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We have identified a gene cluster located on the chromosomal Smal I fragment of a highly methicillin
resistant strain of Staphylococcus aureus, consisting of four open reading frames (ORFs), named after the
number of deduced amino acid residues, in the sequential order orf333-orf108-orf159-orf256. The gene cluster
showed close similarities to the Bacillus subtilis sigB operon both in overall organization and in primary
sequences of the gene products. The complete gene cluster (provisionally named sigma-B or sigB) was preceded
by an o*-like promoter (P,) and had an internal o®-like promoter sequence (P) between orf333 and orf108,
suggesting a complex regulatory mechanism. The polypeptides encoded by orf333, -108, -159, and -256 showed
62, 67, 71, and 77% homologies, respectively, with the RsbU, RsbV, RsbW, and SigB polypeptides encoded by
the B. subtilis sigB operon. A Tn551 insertional mutant, RUSA168 (insert in orf256 of the staphylococcal
sigma-B operon), showed drastic reduction in methicillin resistance (decrease in MIC from 1,600 p.g ml~! to

12 to 25 pg ml™ ).

Bacteria have evolved adaptive networks to face the chal-
lenges of changing environment and to survive under condi-
tions of stress (27). One of the stress conditions most fre-
quently encountered by bacteria is a suboptimal nutritional
milieu, leading to a stationary phase of growth. Drastic changes
in cellular physiology and morphology accompany the onset of
bacterial stationary phase: there are structural changes in the
cell envelope, differences in DNA supercoiling and compact-
ness, synthesis of storage compounds and protective sub-
stances, modification of DNA polymerase core, etc. (12). The
molecular mechanisms of these changes require expression of
a number of new genes, and the expression of many of these
genes is controlled by the association of alternative sigma fac-
tors with the catalytic core of RNA polymerase (10, 11, 15, 16).
The alternative or minor sigma factors are activated early in
the stationary growth phase to confer different promoter rec-
ognition specificities on the polymerase holoenzyme and re-
program the pattern of gene expression in response to envi-
ronmental signals (11). No alternative sigma factor has so far
been identified in Staphylococcus aureus, and we are not aware
of any reports in the literature describing the involvement of
stress response genes in the expression of antibiotic resistance.
In this report, we describe a chromosomal gene cluster in a
methicillin-resistant strain of S. aureus, the gene products of
which are highly homologous with those of the sigma-B operon
in Bacillus subtilis (27), an operon that is believed to define an
alternative sigma factor regulating bacterial metabolism in re-
sponse to environmental stress in the stationary phase (3, 4, 8).
Insertional inactivation by transposon Tn557 in this region of
the staphylococcal chromosome has generated a group of mu-
tants (RUSA168, RUSA150, and RUSA122) with drastic re-
duction in resistance to methicillin, suggesting that an intact
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stress response system is essential for the optimal expression of
antibiotic resistance in these bacteria.

MATERIALS AND METHODS

Bacterial strains, phage, and plasmids. The bacterial strains, phage, and
plasmids used in this study are described in Table 1.

Media and growth conditions. S. aureus and methicillin-resistant S. aureus
mutants were grown in tryptic soy broth (Difco Laboratories) with aeration as
described previously (18). Luria-Bertani medium was used to propagate Esche-
richia coli DH5a, and ampicillin (100 pg ml™!) was added for selection and
maintenance of the plasmids listed in Table 1. E. coli XL1-Blue MRA and
MRA(P2) were the host cells for Lambda DASHII phage. They were cultured as
recommended by the supplier (Stratagene Cloning Systems, La Jolla, Calif.).

Antimicrobial susceptibility testing. Overnight cultures grown in tryptic soy
broth in which various dilutions of the bacterial cultures were plated at 37°C with
aeration were used for testing the expression of methicillin resistance, using the
method of population analysis in which various dilutions of the bacterial cultures
are plated on tryptic soy agar containing increasing concentrations of methicillin
(5). Colonies were counted after incubation at 37°C for 48 h.

DNA methods. All routine DNA manipulations were performed as described
in reference 21 and 1. Restriction enzymes, calf intestine alkaline phosphatase,
and T4 DNA ligase were purchased from New England Biolabs, Inc., and used
as recommended by the manufacturer. Southern analysis was performed with
ECL random prime labeling and detection systems (Amersham Life Science) as
recommended by the manufacturer.

DNA sequence analysis. Double-stranded DNA sequencing was accomplished
by the dideoxy-chain termination method (22) with templates of DNA fragment
cloned in pGEM-3Z. The oligonucleotide primers were synthesized and purified
by Genosys Biotechnologies, Inc. Sequenase 2.0 (United States Biochemical) was
used for chain elongation, and [*>S]JdATP-labeled samples were run in 8 M urea—
6% polyacrylamide gels. Nucleotide and derived amino acid sequences were
analyzed with the Wisconsin Genetics Computer Group software.

RESULTS

Reduction of methicillin resistance in Tn551 insertional
mutants RUSA122, -150, and -168. The insertional mutants
had drastically reduced resistance to methicillin. The MICs of
Tn551 mutants RUSA168, -122, and -150 decreased from the
MIC of the parental strain (1,600 wg ml~*) to 25, 50, and 50 pg
ml ™", respectively (5).

