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The global regulator sar in Staphylococcus aureus controls the synthesis of a variety of cell wall and
extracellular proteins, many of which are putative virulence factors. The sar locus in strain RN6390 contains
a 339-bp open reading frame (sar4) and an 860-bp upstream region. Transcriptional analyses of this locus
revealed three different transcripts of 0.58, 0.84, and 1.15 kb (designated sarA, sarC, and sarB, respectively). All
three transcripts seemed to be under temporal, growth cycle-dependent regulation, with sar4 and sarB being
most abundant in early log phase and the sarC concentration being highest toward the late stationary phase.
Mapping of the 5’ ends of the sar transcripts by primer extension and modified S1 nuclease protection assays
demonstrated that transcription is initiated from three separate, widely spaced promoters. The 3’ ends of all
three sar transcripts are identical, and transcriptional termination occurs upstream of a typical prokaryotic
poly(T) termination signal. Northern (RNA) analysis of sar mutant clones containing plasmids that comprised
various promoters and the termination signal revealed that individual transcripts can be generated from each
of the three promoters, thus suggesting possible activation as independent promoters. The multipromoter
system, from which transcription is initiated, bears conserved features for recognition by homologous o’°
transcription factors and also by those expressed in the general stress response. Downstream of the two distal
promoters (P3 and P2) are two regions potentially encoding short peptides. It is conceivable that posttrans-
lational cooperation between these short peptides and the sar4 gene product occurs to modulate sar-related
functions. Complementation studies of a sar mutant with a clone expressing all three sar transcripts showed

that this clone was able to restore the sar wild-type phenotype to the sar mutant.

Staphylococcus aureus is a major human pathogen (30). In-
fections caused by this organism range from abscesses, endo-
carditis, pneumonia, meningitis, and sepsis to severe toxemia
including toxic shock syndrome. The recent increase in antibi-
otic resistance and a lack of potential vaccine candidates have
highlighted the importance in finding new approaches to con-
trol this important pathogen.

Infections caused by S. aureus are probably related to the
organism’s striking capability to react to changing environ-
ments during the infection process. In any stage of surface
colonization, entry, and invasion, this highly coordinated re-
sponse seems to be modulated by the expression of appropri-
ate genes via signal transduction pathways. These modulators
may interact with other regulatory elements which, in turn,
control the transcription of a wide variety of unlinked genes,
many of which are involved in pathogenesis (12, 30). Accord-
ingly, an understanding of the genetic basis in the expression of
virulence factors in S. aureus is a prerequisite to the identifi-
cation of target sites for the development of novel antimicro-
bial agents based on the global regulatory networks.

Temporal expression of many of the proteins involved in
virulence has been shown to be under the control of global
regulatory systems in which a common regulator directs the
expression of multiple genes. A global regulator, called agr, has
been shown to play an important role in regulating the synthe-
sis of extracellular and cell wall proteins in S. aureus (19). The
agr locus is composed of two divergent transcripts, RNAII and
RNAIII, with sizes of 3 and 0.8 kb, respectively. Complemen-
tation analysis indicates that RNAIII is the agr regulatory mol-
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ecule and is responsible for the restoration of parental pheno-
types to agr mutants (19).

During the growth cycle, many of the exoproteins (e.g., a-he-
molysin and toxic shock syndrome toxin) are secreted during
the postexponential phase (12), while most surface proteins
(e.g., protein A and coagulase- and fibronectin-binding pro-
teins) are synthesized primarily during the exponential phase
and are repressed postexponentially (12, 19). In agr mutants,
however, the synthesis of many extracellular proteins is down-
regulated while the expression of surface proteins is upregu-
lated. Recently, our laboratory has discovered a new regulatory
locus, designated sar, which is also involved in the expression of
extracellular and cell wall proteins (9). A gene within the sar
locus of strains DB and RN450, called sarA4, has been cloned
and sequenced, revealing an open reading frame (ORF) of 372
bp. Transcriptional studies indicated that the agr locus itself is
in part under the control of sar (15).

In a previous study, we showed that the complementation of
sar mutants with a 732-bp DNA fragment encoding the entire
sarA gene resulted in only partial restoration of the parental
phenotype. In contrast, a derivative clone carrying a 1.7-kb
DNA fragment encompassing sarA and a 1.2-kb upstream frag-
ment was able to restore the production of exoproteins to
parental levels in a sar mutant. More importantly, cell extracts
of this complemented mutant were found to bind to the P2
promoter region of the agr locus, which controls RNAII tran-
scription. As the P2 gene products have been postulated to
promote the transcription of the agr regulatory molecule
RNAIII (19), the sar locus may regulate exoprotein synthesis
by controlling the agr-mediated pathway.

