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The open reading frame immediately upstream of uspA is demonstrated to encode a 14-kDa protein which
we named UspB (universal stress protein B) because of its general responsiveness to different starvation and
stress conditions. UspB is predicted to be an integral membrane protein with at least one and perhaps two
membrane-spanning domains. Overexpression of UspB causes cell death in stationary phase, whereas mutants
of uspB are sensitive to exposure to ethanol but not heat in stationary phase. In contrast to uspA, stationary-
phase induction of uspB requires the sigma factor ¢5. The expression of uspB is modulated by H-NS, consistent
with the role of H-NS in altering oS levels. Our results demonstrate that a gene of the RpoS regulon is involved
in the development of stationary-phase resistance to ethanol, in addition to the regulon’s previously known role
in thermotolerance, osmotolerance, and oxidative stress resistance.

When Escherichia coli cells enter stationary phase due to a
depletion of nutrients, a number of morphological and physi-
ological changes occur. Stationary-phase cells accumulate stor-
age compounds such as glycogen and polyphosphate, the cells
become smaller and rounder, and the DNA condenses (20, 31).
In addition, there are alterations in the composition of both
the inner and outer membranes. The cytoplasmic membrane
shrinks, and membrane phospholipids are degraded and used
as a source of carbon and energy (11). There also are a number
of changes in the fatty acid composition of the inner membrane
and the protein composition of both the inner and outer mem-
branes (11, 20). These changes and others result in stationary-
phase resistance to a wide range of harmful environmental
conditions, including high temperature, osmotic shock, etha-
nol, and oxidizing agents (18). The development of stationary-
phase resistance and the typical morphological and physiolog-
ical changes that occur in stationary phase are brought about
by a programmed change in gene expression. Proteins made
early in stationary phase are necessary for the survival of E. coli
cells during long-term starvation (36), and much work has
recently focused on the identification of the genes and proteins
involved in stationary-phase physiology.

In E. coli, many of these characteristic features of stationary-
phase cells are dependent on the alternative sigma factor o°
(RpoS). ¢ is required for the induction of approximately 35
genes in stationary phase (17), and many of these are required
for the development of stationary-phase resistance. Mutants of
rpoS are sensitive to long-term starvation and fail to develop
stationary-phase-induced thermotolerance and hydrogen per-
oxide resistance (23). In addition, genes under control of ¢
have been found to be involved in osmoprotection and DNA
repair and protection (3, 17). Thus, o°-regulated genes play a
central role in stationary-phase resistance to harmful environ-
mental conditions.

In this report, we describe a new o>-dependent gene which
is involved in stationary-phase resistance to another stress con-
dition, ethanol. We name this gene uspB (universal stress pro-
tein B) since it is induced by growth arrest in general and is
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situated immediately upstream of the divergently transcribed,
stationary-phase-inducible uspA gene, which is involved in sta-
tionary-phase survival (32-34).

MATERIALS AND METHODS

Bacterial strains and growth conditions. The E. coli strains used in this work
are listed in Table 1. Cultures were grown aerobically in liquid LB or M9 (37)
medium in Erlenmeyer flasks in a rotary shaker at 37°C. M9 medium included
glucose (0.4%) and thiamine (10 mM). Nutrient limiting media contained 1/10
the normal amount of the limited nutrient: glucose, 0.04%; nitrogen, 1.9 mM;
and phosphate, 6 mM. Phosphate limiting medium was supplemented with
MOPS (morpholinepropanesulfonic acid; 1 mM) as a buffer. Defined medium
with amino acids was M9 glucose medium containing all 20 amino acids (43).
When appropriate, the media were supplemented with kanamycin (50 pg/ml),
carbenicillin (50 pg/ml), tetracycline (20 pg/ml), chloramphenicol (30 pg/ml), or
IPTG (isopropyl-B-p-thiogalactopyranoside; 5 mM). Testing for growth on other
carbon sources was done on M9 minimal plates supplemented with 0.4% appro-
priate carbon source.

