except that lysis buffer lacked CaCl, or MgCl,.
Rabbit polyclonal antiserum, prepared against poly-
omavirus ST but recognizing all three tumor anti-
gens because of their shared NH,-terminal se-
quence identity (78), was used to immunoprecipi-
tate MT.

7. Microsequencing was performed on proteins pu-
rified from lysates that were shown previously by
tryptic peptide analysis to be identical to the 27-
and 29-kD MT-associated proteins (5).

8. A. Aitken et al., Trends Biochem. Sci. 17, 498
(1992).

9. Polyclonal rabbit serum was raised against the pep-
tide ELVQKAKLAEQA synthesized on a polylysine
core (MAP resin). The identical sequence is found in
several 14-3-3 family members, including the zeta
form, and less related versions are found in many
other family members, including the epsilon form
(19).

10. Subconfluent NIH 3T3 cells (5 x 10°) stably ex-
pressing wild-type MT from an integrated retroviral
vector (20) were washed and lysed as in (6).
Polyclonal rabbit antiserum, and preimmune serum
from the same animal were used to immunoprecip-
itate MT (78), and the immunoprecipitates were

analyzed by 2D gel electrophoresis (74). Proteins
were transferred electrophoretically and immuno-
blotted (27) with the antibody described in (9).

11. D. C. Pallas, unpublished data.

12. H. Fu, J. Coburn, R. J. Collier, Proc. Natl. Acad.
Sci. U.S.A. 90, 2320 (1993).

13. Subconfluent NIH 3T3 cells (2 x 108) stably
expressing polyomavirus ST, MT, or pp60v-Sre
from an integrated retroviral vector and Sf9
insect cells (2 x 108) infected with wild-type or
MT-expressing baculovirus were lysed as de-
scribed in (6). Immunoprecipitates were pre-
pared from cell lysates with polyclonal rabbit
antitumor antigen serum (78) and with control
serum and tested for their ability to activate the
ADP-ribosyltransferase activity of exoenzyme S
of P. aeruginosaas in (12), using 3 wl of immune
complexes and the artificial substrate soybean
trypsin inhibitor (100 wg/ml; Sigma) in a final
reaction volume of 10 wl. The assay was per-
formed at 23°C for 30 min. [32P]ADP-ribose
incorporation into substrate was verified by anal-
ysis on gels. In the absence of the immune
complexes, exoenzyme S had no detectable
ADP-ribosyltransferase activity. Background val-

Sensing Starvation: A Homoserine Lactone-
Dependent Signaling Pathway in Escherichia coli

Gjalt W. Huisman and Roberto Kolter*

When nutrients become limiting, many bacteria differentiate and become resistant to
environmental stresses. For Escherichia coli, this process is mediated by the o° subunit
of RNA polymerase. Expression of o was induced by homoserine lactone, a metabolite
synthesized from intermediates in threonine biosynthesis. Homoserine lactone—dependent
synthesis of o° was prevented by overexpression of a newly identified protein, RspA. The
function of homoserine lactone derivatives in many cell density—dependent phenomena
and the similarity of RspA to a Streptomyces ambofaciens protein suggest that synthesis
of homoserine lactone may be a general signal of starvation.

Bacteria lead a “feast or famine” existence,
interchanging short periods of rapid growth
with prolonged periods of starvation. To
survive starvation, bacteria develop stress
resistances before nutrients are exhausted
(1). These developmental changes require
the induction of specific genes at the onset
of starvation, a process that in E. coli is in
part regulated by the induction of a station-
ary phase-specific sigma factor of RNA
polymerase, termed o* or 0>, The mecha-
nism by which bacteria sense starvation and
how this signal is transduced to induce o°
synthesis is only poorly understood.

