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SUMMARY

In vitro recombination techniques. were used to construct a new cloning
vehicle, pBR322. This plasmid, derived from pBR313, is a relaxed replicating
plasmid, does not produce and is sensitive to colicin E1, and carries resistance
genes to the antibiotics ampicillin {Ap) and tetracycline (Tc). The antibiotic-
resistant genes on pBR322 are not transposable. The vector pBR322 was
constructed in order to have a plasmid with a single Ps#1 site, located in the
ampicillin-resistant gene (Apr), in addition to four unique restriction sites,
EcoRl, HindIll, BamHI and Sall. Survival of Escherichia coli strain X1776
containing pBR318 and pBR322 as a function of thymine and diaminopi-
melic acid (DAP) starvation and sensitivity to bile salts was found to be
equivalent to the non-plasmid containing strain. Conjugal transfer of these
plasmids in bi- and triparental matings were significantly reduced or un-
detectable relative to the plasmid ColEL.
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Abbreviations: Ap?, ampicillin-resistant; Cmf, chloramphenicol-resistant; Coll"?Mm_ colicin
immunity; DAP, diaminopimelic acid; DTT, dithiothreitol; Kmr, kanamycin-resistant; LB,
Luria broth; Nx?, nalidixic-resistant; SDS, sodium dodecyl sulfate; Sm?, streptomycin.
resistant; Sul, sulfonamide-resistant; T¢cT, tetracycline-resistant,
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INTRODUCTION

Bacterial plasmids and bacteriophage have a key role in recombinant DNA
technology. Segments of DNA from diverse origins can be excised with the
appropriate restriction endonuclease and added to plasmids or bacteriophage
(Flershfield et al., 1974; Morrow et . al.. 1974; Cameron et al., 1975). If these
new molecules contam an intact replicon, they can be propagated in a suit-
ahle host {o yield large quantifies of recombinant DNA and in some instances,
specific gene products (Hershfield et al,, 1974). Several bacterial plasmids
have been used as cloning vectors: pSC101 (Cohen et al., 1973), ColEl
{Hershiield et al,, 1974) and pCR1 (Covey et al., 1976). However, these
plasmids and their derivatives (Hamer et al., 1975; Hershfield at al., 1976;
So et al,, 1978) have limited versatility in terms of genetic markers for
selection of transformants and screening for recombinant plasmids.

We have described the construction of a series of plasmids containing Ap-
and Tc-resistant genes derived from pRSF2124 (So et al., 1978) and pSC101
respectively in combination with replication elements of a Co]El like piasmid
(Betlach et al., 1976; Rodriguez et al., 1976). One of these plasmids,
pBR313, provides single cleavage sites for the HindI11, BamHI, EcoRl, Hpal,
Sall and Smal restriction endonucleases (Bolivar ef al., 1977). In the case of
the Hindlll; BamHI and Sall endonuclease cloning sites, the insertion of
DNA fragments inactivctes the Ter gene. In this papar, we report the con-
struction of another plesmid (pBR322) which is less than half the size of
pBR313 and provides additional cloning advantages. The plasmid pBR322
contains a unique Pst1 cleavage site located in the Apr gene as well as two
Hincll sites located in the Ap* and Tec* genas. The Pstl site can be used for
molecular cloning of DNA fragments via homodeoxy polymeric extension
(Lobban and Kaiser, 1973} and the Hincll site for blunt-end ligation tech-
niques (Sgaramella et al., 1970; Sugino et al., 1977}. The properties of
pBR313 and pBR322 in the E. coli strain X1776 are also presented.

MATERIAL AND METHODS

{a) Bacterial strains _

E. coli K12 strain RR1 F-pro leu thi lacY Str* ri my was used as the re-
cipient cells in the transformation experiments. E. coli B strain HB50 pro
leu try his arg met thr gal laeY Sirt was used to prepare unmethylated plas-
mid DNA for EcoRII digestions (Yoshimori et al., 1972). E. coli K12 strain
X1776 F-tauAS3 dapD8 merAl supE42 AdQ{gal-uvrB)\~ minB2 malA25
thy AST metCB5 A 29(bioH-asd) cysB2 cyc Al HsdR2 was kindly provided
by R. Curtiss IIL.

(b) Media and buffers
For transformation RR1 was grown in either LB or M9-glucose minimal
media, before CaCl, treatment. X1776 was also grown in LB supplemented
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with DAP 200 pg/ml and thymine (thy) 50 pg/mi. The BSG buffer solution
used for washing X1776 in the DAP-less death experiments was 0.85% NaCl,
0.03% KH,PO,, 0.06% Na,HPO; 100 ug/ml gelatin.

