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FIG. 1. Southern blots of chromosomal DNAs from strains
RN6390 and RN450 and the corresponding sar transductants. DNA
was digested with Ncol (A) or EcoRI (B) and probed with a 32P-
labeled 1.5-kb HindIII fragment internal to transposon Tn9I7. Be-
cause of the presence of a single internal Ncol site within transposon
Tn917, there are two hybridizing fragments in the Ncol digests and one
hybridizing fragment in the EcoRI digests. The arrow indicates partial
digests that reacted with the probe. The positive control is plasmid
pLTVL.

is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS at
room temperature for 10 min each time, washed once with 1 X
SSC-0.1% SDS at 55°C for 15 min, and finally autoradio-
graphed.

RESULTS

Transduction of the sar mutant genotype. Transduction was
used to transfer the sar mutant genotype from the original sar
mutant 11D?2 into two prototypic S. aureus strains, RN6390 and
RN450, with well-described genetic backgrounds (13). South-
ern blots of chromosomal DNAs from transductants digested
with either EcoRI or Ncol revealed that a single EcoRI
fragment and two Ncol fragments from these transductants
hybridized to a 1.5-kb HindIII fragment of Tn917 as a probe
(Fig. 1). This hybridization pattern was analogous to that seen
with sar mutant 11D2, suggesting that the location of the
Tn917LTV1 insert in these transductants was identical to that
in mutant 11D2.

Phenotypic characterization of transductants from RN6390
and RN450. As most exoproteins are secreted during the late
log and postexponential phases (8), total extracellular proteins
at corresponding growth intervals (ODgso = 1.1 and 1.7) from
strain RN6390 and its isogenic sar mutant R were evaluated for
protein profiles. When equivalent volumes of concentrated
extracellular fluid were applied to the gel, the parental strain
displayed a protein profile distinct from that of the correspond-
ing isogenic mutant (Fig. 2). Likewise, mutant A also exhibited
an extracellular protein profile that differed from that of
parental strain RN450 (data not shown). The expression of
individual proteins is presented in Table 2. Compared with the
situation in parental strain RN6390, a-, B-, and 3-hemolysin
levels were reduced in sar mutant R. Similarly, the production
of B-hemolysin in sar mutant A was decreased compared with
that in parental strain RN450. As a-hemolysin is not produced
by strain RN450, the effect of the sar locus on a-hemolysin
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FIG. 2. Silver-stained gels of extracellular proteins (5 pl of each
concentrated extracellular fluid) from parental strain RN6390 and the
corresponding isogenic sar mutant R. Proteins were sampled from
extracellular fluid harvested during the late log (ODgs, = 1.1) and
postexponential (ODgso = 1.7) phases.

expression could not be determined in mutant A. In contrast,
the secretion of extracellular serine proteases was increased in
both mutants. The phenotypic consequence of the sar genotype
on lipase production was more variable. More specifically,
lipase production was enhanced in mutant R but remained
unchanged in mutant A.

Alterations were also observed with cell-bound proteins. For
instance, the expression of fibronectin binding protein was
diminished in both sar mutants in comparison with their
respective parents. Similarly, the expression of fibrinogen
binding protein was markedly decreased in mutant A in
comparison with parental strain RN450. However, the reduc-
tion in fibrinogen binding capacity in mutant R compared with
parental strain RN6390 was not statistically significant.

With the exception of a-hemolysin, the pattern in switching
from the sar* phenotype to the sar phenotype is analogous to
that found in an isogenic pair previously described (i.e., parent
DB and sar mutant 11D2) (4). To further confirm the switching
in a-hemolysin production, the extracellular proteins of paren-
tal strain RN6390 and isogenic sar mutant R at serial growth
intervals were evaluated for a-hemolysin expression by West-
ern blotting. As shown in Fig. 3, a-hemolysin was rendered
undetectable in ser mutant R compared with parental strain
RN6390 throughout the growth cycle. Of interest is the
observation that protein A, which reacted with sheep antibody
at a low affinity, was produced by sar mutant R at mid-log
phase but not at late log and postexponential phases. In
contrast, parental strain RN6390 did not synthesize extracel-
lular protein A at a detectable level throughout the growth
cycle.

Evidence that the sar locus regulates - and B-hemolysin
transcripts. As the expression of a- and B-hemolysins was
downregulated in sar mutant R (Table 2), Northern blotting
was performed to determine whether these hemolysins are
regulated at the transcriptional level. As displayed in Fig. 4, the
levels of transcripts of both exoproteins were reduced in
mutant R in comparison with parent strain RN6390. In dis-
tinction from the o-hemolysin transcript, there were two
hybridizing bands associated with the B-hemolysin transcript
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TABLE 2. Phenotypic characterization of RN6390 and RN450 and their corresponding sar mutants

Expression of:
Strain - - . . Fibrinogen Fibronectin
a-Hemolysin B-Hemolysin' 8-Hemolysin' Lipase” Protease” binding protein® binding protein®
RN6390 ++ ++ ++ + + 5,701 + 53 3,314 = 35
sar mutant R - + - ++ ++ 5,156 + 94 2,368 + 81
RN450 - + * - + 6,138 = 119 23,558 + 398
sar mutant A - - - - ++ 3,462 + 449 2,107 = 402

¢ ++, strong producer; +, moderate producer; *+, very weak producer; —, weak producer.