The o° protein is encoded by the rpoS
gene and regulates expression of at least 30
genes, some of which influence osmoprotec-
tion (osmB, osmE, otsAB, treA), cell mor-
phology (bolA), or general stress resistance
(katE, xth, dps, appA, mccC) (1). Transcrip-
tion of 7poS increases at the onset of station-
ary phase (2), and the o° protein also appears
at that time (3, 4). To understand further
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the mechanism by which bacteria sense star-
vation and respond by inducing o* activity,
we tested whether any E. coli genes, when
present in high copy number, could alter the
expression of a g*-dependent bolA::lacZ gene
fusion (5). We found one chromosomal
locus that in high copy completely repressed
expression of this fusion (Fig. 1A) (6).
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Fig. 1. Repression of os-dependent gene ex-
pression by pSPER1. Escherichia coli VIP36
(bolA::lacZ) (A) and E. coliHS143 (rpoS::lacZ)
(B) were transformed with pSPER1 (open
squares) and pUC19 (closed circles), and
B-galactosidase activities (Miller units) were
determined during growth and stationary phase
(line with no symbols). Cultures were grown in
LB medium at 30°C.
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Strains harboring this clone (pSPER1) also
failed to induce rpoS expression at the onset
of stationary phase (Fig. 1B). The chromo-
somal insert present in pSPER1 was located
at minute 35.6 of the E. coli chromosome
(7). The nucleotide sequence of the region
identified two adjacent genes, designated
rspA and rspB, whose products were overpro-
duced as determined by SDS—polyacryl-
amide gel electrophoresis (PAGE) (8). Re-
pression of rpoS expression was correlated
with the overproduction of RspA (Fig. 2A).

The amino acid sequence of RspA is sim-
ilar (9) to that of Spa2, a protein from
Streptomyces ambofaciens (Fig. 2B). Strains in
which the locus encoding Spa2 is amplified
are deficient in starvation-induced pigmenta-
tion (10). RspA is also similar to two catabol-
ic enzymes from Pseudomonas putida—mande-
late racemase and chloromuconate cyclo-
isomerase (l1)—that have nearly identical
three-dimensional structures and share active
site residues that are conserved in RspA (Fig.
2B) (11).

The similarity of the RspA sequence to
that of catabolic enzymes led us to hypoth-
esize that the effect of RspA on rpoS tran-
scription could result from degradation of a
metabolite that signals starvation (12). The
similarity of RspA with a lactonizing en-
zyme (chloromuconate cycloisomerase) sug-
gested that such a metabolite might be a
lactone. Homoserine lactone (HSL) deriv-
atives act as inducers in several cell densi-
ty—dependent systems including biolumi-
nescence, Ti plasmid transfer, and synthesis
of exoenzymes and antibiotics (13).

Although HSL derivatives are known to
act as inducers of diverse phenomena, the
biosynthetic pathway of HSL has not been
described. We reasoned that possible pre-
cursors for the formation of HSL might be
homoserine (HS) and homoserine phos-
phate (HSP)—intermediates in the threo-
nine biosynthetic pathway (Fig. 3). If these
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Fig. 2. Genetic analysis of the
PSPER1 insert. (A) Nucleotide se-
quencing of the rpoS-repressing
locus identified two genes, rspA
and rspB. These genes form an

operon because transposon in-

sertions in rspA abolish rspB ex-

68%

pression. Arrows indicate sites of
transposon insertions and the
ability of these plasmids to re-
press bolA:lacZ expression as

34%

19%

20%

determined by colony pheno-
types on lactose indicator medi-

* ® * -

Lys Asp Glu Glu His

um (+, represses; —, does not repress). In addition, a 28—amino acid COOH-terminal RspA deletion
prevented bolA::lacZ repression, although overproduction was not affected. The transcriptional
promoter is represented by “p.” (B) Similarity of the primary structure of RspA to that of Spa2 from
Streptomyces ambofaciens, the COOH-terminal end of a protein from E. coli (YID) (28), and
mandelate racemase (MR) and chloromuconate cycloisomerase (CMCI) from Pseudomonas putida
[numbers indicate the percentage of identical amino acids in the given stretches (9)]. The asterisks
mark conserved residues in MR and CMCI important for catalysis (77).
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Fig. 3. Biosynthesis of the aspartate group of amino acids. Aspartate is the precursor for the
biosynthesis of lysine, methionine, threonine, and isoleucine. The first reaction in this pathway can
be catalyzed by three enzymes and is controlled by the three amino acid end products. Homoserine
is at the branch point that leads to either methionine or threonine, and its fate is under strict
regulatory control of methionine. We propose that homoserine or homoserine phosphate (or both)

