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Staphylococcus aureus PS54 manifests no lipase (geh) activity. This is due to the insertion of bacteriophage
L54a DNA into the geh structural gene. The nucleotide sequence of this 2,968-base-pair DNA fragment was
determined. Lipase deduced from the nucleotide sequence is a polypeptide of 690 amino acids which extends
from nucleotide 706 to 2776.

Many strains of staphylococci produce a true lipase or
glycerol ester hydrolase (EC 3.1.1.3). The activity of the
staphylococcal lipase gene is negatively regulated by
bacteriophage lysogenization, also known as lysogenic con-
version (3, 21). We have cloned the lipase gene (geh, for
glycerol ester hydrolase) and shown that the mechanism of
conversion is most likely due to interruption of the gene by
insertion of the phage DNA (11). To characterize this unique
regulation of gene expression, we sequenced the lipase gene
and determined the phage insertion site by Southern hybrid-
ization analyses. Data reported in this paper indicate that
lipase is a 76,000-dalton protein and that the bacteriophage
insertion site lies between nucleotides 2608 and 2698, which
corresponds to amino acids 635 to 644 of the lipase enzyme.

MATERIALS AND METHODS
Bacterial strains and phages. Staphylococcus aureus strains

and phages were described in our previous paper (11). S.
aureus PS54 harbors two temperate phages, L54a and L54b.
Bacteria lysogenic for L54a are lipase negative. Both
bacteriophages were eliminated by UV irradiation, and the
cured strain (now lipase positive) was designated PS54C.
Phage preparation, phage DNA extraction, and bulk
chromosomal DNA purification were also as previously
described (11).
Media and chemicals. Media for routine cultivation and

detection were purchased from Sigma Chemical Co. Restric-
tion enzymes, BAL 31 exonuclease, bacteriophage T4 DNA
ligase, and nick-translation reagents were obtained from
New England BioLabs, Inc., and Bethesda Research Labo-
ratories, Inc. The large fragment of DNA polymerase
(Klenow) was purchased from Boehringer Mannheim
Biochemicals. Restriction enzyme digestions and other rou-
tine enzyme treatments were carried out by the procedures
recommended by the suppliers. [a-32P]dATP and [a-
32P]dCTP were purchased from New England Nuclear Corp.

Hybridization. The transfer of DNA to nitrocellulose
membranes was by the method of Southern (24). The hybrid-
ization analysis was previously described by our laboratory
(4). The DNA probes were made with [a-32P]dCTP. After
hybridization, the nitrocellulose was washed twice for 30
min each time at room temperature in 100 ml of 0.1 x SSC
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(1 x SSC is 0.15 M NaCI and 15 mM sodium citrate [pH 7.0])
containing 0.1% sodium dodecyl sulfate. The membrane was
dried at 80°C for 10 min and then autoradiographed as we
described previously (4).
DNA sequence analysis. Various restriction endonuclease

fragments of the geh element were cloned into the M13
bacteriophage derivatives mpl8 or mpl9 (33) and propagated
in Escherichia coli JM103. DNA sequencing was carried out
by the dideoxy chain termination method of Sanger et al.
(22). A computer-assisted sequence analysis was carried out
with Seqaid (19), a software package kindly provided by
Donald J. Roufa, Kansas State University.

Deletion mutagenesis. Plasmids pLI210 and pLI211 con-
taining the 2.9-kilobase (kb) insert with the lipase gene from
S. aureus PS54C (11) were linearized by endonuclease
digestion at the unique BamHI site and further digested with
BAL 31 exonuclease to obtain various-length deletions from
either end of the 2.9-kb geh insert. The digests were then
phenol extracted, ethanol precipitated, ligated with T4 DNA
ligase, and transformed into competent E. coli LE392 (11).
Transformants were selected on L-broth plates containing 10
,ug of chloramphenicol per ml. A panel of plasmids with
various size deletions in the geh fragment was obtained from
the transformants. Size estimates were made by agarose gel
electrophoresis of minilysates of clones after linearization of
the plasmids by restriction enzyme digestion. Alternatively,
plasmids pLI210 or pLI211 were digested with restriction
enzymes to delete specific sections of DNA and then reli-
gated.

