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pEC22 is a small plasmid that encodes the restriction-modification system MR * EcoT22I. Restriction and
functional analysis of the plasmid identified the positions of genes encoding that system. The plasmid is able
to be conducted by conjugal plasmids, a process mediated by a transposon contained within pEC22. This
cryptic transposon, called TnS396, was isolated from pEC22 and partially sequenced. The sequence of Tn5396
is for the most part typical of transposons of the Tn3 family and is most similar to that of Tn1000. The
transposon differs from closely related transposons in that it lacks well-conserved sequences in the
inverted-repeat region and has an unusually long terminal inverted repeat. Consideration of regions of internal
sequence similarity in this and other transposons in the Tn3 family supports a theory of the mechanism by
which the ends of Tn3-like transposons may maintain substantial identity between their inverted repeats over
the course of evolutionary time.

Conjugal plasmids, such as F, are large enough to accom-
modate the many genes required by the complex process of
conjugation (43). While small plasmids are incapable of self-
transmission, two means are known by which they may be
transferred by a coresident conjugal plasmid (13). First, the
conjugal plasmid may transfer the nonconjugal plasmid by
mobilization, in the strict sense of Clark and Warren (13).
Mobilization requires the action of Mob proteins, generally
encoded by the nonconjugal plasmid, and a nicking site,
termed oriT, on the nonconjugal plasmid. Mobilization can be
a very efficient process, with a rate of transfer comparable to
that of self-transmission by conjugal plasmids.

Conduction (13) offers a second means by which nonconju-
gal plasmids may be transferred. Conduction requires the
cointegration of the conjugal and nonconjugal plasmids so that
transfer of both takes place in a single event. Cointegration can
occur by rec-dependent recombination between homologous
regions on the two plasmids or by rec-independent transposi-
tion of an element residing on either plasmid. Most commonly,
it is a transposable element on the conjugal plasmid, such as
TnlOOO in the case of F, that mediates conduction, but
instances of conduction mediated by transposable elements on
the nonconjugal plasmid are known (15, 28). In general, the
rate of conduction is much lower than the rate of self-
transmission of the conjugal plasmid.
pEC22 (46) is a small plasmid originally isolated from

Escherichia coli TB22. Like many small, otherwise cryptic
plasmids, it encodes a restriction-modification system, in this
case EcoT22I, an isoschizomer ofAvaIII. We have used cloned
methylases to protect DNA from restriction byAvaI andAvaII
upon conjugation into certain cyanobacteria (17). To extend
protection to include restriction by AvaIII, we sought to
identify and clone the gene encoding the EcoT22I methylase,
M - EcoT22I. Characterization of pEC22 indicated that most
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of its sequence consists of a transposable element that is
responsible for the conduction of the plasmid by conjugal
plasmids.

MATERIALS AND METHODS

Strains and plasmids. The strains of E. coli and the plasmids
used in this work are shown in Table 1. Strain CPB1893 was
derived from CPB1293, a spontaneous mcrA derivative of
W3110 lacIPL8, by transducing mcrB1 hsdR2, linked to TnlO,
from ER1372, selecting for resistance to fusaric acid and
concomitant excision of TnlO (29), and then selecting for
spontaneous resistance to nalidixic acid. When appropriate, E.
coli was grown on selective medium with the following concen-
trations of antibiotics: chloramphenicol, 25 pg/ml; kanamycin
sulfate, 50 jxg/ml; nalidixic acid, 20 ug/nml; streptomycin sulfate,
20 pg/ml; and tetracycline, 10 pg/ml (all from Sigma Chemical
Co., St. Louis, Mo.). Strains ER1372 and WA921(pEC22, S-a)
were gifts from Elisabeth Raleigh (New England Biolabs, Beverly,
Mass.) and Katsutoshi Mise (National Institute of Hygienic
Sciences, Tokyo, Japan), respectively. WA921(pEC22) was ob-
tained from WA921(pEC22, S-a) by screening colonies for loss
of resistance to kanamycin (Kmr) conferred by the separate
plasmid S-a.
Transposon insertion derivatives of pEC22 were made by

infecting WA921(pEC22) with X1105 (42), carrying TnlO
element 9 (TnlO.9), which confers Kmr. Plasmid DNA from
pooled Kmr mutants was isolated and used to transform
HB101, DH5a, or WA921 to Kmr. The Kmr determinant in
TnlO.9 is flanked by 78-bp inverted repeats (IRs) of a sequence
from IS10-R that are identical to the sequences flanking the
non-self-transposable tetracycline resistance (Tcr) determi-
nant, TnlO.8, in conjugal plasmid pOX38.8. No other sequence
similarity exists between TnlO.8 and TnlO.9. Derivatives of
pEC22 marked with TnlO.9 are collectively called pRL591 and
are distinguished by suffixes, as shown in Fig. 1. pRL599 is a
derivative of pRL591-DD5, in which the chloramphenicol
resistance (Cmr) marker C.C2 (18), cut out of polylinker
L.EHE2 (18) with HincII, was placed between the two MluI
sites (trimmed with Klenow fragment) that flank the Kmr
marker of pRL591-DD5.
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Reference or source

