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In Eubacteria, expression of genes transcribed by an RNA polymerase holoenzyme containing the alternate
sigma factor s54 is positively regulated by proteins belonging to the family of enhancer-binding proteins
(EBPs). These proteins bind to upstream activation sequences and are required for the initiation of transcrip-
tion at the s54-dependent promoters. They are typically inactive until modified in their N-terminal regulatory
domain either by specific phosphorylation or by the binding of a small effector molecule. EBPs lacking this
domain, such as the PspF activator of the s54-dependent pspA promoter, are constitutively active. We describe
here the in vivo and in vitro properties of the PspA protein of Escherichia coli, which negatively regulates
expression of the pspA promoter without binding DNA directly.

Infection of Escherichia coli with filamentous bacteriophage
f1 results in the strong and specific induction of the pspABCDE
operon. This operon contains five open reading frames, of
which at least four (pspA, -B, -C, and -E) code for expressed
proteins. Following cloning of the pspABCDE operon, deletion
analysis suggested that the pspA gene encoded a protein which
negatively regulated expression of the operon (7). Later exper-
iments demonstrated that the PspA protein, when transcribed
from a heterologous promoter, was sufficient to negatively
regulate expression of the operon in trans and that the absence
of full-length PspA in vivo resulted in constitutive high-level
expression of a mutant, truncated PspA protein, independent
of the presence of any other psp proteins (44). Further, the
inability of a frameshifted mutant PspA to inhibit psp expres-
sion indicates that it is the protein that is responsible for inhi-
bition.

Transcription of the psp operon is dependent on an RNA
polymerase (RNAP) holoenzyme containing the alternate
sigma factor s54 (13, 44). Like that of other s54-dependent
genes, transcription of pspA requires activation by a protein, in
this case PspF, which belongs to the family of enhancer-bind-
ing proteins (EBPs) (13, 22). Through an ATP hydrolysis-
dependent mechanism, these proteins convert the closed com-
plex formed by s54 and RNAP at the promoter into an open
complex permissive for initiation (28). This conversion is the
result of DNA loop-mediated, protein-protein contacts be-
tween the EBP and the b and s54 subunits of the RNAP
holoenzyme (31). Typically, EBPs are inactive until they are
modified in their N-terminal domain either by binding an ef-
fector molecule (e.g., xylene for XylR [15]) or through a spe-
cific phosphorylation event (e.g., phosphorylation of Asp54 of
NRI by NRII [37]). By contrast, PspF lacks this entire domain
(as do the HrpR and HrpS proteins of Pseudomonas syringae
[48]) and is constitutively active both in vivo and in vitro (22).
In addition, PspF autoregulates its own expression by binding
to sites overlapping its promoter, and its levels are constant in

the presence or absence of inducing stimuli (19). Thus, regu-
lation of pspA transcription cannot occur through the EBP
modification pathway used by other s54-dependent systems.
Since the in vivo analysis of PspA demonstrated that it is
required for this negative regulation, we studied the action of
PspA in vitro.

The pspA gene encodes the 25.5-kDa PspA protein that,
according to Chou-Fasman analysis (10), contains four long
a-helices. Analysis of the protein sequence with the Macstripe
program (26), based on the Lupas algorithm (34), strongly
predicts that these helices will form a coiled coil comprising
nearly the entire length of the protein. Proteins with coiled-
coiled regions as extensive as that of PspA are relatively un-
usual in prokaryotes, with the TlpA protein of Salmonella
enterica serovar Typhimurium providing one notable counter-
example (27). While PspA does not contain sequences char-
acteristic of integral inner membrane proteins (12), approxi-
mately 50% of the total cellular PspA is associated with the
inner membrane of E. coli, and PspA is thus considered a
peripheral membrane protein (6). The lack of any obvious
DNA-binding motif and its acidic pI (5.56) suggests that PspA
is not likely to bind DNA.

Three homologs of PspA have been identified: the SCYCS
LRD protein from the cyanobacterium Synechocystis sp. strain
PCC6803 (23), the cold-shock-induced PspB protein from Ba-
cillus subtilis (16), and the IM30 protein of pea chloroplasts
(33). The IM30 protein is localized to both of the envelope
membranes and the thylakoid membrane of the chloroplast;
however, little else is known about it or any of the other PspA
homologs.

In addition to its roles in psp regulation, PspA appears to
participate in several aspects of cellular physiology. PspA is a
major component of the limited protein synthesis that occurs
in late stationary phase, and cells which lack pspA have re-
duced viability under alkaline conditions as well as in late
stationary phase (45). PspA also appears to aid in the main-
tenance of the proton motive force under stress conditions
(25) and can stimulate the export of secreted proteins (24).
Whether these seemingly disparate phenotypes reflect a com-
mon role for PspA remains unclear. We chose, however, to
focus on the mechanism of PspA autoregulation, and we de-
scribe here experiments directed at elucidating this mecha-
nism.
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MATERIALS AND METHODS