RESULTS
Deletion mutagenesis. We reported earlier (11) that plas-

mids pLI210 and pLI211 carry a 2,968-base-pair (bp) DNA
fragment containing the lipase gene (geh) of S. aureus PS54C
which expressed lipase activity both in E. coli and S. aureus.
To further localize the geh gene, various plasmids containing
deletions at either end of the 2.9-kb fragment were gener-
ated. These deletions are schematically shown in Fig. 1
along with an indication of the effect of the deletion of lipase
activity. Up to 500 bp could be removed from the left end of
the fragment and up to 80 bp could be removed from the right
end without influencing activity. Larger deletions at either
end of the insert resulted in loss of enzymatic activity.
ONA sequence of the geh gene. The strategy used for

nucleotide sequencing is shown in Fig. 2. Each restriction
fragment was subcloned into bacteriophages M13 mpl8 or
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FIG. 1. Restriction endonuclease map of the 2,968-kb lipase-containing DNA fragment and the deleted fragments used to map the location
of the geh gene. Only the cloned regions are shown. A, AluI; Ac, AccI; Av, Avall; B, BclI; C, ClaI; E, EcoRII; H, HpaII; P, PvuII; S,
Sau3AI. Restriction sites were determined from the DNA sequence. Lipase activity is indicated by + and -.

mpl9 and sequenced on one strand. However, 98% of the
2,968-bp fragment, including the entire geh reading frame,
was sequenced on both strands (Fig. 3). Computer analysis
of both strands showed that there was only one large open
reading frame, extending from residue 706 to 2776, that
could code for a polypeptide similar in length to that re-

ported for lipase. Within this open reading frame, there are

13 ATG potential initiation codons. However, since our

molecular size estimate, based on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, was about 70,000
daltons and the smallest published molecular size of purified
lipase from S. aureus is 100,000 daltons (28), it is likely that
the codon at position 706 is the actual initiation codon.
Furthermore, it is preceded 4 bp upstream by a potential
Shine-Dalgarno sequence (GAGGTGAT) which matches ex-

actly with the 3' terminus of E. coli 16S rRNA (23, 25).
DNA sequence features. The guanine-plus-cytosine (G+C)

content of the proposed lipase DNA sequence was 37.5%,
which is typical of the S. aureus genome (30 to 38%) (13).
However, the region from nucleotide 300 to the start codon

_
A

2 2

zn 0
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(ATG) at position 706 was very low in G+C content (22%).
This region was therefore thought to contain potential bind-
ing sites for RNA polymerase to initiate transcription. A
search of consensus sequences for E. coli promoters (8, 20)
upstream from the translation start site showed numerous
potential transcription initiation sites. However, results from
the deletion mutagenesis experiments indicated that the
sequence up to 500 bp from the left end of the DNA fragment
was not essential for expression. A search of the interval
from bp 500 to the start codon at bp 706 did reveal a

hexanucleotide string beginning at bp 625 having the se-

quence TAATAT that we consider to be the actual pro-

moter.
Codon usage in the lipase gene is shown in Table 1. Two

of the codons, AGA (arginine) and GGA (glycine) are rarely
used in highly expressed E. coli genes (6, 7) but a high
percentage is found in the lipase gene. Since lipase is highly
expressed in Staphylococcus spp. (ca. 1 mg/ml of stationary-
phase culture), the high percentage of these codons may

suggest that the tRNA species recognizing the AGA and
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FIG. 2. Sequencing strategy for the geh gene insert. The arrows indicate the direction of sequencing. The length of the arrows indicates
the start and extent of the sequence determined. Restriction enzyme sites used to generate fragments suitable for cloning are also shown.

s

Av

0

I

mmmm.

m

W- - -I I

J. BACTERIOL.

1



Sau3A
wATCTGACTl6vCACMATAASTAATGCAStM6TCGAT UCATA"WACTTCCATT 6TAAC6CTOACCAATTAAATCATAATCAg6TCACTA666 120

Avail SauS
CATA26T66CCTAT4A0r6A6C6AT66CTAGATWCAT6ATC6°CGAAAT6TT6rACCATAATC6TAAA66tAAAACATA4TAT6CCCACTAACTATAGACAAA240

4SC6CCAT666TT6 TTSTt6CATT ATATTATTCATAAA6CAACCCCM6TTTAAAT60TACACAA6ATTAt6CATMCCCCTTAAT6ATATGAT 360

TATMAGAAA4A80TCTAACATAATT GTATA6MTTA TTAT AC CTAAlTAACTAATrATATATA6ATTbACTATATtAMATAATAM A 480
Cl aI

TCTMA4AAT6TT6t6tT6TATTCAACACCACAACTAAAA6TTMATAAATTATTGGAATACACATA6TTTAAAT6ATTA6TATC6ATTAATATC6TATTATTAAATTTTTATTA 600
-35 pribnow *

