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method of Meyer et al. (25). Agarose gel electrophoresis was
performed essentially as described by Maniatis et al. (24). E.
coli was transformed as described previously (9).

Plasmid copy number determination. Plasmid copy number
was determined by hybridization, according to a modified
method of Shields et al. (31). The EcoRI-BamHI oriV
fragment of pTJS65 (28) was labeled with [32P]CTP by
random priming (15) and used as the probe. Aliquots of
plasmid-containing cells in logarithmic growth were filtered
onto nitrocellulose with a Bio-Rad slot-blot filtration mani-
fold, lysed in situ with sodium hydroxide, and hybridized.
Autoradiographs were scanned and quantified with an LKB
laser densitometer. Copy number was determined by com-
parison with a standard curve generated by filtering known
quantities of purified pTJS65 onto the same membrane. The
data shown reflect the results of a single hybridization
procedure performed on a single nitrocellulose membrane.

Relative copy number was also determined by measuring
the MICs of a beta-lactam antibiotic for plasmid-containing
cells. Aliquots (10 ,ul) of liquid culture in logarithmic growth
with the cell concentration diluted to 105 cells per ml were

spotted onto agar plates containing different antibiotic con-

centrations; the lowest antibiotic concentration capable of
inhibiting bacterial growth was recorded as the MIC.

Mutagenesis and DNA sequencing. Mutagenesis was per-
formed directly in pRDll0, a pBR322 replicon plasmid
carrying the trfA gene. The synthetic oligonucleotide used in
the mutagenesis was purified on an 18% polyacrylamide gel
and phosphorylated (43). The template strand was obtained
from a bacterial strain lacking the dam methylase, and the
gapped strand was obtained from a dam' strain to achieve
preferential excision of the wild-type bases during mismatch
repair of the mutagenized region.
Sequence determination was by the dideoxy chain termi-

nation method (27), using a Sequenase (36) kit from U.S.
Biochemical Corp. The complementary strand was also
sequenced for confirmation.
Western blot analysis. Detection of TrfA protein(s) using

polyclonal rabbit antisera has been described previously
(12).

RESULTS

Site-specific mutagenesis of TrfA-33 start codon in an RK2
minireplicon. To construct a mutant trfA gene that specified
only the TrfA-44 protein, we performed oligonucleotide-
directed site-specific mutagenesis (as described in Fig. 2) to
convert the ATG start codon of trfA-33 to CTG. It was
expected that this change would abolish synthesis of TrfA-33
entirely while making a conservative substitution of leucine
for methionine at amino acid residue 98 of TrfA-44. In
addition, the adjacent nucleotide sequence was altered by
one base to create a new unique MluI restriction site without
further modifying the amino acid sequence; this allowed
simple identification of the desired mutant. The sequence of
the 22-base synthetic oligonucleotide is shown in Fig. 3. The
mutated gene was designated trfA-98L, and the mutagenized
plasmid was designated pRD110-98L. DNA clonal analysis
demonstrated that the mutant plasmid contained a single
MluI site at the predicted location. Both strands of the
gapped region from the EcoRI site to the Sfil site were
sequenced and compared with the known trfA sequence (34);
the two predicted nucleotide changes were confirmed and no
other mutations were-detected. Western blot analysis dem-
onstrated the presence of a 44-kDa immunoreactive TrfA
protein and the absence of the 33-kDa protein in cells

carrying pRD110-98L (Fig. 4). The amount of TrfA-44 made
by cells containing either pRD110 or pRD110-98L appeared
to be equivalent. E. coli cells containing pRD110-98L were
transformed successfully with the RK2-oriV plasmid pSV16,
confirming the ability of trfA-98L, and therefore the TrfA-
44/98L protein alone, to support the replication of an RK2
origin plasmid. pFF1-98L, an RK2 minireplicon carrying the
mutant trfA gene, was constructed by ligating the large
EcoRI-PstI fragment of pFF1 to the small EcoRI-PstI frag-
ment of pRD110-98L.