® Data are presented as counts of '>I-fibrinogen bound per minute to 10° CFU and are reported as the mean + the standard error of the mean (z = 4). The reduction
in fibrinogen binding of sar mutant A in comparison with parental strain RN450 was statistically significant (P < 0.008; ¢ test).

¢ Data are presented as counts of '2I-fibronectin bound per minute to 10° CFU and are reported as the mean + the standard error of the mean (n = 4). The
reduction in fibronectin binding of sar mutant R in comparison with parental strain RN6390 was significant (P < 0.003; ¢ test). The reduction in fibronectin binding
of sar mutant A in comparison with parental strain RN450 was significant (P < 0.0001;  test).

(1.5 kb [broken arrow] and 2.9 kb [solid arrow]) (Fig. 4B). On
the basis of the size of the previously reported B-hemolysin
gene (17), it is likely that the 1.5-kb band represents the intact
B-hemolysin transcript, while the larger hybridizing fragment
may arise as a result of an overlapping transcript or cross-
reacting transcript. Notably, other investigators also found that
the intact B-hemolysin probe hybridized to at least two bands
in Northern blot studies (16b). A serial analysis at different
growth phases also revealed that the transcription of both
hemolysins was detected at the mid-log phase and was maximal
at the postexponential phase. More specifically for parental
strain RN6390, there were more transcripts at an ODgs, of 0.7
than at an ODg;, of 1.1, while the levels of the transcripts were
highest at an ODgs, of 1.7. Remarkably, the levels of tran-
scripts of both a- and B-hemolysins were decreased for mutant
R throughout the growth cycle.

DISCUSSION

It was shown in our previous study that a single insertion of
transposon Tn9I7LTV1 into the sar locus of a wild-type
clinical isolate, strain DB, resulted in a pleiotropic effect on the
expression of a number of extracellular and cell wall-associated
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FIG. 3. Western blotting of the extracellular fluids of strain
RN6390 and mutant R probed with anti-a-hemolysin antibody. Equiv-
alent amounts of extracellular fluids obtained at serial growth intervals
were applied to the lanes. The blot was developed with affinity-purified
sheep anti-a-hemolysin antibody. Purified a-hemolysin (Toxin Tech-
nology) was used as a positive control. In some samples, the sheep
antibody also reacted weakly with protein A present in the extracellu-
lar fluids (arrow). As the volume of extracellular fluid was not adjusted
for the number of CFU present in the culture, a comparison was only
valid with samples obtained at identical optical densities.
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FIG. 4. Northern blots of a-hemolysin (A) and B-hemolysin (B)
transcripts of parental strain RN6390 and sar mutant R during the
growth cycle. (A) A single a-hemolysin transcript of ~1.8 kb was
noted. The positive control was the plasmid from E. coli DU5384
digested with EcoRI-HindIII. (B) Two bands (1.5 kb [broken arrow]
and 2.9 kb [solid arrow]) were noted to hybridize with the B-hemolysin
probe. The positive control was the intact plasmid from E. coli
RN6929.
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proteins in sar mutant 11D2 (4). The location of the
Tn917LTV1 insertion in the staphylococcal chromosome was
mapped to the Smal-D fragment, which is in a region distinct
from two regulatory loci (i.e., agr and xpr) previously described
for S. aureus (16a, 19, 20). To understand the mode of
regulatory control of exoprotein synthesis by the sar locus, we
transduced the sar genotype from mutant 11D2 to two S.
aureus strains, RN6390 and RN450, with well-defined genetic
backgrounds (8, 19). The insertion of Tn917LTV1 into the sar
locus in both mutants A and R was supported by Southern blot
analysis (Fig. 1). As an additional confirmation that the sar
locus was insertionally inactivated in both mutants A and R, we
also complemented the extracellular protein profiles as well as
hemolysin production in these mutants with a plasmid carrying
a cloned sar gene (unpublished data).

With the exception of a-hemolysin, most of the phenotypic
changes that occurred with the conversion of the sar* genotype
to the sar genotype in mutant 11D2 (4) were also found in
mutants A and R (Table 2). For instance, the expression of a
cell wall-associated protein, such as fibronectin binding pro-
tein, was reduced for both sar mutants in comparison with the
parents. Similarly, both B- and 3-hemolysins were downregu-
lated in sar mutants. Like that in the original sar mutant 11D2,
the secretion of extracellular proteases was increased in mu-
tants A and R in comparison with the parents. Likewise, lipase
activity was either increased (mutant R) or remained un-
changed (mutant A) in sar mutants. Although most of the
exoproteins were expressed at lower levels in the mutants, the
observation that lipase activity was increased in mutant R
suggested that the augmented extracellular protease activity
was unlikely to have accounted for all the observed alterations
in phenotypes. In addition, the finding that some higher-
molecular-weight proteins were detected in the extracellular
protein profiles of mutant R but not RN6390 is also inconsis-
tent with such a hypothesis (Fig. 2).

