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In bacteria, association of the specialized sN protein with the core RNA polymerase subunits forms a
holoenzyme able to bind promoter DNA, but unable to melt DNA and initiate transcription unless acted on
by an activator protein. The conserved amino-terminal 50 amino acids of sN (Region I) are required for the
response to activators. We have used pre-melted DNA templates, in which the template strand is unpaired and
accessible for transcription initiation, to mimic a naturally melted promoter and explore the function of
Region I. Our results indicate that one activity of Region I sequences is to inhibit productive interaction of
holoenzyme with pre-melted DNA. On pre-melted DNA targets, either activation of sN-holoenzyme or
removal of Region I allowed efficient formation of complexes in which melted DNA was sequestered by RNA
polymerase. Like natural pre-initiation complexes formed on conventional DNA templates through the action
of activator, such complexes were heparin-resistant and transcriptionally active. The inhibitory sN Region I
domain functioned in trans to confer heparin sensitivity to complexes between Region I-deleted holoenzyme
and pre-melted promoter DNA. Evidence that Region I senses the conformation of the promoter was obtained
from protein footprint experiments. We suggest that one function for Region I is to mask a single-strand
DNA-binding activity of the holoenzyme. On the basis of extended DNA footprints of Region I-deleted
holoenzyme, we also propose that Region I prevents RNA polymerase isomerization, a conformational change
necessary for access to and the subsequent stable association of holoenzyme with melted DNA.
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RNA polymerases (RNAPs) are key targets for transcrip-
tional activators that enable processes such as cellular
differentiation and adaptation to take place in an ordered
manner. Regulated and specific initiation of transcrip-
tion in bacteria requires a s protein, which binds to a
single common core RNAP (a2bb8) to form a holoen-
zyme that directs specific initiation of RNA synthesis
(Gross et al. 1992). The major s class members are simi-
lar to the primary Escherichia coli s70 (Lonetto et al.
1992). The sN class is unrelated (Merrick 1993), and the
events leading to initiation at sN-dependent promoters
are clearly distinct from those for s70-dependent initia-
tion.

The sN-holoenzyme is required for enhancer-depen-
dent transcription, characterized as depending on activa-
tor g–b bond hydrolysis of a nucleoside triphosphate
(Kustu et al. 1989; Weiss et al. 1991; Austin and Dixon
1992). Activators of the sN-holoenzyme belong to a
chaperone-like ATPase protein family, members of
which function as oligomers to remodel their substrates
in a nucleotide-dependent manner in processes such as
transcription, DNA replication, recombination, and re-
striction (Confalonieri and Duguet 1995; Swaffield et al.

1995; Wyman et al. 1997; Rippe et al. 1998). Occupancy
of promoters by the sN-holoenzyme is not limiting for
transcription and occurs largely independently of activa-
tor (Popham et al. 1991; Wang et al. 1997b) in contrast to
other RNA polymerases that are recruited to the pro-
moter (for review, see Ptashne and Gann 1997). The sN-
holoenzyme binds promoters in a transcriptionally inac-
tive complex (Sasse-Dwight and Gralla 1988; Kustu et al.
1989; Popham et al. 1989; Lee and Hoover 1995; Wedel
and Kustu 1995) without closely contacting the tran-
scription start site (Popham et al. 1991; Cannon et al.
1995a). Because sN interacts with sequences that be-
come melted during activation, sN may participate in
DNA melting, acting either positively or negatively
(Buck and Cannon 1992; Cannon et al. 1995a; Casaz and
Buck 1997; Oguiza and Buck 1997). The sN domain re-
sponsible for promoter contact is at the carboxyl termi-
nus, and sequences that promote activation are in the
amino-terminal Region I (Merrick 1993; Cannon et al.
1994, 1995b; Wong et al. 1994; Guo and Gralla 1997;
Wang et al. 1997a). Region I has a negative function dem-
onstrated by mutants that allow increased activator-in-
dependent transcription in vitro (Wang et al. 1997a).

Only the holoenzyme form of RNAP makes specific
open promoter complexes on double-stranded DNA (Bur-
gess et al. 1969; Helmann and Chamberlin 1988). The
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s70-holoenzyme binds promoters in a transcriptionally
active form, and s70 has a role in DNA melting through
contact made with the nontemplate melted DNA strand
(for review, see Chan et al. 1996). Current models of
activation of the sN-holoenzyme suggest that both ki-
netic and thermodynamic barriers to open complex for-
mation are overcome by activators (Wedel and Kustu
1995) and that the Region I of sN inhibits the melting
function of the holoenzyme (Wang et al. 1997a). Holo-
enzymes that lack Region I transcribe by use of an un-
stable intermediate associated with transient DNA
melting (Wang et al. 1997a). Protein footprints have
shown that the relationship of Region I to core RNAP
changes when the holoenzyme is activated, suggesting
that changes in Region I may facilitate steps of the acti-
vation event (Casaz and Buck 1997).

Melting of DNA is an important regulated activity in
processes such as transcription and replication. In this
paper, we provide evidence that formation of sN-holoen-
zyme pre-initiation complexes that are stably bound to
melted DNA sequences requires an activator-driven con-
formational change in the holoenzyme. The sN-holoen-
zyme isomerization, normally inhibited by Region I,
leads to an unmasking of a single-strand DNA-binding
activity in the holoenzyme. These results explain how
holoenzymes lacking Region I can transcribe without ac-
tivator under solution conditions favoring transient
DNA melting (Wang et al. 1997a) and why efficient and
faithful transcription from pre-melted DNA templates
still requires activator (Wedel and Kustu 1995). We pro-
pose that activators of the sN-holoenzyme act to facili-
tate a changing interaction between Region I and core to
permit polymerase isomerization and allow the subse-
quent engagement of the holoenzyme with melted DNA
so as to form a stable open promoter complex.

Results

Heteroduplexes

Our work focused on the glutamine- and leucine-rich sN

Region I implicated in many studies as being key to en-

hancer-dependent transcription (e.g., see Sasse-Dwight
and Gralla 1990; Morris et al. 1994). Previous work dem-
onstrated that sN–holoenzyme binding at several sN-de-
pendent promoters is increased by deletion of Region I
(Morris et al. 1994; Cannon et al. 1995b) but that Region
I was required for the holoenzyme to stably melt the
DNA (Sasse-Dwight and Gralla 1990; Cannon et al.
1995b) and initiate transcription in response to activa-
tors (Wang et al. 1997a). We therefore investigated
whether pre-opened DNA in the form of heteroduplex
promoter DNA molecules (Table 1) could overcome the
transcription defect of the Region I-deleted (DIsN) holo-
enzyme. Heteroduplex molecules have been used to
demonstrate that the sN-holoenzyme remains transcrip-
tionally inactive at the glnAp2 promoter even though the
start site is pre-melted (Wedel and Kustu 1995). Our
standard heteroduplex 1 is an 88-bp molecule comprising
the −60 to +28 Rhizobium meliloti nifH promoter se-
quence. It includes the sN-holoenzyme consensus recog-
nition sequence (−28 to −12) and mismatches from −10 to
−1 with a mutant top strand and a wild-type bottom
template strand to form premelted initiation sequences
and preserve the transcription start site (see Table 1).
The mismatched region includes the nonconserved se-
quence from −11 to −5 that interacts with sN within
closed complexes (Cannon et al. 1995a) or with holoen-
zyme in open promoter complexes (Popham et al. 1989;
Sasse-Dwight and Gralla 1988; Morett and Buck 1989).
To confirm the structure of our heteroduplexes, we chal-
lenged them with a variety of footprinting reagents ca-
pable of detecting single-strand DNA and observed the
expected reactivities across the unpaired sequence (see
Fig. 4, below).