In this study, we analyzed the nucleotide sequence of sarA of
strain RN6390, the upstream sequence of sarA4, and the termi-
nation signal downstream of sar. In analyzing the transcrip-
tional organization of the sar locus, we present data that three
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TABLE 1. Bacterial strains and plasmids used

Reference

Strain or plasmid Comments
or source
S. aureus
RN4220 24 A mutant of strain 8325-4 that accepts foreign DNA
RN6390 24 Laboratory strain that maintains its hemolytic pattern when propagated on sheep erythrocytes
ALC136 11 Isogenic mutant of RN6390 carrying a sar::Tn917LTV1 mutation
ALC103 15 ALC136 with pALC103
ALC556 This work ALC136 with pALC556
ALCS557 This work ALC136 with pALC557
ALC561 This work ALC136 with pALC561
ALC529 This work ALC136 with pALC529
E. coli
XL1-Blue 22 Highly transformable strain
InvaF’ Invitrogen Host strain for the TA cloning vector (pCRII)
DUS5384 11 Strain carrying a pBR322 plasmid with a 3-kb EcoRI-HindIII fragment of the a-hemolysin gene
RN6929 11 JM109 containing a pBluescript phagemid with a 2.2-kb Clal fragment of the B-hemolysin gene
Plasmids
pCRII Invitrogen E. coli cloning vector for direct cloning of PCR fragments
pSPT181 17 Shuttle vector
pALC103 15 pSPT181 with sar fragment nt* 620-1349
PALC556 This work pSPT181 with sar fragment nt 531-1349
pALC557 This work pSPT181 with sar fragment nt 3641349
PALCS561 This work pSPT181 with sar fragment nt 1-1349
pALC529 This work pSPT181 with sar fragment nt 1-1231 and additional 300 bp upstream sequence

“ nt, nucleotides.

overlapping transcriptional units originate from the sar locus
and are controlled in a temporal manner by a parallel multiple-
promoter system. In addition, we demonstrated that the ex-
pression of the overlapping transcriptional sar units was re-
quired to restore parental phenotypes to the sar mutant.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. The bacterial strains and
plasmids used in this study are listed in Table 1. Phage ¢11 was used as the
transducing phage for S. aureus strains. CYGP and 0.3GL media (25) were used
for the growth of S. aureus, while Luria-Bertani broth (LB) was used for growing
Escherichia coli. Antibiotics were used at the following concentrations: erythro-
mycin at 10 wg/ml, tetracycline at 5 pg/ml, and ampicillin at 50 pg/ml.

Sequence analysis. A pBluescript phagemid with a 6-kb insert encompassing
the sar locus was used. Plasmids were purified by the Magic Midiprep procedure
(Promega, Madison, Wis.). By using both T3 and T7 primers, bidirectional
plasmid sequencing was performed and completed by primer walking with a
Sequenase kit (version 2.0; U.S. Biochemicals, Cleveland, Ohio) according to the
dideoxy-chain termination method.

Construction of 5’ and 3’ deletion clones. DNA fragments of the sar locus at
several positions (Fig. 1), 1 to 1349, 364 to 1349, 531 to 1349, and 1 to 1231 with
an additional 300 bp of upstream sequence, were amplified by PCR using
genomic DNA of S. aureus RN6390 as the template and cloned into the TA
cloning vector pCRII (Invitrogen, San Diego, Calif.). The authenticity of the
amplified fragments was confirmed by DNA sequencing. The PCR fragments
were cleaved from pCRII, ligated to the shuttle vector pSPT181, and trans-
formed into E. coli XL1-Blue. The presence of the correct inserts in the plasmids
was confirmed by restriction mapping and sequencing.

Protoplast transformation of S. aureus RN4220 with shuttle plasmids contain-
ing various sar fragments was performed as previously described (5). For trans-
duction, phage $11 was used to produce a phage lysate of strain RN4220 con-
taining the modified pSPT181 shuttle vector with various sar DNA fragments.
The phage lysate was then used to infect the sar transposon mutant (ALC136;
previously designated mutant R) as described previously (9), producing ALC561,
ALC557, ALC556, and ALC529 (Table 1).

Phenotypic characterization. A sar mutant clone carrying a shuttle plasmid
with a sar fragment was tested in duplicate for the production of hemolysins as
previously described (9). To determine levels of protein A production, cell
wall-associated proteins were extracted from overnight cultures of S. aureus with
lysostaphin in a hypertonic medium (30% raffinose) as previously described (8).
Equivalent volumes (1 pl each) of cell wall protein extracts were separated on
sodium dodecyl sulfate-10% polyacrylamide gels, electroblotted onto nitrocel-
lulose, and probed with chicken anti-staphylococcal protein A antibody (Accu-
rate Chemicals, Westbury, N.Y.) at a 1:3,000 dilution. Bound antibody was

detected with rabbit anti-chicken immunoglobulin G conjugated to alkaline
phosphatase (Jackson Immunoresearch, West Grove, Pa.) (1:5,000 dilution) and
visualized as described by Blake et al. (1).

The ability of whole cells to bind to '**I-labeled fibronectin was assayed as
described previously (7). The Student ¢ test was used to compare the binding of
radiolabeled fibronectin to parental and sar mutant strains. P values of =0.05
were considered significant.

