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SUMMARY 

The TnlO tetracycline resistance gene, tetA, encodes a tetracycline-inducible protein with an apparent Mr 
of 36 X 103. We have determined the nucleotide sequence of the TnlO tetA gene. The extent of the tetA gene 
was determined by analysis of amino-terminal and carboxy-terminal deletion mutants. We conclude that a single 
TnlO gene, the tetA gene, is sufficient to confer tetracycline resistance. The predicted Mr of the tet~ protein 
is 43.2 x 103. The sequence homology between the TnlO tetA gene and the pBR322 tetracycline resistanc," 
determinant (49% nucleotide homology, 44% amino acid homology) indicates that these phenotypically distinct 
tetracycline-resistance determinants must have evolved from a common ancestral sequence. The markedly 
hydrophobic character of the predicted amino acid sequences of the Tnl0 tetA and pBR322 tet-coded proteins 
suggests that a substantial portion of these proteins may be embedded within the cytoplasmic membrane. 

INTRODUCTION 

The transposon Tn10 confers high-level tetra- 
cycline resistance in Escherichia coli (Foster et al., 
1975) and other enteric bacteria (Kleckner et al., 
1975). Active effi',x of tetracycline is a m~,jor com- 
ponent of the resistance mechanism (Ball et al., 
1980; McMurray et al., 1980); however, the involve- 
ment of additional components has also been sug- 
gested (Levy et al., 1977; Shales et al., 1980). The 
only TnlO gene product that is unequivocally impli- 
cated in the mechanism of resistance is the 36-kDal 

* To whom correspondence and reprint requests should be 
addressed. 

Abbreviations: bp, base pairs; kb, kilobase pairs; RBS, ribosome 
binding site; SDS, sodium dodecyl sulfate; Tn, transposon. 

Tet protein (Coleman et al., 1981; 1983; Jorgensen 
et al., 1979; Zupancic et al., 1980), first described by 
Levy and McMurry (1974). We have designated the 
structural gene for this protein, tetA. Mutations in the 
tetA gene lead to increased intracellular accumu- 
lation of tetracycline (Coleman et al., 1983), raising 
the possibility that the TetA protein is directly in- 
volved in the ettlux of tetracycline. Cell fractionation 
experiments indicate that the TetA protein is asso- 
ciated with the cytoplasmic membrane of E. coli 

minicells (Levy et al., 1974; 1977; Yuang etal., 
1976), and presumably whole cells as well. 

Expression of TnlO tetracycline resistance is 
regulated; subinhibitory levels of tetracycline induce 
maximal expression of resistance (Izaki et al., 1966). 
Synthesis of the TetA protein is likewise induced b) - 
tetracycline (Levy et al., 1974; Yang et al., 1976); 
regulation appears to occur at the level of tetA trans- 
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cription initiation and involves the protein product 
of the tetR repressor gene as well as tetracycline 
(Beck et al., 1982; Bertrand et al., 19~3a; 1983b; 
Hillen etal., 1982; Wray etal., 1981; Vang etal., 
1976). The location and orientation of the tetA and 
tetR genes have been deduced by analysis ofTnl0 tet 
deletion mutants (Coleman et al., 1983; Jorgensen 
et aL, 1979; Wray et al., 1981) and tet::lacZ gene 
fusions (Beck et al., 1982; Bertrand et al., 1983b); 
tetA and tetR are transcribed from divergent pro- 
moters located in a regulatory region between the 
two structural genes (Fig. 1). The DNA sequence of 
the regulatory region and S 1 nuclease mapping ofthe 
5' ends of tetA and tetR RNA indicate that the tetA 
and tetR promoters overlap; the tetA and tetR trans- 
cription start sites are separated by 36 bp (Bertrand 
et al., 1983a). 

Considerable discussion has focused on whether 
or not there is an additional gene located between the 
te~A promoter and the tetA structural gene, or 
~,erhaps overlapping the tetA structural gene 
(Coleman et al., 1983; Curiale et al., 1982; Jorgensen 
et al., 1979). This speculation is based on several 
findings: (i)Tetracycline-sensitive mutations that 
map between the tetA promoter and the 3' end of the 
tetA coding region comprise two genetic complemen- 
tation groups (Coleman et al., 1983; Curiale et al., 
1982). (ii) The apparent M, of the TetA protein 
(36 kDal) is somewhat smaller than the coding 
capacity ofthe 1325-bp region to which the tetA gene 
has been mapped (Jorgensen et al., 1979). (iii) A 
15-kDal tetracycline-inducible protein has been 
observed in minicells containing TnlO on the 
plasmid R222 (Yang et al., 1976). (iv) Finally, the 
apparent complexity of the tetracycline-resistance 
mechanism has suggested the involvement of mul- 
tiple gene products (Levy et al., 1977; Shales et al., 
1980)~ The results presented here eliminate the possi- 
bility that there is an additional tet gene located 
between the tetA promoter and the tetA structural 
gene, and lead us to conclude that the TetA protein 
can confer tetracycline resistance in the absence of 
other Tnl0-encoded proteins. 

