Nucleic Acids Research, Vol. 18, No. 4

© 1990 Oxford University Press 901

DNA sequence analysis of five genes; thsA, B, C, D and
E, required for Tn7 transposition

Carlos Flores*, M.Ishtiaq Qadri' and Conrad Lichtenstein*
Imperial College of Science, Technology and Medicine, Centre for Biotechnology, London SW7 2AZ,
UK and 'Department of Stomatology, University of California at San Francisco, San Francisco, CA

94143, USA

Received October 31, 1989; Revised and Accepted January 12, 1990

ABSTRACT

A region of DNA sequence of the bacterial transposon
Tn7, which is required for transposition, has been
determined. This DNA sequence completes an 8351
base pair (bp) region containing five long open reading
frames (ORF’s) that correspond to the genetically
defined genes, tnsA, B, C, D and E, required for Tn7
transposition. All of the ORF’s are oriented in the same
direction, ie. inward from the element’s right end. The
genes are in a very compact arrangement with the
presumed initiation codons never more than two bases
beyond the preceding termination codon. Domains with
similarity to the helix-turn-helix genre of Cro-like,
sequence specific DNA binding sites occur within the
deduced amino acid (a.a.) sequence of the TnsA, TnsB,
TnsD and TnsE proteins. Translation of the tnsC ORF
reveals strong homology to a consensus sequence for
nucleotide binding sites as well as a region of similarity
to a transcriptional activator (MalT). No striking a.a.
sequence similarity to other DNA recombinases is
observed. The possible roles of these proteins in Tn7
transposition is discussed in- light of the analysis
presented.

INTRODUCTION

Transposable genetic eleinents are discrete DNA segments that
are able to move from one position in a genome to another, or
from one replicon to another within a cell. This process does
not involve homologous or general recombination systems of the
host, but requires one (or a few) gene product(s) encoded by the
element. Specific DNA sequences at the termini that define the
boundary with the host genome are also necessary in cis. The
termini are usually composed of inverted repeat sequences of
various lengths (for recent reviews on transposons see Ref. 1
and 2).

Transposon 7 (Tn7) is a large (14 kilobase pairs (Kb)), and
complex transposable DNA element of bacteria that encodes
resistance to trimethoprim and the aminoglycosides streptomycin
and spectinomycin (3, 4).

One factor contributing to this complexity is the transpositional
behavior of Tn7. While most transposons have low specificity
for target site selection, Tn7 has a dual tendencys; it transposes

at a high frequency to a specific ‘attachment’ site (azt7n7), in
the chromosome of E. coli and at a lower frequency, (about
100xlower) to apparently random sites in plasmids or
chromosomes (3, 5, 6, 7, 8, 9). Tn7 will also transpose to regions
of DNA with sequence related to attTn7, ‘pseudo-attTn7 sites’
at a similar frequency as to random (non-a#t7n7) sites (4).
Transposition to a##Tn7 (and pseudo-attTn7) sites results in the
integration of Tn7 in a single orientation (4, 6,10). Surprisingly,
random insertions of Tn7 in several plasmids also occur in a single
orientation (11, 12, 13, 14).

Genetic analysis of Tn7-encoded transposition functions by
deletion and insertional mutagenesis, in conjunction with
complementation analysis has revealed five genes involved in
transposition, designated: tnsA, msB, tnsC, tmsD and msE (8,
9) (see Fig. 1). This is an unprecedented number of transposition
genes. The existence of two classes of target sites reflects the
requirement for two alternative, overlapping sets of s gene
products. Transposition to a#Tn7 (and the lower frequency
transposition to pseudo-attTn7 sites) requires the products of the
tnsA, tnsB, tsC and tnsD genes, whereas transposition to random
sites requires the gene products from tnsA, tmsB, msC, and tnsE
38, 9).

The tns gene products act efficiently in trans (8, 9 and 15)
unlike the transposases of some transposons (16, 17).

The structure of attTn7 is intriguing. Deletion analysis of the
E. coli attTn7 site and a comparison to attTn7 sequences from
Serratia marcescens and Klebsiella pneumoniae indicate that the
only sequences that are indispensable for antTn7 activity are
located from about 22 to 59 base pairs to one side of the insertion
point (28 to 65 in the case of Klebsiella), (18, 19, 20). The point
of insertion in E. coli is within a region that produces the
transcriptional terminator of the glucosamine synthase (gimsS)
gene, while the sequence critical for attTn7 activity (called the
‘glmS-box’), encodes the carboxy-terminal 12 amino acids of this
enzyme (18, 19, 20, 21).

Another example of the complexity of Tn7 is that the cis-
essential ends are structurally and functionally non-equivalent (7,
22). Although eight base pairs (bp) at the very termini of Tn7
form a perfect inverted repeat, more extensive DNA sequence
including several copies of a 22 bp motif are required at each
end for transposition. In the left end of Tn7 there are three copies
of this 22 bp sequence separated by intervening sequences of
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FIGURE 1. Physical and Genetic Map of Tn7. The positions of genes and some restriction enzyme cleavage sites within Tn7 are displayed. The direction of transcription
is represented with arrows, and the reading frames of the ms genes are indicated by the vertical position of the arrows: top being the first frame. White lines in
the lower edge of the rectangles demarcate the distance. Wide lines reflect increments of 1000 bases and narrow lines, increments of 100. The dhfr gene is responsible
for resistance to trimethoprim and the aadA gene encodes streptomycin and spectinomycin resistance. An analysis of restriction endonuclease cleavage sites within
this sequence confirms the map of Gosti-Testu ef al. 1983 (38), with these minor corrections:(i) there are two Hind III sites, 11bp apart at positions 6111 and 6122
instead of one, (ii) there is an extra Ava I site at nt. 4263 (sites not shown here), (jii) there are two additional cleavage sites for Hpa I at position 2751 and 2811,
(iv) two Hinc II cleavage sites occur close together at nt. position 2751 and 2811 instead of one, and there is an additional site at nt. number 6413. These are in

addition to the corrections observed in Ref. 32.

variable length, and all three copies are required to comprise a
functional left end (22). The right end contains four contiguous
occurances of this motif; the three terminal copies are sufficient
to allow transposition. Tn7-end derivatives that contain two left
ends in the appropriate, inverted orientation do not transpose
while similar derivatives with two right ends do (22).

Tn7 displays in common with some other bacterial transposons
a phenomenon called transpositional immunity, which means that
the presence of a copy of the transposon (or even a single
transposon end) in a target replicon greatly reduces the frequency
of subsequent transposition to that replicon (19, 22, 23, 24). This
effect is observed even over relatively large (> 50 Kb) distances.
The mechanism of immunity is best understood for the
transposing bacteriophage Mu, (25) (see the discussion of possible
roles of the Tns proteins).

As with almost every other transposon a duplication of target
sequence accompanies Tn7 transposition. The length of target
duplication is characteristic for each particular transposon; thus
transposition of Tn7 generates a five base pair duplication (7).

The DNA sequence of a region that spans the five tns genes
has been completed and compiled. The sequence contains five
long open reading frames that correspond very closely to the
positions determined for the five ms genes. This paper reports
our analysis of this region.

MATERIALS AND METHODS
Bacterial strain and M13 derived clones

The E. coli K12 strain, TG2, was used as a host for the growth
of all M13 derived clones. The genotype is: Alac, pro, sulll*,

thi, recA, srl::Tnl0, hsds, EcoK ,_ ,,_, (F' traDss, proAB,
laclq lacZpys), (gift of Toby Gibson).