Isolation of RNA and Northern (RNA) analysis. Overnight cultures of S.
aureus were diluted 1:100 in CYPG and grown to early log, mid-log, late log, and
postexponential phases. The cells were pelleted and processed with a FastRNA
isolation kit (Bio 101, Vista, Calif.) in combination with 0.1-mm-diameter zirco-
nia-silica beads and a FastPrep reciprocating shaker (Bio 101) as described
previously (6). Ten micrograms of each sample was electrophoresed through a
1.5% agarose-0.66 M formaldehyde gel in morpholinepropanesulfonic acid
(MOPS) running buffer (20 mM MOPS, 10 mM sodium acetate, 2 mM EDTA
[pH 7.0]). Blotting of RNA onto a Hybond N membrane (Amersham, Arlington
Height, Ill.) was performed with the Turbo Blotter alkaline transfer system
(Schleicher & Schuell, Keene, N.H.). For detection of specific transcripts, DNA
probes were radiolabeled with [a-*’P]dCTP (Amersham) by the random prime
method (Ready to Go labeling kit; Pharmacia, Piscataway, N.J.) and hybridized
under high-stringency conditions. The blots were subsequently autoradio-
graphed. In some blots, band intensities were quantitated by densitometric scan-
ning with SigmaGel software (Jandel Scientific, San Rafael, Calif.); these values
are presented as integrated area units.

Primer extension analysis. Mapping of the 5’ ends of the sar4, -B, and -C
transcripts by primer extension was performed with a series of synthesized
oligonucleotides complementary to both DNA strands. The 23-mer primers used
in Fig. 3A to C correspond to the complementary strand of the sequence given
in Fig. 1 as follows: 5'-TAAGTGACCATTGATAACAACTC-3' (positions 918
to 896), 5'-TGTTTCGATATTCAATGTGTGTC-3' (positions 525 to 503), and
5'-TGTCTATACGTTATTCCGATTGA-3' (positions 309 to 287), respectively.
The primers were end labeled with [y->*P]ATP and purified by Sephadex G-25
spin columns (Boehringer Mannheim, Indianapolis, Ind.).

For primer extension, 30 wg of RNA was coprecipitated with the appropriate
end-labeled primer (5 X 10* cpm) and then annealed at 35°C overnight. The
reaction mixture was ethanol precipitated, washed with 70% ethanol, and dried.
Reverse transcription was carried out by using SuperScriptIl (Gibco-BRL,
Gaithersburg, Md.) at 42°C for 90 min, and the reaction mixture heated at 65°C
for 10 min to inactivate the enzyme. The reaction product was incubated with
RNase H (2 U) for 15 min at 55°C, ethanol precipitated, resuspended in 10 pl of
Sequenase stop solution, denatured, and applied onto a 4% sequencing gel.
Sequencing reaction mixtures primed by an oligonucleotide identical to that used
for primer extension were applied in parallel lanes on the gel.

Mapping of transcriptional start and stop sites. Mapping of the 5" and 3’ ends
of different sar mRNAs was performed with several single-stranded riboprobes
complementary to the appropriate sequence of the transcripts. All probes were
tested on sequencing gels for their integrity prior to S1 analysis.
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1 AARGCGTTGATTTGGGTAGTATGCTTTGACACAACAAATTTTAATTTAGC
51 ARATTCGATAGTCAACTCATTCTTARGACCTAAATTAATGTTATTTTTTA
up -35 10
101 ATARTTTACACCARATTAA TTATGTTATTCGTCrAATAT
yH P2
151 TCATAGTTGGTTATTCAATTAATTAAAAATAAGTCARAATGCACAACTTT
ORF4 >
201 TTATAATTCATTGAGTCGAGTTTGAAAAATAAAAGTGCTTTAATGCATGA
251 TCAATTATCGTACTTTCTATTATTTGTTACCCGTTATCAATCGGAATAAC
IR IRS . IR6 _
301 GTATAGACACTTTAACGTGCTATAGATTGGTTTTAATCACTAAATTAATG
__ - RS
351 TGTTTTTCTTATCATTAAAACTGCACTGAGAATTACTAAATTAARAAAAT
up IR4 -35 IR$ 10
401 TATAAAAATTTT?ATTTTTIAGTGATHAAATTCTGAAAAA‘I@‘E\AAA
+1 P3
451 TAGTAGAAGAAGTTAACTTGGAAGAGTTAAGCTATAACAAAGAATCTCTT
501 TAGACACACATTGAATATCGAAACATTTAATTGCGCTAAATCGTTTCATT
;< «SD____IR3  ORF3>
551 AAATAAATTACCTTGTATTGTCGATTAAATTAAGGTAAATTATAAARAAT
601 GCTGATATTTTTGACTAAACCAAATGCTARCCCAGAAATACAATCACTGT
IR2 1R2 -35
651 GTCTAATGAATAATTTGTTTTATAAACACTTTTTT k;il TT CTECTCATTT
P =
-10 v+ IR1
701 TTAATTAGTTATAATTAACTAAATAATAGAGCATTAAATATATTTAATAA
IR1
-
751 AACTTATTTAATGCAAAATTATGACTAACATATCTATAATAAATAAAGAT
801 TAGATATCAATATATTATCGGGCARATGTATCGAGCAAGATGCATCAAAT
SD sarA >
851 AGGGAGGTTTTAAACATGGCAATTACAAAAATCAATGATTGCTTTGAGTT
901 GTTATCAATGGTCACTTATGCTGACAAATTAAAAAGTTTAATTAARAAGG
951 AATTTTCAATTAGCTTTGAAGAATTCGCTGTATTGACATACATCAGCGAA
1001 AACAAAGAGAAAGAATACTATTTTAAAGATATTATTAATCATTTAAACTA
1051 CARACAACCACAAGTTGTTAAAGCAGTTAARATTTTATCTCAAGAAGATT
1101 ACTTCGATAAAAAACGTAATGAGCATGATGAAAGAACTGTATTAATTCTT
1151 GTTAATGCACAACAACGTAAAARAATCGAATCATTATTGAGTCGAGTAAA
1201 TAAATGAATCACTGAAGCARACARCGAAATTGAACTATAATTTTGTTTAG
= sart - v
1251 CGCAATTTGGTGAAGTTTGATAGATGATACATTCTATTAAACTTCCTTTT
M 11
1301 TTTATGCTCTTTTTACCTAATTGTTAAGAGGTTTTGCACTAATGGCACT