The TnlO and pBR322 tetracycline-resistance 
determinants represent two of at least four pheno- 
typically distinct classes of plasmid-encoded tetra- 
cycline-resistance determinants (Mendez etal., 
1980); TnlO tet DNA and pBR322 tet DNA do not 
cross-hybridize (Mendez et al., 1980). In spite of the 

widespread use of pBR322 as a cloning vector, ~he 
genetic structure of the pBR322 tet region, like that 
of the Tnl0 tet region, has remained uncertain. The 
nucleotide sequence of pBR322 reported by Sutcliffe 
(1979) suggests that there may be two overlapping 
genes in the pBR322 tet region. However, Peden 
(1983) has recently reported a revision in the DNA 
sequence of the pBR322 tet region, which indicates 
that there is a single extended open translational 
reading frame in the tet region. Comparison of the 
nucleotide sequence of the Tnl0 tetA gene presented 
here and the revised nucleotide sequence of the 
pBR322 tet gene shows that there is substantial 
sequence homology between the TnlO and pBR322 
tetracycline-resistance determinants. 

MATERIALS AND METHODS 

(a) Enzymes and biochemicals 

Restriction enzymes, bacterial alkaline phospha- 
tase, polynucleotide kinase, DNA polymerase I 
(Klenow fragment) and T4 DNA ligase were pur- 
chased from Bethesda Resarch Laboratories. Radio- 
chemicals were purchased from Amersham-Searle. 
5a,6-Anhydrotetracjcline was kindly provided by N. 
Belcher, Charles H. Pfizer Co. 

(b) Plasmid construction 

pBTI07 (Fig. 1 and Moyed et al., 1983)consists 
of the 2790-bp TnlO Bglll  fragment inserted into the 
BamHI site of pACYCI77, pBTI27 and pBT137 
(Fig. 1) were constructed by digesting pBTI07 DNA 
with H/ndIII and ClaI, respectively, and religating 
the digestion products with T4 U, NA ligase, pBT147 
(Fig. 1) was constructed by digesting pBTI07 DNA 
with NcoI and EcoRV followed by sequential incu- 
bation with DNA polymerase I (Klenow fragment) 
and T4 DNA ligase. 

(c) Minicell analysis of plasmid proteins 

Plasmids were introduced into the minicell- 
producing strain P678-54; and minicells were 
prepared, labeled with [3SS]methionine, and pro- 
cessed for electrophoresis in SDS-polyacrylamide 
gels as described by Moyed et al. (1983). Samples to 
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Fig. 1. Restriction maps of the TnlO tet genes. Top: The trans- 
poson TnlO consists of 1400-bp ISIO sequences (open bars) in 
inverted orientations flanking a 6400-bp central region (solid 
line). The location of the 2790-bp BgllI restriction fragment that 
spans the tetA resistance gene and the tetR repressor gene is 
shown. Bottom: The plasmid pBTI07 consists of the 2790-bp 
Bgili fragment of Tnl0 (heavy line) inserted into the BamHl site 
of the plasmid vector pACYCI77 (thin line). The location and 
orientation (see arrows) of the tetA and tetR gen~'s relative to the 
ampicillin resistance (Ap') and neomycin resistance (Nm r) genes 
of pACYCI77 are shown. Open bars indicate the extent of the 
deletions in plasmids pBTI47, pBT137 and pB'l127. 

be induced received 1 #g/ml 5a,6-anhydrotetra- 
cycline immediately prior to labeling. 

(d) Nucleotide sequence analysis 

Overlapping restriction fragments were isolated 
from the tetA region ofpBT107 DNA and sequenced 
by the Maxam and Gilbert method (1980). Frag- 
ments were either 5'-end-labeled with [~-32P]ATP 
and polynucleotide kinase or 3'-end-labeled with an 
appropriate [~-32P]dNTP and DNA polymerase I 
(Klenow fragment). The sequence was determined 
on both strands and all restriction sites were over- 

lapped (Fig. 2). 