General methods. Plasmid DNA was purified by using Qiagen columns (Qia-
gen, Inc.) or a Wizard minipreparation kit (Promega, Inc.) according to the
protocols provided by the manufacturers. DNA fragments were isolated after
separation on an agarose gel, using the Gene-Clean Kit (Bio 101 Inc.) according
to the manufacturer’s instructions. P1 transductions and plasmid transformations
were performed as described by Miller (25) and Sambrook et al. (37). DNA
sequencing was done by using Sequenase (U.S. Biochemical) according to the
manufacturer’s instructions, and Southern blot analysis was done as described
elsewhere (37). In vitro transcription/translation was done by using a kit from
Promega according to the manufacturer’s instructions. Primer extension was
performed as described elsewhere (37), using polynucleotide kinase to end label
the primer (5" CGACGGTGCTTATCATACCTC) with *?P and using Moloney
murine leukemia virus reverse transcriptase for the extension. Template RNA
was total cellular RNA isolated as described elsewhere (37) from strain MC4100.
The product of the primer extension reaction was run on a sequencing gel (37),
using a sequencing ladder as the marker.

Construction of \-P,,;-lacZ lysogens and uspB:lacZ-Km" insertional mu-
tants. A uspB::lacZ-Km" (kanamycin resistance cassette) fusion was constructed
by inserting the Smal fragment of plasmid pKOKS (22) containing lacZ-Km" into
the Mscl site of uspB carried on plasmid pTN38 (Sall-uspB-Sall [32]). The Mscl
site is located approximately two-thirds into the uspB coding sequence. A frag-
ment containing the uspB::lacZ-Km" fusion was integrated into the chromosome
of the E. coli recD strain K4633 by linear transformation and subsequently moved
by P1 transduction into strain MC4100.

A second Py, p-lacZ transcriptional fusion has been previously described (15);
AF633 contains the uspB promoter (up to the MscI site within the gene) fused to
lacZ from pTL61T (24) and integrated into the \ attachment site by using \RS45
(39). A deletion of the upstream region in this fusion (uspB131-lacZ) was created
by using a PCR primer binding to the putative integration host factor (IHF)
binding site (Fig. 1A; 5" ATATCTGCAGAGTGGTTAACCTTCTGG) with a
primer within the lacZ gene and amplifying the uspB promoter from a plasmid
carrying the fusion (AF631 [15]). This was cloned into pTL61T cut with PstI and
recombined into ARS45 as described above. A single-copy lysogen was chosen for
further studies.
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TABLE 1. Bacterial strains and plasmids used

E. coli strgin Relevant genotype Source or
or plasmid reference

Strains
MC4100 F~ araD-139 A(argF-lac)U169 rpsL-150 relAl flbB-5301 deoC-1 ptsF-25 rbsR M. Givskov
AF607 MC4100 AuspB::cam This work
AF613 MC4100/pTN38Xho This work
AF620 MC4100/pAF619/F" lacl4 Tnl0 This work
AF629 MC4100 uspB::lacZ-Km" This work
AF633 MC4100 Nb(P,,,5-lacZ) 15
AF635 AF633 AuspB::cam This work
AF643 AF633 fadR::Tnl0 This work
AF644 AF633 uspA::Km* This work
AF680 AF633 rpoS::Km' This work
AF800 AF633 hns::cam This work
KK147 AF680/pMMkatF2 This work
KK140 AF633/pHNaf This work
KK139 AF633/pKK223 This work
KK138 uspB131-lacZ/pHNo3 This work
KK137 uspB131-lacZ/pKK223 This work
RWI11 fadR::Tnl10 C. C. DiRusso
TN4100 MC4100 uspA::lacZ-Km" 14
K4633 recD D. Friedman
TT379 rpoS::Km" V. deLorenzo
BSN22 hns::cam B. E. Uhlin
pKOKS lacZ-Km" operon fusion vector 22
pTN6093 2.3-kb Kpnl/Pst] fragment harboring uspA and uspB in pBluescript vector (Stratagene) 32
pAF602 Fragment of pACYC184 containing Cm" replacing uspB gene in pTN6093 This work
pTN38 Sall-Sall fragment harboring uspB and pit in pBluescript 32
pTN38Xho Sall-Xhol fragment harboring uspB in pBluescript T. Nystrom
pAF619 Sacll-Xhol fragment harboring uspB in pBluescript (P, .-uspB) This work
pKK223 Vector for pHNaf V. deLorenzo
pHNaB P,..-himA P, -hip V. deLorenzo
pMMkatF2 rpoS plasmid 28

Construction of the AuspB::cam mutant. A deletion of uspB was constructed
by replacing the Sacll-Xhol fragment of pTN6093 containing the entire uspB
coding sequence with a SaclI-Sall fragment containing the chloramphenicol
resistance gene (cam) from pACYC184 (8). The resulting plasmid (pAF602) was
linearized by cutting with HindIII and PstI and transformed into K4633 (recD).
P1 transduction was then used to move the AuspB::cam mutation to MC4100.
The presence of this replacement in the new strain (AF607) was confirmed by
Southern blot analysis using a probe upstream of the insertion and chromosomal
DNA cut with PstI.

