ‘R’ transcript, and a 70nt ‘L’ transcript.
Primer extension mapped the 5-end of ‘L’ transcripts tobp
—19 of the template strand (Figure 4, bottom). None of these
templates was transcribed by RNAP core in the absence of
gp55 (data not shown).

Preopening the transcription bubble strongly affected the
ability of gp33 to repress transcription. Even two mismatched
bp sufficed to abolish repression of T4 late transcription (R
transcript, Figure 4, compare lanes 7 and 8 and lanes 1 and
2). We noted that the production of the L transcript, unlike
the R transcript, did not become resistant to gp33 until 6 bp
were premelted (Figure 4, lanes 3 and 4). Since the formation
of the transcript was not specific to gp55 and also occurred
in the presence of ¢’ (data not shown), the basis of this
difference was not investigated further. We conclude that
preopening the promoter abolishes repression by gp33, in-
dicating that the upstream DNA interaction that is abrogated
by gp33 is only required at an early step of transcriptional
initiation, either before the promoter is melted or at the
nucleation of promoter melting.

Gp55- and ¢”° holoenzymes differ with respect

to non-promoter DNA binding

Although gp33 represses transcription of double-stranded
DNA by o’ and gp55 holoenzymes, the nonspecific
DNA-binding properties of ¢’°- and gp55 holoenzymes are
different. This was shown by a DNase I footprinting experi-
ment that examined binding to ~260bp DNA probes that
were identical to the T4 late and extended —10 (—10Econ)
promoter derivatives used above, except that they contained
an extra 136 bp at the upstream end. Footprinting was carried
out in the absence of heparin, that is, under conditions
allowing detection of unstable nonspecific interaction,
except as specified (Figure 5A). Under these conditions,
RNAP core (lanes 2 and 7) and gp55 holoenzyme (lanes 3
and 8) protected the entire length of both probes, and heparin

2 . 7 7 3 7y, E:
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R

-79 -30 —20 -10 r +37
* ®
‘ARAGAGCTCAGCACTATTACTGAGAGtataaataCTCCTGATACT
TTTCTCGAGTCGTGATAATGACTCTCatatttatGAGGACTATGACTT

L

Figure 4 Repression of transcription of heteroduplex DNA by gp33.
Top: Single rounds of transcription of 117 bp P23-based heterodu-
plex templates, with the extent of unpairing indicated above the gel.
Gp33 was added to free RNAP for reactions shown in the even-
numbered lanes. Leftward (L) and rightward (R) transcripts are
identified at the right. Bottom: sequence of the P23 promoter
template; nucleotide numbering is relative to the start of the R
transcript; the T4 late promoter is written in lower case; the region
changed to create mismatches is underlined; initiating nucleotides
of the L and R transcripts are in bold and are marked with arrows.
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Figure 5 Nonspecific DNA binding by ¢’ RNAP holoenzyme
derivatives. (A) Comparison of DNase I footprints of gp55- and
’%-RNAP holoenzymes binding DNA probes containing cognate or
noncognate promoters in the absence of heparin (except for lane 9).
Complexes were assembled on 260 bp DNA (extended upstream by
136 bp relative to the standard ~125bp DNA templates) containing
a consensus extended —10 (‘—10 Econ’) (lanes A and 1-5) or T4 late
(‘P23’) promoter (lanes 6-11), 5" end-labelled on the nontranscribed
strand. Lane A: an A sequence ladder; lanes 1 and 6: digestion
patterns for DNA. 67%y is the R541C/L607P double mutant. DNA
segments protected by RNAP in open promoter complexes are
indicated. (B) DNA-end binding by 6/°A1.1 holoenzyme, monitored
on 125bp P23 promoter DNA labelled in the nontemplate
strand. The extent of DNA end protected by RNAP is indicated.
(C) Transcription of the 126 bp extended —10 consensus promoter
template by RNAP core (lane 1), wild-type ¢°° (lane 2), and 67°Al.1
(lane 3) holoenzymes. Transcripts originating at the promoter (P)
and DNA ends (E) are indicated as in Figure 2A.
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exposed the footprint of the gp55-specific T4 late promoter
open complex (lane 9), as expected (see also Figure 2B). In
contrast, ¢’° holoenzymes (both the wild-type and the
7% domain 4 mutant) only protected the conjugate extended
—10 promoter (including its upstream region extending from
~bp —35 to —65, attributable to the o subunit C-terminal
domain), but did not protect the rest of the —10E probe (lanes
4 and 5). The ¢”° holoenzymes also did not protect DNA
containing the nonconjugate P23 T4 promoter (lanes 10 and
11). Thus, both gp55 and ¢”° holoenzymes form open com-
plexes on their conjugate promoters, yet are sharply different
in binding to non-promoter DNA. Accordingly, we did not
expect gp33 to have any effect on nonspecific DNA binding
by 67°A4.2 holoenzyme, and this is what was observed, with
the exception that, unlike RNAP core or gp55 holoenzyme,
7°A4.2 holoenzyme did not protect DNA ends even in the
presence of gp33 (Supplementary Figure 3).