Cloning the €727/729 region. The Tn551 insertion sites
Q0727 and Q729, which generated the insertional mutants
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TABLE 1. Strains, phages, and plasmids used in this study

Strain, phage,

. Relevant characteristics® Origin or reference
or plasmid
Strains
E. coli
DH5«a recA endA1 gyrA96 thi-1 hsdR17 supE44 relA1 $80 dlacZAM15 Bethesda Research Laboratories
XL1-Blue MRA A(MCRA) 183A(MCRCB-HSD SMR-mrr)173 endA1 supE44 thi-1 gyrA96 relAl lac Stratagene
XL1-Blue XL1-Blue MRA(P2 lysogen) Stratagene
MRA(P2)
S. aureus
COL Homogeneous Mc" Laboratory collection
RUSA168 COL O727(sigB::Tn551) Em" heterogeneous Mc" 5
RUSA122 COL Q729(orf333::Tn551) Em" heterogeneous Mc" 5
Phages
Lambda DASHII Asbh\1° b189 KH54 chiC srIN4°® nin5 shndITING® stINS® red ™ gam™ Stratagene
ADII/R168 Lambda DASHII/15-kb EcoRI fragment from RUSA168(sigB::Tn551) This study
ADII/R122 Lambda DASHII/15-kb EcoRI fragment from RUSA122(orf333::Tn551) This study
Plasmids
pGEM-3Z Subcloning vector Amp* Promega Corp.
pRT1 pGEM-1/4.0-kb Xbal-Hpal fragment of Tn551 17
pSW-2 pGEM-3Z/5.9-kb Sall fragment from ADII/R122(Tn551J::Q1729 right flanking) This study
pSW-7 pGEM-3Z/4.1-kb PstI-Aval fragment from A\DII/R122(Tn551]; ::Q2729 left flanking) This study
pSW-7A pGEM-3Z/1.6-kb HindIlI-Aval fragment from ADII/R122(Tn551J, ::Q1729 left flanking) This study
pSW-11 pGEM-3Z/3.3-kb Sall-EcoRV fragment from ADII/R168(Tn551J::Q2727 right flanking) This study

“ Mc", methicillin resistance; Em", erythromycin resistance; Amp’, ampicillin resistance; Cm", chloramphenicol resistance.

RUSA168 and RUSA122, respectively, were found to be lo-
cated on a 9.8-kb EcoRI DNA fragment of the COL chromo-
some (5). The 15-kb EcoRI fragments including transposon
Tn551 were purified from strains RUSA168 and RUSA122
and then cloned into the Lambda DASHII/EcoRI phage vector

as previously described (29). The recombinant lambda phages
were named ADII/R168 and ADII/R122, respectively. The
physical maps of the DNA inserts in ADII/R168 and ADII/
R122, determined by restriction digestions and Southern hy-
bridization (Fig. 1a and e), showed that 1727 and Q729 were
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FIG. 1. Restriction map and strategy for sequencing of the 2727/729 region. (a) Restriction map of the 15-kb DNA insert in ADII/R122. Transposon Tn557 is shown
as a box. (b) The 5.9-kb DNA insert in pSW-2. The striped box represents the Tn557 right junction, and the arrows indicate the direction of sequencing. (c) The 4.1-kb
DNA insert in pSW-7. (d) The 1.6-kb DNA insert in pSW-7A. (e) Restriction map of the 15-kb DNA insert in ADII/R168. (f) The 3.3-kb DNA insert in pSW-11.



6038 WU ET AL.
HindIII
1 AAGCTTTTCCGATAGAGTGTGAAGCATGCGATTGCAACGAAACATATTTATCTTCTAATT 60
.orfl36
61 CAACGAATGAATGATTAGACGAGGAGATGTTTATTTAGCAGATTTATCACCAGTACAGGG ize
1 M I R R G DV Y L A DUIL S P V Q G 17
121 ATCTGAACAAGGGGGAGTCAGACCTGTAGTCATAATT: AATGATACTGGTAATAAAT 180
18 S EQ GGV RPVV IIQNUDTGNZ K Y 37

181 TAGTCCTACAGTTATTGTTGCGGCAATAACTGGTAGGATTAATAAAGCGAAAATACCGAC 240
38 s P TV I VA AITGRTINDNIEKA ATZKTIT PT 57

241 ACATGTAGAGATTGAAAAGAAAAAGTATAAGTTGGATAAAGACTCAGTTATATTATTAGA 300
58 HV E I E XK K X Y KL D XKD SV I L L E 77

301 ACAAATTCGTACACTTGATAAAAAACGATTGAAAGAAAAACTGACGTACTTATCCGATGA 360
78 Q I R T L DK X R L KEUZXTULT YL S DD 97

361 TAAAATGAAAGAAGTAGATAATGCACTAATGATTAGTTTAGGGCTGAATGCAGTAGCTCA 420
98 K M KEVDUNALMTISTULGTILUNA AUVAQ 117

421  ACCAGAAAAATTAGGCGTCTATTATATGTATTTTTCAGAGATARATAARATATTGATATA 480
118 P E KL GV Y ¥Y M Y F S E I NI KTI UL I * 136

481 AAAGACAATAACTTTATAATAATTATAACTATTTCTAAATTCTGTACGAAGAATTTTCTT 540
SEESSSEBS> . <LK LLLLLLLDDD>

541 ATAAACAAAGATTTTAGCAAATACCAGTTATGATATTCATATTTTTTATTATAAAAGGAT 600

SEE>>E>>> .

