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Summary

The response of non-differentiating bacteria to nutri-
ent starvation is complex and includes the sequential
synthesis of starvation-inducible proteins. Although
starvation for different individual nutrients generally
provokes unique and individual patterns of protein
expression, some starvation stimulons share mem-
ber proteins. Two-dimensional polyacrylamide gel
electrophoresis revealed that the synthesis of a small
(13.5 kDa) cytoplasmic protein in Escherichia coli
was greatly increased during growth inhibition
caused by the exhaustion of any of a variety of nutri-
ents (carbon, nitrogen, phosphate, sulphate, required
amino acid) or by the presence of a variety of toxic
agents including heavy metals, oxidants, acids and
antibiotics. To determine further the mode of regula-
tion of the protein designated UspA (universal stress
protein A) we cloned the gene encoding the protein
by the technique of reverse genetics. We isolated the
protein from a preparative two-dimensional polyacry-
lamide gel, determined its ^terminal amino acid
sequence, and used this sequence to construct a
degenerate oligonucleotide probe. Two phages of the
Kohara library were found to contain the gene which
then was subcloned from the DNA in the overlapping
region of these two clones. The amino acid sequence,
deduced from the nucleotide sequence of the- uspA
gene, shows no significant homology with any other
known protein. The uspA gene maps at 77 min on the
E. coli W3110 chromosome, and is transcribed in a
clockwise direction. The increase in the level of UspA
during growth arrest was found to be primarily a
result of transcriptional activation of the correspond-
ing gene. The induction was independent of the
RelA/SpoT, RpoH, KatF, OmpR, AppY, Lrp, PhoB and
H-NS proteins during stress conditions that are
known to induce or activate these global regulators.

Received 27 May; accepted 10 July, 1992. *For correspondence. Tel.
(313) 763 3531: Fax (313) 764 3562.

The -10 and -35 regions upstream of the transcrip-
tional start site of the uspA gene are characteristic of
a a'°-dependent promoter.

Introduction

The vast majority of bacterial species are able to survive
long-term periods of grovi/th arrest in the absence of
sophisticated means of morphological differentiation and
sporulation (Kjelleberg et ai. 1987). However, like spore
formation in for example Bacillus spp,, Clostridium spp.,
Streptomyces spp., and Hyphomicrobium spp,, and fruit-
ing-body formation in Myxococcus spp., the response of
Escherichia co//during a transition from growth to stasis
includes sequential changes in the pattern of gene
expression (Groat etal., 1986; Lange and Hengge-Aro-
nis, 1991a). This modulation in gene expression is
accompanied by an increased resistance of E. co//cells to
a variety of potentially harmful stresses, such as heat
shock, H2O2 exposure (Jenkins et al., 1988; Lange and
Hengge-Aronis, 1991a), and osmotic challange (Jenkins
etal.. 1990).

Two-dimensional (2-D) gel electrophoresis analysis of
E. coli proteins induced during the cessation of growth as
a result of starvation for different individual nutrients has
revealed that the majority of the proteins induced by one
specific starvation stimulus are generally unique to that
particular stimulon (VanBogelen et al., 1990). However,
starvation stimulons share member genes (Groat et ai.
1986; VanBogelen et ai. 1990); i.e., proteins associated
with one starvation stimulon may be induced by other
starvation or stress stimuli. A few of the numerous pro-
teins reported to be induced by two or more starvation
conditions are products of identified genes or members of
known global regulatory networks. These proteins include
exonuclease III (Sak etal.. 1989), the HPII catalase (von
Ossowski et ai, 1991), proteins of the microcin B17
operon (Conell et ai. 1987), proteins of the ftsO^Zgene
cluster (Aldea ef ai. 1990), the product of the bolA mor-
phogene (Aldea etai, 1990; Lange and Hengge-Aronis,
1990b), proteins stimulating glycogen synthesis (Lange
and Hengge-Aronis, 1991a), the nucleoid protein H-NS
(VanBogelen etai, 1990; Spaasky etai, 1984), the puta-
tive starvation-inducible sigma factor encoded by the katF
gene (Mulvey and Loewen, 1989; Lange and Hengge-
Aronis, 1991a), and the GroEL, GroES, DnaK, GrpE,
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Fig. 1. A. Effect of starvation conditions on
growth. Strain W3110 was grown aerobically at
37X in glucose minimal MOPS or U9 (sulphate
starvation) with one-twentieth the normal concen-
tration of glucose (•), phosphate (O). nitrogen
(C), or sulphate (•). The time at which a change
in the growth rate was observed was designated
time zero of starvation. B. Time-course of induc-
tion of protein UspA during starvation tor giucose
(•), phosphate (O). nitrogen (L !). or sulphate (•).
A portion of the culture was labelled for 5 min at
exponential growth and at intervals after a change
in the growth rate was observed. The differential
rates cf UspA synthesis were determined as
described in the Experimental procedures. All
rates are plotted relative to the differential rate
prior to starvation-induced growth inhibition,
which was defined as 1.0.

HtpH, and HtpM proteins of the heat-shock response
(VanBogelen ef al.. 1990). In contrast to proteins induced
by the exhaustion of one specific nutrient, which seem to
be specifically involved with enhancing the cell's capacity
of assimilation and uptake of the particular limiting factor
(Ullman and Danchin, 1983; Magasanik and Neidhardt,
1987; Wanner, 1987), these general starvation proteins
may have more general protective functions related to the
growth arrest state.