ATMtTA6TCTAACAAAtAAATAATATATCA6TMATAtTTAA66T6CA6TT6TTMTCATTCTCAA6A66666TCAAAATACTTTT}GA66T6ATtATAT61tAA6A66ACAA 720
S.D. MetLeuArgG6l6ln 5

6°A6a6q6AGTTA6TATTATtCATAATA66C6T66T6TCA6tTt1A6CG6CTACAAtTS1Tt6TGT6CATiCACT6AA6CACAA6CCTCG CATCAACtAT6CA 840
61 uG61uArgLysTyrS#rl I lArgLysTyrSerl le1e6 ValValSerValLeuAl WAlaThrMletPheValVlal StrStrHi s61 uAl aG1 nAl aSer61uLysThrSerThrAsnA1a 45

HpaI I
GCG6CAC.--G4ACATAATCAACC66GA6AACAA666AT6C64ATAC6TCCAtCATCAAGCA6TCAGGqiGCAATTAA6C64ATACATAAA4qqGAC TGTAA-6GTGGPCA 960
A1 aA a61 nLys61 uThrL#uAsn61 nProG61 61u61 n61 wAsnAl al 1 ThrSer i s6I Hftt1 nSer61 vLys61 nLeuAspAspMe tH isLys61 uAsn61 vLYsSer61 yThr 85

GT6GACAG66TAhAAGTAC6CMCAATCACAGCATCAA4TCAvAtCACAAPTSTAAAACAATCAOPACGCAAATGATAATCAAGTAAA6CQA6ATTCTGACGACAGGTT6CTAA I080
Val Thr61 u61 YLYsAsPThrLeu6l nS#rS#rLysH s61 nSerthr61 nAsnS#rLysThr I I eArgThr6l nAsnAspAsn61 nVJal Lys61 nAspSer61 uArgGl n61 YSerLys 125

Bc1(Sau3A)Sau3A
CAGTCACACCAATAATGC6ACTAATAATACT6PAC6TCAAATGATCA66TTCAAATACCCATCATGCTGAACTAA4TG6ATCACAATCGACAACGtCACAATClkATTGATGTGAT 1 200
G1 nSerHi s61 nAsnAsnAi aThrAsnAsnThr61 uArg6l nAsnAsp61 nVal 61nAspThrHi sHi sAl a61uArgAsn61 ySer61 nSerThrThrS#r61 nSerAsnAspCValAsp 165

AATCACAACCATCCATTCCGGCACAA66rZTAAACCtCAATCATGAT6ACA6CACCAAMCAACTACACCCCC6TCTAAT6ATAAAACTGCACCTAAATCAACAAA6CACAA6AT 1 320
LysSer61 nProSerlI1ePrdAl a61nLysVil I1ePrdAsnH isAspLysAlaA aProThrSerThrThrProProS#rAsnAspLysThrAl aProLysSerThrLysAl a61nAsp 205

GCACCACGGC6ACAAACATCCAAATCAACAA6ATACACATCACC'tGC6CATC4AATCATA6AT6CAPAGCAAGATGATACT6UCGCCAAAGTGAACAGAAACCACAA6170GCGAMA 1 440
A1 aThrThrAspLysHisPrdAsn61n61nAspThrHi s61nPrdAl aHis61nl1el 1eAspAl aLys61nAspAspThrValArg61nSer61 u61nLysPro61 nVal G1yAspLeu 245

C1 al
A6TAAACATATC6ATG6TCAAATCCCCAI;AiCCGCACAtA TAAAAACTGA TAATAAACAAC TAATCAAG6ATGCGMTCAAGCGCCTMACACGTTCGACTAoAPATGCAGCA 1560
SerLysHi sI 1 Asp61 Y6t AsnSerPro61 uLysProThrAspLysAsnThrAspAsnLys61 nLeuI1eLysAspAl aLtu61 nAlaProLysThrArgSetThrThrAsnAl aA a 285