<L LKL F>ESSEEEE>>B>>

601 GTCTTAAGTTTTTTAGGCTTTAGGTATTCCATCCTAAAGTTTTTTGTAGCTTAAAAGTAT 660
<L LLLLLLLLCK . Pa -35.
661 CATCTACAGCAAAATTGCAAACGACAAAATTGATAAGTGCAATTAAATAAATGTTAGTAA 720
. Pa 10 . S.D.
721 GTGAATCATAATTATCCTTGCTTAAGCATTTGCTTTGTAAGGGAAGTGAGGAGGCAACTA 780
or£333.
781 ATCGTGGAAGAATTTAAGCAACATTATAAGGGTTTAATTGATGAAAGTXTAPCGTGCCAA 840
1 V EEVF K Q HY K G L I DZESTLTC Q 19

841 GATAAAGTAGAATTGATAAAAAAGTGTGAGAAATACACTGACGAAGTGATTCGTAAGGAC 200
20D K VELTIZ KT KT CETZ KT YTDEVTVTIT RTEKTD 39

901  GTCTTGCCTGAAGACATTGTCGATATTCACAAAANCTATATATTGACGTTAAACTTAACG 960

40 VL P E DIV DIUEHTEKINTZTYTITULTTILDNTILT 59
961  CGTGAAGATGTGTTCAAGACATTAGATGTCTTACAAGAAATCGTTARAGGCTTTGGTTAT 1020
60 R E DV F KT LDV L Q ETIVZEKTGTFG Y 79
1021  AGTTATCGAGATTATCAAAGATTGGTAGATAAACTTCAAGTTCACGATARAGAGATAGAC 1080
80 s Y R D Y Q R L VDI XTILOQQV HDZE KTETI D 99
1081 TTAGCTTCTAGCTTACAACAAACAATGCTTAAAACAGATATTCCACAATTTGATAGTAT% 1140
100 L A S 8 L Q Q T M L K T D I P Q F D 8 I 119
1141 CAAATTGGCGTTATTTCAGTGGCGGCACAAAAAGTAAGTGGAGATTATTTTAATTTAAT% 1200
120 9 I ¢ VI $ V A A Q KV S G DY F N L I 139
1201 GACCATAACGATGGCACAATGAGCTTTGCTGTTGCAGATGTCATTGGAAAAGGTATACCA 1260
140 D H N D G T M S F AV A DV I G XK ¢ 1 P 159

J. BACTERIOL.

GCTGCTTTAGCAATGAGTATGATAAAGTTTGGCATGGATTCTTATGGACACTCACAATTA

1261 1320
160 A A L A M S M I K F G M D S§ Y G H S Q L 179
1321 CCGAGTGATGGTTTAAAACGTTTAAATCGTGTTGTTGAAAAGAATATTAATCAAAATATG 1380
180 P 8 D G L K R L N R V V E K N I N Q N M 199
1381 TTCGTCACAATGTTTTATGGTTTATATGAAGAAATGAACCATTTATTGTATCGTAGTTCA 1440
200 F V. T M F Y G L YETEMDNUBHEILTULT YR 8§ 8 219
PuviI .
1441 GCTGGTCATGAGCCTGGATATATTTATCGCGCTGAAAAAGAAGAATTTGAAGAAATTTCA 1500
220 A ¢ H E P G Y I YR ATET KTETETFTETETI S 239
B B . EcoRV . .
1501 GTTAGAGGTAGAGTGTTAGGAATCAGTTCAC, CACGATATCAACAACARAGAAATTCCA 1560
240 VR G RV L G I S 8§ QTR RVYOQOQOQTETI P 259
1561 ATATACCTTGATGATTTAATTATCATTTTAACGGATGGTGTGACTGAAGCTAGAAATAGT 1566
260 I Y L. D DL I I I L T DGV VTTEA ATRNDN S 279
. Q729
1621 GAAGGTACCTTTATAGATAAACAAAAPCTTTTAGAATATATTAAAAAACATAAACATATG 1680
280 E G T F I DK Q K L L E Y I K KH K H M 299
. HindIII.
1681 CACCCACAAGATATTGTTCAAATTATCTATGAAGCAATTTTAAAGCTTCAAAACCCAAAT 1740
300 H P QDI V Q I I Y EATITLZK L Q N P N 319
Pp -35.
1741 AAAAAAGATGATATGACTATTTTGATTATAAAAAGAGTAAATTAATTTAAAAAAAGAAGA 1800
320 K XK D DM P I L I I K R V N * 333
Py -10 .
1801 TTAGAAATTATTTCGATGGGTATATAATAATTTGAAATATAAATATGGTGGATACAGCGC 1860
. S.D. . orflos
1861 TTAAAATGAAGATAAATATTTTTAATAAGTAGGAC”G”AATGAAATGAATCTTAATATAG 1920
1 M N L N I E 6
e
1921 AAACAACCACTCAAGATAAATTTTACGAAGTTAA}G”CGGTGGAGAATTAGATGTT”ATA 1980
7 T T T QDX F Y EV KV G G EULUDU VYT 26
>> CLLLLLCLL LK
1981 CTGTGCCTGAATTAGAAGAGGTTTTAACACCTATCAGnCAAGATGGAACTCGTGATATTT 2040

