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INTRODUCTION

Plasmids are circular duplex DNA molecules that are stably maintained in an extra-
chromosomal state in a bacterial cell. The duplication of these elements is being studied
in a number of laboratories at both the in vitro and in vivo level. Interest in plasmid
elements stems from the diverse set of important phenotypic properties of the bacterial
cell that they determine, as well as their use as model systems for analyzing the regu-
lation of duplication of circular DNA elements in general. Considerable interest also
has been generated in plasmid elements as a result of their wide-spread use as molecular
vehicles for the cloning of foreign DNA in bacteria.

This presentation will be concerned largely with our own studies on the replication
properties of plasmids. Recombinant DNA techniques have provided a powerful new
approach toward understanding the control of replication of plasmid molecules. Con-
versely, the use of these techniques in the analysis of plasmid structure and replication
has resulted in the construction in vitro of new plasmid elements that are more effective
or biologically containable in their employment as molecular vehicles for gene cloning.
The properties of several of these plasmid derivatives potentially useful as cloning ve-
hicles will be described.

Plasmid elements are found in most species of either Gram-positive or Gram-nega-
tive bacteria. These elements specify a wide variety of phenotypic properties that are
not required for normal cell growth or division, but often provide the cell with a sub-
stantial advantage or a vital property in a particular environment. For example, plas-
mid genes are responsible for most instances of resistance to antibiotics displayed by
pathogenic and nonpathogenic bacteria. A plasmid can be classified into one of two
major groups, conjugative and nonconjugative, depending upon whether or not it car-
ries a functional set of genes that promote bacterial conjugation. In addition, as shown
in Table 1, a plasmid element can be given a specific designation on the basis of iden-
tifiable products specified by the plasmid. For example, if a plasmid possesses genes
involved in the production of colicins (extracellular, antibiotically active proteins pro-
duced in Escherichia colj), it is designated a colicinogenic, or Col plasmid. If it carries
a gene determining resistance to an antibiotic, then the plasmid is designated an anti-
biotic resistance or R plasmid.

The overall architecture of the two major types of plasmids is shown in Figure 1.
To date, all plasmids isolated from either Gram-positive or Gram-negative bacteria
are found in the form of covalently closed, duplex circular DNA molecules. In the
case of several plasmids examined,'-? the genes responsible for their autonomous rep-
lication have been observed to be clustered within a relatively small segment of the
molecule that includes the region of the origin of vegetative replication. Similarly, the
genes responsible for the conjugative or transfer properties of a plasmid are
clustered.!*'* Although the essential genes for the maintenance of the autonomous
state of plasmids usually are clustered, this is not the case for every plasmid element.
As shown below, the plasmid RK2 has its essential genes for replication distributed
over a relatively large portion of the circular DNA molecule.'?
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TABLE 1

Conjugative and Nonconjugative Plasmids

Plasmid class Genetic regions of plasmid element Plasmid type
Common Specific
Nonconjugative Autonomous replica- Colicin production Colicinogenic (Col)
‘ tion plasmids
Antibiotic resistance R plasmids
Conjugative (sex factors) Autonomous replica- Colicin production Colicinogenic (Col)
tion and transfer Antibiotic resistance plasmids
(tra) Enterotoxin production R plasmids

Ent plasmids

NON-CONJUGATIVE CONJUGATIVE
PLASMID PLASMID
colicin
or
antibiotic
resistance

rep—»

colicin or
antibiotic resistance

conjugal transfer

FIGURE 1. Structure of nonconjugative and conjugative plasmids. The cluster of genes essential for rep-
lication of the plasmid is indicated (rep) as well as the origin (or) of replication. In addition to colicin
production and antibiotic resistance, a variety of other bacterial traits are specified by genes carried on a
plasmid element.