In the present study we demonstrate that cells of E. coli
greatly increase the synthesis of a small (13.5 kDa) pro-
tein as soon as the cell growth rate falls below the maxi-
mal growth rate supported by the medium, regardless of
the condition inhibiting growth. So far, 15 different starva-
tion and stress conditions, including exposure to heavy
metals, oxidants, and antibiotics, have been demon-
strated to induce the synthesis of this protein three- to
ninefold. The protein is made at easily detected levels
during unrestricted, steady-state growth, but is rapidly
induced by growth inhibition. The gene, designated uspA
(universal stress erotein A), encoding this protein was
cloned and its DNA sequence determined. Sequence
analysis revealed that the uspA gene is a previously
unidentified gene located at the 77 min region of the E.
CO//W3110 chromosome. We report here the initial char-
acterization of UspA expression, the structural gene, and
its promoter region. Our interest in the UspA protein
stems from the fact that E. co/Zpossesses no other protein
with so universal a property of responding to diverse
stresses.

Results

Protein UspA is induced during starvation for different
macronutrients

E. co//wild-type strain W3110 was grown at 37''C in mini-
mal 3-{/\/-morpholino) propanesulphonic acid (MOPS) or

M9 medium limited for either carbon (glucose), nitrogen,
phosphate, or sulphate. The concentrations of the limiting
nutrients were chosen so that cell growth ceased at an
OD420 of about 0.5. Portions of the cultures were labelled
with pH]-leucine for 5 min, before and at intervals after a
change in the growth rate was observed, followed by 2-D
gel analysis. Growth of cells and the extent of UspA
induction during the depletion of the different macronutri-
ents is depicted in Fig. 1, A and B. The responsiveness of
the protein UspA was found to be essentially indistin-
guishable between the different starvation conditions.
The rate of UspA synthesis was inceased six- to ninefold
with a peak of induction within the first 20 min after a
change in growth rate was observed (Fig. IB). An
increased rate of UspA synthesis extended throughout a
carbon (glucose) starvation period of at least 8 d (not
shown).

Induction is related to growth inhibition

Is the induction of the protein UspA primarily the result of
growth arrest rather than starvation for any essential
metabolite? To approach this question we used an exper-
imental system in which growth and the cellular levels of
guanosine 3'-diphosphate 5'-di(tri)phasphate (ppGpp(p))
are controlled by induction of plasmid pKK223-3 deriva-
tives in which a portion of the relA structural gene is under
control of a Pf^^promoter (Schreiber etal., 1991). Induc-
tion with IPTG of the RelA protein results in the elevation
in ppGpp(p), inhibition of stable RNA accumulation, and
the cessation of growth (Schreiber et at., 1991). This
IPTG/RelA induction system enabled us to view the
effects of growth inhibition when there are no known
changes in nutritional abundance. IPTG was added to E.
C0//W3110 Ptac'-'-relA growing in glucose-rich MOPs at an
OD420 of 0.5. Growth of the culture and the relative rate of
UspA synthesis are depicted in Fig. 2, A and B. The
expression of UspA increased during IPTG/RelA-induced
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Fig. 2. Cell growth (A), and expression of UspA
(B) during growth inhibition by IPTG induction of a
Ptec"''elA fusion (•), carbon starvation of wt
W3110 (O). and carbon starvation of W3110
reiAspoT{'l}. E. co/( W3110 P,3c::reH was grown
in glucose-rich medium. Wild-type W3110 and the
reMspoTmutant were grown in minimal MOPS
with 1/20 glucose (see the Experimental proce-
dures). The E. CO//reMspo7"culture was supple-
mented with required amino acids and grown at
28"C. The rates of synthesis of ribosomal protein
L7/L12, known to be under stringent control, were
also determined. See Fig. 1 for methodology.
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growth inhibition to the same extent as during total starva-
tion for carbon (glucose) (Fig. 2B). Induction during glu-
cose starvation was independent of ppGpp accumulation
since expression of UspA in a re/A/spo7" deletion mutant
was similar to that of the isogenic parent (Fig. 2B). The
induction of UspA during isoleucine starvation and starva-
tion for charged seryl-tRNA, as a result of serine hydroxa-
mate (SHMT) addition to cell cultures, was also demon-
strated to be re/A/spoT-independent (not shown). Fur-
thermore, nine additional stress conditions (hydrogen
peroxide, 6-amino-7-chloro-5,8-dioxoquinoline (ACDQ),
dinitrophenol (DNP), nalidlxic acid, cycloserine, and
CdCl2 treatment, heat, acid and osmotic shock) causing
growth inhibition were subsequently demonstrated to
induce significantly the expression of UspA. These results
suggest that the induction of UspA is attributed to inhibi-
tion of balanced, unrestricted growth rather than to star-
vation for any key metabolite.

Mutations in various global regulatory loci do not affect
induction of UspA

Since several of the stress conditions used are known to
induce or activate global control networks, we asked
whether uspA is regulated by any or several of the known
master regulators of these networks. To address this
question, we examined the effects of mutations in a num-
ber of global regulatory loci on UspA expression. The loci
studied include the relA/spoT genes responsible for
ppGpp accumulation during amino acid and carbon-
energy starvation (Gallant, 1975; Metzger etal., 1989),
the phoB gene involved in the regulation of the phosphate
limitation regulon (Wanner, 1987), the katF gene encod-
ing a putative starvation-inducible sigma factor (Mulvey
and Loewen, 1989; Lange and Hengge-Aronis, 1991a),
the appy locus which, when cloned in high copy-number.

affects growth phase-dependent expression of several
genes (Atlung et al., 1989), the Irp gene proposed to be
involved in the adaptation of E. co//to major shifts in the
environment (Ernsting etal., 1992), the ompf?gene regu-
lating gene expression during changes in medium osmo-
larity (Hall and Silhavy, 1981) and required for the growth
phase-dependent regulation of the mcbA gene (Conell et
al., 1987), the rpoHgene encoding o^^ of the heat-shock
response (Neidhardt et a/.,1984), and the hns [osmZ)
locus implicated in the regulation of general stress pro-
teins and growth phase-dependent protein expression by
means of altering DNA superhelicity (Higgins et ai,
1988). As shown in Table 1, the mutations in these loci
did not affect the synthesis of protein UspA during condi-
tions known to induce or activate these regulators. Thus,
the UspA protein could not be assigned membership in
any of the global regulons included in this study. In addi-
tion, the UspA protein is not overproduced in an E. coli
oxyf?2which is constitutive for expression of the oxidative
stress regulon (R. VanBogelen, personal communica-
tion).

