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Summary. Transcriptional fusions were constructed be-
tween the promoter for the epidermolytic toxin A (eta)
gene of Staphylococcus aureus and the luxAB and xylE
reporter gene systems. The expression of the fusion
products was found to be dependent upon the accessory
gene regulator (agr) locus and was observed fo increase
significantly during the transition from the exponential
to the stationary phase of growth. Furthermore the ex-
pression of the eta gene promoter was found to be os-
motically regulated, with the expression levels of the eta
fusions being inversely related to the osmolyte levels.
The ability of environmental factors to influence DNA
topology (and thence gene expression) was investigated.
High osmolarity (0.7 M NaCl) resulted in an increase
in the degree of negative supercoiling of plasmid DNA
in the S. aureus strain 8325-4 (Agr*) but not in strain
ISP546 (Agr™). Furthermore the eta promoter was
strongly induced in S. aureus cultures grown in the pres-
ence of sub-inhibitory concentrations of novobiocin, a
DNA gyrase inhibitor. However this induction was inde-
pendent of agr, suggesting that the efa promoter is sub-
ject to both agr-dependent (osmolarity, growth phase)
and -independent (DNA topology) regulatory processes.

Key words: Staphylococcus aureus — Gene regulation —
Epidermolytic toxin A — Osmoregulation — DNA super-
coiling

Introduction

Staphylococcus aureus produces a variety of extracellular
and cell-bound proteins, which have been implicated in
" the pathogenesis of staphylococcal disease (for reviews
see Easmon and Adlam 1983). Mutations in the accesso-
ry gene regulator (agr) locus result in a pleiotropic exo-
protein-deficient phenotype (Morfeldt et al. 1988; Peng
et al. 1988). One such mutation is a transposon Tn551
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insertion in agr, which results in a decrease in the post-
exponential phase production of «,f and d-haemolysins,
TSST-1 (toxic shock syndrome toxin 1), the epidermolyt-
ic toxins ETA and ETB and enterotoxins B and D, while
the production of coagulase and protein A is increased
(Bjorklind and Arvidson 1980; Rescei et al. 1986; O’-
Toole and Foster 1986; Gaskill and Khan 1988; Bayles
and Iandolo 1989; Mahmood and Khan 1990). The agr
locus is believed to act primarily at the level of transcrip-
tion and this effect is exerted in trans (Janzon et al. 1986;
Rescei et al. 1986).

Sequence analysis of the cloned agr locus has revealed
that four open reading frames, agrd, agrB, agrC and
agrD are transcribed divergently from Ald, the gene en-
coding §-haemolysin (Janzon et al. 1989). The agrd gene
containing the site of the Tn3557 insertion is transcribed
from a weak constitutive promoter (P1), and is also ex-
pressed as part of a polycistronic transcript (including
agrBCD) initiated 2 kb upstream at promoter P2. Both
P2 and the hld promoter P3 are strongly growth-phase
regulated. The agrA gene encodes a protein that has
sequence homology with the response regulator proteins
of two-component signal transduction systems. Further-
more, the agrB product is homologous to the histidine
protein kinase partner (Stock et al. 1989). It is proposed
that the regulatory protein, AgrA, stimulates transcrip-
tion from P2 and P3, possibly by interaction with an
inverted repeat situated midway between P2 and P3
(Janzon ctal. 1989). The role of the d-haemolysin
mRNA as a major regulator of exoprotein synthesis has
been demonstrated (Janzon and Arvidson 1990), but lit-
tle is known about the mechanisms involved.