1 MAITKINDCF ELLSMVTYAD KLKSLIKKEF SISFEEFAVL TYISENKEKE
51 YYFKDIINHL NYKQPQVVKA VKILSQEDYF DKKRNEHDER TVLILVNAQQ
101 KRKIESLLSR VNK

FIG. 1. (A) Nucleotide sequence of the sar regulatory region. Shown are the
region encoding sar4, an 890-bp upstream sequence, and a sequence 200 bp
downstream of the sar4 stop codon. Putative ribosome-binding sites are empha-
sized with a double line and labeled SD. Start and stop codons of sar4, ORF3,
and ORF4 are in boldface. The mapped 5’ ends of the mRNAs identified by
primer extension and S1 nuclease protection are indicated by solid arrowheads
and labeled +1. The mapped 3’ end is marked by an open arrowhead. The
termination site predicted by a computer program is identified by an asterisk.
The termination signal (sart) forming a stem-loop is labeled by a broken line.
Putative promoter regions are highlighted by boxed sequences and labeled —10
and —35 (core promoter) and UP (extended promoter). The promoters are
designated P1, P3, and P2. Broken arrows below the sequence indicate direct
repeats; solid arrows above the sequence mark a structure of dyad symmetry and
are numerically designated with the prefix IR (inverted repeat). The potential
core target site known for DNA-binding proteins is underlined. (B) Deduced
amino acid sequence of SarA protein of strain RN6390. The difference in com-
position in comparison with strain DB (10) is indicated by the boldface under-
lined letter. In addition, the 11 C-terminal amino acids of the SarA protein of
strain DB are absent in strain RN6390 because of a nonsense mutation.

To generate the 3’ riboprobe, a 358-bp fragment (positions 992 to 1349)
covering ~200 bp of the 3’ end of the sar-encoded sequence plus a 160-bp
downstream fragment including the putative transcription termination signal was
amplified by PCR using the primer 5'-ATCAGCGAAAACAAAGAGAAAGA
AT-3' (positions 992 to 1016) and 5'-AGTGCCATTAGTGCAAAAC-3’ (posi-
tions 1349 to 1331). The PCR product was cloned into pCRII, transformed to
XL1-Blue, and sequenced to determine the orientation of the insert. Using this
modified pCRII vector as a template, a second PCR was performed with the
vector-specific M13 reverse primer and a sar-specific primer identical to positions
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992 to 1016, thus generating a PCR product that carries a SP6 phage promoter
in front of the sar-specific probe encompassing the 3’ end. SP6-driven in vitro
transcription of a single-stranded probe complementary to the 3’ end of the
mRNA was performed by using a standard transcription assay (MAXIscript
SP6/T7; Ambion, Austin, Tex.). To ensure the synthesis of a full-length probe,
the radiolabeled [a-*?P]JUTP was supplemented with unlabeled UTP to a final
concentration of 7.5 wM. The reaction mixture was incubated at 16°C for 2 h and
then subjected to RNase-free DNase I treatment at 37°C for 15 min.

In an additional approach to map the 5’ ends of different sar mRNAs, we used
a similar procedure to generate single-stranded 5’ riboprobes. Specific DNA
fragments of approximately 350 bp in length encompassing the putative 5’ end of
various transcripts were used as templates for PCR amplification. After cloning
of the PCR fragments into pCRII, the inserts were subjected to a second PCR
with a T7 phage promoter-specific primer, thus generating a T7 phage promoter
in front of the sar probe. In vitro transcription for the synthesis of full-length
antisense RNA probes was allowed to proceed at 10°C for 3 h.

The specific activity of probes generated this way usually ranged between 2 and
8 X 107 cpm/pg of DNA template.

Modified S1 nuclease protection assay. Ten micrograms of RNA was mixed
with 10° cpm of riboprobe, heated to 85°C for 3 min, and then incubated in
hybridization buffer [40 mM piperazine-N,N’-bis(2-ethanesulfonic acid (PIPES;
pH 6.4), 400 mM NaCl, 1 mM EDTA, 80% (wt/vol) formamide] at 42°C over-
night. Digestion of unprotected fragments was performed in 30 mM sodium
acetate (pH 4.8)-10 mM ZnSO,-5% glycerol-100 mM NaCl-60 U of S1 nucle-
ase at 37°C for 30 min. After ethanol precipitation, the protected RNA hybrids
were resuspended in water and gel loading buffer, heat denatured, and run on a
4% sequencing gel. For the exact determination of the 3’ and 5’ ends of mRNA,
a concomitant sequencing reaction using a primer identical to the ones used for
the generation of riboprobes was applied onto parallel lanes and subsequently
autoradiographed.