Rate of UspA synthesis is not related to growth rate in
steady state

The increase in UspA expression levels seemed to be ini-
tiated as soon as the growth rate began to fall below the
maximal growth rate supported by the medium (Figs 1
and 2). Thus, it is possible that the gene encoding protein
UspA may, in fact, be regulated by growth rate so that
expression from the promoter is inversely correlated to
growth rate. To test this hypothesis, we measured the rel-
ative rate of UspA production in E co//W3110 growing at
different growth rates in MOPS minimal media supple-
mented with different carbon sources (Wanner et al.,
1977). The rates of UspA synthesis in the different media
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Table 1. Expression of UspA in response to differ-
ent environmental stimuli in wild type (wt) E. coii
(W3110) and in globai regulatory mutants. + indi-
cates that the protein spot has been quantitatively
determined to be induced threefold or more.
nd. not determined. For detailed description of the
environmental conditions, refer to the Experi-
mental procedures. The complete genotypes of
the strains are listed in Table 1.

Environmental
conditions

Carbon {glucose)
starvation

Phosphate starvation
Isoleucine starvation
Serine hydroxamate
Cadmium chloride
Osmotic stress
Heat shock

W3110 BW3820CF194e

(wt) iphoB)

^• nd

+ +
+ nd
+ nd
+ nd
+ nd
4. nd

{reiA
spoT)

+
nd
nd
+•

+
nd

9trains/(Relevant genotype)

1 UM122

[katF)

+
+
-I-

nd
nd
nd
nd

TC3617

(appY)

+
+
nd
nd
nd
nd
nd

ZK242

[ompR)

+
nd
nd
nd
nd
+
nd

GM230

{has)

+
nd
nd
nd
nd
+
nd

BE1

{irp)

+
nd
+
nd
nd
nd
nd

K165

(rpoH)

nd
nd
nd
nd
+
nd

were determined by quantification of pulse-labelled pro-
teins after 2-D gel electrophoresis. While the UspA pro-
tein was found to be somewhat repressed during growth
in glucose-rich MOPS, the expression was essentially
independent of growth rate below a specific growth-rate
constant [k) -0.7 (Fig. 3). If is thus feasible that perturba-
tion of balanced growth rather than slow growth rate per
se determines the expression of the UspA protein.

The uspA gene has been cloned, mapped, and its
nucleotide sequence determined

To determine further the mode of regulation of the UspA
protein we cloned the gene encoding the protein by the
technique of reverse genetics. To synthesize a DNA
probe complementary to a nucleotide sequence in the
uspA gene, a partial W-terminal amino acid sequence of
the protein was obtained. The UspA protein was induced
for 1 h by IPTG induction of the RelA protein in the E coli
P,^^::relA construct described in preceding sections. The
extent of induction and the location of the UspA protein on
a standard 2-D gel are shown in the autoradiograms in
Fig. 4. After transfer of proteins by electroelution to
polyvinylidene fluoride (PVDF) membranes, the UspA
spot was identified by autoradiography and excised from
the membrane. Automated Edman degradation was per-
formed directly on membrane fragments generating a
peptide with the sequence; Ala-Tyr-Lys-His-lle-Leu-
Ile-Ala-Val-Asp-Leu-Ser-Pro-Glu. Based on the Tyr-
Lys-His-lle-Leu-lle-Ala part of the A/-terminal amino
acid sequence the following 72-fold degenerate oligonu-
cleotide probe was made: 5-TAY-AAR-CAY-ATH-
CTG-ATH-GC-3', where Y is a pyrimidine, R is a purine
and H is A,Tor C.

For Southern blot anaiysis, E coli chromosomal DNA
was digested with various restriction enzymes. Autoradio-
grams from Southern blot hybridizations with the degen-
erate oligonucleotide probe showed that the Sa/I digest
yielded one small band of about 3.2 kb. A Sa/I digest of
chromosomal DNA was then fractionated by gel elec-
trophoresis and each fraction, recovered by electroelution

(Sambrook et al., 1989), was subsequently subjected to
Southern blot analysis with the probe. One fraction
hybridized the probe, and the DNA from this fraction was
subsequently ligated into the Sa/I site of pB2SK
phagemid using T4 ligase. The ligation mix was then
introduced into E. coli DH5aF by standard transformation
methodology. One E. coli DH5aF' transformant, desig-
nated pTN38, harbouring a chromosomal fragment com-
plementary to the probe was identified by colony filter
hybridization. A Sal\-Xho\ fragment of the pTN38 DNA,
found by nucleotide sequencing to contain only part of the
structural uspA gene, was isolated and used as a probe
for screening the Kohara Vphage library of E co//W3110
genomic DNA (Takara Biochemicals Inc.) after labelling
using the random primer labelling procedure (Boerhinger
Mannheim Co.). Two Kohara clones, 12E4 and 6A4, con-
taining inserts of DNA mapping at about 77 min on the E.

Qi
(J 2 ' • '

0 0.5 1 1-5 2

k (specific growth-rate constant)

Fig. 3. Rate of UspA synthesis in E. coii at varying growth rates. Strain
W3110 was grown exponentially in minimal MOPS media supplemented
with L-serine, acetate, glycerol or glucose as carbon sources. Glucose-
rich denotes the medium supplemented with glucose, amino acids,
nucleotides and vitamins. The rates of UspA synthesis are plotted relative
to the rate of synthesis in glucose minimal media. Growth rates m the dif-
ferent media are expressed as k, the first-order growth-rate constant.