27 vV P ELEEVILTPMURGIOQDGTTIRTDTI VY 46

2041 ATGTTAATTTAGCAAATGTGAGTTATATGCATTCGACAGGTTTAGGTTTATTCGTAGGTA
47 VN L ANV S Y M DS T

2100
G L 6L F V G T 66

2101  CATTAAAAGCATTAAACCAAAATGATAAAGAACTATACATTTTAGGTGTGTCAGATCGTA 2160

67 L X ALNGOQNDI KTETLYIIULGV VYV S DR I 86
e e T PSS

2161 TCGGTAGACTATTTGAAATTACTCG1CTTAAGGATLTAATGCATGTTAATGAAGGAACGG 2220

87 G R L F E I TOGULI KT DTZILMUBHEVYVNTETGT E 106

8.D. cccecec<ccc<<<<< Orfl59 e T

2221 ACGTCGAATAACATGCAATCTAAAGAAGATTTTATCChAATGCGCGTGCCAGCATCGGCA 2280

108/1 vV E * M Q S XK EDF I E M RV P A § A 16
SE>5>>5> . <LLLLLLLLLLLLL LKL

2281 GAGTATGTAAGTTTAATTCGTTTAACACTTTCTGGCGTTTTTTCGAGAGCTGGTGCTACA 2340

17 E Y V 8§ L I RL TUL S GV F F S RATG A T 36

2341 TATGATGATATTGAAGATGCCAAGATTGCAGTTAGTGAAGCTGTGACAAATGCAGTTAAA 2400

37 Y Db I EDA AZXKTIZ AV STEA AUVT N A V K 56

FIG. 2. Nucleotide sequence of the 4,607-bp HindIII-EcoRI fragment containing the 2727/729 region. Numbering starts at the HindIII site and ends at the EcoRI
site (position 4607). The putative start codon is indicated below the gene designation, and the stop codon is designated with an asterisk. A putative S_hine-Dalga{no
(S.D.) sequence is underlined. The possible candidates for promoter sequences (—35 and —10 regions) are shown, and the pairs of —10 and —35 regions belqngmg
to one possible consensus are indicated with same letter designation, e.g., —35a and —10a. Inverted repeat sequences are indicated by arrows. The insertion sites of
Tn551 are shown by underlining of the two spanning nucleotides and labeled (727 and Q729. Amino acids deduced from the nucleotide sequence are specified by

standard one-letter abbreviations.

located on the same 9.8-kb EcoRI fragment but different
HindIII (4 kb for Q727 and 1.9 kb for Q729) and EcoRV
(about 0.6 kb for Q727 [the Tn55! insertional site 728 of
RUSA150 was determined to be on the same EcoRYV fragment
as (2727] and 1.4 kb for 729) fragments. The PstI, Pvull, Spel,
and Bgll recognition sites on the flanking sequence of Tn551
were also mapped with respect to the unique Sa/l restriction
site of Tn551 (Fig. 1la and e).

The 4.1-kb Aval-Pst1 fragment of ADII/R122, which includes
a 7-bp Tn551 left junction and 4.1-kb 729 left flanking region,
was subcloned into Aval-PstI-digested pGEM-3Z to form the
recombinant plasmid pSW-7 (Fig. 1c). pSW-7 was subsequent-
ly digested with HindIll, the 4.3-kb fragment was separated
from the 2.0-kb fragment, and plasmid pSW-7A was generated
by self-ligation of the 4.3-kb fragment (Fig. 1d). Plasmid pSW-
2 was constructed by ligating the 5.9-kb Sall fragment of ADII/
R122 with Sall-digested pGEM-3Z vector. The insert DNA in
pSW-2 included a 2.9-kb Tn551 right junction and 3.0-kb (2729
right flanking region (Fig. 1b); actually this insert had spanned
the insertion site (2727, according to the physical map (Fig. 1a
and e). In addition, the 3.3-kb Sall-EcoRV fragment of ADII/
R168 was subcloned into pGEM-3Z vector to create plasmid

pSW-11 (Fig. 1f); thereby the right flanking region of 727
with a 2.9-kb Tn551 right junction was also isolated.

DNA sequencing of the 2727/729 region. The DNA se-
quence of the 727/729 region was determined by separately
sequencing the DNA inserts of pSW-7A and pSW-2 through
both strands, using the strategy of primer walking. In the 4,607-
bp DNA sequence depicted in Fig. 2, the sequence of the first
1,633 bp of the 5’ portion was obtained from sequencing of
the pSW-7A insert DNA which covered the area between the
HindIII cloning site and the insertion site 2729 (Fig. 1d); the
2,974-bp region of the 3’ portion from bp 1634 to 4607 was the
region from the insertion site 1729 to the EcoRI cloning site of
ADII/R122 (Fig. 1b), and this was a part of the insert DNA in
pSW-2.

The 4,607-bp region was analyzed for open reading frames
(ORFs). As shown in Fig. 2 and 3, this region contained six
OREFs (one truncated by an EcoRI cloning site in the C ter-
minus), which were tentatively designated according to the
number of deduced amino acid residues in the order orf136-
orf333-orf108-orf159-orf256-CTorf239 (CT, C-terminally trun-
cated). orf136 was initiated with a typical ATG codon, but no
multiple guanine sequence which could be considered a ribo-
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2401
57

2461
77

2521
97

2581
117

2641
137

2701
157

2761

26

2821
46

2881
66

2941
86

3001
106

3061
126

3121
146

3181
166

3241
186

3301
206

3361
226

CATGCATACAAAGAAAATAACAATGTGGGCATTATTAACATATATTTTCGAAATTTTAGAA
H A Y K ENNDNUV G I I NI Y F E I L E

GATAAARATTAAAATTGTTATTTCTGATAAAGGTGACAGTTTTGATTATGARACAACTAAA
D K I K I v I 8 D K GG D S F DY E T T K

TCAAAAATAGGTCCTTACGATAAAGACGARAATATAGACTTTTTACGCGAAGGTGGCCTA
$ K I 6 P Y DI KDENTIDTFILURESGSGL

GGTTTATTTTTAATCGAATCTTTAATGGATGAAGTCACAGTATATAAAGAATCTGGTGTG
G L F L I E $ L M DEV TV Y K E S G V

. . . S.D. . Sigma B .