Computer analysis. Sequence analysis was performed with the Wisconsin
Genetics Computer Group, Inc., package. For the prediction of prokaryotic
termination signals, we used the program TERMINATOR (3, 4) from the
HUSAR package of the DFKZ, Heidelberg, Germany.

Nucleotide sequence accession number. The nucleotide sequence reported
here is available from GenBank under accession number U46541.

RESULTS

In previous studies, we identified the sar locus as a global
regulator of several virulence determinants in S. aureus (7, 9,
11). In particular, the sar locus may regulate hemolysin pro-
duction by controlling RNAII and RNAIII transcription in the
agr locus (10, 15). Recently, we found that the sar4 gene
together with a 1.2-kb upstream fragment was required to
complement agr-related transcription in a sar mutant (15). To
determine the genetic requirements for sar function and tran-
scription, we sequenced and analyzed the sar4 gene in strain
RN6390 and the region upstream.

Sequence analysis of sar4 and the upstream region. The
nucleotide sequence of the 1.35-kb fragment encompassing
sarA is given in Fig. 1. The ORF encoding the sar4 gene begins
at position 866 with a start codon and extends to position 1204
followed by a stop codon. A highly conserved Shine-Dalgarno
sequence is centered 11 bp upstream of the initiation codon.
Within the sar4 gene, two 10-bp direct repeats are located at
positions 927 and 940 (Fig. 1A). The mature protein has a
predicted molecular size of 13,469 Da and a deduced basic pl
of 9.37. With the exception of a slightly truncated C terminus
and a conservative substitution at residue 53 in which a leucine
is exchanged for phenylalanine, this SarA protein is highly
homologous to that of strains RN450 and DB (Fig. 1B) (13).
As with the SarA protein for strain RN450, this protein also
has a preponderance of charged amino acids (34.3%).

Examination of the 865-bp DNA sequence upstream of sarA4
indicates that this region contains no additional large ORF. To
exclude possible sequencing errors, both strands have been
sequenced several times by both the dideoxy-chain termination
protocol and ABI dye termination fluorescence-based cycle
sequencing. A computer analysis using the programs
TESTCODE and CODONPREFERENCE revealed neither a
pattern of alternating ORFs located on different frames nor an
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FIG. 2. Transcriptional analysis of sar. (A) Graphic representation of the
location of the probes within the sequences given in Fig. 1. (B) Northern blot of
sar transcripts by probe walking along the sar locus with PCR-generated DNA
fragments. The transcriptional pattern obtained with probe 2 is identical to that
from probes 1, 3, 4, and 5.

extended sarA coding region. However, two additional small
OREFs potentially encoding peptides of 39 and 18 amino acids
(Fig. 1) located at positions 599 to 715 and 243 to 296, respec-
tively, could be detected. The region immediately upstream of
ORF3 is defined by a putative but weakly conserved ribosome-
binding site 11 bp upstream of a possible initiation codon
together with features that are in compliance with the rules
obtained from translational initiation sites in E. coli. Interest-
ingly, this ribosome-binding site is part of an inverted repeat
whose axis of symmetry lies 26 bp upstream of the initiation
codon of ORF3. In contrast, no obvious Shine-Dalgarno se-
quence could be identified upstream of ORF4, nor does this
region encompass any of the known required features for
translation.

Transcriptional analysis of the sar locus. Northern blot
analysis of the sar transcripts with several DNA probes repre-
senting various segments of sar4 (probes 2 to 5 in Fig. 2) as
well as the entire sar locus (probe 1) revealed three transcrip-
tional units sizing at 0.58, 0.8, and 1.15 kb, respectively. In a
previous study (19), we hypothesized the 0.8-kb transcript to be

J. BACTERIOL.

a degradation product on the basis of its weak hybridization
signal in a Northern blot analysis using log-phase cultures.
However, subsequent probe walking using only selected up-
stream probes (probes 6 and 7) resulted in abolition of first the
0.58-kb transcript and then the 0.8-kb transcript, suggesting
three different sites of transcriptional initiation. Probes com-
plementary to sequences either further upstream of probe 7 or
downstream of probe 2 were not able to detect any of these
transcripts (not shown).

To verify this model of transcriptional initiation, we mapped
the 5" ends of all three sar transcripts by primer extension,
walking in 200- to 300-bp increments along both strands of the
entire 1.3-kb region. Only three primer extension products
derived from the sar4 coding strand could be detected (Fig. 1
and 3), with the transcription start sites positioned at 720, 457,
and 155 (designated P1 at —146, P3 at —409, and P2 at —711
relative to the sarA start codon in Fig. 4A). This finding also
excludes the possibility of overlapping transcripts derived from
the DNA strand complementary to the one listed in Fig. 1A.
To confirm the primer extension data, a second mapping ap-
proach with a modified S1 nuclease protection assay involving
single-stranded riboprobes was performed. The S1 mapping
data were in complete concordance with those of the primer
extension (data not shown). The transcription initiation sites of
the three sar transcripts together with the putative —10 and
—35 promoter boxes as well as other regulatory regions are
shown in Fig. 1A; analysis presented in Discussion.