The role of two-component signal transduction sys-
tems in the adaptive responses of prokaryotes to envi-
ronmental stress is becoming increasingly evident (for
reviews see Stock et al. 1989, 1990; Miller et al. 1989;
Ronson et al. 1987). We report here the effect of osmotic
stress on the agr-regulated expression of the promoter
for the epidermolytic toxin A gene (eta). The gene encod-
ing ETA has been cloned and sequenced (O’Toole and
Foster 1987; Lee et al. 1987; Sakuri et al. 1988). The
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expression of the cloned toxin gene has been shown to
be dependent on the integrity of the agr locus, with pro-
duction of the toxin increasing significantly in stationary
phase cultures (O’Toole and Foster 1987). Here we de-
scribe the fusion of the efa promoter region to two differ-
ent reporter genes, the luciferase (/uxA4B) genes of Vibrio
fischeri and the catechol 2,3-dioxygenase (xy/E) gene
from Pseudomonas putida. The effect of varying osmo-
lyte concentrations on the expression of both the era-
luxAB and efa-xylE fusions has been investigated in
Agr* and Agr™ host strains. Furthermore the role of
DNA supercoiling in the agr-regulated expression of eta
has been studied.

Materials and methods

Bacterial strains and plasmids. The bacterial strains used
are listed in Table 1 and the plasmids are given in Ta-
ble 2.

Bacterial growth media. Escherichia coli strains were
grown in L broth and agar (Maniatis et al. 1982). S.
aureys strains were routinely cultured in trypticase soy
broth (TSB) and agar (TSA, Oxoid) incorporating chlor-
amphenicol to 10 ug/ml. The salt concentration of com-
mercial TSB is 0.086 M. In order to vary the osmolarity
of the growth medium, 2 x concentrated TSB lacking
NaCll was prepared with tryptone (Difco) 34 g, neutral-
ised soya peptone (Oxoid) 6 g, D-glucose (BDH) 5 g and
K,HPO, (BDH) 5g per litre. Subsequently normal
strength TSB was prepared with concentrations of NaCl
ranging from 0 M to 1.0 M. Alternatively, sucrose was
added to final concentrations of 0.44 M.

DNA manipulations. DNA modifying enzymes were pur-

chased from either the Boehringer Corporation or Pro-
mega and were used according to the manufacturers’

Table 2. Plasmids

Table 1. Bacterial strains

Strain Genotype or properties Reference

Escherichia coli

TB1 host for detecting chimaeric ~ Bethesda Research
pUC plasmids Laboratories
JM101 lac-pro, thi, supEA4, endA, (Yanisch-Perron

gyrA96, hsdl7, rcfAl,
F’ traD36, proAB, lacI®
lacZAM15

et al. 1985)

Staphylococcus aureus

8325-4 Agr™ NCTC8325 cured (Novick 1963)
of prophages

RN4220 mutant of 8325-4 capable of  (Kreiswirth et al. 1983)
accepting shuttle plasmids

ISP546 agr::Tn55f Agr™ mutant of (Mallonee et al. 1982)

8325-4

recommendations. DNA manipulations were performed
using standard procedures (Maniatis et al. 1982).

Transfer of plasmids. Plasmids were transformed into E.
coli cells made competent by treatment with CaCl,
(Maniatis et al. 1982) and into S. aureus strains by elec-
troporation (Oskouian and Stewart 1990).

Enzyme assays. Luciferase activity was measured using
either a Turner Designs 20 luminometer or an LKB mod-
el 1250 luminometer. Cultures were grown in 500 ml
conical flasks containing 50 ml of TSB and incubated
at 30° C with shaking. At regular intervals, 1 ml samples
were removed and assayed for luminescence. As pSP100
does not contain the genes for production of an aldehyde
necessary for luciferase activity (Meighen 1988), 10 ul
of dodecyl aldehyde (Sigma Chemical Co., C;,; 1%,
v/v in ethanol) was added prior to measurement.

