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The replication region Repl of the IncFI plasmid ColV2-K94 was cloned on self-replicating restriction
fragments. Repl was structurally and functionally homologous to the RepA replicon of IncFII R plasmids.
Despite this close relationship, these two replication systems were compatible with each other. The nucleotide
sequence of the copA incompatibility-replication control gene of Repl was determined and compared with the
copA sequence of RepA. Six base changes were found in a 24-base-pair span of the copA gene; these may result
in the formation of a new, more stable, 49-base stem-loop structure in the potential CopA RNA repressor
molecule. We postulate that these alterations weaken the interaction between RNA transcripts of the Rep1 and

RepA replicons.

The RepA replicon of the IncFII R plasmids R1, R100,
R6-5, and R538 is one of the best-studied plasmid replication
systems (for reviews, see references 12 and 17). A 33-
kilodalton protein, the product of the repA gene, is essential
for the initiation of DN A synthesis at the origin of replication
(oriR) of the RepA replicon (8, 9, 14). Stringent control over
plasmid replication is effected by two repressors which
regulate RepA protein expression at either the transcrip-
tional or translational level.

An 11-kilodalton protein, the product of the copB gene,
represses transcription of the repA gene by binding to its
promotor region (5, 6). Deletion or mutation of the copB
gene results in a 3.5-fold increase in copy number of plasmid
R100 and an 8-fold increase in copy number of R1 (13). The
second repressor is a 91-base untranslated RNA, the product
of the copA gene (15, 18), which binds tc the mRNA of the
repA gene and prevents its translation into RepA protein (7,
23). The CopA RNA, and therefore its complementary
sequence on the RepA mRNA, can form a 48-base stem-loop
structure (15, 18). Mutations which not only increase copy
number but also affect incompatibility map to the six-base
loop of this structure (3, 12), so that this region is presum-
ably the active site for the initiation of binding between RNA
transcripts.

The 132-kilobase-pair (kb)-colicinogenic plasmid ColV2-
K94, like the F plasmid, is a member of the IncFI incom-
patibility group. Recently, we reported that a replication
region of ColV2-K94, Repl, showed homology to and was
incompatible with the RepA replicon of IncFII R plasmids
(21). In subsequent experiments, however, it was deter-
mined that Repl and RepA were indeed compatible
replicons; our previous observations were probably due to
the instability of ColV2-K94 derivatives in our C600 test
strain (P. C. Weber and S. Palchaudhuri, unpublished ob-
servations). In this work we have cloned the Repl replicon
and compared its properties with those of RepA; we then
determined the nucleotide sequence of its replication control
region. We offer here an explanation as to how these two
very similar replication systems have evolved into compat-
ible replicons.

* Corresponding author.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli hosts and
the plasmids used in this work are listed in Table 1.
Recombinant plasmids containing Repl were derived from
the 45-kb EcoRI-generated plasmid pWS17, on which Repl
was originally isolated (21), and are illustrated in Fig. 1.

Cloning procedures and nucleotide sequence determination.
Repl-containing restriction nuclease fragments of plasmid
pWS17 were cloned into pBR322 or into self-replicating
miniplasmids by the procedures described previously (22).
DNA sequencing of restriction nuclease fragments cloned
into the bacteriophage vector M13mp18 was performed by
the dideoxy method (16). DNA was isolated on cesium
chloride-ethidium bromide equilibrium density gradients as
described previously (21), and restriction nuclease fragments
were recovered from agarose gels for cloning by phenol
extraction (1). The RNA folding program used was devised
by B. Polisky and kindly provided by T. Dooley, and the free
energy values for base pairing between RNA molecules were
calculated by the rules of Tinoco et al. (20).

Incompatibility testing and copy number determinations.
The procedures for incompatibility testing and copy number
determinations by both dye-buoyant density centrifugation
and gel densitometry have been described previously (10,
21).