ORIGIN AND DIRECTIONALITY OF PLASMID REPLICATION

The origin and direction of replication of plasmid molecules has been determined
by an electron microscopy analysis of replicating circular DNA forms of plasmids iso-
lated from bacterial cells growing in the logarithmic state. The parental strands of a
replicating plasmid molecule remain covalently closed and, therefore, replicating mol-
ecules are generally broadly distributed between the densities of supercoiled and open
circular DNA in a cesium chloride-ethidium bromide density gradient. As shown in
Figure 2, these replicating molecules appear on electron microscopy as partially super-
coiled, partially open structures. One can cleave these molecules with a specific restric-
tion endonuclease that cleaves the plasmid at a unique site. Electron microscopy anal-
ysis of these cleaved molecules allows a comparison between the positions of the
replication forks and the unique restriction enzyme site. Replicating molecules of the
plasmid ColEl, cleaved with the restriction enzyme EcoRI, are shown in Figure 3.
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FIGURE 3. Replicating ColE] DNA molecules treated with the restriction endonuclease EcoRI. Elec-
tron micrographs of selected molecules are arranged in order of increasing extent of replication. Panel 1
represents an unreplicated linear molecule, (Taken from Lovett, M. A., Katz, L., and Helinski, D. R.,
Nature (London), 251, 337, 1974, With permission.)

Plotting the positions of the replication forks in molecules replicated to various extents
demonstrates unidirectional replication of plasmid ColE] from an origin that is ap-
proximately 18% of unit length from one EcoRI end of the molecule'® (Figure 4). A
similar analysis of replication of plasmids R6K, mini-F (a low molecular weight plas-
mid derivative of the Flac plasmid), and RK2 has shown a bidirectional mode of rep-
lication of R6K*¢ and mini-F'’ and unidirectional replication for plasmid RK2.'®
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PLASMID INCOMPATIBILITY GROUPS

A bacterial cell can maintain more than one type of plasmid molecule. However,
certain pairs of plasmids cannot be stably maintained by a cell. On the basis of the
inability of one particular plasmid to be stably maintained in the same cells with an-
other, plasmids have been combined into a number of different incompatibility groups.
Over 30 incompatibility groups have been described for plasmid elements found in
Gram-negative bacteria.'® In general, any member of the same incompatibility group

cannot stably coexist in a bacterial cell with any other member of that group, but it
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FIGURE 4. Determination of directionality and position of origin of replication. The lengths of the
two unreplicated segments of replicating ColEl DNA molecules were determined after cleavage with
EcoRl. This method was used earlier to determine the origin of replication of SV40 DNA.’* (Taken from
Lovett, M. A_, Katz, L., and Helinski, D. R., Nature (London), 251, 337, 1974. With permission.)
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can stably coexist with any member of a different incompatibility group. One particu-
lar incompatibility group, the P-1 group, is of special interest in that members of this
group exhibit broad host range properties, i.e., they are capable of being stably main-
tained in a wide variety of Gram-negative bacteria.?*-?? This is in contrast to the rela-
tively narrow host range of most other naturally occurring plasmids identified in E.
coli and other bacterial species. The broad host range properties of P-1 group plasmids
make them particularly suitable for development as molecular vehicles for gene cloning
in bacteria distantly related to E. coli, as for example, the agriculturally important
genera Rhizobiumand Agrobacterium.*

STRINGENT AND RELAXED PLASMIDS

It has been generally observed that the low molecular weight plasmids (e.g., ColEl
and other plasmids of this type shown in Table 2) are maintained as many copies per
chromosome. These plasmids, with the exception of the R6K plasmid shown in Table
2, are generally nonconjugative in that they do not possess a functional set of genes
required for conjugal mating and the intercellular transfer of DNA. In contrast, the
relatively high molecular weight plasmids are of the conjugative type and are main-
tained as a limited number of copies per cell (Table 2). An unusual feature of certain
members of the multicopy group of plasmids, as initially demonstrated for
ColE1,-34-3% i5 the ability of these plasmids to continue to replicate in the presence of
the protein synthesis inhibitor chloramphenicol. In the presence of this inhibitor, chro-
mosomal DNA synthesis ceases after a short period of time, but plasmid replication
continues and results in the accumulation of a large number of copies of the plasmid
per cell. This property of certain multicopy plasmids has been taken advantage of in
their use as cloning vehicles for recombinant DNA research, since the plasmid element
or a foreign DNA insert in the plasmid can be obtained in very high yield after ‘‘am-
plification’’ of the molecule in the presence of chloramphenicol.*¢

USE OF PLASMIDS AS CLONING VEHICLES

Since the initial demonstration of the effectiveness of a plasmid for the cloning of
genes in E. coli, a variety of plasmid elements have been developed as cloning vehicles
in both E. coli (see Reference 37) and the Gram-positive bacterium Bacillus subtilis.?®
“° These cloning vehicles have in common many of the following properties that are
advantageous for the cloning of foreign DNA from the perspective of efficacy and
biological containment of the recombinant molecule: (1) stable maintenance in the host
bacterial cell; (2) non-self-transmissibility; (3) low molecular weight and presence as
multiple copies per cell; (4) ease of joining with and replicating foreign DNA of a
broad size range; (5) amplification upon incubation of cells harboring the hybrid plas-
mid in the presence of chloramphenicol; and (6) the presence of one or more genes
useful as selective markers for the transformation of a bacterial cell.

