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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-3?P]JdATP 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->’PJdCTP. After
hybridization, the nitrocellulose was washed twice for 30
min each time at room temperature in 100 ml of 0.1x SSC
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(1x SSCis 0.15 M NaCl and 15 mM sodium citrate [pH 7.0])
containing 0.1% sodium dodecy! 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 mp18 or mp19 (33) and propagated
in Escherichia coli IM103. 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 pL.I210 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 gek 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
wng of chloramphenicol per ml. A panel of plasmids with
various size deletions in the gek 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.

DNA sequence of the geh gene. The strategy used for
nucleotide sequencing is shown in Fig. 2. Each restriction
fragment was subcloned into bacteriophages M13 mp18 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, Alul; Ac, Accl; Av, Avall; B, Bcll; C, Clal; E, EcoRIl; H, Hpall; P, Pvull; S,
Sau3Al. 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

Sau3Al
Sau3Al
Clal
Hpall
Sau3Al
Hpall

Clal

(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

Sau3Al
Pvull
Clal
Sau3Al
Sau3Al

Accl

|

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.
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GATCATTECACCTGLAACTTTARRTAATGTAATGACCAAGTTTGTGATTGANGT CATAAMAGTACGTCTCACTATTE6TAACGCTETACCAATTAAAATCATAATCAGTGCAACATAGEE 120
Avall SaudA
CATAAGTGGACCTATBATTGAGCGAATEECTAGATEAACAT GATCGACGAAMRATAGTETTGTTACCATTAATCETAAMABGAATAAAGAMACATAGTATECCCACTARACTATAGACAMA 240

aAPACBLCATBCACTTEETTETTGTECATTABAATGATATTGATTCATTAARGCAACCCCTTTETTTARATBAATACACAAMACTGTATBATGCATCTTCCCCTTAATGABATERATCAT - 340

TATTTTAATTTAGRANATCTGAAACTTACTATAATTGTATAGTTTGRATTATTTTCATACCAATACARATTAACTAATTATATATAGATT GARACTATATTACTTAATAAMATATTTA 480
Clal
TCTTARATGTTETTETGTTGATTCARCACCACAACTAMAABT BTTTATARATTATTTGGARATACACATATTTGTARATGATTAGTATCGATTTAATATCGTATTATTARATTTTTATTA 400
-3 pribnow H
ATTTTETAGTCTTAATCARRRRATARTATATGT CATGTTATATTGAAGETGCAGTTETTTTTCATTCTCAAGAGEE66TCAAAAARATACTTTTGAGETGATTATATGTTAAGAGGACAA 720
S.0. MetLeuArgbly6in  §

GAAGAMABARAGTATABTATTAGRAAGTATT CAATAGECET66TETCABTETTAGCGECTACAATETTTGTTGTETCATCACATGAAGCACAAGCCTCOEARMAAACATCAACTAATGCA 840
GluGluArgLysTyrSerIleArgLysTyrSer11e61 WalValSerValLlevAl aAl aThriMetPheValValSerSerHis6iuAlaG1nAl aSerG1ulysThrSerThrAsnAla 45
Hoall ,
GCGECACARRANGARACACTAAATCAACCGEGAGAACAAGEEAATECEATAACETCACATCAAATGCAGT CAGGAAAGCAATTABACGATATECATAMAGAGAATGETAAMAGTGEAACA 940
AlaATa6inLys6luThrLeuAsn61nPro6ly61ub1n61yAsnAlalleThrSerHis61nMet61nSer61yLys61nLeuAspAspMe tHisLys6ivAsn6lyLysSer61yThe 85