E. coli strains
CPB1293 laclq mcrA, derived from W3110 laclqL8 This work
CPB1893 Nxr mcrA mcrB hsdR2, derived from CPB1293 This work
DH5a Nxr recA hsdR Bethesda Research Laboratories
ED8654 HsdM+ HsdR+ 9
ER1372 hsdR2 mcrBl zjj-202::TnlO Elisabeth Raleigh
HB101 Smr recA hsdRB+ hsdSB 10
RR1 Smr hsdRB+ hsdSB 8
W3110 lacIqL8 lacIq 11
WA921 hsdR 46

Plasmids
pEC22 Determines M - EcoT22I and R - EcoT22I 46
pIC20H Apr 30
pKT210 Cmr Smr 5
pOX38.8 Tcr derivative of F without IS elements, marked with TnlO element 8 (TnJO.8) 36
pRL443 Apr Tcr KmS derivative of RP4 19
pRL493 Apr Cmr derivative of pIC20H This work
pRL591 Set of TnJO.9 insertion derivatives of pEC22 This work
pRL599 Cmr insertion derivative of pEC22 This work
pRL602 Deletion derivative of pRL591-W45 This work
pRL603 Deletion derivative of pRL591-DB4 This work
pRL605 Deletion derivative of pRL599 This work
pRL611 Apr Cmr, determines M *EcoT22I This work
pRL615 Deletion derivative of pRL591-HA8 This work
pRL616 Deletion derivative of pRL591-HA8 This work
pRL622 Deletion derivative of pRL591-W45 This work
pRL635 Deletion derivative of pRL591-HC12 This work
pRL636 Deletion derivative of pRL591-HC12/W45 This work
pUC8 Apr 39

Plasmid pRL493, a cloning vector, consists of a PstI-XhoI
fragment carrying the Cmr determinant from pKT210 placed
in the Sall site of pIC20H, with the PstI site connected to the
Sall site by means of a short linker taken from pUC8. pRL611
consists of a 1.25-kb MspI fragment carrying M * EcoT22I from
pEC22 placed in the ClaI site of pRL493. pRL602 and pRL622
are deletion derivatives of pRL591-W45 generated by diges-
tion with PvuII or StuI plus PvuII, respectively. pRL603 is an

NheI-XbaI-generated deletion derivative of pRL591-DB4.
pRL605 is an Asel-generated deletion derivative of pRL599.
pRL615 and pRL616 are deletion derivatives of pRL591-HA8
generated by digestion with DraI or XmnI, respectively.
pRL635 is an EcoRI-generated deletion derivative of pRL591-
HC12. pRL636 comprises the DNA between insertions HC12
and W45, connected by TnlO.9, and was constructed by
recombining in vitro DNA from pRL591-HC12 and pRL591-
W45.

Determination of phenotypes. The restriction phenotypes of
strains carrying pEC22 or its derivatives were determined by
comparing the infectivity of XS232 (a gift from Dale Kaiser,
Stanford University) grown on WA921(pEC22, S-a) (and
therefore methylated against the restriction function of
EcoT22I, R EcoT22I) with that of XS232 grown on ED8654
(not methylated against R - EcoT22I). Methylation phenotypes
were determined by two methods: (i) comparing the infectivity
on restriction-competent DH5a(pRL591-DB4) Of XS232 grown
on a test strain with that of XS232 grown on ED8654, and (ii)
assessing the ability of EcoT22I or its isoschizomer NsiI to cut
the plasmid isolated from the test strain. TnlO.9 has two
EcoT22I sites, and pEC22 has at least one such site.
To determine the ability of a conjugal plasmid to mobilize

derivatives of pEC22, Rec- donor strains (HB101 or DHa5t)
carrying either pRL443 (Apr Tcr) or pOX38.8 (Tcr) and rec

recipient strains (DH5o or HB101, in some cases carrying

pRL611) were grown overnight, washed and regrown in fresh
medium, and combined for mating. Matings were performed in
liquid medium, which was shaken slowly, or occasionally on
plates. After 2 h, the mixture was diluted and plated on
selective medium. In all experiments, the number of recipients
gaining the Tcr marker carried by the conjugal plasmid was
comparable to the total number of recipients except when
transfer of the Tcr marker was not observed at all.
DNA sequencing. All fragments reported were sequenced on

both strands after subcloning into the multiple cloning site of
pUC19 (45). Plasmid preparations isolated by the boiling
method (25) were purified through a Magic miniprep column
(Promega, Madison, Wis.) and sequenced (34) by means of a
model 373A automated DNA sequencer (Applied Biosystems,
Inc., Foster City, Calif.), with forward (5' TGTAAAAC
GACGGCCAGT 3') and reverse (5' CAGGAAACAGCTAT
GACC 3') M13 primers. Sequences were manipulated with a
program, EditBase, kindly provided by Niels Nielson (Purdue
University). The BLAST suite of programs (2) was used to
compare DNA sequences and translated sequences from
pEC22 with those within the GenBank database. Deduced
amino acid sequences were aligned with the aid of the Univer-
sity of Wisconsin Genetics Computing Group programs (16).

Nucleotide sequence accession number. The sequences, ob-
tained in this work have been deposited in the GenBank
database under accession numbers U04360 (Tn5936,), U04362
(Tn59360), and U04363 (partial internal sequence of tnpA of
TnS936).