(e) Computer analysis of sequence data 

A collection of programs provided by R. Staden 
and implemented on a DEC-10 computer was used 
to analyze DNA sequence data. In addition, the 
M O L G E N  group at Stanford University generously 
provided access to the SEQ program. A version of 
the SOAP program described by Kyte and Doolittle 
(1982), and implemented on a DEC-10 computer 
and Tektronix 4662 plotter, was used to analyze the 

Tet protein sequences. 

RESULTS 

(a) Deletion analysis 

The extent of the tetA gene was determined by 
constructing deletion derivatives of the plasmid 
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Fig. 2. Partial restriction map and sequencing strategy for the TnlO tetA region. The scale is in kilobase pairs (kb) as measured from 
the Hincl] recognition site on the left. The fllle'J circles (5'-end-labelings) and open circles (3'-end-labelings) indicate restriction sites 
used for sequencing: X, Xbal; 11c, Hinc)l;  S, Sau3A; Hh, Hhal; A, Alu]; E, EcoRl; Hd, HindllI. The arrows indicate the direction of 

sequencing and the length of the sequence determined. 
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Fig. 3. Minicell analysis of TniO 

Tet proteins. [35S]methionine-label*- 
ed proteins synthesized in minicells 
containing the plasmids RI00, 
pBTI07, pBTI27, pBT137, pBT147 
and pBR322 were electrophoresed 
in SDS/polyacrylamide gels. Mini- 
cells were labeled either in the pres, 
ence ( + ) or absence ( - ) ofinducer 
(5a,6-anhydrotetracycline). The ar- 
row indicates the position of wild 
type Tn !0 TetA protein. The gel on 
the left is a 5-20% polyacrylamide 
gradient gel; the gel on the right is 
a 12.5 °;, polyacrylamide gel. 

pBTI07 (Fig. 1) and examining the sizes of the 
plasmid-encoded proteins in minicells (Fig. 3). The 
pBTI07 tet region contains unique Ncol, EcoRV, 
Clal, Hpal and HindIll sites that are 110, 175, 1209, 
1224, and 1528 bp, respectively, downstream from 
the Hincll site in the tetA promoter (Fig. 1). The 
pBT107 TetA protein has an apparent M r of 
37 + 1 × 103 in the Laemmli SDS-polyacrylamide 
gel system used here. Deletion of the region between 
the Ncol and EcoRV sites (pBTI47) leads to the 
~ynthesis of a 34 + I kDal mutant TetA protein. 
This result suggests that the 5' end ofthe tetA coding 
region is promoter-proximal to the NcoI site. 
Deletion of TnlO sequences distal to the ClaI site 
(pBT137) also results in the synthesis of a 
34 + 1 kDal mutant TetA protein, whereas deletion 
of sequences distal to the HindIII site (pBTI27) has 
no apparent effect on the gel mobility of the TetA 

protein. These results are consistent with the results 
of other investigators (Coleman et al., 1981; 1983; 
Jorgensen et al., 1979), which demonstrate that the 
3' end of the tetA coding region is between the Hpal 
and HindIIl sites. 

The tetracycline-resistance phenotypes of the 
deletion plasmids are somewhat anomalous. Mini- 
mal inhibitory concentrations of tetracycline for 
E. coli JA221 containing pACYCI77, pBTI07 
(tetA + ), pBT147(AtetA), pBT137(AtetA) and 
pBT127(tetA ÷) are 2.5, 30, 0.2, 80 and 70 #g/ml 
tetracycline, respectively (Moyed et al., 1983). Thus 
the amino-terminal NcoI-EcoRV deletion results in 
hypersensitivity to tetracycline, whereas the carboxy- 
terminal Clal deletion results in increased resistance 
to tetracycline. We are currently examining the basis 
of these unexpected phenotypes. 
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l i t u c I I  . . . .  

- 35 - I0 • RBS MetAsnSerSerThrLyslleAlaLeu 9 
GTT~AcAcTCTATcATTGATAcAGT~ATTTTACcAcTCccT~T~AGTGATAGAGAAAAGTGAA~TGAATAGTT~GACAAAGATCG~ATTG 90 
AACC~TTAATGCGGTAGTT TCACAG AA TTG AA GCAGTCA GC CC TGT TGA TCT C A G CTC TCG ATCC C 

• N e o  I . . . K c o R V .  

