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ABSTRACT  Tnl0 is 9,300 base pairs long and has inverted
repeats of an insertion sequence (IS)-like sequence (IS10) at its
ends. IS10-right provides all of the Tnl0-encoded functions used
for normal Tnl0 transposition. I1S10-left can also pravide these
functions but at a much reduced level. We report here the com-
plete nucleotide sequence of 1S10-right and a partial sequence of
1S10-left. From our analysis of this infermation, we draw the fol-
lowing conclusions. (i) IS10-right is 1,329 base pairs long. Like most
IS elements, it has short (23-base pair) nearly perfect inverted
repeats at its termini. We can divide these 23-base pair segments
into at least two functionally distinct parts. I1S10-right also shares
with other elements the presence of a single long coding region that
extends the entire length of the element. Genetic evidence sug-
gests that this coding region specifies an essential 1S10 transpo-
sition function. A second, overlapping, coding region may or may
not be important. (i) The “outside” end of 1S10-right contains
three suggestively positioned internal symmetries. Two of these
(Al and A2) are nearly identical in sequence. Symmetry Al over-
laps the terminal inverted repeat; symmetry A2 overlaps the pro-
moter shown elsewhere to be responsible for expression of 1S10
functions and lies very near a second characterized promoter that
directs transcription outward across the end of IS10. Symmetries
Al and A2 may play a role in modulation of Tn10 activity and are
likely to function at least in part as protein recognition sites. We
propose that the third symmetry (B) acts to prevent fortuitous
expression of IS10 functions from external promoters. The tran-
scripts from such promoters can assume a stable secondary struc-
ture in which the AUG start codon of the long coding region is
sequestered in a region of double-stranded mRNA formed by pair-
ing between the two halves of symmetry B. (iii) IS10-left differs
from IS10-right at many nucleotide positions in both the pre-
sumptive regulatory region and the long coding region. The avail-
able evidence suggests that Tn10 may be older than other analyzed
drug-resistance transposons and thus have had more time to ac-
cumulate mutational changes.

The tetracycline-resistance transposon Tnl0 is 9,300 base pairs
(bp) long and has inverted repeats of =1400 bp at its ends (Fig.
1). TnlO0 is one of the original examples of a “composite” trans-
poson in which two insertion sequence (IS)-like sequences co-
operate to mediate transposition of intervening genetic mate-
rial. Each of the inverted repeats of Tn10 is a structurally intact
IS-like element, which we have named IS10. All of the sites and
functions required for Tnl0 transposition lie within these two
IS10 segments. However, genetic analysis has shown that the
two IS10 elements are not functionally identical. 1S10-right
(IS10-R) specifies all of the functions responsible for normal
Tnl0 transposition: it can promote normal levels of transposi-
tion even when I1S10-left (IS10-L) is specifically inactivated and
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Fig. 1. Transposon Tnl0.

provides the same level of complementing functions in trans.
to a mutant element as does wild-type Tnl0. 1S10-L, on the
other hand, is functionally defective and can provide only
1-10% of the transposition activity of IS10-R. Genetic analysis
has also established that all of the sites required for Tn10 trans-
position lie within the outermost 70 bp at each end of the ele-
ment (1-3).

We report here the entire nucleotide sequence of IS10-R and
a partial sequence of IS10-L. This analysis provides information
about the genetic organization of IS10-R and about the sequence
divergence between 1S10-R and 1S10-L.

MATERIALS AND METHODS

Bacterial Strains and Plasmids. Plasmids used as sources of
1S10-R and 1S10-L (pNK82, pNK83, pNK296, and pNK297) are
described in Figs. 2-4 and Foster et al. (3). Escherichia coli
strain MM294 (4) was used for preparation of plasmid DNA.

Materials. Restriction endonucleases and the Klenow frag-
ment of E. coli DNA polymerase I were obtained from New
England BioLabs. T4 polynucleotide kinase was purchased from
Boehringer Mannheim. Radioactive nucleotides were pur-
chased from New England Nuclear.