Gp55 lacks recognizable amino acid similarity to domains
1, 3, and 4 of ¢°°, so it was anticipated that deleting one of
these domains from ¢’® would make the corresponding ¢”°
holoenzymes resemble gp55 holoenzyme in regard to non-
promoter DNA binding. Several ¢’° derivatives were tested,
including deletions of 7% domain 4.2 (61-565), all of ¢”°
domain 4 (51-516), as well as 6°° domains 3 and 4 (c1-448),
and none of the corresponding ¢”’° holoenzymes protected
non-promoter DNA from DNase I (Figure 5B and data
not shown).

Deletion of the 100 N-terminal amino acids of 6”° (domain
1.1), while not affecting the protection of internal DNA sites,
generated a holoenzyme that fully protected ~25bp at the
DNA end (Figure 5B, compare lanes 3 and 5); the DNase I
footprint of this holoenzyme was similar to that of RNAP core
or gp55 holoenzyme in the presence of gp33 (compare
Figure 5B, lane 5 with Figure 2B, lanes 3 and 6). Removing
all of domain 4 effected no further change (compare lanes 5
and 6). In accordance with these findings, ¢’°Al.1 holo-
enzyme was seen to have a much greater propensity for
end-initiated transcription (Figure 5C), indicating that region
1.1 of ¢’ competes for binding of double-stranded DNA
ends. A comparison of lanes 2 and 3 also suggests that DNA
end-binding by the 6"’Al1.1 holoenzyme effectively competed
for extended —10 promoter utilization.

Discussion

The role of the upstream DNA interaction in initiation
of transcription

We have demonstrated that gp33, the small bacteriophage T4
late transcription coactivator that binds to RNAP f flap,
represses transcription by preventing RNAP binding to inter-
nal sites on DNA. Gp33 also binds to RNAP in the open
promoter complex but, in contrast to its action on free RNAP,
without diminishing initiation of transcription. The results
indicate that the upstream DNA interaction that is blocked
by gp33 is essential during early steps of promoter opening
(possibly including promoter search) but is not essential
for maintaining the open promoter complex. This is consis-
tent with recent studies (Young et al, 2004; Niedziela-Majka
and Heyduk, 2005), which show that of the two interactions
of RNAP holoenzyme with the promoter, only the down-
stream interaction (with the —10 motif) is absolutely required
for promoter opening.

