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The histone-like protein H-NS has been shown to
influence the regulation of gene expression at the
transcriptional level in several Escherichia coli operons.
We have examined the regulation of the stpA gene,
which encodes a protein sharing 58% identity with
H-NS, by mRNA analysis and by using stpA-lacZ
operon fusions. The expression of stpA is temperature
dependent, with 2-fold higher expression at 37°C than
at 26°C. In addition, stpA expression is stimulated by
the global regulator Lrp. In an hns mutant E.coli
derivative stpA expression is derepressed, suggesting
that regulation of the two genes is coupled. Overproduc-
tion of the StpA protein affects expression from at
least four hns regulated operons (the papB, proU, bgl
and hns operons), in both the presence and absence of
H-NS. The construction of E.coli strains carrying
mutations in both stpA and hns demonstrated that
the absence of both proteins affects growth rate and
viability of the cells. Our work establishes that E.coli
can express two H-NS-like proteins with coordinated
yet differential regulation. Evidently, these proteins
have both overlapping and distinct functions in the
cell, and they are both important for normal cell
growth and gene control.
Keywords: Escherichia coli/gene regulation/nucleoid-
associated proteins

Introduction
The bacterial chromosome can be isolated as a nucleoid
in which the DNA is associated with a number of proteins
presumed to be important for DNA organization in the cell
(reviewed by Drlica and Rouviere-Yaniv, 1987; Pettijohn,
1988). One of the most abundant nucleoid-associated
proteins in Escherichia coli is H-NS, with -20 000 copies
per cell (Spassky et al., 1984; reviewed in Higgins et al.,
1990; Ussery et al., 1994). H-NS binds double-stranded
DNA nonspecifically, but with a preference for curved
DNA (Yamada et al., 1991; Owen-Hughes et al., 1992).
Overproduction of H-NS has severe effects on cell viability
and results in a striking condensation of the bacterial
chromosome (Spurio et al., 1992). The amount of H-NS
within the cell is therefore likely to be under tight
control, which is presumably achieved by the negative
autoregulation of the hns gene (Dersch et al., 1993;
Ueguchi and Mizuno, 1993). Expression of hns is influ-
enced further by binding of the FIS protein to the hns

promoter region (La Teana et al., 1991; Falconi et al.,
1996). The hns gene is cold-shock regulated such that
transcription is enhanced 3- to 4-fold following a shift
from 37 to 10°C (La Teana et al., 1991). This induction
involves the binding of CspA, the major cold-shock protein
of E.coli, to the hns promoter region (La Teana et al.,
1991). The intracellular level of H-NS has also been
reported to increase 3-fold at the stationary phase (Spassky
et al., 1984; Dersch et al., 1993; Ueguchi and Mizuno,
1993), although this finding has not been observed in
other reports (Hinton et al., 1992; Yasuzawa et al., 1992;
Free and Dorman, 1995). Recent data further suggest that
expression of the hns gene is coupled to DNA synthesis
(Free and Dorman, 1995).

In recent years it has become apparent that the H-NS
protein is involved, directly or indirectly, in a number of
cellular functions. Mutations in hns have been shown to
result in altered frequencies of transposition, chromosomal
deletions and site-specific recombination events (Lejeune
and Danchin, 1990; Falconi et al., 1991). Mutations in
hns are also highly pleiotropic, affecting the expression
of a number of genes (Goransson et al., 1990; Hulton
et al., 1990; May et al., 1990; Olsen et al., 1993;
Yamashino et al., 1995). The genes affected by H-NS
are dispersed throughout the chromosome and are often
regulated in response to changes in environmental condi-
tions. Among the genes affected by hns mutations are
the pap genes, encoding di-galactoside binding pili in
uropathogenic E.coli. We have shown previously that a
mutation in hns leads to the loss of pap thermoregulation
and an increase in transcription at both 37 and 26°C
(Goransson et al., 1990).

stpA, a putative homolog to the gene encoding the
H-NS protein in E.coli, was first identified as a multicopy
suppressor of a Td- phenotype in phage T4 (Zhang and
Belfort, 1992). More recently, Shi and Bennett (1994)
identified the stpA gene as a multicopy suppressor that
could transcomplement hns mutants in the modulation of
arginine decarboxylase gene expression in E.coli. The
high sequence identity (58%) between the protein predicted
to be encoded by the stpA gene and the H-NS protein
suggested that the two proteins could have similar func-
tions. In this study we performed experiments to character-
ize the regulation and function of the stpA gene and its
product. In particular, we studied its influence on the
transcriptional regulation of the pap operon and other
operons known to be H-NS regulated. The results show
that StpA can substitute for H-NS and presumably acts as
a backup in hitherto studied hns mutants of Ecoli.

Results
Expression of stpA is affected by H-NS and
temperature
To determine whether the expression of the stpA gene was
affected by H-NS and temperature at the transcriptional
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Fig. 1. Northern blot hybridization of total RNA isolated from strains
grown in LB medium to logarithmic phase at 37 and 26°C. Lane 1,
HMG11 (wt), 37°C; lane 2, HMG9 (Ahns), 37°C; lane 3, HMG11
(wt), 26°C; lane 4, HMG9 (Ahns), 26°C. (A) Hybridization with a
stpA-specific probe. (B) Hybridization with an hns-specific probe.

level, Northern blot hybridization experiments were per-
formed on RNA from wild type and an hns-deleted strain
of E.coli in logarithmic phase at 37 and 26°C. As seen in
Figure IA, the 700 nucleotide stpA transcript is expressed
at low levels at 37°C, but was hardly detectable at 26°C.
In the hns mutant the expression of stpA was derepressed
and the level of transcription was increased at both 26
and 37°C. Quantification of the stpA signal showed an
~2-fold effect of temperature on the regulation of transcrip-
tion in both strains. Figure 1B shows the result obtained
after the same membrane was hybridized with the hns-
specific probe. The hns gene is expressed at the same
level both at 37 and 26°C (Gbransson et al., 1990). A
quantitative analysis of the relative amount of StpA protein
in the cell, by immunoblotting with a polyclonal antiserum
recognizing both StpA and H-NS, confirmed that the
temperature regulation of StpA was also manifested at the
protein level (data not shown).