Plasmid Host Markers?® Other properties Reference
of antibiotic
resistance
pEP2 E. coli Ap pUC19 with EcoRI-Pstl/blunt fragment carrying (Patel et al.,
eta promoter personal communication)
pLC4 S. aureus/E. coli Cm, Ap Promoter probe vector containing xy/E gene (Ray et al. 1985)
pXL2 S. aureus Cm, Ap eta-xylE fusion plasmid This study
pKSB7 S. aureus Cm Uncharacterised Lactobacillus casei promoter (Ahmed and Stewart 1991)
fragment-/uxAB fusion
pSB71 E. coli Ap pBR322 based promoterless /ux expression vector. (Ahmed and Stewart 1991)
Unique EcoRI promoter cloning site
pSB197 S. aureus/E. coli Cm, Ka E. coli/S. aureus shuttle vector containing promoter- This study
less Jux genes from pSB71
pSB204 S. aureus Cm, Ka Promoter probe vector containing promoterless This study
luxAB genes from Vibrio fischeri
pSP100 S. aureus Cm, Ka eta-luxAB fusion plasmid This study
pBS1 S. aureus Cm Derivative of pCW39 lacking tetracycline gene This study

2 Ap, ampicillin; Cm, chloramphenicol; Ka, kanamycin
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Fig. 1. Construction of plasmids
PSP100 (above) and pXL2 (below).
The efa promoter region used to
generate the transcriptional fusions is
shown to scale, flanked by the re-
maining restriction enzyme sites of
the pUC19 multiple cloning site. The

1. Digest with EcoR1& Hind I
2.Ligate with EcoRI-HindII
cleaved pLC4
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arrows represent inverted repeat se-
quences near which are located two
possible —35, —10 consensus pro-
moter sequences. Neither pSP100 nor
pXL2 are drawn to scale. Restriction
site abbreviations: A, dccl; B, Bam-
HI; E, EcoR]1; H, HindIIl; P, Pstl;
S, Sphl, Sa, Sacl; Sc, Scal; Sm,
Smal; Ss, Sspl; X, Xbal. Abbrevia-
tions in italics represent restriction

c sites that are not present in the final
pXL2 construct

ODs40am Of the cultures was determined at the time of
sampling.  Catechol 2,3-dioxygenase assays were per-
formed using a method adapted from Zukowski et al.
(1983). Cultures (20 ml) were grown in 250 ml conical
flasks for 18 h at 37° C with shaking. Samples of 10 ml
were harvested and washed with 2 ml of 20 mM potassi-
um phosphate buffer (pH 7.2). Cells were suspended in
2 ml lysis buffer (100 mM potassium phosphate pH 7.5,
20 mM EDTA, 10% acetone and 37 pg/ml lysostaphin)
and incubated at 37° C for 20 min. Following the addi-
tion of 10% Triton X-100, the lysate was placed on ice
for 15 min and then centrifuged for 20 min at 27000 g
to pellet the cellular debris. Catechol 2,3-dioxygenase
activities were determined spectrophotometrically at
375,m and 37° C, in a total volume of 3 ml which con-
tained 0.25 ml of cell extract and 2.75 ml of 100 mM
potassium phosphate (pH 7.5) incorporating catechol to
0.2 mM. Specific activitiecs were calculated where one
milliunit corresponds to the formation of 1 millimole
of 2-hydroxymuconic semialdehyde per minute at 37° C.

Construction of eta-luxAB. The eta promoter region had
previously been localised to a 220 bp sequence (O’Toole
and Foster 1987) and cloned into pUC19 between the
Sacl and Smal sites in the multiple cloning site to create
the plasmid pEP2 (Patel et al., manuscript in prepara-
tion). A /ux promoter probe vector for S. aureus was
constructed as follows: pCK1 (Gasson and Anderson
1985) was digested with EcoRI and Pvull and the resul-
tant 4.3 kb fragment containing both the origin of repli-
cation and antibiotic resistance markers was isolated.
A 2158 bp luxAB EcoRI-Smal cassette was isolated from
pSB71 (Ahmed and Stewart 1988) and ligated to the
4.3 kb fragment from pCK1. The resultant recombinant
was designated pSB197. The oligonucleotide 5'-

\l\

AATTCCCGGGGATCCG-3 was subsequently in-
serted into the unique EcoRI site of pSB197 to give
pSB204.