Plasmid and bacterial strain construction. Bacterial strains and plasmids used
are listed in Table 1. Plasmid pJD40 was constructed with primers JD88 (59-
GGCTCTGCAGAGATCTGATTGAAGAATCAACA) and JD90 (59-GGCT
GAATTCACCTTAACTTAATGATTTTTAC) in a PCR with Pfu polymerase
(Stratagene) and pMJ3 (22) as the template. The PCR product was digested with
PstI and EcoRI and ligated into the PstI and EcoRI sites of pBR322. pJD42 was
constructed with primers JD54 (59-GGCTGGTACCTAGCGAGTTCATCAAG
AAATA) and JD87 (59-GGCTAAGCTTCGGAATAGCCAGAAATAGCG) in
a PCR with Pfu polymerase and pBRPS-1 (7) as the template. The PCR product
was digested with BglII and HindIII and ligated into the BamHI and HindIII sites
of pGZ119EH (32). pJD23 was generated with primers JD91 (59-GGCTGTCG
ACCGGTATTTTTTCTCGCTTTGC) and JD87 in a PCR with Pfu polymerase
and pJD42 as the template. The PCR product was digested with SalI and ScaI
and ligated to the SalI and EcoRV sites of plasmid pJH391 (18). pJD25 was
generated by ligating the 1.3-kb PstI fragment containing the cat gene from
pSKS114 into the PstI site of pJD23. pJD26 was constructed by ligating the same
1.3-kb PstI fragment into the PstI site of pJLB24. pJD43 was constructed by using
primers JD76 (59-GGCTACGCATATGGGTATTTTTTCTCGCTTTGCC) and
JD78 (59-GGCTGGATCCTTATTGATTGTCTTGCTTCATTTT) in a PCR
with Pfu polymerase and pPS-1 (7) as the template. The PCR product was di-
gested with NdeI and BamHI and ligated to pET15b (Novagen) digested with
NdeI and BamHI. pJD31 was constructed with primers JD50 (59-GGCTGAAT
TCTAGCGAGTTCATCAAGAAATA) and JD51 (59-GGCTGGATCCAATG
TTGTCCTCTTGATTTCT) in a PCR with Taq polymerase and pPS-1 as the
template. The PCR product was digested with BamHI and EcoRI and ligated to
plasmid pRS415 (43) digested with BamHI and EcoRI. pJD42 was constructed
with primers JD54 and JD87 in a PCR with Pfu polymerase and pBRPS-1 (7) as
the template. The PCR product was digested with BglII and HindIII and ligated
to pGZ119EH digested with BamHI and HindIII. pJD45 was constructed by
digesting pBRPS-1 with EcoRV and SphI and ligating the blunt ends, which
resulted in the loss of the BamHI site. The plasmid was then digested with SnaBI,
which removed a fragment containing the pspF, -A, -B, and -C genes, and a

BamHI linker was inserted. The BamHI fragment of pSKS101 (9) containing the
kan gene was then inserted into the BamHI site created by the linker.

The lpsp3 phage that carries a pspA-lacZ fusion was generated by growing the
lB305 phage (3) that contains the carboxy-terminal coding sequences of the lacZ
and bla genes on a strain carrying the Ampr plasmid pJD31. Transfer of pspA-
lacZ to the phage was signaled by the reconstitution of the functional lacZ and
bla genes. Strains were made lysogenic for lpsp3 by conventional methods (42).

Strain JD50 was selected from K1342 (lacIq lacZDM15 zah::Tn10 Tets) by use
of the fusaric acid technique (5). P1 transduction from strain J134 (44)
(pspABC::kan) into JD50 yielded JD54. JD59 was generated by P1 transduction
from strain K1527 (22) (pspF877::tet). The DpspFABC mutation was introduced
by homologous recombination (46) into strain MC4100F1, yielding strain JD61.
Plasmid pJD45 was linearized with NcoI and transformed into strain JC7623, a
recB recC sbcB mutant. DNA made from a Kanr transformant was examined by
Taq polymerase-based PCR with the primers JABR6 and IR1070Bam (22), which
are complementary to sequences in the pspA and pspF genes, respectively. Ad-
ditionally, transduction of this mutation into a strain containing the lpsp3 lyso-
gen resulted in a severe reduction in pspA-lacZ expression (data not shown).
Plasmid pJD41 containing the pspF gene was transformed into this strain, which
resulted in b-galactosidase levels higher than that of a wild-type strain, suggest-
ing that PspA was absent (data not shown). Transformation of a second plasmid,
pJD42, containing pspA under lac control reduced this increased level of pspA-
lacZ expression, thus confirming that the strain lacked both the pspA and pspF
genes (data not shown).

b-Galactosidase assay. All measurements of b-galactosidase activity were
conducted according to the established protocol (35).

In vitro transcription assay. The protocol used for in vitro transcription was as
described previously (13), unless explicitly noted in the figure legends. Purifica-
tion of PspF and PspF with a deletion of the helix-turn-helix (PspFDHTH) was
as described previously (21).

Purification of PspA. Strain K1462 (lDE3)/pJD43 was grown at 37°C with
aeration in 250 ml of FB (per liter, 25 g of tryptone [Difco], 7.5 g of yeast extract
[Difco], 6 g of NaCl, 1 g of glucose, 50 ml of 1 M Tris-Cl [pH 7.6]) from a dilution
of 5 ml of a culture grown overnight in FB until an optical density at 660 nm of
0.4 was reached. Then, 2 mM IPTG (isopropyl-b-D-thiogalactopyranoside) was
added and the cells were allowed to grow 5 h more at 37°C with high aeration.
The cells were chilled and centrifuged at 5,000 3 g for 10 min at 4°C. The
supernatant was removed, and the pellet was either resuspended as described
below or stored at 220°C.

