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Transcription control at the melting step is not yet understood. Here, band shift, cross-linking, and
transcription experiments on diverse DNA probes were used with two bacterial RNA polymerase holoenzymes
that differ in how they regulate melting. Data indicated that both ¢°* and ¢”° holoenzymes assume a default
closed form that cannot establish single-strand binding. Upon activation the enzymes are converted to an open
form that can bind simultaneously to the upstream fork junction and to the melted transcription start site.
The key difference is that ¢®* imposes tighter regulation by creating a complex molecular switch at -12/-11;
the current data show that this switch can be thrown by activator. In this case an ATP-bound enhancer
protein causes ¢>* to alter its cross-linking pattern near -11 and also causes a reorganization of holoenzyme:
DNA interactions, detected by electrophoretic mobility-shift assay. At a temperature-dependent ¢”° promoter,
elevated temperature alone can assist in triggering conformational changes that enhance the engagement of
single-strand DNA. Thus, the two ¢ factors modify the same intrinsic opening pathway to create quite

different mechanisms of transcriptional regulation.
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Bacterial RNA polymerases function primarily in two
forms, in preinitiation complexes containing o factors
and in elongation complexes devoid of ¢. Recent struc-
tural advances (Zhang et al. 1999) have been merged with
genetics and biochemistry (for review, see Nudler 1999)
to give a view of the elongation complex. A comparable
level of detail is not yet available for preinitiation com-
plexes. However, the structure of the core enzyme and
recent advances from in vitro studies allow new models
to be proposed. These are badly needed to understand the
process of opening the DNA, which is a key point in
initiating transcription.

Both open preinitiation complexes and elongation
complexes contain a transcription bubble with melted
DNA. A structural channel exists in the core polymerase
that is believed to accommodate the melted DNA
(Zhang et al. 1999). The upstream entrance to this chan-
nel is of particular interest. It maps to approximately 10
bases upstream of the point of RNA synthesis and ap-
pears to have the potential to be occluded. This occlu-
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sion could conceivably be related to controlling the fill-
ing of the channel with the transcription bubble in pre-
initiation complexes.

Related models are also suggested from quite different
recent experiments on bubble formation in preinitiation
complexes using ¢’° holoenzyme. Two determinants
that may help form the transcription bubble are near this
same upstream location (Guo and Gralla 1998). One of
these is the unique double-strand-single-strand junction
that forms when base pair -11 melts. The other binding
determinant is the adjacent downstream nontemplate
DNA strand. Moreover, the connection between these
two determinants has been shown to be the location of
an inhibitory “gate” at position -10; when base pair -10
is melted, the nontemplate nucleotide at this position
inhibits binding to the upstream fork. This connector
position appears to coincide with the entrance to the
channel, which will be filled with the transcription
bubble.

Experiments with an alternate o factor indicate that a
related, but more complex, mechanism controls bubble
formation. o°* has no sequence similarity to ¢’° and dif-
fers also in that its promoters are strictly regulated at the
DNA-melting step (for review, see Merrick 1993). This
regulation occurs using a molecular switch involving o°*
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bound to a fork junction at the same location (Guo et al.
1999). In this case the complex is nonproductive in the
absence of activator. The complex uses -12 consensus
element and a template strand nucleotide and masks the
ability to bind the nontemplate single strand. Mutations
in the -12 region of the DNA or in the protein that de-
stroy the interaction with the -12/-11 fork junction un-
mask the nontemplate strand binding and yield unregu-
lated transcription (Guo et al. 1999; Wang et al. 1999).
Thus, in the wild-type system the switch stays off with-
out activator. In contrast, ¢’° forms of holoenzyme have
less strict opening requirements (see Helmann and de-
Haseth 1999). In this case the impediments to melting
are weaker and can sometimes be overcome at higher
temperatures without necessarily requiring the assis-
tance of activators.

A potential common thread in these opening mecha-
nisms is a requirement to overcome inhibition near a
common position to allow the establishment of a con-
tinuous interaction between the polymerase and the
DNA. This would involve the upstream fork junction
and the adjacent nontemplate strand. In principle this
would allow the channel to be filled and allow the active
site of the polymerase to engage the melted start site
region. In this paper we provide evidence to suggest ho-
mologous mechanisms of melting directed by these two
o factors, which have few sequence or regulatory fea-
tures in common. The data show that ¢°* activators can
help establish the missing interaction with the adjacent
nontemplate strand. In addition, studies with ¢’ holo-
enzyme show a temperature-induced series of conforma-
tional changes; these overcome the much weaker inhi-
bition at the same location and additionally assist in
engagement of the transcription start site. We discuss
the relevance of common mechanistic features to other
transcription systems.

Results

Premelted templates can be transcribed by ¢°?
holoenzyme alone when the -12/-11 fork junction
is not used

Prior experiments have shown that even though the
function of a ¢®* activator is to create a transcription
bubble, certain heteroduplex templates containing pre-
formed bubbles could not be transcribed without activa-
tor (Wedel and Kustu 1995). Subsequent binding studies
using fork junction mimics showed that the exact loca-
tion of the upstream junction within the bubble was very
important in determining how tightly ¢>* holoenzyme
binds (Guo et al. 1999). The tightest binding was to the
-12/-11 location, which was proposed to be important
for transcriptional silencing in the absence of activator.
The prior heteroduplex experiments (Wedel and Kustu
1995) had the -11 position as a terminal A:T base pair,
which would be interconvertible with the -12/-11 junc-
tion by the fraying of the base pair (favored at 37°C; see
Marky et al. 1981). The lack of unregulated transcription
could have resulted from the use of a template with a
junction that maintained proper regulation.

o factors and DNA melting

We tested unregulated transcription of a series of
closely related templates that differ in whether the -12/
-11 junction can be used. The templates were similar
except that the junction position was varied systemati-
cally with positions -10 through -13 constituting the
last base pair (Het-10-Het-13 in Fig. 1A). Het-10 would
require the unlikely fraying of 2 base pairs to expose the
-12/-11 junction (see Marky et al. 1981). Het-11 is analo-
gous to that used previously. Het-12 is the optimally
bound junction. Het-13 cannot form the optimal binding
junction, as base pair -12 is mismatched, although the
interpretation is complicated by the lowered binding as-
sociated with the loss of this consensus base pair. In this
set Het-10 and Het-13 give the least access to the opti-
mal binding junction.