A universal stress protein in Escherichia coli 3191

- . . • . - • • • •

• • f. " ; * •

©UspA UspA

Fig. 4. Autoradiograms of 2 D polyacrylamide gels of extracts of E. coliYJ3M0 P,^,.:relA, grown aerobically on glucose rich MOPS at 37 C (A) and after
IPTG induction of the RelA protein for 1 h (B], Celle were labelled with [-^^SJ-methionine for 10 min during exponential growth ar>d 1 h afler the addition of
IPTG (200 liM). The circled protein spot is UspA.

CO//chromosome, bound the probe. Based on nucleotide
sequence, the predicted size of uspA, and restriction
enzyme digestion analysis of the pTN38 phagemid, we
concluded that the entire structural uspA gene was
located in the 5.2 kb Pstl fragment of clone 6A4 in the
region that overlapped these clones (Fig. 5). ?.-Phage
DNA was purified from Kohara clone 6A4, and subcloning
of the 5.2 kb Psti fragment was accomplished followed by
DNA sequencing of the entire uspA gene, using the
Sanger dideoxy chain termination method. The map posi-
tion of the uspA gene, restriction enzyme sites in the
cloned Ps^/fragment, known restriction sites of the 12E4
and 6A4 Kohara clones (Kohara et al., 1987), and the
sequencing strategy are depicted in Fig. 5. In vitro tran-
scription-translation analysis of purified pTN6091 DNA
was performed to monitor for the presence of the uspA
gene (Fig. 6). In addition to uspA the Pst\ fragment
appeared to contain a gene encoding a 42 kDa protein
(Fig. 6).

The sequence of the uspA gene is shown in Fig. 7. An
open reading frame with a deduced amino acid sequence
generating a 15.8 kDa protein with a pi of 5.2 was found
between bases 1 and 432. followed by what appears to
be a strong rho-independent terminator. Following a ribo-
some-binding site (Fig. 7), the 5' end of the open reading
frame begins with a methionyl residue followed by 14
residues identical to those obtained by Edman degrada-
tion of the purified UspA protein.

Regulation of the uspA gene ;s transcriptional

In order to determine whether regulation of the uspA gene
was at the transcriptional or post-transcriptional level, we

isolated RNA from exponentially growing E. coli W3110
cells (glucose-limited MOPS, 37X), cells depleted for
carbon (glucose), and starved cells subjected to an
upshift (glucose addition). The RNA was processed for
Northern blot analysis using a [a-^^F]-CTP labelled
Pvu\\-Msc\ DNA fragment of the pTN6091 subclone (Fig.
5) as a probe for the uspA transcript. Results of this
experiment are shown in Fig, 8, in which the growth of the
cells, relative rate of UspA synthesis, and amount of uspA
transcript as determined by Northern analysis, are re-
corded. As shown in this Figure, the uspA transcript
rapidly accumulated in the cells in response to growth
arrest. Furthermore, the synthesis of the uspA transcript
was quickly shut off as a result of glucose addition
(Fig. 8C). In fact, the uspA transcript could not be
detected 20 min after the resupply of glucose to starved
cells (Fig. 8C). Measurement of the functional half-life of
the uspA transcript during non-inducing and inducing con-
ditions indicated that differential control of mRNA stability
in response to growth inhibition could not constitute the
mechanism behind the accumulation of uspA transcripts.
The functional half-life of the uspA transcript increased
from 1.8 min during steady-state growth in glucose mini-
mal MOPS to 2.7 min after 30 min of glucose starvation
(Fig. 9). However, the half-life of control transcripts, tufA
and ompF. as well as the functional half-life of the total
mRNA pool increased by the same factor.

UspA stability during steady-state growth and glucose
starvation does not account for its regulation

In parallel with the uspA transcript studies, we measured
the stability of the UspA protein during the conditions
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Fig. 5. Locatton of the uspA gene on the £. coli
W3110 chromosome, in the insert of Kohara
phages 12E4 and 6A4, the 5.2 kb Pstl fragment of
clone pTN6091, and the 1,1 kb Ps/l-SadI frag-
ment of clone pTN6094. The linkage map of the
E. coftchromosome between 74 and 79 min from
thris adapted from Bachmann (1990). Restriction
map of Kohara phages 12E4 and 6A4 is adapted
from Kohara stal. (1987), Restriction enzyme
digestion analysis of pTN6091 and 6094 is
depicted in the Figure together with the sequence
strategy of clone pTN6094.
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described in Fig. 8A. The results of these experiments,
described in the Experimental procedures, indicated that
about 15 % of the protein is degraded in 3 h regardless of
whether the cells were growing exponentially, were
starved for glucose, or subjected to glucose upshift condi-
tions (Fig. 10).

The uspA promoter has been determined

In order to identify the start point of the uspA transcript,
we conducted primer extension analysis of E. coli RNA
isolated from cells in steady-state growth and at intervals
after glucose exhaustion. Several primers complemen-
tary to the uspA coding strand generated the same
results. The primer used in the extension analysis shown
in Fig. 11A is complementary to bases 13 to 31 in Fig. 7.
The major start site of transcription was preceded by -10
and -35 regions characteristic of a o''°-dependent promo-
tor (Fig. 12B). The increased expression of the uspA gene
during glucose-starvation-induced growth arrest seems to
be the result of increased activity of this promoter. This
promoter was identified as being active also during

B

Fig. 6. in wfro transcription translation analysis of clone pTN6091 and the
control phagemid pB2SK. Plasmid DNA was purified according to the
protocol by Oiagen Inc. Protein expression from the purified DNA was
then analysed using the coupled transcription-translation system (E. coli
S30 fraction) of Promega. DNA and the S30 fraction were mixed and
incubated in the presence of ['^S|-methionine for 30 min. Samples were
subsequently subjected to two-dimensional gel electrophoresis. For
details refer to the Experimental procedures. Transcnption-translation
products of the control phagemid pB2SK without insert DNA is depicted
in A, and products of the pTN6091 done are shown in B. The circled pro-
tein spot is UspA and a 42 kDa protein also expressed from the pTN6091
insert DNA is indicated by the arrow.
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-342 CTCCCGATAC GCTGCCAATC AGTTAACACC AGGTCCTGGA GAAACCGCTT TTGTGGTGAC -283