Plasmid ColE1, its derivatives pCR1 and RSF2124, and the ColEl-like plasmids
pMB9, pBR313, and pBR322 have been frequently used as molecular vehicles in gene
cloning experiments, since these plasmids normally are maintained in the E. coli cell
in the multicopy state and are amplified in the presence of the protein synthesis inhib-
itor chloramphenicol (see Reference 37). As shown in Figure 5, it is possible to amplify
the level of a covalently closed circular DNA form of a hybrid plasmid of ColEl] to
the extent of approximately 40 to 50% of the total cellular DNA (equivalent to as
many as 2000 copies of the hybrid plasmid per cell, depending upon the size of the
foreign DNA insert).*¢ Using this technique, E. coli cells grown in liquid culture can
provide a very abundant source of a specific segment of DNA or a specific gene in-

serted into the plasmid vehicle.
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TABLE 2

Stringent and Relaxed Naturally Occurring Plasmids

Self- Number copies
Size transmissi- per Amplification

Plasmid (daltons) bility chromosome + CAM:- Other characteristics Ref.
ColE] 4.2 x10° - 10—15 + Colicin El 24,25
RSF1030 5.6 x10° - 20—40 + Ap* 26
CloDF13 6.0 x 10¢ - 10 + Cloacin DF13 27
R6K 25 % 10¢ + 13—38 - Ap*Sm* 28
F, 62 x 10 + 1—2 - — 11,29
R1 65 x 10° + 1—3 - Ap*Cm*Su*Sm*Kn* 30,31
RK2 38 x [0* + 5 - Ap*Kn*Tc* 32
EntP307 65 x 10 + 1—-3 - Enterotoxin 33

= Refers to ability of plasmid to continue to replicate in the presence of chloramphenicol (CAM).
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FIGURE 5. Accumulation of ColE] and ColEl hybrid plasmids in cells incubated in the presence of
chloramphenicol (CAM). Escherichia coli cells carrying plasmids ColE (0—o), a ColE] hybrid carrying
a segment of i bacteriophage plus E. colitryptophan operon DNA(O—{ and e—e), and a ColE} hybrid
carrying the kanamycin resistance fragment described in Figure 6 (A—nA) were grown and samples re-
moved at 0, 2, 4, 6, and 22 hr after the addition of CAM. (Taken from Hershfield, V., Boyer, H. W.,
Yanofsky, C., Lovett, M. A., and Helinski, D. R., Proc. Natl. Acad. Sci. U.S.A., 71, 3455, 1974. With
permission.)
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CONSTRUCTION OF LOW MOLECULAR WEIGHT DERIVATIVES OF
NATURALLY OCCURRING PLASMIDS

It is clear that plasmid elements have greatly facilitated the use of recombinant DNA
techniques to establish foreign DNA in a bacterial cell. In turn, recombinant DNA
technology has been used to great advantage to reduce the size of a naturally occurring
plasmid molecule for the purpose of obtaining low molecular weight derivatives that
are more readily manipulated in experiments directed towards the analysis of genetic
and biochemical factors regulating the maintenance of a plasmid element in the auton-
omous state. In addition, recombinant DNA techniques have been used with consid-
erable success for the purpose of constructing plasmid derivatives that are more effec-
tive as cloning vehicles. The success with the recombinant DNA approach in reducing
the size of a plasmid element stems mainly from the finding for several different plas-
mids that the genes or genetic regions required for maintenance of the plasmid in an
automomous state are clustered in a relatively small region of the plasmid molecule.
Consequently, utilizing the approach described in Figure 6, a mini-F derivative (9-kil-
obase [kb] segment) was obtained from the plasmid Flac (approximately 140 kb).!?
Basically, this method consists of joining a non-self-replicating restriction enzyme frag-
ment of DNA which contains an antibiotic resistance gene to a total digest of the
parental plasmid prepared with the same restriction enzyme and selecting the fragment
of DNA carrying the replication region by transformation of E. colicells for the anti-
biotic resistance. In the experiment described in Figure 6, the segment of DNA speci-
fying resistance to the antibiotic kanamycin was obtained by EcoRI digestion of the
antibiotic resistance plasmid pSC105. In the case of the Flac plasmid, the essential
genes for maintenance of this plasmid in the autonomous state were found to be clus-
tered on a 6 x 10° dalton fragment.'-? This mini-F derivative of Flac is under stringent
replication control (one to two copies per chromosome) and exhibits the incompatibil-
ity properties of the parental plasmid.