Site-specific mutagenesis of TrfA-33 start codon in RK2. In
pRD110, pFF1, and the trfA-98L derivatives of these plas-
mids, the trfA gene is under the control of the constitutive
heterologous neomycin promoter. To assess the role of trfA
gene overlap under the regulation of its natural promoter,
and within the context of other RK2 gene products, we
constructed a 98L mutant of RK2.
The trfA-98L mutation was introduced into intact RK2 by

homologous recombination in vivo (Fig. 5), in a strategy
similar to those employed by Barth et al. (2) and Shingler and
Thomas (33). E. coli TB1 (polA+ recA+ Strr) containing the
plasmid RK2 was transformed with pFF4-98L, a ColEl
replicon containing the chloramphenicol acetyltransferase
and the promoterless trfA-98L genes. These cells were
mated with E. coli C2110nal (polA recA+ Nal9), and trans-
conjugant cointegrates of RK2 and pFF4-98L arising from
homologous recombination were selected by using chloram-
phenicol and nalidixic acid (since ColEl derivatives require
DNA polymerase I for replication, the chloramphenicol
resistance encoded by pFF4 was most likely to be the result
of cointegration with the RK2 replicon). The cointegrate
plasmids were then mated back into E. coli TB1 with
selection for streptomycin and kanamycin resistance,
thereby permitting maintenance of both plasmid products of
the resolution of the cointegrates. The E. coli TB1 exconju-
gate colonies were combined and mated back into C2110nal,
using nalidixic acid and kanamycin selection. At this point,
the cells constituted a mixed population carrying either
resolved RK2 molecules or unresolved cointegrates. Two
hours of exposure to cycloserine at 100 ,ug/ml in the presence
of chloramphenicol (5) enriched for cells containing resolved
molecules (i.e., chloramphenicol-sensitive cells). The cells
were subsequently washed and plated onto a kanamycin-
containing medium. Chloramphenicol-sensitive colonies
were identified by picking onto selective media.
RK2 and pFF4 possess in common the trfA gene and a

small portion of the ,-lactamase gene. Since homologous
recombination between the plasmids is most likely to occur
only in these discrete regions, resolution of cointegrates
yielded a mixture of RK2 plasmids containing either wild-
type trfA or trfA-98L. RK2-98L was distinguishable by the
presence of a new MluI site at the predicted location. Clones
were analyzed on kanamycin-resistant chloramphenicol-sen-
sitive colonies, and a single colony carrying the desired
mutant was identified from the first 20 colonies analyzed.
Thus, the intact RK2 plasmid, as for the minireplicon pFF1,
is capable of replication with the 44-kDa TrfA protein alone.
The absence of the 33-kDa TrfA protein in RK2-98L-con-
taining cells was confirmed by Western blot analysis. On the
basis of Western blot analysis, there was little compensatory
increase in the quantity of the 44-kDa TrfA protein; i.e., the
level of 44-kDa TrfA protein appeared to be the same in E.
coli TB1 carrying RK2 or RK2-98L.
Copy numbers of derivatives of plasmids pFFl and RK2.

The copy numbers of pFF1, RK2, and their 98L derivatives
were determined by the hybridization of the DNA in E. coli
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FIG. 2. Construction of pRD110-98L. A heteroduplex plasmid was constructed by boiling and rapid cooling of a mixture of linear
fragments of plasmid DNA and a synthetic oligonucleotide (see Fig. 3) containing the desired mutations. DNA was mixed in the ratio of 500
oligonucleotide molecules to 1 BamHI-AvaI linear fragment to 1 EcoRI-SfiI linear fragment. Gaps were repaired in vitro by treatment with
T4 DNA polymerase and DNA ligase, and the heteroduplex molecules were transformed into E. coli TB1. The mutant plasmid containing the
MluI site was identified by clonal analysis. S, Sfil; E, EcoRI; B, BamHI; A, Avai.