To generate the eta-luxAB fusion the promoter region
was removed from pEP2 by cleaving with EcoRI and
BamHI (Fig. 1). DNA polymerase 1 (Klenow fragment)
was used to create blunt ends and the promoter-bearing
fragment was cloned into the unique Smal site of
pSB204, forming pSP100. Following transformation of
E. coli IM101 cells, bioluminescent colonies were identi-
fied using a Hamamatsu Argus 100 Vim 3 photon video
camera. Plasmid DNA purified from E. coli was subse-
quently used to transform S. aureus strains, with trans-
formants selected on TSB agar containing 10 pg/ml
chloramphenicol.

Construction of eta-xylE. The eta-xylE fusion plasmid
was derived from the expression vector pLC4 (Ray et al.
1985). While the xylE gene of pLC4 is expressed in E.
coli, production of catechol 2,3-dioxygenase in S. aureus
is dependent on the introduction, immediately 5' to xylE,
of a promoter that is functional in the gram-positive
host. A 260 bp EcoRI-HindIIl fragment carrying the eta
promoter from pEP2 was ligated with pL.C4 cleaved with
the same enzymes. The DNA was transformed into S.
aureus RN4220 by electroporation. Colonies expressing
catechol 2,3-dioxygenase were identified by spraying
plates with an aqueous solution of 0.5-M catechol. One
plasmid, pX1L2, was chosen for further study.

Construction of pBS1, a reporter plasmid for topoisomer
studies. Plasmid pCW59 (Wilson et al. 1981) was cleaved
with HindIIT and a 3 kb fragment carrying the chloram-
phenicol resistance gene and the replication functions
was purified following agarose gel electrophoresis. After
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ligation the DNA was transformed into S. aureus
RN4220 by electroporation selecting for chlorampheni-
col resistance.

Separation of topoisomers. Plasmid topoisomers were
isolated by electrophoresis for 50 volt hours in 1.0%
agarose gels which contained chloroquine to 25 pg/ml
Following electrophoresis, the chloroquine was removed
by rinsing for 4 h in water. The DNA was subsequently
visualised by staining with ethidium bromide (5 pg/ml).

Results
agr regulation of eta fusions

In order to study environmental and other factors that
influence the Agr-dependent expression of the efa gene,
transcriptional fusions were constructed between the eta
promoter and two reporter gene systems. Fusions with
both the luciferase (/uxAB) and catechol 2,3-dioxygenase
(xylE) reporters were required to monitor gene expres-
sion most effectively. The era-luxAB fusion was used
to measure real-time changes in promoter activity during
the exponential and early stationary phases of growth.
However in stationary phase, the bioluminescent pheno-
type becomes dependent on the availability of FMNH,
rather than promoter activity (particularly in broth cul-
tures). Consequently the second fusion plasmid, pXL2,
was constructed and used to monitor gene expression
in stationary phase cells.

The fusion plasmids pXL2 (eta-xylE) and pSP100
(eta-luxAB) were transformed into the S. aureus strains
8325-4 (Agr™) and ISP546 (Agr™) by electroporation.
The expression of luciferase by pSP100 was 100-fold
higher in the Agr® host 8325-4 than in the Agr™ host
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Fig. 2. Agr regulation of eta-luxAB expression. Staphylococcus aur-
eus strains 8325-4 (Agr*) and ISP546 (Agr~) harbouring the plas-
mid pSP100 were grown in trypticase soy broth (TSB) and assays
performed as described in the Materials and methods. (m), 8325-4
(Agr™); (e), ISP546 (Agr™); (O) growth as measured by optical
density at 540 nm

ISP546 (Fig. 2). Similarly the expression of catechol 2,3-
dioxygenase by pXL2 was 6-fold higher in the Agr*
host compared to the Agr™ host strain (data not shown).
This demonstrates that transcription from the eta pro-
moter is positively regulated by agr. The growth phase
dependence of efa expression is also apparent in Fig. 2,
with the rate of transcription of the efa-luxAB fusion
increasing significantly during the transition from the
exponential phase of growth to stationary phase.