Construction of P, -uspB fusion plasmid. pAF619 is a high-copy-number
plasmid (pBluescript vector) in which the uspB gene is placed downstream of the
lac promoter. It was made by first cutting pTN38 (32) with Xhol and religating
(pTN38Xho). pTN38Xho was then cut with SacII and religated; this deletes the
uspB promoter and brings the uspB coding sequence downstream of the P,
promoter present in the vector sequence.

Measurements of B-galactosidase activity. B-Galactosidase levels were mea-
sured as described by Miller (25) with modifications (1). Samples were centri-
fuged before they were measured spectrophotometrically to determine the op-
tical density at 420 nm (OD,,) (B-galactosidase). The B-galactosidase activity is
expressed as follows: 1,000 X (OD4,/[ODgqq culture X reaction time X vol-
ume]). Duplicate measurements within an experiment gave less than 10% vari-
ation, and experimental values varied less than 20% between experiments.
Shown in the figures are data from single representative experiments, but all
experiments were repeated several times to ensure the reproducibility of results.

Computer analysis of sequence. Homology searches were performed with both
BLAST (4) and BLITZ (41) computer programs, and subsequent sequence
alignments were performed with the Clustal-W program (42). For protein sec-
ondary structure analysis, we used a number of publicly available programs,
including TM-pred, DAS, and SOSUI, which identify transmembrane domains
(10, 19, 26), and Signal P (30), which identifies signal peptides. DNA curvature
was analyzed with the BEND program (DNASTAR Inc.). Yersinia pestis se-
quence data were obtained from the Y. pestis Sequencing Group at the Sanger
Centre and can be obtained from ftp:/ftp.sanger.ac.uk/pub/pathogens/yp.

RESULTS

Identification of uspB. We had noted that plasmids carrying
DNA from the region immediately upstream of uspA at 77 min

on the chromosome were difficult to clone and unstable (see
below). During our sequencing of this region, the entire se-
quence around 77 min was published by the E. coli sequencing
project (40). Both sequencing efforts predicted the uspA up-
stream region to contain a gene encoding a 111-amino-acid
protein (SwissProt accession no. P37632 [40]; Fig. 1A). We
demonstrated that this putative gene, referred to as f111 (40)
or yhiO (7) and now called uspB, indeed expressed a protein
product of approximately 14 kDa by subjecting a plasmid con-
taining uspB (pTN38 [32]) to in vitro transcription/translation
analysis (Fig. 1B). Searching the database for genes similar to
uspB revealed only one clear homologue. This open reading
frame (ORF) was found in Y. pestis (contig 1401, bp 334 to 669)
and is 86% identical to the predicted amino acid sequence of
the E. coli UspB. Interestingly, approximately 700 bases up-
stream of the uspB-like sequence of Y. pestis, there is an ORF
(contig 1401, bp 1379 to 1807) that is 89% identical to UspA
transcribed in the opposite direction from the uspB homo-
logue. Thus, the genetic organization of this locus appears to
be conserved between E. coli and Y. pestis. The Y. pestis gene
was the only clear homologue to UspB, but the UspB sequence
does exhibit similarity to one region of dynein of Saccharomy-
ces cerevisiae (Fig. 2A) as well as the ferrochelatase genes of E.
coli (Fig. 2B) and Y. enterocolitica. The UspB protein sequence
was examined by using a number of computer programs to
analyze its putative structure (Materials and Methods); this
analysis indicates that UspB contains two putative transmem-
brane domains. The first is at the N terminus and may be a
signal peptide with a cleavage site located between amino acids
30 and 31, and the second is at the C terminus (Fig. 2C).
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FIG. 1. The uspB gene and its protein product. (A) Sequence of the uspB gene and upstream region. The putative uspB promoter (0%) is indicated, as are the uspA
promoter (—10, and —35), the putative IHF binding site, ribosome binding site (S-D), and intrinsic DNA curvature. The first and last (111) codons of the uspB ORF
are boxed; * indicates the first nucleotide (A) of the mRNA encoding uspB as determined by primer extension analysis. (B) Autoradiogram of in vitro transcription/
translation products. Plasmid pBluescript (vector; lane 1) and pTN38 (lane 2) encoding uspB and pit were used in the assay, and protein was labeled with
[**S]methionine. Extracts were prepared and run on a sodium dodecyl sulfate-15% polyacrylamide gel, and radioactive proteins were visualized by exposure to X-ray
film (37). Sizes of the molecular weight markers used are indicated. Arrows indicate the positions of UspB and Pit.