©2006 European Molecular Biology Organization
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The fact that gp33 blocks RNAP binding to double-
stranded DNA but not to DNA ends argues that RNAP
makes at least two separate contacts with DNA, and that
only one of these, the upstream contact, is blocked by gp33
(Figure 6A-C). RNAP core binds DNA nonspecifically and
with relatively high affinity; binding of 6”° to core reduces
the nonspecific general affinity of the resulting holoenzyme
for DNA, while dramatically increasing its affinity for
promoters (Hinkle and Chamberlin, 1972). ¢”° plays a dual
role in this process: it blocks nonspecific interactions of
RNAP core with DNA, and introduces two new DNA
sequence-specific interactions with precisely defined sites
on the RNAP holoenzyme surface (Figure 6D). Only a o
domain 2-equivalent domain is present in gp55 holoenzyme;
we suggest that the nonspecific, upstream interaction in
this holoenzyme is not blocked and, moreover, that it
remains essential for promoter binding. The sensitivity
of the 6”°A4.2 holoenzyme to gp33-mediated repression
suggests that it also possesses an unblocked upstream
DNA-binding determinant. Gp33 binds to the B flap, just as
o domain 4 does, and thus can be viewed as a T4 late analog
of o domain 4 that fills only one of the two domain 4
functions, blocking a nonspecific DNA interaction site in
RNAP core but without contributing a new DNA specificity
or affinity (Figure 6E and H).

These observations refine our view of the minimal DNA
requirements of the bacterial promoter. We suggest that the
sequence-specific interaction at the —10 site, and even
the extended —10 site, is not sufficient for establishing the
promoter complex, and that an upstream interaction with
DNA, perhaps near bp —30 to —40, is also required. The
interaction can be sequence-nonspecific in the context of
the 9bp o7° extended —10 motif (TGXTATAAT) or the 8 bp
T4 late motif (TATAAATA), which evidently contain enough
sequence information to define a promoter (Figure 6G). ¢”°
domain 4 and its paralogues impose sequence specificity at
this locus, but this is merely a ubiquitous adaptation (which
makes it possible to generate promoter diversity through
multiple ¢ paralogues) rather than a necessity imposed by
the structure of the multisubunit RNAP and the mechanism
of transcriptional initiation. The origin of the upstream inter-
action in RNAP core remains to be identified, although we
note that the B flap tip helix itself is unlikely to contribute to
this interaction, since AFTH RNAP core binds non-promoter
DNA similarly to the wild-type RNAP (data not shown).

Gene regulation in the T4 multiplication cycle hinges
on modifications of this upstream interaction. AsiA binds to
67% domain 4 (Adelman et al, 1997; Colland et al, 1998;
Severinova et al, 1998; Urbauer et al, 2001) and interferes
with sequence-specific binding of ¢”® holoenzyme to its
conjugate DNA —35 site; AsiA also serves as the adaptor
for attachment of MotA, which recognizes a T4 middle
promoter-specific 9bp site, the Mot box, centered on bp
—30 (panel F). AsiA and MotA together determine a switch
in promoter recognition by adapting 6’° domain 4 to a new
use (Ouhammouch et al, 1995; Hinton et al, 1996, 2005;
Lambert et al, 2004). In contrast, gp33 binds to the f flap and
represses transcription by occluding a required site for non-
specific interaction with DNA (panel H), and can also interact
with the topologically DNA-bound gp45 sliding clamp to
restore DNA interaction (Figure 6I). We argue elsewhere
that this restoration of upstream DNA confinement by gp45
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Figure 6 The role of the upstream interaction in initiation of transcription. Binding of RNAP core and various holoenzymes to double-stranded
DNA and DNA ends (panel C) is schematized. (+ ) marks complexes that can bind DNA, (—) marks complexes unable to bind DNA. The
horizontal double lines show DNA; white circles symbolize nonspecific DNA-binding sites on RNAP core (RNAP core itself is not shown).
U and D designate, respectively, upstream and downstream interactions with DNA that are available to the specified RNAP. Grey rectangles
represent promoter-specificity (o) subunits, with their promoter motifs and the cognate promoter motifs on DNA shown in the same color: red
for gp55, green for 6”°, blue for 6”° modified by AsiA and MotA, and black for sequence-nonspecific binding. Solid vertical lines denote RNAP-
DNA interactions; blocked interactions are shown by X. Gp33 is shown in yellow; AsiA, MotA, and their cognate MotA box in DNA in blue; the
grey circle in panel I symbolized the gp45 sliding clamp. (A) RNAP core binds DNA sequence nonspecifically. (B) Gp33 prevents RNAP core
binding to DNA by blocking the upstream interaction. (C) The upstream interaction is dispensable for DNA end binding. (D) Wild-type ¢”°
holoenzyme interacts with its cognate promoter through —35 and —10 promoter motifs. (E) Gp33 prevents 6”°A4.2 holoenzyme binding to
DNA. (F) Changing promoter specificity by modulating the upstream interaction by the accessory proteins AsiA and MotA. Kinking of the
sigma symbol represents the remodelling of 6”° domain 4 that is induced by AsiA and MotA. (G) T4 late basal transcription: gp55 holoenzyme
binds to DNA through two interactions, one specific and the other nonspecific; unlike 70, gp55 does not block the downstream DNA-binding
site on RNAP core (symbolized by placing the gp55 symbol below the DNA). (H) Repressed T4 late transcription: gp33 blocks the nonspecific
upstream interaction. (I) Activated T4 late transcription: DNA-loaded gp45 restores the upstream interaction; tethering of the sliding clamp in
the promoter is secured by interactions with the C-termini of gp55 and gp33 that are not indicated.