~a~e~hrLeuLeuAspA1-~Me~y~eG~yLeuueMetPr~a~LeuPr~ThrLeuLeuAr~G~uPhe~eA~aSerG~uAs~ 39 
GTAATT~GTT~T~TG~C~GG~GATTGG~CTTATCATG~AGT~TTGCCAACGTTATTACGTGAATTTATTGCTTCGGAAGATATC 180 

GC CCGTCACC G TG A C A T GG T O AC GGGCC C G G TA CG CCA C CAGC 

A•a•snH•sPheG•yVa•LeuLeuAIaLeuTyrMaLeuMetG•n•a•••ePheAIaPr•TrpLeuG•yLysMetSerAspArgPheG•y 
GCTAA••A•TTT•GCGTATTG•TTGCACTTTAT••GTTAATGCAGGTTATCTTTGCTCCTTGGCTTGGAAAAATGTCTGACCGATTTGGT 

C GT A GC A C A C AT C A GC A CGI~ C GC C C C C 

69 
270 

ArgArgPr•Va•LeuLeuLeuSerLeu1•e••yA•a•erLeuAspTyrLeuLeuLeuA•aPheSerSerA•aLeuTrpMetLeuTyrLeu 99 
•C•G•G•••A•T••T•TTGTT•T•ATTAATAC•GCG•ATCG•TGGATTACTTATTG•TGGCTTTTTCAAGTGCGCTTTGGATGCTGTATTTA 360 

C C C CGCT GC C T A CA TA C C GCGA CA GACCA CCC TC G C C CGCC 

G1yAr~LeuLeu~erG1y~eThrG1yA~aThrG1yA1a;a~A1aA~aServa111eA1~pThrThrSerA~aSerG~nAr~Va1Lys 
GGc~TT~CTTT~A~GGAT~CA~GAG~TA~T~G~CTGT~G~GGcA~CATTGCCGATAC~Ac~cA~c~T~T~AA~GcG~GAAG 

A CA CC GG C C C C C A T G T T GCG CTAT C C T G~T GGGAAG T C CTCGC 

129 
450 

TrpPheGlyTrpLeuG1yA1aSerPheG1;LeuG1yLeulleAlaG1yP;oI1e I l eGlyG1yPheAlaGlyGlu I l eSe rP roHisSe ;  159 
~=~T~C~C~T~CT~TTT~T~C~CC~T~T~T~TT~G~^GA~TTTC~CC~TAGT ~0 

., 

CAC GCTCA GA C TT C CC G A GG G A C CG GGCC G AC GTTG C CC C cTr GCA 

ProPhePhe l l eAlaAlaLeuLeuAsn l  leVa lThr  PheLecValValMet PheTrpPh;ArgGluThrLysAsnThrArgAspAsnThr 189 
•••TTTTTTAT•••T•••TTG•TAAATATT•TCACTTT•CTTGTGGTTATGTTTTGGTT•••T•AAAC•AAAAATA•A•GTGATAATACA 630 

A CC GCG C C C CGGCC ACC A AC GCTGC CCTAA G AG GT GC T GGG GAGCG CGAC G 
• . K c o R l  . • • 

AspThrCluValGlyValGluThrCtnSerA'A'~rVa lTyr  I leThrLeuPheLysThrMec Pro I l e L e u L e u I l e  I leTyrPhe Ser 219 
cATAcCcAAcTAC~GGTTGA~A~CAAT~cAATT~GGTATA~AT~A~TTTATTTAAAA~AT~c~ATTTT~TTGATTATTTATTTTT~A 720 
ATGC TI~CAG CCT CA CC ACTCAGCTCC TCCGG GGGCGCGGGGCA G CT TCG CG GCAC TA C G C TC ATC 

AlaClnLeu I l e C l y C l n I  leProAlaThrValTrpValLeuPheThrCluAsnArgPheGlyTrpAsnSerMetMet ValGlYPhe Ser 249 
C~CGCAATTGATAGG~cAAATT~c~AACGGT~TGGGT~CTATTTA~C~AAAAT~TTTTGGATGGAATA~ATCATGGTTGG~TTTT~A 810 
AT c c c  A ~ G  ~ ~ C C  C A ~  CC~ C ~ C  C C C  ~CCC~C ~ C  CG 

LeuAIac~yLeuG1yLeuLeuliisSerVa~PheG1nA1aPheva~A1ac1yAr~1~eA~aThrLysTrpG~yG1uLysT~ ~AlaValLeu 279 
TTACCGGGTCTTCGTCTT'~ fACACTCACTATTCCAACCCTTTCTCCCAGGAAC~TAGCCACT~T~CGCG~C~CAGTAC~ 900 
C T TAT C AA C G C CC CGCT C CA T TCCCGCCA AACG'T TC G GCA CA TA C 