Removal of Region I allows heparin-resistant
holoenzyme complex formation
with heteroduplex DNA

The binding of holoenzymes (assembled with sN or
DIsN) to heteroduplex DNA fragments can be detected
by gel mobility-shift assays. The assays included a hep-

arin challenge that disrupts sN-holo-
enzyme closed complexes at homodu-
plex promoter sites, whereas open
complexes are heparin stable (Pop-
ham et al. 1989). We found that re-
moval of Region I allowed the holo-
enzyme to assemble heparin-resistant
complexes on pre-melted DNA inde-
pendently of activator, whereas the
wild-type sN-holoenzyme required
activator.

As judged by the amount of bound
DNA, heparin-resistant complexes
with sN-holoenzyme and heterodu-
plex promoter DNA formed effi-
ciently only when activator protein
PspFDHTH (Jovanovic et al. 1996) and
a hydrolyzable nucleotide (dideoxy

Table 1. R. meliloti nifH promoter homoduplex and heteroduplex DNA
promoter fragments

Promoter fragments were sequences from −60 to +28 with the indicated changes from
−10 to −1 at −25/−26. Consensus bases within the −28/−12 sN promoter sequence at −25
and −14 are underlined. Sequences downstream of −12 are not conserved among sN-
dependent promoters.
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nucleotides ddATP and ddGTP were used to prevent for-
mation of the first RNA phosphodiester bond) were pres-
ent. The number of stable complexes formed in the pres-
ence of activator and nucleotide was 5- to 10-fold more
than in their absence (Fig. 1A, cf. lanes 1, 2, and 5 with 3,
4, 6, and 7). Both ATP and ddATP supported stable com-
plex formation (lanes 3,4), whereas the non-hydrolyzable
analog 58-adenyl-b,g-imidodiphosphate did not (data not
shown). Therefore, formation of sN-holoenzyme hepa-
rin-resistant complexes on heteroduplex DNA shows the
same activator and nucleotide requirements as does for-
mation of stable open complexes on homoduplex DNA
(Popham et al. 1989; Cannon et al. 1995b) and transcrip-
tion from heteroduplex glnAp2 templates (Wedel and
Kustu 1995).

In marked contrast to the sN-holoenzyme, DIsN-holo-
enzyme efficiently formed heparin-stable complexes
with heteroduplex DNA independently of activator and
nucleotide (Fig. 1A, lane 8). Typically, in the absence of

activator, there were 5- to 10-fold more heparin-resistant
DIsN-holoenzyme complexes than with sN-holoenzyme
(cf. lanes 8, 9, and 12 with 1, 2, and 5). We found that
stable complexes (formed either by activation or deletion
of Region I) accumulated with equal efficiency on het-
eroduplex 2 (Table 1), which was constructed with a mu-
tant bottom strand −10 to −1 sequence (data not shown),
demonstrating this is not a major source of sequence
selectivity, as suggested by the lack of conservation in
the −10 to −1 region of sN-dependent promoters. Hepa-
rin-resistant complexes were inefficiently formed (30-
fold reduction) with mutant heteroduplex DNA (hetero-
duplex 3, see Table 1) in which the consensus −26/−25
GG was changed to AA (data not shown) demonstrating
the promoter sequence specificity of complex formation
for sN and DIsN holoenzymes.

The activator-dependent (sN) and independent (DIsN)
holoenzyme complexes that formed on heteroduplex
DNA in the presence of ddGTP were stable to heparin

Figure 1. Gel mobility-shift assays on R. meliloti nifH promoter DNA. (A) Effect of activator and/or nucleotides on heparin-resistant
complex formation between sN- and DIsN-holoenzymes (EsN and EDIsN) and heteroduplex 1 DNA (see Table 1). Holoenzymes were
at 100 nM, activator PspFDHTH (lanes 3,4,6,7,10,13,14) at 4 µM, nucleotides at 1 mM and end-labeled DNA at 16 nM. Prior to gel
loading, heparin (100 µg/ml) was added for 5 min. Reactions included salmon sperm DNA (455 ng/µl), which helped to reduce
background smears. The percentage of DNA shifted is indicated in the histogram. (B) Stability of holoenzyme complexes on hetero-
duplex DNA. Following holoenzyme binding to DNA and incubation with PspFDHTH and ddGTP where indicated, samples were
taken prior to (time 0) and after addition of heparin for 1, 5, 10, and 20 min, and immediately loaded onto running native gels.
Holoenzymes (EsN, EDIsN) alone (h,j), plus ddGTP (s,d), and plus ddGTP and PspFDHTH (n,m). (C) Formation of heparin-resistant
complexes with homoduplex DNA. Holoenzymes were at 250 nM, end-labeled 88-mer homoduplex DNA at 16 nM, PspFDHTH at 4 µM

and GTP at 4 mM (lanes 1,3,6). Prior to gel loading, heparin (lanes 2,3,5,6) was added for 5 min. The level of initial complexes (lanes
1,4) was unaffected by GTP plus PspFDHTH (data not shown). (D) Region I sequences confer heparin sensitivity to holoenzyme.
Holoenzymes (50 nM) containing end-labeled s proteins (EsN-32P, EDIsN-32P) were incubated with or without 50 nM 88-mer homo-
duplex (lanes 3,4,11,12) and heteroduplex 1 (lanes 5–8,13,14), challenged with heparin for 5 min where indicated and loaded onto native
gels. PspFDHTH (4 µM) and GTP (4 mM) were added for activation (lanes 7,8). (H) Holoenzyme; (H+DNA) holoenzyme–DNA complex;
(s) free sigma.
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challenge, a property of open promoter complexes
formed on homoduplex DNA (Popham et al. 1989). We
directly measured the stabilities of complexes after add-
ing heparin (Fig. 1B). An initial rapid decay was evident,
suggesting disruption of unstable complexes, followed
by a phase of slower decay allowing an estimate of the
half-lives of the stable complexes. For the DIsN-holoen-
zyme (+ddGTP) and the activated sN-holoenzyme
(+ddGTP) half-lives were very similar (∼30 min). The
presence of ddGTP significantly increased the stability
of the DIsN-holoenzyme complex as the half-life without
nucleotide was only 7 min; activator PspFDHTH also
increased it slightly. For the unactivated sN-holoenzyme
(−/+ddGTP) a few complexes (a maximum of 10% of the
initial ones) were extremely heparin stable (half-life was
>30 min); later experiments indicated that not all of
them were transcriptionally active (see Fig. 5, below).
Stabilization by ddGTP shows that the ternary complex
is accessible to the initiating nucleotide and suggests
that the rate of dissociation of the sN-holoenzyme, like
the s70-holoenzyme, is reduced by the first incoming
rNTP (see also Gaal et al. 1997). Stabilization by ddGTP
implies that phosphodiester bond formation is not re-
quired for reducing dissociation of the sN-holoenzyme
from the melted DNA template.