Characterization of the stpA gene regulatory
region
The stpA gene maps to the region carried by Kohara
phage X444 (Kohara et al., 1987). A 9 kb KpnI-HindIII
subclone (pBSN43) was used as a source of stpA DNA
in our studies (Figure 2A). To study the regulation of stpA
we characterized the upstream region of the gene (Figure
2B). A short transcriptional stpA-lacZ fusion (pBSN32)
was constructed by PCR. This fusion contains the stpA
upstream region required for the expression of stpA
according to the report by Zhang and Belfort (1992).
Because the fusion (pBSN32) showed only a low level of

P-galactosidase activity when grown in LB medium at

37°C, we mapped the stpA promoter(s) by primer exten-
sion. A primer extension analysis was performed on total

RNA from both a wild-type and an hns-deleted strain
grown at 37°C to logarithmic growth phase in LB medium.
Four extension products were produced in both strains
(Figure 3). The 5' ends of the stpA mRNA seemed to be
identical in an hns mutant compared with a wild type.
The two most prominent transcription start points appeared
to be at the A and the G residues 41 and 42 bp upstream
respectively of the stpA translational start codon (Figure
2B). The two other start sites were located at the A residue
at position 61 and the T residue 83 bp upstream of the
stpA start codon. The positions of the extension products
suggested that stpA has at least three promoters. Postulated
promoter sequences for the prominent start points are
indicated in Figure 2B. The start point 41 bp upstream of
the stpA translational start codon is identical to the one
identified by Shi and Bennett (1994).
Two stpA-lacZ fusions containing longer upstream

regions were constructed in the vector pRZ5202. The
endpoints of the different lacZ fusion constructs are shown
in Figure 2B. The level of 3-galactosidase activity was
measured during growth in LB medium at 37 and 26°C.
The results, summarized in Figure 4A, suggest that
sequence information sufficient for transcriptional activa-
tion and temperature regulation of the stpA gene is present
within the 332 bp stpA upstream region in plasmid
pBSN58. The longer -0.7 kb fusion construct pBSN57
gave essentially identical results. In contrast, the shortest
fusion, pBSN32, seemed to lack the temperature regulation
and showed only a low basal f-galactosidase activity at
both 37 and 26°C.
A sequence analysis of the stpA upstream region

revealed that it is very AT-rich (Figure 2B). A computer
prediction of the DNA structure (using the BEND pro-
gramme of the DNASTAR software package) suggested
that it may contain intrinsic curvature (data not shown).
The regulatory region upstream of hns has also been
shown to contain intrinsic curvature, where H-NS has
been shown to bind and, by autoregulation, affect its own
expression (Dersch et al., 1993; Falconi et al., 1993). The
regulatory features of the stpA operon, being affected by
H-NS and by temperature, resemble those found in other
cases of transcriptional control subject to temperature-
dependent regulation. For example, the pap, cfa and sfa
fimbrial adhesin operons are regulated in a similar fashion
(Goransson et al., 1990; Jordi et al., 1992; Morschhauser
et al., 1993). Furthermore, such operons have been shown
to be regulated by the global regulator Lrp, which is
involved in the regulation of at least 30 different proteins
in E.coli (Ernsting et al., 1992; reviewed in Newman
et al., 1992; D'Ari et al., 1993; Calvo and Matthews,
1994). To determine whether stpA is regulated by Lrp, we
introduced the stpA-lacZ fusion constructs into a lrp
mutant strain (BEU683) and its wild-type parent strain
(BEU602). The strains were grown in LB medium at 37°C
and the ,-galactosidase activity measured. As shown in
Figure 4B, there was only a relatively small difference in
expression from the stpA promoters, but both pBSN57
and pBSN58 showed an -20% reduction of 3-galactosidase
units in the lrp mutant strain in comparison with the wild
type. Furthermore, the fusions were introduced into an

hns mutant strain (BEU601) and an hns, Irp double mutant

strain (BEU68 1). The H-NS deficiency caused derepressed
stpA-lacZ expression in the case of the short fusion
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Fig. 2. (A) Map of the constructs used in cloning, nucleotide sequencing and mutagenesis of the stpA gene. The locations of the restriction sites are
indicated as follows: B, BaniHI; E. EcoRI; H, HindlIl; K, KpnI; P, PstI. (B) Nucleotide sequence of the stpA upstream region. The transcriptional
start points determined by primer extension are denoted by asterisks, and predicted promoter sequences (-35 and -10 regions) are indicated for the
strongest extension. The 5' ends of the stpA operon fusions pBSN57, pBSN58 and pBSN32 are indicated by arrows. Our nucleotide sequence
analysis largely confirmed the sequence reported by Shi and Bennett (1994), but a few differences (indicated by letters below the sequence) were
noted in the upstream region. The restriction sites EcoRI and DraI used in the cloning are included.
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Table I. Relative amounts of the stpA transcript in strains grown in
glucose minimal media. 0.4 mM isoleucine and 0.4 mM valine with
and without 10 mM leucine at 37°C

Strain Relative level of stj)A mRNAa
-Leucine + Leucine

W3110 (wt) 1.0 0.31
BSN21 (lrp::Tn]O) 0.44 0.36
BSN22 (hlns::cat) 3.33 2.01

aQuantification of the stpA mRNA levels was performed as described
in Materials and methods.

am

Fig. 3. Primer extension analysis of the start point of the stpA

transcripts. Total RNA isolated from HMGl (wt) (lane l) and HMG9
(A/Ins) (lane 2) was used for primer extension. Lanes A, C. G and T

show the sequence analysis of plasmid pBSN43 using the same primer
as a reference.