Two protocols are used to detect transcription in the
absence of activator. Protocol I is the most stringent, as
the inhibitor heparin and nucleotides (but no activator)
are simply added together to transcription complexes un-
der closed complex conditions. If the complexes are not
properly engaged, they are inactivated by heparin and
will not transcribe. Protocol II is somewhat less strin-
gent in that 3 nucleotides are preincubated under closed
complex conditions before adding heparin and the miss-
ing nucleotide. This is less stringent because if the start
site can be engaged transiently, it may direct formation
of stabilizing short RNA before heparin is added. Control
experiments show that neither of these protocols leads
to detectable RNA synthesis on a true duplex template
in the absence of activator (Fig. 1B; see right panel duplex
“ds” lanes I and II compared with lane III performed in
the presence of activator). All templates transcribe in
control protocol III, which contains phosphorylated
NtrC and ATP. The results with Het-11 are consistent
with the prior heteroduplex experiment that used a simi-
lar template and protocol I (Wedel and Kustu 1995) and
also showed little unregulated transcription.

Using protocol I, Het-10 shows an order of magnitude
more transcription than Het-11 (Fig. 1B,C). Het-12 with
the optimally bound junction shows no signal. The sig-
nal from Het-13 is weak, but this is complicated by the
weak activated signal (owing to the loss of the consensus
-12 base pair). A similar result is seen using protocol II,
in which the Het-10 signal is nearly 40% of that seen in
the presence of activator. The Het-13 signal now be-
comes the second strongest, reaching 20% of the acti-
vated level. The Het-12 and Het-11 templates, with the
highest accessibility of the optimally bound junction,
show very weak unregulated transcription in both pro-
tocols. We infer that use of the optimally bound -12/-11
junction is correlated with the silencing of unregulated
transcription; when the junction is not used, as in Het-
10, premelting can lead to significant deregulation.
These effects on transcription mirror prior results show-
ing that only the Het-11 and Het-12 junctions could
properly restrict the single-strand binding activity of the
polymerase (Guo et al. 1999).

Prior work has studied the role of nucleotide se-
quences at the optimal junction. -12 is the critical posi-
tion; when the C:G base pair is changed, fork junction
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Figure 1. The effects of upstream fork junc-
tion location within heteroduplex template
on o°*dependent transcription. (A) The A
structures of DNA templates. The wild-type

duplex template is a 600-bp PCR product, N N | ==
which includes upstream NtrC binding NtrC Binding Sites GG GC Terminator
sites, a downstream termination site near

position +360, and glnAp2 core promoter se- crT G_I(;CA GATTT OigT'I'I‘AT CTTTTTTACGECE . . . . . . ..
quences (consensus GG and GC doublets at gnAp2: "TTUTUUUCY CAACCGTCTAAAGCGAAATAGAARAARTGCCGE . . . . oo .. ..
-24 and -12; the C is designated as -12 even

though the start site can vary somewhat at gtagaaaa

different promoters). The top (nontemplate) Het-10Top: = -------rmrmrmermmne s GCTT™ 7 TTeenenenncnnnens
strand sequences of the four heteroduplex HebT1 TP « v v ee e e e gepédtagasaag,
templates (Het-10 through Het-13) are A

shown with mutated sequences in lower Het-12Top: - -r-r-c-rermrmrmssssas G_EacgtagaaaaTT ----------------
case. The -12 consensus doublet is under- Aacgtagaaaa

lined, and the last base pair at the upstream Het-13 Top: - ---c-mermrmmmsmrnms " Thewvveaeaeees
junction is indicated with a filled triangle.

The bottom (template) strands of all the tem-

plates are the wild-type. (B) Transcription of

wild-type ¢°* RNAP on different templates B I Om I ImIm I I0Imr I I I Il I

using three protocols: (I) No activator, with

heparin added; (II) no activator, but ATP, wt -ﬁ #. 'd‘ e ! -
L Il 1 L !

CTP, and GTP are added for 20 min before

heparin and UTP; (II) activator is preincu-
bated and then the 4 nucleotides and heparin
are added. The autoradiographs for transcrip-
tion from the five templates using each of
these three conditions are shown. (C) Ratios
of transcripts for each template in B. (Light
bar) I/ITI; (solid bar) II/III. (D) Transcription
on Het-12 templates with different -11 non-
template nucleotides. (E) Transcription of
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amino-terminally deleted o°* RNAP (AN)
using protocol I on the indicated templates.
(F) Single-strand binding activity detected by
EMSA. The sequence of the parent probe
based on Rhizobium meliloti nifH promoter
is shown on the top with -12 and -24 con- E
sensus elements in bold. The most down-

stream C:G pair in bold is denoted as -12. A
mismatched adenine is introduced into the

bottom strand at —11. For wild-type (wt) lane

T-12, about 5% probe is bound, and about

50% probe is bound in AN, lane T+1. Each

probe designation refers to the position of

the terminal base on the top strand.

binding is weakened and deregulated transcription can
occur under certain experimental conditions (Wang et al.
1999). The strength of fork junction binding is also in-
fluenced by the identity of the unpaired nucleotide at the
nontemplate position -11. Binding is weakest with pu-
rines at this position and strongest with cytosine (Guo et
al. 1999). The effects of these changes on transcription
are not known and are explored in Figure 1D. The results
show that these secondary effects on binding do not lead
to detectable differences in either regulated or unregu-
lated transcription in the context of the heteroduplex
containing the optimal fork junction.

The silencing of unregulated transcription from the
optimal binding fork junction has been related to form-
ing a structure that masks the determinants needed for
binding the nontemplate single strand. The amino ter-
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minus of the protein plays a central role (Wang et al.
1995, 1997; Syed and Gralla 1997; Cannon et al. 1999;
Guo et al. 1999). Figure 1F shows that the identity of the
unpaired -11 nucleotide is not centrally important in
this regulation. When the base is removed to form an
abasic position, the presence of the downstream nontem-
plate strand still leads to lesser binding, showing that the
strand binding determinants remain fully masked (Fig.
1F, left; no lanes stronger than T-12). The overall inhi-
bition is much weaker than that observed previously (see
also Fig. 2B; cf. lanes T-12 and T-10 with the same lanes
in Fig. 1F, left). This shows that any unpaired nontem-
plate nucleotide at -11 leads to inhibition (also see Guo
et al. 1999). But the presence of a strongly inhibitory
adenine at -11 does not prevent the unmasking of the
nontemplate single-strand binding determinants when



the amino terminus of the protein is deleted (strong band
in T+1 lane in Fig. 1F, right).