are precursors of homoserine lactone.
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Flg. 4. Effect of homoserine lactone on o* ex-
pression. The amount of ¢ was analyzed in
protein immunoblots with monoclonal anti-
bodies to o° (17). (A) Escherichia coli ZK1470
(thrA metL lysC) was grown for 16 hours at 30°C
in M63-glucose medium supplemented with
threonine, methionine, lysine, and the indicated
amounts of HSL. Equal volumes of the cultures
were loaded and separated by SDS-PAGE
(12.5% gel). (B) Cultures of E. coli ZK1470 (thrA
metL lysC) carrying pUC19 or pSPER1 were
grown at 30°C for 16 hours in M63-glucose
medium supplemented with threonine, methio-
nine, and lysine in the presence or absence of 1
mM HSL. Equal amounts of cells were loaded
and separated by SDS-PAGE (12.5% gel).

intermediates serve as precursors of HSL and
if HSL enhances expression of 7poS, then
mutants blocked in HS and HSP synthesis
would be predicted to be defective in rpoS
expression. We therefore obtained E. coli
mutants blocked in every step of threonine
biosynthesis (14). Initial characterization of

Fig. 5. Repression of biolu-
minescence by overexpres-
sion of RspA. Escherichia
coli VIP36 was transformed
with plasmids that contained
all or part of the Vibrio fis-
cheri lux system. Cell growth
is shown on the left, biolumi-
nescence on the right. (A)
Escherichia coliVIP36 with a
plasmid containing all the
lux genes (pNL121) and
pUC19. (B) Escherichia coli

the o* phenotype of these strains was done
with a qualitative plate assay for the expres-
sion of the o*-dependent catalase HPII (15).
The strains were grown on minimal medium
containing glucose and the appropriate ami-
no acids. Under these conditions, the thrC
mutant has normal catalase HPII activity.
However, no catalase activity was observed
in mutants blocked at steps before the syn-
thesis of homoserine; the thrB mutant
showed low catalase activity. Catalase activ-
ity could be restored when HSL or HS
(either at 1.2 mM) was included in the
growth medium (16). These results suggest-
ed that HSL (or metabolites derived from it)
induced rpoS expression and that HSL can
be synthesized from HS or HSP (or both).

The effect of HSL concentration on the
abundance of o* was determined directly by
protein immunoblot analysis with monoclo-
nal antibodies to ¢* (17). The thrA metL
lysC triple mutant blocked in the first step of
the pathway (Fig. 3) contained very low
amounts of ¢* when grown in minimal me-
dium in the absence of HSL. Addition of
HSL resulted in an increase in the abun-
dance of o* (Fig. 4A), consistent with a role
of HSL in regulating the expression of rpoS
(18). Stimulation of ¢° accumulation by
HSL was partially blocked by the presence of
pSPER1 (Fig. 4B).

In bioluminescent Vibrio fischeri an acy-
lated HSL derivative, 3-ketohexanoyl-HSL
[known as autoinducer (Al)], is produced by
LuxI and subsequently activates LuxR to
transcribe the lux operon (19). Escherichia
coli strains that contain the lux genes are
luminescent and this phenotype does not
depend on o* (20). Overproduction of RspA
repressed this bioluminescence, indicating
that RspA can interfere with a second HSL-
related signaling pathway (Fig. 5, A and B).
Protein sequence database searches have
identified SdiA as an E. coli LuxR homolog
(21); however, an sdiA mutant still expresses
normal amounts of o*-dependent HPII cata-
lase.

The lux operon was dissected to deter-

VIP36 containing pNL121 and pSPER1. Strains with pAKO17 make autoinducer, lack the luciferase
genes (Al*, Luc™), and can induce luminescence in adjacent strains that carry pAK211, which cannot
synthesize Al but contain the luciferase genes (Al—-, Luc*) (22). In the pairs shown in (C) through (F),
the top strain has pAKO17 and the bottom strain has pAK211 and, in addition (top/bottom),
pSPER1/pSPER1 (C), pSPER1/pUC19 (D), pUC19/pUC19 (E), and pUC19/pSPER1 (F).

SCIENCE ¢ VOL. 265 ¢ 22]JULY 1994



mine whether RspA acts before or after Al
synthesis (Fig. 5) (22). Strains that pro-
duced and released Al were grown adjacent
to strains unable to make Al but which
could respond to the signal by inducing the
genes encoding luciferase. Bioluminescence
was repressed when RspA was overproduced
in either strain, presumably because Al was
inactivated before it diffused out of the
producer cell or as soon as it entered the
recipient (23). These results indicate that
RspA acts after Al synthesis.

