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The phage shock protein (psp) operon (pspABCE) of Escherichia coli is strongly induced in response to a
variety of stressful conditions or agents such as filamentous phage infection, ethanol treatment, osmotic shock,
heat shock, and prolonged incubation in stationary phase. Transcription of the psp operon is driven from a o>*
promoter and stimulated by integration host factor. We report here the identification of a transcriptional
activator gene, designated pspF, which controls expression of the psp operon in E. coli. The pspF gene was
identified by random miniTnl0-tet transposon mutagenesis. Insertion of the transposon into the pspF gene
abolished ¢**-dependent induction of the psp operon. The pspF gene is closely linked to the psp operon and is
divergently transcribed from one major and two minor ¢’ promoters. pspF encodes a 37-kDa protein which
belongs to the enhancer-binding protein family of ¢>* transcriptional activators. PspF contains a catalytic
domain, which in other o>* activators would be the central domain, and a C-terminal DNA-binding domain but
entirely lacks an N-terminal regulatory domain and is constitutively active. The insertion mutant
pspF:mTnl0-tet (pspFg,,) encodes a truncated protein (PspFAHTH) that lacks the DNA-binding helix-turn-
helix (HTH) motif. Although the central catalytic domain is intact, PspFAHTH at physiological concentration
cannot activate psp expression. In the absence of inducing stimuli, multicopy-plasmid-borne PspF or

PspFAHTH overcomes repression of the psp operon mediated by the negative regulator PspA.

The phage shock protein (psp) operon of Escherichia coli is
specifically and continually induced by gene IV protein (pIV)
of filamentous phages (8, 47). Psp genes are also synthesized
transiently in response to several stresses such as heat shock,
osmotic shock, and ethanol treatment (8). Inhibition of protein
secretion or lipid biosynthesis, treatment with ionophores or
free fatty acids, and prolonged stationary-phase incubation
induce the psp operon as well (5, 11, 28, 59). Heat shock,
osmotic shock, and ethanol treatment also induce the heat
shock response in E. coli (33, 60). Although the psp operon is
induced by many stimuli that also elicit the heat shock re-
sponse, psp expression does not require the heat shock sigma
factor, o2 (9). Indeed, in 0> mutants, psp expression is ele-
vated during unstressed growth, and the response to heat or
ethanol shock is prolonged (8, 9, 56). The function of the psp
operon in E. coli physiology is not clear, but bacteria that lack
the psp operon are less able to survive prolonged incubation in
stationary phase at pH 9.0, show increased motility (58, 59),
and exhibit a reduction in the efficiency of protein transloca-
tion (27a, 28).

The psp operon consists of four genes, pspABCE, and its
expression is controlled principally at the transcriptional level
(9, 28, 57). All psp transcription is driven by the alternative
holoenzyme form of RNA polymerase (RNAP) containing the
a>* factor (0°*-RNAP) (56). As has been previously shown,
this polymerase, in most cases, forms a closed complex with the
promoter and is unable to initiate transcription by itself (14,
29). Initiation of transcription requires the presence of a tran-
scriptional activator that catalyzes the isomerization of the
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closed promoter complex to an open one (14, 29, 36, 38, 43).
Typically, activator proteins bind to a specific upstream acti-
vation sequence (UAS) located 80 to 200 bp upstream of the
o>* core promoter (10, 14, 44). The function of the UAS is to
tether the activator in the right position and to bring it in the
vicinity of the promoter in order to increase the fidelity and
efficiency of interaction between the ¢°*-RNAP and the acti-
vator (13, 14, 18, 30, 35, 36, 44). Expression from the psp
promoter requires a UAS (located between positions —125
and —76) which has the ability to activate at a distance (57). In
many instances, interaction of the ¢°*-RNAP bound to the
promoter and the activator bound to the UAS is facilitated by
DNA bending mediated by integration host factor (IHF),
which binds to a site between the UAS and the core promoter
region (14, 19, 21, 35, 42). Transcription of the psp operon is
also stimulated by IHF in vivo (57). IHF binds to a site between
the UAS and ¢°*-RNAP consensus sequence of the psp operon
(57).

In the absence of inducing stimuli, PspA is transcribed at a
low level and negatively regulates psp expression (56). During
induction, the psp genes are activated by the cooperative action
of PspB and PspC (56). Mutations in pspA result in constitutive
expression of the operon without any stressful conditions or
agents (56). Hence, the function of PspB and PspC, which are
positive regulators, is to antagonize repression mediated by
PspA. PspA, -B, -C, and -E are not similar to any of the known
two-component sensor-regulator proteins (2, 41, 53). More-
over, neither PspB nor -C, in the absence of PspA, is required
for high-level expression from the psp ¢>* promoter (56).
Therefore, we postulated the existence of a putative ¢>* tran-
scriptional activator which could act through DNA binding and
protein-protein interactions.

In this report, we describe the identification and molecular
characterization of the pspF gene, which encodes the ¢* tran-
scriptional activator of the psp operon and is a member of the
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enhancer-binding protein (EBP) family. We have also isolated,
mapped, and analyzed a pspF::mTnl0-tet (pspFg,;) chromo-
somal insertional mutation.

MATERIALS AND METHODS

Bacterial strains, phages, and plasmids. The E. coli strains K561 [HfrC \*
relAI spoTI T," (ompF627 fadL701) lacI), L57 [K561 rpoN::Tnl0 (Tc")], L108
[K561 himDA3::cam (Cm")], and MC1061 [F~ hsdR mcrB araD139 A(araABC-
leu)7697 AlacI74 galV galK strA thi] have been described previously (15, 56).
K1472 [MC1061 ApspABC::kan (Kn")] and K1471 [MC1061 rpoN::Tnl0 (Tc")]
were from our laboratory collection. C600 was kindly provided by Nancy Kleck-
ner (Harvard University, Cambridge, Mass.). Strains K1522.1 to K1522.70 [K1472
mTnl0-tet (Tc") {pLW38 [bla ®(pspA'-lac)]}] were generated by consecutive
transduction (ANK1323), random mTn/(0-tet mutagenesis, and transformation
with plasmid pLW38. K1518 [K1472 pspF::mTnl0-tet (Tc")], K1524 [MC1061
ApspABC::kan pspF:mTnl0-tet (Kn" Tc")], K1526 [MC1061 pspF::mTnl0-tet
(Tc")], K1528 [MC1061 mTnl0-tet (Tc")], K1527 [K561 pspF::mTni0-tet (Tc")],
and K1530 [MC1061 himDA3::cam (Cm")] were generated by P1 transduction.
The E. coli host for growth of M13 DNA was strain XL1-blue {F’'[proAB™" lacI4
lacZAM15 Tnl0 (Tc")]}.