All subsequent steps were done at 0 to 4°C. The pellet was resuspended in 2.5
ml of cold sonication buffer (100 mM Tris-Cl [pH 7.5], 50 mM NaCl). The
suspension was sonicated (three times, 20 s at setting 60, Sonicator cell disruptor)
and was then centrifuged for 8 min at 15,000 3 g. The supernatant was removed,
and the pellet was homogenized and resuspended in 3 ml of buffer A (100 mM
Tris-Cl [pH 7.5], 300 mM NaCl), to which was added 0.2 ml of a freshly made
20% solution of CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate} (in glass-distilled water; Sigma) and 0.2 ml of 5 M NaCl, giving
final concentrations of 1.1% CHAPS and 0.6 M NaCl. The suspension was
rocked on a Nutator platform for 120 min and then centrifuged at 15,000 3 g for
6 min. The supernatant was removed and added to 0.5 ml of Talon resin (Clon-
tech) which had been washed twice with 5 ml of buffer A. The mixture was
nutated for 120 min and then placed into a 5-ml gravity column (Clontech) and
allowed to settle for 30 min. The supernatant was allowed to flow through, and
the column was washed with 5 ml of a solution containing 100 mM Tris-Cl [pH
7.5], 300 mM NaCl, and 10 mM imidazole. Protein was eluted with fractions of
100 mM Tris-Cl (pH 7.5)–60 mM NaCl–100 mM imidazole. Individual fractions
were dialyzed against three changes (350 ml each) of 20 mM Tris-Cl (pH 7.5)–60
mM NaCl, glycerol was added to 20%, and the fractions were stored at 270°C.

Purification was assessed by sodium dodecyl sulfate–10% polyacrylamide gel
electrophoresis (29), followed by staining with Coomassie brilliant blue as de-
scribed previously (41). Protein concentrations were determined with a DC
protein assay kit (Bio-Rad).

Gel mobility shift assay. The 260 fragment (260 bp) contains the entire psp
promoter region, including sequences from 2188 to 172 relative to the start site
of pspA transcription (20). The gel mobility shift assay using either cell extract
from a strain overproducing PspF or purified PspA protein at specified concen-
trations was performed with 2 ng of the 260 fragment as described previously
(20).

RESULTS

PspA acts in vivo as a negative regulator of pspA transcrip-
tion. Induction of the psp operon is accompanied by an in-
crease in the amount of pspABCDE-specific mRNA (7), but
neither that study nor the subsequent in vivo study of PspA
(44) demonstrated that PspA acts directly on transcription. All
previous assays of PspA function had relied on measurement
of PspA protein levels and thus could not exclude posttran-
scriptional regulation. We fused the pspA promoter with the

TABLE 1. Bacterial strains, plasmids, and phages

Strain, plasmid,
or phage Relevant characteristic(s)a Reference

or source

Strains
JD50 K1342 Tets This study
JD54 JD50 DpspABC::kan This study
JD59 JD50 pspF877::tet This study
JD61 MC4100F1 pspFABC::kan lJH202 This study
JH372 MC1061 F9 128 lacIq lacZ::Tn5 18
K1342 fadL701 phoM510 mcrB rrnB Lab collection

tonA22 ompF relA1 pit-10 spoT1
lacIq lacZDM15 zah::Tn10

K1462 C600 lDE3 R. Webster
MC4100F1 araD lacDU169 relA thi rpsL (Strpr) Lab collection

Plasmids
pFC50 glnH promoter 11
pJD10 pspA wt promoter 13
pJD12 pspA DUASI and II promoters 13
pJD23 pspA-l repressor (1–102) in pJH391 This study
pJD25 pJD23 Cmr This study
pJD26 pJLB24 Cmr This study
pJD31 pspA-lacZ gene fusion This study
pJD40 pspF877 under the control of pspFp This study
pJD42 lac-pspA Cmr This study
pJD43 his6-pspA fusion, Ampr This study
pJD45 pspFABC::kan Ampr This study
pJH137 wt l repressor Ampr 18
pJH370 l repressor-GCN4 Ampr 18
pJH391 l repressor fusion vector 18
pJLB24 lac-pspA Ampr 44
pMJ3 pspF::miniTn10-tet 22
pBRPS-1 psp operon in pBR322 7

Phages
lJH202 l pR-lacZ 18
lpsp3 pspA-lacZ gene fusion This study

a wt, wild type. pspA-l repressor (1–102) refers to the fusion of the N-terminal
domain of the l repressor to the entire pspA sequence.
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lacZ gene (with the lac ribosome-binding site) carried on a
lambda lysogen to assay pspA promoter activity. In a wild-type
psp1 strain, lacZ expression was quite modest from the pspA
promoter, but in a DpspABC deletion mutant, there was a
50-fold increase in lacZ expression (Table 2). Production of
PspA from a plasmid containing pspA under lac control re-
pressed expression of the fusion (Table 2) but had no effect on
expression of lacZ under the control of its own promoter (data
not shown). This experiment shows that PspA is sufficient to
inhibit pspA transcription. Further, since the fusion contains
psp-specific sequences only up to 130 relative to the start site
of transcription (and thus lacks the pspA ribosome-binding site
and the pspA gene), the negative regulation does not require
downstream sequences.

