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In the process of proofreading/revising of the above paper a number of errors have been introduced. We apologise to the 
authors for this mishap and republish a correct version of the entire article. 

SUMMARY 

The bacterial transposon, Tn7, encodes an elaborate array of transposition genes, tnsABCDE. We report here the direct 
identification of the TnsA, TnsB, TnsC and TnsD polypeptides by immunoblotting. Our results demonstrate that the 

complexity of the protein information devoted to Tn7 transposition is considerable: the aggregate molecular size of the five 

Tns polypeptides is about 300 kDa. We also report the sequence of the tmA gene and of the 5’ ends of tnsB and tnsD. This 

analysis reveals that all five tns genes are oriented in the same direction within Tn7. 

INTRODUCTION 

Mobile DNA segments encode proteins that mediate 

their translocation (Berg and Howe, 1989). The bacterial 

transposon Tn7 (Barth et al., 1976; Craig, 1989) is dis- 

tinguished in that it encodes five genes, tnsABCDE, that 
mediate two distinct but overlapping transposition path- 

ways differing in their target sites (Fig. 1A; Hauer and 
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Shapiro, 1984; Rogers et al., 1986; Waddell and Craig, 
1988 ; Kubo and Craig, 1990). tnsABC + tnsD promote 

insertion into sites sharing considerable sequence similarity 
including attTn7, TnTs preferred chromosomal insertion 

site, and pseudo-attTn7 sites. tnsABC + tnsE promote 
insertion into many different target sites not obviously 

related to each other or to tnsD sites. 

The tns gene positions were approximately defined in 
previous analyses of insertion and deletion mutants of Tn7 

(Fig. 1A; Hauer and Shapiro, 1984; Smith and Jones, 

1984; Ouartsi et al., 1985; Rogers et al., 1986; Waddell and 
Craig, 1988). Sequencing has identified tnsE (Smith and 
Jones, 1986) and provided information about parts of tnsA 

(Gay et al., 1986) and tnsC (Smith and Jones, 1986). We 

report here the complete tnsA sequence and the sequences 
of the 5’-regions of tnsB and tnsD. After this work was 
completed, the sequence of the entire tnsABCD region was 

determined with results in good agreement with our own 
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Fig. 1. Physical map of Tn7. At the top of the figure, the ends of Tn7 are 

designated Tn7R for the right end and Tn7L for the left end. Positions 

and orientations of the known Tn7 genes are shown: the rns genes (Gay 

et al., 1984; Smith and Jones, 1986; Rogers et al., 1986; Waddell and 

Craig, 1988; this work), the dhfr gene (encoding dihydrofolate reduc- 

tase = trimethoprim resistance) (Fling and Richards, 1983; Simonsen 

et al., 1983) and the aadA gene (encoding adenylyltransferase = strepto- 

mycin and spectinomycin resistance) (Fling et al., 1985). The ms genes 

express polypeptides (pp) of the given observed sizes (kDa) (Smith and 

Jones, 1986; this work). Restriction sites rightwards of TnTs EcoRI site 

are shown; those above the line occur naturally within Tn7 and the circled 

sites below the line we introduced (see Fig. 2 and Table I). A, HpaI; H, 

HindIII: L, Ball; N, NcoI; P, PvuII; R. /&RI; X, XbaI. 

(Flores et al., 1990). Previous studies identified candidates 

for some Tns proteins (Brevet et al., 1985; Waddell, 1989). 

We also report here the direct identification of TnsA, TnsB, 

TnsC and TnsD. 

In Tn7, considerable information is devoted to trans- 

position: five tns genes spanning about 8 kb which, as we 

demonstrate here, encode five Tns polypeptides, that total 

about 300 kDa. Biochemical roles for the Tns proteins 

are beginning to be identified: TnsB binds specifically to the 

ends of Tn7 (McKown et al., 1987; L. Arciszewska, R. 

McKown and N.L.C., in preparation), TnsC is an ATP- 

binding protein (P. Gamas and N.L.C., unpublished 

results), and TnsD binds specifically to attTn7 (Waddell 

and Craig, 1989; K. Kubo and N.L.C., unpublished 

results). 

The reagents we describe here, plasmids in which tns 

expression is under regulatable, heterologous control, and 

Tns-specific antibodies, will be exceedingly useful tools in 

dissecting the mechanism and control of Tn7 transposition. 

RESULTS AND DISCUSSION 

(a) Characterization of tnsA 

The nt sequence of the rightmost 1200 bp of Tn7 is shown 

in Fig. 2A; the first 500 bp of this sequence were determined 

by Lichtenstein and Brenner (1982) and by Gay et al. 