The E. coli strains were grown at 37°C in rich medium (Luria broth) (34) or in
minimal medium A (48). Minimal medium A was supplemented with glucose
(0.2%), required amino acids (30 pg/ml), and thiamine (1 pg/ml). When appro-
priate, antibiotics were used at the following concentrations: ampicillin, 100
png/ml; tetracycline, 15 pg/ml; kanamycin, 25 or 30 pg/ml; chloramphenicol, 25
png/ml. For detection of B-galactosidase activity, cultures were induced with a
final concentration of 7 mM isopropyl-B-p-thiogalactopyranoside (IPTG), and
plates contained 0.15% of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyr-
anoside).

The bacteriophages used were ANK1323 (kindly provided by Nancy Kleckner),
M13mp18, and P1,,,. Transductions were performed as previously described (34).

Plasmid pLW38 has a 0.6-kb Bsml fragment (containing the psp promoter
region 500 bp upstream from the pspA and the first 12 codons of pspA) fused in
frame to codon 7 of the lacZ gene on plasmid pSKS107 (56). pBRPS-1 was
constructed by ligating a 4.5-kb EcoRI genomic fragment containing the com-
plete psp operon to EcoRlI-restricted pBR322 (9). Plasmid pNAL200 (from our
laboratory collection) contains f1 gene IV recloned from plasmid pJLB4 (7)
digested with BamHI and ligated into the BamHI site of plasmid pGZ119EH in
which the pIV gene is under the control of the IPTG-inducible Tag promoter
(32). The plasmids pMJ1 and pMJ2 used for sequencing were made by ligating
the 1.0-kb Bg/II-Hincll fragment or a 1.4-kb EcoRI-HinclI fragment (both de-
rived from a 2.4-kb EcoRI-BglII fragment of pBRPS-1) into the BamHI-HincIl
or EcoRI-BglII site of pUC19, respectively.

Plasmid pMIJ3, used for sequencing and complementation experiments, con-
tains the insertion mutant pspF::mTnl0-tet. It includes the pspF promoter region,
the first 877 bp of the pspF coding region, and 51 bp of the miniTn/0-tet inverted
repeat. To construct it, K1527 chromosomal DNA was amplified by using a
synthetic oligonucleotide primer (IR1070Bam) that annealed to the miniTn/0-tet
inverted repeat (positions 35 to 55) and created a BamHI site and a second
primer (JABRG6) upstream of pspF and in the coding region of the pspA gene
(positions 16 to 31). The PCR product was cleaved with BamHI and BglII, and
the resulting 950-bp fragment was ligated into the BamHI site of pBR322,
creating pMJ3.

Additional plasmids used in the complementation analyses were pMJ4, pMJ5,
pMJ6, and pMJ7. They contain DNA fragments subcloned from pBRPS-1. Plas-
mid pMJ6 carries the 2.4-kb EcoRI-Bg/II DNA fragment inserted into EcoRI-
BamHI-digested pBR322. Plasmid pMJ4 contains the 0.7-kb BglII-Aval fragment
inserted into BamHI-Aval-digested pBR322. Plasmid pMJ5 contains the 1.2-kb
BgllI-Stul fragment inserted into BamHI-EcoRV-digested pBR322. Plasmid
pMJ7 contains a 1.4-kb Bg/II-Xmn]I fragment inserted into pBR322 that had been
digested with BamHI and EcoRV.

Transformation of E. coli cells was performed as described previously in
standard protocols by using the CaCl, procedure (48).

Mutagenesis. Random insertion mutagenesis was performed in the E. coli
K-12 strain K1472 [ApspABC::kan (Kn") Alac] by infection with a derivative of A
phage, ANK1323 (27), which carries a Tn/0-derived transposon, miniTnl0-tet.
Mutagenesis was done essentially as described previously (27), except that trans-
ductants were pooled after mutagenesis, transformed with toxic plasmid pLW38,
and selected for growth on kanamycin (marker on the recipient strain), tetracy-
cline (marker on the transposon), and ampicillin (marker on the plasmid) plates
at 37°C. K1472 was used for the mutagenesis because in the absence of PspA, the
psp negative regulator, it cannot maintain plasmid pLW38 in which the lac
operon is under the control of the psp promoter region. K1472 isogenic strains,
K1471 and K1530, that lack PspA and that have additional mutations in 7poN or
himD can grow and maintain the otherwise toxic plasmid, pLW38 (see Results).
Kn" Tc" Ap* colonies were screened at 42°C on minimal medium plates supple-
mented with leucine alone or at 37°C with leucine and glutamine, in order to
distinguish between IHF, o4, and other mutants (20, 24). A number of mutants
that did not have an IHF or ¢°* mutant phenotype were backcrossed into the
parent strain by P1 transduction. Individual Tc" Kn" colonies were then tested for
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their ability to maintain pLW38. Those that maintained the plasmid (e.g., were
Ap") were characterized further (see Results).

Analysis of psp induction. Expression of the psp operon was assayed without
stimuli or following induction with the f1 gene IV protein (2 mM IPTG, 30 min),
heat shock (48 to 50°C, 5 min), or osmotic shock (0.75 M NaCl, 10 min) or after
ethanol treatment (10% ethyl alcohol, 30 min). Bacteria were grown to 1 X 108
to 4 X 108 cells per ml in DO salts (54) supplemented with 0.4% glucose, 5 pg
of thiamine per ml, and 19 amino acids (0.2 mg/ml each; no methionine).
Samples of each culture (0.2 ml) were pulse-labelled for 60 s with 20 nCi of
[**S]methionine (New England Nuclear; 1,000 Ci/mmol), precipitated with cold
trichloroacetic acid (5%), resuspended in 4% sodium dodecyl sulfate, and im-
munoprecipitated (15) with anti-PspA serum and Protein A Sepharose beads
(Pharmacia) (9).