LeuClyPhe l l eAlaAspS; r  SerAlaPheAlaPbeLeuAlaPhe I l eSerCluGlyTr ;LeuValPheProVa ILeu I l e L e u h e u M a  309 
CTCC~A'~TATT~AGATAGTAGTCCAT~GCCTTTTTAGCGTTTATATCTCAAGGTTCC~AGT~TCCCTG~~TTATT~ CT 990 
cc c A c ~ c c  c c ~ c c c ~ ~ c ~  c c c  c ~ c ~ c 6  c A ~ c c  CA ^ ~  C ~ C  

¢ly¢lyGly l leAlaLeul ' roAtaLeuClnGl .yValMetSer  ~leCln~rLysSerHisG1nG1nG1yA1aLeuGlnGlYLeuLeuVal J39 
C'GTGGTGc~ATcGcT~TAcCTGcATTAcAc~GAGTGATGTcTN~CcAAAcAAAGAGTc&TCAGc~GGTGCTTTAcA~GATTATTGGTG 1080 
Tcc c c c G ~ c  c c c ccA c c c ~  c c T c T c A c c c  T ~ ^CACCT A CCCCC 

S ~ u T h ~ n A I ~ T h ~ C l y W l U ~ , ; I y P ~ o ~ '  ~ u ~ h ~ A I ~ W l U ~ T y ~ H i : ~ u P ~ o U ~ T ~ p A ~ p C ~ Y T ~ D U ~ T ~ P  369 
A ~ c c T T A c c ~ T c c ~ c c c ~ T G T T A T T c ~ c c c A T T A c T G T T T ` ; c T c T T ~ T ~ r ~ T c A T T c ~ c T ~ c c ~ r ~ c ~ c T ~ T ~ T ~  ~ 0  
GC~ GCCT TTCGA C C A GC CA CG CA C CG GCCGCC GGCGAGC CA A C G 'r GCA 

• c . ~ I  . ~ l ! U . t u c l l  . 

11el leGlyLeuAlaPheTyrCys  ~ te  I l e  IleLeuLeu-~erMe tTl~rPheMetLeuThrProGlnAlaGlnGlySerLysGlnCluThr 399 
ATTATTGG1"rT&GCGTTTTACTGTATTATTATCCTGCTATCGATGACCTTCATcTTAACCCCTCAAGCTCAGGGGAcTAAACAGGAGACA 1260 

C A CCCC CC A CT G CTCCC CCGCG T CGTCG GGTGCA GG G GGGCCA CTC ACCT A TGG A CCGGC 

SerAla 401 
AGTGCTTAGTTATTTCCTCACCAAATGATGTTATTCC GCCAAATATAATGACCCTCTTGATAACCCAAGAGGGCATTTTTTAC GATAAAG 1350 

cA c c c ~ c ~  ~c~  c c c c ~  ~ c c  c~ ~ ~ ~ c ~  T c c ~  c c ~ c c c ~  ~ 

~ T ~ c ~ c ~ . ~ c c ~ c ~ , ~ ~ T ~ c ~ c ~ c ~ c ~ , ~ ~ c c ~ c ~ ~ c ~ ~ c ~  ~ °  
CATA CCATCG GTCCGCC T CCAGCACCCGCACGCGGCC TCTCGGGC GCGTTGG TCC GGCC CGGG GCGCAT ATCG GC 

l i l u d U I  

TATCGGCAAGCTCTTTTA~';'TTTTTCGCATGT&TTGCGE~ATGCA T A A A C c A G C C A T T G ~ G T A A G T T T T T A A c C A C A T C A T C A T C A T A A G c T T t , , . ,  - -- 1533 
ccT 'r ~'rTGAGCACCC C AC.,¢ T~;CC C~G TGCC TACT~'n' C AATCAATCACC A ACGCGAGCG A G G AGCC CTGC 

Fig. 4. Comparison of TnlO 1eta and pBR322 tet nucleotide sequences. The complete nucleotide sequence of the TnlO wtA region is 

numbered from the H/ncll  recognition rote. Only those nucleotides in the pBR322 tet sequence that differ from thc TnlO tetA sequencc 

are indicated below the TnlO sequence. The pBR322 sequence corresponds to bp 29-1560 as reported by Sutcliffe (1979) with the 

insertion of a C between bp 525 and bp 529 as described by Peden (1983). The predicted amino acid sequence of the Tn lO TetA protein 

is numbered from the probable ATG initiation codon at bp 64. Selected restriction sites, the - 35 and - l0 sequences of the wtA 

promoter, the tetA transcription initiation site (arrow) and the probable wtA ribosome binding site (RBS) are indicated above the 

sequence (Bertrand et al., 1983a). 
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(b) Nucleotide sequence 

The nucleotide sequence of the 1533-bp H/ncll- 
Hindlll region spanning the tetA gene was determin- 
ed (Fig. 4). A 407-codon open-translation reading 
frame extends from bp46 to 1266 (Fig. 4). As 
discussed below, the probable translation start site 
for the TetA protein is at bp 64 within this reading 
frame. The deduced amino acid sequence for the 
TetA protein is also presented in Fig. 4. The next 
longest open reading frames in the proper tetA often- 
ration extend 37, 36, and 29 codons (bp 107-217, 
1308-1415, and 450-536, respectively; Fig. 4). The 
longest open reading frames in the opposite orien- 
tation extend 86, 53 and 44 codons (bp 441-698, 
714-872, and 1396-1527, respectively; Fig. 4). 

