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Transposon Tn554: complete nucleotide sequence and isolation of
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The complete nucleotide sequence of the Staphylococcus
aureus transposon Tn554, which encodes resistance to
erythromycin and spectinomycin, was determined by the
dideoxy chain termination method. The transposon was found
to be 6691 bp in length and to contain six open reading frames
of > 125 amino acids. Small insertion and deletion mutations
were obtained in each of these by in vitro mutagenesis at
restriction endonuclease cleavage sites and the mutants
characterized with respect to transposition functions and anti-
biotic resistance markers. Three of the reading frames,
designated tnpA, tnpB and tnpC, encode functions that are

required for transposition of Tn554; genetic analysis indicated
that these three genes define distinct complementation groups

of transposition-defective mutants. Two of the open reading
frames correspond to the resistance determinants spc and
ermA, the sixth, designated ORF, has no known function.
Tn554-specific peptides corresponding to tnpA, and spc were

identified in a coupled transcription-translation system in
vitro.
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Introduction
The Staphylococcus aureus transposon Tn554, encoding
resistances to the macrolide-lincosamide-streptogramin B (MLS)
antibiotics and to spectinomycin (Phillips and Novick, 1979), has
several unique features that distinguish it from other prokaryotic
and eukaryotic transposable elements. Its ends are asymmetric,
lacking either inverted or direct terminal repeats, it does not
generate a duplication of a target sequence upon transposition,
and it is extremely site-specific, always inserting between the
same nucleotide pair in the S. aureus chromosome (Krolewski
et al., 1981; Murphy and Lofdahl, 1984). Transposition to the
chromosome occurs in only one orientation; however, when the
target site is cloned on a plasmid vector, insertion remains site-
but not orientation-specific. The target site contains a 6-bp se-

quence that matches the terminal 6 bp of the right end of Tn554;
transposition into the cloned primary site occurs on one or the
other side of this sequence, depending on the orientation (Mur-
phy and Lofdahl, 1984).
These results suggest that Tn554 transposes by a mechanism

that is significantly different from those that have been propos-
ed for other transposable elements (Shapiro, 1979). As part of
our study of this problem, we have begun to investigate the func-
tions that Tn554 requires for its transposition. Here we report
the complete nucleotide sequence of Tn554 and the isolation of
mutants affecting transposition functions and antibiotic resistance.
The sequence of the spc and ennA determinants have been
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reported previously (Murphy, 1985a, 1985b). The results of
genetic studies with these mutants (Bastos and Murphy, in
preparation) confirm the hypothesis suggested by the nucleotide
sequence data, that Tn554 encodes three distinct functions re-
quired for its transposition.

Results
Nucleotide sequence of Tn554
The complete nucleotide sequence of Tn554 is shown in Figure
1. 96% of the sequence was verified by determining the sequence
of both strands. In two instances (nt 4689-4691 in ermA and
nt 2695 -2698 in tnpB) the complementary strands did not agree;
both read GGG on one strand and CC on the complement. In
both cases the GGG was taken to be the correct sequence and
in both cases this allowed an open reading frame to continue.
For ermA this reading is assumed to be correct because the deduc-
ed protein sequence is homologous to that of ermC and ermAM
(Murphy, 1985a); for tnpB, the reading is strengthened by the
fact that mutants mapping both 5' and 3' to the ambiguous region
fall within the same complementation group (Bastos and Mur-
phy, in preparation).
Tn554 is 6691 bp in length and contains six major open reading

frames, five of them reading from left to right as the sequence
is written. Three of these, designated tnpA, tnpB and tnpC, define
genes required for transposition (see below); two correspond to
the antibiotic resistance markers spc (Murphy, 1985b) and ermA
(Murphy, 1985a). The function (if any) of the sixth reading
frame, designated ORF, is unknown. No other potential coding
regions of > 90 amino acids were found on either strand. These
six open reading frames, accounting for 83% of the sequence
of Tn554, average 66.5% A+T, compared with 72.2% A+T
for the noncoding regions and 67.4% A+T overall (Staphylococ-
cus aureus DNA is 68% A+T) (Szybalski, 1968). The main
features of the sequences are summarized below and in Table
I and Figure 2.
tnpA. The first open reading frame, tnpA, located between nt 134
and 1217, potentially specifies a 43-kd protein. The suggested
initiation codon, GTG, is preceded by a good Shine-Dalgarno
site, AAAGAGGTG, typical of gram-positive organisms (Figure
3) (McLaughlin et al., 1981; Shine and Dalgarno, 1974). The
predicted protein sequence is rich in basic amino acids (20.5 %;
net charge +29), and aromatic amino acids, particularly tyrosine.
tnpB. The second, and largest, open reading frame potentially
encodes a 630 amino acid protein of 74 kd. The deduced pep-
tide is, like tnpA, highly basic (net charge + 19). Its putative ATG
start codon overlaps by 2 bp the TGA stop codon of tnpA and
is preceded by a Shine-Dalgarno site that overlaps the three
carboxy-terminal amino acids of tnpA.
tnpC. A third, short open reading frame capable of encoding a
peptide of 125 amino acids lies immediately 5' to tnpB
(nt 3115- 3490). Six nucleotides separate the tnpB TAA termina-
tion codon and a possible ATG initiation codon for tnpC.
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50 . . . 100
TTAACCATAG TATAATAAATAATAG TAG TTAAAG TAG TTTAAG AGG AG ATATTAAAGGGATATTTT ACTTTAAATAAAAATTAACAAGG TTTATAATTTG TAG TAG TTAAAG TATTTAAA

150 . . . 200
GAGGTGGGAACATG TG AAGGTTCAAAGGATAG AAG TGG AG AATAAGCCG TATCCATTG T'ATTTATTACTAGATAAAG AATACCAGCTAATAG AACCAG TAATG AAATTTATTAAATACTT'
S.D. tnpA-VaILysVaIGInArgl IeGIuValGluAsnLysProTyrProLeuTyrLeuLeuLeuAspLysGluTyrGInLeul leGluProValMetLysPhel IeLysTyrLeu

250 . . . 300 . . . 350
AGATAATACTGGTAAG TCTCCTAATACCATTAAGGCATACTGCTATCATTTAAAG TTGCTG TACGAG TTCATGGAACAG AG AGGTG TTATTCTTAATG ATATTAACTTTG AG TTG TTAGC
AspAsnThrGlyLysSerProAsnThrl1eLysAlaTyrCysTyrHisLeuLysLeuLeuTyrGluPheMetGluGInArgGlyVal l1eLeuAsnAspIleAsnPheGIuLeuLeuAla

400 . . . . 450
AGACTTCGTAGGTTGGTTG AG ATATCCTTCAGCATCAAATGTAATTGATCTTCAGTCAAAAXAAAGCCATAAG AGAAG AAACG ACAG TG AATACAATTTTAAATG TAG TTATG AG TTTTCT
AspPheValGlyTrpLeuArgTyrProSerAlaSerAsnVaI lleAspLeuGInSerLysLysAlalleArgGluGluThrThrValAsnThrlIeLeuAsnValValMetSerPheLeu

500 . . . . 550 . . . . 600
TG ATTATTTAAGTAG ATTAGGAG AATTTAAATCAATTG ATG TATTTAAACAAGCAAAGGGAAG AAATTTCAAAGGATTTTTACATCATG TTAATAAGGGTAG ATACCAA'AAG AATG TCTT
AspTyrLeuSerArgLeuG IyGI uPheLysSerl11eAspValPheLysG InAI aLysGlyArgAsnPheLysGlyPheLeuHI sHI sVal AsnLysGlIyArgTyrG InLysAsnVaI Leu

650 . . 700
AAAG TTAAGGGTTAAAAAG AAACAG ATAAGAACATTG AG ATCAAAGGAAG TTAAGCAAATTATTG ATGCTTG TCATACG AAAAG AG ATAAATTAATTTTAATGCTTATG TATG AGGGTGG
LysLeuArgVaI LysLysLysG In IlIeArgThrLeuArgSerLysGI uVaI LysG InlI IellIeAspAl aCysHI sThrLysArgAspLysLeu 11eLeuMetLeuMetTyrGI uGlyGly

750 . . . . 800
TTTAAG AATCGG TG AAG TG TTATCG CTTAGGCTTG AAG AT ATTG TCACTTGGGACAATCAAATCCATTTAACACCTAG AG ATG TTAATG TTAATG AAG CTTATATTAAATTAAGG AAGG A
LeuArglIIeG IyGlIuVa ILeuSerLeuArgLeuGlIuAsp IeValIThrTrpAspAsnG InlI IeH IsLeuThrProArgAspVa IAsnValIAsnG IuAlIaTyr IeLy sLeuArgLysGlIu

850 . . . 900 . . . . 950
AAGAACAATACATGTG AG TAAAG AACTTATG TCACTTTATACAG ATTACTTG ATATATG AGTATAG TG AGGAATTGGAGCATGATTATG TTTTTATTTCCTTAAAAG AAGGCTATTTTGG
ArgThr IeH IsVa ISerLysG IuLeuMetSerLeuTyrThrAspTy rLeu IeTyrGlIuTyrSerGlIuGlIuLeuGlIuH IsAspTyrVa IPhe IeSerLeuLysGlIuG IyTyrPheGlIy