We then addressed the issue of whether PspA affects the
ability of PspF to bind DNA or whether PspA might act by
affecting the DNA geometry of the pspA promoter region as
does the Nac protein of Klebsiella aerogenes at the nac pro-
moter (14). To test this possibility, the effect of PspA on
PspFDHTH was examined. This protein, encoded by pspF877,
lacks the C-terminal 31 amino acids of PspF that comprise
nearly the entire helix-turn-helix motif thought to constitute
the DNA-binding domain. While it does not bind DNA (21),
PspFDHTH can still activate pspA transcription when present
at high concentrations (13). pspA-lacZ expression in a pspF877
strain was reduced to almost background levels (Table 2); this
reduction may simply have been the result of the low level
of activation by the PspFDHTH protein in single copy or
may reflect both the weakened transcriptional activation by
PspFDHTH and repression by PspA.

To distinguish between these two possibilities, a plasmid
containing the pspF877(PspFDHTH) gene (under the control
of its native promoter) was introduced into a strain containing
a pspFABC deletion but lacking such a plasmid. In this strain,
lacZ expression from the pspA-lacZ construct was very low
(Table 2) and was not further reduced by introduction of a
plasmid expressing PspA protein under lac control. Introduc-
tion of a plasmid bearing pspF877 into the DpspFABC strain
increased lacZ expression 20-fold (Table 2), and this increase
was repressed by the presence and induction of a compatible
plasmid containing pspA under lac control (Table 2). Thus,
PspA negatively regulates transcription even when the activa-
tor does not bind DNA.

PspA acts as a dimer in vivo. Given that coiled-coiled pro-
teins form dimers or higher-order oligomers (1), we asked

whether this was true of PspA. A system developed to assay
the sequence requirements for the leucine zipper of the Sac-
charomyces cerevisiae transcriptional activator GCN4 offers a
useful method to assay protein dimerization in vivo (18). The
system takes advantage of the observation that the N-terminal
DNA-binding domain of the l repressor dimerizes inefficiently
and requires a separate C-terminal dimerization domain in
order to bind to its operator and effect repression. We con-
structed a fusion of this N-terminal domain to PspA and tested
its ability to repress a l pR-lacZ fusion carried on a lambda
lysogen.

The background expression of the fusion was repressed by
either the wild-type l repressor or the l repressor-GCN4 fu-
sion (Table 3). While PspA alone had no effect on expression
of the fusion, the l repressor-PspA fusion repressed strongly
(Table 3). This result suggests that PspA is able to mediate
dimerization of two l repressor N-terminal domains through
the formation of a PspA homodimer. Additionally, analysis of
purified PspA on nondenaturing gels suggests that it forms
dimers (and perhaps higher-order multimers [G. Jovanovic,
unpublished data]). We also asked whether the l repressor-
PspA fusion could negatively regulate expression from the
pspA (as distinct from the l pR) promoter. Use of a strain
carrying the pspA-lacZ promoter fusion together with the
DpspABC deletion showed that the l repressor-PspA fusion
negatively regulates pspA transcription, albeit slightly less ef-
fectively than wild-type PspA (Table 3). Thus, even though
PspA is fused to this heterologous DNA-binding domain, it
remains active.

Purification of PspA. We purified PspA by His6 tag-Ni21

affinity chromatography (39). The pspA gene was cloned down-
stream and in frame with a DNA sequence coding for His6 in
the pET15B expression vector. Before purification was initi-
ated, the activity of His6-PspA as a negative regulator of pspA
transcription was tested by expressing the plasmid in a strain
containing a pspA-lacZ reporter and demonstrating that it was
as effective as a plasmid expressing wild-type PspA (data not
shown).

Previous characterization of PspA demonstrated that it was
recovered approximately equally in the cytoplasmic and mem-

TABLE 3. Analysis of dimerization of PspAa

Strain/plasmid Reporter Protein
b-Galacto-

sidase activity
(Miller units)

%
Repres-

sion

JH372lJH202 l pR-lacZ None 2,286 0
JH372lJH202/pJH137 l pR-lacZ l repressor 67 97
JH372lJH202/pJH370 l pR-lacZ l repressor-

GCN4
163 93

JH372lJH202/pJLB24 l pR-lacZ PspA 2,299 0
JH372lJH202/pJD23 l pR-lacZ lrepressor-

PspA
172 92

JD54lpsp3 pspA-lacZ None 2,430 0
JD54lpsp3/pJD26 pspA-lacZ PspA wt 8 99.7
JD54lpsp3/pJD25 pspA-lacZ l repressor-

PspA
164 93

a Results of in vivo experiments of PspA dimerization are shown. b-Galacto-
sidase assays were performed as described in Materials and Methods. Values are
means of results from at least three experiments, with a standard deviation of
,15% in all cases. Expression of all proteins was under Plac control; induction
was for 120 min with 1 mM IPTG. The percent repression was calculated as
follows: 1 2 [(b-galactosidase with repressor)/b-galactosidase with no repres-
sor)]. l repressor refers to the wild-type l repressor. l repressor-GCN4 refers to
fusion of the N-terminal domain of the l repressor with the GCN4 leucine zipper
domain. l repressor-PspA refers to fusion of the N-terminal domain of the l
repressor with the entire PspA sequence. wt, wild type.