Stable complex formation with DIsN-holoenzyme
requires heteroduplex DNA

To determine the extent to which properties of the DIsN-
holoenzyme depend on the heteroduplex DNA, we com-
pared the promoter interactions of the sN- and DIsN-
holoenzymes using an 88-mer homoduplex DNA frag-
ment, equivalent to heteroduplex 1 except with a
complementary −10 to −1 sequence (Table 1). Our results
demonstrate that sN-holoenzyme can establish a hepa-
rin-resistant complex on homoduplex DNA if provided
with activator, but that DIsN-holoenzyme fails to estab-
lish a heparin-resistant complex, irrespective of activa-
tor.

Complexes that formed with sN-holoenzyme in the
absence of activator and GTP were largely heparin sen-
sitive: Only 2% of the DNA was in a heparin-resistant
complex (Fig. 1C, lane 2). Similarly, DIsN-holoenzyme
shifted 66% of the DNA in the absence of activator and
GTP, but only a small fraction of these complexes were
heparin resistant (cf. lanes 4 and 5). In contrast, with
added PspFDHTH and GTP, half of the wild-type com-
plexes formed were heparin stable (cf. lanes 1 and 3),
whereas the stable fraction with DIsN-holoenzyme in-
creased marginally (lane 6).

Comparison of results with the heteroduplex DNA to
those with homoduplex DNA (Fig. 1A–C) shows that
removal of Region I strongly favors efficient formation of
heparin-stable complexes only with heteroduplex pro-
moter DNA. The unpairing of DNA from −10 to +1 may
limit stable complex formation by DIsN-holoenzyme.
Likely DNA melting limits the ability of the DIsN-holo-
enzyme to form stable complexes on homoduplex DNA.
Because a similar fraction (about 50%) of unstable sN-

holoenzyme complexes is converted to activator-depen-
dent stable complexes with both homoduplex and het-
eroduplex DNA (see Fig. 1B,C), the same barrier to stable
complex formation exists regardless of the template type
(see also Wedel and Kustu 1995). Overall, (1) Region I
appears to inhibit stable complex formation on DNA
templates even when the start site is melted; (2) the in-
hibitory effect of Region I can be overcome by activator
and its associated nucleotide hydrolysis; and (3) removal
of Region I bypasses the usual activator requirement to
form stable promoter complexes, but only if the DNA is
premelted.

Heparin resistance is associated
with holoenzyme stability

Previously, we observed that heparin promotes dissocia-
tion of the sN-holoenzyme into core RNAP and s (M.T.
Gallegos and M. Buck, in prep.). Using 32P end-labeled
sN and DIsN, we observed that heparin dissociated the
two types of holoenzyme (Fig. 1D, lanes 2,10). However,
heteroduplex DNA, but not homoduplex DNA, signifi-
cantly protected the DIsN-holoenzyme from dissociation
by heparin (cf. lanes 12 and 10). No obvious protection of
the sN-holoenzyme from heparin disruption was af-
forded by either form of DNA alone (lanes 4 and 6). Ac-
tivation of the sN-holoenzyme on the heteroduplex
DNA did result in the stable association of end-labeled s
with the core polymerase (lane 8). These results are fully
congruent with the DNA gel mobility-shift results (Fig.
1A,C) and demonstrate that (1) Region I of sN prevents
the holoenzyme from interacting with heteroduplex
DNA so as to acquire heparin resistance; (2) activator
overcomes this inhibition; and (3) s is part of the com-
plex that stably associates with the heteroduplex DNA.

Increased binding of DIsN-holoenzyme
to DNA templates

To examine the basis of the efficient activator-indepen-
dent stable complex formation observed with the DIsN-
holoenzyme, we assayed the affinity of sN, DIsN and
their holoenzymes for homoduplex and heteroduplex
DNA molecules without heparin in a gel mobility-shift
assay (Fig. 2). The affinity of DIsN-holoenzyme for either
homoduplex or heteroduplex DNA was higher (about
twofold) than that of sN-holoenzyme. Affinities of s pro-
teins for homoduplex and heteroduplex DNA showed
that the DIsN bound both with a higher affinity than sN.
Thus, removal of Region I increases promoter binding.
Because deletion of Region I increases binding of the ho-
loenzyme to both templates, increased binding per se is
not sufficient for activator-independent heparin-resis-
tant complex formation on heteroduplex DNA.

Region I protease sensitivity in holoenzyme
is conditioned by promoter DNA topology

Region I amino acid E36 becomes hyper-reactive to pro-
teolysis in initiated transcription complexes on homo-
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duplex DNA, suggesting a conformational change in Re-
gion I associated with initiation (Casaz and Buck 1997).
The sensitivity of Region I to endoproteinase Glu-C at-
tack was examined for sN and its holoenzyme bound to
homoduplex and heteroduplex DNA. Interaction of core
RNA polymerase with sN resulted in a 50% reduction in
cleavage at E36 relative to cleavage of the free protein
(Fig. 3, lanes 2,5), consistent with previous results (Casaz
and Buck 1997). Interaction of sN-holoenzyme with het-
eroduplex DNA caused a 3.6-fold increase in the rate of
cleavage at residue E36 (lane 7). No such change was
detected with homoduplex DNA (lane 6) or when sN

alone was incubated with either DNA (1.3- to 1.5-fold
increase over free s). Therefore, the hyper-reactivity of
E36 seems associated with a reversible interaction of ho-
loenzyme with melted DNA, which may represent a re-
versible step in the normal initiation pathway before
stable DNA melting and heparin resistance have been
achieved. It is clear that Region I of sN senses the con-
formation of the promoter, likely important for a con-
certed change in holoenzyme conformation necessary for
open complex formation (See Discussion).

Heparin-resistant complexes sequester melted DNA

The interaction of holoenzymes with melted DNA in
stable complexes was examined by use of S1 nuclease.
We footprinted gel-purified complexes between hetero-
duplex DNA and the sN-holoenzyme (activating it in the
presence of ddGTP) or the DIsN-holoenzyme (simply
binding it to the DNA). We found that the sN- and DIsN-
holoenzymes sequester melted DNA in stable com-
plexes, despite the fact that the complexes are formed via
different routes. Binding reactions were exposed briefly
to S1 nuclease and the heparin-resistant complexes were

separated on a native polyacrylamide gel (Fig. 4A). La-
beled DNA was eluted from isolated bands and equal
amounts (counts per minute) of recovered bound (lanes
B) and unbound (lanes U) end-labeled DNA were ana-
lyzed on a sequencing gel (Fig. 4B,C). The heparin-resis-
tant complexes formed by either activation or deletion of
Region I were indistinguishable by S1 footprinting. The
heteroduplex sequence was refractory to S1 cleavage
(compare bound and unbound DNA samples), but far
more so on the bottom strand (Fig. 4C). The holoen-
zymes weakly protected the sequence upstream of the
mismatched region up to −24. In marked contrast, the
footprints of sN or DIsN showed that s alone failed to
strongly protect the single-strand region, with only weak
protection at the −10 edge that extended upstream to
around −30.