DNA Labeling and Sequence Determination. DNA frag-
ments were labeled at their 5’ ends with polynucleotide kinase
and at their 3’ ends with DNA polymerase 1. Isolation, labeling,
and sequence determination of DNA restriction fragments were
as described by Maxam and Gilbert (5). Procedures for prep-
aration, purification, and restriction endonuclease analysis of
plasmid DNA are described by Foster et al. (3).

RESULTS

Our general approach to nucleotide sequence analysis of 1S10-
R and IS10-L is shown in Fig. 2. We have defined as our ref-

Abbreviations: bp, base pair(s); IS, insertion sequence; 1S10-L and

IS10-R, 1S10-left and -right, respectively.
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F16. 2. General approach to sequence analysis of ISI0-R and IS10-
L. Tnl10 sequences are derived from a Salmonella hisG9424::Tnl10 in-
sertion. The sequences for all of ISI0-R and the outer 515 bp of 1S10-
L were obtained by using a multicopy plasmid containing this insertion
(pNK81) and EcoRI-generated right- and left-half subplasmids (pNK82
and pNK83). The inside ends of the IS10 elements in Tn10 were defined
by using two independent transpositions of the IS10-amp®-ori-IS10
segment from pNK81 into the nin region of bacteriophage A (A623,
A627). Small plasmids containing only the amp¥, ori, and A/IS10 junc-
tion regions of these phages were constructed by cleavage and reli-
gation at HindIIl sites that occur in A on either side of the new inserts.
The sequences across the A/ISI0 junctions in pNK296 and pNK297
were compared with the sequence across the inside end of ISI0-R in
pNK81/82. Brackets indicate regions in pPNK82, pNK83, pNK296, and
pNK297 for which sequences were determined. pNK81, pNK82,
pNKB83, 1623, and 1627 are described in ref. 3.

erence wild-type element a particular Tn10 insertion in the hisG
gene of Salmonella (3). The transposon in this insertion is sep-
arated by only two cycles of transposition from Tn10 as original-
ly isolated on plasmid R222. The entire sequence of ISI0-R and
the sequence of the outermost 515 bp of IS10-L were obtained
by using plasmids containing all or part of this hisG::Tnl0 in-
sertion. The detailed strategy for sequence analysis of IS10-R
is shown in Fig. 3. The outer portion of ISI0-L was analyzed
on both strands by a similar strategy (not shown).

The exact nucleotide positions of the “inside” ends of IS10-
R and IS10-L have been determined by using the strategy used
to define the “outside” ends of Tn10 itself. We have previously
described an “inside-out” transposon derived from the refer-
ence hisG::Tnl0 element, in which the plasmid ampicillin-re-
sistance (amp®) genes are flanked by ISI0-R and ISI10-L ele-
ments having relative orientations opposite to those in Tnl0.
The: inside ends of the IS10 sequences as they occur in Tnl0
now form the outside ends of the new transposon as shown in
Fig. 2. We have isolated insertions of this inside-out transposon
at two different positions in bacteriophage A and analyzed the
nucleotide sequences across their IS10/A junctions. These re-
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Fic. 3. Strategy for sequence analysis of ISI0-R. A simplified re-
striction map of ISI0-R and adjacent regions in pNK82 is shown in Fig.
2. Numbers are distances (bp) from the outside end of ISI0-R. @— and
>, Extents of sequences determined from fragments labeled at their
5’ and 3’ ends, respectively. Sequences on both strands across the Hinfl
site at bp 850 were obtained by using a variant of pNK82 in which a
BamHI linker fragment had been introduced at the position indicated
by * (unpublished).

sults are shown in Fig. 4. On the IS10 side of each junction is
a stretch of sequence identical to that near the inside end of
IS10-R of Tnl0, which ends at a position corresponding to bp
1329 of the IS10-R sequence. We interpret this result to mean
that the inside end of IS10-R, as it occurs in Tn10, is at bp 1329.
Further support for this conclusion comes from the fact that the
inserted IS10 material in A627, in which both junctions were
analyzed, is flanked by a 9-bp direct repeat of non-IS10 (i.e.,
A) sequence. Insertions of Tnl0 are flanked by 9-bp direct re-
peats of target DNA (6). A623 and A627 also provided the DNA
sequence for the inner 150 bp of IS10-L.