-282 CAACATACGA GCGGCTCTAT AGATAGTGTA GGAGATCAGG TTGTTTTTTT TCCAGAAGGT -223

-222 TAACCACTAT CAATATATTC ATGTCGAAAA TTTGTTTATC TAACGAGTAA GCAAGGGGGA -163

-162 TTGACGGATC ATCCGGGTCG CTATAAGGTA AGGATGGTGT TAAGACTGAA TCTTTACGGC -103

-102 TGGGTTAGCC CCGCGCACGT AGTTGGCAGG

-42 TAGGTGGGGA GTCATCGACA ACTTTATGGA

13

61

109

157

205

253

301

349

397

GAG ATT GTG ATG GCG GTC GAG GTG

ACGCGGGTGA GCTAACGGCA CAAGAAACGC

I UspA ^
AGGAGTAACA CTI ATG GCT TAT AAA
^ 5 0 ^ met ,̂,l.?,,,tji',r,...lji'.s

TCC CCG GAA AGC AAA GTT CTG GTA

GAG AAA GGA GTG TGT ATG GGT GGG
glu lys ala val ser met ala arg

ATG GAG GTA GAT GTA AAC TAG TCT
lie his val asp val asn tyr ser

GTG AAT GTG GGT GAT ATG GAG AAA
val asn leu gly asp met gin lys

GCA CTG ACC GAG CTT TCC ACT AAT
ala leu thr glu leu ser thr asn

CTG AGC GGC AGC GGC GAC CTG GGC
leu ser gly ser gly asp leu gly

AAA TAG GAT ATG GAT TTG GTG GTT
lys tyr asp met asp leu val val

AGG AAA CTG ATG TCT TGG GGA GGT
ser lys leu met ser ser ala arg

GAT ATG CTG ATT GTT CGG CTG GCG
asp met leu lie val pro leu ala

GGC TAG AAT GCG AAA GTT TGT GTG
pro tyr asn ala lys val ser leu

GAG CTA TAC AGG GGG GTT ATT GAT
asp leu tyr the gly leu lie asp

GGG ATG TGT GAA GAG ACA CAT CAT
arg lie ser glu glu thr his his

GCA GGC TAC CGA ATG AGT GAA AGG
ala gly tyr pro lie thr glu thr

CAG GTT CTG GTC GAT GGA ATG AAG
gin val leu val asp ala lie lys

TGT GGT CAG GAG GAG GAC TTC TGG
cys gly his his gin asp phe trp

CAG CTG ATC AAC ACG GTT GAG GTT
gin leu lie asn thr val his val

GAG GAA GAA GAA TAATCTTCCCTCTAGG
asp glu glu glu end

449 ACGTGTTCCT GAAGGGGGGG ATATGGGGGG GTTTTGCTTT TTGGCGGGGG TTGTTAGGTG

-43

12

60

108

156

204

252

300

348

3%

448

508

509 ATGAGGGTAA AGAGGTTATG TGGCCTACGG TCTGGGTAGG CAATCAAAAT CCGGAGGGAA 568

569 TAGAAGATTT AAGAGGATCA TATTTl'CCAT CATTAGTGTG ATCATCTGGT TATTTTCTGT 628

629 TGTAATAGTG TATTAATGTA TTGAGGGGAT CAATATTAAG AATCTGTGAG AGATGTAAAC 688

Fig. 7. Sequence of the uspA gene and the pre-
dicted amino acid sequence Residues confirmed
by Edman degradation of the purified UspA pro-
tein are underlined A putative Shine-Daigarno
(SD), ribosome-binding sequence upstream ot the
UspA open reading frame is indicated and an
inverted repeat characteristic of a rho-indepen-
dent terminator is underlined with arrowheads.
This sequence appears in the EMBUGenBank/
DDBJ Nucleotide Sequence Data Libraries under
the accession number X67639.

Steady-State growth (not shown). Two minor start points
were identified eight and 10 bases downstream of the
major start point at position -131 (Fig. 11A and B).

Discussion

In this paper we report the mapping and cloning of a gene
encoding a smali, soluble E. co//protein that responds to
diverse stresses. The gene, designated uspA, was cloned
from the Kohara library using a degenerate oligonu-
cleotide probe based on the W-terminal sequence of the

protein purified by 2-D gel electrophoresis. The uspA
gene was found to be present within the overlap region
between the Kohara transducing phages 12E4 and 6A4,
and is located at 77 min on the E. coli W3110 chromo-
some (Fig. 5). The location of the uspA gene in a 5.2 kb
Pst\ fragment of Kohara phage 6A4 was confirmed by in
vitro transcription-translation analysis of the purified DNA
fragment and by nucleotide sequencing. The calculated
isoelectric point of 5.2 is in good agreement with the Iso-
electric point of 5.36 estimated from the position of the
denatured protein after isoelectric focusing. The deduced
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molecular mass of the UspA protein, determined fay
nucleotide sequencing of the gene, is 15.8 kDa. This
molecular mass of the deduced UspA protein deviates
somewhat from the 13.5kDa estimated from the migration
of UspA (C13.5) on a SDS polyacrylamide gel (VanBoge-
len eta!., 1990). However, such discrepancy between the
deduced and the estimated molecular mass is not un-
usual for proteins in the 10-20 kDa range (VanBogelen et
a!., 1990). The sequence analysis revealed also that
uspA is a previously unidentified gene on the E. co//chro-
mosome and the deduced amino acid sequence shows
no significant homoiogy with any other known protein
in the databanks searched (EMBLVGenbank/DDBJ
Libraries). The presence of a transcriptional start point
131 bp upstream of the translational start point (Figs 7
and 11), the rho-independent terminator 23 bp down-
stream of the stop codon (Fig. 7), and the size of the uspA
transcnpt (Fig. 8C) suggest that the gene is monocistroni-
cally expressed.