1000 . . . . 1050
GAAACCACTAAAG TACCAAAG TG TTCTTG ATCTAG TTAG AAG AATAGTTAAAAGGACTGGAATAG AATTTACATCACATATGCTTCGCCACACTCACGCAACGCAGCTAATTAGGGAAGG
LysProLeuLysTyrGI nSerValLeuAspLeuVaI ArgArgl IeVaI LysArgThrGly IeGluPheThrSerHI sMetLeuArgHI sThrHI sAlaThrGI nLeu 11eArgGI uGly

1100 . . . . 1150 1. . . 1200
ATGGGATG TTGCG TTCG TTCAAAAG AGATTAGGTCACGCACATG TTCAG ACAACG TTAAATACCTATG TTCATCTTTCA'G ATCAGGATATG AAAAATG AG'TTTAATAAATACCTCG AG AG
TrpAspV a AI aPheV a G InLy sArgLeuG yH I sA aH sV a G InTh rThrLeuAsnTh rTy rV a H IsLeuSerAspG nAspMetLy sAsnG uPheAsnLy sTy rLeuG uArg

1250 . . . . 1300
AAAGGAGCATAAG AAATG A'ATGCTTCTAG TAAAAGGAAAATTATTAG TCAG AG TG AG AT'TAGCAAAAAAATAGCTG TAA'TG AATG AAG AAATG CAGGGGTTTTGGGCTAATAATAG TTGG
LysG I uH IsLysLysEND

S.D. tnpB-MetAsnAlaSerSerLysArgLysl Iel leSerGI nSerGI u 11eSerLysLysllIeAlaValMetAsnGl uGI uMetGIlnGlyPheTrpAI aAsnAsnSerTrp

1350 . . . . 1400
GATATAAG AAAATG TCCACATCCTTCTGCCATAG AATTAAG TAAG AATCCTGCTTTAAGGAATCGTTGGGTTCG TTTTG AACG TG TTAAAAATCTG TGGTTAAG AACAG AATTG AAATA'T
Asp IlIeArgLy sCy sProH IsProSerA IaeI IeG IuLeuSerLy sAsnProA IaLeuArgAsnArgTrpV al ArgPheG IuArgV alILy sAsnLeuTrpL euArgTh rG IuLeuL ysTy r

1450 . . . . 1500 . . . 1550
TTTTATTTTT ACCATTTAAACAATGG AATATGG AATG CAAAAACTG TCTGG ATTAG AAAAGG AACAG TAATTAATAAAA'TG TTAG ATTTCTT AG ATTTA~A^GTATCCTAG CATTACTTCA
PheTyrPheTyrH IsLeuAsnAsnG y IIeTrpAsnA IaLysThrVe Trp IIeArgLysG IyThrVea IIIeAsnLysMetLeuAspPheLeuAspLeuLysTyrProSer IIeThrSer

1600 . . 1650
ATTACTG AAG TTCCTATTG AAAAAGCAATG ACGGAG TATAG AACTTATTTGACAAAACGGGGTG TTAG AATTACCACTACTAATTATAAG ATTACTGCTAATCAAG AAAAAACACCTG TA
IeThrG IuValIProl IeGlIuLysA IaMetThrGlIuTy rArgThrTyrLeuThrLysArgG IyValIArglIIeThrThrThrAsnTyrLys IeThrAI aAsnG InG IuLy sThrProVa

1700 . . . 1750 . . . . 1800
AAAG CTAATTCCTACTATG TTACTAATCTAAAACAATTTATGG AG TTTTATG AG AACTTTTATTTTG ATG GAG AGGAG TGGGATAAAG ACG TTTGGG ATAG ACG TAACTTACCTTTGCCA
Ly sA IaAsnSerTy rTy rV aITh rAsnLeuLy sG InPheMetG IuPheTy rGlIuAsnPheTy rPheAspGlIyGlIuG IuTrpAspLy sAspV a ITrpAspArgArgAsnLeuProLeuPro

1850 . . . 1900
GATG ATAAG'GTTAACCCAACACAATATG AATATACAATTAACTTTAAAGGGTTTCGGAATACATATTTTAAACAACTTG TAAAAAG ATATTGTAAGTTG AGATTG AACG TGG ATAGCTT'T
AspAspLysValAsnProThrGInTyrGluTyrThr IleAsnPheLysGlyPheArgAsnThrTyrPheLysGInLeuValLysArgTyrCysLysLeuArgLeuAsnValAspSerPhe

1950 . . . . 2000
TCCTATGTAAG TG ATATTGCCCAAAG ACTTAAAG AG TTCTTTAATTTTCTGGACATG AAATTTAAACAAG TTCAGAGAG TACACCAATTAACG AG AGTGGAAATTG AAG CATATTTAAGT
SerTyrVaI SerAsp IeAI aGInArgLeuLysGI uPhePheAsnPheLeuAspMetLysPheLysG InVaIGI nArgValHI sGI nLeuThrArgValGI ul11eGI uAIaTyrLeuSer

2050 . . . . 2100 . . . . 2150
GAACTAAACA TG ATGGGAATAAAACCTAG TACAATAACTGGG AGGATCTCT ATATTG G AAGGACTATTT AG TACCCTTCTT AGGCTAGAATG GG ATG ATG TTCCTTCCAAAAT ATTAATT
Gl uLeuAsnMetMetGI y 11eLysProSerThrl leThrGlyArgl11eSerIlieLeuG IuGlIyLeuPheSerThrLeuLeuArgLeuGIluTrpAspAspVai ProSerLysllIeLeull1e

2200 . . . 2250
TATTCTG AGG ACTATCCG AAAATACCAAG AGCAAAACCACG CTTTATAG ATG AATTCG TCCTAG AG CAATTG AACAG TC'ATCTTG ATAAATTACCCG AA'TATATAGCTACG ATG ACTAT'G
TyrSerGI uAspTyrProLysl IeProArgAI aLysProArgPhel IeAspGI uPheVaI LeuGI uGI nLeuAsnSerHI sLeuAspLysLeuProGIluTyrl IeAI aThrMletThrMet

2300 . . . . 2350 . . . . 2400
ATTG TTCAAG AATG TGG AATG AGG ATAAG TG AATTG TGCACCTTG AAAAAAGGCTG TCTATTAG AGGACAAAG ATGGAG ATTTCTTTTT AAAG TATTATCAATGGAAAATG AAAAAGG AG
I IeVa IG InG IuCy sG IyMetArg IeSerG IuLeuCy sThrLeuLy sLy sGlIyCy sLeuLeuG IuAspLy sAspG IyAspPhePheLeuLy sTy rTy rG InTrpLy sMetLy sLy sGlIu

2450 . . . . 2500
CATATAG TTCCAATATCTAAAG AGG TAG CTTTACTTATTAAAG TTCGGGAAG ATAAAG TTTCAG AGG AATTTCCAG ATAG TG AATACCTCTTTCCAAG AAAAG ATGGATCGCCATTAAAA
HI sl IeVaIProI eSerLysG IuVaI Al aLeuLeu IeLysValArgGI uAspLysVaI SerGI uGlIuPheProAspSerGI uTyrLeuPheProArgLysAspGlySerProLeuLys

2550 . . . . 2600
CAAG AAACATTTAGAGGTG AG TTAAATAAATTAGCTTATG AGCAAAATATAG TGG ATAAATCAGGTG AG ATTTATAGATTCCATGCCCATGCCTTTCGCCATACAG TAGGAACAAG AATG
G InG IuThrPheArgG IyG IuLeuAsnLysLeuAI aTyrGlIuG InAsn IlIeVaI AspLysSerG IyG Iu IeTyrArgPheHI sAI aHIsAl aPheArgH IsThrVaIGI yThrArgMet

2650 . . . . 2700 . . . . 2750
ATTAACAACGGGATGCCCCAGCATATTGTGCAG AAATTTTTGGGGCATGAAAGCCCAGAAATGACAAGCAGATACGCTCATATCTTTGATG AAACTCTAAAAAATGAATTTACTAAATTT
IeAsnAsnGlIyMetProG InH Is l IeVa IG InLy sPheLeuG IyHlIsG IuSerProG IuMetTh rSerArgTyrA IaH Is IePheAspG IuTh rLeuLysAsnG IuPheThrLy sPhe

2800 . . . . 2850
CAGGAAAAACTGGTTACCAATAATGGAG ATG TG CTTG ATCTAG ATG AAG ATAATG AAG TCG ATG ATG TAG AG CTTCAATGGTTCAAG AAAAATATAAATGCACAAGTG CTTCCAAATGGT
Gl nGI uLysLeuValThrAsnAsnGlyAspVaI LeuAspLeuAspGI uAspAsnGI uVaI AspAspValGI uLeuG InTrpPheLysLysAsnl IeAsnA eGI nVaI LeuProAsnGly

2900 . . . . 2950 . . . . 3000
TATTGTAG ATTGCCAG TAG TAGCAGGTGGTTG TCCACATGCGAATGCATGCTTAG ATTGCACTCACTTCTG TACCAGTAAGCAATTCTTACCACAGCACG AAG AACAG TTAGAGCGTACA
TyrCysArgLeuProVaIVaI AlaGI yGIlyCysProHI sAlaAsnAI eCysLeuAspCysThrHI sPheCysThrSerLysG InPheLeuProGI nHI sG IuG IuG InLeuG IuArgThr