As indicated in Figure 7, the origin of replication of a kanamycin-resistant derivative
of mini-F occurs within the mini-F fragment at position 42.6 kg (kilobase units corre-
spond to the physical map of the F1 plasmid).!” Replication was found to be predom-
inantly bidirectional from this origin by an electron microscopy analysis similar to that
described above for the ColE] plasmid. Also as shown in Figure 7, large portions of
the mini-F plasmid have been removed in vitro with several different restriction endon-
ucleases to define more precisely the regions essential for maintenance of this plasmid
in the autonomous state. One surprising finding from this approach was that the plas-
mid will replicate after removal of the 2.4 kb BamHI fragment containing the mini-F
origin at 42.6 kb.*? In this situation, the cell utilizes a second site (origin) of mini-F
for the initiation of replication. This secondary origin, located at 44.4 kb, is used to
maintain the plasmid in the absence of the primary origin at 42.6 kb. Thus, as found
earlier for the plasmid R6K,** a plasmid can possess more than one functional origin
of replication. In the case of the mini-F plasmid, utilization of the origin at 42.6 kb is
preferred when both origins are present.

Palchaudhuri and Maas** have mapped a region between 46.4 and 48.6 kb that ap-
pears to be responsible for the incompatibility properties of the F plasmid. The physi-
cal map of mini-F shown in Figure 7 indicates that the origin of replication at the 42.6
kb position is itself not responsible for incompatibility. Further analysis of the various
deletions of the mini-F plasmid constructed in vitro have indicated that derivatives of
the size of 3 kb can be obtained that are maintained in the autonomous state with the
same copy number and incompatibility properties of the parent F plasmid. These stud-
ies clearly indicate that a region that is 1/30 the size of the F plasmid (molecular weight
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IGURE 6. The method employed is as described in Lovett and Helinski.* A similar procedure has been described by Timmis
t al.' Values in brackets refer to the molecular weight of the plasmid or DNA fragment.
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FIGURE 7. Physical and genetic map of plasmid mini-F. The cleavage sites for several restriction endo-
nucleases are shown relative to the kilobase coordinates on the physical map of F.*' Ori refers to the origin
of replication and inc defines the incompatibility region. The extent of various deletions of mini-F is shown
by the dashed lines. (Taken from Figurski, D., Kolter, R., Meyer, R., Kahn, M., Eichenlaub, R., and
Helinski, D. R., in Microbiology 1978, Schlessenger, D., Ed., American Society for Microbiology, Wash-
ington, D.C., 1978, 105.

of 62 x 10°) carries the essential information for the autonomous replication, stringent
regulation of copy number, and incompatibility properties of the F plasmid. The cod-
ing capacity of this region, assuming the absence of overlapping genes, is approxi-
mately 100,000 daltons of protein.

COLEI DERIVATIVES

The functional region of plasmid ColE1 with respect to autonomous replication has
been identified relative to the cleavage sites of EcoRI, Pst 1, and the Hae 1I restriction
endonucleases, as shown in Figure 8.4**” ColE1 replicates unidirectionally from an or-
igin of replication most likely located in the Hae 1I-E fragment.*¢ The first character-
ized derivative of ColEl, designated mini-ColE1, was obtained spontaneously in cells
harboring an in vitro constructed ColEl hybrid plasmid carrying portions of the i
bacteriophage and the tryptophan operon of E. coli.? The portion of ColEl remaining
in mini-ColE1 is indicated in Figure 8. The mini-ColE1 plasmid displays properties
identical to ColE1 with respect to its dependence on DNA polymerase I, replication in
the presence of chloramphenicol, and ColEl immunity. This ColEl derivative does
not, however, specify the production of colicin E1, since as shown in Figure 8, it lacks
the structural gene for this antibiotically active protein. The mini-ColEl plasmid also
cannot be isolated in the form of a relaxation complex.® Additional regions of ColE1
not essential for replication were determined by the production of deletions in vitro in
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PLASMID Col E1