ACAATCAGTATGACTAAGTATATAAAAAAAGAGCAGGTGCGAAATAATGGCGAAAGAGTC
T I $s M T K ¥ I XK K E Q V R N N G E R V
M A K E S

GAARTCAGCTAATGAAATTTCACCTGAGCAAATTAACCAATGCATTAAAGAACACCAAGA
E I 8 ~»
K s A NE I 8P E QI N QW I K EUHQ E

AAATAAGAATACAGATGCACAGGATAAGTTAGTTAAACATTACCARAARCTAATTGAGTC
N KN TDAQ D KL V K HY Q K L I E 8

ATTGGCATATAAATATTCTAAAGGACAATCACATCACGAAGATTTAGTTCAAGTTGGTAT
L A Y K Y 8§ K G Q S HHEU DT LUV Q V G M

GGTTGGTTTAATAGGTGCCATARATAGATTCGATATGTCCTTTGAACGGARGTTTGAAGT
v ¢ L I 6GA I NRVF DM S F ETZRKF E A

. . . EcoRV B .
CTTTTTAGTACCTACTGTAATCGGTGAAATCAARRGATATC TACGAGATARAACTTGGAG
F L Vv ePTVIGETI KT RYTILRUDI KTT™WS

TGTACATGTTCCGAGACGTATTAAAGAAATTGGGCCAAGAATCAAAAAAGTGAGCGATGA
VHV PRIRTIIKETISGU?PURTEIIZEXKIE KV S D E

ACTAACCGCTGAATTAGAGCGTTCACCTTCTATCAGTGAAATAGCTGATCGATTAGAAG%
L T A ELEUR S P S I $EI ADU RTILE V

CTCAGAAGAAGAAGTGTTAGAAGCAATGGAAATGGGACAAAGTTATAATGCGTTAAGTG&
S EE E V L EAMEMMG QO S Y N AL S V

TGATCATTCCATTGAAGCTGATAAAGATGGTTCAACTGT TACGCTATTAGATATTATGGG
D H S IEADIEKDGS STV TULILDIMSG
Q727 . . . .
GCAACARGATGACCATTATGACTTAACTGAAAAACGTATGATTTTAGAAAAAATATTACC
Q ¢ DD HYDILTEZ K®RMTITLET KTITL P

TATATTATCTGATCGCGAACGAGARATCATACAATGTACGTTTATTGAAGGATTGAGTCA
I L s DUREZ RETITIUGQTCTT FTIZETGTLS§ Q

AAAAGAGACAGGTGAGCGTATCGGTTTAAGTCAAATGCATGTATCACGACTTCAGAGAAé
K ETGERTIGTUL S QM HVY S8RUL QR T

2460
76

2520
96

2580
116

2640
136

2700
156
5

2760
159
25

2820
45

2880
65

2940
85

3000
105

3060
125

3120
145

3180
165

3240
185

3300
205

3360
225

3420
245
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3421 GGCAATTAAGAAATTACAAGAAGCAGCACATCAATAGAATTTGTTTATTAATGATACGTT 3480

246 A I K K L Q E A A H Q * 256
. SEBBOI>BE>IBSBIO>> . <CLLLLCLLLLLLLL

3481 TTATAARTGAAAAATCCATATAATTATCCCTTGATTATTAAATTGAAATCGAGGGGTATTT 3540

<<< . . . . . .

3541 TTAATTTAATTAAGATTTTCGAATTAATACATTATTAGTGTAGTTTAATGTGTATCCACA 3600
. . - EcoRV . .

3601 TAAATGTCGCGATATAGTATTAATAATTTAAGTGAAGAAGATATCTAATTGTCGTTTTAA 3660

3661 ATAGGTGGGTTGCTATTAGAATAAAAAAAGTAGTCTTAGATTATGAAATTTAGAAATGAT 3720

3721 GGTGTGTCATTTTCAATAATCTTAGTGCGTTTTAAAATATAGTATGACCTAATCATTCGT 3780
.-35a . -35b -10a . -35c . -10b
3781 TTTAAATGTTITGGAAGTGAAAATTACATTAAGTATCATACCTTAATAGAAGTATTTTAG 3840
-10c . . . S.D. .CTorf239 .
3841 AATATGTTAAAATAAATGAGTAAATTTAAGAARAAGTGTGGGTTAAGTAAATGGACAATC 3900
1 M D N Q 4