construct (pBSN32). Despite repeated attempts, we were

unable to establish the pBSN57 and pBSN58 fusion
constructs in the huis mutant strain. We were, however,
able to establish the longer fusions in the htns, Irp double
mutant strain, and the results are consistent with the
observation that LRP stimulates stpA expression at the
transcriptional level in a manner involving the upstream

region carried by the stpA-lacZ fusion pBSN58 and
pBSN57. Presumably the high copy number of these
plasmids caused detrimentally high levels of expression
from the longer fusions in the absence of H-NS because
we could establish low copy number stpA fusions
(pBSN157 and pBSN158 based on the mini F vector
pFZY1) in an hlis mutant strain (Figure 4C). The low
copy number fusions showed a 10-fold derepression of
expression in an hais mutant compared with the wild-type
strain, consistent with the above-described results from a

Northern blot analysis. The finding that the shortest fusion
construct, pBSN32, showed a strong derepression in the
his mutant strains suggests that H-NS exerts a significant
negative effect by interacting close to or within the
promoter region of stpA.
The response to leucine differs among LRP-regulated

operons in E.coli, and positive, negative and neutral effects
have been found. Furthermore, the level of LRP has been
shown to be lower in rich media than in minimal media
(Calvo and Matthews, 1994, and references therein).
Therefore we investigated how leucine might effect stpA
expression. A Northem blot analysis was performed with
RNA extracted from a wild type (W3110), a Irp mutant

(BSN21) and an lhais mutant (BSN22). grown at 37°C in

glucose minimal medium supplemented with isoleucine
and valine in the presence or absence of 10 mM leucine.

Table I summarizes the results of this experiment. The

level of stpA transcription showed a 2-fold reduction in

an lrp mutant strain. Furthermore, the transcription of

stpA was reduced to the same degree by the presence of

leucine in the growth medium, indicating that leucine

repression is mediated via Lrp.

Binding of Lrp and H-NS protein to the stpA
regulatory region
To test whether Lrp and H-NS interacts directly with the stpA
regulatory region, gel mobility shift assays were performed.
[3'P]ATP-end-labeled fragments representing different
parts of the presumed stpwA regulatory region were mixed
with purified Lrp and H-NS protein. The mixtures were then
subjected to gel mobility shift assays. Gel mobility shifts
with purified Lrp protein were detected with fragments I
(covering the stpA promoter region) and II (covering the
stpA upstream region farther up) (Figure 5A). Similar shifts
were seen when using crude extract from an Lrp-over-
producing strain, but not with protein extract from an lrp-

deleted strain (data not shown). Gel mobility shift assays

with purified H-NS protein also detected shifted mobility
with fragments I and II (Figure 5B). The findings from the
gel mobility shift assays, that both Lrp and H-NS can interact
directly with sequences in the stpA regulatory region, are

consistent with the effects described above on stpA expres-

sion in hiis and Irp mutant strains.

Effect of induced expression of the stpA gene

product
Experiments with the stpA gene cloned in a plasmid vector

suggest that it may at least partially complement mutations
in hns. Our clone carrying the intact stpA gene with
its native promoter resulted in normal growth at low
temperature (26°C) of a A/his mutant strain, which other-
wise shows a cold-sensitive phenotype (data not shown).
To examine how StpA might affect the transcription of
different operons, we constructed an expression plasmid
from which the StpA protein could be expressed and
overproduced in a regulated manner. For this purpose the
stpA gene was cloned into the low copy number vectors

pBSN47 and pMMB66HE, such that their expression was

dependent on the IPTG-inducible tac promoter. Because
high levels of H-NS are known to be lethal to the cell
(Spurio et al., 1992; our unpublished data) and because
we made similar observations with StpA (unpublished
data), the level of StpA was induced only partially in the
following experiments to a level still allowing normal cell
growth. To determine whether StpA could affect lihis
expression, we measured P3-galactosidase activity in strains

harboring a translational hns-lacZ fusion (pBSN2),
together with the StpA expression plasmid (pBSN63). As

shown in Figure 6A, the induction of StpA overproduction
caused a significant decrease in the expression of H-NS.

This was also confirmed directly by an immunoblot

analysis of cell extracts from the strains overproducing
StpA using a polyclonal antiserum recognizing H-NS (data
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Fig. 4. (A) Expression of f-galactosidase activity by stpA-lacZ operon fusions pBSN57, pBSN58 and pBSN32 containing different lengths of stpA
upstream sequence in strain MC1029. The strains were grown to logarithmic phase in LB medium at 37 and 26°C. (B) Expression of P-galactosidase
activity by stpA-lacZ operon fusions in BEU601 (wt), BEU683 (lrp), BEU602 (hns) and BEU681 (Irp, hns) grown in LB medium to logarithmic
phase at 37°C. ND, not determined. (C) Expression of f-galactosidase activity by low copy number stpA-lacZ operon fusions pBSN157 and
pBSN158 in MC1029 (wt) and HMG5 (hns) grown in LB medium to logarithmic phase at 37°C.

not shown). The StpA-overproducing plasmid (pBSN63)
was also introduced into strain MC1029, together with
lacZ operon fusion plasmids containing the pap operon
promoter (pHMG1 18) and the alaS promoter (pHMG 117)
as a reference. As shown in Figure 6B, the ,B-galactosidase
activity from the pap-lacZ fusion showed a reduced
expression upon induction of StpA, but no effect was seen
on the expression from the alaS promoter. The H-NS
protein is also known to negatively affect transcription
from the osmoregulated proU promoter (Higgins et al.,
1988; Hulton et al., 1990; May et al., 1990). The StpA-
overproducing plasmid pBSN42 was therefore introduced
into strain BEU693, which contains a chromosomal proU:
lacZ fusion. In this test we also included a Ahns derivative
based on strain BEU693. As shown in Figure 6C, the
overproduction of StpA by plasmid pBSN42 caused a

clear reduction in proU-lacZ expression in both wild-type
and Ahns strains. The induced StpA evidently exerts its
negative effect on transcription from the proU promoter
independently of H-NS.