Transcription data show that this ¢°* mutant directs
transcription of all heteroduplexes, even without activa-
tor (Fig. 1E). This includes Het-11 and Het-12, which
could not be transcribed in the absence of activator when
using intact o°* (see above). Taken together with prior
data, it appears that unregulated transcription is silenced
via the amino terminus of ¢°* interacting with a fork
junction at the precise junction location to enforce the
masking of single-strand binding activity.

Activator NtrC establishes a connection through
the -11 junction position

As just discussed, 0°* holoenzyme lacks a detectable in-
teraction with the nontemplate strand adjacent to the
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-12/-11 fork junction (Guo et al. 1999). This interaction
is a critical feature of open complex formation for o°
holoenzyme (Guo and Gralla 1998; Fenton et al. 2000). It
is possible that the o°* activators help establish the miss-
ing interaction with the adjacent nontemplate strand,
although this has not been shown. To learn if activator
could cause a dependence on downstream single-
stranded DNA sequences, we tested binding to a battery
of probes (Fig. 2A), with and without NtrC. One of these
(probe B-11; Fig. 2A, bottom left) showed the presence of
a new band in the presence of unphosphorylated NtrC
(Fig. 2A, see oval at right in bottom panel but not top
panel). Probe B-11 has the nontemplate strand exposed to
position -11 and, as discussed previously (above and
Markey et al. 1981), should include a population with
the terminal A:T frayed, creating an optimal binding fork
junction. This suggested that the NtrC-dependent band

Figure 2. The effect of NtrC on ¢**
RNAP binding to fork junction probes.
The parent probe shown is identical to
that used in Fig. 1F. (A) Effects of unphos-
phorylated NtrC on o°* holoenzyme bind-
ing to probes with different junction posi-
tion. The bound ¢>* RNAP band is indi-
cated with a bracket (the upper conformer
varies with the preparation of core used),
and a new complex of interest is marked
by a filled oval in the lower panel with
added NtrC. For lane B-11, about 40% of
the probe is bound in the activator-inde-
pendent band, and about 3% of the probe
is in the band indicated with the oval. (B)
The effects of top single strand sequences

-12 T

T on the formation of the new complex of
Boi: ~* interest (oval). Without heparin, about 5%
— probe is bound for lane T-12 in the activa-

tor-independent band and for lane T-7 in
the activator-dependent band. The differ-
ence between panels A and B for the acti-
vator-independent band is from different
- labeling position. (C) The effects of differ-
ent protein factors on complex formation.
The probe used has its junction at -12/-11
and the last 3’ top strand base at -7. (D)
Effects of nontemplate-stranded nucleo-

- ++—+

j‘i tide identity on NtrC-induced complex
E formation. A dash indicates an abasic site.

1 z' 314 s Other probes are based on the parent se-
>

quence.
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might form best on a probe with the last base pair at -12
and a mismatch at -11. This turned out to be true, and
the probe shown in Figure 1F was used in the next set of
experiments.

Figure 2B shows that the new binding of ¢°* holoen-
zyme induced by NtrC (see ovals in panels) requires the
presence of the nontemplate-strand segment that corre-
sponds to the previously undetectable o’%-like interac-
tion. -11 mismatched probe T-7 is bound very strongly,
but when the nontemplate strand is truncated, binding is
severely reduced (compare T-7 with probes T-8 and oth-
ers in the upper two panels of Fig. 2B). The strong bind-
ing is partially resistant to heparin (middle panel) and
reproducibly requires NtrC (lower panel). The data con-
firm that this binding requires the nontemplate strand to
position -7 and also is optimized by both unpaired bases
at -11 (lane T+7 in Fig. 2B differs from lane B-12 in Fig.
2A only by the presence of an added mismatched base on
the template strand). The lower panel confirms that
NtrC is required for the new pattern of strong binding.

Figure 2C confirms these factor requirements using
the optimal probe. Efficient binding requires all compo-
nents: NtrC, ¢°*, and core polymerase (Fig. 2C, lane 5).
The low level of complex formation seen in the absence
of core and ¢°* (Fig. 2C, lane 1) likely results from low-
level contamination of NtrC with holoenzyme; because
this experiment is performed in the absence of NtrC
binding sites, a very high concentration of this activator
is required to act from solution (North and Kustu 1997).

We tested whether the identity of the nucleotides pre-
sent on the nontemplate strand was important. With the
exception of a preference for an A:T or T:A at -11, these
nucleotides are not conserved among o°* promoters
(Wang and Gralla 1998). The identity of the nucleotides
from -11 to -7 is very important in the case of ¢’ in
which they are very highly conserved and bound as the
nontemplate single strand (Marr and Roberts 1997; Guo
and Gralla 1998). Figure 2D shows that two different
substitutions of the sequence of this strand have no dis-

Figure 3. The effect of NtrC on o* binding to fork
junction probes. (A) Effects of unphosphorylated NtrC
on ¢°* binding to the set of probes with differing length
of top strand and the last base pair at -12. The bound
¢°* band is indicated with an arrow. The upper bands of
bound o°* holoenzyme are indicated with a bracket and
a filled oval. In lane Holo, 15 nm o°* RNAP is the only
protein present with probe T-7. Proteins are present as
indicated below the figure. (B) Effects of ATP on the o°*
binding to junction probe in the presence of unphos-
phorylated NtrC.
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T-12

cernable effect on the formation of the NtrC-induced
band (right panel, cf. lanes 8 and 9 with the wild-type
sequence result in lane 7). Figure 2D, lane 9 uses a com-
pletely unrelated sequence, and lane 8 uses the wild-type
sequence with an abasic site at position -11. We note
also that the abasic site fork junction probe binds to the
holoenzyme in the absence of NtrC much better than
when a base is present (Fig. 2D, left, cf. lanes 4 and 2).
This confirms the prior inference (above) that the pres-
ence of a base in this position enhances inhibition of fork
junction binding. However, the results also show that
this base is not required to respond to NtrC to form a
new complex involving the nontemplate strand segment
from -11 to -7; this single-strand interaction appears to
be largely sequence-nonspecific for o°*.