Analysis of the pattern of induction of protein UspA
under several starvation and stress conditions allows us
to conclude that the protein is a general, non-specific
responder to growth arrest or to perturbations in unre-
stricted balanced growth. The protein was found to be
induced three to ninefold by all the stress conditions so far
examined except for a temperature shift from 37 to 10°C.
The induction appeared as soon as the growth rate fell
below the maximal growth rate supported by the medium
and peaked within 20 min after a change in the growth
rate was observed. In addition, by using an experimental
system in which growth and the cellular levels of
ppGpp(p) are under control of a Prac--feW fusion
(Schreiber et al., 1991), we demonstrated that cessation
of growth causes the induction of UspA when there are no
known changes in nutritional status of the growth medium
(Fig. 2). Furthermore, this induction appears not to be a
direct effect of ppGpp(p) acting on uspA transcription or
translation since UspA was demonstrated to be induced
also in a ArelA/spoT mutant during glucose starvation

(Fig. 2B), isoleucine starvation and SHMT treatment (not
shown).

The increased level of protein UspA, as detected by
Coomassie brilliant blue staining of 2-D gels (not shown),
during growth inhibition appears to be primarily a result of
transcriptional activation of the corresponding gene
(Fig. 8). Alterations in UspA stability (Fig. 10) or the func-
tional half-life of the uspA transcript (Fig. 9) do not partici-
pate appreciably in regulating the levels cf the protein
during growth arrest as a result of carbon (glucose) star-
vation. The feedback mechanism bringing the level of
UspA back to appropriate levels during recovery and
regrowth of cells appears also to be a result of transcrip-
tiona! control. While the level of the uspA transcript
decreased rapidly as a result of resupply of glucose to
carbon (glucose) starved cells (Fig. 8C), the stability of

50 100 150

Time after chase (min)

Fig. 10. UspA stability in E. co/iW3110cellsgrowingexponentially in glu-
cose minimal MOPS (•), starved 10 min for glucose (O), starved 60 min
for giucose (Fl), or subjected to glucose upshift conditions (•). Cultures
were pulse-labelled for 5 min with [^H]-leucine and chased with non-
radioactive leucine (2.4 mM). Samples (0,5 ml) were removed at indi-
cated times after the chase, mixed with 0.5 ml of a culture of the same
strain grown in [^^Sj-methionine labelling medium, subjected to two-
dimensionai gel electrophoresis, and specific protein spots were subse-
quently recovered from gels for determination of the remaining tritium.
For details refer to the Experimental procedures.
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TAACOAGTAAGCAAGGCGCA GATCATCCGGGTCGCTA I K W H l l AAGGATGGTCTTAACACTGAATCTTT

ACGGCTGGGTTAGCCCCGCGCACGTAGTTCGCAGGACGCGGGTGAGCTAACGGCACAAGAAACGCTAGCrGGCCAGT
SD

CATCGACAACTITATGGA ^ ^ R TAACACnATO

Fig. 11. A. Primer extension analysis of usp/1 transcripts. RNA was isolated from F. co//W3110 growing at steady-state in glucose minimal MOPS and at
times during glucose starvation. A radiolabelled oligonucleotide was incubated with the RNA, and reverse transcriptase was added to produce a DNA copy
of the transcrtpt, as described in the Experimental procedures. The same oligonucleotide was used to prime dideoxy sequencing products from a DNA tem-
plate (pN6091) that contains the uspA gene. The letters beside each lane indicate the dideoxynudeotide used to terminate each reaction. Lane 5, RNA iso-
lated from 30-min glucose-starved cells.
B. Nucleotide sequence of the upstream and downstream regions flanking the transcriptional start site of uspA. The putative ribosome-binding site (SD),
and the -10 and-35 regions are boxed. The transcriptional start points 1, 2 and 3 are those depicted in A. The arrow indicate the translational start site of
UspA.

the UspA protein (Fig. 10), and the uspA transcript (not
shown) appeared to be unaffected. Thus, we conclude
that the adjustment in the levels of UspA protein during
regrowth of cells is primarily a result of dilution of the pro-
tein after shut-down of uspA transcription.

Some of the genes found to be transcriptionally acti-
vated when E. coli enters starvation-induced post-expo-
nential phase have been suggested previously to be non-
specific responders to growth inhibition (Aldea et al.,
1990). These genes are driven by so called 'gearbox' pro-
motors. Gearboxes denote a distinct class of promoters
characterized by showing an activity that is inversely
dependent on growth rate (Aldea et al., 1990; Gonell et
al., 1987). Thus far, the cell division ftsQAZgene cluster,
the bolA morphogene (Aldea et al., 1990) and the* mcbA
gene encoding Microcin B17 (Conell et al.. 1987) have
been found to be driven by 'gearboxes'. The promoters of
these genes share some additional features including
conserved and characteristic sequences around their -10
and -35 regions (Aldea et at., 1990). The induction of
expression of these genes during entrance into starva-
tion-induced post-exponential phase has been inter-
preted as being a consequence of the activation of gear-
box promoters caused by the gradual decrease in growth
rate that occurs during growth-rate transition (Aldea etal.,
1990). However, the regulation of the gene uspA seems
to be distinct from gearbox regulation. First, the expres-
sion of UspA is not inversely dependent on growth rate.

The expression of UspA is essentially indistinguishable
in E. coli growing with doubling times (i) between 55
min (glucose-minimal MOPS) and 7 h (L-serine-minimal
MOPS; Fig. 3). Second, primer extension analysis
showed that the increased transcription of the gene uspA,
at least during carbon (glucose) starvation, is a result of
the activation of a o™-dependent 'housekeeping' pro-
moter.