Osmoregulation of eta expression

The effect of varying the osmolarity of the growth medi-
um on the expression of the eta fusions was investigated.
In this study the eta-fuxAB fusion was used to monitor
gene expression during exponential and early stationary
phase growth (Fig. 3a), while the eta-xy/E fusion was
used to monitor expression in stationary phase cultures
(Fig. 3b). The highest level of expression was observed
with cultures grown in TSB without NaCl. As the con-
centration of NaCl was increased from 0 M to 1 M, the
level of expression of the eta fusions decreased dramati-
cally in the Agr™ host (Fig. 3a and b). Varying the osmo-
lyte concentration had little effect on the low level of
expression in the Agr™ host (Fig. 3b). Interestingly at
high NaCl concentrations (1.0 M), the level of expres-
sion of the eta-xyIE fusion in the Agr™ strain 8325-4
was less than that observed in the Agr™ strain grown
under similar conditions (Fig. 3b). As a control similar
experiments were performed with Agr™ and Agr™
strains containing the plasmid pKSB7 (Ahmed and
Stewart 1991). Under normal growth conditions this fu-
sion is not dependent on the Agr locus for maximal
expression. Furthermore, increasing the osmolarity of
the growth medium from 0 M to 0.7 M NaCl, resulted
in an increase in the levels of expression of this fusion
construct in both Agr™ and Agr~ cells (Fig. 3¢).

In order to determine if the expression of eta was
dependent on osmolarity rather than Na* or Cl~ ion
stress, similar experiments were performed using sucrose
as the osmolyte. In the Agr™ strain 8325-4, the era-lux-
AB fusion was expressed to similar levels when grown
in TSB containing 0.3 M NaCl or 0.44 M sucrose for
up to 8 h (Fig. 4a, upper panel). However when lucifer-
ase production was assayed on TSA plates (containing
0.3 M NaCl or 0.44 M sucrose) after 18 h growth, su-
crose was observed to repress the expression of the eta-
luxAB fusion, with a 5-fold decrease in the levels of
expression compared to growth in 0.3 M NaCl (Fig. 4b
lower panel). Interestingly, sucrose repressed the expres-
sion of the eta-luxARB fusion to a similar extent in both
Agrt and Agr~ strains. Similar results were obtained
with the eta-xylE fusion when grown under similar con-
ditions for up to 18 h (data not shown). These results
suggest a role for growth medium osmolarity in the regu-
lation of an agr-dependent gene. Furthermore this would
suggest that the expression of efa is more sensitive to
the osmolyte sucrose than to NaCl and that this sensitivi-
ty becomes more pronounced in stationary phase cul-
tures.
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Fig. 3a—c. Osmoregulation of eta expression. a Effect of increasing
NaCl concentration on the expression of era-luxAB in 8325-4
(Agr™); b effect of increasing osmolarity on the expression of pX1L.2
(eta-xylE) in both 8325-4 and ISP546. The specific activity of cate-
chol 2,3-dioxygenase production was calculated where 1 milliunit
corresponds to the formation of 1 mmol of 2-hydroxymuconic
semialdehyde per min at 37° C. ¢ Effect of increasing NaCl concen-
tration on the expression of pKSB7 in the Agr* strain 8325-4
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Fig. 4a, b. Comparison of 0.3 M NaCl and 0.44 M sucrose as os-
motic repressors of efa expression. a Effect of sucrose (0.44 M)
and NaCl (0.3 M) on eta-luxAB expression in liquid culture up
to 8 h post-inoculation. b Levels of light production from both
8325-4 and ISP546 containing pSP100 when grown for 18 h on
agar containing sucrose to 0.44 M (A) and NaCl to 0.3 M (B).
Relative light production from both the Agr* and Agr~ strains
was caloulated using a Hamamatsu Argus 100 Vim 3 photon video
camera and was for 0.3 M NaCl: Agr*, 28695; Agr™, 2834; and
for 0.44 M sucrose: Agr™, 5242; Agr™, 583 relative light units