(1986) and we have determined the remainder. Inspection 

of this sequence reveals an 819-bp ORF with its 5’ end 

towards the right end of Tn7 whose position agrees well 

with the genetic and physical mapping of tnsA (Waddell and 

Craig, 1988). A DNA segment containing this region pro- 

vides tnd function as evaluated with an in vitro Tn7 trans- 

position system (P. Gamas, R. Bainton and N.L.C., in 

preparation). The indicated ATG which is 134 bp from the 

right terminus of Tn7 (Tn7R) is a good candidate for TnsA 

translation initiation but the TnsA N-terminal sequence has 

not yet been directly determined. The M, of TnsA predicted 

from its nt sequence is 30 989. Examination of the predicted 

TnsA protein sequence has not revealed any striking simi- 

larities to other known proteins. tnsA and tnsB likely form 

an operon whose transcription can be repressed by the 

binding of TnsB to its promoter region (Fig. 1; Gay et al., 

1986; Rogers et al., 1986; Waddell and Craig, 1988; 

McKown et al., 1987; L. Arciszewska, R. McKown and 

N.L.C., in preparation; see next paragraph). 

We directly identified TnsA through examination by 

immunoblotting of extracts derived from cells containing 

various tnsA plasmids. pKA052 contains a tnsA segment 

downstream from a LacI-regulated promoter. When cells 

containing pKA052 are treated with the lrlc inducer IPTG, 

anti-TnsA antibodies detect a 30-kDa polypeptide (Fig. 3, 

lane 3) whose amount is much reduced in the absence of 

IPTG (lane 2) and is not detectable in cells lacking tnsA 

(lane 1). The 30-kDa polypeptide is also evident in cells 

containing the entire tns region on a plasmid (lane 6). The 

low level of TnsA from the tnsABCDE plasmid likely 

reflects both lower plasmid copy number and repression of 

the tnsA promoter by TnsB: increased TnsA is observed 

when tnsB is disrupted (lane 8). Disruption of tnsA also 

results in the appearance of an increased amount of trun- 

cated TnsA (lane 7). We were unable to detect TnsA from 

a tnsABCDE plasmid when tnsC is disrupted (lane 9); the 

significance of this observation is unclear because TnsA is 

difficult to detect with intact tnsABCDE (lane 6). Low levels 

of TnsA are also detected from tnsABC plasmid (lane 10). 

No TnsA was detected with single-copy chromosomal Tn7 

(lane 11). 

(b) Characterization of tnsB 
Several types of evidence including analysis of fusions 

(Rogers et al., 1986) and the observation of putative trun- 

cated TnsB polypeptides from tnsB insertion mutations 

(Waddell, 1989) suggested that the 5’ end of tnsB is adjacent 

to tnsA. Our nt sequence analysis of the region downstream 

from tnsA (Fig. 2A) revealed a candidate ORF for the TnsB 

N terminus. Chemical analysis of the N terminus of TnsB, 

purified by its ability to bind specifically to the ends of Tn7 

(McKown et al., 1987; L. Arciszewska, R. McKown and 

N.L.C., manuscript in preparation), demonstrates that the 

indicated ATG is the tnsB translation start codon. The 

slight overlap of the tnsA and tnsB ORFs may reflect trans- 

lational coupling (Rogers et al., 1986; Normark et al., 

1983). 
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Fig. 2. Nucleotide sequence of Tn7R. The nt sequence of some regions of Tn7 is shown. The terminal bp is numbered Rl and numbers increase towards 

the center of Tn7 (right to left); ten bp intervals are denoted by underlined nt. The arrows show the direction of the indicated genes, and the boxed ATGs 

the proposed start codons. These sequences have been deposited with GenBank, Accession Numbers M37391, M37392, and M37393. (A) tnsA and the 

N terminus of f&I. The nt sequence from RI to about R500 was initially determined by Gay et al. (1986) and Lichtenstein and Brenner (1982); our 

sequence is identical with that of Gay et al. (1986). We determined the remainder of Tn7R sequence shown. The boxed areas between Rl and R90 are 

highly similar repeats of a 22-bp sequence (Lichtenstein and Brenner, 1982) which are parts of TnsB binding sites (McKown et al., 1987; L. Arciszewska, 

R. McKown and N.L.C., manuscript in preparation). Likely -10 and -35 regions of the proposed rnsAB promoter (Gay et al., 1986) are shown. (B) rnsC. 

