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ABSTRACT The alternative bacterial sN RNA polymer-
ase holoenzyme binds promoters as a transcriptionally inac-
tive complex that is activated by enhancer-binding proteins.
Little is known about how sigma factors respond to their
ligands or how the responses lead to transcription. To examine
the liganded state of sN, the assembly of end-labeled Klebsiella
pneumoniae sN into holoenzyme, closed promoter complexes,
and initiated transcription complexes was analyzed by enzy-
matic protein footprinting. V8 protease-sensitive sites in free
sN were identified in the acidic region II and bordering or
within the minimal DNA binding domain. Interaction with
core RNA polymerase prevented cleavage at noncontiguous
sites in region II and at some DNA binding domain sites,
probably resulting from conformational changes. Formation
of closed complexes resulted in further protections within the
DNA binding domain, suggesting close contact to promoter
DNA. Interestingly, residue E36 becomes sensitive to prote-
olysis in initiated transcription complexes, indicating a con-
formational change in holoenzyme during initiation. Residue
E36 is located adjacent to an element involved in nucleating
strand separation and in inhibiting polymerase activity in the
absence of activation. The sensitivity of E36 may ref lect one or
both of these functions. Changing patterns of protease sen-
sitivity strongly indicate that sN can adjust conformation
upon interaction with ligands, a property likely important in
the dynamics of the protein during transcription initiation.

Two distinct classes of prokaryotic s factors are known based
on sequence comparison and functional differences. One class,
typified by the major vegetative sigma in Escherichia coli, s70,
binds promoter elements located at 210 and 235 with respect
to the initiation site, and generally binds in a transcription
competent state (1). The second class, related to the E. coli s54

(sN), activates a variety of genes in response to specific
environmental stimuli (2, 3). sN confers RNA polymerase
holoenzyme with properties that distinguish it from s70 con-
taining holoenzyme. First, the sN holoenzyme binds to distinct
promoters having conserved elements at 212 and 224 (4).
More importantly, sN holoenzyme binds promoters in a tran-
scriptionally inactive state, forming stable closed complexes
(4–6). Isomerization of the closed complex to transcriptionally
competent open complexes requires an activator protein
bound to a DNA sequence with enhancer-like properties (7, 8)
and nucleoside triphosphate hydrolysis by the activator protein
(5, 9, 10). Activation appears to involve direct contact between
activator and the holoenzyme (11–13).

The function of several regions of sN have been assessed
through mutagenesis. The conserved N-terminal 50 amino
acids (region I) contain an excess of glutamine residues and
characteristic regularly repeated leucines and are required for
response to activator proteins (14–17). Interestingly, certain

mutations in this domain result in low-level activator-
independent transcription (18, 19). The next 50 or so amino
acids (region II) are not conserved in sequence or in number,
but are generally acidic and for E. coli sN contribute to DNA
melting (14, 20). The carboxyl-terminal two-thirds of the
protein (region III) is highly conserved and performs at least
three functions. First, residues 70–215 interact with core RNA
polymerase (15, 21, 22). Next, residues 329–477 comprise the
primary DNA binding determinant (15, 23, 24) and include a
predicted helix–turn–helix motif (25) and the rpoN box, a
characteristic element found in all sN proteins. Mutations in
either of these sequence elements can alter DNA binding (26,
27). Finally, residues 180–306 contribute to DNA binding
activity by enhancing binding of the minimal DNA binding
domain (28).

Partial proteolysis, or ‘‘protease footprinting,’’ has been
used to detect protein–protein, protein–DNA, and protein–
ligand interactions (29–33). Both contacts between protein
and ligand (30, 32) and conformational changes in the proteins
(34, 35) have been inferred. We have used partial proteolysis
of 32P end-labeled sN [labeled through introduction of a heart
muscle protein kinase (HMK) site, 2HMK] as a means of
examining the interactions of s with core, DNA, and in open
complexes. Our results indicate that surface-exposed regions
of sN undergo significant conformational changes as a result
of interaction with core, and during the transition from closed
to open complexes. In addition, amino acid residues in direct
contact or close proximity to DNA have been identified. The
changes in protease sensitivity resulting from these interac-
tions demonstrate that localized conformational changes in sN

accompany each step along the initiation pathway. Such
changes may reflect movements that are necessary for the
normal function of sN.

