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ABSTRACT The o-N (oV) subunit of the bacterial RNA
polymerase is a sequence specific DNA-binding protein. The
RNA polymerase holoenzyme formed with ¢™ binds to promot-
ers in an inactive form and only initiates transcription when
activated by enhancer-binding positive control proteins. We now
provide evidence to show that the DNA-binding activity of o™
involves two distinct domains: a C-terminal DNA-binding do-
main that directly contacts DNA and an adjacent domain that
enhances DNA-binding activity. The sequences required for the
enhancement of DNA binding can be separated from the se-
quences required for core RNA polymerase binding. These
results provide strong evidence for communication between
domains within a transcription factor, likely to be important for
the function of o™ in enhancer-dependent transcription.

The first step in gene expression, transcription initiation, is
tightly regulated at the level of RNA polymerase activity (1).
A specialized form of RNA polymerase found in bacteria
functions in enhancer-dependent transcription and employs
activator proteins that possess a nucleoside triphosphatase
activity required for their positive control function (2-5). The
sigma-N (o) subunit of the RNA polymerase is necessary and
sufficient to modify core RNA polymerase so as to form the
specialized enhancer-responsive holoenzyme (6-10). Prokary-
otic transcription that is independent of o™ does not require
B—y bond nucleotide hydrolysis but both prokaryotic and
eukaryotic enhancer-dependent transcription does. Promoter-
specific DNA-binding activity of o~ is central to formation of
the anisometric RNA polymerase—promoter complex that is
the target of activator proteins (11, 12).

A domain model for o™ has been elaborated (13-15; see Fig.
1) and certain conserved residues that are important for retention
of activity have been identified (16-19). However, little is known
about intramolecular interactions within o™ or how such inter-
actions might contribute to activity. The C-terminal 329-477
residues of o include the DNA-binding domain, which contacts
consensus DNA sequences comprising the recognition sequence
of the o™ holoenzyme (14, 15, 17, 20, 21). The DNA contacted
by o and its holoenzyme includes sequences that are melted
upon formation of an open promoter complex (22), suggesting a
role for o in DNA melting (23). We now report evidence
strongly suggesting that the DNA-binding activity of o is mod-
ulated by an intramolecular interaction between domains of o™.
This conclusion is based upon measurements of the in vitro
DNA-binding activity of the DNA-binding domain of ¢~ and
enhancement of this activity by adjacent amino acid sequences
that appear to be a separate unit of folding and therefore a
discrete domain (see Fig. 1). The adjacent sequences functioned
to increase DNA binding when present as either a separate
polypeptide or when linked to the DNA-binding domain. The
activity responsible for enhancing and potentially modulating
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DNA-binding activity is present within a part of o™ distinct from
that part which binds core RNA polymerase (see Fig. 1). Results
are discussed with respect to an architecture of o™ needed for
enhancer-dependent transcription.

MATERIALS AND METHODS

Plasmid Constructions. Constructs are summarized in Fig. 1.
To overproduce the 30-kDa core binding peptide of o%, identified
by proteolysis as an active domain (15), a Sa/I-PstI fragment from
the Klebsiella pneumoniae rpoN gene (24) and encoding amino
acids 70-324 was cloned into a modified PT7-7 vector (PT7-
7:4803/4804) restricted with Sall and PstI to generate PMB7-
7:760. The PT7-7:4803/4804 vector was generated by ligating
between the PstI and HindIII sites of PT7-7 the linker formed by
annealing oligonucleotides 5'-GTGATGATATCA and 5'-
AGCTTGATATCATCACTGCA so as to introduce tandem
UGA stop codons after the PstI site. From PMB7-7:760 the
unique Ndel-HindIII fragment encoding amino acids 70-324 of
o™ was isolated and cloned into PET28b* (Novagen) restricted
with Ndel and HindIII forming PMB28b*:core which directs the
synthesis of an amino-terminal 6-His-tagged o™ peptide. Deletion
derivatives of the rpoN sequence in PMB28b ™ :core were obtained
by amplifying parts of the sequence using the T7 primer to read
through the Ndel site and another primer designed to (i) truncate
at amino acids 268, 215, and 184 by inclusion of an UGA
termination codon and (if) introduce a HindIII site downstream
of the termination codon. Following thermal cycle amplification,
the product of the reaction was restricted with Ndel and HindIII,
gel purified, and cloned into PET28b™* also restricted with Ndel
and HindIIl. Plasmids PW301, -302, and -303 constructed as
above directed the synthesis of N-terminal 6-His-tagged polypep-
tides specifying residues 70-215, 70-268, and 70-184 of o™.