GTEACAGAAGETARABATACGCTTCAAT CATCGAAGCAT CAAT CAACACANAATAGTAAMALAAT CABAACGCAMMATGATAATCAAG TARABCARGATTCTGAACGACAAGETTCTAMA 1080
ValThr61u61yLysAspThrLeuGInSerSerLysHis61nSerThr6inAsnSerLysThrlleArgThr61nAsnAspASNGInValLys61nAspSer61uArg6InGlySerlys 125
Bcl1(Sau3A) SaudA
CAGTCACACCARRATAATGCBACTAATAATACT GRACET CAAMATGATCABETT CAAAATACCCATCATECTGAACGTAATEBATCACAATCGACAACGTCACAATCEAATBATGTTEAT 1200
GinSerHis61nAsnAsnAl aThrAsnAsnThr61uArg6! nAsnAspE1nValB1nAspThrHisHisAlaGluArgAsn6lySerGlnSerThrThrSer6lnSerAsnAspValAsp 165
Hoall
AAATCACAACCATCCATTCCEECACARRAGETAATACCCART CATBATAAABCABCACCAACTTCAACTACACCCCCETCTAATBATAARACTECACCTARATCAACAAAGCACARGAT 1320
LysSer61nProSer11eProAlabinLysVallleProAsnHisAspLysAl aAl aProThrSerThrThrProProSerAsnAspLysThrAlaProlysSerThrLysAla6lnAsp 205

GCAACCACEEACAAACATCCAAATCAACAABATACACAT CAACCTGCECATCAAATCATAGATGCARAGCANBATGATACTGTTCECCARAGTGARCAGARACCACAAGTTGECGATTTA 1440

AlaThrThrAspLysHisProAsn61n61nAspThrHis61nProATaHisBinllelleAspAlalys6inAspAspThrValArg6inSerGluGinLysPro6invalGlyAspley 245
Clal

AGTARACATATCEATGETCAARATTCCCCAGABAMACCGACABATAAAATACTGATAATARACAACTAATCAAABATECECTT CAAGCECCTARMACACGTTCGACTACAAATGCAGCA 15640

SerLysHisl1eAsp61y6inAsnSerPro6luLysProThrAspLysAsnThrAspAsnLys6lnLeulleLysAspAlaLeuGlnAl aProLysThrArgSerThrThrAsnAlaAla 285

GCABATBCTARAAGETTCGACCACTTARAGCGAATCARGTACAACCACTTAACARATATCCAGTTGTTTTTGTACATGEATTTTTAGGATTAGTAGECEATAATGCACCTGCTTTATAT 1480
AlaAspAlalysLysValArgProLeulysAl aAsn61nVal61nProLeuAsnlysTyrProValValPheValHis61yPheLeubl yLeuVal61yAspAsnAl aProAlaLeuTyr 325
) SauR
CCARATTATTGEEETEGARATARRTTTARAGTTAT COAAGRAT T GAGAAAGCAAGECTATAATBTACAT CAABCAAGT GTAAGT GCATTTGETAGTAACTATGATCECGCTETAGRACTT 1800
ProAsnTyrTrpGlyGlyAsnLysPheLysVallle6iu6iuLeuArglys6ln6lyTyrAsnValHis61nAlaServal SerAlaPhe61ySerAsnTyrAspArgAlaValGluLey 345
Alul EcoR!l
TATTATTACATTAAAGETB6TCGCETAGATTATE6CECAGCACATECABCTARATACEEACATGAGCGCTATEETARBACTTATAARGBAAT CATGLCTAATTGEGAACCTGETARAAG 1920
TyrTyrTyr1leLysG1y6) vArgValAspTyr61yA1 Al aHisAlaATalysTyr61yHis61uArgTyrB1yLysThrTyrLys61y]1eMetProAsnTrp6luPro6lyLystys 405