MATERIALS AND METHODS

Overexpression and Purification of sN-HMK. The plasmid
pHMK39 encodes the Klebsiella pneumoniae sN protein mod-
ified by precise addition of the five-residue tag RRASV at the
C terminus, which allows C-terminal specific labeling with
g32P-ATP using HMK. It was constructed by PCR amplifica-
tion of the rpoN gene in pMM70 (36) by using an upstream
universal primer, 59-GTTTTCCCAGTCACGAC and a down-
stream primer, 59-ATAGTGAAGCTTCAAACAGATGCAC-
GACGAACCAGCTGCTTGCGCTG, encoding the sequence
RRASV (in italics) followed by a stop codon and a HindIII
restriction site (underline). A 150-bp SacII–HindIII fragment
from the PCR product was substituted for the equivalent
wild-type fragment from pWVC93025 (37).

Expression of sN-HMK was induced in E. coli strain 71–18
by addition of isopropyl b-D-thiogalactoside to 1 mM for 2 hr
at 30°C. Cells from 2 liters of culture were lysed for 30 min in
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15 ml of 50 mM Tris, pH 8.0y10 mM EDTAy5% glyceroly50
mM NaCly1 mM DTTy1 mM phenylmethylsulfonyl f luoridey
0.2% sodium deoycholatey200 mg/ml lysozyme, followed by
sonication to reduce viscosity of the extract. Streptomycin
sulfate was added to 0.2% final concentration, and supernatant
was recovered after centrifugation at 40,000 3 g for 30 min.
Ammonium sulfate was added to 70% saturation, and the
precipitate was recovered after centrifugation. The pellet was
resuspended in 5 ml of TGED (20 mM Tris, pH 8.0y5%
glyceroly0.1 mM EDTAy1 mM DTT), dialyzed overnight at
4°C against TGED. Dialyzed extract was purified as described
for wild-type sN with minor modifications (24). Briefly, chro-
matography was performed over DEAE-Sepharose in imida-
zole buffer and eluted with a gradient of NaCl (sN-HMK elutes
at 300–350 mM NaCl). Further purification was with heparin
agarose in TGED (sN-HMK elutes at 250 mM NaCl), and
Resource Q anion exchange resin in TGED (sN-HMK elutes
at 350 mM NaCl). After purification the sample was dialyzed
against TGED 1 50% glyceroly50 mM NaCl and stored at
270°C (long-term storage) or 220°C (short-term storage).

Labeling with g32P-ATP. Two micrograms of sN-HMK was
labeled by using 50 mCi (5,000 Ciymmol) g 32P-ATP and 0.5
unit HMK (Sigma) for 20 min on ice in 20 mM Tris, pH 7.5y100
mM NaCly12 mM MgCl2y4 mM DTT in a final volume of 10
ml. Under these conditions wild-type sN is not detectably
labeled. Typically, approximately 10% of the tagged protein
was labeled. The labeling reaction was used directly, or in some
cases unincorporated ATP was removed by repeated concen-
tration in Nanosep microconcentrators. Aliquots of labeled
protein were stored at 270°C and used only once after
thawing.

Purification of PspF. Strain K1629 (gift of G. Jovanovic and
P. Model, The Rockefeller University, New York) was used for
overexpression of the E. coli activator protein DPspF (38). This
activator naturally lacks an N-terminal regulatory domain and
has a disrupted DNA binding domain. This activator has the
advantages that it is soluble when overexpressed, and it is
constitutively active. Extracts of soluble protein were prepared
as for sN-HMK. The N-terminally hexahistidine-tagged pro-
tein then was purified by Ni-affinity chromatography using
HiTrap chelating resin (Pharmacia) in 20 mM Tris, pH 7.0y500
mM NaCl and eluted with an imidazole gradient of 20–500
mM. PspF elutes at around 350 mM imidazole. After dialysis
against TGED, the protein was purified further by anion
exchange chromatography using a Resource Q column equil-
ibrated in TGED and eluted with a 50–500 mM NaCl gradient.
The PspF peak was at 300 mM NaCl. Aliquots of the purified
protein in TGEDy50 mM NaCl were stored at 270°C.