To address the question whether uspA is regulated by
any or several of the known master regulators of global
regulatory networks, we examined the effects of muta-
tions in a number of global regulatory loci on UspA
expression. The mutations in the loci examined did not
appreciably affect the synthesis of UspA (Table 1).
Although we have not tested the effect of mutations in oya
or crp on UspA expression, we believe that the universal
property of uspA of responding to diverse stresses rules
out catabolite repression as the sole mechanism for uspA
regulation. It is possible, however, that the CAP-cAMP
complex acts as an enhancer during some of the condi-
tions demonstrated to induce UspA synthesis.

We have initiated mutational analysis of the uspA gene
to learn whether the protein is essential for the cell either
during growth or growth arrest, and in general the effects
on the cell of a deficiency of the protein. We also placed
the cloned gene under control of a conditional inducible
promoter to examine the effects of overproduction of the
protein. Results from these experiments will determine
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the optimal pathway for learning (i) the mechanisms of
regulation of the gene on a molecular basis and, (ii) the
function of its product.

Experimental procedures

Bacterials strains, and piasmids

E. CO//strains used in this study are listed in Table 2. The K-12
strain of E. coli. W3110 (Smith and Neidhardt, 1983), was used
except where noted. £ coli W3110 was used also as the
source for isolating the UspA protein and chromosomal DNA
used for Southern analysis and creating genomic libraries. The
Bluescript II SK-H phagemid (pB2SK; Stratagene) was used as
the cloning vector.

Media and growth conditions

Cultures were grown in liquid MOPS medium (Neidhardt et al..
1974) supplemented with glucose (0.4%) and thiamine
(lOmM) for minimal medium or glucose (0.4%), 20 amino
acids, four nucleotides, and five vitamins (Wanner etal., 1977)
for rich medium, in Erienmeyer flasks placed in a rotary shaker
at indicated temperatures. When required, the MOPS minimal
medium was supplemented with various carbon sources as
described by Wanner et al. (1977) to obtain different growth
rates. Luria broth agar for plates was prepared as described by
Sambrook et ai. (1989). When appropriate, the Luria broth
medium was supplemented with carbeniclllin (50 fig ml"^), and/
or X-gal (0.8 mg plate ' ) . For analysis of proteins induced
by starvation (nitrogen, phosphate, carbon (glucose), or sul-
phate), cells were grown aerobically in glucose minimal MOPS,

Table 2. E. coli strains used in this study.

Strains/
Plasmids

W3110
CF1948
MP180
UM122
TC3616
TC3617
GM37

GM230
SCI 22

K165
ZK242

BE1
BW3414
BW3820
DH5c(F'

AS19
pSMll
PKK223-3
pB2SK

Genotype/Description

Wild type
As W3110.butAreM. Aspor
Wild type
AsMP180,but^a/F::TnrO
thi-1. leu-6. lavYI, supE44. tonA21
As TC3616, but appYwkan
araD139. A{argF-lac)U169. rpsL150.
relAI. deoCi. ptsF25. rbsR. fib. B5301
ipiproU-lacZ). hyb2{'kplacMu 15)

As GM37,but osmZ(hns)2Q0
facfam), /rpfam), p/iofam), st;pC(ts),
rpsL. ma/(am)

As SC122, but rpoH165{ar(\)
As W3110. but MacU169. tra2,

maLTniO. ampRWI
As W3110, but lrp201::Tn10
A(arciF-/ac)205(U169)
As BW3414, but prtoB23
supE44, AlacU 169{<t>80lacZAM^5).
hsdRI 7. recA 1. endA 1. gyrA96.
thi-1. relAI

Enhanced permeability to antibiotics
P,jc-relA fusion earned on pKK223-3
fac promoter expression vector
pBluescript II SK [±) phagemid
cloning vector

Source

Ourlab.
M. Cashel
P.C. Loewen
P.C. Loewen
T. Atlung
T. Atlung
C.F. Higgins

C.F. Higgins
Our lab.

Ourlab.
R. Kolter

R.G. Matthews
Our lab.
Ourlab.
Our lab.

Our lab.
Schreibere/a/.(1991)
Pharmacia LKB
Stratagene

or in M9 minimal medium (Sambrook etal., 1989) in the case of
sulphate starvation with one-twentieth the normal concentra-
tion of the appropriate nutrient. This procedure resulted in
growtharrestof cells atanOD42o of 0.5-0.65 (1.5-2x10^ cells
ml"''), Isoleucine stan/ation, temperature shifts, treatment with
cadmium chloride, hydrogen peroxide, ACDO, nalidixic acid
(VanBogelen etal., 1987). serine hydroxamate (SHMT) (Met-
zger etal.. 1989), and osmotic challenge (Jenkins etal., 1990)
were performed as previously described. Cultures grown in
glucose minimal MOPS (pH 7.2) were challanged with acid by
adding 1 M HCI to the medium to reach a final pH of 5.5-5.7.
Cycloserine and dinitrophenol (DNP) were added to give a final
concentration of 1 mg ml"^ and 0.5 mM respectively. Inhibitors
were added when cultures reached an OD420 of 0.5.

Resolution of proteins on two-dimensional
polyaorylamide gels

Cell extracts for two-dimensional polyacrylamide gels were
prepared by the methods of O'Farrell (1975) with modifications
(VanBogelen and Neidhardt, 1990).

Measurement of rates of synthesis of individual proteins

At indicated times, a portion (1 ml) of a culture was removed
and placed in a flask containing [^H]-leucine (5 mCi mmol"',
100 (jCi ml"'). Incorporation was allowed to proceed for 5 min,
after which non-radioactive leucine (2.4 mM) was added for a
3-min chase. To this sample was added a portion of a culture of
tfie same strain grown in p^S]-methionine labelling medium
(glucose minimal MOPS; 1.1 mCi mmor \ 11 mCi ml"^ ^^S-
methionine). The mixed sample was analysed by resolution on
two-dimensional gels and autoradiograms were prepared to
permit visualization of labelled proteins. Protein spots chosen
for quantitative assay were sampled from the dried gel with a
syringe needle and treated as described by Pedersen et ai
1976) to permit measurement of their ^H and ^^S content by
scintillation counting. The differential rate of synthesis of a
sampled protein was defined as the ^H/^^S ratio of the sampled
spot divided by the same isotope ratio of unfractionated,
trichloroacetic acid (TCA)-precipitated extracts.