RESULTS

Characterization of pEC22. pEC22 was characterized ini-
tially by restriction analysis, leading to the map shown in Fig. 1.
In an effort to identify the gene encoding M - EcoT22I, pEC22
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FIG. 1. Restriction map of pEC22. Flags show insertions of Tnl0.9,
with the direction of the flag giving the direction of transcription of the
gene conferring resistance to kanamycin. A derivative of pEC22
carrying a specific insertion is called pRL591-X, where X is the name
of the insertion. The stippled region corresponds to Tn5393 (see text).
Abbreviations for restriction sites: Al, AvaI; Ae, AseI; Bi, Bg1I; Ba,
BamHI; Bg, BglII; Cl, ClaI; Dr, DraI; El, EcoRI; H3, HindIII; Ha,
HaeIII; Ms, MspI; Nc, NcoI; Nh, NheI; Ns, NsiI; P2, PvuII; Ps, PstI; Sc,
ScaI; St, StuI; Xb, XbaI; Xh, XhoI; Xm, XmnI. Not all sites are shown
for HaeIII and MspI, and there may be more sites for NsiI. There are
no sites for ApaI, MluI, PmlI, Sall, SmaI, SphI, or SstI.

was subjected to transposon mutagenesis with TnlO.9. Since
R+ M- mutants would undoubtedly be nonviable, we screened
first for R- mutants. The map positions of selected insertions
are shown in Fig. 2. Only those insertions clustered around
coordinates 5.5 to 5.8 (e.g., DC2 and W45 in Fig. 2) resulted in
an R- phenotype. Methylase activity was unaffected in these
mutants.

Analysis of deletion derivatives confirmed the location of the
genetic determinant of R * EcoT22I and localized the determi-
nant of M - EcoT22I to an adjacent region (Fig. 2). A 1.25-kb
MspI fragment from this region was subcloned (producing
pRL,61 1), and this fragment proved sufficient to confer an M+
phenotype. Deletion derivatives also aided in the identification
of the origin of replication of pEC22. The intersection of all
deletion derivatives shown in Fig. 2 delimits the region con-
taining the origin to the 1.4 kb shared by pRL615 and pRL636.

Transfer of pEC22 derivatives by conjugal plasmids. Two
regions of pEC22 were found to be required for transfer
mediated by conjugal plasmid pOX38.8 or pRL443 (Table 2,
Fig. 2, and data not shown). One of the required regions,
between coordinate 3.6 and the genes encoding the restriction-
modification system, was defined by comparison of two dele-
tion derivatives, pRL602 and pRL603 (Fig. 2). TnlO.9 inser-
tions HC12 and DB15 define the remaining region required.
Deletion or insertion between coordinates 0.4 and 3.6 had no
effect on transfer efficiency. Conjugation experiments were
often performed with recipient strains carrying pRL611

FIG. 2. Functional map of pEC22, based on phenotypes of deletion
derivatives (left column) and Tn.10.9 insertion mutants (bottom row).
Thick lines show portions of pEC22 retained in each deletion deriva-
tive. Lollipops show positions of insertion of TnlO.9. Apart from
insertions, DNA not derived from pEC22 is represented by wavy lines
(of arbitrary length). Restriction and methylation phenotypes were
determined as described in Materials and Methods (data not shown).
Transfer phenotypes (shown to the right of deletion derivatives and
below insertion derivatives) are listed as + if the frequency of transfer
(as defined in Table 2) exceeded 10', - if it did not, and nd if it was
not determined. Possession of oriV is indicated as + if the pEC22-
derived DNA can propagate itself without the aid of any foreign origin
of replication and by - or nd otherwise. The presumptive transposase
gene is denoted tnpA and is indicated by hatching (see text). The
region of Tn5396 (stippled) proposed to be dispensable for transposi-
tion is indicated by cross-hatching.

(M - EcoT22I), in case the transfer of genes encoding EcoT22I
into the recipient affected viability, but this precaution proved
to be unnecessary.

Transfer of the marker on the nonconjugal plasmid might
also occur via conduction mediated by homologous recombi-
nation. To minimize the possibility of recombination-mediated
conduction, experiments were performed with Rec- donors.
Such donors also allow distinction between conduction medi-
ated by Tn3-type transposons, which are able to form unstable
cointegrates in Rec- hosts (20), and that mediated by com-
posite transposons such as TnS, which are not able to do so
(24).

If the Kmr marker carried by pEC22 derivatives had been
transferred by mobilization of the derivatives, then the recip-
ient should have gained the conjugal and nonconjugal plasmids
as separate molecules. Secondary conjugation into new recip-
ients should then exhibit transfer efficiencies comparable to
those of the original conjugation. Efficiencies of secondary
transfer of the products of initial conjugal transfer were clearly
not the same as those of the parental strains (compare Table 2
with Table 3). Instead, three alternative results were obtained:
(i) the cotransferred conjugal plasmid, pOX38.8, lost self-
transmissibility (Table 3, lines d and e); (ii) transfer of Kmr was
completely linked to transfer of Tcr on pOX38.8, representing
an increase in transfer efficiency of 10,000- to 100,000-fold
(Table 3, lines a, b, c, and f; compare with Table 2, experiment
1; and data not shown); or (iii) transfer of Kmr was substan-
tially but incompletely linked to transfer of Tcr (Table 3, lines
g, h, and i).