RESULTS

Cloning the replication and incompatibility functions of
Repl. The cloning and mapping of the Repl replicon was
facilitated by a recently completed restriction map of the
ColV2-K94::Tn903 derivative pWS12 (22). Restriction nu-
clease fragments carrying Repl were isolated by two ap-
proaches: by cloning restriction fragments in pBR322 which
rescue the replication of this ColEl-derived vector in the
polA strain C-2110 and by generating miniplasmids in vitro
which contain Repl and the adjacent kanamycin resistance
marker of Tn903. Restriction nuclease fragments containing
Repl from the EcoRI-generated pWS12 derivative pWS17
(21) are shown in Fig. 1.

The 4.0-kb HindlIII fragment H9 contained Repl, as the
pBR322 derivative carrying this restriction fragment
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TABLE 1. Bacterial strains and plasmids

E. coli strain and

Reference or

plasmid Genotype* source
E. coli
SP600 hsdS thi-1 thr-1 leuB6 lacY1 fhuA21 supE44 (derived from C600) 21
HB101 hsdS20 recAl3 ara-14 proA2 leuB6 lacYl galK2 rpsL20 xyl-5 mtl-1 supE44 22
C-2110 polAl his rha 22
JM103 A(lac-pro) thi rpsL endA sbcB15 hsdR4 supE (F' traD36 proAB lacl® AlacZM15) 24
Plasmid
pWS12 ColV2-K94::Tn903 (Km" Tra* Repl* Rep2*) 10
pWS16 pWS12A107.0V-34.6V (Km" Tra* Repl*, a self-replicating 72-kb BamHI fragment containing 21
Tn903)
pWS17 pWS16A110.8V-68.6V (Km" Tra™ Repl™*, a self-replicating 42-kb EcoRI fragment containing Tn903) 21
pWS18 pWS12A127.7V-27.3V (Km" Tra* Repl*, a spontaneous deletion mutant containing Tn903) 22
R538 Cm’ Sm' Su’ 21
R100 Cm" Sm' Su" Tc" Hg" 9
pRR933 R100 RepA: Psil fragments P4 and P6 (Cm’, self-replicating) 9
pRR935 R100 RepA: Pstl fragment P6 in pBR322 (Tc") 9
pWS109 H9 of pWS17 in pBR322 (Ap" Repl*) This work
pWS109A1 pWS109 deleted of Ps:I fragment P19 of H9 (Ap* Repl™) This work
pWS109A2 pWS109 deleted of PstI fragments P18 and P19 of H9 (Ap" Repl™) This work
pWS518 Pstl fragment P18 of H9 in pBR322 (Tc") This work
pWS61 Pst1 fragments P2 and P18 of pWS17 (Km", self-replicating Repl miniplasmid containing Tn903) This work

2 Abbreviations: Km, kanamycin; Cm, chloramphenicol; Su, sulfonamide; Sm, streptomycin; Tc, tetracycline; Ap, ampicillin; Hg, mercuric salts.

(pWS109) could replicate in the polA strain C-2110. PstI
digestion of pWS109 revealed two 0.55-kb Ps:I fragments
within H9, P18 and P19. Deletion of P19 (pWS109A1) still
yielded a functional Repl, although the copy number of this
derivative was found to be increased approximately 10-fold.
However, deletion of both P19 and P18 (pWS109A2) abol-
ished Repl function, indicating that P18 was essential for
replication.

Since the H9 fragment was adjacent to the Tn903 trans-
poson (22), an attempt was made to create a miniplasmid in
vitro which contained both Repl and Tn903, whose kana-
mycin resistance gene would serve as a selection marker.
Limited digestion of pWS17 DNA with Ps¢I and subsequent
ligation yielded the miniplasmid pWS61 (Fig. 1), which
consisted of the 6.0-kb PstI fragment P2 (the 2.8-kb ColV2-
K94 DNA plus the 3.2-kb Tn903) and the 0.55-kb P18
fragment. The overlapping portions of pWS61 and
pWS109A1 (Fig. 1) indicated that the minimum essential
region for Repl function comprises an area of 1.95 kb: a
1.4-kb PstI-HindIII fragment shared by H9 and P2 and the
0.55-kb P18 fragment. The coordinates for Repl were 99.1V
to 101.1V, a region which mapped between the Tn903
transposon and the ColV2-K94 inverted repeat structure X;
(22).