To determine the sites of melted DNA and to extend
conclusions drawn from the S1 footprints, we probed
complexes of holoenzymes stably bound to the hetero-
duplex DNA with KMnO4 to detect single-stranded se-
quences (Fig. 4B,C, lanes B). We found that either re-
moval of Region I or activation of the sN-holoenzyme led
to the formation of complexes showing almost identical
KMnO4 footprints. Top and bottom strands showed a
similar KMnO4 reactivity across the mismatched region
to that of the free DNA (lane F), even though it was
partly or largely inaccessible to S1 attack (see above).
Both holoenzymes partially diminished reactivity
around −1 on the top strand (Fig. 4C), but slightly in-
creased it around −10. KMnO4 footprints of sN and DIsN

bound to heteroduplex DNA showed very little differ-
ence from free DNA on both strands (Fig. 4B,C).

We conclude that the DIsN-holoenzyme and activated
sN-holoenzyme interact similarly with melted DNA and
that sequestration of the single-strand DNA can occur
either through the action of activator or deletion of Re-
gion I, suggesting that Region I masks a single-strand

Figure 3. Region I sequences are sensitive to promoter DNA
conformation. End-labeled sN (lanes 1–4) or holoenzyme pre-
pared with end-labeled sN (lanes 5–7) were incubated for 10 min
without DNA (lanes 2,5), with homoduplex DNA (lanes 3,6) or
with heteroduplex DNA (lanes 4,7) and then cleaved with en-
doproteinase Glu-C (Casaz and Buck 1997). Numbers on the left
indicate the amino acid at which cleavage has occurred.

Figure 2. Binding of s proteins (s) and their holoenzymes (Es)
to 88-mer homoduplex and heteroduplex 1 DNA. Binding reac-
tions were essentially as in Fig. 1A, except that 1.6 nM DNA was
used and heparin and nonspecific DNA were omitted. (h) sN,
(s) DIsN, (j) sN-holoenzyme, (d) DIsN-holoenzyme.
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DNA-binding activity of the holoenzyme. Together with
the DNA binding assays (Fig. 2), we propose that the

absence of Region I allows the holoenzyme to establish
extra contacts to DNA templates in which sequences are

Figure 4. Premelted sequences are se-
questered in stable complexes but acces-
sible to KMnO4. (A) Gel mobility-shift as-
says of heteroduplex 1 DNA complexes.
Binding reactions were conducted as in
Fig. 1A, treated with S1 nuclease or
KMnO4 (see Material and Methods) and
loaded onto running native gels. (B) Bound
DNA (lanes 3–6); (P) undigested probe
(lane 1); (F) digested probe (lane 2); (U) un-
bound DNA (lanes 3–6). (B,C) The DNA
bands were isolated from native gels de-
scribed in A, and both strands analyzed on
sequencing gels [(B) top strand; (C) bottom
strand]. The mismatch region between −10
and −1 is indicated. Markers (M) were gen-
erated by chemical cleavage of the DNA
with piperidine following partial methyl-
ation with dimethylsulfate. Probe alone or
cleaved with piperidine (without treat-
ment with KMnO4) are lanes marked P−
and P+, respectively. Footprints of DIsN-
holoenzyme plus PspFDHTH and ddGTP
were the same as DIsN-holoenzyme alone
(not shown).
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pre-melted, contacts likely responsible for the Region
I-dependent heparin stability of holoenzymes on hetero-
duplex DNA (Fig. 1A,B).

Holoenzyme complexes with heteroduplex DNA are
transcriptionally active

Previous work had shown that heparin-resistant holoen-
zyme complexes formed by activator and NTP hydroly-
sis on heteroduplex DNA were transcriptionally active
(Wedel and Kustu 1995). A transcription assay was per-
formed with the heteroduplex templates to determine
whether the heparin-resistant complexes formed on
them were active. Using [a-32P]UTP for internal labeling
of RNA (Fig. 5A) or end labeling with [g-32P]GTP (Fig. 5B)
to check the starting nucleotide was the same as with
conventional DNA (Sundaresan et al. 1983), we found
that the patterns of transcripts synthesized on heterodu-
plex DNA by the DIsN-holoenzyme and by the activated
sN-holoenzyme were very similar. The sN-holoenzyme
without activator transcribed very poorly from homodu-
plex and heteroduplex DNA (<1% UTP-labeled RNA
compared with activator). The short DNA templates em-
ployed in this analysis may account for the complex pat-
tern of internally labeled transcripts as the polymerase

may not efficiently escape the promoter. The discrep-
ancy in the distribution of products seen in Figure 5A
when homoduplex and heteroduplex DNA are utilized
by the activated sN-holoenzyme may be related to dif-
ferences in transcript release and polymerase escape.
Controls with core RNAP or with a holoenzyme as-
sembled with a mutant sN lacking the DNA-binding do-
main (amino acids 1–424, Cannon et al. 1995b) showed
that transcripts were specific to holoenzymes able to rec-
ognize the sN conserved −12/−24 promoter elements
(Fig. 5A). The similarity of transcript patterns occurring
with the activated sN-holoenzyme and the DIsN form,
their size and labeling with [g-32P]GTP plus the need for
the −24 consensus region to allow efficient binding of
holoenzymes to the heteroduplex DNA (see above) all
argue that the transcription is faithful and occurs from
the pre-melted DNA with the expected polarity.

The transcription results complement the DNA bind-
ing assays (Figs. 1 and 2) and show that Region I inhibits
the formation of transcriptionally competent pre-initia-
tion complexes on homoduplex DNA and that DIsN-ho-
loenzyme allows activator-independent transcription
from the premelted R. meliloti nifH promoter. Previous
work showed that the removal of Region I allowed acti-
vator independent transcription from the glnAp2 pro-

Figure 5. Holoenzyme complexes lacking
Region I are transcriptionally active on het-
eroduplex DNA without activator. Holoen-
zymes (100 nM) with GTP or ATP (1 mM) in
the presence or absence of PspFDHTH (4 µM)
were used to transcribe the 88-mer homodu-
plex and heteroduplex 1 (16 nM) templates.
Core RNAP and holoenzyme containing the
DNA nonbinding 1–424 s derivative (Can-
non et al. 1995b) were used as controls. The
location of the DNA size markers are shown
(arrows). (A) [a-32P]UTP-labeled transcripts
with GTP as the hydrolyzable nucleotide
used by activator. (B) [g-32P]GTP-labeled
transcripts with ATP as the hydrolyzable
nucleotide used by activator.
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moter via a heparin-sensitive pre-initiation complex
formed in reactions containing the initiating nucleotide
ATP (Wang et al. 1997a). The results of our transcription
assays suggest that another pathway distinguished by its
insensitivity to heparin can lead to initiation; stable
DNA melting is needed for the heparin-resistant path-
way to operate.