Since complete or partial linkage of Kmr with the conjugal

0
pRL602
pRL622
pRL636
pRL605
pRLO1I
pRL603
pRL616
pRL635
pRL615
pEC22
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TABLE 2. Conjugal transfer of pEC22 derivatives

Transferred Frequency of transfer" of Kmr (no. X 10-5) Frequency of transfer of

plasmid Expt 1 Expt 2 Jxpt 3 restriction activity'

pRL591-DB4 W.8 1.6 15 0/9
pRL591-DD15 01.6 1.7 0/3
pRL591-DD11 f13.0 1.6 0/3
pRL591-DD1 M3.8 1.3 0/1
pRL591-W45 WS.8 1.7 2.2 28 NA
pRL591-DB15 M11.1 0.06 0.01 2/9
pRL602 WS.8, AO.4-3.6 41
pRL603 W.8, A1.6-6.9 0.2 0.04 NA
pRL615 Q0.3, AO.8-7.7 0.03 NA
pRL616 fl0.3, AO.6-7.2 0.1 NA
pRL622 05.8, A10.0-3.6 0.3 0.09

a Q1, insertion of TnJO element 8 at the designated coordinate of pEC22; A, deletion of pEC22 between the designated coordinates.
b Frequency is given as the fraction of recipients that gained the Kmr determinant on the pEC22 derivative in relation to those recipients that gained the Tcr

determinant carried on the conjugal plasmid. In experiment 1, the donor strain was DH5a(pRIA43, test plasmid) and the recipient strain was HB101(pRL611). In
experiment 2, the donor strain was DH5a(pOX38.8, test plasmid) and the recipient strain was HB101. In experiment 3, the donor strain was DH5a(pOX38.8, test
plasmid) and the recipient strain was HB101(pRL611).

C Frequency is given as the fraction of recipients that are R EcoT22I+ among the recipients that gained the Tcr determinant on the conjugal plasmid. The
denominator indicates the actual number of recipients tested. Results from two similar experiments are pooled. NA, not applicable; assays of restriction activities from
recipients of pRL591-W45, pRL603, pRL615, and pRL616 are not informative, since donors carrying these plasmids do not restrict.

TABLE 3. Secondary transfer of a marker originating from
pEC22 derivatives

Expt no. Donor straina of K tr(no. x e0-5)
1C
a HB101[pRL611, (pOX38.8 + 100,000 (16)

pRL591-DB4)]
b HB101[pRL611, (pOX38.8 + 100,000 (12)

pRL591-DD1)]
c HB101[pRL611, (pOX38.8 + 100,000 (16)

pRL591-DB15)]
2d
d DHSo[pRL611, (pOX38.8 + e

pRL591-HA8)] isolate 1
e DH5a[pRL611, (pOX38.8 +

pRL591-HA8)] isolate 2
f DH5a[pRL611, (pOX38.8 + 100,000 (12)

pRL591-HA8)] isolate 3
g DH5a[pRL611, (pOX38.8 + 17,000 (48)

pRL591-W45)] isolate 1
h DH5a[pRL611, (pOX38.8 + 17,000 (12)

pRL591-W45)] isolate 2
i DH5a[pRL611, (pOX38.8 + 25,000 (12)

pRL591-W45)] isolate 3
DHca[pRL611, (pOX38.8 + 0(12)
pRL591-W45)] isolate 4

a For experiment 1, donor strains were obtained as Kmr Tcr colonies from
primary conjugation experiments (see Table 2, experiment 1); for experiment 2,
they were obtained from a similar experiment with recA strain DH5a or HB101
as the donor. The plasmids shown in parentheses indicate those carried by the
original donor (conjugal plasmid + pEC22 derivative). Each donor of the
secondary conjugation therefore carries pRL611 and any plasmid(s) transferred
from the primary conjugation.

b Frequency is given as the fraction of recipients that are Kmr among the
recipients that gained the Tcr determinant carried on the conjugal plasmid. The
numbers in parentheses indicate the number of Tc' colonies tested for Kmr.

C Recipient strain was CPB1893.
d Recipient strain was RR1. Each isolate was taken from a separate Kmr Tcr

colony on the primary conjugation plate.
e, no Tcr recipients obtained.

plasmid indicated that the marker had become inserted into
that plasmid, recipients were tested for the acquisition of a
second marker, restriction activity, on the pEC22 derivatives.
Those derivatives tested whose Kmr marker had been trans-
ferred with relatively high efficiency (>10-5) in the initial
conjugation were found not to have passed the ability to
restrict incoming phage to exconjugants, suggesting that only a
portion of the derivatives had become inserted into the conju-
gal plasmid or that the gene encoding R - EcoT22I had been
selectively lost in recipients. In some instances, R *EcoT22I
activity did accompany the Kmr marker of one derivative
(pRL591-DB15) that transferred Kmr with low efficiency.
Trapping and partial sequence of a transposon, Tn5396, in