DNA sequence analysis of the pBTI47 deletion 
mutant showed that the Ncol-EcoRV deletion 

J 

removes 63 bp extending from bp 115 to 177 (Fig. 4). 
This corresponds to an in-frame deletion of 21 amino 
acids extending from amino acids 16 to 36 in the 
deduced TetA protein sequence. 

DISCUSSION 

(a) TnlO tetA structural gene 

Several investigators have suggested that the 
1500-bp region of "lnlO downstream from the tetA 
promoter might encode a small protein, in addition 
to the 36 kDal TetA protein (Coleman et al., 1983; 
Curiale etal., 1982; Jorgensen etal., 1979). The 
orientation of the tetA gene (Jorgensen et al., 1979), 
the location of the tetd promoter (Bertrand et al., 
1983a; 1983b; Jorgensen et al., 1979; Wray et al., 
1981) and the approximate location of the 3' end of 
the tetA coding region (Coleman et al., 1981; 1983; 
Jorgensen et al., 1979) have been defined previously 
and are confirmed by additiohal data presented here. 
However, the 5' end ofthe tetA coding region has not 
been weU-defmed, leaving open the possibility of a 
small promoter-proximal gene upstream of the tetA 
gene. Our finding that the 63-bp NcoI-EcoRV 
deletion (pBT147) reduces the apparent Mr of the 
TetA protein by about 3000 indicates that the tetA 
translation start site is promoter-proximal to the 
Ncol site. The major open reading frame contains 

only three possible translation start codons between 
the 5' end of t e~  RNA (bp 37, Fig. 4) and the 
Ncol-EcoRV deletion (bp 115-177): one GTG codon 
(bp 46-48) and two ATG codons (bp 64-66 and 
112-114). Several considerations support the choice 
of the ATG codon at bp 64-66 as the probable 
translation initiation codon for tetA: (1) The ATG at 
bp 64-66 is preceded by the sequence TAGAGAA 
which is similar to the ribosome recognition sites of 
many E. coil genes (Gold et al., 1981) and identical 
to a sequence in the ribosome recognition site of the 
E. coil trpE gene (Platt et al., 1976). (2) Insertion of 
the 164-bp Taql restriction fragment spanning the 
tetA promoter (including bp 1-75, Fig. 4) into the 
promoter expression vector ~RS205 leads to high 
level expression of//-galactosidase, a result which 
indicates that the Taql fragment contains a trans- 
lation initiation site as well as the tetA promoter 
(Bertrand et al., 1983b). (3) Finally, the tetA gene 
appears to be reasonably well expressed (cf. Fig. 3); 
translation initiation at the GTG codon (bp 46-48) 
would almost certainly be inefficient due to its 
proximity to the 5' end oftetA RNA and the absence 
of a ribosome recognition site. Translation initiation 
at the probable ATG start codon (bp 64-66) would 
result in the synthesis of a 401 amino acid TetA 
protein having a calculated M, of 43.2 × 103. 

The data presented here appear to elimin,,te the 
possibility that an additonal gene is located between 
the tetA promoter and the tetA structural gene. We 
note that the pBTI07 TetA protein is indistinguish- 
able in size from the TetA protein encoded by RI00, 
the R plasmid from which TnlO was isolated 
(Fig. 3). Therefore, it is unlikely that the pBTI07 tetA 
gene is a fusion of two Tn10 tet genes. Moreover, 
quantitation of tet RNA by hybridization to single- 
strand MI3 tet DNA probes indicates that there is 
negligible "wrong-strand" transcription through the 
tetA region (unpublished observations); therefore, it 
is unlikely that any of the short open translation 
reading frames in this orientation are utilized. Since 
plasmid~ that contain the region from the Hincll site 
in the tetA promoter to near the Hincll site in the 3' 
coding region of the tetA gene can confer tetracycline 
resistance (Wray et al., 1981), we conclude that the 
36-kDal TetA protein is sufficient to confer tetra- 
cycline resistance in the absence of other Tn10- 
-encoded proteins. We speculate that the TetA 
protein constitutes the tetracycline effiux pump 
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implicated in the mechanism of TnlO tetracycline 
resistance (Ball et al., 1980; McMurry et al., 1980). 
Alternatively, the TetA protein may function in 
concert with one or more host proteins to effect 
tetracycline efflux. The data presented here indicate 
that the partial genetic complementation that has 
been observed among tetracycline-sensitive muta- 
tions that map within the tetA region (Coleman et al., 
1983; Curiale et al., 1982) is intracistronic comple- 
mentation. This conclusion and the observation that 
some tetracycline-sensitive mutations exhibit a 
dominant phenotype (Coleman et al., 1983; Foster 
et al., 1976) suggest that functional TetA protein may 
exist as a homomultimer. 