3050 . . . . 3100
GAAG AGTTATTAGCCATAGCTAAGGATAAACAATGGCAAAG ACAAG TAG AG ACTAATAGCCG TG TTAAAG AG CGTTTAG AACAAATCATTGGAAG TTTGACGGGGTAATTATCAATGGAAT
GIuGIuLeuLeuAIa11eAlaLysAspLysG nTrpGInArgG nVaIGIuThrAsnSerArgVaILysGIuArgLeuGIuG InIIeIIeGIySerLeuThrGIyEND tnpC-MetAsp

3150 . . . . 3200
AAACAAG TTAG AAATACAACAG AAATTG TACG TTTGGCG AAG CAG AAATCAAAAAAG ACAAGGGAAAAAGTAG ACAAAG CG ATTTCTAAATTTTCG ATTG AAGGTAAAG TTATTAATTTT
LysG nVea ArgAsnTh rThrG I u I eVa I ArgLeuA I aLysG nLysSerLysLysThrArgG uLy sVa AspLysA a lII eSerLysPheSer eG uG I yLysVea III eAsnPhe

3250 . . . . 3300 . . . . 3350
AATTCAATAGCAAAGG A AG CTAATG TTTCTAAATCATGGCTTTATAAGG AACACG ATATTAGGCAAAG AATCG AATCCCTTCG TG AGCGTCAAATAACAGCAAATG TAG TCTCAAAACCC
AsnSeqr II eA I nl wcrGI uAI aAAnVAI SearLysSeqrTrnLemauTrLysGr uHI sAspl e&ArrgG.I nArgl eI uSe1tqrLeuaArrgG IauArngG In II seThrA I nAAnV^ IViaI SeqrLysPro

3400 . . . . 3450
AAG AAAAGTTCTCGTTCGGAGG AAATCCTTATTAAAACCTTAAAAAG AAG AG TAATGGAATTAGAAAAAGAAAATAAAAAATTACAGAACCAAATTCAAAAATTATATGGAG ATCTG TAT
LysLysSerSerArgSerGlIuG Iu I IeLeuI IeLy sThrLeuLysArgArgVa IMetGlIuLeuG IuLysG IuAsnLysLysLeuG InAsnG In IeG InLysLeuTyrG IyAspLeuTyr
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3500 . . . 3550 . . . . 3600
AATAAAGAATAATTATTAATCTG TAG ACAAATTG TG AAAGG ATG TACTTAAACG CTAACGG TCAG CTTTAT TG AACAG TAATTTAAG TATATG TCCAATCTAGGG TAAG TAAATTG AG TA
AsnLysGl uEND

*. . . ~~~~ ~~~~3650. . . . 3700
TCAATATAAACTTTAT ATG AACAT AATCAACG AGG TG AAATCATG AG CAATTTG ATTAACGG AAAAATACC AAATCAAG CG ATTCAAACATT AAAAATCG TAAAAG ATTTATT TGG AAG T

S.D. spc-MetSerAsnLeulleAsnGlyLysIIeProAsnGlnAIaIIeGInThrLeuLysIIeValLysAspLeuPheGIySer
* * 3750 . * . . 3800

TCAAT AGTTGG AG TATATCTATTTGGTTCAGCAG TAAATGG TGGTTT ACGCATTAACAG CG ATG TAG ATG TTCT AG TCG TCG TG AATCATAG TTTACCTCAATTAACTCG AAAAAAACTA
Ser IeValIGlIyVa ITyrLeuPheG IySerAlaVa IAsnG IyGlIyLeuArg IlIeAsnSerAspVa IAspVa ILeuValIValIValIAsnH IsSerLeuProG InLeuThrArgLysLysLeu

3850 . . . . 3900 . . . . 3950
ACAG AAAG ACTAATG ACTATATCAGG AAAG ATTGGAAATACGGATTCTG TTAG ACCACTTG AAG TTACGG TTATAAATAGGAG TG AAG TTG TCCCTTGGCAATATCCTCCAAAAAG AG AA
ThrGluArgLeuMetThrIleSerGlyLysIleGIyAsnThrAspSerValArgProLeuGluVaIThrVaI lleAsnArgSerGIuValValProTrpGlnTyrProProLysArgGlu

4000 . . . 4050
TTTATATACGGTG AG TGGCTCAGGGG TG AATTTG AG AATGGACAAATTCAGG AACCAAG CTATG ATCCTG ATTTGGCTATTG TTTTAG CACAAG CAAG AAAG AATAG TATTTCTCTATTT
Phe I IeTyrG IyG IuTrpLeuArgG IyG IuPheG IuAsnGlIyG InlIIeG InG IuProSerTyrAspProAspLeuAI alIIeVaI LeuAI aG InAIlaArgLysAsnSer IeSerLeuPhe

4100 . . . 4150 . . . 4200
GGTCCTG ATTCTTCAAG TATACTTG TCTCCG TACCTTTG ACAG ATATTCG AAG AGCAATTAAGG ATTCTTTGCCAG AACTAATTG AGGGG ATAAAAGGTG ATG AGCG TAATG TAATTTTA
GlyProAspSerSerSer IIeLeuVaI SerVaIProLeuThrAsp I IeArgArgAI al leLysAspSerLeuProGI uLeu IeGI uGly IleLysGlyAspGIluArgAsnV.aI11eLeu

4250 . . . . 4300
ACCCTAG CTCG AATG TGGCAAACAG TG ACTACTGG TG AAATTACCTCG AAAG ATG TCG CTG CAG AATGGGCTATACCTCTT TTACCTAAAG AG CATG TAACTTTACTG GAT ATAG CTAG A
ThrLeuAI aArgMetTrpGI nThrVaI ThrThrGlyGI u IIeThrSerLysAspVaI AlaeAIaGIluTrpAI al leProLeuLeuProLysGIluHI sVaI ThrLeuLeuAsplIIeAIlaArg

4350 . . . . 4400
AAAGGCTATCGGGG AG AGTG TG ATG AT AAG TGGG AAGG ACTATATTCAAAGGTG AAAGCACTCG TTAAG TATATG AAAAATTCTATAG AAACTTCTCTCAATTAGGCTAATTTTATTGCA
Ly sG IyTy rArgGlIyG IuCysAspAspLysTrpGlIuGlIyLeuTyrSerLysVa ILysA IaLeuValILysTyrMetLysAsnSerlI IeG IuTh rSerLeuAsnEND

4450 . . . . 4500 . . . 4550
ENDH I sPhe
AATCACTTTG

ATAACAGGTGCTTACTTTTAAAACTACTGATTTATTG ATAAATATTG AACAATTTTTGGGAAG AATAAAGCGTCCTCTTGTG AAATTAGAG AACGCTTTATTACTTTAATTTAGTG AAAC

4600 . . . . 4650
LeuLy sTy rSerAsnPhe IeSerLeuPheG InG IuLy sSerLeuLy sAsn IeAsnTh rVa IAsnA IaH IsLy sLeuA IaG InArgPheG InAsnLy sTh rPheLeuV al ArgTy rGlIu
TTAAACATTG ATAACTTTTATCTTTCTTTAACAAGGAAGCTATCAAATAATTATAATCACTG TAAACG TACG AAG TTTCGGACAG CCTTAACCAAAAATCACTTTTCTTGTGCTATAAG T
AATTTG TAACTATTG AAAATAGAAAG AAATTG TTCCTTCG ATAGTTTATTAATATTAGTG ACATTTGCATG CTTCAAAGCCTG TCGGAATTGGTTTTTAG TG AAAAG AACACG ATATTCA

* 4700 * * . . 4750 . . . 4800
ArgAsnVaITrpLysTyrVaIPheSerArgTyrLysLysTyrAspLysLysSerIIeLeuProGInHIsArgGIuLeuVa8 IIeLeuValSerAspValSerProLysProHIsPheTyr
GCCAAATGGGTGAATATTTGTTTTCTAGCTATG AAAAACATCAGGAAGAAACTTTAGTTACCAACTACAGCAAGTTCTTG TTAGTTATGTCTCAGATG TG AACCG AATCCTACTTTTATA
CGGTTTACCCACTTATAAACAAAAG ATCGATACTTTTTGTAGTCCTTCTTTG AAATCAATGGTTG ATG TCG TTCAAG AACAATCAATACAG AGTCTACACTTGGCTTAGGATG AAAATAT

4850 . . * 4900
LeuProProVaILysLysLeuMetLysl eAspMetGI uVlMetLeuLeuLeuGIyLeuAIaArgGi nLeuAsnGI nLeuArgLysAl aPheGlyLysGI uVaIleLeuTyrSerTyr
TCACCACCATGAAAAAACTCGTAAAAATATAGGTAGAGGTGGTAATTATCATTTGGGTTTCGAGCAACGTCTAAAACGTTAGAAAAGCGTTTAGGGAAG AGTTGCTATTCTATCG ATATA
AGTGGTGGTACTTTTTTGAGCATTTTTATATCCATCTCCACCATTAATAG TAAACCCAAAGCTCGTTG CAG ATTTTGCAATCTTTTCGCAAATCCCTTCTCAACG ATAAG ATAGCTATAT