GCAGATGCTAAM66TTCGCGACCAMAAACGAATCAA6TACAACCAMTAACAAATATCCAv6TTIj 1M GTACATGGAT 1TT TAGGATTA6TA6GCGATAATGCACCTGCTATAT I680
A1aAspAl aLysLsVWilArgProLtuLysAlaAsn61 nVe161 nProLtuAsnLysTyProVdJlVal PheVal H is61yPheLeuG1 yLeuVil 61yAspAsnAl aProAl aLtuTyr 325

SBu3A
CCAAATTATT6666TG6aTAAA17AAi617ATCG4AAGATT6A6qAAACAA66CTAT4AATTACATCAAGCAAGtGTAA6TGCAm6TTTAGTAACTATGATCGCGCT6TAGAAM 1B00
PrdAsnTyrTre81w61 yAsnLysPh*LYsValI 1eG1 u61uLtuAwrgLys6l n61 yTyrAsnVal Hi s61 nAl aSrVa SerAl aPhe61 vSerAsnTYrAspArgAl aVa161 uLtu 365

A1 ul EcoRI I
TATTATTACATTAAAG6T66TCGCGTAGATTATGGCGC6CACAvTGCA6CTAAATACGGACATGA6CGCTATG6TAA4AATAAAGGAATCATGCCTAATT666°ACCTGGTIAq6 1920
TyrTyrTyrI leLys61y61 yArgV&]AsDTyrGl YAl aAaHi sAl aA1 aLysTyrG1yHi s61uArgTyr61 yLYsThrTyrLYs61 w11eMetPrdAsnTrp61 uPro61 vLysLys 405

GtACATMTGTA666CATA6TAT66T66TCqAGAACATTC617AAT66PAA67MTrAAGATG6TAACA-6AGmAArATCCTATCATAAA6C6GCATB61646AGTATCACCA 2040
ValHi sLeuV&l 61 Hi sS#rMet61 w61 y61nthrl 1 ArgLeuMet6lu6luPheLeuArgeAsn6l >AsnLysGl u61ull1eAl aTyrHi sLysAl aHi s61 vl61 61uIleSerPro 445

PyuII(Alul) Alul
TTATTCACt6T66CATAAG4TAT6656CATCAATCACAACATTA6CAACACCACATAAT6MtCACAA6CA6CT 6ATAA6TM66MATACAS6CT67tTAG W#TCATS77C 2160
L#uPhoThr61w61 lyHi sAsnAsrAtt9alAl aS#r 11 ThrThrLtuAl aThrProH isAsn61 rSer61 nAl-1aAspLysPhe61 wAsnThr61 uAl aVaArgLysI1 ettPhe 48S

Cl al Cl al
GCMA4AATCATTAT666 TAACAA6TATTCPATAtTCGATTAGGATTAACGCAATS666C7AAACAATTACCqAATGA6AGTTACATTGACTATATAMAACGCGTTA67TAA6AC 2280
ALGaLueAsnArgPhiMet6y1asnLstyrStrAsnl HlAspLAu61yLeuThr6onTrp SyPhtLysShnLrPProsnuAs rTyrI1erAspTarI1eLysArgVahSAl a6rLsSer 525

Accl
AAA6TTTG*ATC6}CA T6CT6..Ct6ATTTAAC6TTAGAT66Czt6TCTCAATGACAA CATGACAA6T T6ATOMCCTAATATTAC6TATAC6ACTTATACA66T6TATCA 2400
LysIl]eTrpThrStrA-sAspAsnAlblaA]TyrAspLouThrLtuAksp61yS#rA]aLy'sLeu,AsnAsnM"etThrS#rM#tAsnProAsnl1eThrTyrThrThrTyrThr61 eVa1 Ser 565

Aval 1
TCTCAAtCT66TCCAqTTMA6TlAtqbTCCT q A66TACATTMZXMAAT66CTAC4AcACGATAAATTATT66TCAT6ATSCPA6A6kA6ATGGCGTPAT6ATG6T6TC 2520
SerHi sThr6lyProdeu61yTyr61uFsnPrAspLeu6l ThrPhePhrLtu"etAl aThrThrSeWAglI e1 e61GiNsAspAlaArg61 u61uTrpArgLysAsnAsp61 sVaI 605