Region I sequences function in trans

To determine whether Region I could function in isola-
tion and convert the DIsN-holoenzyme to a form behav-
ing as though it were a holoenzyme containing full-
length sN, we added purified Region I sequences (amino
acids 1–51, 1–56, 1–63, and 1–71) at the point of holoen-
zyme assembly to assays of heparin-resistant heterodu-
plex complex formation (Fig. 6A). As a control we used a
fragment with a disrupted Region I sequence in which
amino acids 21–27 are deleted (1–71D). We found that

Region I peptides were able to inhibit the formation of
stable complexes between the DsN-holoenzyme and het-
eroduplex DNA. Specifically, the results showed that the
absence of amino acids 1–56 in the DIsN-holoenzyme
was complemented by the amino terminal fragments
1–51, 1–56, 1–63, and 1–71 (Fig. 6A, cf. lanes 1 and 2 with
lanes 4, 5, 6, and 7) but not by the derivative 1–71D
fragment (cf. lanes 1 and 2 with 3). The number of hep-
arin-resistant complexes forming with heteroduplex
DNA and DIsN-holoenzyme was diminished by Region I
containing peptides to a level seen with sN-holoenzyme.
A similar effect of Region I sequences in trans was ob-
served by use of end-labeled DIsN-holoenzyme. The dis-
sociation of DIsN from holoenzyme was increased (data
not shown). The low level of activator-independent hep-
arin-resistant complexes forming with sN-holoenzyme
and heteroduplex DNA was unchanged by Region I in
trans (data not shown).

Having established that Region I sequences in trans
were able to inhibit stable complex formation by the
DIsN-holoenzyme when added during holoenzyme for-
mation but prior to DNA binding (Fig. 6A), we conducted
order of addition experiments and heparin-stability mea-
surements to examine the mechanism of inhibition. Re-
sults (Fig. 6B) showed that Region I did not significantly
change the number of initial complexes formed between
the DIsN-holoenzyme and heteroduplex DNA when
added prior to DNA binding, but that it did reduce the
number that were heparin stable to a level observed with
sN-holoenzyme. It appears that Region I exerts its inhibi-
tory effect on DIsN-holoenzyme before it engages with
heteroduplex DNA since once stably bound, the DIsN-
holoenzyme is not destabilized by Region I (Fig. 6B). A
modest but consistent stabilization was evident when
Region I was added after the DIsN-holoenzyme bound
the heteroduplex DNA (Fig. 6B). Addition of activator
and nucleotide did not reverse the Region I in trans in-
hibition of stable complex formation by the DIsN-holo-
enzyme nor did Region I inhibit formation of activator-
dependent stable complexes between sN-holoenzyme
and homoduplex DNA (data not shown). These results
suggest that Region I in isolation may not titrate out
activator and that activator responsiveness may require
that Region I is present in cis. However, Region I func-
tions in trans as an independent domain for its inhibi-
tory effect.

Deletion of Region I alters the interaction
of holoenzyme with start site and early
transcribed sequences

We exploited the single-strand and weak double-strand
nuclease activity of S1 nuclease to determine whether
the DIsN-holoenzyme interacted with the −10 to −1 se-
quence of homoduplex DNA with which it fails to es-
tablish a stable complex (see Fig. 1C). We found that the
DIsN-holoenzyme does footprint this sequence, and, sur-
prisingly, that the footprint extends beyond the tran-
scription start site.

S1 nuclease partially cleaved the target R. meliloti

Figure 6. Region I-containing fragments confer heparin sensi-
tivity in trans. (A) Different amino-terminal peptides of sN:
1–51, 1–63, 1–71, 1–71D (15 µM) and 1–56 (2.5 µM) were added to
DIsN (200 nM) prior to core RNAP addition (100 nM) and het-
eroduplex 1 DNA (16 nM) was added last in a binding reaction.
After incubation, heparin was added for 5 min and samples
loaded onto native gels. The percentage of heparin-resistant
DNA complexes is indicated. (B) Effect of Region I on heparin
stability. Gel mobility shifts were conducted with DIsN-holo-
enzyme (100 nM), GTP (1 mM) and heteroduplex 1 DNA (16 nM;
j) and Region I peptide (1–56, 2 µM) was added before DIsN-
holoenyme assembly (m) or after holoenzyme–heteroduplex
complex formation (d). sN-Holoenzyme plus heteroduplex
DNA, in which most complexes are heparin sensitive (see Fig.
1B), was used as a control (h). Samples were taken prior to (time
0) and after the addition of heparin for 1, 5, 10, 20 min.
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nifH promoter DNA template at nonrandom positions
(Fig. 7, lane 0). Predominant positions of cleavage gener-
ally coincided with sequences displaying a background
level reactivity to KMnO4, which detects unstacked T
residues, and with sites sensitive to attack by the single-
strand nuclease P1 and mung bean nuclease (data not
shown). We conclude that the S1 nuclease is attacking
sequences with a local conformation related to some
DNA distortion. Changes in S1 nuclease cutting when s
and holoenzymes were incubated with DNA allowed us
to footprint their binding, extending the set of DNA-
reactive reagents used to date (Morris et al. 1994; Sasse-
Dwight and Gralla 1988, 1990), and to probe for confor-
mational changes in the promoter DNA associated with
the pathway leading to stable DNA melting within the
open complex.

On homoduplex DNA, sN and DIsN had similar foot-
prints, characterized by protection across sequences
from about −5 to −33 with sequences around −10 being
susceptible to cleavage by S1 nuclease (Fig. 7, cf. A and
B). In contrast, sN- and DIsN-holoenzymes protected the
residue at −10 from S1 cleavage and their footprints dif-
fered markedly at start-site-proximal bases (but not at
the upstream −33 footprint edge; Fig. 7, cf. A and B).
Specifically, the sN-holoenzyme footprinted to −5 and
the DIsN-holoenzyme to around +20, with the residue at
+20 showing high reactivity to cleavage. The extended
S1 footprint of the DIsN-holoenzyme was observed with
three other sN-dependent promoters (Klebsiella pneu-
moniae nifH, nifH049, and nifU promoters, data not
shown). S1 nuclease footprints of holoenzymes contain-
ing sN or DIsN were insensitive to the addition of the

Figure 7. S1 nuclease footprints on linear
DNA. Linear end-labeled templates pre-
pared by primer extension were used. (A)
sN and holoenzyme (amino acids 1–477);
(B) DIsN and holoenzyme (amino acids 57–
477). (Solid line) The extent of protection
seen with holoenzyme (H) or s (S); (broken
line) weaker protection; (star) −10 cutting
lost on holoenzyme binding. Markers were
chemical cleavage G reactions. s Proteins
were at 1 µM, holoenzymes at 100 nM, ac-
tivator PspFDHTH at 4 µM, and GTP at 1
mM. Compared to sN-holoenzyme, the
DIsN-holoenzyme displays an extended
footprint in the direction of transcription
(A vs. B). Activation of the sN-holoenzyme
by PspFDHTH (A) results in an extended
footprint with increased protection from
−5 to +7. The extended footprint to +20
observed with DIsN-holoenzyme is inde-
pendent of activator and nucleotide. Re-
producible footprints and cutting of pro-
moter template DNA was observed with
several different batches of S1 nuclease. A
control with core RNAP did not produce a
S1 footprint.