DNA manipulations. Plasmid mini- and midipreparations, preparation of E.
coli chromosomal DNA, Southern blot hybridization, PCR amplification (Taq
polymerase; Perkin-Elmer Cetus), electroelution, and other recombinant DNA
techniques were performed as previously described (48). The synthetic oligonu-
cleotides (synthesized by Operon Technologies Inc., Alameda, Calif.) used for
PCR amplification, DNA sequencing, and primer extension experiments were as
follows: IR1070Bam, 5'-GGTGGATCCACCTTAACTTA-3'; JABRG, 5'-CGAT
GTCGGCAAAGCG-3"; IR1070, 5'-CCACCTTAACTTAATG-3'; dASITE, 5'-C
TGGAATTCTGCTGTTGATT-3"; PSP500UP, 5'-GAACGTGCCGACGGCG-3";
G1,5-CGATAGCGTCTTCAG-3'; G2, 5'-TTGATGGCAGAATAC-3'; G3, 5'-
TGGCAGTTGTACAAC-3'; G4, 5'-CGCGCTGACCTGCTC-3"; G5, 5'-CACA
GGTCAGCAGGA-3'; G6, 5'-GATTGCACAGAAAAT-3"; and PE-F, 5'-CCT
GTTCCAGCACTTCGAGAAAGCTGTTCG-3'.

The ANK1323 DNA was isolated by using a Qiagen>lambda< kit (Qiagen
Inc.). A [a-3?P]ATP-labelled 1.65-kb DNA fragment (Tet/b), isolated from
BamHI-EcoRI-digested A\NK1323 DNA, was used as a probe in Southern blot
hybridization to identify the miniTn/0-tet element. Similarly, probes 4 (a 1.1-kb
Hincll-Bglll fragment from the 5’ region of the psp operon derived from plasmid
pBRPS-1) and Kan (a 1-kb BamHI fragment carrying the kan cassette) were
used in Southern blot hybridizations to identify the psp™ and ApspABC strains,
respectively.

DNA sequencing and analysis. The nucleotide sequences of pspF and its 3’
downstream region were determined for both strands by using single-stranded
M13mp18 phage DNA or double-stranded DNA (plasmids pBRPS-1, pMJ1, and
pMIJ2) templates. The nucleotide sequence of mutant gene pspF::miniTnl0-tet
was determined for the template strand by using plasmid pMJ3. DNA sequenc-
ing was performed by the dideoxynucleotide chain termination method (49).
Sequencing reactions were carried out with the Sequenase sequencing kit (U.S.
Biochemical Corp.), and primers were the universal and reverse M13 primers or
specific synthetic oligonucleotides (G1-G6 and PSP500UP). The sequence of the
miniTnl0-tet-pspF junction from mutant K1527 (psp ™ pspF::mTnl0-tet) was de-
termined for plasmid pMJ3 by using primer IR1070 (nucleotides 33 to 48 from
the inverted repeats on the miniTn/0-tet transposon).

The sequencing products were resolved on denaturing 5 or 8% polyacrylamide
gels.

Nucleotide sequence data were analyzed by using the Gen Info network
BLAST server (BLASTN, BLASTP, and BLASTX) (3) and MACAW, with the
PAM120 matrix provided by the National Center for Biotechnology Information
(50).

Primer extension. Primer extension analysis (48) was carried out by using a
synthetic oligonucleotide (PE-F) complementary to nucleotides 35 to 64 of the
pspF coding sequence. The oligonucleotide was labelled at the 5’ end by using
[y->?P]ATP and hybridized to 700 pg of total RNA isolated from E. coli K561
and K561(pNAL200) (after induction with IPTG in log phase; 5 X 108 cells per
ml) or to 50 pg of total RNA isolated before and after heat shock (50°C, 5 min)
of E. coli K561(pBRPS-1). RNA was extracted from late-log-phase cultures of E.
coli grown in minimal medium at 37°C or after heat shock by the hot acid-phenol
method (1). RNA samples were resuspended in RNase-free water and incubated
at 37°C for 1 h in the presence of RNase-free DNase. The cDNA was extended
at 37°C for 40 min with Moloney murine leukemia virus reverse transcriptase
(Pharmacia Biotech). The reverse transcription products were subjected to elec-
trophoresis on a 5% polyacrylamide sequencing gel along with a nucleotide
sequence generated with the same (unlabelled) primer.

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been submitted to the GenBank/EMBL data bank with the
accession number U38542.

RESULTS

Identification of the pspF genetic locus. In the absence of
PspA, the negative regulator of the psp operon, the psp genes
are expressed at high levels under normal growth conditions
and without any inducing stimulus (56). Plasmid pLW38, in
which the lac operon is under the control of the psp promoter
region, cannot be introduced or maintained in a strain that
carries a pspABC deletion. If, however, the strain also contains
a mutation in himD (which encodes one of the subunits of
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FIG. 1. Mini-transposon (miniTn/0-tet) mutagenesis of strain K1472 and construction of the psp™ pspF::miniTn/0-tet mutant strains K1526 and K1527, by using

consecutive P1 transductions (see the text). The percentages indicate the frequency with which a particular genotype was obtained.

IHF), the efficiency of transformation relative to that of the
wild type is increased to 1072, and if the strain contains a
mutation in rpoN, (which encodes 0°%), the relative efficiency is
about 1. Since ¢”* is absolutely required for psp transcription
and IHF is strongly stimulatory, we concluded that the inability
of ApspABC strains to maintain pLW38 is due to strong con-
stitutive expression from the psp promoter. We assumed that
such transcription reflects the action of a ¢>* transcriptional
activator that must be constitutively active and that strains
containing a mutation in the putative activator would be able
to maintain the otherwise toxic plasmid pLW38. Hence, we
mutagenized strain K1472 [ApspABC::kan (Kn') Alac] by
miniTn/0-tet transposon mutagenesis (Fig. 1). Independent
Tc" Kn" colonies (10*) were pooled and transformed with
pLW38, which confers ampicillin resistance. The transfor-
mants were selected on plates containing all three antibiotics.
The 70 colonies obtained (K1522.1 to K1522.70) (Fig. 1) were
screened for growth on minimal medium supplemented with
leucine (at 42°C) or leucine and glutamine (at 37°C). Those
that could not grow on leucine-containing plates were assumed
to be IHF mutants (20). The Him (IHF) mutations cause a
leucine-imposed, temperature-dependent auxotrophy and a re-
quirement for isoleucine at 42°C (20). Leucine represses the
synthesis of the enzymes required for isoleucine biosynthesis
(AHAS) III, while expression of the other enzymes in the
pathway requires active IHF (20). Those which required glu-
tamine for growth were assumed to be o>* mutants (24) (Fig.
1), since rpoN mutants of E. coli are glutamine auxotrophs
(24). Of the 56 colonies that could grow on leucine and did not
require glutamine, 8 in which pLW38 had no obvious rear-
rangements were chosen for further study (Fig. 1). The
miniTn/0-tet elements in these eight colonies were each trans-
ferred back to the parental strain (K1472) by P1 transduction
to provide a clean background. The new recipients were again
individually transformed with the toxic plasmid and tested for
the ability to maintain the plasmid. Four independent recipi-
ents that passed this second screen (strains K1518.1, -3, -16,
and -25; also referred to here as 1, 3, 16, and 25) (Fig. 1) are
potential activator mutants. These Tc" ApspABC strains were
used as donors in another round of P1 transductions, this time