Mapping of the termination signal. To demonstrate that all
three sar transcripts possess the very same termination signal
recognized by the RNA polymerase, an S1 nuclease mapping
of the 3’ ends of the sar transcripts was performed. We initially
carried out a computer analysis of the downstream region of
sarA to facilitate the construction of an appropriate mapping
probe. The program TERMINATOR (3, 4), which searched
for prokaryotic RNA polymerase terminators independent of
rho factors, predicted a constitutive termination site at position
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FIG. 3. Mapping of the 5" ends of three sar transcripts by primer extension analysis. Total RNA was hybridized with several oligonucleotides complementary to the
mRNA in different parts of the sar locus and extended by reverse transcriptase. The precise base mapping was done by comparing the migration of the extended product
with a parallel sequencing reaction primed by an identical oligonucleotide. The sequence encompassing the initiation start (marked by asterisks) is enlarged on the left.
The transcription start sites of the 0.58-kb sarA (A), the 0.8-kb sarC (B), and the 1.2-kb sarB (C) mRNAs are labeled P1, P3, and P2, respectively.
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FIG. 4. 3" mapping of the sar transcripts. (A) S1 nuclease protection assay. A concomitant sequencing reaction with a primer identical to the 5’ end of the riboprobe
was run in parallel lanes. The termination region is outlined on the left, with the exact 3’ end indicated by an asterisk. Protected fragments (PF) of the wild type RN6390
from early-, mid-, and late-log-phase cells (lane 1, 5, and 6, respectively), the 5’ deletion clones ALC556 (lane 2), ALC557 (lane 3), and ALC561 (lane 4), a reaction
of riboprobe (R) and S1 nuclease without RNA (lane 7), and the riboprobe alone (lane 8) were applied onto a sequencing gel. (B) Transcriptional analysis of 5 deletion
clones. RNA from cells grown to late log phase was prepared as described in Materials and Methods. Northern analysis of clones encompassing the promoters P1
(ALCS556), P1 and P3 (ALCS557), or P1, P3, and P2 (ALCS561), as predicted by the primer extension data, was performed with a DNA probe encompassing the entire
sarA coding region. (C) Physical map of the sar region. The riboprobe used in the S1 nuclease mapping is indicated by a solid line. Various 5’ deletion sar clones are
represented by dark bars. Promoter positions are labeled P1, P2, and P3. The arrows depict the sar transcripts. The distances between the 5’ ends of the transcripts

and the start codon of sarA are expressed by negative position numbers.

1301 (P = 3.88) by applying a normalized dinucleotide distri-
bution matrix (P > 3.5) alone. Using a combined search based
on an additional complementarity weight matrix (degree of
dyad symmetry), no higher score could be obtained. This is not
surprising because an inspection of the sequence revealed a
strong 26-bp potential hairpin loop formed at positions 1262 to
1295 (Fig. 1A), with the center of the hairpin lying between
positions —23 and —24 (with the predicted termination site as
position —1) and a loop size of 8 bp, thus being 1 nucleotides
too long to meet the criteria of Brendel et al. (3, 4), even
though all other parameters fit quite well.

The S1 nuclease assays were performed with single-stranded
RNA probes generated by in vitro transcription. These probes
are derived from clones carrying the appropriate DNA frag-
ment downstream of an SP6 promoter. For this experiment, we
used the wild-type strain showing the regular transcription
pattern and sar transposon mutants carrying shuttle vectors
with various 5’-deleted regions of the sar locus (Fig. 4C) to
initiate transcription at either P1 alone, P1 and P3, or P1, P3,
and P2 (Fig. 4B). As indicated, all sar transcripts terminated at
nucleotide 1298 (Fig. 4A), thus including the complete C ter-
minus of sarA in strain RN6390. This is close to the putative
termination site as predicted by computer analysis of E. coli
sequences. Furthermore, Northern analysis of the derivative
clone ALC529 lacking this signal demonstrated readthrough
transcription into the vector (data not shown).

Phenotypic characterization. Given our primer extension
data, we wanted to determine if the deficiency in sar-related
functions in a sar mutant could be complemented by a plasmid
carrying the 1,349-bp fragment that encompassed all three sar
transcripts. This fragment was successfully introduced into sar
mutant ALC136 via a shuttle vector to yield strain ALC561.
Phenotypic analysis of this strain (ALC561) demonstrated that

the cloned sar fragment was able to restore parental functions
to the sar mutant (Table 2). For instance, levels of a- and
d-hemolysin production, which were reduced in the sar mutant
ALC136, were restored close to parental levels in this clone, as
determined by the zone of hemolysis on blood agar plates.
Quantitative densitometry on Northern blots probed with a-
and d-hemolysin probes also appeared to verify this result
(Table 2). Immunoblot analysis revealed that the level of pro-
tein A production was upregulated in the sar mutant ALC136
compared with the parental strain RN6390. As anticipated,
protein A production returned to parental levels in the sar
mutant clone containing the plasmid with the 1,349-bp sar
fragment. The binding of whole cells to '**I-labeled fibronectin
was slightly less in sar mutant ALC136 than in parental strain