pEC22. The results of the conjugation experiments are most
easily explained by the presence of a transposable element in
pEC22. If the region of pEC22 that was linked to the conjugal
plasmid is a transposable element, it should be possible to trap
the element on a small plasmid that is amenable to restriction
analysis. This was achieved by selecting for transfer of the
nonmobilizable plasmid pRL611 from a strain containing this
plasmid and conjugal plasmid pOX38.8 that had been modified
by transfer with the pEC22 derivative pRLS91-DB4 (one of the
crosses shown in Table 3, experiment 1). The Cmr marker of
pRL611 was recovered from recipients at a frequency of 3 X
10-6 relative to the frequency of transfer of the Tcr marker of
pOX38.8. Plasmids from three such exconjugants were ana-
lyzed, and in each case, a plasmid identical to pRL611 except
for an insertion of 7.4 kb was found. The insertions were
indistinguishable from each other by restriction analysis and
corresponded to DNA of pEC22 from coordinate 9.0 (via 0) to
4.3. Insertion occurred at three different sites in pRL611. To
elucidate the nature of the inserted DNA, fragments spanning
an insertion site in pRL611 were sequenced. In the insertion
derivative chosen, the inserted DNA mapped within the bla
gene, the sequence of which is known (6).
The terminal sequences (Fig. 3) show that the insertion is

bounded by 66-bp IRs and flanked by a 5-bp direct repeat
derived from the bla gene on pRL611. The IRs exhibit
considerable sequence similarity to those found in members of
the Tn3 family (Fig. 4), particularly in the first 38 bp, which is
the typical length of inverted repeats in Tn3-like transposons
(36). Sequence similarity is greater to members of the Tn3
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FIG. 3. Sequence of terminal repeats of TnS396. Sequences derived from pRL611, nucleotides 3658 to 3672 in pBR322 coordinates (6), are
shown in italic. The terminal IR sequences are given in uppercase letters. A proposed degenerate repetition of the IR (IR.2) is set off in boldface,
with uppercase letters indicating bases in common with IRO. Regions of extensive sequence similarity outside of the IRs are shown by single or
double underlines. (A) Sequence of IR, (transposase-proximal end of transposon) and adjacent sequences (up to the first BamHI site in Tn5396).
(B) Sequence of IR0 (other end of transposon) and adjacent sequences (up to the PstI site in Tn5396). The sequence is of the strand opposite to
that given for IRE. (C) Representation of TnS396, showing the relative positions and orientations of regions of sequence similarity between IRO
(left) and IR, (right). Heavy arrowheads represent the terminal repeats and the putative secondary terminal repeat. Short single- and
double-shafted arrows correspond to single- and double-underlined regions, respectively, in panels A and B.

subgroup than to those of the Tn21 subgroup (22) or to other
transposons within the Tn3 family. The greatest sequence
similarity is with TnlOOO (also called yb, a transposable
element found naturally on plasmid F and on the E. coli
chromosome, with the sequence similarity extending on one
arm at a reduced level beyond the first 38 bp and throughout
the sequenced region (Fig. 4 and data not shown). The
transposable element on pEC22 has been placed in the Plas-
mid Reference Center Prefix Registry (E. Lederberg, Stanford
University) and assigned the name Tn5396.
Members of the Tn3 family (with the exception of the

incomplete element ISJOJ) carry tnpA, encoding the trans-
posase, almost always ending within one terminal repeat of the
transposon (22). An open reading frame of 118 codons was
found that extends from one end of a small region that was
sequenced, terminates within one of the IRs of Tn5396, and,
translated, shows a marked similarity to the C terminus of
transposases of the Tn3 family. We therefore labeled this end
IRt. A 575-bp sequence internal to Tn5396, about 1.4 kb from
the last determined codon of the open reading frame near IR0,
contains a single open reading frame in the same orientation as
that near IRt and 191 codons in length. The amino acids
encoded by these two sequences were compared with those
found in transposases of other transposons of the Tn3 family
(Fig. 5). Pairwise comparisons confirm the inference from IR
similarities that Tn5396 lies within the Tn3 subgroup and is
most closely related to Tn1OOO. Although together the regions
compared comprise only about 30% of the complete sequence
of a typical Tn3-type transposase, they appear to sample
adequately the variability of the transposase, since values for
comparisons based on entire sequences that have been re-
ported previously (4, 22) are very close to those reported here.

IRs within Tn5396. A comparison of the sequenced termini
of TnS396 revealed several regions of similarity apart from the
66-bp IRs (Fig. 6 and Fig. 3). A second degenerate copy of the
inverted repeat is present in the IRO-proximal end of Tn5396
(Fig. 3B, coordinates 103 to 133, labeled IRo2; see also Fig. 4),

and the two termini have two extended regions of sequence
similarity. These relationships are shown graphically in Fig. 3C.
An examination of several other transposons in the Tn3

family (Fig. 6) yielded the following observations. First, several
transposons in the Tn3 family have degenerate IRs beyond the
38-bp termini. Tn1000 and IS101 both have extensive regions
of imperfect identity between one arm and the inverted
sequence of the other, separated by a gap of several base pairs
from the 38-bp IR. In many cases, a plausible continuation of
the IR is offset in one arm with respect to the other. For
example, in Tn3, identity between the two arms resumes after
a gap in IR0 of 4 bp and in IRt of 42 bp. There are similarly
plausible continuations in Tn917 and TnS393. While it is
hazardous to make connections between isolated regions of
identity, it is striking that regions of identity so often appear
just past the end of the IR, as if a longer IR had been
interrupted.