into a recipient (MC1061) with an intact psp operon. The Tc*
transductants were screened for cotransduction of ApspABC
(i.e., Kn" marker). The cotransduction frequency, >98%, indi-
cates that the potential activator mutants are closely linked to
the psp genes (strain K1524) (Fig. 1). For each of these four
candidates, 1, 3, 16, and 25 (data presented only for candidate
1), the transposition event and orientation of the inserted
miniTnl0-tet transposon were confirmed by a Southern blot of
EcoRI-digested chromosomal DNA prepared from strains
MCI1061, K1472, K1518.1, K1524.1, K1526.1, and K1528 by
using a [a->*P]ATP-labelled probe, Tet/b (Fig. 2B). At the
level of this structural analysis, the four isolates were indistin-
guishable. Further Southern blot hybridization analysis of
these strains, using probes 4 and Kan (Fig. 2), and PCR anal-
ysis (Fig. 3) showed that the predominant miniTn/0-fet inser-
tion is present in a single copy on the bacterial chromosome
and places it approximately 1.0 kb upstream from the pspA
gene (Fig. 2; Fig. 3).

Southern (Fig. 2) and PCR (data not shown) analyses also
showed that of the small number of transductants in which Kn"
was not cotransduced with Tc', only 20% had an insertion
closely linked to the psp operon (strain K1526), and the re-
maining 80% had insertions positioned at some other place in
the chromosome (strains K1528.3 and K1528.16) (Fig. 1).

To address whether the selected insertional mutants influ-
ence the induction of the psp operon, the level of expression of
PspA was determined before and after a 48°C heat shock (Fig.
4A). Strains MC1061 (wild type), K1530 (himD), K1471
(rpoN), K1526 (miniTnl0-tet insertion mutation closely linked
to psp), and K1528 (miniTn/0-tet insertional mutation not
closely linked to psp) were labelled with [**S]methionine, and
the extracts were immunoprecipitated with anti-PspA serum.
The miniTn/0-fet insertion mutants closely linked to the pspA
gene (K1526.1 and -3) (Fig. 4A, lanes 4 and 5) abolished
induction of the psp operon as effectively as did the o>* mutant
(Fig. 4A, lane 3). The other two selected insertional mutants,
K1526.16 and -25, had the same phenotype as did K1526.1 and
-3 (data not shown). The mutants in which the transposon
insertion was not closely linked to the psp operon were not
defective in PspA induction (Fig. 4A, lanes 6 and 7). The
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FIG. 2. Identification of the miniTnI0-tet insertion. (A) Schematic represen-
tation of the chromosomal locus containing the psp operon, construction of the
ApspABC by using the kan cassette (2-kb chromosomal fragment became 2.5 kb
after deletion and insertion of kan cassette) (56), insertion point of the
miniTn/0-tet transposon, and probes used in Southern blot hybridization. A and
R are tet genes. RI, EcoRI restriction site. Numbers identify the length of DNA
in kilobases. Tet/b, 4, and Kan are probes used in hybridization. (B) Southern
blots of chromosomal DNA digested with EcoRI and probed with [a->*P]ATP-
labelled probes 4, Kan, and Tet/b. Lane 1, MC1061 (psp™); lane 2, K1472
(ApspABC); lane 3, K1518.1 (pspF::miniTnl0-tet ApspABC); lane 4, K1524.1
(pspF::miniTnl0-tet ApspABC); lane 5, K1526.1 (psp™ pspF::miniTnl0-tet); lane
6, K1528.16 (psp™* miniTnl0-ter); lane 7, K1528.3 (psp™* miniTnl0-tet). The lower
band in the blot with probe Tet/b represents the residual hybridization with the
1.35-kb Tet/a DNA fragment retained after isolation of Tet/b (panel A). The
4.65-kb bands obtained after hybridization with probes 4 and Tet/b indicate an
insertion of the miniTn/0-fet transposon into the chromosome, closely linked to
the psp operon in psp™ strain MC1061 (lane 5). kb, DNA molecular weight
standards (in kilobases).

genetic locus identified by the miniTn/0-fet in strain K1526 was
named pspF.

Since much of the previous work on the psp operon was
carried out in K561, we transferred the Tc" marker from strain
K1518.1 to strain K561 (psp™*), generating strain K1527 (psp™*
pspF::mTnl0-tet) in which the miniTn/0-tet insertion remained
closely linked to the psp operon (Fig. 1).

psp induction in K561 and mutant K1527 in response to a
number of stimuli is shown in Fig. 4B. The mutant strain does
not express PspA either before or after induction with heat
shock, osmotic shock, pIV fl protein, or ethanol treatment
(Fig. 4B).