The P18 fragment was cloned into pBR322 to generate
pWS518. P18 contained the incompatibility determinant of
the Repl replicon, as evidenced by the ability of pWS518 to
displace the resident ColV2-K94 derivatives pWS16 and
pWS18 (Table 2). The remaining portion of the Repl
replicon, cloned in pWS109A2, showed no such incompati-
bility behavior. It was interesting that the cloned P18 frag-
ment exerted no incompatibility towards the intact ColV2-
K94, pWS12, which is a cointegrate plasmid containing not
only Repl but also a second replicon, Rep2 (21). Rep2 could
replicate pWS12 when the incompatibility-replication con-
trol repressor from P18 turned off Repl, since the pWS12
deletion derivatives pWS16 and pWS18, which lack Rep2,
did not replicate in the presence of pW518 (Table 2).

A physical and genetic comparison of Repl and RepA. A
comparison of the physical maps of Repl and RepA showed

that both have homologous restriction sites (Fig. 1). When
the Pstl fragments of pWS17 were blotted onto a nitrocellu-
lose filter and probed with the R100 RepA miniplasmid
pRR933, the Repl fragments P2, P18, and P19 showed
homology to RepA (21; P. C. Weber and S. Palchaudhuri,
unpublished observations). In addition to this structural
homology between replicons, there was functional homology
between the 0.55-kb P18 and P19 fragments of Repl and the
0.55-kb fragments termed F1 and F2, respectively, of the R1
RepA.

Deletion of the F2 fragment in the R1 RepA results in
mutation of the copB gene and a subsequent 8-fold increase
in copy number (13); as discussed above, deletion of P19 in
Repl (pWS109A1) increased the plasmid copy number ap-
proximately 10-fold, suggesting that Repl also had a CopB-
like function. Despite this relaxation in replication control,
neither the F2 fragment of R1 nor the P19 fragment of pWS17
is essential for the operation of their respective replicons.
When the F1 fragment of R1 is cloned into a vector, it can
express incompatibility towards its parental replicon, as it
contains the incompatibility-replication control gene copA
(11); an identical behavior was observed with the cloned P18
fragment (Table 2).

Despite this strong evidence that Repl and RepA are
closely related, their incompatibility functions did not cross-
react: the cloned P18 fragment had no effect on the replica-
tion of the IncFII plasmid R538, and the cloned incompati-
bility gene of R100 (PstI fragment P6) had no effect on
ColV2-K94 replication (Table 2). As the nucleotide sequence
of RepA has been reported previously for R1 and R100 (14,
19), we sequenced the P18 fragment in an attempt to explain
the lack of incompatibility between these two replicons.

Nucleotide sequence of the PsfI P18 fragment of Repl. The
nucleotide sequence of P18 was determined. In addition to
sequencing from the PstI ends, use was made of an internal
263-base-pair (bp) Sau3Al fragment of P18, which was
cloned into the BamHI site of M13mp18 and sequenced. This
strategy and the complete DNA sequence of P18 are shown
in Fig. 2.

When compared with the sequence of F1 of the R1 RepA
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FIG. 1. (A) Genetic (top) and restriction (bottom) maps of the RepA replicons in the IncFII plasmids R100 and R1 (based on reference 14).
(B) Restriction map of the Rep1 replicon in pWS17, oriented with respect to the RepA maps in panel A. All restriction fragments shown were
cloned in pBR322 with the exception of pWS61, which is a self-replicating 6.55-kb miniplasmid. The ability of each recombinant plasmid to
replicate (rep) itself in the polA strain C-2110 and to exert incompatibility (inc) against ColV2-K94 derivatives is shown at right; the minimum
essential region for Repl function is delineated at the bottom. Restriction sites shown are for PstI (Pst), HindIII (Hin), Haell (Hae), and