The gene fragment encoding the DNA-binding domain of o™
was cloned using thermal cycle amplification to introduce an Ndel
site at the codon corresponding to amino acid 329 or 365 of o™.
Plasmid PMM70 (a PTZ19 clone of the EcoRI-HindIII rpoN-
containing fragment of PMM17; ref. 24) was used as template
DNA and the reverse sequencing primer was used to prime DNA
synthesis in the opposite direction to the Ndel site primers. The
amplified DNA fragments were restricted with Ndel and HindIII
and cloned into PET28b* also restricted with Ndel and HindIII.
Plasmids PMKC329 and PW365 direct the synthesis of amino
acids 329-477 and 365-477 of oY respectively with 6-His N-
terminal tags. Similarly PMKCI180 directing the synthesis of
amino acids 180-477 and PMKC306 directing synthesis of amino
acids 180-306 were prepared. To His-tag the 306—477 DNA-
binding peptide (15), synthetic NdeI-Ncol linkers flanking a
poly-His encoding sequence (5'-(CAT)6ACC) were introduced
between the Ndel and Ncol-specified ATG codons of PT7-7 and
PMHM381 (15), respectively. The resulting plasmid PMB381.1
carries the Ncol-BamHI fragment of PMHM381 (encoding
amino acids 306—477) in pT7-7.

Protein Overproduction and Purification. Purified proteins
and peptides are summarized in Fig. 1. Plasmids directing over-
production of K. pneumoniae o™ peptides were transformed into
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Escherichia coli BL21/DE3 and cells were grown at 30°C (for
overproduction of amino acids 70-324 and truncated derivatives)
or at 37°C for overproduction of the o™ DNA-binding domain
(amino acids 306477, 329-477, 365-477) and o™ amino acids
180—477. Bacteria were grown in 1-liter batches from 10-20%
inoculation and induced after 3—4 h growth by the addition of 1
mM isopropyl B-D-thiogalactoside. Cells were harvested after 3—4
h induction, resuspended in 50 mM Tris-HCI (pH 8.0), 50 mM
NaCl, and 5% glycerol, and broken by three cycles of freeze thaw
in the presence of 1% (wt/vol) sodium deoxycholate, 1 mM DTT,
0.1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF),
and 20 ug/ml lysozyme. Following centrifugation at 20,000 X g
for 30 min the DNA-binding domain peptides and the 180-306
and 180-477 peptides were found in the insoluble cell fraction
where as the 70-324 peptide and its derivatives starting at amino
acid 70 were found predominantly in the soluble fraction. The
soluble o™ peptides were purified by Ni affinity chromatography
at pH 7.0 after dialysis into 25 mM sodium phosphate, 0.5 M
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NaCl, and 5% glycerol and eluted with an imidazole gradient.
Further purification was achieved by chromatography on a 1 ml
Resource Q (Pharmacia) column using a NaCl gradient in 20 mM
imidazole (pH 7.0), 1 mM DTT, 0.1 mM EDTA, and 5% glycerol.
Pooled peak fractions were dialyzed into 50 mM TrissHCI (pH
8.0), 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, and 50% glycerol
for storage at —70°C. Following extraction and washing of the
insoluble cell fraction with 1 M NaCl and 1% Triton X-100 the
DNA-binding peptides were solubilized in 50 mM TrissHCI (pH
8.0), 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 5% glycerol, 1%
sarkosyl, and 1 mM PMSF (15). The sarkosyl was removed by
dialysis against 50 mM Tris'HCl (pH 8.0), 250 mM NaCl, 0.1 mM
EDTA, 1 mM DTT, 5% glycerol, and 1 mM PMSF for 15 h at 4°C
and then for a further 4 h with the NaCl concentration reduced
to 100 mM. Solublized material was exchanged into 25 mM
phosphate buffer (pH 7.0) and 0.5 M NaCl, subjected to Ni
affinity chromatography and elution with an imidazole gradient.
Peak fractions were pooled and dialyzed in 50 mM Tris-HCI (pH
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FiG. 1.