Determination of protein stability

For UspA stability measurements, a 10-ml sample of culture
was pulse-labelled for 5 min with pH]-leucine (5 mCi mmor \
100 MCi ml"') and chased with non-radioactive leucine (2.4
mM). Samples (0.5 ml) were removed at indicated times after
the start of the chase, mixed with 0.5 ml of a culture of the
same strain grown in [^^S]-methionine labelling medium, sub-
jected to two-dimensional gel electrophoresis, and specific pro-
tein spots were subsequently recovered from gels for determi-
nation of the ^H/^^S ratios as described above.

Determination of functional mRNA half-lifes

The mRNA half-lives were determined as the decay rate of the
potential to synthesize specific proteins after complete inhibi-
tion of the initiation of transcription by RNA polymerase by use
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of the antibiotic rifampicin (200 [jg
sen ef a/. (1978).

as described by Peder-

Sample preparation for protein microsequencing

Cultures induced for the UspA protein were harvested and frac-
tionated to obtain the soluble fraction as described (Achlman et
al.. 1983). The soluble protein fraction was concentrated 100-
fold by ultrafiltration through polyethersulphone membranes
with different nominal molecular limits (Omega membrane;
Pharmacia LKB). The UspA protein was recovered in the high-
molecular-mass (>50kDa) fraction of this native cell extract
and this fraction was then subjected to two-dimensional gel
electrophoresis (150-200 ng total protein loaded on each gei).
After electrophoresis, the gels were soaked in transfer buffer
(lOmM 3-(cyclohexylamino)-1-propanesulphonic acid, 10%
methanol, pH 11.0) for 10 min to reduce the amount of glycine
and Tris contaminations. PVDP Immobiion (Millipore) mem-
branes were rinsed with 100% methanol and stored in transfer
buffer. The gels, sandwiched between sheets of PVDF mem-
brane and several sheets of blotting paper (Whatman), were
assembled into a blotting apparatus and electroeluted for 30
min at 50 V (170-100 mA) in transfer buffer. The PVDF mem-
branes were washed in sterile deionized water for 10 min, dried
at room temperature and subjected to autoradiography. The
UspA protein spot was identified and excised from the blot.
Determination of the N-terminal amino acid sequence of the
UspA protein was then performed by automated Edman degra-
dation directly on the membrane fragment (University of Michi-
gan fvledical School, core facility). A 72-fold degenerate 20-mer
oiigonucieotide probe was then synthesized based on the N-
terminal sequence data and 5'-labelled using T4 polynu-
cleotide kinase (New England Bioiabs) and [y-^^PJ-ATP
(5000 Ci mmol"'; New England Nuclear) according to the pro-
tocol by Sambrook ef al. (i 989),

DNA manipulations

DNA and RNA purifications, ligations, restriction analyses and
gel electrophoresis were carried out as described by Sambrook
et al- (1989). Southern and Northern blot analysis was carried
out as described by Southern (1975) and Sambrook et al.
(1989). Colony hybridization of cells carrying the pB2SK
phagemid with insert DNA was carried out after restreaking
transformants on nitrocellulose sheets placed on LB-carbeni-
cillin (50 Mg nil"') plates. After overnight growth, the sheets
were transferred to LB-chloramphenicol (100 pg ml"') plates
for 12 h to amplify the phagemid copy number in the cells. The
nitrocellulose sheets were then baked and washed as
described (Sambrook ef al., 1989). and hybridized using the
degenerate oiigonucieotide probe described in Results. An
ordered array of X-phage clones (Kohara et al., 1987) immobi-
lized onto a sheet of positively-charged nylon membrane
(Gene Mapping Membrane) was purchased from Takara Bio-
chemical Inc. X-Phage DNA was purified from Kohara clones
using the protocol provided by Qiagen Inc. DNA sequencing,
using the Sanger dideoxy chain termination method and [^^S]-
ATP was carried out with Sequenase^" from United States
Biochemicals (USB) according to the manufaoturer's instruc-
tions. Restriction enzymes, T4 DNA ligase and T4 polynu-
cleotide kinase were products of New England Biolabs and

Boehringer Mannheim Co. In vitro transcription-translation
analysis of cloned DNA was performed using the Promega E.
coli S30 coupled transcription-translation system according to
the protocol provided by the manufacturer.

Promoter mapping

Oiigonucieotide primers were end-labelled by using 50 ^Ci of
[Y-^^P]-ATP (5000 Ci mmor^) and T4 polynucleotide kinase as
described (Sambrook etal.. 1989). Labelled primer (0.02-O.05
pmol) was added to E. co//RNA in a lO-pl reaction volume con-
taining 0.05 M Tris HCI (pH 8.2) and 0.1 M KCI. Reaction mix-
tures were incubated at 90°C for 1 min, GÔ C for 2 min, and
then on ice for 15 min to allow annealing of primer to template.
Six microlitres of the annealing reaction mixes were added to
tubes containing 1 \i\ of 2.5 mM dATP, dCTP, dGTP. and dTTP
mix; 2 |jl of reverse transcriptase buffer (0.25 M Tris HCI [pH
8.2], 0.2 M KCI, 0.036 M Mg acetate, 0.01 M dithiothreitol, and
1 nl (8 U) of avian myeioblastosis virus reverse transcriptase
(Life Sciences, Inc.). Reaction mixtures were incubated at
4 8 X for 45 min, and then 4 pi of Sequenase stop buffer (USB)
was added to terminate reactions. The primer extension reac-
tion mixtures (2.5-6.0 MU were subjected to electrophoresis
next to a sequencing ladder of the end-labelled fragment in 5 %
polyacrytamide gels containing 8 M urea followed by autoradio-
graphy.
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