Second, several transposons have copies or degenerate
copies of the IRs elsewhere in the transposon. Complete
secondary IRs have been reported for TnSOl (21) (see also Fig.
6) and Tn917 (35) and the related transposon Tnl721 (1). It
may be of some significance that, like TnS396, IS101, Tn917,
Tn1S46, and, arguably, TnJOOO show degenerate copies (Fig.
6). The possible second copy in the transposase gene-proximal
arm of Tn1546 is of special interest. The genes encoding the
transposases in the Tn3 family generally end at a stop codon at
position 34 to 36 of the IRs (see Fig. 4). Tn1S46 is exceptional
in that its transposase gene terminates at positions 75 to 77.
This triplet, however, lies in the secondary IR (Fig. 6 and
coordinates 66 to 79 in Fig. 4) at precisely the position where
the stop codon would be expected in a typical Tn3-like IRt.

DISCUSSION

The known functions of pEC22, i.e., genes encoding the
EcoT22I restriction-modification system and the origin of
replication, occupy a 4.7-kb region of the plasmid. Several

ctccggttccGGGGTTTGAGGGCCAATGATGTAAAAAACCACGCTAAGGAGGTAATTCATT(;TTTAAATTGAGATTtaacggcctcaattcccccttcat
aatatcctc.ggtagtgtg'aacgtataatgtcccagcatgttgatatgaccatgcatcagaggcgaaagccgcgcgatatgttcatcttctggcccttcc
ccagtgctac9caggtgcg.caaggcttc'ctgcatataaagcgtattccacagcaccactgcgtttgtcaccagacccagcgcacccaactgatcttcct
gcccctcgcggtaacgttttctgatctcaccacgctgaccgtagcaaatggctcttgccacggcatggcgaccttcgccccggttaagctgtgttaggat

cgttgggaacGGGGTTTGAGGGCCAATGATGCAAAAAACCACGCTAAGAGGTTAG ttaggtactgcgtttgcagccac

ttcagtcgtcatOGgggOAGGGaCRATGgaaCg tagkttgatggcataaagttccttcaattccgatctgctctccegctttcattttct
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TnS396, -AATTCATTGT2TAAATTGAGATTtaacggectcaat
Tn53960 OWN TAGT7CTTG7ATA77gA7Ttgtggtactgcg

Tn539620 'GT

TnlOOO_.A"aget-aacttgtatatttaaatttagagctctcagt
Tnl0OOOQ..%.w. tggtat-aacttattgattataatacagtatacaaaggtccce
ISl02c C -aggaaaattatcgtctgaaaaatcgattagtagacaagaaa

IS1011 I tgaagt-aact---gtctgatatatcgaaacataatgtacatt

Tn3, caacg-ttttctgcctctgacgcctcttttaatggtctcaga

Tn3 gattttggtcatgagattatcaaaaaggatcttcacctaga
Tn951, CAAcg-ttttctaccectgacgcctcttttaatggt
Tn951G CAAttgtggctgagaaaa

Tn2lt GOGTCTCA T ccggttgcagaggccgtagcggcctgaacttccccgcgccga

Tn21 ACCT h c _ catagctgaccttgccaggcc

Tn1546, AGCGTCAG T Acstattttcctgacgaatccctcgtttttaacaacg = aga

Tn154606 CCGTCA GCGA ....ACA*'I.gaaatttattaaagagaccaattcctcagcactaaaattgat
FIG. 4. Comparison of IRs of several transposons in the Tn3 family. The letter t following the name of the transposon designates the

tnpA-proximal end of the transposon, and the letter o refers to the other end. IR.2 refers to the degenerate IR on the tnpA-distal end of TnS396
(Fig. 3). IS101 lacks a tnpA gene, and its ends are arbitrarily designated r and 1. Bases given in uppercase letters signify those bases contained within
the IR. Bases in boldface italics are those that match corresponding bases of TnS396. A consensus IR for members of the Tn3 subgroup (22, 36),
represented by TnlOOO, IS101, Tn3, and Tn951 but not including TnS396, is shown at the top of the figure. Tn4556 is also included in this subgroup
by Amemura-Maekawa and Ohtsubo (3) but not by others (22, 36). Tn2l is representative of the Tn2l subgroup (22), and Tn1546 is a transposon
within the Tn3 family but outside either subgroup. Shading indicates that the base at that position matches that of the consensus for the Tn3
subgroup. Symbols above the consensus sequence refer to the ability of IRs derived from Tn3 mutated at that base pair to support transposition
(33): +, greater than 50% of wild-type IR transposition activity; -, 20 to 50% of wild-type activity; -, less than 3% of wild-type activity. Underlined
triplets indicate the stop codon for tnpA. IR sequences (besides those of TnS396) were obtained from GenBank under the following accession
numbers: TnlOOO, X60200; IS101, X01654; Tn3, V00613; Tn951, M25019 and M25021; Tn4556, M29297; Tn2J, X04891; and Tn1546, M97297.

findings point to the conclusion that the remaining 7.4 kb
comprises a cryptic transposon. First, pEC22 derivatives could
be transferred by conjugal plasmids so long as two separable
regions were preserved. From mutational analysis, one such
region evidently lies between coordinate 3.8 (the site of TnlO.9
insertion DD1) and coordinate 4.3 (the end of the segment of
pEC22 that is inserted into other plasmids). We suggest that
this region is required because it contains one end of the
transposon. A second required region is defined by two TnlO.9
insertions, DB15 and HC12, that are spaced 2.0 kb apart. If we
assume that the presumptive transposase identified by se-
quencing is comparable in size to other transposases of the Tn3
family, then both DB15 and HC12 insertions would lie within
tnpA, and so this second required region would bear the gene
that encodes the transposase. Undoubtedly, a third region, IR0,
is also required for transfer, but we did not obtain mutants
affected in IRt that would not also be affected in tnpA.