colicin E1

immunity\

FIGURE 8. Physical and genetic map of plasmid ColEl. Region of ColE1 present in the ColE1 deriva-
tive pTK16 is indicated by the inner arc. Mini-ColE1 extends from the EcoRI site clockwise to within
fragment D. The Hae II restriction sites, ‘‘II’’, are from Oka and Takanami*® and unpublished obser-
vations (M. Kahn). ¥ Colicin El and immunity refer to the genetic regions specifying colicin El production
and immunity to this protein, respectively. (Taken from Figurski, D, Kolter, R., Meyer, R., Kahn, M.,
Eichenlaub, R., and Helinski, D. R., in Microbiology 1978, Schlessinger, D., Ed., American Society for
Microbiology, Washington, D.C., 1978, 105.)

ColEI by cleavage of the purified plasmid DNA with the cohesive end-generating re-
striction endonuclease Hae II. Transformation of E. coli cells with a Hae II digest of
ColE1 or ColE1 derivatives and ligation of this mixture to a nonreplicating, 1500-base
pair Hae II fragment carrying a gene specifying resistance to the antibiotic kanamycin,
resulted in the construction of a ColEl derivative carrying only the Hae II-A and E
fragments of ColEl.*” Further analysis of this low molecular weight ColE1 derivative
has indicated that only a portion of the Hae II-A fragment (designated SA) is required
in addition to the E fragment for autonomous replication of ColEl. The E and SA
fragments (total size, 1300 base pairs) must be joined in the orientation shown in Figure
8 in order to replicate autonomously in E. coli.}

In the process of constructing low molecular weight derivatives of ColEl, a plasmid,
designated pTK16, possessing the E and SA fragments plus the Hae II kanamycin
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FIGURE 9. Physical and genetic map of the ColE1 derivative, pTK16. Tc* and Km* refer to regions
specifying resistance to tetracycline and kanamycin, respectively. Positions of sites for a variety of re-
striction endonucleases are indicated. (Taken from Kahn, M. and Helinski, D. R., manuscript in prepa-
ration. With permission.)

resistance fragment of DNA and a segment of DNA carrying the tetracycline resistant
gene obtained from plasmid pSC101, was constructed and possesses several features
that are advantageous for its use as a plasmid cloning vehicle.*” Plasmid pTK16 (mo-
lecular weight of 2.8 x 10°%) is maintained as 50 copies per cell and is chloramphenicol
amplifiable. The plasmid is poorly mobilizable out of its host cell in the presence of a
conjugative plasmid, and as shown in Figure 9, it possesses single sites for several
useful restriction enzymes. Insertion of foreign DNA in the Bam HI and Sal I sites
results in the inactivation of tetracycline resistance, while insertion at the Sma I and
Hind III sites inactivates kanamycin resistance. This insertional inactivation of anti-
biotic resistance can be made use of in screening bacterial cells that have been trans-
formed for the hybrid form of s plasmid carrying a foreign DNA insert at one of
these four restriction enzyme sites.

CONSTRUCTION OF A PHASMID: A PLASMID-PHAGE HYBRID

One of the basic differences between a plasmid element and a bacteriophage is that

plasmids are restricted to an intracellular state while bacteriophage particles can exist
extracellularly in the form of infectious viral particles. Existence of a plasmid only in
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the intracellular state limits experimental approaches to the study in vivo of plasmid
replication, incompatibility, and expression. In view of the need for an efficient
method of introducing plasmids into cells synchronously and quantitatively, the ColE1
plasmid was reconstructed by recombinant DNA techniques to allow it to be packaged
in vivo into bacteriophage particles.*®* A plasmid element packaged in the form of
bacteriophage particles can then be injected quantitatively into a suitable recipient bac-
terial cell. Among other advantages, the construction of a plasmid with bacteriophage
properties would allow approaches to plasmid DNA replication that generally have
been very successful in the study of bacteriophage DNA replication.