The nt sequence ofthe proposed N terminus oftnsC as determined by Smith and Jones (1986) is shown. (C) tnsD. The sequence of the proposed N terminus 

of tnsD we have determined is shown. 

Anti-TnsB antibodies detect an 85-kDa polypeptide in is present in the absence of IPTG (lane 2); IPTG addition 
extracts from cells with pKA055 (Fig. 3B, lanes 2,3), which (lane 3) results in a modest increase in 85kDa TnsB and 
contains a translational fusion of tnsB to a IucZ RBS, that the concomitant appearance of many smaller TnsB species 
is absent from cells lacking tnsB (lane 1). This polypeptide which result from proteolytic degradation of TnsB (L. 
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Fig. 3. Identification ofthe Tns proteins by geI electrophoresis and immunoblotting. Strain NLCSI containing the indicated plasmids or strain LA3 were 

grown in LB broth supplemented with appropriate antibiotics; 1 mM IPTG was added 2-3 h prior to harvest as indicated. Whole-cell lysates were 

prepared from mid-log cells by boiling in 125 mM Tris HCl pH 6.8/4x SDS/IO% t-mercaptoethanol/20% glycerol, separated by 0.1% SDS-S% PAGE, 

transferred to nitrocellulose, incubated with appropriate anti-Tns antibodies (below) and immune complexes were detected with goat anti-rabbit alkaline 

phosphatase conjugates (BioRad, Richmond, CA). We generated anti-Tns antibodies by constructing IucZ-ms fusion genes, isolating the La&-Tns fusion 

proteins by preparative gel electrophoresis and subsequent electroelution and then used this material as an imm~ogen in rabbits (Caltag, San Francisco, 

CA); anti-Tns (and anti-LacZ) antibodies were affinity purified from serum by hybridization to and elution from nitrocellulose strips to which La&-Tns 

fusion proteins, fractionated by preparative gel electrophoresis, were afftxed (Olmsted, 1981). Lanes marked with asterisks contained extracts of 

plasmid-free NLCSl. (Panel A)Identitication of TnsA. Lanes: 1, pKK223-3; 2, pKA052: 3 and 4, pKA052 + IPTG; 5, pACYCl84: 6, pCW4 



Arciszewska, R. M&own, and N.L.C., in preparation). 

Similar TnsB instability can be observed when TnsB is 

produced from transcriptional fusions (data not shown); 

thus instability does not reflect the aa change in the trans- 

lational fusion (Trp* + Gly). 
An 85kDa TnsB is also detected with a tnsABCDE 

plasmid (lane 5) but no TnsB was detected when a polar 

insertion mutation disrupted either tnsA (lane 6) or tnsB 

(lane 7), supporting the view that tnsA and tnsB form an 

operon. The TnsB level was not detectably changed by 

inactivation of tnsC (lane S), tnsD or tnsE (lane 9). A much 

lower level of TnsB is detectable in cells containing chromo- 

somal Tn7 (lane 10). The relative amounts of TnsB 

observed using anti-TnsB antibodies is in good agreement 

with the relative amounts of tnsB-dependent DNA-binding 

activity (McKown et al., 1987). 

(c) Characterization of tnsC 

Previous nt sequence analysis (Smith and Jones, 1986) 

revealed a candidate TnsC ORF in the same orientation as 

tnsA and tnsB, i.e., with its 5’ end towards Tn7R (Fig. 2C). 

The indicated ATG is a good candidate for TnsC initiation: 

a tnsC polypeptide that begins at this codon can provide 

tnsC activity as evaluated by an in vitro Tn7 transposition 

assay (P. Gamas, R. Bainton and N.L.C., in preparation) 

and also provides a TnsC polypeptide of appropriate size 

(see next paragraph). Chemical analysis of purified TnsC is 

also consistent with this hypothesis (P. Gamas and N.L.C., 

unpublished results). 

We directly identified TnsC by immunoblotting of 

extracts derived from cells containing various tnsC plas- 

mids. Plasmid pKA054 contains a tnsC DNA segment 

transcriptionally fused to a Zuc promoter (Table I). In the 

presence of IPTG, anti-TnsC antibodies detect a 58-kDa 

protein (Fig. 3C, lane 3) not detectable in cells which are 

lacking tnsC (lane 1) or have not been exposed to IPTG 

(lane 2). An indistinguishable TnsC polypeptide is pro- 

duced with pKA053 in which tnsC is fused to a lac RBS 

(lanes 5,6); considerable TnsC is evident without addition 

of IPTG (lane 5); exposure to IPTG (lane 6) results in 

substantial increase in the amount of 58-kDa TnsC and 

also in the appearance of smaller TnsC species, likely result- 

ing from TnsC proteolysis. Similar proteolytic degradation 

can also be observed with a transcriptional fusion (data not 

shown; P. Gamas and N.L.C., unpublished results); thus 
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alteration of the second aa in the translational fusion 

( Ser2 + Gly) does not prompt degradation. 