The effect of DNA supercoiling on eta promoter activity

Two independent approaches were taken to study the
effect of DNA supercoiling (changes in DNA topology)
on agr-regulated gene expression in S. aureus. The first
used the antibiotic novobiocin to inhibit DNA gyrase,
an enzyme responsible for adding negative supercoils
to DNA in an ATP-dependent fashion (Sutcliffe et al.
1989). Novobiocin competitively inhibits the binding to
ATP by DNA gyrase, resulting in an overall relaxation
of the cellular DNA. The second approach involved the
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Fig. 5. Effect of novobiocin on stationary phase expression of the
eta-xylE fusion in S. aureus strains 8325-4 (agr™) and ISP546
(Agr™). The specific activities of the respective strains are given
by the number at the top of each column

Fig. 6. The effect of osmolarity on in vivo plasmid supercoiling.
Plasmid DNA was isolated from strains grown under conditions
of varying NaCl concentration. Topoisomers were resolved by elec-
trophoresis in 1% agarose gel containing chloroquine (25 pg/mi).
Under these conditions the more negatively supercoiled topo-
isomers migrate more slowly through the gel. Topoisomer distribu-
tion of plasmid DNA isolated from Agr™ and Agr~ strains, respec-
tively, when grown in TSB containing: lanes A and B, no added
NaCl; lanes C and D, topoisomer 0.145 M NaCl; lanes E and
F, 0.3 M NaCl; lanes G and H, 0.7 M NaCl

use of plasmids as indicators of changes in the level
of DNA supercoiling.

S. aureus strains 8325-4 and ISP546 containing plas-
mid pX1.2 were grown in the presence of sub-inhibitory
concentrations of novobiocin (500 pg/ml) for 18 h.
Growth in novobiocin resulted in a significant increase
in the activity of the eta-xylE fusion in both the Agr*
and Agr~ host strains (Fig. 5). The increase was of ap-
proximately the same order in both strains (Agr™*, 4.2-

fold; Agr™, 6.8-fold) and suggests that the novobiocin-
induced DNA relaxation enhances expression from the
etq promoter. That this increase in expression is of the
same order of magnitude in both Agr™ and Agr™ strains
suggests that the agr locus itself is insensitive to novobio-
cin-induced changes in DNA topology.

To study the effect of osmolarity on DNA topology
in S. aureus, plasmids were used as indicators of changes
in the level of DNA supercoiling (Balke and Gralla 1987;
Dorman et al. 1988). pBS1, a derivative of the staphylo-
coccal plasmid pCW59 (Wilson et al. 1981), was isolated
which lacked the smaller 2.3 kb HindIII fragment con-
taining the tetracycline gene. Strains 8325-4 (Agr*) and
ISP546 (Agr™) containing the plasmid pBS1 were grown
in TSB containing varying concentrations of NaCl. After
18 h growth the cells were harvested, plasmid DNA iso-
lated and the plasmid topoisomers were resolved by elec-
trophoresis in an agarose gel containing chloroquine.
Figure 6 shows the distribution of topoisomers isolated
from Agr™ and Agr~ hosts grown in differing concentra-
tions of NaCl. Plasmid DNA isolated from S. aureus
does not show the same degree of sensitivity to changes
in the extracellular salt concentration as is observed in
E. coli and Salmonella typhimurium (Higgins et al. 1988).
In S. gureus a small change in topoisomer distribution
towards more negatively supercoiled DNA occurs in
plasmids isolated from cells grown in TSB containing
0.7 M NaCl (Fig. 6, lane G). Interestingly this shift in
topoisomer distribution is not observed in plasmids iso-
lated from the Agr™ strain grown in the same conditions
(Fig. 6, lane H).