Nucleotide sequence of the pspF gene. The pspF gene is
present on plasmid pBRPS-1 which carries the entire pspABCE
operon and 2.4 kb of upstream DNA, a portion of which had
been previously sequenced (9). The nucleotide sequence of the
entire pspF gene was determined for both strands after appro-
priate subcloning into M13mp18, pUC19, and pBR322 (see
Materials and Methods). A 978-nucleotide open reading
frame, divergently oriented from the psp operon, was identified
(Fig. 5; Fig. 6). The ATG codon is preceded by a putative
ribosome binding site (AAGTGGCGAA) at an appropriate
distance (Fig. 6). The open reading frame is predicted to en-
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FIG. 3. Physical mapping of the miniTn/0-fet transposon insertion by using
PCR analysis. (A) Schematic representation of the chromosomal locus contain-
ing the upstream region of the psp operon, the 5’ region of the pspA4 gene, the
insertion point of the miniTnl0-tet transposon (mTn/0), and the kan cassette
(Kan). IR, 70-bp inverted repeat of the minitransposon, for which primer IR1070
is specific. Arrows, positions of the primers used in PCR. Bars, predicted DNA
fragments which correspond to the positions of the particular pairs of primers:
IR1070 and PSP500UP, IR1070 and JABR6, and dASITE and JABRG6. (B)
Identification of the miniTn/0-tet insertion point by using the pairs of primers
presented in panel A and PCR on isolated chromosomal DNA from strains
MC1061 (psp™) (lanes 1, 2, 8,9, 15, and 16), K1472 (ApspABC) (lanes 3, 10, and
17), K1518.1 (pspF::miniTnl0-tet ApspABC) (lanes 4, 11, and 18), K1524.1
(pspF:miniTnl0-tet ApspABC) (lanes 5, 12, and 19), and K1526.1 (psp™
pspF::miniTnl0-tet) (lanes 6, 13, and 20). Lanes 7 and 14, 1-kb DNA ladder. Only
in the psp™ strain with a closely linked minitransposon insertion, K1526.1 (as well
mutants -3, -16, and -25 [data not shown]), did the IR1070-JABR6 combination
of primers amplify a DNA fragment of 1.1 kb (lane 13).

code a protein of 325 amino acid residues with a calculated
molecular mass of 37 kDa (Fig. 6). Overproduction of PspF
showed that the pspF gene indeed encodes a protein, with a
molecular mass of approximately 37 kDa (data not shown).

A comparison of the amino acid sequence with the GenBank
database indicated that PspF is a member of the bacterial EBP
family of ¢>* transcriptional activators (Fig. 7). PspF differs
from the other members of the EBP family by the apparent
lack of an N-terminal regulatory domain. The central domain
of PspF shows strong homology to the corresponding domain
of known EBPs (36) (Fig. 7). The highly conserved regions in
the central domain include sequences that are proposed to be
important for interaction with o>, a glycine-rich region with a
putative ATP-binding motif (GERGTGKE), and a region
(QekLLRVie) which has similarity to segment 3 of adenylate
kinase (36) (Fig. 6). Like other EBP regulators, the PspF
C-terminal domain contains a helix-turn-helix (HTH) motif,
characteristic of DNA-binding proteins (39) (Fig. 6). The HTH
sequence is linked to the central domain by a 40-amino-acid
segment.

The complete PspF protein is most similar to E. coli Az
(ornithine decarboxylase inhibitor), NifA (Azotobacter vinelan-
dii), HydG (E. coli), HydG (Salmonella typhimurium), NifA
(Rhizobium leguminosarum), NifA (Azospirillum lipoferum),
NifA (Azospirillum brasilense), and NifA (Herbaspirillum sero-
pedicae) (Fig. 7). This suggests that PspF could belong to the
Nif subgroup of the EBP family of response regulators. How-
ever, the HTH motif of PspF, especially the second recognition
helix, differs significantly from that of other members of this
EBP family (Fig. 6).

The 150-nucleotide sequence downstream from the pspF
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FIG. 4. pspF:miniTnl0-fet mutation abolishes o°*-dependent induction of
the psp operon. (A) Immunoprecipitations using antiserum to PspA before and
after heat shock induction. Lane 1, MC1061 (psp*); lane 2, K1530 (psp™
himDA3::cam); lane 3, K1471 (psp* rpoN:Tnl0); lane 4, K1526.1 (psp™
pspF:miniTnl0-tet); lane 5, K1526.3 (psp™ pspF::miniTnl0-tet); lane 6, K1528.3
(psp™ miniTnl0-ter); lane 7, K1528.16 (psp™ miniTnl0-tet). (B) PspA synthesis
after heat shock, osmotic shock, ethanol (EtOH) treatment, and f1 pIV induction
of the psp operon. Lane 1, PspA marker band; lanes 2, 4, 6, 8, and 10, K561
(psp™*); lanes 3, 5, 7,9, and 11, K1527 (psp* pspF::miniTnl0-ter).

gene is partially or fully homologous to a set of 153 sequences
found in intergenic regions or at transcriptionally 3’ positions
in E. coli and in some Shigella chromosomes. These species-
specific sequences represent a family of complex prokaryotic
repetitive extragenic palindromes, called RIB (stands for reit-
erative IHF BIME [bacterial interspread mosaic elements]) (6,
16, 40, 51). The RIB sequence in the pspF 3’ flanking region is
composed of two converging REP (stands for repetitive extra-
genic palindrome) sequences, REP1 and REP2, flanking a
conserved segment which carries a static DNA bend and a
consensus sequence for the binding of E. coli IHF (Fig. 6).
Transcription start site of the pspF. To determine the start
site of pspFF mRNA and, consequently, the location of the pspF
promoter, primer extension reactions were performed with
total RNA isolated from E. coli K561, K561(pNAL200), and
K561(pBRPS-1) (as described in Materials and Methods). As
a negative control, we used a reaction mixture without added
RNA, containing only labelled PE-F primer. The results of the
primer extension analysis are shown in Fig. 8. The major tran-
scriptional start site was observed 33 bp upstream of the pspF
initiation ATG codon; adjacent adenine and guanine residues
(positions —93 and —94 [relative to the start site of pspA
transcription] shown in Fig. 8B] were used as the major start

miniTn 10-tet

0.5kb PSpF PSpABC(D)E

FIG. 5. The genetic organization and the partial restriction map of the pspF
gene and the pspABCE operon. The position of the miniTnl0-tet insertion is
indicated. RI to RI, 4.5-kb EcoRI DNA fragment (cloned in pBRPS-1); hatched
box, 2.4-kb EcoRI-Bg/II DNA fragment. RI, EcoRI; N, Nlalll; X, Xmnl; S, Stul,;
H, Hincll; A, Aval; B, BglIl.
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TCGTTTGCAGGCCTGATAAGCGCAGCGCATCAGACATTATTGCGTTGGGCTAT TAATCGCTCAGCGCATCCTGCAARAT
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FIG. 6. Nucleotide sequence and deduced amino acid sequence of PspF.
Nucleotide sequence of a fragment of E. coli chromosomal DNA containing the
5" region of the pspA gene and the entire sequence of a novel pspF gene are
shown. Nucleotide positions and relevant amino acid residues of the pspF gene
and encoded PspF protein are indicated (1/1 to 978/325). The stop codon is
indicated by a dash. The amino acid sequences of the predicted ATP-binding
pocket and the HTH motif are underlined. The amino acid sequence with
similarity to segment 3 of adenylate kinase is in parentheses. The asterisk indi-
cates the insertion site of the miniTn/0-fet transposon. The putative ribosome
binding site (RBS), IHF consensus, and REP sequences (REP1 and REP2) are
underlined. Arrows indicate the orientation of the REP sequences.