Figure 8. Gel mobility-shift, footprint-
ing, and transcription assays (see Figs. 1, 4,
and 7) show activator and nucleotide hy-
drolysis are required to efficiently form
stable heparin-resistant sN-holoenzyme
complexes on homoduplex (open complex,
in which DNA is melted) and heterodu-
plex DNA. In contrast, DIsN-holoenzyme
bypasses the activator requirement for
stable complex formation on heteroduplex
DNA but fails on homoduplex, regardless
of the presence of activator. We propose
that the inhibition of DNA melting asso-
ciated with Region I (Wang et al. 1995,
1997a) is due to prevention of polymerase
isomerization, necessary to reveal a single-
strand DNA-binding activity in the holo-

enzyme required for its stable association with melted DNA (Fig. 4). The thermodynamic barrier to open complex formation (Wedel
and Kustu 1995) at sN-dependent promoters is suggested to be associated with energetically unfavorable DNA strand separation.
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initiating nucleotide or all four nucleotides, indicating
that the complexes were largely inactive for transcrip-
tion initiation on linear templates (data not shown). The
extended footprint of the DIsN-holoenzyme compared to
the sN-holoenzyme suggests that the holoenzyme has
undergone a conformational change when Region I is
absent allowing the holoenzyme to cover early tran-
scribed sequences. However, the DNA covered is not
stably melted as judged by KMnO4 reactivity measure-
ments (Cannon et al. 1995b and data not shown). Clearly
the absence of Region I changes the properties of the
holoenzyme independently of an interaction with stably
melted DNA. This suggests that binding to the hetero-
duplex DNA may not exclusively drive the DIsN-holo-
enzyme to the conformation able to establish a stable
association with melted DNA.

Holoenzyme closed promoter complexes with full-
length sN were incubated with activator PspFDHTH in
the presence of GTP, which served as the initiating and
hydrolyzable nucleotide (Fig. 7A). Controls showed that
neither GTP nor PspFDHTH alone modified the S1 foot-
print of the template DNA. However activator and GTP
in the presence of sN-holoenzyme generated an altered
footprint across early transcribed sequences to +7, where
cleavage sites between −5 and +7 showed partial protec-
tion from S1 nuclease attack (30%). The footprint re-
sembled that of the DIsN-holoenzyme without added ac-
tivator (Fig. 7B) in that residues to +7 were protected.
The extent of −5 to +7 protection with activated sN-
holoenzyme likely reflects the incomplete conversion of
closed to open complexes on linear templates (Fig. 1C).
Footprints of DIsN-holoenzyme did not respond to acti-
vator plus GTP (Fig. 7B), consistent with prior data indi-
cating such complexes do not efficiently form KMnO4-
reactive melted DNA on linear templates (Cannon et al.
1995b; Wang et al. 1997a). Since activation of the sN-
holoenzyme produces KMnO4-reactive sequences (Can-
non et al. 1995b) diagnostic of DNA melting, the protec-
tion pattern of activated complexes seen with S1 nucle-
ase (Fig. 7A) suggests that the top DNA strand of the
melted sequences is sequestered, as seen with the het-
eroduplex DNA (Fig. 4). By dividing an activation assay
on homoduplex DNA and probing half with S1 nuclease
and half with KMnO4, we directly confirmed that
KMnO4-reactive sequences were refractory to S1 attack
(data not shown).

Discussion

The sN-holoenzyme is distinct among bacterial RNAPs
in its requirement for g–b nucleoside triphosphate hy-
drolysis to convert closed complexes to open promoter
complexes in which the template DNA strand is re-
vealed by DNA melting (Kustu et al. 1989). The barrier
to open complex formation appears to be both kinetic
and thermodynamic and to involve Region I of sN (Mor-
ris et al. 1994; Wedel and Kustu 1995; Wang et al. 1995,
1997a). The DNA melting function of the sN-holoen-
zyme was suggested to be inhibited by Region I (Wang et
al. 1995). We now provide evidence that Region I con-

trols the interaction of holoenzyme with melted DNA.
Key sequences in Region I needed for inhibition appear
to be within a small leucine patch (Wang et al. 1995,
1997a). Our data indicate that Region I acts as an intra-
molecular repressor preventing a conformational change
in holoenzyme that is needed to unmask a holoenzyme
single-strand DNA-binding activity (see Fig. 8). We note
that in s70 systems, repressor action at a step following
promoter binding of RNAP requires a specific separate
repressor protein (for review, see Choy et al. 1997).

Because sN-holoenzyme open complexes decay to
closed complexes and do not efficiently accumulate
without activator (Wedel and Kustu 1995), it seems that
Region I in the absence of activator normally drives the
holoenzyme into a conformation in which contact with
melted DNA is strongly disfavored, consistent with the
data showing that DNA strand denaturation per se is not
the rate-limiting step in open complex formation (Wedel
and Kustu 1995). Nucleotide hydrolysis by activators of
the sN-holoenzyme may promote the holoenzyme con-
formational change, inhibited by Region I, which can
take place prior to DNA melting for DIsN-holoenzyme
(Fig. 7). However, if the conformational change is nor-
mally physically coupled through changing DNA–holo-
enzyme contacts to the energetically unfavorable open-
ing of the DNA, one component of the thermodynamic
barrier to open complex formation at sN-dependent pro-
moters (Wedel and Kustu 1995) is likely to be the acti-
vator and NTP hydrolysis-driven overriding of Region I
inhibition.

We show that the acquisition of heparin stability by
holoenzyme in promoter complexes requires an interac-
tion of holoenzyme with stably melted DNA, consistent
with transcription from transiently melting templates
being heparin sensitive (Wang et al. 1995, 1997a). In the
two-step model for initiation at sN-dependent promoters
(Wang and Gralla 1996), a heparin-sensitive intermediate
is proposed. Our results suggest that the conversion of
this unstable intermediate to the heparin-resistant com-
plex involves establishing contact between the isomer-
ized holoenzyme and stably melted DNA. Below, we dis-
cuss the role of Region I in a pathway leading to forma-
tion of the stable open promoter complex from the
closed complex.

Closed complexes

The S1 footprints of sN- and DIsN-holoenzymes on con-
ventional DNA templates suggest that different types of
closed complex may from. For sN-holoenzyme, a short
complex extending from −33 to −5 was detected by
DNase I, hydroxyl radical, and S1 footprinting (Buck and
Cannon 1992; Cannon et al. 1995a; see also Popham et
al. 1989 and this paper). For the DIsN-holoenzyme, the S1
footprint extended to +20 without stable melting (Can-
non et al. 1995b; this paper). Isomerization of RNA poly-
merase is predicted to occur before DNA melting for
s70-holoenzymes (Gross et al. 1992). The extended foot-
print detected when Region I is deleted suggests that the
DIsN-holoenzyme has undergone a significant change

Cannon et al.

366 GENES & DEVELOPMENT



with respect to DNA and has isomerized. Whether the
conformational change in the sN-holoenzyme can occur
prior to or concomitant with DNA melting, remains un-
known. We suggest that S1 nuclease detects an extended
footprint for the DIsN-holoenzyme not readily discern-
ible with DNase I or hydroxyl radical because the on rate
of the S1 is slower than that of the other footprinting
reagents, hence holoenzyme that transiently interacts
with DNA sequences ahead of −5 will protect them from
S1 attack.