A similar effect of StpA overproduction was obtained
with the f3-glucoside operon. The (bgl) operon is cryptic
in wild-type strains and derepressed in H-NS-deficient
mutants of E.coli (Defez and Defelice, 1981). By monitor-
ing the phenotype of the StpA-overproducing strains
growing on plates containing a chromogenic ,-glucoside,
we found that StpA could repress the bgl operon in the
absence of a functional H-NS-encoding locus (data not
shown). Taken together, the results demonstrate that StpA
can silence four known H-NS-regulated operons, and that
it can function as a silencer in both the presence and
absence of H-NS. Furthermore, it is evident from the
above experiments (and the Northern blot analysis) that
StpA can control the expression of hns and vice versa.

Construction of stpA gene disruption mutants
As StpA seemed to have a function similar to H-NS, and
the expression of the stpA gene was found to be somewhat
derepressed in an hns mutant strain, it is possible that
StpA inight compensate for the loss of H-NS in hns-
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negative mutants. To examine the possible effects of
mutations abolishing the stpA gene, we constructed three
different stpA gene disruption mutants. This was carried

A 1 2 3 4 B 1 2

i! me k --w

mo

1 1 -'

Fig. 5. Gel mobility shift analysis of the stpA regulatory region. DNA-
binding reactions were performed with EcoRI/BamHI-cut pBSN57
labeled with [32P]ATP. The positions of unbound fragments are
indicated by I, II and III, and the positions of the different gel-retarded
bands are indicated by arrows. (A) End-labeled fragments were mixed
with purified Lrp. Lane 1, 80 ng; lane 2, 16 ng; lane 3, 8 ng; lane 4,
no protein. (B) End-labeled fragments were mixed with purified H-NS.
Lane 1, no protein; lane 2, 1 ig. (C) Schematic representation of
DNA fragments.

out by inserting a kanamycin and bleomycin resistance
gene cassette from Tn5 into the EcoRI site situated within
the cloned stpA gene (plasmid pBSN45) to generate
plasmids pBSN61 and pBSN62 (Figure 2A). We also
constructed a plasmid (pBSN60), in which we inserted a
kanamycin resistance cassette from Tn9O3 and deleted the
small EcoRI fragment containing the stpA promoters
(Figure 2A). The constructs were transferred to the
MC1061 chromosome by the X replacement method
(Kulakauskas et al., 1991), and putative mutants were
checked and confirmed by a Southern blot hybridization
analysis (data not shown). The mutations were sub-
sequently moved by P1-mediated transduction to strain
HMG11. The different alleles were denoted stpA60::km
(BSN6), stpA61::km (BSN9) and stpA62::km (BSN12).
The transductants were checked for typical hns mutant
phenotypes such as growth deficiency at lower tempera-
tures and the expression of ,-glucosidase activity, but they
did not show any of these phenotypes on rich medium.
Double mutant hns, stpA derivatives grew slower than the
parents and showed typical H-NS-deficient phenotypes.
Figure 7 shows growth curves and viable counts of a
wild-type (HMG1 1) strain, a Ahns mutant (HMG9) strain,
the stpA60::km mutant (BSN6) strain and a Ahns,
stpA60::km mutant (BSN7) strain all grown in broth
medium at 37°C. The different strains were allowed to
grow to a stationary phase, and then diluted into fresh
medium and their growth monitored with optical density
and viable count over a 12 h batch culture cycle. The
double mutant strain (BSN7) showed a clear reduction in
growth rate (monitored as optical density during the
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Fig. 6. Effect of overexpression of StpA on different E.coli operons. (A) Expression of ,-galactosidase activity by hns::lacZ (pBSN2) and vector

control (pMWI56) upon overexpression of StpA from plasmid pBSN63. (B) Expression of f-galactosidase activity by pap-lacZ (pHMG118),
alaS-lacZ (pHMG117) and vector control (pFZYI) upon overexpression of StpA from plasmid pBSN63. (C) Expression of f-galactosidase activity

by a proU-lacZ chromosomal fusion in a wild-type (BEU693) and a Ahns mutant (BEU694) strain upon overexpression of StpA from plasmid

pBSN42.
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Fig. 7. Growth curve and viable count of HMG1 1 (wt), HMG9 (Ahns),
BSN6 (stpA60::km) and BSN7 (Ahns, stpA60::km) grown in LB
medium at 37°C.

26°C

I I

pHMG1 18 =pap-lacZ
pHMGI 17= alaS-lacZ
pFZYI = vector

I
oor-r-ieI,--Xai

0.I 0. m0. =
mg.

HG1 HMG IIN B-SN

HMGII HMG9 BSN6 BSN9 BSN12 BSN7

wt Ahns stpA60::km stpA61::1cm

logarithmic growth phase), with a doubling time of 47
min, compared with an hns mutant with a doubling time
of 30 min and the wild type and the stpA mutant with
doubling times of 26 and 25 min, respectively. Similar
results were obtained with a set of derivatives based on
strain MC4100, although the generation times were longer
(data not shown). The double mutant strain stopped
growing at a markedly lower cell density than the other
strains. As seen in Figure 7, there was also a clear
reduction of viable cells when the bacteria had been grown
to the stationary phase.

Effect of stpA and hns mutations on pap
transcription and thermoregulation
Our earlier studies established that pap transcription is
derepressed in strains which are H-NS negative. In particu-
lar, this can be observed at low (<30°C) growth tempera-
tures. To assay the effect on pap transcription in the
different stpA mutants and in a double stpA, hns mutant
derivative of strain HMG9, we transformed the strains
with a low copy number pap-lacZ operon fusion plasmid.
In addition to the pap promoter regulatory region
(pHMG 118), we included the alaS promoter (pHMG 117)
which does not show the same temperature dependence
as pap (Goransson et al., 1989). The activity from the
different fusions was assayed after growth in LB medium
at 37 and 26°C. The results are summarized in Figure 8A

Fig. 8. Expression of f-galactosidase activity by pap-lacZ (HMG1 18)
and alaS-lacZ (HMG117) fusions in strains HMG11 (wt), HMG9
(Ahns), BSN6 (stpA60::km) and BSN7 (Ahns, stpA60::km) grown in
LB medium at 26 and 37°C.