uspB is induced in stationary phase. The expression pattern
of uspB was examined by using two transcriptional gene fusions
to lacZ. The first, in strain AF629, has a uspB::lacZ fusion
linked to Km" in the normal uspB chromosomal site. The
second (AF633) has the same fusion junction, but the fusion
was recombined into N phage and integrated at the Aatt site.
These two gene fusions gave identical patterns of expression,
though AF633 always had approximately threefold-higher lev-
els of expression. Expression from each of the fusion strains
was examined during growth in LB medium. As shown in Fig.
3 (AF633), uspB is expressed at a very low level during log-
phase growth and induced approximately 50-fold as cells enter
stationary phase.

uspB is induced by carbon, phosphate, and nitrogen starva-
tion as well as osmotic shock and oxidative stress. To examine
the nature of the signal required to induce uspB, the B-galac-
tosidase levels of the fusion strains were examined in minimal
medium limited for various nutrients. Limiting growth by glu-
cose starvation gave the highest level of induction, but both
phosphate and nitrogen limitation also induced the fusion (Fig.
4). It should be noted that the log-phase levels of expression of
the P, p-lac fusions were higher in minimal medium than in
LB (e.g., compare control cultures in Fig. 5A and B); however,
P, s-lacZ expression was not proportional to growth rate, as
there was no correlation between growth rates in minimal
medium containing different carbon sources and expression of

the fusion (data not shown). In addition to starvation condi-
tions, other stresses induce the P, z-lacZ fusions. The addi-
tion of NaCl or sucrose (osmotic shock) to exponentially grow-
ing cells induced expression twofold (Fig. 5A), and the
addition of H,O, (1.5 mM) gave a fivefold induction of P, ;-
lacZ (Fig. 5B). The addition of ethanol (4%) to exponentially
growing cells also induced the fusion, albeit poorly (threefold),
and lower concentrations failed to induce at all, indicating that
a significant decrease in growth rate (as in the entry to station-
ary phase) may be needed to induce the fusion.

uspB induction is dependent on o5 and modulated by IHF
and H-NS. As a first step to determine the mode of regulation
of uspB, a number of mutations in global regulators were
introduced into the P, z-lacZ fusion strains. FadR, which, in
part, regulates uspA expression (15), has no effect on uspB
expression. Mutations in the gene encoding adenylate cyclase
(cya) or cyclic AMP repressor protein (crp) had only a small
(negative) effect on uspB expression. However, a mutation in
the sigma factor (0%, encoded by rpoS) known to regulate a
number of stationary-phase-induced genes (17) abolished in-
duction of uspB in both LB (Fig. 6A) and glucose-limited
medium (data not shown). In addition, transformation of the
rpoS mutant strain with the plasmid carrying rpoS was able to
restore induction of P, z-lacZ (Fig. 6B). In the sequence
upstream of the proposed uspB start site there is a sequence
very similar to the consensus sequence for o° recognition pro-
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FIG. 2. The UspB protein alignments to other known proteins and putative transmembrane regions. (A and B) Comparison of UspB with the heavy chain of dynein
(A) from S. cerevisiae (SwissProt accession no. Z21877 [12]) or with ferrochelatase (HemZ; SwissProt accession no. P23871 [27]) from E. coli (B). Black shading
indicates identical amino acids, gray shading indicates similar amino acids, and dots represent gaps. Alignment was done as described in Materials and Methods. (C)
Predicted transmembrane domains of UspB are indicated by shaded amino acids, and a possible signal peptide cleavage site is indicated by the arrow.

posed by Espinoso-Urgel and coworkers (13); the consensus is
in two parts, a —10 sequence (CTATACT) and an intrinsic
DNA curvature upstream of this sequence. Both of these com-
ponents are found upstream of the uspB coding sequence (Fig.
1A). Primer extension analysis was used to demonstrate that
there is a single transcriptional start site upstream of uspB
located 5 bases downstream from the 3’ end of the —10 se-
quence (Fig. 1A). This spacing is similar to that observed for
other ¢5-dependent promoters (13).