Role of Region I of sN

We were able to efficiently form transcriptionally active
heparin-resistant complexes using heteroduplex DNA in
the absence of activator but only when Region I was
absent. When Region I was present, the usual activator
and nucleotide requirements for stable complex forma-
tion and transcriptional activity had to be met. Together
with protein footprinting experiments that detect
changes in the relationship of Region I and core upon
activation (Casaz and Buck 1997), it seems that Region I
is part of the interface between s and core where chang-
ing interactions driven by the activator are needed to
allow polymerase isomerization. Evidence for a physical
coupling between conformational changes in Region I
and DNA melting comes from the finding that, when
heteroduplex DNA binds the sN-holoenzyme, the prote-
ase reactivity of Region I increases (this paper). Certain
single substitutions in the DNA-binding domain of sN

give rise to holoenzymes with the same activator-inde-
pendent stable complex forming activity as the DIsN-
holoenzyme (M.K. Chaney and M. Buck, unpubl.), sug-
gesting that Region I could interact with the DNA-bind-
ing domain and sense DNA conformation indirectly.
Therefore, communication between the core RNA poly-
merase and the promoter may be mediated by Region I of
sN and could influence several sequential events that
lead to formation of a stable open promoter complex.
Some steps will involve alteration of the interaction of
Region I with core to relieve inhibition and allow isom-
erization, some may depend on sN sensing of promoter
DNA structure, and some will involve the creation or
stabilization of DNA conformations that favor DNA
melting. Region I is known to be required for one early
step, the nucleation of DNA melting (Morris et al. 1994).
Multiple roles for Region I including a potential contact
site for activator likely explain why corruption of Region
I to allow polymerase isomerization is insufficient to
allow the isomerized holoenzyme to cause stable melt-
ing (Wang et al. 1997a; Cannon et al. 1995b; Morris et al.
1994). Although it is clear that Region I controls the
interaction of holoenzyme with melted DNA, precisely
how melting occurs and at how many steps the activator
contributes remains to be determined. The ability of Re-
gion I to act as an independent domain and function in
trans to inhibit binding of the DIsN-holoenzyme to het-
eroduplex DNA argues for the reversibility of the con-
formational change in the sN-holoenzyme normally in-
hibited by Region I and is consistent with the finding

that stable open promoter complexes decay to closed
complexes (Wedel and Kustu 1995).

Organization of open complexes

Within stable promoter complexes the greater protection
from S1 nuclease attack of the template strand versus
the nontemplate strand argues that the template strand
is located within the catalytic site for RNA synthesis
and that the nontemplate strand is somewhat displaced.
Establishment of the above relationship of the melted
DNA to the polymerase depends on either removal of sN

Region I or activation of the holoenzyme. The extents of
S1 and KMnO4 reactivities seen in the stable complexes
were equivalent regardless of the presence of Region I,
suggesting that Region I does not establish any major
direct contacts with the melted DNA. Unless the bind-
ing of the core to s significantly increases contact that s
makes with the melted promoter sequences, the patterns
of S1 protection seen with holoenzymes are largely due
to contacts that the core subunits make with the melted
DNA regions. Although sN has a role in establishing the
nucleation of DNA strand separation (Morris et al. 1994)
it may have a lesser role than s70 in directly contacting
the melted DNA (Chan et al. 1996) to form open com-
plexes. Because sN touches DNA from −10 to −5 in the
closed complex (Cannon et al. 1995) some modification
of contacts with DNA may be necessary to allow forma-
tion of open complexes in which the −10 to −5 DNA is
melted out. Interestingly, the roles of the amino-termi-
nal domains of the two s classes (which are unrelated by
primary amino acid sequence) appear opposite. Amino-
terminal sequences favor polymerase isomerization for
the s70-holoenzyme (Wilson and Dombroski 1997) but
inhibit isomerization for the sN-holoenzyme (this pa-
per).

The binding of sN to promoter DNA is insensitive to
heparin (Oguiza and Buck 1997), and the acquisition of
heparin resistance by sN-holoenzyme–DNA complexes
seems to be associated with a change in holoenzyme
conformation, occurring either upon activation or upon
deletion of Region I. A simple explanation is that Region
I normally inactivates a single-strand DNA-binding site
in holoenzyme, a site closely associated with the poly-
merase catalytic center and accessible to heparin prior to
polymerase isomerization but inaccessible afterward
when the subsequent binding to melted DNA has oc-
curred.

Summary

Overall, it seems that the sN-holoenzyme is able to
maintain extremely low levels of transcription (Wedel
and Kustu 1995; Wang and Gralla 1996; this paper) with-
out use of additional silencing factors such as repressors
because Region I blocks polymerase isomerization (see
also Wang et al. 1997a). Region I can be viewed as a
protein domain that functions to control an equilibrium
between alternate states of the holoenzyme that either
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favor maintainenance of either the closed or the open
complex through the masking and unmasking of an ac-
tivity allowing the holoenzyme to bind to DNA se-
quences that are melted out. Activator and associated
nucleotide hydrolysis drive the holoenzyme into the
conformation in which the single-strand binding activity
of the holoenzyme is unmasked.

Materials and methods

Proteins

Proteins were prepared as described previously (Cannon et al.
1995b, 1997; Casaz and Buck 1997). The K. pneumoniae sN

protein (amino acids 1–477), DIsN (amino acids 57–477), and the
carboxy-terminally truncated sN (amino acids 1–424) were used
to form holoenzymes. Purified amino-terminal sequences of sN

were obtained by overproduction of amino-terminal (1–56) and
carboxy-terminal (1–51, 1–63, 1–71, 1–71D) histidine-tagged
fragments as soluble sequences in E. coli (M.T. Gallegos and M.
Buck, in prep.). A purified carboxy-terminally deleted form of
activator, PspFDHTH (Jovanovic et al. 1996) was used in acti-
vation assays. Purified core RNAP was from E. coli (a generous
gift from A. Kolb, Pasteur Institute, Paris). Working protein so-
lutions were stored at −20°C, stocks at −70°C, in TGED [10 mM

Tris-HCl (pH 8.0), 50% vol/vol glycerol, 0.1 mM EDTA, 1 mM

DTT] containing 50–250 mM NaCl.

End labeling of s proteins

s Proteins (sN or DIsN, Cannon et al. 1995b) modified by precise
addition of a carboxy-terminal heart muscle kinase tag were
prepared and end labeled with 32P as described previously (Casaz
and Buck 1997).