4950 . . . . 5000
LysAlaGInSerGIuPheThrIleArgLysVaI IleAspThrSer1leAsnTyrProlle'AsnGlyTyrlleLysTyrAsn1leHIsLysProPheSerPheLysLeulleAspThrGIn
AATCGGACTGAAAGTTTCCATTAAG AAAACTG TTATAGGCATGACTACAATATTCCTTATAATGGTATATAG AATATCAAATATACAAAACCCTTCCTTTTAAAATCTTATAGGCAAACT
TTAGCCTG ACTTTCAAAGGTAATTCTTTTGACAATATCCGTACTGATG TTATAAGGAATATTACCATATATCTTATAGTTTATATGTTTTGGGAAGGAAAATTTTAG AATATCCG TTTGA

5050 . . . . 5100 . . . . 5150
1eVal LyslIeAsnGI uSerProAsnValI aIGIuLysThrVaIGI nCysLeuGlyGlyAspl IeGI ulIeAl aThrVaI SerArgSerMetLysVaI LeuGI uLysThrPheHI sGly
TAG TG AAAATATAAG AG TCTCCCCAAATGGCG AAG AAATCAG TG AACTG TATTCGG AGGTAG TTAAAG ATATCG TCATTG ACTAGCTG AG TAAAACTG ATCG AG AAACCATTTTACAGGA
ATCACTTTTATATTCTCAG AGGGGTTTACCGCTTCTTTAG TCACTTG ACATAAGCCTCCATCAATTTCTATAGCAGTAACTG ATCG ACTCATTTTGACTAGCTCTTTGGTAAAATGTCCT

5200 . . . . 5250
LysGlySerGly IeGI uI Val AsnAsp'GInLysSer IleAsnThrHi sAsnLeulIle'GIuLysValHlisLysLysSerThr 11ePheAsnG InThrAspLysProAsnLysGI nAsn'
AAAGGACTAGGCTAAAG AT AATG CAACAG AACAAATG ACTATAAGCACACTAAG TTATAAAG AAAATG TACG AAAAATCTTCATTATTTTAAAACGCACAG AAATCCCAAAAAG ACCAAG
TTTCCTG ATCCG ATTTCTATTACGTTGTCTTGTTTACTG ATATTCGTGTGATTCAATATTTCTTTTACATGCTTTTTAGAAG TAATAAAATTTTGCGTG TCTTTAGGGTTTTTCTGGTTC

5300 . . . . 5350 . . . . 5400
Met-ermA S.D. ENDAsnGlnAsnProGlnTyrArgVelLysAsnileValPhelleSerPheThrGlyMet-
TAATATTGG AAG AGG AATG ACCAATATTACTTG ACTG TAATTCGCAAG TAATATTGGTTAATTAAAACTAAACCAACTATTG CTTG AAATAATTATTG TTTATATCTTTTTCATGGGTAT
ATTATAACCTTCTCCTTACTGGTTATAATGAACTG ACATTAAGCGTTCATTATAACCAATTAATTTTGATTTGGTTGATAACGAACTTTATTAATAACAAATATAGAAAAAGTACCCATA

5450 . . . 5500
pep. 2 S.D. ENDENDSorHisSerLeuThrIleGIuValVaIAlaIleSerThrCysMet-pep. 1 S.D.
GAAAATAG AGGAAAGG TAAAAAAAG TAATACTTACTCTATTTCATTAAAG ATG ATG ACGCTATG ACCACG TG TATTAACTTTGGAGGAATACATTG ACTTATACTAACATAGTAG AAAAG
CTTTTATCTCCTTTCCATTTTTTTCATTATG AATG AG ATAAAGTAATTTCTACTACTGCG ATACTGGTGCACATAATTG AAACCTCCTTATG TAACTG AATATG ATTGTATCATCTTTTC

5550 . . . . 5600
ATTTTAG AATAAACCTTTATATG TAATTTTGCACCTTG ACG ACTTCAG ATGGACG TTTTCTTCAAAATAAG TATGTTTTG AAACTTG ATAAG AG AAG CCACTG TCTTTACTAAAAAGTAA

5650 . . . . 5700 . . . . 5750
AGGCTG CG ATAAAGG ACAG TG ACTTTAATAAAG TTGCACTG TTG TATTG TCTTTGG ATAAAATTG TCTAAAGGG AAG TTTTATCCCCAACG AAAAAACAG TCTAAAG TGG TAAG TAATG A

5800 . . . . 5850
AAG AATGTCG ATAAAG TAGGAATGGGGGATCTTTTTG AATACAATAG AATCACAG TTTG'ATAAGGTTGCAG AAG ATTAC'GATTTCG TG AATG AGCTTTTGAATG ATTATTCATTCTTTGT

ORF-LeuAsnThrlIeGIuSerGInPheAspLysVaIAlaGluAspTyirAspPheValAsnGluLeuLeuAsnAspTyrSerPhePheVaI
5900 . . . . 5950 . . . . 6000

GTCTAATATGTCTCCAAAG AAAGGCAG AGCATTAG ATATCGGATG TGGCTCGGGTTTGTTAGTGGAG AAATTAGCAAG TTATTATG ATG AAG TGGTAGGGATTGATATTTCTAATCAAAT
SerAsnMetSerProLysLysG yArgA aLeuAsp eG yCy sG ySerG yLeuLeuVa G IuLy sLeuA aSerTyrTy rAspG uVa IV a G y eAsp eSerAsnG I nMet

6050 . . . . 6100
GCTCG ATCTTG CCAAATCTAAACG TCAACTAACAAAT ACGGTCTATCTG AATATG AATG CAGAACA ACTTAATTTT AATG AG AAG TTTG ATTTTATTG TAAGCCG AACAACCTTTCATCA
LeuAspLeuA laLy sSerLy sArgG InLeuTh rAsnTh rV a ITyrLeuAsnMetAsnA IaG IuG InLeuAsnPheAsnG IuLy sPheAspPhe IeV a ISerArgTh rTh rPheH IsH Is

6150 . . . 6200
TTTGGATG ATATAGCCAGCGTAATACAGCAAATG AAGGAACTG TTG AATGAGGAAGGAAG AATAG TTATTCTTG ATAATG TATCTG AAG TCG AG ACACCGCCTACCTATG TTTATAAATT
LeuAspAsp IlIeAI aSerVaI 11eG InG InMetLysG IuLeuLeuAsnGI uGlIuGlyArgl leValI11eLeuAspAsnVaI SerGI uValGI uThrProProThrTyrVaI TyrLysLeu

6250 . . . . 6300 . . . . 6350
AGGGGCAATCCAAG AG TTTTTACCGCATTG TTTCAAATTTGGAATAAAAAATG CG ATTAG AATTTATAATCACAACACA'TCTAAATCATGGCTTG AG CATTTAGCTTCAG ATAAG TACCT
GlyAIlalleGInGIluPheLeuProHI sCysPheLysPheGlIy IIeLysAsnAI a lleArg IeTyrAsnHI sAsnThrSerLysSerTrpLeuGlIuHI sLeuAI aSerAspLysTyrLeu

6400 . . . 6450
ATCTG AACAAAATTATTACG ATTTATATG AAAAG TTG TTGCCTGG ATG CCAATTCCATA'AAATGGG TTGGGCAATGGGGG TTGTTCTGGACAAAATAACTTAAAGCTG TGGCTTTG AAAAG
SerGluGInAsnTyrTyrAspLeuTyrGluLysLeuLeuProGlyCysGlnPheHIsLysMetGlyTrpAlaMetGlyValVaITrpThrLysEND

* 6500 . _ _ _ _ . 6550 . _ _ ______ __ 6600
TTGAATTTG TG ATTGTTTTCAGAGCTATCGGGTGCTTTAG TATAAATAACAATG AATAAAAAATCAG CCTG TATCTTATGTTACTATTAAG TAATTTAAG ATACAGGTTTTACTATTTTT

6650SOT
GAAATAAGTACCTTCCACTTCAAATACATGTATTCAAAGTGAAAGTATTGATTTAAATGATTCTTTTGTAATTTACTCTTGATAGATG TA

Fig. 1. Nucleotide sequence of Tn554. The sequence is given for one strand, from the left to the right end of the transposon. For ermA, which is transcribed
off the complementary strand, both strands are shown.
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Table I. Proteins deduced from the nucleotide sequence of Tn554

Gene Size Start Stop %A+T
Amino Mr, nt Codon nt Codon
acids daltons

tnpA 361 42 880 134 GUG 1217 UGA 67.8
tnpB 630 74 373 1216 AUG 3106 UAA 66.1
tnpC 125 14 791 3115 AUG 3490 UAA 70.1
spc 260 28 957 3643 AUG 4423 UAG 63.6
ermA 243 28 380 5283 AUG 4553 UAA 67.5
ORF 220 25 396 5795a UUG 6471 UAA 66.1

aSuggested start codon for ORF based on proximity to the best possible
Shine-Dalgarno sequence; most probably ORF is not translated.
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Fig. 2. Functional and restriction map of Tn554. tnpl is a locus responsible
for trans-inhibition of transposition (Murphy, 1983).