EcoRI (Eco).

replicon, P18 revealed 21 base changes. Regions correspond-
ing to the copB, copA, and repA genes, as well as sequences
controlling their expression, were all present on P18, sug-
gesting that the genetic organization of Repl and RepA is

TABLE 2. Properties of cloned incompatibility genes of Repl
and RepA

% Loss of resident plasmids®

Plasmid Cloned insert -
pWS16 pWS18 pWSI12 RS538
pBR322 0 0 0 (1]
pWS109 H9 (P18 + P19)of 90 90 0.5 0
ColV2-K94*
pWS518 P18 of ColV2-K94 88 87 2.1 0
pWS109A2 H9AP18, AP19 of 1.5 1.8 1.1 0
ColV2-K9%4
pRR935 P6 of R100 14 1.8 1.1 95

2 Loss of resident plasmid indicates ability of cloned fragments to exert
incompatibility towards resident plasmids by procedures described previously
(10, 21).

5 H9'is the minimum Rep1 replicon which includes P18 and P19; pWS109A2
is the deletion derivative of H9 which lacks both P18 and P19.

identical. Although most of the 21 sequence alterations were
scattered and did not appear to affect any important loci,
there were six base changes (one of them being an insertion
mutation) in only a 24-bp span of the copA incompatibility
gene. As even single base changes in the copA gene of the
RepA replicon can have profound effects on CopA RNA
secondary structure, plasmid copy number, and incompati-
bility properties (3), these six base changes were suspected
to be responsible for the altered incompatibility behavior of
Repl. ,

Potential secondary structure of the Repl CopA RNA.
Potential secondary structures of the predicted Repl and
RepA CopA RNA molecules were compared and are illus-
trated in Fig. 3. The six base changes in the ColV2-K94
CopA RNA resulted in a 49-bp stem-loop structure. Any
possible destabilizing effects of the A-T insertion at position
190 have been offset by the change from A-T to G-C at 188,
so that the resulting base pairing of the Repl CopA RNA
stem-loop structure was actually more stable than that of the
RepA (—25.95 kcal [—108.57 kJ] to —24.4 kcal [—102.09 kJ]
per mole). Similarly, the change from C-G to G-C at 172 and
the change from G-C to C-G at 181 were compensatory, as
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FIG. 2. (A) Strategy for sequencing the P18 fragment. The entire P18 fragment and an internal Sau3AI (Sau) fragment were cloned into
the PstI (Pst) and BamHI sites, respectively, of the M13mpl8 vector; each clone was sequenced a minimum of two times. (B) Complete
nucleotide sequences of the 544-bp Ps:l fragment P18. Listed above the ColV2-K94 sequence are differences found in the corresponding
sequence for the R1 RepA (i.e., the 543-bp PstI fragment F1 [14, 19]); a single base insertion of P18 not found in F1 is marked with an (i).
Inverted repeat sequences are delineated by arrows under the DNA sequence. Assignment of protein-coding regions and transcription and
translation signals is based on previous studies with RepA (13, 14, 18).
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FIG. 3. (A) Comparison of potential secondary structure of Repl and RepA CopA RNA molecules. The complete structure of the 91-base
CopA RNA of RepA (15, 18) is shown at the left; only the larger 49-bp stem-loop structure of the potential CopA RNA of Repl is shown at
the right, with its six base alterations marked by asterisks. (B) Free energy of binding between the CopA RNA of Repl and the RepA mRNA
of RepA, as calculated by the rules of Tinoco et al. (20). The binding energy is greatly reduced by base mismatches on either side of the

six-base-loop region.

either of these mutations alone would have led to the
formation of an unstable 15-base loop (see reference 3 for a
characterization of such a copA mutant in RepA).