whole-cell lysates with a 32P-labeled RK2 oriV fragment as a

probe. As shown in Table 1, copy numbers are expressed as

billion plasmid copies/ODwo unit (optical density measured
by LKB spectrophotometer at 600 nm). By dilutional plat-
ing, one OD600 unit was found to correspond to approxi-
mately 2.6 X 108 E. coli HB101 CFU or 5.0 x 108 E. coli TB1
CFU (the difference is attributable to the greater percentage
of nonviable cells in a recA mutant strain). Using these
values, approximate copy numbers expressed as plasmids
per cell were calculated. While the copy numbers of pFF1
(TrfA-44 plus TrfA-33) and pFF1-16wt (TrfA-33 only) were

equivalent, the copy numbers of both pFF1-98L (TrfA-44/
98L only) and RK2-98L (TrfA-44/98L only) were decreased
twofold relative to the wild-type plasmids without the 98L
mutation.
The plasmid pFF1 and its 16wt and 98L derivatives were

all successfully introduced into and maintained in P. aeru-

ginosa, A. tumefaciens, and A. vinelandii. However, the
copy numbers of these plasmids could not be determined
accurately by the hybridization procedure in P. aeruginosa,
A. tumefaciens, or A. vinelandii, most likely because of

Wild-Type: AC ACG CGA GGA ACT ATG ACG AC
Thr Arg Gly Thr Met Thr

Mutant: AC ACG CGT GGA ACT CTG ACG AC

Leumiul

FIG. 3. Synthetic oligonucleotide used in the construction of
pRD110-98L. The oligonucleotide sequence contains two base al-
terations (arrows) and is shown alongside the wild-type sequence.
Mutations result in the creation of a new MluI restriction site and a

single alteration in the amino acid sequence from methionine to
leucine at codon 98 of TrfA-44.
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FIG. 4. Western blot analysis of pRD110 derivatives. Lane a was
obtained from plasmid-free E. coli HB101, lanes b and d were from
E. coli HB101 containing pRD110, lane c was from E. coli HB101
containing pRD110-16wt, and lane e was from E. coli HB101
containing pRD110-98L. Bands corresponding to the two TrfA
proteins are designated by arrows. A minor cross-reacting host
protein band comigrating with TrfA-33 is evident in lanes a and e.

nonhomogeneous binding of the radiolabeled probe to ly-
sates of these organisms. Nonetheless, it was noted that the
copy number of pFF1-16wt (TrfA-33 only) was markedly
decreased relative to either of the other pFFl-derivatives in
P. aeruginosa by hybridization (data not shown). This is not
surprising in view of the substantially reduced stability of
RK2 derivatives producing only the TrfA-33 protein in this
host (11, 33).

In plasmids encoding P-lactamase, the MIC of beta-lactam
antibiotics for plasmid-containing cells correlates well with
plasmid copy number (41). The observed MICs of penicillin
(for E. coli) or carbenicillin (for other hosts) for bacteria
containing the pFF1 or RK2 derivatives (Table 2) were
consistent with the copy number measurements by the

StfA.SS co.5

TABLE 1. Plasmid copy number in E. coli estimated
by hybridization

Copy no.
TrfA

stan Plasmid encoded Blin16w EstimatedEtrcaillPlasmid (kDa) unit' no. of
copies/cell'

HB101 pFF1 44, 33 10.1 39
HB101 pFF1-16wt 33 10.3 40
HB101 pFF1-98L 44/98L 4.8 18
TB1 RK2 44, 33 12.7 25
TB1 RK2-98L 44/98L 8.5 17

a Copy number is expressed as billion plasmids per OD6w unit.
b One OD6. unit was determined to correspond to approximately 2.6 x 108

CFU HB101 or 5.0 x 108 CFU ofTB1. These figures were used to estimate the
number of plasmid copies per cell.