spc. The antibiotic resistance genes have been discussed in detail
elsewhere (Murphy, 1985a, 1985b). The spc determinant encodes
a unique adenyltransferase, AAD(9), that modifies spectinomycin
but not streptomycin. The primary amino acid sequence of the
deduced 29-kd protein shows significant (35%) homology with
a streptomycin-spectinomycin adenyltransferase, AAD(3 ") (9),
that is widespread among gram-negative bacteria (Hollingshead
and Vapnek, 1985; Murphy, 1985b; M. Fling, personal com-
munication).

ermA. ermA specifies a 28-kd S-adenosylmethionine-dependent
methylase that specifically dimethylates 23S rRNA (Lai and
Weisblum, 1971). The amino acid sequence of the ermA
methylase and the nucleic acid sequence of its regulatory region
are homologous to that of the ermC rRNA methylase (Gryczan
et al., 1980; Murphy, 1985a). Of all the open reading frames,
only ernA is transcribed from right to left as the map is drawn
(Figure 2); thus the spc and ermA transcripts converge. The 3'
intergenic region contains a potential stem and loop structure that
probably functions as a transcription terminator for both the ermA
and spc mRNAs (Murphy, 1985b).
ORF. The right end of Tn554 contains an open reading frame
(ORF) sufficient to encode a 225 amino acid protein. Although
a very abundant transcript hybridizes to this region (see below),
there is no evidence that it is translated: no band corresponding
to ORF is evident in the in vitro transcription-translation system
and the best Shine-Dalgarno site, preceding a TTG start codon,
is a relatively poor one. Mutants at three positions in ORF (see
below) have no effect upon either the frequency or specificity
of transposition, nor does Tn554 confer resistance to any of 30
antibiotics and heavy metal ions tested (data not shown).
Isolation of mutations at restriction site
Using pEM963 1 DNA, small insertion or deletion mutants were
created at 19 restriction sites within Tn554 (plasmids used in this
study are shown in Table II). Following transformation with the
treated and re-ligated DNAs, plasmid DNA was isolated and
assayed for the loss of the restriction site in question, and col-
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uauuuAAAGAGGUGggaacauGUGgag

tcgagAGAAAGGAGcauaagaaAUGaau

aguuuGAcGGGGUAAUuaucaAUGgau

JL c uaaucAAcGAGGUGAaaucAUGagc
peptide 1 pppacauAAGGAGGUuucaauuAUGugc

poptide 2 aaaugGAAAGGAGauaaaaguAUGggu

ermA uaaccAGuAAGGAGaagguuauaAUGuuc

ORF aguagGAAuGGgGGAUCuuuUUGaau

12 -15 .4

10 -18.4

11 -14.8

10 -1 .2

11 -1 9.0

10 -16 .2

11 -14.2

9 -1 .4

Fig. 3. Postulated Shine-Dalgarno sites of Tn554. Nucleotides in upper case

are those that match the 3' end of Bacillus subtilis 16S rRNA. 'Spacing' is
from the base suggested to pair with the U of the CCUCC of the rRNA to
the initiation codon. Free energies (Kcal) were calculated according to
Tinoco et al. (1973).

Table II. Strains and plasmids

Straina Plasmid Genotype Reference

RN4470 - 1.4-kb Cmr fragment replac- Murphy and
ing 900 bp of target site in Lofdahl, 1984
chromosome

RN4565 pEM9634 2.8-kb chromosomal target Murphy and
insert in pTl81repC-ts Lofdahl, 1984
(pRN8057)

RN4652 pEM9700 171-bp target insert in
pT 181cop623

RN4491 pEM963 1 Tn554ertnIl -pEM9634
RN4689 pEM9698 Tn554 (wild-type)- pEM9634
RN4934 pEM9717 TnS54ernmI -pEM9700
BD404 - B. subtilis deficient in Doley et al., 1974

ATP-dependent nuclease

'All Staphylococcus aureus strains are derivatives of NCTC 8325-4.

onies were scored for resistance to spectinomycin and
erythromycin and for transposition proficiency (Table III).
Transposition-defective mutants. With a single exception, all
mutations created at any of 10 restriction sites located between
nt 381 (EcoRV) to 3471 (BglII) abolished the ability of Tn554
to transpose, while mutations mapping to the right of the BglII
site did not affect transposition. These mutations include those
at four restriction sites within each of the tnpA and tnpB coding
regions and two in tnpC. Typical transduction frequencies for
the mutants were 104- to 105-fold lower than wild-type (Table
III), which corresponds to fewer than 10 transductant colonies
per plate. Southern blot hybridization of whole-cell DNA from
some of these colonies indicated that Tn554 DNA was present
at a secondary chromosomal location rather than in the cloned
plasmid target (data not shown), suggesting that they did not arise
by a normal transposition event.
The exceptional mutant was tnpA27, obtained after limited

Bal31 digestion at the EcoRV site at nt 381, which contains a
15 base, in-frame deletion of nucleotides 386-400. TnpA27
transposed at 10% of the wild-type frequency and retained wild-
type site and orientation specificity (Figure 4). Frameshift muta-
tions at this site, such as tnpA44 and tnpA26, were completely
transposition-defective.

In four instances (tnpA60, tnpB31, tnpBJ8 and tnpB29)
transposition-defective mutants which were identified on the basis
of phenotype still contained the restriction site in question. Se-
quence analysis verified that these contained wild-type sequences
in the region of the restriction site. These mutants were mapped
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Table III. Characteristics of restriction-site mutants of Tn554

Mutant Location Sequence Phenotype Transposition Reversion frequency
changea frequencyb

tnpA26 EcoRV 381 A123bp tnp N.T.
tnpA27L' EcoRV 381 AlSbp tnp + 5.1 X 10-5
tnpA44 EcoRV 381 A64bp tnp- 2.8 x 10-8
tnpA60 645 Albp tnp- 5.3 x 10-8
tnpA4J HindIII 816 (Q4bp) tnp- 1.2 x 10-8
tnpA7 NdeI 1037 (Q2bp) tnp- 4.0 x 10-8
tnpA4 AvaI 1194 Q4bp tnp- 1.5 x 10-8
tnpA85 AvaI 1194 (Q4bp) tnp- N.T.

tnpB3J 1385 G-A tnp- 1.4 x 10-7
tnpB3 HpaI 1810 Albp tnp- 4.4 x 10-9
tnpB12 EcoRI 2212 (Q4bp) tnp- 1.4 x 10-8
tnpB15 BstEII 2772 OSbp tnp- 1.4 x 10-8
tnpB164 SphI 2925 (A4bp) tnp- N.T.
tnpBI77 SphI 2925 (A4bp) tnp- N.T.
tnpB18 ? tnp- 3.3 x 10-8
tnpB29 ? tnp- 1.5 x 10-8

tnpC80 AccI 3190 Q2bp tnp- 6.2 x 10-8
tnpC45 AccI 3190-3503 A312bp tnp- 1.8 x 10-8
tnpCJ2 Bglll 3471 Q4bp tnp- 7.8 x 10-8

Acc128 AccI 3503 (Q2bp) tnp + N.T.
Acc136 AccI 3503 (Q2bp) tnp + N.T.

spc23 AccI 4097 (Q2bp) sps 2.2 x 10-7
spcS9 AccI 4097 (Q2bp) Sps 1.1 X 10-7
spc37 PstI 4259 (A4bp) Sps 1.9 X 10-7
spc59 PstI 4259 (A4bp) sps 3.1 X 10-7

ennA33 SphI 4627 (A4bp) Ems <7.5 x 10-9
ermA56 SphI 4627 (A4bp) Ems <3.6 x 10-9
ermA18 ClaI 4706 (Q2bp) Ems <7.7 x 10-9
ermA23 ClaI 4706 (f22bp) Ems <5.8 x 10-9
ermA450 AccI 4773 (Q2bp) Ems <3.4 x 10-9

EcoRV81 EcoRV 5915 (A) tnp + N.T.
Ava34 AvaI 5921 (Q4bp) tnp + N.T.
AvaS7 AvaI 5921 Q4bp tnp + N.T.
BstN4 BstNI 6401 (Albp) tnp + 2.5 x 10-4

RN2864 (Wild-type TnSS4) tnp + 6.2 x 10-4
RN451 (No TnS54) 1.2 x 10 7 (Sp)

< 7.9 x 10-9 (Em)

aChanges in parentheses are predicted from the type of restriction site ends; others were sequenced. A, deletion; Q, insertion.
bTransposition frequency expressed as EmrCmr transductants per plaque-forming unit. N.T. not tested.
CtnpA27 is indistinguishable from wild-type in the screening assay.

by complementation analysis (Bastos and Murphy, in prepara-
tion) and in two cases the genes involved were sequenced in their
entirety and found to have single base changes unrelated to the
targeted restriction site (Table HI). One of these, tnpB31, is a
mis-sense mutation with a transduction frequency - 10-fold
higher than the frameshift mutants; in this case transposition to
the correct location was observed (not shown).
Antibiotic-sensitive mutants. Mutants at the AccI site (bp 4097)
and PstI sites (4259) abolished resistance to spectinomycin; those
located at the SphI (4627), ClaI (4706) or AccI (4773) were Ems.
The frequencies of reversion of Spr or Emr, respectively, were
not significantly different from those of RN45 1, a control strain
lacking any Tn554 or plasmid sequences (Table 111). These results
are fully consistent with the placement of the spc and ermnA genes
based on the sequences and on previous genetic considerations
(Murphy, 1983), and additionally, the inability of these mutants
to revert to antibiotic resistance bears out the expection that the
method used here should generate frameshift mutations.