3901 AATTGATTAATTCAATCATAGAGAAATATCAATTTAGTAAAAAACAAATTGAAGCAGTAT 3960
5 L I N 85 I I E K Y Q F §$ K K Q I E A V L 24

3961 TAACACTGCTAGAAGAAAARAATACAGTACCATTTATTGCGAGGTATCGAAAAGAGCAAA 4020
25 T L L E E'K N T V P F I AR Y RIEKEJOQT 44

4021 CTGGTGGACTAGATGAAGTTCAAATAAAGCAAATTGATGACGAATACCAATATATGGTCA 4080
45 G G L D EV Q I K Q I bDZEYQYMNMUVN 64

4081 ATTTACAAARACGTAAAGAAGAAGTTATCAAAAATATAGAACAGCAAGGATTACTTACTG 4140
65 L ¢ KR K EEV I KWUNIZEQQGUL L T E 84

4141 AGGRATTAAAGAAGGATATTTTAAAACAGAACAAATTACAACGTGTTGAAGACCTATATA 4200
85 E L K K DI L XK QNI KUILGQRV EDTUL Y R 104

4201 GGCCTTTTAAACAAARGAAAAAGACAAGGGCAACTGAGGCGAAACGTAAAGGGTTAGAGC 4260
105 P F X Q K XK K TRATEH AI KT RIEKTGTLE P 124

4261 CATTAGCGATATGGATGAAGGCACGTAAACATGAAGTCTCAATTGAAGAAAAAGCACRAC 4320
125 L A I W ¥ K AR KHUEUV S8 I EE KA Q Q 144

4321 AATTTATAARTGAAGAAGTGCAATCGGTTGAAGATGCTATCAAAGGTGCACAAGATATTA 4380
145 F I N EE V Q S V ED&ATIZ K GA QDI I 164

4381 TTGCGGAACAAATTTCAGATAATCCTAAATATAGAACAAAAATTTTAAARGATATGTATC 4440
165 A E Q I $ b NP KXY R TXKIULIKTUDMYH 184

4441 ATCAAGGTGTGTTAACTACATCTAAARAGAARAATGCTGAAGATGAAARAGGTATTTTTG 4500
185 Q G VvV L T T S K K XK NAEUDTEIK G I F E 204

4501 ARATGTACTATGCATATAGTGAGCCAATTARACGCATTGCTAATCATAGAGTTTTAGCTG 4560

205 M Y Y A Y 8§ E P I K R I A NUHI RV L AV 224
. . B . EcoRI

4561 TTAATCGTGGTGAARAAGAGAARAGTATTATCTGCARAGTTTGAATTC 4607

225 N R G E K E KV L 8 A K F E F 239

FIG. 2—Continued.

some binding site was observed prior to the initiation codon
(Fig. 2). orf333 was 303 nucleotides downstream of orf136 (Fig.
2), began with an uncommon GTG initiation codon, and was
preceded by a putative promoter sequence (20), with the se-
quences TTAGT and TATCCT for the —35 and —10 regions,
respectively, and a Shine-Dalgarno sequence of GAGGAGG
(23). A region of multiple dyad symmetry sequences, which
contained at least three stem-loop structures, was identified
within an area of 112 bp (bp 564 to 676), and this area was
36 bp upstream from the —35 region of orf333. With respect
to the known Tn557 sequence, the insertion site 729 in
RUSAI122 was located in orf333; it was 283 amino acid resi-
dues from the initiation codon and 50 amino acid residues
from the termination codon (Fig. 2). Following orf333 with an
interval of 120 nucleotides, three ORFs, orf108, orf159, and
orf256, were closely connected (orfl159 followed orf108 by a
single nucleotide, and orfl59 and orf256 overlapped by 26
nucleotides). Each of them was preceded by a ribosome bind-
ing consensus sequence: AGGAGTG for orf108, GGAGG for
orf159, and AGGTG for orf256 (Fig. 2). However, only one
putative promoter sequence, AAGAAGAT for the —35 region
and GGGTAT for the —10 region, was found upstream of
orf108. The palindromic sequences possibly associated with the
orf108-o0rf159-0rf256 cluster were found in the start and end
portions of orf108 (bp 1969 to 2013 and 2195 to 2242), the part
close to the N terminus of orf159 (bp 2271 to 2322), and 40
nucleotides downstream of orf256 (bp 3589 to 3543). By se-
quencing the DNA insert of pPSW-11, the insertion site 1727 in

RUSA168 was found to be located in orf256, 189 amino acid
residues from the initiation codon and 67 amino acid residues
from the termination codon (Fig. 2). CTorf239 was 434 bp
downstream of orf256 and was preceded by a ribosome binding
consensus sequence of GTGTGGG (Fig. 3). Within an area
100 nucleotides upstream from the putative ribosome binding
site of CTorf239, at least three pairs of DNA segments pos-
sessed the characteristics of a promoter sequence; TTGGA
and TATCAT for —35a and —10a, TTAAG and TATTTT for
—35b and —10b, TTAAT and TATGTT for —35c and —10c
(Fig. 2). Despite the relatively short spacing between its —35
and —10 regions, we believe that P, may function as a pro-
moter. No ORF of significant length was found on the reverse
complement of the sequence.

Comparison of the amino acid sequences of the 727/729
region and known proteins. The deduced amino acid se-
quences from the ORFs in the sequenced 2727/729 region
were compared with the sequences of known polypeptides in
both Tblastn and Blastp databanks. The most significant ho-
mologies were observed between the ORFs in the 727/729
region and two operons, sigB and spollA, in B. subtilis; the gene
cluster orf333-orf108-orf159-o0rf256 was not only highly homol-
ogous with the sigB and the spollA operons in terms of primary
sequences of the gene products (Fig. 4) but also strikingly
similar to the two operons in the overall organization (Fig. 3).
The sigB operon of B. subtilis comprised eight genes in the
order orfR-orfS-orfT-rsbU-rsbV-rsbW-sigB-rsbX (rsb stands for
regulator of sigma-B) (3, 5, 14, 28). The cluster orf333-orf108-
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FIG. 3. Similarity in organization of the S. aureus sigB cluster and the B. subtilis sigB and spolIA operons. In the physical maps of the sigB, sigB, and spolIA operons,
OREFs are indicated by arrows. sigB encodes the stationary-phase alternative sigma factor in B. subtilis, and spollA encodes the sporulation-essential ¢* in B. subtilis.
Similarities between the predicted products of the corresponding genes are shown with percentages. The two Tn55/ insertion sites (2727 and €729) in the S. aureus

sigB cluster are indicated with arrows.