hybridization method, with the exception of E. coli contain-
ing pFF1-98L, for which a penicillin MIC one dilution higher
than that predicted from the hybridization data was consis-
tently demonstrated.
These data suggest that pFF1-16wt (TrfA-33 only) has a

substantially lower copy number than the other pFF1 deriv-
atives in P. aeruginosa and a slightly reduced relative copy
number in A. tumefaciens. In contrast, the relative copy
number of pFF1-16wt (TrfA-33 only) is slightly increased in
A. vinelandii. A very different pattern is seen with regard to
pFF1-98L (TrfA-44/98L only), which has an equivalent or

AVA

RK2/pFF4.9$L |

COINTEGRATE I,I

Ka\

iIAI6L

FIG. 5. Introduction of the trfA-98L mutation into RK2. RK2 and a ColEl derivative (pFF4) carrying the mutant trfA gene form a
cointegrate plasmid by homologous recombination in vivo at a site within the trfA gene sequence. Resolution of the cointegrate produces a
mixed population ofRK2 and ColEl replicons, each containing either a mutant (98L) or wild-type copy of the trfA gene. RK2-98L is identified
by the presence of a new restriction site (MluI).
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TABLE 2. MICs of beta-lactam antibioticsa expressed by cells
containing pFF1 or RK2 derivatives

MIC (,ug/ml) for:

Plasmid (TikDa) E. coli P. aeru- A. tume- A. vine-
ginosa faciens landii

pFF1 44, 33 1,600 3,200 3,200 600
pFF1-16wt 33 1,600 400 1,600 800
pFF1-98L 44/98L 1,600 3,200 3,200 400
RK2b 44, 33 9,600
RK2-98Lb 44/98L 4,800

a Penicillin was used for E. coli, and carbenicillin was used for the other
bacteria. Measurements were made by using E. coli HB101 for pFF1
derivatives and E. coli TB1 for RK2 and RK2-98L.

b For a given plasmid construct, beta-lactam resistance should be propor-
tional to plasmid copy number. However, pFF1 and RK2 derivatives cannot
be compared with each other because they encode different P-lactamases with
different regulatory sequences and levels of enzymatic activity.

mildly reduced copy number relative to wild type in all four
hosts tested. The copy numbers of RK2 and RK2-98L were
measured only in E. coli and demonstrated a consistently
reduced relative copy number of RK2-98L.

Conjugational efficiency. After conjugal transfer of a plas-
mid, the recipient cell initially is likely to contain a single
plasmid copy which must undergo replication before cell
division occurs. Because Western blot analysis suggested
that the total TrfA protein levels expressed by RK2-98L
were lower than those expressed by wild-type RK2, the
possibility was considered that RK2-98L conjugally trans-
fers with reduced efficiency. However, both RK2 and RK2-
98L transferred between E. coli strains with high efficiency,
resulting in 42 and 55% of potential recipients, respectively,
receiving each plasmid after 45 min.

Stability of derivatives of plasmids pFF1 and RK2. Plasmid
stability may be influenced by several factors, including
copy number, partitioning mechanisms, resolution of multi-
meric forms, controlled cell division systems, elaboration of
bacteriocins, and the ability to conjugally transfer to other
cells. In the intact RK2 plasmid, stability, therefore, may be
the complex outcome of multiple factors. In the pFF1
minimal replicons, however, stability is essentially a sensi-
tive function of copy number and the proportion of multi-
meric forms. Since most of the pFF1 copies are monomeric,
stable maintenance of the plasmid should be a reflection of
replication efficiency. Stability of pFF1 and its derivatives
was measured in E. coli, P. aeruginosa, A. tumefaciens, and
A. vinelandii. The data are summarized in Table 3. In P.
aeruginosa and A. tumefaciens, pFF1-16wt (TrfA-33 only)
was significantly less stable than either pFF1 (TrfA-44 plus

TABLE 3. Stability of derivatives of plasmids pFF1 and RK2

Stabilitya in:
Plasmid TrfA

(kDa) E. coli P. aeru- A. tume- A. vine-
ginosa faciens landii

pFF1 44, 33 0.08 0.2 0.8 0.6
pFF1-16wt 33 0.14 4.0 5.3 0.2
pFF1-98L 44/98L 0.34 0.1 1.1 1.6
RK2 44, 33 0.0 0.0
RK2-98L 44/98L 0.0 0.0

a Stability is expressed as percentage of cells losing a plasmid per genera-
tion of growth (10). Data reflect a mean value derived from two or more
experiments performed per host.