Discussion

The discovery that the expression of bacterial virulence
genes is regulated in a coordinated manner in response
to environmental stimuli has been a major advance in
understanding the control of pathogenic processes. In-
sights into the molecular nature of these regulatory pro-
cesses are founded primarily on results obtained in gram-
negative systems (Miller et al. 1989). S. aureus is an ex-
cellent candidate for testing the relevance of coordinated
control motifs to a gram-positive organism. The present
study has concentrated on the environmental regulation
of one S. aureus virulence gene, eta. Its expression was
demonstrated to be sensitive to changes in growth medi-
um osmolarity, to changes in growth phase and to treat-
ment with a DNA gyrase-inhibiting drug (novobiocin),
and increases in its expression were shown to correlate
with a relaxation of bacterial DNA supercoiling.
Previous work has shown that the expression of the
eta gene is dependent on agr, the locus encoding the
Accessory Gene Regulator (O’Toole and Foster 1987).
Results obtained in this study with the lux and xylE
reporter gene systems show that the Agr sensitivity is
maintained when the efa promoter is carried on multi-
copy plasmids. Moreover, the previously described
growth phase-dependent expression of eta is also repro-
duced with both reporter systems, demonstrating that
the expression of the eta promoter on multicopy plas-



mids is modulated by the environment in a manner ap-
proximating to that seen when it is on the chromosome.

S. aureus is a halotolerant bacterium and can be iso-
lated from environments that exert a high level of osmot-
ic stress. However, this organism is also capable of
growth in low osmotic conditions, demonstrating an
ability to adapt to either type of environment. In gram-
negative pathogens, adaptation to osmotic change forms
part of the genetic switch controlling virulence gene ex-
pression (Bernardini et al. 1990; Chatfield et al. 1991;
Dorman et al. 1989; Galan and Curtiss 1990). Experi-
ments with strains of S. aureus harbouring either eta-
luxAB or eta-xylE recombinant plasmids show that ex-
pression of the epidermolytic toxin A gene is osmotically
regulated and, moreover, that Agr is involved in the
transmission of the osmotic signal to the efa promoter.
Expression of the eta fusions was inversely related to
osmolyte levels and similar results were obtained with
two molecularly distinct osmolytes, NaCl and sucrose.
However, efa expression was more readily repressed by
sucrose than by NaCl. This could reflect a specific adap-
tation on the part of S. aureus to NaCl as an inducer
of osmotic stress, perhaps because NaCl is a common
component of the habitat of this bacterium. This finding
has important implications for our understanding of .
aureus physiology and for the efficacy of measures used
to exclude this bacterium from economically important
substrates (e.g. food) where spoilage or toxin contamina-
tion is undesirable.

The dependence of eta expression on environmental
factors (osmolarity and growth phase) and on a member
of the histidine protein kinase/response regulator family
of signal transduction systems (Agr) is reminiscent of
several environmentally controlled genes in gram-nega-
tive bacteria with “house-keeping” and/or virulence
roles (Stock et al. 1989). Expression of many of these
genes has been shown to be sensitive to changes in DNA
topology (including DNA supercoiling) (Dorman 1991).
The eta promoter is strongly induced in cultures of S.
aureus grown in the presence of sub-inhibitory concen-
trations of the DNA gyrase-inhibiting drug, novobiocin.
This suggests that relaxation of DNA favours expression
of this gene, a situation that has been described for some
genes in gram-negative bacteria, including gyrd and
gyrB (encoding the A and B subunits of DNA gyrase,
respectively, in E. coli; Menzel and Gellert 1987) and
fonB, (encoding the periplasm-bridging protein TonB,
involved in iron and vitamin transport in E. coli and
S. typhimurium; Dorman et al. 1988). The genes coding
for GyrA and GyrB in S. gureus have recently been
cloned and sequenced and the inferred amino acid se-
quences are highly homologous to those of the enzyme
from E. coli (Hopewell et al. 1990). Thus, it is highly
probable that novobiocin affects DNA gyrase in S. qur-
eus in a manner similar to that by which it inactivates
the E. coli enzyme. The hypersensitivity to novobiocin,
which is characteristic of S. aureus, probably reflects
an enhanced ability on the part of the drug to enter
this gram-positive bacterium in the absence of a protec-
tive outer membrane, although this has not been formal-
ly proven.
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The ability of environmental factors to influence
DNA supercoiling levels is thought to be crucial in the
transmission of environmental signals to the transcrip-
tion machinery of the cell (Dorman 1991; Drlica 1990).
The apparent sensitivity of eta to novobiocin treatment,
its membership of the Agr regulon, and sensitivity to
changes in osmolarity transmitted via Agr are highly
significant. These observations together with the finding
that S. aureus varies the linking number of reporter plas-
mids in a manner analogous to that previously described
in enteric bacteria strongly suggest that global control
of gene expression in S. gureus is managed through a
mechanism approximating to that obtained in E. coli
and S. typhimurium. Significantly, high osmolarity
(0.7 M NaCl) results in an increase in negative supercoil-
ing of plasmid DNA, correlating with the negative ef-
fects of both osmolarity and negative supercoiling (eta
is induced by the DNA gyrase inhibitor, novobiocin)
on the expression of reporter gene fusions to the eta
promoter.