(b) Sequence homology between the te t  genes in TnlO 

and pBR322 

The TnlO and pBR322 tetracycline-resistance 
determinants are phenotypically and genetically 
distinct. They confer different levels of resistance to 

tetracycline and tetracycline analogs, and they fail to 
cross-hybridize in DNA-DNA hybridization experi- 
ments (Mendez et al., 1980). In spite of these differ- 
ences we find that the TnlO tetA and pBR322 tet 

DNA sequences show significant homology (Fig. 4). 
Within the coding region for TnlO tetA (bp 64-1266) 
there is 49,°~ (588/1203 bp) nucleotide homology 
with the pBR322 tet region. There are sh:,rter seg- 
ments that have somewhat higher homology (e.g. 
76~o homology, bp 206-257), however, there are no 
regions of sequence identity longer than eight nucleo- 
tides. As shown in Fig. 4, the homology outside the 
coding region is not significant (22~/o homology, 
bp 1-63 and 1267-1533); however, no attempt was 
made to maximize the homology outside the coding 
region by shifting the sequences and thus introducing 
insertions or deletions. In fact, the TnlO tetA and 
pBR322 tet promoter regions show significant 
sequence homology (53~'o) when they are aligned 
(Bertrand et al., 1983a). Whereas the TnlO tetA 

transcription start site is at bp 37 (Fig. 4), the 
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location of the probable pBR322 tet transcription 
start site corresponds to TnlO bp 16 or 17 (Bertrand 
et al., 1983a; Sutcliffe, 1979). 

The amino acid sequence homology between the 
predicted TnlO TetA and pBR322 Tet protein 
sequences is more readily apparent that the nucleo- 
tide homology (Fig. 5). Relative to the TnlO TetA 
s~quence, there is 44~ (1771401) amino acid 
homology. The predicted lengths of the Tn/0 TetA 
and pBR322 Tet proteins are 401 and 396 amino 
acids, respectively (Fig. 5, Peden, 1983), which is 
consistent with our observation that the sizes of the 
TnlO and pBR322 tet proteins are indistinguishable 
in SDS-polyac~.lamide gels (Fig. 3). A striking 
feature of the amino acid homology is that it involves 
no net insertions or deletions. Among the 177 
identical amino acids, only 53 are specified by the 
same codon in both TnlO and pBR322. As expected, 
the majority (86%) of the synonymous codon 
changes are third-position changes. We conclude 
that the TnlO tetA gene and the pBR322 tet gene 
diverged from a common sequence by successive 
nucleotide substitutions. 

The nucieotide substitutions that have occured 
during the divergence of the Tn10 tetA and pBR322 
tet genes have resulted in a significant difference in 
their G + C contents. Whereas the TnlO tetA coding 
region is 43.4% G + C, the pBR322 tet coding region 
is 61.6  °~ io G + C. The ISlO left and lSlO right 
elements that flank the tetA region are 44.3% and 
43.9% G + C, respectively (Hailing etal., 1982). 
Thus it appears that the transposon TnlO is, in 
general, quite A + T-rich. In this context, we note 
that the Tn10 tetA gene also shows some pecularities 
in codon usage that are not characteristic of E. cog 
genes. For example, the leucine codon usage in TnlO 
tetA is: TTA (23), TTG (13), CTr  (11), CTC (2), 
CTA (4) and CTG (7). In contrast, virtually all E. eoli 
genes examined appear to have a preference for the 
leucine codon CTG (Konigsberg et al., 1983). The 
pattern of codon usage in pBR322 tet is generally 
more like that of moderately expressed E. coli genes. 