orf159-orf256 showed a high degree of similarity to the rsbU-
rsbV-rsbW-sigB cluster in the B. subtilis sigB operon (Fig. 3); the
polypeptides encoded by orf333 (38 kDa), orfl08 (12 kDa),
orf159 (18 kDa), and orf256 (29 kDa) were correspondingly
homologous with the products of the 334-residue RsbU, 109-
residue RsbV, 160-residue RsbW, and 264-residue SigB (62,
67, 71, and 77% similarities) (Fig. 3 and 4). The B. subtilis
spollA operon consists of three genes, spollAA, spollAB, and
spollAC, with spollAC encoding the sporulation-essential o
(9, 19, 24, 25). The similarity in organization of the spoll4
operon and the ORFs in the 727/729 region was evidenced by
the fact that the products of spollAA, spollAB, and spollAC
had similarities of 59, 55, and 57% to the products of orf108,
orf159, and orf256 (Fig. 3).

Furthermore, the glycine residue (Gly-93) important for
RsbV function (4) was conserved in orf108 product (Fig. 4b).
Also conserved in the orf159 product was Ala-14 in RsbW (Fig.
4c). The orfl36 and CTorf239 products had no significant
similarity with any protein in the Tblastn and Blastp databanks.

DISCUSSION

Comparison of amino acid sequences has shown that the
gene cluster in the S. aureus 727/729 region is highly homol-
ogous with the sigB and spollA operons of B. subtilis (Fig. 3 and
4) and that there is a high degree of similarity between the
products of S. aureus orf333, orf108, orf159, and orf256 and
their counterparts rsbU, rsbV, rsbW, and sigB in the sigB operon
of B. subtilis (Fig. 3 and 4). B. subtilis rsbU is also known to
have high degree of similarity to spollE (7). Therefore, there
may also be a functional similarity between spollE and orf333.
The similarities in both product sequence and overall genetic
organization suggest that the gene cluster in the 727/729
region may be regulated in a manner similar to that of the sigB
operon of B. subtilis. We infer that orf256, which encodes a
polypeptide of about 29 kDa (29,443 Da) and corresponds to
the sigB structural gene, is the corresponding structural gene of

the staphylococcal orf333-orf108-0rf159-0rf256 cluster. We
propose to name this cluster the sigma-B operon, to name
orf256 the sigmaB gene, and to name the product of orf256 the
o® factor.

Several observations suggest that the staphylococcal sigB
and B. subtilis sigB operons may perform similar physiological
roles. (i) There are close similarities between the four genes of
the S. aureus sigB cluster and their counterparts in the B. sub-
tilis sigB operon. (ii) The gene rsbU is believed to encode a
trans-acting, positive regulatory factor that controls o® (28).
We speculate that orf333 and sigB correspond to an analogous
pair of positive regulator and structural genes in S. aureus. This
conclusion is consistent with the less severe reduction in anti-
biotic resistance level in mutant RUSA122 (Tn55! insert of
orf333) compared with the substantially lower methicillin MIC
(25 wg ml~ ) in mutant RUSA168 (Tn551 insert in sigB). (iii)
The staphylococcal sigB operon may also be preceded by two
promoters: the putative upstream promoter of orf333 may
have a function similar to that of the B. subtilis sigB P ,; the
putative downstream promoter of orf333 is identical to most
o®-dependent promoters (26) in the —10 region (GGGTAT)
and might be an internally o®-dependent promoter detected in
the sigB operon. (iv) Like the rsbV-rsbW-sigB cluster in B. sub-
tilis, the staphylococcal orfl08, orf159, and sigB are closely
linked genes, suggesting that expression of the gene products
may be translationally coupled, presumably in order to ensure
equimolar synthesis of proteins which must act in concert in
the cell.

Numerous observations and speculations have been de-
scribed concerning the functioning of B. subtilis sigB, such as
induction of o® activity upon entry into the stationary phase
(14) or by environmental stress during logarithmic growth (4),
control of ¢® activity through stationary-phase signals (2, 4),
and possible roles in the induction of general stress genes (27).
However, null mutants in the o® structural gene (sigB) did not
show any obvious growth or sporulation phenotype (3, 8, 13,
14), and therefore the physiological function of o® in B. subtilis
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a. Bestfit comparison between ORF333 and RsbU
ORF333 2 EEFKQHYKGLIDESLTCQDKVELIKKCEKYTDEVIRKDVLPEDIVDIHKN 51
RsbU 5 EVIEJ}R‘E’HQ[‘.LSRYIAELTETSILY QAQ}‘{FSRKTJ:EHQIPLEllE.liiéIHé\l:( 53
ORF333 52 YILTLNLT. REDVFKTLDVLQEIVKGFGYSYRDYQRLVDKLQVHDKEIDL 100
RsbU 54 VLKéLYPSLPEDVFHéLDFL}é&MLGLGMAYQEéQ;LRGIéQEIKééIEI 103
ORF333 101 ASSLQQTMLKTDIPQFDSIQIGVISVAAQKVSGDYFNLIDHNDGTMSFAV 150
ReBU 104 AUOMAGH RS s il
QORF333 151 ADVIGKGIPAALAMSMIKFGMDSYGHSQL.PSDGLKRLNRVVEKNINQNM 199
RebU 153 ABVKG PRI s ke L L
ORF333 200 FVTMFYGLYEEMNHLLYRSéAGHEPGYIYéAEKEEFEEIéVRGRVLGISé 249
RebU 203 ArMvhMDRIQETYA b s L e
ORF333 250 QTRYQQQEIPIYLDDLIIILTDGVTEARNSEGTFIDKQKLLEYIKKHKHM 299
RsbU 253 DYD“!KJQFDQHLEKG!}MLLVLFS]‘Jé\!/'i‘EClla ‘i’L&é]LTiéF’(PDiQKLJTEEILMCS 301
QRF333 300 HPQDIVQIIYEAILKLQNPNKKDDMTILIYA(R 331