GTACATCTTGTAGEBCATAGTATEEETE6TCARCAATTCETTTAATGEARGAGTTTTTAAGARATEETARCARGAAGARATTGCCTATCATARAGCGLATBETGRAGARATATLACCA 2040
ValHisLewValBlyHisSerMetG1y61y61nThr11eArgLeuetG1uGl uPheLeuArgAsnG]l asnLysGluBlul1eAlaTyrHisLysAlaHis61y61y6lulleSerPro 445
PuulI¢AluD) Alul :
TTATTCACTGET66TCATAACAATATGETTGCATCAAT CACAACATTASCAACACCACATAATGGTT CACAAGCABCTGATAAGTTTGBARATACAGAAECTETTAGRAAARTCATETTC 2140
LeuPheThr61v61yHi sAsnAsaMetValAlaSer11eThrThrLeuAlaThrProHisAsn6] ySerGlnAlaAl aAspLysPheB] yAsnThr61uAl aValArgLys]TeMetPhe 485
Clal Clal
BCTTTARATCBATTTATE66TAACAAGTATTCBAATAT CGATTTAGBATTAACGCAATGE66CTTTAMCAATTACCARAT GABGAGTTACATTGACTATATARAACGCGTTAGTAARAGC 2280
AlaLeuAsnArgPheMe t61 ¥AsnLysTyrSerAsn] 1 eAspLeublyLeuThr61nTrp61 yPheLysGinLeuProAsnGluSerTyr 1 1eAspTyrI1eLysArgVal SerLysSer 525
. Accl
MTTTMTCAWMTSCT 6. CTATGATTTAACGTTAGATE6CTCTGCARRATTGAACAACATGACAAGTATGAATCCTAATATTACETATACGACTTATACAGETETATCA 2400
LysI1eTroThrSerAspAspAsnAlaAlaTyrAspLeuThrLeuAspGlySerAl alysLeudsnasnMe tThrSerte tAsnProAsn] 1 eThr TyrTheTheTyr Thr61 WalSer 565
Avall .
TCTCATACTEGTCCATTABETTATGAAMATCCTBATTTAGETACATTTTTCTTAATEECTACAACGAGTAGAATTATT 66T CATGATSCAAGABAAGAATGECETAAARATBATEETETC 2520
SerHisThr61yProLeu6lyTyr61uAsnPraAspLeuG] yThrPhePheLeue tAlaThrThrSerArgl1el1e61 yHi sAspAlaArg6lubluTrpArglysAsnAspGi Wal 605
SaudA
GTACCABTGATTTCGTCATTACATCCETCCAATCAACCATTTGTTAATETTACGAATBATGAACCTBLCACACGCAGABETATCTEECAAGTTARACCAATCATACAABBATGEGATCAT 2640
ValProvallleSerSerLeutii sProSerAsnGlnProPheValAsnVal Thrasnaso61uProAl aThrArgArg6lyl1eTro61nValLlysProl 1e11e61n61yTroAspHIs 645
EcoRll
GTCEATTTTATCETETB6ACTTCCTEEATTT CARACGTAMGETECABAACTTECCAACTTCTATACAGETATTATAMATBACTTETT6CETETTEAAGLEACTGAARBTAARGERACA 2760
ValAspPhel1e61WalAspPheLeunspPheLysArglysG) A1 a61uLeud) adsnPheTyr ThrG) vl 1e11eAsnAspLeuleuArgVal 61uAlaThrBluSerLys61yThr 685

CAATTGAARBLAAGTTARATTCATCTTCTEARTTTAATATECTATGTARATCETECTETTATCATEECACAT CAGATATAAGTABLATCACAGT G TTGARTTTARARATAGTARAETGAA 2880

GinLeuLysAlaSer
Alul Saud
ATAAAGCECCTGT CTCATTAGCEAMACTAAABEEACAGBLETATCTETTTATGABCTTAATARATTETATEAATARTATEETTGATC 2948
nRNA stop

FIG. 3. Nucleotide sequence of the 2,968-bp DNA fragment containing the geh gene and the predicted amino acid sequence 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 Term* 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 4
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 S 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 11 AGG 0
Ala GCT 11 Gly GGT 28
GCC 5 GGC 7
GCA 26 GGA 15
GCG 10 GGG 2

2 Term, Termination codon. .

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 pI of 9.75. However, the predicted mature protein
would have a pl 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-

J. BACTERIOL.

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 Clal 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 Clal
D fragment was isolated and cloried into the Accl site of the
replicative-form DNA of bacteriophage M13 mpl8. This
placed the right end of the Clal D fragment adjacent to the
Ps1l site of M13 mp18. After linearization of the plasmid with
Pstl, the Clal 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 Clal- or Pstl-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 Clal fragment D does not contain the insertion site
due to BAL 31 digestion, it should identify only cne junction
fragment. Probes with either 80 or 170 bp deleted from the
right end of the Clal 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 Clal digestion shown in lane
4 of each panel was due to incomplete digestion of an