Restriction fragments of Tn7 spanning from the Pst I site at
nucleotide (nt.) 532 to the Hpa I site at nt. 6413 were purified,
and cloned into M13mp10, mpl1, mpl8 and mpl9 (26, 27).
Some of the clones with. larger inserts were subjected to
unidirectional deletion into the Tn7 DNA using exonuclease III
(28), such that long stretches of overlapping sequence data with
different start-points could be collected from one original clone.

In vitro deletion using exonuclease ITI

The method was essentially that described by Hennikoff (28).
Double stranded RF DNA was prepared and cleaved with two
restriction enzymes: the one proximal to the universal priming
site creates 5’ recessed ends (which are protected from
exonuclease III attack), and the Tn7-insert proximal one creates
5’ overhanging or blunt ends (which are sensitive). Exo III
digestions were carried out at a temperature appropriate for the
rate of digestion desired, aliquots were removed at various time
points, and treated with S1 nuclease to remove the single stranded
ends before recircularizing with T4 DNA ligase and transforming
competent E. coli (TG2) cells, (29).

DNA sequence determination

Single-stranded DNA templates were prepared and sequenced
by the dideoxy chain termination method (30), as modified by
Biggin et al. (31), using [3S] « thio-dATP (Amersham
International plc).
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ACTGGACT TTTGTTATGGCTAAAGCAAACTCTTCATTTTCTGAAGTGCAAATTGCCCGTCGTATTARAGAGGGGCGTGGCCAAGGGCATGGTAAAGACTATATTCCATGGCTAACAGTAC
M A KANS S F SEVQIARTZ RTITIKETGHR RS G QGUHTGT KT DT YTIUZPWILTV

w tnsA

270 300 330 360
AAGAAGTTCCTTCTTCAGGTCGTTCCCACCGTATTTATTCTCATAAGACGGGACGAGTCCATCATTTGCTATCTGACT TAGAGCTTGCTGT TTTTCTCAGTCTTGAGTGGGAGAGCAGCG
Q EV P S s GRSHRTIYSHZEKTG GRVHUHLTLSHDTLTETLA AVTFTLSTLTETWTESS

— 390 420 ' 450 - 480
TGCTAGATATACGCGAGCAGTTCCCCTTATTACCTAGTGATACCAGGCAGATTGCAATAGATAGTGGTATTAAGCATCCTGT TATTCGTGGTGTAGATCAGGTTATGTCTACTGATTTTT
VLIDIREQFTPTLLEPSD[TROTIATIDSGTITEKTHTPVIRGUVD|OVMSTTDF

510 Rat I _540 570 600
TAGTGGACTGCAAAGATGGTCCTTTTGAGCAGTTTGCTATTCAAGTCAAACCTGCAGCAGCCTTACAAGACGAGCGTACCTTAGAAAAACTAGAACTAGAGCGTCGCTATTGGCAGCAAA
LVDCKDSG?®?PTFEAQFA AIOQVI KZPARAMALG OQDTERTTULTETEKTLETLTETRTZ RYWOQOQ

630 660 690 720
AGCAAATTCCTTGGTTCATTTTTACTGATAAAGAAATAAATCCCGTAGTAAAAGAAAATAT TGAATGGCTTTATTCAGTGAAAACAGAAGAAGT TTCTGCGGAGCTTTTAGCACAACTAT
K QI PWFIFTDIKETINZPVVEKENTIEU WTLTYSVIKTTETEVSA ATETLTLA AT QTL

750 780 810 840
CCCCATTGGCCCATATCCTGCAAGAAAAAGGAGATGAAAACATTATCAATGTCTGTAAGCAGGTTGATATTGCTTATGATT TGGAGT TAGGCAAAACAT TGAGTGAGATACGAGCCTTAA
S PLAHTITULAOQETZ KTGTDENTITINVTCIKS® Q@VDTIA AYUDTILTETLTGTZ KTTULSTETITRIATL

930 — 960
CCGCAAATGGTTTTATTAAGTTCAATATTTATAAGTCTTTCAGGGCAAATAAGTGTGCAGATCTCTGTAT TAGCCAAGTAGTGAATATGGAGGAGTTGCGCTATGTGGCAAATTAATGAG
M W Q I N E

T ANGTF I KFNTI Y KSFRANIEKT ECADTILTCTISQVVNMETETLT RTYVA AN®* *

= tnsB

J— 990 1020 1050 1080
GTTGTGCTATTTGATAATGATCCGTATCGCATTTTGGCTATAGAGGATGGCCAAGT TGTCTGGATGCAAATAAGCGCTGATAAAGGAGTTCCACAAGCTAGGGCTGAGTTGTTGCTAATG
VVLFDNDTZPY®RTITLAIEDTG GO QVVWMOQISADTEKTGVZPOQATRATETILTILTLHM

1110 1140 1170 1200
CAGTATTTAGATGAAGGCCGCTTAGTTAGAACTGATGACCCTTATGTACATCTTGATTTAGAAGAGCCGTCTGTAGATTCTGTCAGCTTCCAGAAGCGCGAGGAGGATTATCGAAAAATT
Q YLDEGRTULVRTDTDTPYVHTLTDTLTETETPSVDSVSTFIOQZKT RTETETSDTYRZIKI

1230 1260 1290 1320
CTTCCTATTATTAATAGTAAGGATCGTTTCGACCCTAAAGTCAGAAGCGAACTCGTTGAGCATGTGGTCCAAGAACATAAGGTTACTAAGGCTACAGTTTATAAGTTGTTACGCCGTTAC
LPIINSKDRFDPKVRSELIVEHVVQEHKVTKATVYKLLR]RY

1350 1380 1410 1440
TGGCAGCGTGGTCAAACGCCTAATGCATTAATTCCTGACTACAAAAACAGCGGTGCACCAGGGGAAAGACGT TCAGCGACAGGAACAGCAAAGATTGGCCGAGCCAGAGAATATGGTAAG
WQRGOQTZPNALTIZPDYJ KNS SGAPGEH RTR RSA AT GTA ATZ KTIGT RA ATRTETYG K

1470 1500 1530 1560
GGTGAAGGAACCAAGGTAACGCCCGAGATTGAACGCCTTTTTAGGT TGACCATAGARAAGCACCTGTTAAATCAAAAAGGTACAAAGACCACCGTTGCCTATAGACGATTTGTGGACTTG
G EGT T KV T®PETIERILTFRILTTIETZ KU HTLILNO QI KT GTT KTTVA ATYT RTZ RTFUVTDL

1590 1620 1650 1680
TTTGCTCAGTATTTTCCTCGCATTCCCCAAGAGGATTACCCAACACTACGTCAGTTTCGTTATTTTTATGATCGAGAATACCCTAAAGCTCAGCGCTTAAAGTCTAGAGTTAAAGCAGGG
F A QYT FUPRTIPOQETDYZ PTULRAGQFZ RTYTFYDRETYT PI KA AOQRTILTEKS ST RVYVZEKASG

1740 1770 1800
GTATATAAAAAAGACGTACGACCCTTAAGTAGTACAGCCACTTCTCAGGCGT TAGGCCCTGGGAGTCGTTATGAGATTGATGCCACGATTGCTGATATT TAT TTAGTGGATCATCATGAT
VYKZE KDV RZPILSSTATSIOQALGPGS® RYETIDATTIA AT L TITYTULVTDTUHTEHTD

1830 1860 1890 1920
CGCCAARAAATCATAGGAAGACCAACGCTTTACATTGTGATTGATGTGTTTAGTCGGATGATCACGGGCTTTTATATCGGCTTTGAAAATCCGTCTTATGTGGTGGCGATGCAGGCTTTT
R QKITIGRPTULYTIUVIDVTFSRMITGTFVYTIGTFTENTPSYVVAMOQATF