The shift in reporter plasmid supercoiling observed
at 0.7M NaCl was not observed in the Agr™ strain
ISP546. Importantly, the reporter plasmid used in these
studies, pBS1, carries no agr-dependent genes and car-
ries no known binding site for putative agr-encoded
functions (unpublished data). Thus the effect is unlikely
to be due to a direct effect on plasmid topology by agr
acting in trans. This is of particular importance given
the ability of plasmid gene expression to influence levels
of both positive and negative supercoiling of the plas-
mids themselves (Drlica 1990). These transcription-in-
duced variations in topology are quickly reset in cells
that are wild-type for both DNA topoisomerase 1 and
DNA gyrase and the cells used in this study are not
deficient in these functions. Therefore, transcriptional
effects on plasmid supercoiling can probably be disre-
garded, suggesting that Agr may influence plasmid su-
percoding by altering the activity of DNA gyrase, at
least under conditions of osmotic stress. Whether this
is a direct affect or is part of a cascade is currently
unknown. Thus, in addition to specific effects on gene
expression within the Agr regulon, Agr could play a
more general role in the global control of S. aureus
DNA-dependent processes. The finding that agr mutants
are fully viable argues against either its specific or ancil-
lary roles being essential to the cell.

The emerging picture of eta is of a gene possessing
a promoter under multifactorial control, with a require-
ment for the Agr system for maximal expression and
an Agr-independent sensitivity to changes in DNA su-
percoiling. Thus it shares features characteristic of viru-
lence genes in gram-negative bacteria, many of which
are regulated by a hierarchy of control elements. Here
sensitivity to changes in DNA supercoiling offers a
crude, general control mechanism upon which more re-
fined and specific control elements are imposed. This
interplay of regulatory mechanisms is particularly evi-
dent from the data presented in Fig. 3b. At high osmo-
larity the expression of the fusion product in the Agr™
strain is observed to drop below that observed in the
Agr” strain. As the agr locus encodes no known repres-
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sor of gene activity, this may appear surprising. However
if the repressive effect of increased negative supercoiling
(observed to occur at high osmolarity; Fig. 6) is superim-
posed on the repressive effects of high osmotic stress
(agr dependent) then a situation may result where eta
promoter activity is repressed below the basal level.

Studies of global control circuits involved in regulat-
ing gene expression in gram-positive bacteria are cur-
rently at an early stage. The work described here shows
that one member of the Agr regulon in S. aureus, the
eta gene, 18 regulated by a control hierarchy having sev-
eral features in common with the well studied gram-
negative systems. These findings provide an excellent
tool for elucidating the molecular basis of global gene
regulation in this gram-positive pathogen.
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