Assembly of Complexes. Holoenzyme was formed in 9-ml
reactions by mixing approximately 10 ng sN-HMK with a 1.5-
to 2-fold molar excess of either K. pneumoniae or E. coli
(Epicentre Technologies, Madison WI) core polymerase in
TGEDy50 mM NaCly5 mM MgCl2 at 25°C for 5 min. An equal
amount (mass) of BSA was added to reactions lacking core
polymerase. Closed complexes were formed in an identical
manner except that after holoenzyme assembly, 1 mg of a
650-bp DNA fragment containing the Rhizobium meliloti nif H
promoter was added, and the reactions were incubated an
additional 10 min at 30°C. The promoter fragment was pre-
pared by PCR amplification of the promoter and nifA UAS in
pMB210.1 (39) using the primers as follows: 59-AAAAAT-
AGGCGTATCACGAGGCCCT (upstream) and 59-TATT-
TCGGTTGTTCGGACACATGAA (downstream). The
650-bp product was purified by agarose gel electrophoresis,
extracted from gel slices using Qiagen resin, then phenoly
chloroform-extracted and ethanol-precipitated before use.
Open complexes were prepared by mixing 30 ng 32P end-
labeled sN-HMK, 70 ng unlabeled sN-HMK, 720 ng E. coli
core RNA polymerase, and 1 mg promoter DNA in 12 ml 50
mM tris-acetatey10 mM potassium acetatey8 mM magnesium

acetatey1 mM DTTy3.5% (wtyvol) polyethylene glycol 6,000–
8,000, pH 8.0 (STA). After 10 min at 30°C, purified PspF and
GTP were added to 4 mM and 1 mM, respectively. After an
additional 10-min incubation, protease was added as needed.
Reactions were stopped by addition of heparin to 100 mgyml
and 3,4 dichloroisocoumarin to 0.25 mM and chilling on ice.
Open complexes were isolated after electrophoresis through
4% polyacrylamide gels in 20 mM Trisy200 mM glycine, pH 8.3
buffer. Isolated gel slices were incubated for 15 min in 15 ml
23 SDSyPAGE loading buffer before separation by SDSy
PAGE.

Protease Digestions. All digestions were performed at 25°C
for 3.5 min and contained approximately 10 ng of 32P-labeled
sN-HMK in TGED except for open complexes. Quantitation
of the digestions by using a PhosphorImager demonstrated that
cleavage of less then 10% of the sN-HMK produced a nearly
identical set of products as higher levels of cleavage, indicating
that the main digestion products result from a single cleavage.
Addition of DNA alone, or BSA in amounts equal to that of
RNA polymerase or PspF used in these experiments, had little
effect on the extent of digestion so the same conditions were
used in all reactions. Digestions were stopped by addition of
33 SDSyPAGE loading buffer containing 0.5 mM 3,4 di-
chloroisocoumarin and heating immediately to 95°C for 5 min.
Products were separated by SDSyPAGE on 15% Lamelli
polyacrylamide gels for fragments 12–65 kDa or on 16.5%
Tris-tricine gels (40) for fragments 6–25 kDa. Cleavage sites
were mapped based on the predicted sequence specificity of
the proteases, comparison with migration of purified, defined
truncated s proteins, and previously sequenced chymotryptic
peptides (23, 24).