Core polymerase and ATP are involved in establishing
the interaction with the nontemplate strand

The above experiments were performed with o>* holo-
enzyme. As NtrC apparently acts only on the ¢°* form of
holoenzyme, it is conceivable that its effects could be
felt on o°* alone. This is testable, as ¢°* alone can be
bound tightly to probes that contain fork junctions near
position -12 (Guo et al. 1999). Figure 3A, middle panel
(marked by arrow at right), shows the binding of ¢°*
alone to various probes. When a high concentration of
NtrC is added (Fig. 3A, right panel), the binding of ¢>* is
strengthened without change in the complex mobility
(Fig. 3, see arrow and cf. right with middle panel). We
note that this effect of NtrC does not involve the non-
template strand sequence near position -7. This can be
seen by comparing binding of probe T-7 with truncated
probes such as T-8 or T-9; there is no significant differ-
ence (Fig. 3A, arrow marking the right panel).

Thus, the experiment establishes two important
points: (1) NtrC can interact with ¢°* directly to enhance
binding to the fork junction, apparently by acting cata-
lytically, and (2) this effect does not require the nontem-
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plate stand. Point 2 differs from what is seen with holo-
enzyme, as confirmed by an internal control created by
the low amount of core present in the experiment of
Figure 3A (right panel). The upper band (oval) that was
shown (in Fig. 2) to require holoenzyme and NtrC is
clearly much stronger using probe T-7 compared with
T-8, T-9, and T-10 in the very same lanes in which ¢°*
alone binding (arrow) is equal for this set of four probes.
The data show one other difference between the ef-
fects of NtrC on ¢°* alone and on holoenzyme. Figure 3B
shows that ¢°* alone binding is not stimulated by ATP
(arrow), whereas the NtrC-induced holoenzyme binding
pattern is strongly stimulated (oval). Overall, the data
imply a dual effect of NtrC: (1) It strengthens ¢°* binding
to the fork junction region, and (2) it uses ATP to extend
strong binding of holoenzyme to the segment that in-
cludes the adjacent nontemplate-strand sequences.
Complete activation of transcription by NtrC requires
the hydrolysis of ATP (Weiss et al. 1991). But how ATP
binding and hydrolysis drive activation of promoter-
bound ¢°* RNAP is still not known. We explored how
ATP functions in the establishment of the new NtrC-
induced holoenzyme complex with the nontemplate
strand. Figure 4A shows the effects of three analogs of
ATP on formation of this complex. The most striking
result is that ADP can stimulate formation of this com-
plex by slightly more than twofold. This is quite signifi-
cant, even though it is approximately half the stimula-
tion seen by ATP. As ADP cannot be hydrolyzed, this
stimulation must be a consequence of its binding.
Other ATP analogs either have a very slight stimula-
tory effect (AMPPNP) or are strongly inhibitory (ATP~S).
This ATPyS inhibition does not simply remove the ef-
fect of ATP, but induces an actual lowering of complex
formation below the level in the absence of ATP. The

o factors and DNA melting

inhibition is unexpected in light of the ADP stimulation,
because ATPyS can substitute for ATP in many reac-
tions that do not require hydrolysis. In this system it
appears that the binding of ATP~S itself in the absence of
ATP causes the inhibition. It may be that the y-phos-
phate binding site has an important role in this new
single-strand binding activity, as indicated by the higher
stimulation of ATP compared with ADP and the inhibi-
tion by ATPyS. The interaction could be a prelude to a
subsequent hydrolysis step, which would be cleavage at
the y-phosphate site to produce ADP and phosphate.
Examples of ATPyS inhibition via binding rather than
hydrolysis are uncommon but not unique (Palleros et al.
1993). This interpretation is supported further because
NtrC is not phosphorylated and therefore should be lack-
ing in hydrolysis activity (Weiss et al. 1991; Austin and
Dixon 1992}, and ATP binding by NtrC is not affected by
phosphorylation (Rombel et al. 1999). Thus, the data in-
dicate that establishing the connection with the nontem-
plate strand uses ATP binding rather than hydrolysis.
This leaves unexplained where ATP hydrolysis comes
into play, but the data of Figures 2B and 3A present a
possibility. In both experiments the NtrC-induced com-
plex forms less well with probe T+1 than with probe T-7
(marked by ovals in both figures). Thus, the data suggest
that even in the presence of NtrC the segment down-
stream from -7 that includes the start site is difficult to
fully engage. Even when the complete system is used,
that is when NtrC is phosphorylated by carbamyl phos-
phate and ATP is present, the T+1 probe is still less well
bound than T-7 (Fig. 4B). Thus, it seems that we have
not yet replicated the full effect of NtrC activation on
these probes. As discussed above, one possibility is that
phosphorylated NtrC may trigger polymerase to engage
the nontemplate strand using ATP binding and in a sub-
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Figure 4. Effects of adenine nucleotides.
(A) Effects of different nucleotides on un-

+ATP/ Carbamyl Phosphate

phosphorylated NtrC-induced complex
formation (oval) using probe T-7 (see top).
The bar graph shows the relative binding
compared with the absence of nucleotide.
The strength of the NtrC-independent
complex (bracket) is not changed with dif-
ferent nucleotides. (B) Use of the complete
system with ATP and NtrC phosphory-
lated with carbamyl phosphate.
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sequent, as yet undetected, step hydrolyze the ATP to
trigger engagement of the start site. New types of experi-
ments using physiological phosphorylation procedures
and templates with physiological NtrC binding sites
may be required to replicate this effect.

We note that in both parts of Figure 4 and in all prior
experiments the NtrC-induced band does not behave as
expected for a direct supershift of adding NtrC to a fork
junction complex. That is, even though the strength of
the new band varies greatly, the increased intensity does
not occur at the expense of the holoenzyme band (see
bracketed region in all lanes in Fig. 4A,B). The role of NtrC
appears to be to induce formation of a new stable form of
holoenzyme bound to the fork junction probe. Two subse-
quent experiments, involving a different activator and pro-
tein-DNA cross-linking, support this hypothesis.

A different o°*-specific activator also helps to
establish the interaction with the nontemplate strand

We tested whether a second activator of ¢°* promoters
can induce a new binding pattern in conjunction with
the nontemplate strand sequence. For this purpose,
PspFAHTH is used, which has approximately two-thirds
the molecular weight of NtrC (Jovanovic et al. 1999). All
features of the results were similar for activator
PspFAHTH except that the new pattern of binding was
much weaker. Figure 5A shows that a new complex
forms in the presence of PspFAHTH on probe T-7 (right
panel, marked by an oval). Extending the sequences to
include the start site reduces binding (Fig. 5A, cf. lanes
T-7 and T+1). As was true for NtrC, the complex does
not form in the absence of activator (Fig. 5A, left panel)
or when the nontemplate strand is truncated (Fig. 5A,
right panel; cf. T-7 with T-8).