TABLE 2. Phenotypic characterization of an sar mutant clone
encompassing the sar locus

Production

Fibronectin-binding

Strain a-Hemolysin® 3-Hemolysin® f{g?f_eé‘grg?;g
L) L) bound to 10° CFU
+ SEM)
RN6390 + (7,473) * (5,630) 3,320 = 503
ALC136 - - 2,393 + 124
ALC561 + (4,881) + (7,963) 19,288 + 2,295

“ Assayed by measuring the zones of hemolysis on cross-streaked rabbit eryth-
rocyte agar plates. ++, strong producer; +, moderate producer; *, very weak
producer; —, nonproducer. Levels of production were also assayed on Northern
blots (11); band intensities were quantitated densitometrically as integrated area
units.
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FIG. 5. Growth cycle-dependent regulation of the sar transcripts. (A)
Growth of S. aureus RN6390. Time points at which RNA has been prepared for
Northern analysis are indicated by arrows. Also shown is Northern analysis of the
sar transcripts (B) and the RNAIII transcript of the agr locus (C) with PCR-
generated probes derived from positions 620 to 1349 (Fig. 1) and 555 to 1773
(19), respectively. OD, optical density.

RN6390. However, introduction of the sar mutant with the sar
fragment encompassing all three sar-related transcripts
(ALC561) produced a dramatic increase in fibronectin binding
(Table 2). In contrast, the transposon mutant complemented
with sar4 alone (ALC103) did not exhibit a similar increase in
fibronectin-binding capacity (data not shown).

Growth cycle dependency of sar. S. aureus RNA harvested at
various time points during the growth cycle at early log, mid-
log, late log, and stationary phases revealed a temporal depen-
dency of all three sar transcripts (Fig. 5). Whereas the concen-
trations of sarB and the more abundant sarA transcripts
tapered during the late growth cycle, the sarC transcript began
to appear during the log phase and increased in the late sta-
tionary phase (Fig. 5B). In contrast, the expression of RNAIII
displayed the expected increase in transcription toward the
stationary phase as shown in Fig. 5C, clearly demonstrating a
delay in expression compared with sar.

DISCUSSION

In an earlier study, we found that the global regulator sar
encodes a trans-acting regulatory molecule (sar4) which posi-
tively mediates the expression of RNAII from the P2 promoter
of the agr operon (15), thereby indirectly modulating the agr
regulatory molecule RNAIIIL. However, this effect on agr tran-
scription has been found to depend not only on the sar4 gene
alone but also extensive additional upstream sequences (15).
More specifically, restoration of the parental phenotype could
be achieved only by the inclusion of sar4 and an additional
1.2-kb upstream region. To analyze this genetic requirement in
detail, we sequenced sar4 of strain RN6390 and its upstream
region and tested for additional divergent or convergent tran-
scriptional units by performing a careful mapping study.

The data presented in this paper demonstrated that there
are three distinct transcripts with the sar locus that require the
participation of extensive cis-acting sequences located up-
stream of the 339-bp sar4 gene. This finding was supported by
data derived from different mapping approaches as well as
Northern analysis showing that three RNA transcripts are ini-
tiated from three distinct promoters in a tandem array. The
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0.58-kb transcript is initiated most proximal to sarA4 at position
—146 (P1 at nucleotide 720 in Fig. 1A), with the putative —10
(TATAAT) and —35 (TTTACT) core promoter boxes spaced
by 17 bp. The putative sequences correspond with the canon-
ical hexamers known for o’°-dependent promoter boxes de-
rived from E. coli. Consequently, recognition by E. coli ¢7° of
some of these S. aureus promoters has been observed. How-
ever, not all ¢’%-dependent promoters from E. coli are recog-
nized by the RNA polymerase of S. aureus (27). The same
promoter elements are also recognized by o*-dependent RNA
polymerase in Bacillus subtilis and probably resemble a con-
served signal for eubacterial promoters (16). A dyad symmetry
formed by two 10-bp inverted repeats (IR1) is located down-
stream of P1. An additional inverted repeat (IR2) of 5 bp is
identified upstream of the putative —35 sequence. The nucle-
otide sequence at the core of IR2 (GTT-N5-AAC) closely
resembles the consensus sequence (GTG-N;-10-CAC) of reg-
ulatory DNA-binding proteins involved in DNA bending (20).
Sequences further upstream comprise a 12-bp inverted repeat
(IR3) with its dyad symmetry center lying 9 bp upstream of a
putative, but suboptimally spaced, Shine-Dalgarno binding site
in front of a potential translational start codon for ORF3.
Interestingly, a 5" deletion clone (ALC103) of the sar locus,
lacking this particular inverted repeat (IR3), resulted in a sig-
nificant transcriptional upregulation of the sar4 transcript,
whereas a clone (ALC556) with an 80-bp extended upstream
sequence (but still lacking the P3 promoter) exhibited a pa-
rental level of sarA transcription (data not shown). This effect
might well be due to the modulation of DNA curvature of the
promoter region, since curved DNA is recognized to be the
major component in the control of bacterial gene expression
(26). The function of the putative peptide coding region of
ORF3 remains to be defined and is currently under investiga-
tion. Nonetheless, we speculate that the 260-bp region between
P1 and P3 comprising this inverted repeat participates in cis-
acting negative regulation of sarA4 transcription.