The primary organization of o™ and its functional domains (8, 14, 15). Amino acids 1-477 of the K. pneumoniae protein can be divided into

regions I-III (13). Region I is glutamine-rich and involved in activation of the holoenzyme (28-30), region II is acidic and is variable among members
of the o protein family (8, 23) and region III includes the core binding determinant, the DNA-binding domain, and the domain described in this paper
which enhances and modulates DNA-binding activity (8, 14, 15, 18). Arrows mark proteolytically sensitive sites (21) relevant to this work, and the amino
acid residue C terminal to the cleavage site is indicated. The site at 365 was established by chymotryptic challenge of purified peptides comprising amino
acids 329-477 and 306—477 and searching for common peptides and the site at 185 by tryptic challenge of the 70-324 peptide (X.-Y.W. and M.B,,
unpublished data); the other sites have been previously reported (15, 21). Protein fragments employed in this work are shown and their activities are
indicated. Plasmids directing peptide synthesis are indicated below each protein fragment, and the solid bar the N-terminal extension-
MGSSH6SSGLVPRGSHM arising from the vector. In the case of the 365-477 and 306477 peptides the Met at 365 and at 306 is contributed by this
extension. The activity that enhances DNA-binding resides in peptide 180-306 approximates a 180-303 chymotryptic peptide of o™ (15, 21).
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8.0), 0.5 M NaCl, 0.1 mM EDTA, 1 mM DTT, and 50% glycerol
for storage. DNA-binding peptides were also diluted in this buffer
prior to assay. The 180-306 peptide was refolded from urea (15)
and following Ni affinity purification was stored in 50 mM
TrisHCI (pH 8.0), 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT,
and 50% glycerol.

Core RNA Polymerase Binding Assays. These were performed
as described (15, 25) except that 4.5% native polyacrylamide gels
(37.5:1, acrylamide/bis-acrylamide) prepared as 7 cm X 10 cm, 1
mm-thick gels were employed to separate core RNA polymerase,
holoenzyme, and o™ peptides. Proteins were visualized by Coo-
masie staining. Assays (8 ul) contained 300 nM core RNA
polymerase and different amounts of o™ peptides (see Fig. 3
legend). Gels were run at 50 V. cm ™! for 2 h at room temperature
in 25 mM Tris/200 mM glycine buffer, pH 8.6.

DNA Interaction Assays. These were conducted using the
Rhizobium meliloti nifH promoter as the target DNA sequence
(26). Briefly, single-stranded DNA from an M13 clone was
extended with Klenow polymerase using a 5’ 32P-labeled
universal primer and then restricted to generate defined length
end-labeled double stranded DNA for footprinting. Exonucle-
ase III and DNase I footprinting was then conducted to detect
binding of o™ peptides to promoter DNA (20, 27). Binding
reactions (25-50 ul, 30°C) were conducted in 25 mM Tris-
acetate (pH 8.0), 8 mM Mg acetate, 10 mM KCl, 1 mM DTT,
and 3.5% (wt/vol) PEG 6000 and contained 1.2-2.4 nM
template DNA (27) and the amount of o™ peptide indicated in
the figure legends. Protein solutions contributed 2-4% of the
final assay volume. Proteins and DNA were incubated for
15-20 min before the addition of 175 units of exonuclease 111
(Pharmacia) for 3 min or 0.0035 units of DNase I (Amersham)
for 45 sec. Reactions were terminated by rapid phenol extrac-
tion. Nucleic acids were recovered by ethanol precipitation,
electrophoresed through 6% denaturing polyacrylamide gels
that were then dried and autoradiographed. Markers were
generated by chemical cleavage of the DNA with piperidine
following partial methylation with dimethyl sulfate (28).