The entire nucleotide sequence of IS10-R and the positions
at which IS10-L differs from IS10-R in the regions analyzed are
shown in Fig. 5. This figure also shows a number of sequence
features discussed below: the 23-bp nearly perfect inverted re-
peats at the termini of ISI0-R, the start and stop codons for a
single long coding region, and the positions of three internal
sequence symmetries.

Also shown in Fig. 5 are the positions of two promoters lo-
cated near the outside end of ISI0-R. The existence of these
promoters and the definition of their exact transcription start
g)oints have been established in vitro by length analysis, 5'-y-

2P labeling of transcripts, and abortive initiation/dinucleotide
cycling analysis (unpublished results). Genetic analysis suggests
that p-IN is the promoter responsible in vivo for expression of
IS10 transposition function(s) (unpublished results). The in vivo
role of p-OUT is not yet known.

———— TARGET—— 98P REPEAT-‘ 1810 JUNCTION

—
+ .GACCACAAAACSCCA CGCTCTGTA CTGAGAGATCCCCTCATAAT...  M/IS10-L }
627

INSERTION

++.CTGGTGTTTTGCG6T GCGAGACAT GACTCTCTAGGGGAGTATTA. ..

TATACAGGCATTCGG TACAGAGCG CTGAGAGATCCCCTCATAAT...  M/IS10-R
.+ ATATGTCEGTAAGCC ATGTCTCGC GACTCTCTAGGGGAGTATTA...

AAAGGA GATTATGTA CTGAGAGATCCCCTCATAAT...  MIS10-R X623
... TTTCCT  CTAATACAT GACTCTCTAGGGGAGTATTA. ..

ATTATGGGAATTGGA GGCAATGCA CTGAGAGATCCCCTCATAAT...
TAATACCCTTAACCT  CCGTTACGT  GACTCTCTAGGGGAGTATTA...

1329* 1310*

TET/1S10-R  PNK81
(HIS: : TN10)

Fic. 4. DNA sequences of IS10-amp®-ori-IS10 insertion junctions
that define the inside ends of the IS10s in Tn10. Sequences across both
A/IS10 junctions of A627 and the A/IS10-R junction of A623 (from
pNK297 and pNK296; Fig. 2) are compared with the sequence across
the inside end of IS10-R in TnI0 (from pNK82; Fig. 2). Nucleotides of
IS10-R are numbered as in Fig. 5.
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Fic. 5. DNA sequence of ISI10-R and partial sequence of IS10-L. The sequence of IS10-R is numbered from 1 to 1,329 beginning with the outside
end of the element. Thus, bp 1 is one of the termini of Tnl0 itself. The sequence of the top strand is written in the 5’ to 3’ direction from left to
right. IS10-L differs from IS10-R at 15 positions in the regions analyzed (bp 1-515 and bp 1,179-1,329). Several features of IS10-R sequence are
emphasized: (i) £ , the 23-bp nearly perfect homology between the inside and outside ends of IS10-R; ®, homologous base pairs; (ii) . , two related
internal symmetries (Al and*A2) and a related 10-bp sequence at the inner terminus; (iii) /A4, the two widely separated halves of symmetry B;
and (iv) the start and stop codons of the long open coding region at bp 108 and bp 1,314, respectively. Also shown are the exact transcription start
points for the promoters p-IN and p-OUT located near the outside end of IS10-R.