Silent mutations. Mutations at four sites [AccI (3503), EcoRV
(5915), AvaI (5929) and BstNI (6401)] displayed no detectable
phenotype. The first of these lies in the intergenic region between
tnpC and spc, but within the 5' untranslated region of a spc
transcript (Murphy, 1985b). The remainder are located within
ORF. All were scored as EmrSprtnp+; representative mutants
were analyzed by blot hybridization and were found to have in-
serted at the unique chromosomal insertion site in the proper
orientation (Figure 4). One of the AvaI mutants, Ava57, was se-

quenced to verify that the predicted frameshift mutation was ac-

tually present.
Analysis of transcripts
RNA prepared from cells with (RN4689) or without (RN4565)
Tn554 was subjected to Northern analysis using as probes isolated
fragments of DNA prepared from different regions of the
transposon. The most abundant transcript specified by Tn554 was

a 900 base mRNA that hybridized to a 486 bp probe that lies
completely within the predicted ORF reading frame (Figure 5).
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Fig. 4. Southern blot hybridization following transposition of wild-type and
mutant Tn554 elements to the chromosome. Chromosomal DNA (1-2 /g)
was digested with HindIII and applied to an 0.7% agarose gel, transferred
to nitrocellulose (Southern, 1975) and hybridized to 32P-labeled pRN4175
(pI1l47::Tn554) DNA at 57°C overnight. Filter washes were twice in
2 x SSC, 0.1% SDS at 37°C and twice in 0.1 x SSC at 57°C. Lane 1,
RN2864 (wild-type); lanes 2-4, ORF mutants EcoRV81, Ava57 and
BstN4, respectively; lane 5, tnpA27.

SI nuclease digestion according to the Berk and Sharp (1977)
procedure using as probe a 273-base 5' end-labeled, strand-
separated fragment (Fnu4HI, 5643 to EcoRV, 5915) yielded a
protected fragment of 207-209 bp, placing the start of the
transcript at 5709-5711 (Figure 6). Two other abundant
transcripts corresponding to spc and ermA have been previously
defined (Murphy, 1985a, 1985b).
Two major transcripts of - 1150 and 1250 bases were detected

using a probe specific for tnpA. In addition, minor transcripts
of 800, 1000 and 1425 bases were observed in variable amounts
(Figure 5). Specific bands corresponding to tnpB and tnpC were
not detected, but a diffuse signal was always observed for both
genes. This signal was specific for RNA prepared from
Tn554-containing strains, however, and was never detected in
RNA from RN4565. No transcript large enough to encode all
three tnp genes was observed.
In vitro protein synthesis
The proteins specified by Tn554 in an in vitro transcription-
translation system from Bacillus subtilis are shown in Figure 7.
Bands of - 43, 30 and 29 kd, corresponding to the products of
tnpA, ermA and spc, respectively, were identified by their absence
when a corresponding frameshift mutant was used as template.
No other Tn554-specified peptides could be identified. Truncated
peptides of the expected sizes were observed for the mutants
ermA450 (19.8 kd, lanes 3 and 5) and spc23 (17.6-kd, lane 4)
but not for tnpA44 (lane 11). The wild-type ermA product co-
migrates with ErmC, and slightly more slowly than the spc pro-
duct although the latter is predicted to be slightly larger. Both
the wild-type and the truncated ermA products synthesized in
vitro cross-react with antibody directed against ErmC (C.Denoya
and D.Dubnau, personal communication). The spc product,
AAD(9), was most clearly visible in those lanes containing little
or no wild-type ErmA.
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Fig. 5. Analysis of Tn554-specific transcripts. RNA (10 ug) from RN4689
(containing Tn554, lanes labeled '+') or RN4565 (no Tn554, '-') was
displayed on a 1.5% agarose-formaldehyde gel (Lehrach et al., 1977),
transferred to nitrocellulose strips and hybridized with 4-8 x 106 c.p.m. of
nick-translated probes. Probes were isolated fragments prepared from
Tn554-containing plasnids: tnpA, nt 381 - 1063 (EcoRV-Fnu4HI); tnpB, nt
1385-2597 (Hinfl-Hinfl); tnpC, nt 3190-3471 (AccI-BglI1); ORF, nt
5915-6401 (EcoRV-BstNI). Hybridization was in 40% formamide,
5 x SSC, 50 mM NaPO4, 0.1% SDS, 5 x Denhardt's solution, 1 mM
EDTA at 51°C (T -15°) for 18 h; the filters were washed twice in
2 x SSC, 0.1% SDS at room temperature and twice in 0.1 x SSC at 55°C
(Tm-12'C). Standards indicated on the left are restriction fragments of
pT181 DNA.

pEM9631 and its mutant derivatives (Tn554 inserted in the
2.8-kb target fragment) directed the synthesis of large amounts
of a 22-kd peptide, which was not present in Tn554-containing
derivatives of pEM9700 (171-bp target insert) such as RN4934
(pEM9717, lane 1), indicating that the peptide is not a Tn554
product. Plasmid pEM9634, containing the uninterrupted 2.8-kb
insert (lane 6), but neither pEM9700 nor pT181 (not shown),
synthesized a 25-kd peptide. It is likely that the 25-kd peptide
is encoded by the 2.8-kb fragment cloned on pEM9634, and that
transposition of Tn554 into this coding region produces a trun-
cated, 22-kd peptide. The successful construction of a host with
a 900 bp, chromosomal deletion encompassing this region, and
the ability of Tn554 to transpose in this background (into the
17 1-bp cloned target site) indicates that the intact 25-kd peptide
is required neither for cell viability nor for transposition.

Discussion
The nucleotide sequence data and mutational analysis presented
here imply that Tn554 specifies three functions, designated tnpA,
tnpB and tnpC, that are required for its transposition, in addi-
tion to the two antibiotic resistance determinants ermA and spc.
A detailed genetic analysis of the former will be published
elsewhere. Proteins corresponding to tnpA, ermA and spc were
identified in a Bacillus subtilis S-30 system; a 25 kd peptide,
specified by the chromosomal target DNA and insertionally in-
activated upon Tn554 transposition, was also observed. Our
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Fig. 6. Determination of the 5' end of ORF-mRNA by SI nuclease
digestion (Berk and Sharp, 1977). RNA was hybridized in 80% formamide
at 42°C with 5' end-labeled, single-stranded probe (nt 5643, Fnu4HI to
5915, EcoRV), and diluted into SI buffer containing 500 u/rnl endonuclease
(Berk and Sharp, 1977; Murphy, 1985a). Lane 1, tRNA; lane 2, 50 sg
RN4689 RNA; lane 3, RN4689 RNA, no SI; GACT, M13 sequencing
ladder of an unrelated DNA.

failure to detect specific transcripts or peptides corresponding
to tnpB and tnpC is most likely a reflection of a low level of
expression of transposases in general rather than an indication
that these reading frames do not encode products, since muta-
tions in tnpB and tnpC, as well as in tnpA, abolish Tn554
transposition. Application of the Fickett (1982) test for coding
versus noncoding regions gave a 'noncoding' verdict for ORF,
'coding' for spc, and 'no opinion' for ermA, tnpA, tnpB and tnpC.
The 'RNY' test (Shepherd, 1983) predicts the proposed reading
frames in all six cases, but with relatively weak periodicity;
stronger periodicity is detected in some non-coding regions. These
statistical tests may be less useful for DNA that is very A+T
rich, where other constraints are likely to affect base position-
ing and codon usage.

Comparison of the Tn554 nucleic acid and deduced amino acid
sequences to the Genbank and Dayhoff data bases, respectively,
using the fastn and fastp homology programs (Wilbur and Lip-
man, 1983), revealed no significant homologies other than those
previously identified for the ermA and spc determinants (Mur-
phy, 1985a, 1985b). A computer search also failed to locate any
region with homology to the helix-turn-helix domain postulated
to be common to a variety of DNA binding proteins (Sauer et
al., 1982).