RESULTS

DNA-Binding Activities of o Peptides. Previous work had
established that amino acids 329-477 of o™ bound specifically
to promoter DNA sequences recognized by o™ and its holoen-
zyme (15, 21). The 329-477 DNA-binding peptide was shown
to interact with amino acids 107-303 of o™ by the criteria of
copurification and chemical crosslinking of the two peptides to
each other (15). To examine the potential influence of in-
tramolecular interactions on oY function a series of DNA
binding and adjacent peptides were purified (Fig. 1). The
choice of the N- and C-terminal boundaries of these peptides
was guided by the identification of proteolytically sensitive
sites in o as potential structural domain boundary markers
(15, 21). Briefly, in this work sites at amino acids 70, 180, 185,
306, 329, and 366 were chosen and convenient restriction sites
or primer generated end points were used to construct dele-
tions of the 7poN gene (Fig. 1 and Materials and Methods).

The double-stranded DNA-binding activities of peptides
comprised of amino acids 180-477, 306—477 (6-His-tagged
and nontagged), and 329-477 of o™ were examined by exo-
nuclease III footprinting (Fig. 24) and compared with oN. In
this assay the binding is detected by a block to exonuclease III
digestion at —33 on the template strand (15, 20). As judged by
the intensity of the footprint the DNA-binding activity of the
180-477 peptide preparation was significantly higher than that
of the DNA-binding domain peptides 306—477 and 329-477,
and approximated the activity of the full-length o™ protein
(data not shown). The 70-324 peptide at up to 5 uM lacked
detectable DNA-binding activity consistent with its lack of
residues 329-477 which are involved in DNA contact (but see
below). The greater DNA-binding activity of the 180-477
peptide compared with the 329-477 peptide indicated that
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F1G.2. (A) Exonuclease III footprints of the 1-477 o™ protein and
180-477, 306—477 (non-His and His-tagged), and 329-477 peptides
each at 250 mM and 1 uM. On the basis of the intensity of the block
at —33 the o™ and 180-477 peptides displayed stronger binding than
the 306—477 and 329-477 peptides. (B) Increase of the —33 exonu-
clease III footprint signal in a combined DNA-binding assay. The
presence of 1 uM 70-324 peptide combined with the 329-477 peptide
(25 nM, 50 nM, 100 nM, 250 nM, 500 nM, and 1 uM) produced a
significantly stronger footprint signal compared with single protein
footprints (1 uM). The 70-324 peptide was added to the assay mix
prior to the 329-477 peptide. (C) Combined exonuclease III footprint
with the 329-477 peptide (+) at 250 nM and a series of peptides
(70-184, 70-215, 70-268, 70-324) at 1 uM. Peptides were premixed
(20-25 uM) before addition of the DNA.

residues between 180 and 328 could be enhancing the DNA-
binding activity of the 329-477 DNA-binding domain.

It was consistently observed that the 306—-477 and 329-477
peptides protected the end of the DNA footprinting template
from exonuclease digestion, indicating some single-strand
DNA-binding activity (data not shown). End protection was
not as evident with the 365-477 peptide (see Fig. 4B), sug-
gesting the single-strand binding activity is closely associated
with amino acids 329-364. The full-length o™ does not show
strong end protection suggesting that the single-strand binding
activity may be reduced by the presence of other o™ sequences.
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Table 1. Combinations of o peptides that gave increased DNA
footprints compared to single peptide footprints

Sigma peptides

DNA-binding Enhancing
329-477 + 70-324
329-477 + 180-306
323-477 + 70-324
323-477 + 180-306
365-477 + 180-306

The 329-477 peptide derived from proteolysis (15) was able to
substitute for the overproduced recombinant 329-477 peptide (see
Figs. 2, 4, and 5, and data not shown). The 70-324 and 180-306
peptides enhance DNA binding.

Enhancement of the DNA-Binding Domain’s Activity. To
examine the influence of sequences N terminal to position 329
upon DNA binding, the 70-324 and 329-477 peptides were
both included in an exonuclease III footprint. Results of this
experiment demonstrated that the 70-324 peptide greatly
increased the footprint signal seen with the 329-477 peptide
alone (Fig. 2B, and Table 1). Increased footprints were seen
when template (Fig. 2B) and nontemplate strands were as-
sayed (see Fig. 54). The extent of the footprint as judged by
blocks at —33 and —5 remained the same as for the DNA-
binding domain, indicating that enhancement of DNA binding
did not involve DNA contacts outside of those made by the
329-477 DNA-binding domain peptide.