Perhaps of most interest was the fact that the six-base loop
of the CopA RNA, the active site of the molecule and the site
of most incompatibility mutations (12), remained identical in
both Repl and RepA. Thus, the lack of incompatibility
between these two replication systems had to be due to
sequence differences in the stem structures. Figure 3B
shows that the binding between the CopA RNAs and the
RepA RNAs of the two replicons would be hindered by these

six base changes. Strong binding would initially occur be-
tween the six-base loops of the two transcripts, but further
binding between the regions flanking the loops would be
greatly inhibited by the mismatches introduced by the six
base differences between the R100 and ColV2-K94 se-
quences; thus, both RNA molecules would tend to remain in
their hairpin conformations, rather than unfold to bind to
complementary transcripts from the other replicon. The
result of this lack of interaction is that the CopA RNAs of
Repl and RepA are unable to repress the replication of each
other, so that the two replicons are now rendered compatible.
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DISCUSSION

Through cloning self-replicating restriction nuclease frag-
ments, restriction enzyme analysis, and DNA sequencing,
we have determined that the Repl replicon of the IncFI
plasmid ColV2-K94 is structurally and functionally homolo-
gous to the RepA replicon of IncFII R plasmids. Despite the
remarkable similarities between these two replication sys-
tems, they were mutually compatible with each other. Nu-
cleotide sequence determination of the Repl copA incom-
patibility-replication control region revealed a cluster of six
base changes which could sufficiently lessen the interaction
between the copA transcript of one replicon and the repA
transcripts of the other replicon; through this evolution of
the copA gene, the two replication systems have now
become compatible.

The Repl replicon differed from previously described
copA mutants of RepA (3, 12), which have an elevated copy
number, polar incompatibility (i.e., exerted in one direction
only), and single-base changes which usually map to the
six-base loop (not the stem) of the CopA RNA. In contrast,
the Repl copA gene stringently regulated ColV2-K94 repli-
cation (copy number, 1 to 2 per chromosome) (10), had six
base differences from the RepA copA gene which map to the
stem (not the loop) of the CopA RNA, and caused Repl to
behave as a member of a new incompatibility group which is
distinct from that of the IncFII plasmids. For these reasons,
the copA gene of Repl behaves as an allelic form of the
RepA copA gene rather than as a mutant: both repressors
appear to serve analogous functions but fail to cross-react.
In the same way, allelic forms of the copB gene have been
found in R1 and R100 (13).

Since Repl and RepA appeared to be functionally similar
replication systems, these results suggest that the phenom-
enon of compatibility may not be a useful indicator of lack of
relatedness between plasmids. Although ColV2-K94 is a
member of the IncFI incompatibility group and contains the
secondary replicon (Rep2) and partitioning genes of the F
plasmid (10, 21), it also has a replicon (Repl) homologous to
the RepA replicon of IncFII plasmids and a transfer (tra)
operon similar to that of the IncFII plasmid R538 (22). The
relationship between ColV2-K94 and R538 is also evident
from studies which produced a ColV2-K94-like plasmid
through recombination between RS538 and a small, non-
transmissible IncFI ColV plasmid (4). These properties of
ColV2-K94 suggest that its hybrid nature may be due to
recombination across homologous ¢ra operons of an IncFI
and an IncFII plasmid; however, the proximity of the
transposonlike structure X; to Repl indicates that a
translocation event may have placed a RepA-like replicon on
the ColV2-K94 plasmid.

It is not clear what stimulus, if any, triggered the six
clustered base changes in the copA gene. Since each of these
alterations alone would have little effect on the stability of
the CopA RNA or on plasmid copy number (except for the
changes at positions 172 and 181, which conveniently negate
the deleterious effects of each other), it appears that the
portion of the stem structure containing several bulge loops
may be free to vary its nucleotide sequence. The abundance
of variation elsewhere on the P18 fragment sequence sup-
ports this notion that the copA gene has been altered slowly
with time. However, it is tempting to speculate that the copA
gene changes were mediated through some outside selection
pressure. For example, the Repl sequence evolution de-
scribed here now enables the ColV2-K94 plasmid with its
virulence properties (2) to coexist stably with IncFII antibi-
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otic resistance plasmids, a situation which would certainly
be of selective advantage to a pathogenic host.
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