TrfA-33) or pFF1-98L (TrfA-44/98L only). Little difference
was observed between pFF1 (TrfA-44 plus TrfA-33) and
pFF1-98L (TrfA-44/98L only) in P. aeruginosa and A. tume-
faciens, suggesting that the TrfA-44 protein alone is suffi-
cient for replication of RK2 in these hosts. Since TrfA-33 is
known to be poorly functional in these hosts, this further
suggests that the functional activity of TrfA-44 is not affected
by the conservative 98L mutation. In A. vinelandii and to a
lesser extent in E. coli, pFF1-98L (TrfA-44/98L only) was
the least stable pFF1 derivative. As expected, both RK2 and
RK2-98L were completely stable in E. coli and A. vinelandii
after more than 35 generations. Taken in sum, these data
suggest that the host specificities of the two TrfA proteins
can be distinguished.
The stability of pFF1 and pFF1-98L in E. coli also was

compared under various conditions of temperature (25 and
42°C), anaerobiasis, and osmolarity (LB medium containing
0 to 2.5% NaCl). No significant difference was observed
between these two plasmids under these various conditions.

DISCUSSION

The objective of this study was to examine the in-frame
overlapping gene arrangement which results in the synthesis
of two forms of the essential replication initiation protein of
the plasmid RK2, TrfA-44 and TrfA-33. A previously de-
scribed deletion mutation of trfA (11) and oligonucleotide-
directed site-specific mutagenesis were used to selectively
examine the role of each of the TrfA proteins in RK2
replication. Construction of the 98L mutant trfA gene made
possible the study of replication of an RK2 replicon in the
presence of TrfA-44/98L alone. RK2 minireplicons encoding
either or both TrfA proteins were compared with regard to
copy number and stability.

First, it was discovered that the TrfA-44/98L protein alone
is sufficient to support plasmid replication in several diverse
bacterial hosts. In combination with prior data (11, 33), this
demonstrates that each TrfA protein alone is functional to
some extent.
Second, it was observed that the relative functionality of

the two TrfA proteins is variable in different hosts. The data
from this study are consistent with previous observations
(11, 33) indicating that RK2 replicons encoding TrfA-33
alone have decreased plasmid copy number and stability in
P. aeruginosa and A. tumefaciens but not in E. coli or A.
vinelandii. Western blot analysis of pFF1-16wt (TrfA-33
only) in P. aeruginosa has shown that immunoreactive
TrfA-33 is present in substantial quantities in these cells (14).
In contrast, we observed that RK2 derivatives encoding
TrfA-44/98L alone have decreased copy number and stabil-
ity in E. coli and A. vinelandii but do not differ significantly
from wild-type plasmids in P. aeruginosa or A. tumefaciens.
The reduced level of total TrfA protein in constructs encod-
ing trfA-98L may be responsible for part or all of the
observed reduction in copy number and stability in E. coli
and A. vinelandii; however, the greater instability and re-
duced copy number of pFF1 (TrfA-44 plus TrfA-33) in
comparison to pFF1-16wt (TrfA-33 only) in A. vinelandii
would suggest that this is not the sole explanation. The
possibility that the 98L mutation in trfA-98L is altering the
functional activity of TrfA-44 cannot be formally excluded.
However, the conservative nature of the mutation and the
virtually identical copy number and stability of pFF1
(TrfA-33 plus TrfA-44) and pFF1-98L (TrfA-44/98L) in P.
aeruginosa and A. tumefaciens make this unlikely. Further-
more, TrfA-44 and TrfA-33, TrfA-33 alone, and TrfA-44/98L
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proteins do not show any significant difference in their
origin-binding activity, analyzed by gel mobility shift exper-
iments and DNase I footprinting (26), nor in their ability to
support DNA replication in vitro (19).