TnsC is also produced by a plasmid containing 

tnsABCDE (lane S), the low level likely reflecting, in part, 

low plasmid copy number; TnsC is not detectable when 

tnsC is disrupted by an insertion mutation (lane 11). Some 

TnsC is detectable when tnsB is disrupted by a polar inser- 

tion mutation (lane B), consistent with the proposal 

(Waddell and Craig, 1988) that tnsC can be transcribed 

from a second (tnsC) promoter, not only from the tnsAB 

promoter. However, the amount of TnsC observed when 

tnsB is disrupted is considerably reduced (perhaps tenfold; 

compare lanes 8 and lo), indicating that the tnsAB pro- 

moter and/or TnsB likely play some role in tnsC expression. 

We note that similar levels of TnsC (and of TnsA and 

TnsB) were present with tnsABCDE and tnsABC plasmids 

(Fig. 3); this argues against the hypothesis that TnsE is a 

positive regulator of tnsC transcription (Smith and Jones, 

1986). 

(d) Characterization of tnsD 

Analysis of several tnsD-dependent activities (Waddell 

and Craig, 1988; 1989) and of lucZ-tnsD fusion products 

(data not shown) suggested that the 5’ end of tnsD is 

oriented towards Tn7R. The nt sequencing of the R4700 

region (Fig. 2C) revealed a candidate tnsD ORF crossing a 

PvuII site required for tnsD function (Rogers et al., 1986; 

Waddell and Craig, 1988). 

We directly identified TnsD by immunoblotting of 

extracts from cells containing tnsD plasmids. pKA041 

contains a fusion of the proposed tnsD start codon to a lac 

RBS. In cells containing this plasmid (Fig. 3, lane 2), anti- 

TnsD antibodies specifically recognize a 46-kDa poly- 

peptide absent from cells lacking this plasmid (lane 1). A 

polypeptide of identical size was sometimes detected in 

cells containing a transcriptional fusion of tnsD to a luc 

promoter but only at exceedingly low levels (data not 

shown). The tnsD translational fusion changes the second 

TnsD aa from Arg2 + Gly (Fig. 2C); this alteration does 

not inactivate TnsD as evaluated by several tnsD-dependent 

reactions including transposition to attTn7 in vivo (data not 

shown), specific binding to attTn7 (K. Kubo and N.L.C., 

unpublished results) and transposition to attTn7 in vitro (P. 

Gamas, R. Bainton and N.L.C., manuscript in prepar- 

ation). TnsD was undetectable with either a tnsABCDE 

(~~ABCDE+ ); 7, pCW4: : miniMu (msA : : miniMu); 8, pCW4: : miniMufi57 (tnsB : : miniMu); 9, pCW4 : : miniMu (fnsC: : miniMu); 10, 

pCWI5 (tndBC+ ); 11, LA3. (Panel B) Identification of TnsB. Lanes: 1, pKK223-3; 2, pKA055; 3, pKA055 + IPTG; 4, pACYC184; 5, pCW4 
(cns,@C~E+ ); 6, pCW4 : : miniMuS (tnsA : : miniMu); 7, pCW4 : : miniMuD (tnsB : : miniMu); 8, pCW4 : : miniMuQ34 (tnsC: : miniMu); 9, pCW15 
(&4BC+ ); 10, LA3. (Panel C) Identification of TnsC. Lanes: 1, pKK223-3; 2, pKA054; 3, pKA054 + IPTG; 4, pKK233-3; 5, pKA053; 6, 
pKAO53 + IPTG; 7, pACYC184; 8, pCW4 (tnsABCDE+ ); 9, pCW4 : : miniMuR74 (tnsA : : miniMu); 10, pCW4 : : miniMu (tnsB : : miniMu); 11, 

pCw4 : : miniMuQ34 (NZSC: : miniMu); 12, pCWI5 (tnsABC+ ); 13, LA3. (Panel D) Identification of TnsD. Lanes: 1, pKK233-3; 2, pKA041; 3, pCW4 
(tnsABCDE + ); 4, LA3. 
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TABLE 1 