makes a large contribution to activation of T4 late transcrip- interactions of its domain 2 with DNA in the channel. In this
tion (NS and EPG, manuscript in preparation). regard, 6’ holoenzyme has been shown to track along DNA
(see also Guthold et al, 1999; Sakata-Sogawa and Shimamoto,
2004). It may be of interest to compare DNA tracking of ¢”°
holoenzyme and other holoenzymes, especially gp55- and
c°* enzymes.

Promoter finding by different forms of RNAP

o’%and gp55 holoenzymes differ in their interactions with
non-promoter DNA (Figures 5A and 6). In this regard, gp55
holoenzyme is more similar to RNAP core than to o”°
holoenzyme and can be viewed essentially as a core enzyme
that is endowed with an extra ability to form open complexes
at T4 late promoters. Deletion of 6”° domains 1, 3, or 4 failed
to produce a 6”° holoenzyme that binds DNA as promiscu-
ously as does the core enzyme (Figure 5B). We suggest that
domain 2 of ¢7° is responsible for this difference. It appears - o Y U
possible for RNAP core to bind double-stranded DNA through binding t? DNA .ends and gnd—orlglnatlng .transqlptlo.n 1s
its main channel (Vassylyev et al, 2002), which is likely to be fully COHS.ISteIlt Wlth that earlier work. DO;glaI.H 1.1 is unique
responsible, at least in part, for its nonspecific downstream Fo the primary sigma factors sugh ag o it would b? of
DNA interaction (Figure 6A-C). When o”° domain 2 binds to 1nter§st to knoW whether %lternat%ve sigma factors contain 'a
the ' coiled coil, it partially blocks the main channel fungtlonal substitute for c domaln.l.l and/or whether their
(Vassylyev et al, 2002) and replaces a nonspecific DNA con]ugat(.e holoen;ymes interact with DNA.ends. One .role
interaction within the channel with a sequence-specific inter- Of dgmaln 1.1 mlght be to prevent potentially deleterious
action outside the channel (Murakami and Darst, 2003). We bmdmg. of th? primary and most abupdapt holoenzyme
speculate that gps5 binds the P’ coiled coil (Wong and to partlglly single-stranded DNA, replication forks, and
Geiduschek, 1998) in such a way that gp55 holoenzyme DNA lesions.

does not restrict access of DNA to the main channel.