Sau3A
6TACCAST6 TCtAcTTAllAqTCCSTCGPATCAAnCCATT6TTAATUTTCA6TgAtT6AAc6cCTCACACAA66TAqTCT66CRA65AcTTAAACCATATCA66AT666ATCAT 2640
VJalPrdU^l litStrStrLtvHisProStrAsn61nProPhtValAsnVa]Thr,^snAto61uPrdAlaThrArgArg61 w11 TrD6l nVal LYsProl 1*11 61 nGlytTrAs5DNes 645

EcoRlII
GTC6qATMTC6TAt6T6666MCkmATCAA C6TAA6CTT6AMCCATAMTATACA6t6TATTATAGTT6C6t66AAGC6P ACTGT6AAA 6AAA CA 2760
VA lAspPheI I e61 WlAspheLtvAspeLysAr9Ls61 YAI a61 uLeuAl aAnPheTyrThr61 Y I1tI I eAsrAspLeuLt uArOV& 61 uAI aThr6 I uSerLysGI yThr 685

CAATTW6CAFTAATC ATtMCAMAtAtTAT6AT TA4ATCST c6TTTATCATWEXTtCATATAM7ACAT 4CArA 6Tl7GPTTAWm TA6TAA6 T A 2880
61nL#vLyslA)Sor

41 ul S&u3A
ATAAA6CCCT6TCTCATTrA6C6, ZAA6666C6TATCT6MAT6¢tTAATOAATT6TATVATAATAT66T6AtC 2968

FIG. 3. Nucleotide sequence of the 2,968-bp DNA fragment containing the geh gene and the predicted amino acid sequenice of the lipase.
The potential promotor region (-35 and pribnow) (8, 20), the possible start site for transcription (*), the Shine-Dalgarno sequence (S.D.) (23,
25), and the possible mRNA stop site (arrows marking the inverted repeats for the potential stem-loop) (20) are indicated.
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TABLE 1. Codon usage of the S. aureus geh gene

Amino Codon No. of Amino Codon No. of
acid condons acid codons

Phe TTT 12 Tyr TAT 20
TTC 6 TAC 3

Leu TTA 21 Terma TAA 1
TTG 5 TAG 0
CTT 7 His CAT 25
CTC 0 CAC 1
CTA 2 Gln CAA 44
CTG 1 CAG 4

Ile ATT 12 Asn AAT 44
ATC 12 AAC 8
ATA 8 Lys AAA 43

Met ATG 13 AAG 13
Val GTT 16 Asp GAT 34

GTC 2 GAC 7
GTA 13 Glu GAA 27
GTG 7 GAG 5

Ser TCT 5 Cys TGT 0
TCC 3 TGC 0
TCA 21 Term TGA 0
TCG 7 Trp TGG 7

Pro CCT 9 Arg CGT 7
CCC 2 CGC 6
CCA 16 CGA 3
CCG 5 CGG 0

Thr ACT 14 Ser AGT 15
ACC 2 AGC 1
ACA 27 Arg AGA 10
ACG i1 AGG 0

Ala GCT 11 Gly GGT 28
GCC 5 GGC 7
GCA 26 GGA 15
GCG 10 GGG 2

a Term, Termination codon.

bial lipases also share the same characteristics (26). The
protein contains 13 methionine residues but no cysteine.