HSL appears to be a key signal for induc-
ing transcription of rpoS. We propose the
following model to explain HSL accumula-
tion at the onset of stationary phase. As cells
exhaust carbon and energy sources, imbal-
ances occur in amino acid biosynthetic path-
ways (24). This results in empty acceptor
sites in ribosomes, increasing guanosine tet-
raphosphate synthesis and thus stimulating
the expression of threonine biosynthetic en-
zymes (25). Increased threonine levels, cou-
pled with slow translation, cause feedback
inhibition, and HS and HSP accumulate.
These intermediates could be bound by
tRNA synthetases and the proofreading
function of these enzymes would produce
HSL, a reaction known to occur in vitro
(26). The finding that a mutant unable to
make guanosine tetraphosphate does not
induce rpoS in Luria-Bertani (LB) medium is
consistent with this proposal (4).

Bioluminescence and other previously
known HSL-dependent regulatory systems are
expressed at high cell density (13, 19). Under
typical laboratory conditions, starvation also
occurs at high cell densities. However, o*
expression occurs equally well when E. coli is
starved at 107 cells per milliliter or 5 X 10°
cells per milliliter (27). It is possible that HSL
constitutes an intracellular signal that accu-
mulates in starved cells regardless of cell den-
sity. The increased stress resistance of starved
cells is essential for the survival of individual
cells and theréfore should be independent of
the density of the culture. At high cell den-
sities this signal molecule can be acylated to
allow diffusion across membranes, thereby
converting it into an extracellular signal that
benefits the population when high concentra-
tions of cells are present.

REFERENCES AND NOTES

1. A. Matin, Mol. Microbiol. 5, 3 (1991); D. A. Siegele
and R. Kolter, J. Bacteriol. 174, 345 (1992); R.
Henge-Aronis, Cell 72, 165 (1993).

2. M. R. Mulvey and P. C. Loewen, Nucleic Acids
Res. 17, 9979 (1989); H. E. Schellhorn and V. L.
Stones, J. Bacteriol. 174, 4769 (1992); M. P.
McCann, C. D. Fraley, A. Matin, ibid. 175, 2143
(1993); P. C. Loewen, |. von Ossowski, J. Switala,
M. R. Mulvey, ibid., p. 2150.

3. K. Tanaka, N. Fujita, A. Ishihama, H. Takahashi,
Proc. Natl. Acad. Sci. U.S.A. 90, 3511 (1993).

4. D.R. Gentry, V. J. Hernandez, L. H. Nguyen, D. B.
Jensen, M. Cashel, J. Bacteriol. 175, 7982 (1993).

5. A Hind Ill library in pUC19 of total E. coli ZK126

DNA was constructed and introduced into E. coli
VIP36 [D. E. Bohannon et al., J. Bacteriol. 173,
4482 (1991)], which contains bolA::lacZ. Trans-
formants were selected on McConkey-lactose
plates containing ampicillin (150 p.g/ml) on which
the parent strain appears red. Plasmids were
isolated from white colonies and designated
PSPER (for stationary phase expression regula-
tion). Three plasmid classes were found to reduce
expression of bolA::lacZ. The inserts in two of
these mapped to previously described genes:
ftsA [A. C. Robinson et al., J. Bacteriol. 160, 546
(1984)] and a gene located between ic/R and
aceK [A. Galinier et al., Gene 97, 149 (1991)]. The
other plasmid was pSPER1.

. Expression of other o5-dependent genes (mccC,
treA, osmB, osmE, and katE) was also repressed
by pSPER1. A os-independent secA::lacZ fusion,
however, was not affected by pSPER1.

7. The plasmid pSPER1 contains a 6.4-kb Hind Il

insert. The plasmid was labeled with a nonradioac-
tive DNA labeling kit (Boehringer Mannheim) and
used to probe the ordered phage library of the E.
coli chromosome [Y. Kohara, K. Akiyama, K. Isono,
Cell 50, 495 (1987)]. A set of mini-yd insertion
mutants [C. Berg et al., Gene 113, 9 (1992)] was
generated to localize and sequence the repressing
locus. The nucleotide sequence was determined
with the Sequenase kit (U.S. Biochemical).