TABLE 2. In vivo analysis of PspA functiona

Strain/plasmid Chromo-
some

Protein(s)
of plasmid-
borne gene

b-Galactosi-
dase activity

(Miller units)

JD50lpsp3 wt None 45
JD54lpsp3 DpspABC None 2,011
JD50lpsp3/pJD26 DpspABC PspA 12
JD59lpsp3 pspF877 None 8

MC4100lpsp3 wt None 80
JD61lpsp3 DpspFABC None 11
JD61lpsp3/pJD40 DpspFABC PspFDHTH 231
JD61lpsp3/pJD42 DpspFABC PspA 12
JD61lpsp3/pJD40/pJD42 DpspFABC PspFDHTH, PspA 32

a The results of in vivo experiments showing PspA to be a negative regulator
of pspA transcription. b-Galactosidase assays were performed as described in
Materials and Methods. Values are means of results from at least three exper-
iments, with a standard deviation of ,15% in all cases. PspA expression from
plasmid pJD26 was under Plac control; induction was for 90 min with 1 mM
IPTG. Expression of PspFDHTH was under the control of its own, constitutive
promoter. wt, wild type.
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brane fractions (6). Initial efforts aimed at purification starting
with the soluble fraction obtained following cell lysis, sonica-
tion, centrifugation, and elution from the Talon resin-contain-
ing column yielded small quantities of PspA relative to the
total cellular content. Given the original observations of the
subcellular localization of PspA, it seemed possible that PspA
would partition with the insoluble fraction because of its affin-
ity for the hydrophobic components in the initial postsonica-
tion pellet. Several detergents were assayed for their ability to
release PspA from the insoluble fraction. While the nonionic
detergents like Triton X-100 were not particularly effective, the
zwitterionic detergent CHAPS and, to a somewhat greater
extent, the ionic detergents deoxycholate and sodium Sarkosyl
released most of the PspA (data not shown). CHAPS was
chosen because up to 2% CHAPS did not interfere with bind-
ing of His6-PspA to the Talon resin.

The overexpressed protein was largely in the detergent su-
pernatant fraction (S2) rather than in the soluble fraction (S1)
(Fig. 1). The S2 fraction contained approximately 25% of the
total PspA. Following incubation of S2 with the Talon resin,
most of the His6-PspA was bound to the resin, since there was
little in the flowthrough from the gravity column. It was spe-
cifically bound, because a wash with a low concentration of
imidazole (10 mM) released little His6-PspA protein but sub-
stantial amounts of other proteins. Results of elution with
successive fractions of 0.1 M imidazole are presented in the
right panel of Fig. 1. Fractions 4, 5, 6, and 7 show His6-PspA in
comparatively pure form. The majority of the His6-PspA which
was bound to the resin was released by elution with imidazole.
These fractions were dialyzed to remove the imidazole (which
inhibits transcription), pooled, and stored at 270°C in storage
buffer (20 mM Tris-Cl [pH 7.5], 60 nM NaCl, 20% glycerol),
where the protein appeared to be stable for more than 2 weeks.

In vitro activity of PspA. In vitro transcription assays con-
taining purified components, including RNAP holoenzyme and
a specific DNA template, demonstrated that His6-PspA has a
strong negative effect on transcription from the s54-dependent
pspA promoter (pspA) but no effect on the s70-dependent tac
promoter (Fig. 2A). A sample of His6-PspA was boiled for 10
min before being added to the pspA in vitro transcription
reaction mixture. Surprisingly, this treatment reduced the in-
hibitory activity only approximately twofold; by contrast, incu-
bating the protein on ice for 3 days resulted in a near total loss
of function (data not shown). A mock purification from the
same strain used to purify His6-PspA, but containing a plasmid
lacking the his6-pspA clone, had no effect on pspA transcrip-
tion, whereas a purification conducted in parallel with the

plasmid that overproduces His6-PspA yielded an activity with
the inhibitory effect (Fig. 2B).

Since in vivo experiments demonstrated that PspA inhibits
PspFDHTH-dependent activation of pspA (Table 2), His6-
PspA was assayed in in vitro pspA transcription reaction mix-
tures containing purified PspFDHTH. Although PspFDHTH
was much less effective in stimulating transcription from the
pspA promoter than PspF, it was inhibited by the same con-
centration of PspA (8-fold) (Fig. 3A, lanes 3 and 4) to the same
extent as PspF (13-fold) (Fig. 3A, lanes 5 and 6).