RESULTS

Tagged sN-HMK. pHMK 39 encodes the full-length K.
pneumoniae rpoN gene followed by the sequence RRASV,
which allows phosphorylation by bovine HMK. The HMK-
tagged protein retains activity comparable to wild-type sN in
vivo and purifies as wild type. The purified tagged protein
binds core RNA polymerase normally as measured in gel
mobility shift assays and binds promoter DNA normally in
exonuclease III and ortho-copper phenanthroline DNA foot-
printing assays (data not shown). Formation of heparin-
resistant open complexes on labeled promoter fragments also
appeared normal. Titrations of proteases were performed, and
partial digestion conditions were established. The most useful
proteases were found to be the V8 protease, chymotrypsin, and
subtilisin, each of which produced a distinct set of bands.
Cleavage of less than 10% and up to approximately 50% of
sN-HMK molecules resulted in nearly identical sets of prod-
ucts, indicating that the major products result from primary
cleavage. The sites of cleavage were identified by using three
sN standards in addition to standard molecular mass markers.
First, the positions of cleavage sites in regions I and II were
mapped based on migration relative to purified N-terminally
deleted sN proteins (24). Second, previously sequenced chy-
motryptic peptides beginning at residues 304 and 329 allowed
identification of the V8 cleavage site at E325. Finally, urea
denatured 32P-labeled sN-HMK was digested with trypsin and
the sites of cleavage were determined based on the calculated
molecular masses using low molecular mass standards (Sigma
17S) to generate the standard curve. Cleavage at R383, K388,
and R394 was assigned in this way and provided a useful
marker for estimation of the V8 cleavage sites in the DNA
binding domain. Our assay provides information about a
number of residues in s, but is limited in that no cleavage sites
are observed in most of region I, or between residues 135–303,
suggesting the latter may form a tightly folded protein core.

Holoenzyme Formation. The effects of core RNA polymer-
ase on proteolysis of sN-HMK are shown in Figs. 1 and 2. Free
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sN-HMK is sensitive to V8 protease at several sites; one region
comprised of several sites extending from near residue 36 to
residue 100 (1y2 5 residues), and further sites at residues 135
and 325. Cleavage at residue 334 is weak and is not always
clearly present, suggesting it may be a secondary cleavage
product. Core RNA polymerase protects two distinct regions
from proteolytic cleavage, one near the N terminus from
residues 36–100, and a second at residues 325 y334. (Compare
Fig. 1, lanes 4, 6, and 8 with lanes 5, 7, and 9). Subtilisin cleaves
sN-HMK at sites overlapping the V8 sites (Fig. 2, lane 10),
although because of the broad specificity of subtilisin it is not
possible to specify exact residues. Core polymerase prevents

subtilisin cleavage between residues 304 and 328 (Fig. 2, lanes
10 and 11). In contrast to V8 protease, subtilisin cleavage sites
near residue 100 are unaffected. In the case of chymotrypsin
digestions, core polymerase sometimes partially protected
residue Y303 from digestion (Fig. 2, lanes 6 and 7); however,
this protection was not seen in all experiments.

Products from full-length sN down to approximately 12
kDa (residues 1–350) are resolved in the Tris-glycine elec-
trophoresis buffer used in the V8 digestions described above.
A Tris-tricine buffer system was used to resolve products
with molecular masses down to approximately 6 kDa (resi-
dues 300–430). These experiments revealed several protease
sensitive sites located between residues 350 and 430 (Fig. 2,
lanes 2, 6, and 10). Among these sites, only one, the V8
protease site at residue E378, is protected by core (Fig. 2,
lane 3). Overall, these results demonstrate that specific
protease-sensitive sites in sN-HMK are protected in the
holoenzyme complex. The protected sites lie outside the
minimal core binding domain but within regions involved in
response to activators (residues 36–50), DNA melting (res-
idues 50–100), and adjacent to or within the DNA binding
domain (residues 304–327 and 378). Because these changes
lie outside the minimal core binding domain, they most likely
are due to conformational changes in sN-HMK that occur
upon interaction with core.

Closed Complex-Specific Protection. A DNA fragment con-
taining the R. meliloti nifH promoter was added to holoenzyme
complexes to form closed complexes, and these were subjected
to proteolysis. The resulting patterns of cleavage sites with all
three proteases in the amino terminal 380 residues were similar
to the corresponding holoenzyme patterns (Fig. 2, lanes 3 and
5, 7 and 9, 11 and 13, and data not shown). However beyond
residue 380 two V8 cleavage sites clearly are protected from
digestion in the closed complex. These sites, most probably
located at residues E410y414 and E431, lie within the minimal
DNA binding domain of sN, between the predicted helix–

FIG. 1. V8 cleavage of polymerase holoenzyme. Migration of
sequenced sN-HMK chymotryptic peptides ending at residues 304 and
329, and of region I (50) or region I1II deleted s (100) is shown on
the left. A diagram of sN-HMK on the right shows the locations of
region I and core binding domain. A Tris-glycine SDS buffer system
was used. Lanes 1-3, undigested sN-HMK incubated with no protein,
70 ng BSA, or 70 ng K. pneumoniae core RNA polymerase, respec-
tively. Lanes 4, 6, and 8, sN-HMK 1 BSA, digested with V8 protease.
Lanes 5, 7, and 9, sN-HMK holoenzyme digested with V8 protease.