DISCUSSION

Coding Regions in IS10-R. IS10-R has a single long coding
region that extends the entire length of the element from bp
108 to bp 1316 (Fig. 5). The polypeptide corresponding to this
segment would be 402 amino acids long and have a M, 0f 47,000.
Several genetic observations suggest that this coding region
specifies an essential 1S10 transposition function: (i) the start
of the coding region is suitably positioned a few bp downstream
from p-IN; (i) insertion of a fragment bearing the lac UV5 pro-
moter at bp 70, just upstream from the coding region, results
in dramatic isopropyl-B-D-thiogalactoside-induced overpro-
duction of trans-acting transposition functions (unpublished re-
sults); (i4i) a mutation (ins1) created by “filling-in” the Acc I site
at bp 340 results in a frame-shift mutation in the long coding
region and produces both a recessive transposition defect and
loss of the ability to provide complementing transposition func-
tions in trans (ref. 3; unpublished results); and (iv) gene fusions
between the coding region of B-galactosidase and (as yet un-
characterized) positions between bp 210 and bp 310 of IS10-R
have been constructed, and some of these fusions exhibit B-ga-
lactosidase activity (unpublished results).

IS10-R contains four additional coding segments that corre-
spond to polypeptides of >30 amino acids in length. One of
these (bp 349 to bp 534; 62 amino acids) should be transcribed
from p-IN; a genetic role for this segment has not been ruled
out. The other three segments (bp 4 to bp 165, bp 62 to bp 208,
bp 280 to bp 143) are less likely to specify relevant functions.

They cannot be transcribed from p-IN or p-OUT, and extensive
in vitro transcription and abortive initiation experiments have
not detected other promoters that could transcribe these seg-
ments (unpublished results). There is no evidence bearing on
the possibility that a transcript from p-OUT might be translated
from one of the available AUG or GUG codons (bp 54, 56, or
64).

Short Terminal Inverted Repeats. The ends of IS10-R and
IS10-L are short nearly perfect inverted repeats. The repeats
are 23-bp long and have matches at 17 out of 23 positions (Fig.
5). The most important finding from inspection of these se-
quences is that the terminal inverted repeat sequence can be
subdivided into at least two different parts.

The inner 10-bp of each repeat can be defined as one sub-
section. As shown in Fig. 5, this particular 10-bp sequence oc-
curs five times near the ends of ISI0-R. Four copies of the se-
quence occur in two symmetrical inverted repeats near the out-
side end of the element (symmetries Al and A2) with one of
these repeats (A1) containing the innermost 10 bp of the ter-
minal inverted repeat. A fifth copy of the sequence occurs by
itself in the inside terminus of the element. Because the se-
quence occurs in a single isolated copy at the inside terminus,
without opportunity for secondary structure interactions with
nearby copies, we favor the possibility that this sequence func-
tions within the terminal inverted repeats as a protein recog-
nition site. An alternative would be that it participates in direct
pairing between the termini of the element during transposi-
tion. There is no genetic evidence as to the mechanistic or reg-
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ulatory roles of this subsection of the terminal inverted repeat.

The remaining outer 13 bp of the two terminal inverted re-
peats constitute a second subsection. The 13-bp segments at the
inside and outside ends share two continuous stretches of ho-
mology (6 bp and 4 bp) separated by a 3-bp gap. Direct evidence
for the role of the 13-bp segment in Tnl0 transposition is pro-
vided by the finding that two mutations that confer a cis-dom-
inant transposition-negative phenotype on Tnl0 have altered
nucleotides in the 6-bp homology region (unpublished results).
The 4-bp homology, at the very ends of the element, is identical
in sequence to the very ends of the I1S50 elements of Tn5. The
13-bp subsection may itself be further divisible.

Role of Symmetries Near the Outside Ends of IS10-R. The
outside end of ISI10-R contains three suggestively located in-
ternal symmetries. Symmetries Al and A2 contain the same
(or closely related) 10-bp half-sites; the two half-sites in each
symmetry are separated by 4 bp. Symmetry Al is centered
about bp 25/26; its outer half overlaps the terminal inverted
repeat. Symmetry A2 is centered about bp 82/83; it is located
directly on top of the transcription start point for the promoter
p-IN at bp 81. Symmetry B involves a second, unrelated, 10-
bp sequence. Two copies of this sequence form the widely sep-
arated halves of an inverted repeat whose center of symmetry
is bp 82. The two halves of this inverted repeat flank symmetry
A2 and the inner half contains the AUG start codon for the long
open coding region.