PspA does not bind DNA. No property of PspA, including its
sequence, suggests that it is a DNA-binding protein. When

FIG. 1. Purification of PspA. The left-hand panel illustrates the steps in the purification of His6-PspA as described in Materials and Methods. Portions of each step
in the purification were analyzed by sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue. Lanes (percentages in
parentheses are the portions of the step that were loaded): M, markers (from the bottom, 21, 30, 46, 66, and 97.4 kDa); P, preinduction K1462.pJD43; I, postinduction
K1462.pJD43 (0.06%); S1, soluble fraction (0.1%); S2, soluble fraction following solubilization of the pellet with CHAPS-NaCl (0.1%); FT, flowthrough from the gravity
column (0.1%); W, 10 mM imidazole wash (0.2%). The right-hand panel shows fractions from the elution with 100 mM imidazole in order of elution (2% of each
fraction was loaded).

FIG. 2. Controls for PspA inhibition of pspA transcription. (A) In vitro tran-
scription reaction mixtures contained either supercoiled pJD10 (wild-type pspA
promoter) or supercoiled pGZ119EH (tac promoter). PspF was included at 4 nM
in lanes 1 and 2. s54 and core RNAP were omitted from the reaction mixture,
and s70-RNAP holoenzyme was included instead at 13 nM. PspA (300 nM) was
included in lanes 2 and 4. (B) In vitro transcription reaction mixtures contained
supercoiled pJD10 (wild-type pspA promoter) and PspF at 4 nM. PspA (300 nM)
was included in lane 2. Lane 3 contains a fraction from a purification of a strain
carrying only the expression vector (see the text for more details).
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tested explicitly by a gel shift assay, PspA did not affect the
mobility of a linear DNA fragment containing sequences
(2188 to 172) spanning the pspA promoter (Fig. 4, lanes 6 to
10). By contrast, extract from cells overexpressing PspF shifted
this fragment (Fig. 4, lanes 2 to 4) as has been reported pre-
viously (20). Additionally, since PspFDHTH does not bind
DNA in vitro (21), it is therefore unlikely that PspA-dependent
inhibition of pspA is mediated by binding of PspA to DNA in
the promoter region containing the upstream activation se-
quences (UASs). Further evidence for this interpretation
comes from the observation that His6-PspA inhibition of pspA
transcription was nearly as effective when the template lacked
the UASs (Fig. 3A, lanes 1 and 2) as when the template was the
wild type (lanes 5 and 6). Also consistent is the observation
(see below) that PspA inhibits transcription at another s54-
dependent promoter (glnA) containing UASs completely dif-
ferent from those of pspA.

Specificity of PspA inhibition. Since the promoter specificity
of activation by EBPs is thought to reside in the sequences of
their DNA-binding domains (36), the inhibition of PspDHTH-
dependent pspA transcription suggests that PspA may be active
against other EBPs. That is, given that the PspFDHTH protein
is composed of only the central domain which contains the
residues involved in ATP hydrolysis as well as the catalysis

of open-complex formation, a protein able to inhibit
PspFDHTH activation must interact either with this domain
or with its target, the RNAP holoenzyme. Since this central
domain is highly conserved, a protein which interacts with
PspFDHTH might interact with the central domains of other
EBPs and inhibit activation of transcription. In fact, NRI-
dependent (11-fold) (Fig. 3B, lanes 3 and 4) activation of the
glnH promoter is inhibited by His6-PspA to an extent similar to
that of PspF-dependent activation of the pspA promoter (13-
fold) (Fig. 3B, lanes 1 and 2). The in vivo significance of this
inhibition of a heterologous EBP by PspA should be the sub-
ject of future investigations.

Titration of PspA inhibition of pspA transcription. Titration
of His6-PspA activity in inhibiting pspA (Fig. 5) demonstrated
that, at a concentration of 300 nM, His6-PspA almost entirely
eliminates PspF-dependent pspA-specific transcription but that
this concentration has little effect on s70-dependent tac tran-
scription (Fig. 2A, lanes 3 and 4). The midpoint of this titration
(;100 nM) suggests that the interaction between PspA and its
target protein is relatively weak. Also, this concentration is
relatively high when compared to the concentrations of PspF
(4 nM) and s54 (45 nM). If His6-PspA targets some aspect of
the interaction between PspF and s54, then as a non-DNA-
binding protein, it is at a disadvantage because the concentra-
tions of PspF and s54 relative to each other when both are
bound to the DNA are higher than their simple solution con-
centrations.

Mechanism of PspA inhibition. In view of the hypothesis
that PspA acts by binding either s54 or PspF, and by preventing
their interaction, we modified the in vitro transcription proto-
col. Since the interaction of DNA-binding proteins is facili-
tated by DNA, we incubated all protein components in the
absence of DNA. This change in experimental protocol had
little effect on the ability of PspA to inhibit pspA-specific tran-
scription (Fig. 6A, lanes 1 and 2). We then increased the con-
centrations of various components of the reaction. Increasing
the concentration of either the DNA template (Fig. 6A, lane 5)
or s54 (lane 7) fourfold (compared to that in Fig. 6A, lanes 1