In addition to the consensus ¢° promoter, there is a se-
quence resembling an IHF binding site (29) situated almost
exactly between the promoters of uspA and uspB (Fig. 1A). We

3000

-1 2500

2000

1500

0OD600
B-galactosidase units

1 1000

1 ! 1 1 1 ]
0
0 50 100 150 200 250 300 350 400

0.1

Time (min)

FIG. 3. P, p-lacZ expression. AF633 (AP, z-lacZ) was grown in LB me-
dium aerobically at 37°C. Cell density (open circles) and B-galactosidase activity
(filled squares) were measured. The arrow indicates dilution of the culture.

have shown previously that this site has no role in uspA regu-
lation (15), and so we wanted to test if IHF and this site are
involved in uspB expression. A plasmid encoding both subunits
of IHF under P, control was introduced into the fusion strain.
As shown in Fig. 7A, overexpression of IHF by the addition of
IPTG in strain KK140 reduced the B-galactosidase levels in
stationary phase about threefold compared to the control
strain. However, a deletion of the putative IHF binding se-
quence did not alter the effect of IHF overproduction on P, -
lacZ expression (Fig. 7A), although it is clear that deletion of
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FIG. 4. Expression of uspB::lacZ-Km" fusion during starvation for various
nutrients. Cells (AF629) were grown in minimal medium limited for one nutrient
as indicated, and B-galactosidase was measured during exponential growth
(striped bars) and 16 h after growth was arrested (open bars), which was the
maximal B-galactosidase activity measured.
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FIG. 5. Expression from the uspB promoter is induced by osmotic stress and hydrogen peroxide. (A) Expression of P,,,p-lacZ during osmotic stress. Cells (AF633)
growing exponentially in glucose minimal medium were diluted to an ODy, of 0.08 in the same medium (no addition; open circles), medium containing 0.464 M sucrose
(closed circles), or medium containing 0.3 M NaCl (open squares), and the levels of B-galactosidase were determined. The cell growth rate was inhibited approximately

50% by the addition of NaCl and 10% by addition of sucrose. (B) Expression of P,

p-lacZ after exposure to hydrogen peroxide. Cells (AF633) growing in LB medium

were diluted to an ODy of 0.2 in the same medium (circles) or LB containing 1.5 mM H,0O, (squares). Growth was inhibited 50% by the addition of H,O,.

this upstream region did reduce uspB expression. Thus, it ap-
pears that the IHF overproduction effect on uspB expression is
most likely indirect but that there are other sequences within
or upstream of the IHF consensus important for uspB expres-
sion.

Mutations in Ans have been shown to increase o levels in
log phase (45); thus we tested whether the P, z-lacZ fusion
was affected by introduction of an hns:cam mutation. As
shown in Fig. 7B, P, p-lacZ expression was increased seven-
fold in log phase and twofold in stationary phase in the hns
mutant compared to the wild-type derivative but still exhibited
growth phase regulation. A mutation in Ans was unable to
overcome the effects of an 7poS mutation (data not shown) as
has been reported for some rpoS-dependent genes (5, 6). Fi-
nally, uspB does not appear to be autoregulated: a deletion of
uspB (see below) does not affect the expression of P, z-lacZ.
In addition, an insertion mutation in uspA does not affect the
expression of uspB, and a deletion of uspB has only a small
effect on uspA expression.