Insertion site for phage L54a. Staphylococcal phage L54a
inserts into the ClaI D fragment (corresponding to nucleo-
tides 2197 to 2968 in Fig. 3) of the geh DNA insert (11). We
wished to further localize the insertion site and to determine
whether it lies within the structural gene of lipase. The ClaI
D fragment was isolated and clonfed into the AccI site of the
replicative-form DNA of bacteriophage M13 mpl8. This
placed the right end of the ClaI D fragment adjacent to the
PstI site of M13 mpl8. After linearization of the plasmid with
PstI, the ClaI D fragment was digested with BAL 31
exonuclease to generate serial deletions from the right end of
the fragment (i.e., nucleotide 2776), while the left end was
protected by M13 sequence. The deleted molecules were
then blunt-end ligated and transformed into E. coli JM103. A
set of deletions were obtained that corresponded to the
removal of about 80, 170, 270, and 360 bp from the right end
of the fragment. These plasmids were used as probes in
Southern hybridization of genomic digests of the phage-
lysogenized strain S. aureus PS54. If the probe made with
the deleted fragment contained the insertion site, it should
identify two bands representing phage-chromosome junction
fragments in ClaI- or PstI-digested DNA (both enzymes
cleave the bacteriophage genome at least once) of the
lysogenic strain. On the other hand, if the probe made with
deleted ClaI fragment D does not contain the insertion site
due to BAL 31 digestion, it should identify only one junction
fragment. Probes with either 80 or 170 bp deleted from the
right end of the ClaI D fragment (Fig. 4A and B) identified
both junction fragments. On the other hand, probes with 270
or 360 bp deleted from the right end of the fragment (Fig. 4C
and D) identified only one junction (left junction) fragment.
The faint band at 1.5 kb in the ClaI digestion shown in lane
4 of each panel was due to incomplete digestion of an

GGA codons are in much higher concentration in S. aureus
than in E. coli.
Also indicated in Fig. 3 is a potential stem-loop structure

that can be formed from nucleotide 2887 to 2912 (109- to
134-bp distal to the stop codon of the lipase gene); the stem
is followed by a potential mRNA stop sequence of TTTA (9,
20) at position 2919. These features may compose the mRNA
terminator of the lipase gene. No attempt was made to
determine whether any proposed regulatory sequences are
functional either in vivo or in vitro.
Amino acid sequence features. The hydropathicity plot (10)

of the predicted lipase protein (not shown) indicated that the
N-terminal region of the protein contains a signallike peptide
characterized by a hydrophilic region, followed by a stretch
of hydrophobic amino acids. Based on rules deduced from
known proteins with signal peptides (15, 31) and the calcu-
lated secondary structure of this protein (2), one would
predict that the peptidase cleavage site is at the position
immediately after the Ala-Gln-Ala sequence (residues 35 to
37), leaving the mature lipase protein with an N terminus at
amino acid 38 (serine). The predicted amino acid sequence
indicates that the lipase precursor would be a basic protein
with a pl of 9.75. However, the predicted mature protein
would have a pI value of 9.3, which agrees with the pub-
lished value (1). The amino acid sequence (Fig. 3) also
indicates that lipase contains more polar amino acids (67%
polar residues) than nonpolar amino acids, but many micro-

Pst Clal
1 234

B

PstI Cial
12 34

C

PitI Cibl
1 2 3 4

D

Pstt Clal
1 2 3 4

16-
11.5-

6.o-.
4.8-7!
3.8-.
3. 6`

1.5-

FIG. 4. Southern hybridization analyses to determine the ap-
proximate insertion site of phage L54a. The DNA from strains PS54
and PS54C was digested with PstI and ClaI, electrophoresed in
agarose gels, and blotted to nitrocellulose sheets. The blots were
hybridized with 32P-labeled probes obtained from the BAL 31-
digested ClaI D fragments. Deletions of 80 (A), 170 (B), 270 (C), and
360 (D) bp from the right end of the ClaI D fragment were used. In
each panel, lanes 1 and 3 are digested chromosomal DNA of strain
PS54. Lanes 2 and 4 are DNA of strain PS54C. Lanes 1 and 2 are
DNA digested with PstI, and lanes 3 and 4 are DNA digested with
ClaI. Size markers are listed at the left in kilobases.
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BACTERIOPHAGE DNA INACTIVATES STAPHYLOCOCCAL LIPASE

10 20 30 40 50 60 70 80 90 100
MLR60EERKYSIRKYSIBWF-I SSEAAS-SIW DXLNQE----~I-SHNKCK86S7EDTSSKAN N STNSKIRTN

m -- -ETKH FSIRKSAY 5IFVI6 --S----------rTTr
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130 14 150
DNJKQDSER----SKSER-DKQSIEIS7-- t

160 178 180 190 200
WKMSWSIMUv ISTr-- ---------APKSTK

gag...