FIG. 3. PspA activity in vitro determined after inhibition of PspFDHTH- and
NRI-dependent activation of transcription. (A) In vitro transcription reactions
were performed as described in Materials and Methods except that all compo-
nents were incubated together at 37°C for 10 min without the template and then
the template (15 nM) was added with [a-32P]CTP. The reaction then proceeded
at 37°C for 10 min before addition of cold CTP. Templates were either the wild
type (wt) (lanes 3 to 6, supercoiled pJD10, wt pspA promoter) or a DUAS mutant
(lanes 1 and 2, supercoiled pJD12, pspA promoter without the UAS I and II
sites). PspA (300 nM) was in lanes 2, 4, and 6; PspF (4 nM) was in lanes 1, 2, 5,
and 6; and PspFDHTH (70 nM) was in lanes 3 and 4. The arbitrary units of
quantified pspA RNA transcripts were as follows: 3,110 (lane 1), 410 (lane 2), 105
(lane 3), 13 (lane 4), 5,784 (lane 5), and 434 (lane 6). (B) Reactions were
performed as described for panel A with either supercoiled pJD10 (lanes 1 and
2; wt pspA promoter) or supercoiled pFC50 (lanes 3 and 4; glnH promoter). PspA
(300 nM) was in lanes 2 and 4; PspF (4 nM) was in lanes 1 and 2; and NRI (30
nM, also 30 nM NRII) was in lanes 3 and 4. The arbitrary units of quantified pspA
RNA transcripts were as follows: 7,785 (lane 1), 613 (lane 2), (glnH RNA transcript)
5,431 (lane 3), and (glnH RNA transcript) 486 (lane 4). HTH, helix-turn-helix.

FIG. 4. PspA does not bind DNA in the pspA promoter region. The 260
fragment containing sequences from 2188 to 172 relative to the start site of
pspA transcription (20) was used in a gel mobility shift assay using either crude
cell extract from a strain overproducing PspF (lanes 2 to 4), purified PspA
protein (lanes 6 to 9), or no added protein (lanes 1 and 5). In addition to 2 ng
of 32P-labeled 260 fragment, each lane contained the following. Lane 2, 1 ml of
crude cell extract; lane 3, 200 ng of nonspecific competitor [poly(dI-dC)] and 1
ml of crude cell extract; lane 4, 400 ng of nonspecific competitor and 2 ml of crude
cell extract; lane 5, 400 ng of nonspecific competitor, 2 ml of crude cell extract,
and 300 ng of specific competitor (unlabeled 260 fragment); lane 6, 10 nM
purified PspA; lane 7, 20 nM purified PspA; lane 8, 50 nM purified PspA; lane
9, 100 nM purified PspA.
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and 2) was not stimulatory for pspA transcription; thus, neither
factor is limiting. Addition of an excess of PspF (lane 3) stim-
ulated transcription both in the presence and in the absence of
PspA. A decrease in s54 levels to below saturation had no effect
on PspA inhibition of pspA transcription (data not shown).

Since the ratio of pspA-specific transcripts in the presence or
absence of PspA was unaffected by the increased concen-
trations of the reaction components, it seems unlikely that a
simple sequestration mechanism involving tight binding and
inactivation of any of these components is responsible for
PspA’s inhibitory function. The simplest explanation for these
results is that PspA binds to PspF with relatively low affinity. A
second explanation, that most of the added PspA is inactive, is
rendered unlikely by the observation that the ratio of pspA
transcription in the absence or presence of PspA did not
change appreciably after the concentration of PspF was in-
creased fourfold. If the apparent association constant of ;100
nM determined from the results shown in Fig. 5 is correct, then
under the conditions used here, where the concentration of

PspA was 300 nM, an increase in the concentration of PspF
from 4 to 16 nM would be expected to leave the extent of
inhibition essentially unchanged.

We compared the effect on PspA inhibition of addition of
PspF prior to the addition of DNA (the same protocol as
described above) with the effect of the addition of PspF simul-
taneously with the DNA. In this case, incubation of PspA with
PspF before addition of DNA (Fig. 6B, lanes 3 and 4) showed
a greater inhibition of pspA-specific transcripts than addition
of PspF at the same time as the DNA (Fig. 6B, lanes 1 and 2).
Thus, PspF bound to DNA and presumably able to interact
with the s54-RNAP holoenzyme complex is more resistant to
inhibition than PspF free in solution.

DISCUSSION

The dependence of transcriptional initiation by s54-RNAP
on activation by an EBP suggests several potential mechanisms
of negative regulation. Typically, EBPs are activated by mod-

FIG. 5. Titration of PspA inhibition of pspA transcription. (A) In vitro transcription reactions were performed as described in Materials and Methods with
supercoiled pJD10 (wild-type pspA promoter) except that all components were incubated together at 37°C for 10 min without the template, and then the template (15
nM) was added with [a-32P]CTP. The reaction then proceeded at 37°C for 10 min before addition of cold CTP. PspA was added in the concentration shown under each
lane. PspF was added at 4 nM. (B) Quantification was carried out as described in Materials and Methods and was plotted as the quantity of the pspA-specific transcript
(in arbitrary transcription units) against the concentration of PspA.
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ification of their N-terminal domains, so a mechanism that
prevents this modification from occurring would inhibit acti-
vation. Alternatively, a protein might interact with the central
domain of the EBP that contains the residues essential for
ATP hydrolysis and for activation and directly inhibit one of
these catalytic activities. Finally, EBPs bound to the UAS must
interact with s54-RNAP bound at the promoter, so a protein
might prevent this interaction either by binding to and/or mod-
ifying the domains of the proteins that mediate this contact(s)
or by blocking the binding of the EBP to the UAS sequences.