points of transcription. This location is correctly positioned
relative to a ¢’® promoter P1 (—10 box CAGGAT, positions
—82 to —87; —35 box TTGAAG, positions —59 to —64) (Fig.
8B). Multiple weak transcriptional start sites were also ob-
served; two of them correspond to o’° promoters identified by
sequence and designated P2 and P3 (Fig. 8).

Primer extension analysis also showed that the amount of
PspF mRNA is unchanged after induction with f1 pIV carried
on pNAL200 or after heat shock (Fig. 8A). Lanes 1 and 2 in
Fig. 8A show the results of reactions using a high concentration
of total RNA (700 pg) isolated from strains K561 and
K561(pNAL200), in which pspF is present as a single chromo-
somal copy. In lanes 3 and 4, much less total RNA (50 pg) was
used, because the pspF gene is present in multicopy on plasmid
pBRPS-1 which also carries the entire psp operon. Hence, the
signals in Fig. 8A shown in lanes 1 and 2 are not directly
comparable to those in lanes 3 and 4.

pspF::mTnl0-tet (pspFg,,;) encodes a PspFAHTH protein
without a DNA-binding motif. Sequence analysis of the pspF—
miniTn/0-tet joint site from the insertional mutant K1527
(psp™* pspF::mTnl0-tet) (as described in Materials and Meth-
ods) showed that the mTnI0-fet transposon was inserted be-
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FIG. 7. Schematic representation of the alignment of the E. coli PspF protein with members of the ¢* bacterial EBP family (only proteins with the highest BLASTP
scores). The sequences of nine EBPs were aligned by using the computer program MACAW provided by the National Center for Biotechnology Information. Small
white blocks, 0 to 30% identity; bigger white blocks, 30 to 65% identity; shaded blocks, 65 to 100% identity. The numbers on the right indicate the number of amino
acid residues. Ec, E. coli; Av, A. vinelandii; St, S. typhimurium; Rl, R. leguminosarum; As, A. lipoferum; Ab, A. brasilense; Hs, H. seropedicae.

tween nucleotides 877 and 878 (Fig. 9) of pspF, interrupting
codon 293 (Leu) (Fig. 6 and 9). This insertion separates the
central catalytic domain—C-terminal linker from the C-termi-
nal DNA-binding HTH motif (Fig. 6; Fig. 9). The mutant gene
(pspFg;,) encodes a truncated, 304-amino-acid-residue (34.4-
kDa) PspFAHTH protein that lacks a DNA-binding motif
(Fig. 9). Overexpression of the mutant gene pspFg,, gave rise
to a protein of the predicted mobility (data not shown).

Complementation of the pspFg,, chromosomal mutation. A
variety of plasmid constructs (Fig. 10A) were tested for their
ability to complement the pspFy,, insertion mutant. The level
of induction of the psp operon was monitored before and after
heat shock or ethanol treatment by measuring the level of
PspA expression with anti-PspA antibodies. Expression of
wild-type PspF from a multicopy plasmid under its own pro-
moter restores PspA synthesis in a strain with the pspFg,,
mutation (Fig. 10B). Indeed, the level of synthesis of PspA is
high even in the absence of an inducing stimulus, presumably
because the higher concentration of activator overcomes the
normal negative regulation of the operon. If the complement-
ing plasmid (pMJ4) carries a pspF gene (pspFg,5) With a 3’
deletion that extends into the region encoding the central
catalytic domain of the protein, no complementation is ob-
served (Fig. 10B). On the other hand, overproduction of the
truncated protein PspFAHTH (encoded by the pspFy,, gene)
from plasmid pMJ3, which lacks the HTH motif, fully comple-
mented the chromosomal pspFg,, mutation; as with wild-type
pspF, overexpression of pspFg- activates PspA expression even
in the absence of an inducing stimulus (Fig. 10B).

Interestingly, induction of the psp operon before heat shock
by overproduction of the HTH mutant protein PspFAHTH is
slightly better than that seen with wild-type PspF (Fig. 10B).
However, after heat shock, strain K1527(pMJ3), which ex-
presses the mutant protein, showed a decline in psp induction,
while strain K1527, which expresses wild-type PspF protein
(encoded by plasmid pMIJS, pMJ7, or pMJ6), displayed psp
induction above pretreatment levels (Fig. 10B). Results ob-
tained with ethanol treatment were basically the same (data
not shown).

DISCUSSION

Transcription of the pspABCE operon in E. coli utilizes
>*-RNAP, is facilitated by IHF, and is dependent on an up-
stream, cis-acting UAS (56, 57). Initiation of transcription em-
ploying the alternative sigma factor o™, in all cases hitherto
studied, depends on the action of a specific transcriptional
activator (14, 29, 36, 38, 43). We previously observed that in
the absence of the PspA negative regulator and the PspB and
PspC positive regulators, transcription from the psp promoter
is constitutive (56). That observation implied the existence of a
constitutively active transcriptional activator. In this study, we
have identified, sequenced, and characterized a new E. coli o>*
transcriptional activator, PspF.