PLM TSQGETHTIWTSLHT-ATP -EIJ TPLPBEMSPI PSSNTGBPMLCQ TFAYK-
50 60 70 Be 90 100 110 120

---DKTVPESTIASK9RVEATB SPVEHAEK
130 140 150

210 220 230 250 260 270 280 290
AQA-----TTDKHRMTHHII-- --------DKT LSKHIX lKW LK TRST A PKV
: :: : :::: : : : : :: :

REDRLETNET---PPWDREFS-WNKI NNTHWNPKTD6ITOTKT1D--SP-DRIDTAGKUW KENTTA-------KFTS SDKKP'VKPEA--YQ----NPEN
160 170 180 200 220 230 240 250

310 320 330 340 350 370 380 390 400 410
PlWKYPMWP6FL6LV6DWALYRMMlFKVIEELRKWWQA- 6!NYDIWJYYYIK66RVDYMWAK6HERY6KTK61FP6KKVHLV6HSM69TI RL

PINKDPFVFVH6 6FV6BK66E TRK JWRE AYEY EASVSAWLAYWRLKYYL66SHYSAHEn6HERY6VKTYGLOKP6HFVHF16HSM66f I RL
260 270 280 290 300 310 320 330 340 350 360 370

430 440 450 460 470 490 500 510 520 530
MEEFLRUNEEIAYHKA6ISPLFT6HNTSITTLATPHN SA FONTEAVRKI- 1SNDL6LTWKQLPNESYIDYIKRVSKSKIWSDOYDL

LEHYLRF6DKAEIAYQQ{166IISELFK6ONSITTIATPHNTHSDDIGNT1T>1LYSFAQ---SSHLTIDF6gDHWFKRKD6ESLTDYNR IAESKIWDSEDT6LYDL
380 390 400 410 420 430 440 450 460 470 480 490

540 550 560 570 580 590 600 610 620 630 640 650
TLD6SAKLNNT34PNITYTTYPSSHT6PL6SYa LTFF1ATTSRI 6HMEWRnIDAISSLHP4QPR T-NDEPATRR61WVKPI IiDHVDFI6DFLDFK

TRE6AEKINQKTELNPNIYYKTYTTHETQL6KHIADLONEFTKILTONY16SVDDILWRFD6VSEISSMHSDEINIgTJDENSELHK--gTWlPTK6WDHSDFI NDALDTK
500 510 520 530 540 550 560 570 580 590 600 610

660 670 680 690
RKrAELW 6 INDLLRWEATESKGTOLKAS

HSAIELUNFYSISDYLNRIlEKAESTI
620 630 640

NIIER OF MATCHED AMINO ACIDS=283
FIG. 5. Comparison of the amino acid sequence of lipases from S. aureus PS54C (top line) and S. hyicus (bottom line [5]). The sequences

were aligned with a computer by the method of Wilbur and Lipman (32). Gaps were introduced to obtain maximum homology. The default
parameters set were as follows: K-tuple, 1; window size, 20; gap penalty, 1. Colons between the amino acids of the two sequences indicate
matches. The single-letter designation of amino acids is used.

additional ClaI site in the 3.8-kb fragment of the geh gene
(11). When the blots for Fig. 4C and D were exposed longer
(data not presented), a faint band corresponding to the right
junction fragment was detected in Fig. 4C (the 270-bp
deletion) but not in Fig. 4D (the 360-bp deletion). This result
implied that bacteriophage L54a DNA inserted into the ClaI
D fragment between 270 and 360 bp from the right end of the
element. Thus, L54a inserted into the structural gene of

lipase near the carboxyl end of the protein between amino
acids 635 and 664.

DISCUSSION
The nucleotide sequence of the entire 2,968-kb DNA

sequence containing the geh gene has only a single large
open reading frame, extending from nucleotide 706 to 2776,
that represents the probable coding region for lipase. Evi-
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dence supporting this conclusion is threefold. (i) A Shine-
Dalgarno sequence which is complementary to the 3' end of
E. coli 16S rRNA was found 4 nucleotides upstream of the
probable ATG initiation codon. (ii) BAL 31 deletion muta-
genesis identified this region as being required for lipase
activity. (iii) Data from sodium dodecyl sulfate-gel electro-
phoresis indicated that lipase is a protein with a molecular
size of about 70,000 daltons, which agrees closely with the
molecular weight of the protein deduced from the DNA
sequence.
The region upstream from the proposed start codon con-