The mobility of this PspFAHTH-induced complex is
identical to that formed with NtrC (cf. oval marker po-
sition in Fig. 5A,B). It is also identical to the mobility of
a complex formed with ¢’® holoenzyme, which can open
DNA without activator (Fig. 5B); we showed previously
that the interactions with the nontemplate segment are
present in this o”° complex even though no activator has
been added (Guo and Gralla 1998). These comparisons
suggest, but do not prove, that when the polymerase as-
sumes the ability to interact with the nontemplate
strand, it changes conformation and migrates differently
in an electrophoretic mobility-shift assay (EMSA) experi-
ment. As discussed above, the lack of classical supershift
behavior also supports this interpretation. We have not
been able to directly rule out the presence of activator in
these complexes because even the most abundant shifted
complex would contain less than 10 pg of protein (in that
case, NtrC). Further evidence favoring a conformational
change comes from the chemical cross-linking and tem-
perature induction experiments presented below.

Chemical cross-linking shows that NtrC throws
the fork junction switch

To obtain independent evidence of the effect of NtrC on
interactions with the nontemplate -11 position, we ini-
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Figure 5. Effect of PspFAHTH on the formation of the new
complex. (A) Probe requirements using PspFAHTH (36 kD). (B)
Mobility comparisons in which the left lane contains NtrC (55
kD) on probe T-7 and the right lane uses ¢”° holoenzyme and an
analogous \ P’ probe with the last base pair at -12 and the top
strand to +1.

tiated chemical cross-linking experiments. In the first
experiment a probe was constructed that contained a UV
cross-linkable aryl azide group (Mayer and Barany 1995;
Lagrange et al. 1996) on the phosphate just upstream of
the -11 nucleotide on the nontemplate strand (probe I in
Fig. 6A). This probe was capable of forming the novel
EMSA complex in the presence of NtrC (a modified form
of probe T+1 used in prior figures). The presence of the
modified phosphate did not prevent formation of this
complex (data not shown). The chemical group is known
to react with protein upon UV irradiation. We detected
these complexes by radioactively labeling the DNA and
assaying for labeled DNA-protein complexes on SDS-
PAGE gels.

In this experiment ¢°* alone can be labeled by the
DNA in the autoradiograph of the SDS-PAGE experi-
ment (Fig. 6B, lane 1). Controls without protein or UV
irradiation did not show this band (data not shown). Re-
peated experiments show that the band is a closely
spaced doublet, with the intensity of the lower band be-
ing somewhat variable. When holoenzyme was used, the
same major o°* band appeared, as well as an additional
band with much slower mobility (Fig. 6B, lane 2). When
the complex was challenged with heparin before cross-
linking, only the ¢°* band remained (Fig. 6B, lane 3),
indicating that it is part of a specific interaction. The
upper band may represent the cross-linking of the large
core subunits (B/B’) in nonspecific, heparin-sensitive
complexes. We conclude that when holoenzyme binds
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Figure 6. Cross-linking to the fork junction probes. (A) Schematic of the probes used, with the X indicating the position of the UV
cross-linkable group, phenyl-azide. The bottom strand is identical in all probes and is nonradioactively phosphorylated. The top
strands are 5’ 32P-labeled. The sequence of the probe is shown in Fig. 1F. (B-D) Results of cross-linking. The components of each
reaction are listed below each lane. Where indicated, 20ng/ml of heparin is used to eliminate the top (8/8') band. PspF reactions used
10% of the holoenzyme amount and showed no B/B’. Experiment B was not run as long as C and D, and its three parts are from separate

experiments.

this probe, ¢ can become cross-linked to near -11 on
the top strand. This is consistent with the ability of ¢>*
to interact at this junction sequence as detected by prior
EMSA experiments (Guo et al. 1999).

In the next set of experiments NtrC and ATP were
included. The aim was to see whether the activator
would change the ability of ¢°* to cross-link with the
probe near -11. In Figure 6B, a comparison of lanes 3 and
4 (and lanes 16 and 21, Fig. 6D, in an experiment with a
longer electrophoresis time) shows the effect of NtrC/
ATP on cross-linking to the probe. The inclusion of
NtrC/ATP (Fig. 6B-D, lanes 4, 9, or 21 compared with
the respective controls in lanes 3, 13, and 16) leads to the
appearance of a new band higher on the gel. A band of
this intensity is not seen when NtrC/ATP alone is used
(Fig. 6B, cf. lane 5 with lane 4). Using a different probe
(IV), a shifted band can be induced by NtrC/ATP as well
as by the PspFAHTH activator (Fig. 6B, cf. lane 6 with
lane 7). The molecular masses of NtrC and PspFAHTH
differ by 20 kD, and the identical mobility shift indicates
that neither is likely to be cross-linked. Thus, NtrC/ATP
(and PspFAHTH) induces formation of a new cross-
linked species with the phosphate adjacent to 11 on the
nontemplate strand, almost certainly to the ¢°* subunit.

When the very same DNA sequence probe is used, but
with the cross-linker moved from near -11 to near -7
(Fig. 6A, see probe II), a contrasting result is obtained.
Now NtrC/ATP does not change the cross-linking pat-
tern (Fig. 6D, cf. lanes 18 and 22). We infer that NtrC/
ATP can induce a change in o cross-linking near the -11
position but not near the -7 position on the very same
DNA structure.

To learn if this NtrC-induced change at -11 requires
the nontemplate strand segment, as did the above EMSA
experiments, we assayed a truncated probe (see probe III
in Fig. 6A). This probe was identical to the parent
(chemical group near -11) but was truncated beyond po-

sition -10. This truncation eliminated the effect of NtrC
on holoenzyme in the EMSA experiments shown above.
The data show that the truncation also eliminates the
effect of NtrC/ATP in these cross-linking experiments
(Fig. 6D, cf. lanes 20 and 23). Thus, not only does NtrC/
ATP induce a change in how ¢°* interacts near -11, but
this change depends on the presence of the adjacent non-
template strand segment.