Most s54-dependent promoters studied to date employ some
variation of the first mechanism. In contrast, the inhibitory
NifL protein of Klebsiella pneumoniae, appears to act by stoi-
chiometric interaction with EBP NifA, as suggested by in vivo
experiments (17) and confirmed in vitro with NifL purified
from K. pneumoniae (4) or from Azotobacter vinelandii (2).
Interestingly, NifL acts to inhibit activity of a NifA mutant
lacking both the N-terminal and C-terminal domains (4). This
mutant retains NTPase activity, which is not affected by NifL,
suggesting that NifL acts to prevent interaction between NifA
and s54-RNAP. Since NifL does not inhibit activation by other
EBPs, including NtrC (2, 4, 30) and AnfA (2), the target of this
interaction presumably is NifA rather than s54-RNAP.

PspF lacks an endogenous N-terminal domain and is consti-

tutively active in vivo and in vitro, suggesting that it is subject
to an inhibitory regulatory mechanism dependent on a second
protein. Here we have demonstrated that in vivo (Table 2) and
in vitro (Fig. 2), pspA transcription in the presence of PspF and
s54-RNAP is subject to inhibition by PspA. This inhibition is
independent of the ability of PspF to bind DNA because PspA
inhibits PspFDHTH-dependent activation in vivo (Table 2)
and in vitro (Fig. 3). Thus, similarly to NifL, PspA must inter-
fere with some aspect of PspF function involving the central
domain. However, unlike NifL, PspA inhibits activation by
another EBP, NRI (Fig. 3); thus, PspA must initially recognize
and consequently inhibit a part of the s54-RNAP activation
pathway common to all EBPs. An interesting question raised
by this inhibition is whether induction of PspA expression has
any effect on other s54-dependent promoters in vivo.

Also, unlike NifL, PspA is not active in near-unity, stoichi-
ometric concentrations with its target EBP (Fig. 5). The ob-
servation (Fig. 6A) that a higher concentration of individual
reaction components (e.g., PspF, s54, and DNA) failed to
reduce the magnitude of PspA inhibition is consistent with
the interpretation that the high-concentration requirement of
PspA is real. Further, this observation is not consistent with a
model of PspA inhibition where PspA binds to proteins with
high affinity and thereby acts to sequester them from partici-

FIG. 6. Analysis of the PspA target in inhibition of pspA transcription. (A) In vitro transcription reactions used supercoiled pJD10 (wild-type pspA promoter) except
that all components were incubated together at 37°C for 10 min without the template, and then the template (15 nM) was added with [a-32P]CTP. The reaction then
proceeded at 37°C for 10 min before addition of cold CTP. PspA (300 nM) was present in lanes 2, 4, 6, and 8. PspF was present at 4 nM in all lanes except for lanes
3 and 4, where it was present at 16 nM. Also, in lanes 5 and 6, the template was present at 60 nM; in lanes 7 and 8, s54 was present at 172 nM. The pspA RNA transcripts
were quantified (in arbitrary units) as follows: 6,810 (lane 1), 731 (lane 2), 15,160 (lane 3), 2,320 (lane 4), 3,140 (lane 5), 419 (lane 6), 2,958 (lane 7), and 418 (lane
8). (B) In vitro transcription reactions were performed as described for panel A with pJD10 (wild-type pspA promoter) except that in lanes 1 and 2, PspF was added
at the same time as the template and the [a-32P]CTP. PspA (300 nM) was present in lanes 2 and 4; PspF was present at 4 nM. The pspA RNA transcripts were quantified
(in arbitrary units) as follows: 4,601 (lane 1), 2,025 (lane 2), 3,322 (lane 3), and 406 (lane 4). preincub., preincubation.
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pation in transcriptional activation, as is the case with anti-
sigma factors (8).

PspA inhibition is enhanced when reaction conditions are
such that PspA and PspF can interact in the absence of DNA
(Fig. 6B, lanes 3 and 4) compared to in its presence (Fig. 6B,
lanes 1 and 2). This result suggests that incubation of PspA and
PspF when PspF is not able to bind DNA allows for an inter-
action essential for PspA inhibition. Since PspA inhibits
PspFDHTH-dependent transcription equally as well as PspF-
dependent transcription, DNA binding can not per se be the
target of PspA. EBPs form tetramers (40) and higher-order
oligomers on DNA (47), and it is thought that these ATP-
dependent structures (38) are necessary intermediates in the
reaction whereby the EBPs convert the s54-RNAP closed com-
plex to an open complex. This oligomerization is characteristic
not only of PspF but, interestingly, also of PspFDHTH, despite
its inability to bind DNA (21). Thus, PspA may target PspF
monomers or dimers and so a fourfold increase in PspF con-
centration in the presence of DNA would yield mostly an
increase in oligomer. Given the apparent importance (and as
yet incompletely understood role) of these oligomers for the
mechanism of transcriptional activation at s54-dependent pro-
moters, this possibility should be explored more fully in future
experiments.
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