Core RNA Polymerase Binding Can Be Separated from the
Enhancement of DNA Binding. Previous work had indicated
that the 77-311 peptide liberated from o™ by proteolysis and
which bound core RNA polymerase is comprised of two
structural domains (15). Sites around amino acid 180 were
sensitive to proteolysis (Fig. 1) and a peptide comprising of
amino acids 180-303 appeared as a stable product of prote-
olysis (15). Similar results were obtained when the overpro-
duced 70-324 peptide was proteolysed (X.-Y.W. and M.B.,
unpublished data). In principle a fragment derived from the
70-324 sequence could stimulate DNA binding. By construct-
ing a series of truncated derivatives of the 70-324 peptide we
established that amino acids 70-184 failed to enhance DNA
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binding in the combined footprint assay (Fig. 2C) but retained
core RNA polymerase binding (Fig. 3). A clear increase of the
exonuclease III footprint signal was seen with the 70-324
peptide, weakly with the 70-268 and 70-215 peptides, but not
with the 70-184 peptide (Fig. 3). These results establish that
the core RNA polymerase binding and DNA-binding enhance-
ment activities can be separated and strongly suggest that the
latter activity resides between amino acids 184-324. Using a
number of proteins unrelated to o™ in combination with the
329-477 peptide we were unable to demonstrate an increased
footprint, arguing for a specific effect of residues 184-324
upon DNA binding (data not shown).

A Discrete Domain of ¥ Enhances DNA Binding. Deletion
analysis of the 70-324 core-binding and footprint enhancing
peptide established that the core binding activity could be
separated from the activity enhancing DNA binding. Amino
acids 180-306 correspond to a previously reported subdomain
of a core-binding o™ peptide (15) and include those amino
acids that when deleted from the 70-324 peptide result in a loss
of the enhancement of DNA binding (see Fig. 3). To determine
whether the enhancement activity resided within a discrete
domain of o, the 180-306 peptide was overexpressed and
purified for use in a combined DNA footprinting experiment.
As reported (15) for the 180-303 peptide liberated by prote-
olysis of o, the overproduced 180-306 peptide bound to
heparin matrix indicating that the overproduced and native
peptides have some similar character. The 180-306 peptide
failed to form a detectable complex with core RNA polymer-
ase (data not shown) consistent with the view that important
core-binding determinants lie between amino acids 77 and 180
(15). Similarly the amino acids 180-477 peptide failed to bind
to core RNA polymerase (data not shown).

In a combination footprint experiment the 329-477 and
180-306 peptides together produced a greatly increased foot-
print (Fig. 44, Table 1). The enhancement of binding was at
least equal to the enhancement seen with the 70-324 peptide
(Fig. 2B) and was also clearly evident when the natural
329-477 DNA-binding peptide liberated by proteolysis of oN
(15) replaced the refolded 329-477 peptide (data not shown).
Enhancement of binding afforded by the 180-306 peptide was
also evident with the 365-477 peptide (Fig. 4B and Table 1),

70~ 215 70—-184
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F1G. 3. Binding of the 70-184, 70-215, 70-268, and 70-324 peptides to core RNA polymerase. A constant amount of core (E) was combined
with increasing amounts of o peptides (S'). Formation of a holoenzyme (H') was detected as the presence of a faster migrating species when
compared with E alone (lanes 1 and 6). All o peptides formed a holoenzyme complex at a ratio of 1:1 with E (lanes 3, 8, 12, and 16). Other ratios
E/S") were 1:4 (lanes 4, 9, 13, and 17) and 1:10 (lanes 5, 10, 14, and 18). Free o peptides (lanes 2, 7, 11, and 15) are also shown. In a separate
experiment (data not shown), on native gels the order of mobility for the free o peptides was 70-324 = 70-184 < 70-268 < 70-215.
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F1G. 4. (A) Increase of the —33 exonuclease III footprint signal in
a combined DNA-binding assay. The presence of 1 uM 180-306
peptide with the 329-477 peptide (25 nM, 50 nM, 100 nM, 250 nM,
500 nM, and 1 uM) produced a significantly stronger signal compared
with single peptide footprints. The 180-306 peptide was added to the
assay mix before the 329-477 peptide. (B) Increase of the —33
exonuclease III footprint signal in a combined DNA-binding assay in
the presence of 1 uM 180-306 peptide (+) and 1 uM 365-477 peptide.
The peptides were premixed (25 uM) before addition of the DNA. The
increased signal of the 365-477 peptide compared with the 329-477
peptide (Fig. 2) is attributable in part to reduced protection of the
DNA fragment end. (C) Increase of the DNase I footprint signal in a
combined assay containing the 329-477 peptide and 180-306 (lane 4)
or 70-324 (lane 3) peptides each at 2 uM. The extent of protection was
the same as for o™ (lane 5). Peptides were premixed as in Fig. 2C
before assay (lane 1, no protein). The 329-477 peptide was footprinted
alone (4 uM) in lane 2 and protected the —24 part of the promoter
weakly compared with the combined assays (lanes 3 and 4). Protected
DNA sequences are bracketed.