1950 1980 2010 2040
GTAAATGCTTGCTCTGACAAAACGGCCATTTGTGCCCAGCATGATATTGAGAT TAGTAGCTCAGACTGGCCGTGTGTAGGT TTGCCAGATGTGTTGCTAGCGGACCGTGGCGAATTAATG
VNACSD I KTA ATITCAQHDTITETISSSDWEPCVGLPDVTILTLATDT RTGTETLM

2070 2100 2130 2160
AGTCATCAGGTCGAAGCCTTAGTTTCTAGTTTTAATGTGCGAGTGGAAAGTGCTCCACCTAGACGTGGCGATGCTAAAGGCATAGTGGAAAGCACT TTTAGAACACTACAAGCCGAGTTT
S HQ VEALVSSFNVRVESAPPRIRGDATIKTGTIVESTT FIRTTULOQATEF

2190 2220 2250 2280
AAGTCCTTTGCACCTGGCATTGTAGAGGGCAGTCGGATCAAAAGCCATGGTGAAACAGACTATAGGTTAGATGCATCTCTGTCGGTATTTGAGT TCACACAAATTATTTTGCGTACGATC
K s FAPGTIVEGS SR RTIIKSHGETUDY RILDA ASTLSVF FETFTU GQTITITZLRTI

2310 2340 2370 2400
TTATTCAGAAATAACCATCTGGTGATGGATAAATACGATCGAGATGCTGATTTTCCTACAGATTTACCGTCTATTCCTGTCCAGCTATGGCAATGGGGTATGCAGCATCGTACAGGTAGT
L F RNNUHTILVMDKYDRDADTFZPTUDTULUZPSIPVQLWOQWGMOQHRTG S

2430 2460 2490 2520
TTAAGGGCTGTGGAGCAAGAGCAGTTGCGAGTAGCGTTACTGCCTCGCCGAAAGGTCTCTATTTCTTCATTTGGCGTTAATTTGTGGGGT TTGTATTACTCGGGGTCAGAGATTCTGCGT
LRAVEQEOQLRVALTZLZPRRIEKUVSISSFGVNILWGILYYSsS G s ETITULR

2550 2580 2610 2640
GAGGGTTGGTTGCAGCGGAGCACTGATATAGCTAGACCTCAACATT TAGAAGCGGCTTATGACCCAGTGCTGGTTGATACGATTTATTTGTTTCCGCAAGTTGGCAGCCGTGTATTTTGG
E GWUL QR STDTIARPAOQHILEAAYDEZPVLVDTTIYTLTFUZPQVGSURUVFW

2670 2700 2730 2760
CGCTGTAATCTGACGGAACGTAGTCGGCAGTTTAAAGGTCTCTCATTTTGGGAGGT TTGGGATATACAAGCACAAGARAAACACAATAAAGCCAATGCGAAGCAGGATGAGTTAACTAAA
R CNILTTET RS SU RO QTFI K GILSF FWEVWDTIOQAQET KU HNIZEKANATIKT OQDETLTK

2790 2820 2850 2880
CGCAGGGAGCTTGAGGCGTTTATTCAGCAAACCATTCAGAAAGCGAATAAGTTAACGCCCAGTACTACTGAGCCCAAATCAACACGCATTAAGCAGATTAAAACTAATAAAAAAGAAGCC
R RELEA ATFTIOQQTTIOQZ KA ANTE KTLTZ®PSTTETPIKS ST RTIIEKTI QTITZ KTNTZ KIKEA

903
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2910 2940 2970 3000
GTGACCTCGGAGCGTAAAAMCGTGCGGAGCATTTGAAGCCAAGCTCTTCAGGTGATGAGGCTAAAGTTATTCCTTTCAACGCAGTGGAAGCGGATGATCAAGAAGATTACAGCCTACCC
V T S ER K KRATETUHTLTEKTZ®PSSSGDEA AT KVIPFNAWV E ADDOQE DY S L P

0 —_— 3060 3090 3120
ACATACGTGCCTGA}\TTATTTCAGGATCCACCAGAAAAQGATGAGTCATGAGTGCTACCCGGATTCAAGCAGTTTATCGTGA'I‘ACGGGGGTI\GAGGCTTATCGTGATMTCCTTTTATCG
T YV P E L F QD PP EKDE s *
M S ATU RTIGOQAVYURDTS GV EAMAYRDNZPFI

w tnsC

3150 3180 3210 3240
AGGCCTTACCACCATTACAAGAGTCAGTGMTAGTGCTGCATCACTGAAATCCTCTTTACAGCTTACTTCCTCTGACTTGCAAAAGTCCCGTGTTATCAGAGCTCA’I’I\CCATTTGTCGTA
EALGPGPTLG QES SV VNS SA AASTULTZEKSSLOQLTS S s DL QK S RV I R A H T I C R

3270 3300 3330 3360

TTCCAGATGACTATTTTCAGCCATTAGGTACGCATTTGCTACTAAGTGAGCGTATTTCGGTCATGATTCGAGGTGGCTACGTAGGCAGAAATCCTAAN\CAGGAGATTTACAAAAGCATT
IPDDYF‘QPLGTHLL‘LSERISVMIRGGYVGRNPKTGDLQKH

3390 3420 Hipd III 3450 3480
TACAAAATGGTTATGAGCGTGTTCAMCGGGAGAGTTGGAGACATTTCGCTTTGAGGAGGCACGATCTACGGCACAAAGCTTATTGTTAATTGGTTGTTCTGGTAGTGGGAAGACGACCT
LQNGYERVQTGELETFRFEEARSTAQSLLLIGCSGSGKTT

3510 3540 3570 3600
CTCTTCA‘TCGTATTCTAGCCACGTATCCTCAGGTGATTTACCATCGTGAACTCAATGTAGAGCAGGTGGTGTATTTGAAAATAGACTGCTCGCATMTGGTTCGCTAAAAGAA[\TCTCCT
s L HR I LAT JYZPOQVIYUHRETLNVES QVVYLZEKTIDTCSHN G S L K E I C

3630 3660 3690 3720
TGAATTTTTTCAGAGCGTTGGATCGAGCCTTGGGCTCGAACTATGAGCGTCGTTATGGCTTAAAACGTCATGGTATAGAAACCATGTTGGCTTTGATGTCGCAAATAGCCAATGCACATG
L NF FRATLTDT RATLTGS SNYERI RYG GLZE KR RUHGTIETMIL AL M S QI A NAH

3750 3780 3810 3840
CTTTAGGGTTGTTGGTTA’I‘TGATGAAATTCAGCATTTAAGCCGCTCTCGTTCGGGTGGATCTCAAGAGATGCTGAACTTTTTTGTGACGATGGTGAATAT’I’ATTGGCGTACCAGTGATGT
A LG U LULVIDETITGQHTLS®RS®RSGSGSQEMTLNTEFTFVTMVNI 1 G V P V M

3870 3900 Bam HI_3930 3960
TGATTGGTACCCCTAAAGCACGAGAGATTTTTGAGGCTGATTTGCGGTCTGCACGTAGAGGGGCAGGGTTTGGAGCTATATTCTGGGATCCTATACAACAAACGCAACGTGGAAAGCCCA
LIGTPKAREIFE‘.ADLRSARRGAGFGAIFWDPIQQTQRGKP

3990 4020 4050 4080
ATCAAGAGTGGATCGCTT’I’TACGGATAATCTTTGGCAATTACAGCTTTTACAACGCAAAGATGCGCTGTTATCGGATGAGGTCCGTGATGTGTGGTATGAGCTAAGCCAAGGAGTGATGG
N Q EWIATFTTDNTILWAOQLOQLILOQRIEKTDATLTLSTDEWV R DV WY ETLS QG VM