Bacteriphage P4 has several unusual properties that can be used to facilitate the
packaging of a plasmid element. P4 is a defective virus in that its lytic growth is de-
pendent on the presence in the bacterial cell of a helper bacteriophage, P2.** P4 bac-
teriophage does not exhibit lytic functions when grown in the absence of P2. P4 bac-
teriophage, however, can efficiently activate a P2 prophage and produce P4 phage free
of P2 helper contamination. The construction by in vitro techniques of a phage-plas-
mid hybrid DNA molecule made up of a segment of the P4 genome and a low molec-
ular weight derivative of plasmid ColE1 (designated pMK20) (molecular weight of 2.8
x 10%) is shown in Figure 10. This phage-plasmid, or ‘‘phasmid’’, designated P420,
can be readily interconverted between the phage and plasmid states.*® Infection of E.
coli cells carrying the P2 helper bacteriophage in the lysogenic state with the P420
hybrid results in replication of P420 DNA and its packaging in the form of infectious
particles. Infection of E. colicells nonlysogenic for P2 virus results in stable replication
of the P420 hybrid as a plasmid. This unique property of the P420 phasmid has per-
mitted us to ask whether a postive acting protein(s) specified by the ColE1 plasmid is
required for replication of the plasmid molecule. This question is particularly relevant
with respect to the ColEl plasmid, since as indicated earlier, ColEl is unusual in its
ability to continue to replicate in E. coli cells in the presence of the protein synthesis
inhibitor, chloramphenicol. This observation alone does not distinguish between the
possibilities that plasmid ColEI replicates in the absence of a plasmid-encoded protein,
or it utilizes under these conditions a plasmid-encoded protein synthesized prior to the
addition of chloramphenicol to the growing cells. To resolve this question, E. coli cells
were infected in the presence of the protein synthesis inhibitors chloramphenicol or
puromycin with the P420 hybrid packaged in the form of bacteriophage particles.*® It
was observed that P420 replication, directed by the ColEl replicon, occurred at a rate
equivalent to that found for intact plasmid ColE!l in the presence of chloramphenicol.
These results indicate that ColEl does not require a positive-acting, plasmid-coded
protein to replicate its DNA in vivo and provide at least one demonstration of the
utility of the P4 bacteriophage system for coupling bacteriophage properties to a plas-
mid replicon. This finding is consistent with the observed ability of cell-free extracts,
prepared from cells that do not carry ColEl, to replicate exogenous ColEl DNA.5°
These observations also underscore a basic difference between the ColE1 plasmid and
most other naturally occurring plasmids that appear to require a plasmid-encoded pro-
tein(s) for the regulation of plasmid DNA replication.

DERIVATIVES OF THE BROAD HOST RANGE PLASMID RK2

Studies of the replication properties of low molecular weight derivatives of plasmids
ColEl and Flac described above and similar studies with several other plasmids re-
ported to date*® indicate that in most cases, the essential genes for maintenance of
the plasmid in the autonomous state are clustered in a relatively small region of the
plasmid molecule. An exception to this general observation is the plasmid RK2; a con-
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FIGURE 10. Construction and properties of a ColE1-P4 hybrid. Plasmid pMK20 is a derivative of
ColE1 that specifies resistance to kanamycin (Km’). The cos site (w) of bacteriophage P4 is present on
the EcoRI AD fragment. P2 refers to the bacteriophage P2. CHL treatment involves incubation of the
cells in the presence of chioramphenicol. (This diagram was prepared by M. Kahn and is based on the
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FIGURE 11. Physical and genetic map of plasmid RK2. The regions responsible for self-transmissibility
(Tra) and for resistance to kanamycin (Kan’), ampicillin (Amp-), and tetracycline (Tet") are shown relative
to the cleavage sites for various restriction endonucleases. The numbers represent the distance in megadal-
tons from the EcoRI site. “‘Ori”’ refers to the origin of replication. Based on the data of R. Meyer and D.
Figurski. (Taken from Meyer, R., Figurski, D., and Helinski, D. R., in DNA Insertion Elements, Plasmids
and Episomes, Shapiro, J. A. and Adhya, S. L., Eds., Cold Spring Laboratories, Cold Spring Harbor,
N.Y., 1977, 680.)