Northern blot analysis of the B-hemolysin gene in sar mutant
R confirmed a decrease in the level of this transcript in this sar
mutant. The transcriptional activity of the a-hemolysin gene
was also reduced in this mutant in comparison with parental
strain RN6390. These studies suggest that the sar locus is likely
to regulate exoprotein genes at a transcriptional level. How-
ever, the possibility that the sar locus may alter transcript
stability together with translational control cannot be entirely
ruled out.

The data obtained in evaluating the levels of a- and B-tran-
scripts at serial growth intervals revealed that the transcrip-
tional regulation of these genes by the sar locus began at the
mid-log phase and continued into the postexponential phase.
Of interest is the observation that both a- and B-hemolysin
transcript levels were higher at an ODgg, of 0.7 than at an
ODg;,, of 1.1 for parental strain RN6390. Given a 2-h latency
period between inoculation and harvest at an ODg;, of 0.7, it
is unlikely that the transcript observed at the mid-log phase
was due to a carryover of the inoculum. However, the reduc-
tion in transcriptional activity from an ODgs, of 0.7 to an
ODys, of 1.1 which occurred within a 45-min interval was
consistent with either mRNA decay or a decrease in the rate of
transcription. Notably, both a- and B-hemolysin transcripts
were at their highest level during the postexponential phase. In
a previous study, Vandenesch et al. (23) also reported that the
transcription of the a-hemolysin gene in an agr* parent began
at the log phase and peaked during the postexponential phase.
This pattern of transcription is consistent with the hypothesis
that a separate postexponential signal independent of agr is
needed for augmented a-hemolysin transcription during the
postexponential phase (23). However, the relationship of this
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postexponential signal to the sar locus with regard to exopro-
tein expression remains to be elucidated.

The postexponential regulation of exoprotein genes in S.
aureus involves at least three global regulatory systems. In
addition to sar, the best-described regulatory element is the agr
locus, which is composed of two divergent transcription units.
One of these transcription units, RNAIII, which also encodes
the 26-residue 8-hemolysin polypeptide, is required for the
transcriptional control of exoprotein synthesis (7, 8, 23).
Vandenesch et al. (23) had shown that the production of the
a-hemolysin transcript had to be preceded by that of RNAIII.
In the absence of RNAIII (i.e., agr), the mRNA transcriptional
activity of the a-hemolysin gene was significantly diminished
during the log and postexponential phases of the growth cycle
(23). Thus, there appears to be a similar trend in the temporal
and transcriptional control of exoprotein genes by the agr locus
and the sar locus.

Another regulatory locus, designated xpr, was recently de-
scribed by Smeltzer et al. (20). A Tn551 chromosomal insertion
into the xpr locus in S. aureus S6C resulted in the reduced
expression of exoproteins (lipase, enterotoxin B, a- and 3-he-
molysins, protease, and nuclease) (23). In contrast to the agr
phenotype, coagulase production was not increased in the xpr
mutant (23). Whether the xpr locus regulates exoprotein
production at a transcriptional or a translational level is not
clear. Of particular interest is the observation that both xpr and
agr mutants produce greatly reduced amounts of 8-hemolysin,
which is encoded within the RNAIII transcript, the regulatory
molecule of agr. Because of this finding and the similarities in
exoprotein expression between xpr and agr mutants, it has been
speculated that xpr and agr may behave as interactive regula-
tory genes (20).

As described in this and previous (4) studies, inactivation of
the sar locus in three different S. aureus strains (strains DB,
RN6390, and RN450) resulted in alterations of the expression
of both extracellular and cell wall-associated proteins in the
corresponding sar mutants. Although most of the phenotypic
changes were similar among the sar mutants, it is also clear that
host factors may play a role in gene expression. For instance,
a-hemolysin was downregulated in mutant R, while it is
upregulated in the original sar mutant 11D2. Thus, the expres-
sion of a-hemolysin in two diverse sar genetic backgrounds
(i.e., strains DB and RN6390) may differ as a consequence of
unknown host factors which can influence a-hemolysin gene
expression via transcriptional and/or translational control. In
support of this hypothesis is the finding by Compagnone-Post
et al. (5) that S. aureus strains carrying single and apparently
identical copies of the agr locus can produce different amounts
of RNAIIIL, thereby resulting in transcriptional regulation of
agr by a host factor(s).

The control of exoprotein synthesis in S. aureus is a compli-
cated process involving several regulatory genetic elements (5,
7, 8, 18, 20, 23). Two of these determinants, sar and agr, appear
to regulate exoprotein expression via transcriptional control,
while the control mechanism of the third element (i.e., xpr) is
not known. Whether these regulatory elements operate inde-
pendently or in conjunction with each other (4, 20, 23) at a
transcriptional level will be important to our understanding of
the regulatory control of virulence determinants in S. aureus.
More specifically, it will be of interest to know whether the
transcription of sar is affected by agr and/or xpr. Another issue
concerning sar regulation is whether this locus controls rates of
gene transcription or mRNA decay. Future gene fusion studies
would help clarify this aspect.
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