4110 4140 4170 4200
ACATTGTAGTAAAACTTTTTGTACTCGCTCAGCTCCGTGCGCTAGCTTTAGGCMTGAGCGTATTACCGCTGGTTTATTGCGGCAAGTGTATCAAGATGAGTTAAAGCCTGTGCACCCCA
D I VVZEKTLTFVTZLAOQTLZ RIALIALSGNETRTITAGLTLRZOQVYOQDE L K P V H P

4230 4260 4290 4320
TGCTAGAGGCATTACGCTCGGGTATCCCAGAACGCATTGCTCGTTATTCTGATCTAGTCGTTCCCGAGATTGATAAACGGTTA}\TCCA}\CTTCAGCTAGATATCGCAGCGATACAAGAAC
M L EALTRTGSTGTIZ®PERTIARYSDTULVVPETIDTEKTRILTI® QTLZQ L DI A A I QE

4350 4380 4410 4440
AAACACCAGAAGAAAAAGCCCTTCAAGAGTTAGATACCGMGATCAGCGTCATTTATATCTGATGCTGAAAGAGGATTACGATTCAAGCCTGTTAATTCCCACTATTAAAAMGCGTTTA
Q T P EE KA ULOGQETLTDTTETDTU QRUHTLYTLMILIKEDY p S s L L I P T I K KATF

4470 4500 4530 4560
GCCAGAATCCAACGATGACAAGACAAAAGTTACTGCCTCTTGTTTTGCAGTGGTTGATGGAAGGCGAA}\CGGTAGTGTCAGAACTAGAAAAGCCCTCCAAGAGTAAAAAGGTTTCGGCTA
S QNP TMT RU QZ XZLILZPULVLOQWILMETGETUVVS E L E K P S K S K K V s A

4590 4620 4650 4680
TAAAGGTAGTCAAGCCCAGCGACTGGGATAGCTTGCCTGATACGGATTTACGTTATATCTATTCACMCGCCMCCTGAAAMACCATGCATGAACGGTTAAMGGGAMGGGGTAATAG
I KV V KPSDUWDSUL®PDTDTILR RYTIYSOQROQEPEZEKTMHETRTILKSG K G VvV I

4710 —_— 4740 4770 4800
TGGATATGGCGAGCTTATTTAAACAAG.CAGGITAGCCATGAGAAACTTTCCTGTTCCGTACTCGMTGAGCTGATTTATAGCACTATTGCACGGGCAGGCGTTTATCAAGGGATTGTTAG
M R NF PV P Y SNZETLTIYSTTIARAGVYOQGTIVS

voMASLFEKOoAG+ wtnsD

4830 — 4860 — 4890 4920
TCCTAAGCAGCTGTTGGATGAGGTGTATGGCAACCGCAAGGTGGTCGCTACCTTAGGTCTGCCCTCGCATTTAGGTGTGATAGCAAGACATCTACATCAAACAGGACGTTACGCTGTTCA
P K Q L LDEUVJYGNT RTEKT YVVATTILGTLTPSIHTLGVTIARIH TLIH O QTG RYAVQ

4950 4980 5010 5040
GCAGCTTATTTATGAGCATACCTTATTCCCTTTATATGCTCCGTTTGTAGGCAAGGAGCGCCGAGACGAAGCTATTCGGTTAATGGAGTACCAAGCGCAAGGTGCGGTGCATTTAATGCT
Q L I YEHTULFPILYAPTFVGI KETRRDTEA ATIRTILMEYIQAQGAVHILMIL

5070 5100 5130 5160
AGGAGTCGCTGCTTCTAGAGTTAAGAGCGATAACCGCTTTAGATACTGCCCTGATTGCGTTGCTCT TCAGCTARATAGGTATGGGGAAGCCTTTTGGCAACGAGATTGGTATTTGCCCGC
G VAASU RV KSDNT RTFI RYTCPDTCVATLG QLNR RYGEATFWOQRDWYTLZPA

5190 5220 5250 5280
TTTGCCATATTGTCCAAAACACGGTGCTTTAGTCTTCTTTGATAGAGCTGTAGATGATCACCGACATCAATTTTGGGCTTTGGGTCATACTGAGCTGCTTTCAGACTACCCCAAAGACTC
L P Y CP KHGAULVF FTFUDI RAVDDUHRIUHAOQFWALTGHTETLTLSTUDY?P KD S

5340 5370 5400
CCTATCTCAATTAACAGCACTAGCTGCTTATATAGCCCCTCTGTTAGATGCTCCACGAGCGCAAGAGCTTTCCCCAAGCCTTGAGCAGTGGACGCTGTTTTATCAGCGCTTAGCGCAGGA
LSQLTALAAYIAPLLDAPRAQELSPSLEQWTLF‘IYQRLAQD'

5430 5460 5490 5520
TCTAGGGCTAACCAAAAGCAAGCACATTCGTCATGACTTGGTGGCGGAGAGAGTGAGGCAGACT TTTAGTGATGAGGCACTAGAGAAACTGGATTTAAAGTTGGCAGAGAACAAGGACAC
ILGLTKSKHIRHBEIVAE‘.RVRQTF‘SDEALEKLDLKLAENKDT

5550 5580 5610 5640
GTGTTGGCTGAAAAGTATATTCCGTAAGCATAGAAAAGCCTTTAGTTATTTACAGCATAGTATTGTGTGGCAAGCCTTATTGCCAAAACTAACGGTTATAGAAGCGCTACAGCAGGCAAG
C W L K S I FRKUHRIEKATFSYULOQHSTIUVWOQATLTULZPI KT LTUVTIEA ATILUOQAOQAS

5670 5700 5730 5760
TGCTCTTACTGAGCACTCTATAACGACAAGACCTGTTAGCCAGTCTGTGCAACCTAACTCTGAAGATTTATCTGT TAAGCATAAAGACTGGCAGCAACTAGTGCATAAATACCAAGGAAT
AL TEMHSITTI RZPV S QS VQPNJSE- DILSVI K HI KTIDUWOQAOQTLUVHIKYOQGTI
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5790 5820 5850 5880
TAAGGCGGCAAGACAGTCTTTAGAGGGTGGGGTGC TATACGCT TGGCTTTACCGACATGACAGGGAT TGGCTAGT TCACTGGAATCAACAGCATCAACAAGAGCGTCTGGCACCCGCCCC
K AAROQSTLEGGVULYA AWILYURUHDT RDTWILVUHWNZ OO OQIHGOQO QET RTLTATPASTEP

5910 5940 5970 6000
TAGAGTTGATTGGAACCAAAGAGATCGAATTGCTGTACGACAACTATTAAGAATCATAAAGCGTCTAGATAGTAGCCT TGATCACCCAAGAGCGACATCGAGCTGGCTGTTAAAGCAAAC
R VDWNOQRDR RTIAVR ROQLTZLRTITIZEKTZ RILTDSSLDTUHTPT RA AT SSWTILILIEKTGQT

6030 6060 6090 Hind III 6120
TCCTAACGGAACCTCTCTTGCAAAAAATCTACAGARACTGCCTTTGGTAGCGCTT TGCTTAAAGCGT TACTCAGAGAGT GTGGAAGATTATCAAAT TAGACGGATTAGCCARGCTTTTAT
P NGTSLAZKNTLTGOQZ KTLTPTLTVATLTCTLTEKT RYSET ST VETSDTYOTITRT RTISGQA ATFTI