Second, the recipient gained pEC22 DNA linked to the
conjugal plasmid. In some cases, the evidence for such acqui-
sition is indirect, namely, the conjugal plasmid lost the ability
to transmit itself, presumably because the transposon inserted
itself into a gene required for transmission. When the selected
marker lay within the 7.4-kb region, pEC22 DNA outside of
this region was not present in the modified conjugal plasmid
and the marker was stably maintained, indicating normal
transposition. When the selected marker lay outside of the
7.4-kb region, the marker was not stably maintained on the
conjugal plasmid, consistent with the idea that normal resolu-
tion of the cointegrate structure in the recipient separates the
marker from the conjugal plasmid.

Third, a constant 7.4-kb region of pEC22 could be trapped,
inserted into different sites on another plasmid. Transposition
of the region onto a small, well-characterized plasmid enabled
us to map the ends of the transposon. The high transferability
of insertion derivatives pRL591-DB4 and pRL591-W45 and of
pRL602, an insertion-plus-deletion derivative of pEC22, can
now be explained, since the deletion neither invades the region
identified by TnlO.9 insertions as being required for transpo-
sition nor removes either end of the transposon. The transpos-
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Tn5396
(191)
(118)

31 30 100

i Tn917 26 T 26 r 26 r 32 1 100

TnlOOO Tn3 Tn21 Tn917
290-478 253-443 233-428 239-430
925-1041 899-1016 875-988 864-973

FIG. 5. Amino acid sequence identity between transposases of the
Tn3 family. The fraction of identical amino acid residues is shown as a
percentage in pairwise comparisons between two regions within rep-
resentative transposases of the Tn3 family. Comparisons between
transposons within the Tn3 subgroup are shaded. The two regions
correspond to 191 amino acids in the middle of the transposase and
118 amino acids at the C terminus. The corresponding regions in the
amino acid sequences of particular transposases are shown in the
bottom row. Aligned sequences were scored by counting each gap as a
single mismatch. No comparison gave more than five mismatches.
Sequences were obtained from GenBank under the accession numbers
shown in the legend to Fig. 4 except for Tn917 (M11180).
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FIG. 6. Pairwise comparisons of termini of transposons within the
Tn3 family. Each panel shows a comparison of a transposase-proximal
terminus (horizontal axis) and the other terminus (vertical axis) of a
transposon, except in the case of IS101, where the horizontal axis is
ISMOlr and the vertical axis is IS1011. Each dot represents a positive
result (at least 10 matches) from a comparison between a 15-base
region on one terminus and a 15-base region on the other, each region
centered around a reference base. Numbers on the axes indicate the
distance (in bases) of reference bases from the terminus. Any single
dot may be the result of random congruence of sequences. A diagonal
series of dots indicates an extensive region of sequence similarity. For
example, three of the minor diagonals in the TnS396 panel correspond
to the features shown in Fig. 3: IR.2 (starting at 9 horizontal and 109
vertical), single-underlined sequences (starting at 109 horizontal and
140 vertical), and double-underlined sequences (starting at 250 hori-
zontal and 76 vertical). Sequences were obtained from GenBank under
the accession numbers shown in the legends to Fig. 4 and 5 except for
Tn5Ol (Z00027) and TnS393 (M96392).

able region thus defined, TnS396, carries no known function
apart from transposition itself. It does not confer resistance to
ampicillin, chloramphenicol, kanamycin, streptomycin, or tet-
racycline (46) (data not shown).
The transfer ofpEC22 mediated by TnS396 is a rare instance

of conductance by means of a transposable element borne by a
nonconjugal plasmid. pNTP16 is another plasmid that is
conducted by its own transposon, but it also carries a mob/oriT
system that mediates mobilization by conjugal plasmid R64
(28). Considering the limited coding capacity, outside of
TnS396, that is not accounted for by MR * EcoT22I and oriV, it

oRO IR,.A~W.-....

A E

IR0. x
~ m...... __

B

vw4]R.. ]R......
IR..,,IR.. ' IRtj

D

IR. IR.2 ' ' Rx

IR*4*

Tn5396 TnlOOO
FIG. 7. Proposed evolutionary relationship between TnS396 and

Tn1000. The two transposons are presumed to have arisen from a
common ancestor that had IRs similar to IRo2 (Fig. 4), here labeled
1R. and IRE.. The shading of the arrowheads represents the degree of
divergence of the IR sequence from that of IRA. and IRt.. The jagged
lines represent sequences outside of the transposon. (A) Mutation of
IRE. to a sequence (IRt-int) similar to IR, of Tn5396 makes the two IRs
nonidentical. (B) An intramolecular transposition places a second copy
of the transposon on the replicon in antiparallel orientation. (C)
Deletion removes most of the second copy of the transposon, leaving
a duplication of IRt-int plus adjacent sequences. One IR is renamed
IRo-int to reflect the loss of the nearby gene encoding the transposase.
(D) Without selection for function, IR0. degenerates to its present
form (IRo2 in Fig. 4). Mutations in IR0 int and IRt-int produce the
current sequences of IR0 and IR, of TnS396. (E) Similar divergence of
termini, duplication, and deletion leads to Tnl000.

is not likely that pEC22 possesses an intact mob region. While
conductance cannot achieve the maximal rates of transfer
achieved by mobloriT, the latter depends for its effectiveness
on the specific nature of the conjugal system (41). The lower
rates of transmission afforded by transposition should normally
be available regardless of the conjugal plasmid.