and B. The transcription of the pap operon was not
affected by either of the different stpA mutant alleles
alone. The thermoregulatory effect was similar to that of
the wild-type strain and only in the case of the Ahns
mutant derivatives was pap-lacZ expression observed at
26°C. In addition, in the combined stpA, Ahns mutant
derivatives (strain BSN7) the pap transcription was de-
repressed at 26°C to a level similar to that of the wild-
type strain HMG11 at 37°C. The stpA mutant allele
appeared not to affect pap expression under these condi-
tions, whereas the alaS-lacZ expression was clearly higher
in the double mutant at 26°C. It should be noted that
growth of the double mutant was severely impaired at
low temperature and that the unexpected effect on alaS
expression may be caused by the more general perturbation
of the cells in that case. With respect to pap regulation, we
concluded that StpA plays a minor role during logarithmic
growth under the conditions tested here.

Discussion
The H-NS protein has been determined to play an important
role in enterobacteria as a component of the bacterial
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nucleoid affecting recombination, transposition and tran-
scription. Mutant bacteria with a defective hns gene show
a loss of regulatory features in some operons, and the
ability of the cell to respond and adapt to different
environmental growth conditions is severely impaired.
The identification of StpA as an analog to the H-NS
protein necessitated the reinterpretation of studies with
hnis mutant strains. In this work we have established that
there is coupled regulation of the expression of H-NS and
StpA in E.coli. Furthermore, our data suggest that the
StpA protein can to some extent substitute for H-NS.

Studies of the expression of stpA by a Northern blot
analysis of mRNA and lacZ operon fusion constructs
showed that the transcription of the stpA gene is somewhat
temperature regulated. A low level of stpA expression
occurs in LB medium at 37°C during logarithmic growth,
which is lower at 26°C. In an has mutant cell, stpA
transcription was derepressed, leading to increased levels
of StpA protein. This higher level probably partially
compensates for the loss of H-NS. The fact that hns
mutants often show a temperature-dependent, cold-sensi-
tive phenotype (Dersch et al., 1994; our unpublished data)
might be due to the lower level of stpA expression at
26°C in comparison with that at 370C.
Our experiments with Lrp mutant strains and our

analysis of protein-DNA interactions by gel mobility shift
assays suggest that stpA expression is directly stimulated
by Lrp. Lrp has been shown to be involved in the
adaptation of E.coli to shifts in environmental conditions.
The stimulation or repression exerted by Lrp on different
operons in E.coli varies considerably, and effects between
2- and 50-fold have been found (Calvo and Matthews,
1994). The Lrp stimulation of stpA expression was -2-
fold, and exogenous leucine caused a 2-fold repression
(Table I). By sequence comparison, using the Lrp con-
sensus sequence of Rex et al. (1991), putative Lrp-binding
sites could be identified in the stpA control region (data
not shown). The target DNA sites in different operons
shown to be bound by Lrp or H-NS have features in
common and are often naturally bent DNA regions; several
protein molecules may bind to such curved DNA (Yamada
et al., 1990, 1991; Newman et al., 1992; Owen-Hughes
et al., 1992; Calvo and Matthews, 1994; Zuber et al.,
1994). In the case of the ilvIH operon, it has also been
shown that the binding of Lrp induces further bending to
the DNA (Wang and Calvo, 1993). Many genes where
expression is affected by Lrp have actually been shown
to be subjected to the effects, either directly or indirectly,
of H-NS, e.g. papB, fin7B, ilvIH and lvsU (Kawula and
Omdorff, 1991; Van der Woude et al., 1992; Ito et al.,
1994; Levinthal et al., 1994).
By overexpressing the StpA protein in a regulated

manner we have shown that it can silence transcription in

that it caused reduced expression of at least four operons:
the pap, hns, proU and bgl operons. The silencing effect
caused by StpA was seen independent of H-NS, suggesting
that in an H-NS mutant strain StpA can still partially
silence the transcription. The present construction of stpA
insertion/deletion mutants showed no obvious phenotype
when grown under standard laboratory conditions. This
might explain why the gene has not been found in mutant
searches, such as those that identified mutations in the
H-NS-encoding locus at minute 27 in E.coli. The lack of
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Fig. 9. Schematic summary of the regulatory network controlling the

expression of Ihois and stpA (see text for references).

a recognizable phenotype of stpA mutants resembles the
case of HU. Mutations in either of the genes encoding the
two HU subunit (hiupA and hupB) genes in E.coli give
little phenotype (Wada et al., 1988), presumably because
each of the HU subunits can substitute for each other,
requiring the double mutant to give a clear HU- phenotype.
It is most likely that an stpA mutant lacks a phenotype
because the Ecoli cell normally contains large amounts
of H-NS. This could be taken as evidence that StpA is
a redundant but less important component than H-NS.
However, it is possible that the real function of StpA is
not quite manifested under standard laboratory conditions.
Recently Zhang et al. (1995) reported on the function of
StpA in promoting group I RNA splicing. The StpA
protein was found to stimulate self-splicing by promoting
RNA assembly in vitro, suggesting that StpA also has
some RNA chaperone activity. So, despite the similar
features shown by the H-NS and StpA proteins presented
here, evidently there are also differences in function
between the two proteins. Double mutants with defects in
both stpA and hais are viable under laboratory conditions,
but growth and cell division are perturbed. The cells have
a tendency to accumulate secondary site mutations leading
to faster growing subpopulations of cells. Microscopy of
the double stpA, hIs mutant strain shows that it exhibits
a filamentous phenotype, especially in early log phase, if
compared with the wild type, the stpA mutant and the haIs
mutant strain (unpublished results). This might suggest
that the StpA protein could play a particular role in
the cell during transition from the stationary phase to
logarithmic growth. Further experiments are in progress
to elucidate if the levels of StpA vary with growth phase.