A
1F
° i
[
Nel
[oo)
o
0. l‘
e
0.01 L L
0 100 200 300
Time (min)

- 2000

1000

Overexpression of UspB is detrimental to cell viability.
Early in our investigations of uspB, we observed that plasmids
containing the entire uspB gene were extremely unstable. For
example, overnight cultures of a strain carrying one of these
plasmids bearing uspB (pTN38Xho) contained only 1 of 10*
cells that were still resistant to the selectable marker (carben-
icillin). Most cells had lost the plasmid and persisted in the
culture only because of the degradation of carbenicillin during
growth of the culture. In addition, those cells which were still
carbenicillin resistant were found to have rearrangements of
the plasmids. We suspect that these strains had lost part of the
uspB gene, but this was not examined further. Deletion of the
uspB gene in these plasmids (e.g., pAF602) eliminated the
instability phenotype. To confirm that UspB overproduction
caused the instability observed in these experiments, we con-
structed a gene fusion (P, .-uspB) which allowed us to control
the production of UspB (see Materials and Methods). A plas-
mid carrying this fusion was stable in a strain carrying lacl?
(AF620) and in the absence of the inducer, IPTG. Growth and
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FIG. 6. Transcription from the uspB promoter requires ¢°. (A) Expression of P,ypp-lacZ in an o mutant. Growth (circles) and B-galactosidase activities (squares)
from strains AF633 (filled symbols) and AF680 (rpoS::Km'; open symbols) are shown. Cells were grown in LB medium aerobically at 37°C. (B) Complementation of
P, p-lacZ expression in an rpoS mutant by a plasmid carrying 7poS. Cells were grown overnight in LB medium aerobically at 37°C, and samples for B-galactosidase
activity measurements were taken. Strains used are AF633 (P, z-lacZ), AF680 (AF633 rpoS::Km"), and KK147 (AF680/pMMkatF2).
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FIG. 7. uspB promoter activity is modulated by IHF and H-NS. (A) B-Galactosidase levels in stationary-phase cells overexpressing IHF. KK139 (P,,,p-lacZ/

pKK223), KK140 (P,

s-lacZ/pHNaB), and the upstream deletion mutants KK137 (uspB131-lacZ/pKK223) and KK138 (uspB131-lacZ/pHNaf) were grown overnight

in LB medium containing IPTG and carbenicillin. B-Galactosidase activity was assayed as described in Materials and Methods. Black bars are measurements from
strains carrying pKK223 (vector), and striped bars are measurements from those carrying pHNap. (B) Effect of an sins mutation on P,,z-lacZ expression. Cells were
grown in defined medium (M9 glucose plus amino acids), and B-galactosidase activity was measured during exponential growth (ODg, of <1.0; hatched bars) or 2 h
after entry into stationary phase (black bars). These values represent the minimum and maximum expression observed. Strains are AF633 (P,,5-lacZ) and AF800

(AF633 hns::cam).

starvation of AF620 in the presence, but not in the absence of
IPTG caused a reduction in cells carrying the plasmid to only
15% after 16 h of starvation.

A uspB mutant is sensitive to ethanol stress in stationary
phase. The strain carrying a deletion of uspB (AF607) or an
insertion mutation (uspB::lacZ-Km"; AF629) was compared to
its parent strain with respect to the ability to grow and survive
in a number of environmental conditions. Most conditions
yielded no difference between the mutant and parent strains;
specifically, the following were tested: growth in minimal me-
dium and LB, survival in glucose starvation and LB stationary
phase, recovery from long-term starvation (up to several
weeks), survival during osmotic, heat (52 and 55°C), and oxi-
dative (H,O,) stress in stationary phase, growth on various
carbon sources (lactose, succinate, ribose, glycerol, acetate,
and glucose), growth under anaerobiosis, and survival in sta-
tionary phase after growth in LB containing glucose (a condi-
tion which acidifies the medium greatly). The only difference
observed between the strains was during exposure to ethanol.
During exponential growth, the mutant and parent were
equally sensitive to either 4 or 10% ethanol. In stationary
phase, both the parent and uspB mutant became more resistant
to ethanol exposure (4% had no effect on viability), but the
mutant failed to develop the same high degree of resistance (to
10% ethanol) as the parent (Fig. 8). Higher concentrations of
ethanol killed both the wild type and mutant too quickly for us
to determine if there was a difference between their rate of
killing. Thus, we conclude that uspB mutants are unable to
fully develop stationary-phase-induced resistance to ethanol.