8. Total proteins of different subclones and mini-y3

insertions in E. coli VIP36 were separated by
SDS-PAGE and revealed the overproduction
(>20-fold) of proteins of 43 and 37 kD in strains
carrying either pSPER1 or a 4.4-kb Bam HI sub-
clone. Both proteins were also overproduced in a
rpoS mutant background. Bands of the overpro-
duced proteins were excised from a blot of such a
gel on polyvinylidene difluoride (PVDF) mem-
brane and subjected to NH,-terminal amino acid
sequencing. The determined NH,-terminal se-
quences were identical to the predicted NH,-
terminal sequences of two open reading frames of
404 and 340 amino acids, respectively, which are
separated by a 14-bp intergenic region. These
genes were designated rspA and rspB (for regu-
latory in stationary phase). The GenBank acces-
sion number for the rspA and rspB nucleotide
sequence is L31628.

9. Translated primary structures were compared

10.

11.

with the GenBank library release 26 with use of
the BLAST program [S. F. Altschul et al., J. Mol.
Biol. 215, 403 (1990)].

P. Leblond et al., J. Bacteriol. 171, 419 (1989);
J.-M. Simonet, D. Schneider, J.-N. Volff, A. Dary,
B. Decaris, Gene 115, 49 (1992); D. Schneider, B.
Aigle, P. Leblond, J.-M. Simonet, B. Decaris, J.
Gen. Microbiol. 139, 2559 (1993).

D. J. Neidhart, G. L. Kenyon, J. A. Gerlt, G. A.
Petsko, Nature 347, 692 (1990); D. J. Neidhart et
al., Biochemistry 30, 9264 (1991); M. Hoffman,
Science 251, 31 (1991).

12. RspBis also likely to encode a catabolic enzyme

13.

because its gene product is 38% identical to
threonine dehydrogenase from E. coli[B. D. Aron-
son, R. L. Somerville, B. R. Epperly, E. E. Dekker,
J. Biol. Chem. 264, 5226 (1989)]. The similarity
includes a consensus Zn2* binding site in addi-
tion to the active site residues Cys37 and His5®
and an acidic residue Glu'#4 typical for Zn2+-
dependent alcohol dehydrogenases [H.-W. Sun
and B. V. Plapp, J. Mol. Evol. 34, 522 (1992)].

Bioluminescence is induced by 3-ketohexanoy!-
HSL in V. fischeri and by 3-hydroxybutyryl-HSL in
V. harveyi [A. Eberhard et al., Biochemistry 20,
2444 (1981); J.-G. Cao and E. A. Meighen, J. Biol.
Chem. 264, 21670 (1989)]; 3-ketooctanoyl-HSL
induces transfer of the Ti plasmid by Agrobacte-
rium tumefaciens [L. Zhang, P. J. Murphy, A. Kerr,
M. E. Tate, Nature 362, 446 (1993); K. R. Piper, S.
Beck von Bodman, S. K. Farrand, ibid., p. 448];
3-ketohexanoyl-HSL induces the synthesis of exo-
enzymes and antibiotics by Erwinia caratovora
[M. Pirhonen, D. Flego, R. Heikinheimo, E. T.
Palva, EMBO J. 12, 2467 (1993); S. Jones et al.,
ibid., p. 2477]; and 3-ketododecanoyl-HSL in-
duces the synthesis of elastase by Pseudomonas

SCIENCE ¢ VOL. 265 ¢ 22]JULY 1994

14.

15.

21.

22.

23.

24.

25.

26.

27.

28.

29.

REPORTS

aeruginosa [L. Passador, J. M. Cook, M. J. Gam-
bello, L. Rust, B.-H. Iglewski, Science 260, 1127
(1993); J. P. Pearson et al., Proc. Natl. Acad. Sci.
US.A. 91, 197 (1994)].

The following mutant strains were obtained from
the E. coli Genetic Stock Center (New Haven,
CT): CGSC 5075 (thrA1015 metL1005 lysC1004
relA1 spoT1 thi-1), 5076 (thrB1000 relA1 spoT1
thi-1), 5077 (thrC1001 relA1 spoT1 thi-1), and
5081 (asd-1 relA1 spoT1 thi-1).