Third, the introduction of the 98L mutation (which elimi-
nated the synthesis of TrfA-33) into the intact RK2 plasmid
established that the mutation induces a significant pheno-
typic change with respect to copy number and the expres-
sion of P-lactamase in the intact RK2 plasmid with trfA
under the regulation of its native promoter. In concert with
the recent observation that massive overproduction of TrfA
has only a minor effect on the copy number of RK2 or an
RK2-origin plasmid (12), this result calls into question the
validity of current simple models of RK2 copy number
regulation at the level of trfA transcription. A simple rate
limitation model (37, 39) might have predicted that the
introduction of the 98L mutation into intact RK2 would be
compensated for by an increase in trfA transcription, keep-
ing plasmid copy number constant. However, no increase in
TrfA-44 levels was seen by Western blot analysis, and copy
number was reduced by approximately 50%. This suggests at
most a twofold increase in trfA expression, under conditions
in which the operon would be expected to be maximally
derepressed. The altered phenotype of RK2-98L suggests
that one reason there is a second in-frame translational start
site within the trfA gene is to elevate copy number and
consequently increase the expression of antibiotic resis-
tance, at least in E. coli. In fact, the presence of only 1
RK2-98L mutant of 20 resolved cointegrates (Fig. 5) sug-
gests that the loss of the ability to produce TrfA-33 results in
a competitive disadvantage for the plasmid. Alternatively,
this could reflect nonrandom homologous recombination or
preferential recombination in the shared bla region between
RK2 and pFF4-98L, which would not result in mutated
plasmid products.
The overlapping gene arrangement of trfA has ample

precedent in both prokaryotic and eukaryotic organisms (21)
and for a variety of apparent reasons. The earliest recog-
nized example among prokaryotes occurs in the replication
genes A and A* of the related bacteriophages G4 and OX174
(23). In this instance, gene overlap is felt to increase the
coding capacity of a small genome with a constraint on size.
Proteins II and X of the bacteriophages M13 and fl share
similar functions with A and A*, and possess an overlapping
arrangement as well (42). Gene overlap may also permit the
coordinate regulation of related gene products with common
binding sites but differing functions, such as prohead assem-
bly genes C and Nu3 of the bacteriophage lambda (29), the
gene 4 products of bacteriophage T7 (3), and the proteins 1
and 2 of transposon TnS (18). In P. aeruginosa, the in-frame
overlapping arrangement of the plcR gene is thought to allow
differential cellular compartmentalization of the protein
products (30). In other cases, the reason for gene overlap is
simply not known (8, 35).

It is striking that at least four known examples of in-frame
gene overlap have been described in broad-host-range plas-
mids. The IncQ plasmid RSF1010 has overlapping genes
encoding two RepB proteins of 38 and 70 kDa, thought to
possess primase activity (1). In addition to the trfA gene, the
plasmid RK2 has two other known in-frame overlapping
genes: incC, a function thought to be important in replication
control and the expression of incompatibility with other RK2
replicons, which encodes 25- and 38-kDa protein products
(38); and the RK2 pri gene, which encodes 80- and 118-kDa
proteins with primase activity and is involved in plasmid
conjugation (22).

Both replication and conjugative functions are important
determinants of plasmid host range, and it may not be
coincidental that the overlapping genes of broad-host-range
plasmids encode central elements of replication or conjugal
transfer. The different amino termini of products encoded by
plasmid overlapping genes such as trfA could permit greater
flexibility in critical intermolecular interactions involving a
range of different host proteins or cellular environments. The
frequency with which in-frame gene overlap is found in
essential functions of RK2, together with the data presented
in this report, suggest an important adaptive role of this
genetic arrangement in determining the host range of this
remarkably versatile plasmid.
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