We suggest a particular role for symmetry B. Because IS
elements insert more-or-less randomly into DNA, they may
sometimes be subject to fortuitous activation by strong external
promoters. We suggest that symmetry B, in combination with
symmetry A2, acts to protect ISI0-R from such fortuitous ac-
tivation. A transcript extending into ISI0-R from an outside
promoter can, by using symmetries A2 and B, fold into the sta-
ble secondary structure shown in Fig. 6. Since symmetry B in-
cludes the AUG start codon of the long coding region, such fold-
ing would sequester the start codon of the long coding region,
render it inaccessible to ribosomes, and thus block gene expres-
sion at the translational level. (Symmetry Al would also be pres-
ent in such a transcript but it is irrelevant to the interaction of
symmetries A2 and B). By contrast, when transcription is ini-
tiated from the normal p-IN promoter, there will be no oppor-
tunity for sequestering of the start codon in mRNA secondary
structure since the resulting transcript will contain only half of
symmetries A2 and B. Evidence that mRNA secondary struc-
ture suppresses translation by sequestering initiation codons
has been presented for RNA phages MS2 and QB and in several
other cases (8-10). IS elements may be one case in which evo-
lution of such a mechanism has been particularly favored, since
each transposition of an IS sequence presents the element with
an entirely new chromosomal environment. Analogous pro-
tection mechanisms involving sequestering of AUG or Shine-
Delgarno sequences have also been suggested for 1S4 and IS5
11, 12).

We suspect that both the inner half of symmetry A1 and sym-
metry A2 play a role in regulating or modulating 1S10 trans-
position. The position of symmetry A2, directly over p-IN and
near p-OUT and the long coding regions, is suggestive of such
a role, and an essential mechanistic role for this sequence has
been directly excluded by the finding that deletion mutants
lacking symmetry A2 are fully transposition proficient when
complementing functions are provided in trans (3). Genetic
experiments have also established that the two ends of IS10-R
are functionally symmetrical. Although it has not been directly
shown, this symmetry makes it likely that both inside and out-
side ends contain all of the sites essential for transposition (3).
If so, the fact that symmetry Al occurs only at the outside end
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FiG. 6. Mechanism for protection of ISI0-R from fortuitous acti-
vation by external promoters. Transcripts extending from an external
promoter into and across the outside end of IS10-R can assume a stable
secondary structure. The stability of the large hairpin involving sym-
metries A2 and B is —17.2 kcal (1 cal = 4.18 J) as calculated by the
rules of Tinoco et al. (7). Symmetry B is directly responsible for se-
questering the start codon, but pairing at symmetry A2 also stabilizes
pairing at symmetry B: the stability of symmetry B in the absence of
any contribution from symmetry A2 would be —9.7 keal. Pairing at
symmetry Al (stability, —7.6 kcal) is irrelevant to the formation of the
large hairpin.

of IS10 would argue against an essential mechanistic role for the
inner half of symmetry Al as well. If the outer 10 bp half of sym-
metry Al is in fact a protein recognition site as suggested above,
then the same protein(s) might act at the inner half of that sym-
metry or of symmetry A2 (or both) as well. Internal symmetries
have been identified near one or both ends of 1S4 and IS5; their
importance is not yet known (11, 12).