DNA heteroduplex formation

Mismatched R. meliloti nifH promoter DNA heteroduplexes
were prepared by annealing of 58 32P-end-labeled oligonucleo-
tides (Table 1). The extent of nonduplex DNA from −10 to −1
was chosen by reference to the known start of DNA melting at
the nifH promoter (Morett and Buck 1989; Cannon et al. 1995b)
and previous work with the sN-dependent glnAp2 promoter
(Popham et al. 1989; Sasse-Dwight and Gralla 1988; Wedel and
Kustu 1995). Sequences were chosen to prevent purine–pyrimi-
dine mismatch base-pairing and preserve the +1 G initiation
site. Oligonucleotides (supplied by MWG-Biotech) were size pu-
rified on 8% denaturing polyacrylamide gels (detection was by
UV shadowing) prior to kinasing. Pairs of DNA strands with
either the unlabeled strand present at a twofold molar excess (10
pmoles in 20 µl), or for preparing unlabeled heteroduplex with
both strands at equal concentration, were heated at 95°C for 3
min in 10 mM Tris-HCl (pH 8.0), 10 mM MgCl2 and then chilled
rapidly in iced water for 5 min to allow heteroduplex formation.

DNA homoduplex formation

For DNA footprinting, homoduplexes were prepared by exten-
sion of R. meliloti nifH M13mp19 single-stranded DNA with
58-32P-labeled universal primer as described previously (Cannon
et al. 1995a). Fully complementary end-labeled oligonucleotides

(Table 1) for preparing short 88-mer −60 to +28 homoduplexes
were annealed together as described above.

Native gel complex formation assays

A gel mobility-shift assay (Casaz and Buck 1997; Wang et al.
1997b) was used to detect sN and its holoenzyme bound to a
radioactively labeled R. meliloti nifH homoduplex or heterodu-
plex promoter DNA fragment (substituted by unlabeled DNA as
appropriate, see figure legends 1 and 6). Typical holoenzyme
interaction assays included 100 nM core RNAP plus 200 nM s

(substituted by end-labeled s as appropriate, see figure legends 1
and 6), and 1.6 or 16 nM homoduplex or heteroduplex DNA
assembled from purified oligonucleotides (50 nM when using
end-labeled proteins), plus where necessary nucleotide as indi-
cated, in STA buffer [25 mM Tris-acetate (pH 8.0), 8 mM Mg-
acetate, 10 mM KCl, 1 mM DTT, 3.5% w/vol PEG 6000]. For
activation, 4 µM PspFDHTH activator protein (Casaz and Buck
1997) and 1 mM nucleotide (see figure legends 1 and 6) was also
added. To optimize complex formation with the 88-mer homo-
duplex fragment 250 nM holoenzyme (core:s 1 : 2), and, where
indicated, 4 µM PspFDHTH and 4 mM GTP was used. Core
RNAP, s proteins, and DNA were pre-incubated at 30°C for 10
min and, then, if necessary, nucleotide and activator were added
for 10–15 min followed by a glycerol bromophenol blue loading
dye (final concentration 10% glycerol) and, if required, heparin
(final concentration 100 µg/ml). Then, samples were loaded on
4.5% native polyacrylamide gels and run at 60 V for 80 min at
room temperature in 25 mM Tris, 200 mM glycine buffer (pH
8.6). Free DNA and proteins from protein–DNA complexes
were detected by autoradiography and/or silver staining. Quan-
titative data were from PhosphorImager analysis.

Protein footprints

Protein footprint assays were conducted with end-labeled sN as
described previously (Casaz and Buck 1997). Briefly, labeled sN

as free protein (25 nM) or as holoenzyme (50 nM) was incubated
in TGED buffer with or without promoter DNA (50 nM) and
challenged with 75 ng of endoproteinase Glu-C for 3 min at
30°C. Reactions were terminated with 2× SDS loading buffer
[4% SDS, 20% glycerol, 10% b-mercaptoethanol, 0.125 M Tris-
HCl (pH 6.8), 0.004% bromophenol blue] containing 0.5 mM

3,4-dichloroisocoumarin. Digestion products were separated on
12.5% denaturing polyacrylamide gels and detected by autora-
diography. The amino termini of the products have been
mapped previously (Casaz and Buck 1997). The product of cleav-
age at residue E36 was quantitated by PhosphorImager analysis
with the product of cleavage at residue 130 as an internal con-
trol. Values for stimulation or reduction given in the text are
relative to cleavage of free s without added DNA.

DNA footprinting assays

S1 nuclease footprinting was used to examine binding of sN,
DIsN and their holoenzymes to homoduplex and heteroduplex
DNA. For S1 footprints on homoduplex (extended M13mp19
with R. meliloti nifH promoter), reactions (50 µl) were con-
ducted in STA buffer at 30°C and contained 1.6 nM DNA to-
gether with 1 µM s or 100 nM holoenzyme (core:s at 1 : 2) and
activator PspFDHTH (4 µM) and GTP (1 mM) where needed.
Holoenzymes and DNA were incubated for 10 min and, for
activation assays, PspFDHTH and GTP were added for a further
10 min. S1 nuclease (1400 units, Pharmacia) was added for 5
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min before reactions were terminated by the addition of 10 mM
EDTA followed by rapid phenol extraction. DNA was recovered
by ethanol precipitation and run on 6% denaturing polyacryl-
amide gels. Markers were generated by chemical cleavage of the
DNA with piperidine following partial methylation with di-
methylsulfate. For S1 footprints on heteroduplex DNA (hetero-
duplex 1), binding reactions (15 µl) were conducted as above but
with 100 nM holoenzyme or 2 µM s and ddGTP (1 mM) instead
of GTP. S1 nuclease (300 units) was added for 1 min before the
reaction was terminated with 10 mM EDTA and 100 µg/ml
heparin. After 5 min, reactions were run on 4.5% native gels,
and all labeled DNA bands were excised and the DNA eluted
into 10 mM Tris (pH 8.0), 0.1 mM EDTA for 2 hr at 50°C and
dried under vacuum. For KMnO4 footprints on heteroduplex
DNA, binding reactions were treated with 4 mM fresh KMnO4

for 30 sec, stopped with 50 mM b-mercaptoethanol and com-
plexes resolved on native gels. DNA from excised bands was
eluted into water and cleaved with piperidine (10% vol/vol) at
90°C for 30 min. Recoveries of isolated DNA were determined
by dry Cerenkov counting and equal numbers of counts loaded
(hence lanes are directly comparable) on 10% denaturing poly-
acrylamide gels. Quantitative data were obtained by Phosphor-
Imager analysis.

In vitro transcription assay

Nonradioactively labeled heteroduplex or homoduplex pro-
moter DNA fragments (16 nM) and holoenzyme (100 nM) were
incubated in a 40-µl reaction for 10 min at 30°C in STA buffer
containing 40 units of RNase inhibitor (RNasin, Promega) prior
to the addition of 1 mM GTP or 1 mM ATP (for [a-32P]UTP and
[g-32P]GTP transcript assays respectively) and 4 µM PspFDHTH
activator protein to allow open complexes to form. After a fur-
ther 10 min, heparin (100 µg/ml) and elongation mix {ATP,
CTP, UTP at 0.1 mM and 12.5 µCi of [a-32P]UTP (Amersham,
800 Ci/mmole) or GTP, CTP, UTP at 0.1 mM and 10 µCi of
[g-32P]GTP (Amersham, 5000 Ci/mmole)} were added to allow
synthesis of transcripts, which were allowed to accumulate for
10 min before phenol extraction and ethanol precipitation.
Samples were run on 15% denaturing polyacrylamide gels and
transcripts were visualized by autoradiography.
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