Our results, together with previous studies, indicate
that there is an intriguing regulatory network controlling
expression of the hats and stpA genes. As depicted in

Figure 9, the StpA, FIS and CspA proteins seem to

influence the autoregulatory system of hINs (La Teana
et al., 1991; Dersch et al., 1993; Ueguchi and Mizuno,
1993; Falconi et al., 1996; this paper). The expression of
H-NS also seems to be coupled to DNA synthesis (Free
and Dorman, 1995). The different regulatory circuits
provide the cell with a mechanism for fine tuning of the
intracellular level of StpA and H-NS, and thus allow
adjustment of the nucleoid structure and precise adaptation
to physiological changes.

Materials and methods
Bacterial strains, media and phages
For routine strain manipulations. cells were grown in LB medium
(Bertani. 1951) with appropriate antibiotics when needed. E.coli strains
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used in this study are listed in Table II. Generalized transduction
mediated by PI was performed according to Willets et ali. (1969).
Transductants were routinely checked for characteristic Itiis phenotypes
such as poor growth at 26°C and positive Bgl phenotype. BEU601
(A/ins) and BEU602 (wt) were derived from MC1063 (trp::Tn10).
MC1063 was transduced with P1 grown on HMG9 (A/ins), and Trp+
transductants wvere isolated on casa amino acid plates. BEU683
(lrp::Tn/O) and BEU681 (/rp.:Tn0. A/hts) were derived from BEU602
and BEU601. The strains were transduced with P1 grown on SS5357
(1rp::Tn /0), and transductants were isolated by selection for tetracycline
resistance. BEU603 (Ah/is, trp:.:TnlO) was derived from BEU601.
BEU601 was transduced with P1 grown on MC1063 (t'7r::Tn]O). and
transductants were selected for growth on tetracycline plates. Strains
BEU693 (trp::Tn10) and BEU694 (trp::TnIO, A/tis) were derived from
strain GM37. The strain was transduced with P1 grown on BEU603
(tp/7:.:TnlO, Alitis). The transductants were isolated by selection for
tetracycline resistance. Strain BEU630 (hns::cat, trjp::Tnl0) was derived
from BSNI (hns::cat). BSN1 was transduced with P1 grown on MC 1063
(tqp::Tn10), and transductants were selected on tetracycline plates. Strain
BSN21 (lrp::TnI0) was constructed by transduction of W3110 with P1
grown on SS5357 (/rp::Tn10), and transductants were isolated on TYS
plates by selection for tetracycline resistance. Strain BSN22 (hn7s::cat)
was constructed hy transduction of W31 10 with P1 grown on BEU630
(hns::cat, trp::Tnl10). Transductants were selected on chloramphenicol
plates anid checked for tetracycline sensitivity.

DNA manipulations and construction of plasmids
Standard recombinant procedures were performed essentially as described
by Sambrook et al. (1989). The plasmids used in this study are listed in
Table III. The stpA gene was mapped to k445, k444 by Southern
hybridization to a Kohara membrane (gene mapping membrane con-
taining a recombinant X library from E.coli K-12 strain W31 10; Takara
Shuzo Co. Ltd. Kyoto, Japan) using a PCR fragment (primers 40 and
41) as a probe. DNA from Kohara phage %444 was subsequently purified
and cut with HindIIl-KpnI. A 9 kb fragment was ligated into the
HindIII-KpnI cut plasmid pCL1921 to generate plasmid pBSN43. To
construct pBSN45, plasmid pBSN43 was partially digested with EcoRl.
The StpA-overproducing plasmid pBSN42 was constructed by PCR
amplifying a fragment containing the stpA gene without its native
promoters from strain MC1029. The primers 52 (5'-GGGAAGCTT-
ATGTCCGTAATGTTACAAAG-3') and 41 (5'-GGGGTCGACCTTTG-
TTGGTGCCGGGTTACTG-3') were designed with a HiiidIII and a SllI
restriction site at the 5' ends. The PCR fragment was cloned into pT/
blue(R) T-vector (Novagen) to produce plasmid pBSN40. To ensure the
absence of PCR mistakes, the insert was sequenced. A HintdIII fragment
containing the stlpA gene was ligated into HiiidIII-cut pMMB66HE to
generate the plasmid pBSN42 and into HinidIll-cut pBSN47 to generate
the plasmid pBSN63. To monitor the expression of stlpA, different
regions from the stpA upstream sequence were transcriptionally fused
to the lacZ gene. Plasmid pBSN32 was constructed in two steps.
The sti)A gene was PCR amplified with its promoters using primer
40 (5'-GGGGGTACCGAAATAATCTCGCGCAGGACTG-3' with a
designed Klml restriction site at its 5' end) and primer 41 (see above).
The PCR-generated DNA fragment was cloned into pT/blue(R) to make
pBSN30. To ensure that no PCR mutations had occurred. the insert was
sequenced. pBSN3O was then cut with EcoRI and ligated to EcoRI-cut
pRZ5202 to generate pBSN32. To construct pBSN57, pBSN45 was cut
with Dial and a 1.1 kb fragment was cloned into Sinal-cut pRZ5202.
pBSN58 was constructed by an EcoRI cutback of pBSN57. To construct
pBSN157 and pBSN158, DNA from pBSN57 and pBSN58 were cut
with EcoRI-BainHl and the stpA promoter fragments cloned into EcoRI-
BarniiHI-cut pFZY 1. The Iinis translational fusion plasmid pBSN2 was
constructed by cutting pHMG409 with EcoRI-Rsal and ligating with
EcoRI-SmnaI-cut pMW 156.