Hind IIT 6150 6180 6210 6240
TAAGCTTAAACAGGAAGATGTTGAGCTTAGGCGCTGGCGATTAT TAAGAAGTGCAACGTTATC TAAAGAGCGGATAACTGAGGAAGCACAAAGATTC TTGGAAATGGTTTATGGGGAAGA
KL KQEDVETLHRTR RMWRILLARSATTILSZE KTET RTITTETEA ASO OQRTFTLTEHMVYGEE

—_— 6270 6300 6330 — 6360
GTGAGTGGTTAGGCTAGCTACATTTAATGACAATGTGCAGGTTGTACATATTGGTCATTTATTCCGTAACTCGGGTCATAAGGAGTGGCGTATTTTTGTTTGGTTTAATCCAATGCAAGA
*VVRLATTFNDNVQVVHIGHTLTFI RNSTGHTEKTETWTR RTITFUVWTFNTPMGQTE

w tnsk
390 6420 6450 6480

ACGGAAATGGACTCGATTTACTCATTTGCCTTTATTAAGTCGAGCTAAGGTGGTTAACAGTACAACAAAGCAAATAAATAAGGCGGATCGTGTGATTGAGTTTGAAGCATCGGATCTTCA
R KW TRV FTHILZPILILSURAIKVYVVYVNSTTZ KT QTINTZE KA ADT RVYVTITETFTEA ASTEDTLQ

6510 6540 6570 6600
ACGAGCCAAAATAATCGATTTTCCTAATCTCTCGTCCTTTGCTTCCGTACGCAACAAGGATGGAGCGCAGAGT TCATTTAT TTACGAAGCTGAAACACCATATAGCAAGACTCGTTATCA
R AKTITIODTFU®PNILSSTFA ASVRNIEKTDTGAS QSSTFTIZYZEA ATETT PYSZ KTT RTYH

6630 6660 6690 6720
CATCCCACAGTTAGAGCTAGCTCGGTCATTATTTTTAATTAACTCCTATTTCTGTCGAAGCTGT TTGAGCAGTACCGCTTTACAGCAAGAGTTCGACGTTCAGTATGAGGTTGAGCGAGA
I PQLETLARSTILTFTIULTINJSYTFUCRST CLSSTA ATLG QO OQETFTDUVG QYTETVTETRTD

6750 6780 6810 6840
TCATTTAGAGATAAGGATCTTACCCAGTTCATCGT TTCCTAAAGGGGCGTTAGAGCAGTCGGCCGTAGTGCAGCT TTTGGT TTGGTTGTTTTCGGATCAAGATGT TATGGATTCGTATGA
HLETRTIULZPSSSFPIKGATLTES QSAVVQLTLVWLTFTSDU QDU VMDSYE

6870 6900 6930 6960
AAGTATTTTTAGGCACTATCAACAAAATAGAGAAATTAAGAACGGCGTTGARAGCTGGTGCTTTAGCTTTGACCCTCCGCCCATGCAGGGTTGGAAATTACATGTAAAAGGACGTTCTTC
S I FRHYQQNHRETITIKNGVES ST WTCTFSTFDTPZPZPMOQGT WU KTLTUHVYVTI KTGT RS S

6990 7020 7050 7080
TAACGAGGATAAGGATTATTTAGTTGAGGAAATAGTAGGT TTAGAAATCAACGCTATGCTTCCTAGCACAACAGCTATTAGCCATGCCTCTTTTCAGGAAAAGGAGGCAGGTGATGGTAG
NEDIKDYULVEETIVGLETINAMTLTPSTTA ATISU HASTFI QETKTET ATGTDTG S

7110 7140 7170 7200
TACGCAGCACATAGCGGTTTCAACAGAGTCAGTTGTTGATGATGAGCATCTACAGT TGGACGATGAGGAAACAGCCAATATAGACACAGACACACGAGTCATAGAGGCTGAGCCGACATG
TQHIAVSTESVVDDEHLQLDDEE‘.TANIDTDTlRVIEAEPTW'

7230 7260 7290 7320
GATAAGTTTTAGTAGACCTAGTCGAATTGAAAAATCTCGCAGGGCAAGAAAAAGTAGCCAAACTAT TTTAGAAAAAGAAGAAGCAACAACAAGTGAAAATAGTAATTTGGTTAGTACTGA
I S F S RP S RTIEK|SRRARTEKSSOQTTITLETZKTETEA ATTSENTSHNTILVSTD

7350 7380 7410 7440
TGAGCCACACTTAGGTGGTGTCCTAGCAGCGGCAGATGTGGGTGGGAAGCAGGATGCAACCAAT TACAACTCTAT TTTTGCTAATCGATTTGCTGCTTTTGATGAGCTACTTTCAATTCT
EPHULGGVILAAADVGGI K QDA ATNTYNS STITFA ANTERTFAATFTUDTETLTLSTIHTL

7470 7500 7530 7560
AAAARCTAAATTTGCATGTCGGGTGCTTTTTGAAGAAACCTTGGTTTTGCCAAAAGTTGGGCGTAGCCGATTACATCTGTGTAAAGATGGCTCACCAAGAGTGATTAAAGCCGTTGGGGT
K T KFACRUVULFEETTULVILPIZ KV VGRSU RTILUHTLTCEIEKTDTG G ST PR RVTITEKTA ALVTGEGUV

7590 7620 7650 7680
GCAACGTAATGGCAGTGAATTTGTATTGCTAGAGGTGGATGCATCGGATGGGGTGAAAATGCT TTCTACCAAAGTGTTGAGTGGCGT TGATAGCGAAACATGGCGGAATGATTTTGAAAA
Q R NG SEFVLLEVDASDTGVI KMTLSTTZ KV VTILSGVDSTETTWZ RNTDTFE K

7710 7740 7770 7800
GATACGGCGTGGAGTGGTGAAGAGCTCATTGAATTGGCCAAATAGT TTGTTTGATCAATTATATGGACAAGACGGGCATAGAGGGGTGAATCATCCAAAGGGGTTGGGGGAGCTGCAAGT
I R R GV VKSSLNWPNS STILTFUDU QLYGOQDG GUHZ RGVNUHTPTEKTGTLTGTETLTO QUV

7830 7860 7890 7920
ATCGAGAGAGGATATGGAAGGGTGGGCTGAGAGAGTGGTTAGAGAGCAATTTACGCAT TAAAGGAATGACTGAAAGAGCCTGTAAACCCTTTTGTGTAAGTGCTTTTGCCGGTCAGTTAA
S R EDMETGWAERUVVRETUGQTFTH *

7950 7980 8010 8040
AGGTGGCCATTTAAACGGTCACCAAATTCGATCATAAAACGGT TCATGGCCGGCTTCCAGTTGCGGATCGGCATCGTCCATTTCTTGGTCGCCGCCTGGATAGCCAGGTACACCACCTTC

8070 8100 8130 8160
ATCGCTGATTCGTCCGTAGGGAACACCTTGAGTTCATATTAATGGAATTTTCTACAAATAGCCTCCGTGGTT TTGAGGGGGGATTACAGACGATCCATAGTAGTAATCCAATGAGTTCTT

8280
GAGCGCGGCGACATGTTTGGACGCCTTGGCAAAAATTAGAGCCTGCT TGAAGTGCAGGCGAGCACGTGCTTGGACGATTGATCCATTCGCGGTCARAAACTCAATCTTGGATGACAGCGT