An interesting feature of the predicted amino acid 
sequence homology is that it is not randomly distri- 
buted over the lengths of the two proteins. There are 
short regions of relatively low homology at the 
amino-terminus (15 % homology, TnlO amino acids 
1-13), in the middle (12% homology, amino acids 
169-220), and at the carboxy-terminus (0% homo- 

Iogy, amino acids 377-401), which bound two longer 
regions of relatively high homology (60% homology, 
amino acids 14-168; 48% homology, amino acids 
221-376). Moreover, the amino acid substitutions 
that have occurred within the two regions of high 
homology tend to be more conservative (i.e., similar 
in size and polarity) than the substitutions that have 
occurred in the regions of low homology. In this 
context, it is interesting that the carboxy-terminal 17 
amino acids of the Tnl0 TetA protein can be deleted 
without significant loss of function (i.e., the Clal 
deletion in pBTI37). It is possible that the two 
relatively more conserved regions of the TnlO and 

pBR322 Tet proteins reflect the existence of 
structural and, perhaps, functional domains in the 
Tet proteins. 

With the exception of the fdamentous phage coat 
proteins, there are few if any examples of E. coli 
cytoplasmic membrane proteins that are synthesized 
with proteolytically removed amino-terminal signal 
sequences (Michaelis et al., 1982). The predicted 
amino-termini of the TnlO and pBR322 Tet proteins 
resemble known signal sequences in that they 
contain a basic amino acid (lysine 6 in Tnl0; lysine 
2 in pBR322) followed by a 24-27 amino acid hydro- 
phobic region (Fig. 5). However, the acidic amino 
acid (aspartate 15 in Tnl0; aspartate 17 in pBR322) 
within the hydrophobic region is uncharacteristic of 
E. coil signal sequences. Mutations that introduce 
acidic amino acids into the hydrophobic portions of 
the signal sequences oflipoprotein (Lin et al., 1978), 
A receptor (Emr et al., 1980) and maltose-binding 
protein (Bedouelle et al., 1980) all result in failure to 
proteolytically process the precursors for these pro- 
teins. The properties of the NcoI-EcoRV deletion 
mutant (pBTI47) also tend to support the hypothesis 
that the TnlO TetA protein does not have a proteo- 
lyrically removed signal sequence. If a 20-25 amino 
acid signal peptide was cleaved from the amino- 
terminus of the TetA protein, then deletion of amino 
acids 16-36 in the predicted TetA protein sequence 
would be expected to remove the proteolytic 
cleavage site, yielding a protein as long or longer than 
the normally processed species. 

The predicted amino acid sequences of the TnlO 

and pBR322 Tet proteins indicate that these proteins 
are markedly hydrophobic. Kyte and Doolittle 
(1982~ have proposed an amino acid "hydropathy" 
scale; ).he values range from -4.5 for arginine to 
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Fig. 6. Hydropathy profiles of the TniO and pBR322 Tet proteins. A version of the SOAP program described by Kyte and Doolittle 
(1982) was used to determine the mean hydropathy of a moving segment of seven amino acid residues. The values are plotted at the 
midpoint of each segment, proceeding from the amino-terminus on the left to the carboxy-terminus on the right. Relatively hydrophobic 
regions appear above the midline. TnlO TetA amino acids 1-401, solid line; pBR322 Tet amino acids 3-396, dotted line. 

+ 4.5 for isoleucine. When the hydropathies of the 
TnlO and pBR322 "l-et proteins are evaluated along 
their amino acid sequences by a moving segment 
procedure (Kyte et al., 1982), it is apparent that both 
Tet proteins contain a number of relatively long 
hydrophobic regions separated by shorter hydro- 
philic regions (Fig. 6). Moreover, the lengths and 
distribution of the hydrophobic regions are remark- 
ably similar in the two Tet proteins; the hydrophobic 
regions comprise about 70% of the amino acid 
residues in each ease. By analogy with the observed 
membrane-spanning segments of bacteriorhodopsin 
(Engelman et al., 1980; Foster et al., 1983; Kyte 
et al., 1982), and the proposed membrane-spanning 
segments oflactose permease (Foster et al., 1983), we 
speculate that many or all of the major hydrophobic 
regions of the TnlO and pBR322 Tet proteins may 
be membrane-spanning segments. Thus a major 
portion of the Tet proteins may be embedded within 
the lipid bilayer of the cytoplasmic membrane. 

During the preparation of this manuscript, Hillen 
et al. (1983)reported the nucleotide sequence of the 
same region of the TnlO tetracycline-resistance 
determinant. The sequence presented here differs 
from the sequence of Hillen etal. (1983) at four 
positions (nucleotides 905, 965, 1051, and 1123, 
Fig. 4); however, none of these differences signifi- 
cantly affects the predictions regarding the structures 
of the tetA gene and protein. 
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