Insertion of miniTn/0-tet into a single site in the E. coli
chromosome (strain K1472) resulted in the loss of expression
from the psp promoter. This chromosomal insertion which is
closely linked to the pspA gene completely abolished ¢>*-de-
pendent induction of the psp operon in response to a variety of
stimuli (expression of f1 pIV, ethanol treatment, and osmotic
and heat shock). The gene into which the transposon inserted,
designated pspF, is a 978-nucleotide open reading frame diver-
gently oriented from the pspABCE operon and encodes a 37-
kDa protein (PspF). From the deduced amino acid sequence
of the pspF gene, we found a significant homology to the EBP
family of transcriptional activators. During the course of this
work, two reports appeared that identified a partial open read-
ing frame 5’ of the psp operon that was similar to the central
domain of the EBP transcriptional activators (36, 45) and rep-
resents the 5’ part of the pspF gene. A modular protein struc-
ture is a common feature of many o>*-specific transcriptional
activator proteins (2, 14, 36, 41). PspF protein has a two-
domain structure. The central domain is homologous (52%
identity) to the highly conserved central catalytic domain of
EBPs which is important for interaction with o>* (14, 36, 41,
53). A putative ATP-binding pocket (GERGTGKE) in PspF is
found in the N-terminal part of the central domain. It has been
proposed that binding and hydrolysis of a nucleoside triphos-
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FIG. 8. Primer extension analysis of the transcriptional start site of the pspF
gene. (A) Primer extension analysis of pspF transcription. Lane 1, K561; lane 2,
K561(pNAL200); lanes 3 and 4, K561(pBRPS1); lane 5, primer [no RNA hy-
bridized]. Total RNA was isolated from uninduced cultures (lanes 1 and 3) and
from cultures induced with f1 pIV (2 mM IPTG, 30 min) (lane 2) or 50°C heat
shock (lane 4). Lanes G, A, T, and C are products of sequencing reactions
generated with the same oligonucleotide (PE-F) as that used for the primer
extension. The arrows indicate the positions of the primer extension products.
The major start site, A, is denoted by the thick arrow. (B) Sequence of the pspF
and pspABCE operon promoter regulatory region. The DNA sequence of the
pspF and pspABCE operon promoter regulatory region (pspF nontemplate
strand) from positions +44 to —128 relative to the start site of pspA4 transcription
(+1) is shown. The hatched box represents the IHF footprint site. The pspABCE
operon ¢>* promoter (57) is indicated. The major ¢”° pspF promoter, P1 (—59
to —87) and minor promoters P2 (=77 to —105) and P3 (+37 to +10) are
indicated. Putative —35 and —10 boxes are underlined. Asterisks and numbers in
parentheses indicate the positions of nucleotides relative to the start site of psp4
transcription (+1). Also indicated are the start sites (boldface letters) and di-
rection of transcription of the pspABCE operon (+1, thick arrow) and pspF gene
(A [adenine] and thick arrow, major transcription start site; small arrows, minor
transcription start sites). The predicted position of the UAS is between nucleo-
tides —76 and —125 (57).

phate is required during transcriptional activation by o*-de-
pendent activators (2, 14, 17, 36, 38, 41, 43, 53).

The COOH-terminal domain of PspF contains an HTH mo-
tif, characteristic of DNA-binding proteins (2, 14, 41, 43). All
EBP ¢°* transcriptional activators have a conserved HTH mo-
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FIG. 9. The site of miniTn/0-tet insertion on the pspF gene of K1527. The
open and closed boxes represent the miniTnl0-tet (mTnI0) transposon and the
pspF gene, respectively. The pspF nucleotide sequence indicates the sequence of
the wild-type pspF gene, with the translated relevant region of the protein. The
mutated pspF gene (pspFgy;) with the C-terminal region of the deduced amino
acid sequence is shown below. The miniTn/0-tet transposon in K1527
(pspF::miniTnl0-tet) was inserted (vertical arrow) after the C residue (nucleotide
877) of the codon for leucine (amino acid 293) in the pspF gene. The underlined
nucleotide sequence represents the translated terminus (inverted repeat) of
miniTn/0-tet. Insertion of the transposon resulted in the addition of 11 amino
acids (underlined amino acid sequence) to the truncated PspF protein, creating
the PspFAHTH protein (the scheme of the protein is at the bottom of the figure:
shaded box, central domain; box with wavy lines, additional 11 amino acids).
PspF, wild-type protein: shaded box, central domain; box with horizontal lines,
HTH motif.

tif located within a COOH-terminal DNA-binding domain of
variable length, and each subfamily of EBPs recognizes a spe-
cific enhancer-like element or UAS (10, 13, 14, 18, 38, 43, 44).
Binding to these elements confers specificity to the initiation of
transcription (18, 30, 36). The first helix in the PspF HTH
motif has a significant degree of homology to the other ¢”*-
dependent activators, while the second helix (YHQFRALLK)
of the putative DNA-binding motif is unique to the PspF
protein. The second helix, named the recognition helix, is a
specific feature of certain subfamilies of the activators (18, 30,
36). Since the PspF second helix does not resemble that of any
of the others, it is probably a member of a novel subfamily. psp
operon expression is dependent on a functional pspF product,
and our previous experiments pointed out that the psp pro-
moter region contains a UAS (located at nucleotides —76 to
—125 upstream of the pspA transcription start site) that is
required for psp induction and has the enhancer-like ability to
activate at a distance (57). A DNA-binding activity that is
dependent on the UAS was detected in crude protein extracts
(57). In addition, psp expression is IHF dependent (57), and
IHF binds to a site between the UAS and the o°* recognition
sequence (57). Hence, the interaction of the PspF activator
and o*-RNAP could be facilitated by IHF-mediated DNA
bending.

PspF differs from other members of the EBP family in the
complete absence of an N-terminal domain. The native NifA
protein of R. leguminosarum bv. trifolii and the Pseudomonas
syringae HrpS protein have very short N-terminal domains,
consisting of 12 and 74 amino acids, respectively (18, 22, 36).
Furthermore, the N-terminal domain of NifA activators can be
deleted without impairing the ability to activate nif-targeted
promoters (4, 18). It has been proposed that the response
regulator (activator) activity may be modulated through an
intramolecular positive or negative interaction between the
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FIG. 10. Complementation of the pspFg,, chromosomal mutation. (A) Struc-
tures of the pspF gene on pMJ3 to pMJ7 subcloned from pBRPS-1 or as a PCR
DNA fragment (see Material and Methods). Plasmids: closed box, P1 pspF
promoter; arrow, major start site of pspF transcription; box with horizontal lines,
predicted UAS position; open box, pspF sequence; box with wavy lines, addition
of 11 amino acids from miniTn/0-tet on truncated pspF (pspFg;7); hatched box,
REPI; bricks-box, REP2. RI, EcoRI; X, Xmnl; S, Stul; A, Aval; B, Bglll. PspF
protein (numbers are amino acid positions): 1 to 325, wild-type protein; 1 to 268,
central domain; 268 to 325, DNA binding domain; 268 to 296, linker subdomain;
296 to 325, HTH domain; 1 to 206, pMJ4-encoded protein; 1 to 293 (304),
pMIJ3-encoded protein; 1 to 325, pMJ5-, pMJ6-, and pMJ7-encoded protein. (B)
Synthesis of PspA before and 5 min after a temperature shift from 37 to 48°C
(heat shock induction) screened by using [*>S]methionine-labelled total proteins
immunoprecipitated with anti-PspA serum. The position of the PspA protein is
indicated. Lanes 1, K561 (psp™); lanes 2, K1527 (psp* pspFg;7); lanes 3,
K1527(pMJ4); lanes 4, K1527(pMI3); lanes 5, K1527(pMIJ5); lanes 6,
K1527(pMJ7); lanes 7, K1527(pMJ6).