8310 II
GTCAGGAAATCCAATATCGAAGTCCCGCCCCGTGTCAARAGTAGGGCATTTCATGATCAAAGGACGAAGCTT

FIGURE 2. Nucleotide Sequence of the Right End of Tn7. The DNA sequence of the right end of Tn7 to the leftmost Hind III cleavage site is shown. Amino
acid sequences appear below the five long open reading frames that correspond to tnsA to msE. In each case conceptual translation begins with the first initiation
codon which is overlined, as are some internal, alternative start codons. Tentative ribosome binding sites are underlined. Within the translated (a.a.) sequence of
tnsA, tnsB, tnsD and tnsE, regions with similarity to the helix-turn-helix, DNA binding domains are boxed. The terminal eight bases in the right end of Tn7 are
indicated by a hatched bar underneath and similarly, the four 22 base repeats are indicated by solid black bars. A promoter (from ref. 21) is .labeled Pig, .W.lth
the presumed —35 and — 10 regions double overlined. The arrow at nucleotide number 111 marks the 5’ end of transcripts they identified. The locations of recognition
sites for the restriction enzymes Bam HI, Bgl II, Hind III and Pst I are labeled and overlined.
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Computer programs

The DNA sequence data generated was compiled using the
MERGE program of MicroGenie™ (Beckman). Various other
analyses of the sequence, such as promoter searches, were done
using the Staden™ programs (Amersham International plc).
Homology searches against protein sequence databases were done
with the very kind help of Roger Staden and John Collins on
the VAX at the Laboratory of Molecular Biology, Cambridge
and the Distributed Array Processor, University of Edinburgh
respectively.

RESULTS AND DISCUSSION
Derivation of DNA Sequence

The newly determined DNA sequence taken together with that
presented by Lichtenstein and Brenner (7), Smith and Jones (32),
and Gay et al. (21), completes an 8351 bp segment, from the
right end of Tn7 to the final leftward Hind III site (figures 1 and
2), that encompasses all of the genes required for transposition.
The numbering of the nucleotide sequence referred to in this paper
begins with the first base of the right end of Tn7 and continues
leftward. The sequence from nt. position 1 to 537 is taken from
Lichtenstein and Brenner (7), and Gay et al. (21), and the
sequence from nt. position 3024 to 3926, and from nt. 6122 to
8351 has been presented previously by Smith and Jones (32).
We used the chain termination method of Sanger et al. (30), to
determine the sequence of restriction fragments of Tn7 cloned
into the M13 vectors, (26, 27) and of deleted derivatives made
in vitro by Exonuclease III digestion (see Materials and Methods).

Physical and Genetic Organization

Analysis of the sequence is summarized in figures 1, 2, 3 and
4 and in table 1. This A+T rich sequence (43.5% G+C vs.
=~ 51.7% for E. coli) contains five long ORF’s, all oriented from
right to left, that cover 92% of it. No other ORF’s of greater
than 128 codons occur in either direction.

The five long open reading frames are in a dense array with
adjacent ones either abutting or overlapping, and they coincide
very closely to the positions of the s genes mapped genetically
by Rogers et al.(9) and Waddell and Craig, (8) (See Fig 3 and
table 1). This curious arrangement of ORF’s is typical of operons
where translational coupling occurs (33, 34). In cases of
translational coupling, translation of one gene in an operon is
dependant on the prior translation of the gene immediately
upstream (35).

If translational coupling does occur in Tn7 the genes involved
must be co-transcribed, but the DNA sequence reveals very little
about transcription of the s genes. There is evidence to imply
that tmsA and tnsB are co-transcribed. Waddell and Craig (8),
using cloned fragments of Tn7 to complement insertion mutants
of the tns genes, found that some insertion mutations in the msA
region could not be complemented by a fragment containing nsA4,
(ie. had polar effects on msB). A deletion mutant of the msA
gene was complemented by the same fragment. In addition, a
fragment containing msA and msB could complement both
mutations. Results of similar experiments are consistent with the
view that the other three s genes are independent transcriptional
units (8), but proof of this will require mapping the end-points
of authentic transcripts.

|
DNA Sequence Analysis Genetic/Biochemical Analysis
Initiation Termination Number Protein Positions of Apparent
codon _ codon ofaa.l's M: (daltons) | Genetic Loci aw | Protein Mr «
ATG/GTG Begins Ends
135 954 273 31275 '>00 <1485 30
TnsA * 165 263 30 204
* 360 198 Bm >08
465 163 19886 '<01 > 095
943 3049 702 80 825 '>0899 <3.024 83-85
TnsB * 964 2] 79924
1024 615 77580 t>09 >2.85
1078 657 75657 <095 <355
3048 4713 555 62995 '>3.024 <4808 54-56/
TnsC *3147 522 59274 ' > 4.65 40-42
30 m 53526 <35 47
4 $
4718 6242 508 59140 >4299 >6.111 54/40
TnsD i P 55188 <4808 <6.494
*4841 47 54470 [ >6.5
“4877 ass 53382 <50 <62
TnsE *6245 7859 538 61180 '>6122 <8345 85/
6353 502 56964 ' >17.8 70-75
<62 <7 &

Table 1. Data regardipg gene boundaries and protein molecular mass from the DNA sequence is related to published, empirically determined data. The correspondence
gf t.he gene locations is very gopd,. while the calculated molecular mass (Mr) of the proteins are in some instances at odds with the apparent Mr’s observed. Symbols
indicate the source of data; § indicates information from (9), t from (8), ¥ from (4). i indicates that the protein observed was truncated (see text).



No compelling promoters could be located by comparing the
E. coli promoter consensus to this sequence. It is conceivable
that the failure to identify promoters is due to low levels of s
gene expression, (weak promoters often show a poor resemblance
to the consensus, (36, 37)); yet a promoter has been located in
the right end of Tn7 by mapping the 5’ end-point of transcripts
to = nt. 111 (21). Based on this experimental evidence the
presumed —10 and —35 elements of the promoter have been
identified (21). Surprisingly, moderately strong expression of
transcriptional and translational fusions occurs down-stream of
this promoter (9). This expression is modestly repressed by the
presence of the nsB region in trans, (see below) (9).

tnsA

The sequence of the right end of Tn7 as well as the start of the
tnsA ORF has been reported previously (7, 21, 38). The first
ATG in this OREF is located at nt. position 135, and is preceded
by only a poor match to the ribosome binding site (r.b.s.)
consensus (39) (See Fig. 3). The ORF ends with TAA at position
954. The predicted protein is 273 amino acids long, with a
molecular mass (M;) of 31 kilodaltons (kd), and an estimated
pl of 5.6.

Although alternative ATG/GTG start codons in this reading
frame occur at positions 165, 360 and 465, the first ATG is
presumed to be the site of translation initiation based on four
lines of evidence; (i) a protein of 30 kd apparent Mr is encoded
in this region (4, and references within; Rogers and Sherratt
personal communication), (ii) a promoter has been mapped
immediately upstream (21) (see above), (iii) although poor, there
is a better match to the r.b.s. consensus before this ATG than
the following start codon and (iv) a gene fusion that connects
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a strong promoter and appropriately spaced r.b.s. to the ATG
at nt. 135 results in the over-expression of a protein with an
apparent Mr of 30 kd (Flores e al., unpublished observations).

There is a region within the deduced a.a. sequence, starting
at a.a. number 90, which is comparable to the rather loose
consensus for Cro-like, DNA binding domains (40, 41) (see Fig.
4), however the score on the weight matrix of Dodd and Egan
(42) is too low to be predictive of this style of DNA binding in
the absence of any other evidence that the protein does bind DNA.
(The PIR protein sequence database, Release 7.0 (43), includes
108 proteins that score between 1100 to 1399; about 7% of those
are judged to be Cro-like based on known properties of these
proteins).

tnsB

The ORF corresponding to the msB gene is much longer than
that of tmsA and is capable of specifying a protein of 702 amino
acids, with a calculated Mr of 81 kd. The first ATG, at position
943, is preceded by an appropriately spaced sequence that
matches the r.b.s. consensus well (Fig. 3). This potential start
codon is within the 3’ end of the msA ORF, 11 b.p. before it
terminates. The tnsB ORF closes with a TGA codon at position
3049. Other potential initiation codons occur at nt. positions 964
(GTG), 1024 (ATG) and 1078 (ATG). A gene fusion joining
strong transcriptional and translational start signals to initiate
translation at the ATG at nt. 943, leads to the production of a
protein with an apparent Mr of 85 kd (Flores et al. , unpublished
observations).