indicating that the increased footprint does not absolutely
require amino acids 329-364. However, the enhancement of
DNA binding was not as strong as with the 329-477 peptide,
suggesting that the 329-364 sequence does contribute to the
enhanced footprint. By the criterion of being an independently
folded unit of protein structure the results establish that amino
acids 180-306 comprised a domain of o™ with a discrete
activity closely associated with enhancing DNA binding but
apparently not with core RNA polymerase binding.

Proc. Natl. Acad. Sci. USA 94 (1997)

Interestingly, the amino acids 180-306 domain itself pro-
duced a weak exonuclease III footprint when assayed (Fig. 4B)
indicating that its contribution to the increased footprint could
involve direct DNA contact as well as the protein contact with
the 329-477 domain as previously detected by crosslinking of
the two domains (15). Judged by the intensity of the exonu-
clease footprint the 180-306 peptide bound about one-fiftieth
as well as the 329-477 peptide. DNA binding by the 180-306
peptide was observed with three independent preparations
and was sequence specific by the criteria of the location of the
exonuclease block at —33. Repeated experiments failed to
detect DNA binding by the 70-324 peptide indicating that the
DNA-binding activity associated with amino acids 180-306
could be masked within the 70-324 peptide.

Order of addition experiments were conducted to examine
whether evidence, in addition to previous crosslinking results
(15), in favor of complex formation between the 329-477
peptide and the 180-306 peptide could be obtained. When the
peptides were pre-incubated together rather than being added
separately to the DNA target the footprint was stronger (data
not shown), a result consistent with DNA binding by a
preformed complex between the 329-477 and 180-306 pep-
tides. In the light of the above results we cannot discount the
possibility that previous footprints with the proteolytically
liberated 329-477 peptide (15) may have some increased
signal attributable to a low level of a contaminating peptide
related to the 180-306 sequence.

Enhanced Binding Involves Similar Contact to Promoter
DNA. DNase I footprinting (Fig. 4C) demonstrated that the
extent of contact made in the increased footprint was very
similar to that made by o~ and further established that the
footprint made by the 329-477 peptide was very much weaker
than that obtained in the combined footprint (Fig. 4C). The
increased footprint differed qualitatively from that of o™ in
that the hyperactivity toward the base at —5 was weaker.
Because core RNA polymerase assists binding of o we
included core in a DNase I combined footprinting assay with
the 70-324 core binding peptide and the 329-477 DNA-
binding peptide. No core-dependent increase in the intensity
of the footprint was observed (data not shown). However the
—5 hyperreactivity was weakened relative to the control
without core [resulting in a footprint qualitatively very similar
to that seen with an N-terminal delete o™ (107-477) holoen-
zyme (15)], indicating that core binding influenced the o
peptides—DNA interaction somewhat.

The top strand contact by o peptides was examined using
exonuclease III (Fig. 5). The increased footprint was evident
as a stronger block at —5 when the 329-477 peptide was
assayed in combination with the 70-324 or 180-306 peptides
(Fig. 54). The 180-477 peptide also gave a strong —5 block
(Fig. 5B). The increased footprints did not extend beyond the
boundaries of contacts made by the the 329-477 and 365-477
peptides at —33 and —5. However the increased 329-477 and
180-477 footprints all differed from the o™ and 365-477
footprints in that the —12 block was not as evident. These
differences can be ascribed in part to the amino region I of o
that influences DNA contact made by the ¢ around the —12
promoter element (14, 15, 29, 30) and also to residues 329-364
which distinguish the 329-477 and 365-477 peptides. Residues
329-364 include a site of DNA crosslinking (between 332 and
345) and additionally several acidic residues and so might
contribute both positively and negatively to DNA binding.