FIG. 2. Proteolytic cleavage of closed complexes. Migration of sN-HMK chymotryptic peptides ending at residues 304 and 329, and probable
ends of major V8 products (in italics) is indicated on the left. Sites of V8 cleavage were mapped based on calculated molecular weights using Sigma
17S markers as standards, and comparison with tryptic and V8 digests of urea denatured sN-HMK. The diagram on the right shows the positions
of previously defined DNA binding domain elements. Lane 1, undigested sN-HMK. Lanes 2–5, V8 digestions (50 ng). Lanes 6–9, chymotrypsin
digestions (12.5 ng). Lanes 10–13, subtilisin digestions (1 ng). Core is E. coli core RNA polymerase. DNA is 1 mg R. meliloti nifH promoter fragment
extending from 2600 to 140. Proteolytic fragments were resolved on a 16.5% polyacrylamide gel using a Tris-tricine-SDS buffer system.
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turn–helix motif and the rpoN box. Both of these elements
have been implicated in promoter recognition (26, 27, 37, 41,
42), so it is plausible that protection of E410y414 and E431
results from their proximity to DNA. No reproducible differ-
ences were seen between holoenzyme and closed complexes
with chymotrypsin or subtilisin digestion. Free wild-type sN

binds DNA specifically (43), so it is predicted that E410y414
and E431 would be protected in s-DNA complexes. We looked
for such an interaction but were unable to detect one, perhaps
due to low affinity or transient s-DNA interactions (Fig. 2,
lane 4). A moderate increase in sensitivity to cleavage with
chymotrypsin at residue W328 was observed consistently,
however (Fig. 2, lane 8), suggesting that conformational
changes outside the DNA binding domain occur in response to
DNA binding.

Region I Cleavage Is Enhanced in Open Complexes. Acti-
vators of sN-holoenzyme function by transforming closed
complexes into open complexes that are heparin stable in a
mechanism dependent upon nucleoside triphosphate hydroly-
sis. We have used a derivative of the activator protein PspF
from E. coli to generate open complexes. Although this
derivative lacks a DNA binding domain, it promotes DNA
melting at high concentrations (500 mM–4 mM). Whereas
end-labeled sN-HMK was incorporated into holoenzyme and
closed complexes quantitatively, only a fraction was incorpo-
rated into open complexes on the linear template, as observed
by others (5, 44, 45). Therefore, open complexes were purified
by preparative native gel electrophoresis after proteolysis and
before analysis by SDSyPAGE. The results of one such ex-
periment are shown in Fig. 3 A and B. The complexes examined
were initiated complexes because the nucleotide used for the
activator, GTP, also allows transcription of the first three
nucleotides of the nifH mRNA used in these experiments. GTP
was used to enhance the yield of open complexes. Fig. 3A shows
the autoradiograph of a native gel used for open complex
isolation. An open complex band can be seen in reactions
containing GTP, but is absent from reactions minus GTP (Fig.
3A, lanes 1 and 2). Digestion with V8 protease results in little
change in the open complex band but does result in a GTP-
independent appearance of a faster migrating band. Several
bands were isolated from this gel and analyzed further by
SDSyPAGE (Fig. 3B). Cleaved free sN-HMK isolated from
the gels exhibits a pattern of products similar to that of free s
loaded directly onto denaturing gels (Fig. 3B, lanes 4 and 5).
Interestingly, among the V8 cleavage sites in regions I and II
that we demonstrated are protected in holoenzyme and closed
complexes a single site within region I becomes sensitive to