DISCUSSION

The uspB gene appears to be primarily regulated by the
alternative sigma factor oS. This alternative sigma factor is
involved in the induction of at least 35 different genes during
stationary phase, many of which are involved in the develop-
ment of the resistance to harmful environmental conditions
during starvation or stationary phase (reviewed in reference
17). In particular, thermotolerance, osmotic shock, and oxida-
tive stress resistance in stationary phase are mediated in part

by o°-dependent genes. Our results demonstrate that another
stationary-phase resistance, that to ethanol, is also mediated at
least in part by an oS-regulated gene.

The fact that mutants lacking the uspB gene product are
sensitive to ethanol only in stationary phase and not in expo-
nential growth allows us to speculate about its role in station-
ary-phase physiology. Ethanol is known to have at least two
effects on cells. The first is an effect on protein folding and/or
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FIG. 8. Survival of uspB mutants after exposure to ethanol during stationary
phase. Cells were grown overnight in LB medium and then mixed with ethanol
to 10%. Cultures were incubated with shaking at 37°C, and samples were taken
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M9 medium lacking glucose. The strains used were MC4100 (wild type; filled
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denaturation. It is well known that ethanol induces a heat
shock response in E. coli and that this response is signalled by
an increase in unfolded proteins (reviewed in reference 16).
Two mechanisms of heat shock response induction exist (re-
viewed in reference 16). The first operates during relatively
mild heat shock (42°C) or ethanol exposure (4%) and is de-
pendent on the alternative sigma factor o2, This response is
triggered by an increased level of unfolded proteins in the
cytoplasm. The second mechanism of heat shock protein in-
duction operates during severe heat shock (>50°C) or ethanol
exposure (10%) and is mediated by oF. The oF pathway is
thought to be triggered by the presence of unfolded or mis-
folded outer membrane porins in the periplasm (9). If UspB
were involved in either of these pathways, we would expect that
the mutants would be deficient in survival both during ethanol
exposure and during heat treatment. This is not the case; we
could find no evidence of increased sensitivity to high temper-
ature in our mutants. Thus, we consider it unlikely that the
defect in uspB mutants is related to ethanol-induced protein
denaturation.

The second effect of ethanol exposure is on the membrane.
Cells exposed to lethal concentrations of ethanol lyse, presum-
ably because of effects on the lipids of the inner and outer
membranes. These effects include disruption of membrane or-
ganization by intercalation of the hydrophobic tail and dehy-
dration mediated by hydrogen bonding with the hydroxyl por-
tion of the molecule (21). Although both heat shock and
ethanol alter the E. coli membrane, there is evidence that the
two stresses cause different alterations (38). Thus, resistance to
this effect of ethanol could be mediated by a pathway separate
from the heat shock-induced pathway.

Why are uspB mutants sensitive to ethanol treatment only in
stationary phase? This is not completely unexpected since uspB
appears to be expressed only in stationary phase (and is not
induced well by ethanol in exponential phase), but in addition,
ethanol effects in log phase and stationary phase differ in at
least one respect. In log phase, in LB medium, ethanol-in-
flicted cell death is caused by lysis of cells which is dependent
on growth, indicating that the concentrations of ethanol used
do not completely disrupt the membrane integrity; instead, it is
thought that lysis results from an inhibition of peptidoglycan
cross-linking (21). In contrast, stationary-phase cells are by
definition nongrowing and thus insensitive to the low concen-
trations of ethanol used to kill log-phase cells. Thus, uspB
mutants in stationary phase may be more resistant to ethanol
than log-phase cells simply because they are not growing, but
fail to achieve the increased tolerance of a wild-type cell. This
increased tolerance could be due to changes in lipid composi-
tion (reviewed in references 11 and 20) or peptidoglycan cross-
linking (35, 44) that is known to occur in stationary phase.
UspB contains two putative membrane-spanning domains, and
thus the UspB protein is most likely an integral membrane
protein. It is tempting to speculate that UspB may play a role
in sensing or mediating needed alterations in membrane com-
position during stationary phase. Finally, it should be noted
that UspA, encoded upstream of uspB, is also implicated in
membrane function during stationary phase because it is reg-
ulated, in part, by FadR, the global regulator of fatty acid
synthesis and degradation (14). Thus, these two universal stress
proteins, regulated by different control circuits, may both be
involved in the alterations of membrane composition during
stationary phase.
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