The central (P3g and distal (P2) promoters correspond less
well with the o’°-dependent —10 and —35 consensus se-
quences. The extremely high A+T content (75%) of this up-
stream regulatory region limits the predictive value for the
identification of putative promoter boxes. However, the P3
promoter possesses a striking homology (—37 AGTGAT-N, ;-
GGGTAT) to oP-dependent promoters, which share the con-
sensus —37 RGGXTT-N,,-GGGTAT; the activation of these
promoters is involved in the general stress response of gram-
positive organisms such as B. subtilis (2). In E. coli, the recog-
nition of stationary-phase-inducible promoters is mediated by
a set of ¢ factors (022, 6%, and ¢°*), the expression of which
seems to be regulated by various triggers, usually in response to
the environmentally enforced transition of logarithmic growth
(23). In both gram-negative and gram-positive bacteria, the
corresponding consensus sequences for promoters activated in
response to heat shock, stress, starvation, or postexponential
growth are generally G/C rich and distinct from housekeeping
promoters (14, 21, 29). Given the G/C-rich nature of the pu-
tative P3 promoter boxes, the possibility that the sar P3 pro-
moter is activated in response to growth phase transition is
supported by the data derived from the transcriptional analysis
of sar during the growth cycle (Fig. 5). More specifically, sarC
remained almost undetectable in the log phase and increased
toward the late stationary phase. Upstream of the P3 promoter
is an 8-bp sequence centered 46 bp upstream of the transcrip-
tion initiation site, and it is perfectly repeated in an inverse
orientation (IR4) at the interspace of the putative core pro-
moter elements. Upstream from this element is a 100-bp
stretch with high secondary structure potential including two
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10-bp direct repeats and four alternating inverted repeats. The
region upstream of the putative —35 promoter box encom-
passes an A/T-rich DNA sequence (UP box) between —43 and
—60 of the P3 transcription start, previously described as a
third recognition element in bacterial promoters. This UP-box
element may be recognized by the alpha subunit of RNA
polymerase (18, 28). An UP element is also featured upstream
of the P2 promoter. However, the P2 core promoter boxes did
not exhibit unambiguous consensus sequence. Further inspec-
tion of this sequence stretch revealed no known pattern in-
volved in transcriptional activation.

As an additional confirmation of the transcription start sites
derived from primer extension and S1 analysis, we verified by
Northern analysis that a sar mutant clone containing a shuttle
plasmid with the 1,349-bp fragment (ALC561) was able to
reconstitute all three sar transcripts to the mutant (Fig. 4B).
Likewise, a shuttle plasmid (pALC557) carrying a sar fragment
that encodes P3 and P1 promoters was capable of restoring
sarC and sarA transcription. Phenotypic analysis also demon-
strated that the 1,349-bp DNA fragment encoding all three sar
transcripts was able to complement the phenotypic deficiency
in the sar mutant to near parental levels. Thus, it is highly likely
that the function of the sar locus is contained within this frag-
ment encoding all three sar transcripts.

In comparing the SarA proteins from strains DB, RN450,
and RN6390, it is evident that this protein is highly conserved
among S. aureus isolates. Although strains RN450 and RN6390
are supposed to derive from a similar genetic background, two
base pair changes have occurred within the sar4 gene coding
region in strain RN6390, thus leading to a conservative substi-
tution at residue 53 as well as a truncation of the 11 C-terminal
amino acids as a result of a nonsense mutation (TGA). None-
theless, the SarA protein in strain RN6390 can restore hemo-
lysin production to a sar mutant (15). On the basis of this
finding, we reasoned that the 11 C-terminal amino acids of the
SarA protein in strains RN450 and DB are probably not re-
quired for sar function. Nevertheless, it is important to note
that the sar4 gene alone, together with the P1 promoter but
excluding the distal P3 and P2 promoters and their intervening
sequences, is not able to fully complement the phenotypic
deficiency of the sar mutant, even when the sar4 gene is being
expressed. As the complete restoration of sar functions to the
mutant requires the expression of all three sar transcripts
(pALC561), our current hypothesis is that the extensive se-
quence upstream of the P1 promoter not only may modulate
sarA expression but also have a function divergent from that of
sarA.

Both the sarA and sarB transcripts are expressed throughout
the exponential growth phase and are dramatically decreased
at the transition to stationary phase. The activation of these
two sar transcripts thus precedes the expression of RNAIII,
which increases in exponential phase and is most abundant in
the stationary phase. This observation is in agreement with
earlier results showing that the sar gene product(s) likely binds
to the P2 promoter region of agr, thus regulating RNAII and
subsequently RNAIII transcription.

Current experiments using different sar promoters fused to a
reporter gene are directed toward the analysis of environmen-
tal triggers of sar promoter activation. In addition, we are
focusing on the functional role of ORF3 and ORF4 by physi-
cally separating sar4 and these coding regions in divergent
transcriptional units on the same plasmid and trying to com-
plement the wild-type phenotype posttranslationally.
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