The unphosphorylated NtrC-induced presence of the
new (upper) band (see above discussion of Fig. 6D, lane
21) is strongly stimulated by ATP in the cross-linking
experiments (Fig. 6C, cf. lanes 9 and 10). Thus, the EMSA
and cross-linking experiments are in excellent agree-
ment. We conclude that NtrC and ATP induce a confor-
mational change near position -11 that allows a new
complex to form that relies on the adjacent nontemplate
strand segment.

Inhibition in ¢’° holoenzyme can be overcome
by temperature-induced conformational changes

In contrast with o°* holoenzyme, melting by ¢’° holo-
enzyme is not as tightly regulated. Some ¢”° promoters
do not need activators to form open complexes. The for-
mation of open promoter complexes by o’® holoenzyme
has long been known to be a temperature-dependent pro-
cess. One likely contribution to this has been thought to
be the direct use of thermal energy in melting apart the
base pairs of DNA. However, conformational changes of
RNAP-DNA complex are well documented (see Craig et
al. 1998). The requirement for an activator-induced con-
formational change in the o°* system and the existence
of a potentially blocked channel in the polymerase struc-
ture raise an additional possibility for ¢’°. Thus, we
tested the idea that the opening mechanisms by the two
different holoenzymes might involve a homologous un-
blocking via a polymerase conformational change. This
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could be induced by temperature for ¢’° and by activator
for o>,

As discussed above there are two types of interactions
that are thought to lead to melting in the o°* system.
These are: (1) creating a connected interaction between
the upstream fork junction and the nontemplate strand
and (2) allowing the active site to engage the melted start
site DNA. We assessed these interactions for ¢”° holo-
enzyme using DNA probes designed to measure each
process.

We consider first the connector effect, which was
shown on the A Py’ promoter to involve the -10 nontem-
plate strand nucleotide for ¢’° holoenzyme (Guo and
Gralla 1998). Because the melting behavior of the phage
T7 A2 promoter is better characterized (Nierman and
Chamberlin 1980; Severinov and Darst 1997), we re-
peated the experiment on this promoter. The result is
the same, in that probe T-10 is bound less well than the
probe T-11 (Fig. 7A, right panel at low temperature),
using the same low-temperature (0°C) EMSA conditions
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applied previously. These probes differ only in that T-10
contains the unpaired connector nucleotide, and the ra-
tio of bound T-10 to T-11 is a measure of the extent of
inhibition attributable to the connecting -10 nucleotide.
This inhibition is dependent on the -10 location, not the
identity of the -10 nucleotide (data not shown). In pre-
liminary experiments we found that this ratio depended
somewhat on experimental conditions; higher concen-
trations of heparin led to less binding but gave a greater
degree of inhibition.

The experiment was repeated at various temperatures
to assess whether a temperature-induced change could
lessen this inhibition. Both high and low concentrations
of heparin were used. An example of the effect of tem-
perature is shown in Figure 7A (right panels), where at
25°C the ratio of bound T-10 to T-11 is significantly
higher than at low temperature. Figure 7A (left) and Fig-
ure 7C show the data for the range of temperatures as-
sayed.

The data show that the extent of inhibition by the -10
connector decreases as the temperature is increased. The
relief of inhibition was never complete, and in the two
experiments the T-10/T-11 ratio never was higher than
0.7. The interesting point, however, is that a discrete
transition occurs near 10°C, in which the -10 position
inhibition is significantly relieved. This transition
should not reflect the melting of DNA, as the only dif-
ference between the two probes is the presence of an
additional unpaired nucleotide. Thus the temperature-
induced change should reflect a conformational change
in the polymerase. This change leads to partial relief of
the -10 position inhibition. It is possible that this is
analogous to the change induced by activator in the more
tightly regulated o°* system described above.

Next, we consider the engagement of the start site. In
the 0°* system we were unable to fully mimic the effect
of activator; recall that the requirement for the hydroly-
sis of ATP and the engagement of the start site were not
reproduced by EMSA. Because the o’° system does not
involve tight regulation by activator we speculated that
the engagement of the start site might be triggered by
increased temperature alone. Thus, we used two probes,
only one of which contained the start site region (probe
T+i). Figure 7B (right panels) shows that both probes are
bound by ¢’° holoenzyme as closely spaced doublets,
with the T+i probe favoring the lower band and the T-7
probe favoring the upper band. We are not certain of the
origin of the doublet nature of the binding; both are prop-
erly heparin-resistant and both require o’® and core.
However, it seems that the upper band simply represents
the same complex, but with heparin bound to it. That is,
Figure 7D shows that heparin induces formation of the
upper band, although not equally well on all probes or at
all conditions. We counted the two bands together in
assessing the effect of temperature.

The data show that probes T+i and T-7 are bound
about equally at low temperature but that T+i is favored
over T-7 at high temperatures (see Fig. 7B, right panels,
and Fig. 7C). The experiment was repeated over a wide
temperature range, and the ratio of binding to the two
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probes was calculated. Figure 7B, left, shows that tem-
peratures above 20°C induce a transition that allows in-
creased binding to the probe (T+i) containing the start
site region. As discussed above, the increased tempera-
ture has not been used to melt DNA, as the probes differ
only by the addition of unpaired nucleotides. We infer
that the ¢”° polymerase can undergo another conforma-
tional change that allows the start site region to be better
engaged. Thus, it appears that ¢’° polymerase can un-
dergo two changes: In one the fork junction is more eas-
ily connected to the nontemplate strand, and in the other
the downstream start site is more easily engaged. In the
following section we discuss the generality of promoter
recognition and melting using such processes for both
the ¢7° and ¢®* systems.

Discussion

Diverse mechanisms have been suggested to be capable
of contributing to promoter melting in prokaryotes and
eukaryotes. These include helicases (Tirode et al. 1999),
single-strand binding activities (Marr and Roberts 1997),
topoisomerases (Parvin and Sharp 1993), and fork junc-
tion binding activities (Guo and Gralla 1998). The cur-
rent data show that for diverse Escherichia coli RNA
polymerase holoenzymes, control of promoter melting
occurs by simple variations on a common theme. To
fully engage the transcription bubble, holoenzymes need
to establish a stable connected interaction between the
fork junction at the upstream edge of the bubble and the
melted downstream DNA. Initially o factors appear to
organize the polymerase into default conformations that
cannot support the single-stranded DNA binding; with-
out o, core polymerase binds both single-stranded DNA
and DNA:RNA hybrids readily (Sidorenkov et al. 1998).
The data suggest that ¢>* and ¢’° induce different re-
quirements for changing the holoenzyme from this de-
fault conformation, leading to different mechanisms of
activation.