Probable translational initiation sites for Tn554 are compared
in Figure 3. Gram-positive Shine-Dalgarno sites are characterized
by a greater complementarity to the 3' end of 16S rRNA than

Fig. 7. SDS-polyacrylamide gel electrophoresis of Tn554 peptides
synthesized in vitro. Lane 1, RN4934 (pEM9717); lane 2, AvaS7; lane 3,
ermA450; lane 4, spc23; lane 5; ermA450; lane 6, pEM9634; lane 7, Ava
57; lane 8, tnpC45; lane 9, spc23; lane 10, tnpB3; lane 11, tnpA44.
Locations of 14C-labeled protein standards (BRL) are indicated on the left.
All the TnS54 elements used in these experiments carry the ermIl mutation
and express ermA constitutively.

those of gram-negative organisms, with an average free energy
of -16.7 Kcal/mol, compared with -11.7 Kcal/mol for E. coli
SD sites (Hager and Rabinowitz, 1985). All of the six major
reading frames, and the two regulatory peptides encoded by the
5' end of the ermA mRNA (Murphy, 1985a) have energies of
-14.0 Kcal/mol or less, with spacing to the initiation codon of
9- 12 bases. Two of these are postulated to initiate with a UUG
or GUG codon, which represent about one-third of initiation
codons in gram-positive organisms and which are apparently no
less efficient than AUG codons (Hager and Rabinowitz, 1985).
Although ORF possesses a good SD site by these criteria, the
calculation is critically dependent upon the energy assigned to
the G-U pair [- 1.3 Kcal, according to Salser (1977)]. As noted
above, ORF is not translated in vitro by B. subtilis S-30 extracts
although it is abundantly transcribed in vivo.
TnpA and tnpB exhibit the potential for translational coupling

via an ATGA overlap of the tnpA termination codon and the tnpB
initiation codon. Such overlaps have been found in a number of
operons in which polar effects are observed, and can lead to a
re-initiation rate of - 10% in the absence of a functional SD site
for the distal gene (Das and Yanofsky, 1984; Sprengel et al.,
1985). Even if a SD sequence is present, as it is between tnpA
and tnpB, translational coupling may account for up to 70% of
the expression of the distal gene (Das and Yanofsky, 1984).
However, the available evidence suggests that tnpA and tnpB are
not translationally coupled: analysis of the mRNA species
hybridizing to tnpA suggests that the two major transcripts are

just long enough to encode tnpA; there is no indication of a
transcript long enough to include both tnpA and tnpB. Specific
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tnpB and tnpC transcripts were not detected. Furthermore, com-
plementation tests suggest that expression of tnpB is dependent
upon neither transcription nor translation of tnpA (Bastos and
Murphy, in preparation). Nevertheless, there may be a functional
significance for the tnpA - tnpB overlap; the conditions under
which these transcripts were isolated (late logarithmic phase) may
not truly reflect those prevailing when transposition is most fre-
quent (immediately following transfer to a new host), and an
alteration in the transcription pattern of Tn554 might be impor-
tant in the regulation of transposition.
tnpB and tnpC also have a possibility for translational coupl-

ing; in this case there are 6 nt separating the termination and
initiation codons. Based on estimates from other systems, this
is likely to allow reinitiation at a rate of -1 % (Das and Yanof-
sky, 1984; Sprengel et al., 1985). However, for the same reasons
as mentioned above, translational coupling may not play a major
role in the expression of tnpC.
A series of tnp- mutants were isolated by in vitro mutagenesis

at restriction sites within the tnpA, tnpB and tnpC coding regions,
as identified by sequence analysis. A few of these deserve in-
dividual mention. tnpA4, a 4-bp insertion at the AvaI site very
near the carboxy-terminus of tnpA, introduces a frameshift that
changes the highly charged seven C-terminal amino acids residues
from Glu-Arg-Lys-Glu-His-Lys-Lys-COOH to Asp-Arg-Glu-
Lys-Gly-Ala-COOH. The mutant protein is one residue shorter
than the wild-type and lacks three positively charged residues;
this mutant is totally defective for transposition. Similarly, muta-
tions at the carboxy-terminus of tnpC in which the C-terminus
is changed from Leu-Tyr-Asn-Lys-Glu-COOH to Arg-Ser-Val-
COOH are also tnp-. Thus for both proteins, the C-termini ap-
pear to be critical for proper functioning. A spontaneous, con-
servative substitution in tnpB31 (Arg52-His) results in
transposition activity that is 5- to 10-fold greater than the
frameshift mutants but still 1000-fold lower than the wild type.
tnpA2 7 is only partially defective (10%) although it has suffered
a deletion of amino acid residues 85-89.

During the course of this study, a number of spontaneous tnp-
mutants were isolated. Such mutants were generally found when,
in the initial screening, phenotypic analysis preceded restriction
analysis. (This was done when the restriction enzyme in ques-
tion was one that poorly digested DNA prepared by the rapid
alkaline procedure.) Thus, tnpA60, tnpBJ8 and tnpB29 were
isolated in several initial, unsuccessful attempts to generate a
mutation at the SphI site at bp 2925 (although mutations at 4627
in ermA were readily obtained in these experiments). We have
no explanation for the surprisingly high frequency of spontaneous
mutation except to note that it occurred with specific batches of
restriction enzymes and may thus have been a result of a con-
taminating activity.
Most transposable elements encode a single, usually large pro-

tein, termed a transposase, that is required for the insertion of
that element (Gill et al., 1979; Grindley and Joyce, 1980; Johnson
et al., 1982). Bacteriophage Mu replication requires two pro-
teins, gpA and gpB, both of which are now known to be required
for the initial conservative integration event following infection
(Chaconas et al., 1985) as well as for replicative transposition
(Wijffelman et al., 1974; Wijffelman and Lotterman, 1977). The
relative amounts of the two proteins, or possibly their availabil-
ity to interact with host proteins, affects the choice of recom-
binational pathway (Harshey, 1983); the C-terminal domain of
gpB may be a crucial factor in this decision (Chaconas et al.,
1985). IS1 transposition also requires two proteins, insA and insB
(Machida et al., 1984), whose individual functions are not known.
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Among prokaryotic transposable elements only Tn554, Tn7
and IS4 exhibit a marked site preference as well as an orienta-
tion specificity (Barth et al., 1976; Klaer et al., 1981; Lichten-
stein and Brenner, 1981, 1982). Of these, both Tn554 and Tn7
(Hauer and Shaprio, 1984) require three gene products for
transposition. One of the Tn7 genes, tnp7C, is responsible for
the ability of Tn7 to transpose non-specifically into plasmid DNAs
whereas the remaining two functions are necessary and sufficient
for Tn7 insertion into its unique chromosomal site (Hauer and
Shapiro, 1984); thus tnp7C serves to reduce the insertional
specificity. The results reported here for Tn554 indicate that all
three gene products are required for transposition and therefore
that none of them functions solely as a specificity determinant.
An attractive hypothesis for the activities of the tnpA, tnpB and
tnpC products of Tn554 is that they form a multimeric transposase
whose specificity is conferred by one of the subunits, similar to
the EcoB, EcoD and EcoK restriction endonucleases (Gough and
Murray, 1983). A further parallel with these enzymes concerns
the nature of the recognition sequences, which are non-symmetric
and lack the repetitive elements such as inverted or direct repeats
that characterize the termini of all transposable elements except
bacteriophage Mu and Tn554.

Materials and methods
Strains and plasmids
The strains used in this study are listed in Table II. Plasmid DNA was prepared
as previously described by this laboratory (Novick et al., 1979) or by the alkaline
method of Birnboim and Doly (1979). Plasmids pEM9634 and pEM9700 con-
tain Staphylococcus aureus chromosomal inserts in derivatives of the tetracycline
(Tc) resistance plasmid pT181 (Khan and Novick, 1983) of 2.8 kb and 171 bp,
respectively; these inserts contain the unique insertion site of Tn554. The host
strain RN4470 is a construct lacking 900 bp surrounding the chromosomal in-
sertion site and carrying in its place a non-homologous, 1.4 kb fragment encoding
chloramphenicol (Cm) resistance (Murphy and Lofdahl, 1984). Tn554-containing
plasmids were derived by transduction of one of these strains with a k 11 lysate
prepared on a Tn554-containing strain, with selection for erythromycin (Em) or
spectinomycin (Sp) resistance, as appropriate. Plasmid pEM9634 and its
Tn554-containing derivatives carry a thermosensitive repC allele (Iordanescu and
Surdeanu, 1980); consequently they do not replicate at 43°C.
Nucleotide sequencing
Sequences were obtained by the dideoxy chain termination method (Sanger et
al., 1977) using restriction fragments cloned into the polylinker restriction sites
of the M 13 derivatives mp IO and mp 11, and E. coli JM 105 (Messing. 1983).
Most of the sequence was obtained using MboI, Hinfl and TaqI fragments ran-
domly cloned from plasmids containing all or part of Tn554; when necessary,
specific clones were identified by plaque hybridization (Messing, 1983). Buffer
gradient gels (8 % polyacrylamide) and [35S]dATP (New England Nuclear) were
used according to Biggin et al. (1983).
In vitro mutagenesis
Mutations were isolated by digesting pEM9631 with restriction enzymes for which
Tn554 contains one or a few sites, isolating the linear plasmid DNA (in the case
where partial digestions were necessary), and filling in or trimming the ends as
required prior to re-ligation. Enzyme manipulations were carried out according
to Maniatis et al. (1982). Thus, most 5' overhanging ends were filled using Klenow
fragment; 3' overhangs (SphI, PstI) were digested using the 3'- 5' exonuclease
activity of T4 DNA polymerase in the absence of deoxynucleotide triphosphates,
and flush ends (EcoRV, HpaI) were subjected to limited digestion with Bal-31
(Legerski et al., 1978) to generate small deletions. The DNA was then ligated
and transferred to S. aureus by protoplast transformation (Chang and Cohen, 1979;
Murphy, 1983) with selection for the vector marker, Tc. Colonies were assayed
for transposition (see below) and for Sp and Em resistances, and plasmid DNA
was prepared for restriction endonuclease analysis.
Transposition
Transposition proficiency was tested in a qualitative assay by scoring isolated
colonies for the retention of Em resistance following three cycles of overnight
growth without selection at 43°C. at which temperature the plasmid vector can-
not replicate and is lost from the cells. Only those cells containing a tnp+ TnSS4
element that can transpose to the chromosome will give rise to EmrTcs colonies.
For each transformant, 40-50 individual colonies were tested; those remaining



Nucleotide sequence of Tn554

Tcr still contatined the vector and were not included in the analysis. Because a
single transposition event per colony is sufficient to generate a positive result
in this test, TnS54 elements that contain mutations that reduce, but not abolish,
transposition will be scored as tnp+. For quantitation of transposition frequen-
cies, a chromosomally inserted TnS54 element was used as a donor for a second
round of transposition. Chromosomal insertions of tnp- mutants were obtained
by complementation. Transducing lysates were prepared and used to infect
RN4652; Emr transductants arising via transposition of TnS54 to pEM9700 re-
main Cmr and contain an 11.3 kb plasmid, whereas those resulting from
chromosomal recombination involving homologous flanking sequences displace
the Cmr marker and contain the original pEM9700 target plasmid (4.6 kb). In
some cases the presence and location of TnS54 DNA was assessed by blotting
of whole-cell DNA prepared from EmrCmr transductant colonies.