Analysis of the IR sequences of TnS396 (Fig. 4) and a partial
amino acid sequence of its presumptive transposase (Fig. 5)
clearly places the transposon within the Tn3 subgroup of the
Tn3 family (3, 22, 36). Even though the transposon is quite
similar to other members of its subgroup, TnS396 exhibits two
obvious differences that set it apart. First, the transposon
deviates in seven bases within the IR (Fig. 4, bases 19 through
23, 28, and 34) that are otherwise absolutely conserved within
the subgroup. Site-specific mutation of two of these sites in
both IRs of Tn3 reduces transposition frequency by more than
97% (33). Transposases within the Tn3 subgroup evidently
have different substrate requirements, a fact already estab-
lished by the inability of Tn3 transposase to support transpo-
sition of TnlOOO (36). The transposases of TnS396 and TnlOOO,
however, show considerably greater sequence similarity than
those of Tn3 and Tnl000 (Fig. 5). It would be interesting to see
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if the former two transposases also have different substrate
requirements. Such a result would aid in defining the regions of
the transposase that interact with the IRs.
The second distinguishing characteristic of Tn5396 is its long

IR sequence. We believe, however, that this difference is not as
exceptional as it may at first appear. Although the majority of
known transposons in the Tn3 family have IRs of 38 bp, IRs of
other lengths have been described (12, 14, 31, 38). Further-
more, the sequence comparisons presented in Fig. 6 indicate
that many other members of the Tn3 family may have cryptic
extensions to the known regions of inverted similarity between
their two arms.
How did these long IRs come about, and why is it that the

IRs of a transposon, regardless of IR length, bear more
similarity to each other than to the homologous IRs of
different transposons? Functional constraints might account
for the parallel evolution of termini within the 38 bp sufficient
for transposition (25). Perhaps there are subtle effects on
transposition, thus far undetected, determined by sequences
beyond the minimal IR, but unless this is true, it is difficult to
imagine a mechanism to explain the similarity between termini
that does not appeal to sequence duplication at the termini,
generated most plausibly by transposition.

Intermolecular transposition of one element into a second
element readily explains the occurrence of secondary IRs in
many transposons, such as TnSOl (21), Tn951 (31), and Tn4653
(38). In these instances, the internal element is sufficiently
different from the external element to avoid immunity (22),
which acts to reduce the incidence of secondary transposition
of a transposon to nearby targets.

Intramolecular transposition by heterologous transposons
more readily explains the extensive secondary inverted repeats
of Tn917 (35) and Tn] 721 (1). In the former case, there is an
internal 73-bp imperfect duplication of IR. extended inwards
by an additional 35 bp and in parallel orientation. In the latter
case, there is a 1,750-bp duplication (beyond the region shown
in Fig. 6) of IRt and adjacent sequences, also in parallel
orientation. The secondary repeats in both transposons can be
accounted for by intramolecular transposition, not affected by
immunity (7, 39), followed by aberrant resolution of the
duplication. An extension of this process, as outlined below,
can lead to sequence identity between IR, and IR0.

Figure 7 illustrates a series of events that can account for the
structures observed in Tn5396 and other Tn3-like transposons.
Other authors have proposed similar ideas to explain how a
new gene is recruited into a transposon (1). An intramolecular
transposition event places a second copy of the transposon
antiparallel to the first (39), yielding a composite transposon
whose outer IRs are initially identical and derived from IRt of
the original transposon. Deletion events progressively reduce
the size of the transposon, and superfluous termini are even-
tually lost by deletion or mutation. In this view, long IRs would
be interpreted as an intermediate stage in the process of
transposon formation and indicative of a relatively recent
origin, while older transposons have IRs reduced to the
minimum required for function. Likewise, alternative (1) or
cryptic homologous IRs (Fig. 3 and 6) may represent the
molecular remains of primordial termini superseded by the
termini resulting from intramolecular transposition events or
of the termini inserted from those events. Some cryptic IRs,
especially those with nearly intact inside-facing ends, although
incapable of supporting transposition, may still be functional in
increasing (27) or broadening the level of immunity against
further transposition.

1Ro2 (Fig. 3 and 4) would appear to be a relic of an IR closer
in time than IRO to the ancestor that it has in common with the

IRs of TnlOOO. This degenerate IR exhibits the GAACG
sequence (coordinates 19 to 23) common to all members of the
Tn3 subgroup except TnS396 but also exhibits the ACCA
sequence (coordinates 28 to 31) peculiar to Tn5396. Figure 7
shows one evolutionary route that can account for the present
IR structure of TnS396 and TnlOOO. Whether or not Tn5396
actually followed the described history, the figure illustrates
the kinds of events-intramolecular transposition in inverted
orientation followed by deletion-that can explain how the
termini of transposons remain substantially identical despite
integral changes within the transposon. A mechanism of this
type would have to operate much more frequently than the
acquisition of new functions (22, 23) in order to account for the
observation that the termini of transposons in general are
more similar to each other than they are to the termini of
related transposons.
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