Allelic replacement of the chromosomal stpA gene and
construction of stpA, Ahns strains
The method used for allelic replacement was essentially as described by
Kulakauskas et al. (1991). The three plasmids used to construct stpA
insertion mutations were constructed as follows. Plasmid pUC4K
(Pharmacia) was cut with EcoRI and ligated with EcoRI-cut pBSN45 to
generate the plasmid pBSN60. Pla.smid pUC4-KIXX (Pharmacia) was
cut with EcoRI and ligated with EcoRl-cut pBSN45 to generate plasmids
pBSN61 and pBSN62, with the Tn5 kanr bler resistance cassette in
opposite directions (see also Figure 2A). The plasmids were introduced
into MC 1061 and propagated with the wild-type X444 to create recombin-
ant X phage carrying the kanamycin cassette. These phages were then

Table II. Ecoli strains used in this study

Strain Relevant characteristics Reference/source

MC 1029 recA Casadaban and Cohen
(1980)

MC 1061 Alac Casadaban and Cohen
(1980)

MC 1063 MC1061, trp::Tnl0 M.Casadaban
HMG5 MC 1029, (drdX) A/inIs Goransson et al. (1990)
HMG 11 MC 1029, recA + Goransson et al. (1990)
HMG9 HMG5. recA + Goransson et al. (1990)
GM37 proU-lacZ May et al. (1986)
SS5357 I/rp::Tn]O S.A.Short
BSNl M182, hns::cat Forsman et al. (1992)
W3110 F prototroph F.C.Neidhart
BEU601 MC1063, trp+, (drdlX) Ah/is this study
BEU602 MC 1063, tip+ this study
BEU603 BEU601, trp::TnI0 this study
BEU630 BSN1, trp:.:.Tn10 this study
BEU681 BEU601. rIp::Tnl0 this study
BEU683 BEU602, lrp::TnlO this study
BEU694 GM37, (drtdX) Atls, trp::Tnl0, this study

proU-lacZ
BEU693 GM37, trp::Tn 10. proU-lacZ this study
BSN6 HMG 1, stpA60::km this study
BSN7 HMG9, stpA60::km, (drdX) A/ins this study
BSN9 HMG1L, stpA61::km this study
BSN12 HMG11, stpA62::kmn this study
BSN21 W3110, /rp::Tnl0 this study
BSN22 W31 10, hIns::cat this study

used to infect MC1061 to induce the allelic replacement of the stpA
allele on the chromosome. The three different stpA::Kmi mutants were
then moved by P1 transduction to HMG I1. The different chromosomal
stpA mutations were confirmed by Southern blotting using a PCR-
amplified DNA fragment (primers 40 and 41) covering the stpA gene as
a probe. To construct stpA, hlis double mutants, we also moved the
different stpA insertion mutations to the Ah/ns mutant strain HMG9 by
phage P1-mediated transduction. Transductants were obtained with the
st1)A60::kimi and stpA62::kin alleles. Such transductants grew slower than
the parent Ah/is. No transductants were obtained with the phage lysate
grown on the stpA61::kin mutant. The problem in constructing the
stpA61::kim, A/tis double mutant strain was probably not a result of the
loss of the stpA gene product because we were unable to transduce the
stpA61::ktn mutant allele into HMG9 even in the presence of plasmid
pBSN42, which contained and expressed the wild-type stpA gene under
an inducible promoter. We also moved the different stpA mutant alleles
into the E.coli strain MC4100. We obtained single stpA mutant strains
in all cases but were unable to introduce any of the stpA mutations into
a Atins derivative of MC4 100. Therefore we tested the reciprocal
experiment and transduced the Ahns mutation (by cotransduction with a
trp::Tn10 allele) into derivatives already carrying the different stpA
mutant alleles. In these transductions we obtained progeny with similar
frequencies. as when transducing Ahiis alleles into a StpA+ strain.

PCR amplification
PCR amplification was carried out in an SDS thermocycler for 35 cycles
with denaturation at 94°C for 30 s, annealing at 55°C for 1 min and
extension for 1 min at 72°C. PCR-amplified products were analyzed on
a 0.7% agarose gel.

DNA sequencing
A sequence analysis was performed on CsCI-purified double-stranded
plasmid pBSN43 according to the protocol for T7 sequencing (TM kit;
Pharmacia). Both strands of the DNA were completely sequenced.
Primers used in sequencing were: 45, 5'-GAACGTCAATGGAGAA-
TTCGCGA-3'; 49, 5'-GTCCTGCGCGAGATTATTTC-3'; 54, 5'-
CACTGGTGCTTTCTGCTG-3'; 56, 5'-TAATGAAAGTTTGGGGG-
TGAGG-3'; 57, 5'-ATCATATCGGCATGTAAAAA-3'; 58, 5'-CTA-
AACAACCATCGCGAACG-3'; 59, 5'-TTCCGTAACGGCTCGTT-
TTT-3 '; 60, 5 '-GCATTGCATGTTCTCACCGC-3'; 61, 5'-GGCGG-
ATATCCTGGCTTATGTG-3 '; 62, 5'-GCCAGTCTGCGCCCACCA-
CTA-3'; 65, 5'-CGAAGCTCATTCCGGAGAGG-3': 66, 5'-CAC-
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Table 111. Plasmids used in this study

Plasmids Relevant characteristics References

pCL 1921 low copy number, clonina vector. Specr/Strr Lerner and Inouve (1990)
pT/blue(R) T-vector for cloning of PCR fragments. Cb' Novagen
pMMB66HE broad-host range expression vector. Cb' Furste et a!. (1986)
pRZ5202 transcriptional lacZ fusion vector. Cbr Reznikoff and McClure (1986)
pFZY 1 transcriptional lacZ fusion vector. Cbr Koop et al. (1987)
pMWI56 translational lacZ fusion vector. Kmr Wikstrom et al. (1992)
pHMG409 Iti,s clone Goransson et al. (1990)
pHMG452 loiis clone Goransson et al. (1990)
pBSN2 translational fusion hIais in pMW156 this study
pBSN30 PCR-amplified stpA clone in pT/blue. Primers 40-41 this study
pBSN32 transcriptional fusion stpA in pRZ5202 this study
pBSN40 PCR-amplified stpA clone in pT/blue. Primer 52-41 this study
pBSN42 tac promoter-linked stpA clone in pMMB66HE this study
pBSN43 HindIIl-KpnlI X444 cloned in pCL1921 this study
pBSN45 HindlIl-EcoRI subclone of pBSN43 this study
pBSN47 pMMB66HE with Cmr inserted in the DiIl site. Cbs this study
pBSN57 transcriptional fusion stpA in pRZ5202 this study
pBSN58 transcriptional fusion stpA in pRZ5202 this study
pBSN60 Kanr cassette inserted in the EcoRI-EcoRI site in the stpA promotor region this study
pBSN61 Kanr/Bler cassette inserted in the EcoRI site within stpA this study
pBSN62 as plasmid pBSN61 but with the Kanr/Bler cassette in the opposite orientation this study
pBSN63 tac promoter-linked stpA clone in pBSN47 this study
pHMG1 17 transcriptional fusion with the alaS promoter in pFZYl M.Goransson et al. (unpublished data)
pHMG1 18 transcriptional fusion with palp promoter in pFZYI M.Goransson et al. (unpublished data)
pBSN157 transcriptional fusion with stpA promoter in pFZYl this study
pBSN158 transcriptional fusion with stpA promoter in pFZYI this study