N-terminal and other domains (18, 23). Since PspF lacks the
regulatory N-terminal domain, this may explain why this acti-
vator is synthesized in a constitutively active form. A mutant
Rhizobium meliloti DctD protein that lacks 142 amino acid
residues from the N terminus (DctDy ,,45) is also constitutively
active, and the CheB activator with a deleted N-terminal do-
main had elevated activity (23, 26, 31, 46).

The complementation of the chromosomal mutant pspFg,,
by plasmid-borne wild-type PspF (pMIJS5, pMJ6, and pMJ7),
demonstrates that pspF consists of a simple transcription unit
and represents a single complementation group. A pspF mu-
tation which has a partially deleted central domain (C-terminal
portion) (pspFs,5) cannot complement the pspFg,, mutation.
This is consistent with the observation that an intact functional
central catalytic domain is required for activation of o>*-regu-
lated initiation of transcription (4, 25, 26). By contrast, plasmid
pMJ3, which codes for a PspF protein that lacks the HTH
motif (PspFAHTH), was able to complement the identical
chromosomal mutation. This suggests that the mutant protein
is catalytically active but that when expressed at a low level
from a single chromosomal gene is unable to stimulate tran-
scription without the capability to bind to its UAS. On the
other hand, the same mutant protein, when overproduced,
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does activate transcription, presumably by direct interaction
with the >* holoenzyme. The central domain of NifA from R.
meliloti and that of the homologous activator DctD from R.
leguminosarum have been shown to activate transcription in
vivo, as does a truncated form of NifA from Klebsiella pneu-
moniae that lacks its C-terminal domain (4, 25, 26). These
results are in contrast to the case of NtrC, in which the central
catalytic domain by itself is not active (39).

PspA has at least two roles. One is an unknown function in
E. coli physiology, probably related to maintenance of the
proton motive force (27a, 59), and the other is its role as a
negative regulator. Functionally, the combination of PspF and
PspA is the equivalent of a typical o°* activator. As a negative
regulator, PspA may provide the equivalent of the regulatory
domain, found in many EBPs, while PspF provides the DNA
binding and activation functions. In the absence of an inducing
stimulus, it would be the ratio of PspA to PspF that determines
the activity of the pspABCE promoter. In uninduced cells, the
low but measurable level of PspA is enough to keep transcrip-
tion at a low level. Overproduction of PspF can then overcome
the negative regulation mediated by PspA. Exposure to an
inducing stimulus probably results in the relief of the negative
regulation provided by PspA, by an as yet not-understood
mechanism. Although some inducing stimuli are more depen-
dent on the presence of PspB and PspC than others, the com-
mon step needed to increase expression of the operon is prob-
ably this loss of PspA’s repressive effect on PspF’s function as
a transcriptional activator. PspA could simply prevent interac-
tion between PspF and o>* by making a steric block or by
influencing the DNA bending, or it could prevent the binding
and proper positioning of the activator. It is also possible that
PspA represses PspF activity indirectly, perhaps by eliminating
an inducing signal or acting on another regulatory protein(s).
We are carrying out experiments both in vivo and in vitro
which should shed further light on the nature of the PspA-
PspF interaction and, hence, also on whether PspA represents
an “escaped” regulatory domain of PspF. From an evolution-
ary point of view, it would be interesting to know whether the
prototypic ¢°* activator consisted of a single protein, or
whether like the PspA-PspF system, the regulatory element
was separate from the activating function.

Primer extension showed that the PspF gene is transcribed
from one major ¢’° promoter (P1) and two minor o’® promot-
ers (P2 and P3). Two of them, P1 and P3, have the same
sequence at the —10 box (CAGGAT). All three promoters
have weak consensus sequences in comparison with canonical
o’® promoters, and according to primer extension analysis,
transcription of pspF gene appears to be moderate or weak.
The first two nucleotides in the —35 site of the P1 promoter
overlap the IHF protected region. This particular IHF site has
been reported to be constantly occupied in E. coli (55). The
position of the major promoter P1 is at —59 to —87, and the
position of the minor promoter P2 is at —77 to —105 (relative
to the pspA transcription start site; Fig. 8B), while the pre-
dicted UAS is between nucleotides —76 and —125 (57) (Fig.
8B). Thus, the UAS to which PspF should bind is between the
pspF P1 promoter and the translational start site of the gene
(Fig. 8B). This implies a possible influence of PspF on its own
transcription and suggests that pspF transcription may be au-
toregulated. In vitro studies testing this model are in progress.

Differences in the rate of mRNA degradation can determine
the level of gene expression. A complex repetitive sequence
(RIB), composed of two imperfect REP sequences and an IHF
binding consensus in between, follows the pspF gene immedi-
ately further downstream. REP sequences in many E. coli
intergenic or 3’ regions of transcriptional units are capable of
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forming stem-loop structures that increase the stability of
mRNA (37, 52). Stem-loop structures can protect upstream
mRNA from degradation by impeding the processive activities
of 3’-5" exoribonucleases (37, 52). Recently, it was shown that
EIF (stands for exoribonuclease impeding factor) in E. coli can
bind to stem-loop structures (including REP sequences) and
help to protect RNA from degradation (12). Whether pspF
gene expression is modulated at the level of transcription ini-
tiation and elongation or postranscriptionally by stabilization
of PspF mRNA remains to be determined. Nonetheless, the
existence of the RIB sequence on the 3’ end of the PspF gene
as well as the position of the UAS in a region that overlaps or
is downstream from the major P1 and the minor P2 ¢’° pspF
promoters offer a number of possible routes for the regulation
of PspF expression.
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