Differences Between IS10-R and 1S10-L. Six hundred and
sixty-five nucleotides of I1S10-L sequence have been deter-
mined, 515 at the outside end of the element and 150 at the
inside end. IS10-L differs from IS10-R at 15 out of these 665
positions (=2.5%). As shown in Fig. 5, six of these changes occur
upstream of the ATG start codon for the long coding region. Of
these, four occur in sequences that lie between the symmetrical
halves of symmetries Al and A2, one occurs between symme-
tries Al and B, and one occurs in the last base upstream from
the ATG start codon. Nine differences between 1S10-L and
ISI0-R have been identified within the long coding region.
Notably, only three of these differences change amino acids in
presumptive protein. These three (bp 1249, leucine to serine;
bp 1271, alanine to threonine; and bp 1300, alanine to valine)
all lie in the carboxy-terminal 22 amino acids of the polypeptide;
the entire amino-terminal portion of the protein, 135 amino
acids analyzed thus far, is identical in IS10-R and IS10-L. There
are no differences between the two IS10 elements in the short
terminal inverted repeat sequences. We do not yet know which
of the observed sequence differences contributes to the func-
tional differences between IS10-R and IS10-L.
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It seems most likely that IS10-L and IS10-R were originally
identical in sequence and have since diverged from one another.
Simple mechanisms by which a composite transposon contain-
ing two IS elements can arise by replicative transposition from
asingle IS sequence have been suggested (13). There is no need
to postulate formation of Tn10 by independent insertion of two
related but distinct sequences to positions flanking the tetra-
cycline-resistance determinant. IS10-L mediates transposition
at such a low frequency that it is unlikely to have transposed
independently in its present form. IS10-R, on the other hand,
mediates transposition at approximately the same frequency as
elements such as ISI and IS2, which have been observed as
independent entities in the chromosomes of E. coli and other
bacteria. Thus, we favor the idea that ISI0-R is very close to
the original IS10 element that gave rise to Tnl0 and that 1S10-
L has degenerated to its present nonfunctional state.

The sequences of IS10-R and 1S10-L differ to a much greater
extent than do those of the flanking IS elements of two other
composite transposons. The 1S903 elements of the kanamycin-
resistance transposon Tn903 are exactly identical in sequence,
and the IS50 elements of the kanamycin-resistance transposon
Tn5 differ at a single nucleotide position (14-16). The greater
divergence between the IS elements of Tnl0 may mean that
Tnl0 is older than Tn5 and Tn903 and has had more time to
accumulate changes. Tetracycline has been heavily used to treat
both human and animal populations since before 1950. Resis-
tance to tetracycline was observed in clinical isolates as early
as 1952, and Tnl0-like elements account for an important frac-
tion of tetracycline-resistance determinants isolated from na-
ture. In contrast, kanamycin was first identified as an antibiotic
in 1956, and kanamycin resistance was not observed until 1964
and is still less common in clinical isolates than tetracycline re-
sistance (ref. 17; and references therein).

1S10-L and IS10-R can have diverged from some common
progenitor only in ways that have not interfered with the ability
of ISI10-R to promote Tnl0 transposition. Neither element can
have suffered a lesion in an essential site; mutations that inac-
tivate IS10-R would have been excluded, as would mutations
in IS10-L that result in production of dominant deleterious
functions. Such constraints may account for the fact that only
three of nine coding region differences result in altered amino
acids, for sequence conservation in the terminal inverted re-
peats, and for the nature of changes upstream from the coding
region. The exact nature of these constraints remains to be
established.

Compactness of IS10 Genetic Organization. Important ge-
netic determinants are compactly organized into the 1329 bp
of IS10-R. A single long coding region extends almost the entire
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length of the element, beginning at bp 108 and ending within
the terminal inverted repeat at the inside end. This compact
structure is typical of IS-like elements. With the notable ex-
ception of IS1, all IS elements contain a long coding region ex-
tending the length of the element and ending within or very
near the distal terminal inverted repeat. In some cases, a second
overlapping coding region may also be important (for review,
see ref. 18). In the case of IS10, we know that the 150-bp region
at the outer end of the element contains three suggestively lo-
cated inverted repeats, two promoters, the start of the long cod-
ing region, and all of the sites essential for transposition. There
would appear to be almost no nucleotide sequences in IS10-R
that are not part of some important genetic determinant; in sev-
eral cases, two or more important determinants overlap one
another.
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