tains a very high proportion ofA+T bases, resulting in many
possible binding sites for RNA polymerase. In fact, several
potential sequences similar to E. coli promoters were found,
but no attempt was made to determine which promoter was
used in transcribing the lipase mRNA.
The efficiency of staphylococcal promoters in the E. coli

background is variable and only some cloned genes are
transcribed even though their proposed promoters corre-
spond to consensus sequences. For example, a staphylococ-
cal enterotoxin B (18) and exfoliative toxin B (unpublished
data) are not transcribed from their own promoters in E. coli
but must be positioned downstream from a strong gram-
negative promoter. Other staphylococcal genes such as geh
are expressed, perhaps indicating that additional regulatory
signals are ncessary for expression.
Vadehra and Harmon (29) and Mates (12) showed that the

activity of lipase could be inhibited by the thiol blocking
agents iodoacetic acid and p-chloromercuribenzoate. These
results led Arvidson (1) to conclude that disulfide bonds and
free SH groups were essential to lipase activity. However,
even though disulfide bonds may be important linkages in the
maintenance and stability of the tertiary structure of a
protein, we found no cysteine in the deduced protein se-
quence of lipase. Proteins lacking cysteine or with a low
content of cysteine are more flexible molecules whose ter-
tiary structure relies on weaker bonds. It has been noted that
many bacterial, extracellular proteins contain low levels of
cysteine (16). This may indicate that proteins with high
flexibility pass more readily through the rigid cell wall. For
example, Tweten and landolo (27) showed that staphylococ-
cal enterotoxin B, which contains a single disulfide loop, is
sequestered within the cell wall and passes slowly into the
extracellular medium. Furthermore, in the case of lipase, the
lack of cysteine may allow conformational changes which, as
suggested by Verger (30) and Pownall et al. (17), may be
necessary for enzymatic activity when a water-soluble en-
zyme reacts with a hydrophobic lipid.

It is interesting that hydropathicity data indicate that the
region from amino acid 35 to 310 is predominantly
hydrophilic, whereas more hydrophobic residues were found
in the region from residue 310 to the carboxyl end. Since
lipase is an enzyme whose substrate is hydrophobic, we
would predict that the hydrophobic region from amino acid
310 to the C terminus is associated with the active site of the
enzyme. This conclusion is supported by (i) the deletion in
plasmid pLI233 (Fig. 1) which has about 20 amino acids
deleted from the C-terminal end and is lipase negative, (ii)
the finding that the phage L54a insertion site is near the
carboxyl end of the molecule and also results in loss of
activity, and (iii) as indicated below, the extensive homology
which exists in this region with lipase cloned from other
species of staphylococci. Therefore, the region either con-
tains the active site or is important for the conformation of
the active site.

Recently, the lipase gene has been cloned and sequenced

from Staphylococcus hyicus (5) (denoted as lip; this abbre-
viation has already been used for the lipoic acid locus in the
genus Staphylococcus [14], therefore geh is probably more
appropriate). The molecular size of the deduced lipase from
lip is 71,000 daltons, which is very close to the size of the
lipase deduced from geh. The substrate specificity of the two
enzymes appears to be identical, and therefore the proteins
are likely to be evolutionarily related. A comparison of the
amino acid sequences of the two proteins is shown in Fig. 5.
There is a significant homology between these two enzymes,
particularly at the C-terminal ends in the region from amino
acid residues 360 to 467 of the geh gene product and residues
310 to 417 of the protein from the lip gene. Considering the
similarities in substrate specificity, one might expect conser-
vation of the sequence in functional regions of the enzyme,
as shown, while sequence divergence or drift might be
expected to occur in noncatalytic regions of the molecule. In
fact, the regions conserved between the two enzymes cor-
respond to the hydrophobic amino acid-rich region which we
concluded to be associated with enzyme activity. A similar
result (ca. 46% match) was observed in comparison of the
nucleotide sequences.
The data presented confirm that the mechanism of nega-

tive lysogenic conversion of staphylococcal lipase is by
insertional inactivation. We are cloning the attachment site
of the phage to determine the precise insertion site and to
investigate possible mechanisms of DNA recombination in
phage-host interactions in the staphylococcal system.
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