jugative plasmid with a molecular weight of 37.6 x 10° that possesses determinants for
resistance to ampicillin, kanamycin, and tetracycline. Unlike mini-F andColEl, RK2
is a member of the P-1 group of plasmids that have an extensive host range among
gram-negative bacteria.?® 22 Plasmids of this group are stably maintained in E. colj,
other members of the Enterobacteriacea family of bacteria and species of agriculturally
important genera of Gram-negative bacteria including Rhizobium, Agrobacterium,
and Azotobacter. A project has been initiated in our laboratory to analyze the repli-
cation properties of RK2 in the hope of obtaining information on the biochemical and
genetic basis for its broad host range and for the purpose of constructing derivatives
of plasmid RK2 that may be of use for gene cloning in bacteria distantly related to E.
coli. A physical and genetic map of plasmid RK2 is shown in Figure 11. It should be
noted that despite its relatively large size, RK2 possesses fewer than the expected num-
ber of cleavage sites for restriction endonucleases that recognize hexanucleotide se-
quences. Cleavage sites that are present are most frequently found in regions specifying
antibiotic resistance or in locations that are not essential for plasmid replication in E.
coli. The construction of a detailed restriction endonuclease cleavage map of this plas-
mid has, as in the case of studies with the other plasmids described above, permitted
the use of specific restriction enzymes to delete regions of plasmid RK2 that are not
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FIGURE 12. Construction of low molecular weight derivatives of plasmid RK2. The construction of
the RK2 derivatives was parried out by R. Meyer and is described in the text. (Taken from Meyer, R.,
Figurski, D., and Helinski, D. R., manuscript in preparation. With permission.)

essential for its replication in E. coli. For example, as shown in Figure 12, the restric-
tion enzyme Pst 1 has been successfully employed to delete two nonessential regions
of plasmid RK2 leading to the construction of pRK233, a lower molecular weight de-
rivative.®? Plasmid RK2 is cleaved at a number of sites by the restriction endonuclease
Hae 11 (Hae II sites are not shown in Figure 11). Transformation of E. coli cells with
a partial Hae II digest of RK2 has resulted in the generation of a plasmid derivative,
designated pRK229, that possesses a molecular weight of 16 x 10%.52 As shown in Figure
12, this plasmid has retained the complete small EcoRI-Sal I region of RK2 that in-
cludes the origin of replication as well as segments of DNA on either side. It has been
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very difficult to further reduce the size of RK2 by the procedures that have been suc-
cessfully employed for the Flac and ColEl plasmids, since the genetic regions essential
for replication of RK2 in E. coli are not clustered and extend over a relatively large
portion of the plasmid. It has been possible, however, to further reduce the size of the
RK2 plasmid by Hae II cleavage of pRK229 followed by random rearrangement of
the fragments and ligation.*? One relatively small RK2 derivative isolated by this pro-
cedure, designated pRK248, is 5.6 x 10° daltons and has retained the genetic region
responsible for resistance to tetracycline. Both pRK229 and pRK248 have a copy num-
ber similar to that of the parental RK2 plasmid (approximately five copies per chro-
mosome), and both exhibit at least some of the RK2 incompatibility properties.

Plasmid derivatives pRK229 and pRK248 may be particularly suitable as broad host
range cloning vehicles in that they are of relatively low molecular weight, contain at
least one antibiotic resistance gene for selection of cells transformed for these plasmids,
and possess a single sensitive site to at least one restriction endonuclease that generates
cohesive ends. In addition, both plasmids are nonconjugative, since the essential genes
for conjugation have been deleted in the construction of these plasmids. It should be
emphasized, however, that to date the replication of pRK229 and pRK248 has been
examined only in E. coli, and it is conceivable that a genetic region(s) responsible for
the broad host range replication properties of plasmid RK2 was deleted in their con-
struction. If this is the case, while it would be of considerable interest in defining a
region(s) responsible for the broad host range properties of a P-1 group plasmid, these
plasmid derivatives would be of little use as molecular vehicles for the cloning of genes
in bacteria distantly related to E. coli.

CONCLUDING REMARKS

From studies carried out in vitro and in vivo, considerable information has been
obtained on the genetic and biochemical properties of plasmid elements that occur
naturally in E. coliand other gram-negative bacteria. The advent of recombinant DNA
techniques has provided powerful new approaches for the analysis of factors regulating
replication of these plasmids. Information from these new approaches has in turn pro-
vided the basis for the in vitro construction of a variety of plasmids that are very useful
for the cloning of DNA in E. coliand other bacteria. The recent advances in the meth-
ods for nucleotide sequence analysis and chemical synthesis of DNA offer exciting new
possibilities for studying plasmid DNA replication. The use of these new experimental
approaches promises to expand greatly our understanding of the molecular and genetic
basis of the extrachromosomal state of DNA in bacteria and, hopefully, will provide
new insights into the replication of other circular DNA elements found in bacteria and
in eukaryotic cells.
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