The data show that determinants near position -11 are
prime foci for o-dependent regulation of DNA melting.
Early during promoter melting a -12/-11 fork junction
must be created, and this interacts with ¢°* (Guo et al.
1999) and ¢”° holoenzyme (Guo and Gralla 1998). Both
types of holoenzyme are inhibited initially from proceed-
ing with the required conformational changes, the inhi-
bition being very strong when directed by ¢>*. For ¢°%
activator relieves this inhibition. For ¢”°, elevated tem-
perature can promote the change, involving the —-10 po-
sition. The -12 to -10 region is coincident with the en-
trance to the proposed melted DNA channel in the struc-
ture of core polymerase (Zhang et al. 1999). This suggests
that different o factors can direct different types of regu-
latory mechanisms by facilitating different methods of
opening the channel to allow connection between the
upstream fork junction and the remainder of the melted
DNA.

Open complex formation by ¢”° holoenzyme

a’° promoters do not necessarily require activators, and
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when they do, the assistance can be either in promoter
binding or melting (isomerization) (McClure 1985;
Hochschild and Dove 1998). Open complex formation is
known to involve several intermediates and to involve
conformational changes in both the DNA and the holo-
enzyme (see Craig et al. 1998). In Figure 7 we detected
two conformational changes in the holoenzyme and,
most important, identified them as impacting specific
segments of melted DNA. These experiments involved
the T7 A2 promoter, at which open complex formation is
simply induced by elevated temperature (see Severinov
and Darst 1997). In this experiment temperature induced
the changes; one partially relieved the -10 position in-
hibition and the other assisted in the engagement of the
melted nontemplate strand covering the start site region.
It is important to note that these changes involved pre-
melted DNA. This suggests that the enzyme converts
from closed to open form and that the latter optimally
exposes single-strand binding determinants. The final
open complex includes the critical melted nontemplate
strand consensus sequence between -7 and -11 (Marr
and Roberts 1997; Guo and Gralla 1998). Together, these
conformational changes to the “open” form of the en-
zyme promote the connected interaction between fork
junction and start site that is required for stable tran-
scription bubble formation.

In this view o’° organizes the free holoenzyme pre-
dominantly into a closed form in which its single-strand
binding activities are not fully exposed. If DNA melting
begins prematurely, the nucleotide at -10 assists in
maintaining this closed conformation of the holoen-
zyme. For temperature-regulated promoters, elevated
temperature helps convert the enzyme from the closed
to the open form. For regulated promoters, the activator
could convert the enzyme to the open form (isomeriza-
tion) or enhance binding, allowing sufficient time for the
enzyme to undergo the change while in contact with the
DNA. Open complex formation occurs when the open
enzyme uses its newly revealed activities to bind the
single-stranded DNA.

Open complex formation by o°* holoenzyme
and other systems

o°* promoters are enhancer-dependent and are strictly
regulated at the melting step. Thus, the holoenzymes are
bound tightly in closed promoter complexes, which pro-
vide convenient activation targets for the looping en-
hancer proteins. Before this activation event, melting is
held in check by a proposed “molecular switch” that
uses determinants within the amino terminus of ¢ and
the region surrounding position -12 in the DNA (Guo et
al. 1999; Wang et al. 1999). As discussed above, the -12
and -11 locations cooperate with ¢°* to maintain a con-
formation in which the single-strand binding activities
of the holoenzyme are unavailable.

The current data show that activator throws this
switch by reorganizing how ¢>* interacts with the DNA
near this location, detected by EMSA and cross-linking.
These data and prior evidence of conformational changes
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in 0°* (Casaz and Buck 1997) indicate that activator trig-
gers a change in holoenzyme conformation to overcome
the transcriptional silencing associated with the hiding
of single-strand binding activities. This conformational
change allows binding to the adjacent nontemplate
strand sequences (Fig. 6, and supported by Figs. 2-5).
That is, in contrast to the o’° situation, interaction with
this element is only detectable when activator is present
(Fig. 2).

This conformational change in the enzyme, however,
is not sufficient to complete the connection to the un-
paired start site region. This final connection requires
changes involving the amino terminus of ¢°* (Wang et al.
1995; Cannon et al. 1999; Gallegos et al. 1999; Guo et al.
1999); mutation of this region allows partial engagement
of the start site even without activator (Fig. 1; Wang et al.
1995, 1997; Syed and Gralla 1997). One clue here is that
the activator-dependent establishment of the connected
interaction between the fork junction and the adjacent
nontemplate strand requires ATP binding but not hydro-
lysis (Fig. 4). As full open complex formation requires
hydrolysis, we speculate that hydrolysis can drive the
second enzyme conformational change that antagonizes
the effect of the amino terminus and allows the full con-
nection to be made to the start site region. This remains
speculative because we have been unsuccessful in mim-
icking this hydrolysis effect in vitro by EMSA. The use of
two such conformational changes to fully open the en-
zyme would also be closely analogous to the situation
described above for ¢’® holoenzyme. The main differ-
ence is that ¢°* has organized the holoenzyme so that
activator is strictly required to reveal the determinants
that bind tightly to melted DNA.

NtrC contacts o°* holoenzyme transiently and triggers
conformational changes (Popham et al. 1989). Our data
indicate that NtrC has multiple roles in the promoter
opening process. Most unexpectedly, it has two ATP hy-
drolysis-independent activities, one strengthening o°*
binding (Fig. 3) and one allowing use of the nontemplate
strand between -11 and -7 (Fig. 4). Thus, NtrC appears to
catalyze multiple conformational changes to open holo-
enzyme, and these changes direct single-strand DNA
binding from the upstream fork junction to the melted
start site.