Hybridization
Southern and Northern blot hybridizations were carried out as described in Maniatis
et al. (1982). RNA was prepared by precipitation with guanidine isothiocyanate
(Chirgwin et al., 1979) and purified by centrifugation on a 6 M CsCl cushion
(Glisin et al., 1974). Nick-translated (Rigby et al., 1977) or 5'-end labeled (Maxam
and Gilbert, 1980) probes were prepared from plasmids carrying TnS54 or
fragments isolated from acrylamide gels.
In vitro protein synthesis
S-30 extracts were prepared from Bacillus subtilis strain BD404. a mutant lack-
ing the ATP-dependent nuclease (Doley et al., 1974), according to the Zubay
procedure (Zubay, 1973) as modified for B. subtilis (C.Narayanan and D.Dub-
nau, personal communication). The reaction mixtures (50 /il) contained 8 ig DNA,
1 -2 ytl S-30 extract, 15.5 units RNasin (Promega), 10 /Ci[35S]methionine and
other components as described (Zubay, 1973). Samples were precipitated in
acetone, resuspended in loading buffer and displayed on a 12.5% SDS-
polyacrylaniide gel (Laemmli, 1970). Gels were treated with Enlightning (New
England Nuclear), dried and exposed at -700C.

Acknowledgements
We thank C.Narayanan for help with the S30 extracts. This work was supported
by grant GM27253 from the National Institutes of Health to E.M. M.B. was
supported by the National Council for Scientific and Technological Development
(CNPq-Brazil).

References
Barth,P.T., Datta,N., Hedges,R.W. and Grinter,N.J. (1976) J. Bacteriol., 125,

800-810.
Berk,A.J. and Sharp,P.A. (1977) Cell, 12, 721-732.
Biggin,M.D., Gibson,T.J. and Hong,G.F. (1983) Proc. Natl. Acad. Sci. USA,

80, 3963-3965.
Birnboim,H.C. and Doly,I. (1979) Nucleic Acids Res., 7, 1513-1523.
Chaconas,G., Giddens,E.B., Miller,J.L. and Gloor,G. (1985) Cell, 41, 857-865.
Chang,S. and Cohen,S.N. (1979) Mol. Gen. Genet., 168, 111-115.
Chirgwin,J.M., Przybyla,A.E., MacDonald,R.J. and Rutter,W.J (1979)

Biochemistry (Wash.), 18, 5294-5299.
Das,A. and Yanofsky,C. (1984) Nucleic Acids Res., 12, 4757-4768.
Doley,J., Sasarman,E. and Anagnostopoulos,C. (1974) Mutat. Res., 22, 15-23.
Fickett,J.W. (1982) Nucleic Acids Res., 10, 5303-5318.
Gill,R.E., Heffron,F. and Falkow,S. (1979) Nature, 282, 797-801.
Glisin,V., Crkvenjakov,R. and Byus,C. (1974) Biochemistry (Wash.), 13,

2633-2637.
Gough,J.A. and Murray,N.E. (1983) J. Mol. Biol., 166, 1-19.
Grindley,N.D.F. and Joyce,C.M. (1980) Cold Spring HarborSvmp. Quant. Biol.,

45, 125-133.
Gryczan,T.J., Grandi,G., Hahn,J., Grandi,R. and Dubnau,D. (1980) Nucleic

Acids Res., 8, 6081-6097.
Hager,P.W. and Rabinowitz,J.C. (1985) in Dubnau,D. (ed.), The Molecular

Biology of the Bacilli, Vol. 2, pp. 1-32.
Harshey,R.M. (1983) Proc. Natl. Acad. Sci. USA, 80, 2012-2016.
Hauer,B. and Shapiro,J.A. (1984) Mol. Gen. Genet., 194, 149-158.
Hollingshead,S. and Vapnek,D. (1985) Plasmid, 13, 17-30.
Iordanescu,S. and Surdeanu,M. (1980) Plasmid, 4, 1-17.
Johnson,R.C., Yin,J.C.P. and Reznikoff,W.S. (1982) Cell, 30, 873-882.
Khan,S.A. and Novick,R.P. (1983) Plasmid, 10, 251-259.
Klaer,R., Kuhn,S., Fritz,H.J., Tillmann,E., Saint-Girons,I., Haberman,P.,

Pfeifer,D. and Starlinger,P. (1981) Cold Spring Harbor Symp. Quant. Biol.,
45, 215-224.

Krolewski,J.J., Murphy,E., Novick,R.P. and Rush,M.G. (1981) J. Mol. Biol.,
152. 19-33.

Laemmli,U.K. (1970) Nature, 227, 680-685.
Lai,C. and Weisblum,B. (1971) Proc. Natl. Acad. Sci. USA, 68, 856-860.

Legerski,R.J., Hodnett,J.L. and Gray,H.B.,Jr. (1978) Nucleic Acids Res., 5,
1445-1464.

Lehrach,H., Diamond,D., Wozney,J.M. and Boedtker,H. (1977) Biochemistry
(Wash.), 16, 4743-4751.

Lichtenstein,C. and Brenner,S. (1981) Mol. Gen. Genet., 183, 380-387.
Lichtenstein,C. and Brenner,S. (1982) Nature, 297, 601-603.
Machida,Y., Machida,C. and Ohtsubo,E. (1984) J. Mol. Biol., 177, 229-245.
Maniatis,T., Fritsch,E.F. and Sambrook,J. (1982) Molecular Cloning, Cold Spring

Harbor Laboratory Press, NY.
Maxam,A. and Gilbert,W. (1980) Methods Enzymol., 65, 499-560.
McLaughlin,J.R., Murray,C.L. and Rabinowitz,J.C. (1981) J. Biol. Chem., 256,

11283-11291.
Messing,J. (1983) Methods Enzymol., 101, 10-89.
Murphy,E. (1983) Plasmid, 10, 260-269.
Murphy,E. and Lofdahl,S. (1984) Nature, 307, 292-294.
Murphy,E. (1985a) J. Bacteriol., 162, 633-640.
Murphy,E. (1985b) Mol. Gen. Genet., 200, 33-39.
Novick,R.P., Murphy,E., Gryczan,T.J., Baron,E. and Edelman,I. (1979)

Plasmid, 2, 109-112.
Philips,S. and Novick,R.P. (1979) Nature, 278, 476-478.
Rigby,P.W.J., Dieckmann,M., Rhodes,C. and Berg,P. (1977) J. Mol. Biol., 113,

237-251.
Salser,W. (1977) Cold Spring Harbor Symp. Quant. Biol., 42, 985-1002.
Sanger,F., Nicklen,S. and Coulson,A.R. (1977) Proc. Natl. Acad. Sci. USA,

74, 5463-5467.
Sauer,R.T., Yocum,R.R., Doolittle,R.F., Lews,M. and Pabo,C.O. (1982) Nature,

298, 447-451.
Shapiro,J.A. (1979) Proc. Natl. Acad. Sci. USA, 76, 1933-1937.
Shepherd,J.C.W. (1983) Proc. Natl. Acad. Sci. USA, 78, 1596-1600.
Shine,J. and Dalgarno,L. (1974) Proc. Natl. Acad. Sci. USA, 71, 1342-1346.
Southern,E.M. (1975) J. Mol. Biol., 98, 503-517.
Sprengel,R., Reiss,B. and Schaller,H. (1985) Nucleic Acids Res., 13, 893-909.
Szybalski,W. (1968) Methods Enzymol., 12, 330-360.
Tinoco,I., Borer,P.N., Dengler,B., Levine,M.D., Uhlenbeck,O.C., Crothers,
D.M. and Gralla,J. (1973) Nature New Biol., 246, 40-41.

Wijffelman,C., Gassler,M., Stevens,W.F. and van de Putte,P. (1974) Mol. Gen.
Genet., 131, 85-96.

Wijffelman,C. and Lotterman,B. (1977) Mol. Gen. Genet., 151, 169-174.
Wilbur,W.J. and Lipman,D.J. (1983) Proc. Natl. Acad. Sci. USA, 80, 726-730.
Zubay,G. (1973) Ann. Rev. Genet., 7, 267-287.

Received on 23 August 1985

3365