The predicted TnsB protein is rich in basic amino acids
(estimated pl of 8.9), and also contains a region of similarity
to the Cro-like, helix-turn-helix genre of site-specific DNA

AAAAAGCATACT-CTITTGT’I!GCTAAAGCAAACTCT mp tnsA

tins A nmp
tns B ump
GGATCCACCAG

tns C 1y

tns D nmp

TGGCAAATTAATGAG gy tns B

GTGCTACCCGGATT mp tns C

TTATTTAAA TAGC!AGAAACTTTCCTGTT - tns D

AAATGGTTTATGEAGTGA!GTTAGGCTAGCTACA - tns E

FIGURE 3. Organization of the tms Reading Frames. The presumed initiation codons of the five ms genes are aligned and highlighted. Candidate ribosome binding
sites are also highlighted. Note the very compact assembly of open reading frames.
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TnsA %0 TRQIAIDSGIKEPVIRGVDQ 1150
TnsB 108 VEEVVQEEKVTEKATVYKLLR 1313
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FIGURE 4. (A) An alignment of the amino acid sequences of TnsC, MalT, Mall and MalK is presented to reveal similarities. Identical amino acids are highlighted.
Boxes indicate the occurrence of similar amino acids. The numbers before and after the alignment refer to the positions within these proteins of the initial and final
amino acids displayed. (B) This diagram lists the amino acid sequences of regions within tnsA, msB, tnsD and tnsE that might interact with DNA through Cro-like,
helix-turn-helix structures. The number of the first amino acid in the domain as well as the score (1) according to the weight matrix of Dodd and Egan, 1987 (42)
is labeled. The significance of these scores is discussed in the text. (C) A region within the sequence of TnsC has homology to nucleotide binding domains found
in many proteins. Matches to the most highly conserved positions in the consensus are highlighted while matches to the less well conserved positions are boxed.

Again, the number to the left refers to the first amino acid listed.

binding domains (41) (See Fig. 4). This domain scores higher
on the weight matrix of Dodd and Egan (42), than the similar
region in TnsA. This score, combined with the fact that tnsB
has been shown to be required for specific binding to the 22 bp
repeats at the termini of Tn7 (44), implies that this region is likely
to be a true Cro-like, DNA binding domain.

The fourth (final) 22 bp repeat in the right end of Tn7 overlaps
with the promoter for the msA gene; and Rogers ez al. (9) have
presented evidence that TnsB represses transcription from that
promoter, presumably by binding to the 22 bp repeat(s). If tnsA
and tnsB are co-transcribed as Waddell and Craig believe
(discussed above), the TnsB protein may autoregulate its own
expression.

Complementation results of Rogers et al. (9), show that a
cloned fragment of Tn7 from the right end to the rightmost Bam
HI site, plus another fragment from this same site extending
leftward, are able to provide all trans-acting functions necessary
for Tn7 transposition. The DNA sequence reveals that this would
result in the removal of 7 a.a. from the carboxy terminus of TnsB,

(as they predicted from the limited DNA sequence available).
This truncation has little, or no effect on transposition.

tnsC

The first initiation codon of the tnsC ORF starts one base before
the TGA stop codon of the tnsB ORF, (Figs. 2 and 3). Alternative
ATG/GTG start codons in this frame are found at positions 3147
(GTG) and 3303 (ATG). The translational reading frame
terminates after 555 codons at nt. position 4713 with a TAG
codon. The protein ostensibly encoded would be 63 kd in
molecular mass and basic, with an approximate pl of 8.7. A gene
fusion similar to those described for the tnsA and tnsB ORF’s,
to the ATG at nt. 3048 results in the appearance of a protein
with an apparent M, of 60 kd (Flores er al., unpublished
observations).

The derived amino acid sequence contains a very strong
sequence similarity to a type-A nucleotide binding domain (45)
(Fig. 4). In addition, another region of 136 a.a. situated toward



the carboxy terminus of the inferred TnsC protein sequence
exhibits considerable similarity (52% identical + similar amino
acids in the alignment) to that of the transcriptional activator of
the maltose operons of E. coli, MalT (46) (see Fig. 4). Within
this region there is a short stretch of similarity between MalT
and two other Mal proteins involved in the utilization of
maltodextrins (Fig. 4). The significance of these similarities is
not immediately obvious but is discussed more fully below.

tnsD

Translation of the sD ORF could start at nt. number 4718 where
the first ATG is encountered and terminate with TGA at position
6242. A candidate ribosome binding sequence precedes this ATG.
Possible alternative initiation codons occur at positions 4823,
4841, 4877 (GTG’s) and 5003 (ATG). If the indicated ORF is
translated a 508 a.a. protein of Mr 59 kd should result. This
protein would be highly basic, with an estimated pI of about 9.5.

Gene fusions of the type described for msA, B, and C, to the
first ATG codon of the tnsD OREF result in the accumulation of
a protein of 55 kd apparent Mr (Flores et al., unpublished
observations). Other workers have ascribed proteins of 54 kd
and 40 kd apparent Mr to this region (4 and references within,
47, Rogers and Sherratt personal communication;). By comparing
the DNA sequence to the cloning sites used by Brevet et al. (47),
it appears that the 40 kd protein that they observed was a truncated
version of TnsD, with 42 amino acids removed from the carboxy
terminus; however, the predicted Mr for this polypeptide (54 kd)
does not explain the anomaly.

As stated earlier the msD gene is only required for transposition
to antTn7. The a.a sequence of TnsD also has a region that
matches the Cro-like, DNA binding consensus (Fig. 4) (42), and
like TnsB has been implicated in DNA binding (9, 18). Waddell
and Craig (18) have described a msD-dependant, artTn7-specific,
DNA binding activity that may well be the TnsD protein itself.
If that is the case, this region of TnsD between a.a. number 222
and 241, may be involved (Fig. 4).

tnsE

The tnsE ORF proceeds in the same frame (after only three base
pairs that comprise the the stop-translation signal of msD),
commencing with a GTG initiation codon. This ORF which
potentially encodes a protein 538 a.a. in length, has been
previously noted in the work of Smith and Jones (32). The
predicted pI and Mr of the derived TnsE protein is 5.7 and 61
kd respectively. There is a plausible ATG start codon at position
6353, but it is likely that translation initiates at the earlier GTG
sequence because: (i) it is preceded by a closer match to the r.b.s.
consensus, and (ii) proteins of high apparent molecular mass have
been observed that correlate with this region (ie. the 2224 bp
Hind III fragment). Brevet ef al. (47) attributed this area to the
production of an =85 kd protein in maxicells, whereas Smith
and Jones (32), and Craig (4 and references within), have seen
70—75 kd proteins specified from this region. We note that a
translational fusion joining a strong promoter and r.b.s. as well
as 13 foreign codons to the (presumed) 58" codon (at the Hpa
I site, at nt. 6413), leads to the production of a protein with
apparent Mr of 69 kd (Flores et al. unpublished observations).