DISCUSSION

Recognition of promoter DNA by o™ is a key activity necessary
for locating the RNA polymerase holoenzyme at the transcription
start site (1, 31, 32). DNA contact by o is also likely to be
involved in DNA melting (22, 23), a step in o™-dependent
transcription accelerated by the activator protein (10). Our results
support a model for the o DNA-binding function (15) in which
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FiG. 5. Exonuclease III footprints of the top strand showing blocks
around —5 and —12. Combined DNA-binding assays (4) were conducted
in the presence of the 329-477 peptide (+) with either 70-324 or 180-306
peptides and compared with 329-477 peptide alone and to o™ (1-477).
Top strand contacts made by 180-477, 329-477, 365-477, and o™ are
shown in B. All proteins were used at 1 uM concentration.

a discrete domain (residues 180-306) assists the DNA binding of
a separate domain responsible for directly contacting the con-
sensus elements of the promoter (see Fig. 1 and Table 1). Thus
DNA binding by o™ appears to be specified by two structural
domains. Two additional independent lines of evidence also
argue that the 180-306 domain functions to assist DNA binding,
likely through an intramolecular interaction. First, an internal
deletion analysis of o™ demonstrated that disruption of the
180-306 domain (through deletion of amino acids 246-291)
resulted in a loss of DNA-binding activity, consistent with our
results establishing that the 180-306 domain enhances DNA
binding, illustrating that the domain functions to assist DNA
binding within the full-length protein (14). Second, o™ undergoes
a two-step cooperative melting transition that is dependent upon
an intact DNA-binding domain and upon residues 180-306, but
which is independent of N-terminal residues (S. Missailidis and
M.B., unpublished data). It would appear that amino acids
304-328 which link the DNA binding and enhancing domains
comprise a surface exposed element in o™ since proteoloytically
sensitive sites map here (ref. 21; P. Casaz and M.B., unpublished
data). The minimum function of the element is to link two
domains. Other roles for the linking element are possible, and
include activator contact (11) and signal transduction through o™.

Previous protein crosslinking experiments (15) suggest that
one mechanism by which the 180-306 domain could enhance
DNA binding would involve a protein-protein interaction with
the 329-477 domain. A DNA contact by the 180-306 domain
may also be involved in establishing the enhanced DNA
binding since a weak exonuclease I1I footprint was consistently
observed with the 180-306 domain. Because the interaction
between o and DNA changes throughout transcription (33)
and is also conditioned by the binding of core RNA polymerase
to o™ (20, 25, 30), the 180-306 domain is likely to be involved
in determining how o~ interacts with DNA during the oV
transcription cycle. Intramolecular communication within
transcription factors is a relatively poorly described but po-
tentially very important feature of their function and is likely

Proc. Natl. Acad. Sci. USA 94 (1997) 5011

to be involved in establishing alternate conformational states
and in signal transduction through o~. Evidence from in vitro
footprinting work suggests that o™ binds DNA in an altered
conformational state following the initiation of transcription
(33). Furthermore, mutant o™ proteins that direct activator-
independent transcription show an altered contact to promoter
DNA (34-36). Activation of the o™ holoenzyme presumably
involves changes in interactions between protein domains. The
180-306 sequence is a candidate domain involved in the signal
transduction pathway that exists between the binding of acti-
vator, formation of an open promoter complex, and the
initiation of transcription. Ligands modifying the activity of o
might also work through the activity of the 180-306 domain
(8). Taken together with previous domain analyses (14, 15), it
appears that o comprises four functional domains: activation,
core binding, enhancement/modulation of DNA binding, and
DNA contact from N to C terminus, respectively (see Fig. 1
and ref. 15). The domains are likely to interact via intramo-
lecular contacts to establish the full specialized function of o
in enhancer-dependent transcription (10, 37, 38). Specifically,
this is the ability to form a stable but transcriptionally inactive
closed promoter complex that responds to remotely bound
activators. The activation and modulation domains, apparently
absent from the o0 class proteins that bind promoters in a
transcriptionally active form (1, 39), may be key in establishing
enhancer-dependent transcription through a specialized o
architecture critically involving the activation and modulation
domains.
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