FIG. 3. Proteolysis of open complexes. (A) Isolation of open
complex on 4% native polyacrylamide gel. Each reaction contained
100 nM sN-HMK, 100 nM E. coli core RNA polymerase, 150 nM nif
H DNA, and 4 mM PspF. Reactions in lanes 1 and 2 contained GTP.
Reactions in lanes 3 and 4 lack GTP. Bands corresponding to V8
digested (lanes 1 and 3) and undigested (lanes 2 and 4) open complexes
and free sN-HMK were cut out of the gel, as was a portion of the gel
in the 2GTP lane with the same migration as the open complex as a
control for background. (B) SDSyPAGE analysis of isolated bands
from native gel. Lane 1, free sN-HMK, not gel-purified. Lanes 2 and
3, free sN-HMK, undigested, isolated from lanes 2 and 4 of A. Lanes
4 and 5, free sN-HMK, digested with V8, isolated from lanes 1 and 3
of A. Lanes 6 and 7, open complex, or ‘‘mock open complex,’’ digested
with V8, isolated from lanes 1 and 3. (C) Longer exposure of B.

FIG. 4. Summary map of protease-sensitive sites. Vertical lines represent digestion sites. Rectangles and ovals at the bottom indicate the region
protected by core polymerase and in closed complexes, and the dark vertical line indicates position of the sensitive site in initiated complexes.
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proteolysis in open complexes (Fig. 3B, lane 7). This site,
whose location is most likely E36, lies adjacent to a sequence
element shown by mutagenesis to be required for DNA strand
separation and to inhibit the transition from closed to open
complexes in the absence of activation (19, 46, 47). We propose
that protease sensitivity at residue E36 is a reflection of a
conformational change that occurs in this domain as a result
of activation.

DISCUSSION

We have shown that sN undergoes specific alterations in
protease sensitivity at different steps on the pathway leading
from free sN to an engaged transcription complex. The
patterns of protease sensitivity are summarized in Fig. 4. The
residues protected when holoenzyme is formed most probably
are due to conformational changes rather than specific s-core
polymerase interactions for two reasons. First, these changes
occur mainly outside the minimal core binding domain of sN,
which extends from 70–215 (M.-T. Gallegos, personal com-
munication). Second, the protected region II is not conserved
among sN proteins and therefore is unlikely to make specific
contacts with core. It is possible that the protection is due to
an interaction of region II with core. Because holoenzyme
binds promoters differently both quantitatively and qualita-
tively from free sN (46, 47) it is plausible that the predicted
conformational changes result in altered DNA binding activity.
In this regard the protection of E378 from V8 cleavage in the
holoenzyme is particularly interesting, as it lies in a region
involved specifically in DNA binding and intolerant to mu-
tagenesis (15, 24, 26, 27). In addition, region I influences DNA
binding around the 212 element (15–17, 47), suggesting that
region I conformational changes could modify sN-DNA in-
teractions. A structure in which region I is in close proximity
to the DNA binding domain could account for both protection
of noncontiguous sequences in sigma by core and the influence
of region I on DNA binding activity.

The closed complex-specific protections also can be in-
terpreted as conformational alterations, but because pro-
tected residues E410y414 and E431 lie within the DNA-
binding domain, it is also possible that protection results
from close contact with promoter DNA. Both a predicted
helix–turn–helix motif at residues 367–386 and the rpoN box
at residues 454–463 have been implicated in DNA binding
activity (26, 41, 42). Additionally, deletion mutants spanning
the C-terminal one-third of sN and random mutagenesis of
residues 307–392 suggests that DNA binding determinants
are spread throughout this region (15, 27). Interestingly, in
an analysis of amino acid-DNA interactions in crystal struc-
tures, it appears that glutamate residues have a distinct
preference for C residues (48). Given that the sN binding site
consensus sequence is GC-rich, CTGGCGN5TTCG, it may
be that residues 410y414 and 431 make specific contacts with
promoter C residues.

A striking result of these studies was the enhanced cleavage
seen at residue E36 of region I in initiated complexes compared
with closed complexes. Region I is required for the response to
activator proteins and has been proposed to perform two func-
tions. The first is to promote initiation in the presence of an
activator, and the second is to maintain a closed complex in the
absence of activator (19, 47). Mutations adjacent to E36 can affect
either activity. Thus enhanced cleavage at E36 may be a reflection
of either or both of these functions. The increased cleavage we
observe could, in principle, be due to changes in sN itself or to the
core RNA polymerase. Considering the essential role played by
region I in sN function, we prefer a model in which conforma-
tional change around E36 actively promotes open complex for-
mation.
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