Another match to the Cro-like DNA binding domain occurs
in the a.a. sequence translated from msE (Fig. 4). Again however,
in the absence of any evidence that TnsE does indeed bind to
DNA, the significance of this similarity is uncertain. Because
TnsE is essential and TnsD dispensable for transposition to
plasmids, it has been speculated that TnsE may have a role
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equivalent to TnsD, directing transposition to random (non-
attTn7) sites by binding to potential target sequences. However,
Cro-like domains have not been implicated in this type of non-
specific binding. Alternatively TnsE may not interact with target
DNA directly, but through protein-protein interactions function
to relieve the requirement for TnsD-antTh7 assisted synapse
formation.

Possible roles of Tns proteins

By analogy to other recombination systems, site-specific
recombination (je. integration/ excision/ resolution/ inversion)
and transposition (semi site-specific, as half of the recombining
sites are specific) (1), it is likely that one of the Tns proteins
(or that several in concert), induce the breakage of phosphodiester
bonds at the ends of Tn7 and at the target site, and that the same
one(s) or other(s) catalyse the formation of bonds joining the two:
but which ones, and how? Some clues may be gleaned from the
predicted protein sequences presented here, while more direct
biochemical evidence is beginning to emerge.

The TnsB and TnsD proteins must at least play a role in DNA
sequence recognition since they have been shown to be essential
for specific binding to the 22 bp repeats near the ends of Tn7
and to a region of attTn7 respectively, (44, 18). Domains within
TnsB and TnsD responsible for this binding have been tentatively
mapped (Fig. 4). Presumably these proteins are also involved
in protein-protein interactions that compose a higher order
structure analogous to the ‘intasome’ formed during phage lambda
integration (48).

It is intriguing that in both cases the sequence specific binding
appears to be at sites a short distance away from the points of
bond breakage rather than encompassing them. It seems that
protein-DNA contacts at the points of bond breakage would be
imperative and these could involve, (i) different domains of the
same proteins, ie. TnsB and TnsD, (ii) other Tn7 encoded
proteins, or (iii) host encoded proteins. In each case binding to
break-point sites could be either by sequence specific binding
or by non-specific interactions that are directed by the specific
binding of eg. TnsB and TnsD to their respective sites. The facts
that (i), the DNA sequence of artTn7 at the point of insertion
can be replaced with several other unrelated sequences without
effecting the frequency or point of insertion, (18, 19; Sannuga
unpublished observations), and that (ii), atTn7 sites from the
chromosomes of other bacteria are highly related to E. coli attTh7
but only at regions distant from the insertion point (the ‘gimS-
box’) (20), suggest that contacts at the precise point of insertion
are not sequence specific. Conversely the mere fact that the
terminal 8 base pair sequence is perfectly conserved at each end
of Tn7 may imply that sequence specific binding occurs here.

The mechanism of immunity for Tn7 is unknown, however
the extent of DNA sequence in the right end of Tn7 required
for immunity is roughly the same as that required for transposition
(22). TnsB and TnsD may have directly analogous roles in
transpositional immunity to those of Mu A and Mu B proteins,
because there is an apparent similarity of binding to transposon
ends and to targets respectively. Mu B binds DNA without
specificity. Binding of Mu B to potential targets greatly enhances
the frequency of transposition to those targets. Transposition
immunity with bacteriophage Mu results from the fact that binding
of Mu A (the transposase protein) to repeats at Mu’s termini
destabilizes the binding of Mu B to the same replicon. The
instability of Mu B on molecules that contain the ends of Mu
(and therefore also bound Mu A protein) causes transpositional
immunity (25).
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The functions of the TnsA, TnsC and TnsE proteins in Tn7
transposition are unclear. No DNA binding activity has been
reported for these proteins, though it cannot be ruled out. If any
of these proteins bind to DNA it could be non-specific or low
affinity binding, perhaps requiring cooperativity or a higher order
structure.

The implications of the similarity between the sequence of
MalT and that proposed for TnsC are uncertain. MalT is known
to bind maltotriose, Mg?*, ATP/dATP and DNA (site-
specifically), and to function as a transcriptional activator (49,
50). Unfortunately it is not known whether the region of MalT
that is similar to TnsC interacts with DNA, RNA polymerase,
maltotriose, Mg?*, or has some other function.

Binding of MalT to a region of about 16 bp. centred on the
6 bp. ‘malT box’ (ie. the cognate DNA sequence) is thought to
cause the wrapping of adjacent DNA around a core of MalT
protein(s) (51). Perhaps this indicates weaker, non-specific
interactions with DNA in addition to the specific ones. So far
no evidence of a similar role for TnsC in DNA binding has
emerged.

Transcriptional activation can be effected either by (i),
increasing the apparent affinity of RNA polymerase for a
promoter (eg, by binding DNA and transiently associating with
RNA polymerase), or by (ii) simply perturbing the structure of
the DNA such that open complex formation is facilitated (52,
53, 54). TnsC could be an activator or a repressor, regulating
the expression of ms or host genes involved in Tn7 transposition.

Both TnsC and MalT have domains toward the amino terminal
end that match a type-A nucleotide binding consensus, and which
is not within the region of homology. This feature strengthens
their similarity. ATP and/or dATP have been shown to be positive
effectors of MalT binding to the ‘malT-box’ (49). Purified MalT
protein has a low, intrinsic ATPase activity that is specifically
stimulated two to three fold by maltotriose, yet ATP binding only
and not hydrolysis is required for the activation of open complex
formation by MalT at maltose promoters. It is not known whether
hydrolysis is involved at a later step eg. promoter clearance, but
the critical function of ATP at the early stage is presumed to
be allosteric (51).

Although we anticipate that TnsC binds nucleotides (perhaps
ATP) this has yet to be investigated, and if it does, the function
is uncertain. It could be an allosteric effector as it appears to
be for MalT, or it could serve to provide the energy required
to form phosphodiester bonds ligating the ends of Tn7 to target
sites; analogous to type II topoisomerases (eg. E. coli DNA
gyrase), or as in T4 DNA ligase (55). However, there may be
no need for a high energy co-factor in this reaction, because
religation can be accomplished by two alternative means. (i) The
energy could be conserved from bond breakages through covalent
protein-DNA intermediates and transferred during religation (as
in phage lambda integration/ excision (56, 57) and the DNA
inversion reactions of Cin, Gin and Hin (58, 59, 60, 61), and
type I topoisomerases), (62). (ii) Or religation may occur by direct
transfer through nucleophilic attack of the target by the transposon
ends while they are held (non-covalently) in the ‘transpososome’
complex, as appears to be the case for transposition of Mu (63).

Another possible role for nucleotides is demonstrated by the
phage Mu system; where ATP (as well as Mu A) is required
for displacement of the Mu B protein from potential targets, thus
causing immunity (25, 64). The result is that intermolecular
transposition is favoured over intramolecular events.

A short segment within the region of similarity between MalT
and TnsC matches with two other proteins involved in
maltose/maltodextrin utilization, MalK and Mall (Fig. 4). MalK
appears to be a member of a family of binding proteins involved
in active transport systems. It also has some role in regulation
of the mal operons (eg. may be responsible for degrading an
internal inducer)(65). It also contains a type-A nucleotide binding
site near its amino terminus, (as do the other members of the
periplasmic binding proteins). The sequence of the recently
discovered Mall protein is highly homologous to three repressor
proteins over its entire length (65). As well as the short stretch
of similarity to MalT and TnsC, Mall contains a longer region
of similarity to MalK.

The region of similarity of 31 amino acids found in the three
Mal proteins has been proposed to be the binding site for some
unknown inducer related to maltodextrins (65). If the
corresponding region in TnsC has a similar function it is difficult
to imagine what role such a molecule could have in transposition.
We are left with many tantalizing clues that require further
experiments to resolve.
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