A B ¢ D

Psti Clal
1234

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 Clal, electrophoresed in
agarose gels, and blotted to nitrocellulose sheets. The blots were
hybridized with 3?P-labeled probes obtained from the BAL 31-
digested Clal D fragments. Deletions of 80 (A), 170 (B), 270 (C), and
360 (D) bp from the right end of the Clal 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 Pstl, and lanes 3 and 4 are DNA digested with
Clal. Size markers are listed at the left in kilobases.



VoL. 166, 1986 BACTERIOPHAGE DNA INACTIVATES STAPHYLOCOCCAL LIPASE

10 2 30 L] 50 60 70 80 90 100
MLRGGEERKYSIRKYS] mnmmsmmmwmummnmmmmmtmmmmm RTON

TTamTT

KHMFSIRKSAYWINIG m
10 2 30 L]

R we

oY oo

120 130 140 130 160 17 180 190 200
WKWSER--W%-WWWW"MTWWSI PADKVI INIWMFT STTPP---~GNDKT----------APKSTK

H] H I B H e 0 I [T .
. . H s o . se o : .

PLEVAGTSQEETHTHATAVT am-mmmmmmssmmum WAYK---DKNPESTMSKMMTBESMWMK
S0 80 70 80 100 110 120 130 140 150

210 220 230 250 260 220 280 290
mm-----mmmmmm1-----------wmosewms«ulosmmmmwmmammwmnwm

REDRLHPETT---PPWDREFS-’I(] IMT MKTDMTKTI I)‘N--SP-KMIDTMWKB‘TTAN-“-"-KFTSMSDKKFNKMPEA“W----NPB{
160 170 180 190 200 220 230 240 250

30 320 30 340 350 370 380 390 400 410
PLNKYFWWHBFLGWWALYWWIEELWWWBMDWELYYYIKGWDYWMKYG’ERYGKTYKGIHMPGKWHWGHNGOT IRL

. .. s ssee s0s o senss .8 988398889 s8N EESE
: R i A A A R R A A A A R R R R R A A S R R R A R ] R A A A R AR

PMDWWW WWWW&WLKWYMSEWMWWETWLMPGWWl GHSMGGATIRL
260 2] 280 290 300 310 320 330 340 350 360 370

430 440 450 460 40 490 500 310 520 330
HEEFLMNEEIAYHW!GGEISPLFI WWSIWTPWWWKIWWNIMRTWKDLMSYI DYIKNSKSK WT SMYDL

LEHYLRFGDKAE IAYMISGI ISELFKGGWWT SITT IATPWMSDD] GNTPT] lﬂ LYSFAQ--‘NSSHLBTI DFB!DIMGFKRKDBESLTDYNKRIAESKIUDSEDTBLYDL
380 390 400 410 420 430 440 450 460 470 480 490

340 550 560 570 380 590 600 610 620 630 640 450
TLDGSAKLNNMTSMNPNI TYTTYTEVSSHT 6PLEYENPDLETFFLMATTSRI ImEmNNl SSLWWRN}T-NDEPATRRG]HWKPI IGNDWDFI MFLDFI(

S 3 11 3 333 3 sssse sss
H HEH ] ] . . 28 sse s sse ses I .

TREEQEKIMKTEMIYYKTYTMT!EWLGKH]ADLMEFTKILTWIGMD]MMGLUSEISSWSDEMIMB{SELNK--GTUWTHKNWSDFIWLDTK
500 10 520 530 540 550 560 570 580 590 600 810

660 670 680 690
RK(‘AELRFYTGI INDLLRVEATESKGTLNAS

HSAIELTN’YHSI SDYURIEMESTM
620 630 640

389

NUMBER OF MATCHED AMING AC105=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 Clal 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 L.54a DNA inserted into the Clal
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 of A+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 Iandolo (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 L.54a 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
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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 /ip 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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