A role for ¢’° domain 1.1 in initiation of transcription

The highly acidic domain 1.1 of 6”° blocks direct c-DNA
interaction (Dombroski et al, 1992, 1993) and has been
proposed to act as a DNA mimic that is located in the
downstream DNA channel in free 67° holoenzyme (Mekler
et al, 2002). Finding that removing domain 1.1 enhances

This difference between nonspecific DNA binding by ¢”°- A post-initiation role of gp33
and gp55 holoenzymes points to two disparate modes of DNA Transcription of linear DNA yields RNA molecules whose
scanning by RNAP. We speculate that while ¢”® holoenzyme lengths exceed the span of their templates. This common
may scan DNA through interactions with o domains 2 and 4 observation is commonly ignored, but Nudler et al (1996)
outside the channel, gp55 holoenzyme may do so through showed that RNA polymerase can continue to elongate RNA
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by engaging a new DNA template upon reaching the end of
the first one. The efficiency of this process is remarkably high
in our experiments, and analysis indicates that intramolecu-
lar template recycling contributes to it. Gp33 reduces tem-
plate switching and recycling by wild-type RNAP but not by
AFTH RNAP and affects the addition of the last nucleotide
at run-off transcription. We propose a single explanation for
both effects: gp33 facilitates the relatively slow process of
disassembly of the transcription complex at template ends.
Our results indicate that gp33 is capable of associating with
RNAP that is elongating RNA or transiently stalled during
template switching. This result is not at odds with the
proposed obligatory release of 6’° domain 4 from the p flap
by emerging nascent RNA upon promoter escape (Murakami
and Darst, 2003; Nickels et al, 2005) because gp33 and ¢”°
domain 4 might not occupy the same space on RNAP core.
It may also be relevant that gp33 binds to the f flap more
strongly than does the isolated ¢’ domain 4 (e.g., gp33-core
complexes are readily isolated by native gel electrophoresis
and ¢”° domain 4-core complexes dissociate (Nechaev et al,
2004; unpublished observations)). It remains to be seen
whether gp33 binding to elongating RNAP contributes to
the shift from o”’’-dependent T4 middle, to gp55-dependent
late transcription.

Materials and methods

Plasmids

Plasmids for overproduction of untagged E. coli 6”° derivatives Al.1
(amino acids 100-613), Al1.1,4 (amino acids 100-516), and the wild-
type protein (amino acids 1-613) were constructed by cloning the
corresponding 6”° ORF segments in pET21b using primers provid-
ing Ndel and Xhol restriction sites, as described or referenced
(Kolesky et al, 1999). An expression plasmid for N-terminally Hisg-
ta%ged 7% R541C/L607P (two mutations that impair attachment of
o domain 4 to the RNAP core) (Gregory et al, 2004) and the
corresponding wild-type 6”° was kindly provided by A Hochschild,
and a coexpression plasmid for RNAP core subunits o, ' (with a
C-terminal chitin-binding domain) and B (A900-909) (with an
N-terminal Hisg tag) (Toulokhonov and Landick, 2003) was kindly
provided by I Toulokhonov and R Landick.

Protein and DNA

The preparation of gp55, gp33, and E. coli RNAP C-terminally Hise-
tagged in the B’ subunit has been described or referenced (Kolesky
et al, 1999). Untagged ¢’° and derivatives were overproduced in E.
coli BL21(DE3) and purified from inclusion bodies, dissolved in 7 M
urea-containing denaturing buffer and dialyzed against storage
buffer (50% (v/v) glycerol/40 mM Tris-HCl, pH 8.0/200 mM NaCl/
1mM DTT/1 mM EDTA) to final protein concentrations of ~50 uM,
as described by Kolesky et al (1999) for preparation of untagged
gp55. 6°°A4.2 (amino acids 1-565) was a generous gift from L
Minakhin and K Severinov. Duplex DNA templates for transcription
were prepared by PCR amplification using Vent DNA polymerase,
with plasmids containing the T4 gene 23 late promoter (P23) or a
consensus extended —10 promoter. The 125bp T4 late promoter
fragment (bp —77 to + 48, relative to the transcriptional start site as
+ 1) was PCR-amplified out of the previously described plasmid
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