CAATAATCTAAATTAC-3': and 67. 5'-GCGTGTTGCGCTTGAACG-
TTA-3'.

RNA extraction and Northern blot analysis
RNA was extracted from bacterial cultures grown to logarithmic growth
phase as described in Baga et ta!. (1988). For the temperature Northern
blot the bacteria were grown in LB medium at 37 or 26°C. For the 1lip
Northern blot the bacteria were grown at 37°C in glucose minimal
medium supplemented with 0.4 mM isoleucine and 0.4 mM valine in
the presence or absence of 10 mM leucine. according to Ernsting et al.
(1992). 20 p.t of each RNA sample were loaded onto the gel. RNA
blotting and hybridization were performed as described in Bdga et al.
(1985. 1988). The stpA probe used was a PCR-amplified DNA fragmenit
covering the stpA gene (primers 40 and 41). The Iii)s probe was a Kpil-
PstI DNA fragment purified from plasmid pHMG452 covering 175 bp
of the hns gene. The probes were labeled using a Megaprime DNA kit
(Amersham). To correct for possible differences in the amount of RNA
loaded in each lane, we included an analysis of a reference transcript.
the 2.1 kb tri-aD transcript. which was characterized by Bvstrom
et al. (1989). The to-aiiD probe was a [y-32P]dATP kinase-labeled
oligonucleotide (5'-GCGCCTTCACCCGCCGCGGCTTTTGCTGCAT-
GAATGGCGTCCCGCAAGGGT-3'). Washing of the membranes was
performed in a Hybaid oven according to the protocol supplied by the
manufacturer. Bands were visualized and quantified using a phosphor-
imager (Molecular Dynamics). The amount of stpA mRNA was correlated
to the toa1lD level, and the relative values were calculated. The level of
stpA signal in minimal media without leucine was set to 1.0.

Primer extension analysis
Primer extension was performed accordin,g to G6ransson et al. ( 1989).
The oligonucleotide used for the primer extension analysis was primer
45 described above. Dideoxy sequencing reactions (T7 sequencing TM
kit; Pharmacia) using plasmid pBSN43 and primer 45 were loaded in
parallel to determine the endpoint of the extension product.

Protein-DNA binding assay
The gel mobility shift assays were performed as described previously
(Forsman et ail.. 1989; Goransson et ail.. 1989) The Icc-32PIdATP-labeled
fragments used were obtained by cutting plasmid pBSN57 or pBSN58
with EcoRI and BainiiHI and subsequently labeling the fragments by fill-
in. Lrp was purified from a polvacrylamide gel essentially according to
the method described by Hager and Burgess ( 1980) for the purification
of the sigma subunit of E.coli RNA polymerase. The gel-purified Lrp
protein was checked for binding to the palp intercistronic region (known

previously to bind the Lrp protein; Braaten et of.. 1992) in gel mobility
shift assays. Protein concentrations were measured using the Bio-Rad
protein assay reagent. Purified H-NS was a kind gift from Dr C.Gualerzi.

/3-Galactosidase assay
The specific activity of f-galactosidase was determined as described by
Miller (1972). Values represent the meanl of at least three separate
measurements. The standard error was calculated and is indicated in
each case by bars in the figures. In the experiments with stpA low copy
number fusions. the number of plasmid-containing cells was measured.
Samples were taken and spread on plates without carbenicillin. The
colonies formed after incubation overnight were printed onto new plates
with and without 25 pg/ml carbenicillin. The frequency of plasmid-
containing cells was thus obtained, and the level of ,-galactosidase
activity compensated for the number of cells containing plasmid.

To assess 3-galactosidase activity upon overexpression of StpA. the
strains were inoculated to I klett unit and grown to 12 klett units. The
cultures were divtided into two. One was induced with IPTG. The
cultures were then allowed to grow to 50 klett units and the
3-galactosidase activities measured. Strain MC1029 containing the

hns::lacZ (pBSN2) fusion was grown in LB medium supplemented with
50 pg/ml kanamycin and 10 pg/ml chloramphenicol. The cultures were
induced with I X 10-6 M IPTG. For the assay of 3-galactosidase activity
by pap-lacZ (pHMGI 18) and alaS-lacZ (pHMG1 17) upon overexpres-
sion of StpA. the strains were grown in LB medium supplemented with
10 ptg/ml chloramphenicol and 25 pg/ml carbenicillin. The cultures were
induced with I X 10-5 M IPTG. For the assay of P-galactosidase activity
by the proU-!acZ chromosomal fusion upon overexpression of StpA.
cultures were grown in minimal medium A supplemented with 0.3 M
NaCI (May et al.. 1990) and 50 pg/ml carbenicillin. The cultures wvere
induced with X 10-6 M IPTG.
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Note added in proof
Recently, data on the expression and function of StpA and H-NS have
also been reported by Zhang et al. [Zhang,A., Rimsky,S., Reaban,M.E.,
Buc,H. and Belfort,M. (1996) EMBO J., 15, 1340-1349].
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