M. M. Zambrano, D. A. Siegele, M. Almirén, A.
Tormo, R. Kolter, Science 259, 1757 (1993); G.
Huisman and R. Kolter, in Regulation of Bacterial
Development, P. J. Piggot, C. P. Moran Jr., P.
Youngman, Eds. (American Society for Microbiol-
ogy, Washington, DC, 1994), pp. 21-40.

. HS could also be converted to S-adenosylmethio-

nine (SAM) from which HSL might be synthesized
[A. Eberhard, C. Widrig, S. J. Stranick, Arch.
Microbiol. 1185, 294 (1991)].

. After electrophoresis, proteins were electroblot-

ted onto a PVDF membrane. o® was detected with
monoclonal antibodies to o° [L. H. Nguyen, D. B.
Jensen, N. E. Thompson, D. R. Gentry, R. R.
Burgess, Biochemistry 32, 11112 (1993)] and
visualized as described (4).

. HSL supplementation did not affect the amount of

o in the thrC mutant.

. E. A. Meighen, Microbiol. Rev. 65, 123 (1991); W.

C. Fuqua, S. C. Winans, E. P. Greenberg, J.
Bacteriol. 176, 269 (1994).

. Plasmid pNL121 [P. V. Dunlap and A. Kuo, J.

Bacteriol. 174, 2440 (1992)] contains luxRICDABEG
in pACYC184 and makes E. coli bioluminescent.
This plasmid was transformed into either ZK126
(rpoS+) or ZK1000 (rpoS-), and both strains emit-
ted light when grown overnight at 30°C.

X.Wang, P. A. J. de Boer, L. I. Rothfield, EMBO J.
10, 3363 (1991).

Plasmids used were pAKO17 (pNL121 AluxABEG)
and pAK211 (pNL121 Alux/) (A. Kuo, N. V.
Blough, P. V. Dunlap, in preparation).

Strains were grown for 17 hours at 30°C on LB
plates and photographed. After longer incuba-
tions strains that harbored pSPER1 slowly devel-
oped the ability to bioluminesce.

For example, the first enzyme in methionine bio-
synthesis is extremely unstable, and its inactiva-
tion leads to methionine starvation [A. Wyman, E.
Shelton, H. Paulus, J. Biol. Chem. 250, 3904
(1975); E. Z. Ron, J. Bacteriol. 124, 243 (1975)].
M. Cashel and K. E. Rudd, in Escherichia coli and
Salmonella typhimurium, F. C. Neidhardt, Ed.
(American Society for Microbiology, Washington,
DC, 1987), vol. 2, chap. 87.

H. Jakubowski and E. Goldman, Microbiol. Rev.
56, 412 (1992).

Escherichia coli VIP36 was grown in pH 7.0
phosphate-buffered normal, 10-fold, or 100-fold
diluted LB, and activity of the rpoS::lacZ fusion
was determined. Cells starved at densities vary-
ing from 107 to 108 cells per milliliter showed an
approximately sevenfold induction of the rpoS
fusion compared to growing cells.

The gene yid encodes a 587—amino acid protein
of which the COOH-terminal 384 residues are
homologous to RspA. yid was subcloned into
pBluescript-KS, and this clone was unable to
repress oS-dependent catalase activity even
though overexpression of the protein was con-
firmed (G. Mrachko, G. Huisman, P. Babbitt, J.
Gerlt, R. Kolter, unpublished results).

We thank A. Link for performing NH,-terminal
protein sequencing; L. Nguyen and R. Burgess
for providing antibody to o®; H. Schellhorn, A.
Kuo, P. Dunlap, B. Bachmann, J. Beckwith, C.
Gutierrez, and L. Rothfield for strains and plas-
mids; P. Babbitt, J. Gerlt, G. Kenyon, G. Petsko, A.
Kuo, M. Bollinger, H. Paulus, and H. Goodrich-
Blair for helpful discussions; and L. Sonenshein
and R. D'Ari for critically reading the manuscript.
Supported by a grant from NSF (MCB-9207323)
to R.K. RK. was the recipient of an American
Cancer Society Faculty Research Award.

1 March 1994; accepted 20 May, 1994

539