As discussed above, changes in the conformation of
both holoenzymes critically involve promoter positions
-12—-10. In the case of ¢°* the presence of any base at the
-11 position helps prevent unregulated binding to the
nontemplate strand, as judged by the properties of abasic
templates (Fig. 2D). This location appears to be coinci-
dent with the channel entrance in bacterial RNA poly-
merase and is rich with both structural and functional
features. The location is proposed to act critically during
control of elongation and termination when the channel
is filled mostly with DNA-RNA hybrid (Mooney and
Landick 1999). We note also that eukaryotic polymerase
cores are quite homologous based on both sequence and
structural comparisons with bacterial cores (Woychik
and Young 1990; Fu et al. 1999; Zhang et al. 1999). Sev-
eral general transcription factors have regions of homol-



ogy with o factors (Hoffman et al. 1990; Ohkuma et al.
1991). Among the eukaryotic polymerases, some (pol II)
(Wang et al. 1992; Yan and Gralla 1999) require ATP, like
o°*, and the others do not (Kassavetis et al. 1992,
Lofquist et al. 1993), like ¢7°. The location of the up-
stream fork junction is similar for RNA polymerase II
and both bacterial holoenzymes (see Yan and Gralla
1999). If all the cores are built similarly, as predicted,
then this common mechanism in bacterial transcription
may simply show further interesting variations in the
more complex eukaryotic systems.

Materials and methods

Proteins

E. coli core enzyme and ¢’° holoenzyme are from Epicentre
(Madison, WI). Wild-type E. coli 6°* and amino-terminally de-
leted ¢ (Wang et al. 1997) and NtrC are purified as reported
(Moore et al. 1993). His-tagged PspFAHTH is purified by Shun
Lee as described (Jovanovic et al. 1999). ¢°* holoenzyme was
prepared by incubating ¢°* and core enzyme with molar ratio of
2.5:1 for 30 min on ice.

Heteroduplex templates

These are prepared using biotin-labeled DNA methods (Ring et
al. 1996). Mutated sequences are introduced into pTHS, which
contains the glnAp2 promoter. A 600-base pair segment is am-
plified by PCR using primers flanking the NtrC binding sites
and transcription terminator site. One of the two primers is 5’
biotin-labeled. The biotin-labeled primer corresponds to the se-
quence unwanted in the heteroduplex. PCR fragments from the
wild-type and mutant templates are mixed 1:1 in 20 mm NaCl
and 5 mm EDTA (pH 8.0) and heated to 100°C. The mixture is
slowly cooled to 65°C and is kept for 10 min at this tempera-
ture. Then it is cooled down to room temperature, streptavidin
is added to 0.3 mg/ml, and the mixture is incubated for 20 min
at 37°C before it is separated by 1% agarose gel. The unshifted
band is cut out and the heteroduplex DNA is recovered by the
glass milk method (Bio101, Vista, CA). The purified fragment is
checked by adding streptavidin, and no visible shift is detected.

EMSA

Promoter probes for EMSA assays were prepared as reported
(Guo et al. 1999). Mobility assays are as follows: Holoenzyme or
°* was added to a 10 ul reaction mixture containing 1x buffer
T (50 mm Hepes-HCI at pH 7.9, 100 mm KCI, 10 mm MgCl,, 0.1
mMm EDTA, 1 mm DTT, 0.05 pg/ml BSA, 2.8% PEG-8000, 6.0
ng/ul dIdC) with annealed promoter probe. For ¢”° holoenzyme,
25 ng/ul protein is incubated with 1 nm probe. After a 10-min
incubation at the desired temperature, 1 ul of Img/ml heparin is
added for 5 min before analysis by 5% PAGE (Minigel system,
Bio-Rad) with 1x TBE buffer, which is adjusted to the same
temperature as the reaction. The gel is run at 200 V in a water
bath kept at the desired temperature. The internal temperature
of the gel was monitored after the run and was slightly higher.
The signals are visualized and quantitated by phosphoimager.
For ¢°* holoenzyme, 7.5 nm protein is incubated with 1 nm
probe for 10 min at 37°C. When noted, 0.6 pm NtrC or 1 um
PspFAHTH is added, and the ATP concentration is 4 mm. The
pH of ADP (Sigma) is adjusted to near 7.0. Reaction mixture is

o factors and DNA melting

run at 300 V at room temperature. For the ¢°* alone assay, 0.2
1M protein is used.

In vitro transcription

Activated transcription (protocol III) is as follows: 50 nm o°*
RNAP is incubated with 2 nm DNA template, 0.6 um NtrC, 10
mm carbamyl phosphate, 4 mm ATP in 10 ul 1x buffer T with
0.7% PEG for 20 min at 37°C before 1 pl NTP-heparin mixture
(0.5 mm ATP, CTP, GTP each, 50 nm UTP, 0.2 uCi/ul [**Pla-
UTP and 100 pg/ml heparin) is added. This is incubated for 10
min at 37°C, followed by 6% PAGE with urea. RNA is analyzed
with a phosphoimager. For heparin-challenged unactivated
transcription (protocol I), NtrC is left out. In the alternative
unactivated transcription (protocol II), the above nucleotide
mixture without UTP and heparin is mixed with ¢°* holoen-
zyme and DNA in 10 pl 1x; buffer T with 0.7% PEG. This is
incubated for 20 min at 37°C before the UTP-heparin mixture is
added and is then continued for 10 min.

Cross-linking

Phosphorothioated oligodeoxyribonucleotides (Operon) are de-
rivatized with p-azidophenacyl bromide (Sigma) as described
(Mayer and Barany 1995), purified through a Sephadex G-50 col-
umn in 10 mm Tris-HCI (pH 7.5), 3*P-labeled, and annealed to
the complementary strand. Cross-linking assays are as follows:
Holoenzyme or 0°* is added to a 10 ul reaction mixture con-
taining 1x buffer X (50 mm Hepes-HCl at pH 7.9, 50 mm KCI, 10
mMm MgCl,, 0.1 mm EDTA, 1 mm B-mercaptoethanol, 0.05 ng/
ml BSA, 0.7% PEG) and derivatized annealed promoter probe.
Where stated, 1.2 um NtrC and 4 mm ATP are also added to the
reaction mixture. For the PspFAHTH reaction, 0.75 nM holoen-
zyme and 2 uMm PspFAHTH were used. Following a 10 min in-
cubation at 37°C, 0.5 pl of 0.4 mg/ml heparin is added and
incubated for an additional 5 min. The mixture is then UV-
irradiated at 365 nm for 4.5 minutes (1.08 J/cm?) (Lagrange et al.
1996) using a CL-1000L cross-linker (UVP, Upland, CA) and
loaded onto an 8% SDS-PAGE with SDS buffer and run at 200 V
at room temperature. Bands are analyzed by a phosphoimager.
Preliminary EMSA experiments showed that the derivatization
at the stated position did not inhibit appropriate DNA binding.
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