RsbU 302 SAéEMéKN%iDSLiLléDFQLHg$F$L£G£éL 333

b. Bestfit comparison between ORF108 and RsbV

ORF108 1 MNLNIFTTTQDKFYEVKVGGELDVYTVPELEEVLTPMRQDGTRDIYVNLA 50

[aleeos o AR NN N PN
RsbV 1 MNINVDVRONENDIQVNIAGETDVYSAPVLREKLVPLAEQGA. DLRICIK 49

ORF108 51 NVSYMDSTGLGLFVGTLKALNQNDKELYILGVSDRIGRLFEITGLKDLMH

SLLCLEPTE L0 e o) e el [0 e

100

Rsbv 50 DVSYMDSTGLGVFVGTFKMVKKQGGSLKLENLSERLIRLFDITGLKDIID 99
ORF108 101 VNEGTEVE 108
RsbV 100 ISA(SEGG 107
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c¢. Bestfit comparison between ORF159 - and RsbW
ORF159 1 MQSKEDFIEMRVPASAEYVéLIRLTLSGVfSRAGATYDDiEDAKIAVSEA 50
naot 1 it ot L LR <o
ORF159 51 VINAVKHAYKENNNVGIINIYFEILEDKIKIVISDKGDSFDYETTKSKIG 100
O AL I LS A ATV AL LT LTINS
ORF159 101 PYDKDENIDFLREGGLGLFLIESLMDEVTVYKESGVTISMTKYIKKEQVR 150
ReBH 100 PRRIOL RO T ARG A LG RYD 149
ORF159 151 NNGERVEIS 159
RsbW 150 HDTTIKNYE 158
d. Bestfit comparison between SigB of S. aureus(SigB*)
and SigB of B. subtilis(SigB)
SigB* 1 MAKESKSANEISPEQINQWIKEPQENKNTDAQDKLVKHYQKLIESLAYKY 50
Sigh 3 AGMRETR, LKL BTN RIS IARRY 51
SigB* 51 SKGQSHHEDLVQVGMVGLIGAINRFDMSFERKFEAFLVPTVIGEIKRYLR 100
B )
SigB* 101 DKTWSVHVPRRIKEIGPRIKKVSDELTAELERSPSISEIADRLEVSEEEV 150
Sigh 102 DRNSVIVHRIKE GGy DOL TR VR TL DVSY 151
SigB* 151 LEAMEMGQSYNALSVDHSIEADRDGSTVTLLDIMGQQDDHYDLTEKRMIL 200
Sigh 152 LML AP L bbb aaG A 201
SigB* 201 EKILPILSDéEREIIQCTFiEGLsQKETGéRIGLSQMHvéRLQRTAIKKL 250
Sigh 202 GSVLIVIAD IO b KNS T o AR AR 251
SigB* 251 QEAAHQ 256
SigB 252 RéLLIé 257

FIG. 4. Genetics Computer Group Bestfit amino acid sequence comparisons. (a) orf333 and RsbU (39% identity and 62% similarity); (b) orf108 and RsbV (42%
identity and 67% similarity); (c) orf159 and RsbW (54% identity and 71% similarity); SigB of S. aureus and SigB of B. subtilis (59% identity and 77% similarity). The
residues critical for protein function, Gly-93 in RsbV and Ala-14 in RsbW, are in boldface. Vertical bars indicate identical amino acids; colons and periods indicate

two degrees of similarity of amino acids.

remains to be identified. A sigB-like gene, apparently involved
with the stationary phase, has recently also been identified in
Mycobacterium tuberculosis (6).

The most striking difference between the sigB mutants
RUSA122, -150, and -168 and the parental strain COL is the
drastic reduction of antibiotic resistance in the mutants: the
MIC of the parental strain was 1600 wg ml~!, whereas MICs
were 25 ug ml~! for RUSA168 and 50 pg ml~! for RUSA122
(5). The decreased resistance to methicillin in RUSA168 and
RUSA122 was not related to a reduction in the cellular
amounts of PBP2A (the gene product of mecA). Moreover, in
contrast to several other auxiliary or fem: mutants, no alteration
in the muropeptide composition of the peptidoglycans of mu-
tant RUSA168, -122, or -150 could be detected (unpublished
observations).

The mechanism through which inactivation of the sigB clus-
ter results in the suppression of the methicillin resistance
phenotype is currently under investigation in our laboratory.
Our observation that inactivation of a cluster of staphylococcal
stress response genes also inactivates antibiotic resistance in-
troduces the possibility that for optimal expression of antibiotic
resistance, staphylococci require an uninterrupted functioning
of stress response genes which, presumably, are activated by
the metabolic disturbances induced in the cells during expo-
sure to the antibacterial agent.
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