Bacterial strains and plasmids 

Strain or 

plasmid 

Relevant feature Construction il Source 

E. coli 

NLC5 1 

LA3 NLC51 attTn784::Tn7 

Pfasmids 

pT7-11 

pKK223-3 

pKK233-2 

pMJ 1560 

PFSIQ 
pcw4 

pCW4 : : miniMuR74 

pCW4: : miniMu 

pCW4: : miniMu 

pcw15 

pKA052 

Vector with polylinker 

pBR322-based expression vector with 

Ptac 

pBR322-based expression vector with 

Ptrc and 1ac.Z RBS 

1acIQ source 

1acIQ source 

tnsABCDE in pACYCl84 

miniMu in tnsA 

miniMu in tnsB 
miniMu in tnsC 

tnsABC in pACYC184 

Ptac - tnsA transcriptional fusion; lacIQ 

in vector 

pKA055 

pKA054 

pKA053 

pKA041 

E. coli F- araD 139 d(argF-lac)Ul69 

rpsL 150 relA 1 jlbB5301 deoCI ptsF25 

rbsR valR recA56 

Ptrc-1acZ RBS-tttsB translational fusion; 

lacIQ in vector 

Ptac-tnsC transcriptional fusion; 

1acIQ in vector 

Ptrc-1ucZ RBS-msC translational fusion; 

lacIQ in vector 

Ptrc-1acZ RBS-tnsD translational fusion 

- 

- 

- 
- 

- 
- 
- 
- 
- 
- 
- 

The tnsA fragment extending from the EcoRI # 

site at R113 to the Bali site at RI008 

(flanked by SmaI to Hind111 of the pT7-11 

polylinker) was inserted between the EcoRI 

and Hind111 sites of pKK223-3; the EcoRI- 

Hind111 1acIQ fragment from pMJ1560 was 

inserted into the vector PvuII site by blunt- 

end ligation 

The tnsB fragment extending from the NcoI # 

site at R941 to the Hind111 site at about 

R3400 was inserted between the NcoI and 

Hind111 sites ofpKK233-2; the EcoRI lacIQ 

fragment of pFSIQ was inserted into the 

vector EcoRI site 

The tnsC fragment extending from the BamHI 

site at about R3100 (flanked by BamHI to 

EcoRI ofthe pUC18 polylinker) to the PvuII 

site at about R4800 (flanked by HincII to 

Hind111 of the pUC18 polylinker) was 

inserted between the EcoRI and Hind111 

sites of pKK223-3; a lacIQ fragment was 

added as for pKA052. 

The tnsC fragment extending from the NcoI # 

site at about R3100 to the PvuII site at about 

R4700 (flanked by HincII to PstI of the 

pUC 18 polylinker) was inserted between the 

NcoI and PstI sites of pKK233-2; a lacIQ 

fragment was added as for pKAO52. 

The tnsD fragment extending from the NcoI * 

site at about R4700 to the HpaI site at about 

R6400 (flanked by HincII to PstI of the 

pUC 18 polylinker) was inserted between the 

NcoI and PSII sites of pKK233-2 

McKown et al. (1987) 

McKown et al. (1987) 

Tabor and Richardson (1985) 

Brosius and Holy (1984) 

Amann and Brosius (1985) 

Stark (1987) 

Stephenson and Kuhn (1988) 

Waddell and Craig (1988) 

Waddell and Craig (1988) 

Waddell and Craig (1988) 

Waddell and Craig (1988) 

Waddell and Craig (1988) 

This study 

This study 

This study 

This study 

This study 

a Restriction sites marked with # were introduced into various tns plasmids by site-directed mutagenesis (Kunkel et al., 1987). Positions of these sites 

and other tns restriction sites are shown in Fig. 1 and the sequence of these regions is shown in Fig. 2. 
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plasmid (lane 3) or single-copy Tn7 (lane 4), a finding in 

good agreement with the low levels of attTn7 binding 

activity under these conditions (Waddell and Craig, 1989). 

Also, more attTn7 binding activity is present in extracts 

from cells containing the tnsD translational fusion 

(pKA04 1) than from cells containing a tnsD transcriptional 

fusion (K. Kubo and N.L.C., unpublished results). 

We have recently purified the tnsD-dependent attTn7 
binding activity (K. Kubo and N.L.C., unpublished 

results); this purification selects for TnsD, i.e., the same 

46-kDa protein detected by the anti-TnsD antibodies. 

These experiments revealed that very little TnsD is present 

even in cells containing pKA041 so that the apparently 

‘dirty’ nature of the TnsD immunoblots probably reflects 

the low level of TnsD. 
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