(c) Preparation of plasmid DNA

Plasmid DNA was prepared by first amplifying M9-glucese-grown cultures
by the addition of 170 gg/ml of chleramphenicol during logarithmic phase
of growth (Clewell et al,, 1872}, Extraction and purification cf plasmid
DNA was achieved by a cleared lysate technique previously described (Bet-
lach et al., 1976).

{d) Enzymes

All the restriction enzymes used in this work, except for Hpal (BRL
laboratories) were purified according to the procedure by Greene et al. (1977)
and are itemized in Table 1. Reaction conditions for the various restriction
endonucleases have been described previously (Bolivar et al., 1977). T4 DNA
ligase was purified from T4 am N82 infected F. coli B, according to the
procedure deseribed by Panet et al. (1973). The final preparation (500 U/ml)
was homogeneous as judged by SDS-polyacrylamide gel electrophoresis.

{e) Ligation of DNA

Ligations were carried out in 66 mM Tris—HC) pH 7.6, 6.6 mM MgCl,
10 mM DTT and 0.5 mM ATP at 12°C for 2—12 h. The concentration of T4
DNA ligase and of DNA termini varied to promote polymerization or circu-
larization. When blunt-ended DNA fragments were ligated, the concentration
of ends was at least 0.2 yM and approximately 50 U of T4 DNA ligase per
ml was added to the reaction mixture (Heyneker et al., 1976). When DNA
fragments with cohesive ends were ligated, 5 U of T4 DNA ligase per ml was
sufficient and the concentration of ends was adjusted in such a way that
linear molecules were favored (Dugaiczyk et al., 1975).

(f) Agarose and acrylamide gel electrophoresis
The conditions for agarose and acrylamide electrophoresis have been pre-
viously described (Bolivar et al., 1977).

(g} Transf-«mation of E, coli K12

E. coli RRI cells were prepared for transformation by the method described
by Cohen et al. (1972). 100 pl of DNA in 30 mM CaCl,; were added to 200
1! of CaCl,-treated cells (5 - 10 cells/m!) and the mixture was chilled in ice
for 60 min, after which it received a 75-sec, 42°C heat pulse. The pulse was
terminated with the addition of 3 ml of LB. The cells were grown for 2 h at
37°C before plating. Transformation of X1776 was achieved using the proce-
dure described by R. Curtiss III (personal communication). An ovemnight
culture of X1776 in LB + DAP + thy was diluted 1/10 with 20 m! of fresh
LB + DAP + thy and incubated in a shaker et 37°C for 3 to 4 h until the



TABLE I

RESTRICTION ENDONUCLEASES

Endonucleases Substrate site Reference Endonuclease Substrate site Refercnce

Alul AG'cT Roberts ct al,, 1976 Haelll GGg'ce Roberts ot ol.,
unpublished observations

BamHI glcaTcCc Wilson and Young, 1976 Hinell GT Py‘PuA C Landy et al., 1974

Bgll - Wilson and Young, Hindll  A'AGeCTT Danna et al., 1973

unpublished observations

EeoRI1 G'aAATTC Greene et al., 1976 Hpal GrT'AAC Gromkova and Goadgal,

1972
i A
EcoRIl €c,Ga Yoshimeri et al., 1975 Patl cTGeA'c Smith ot al., 1976
Haell PuG C G C'Py Roberts et al., unpub- Sall g'rceac Bolivar et al,, 1977

lished observations

g6
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culture reached an absorbance of 0.5 to 0.6 Agqo. The culture was centrifuged
at 7000 rpm for 10 min at 4°C, and the cells washed in 10 ml cold 10 mM
NaCl. The suspension was again centrifuged as above and the pellet resuspen-
ded in 10 ml of freshly prepared ¢old 75 mM CaCl, (pH 8.4) and placed in
ice for 25 min. Cells were centrifuged as described above and the pellet
resuspended in 2 ml of 75 mM CaCl, pH 8.4, of which 200 ul was added to
100 pl of plasmid DNA in 10 mM Tris pH 8. The mixture was kept in ice

for 60 min, then heated 60 sec at 42°C, Tubes were chiiled for 10 min and

3 ml of LB + DAP + thy were added. The cells were incubated at 37°C for

3 h and plated in selective media. The plates were incubated 2 to 3 days at
37°C.

RESULTS

I. Construction of pBR321 end pBR322

e bave described the construction of a series of cloning vehicles, one of
which, pBR313, a 5.8 - 10° daiton Ap* Ter Colim®™ plasmid (Fig.1), has
been extensively mapped using 14 restriction endonucleases (Bolivar et al.,
1977). Experiments with pBR313 indicated that one of its Pst1 sites was
located in the ApT gene. Tnerefore molecular cloning into this Pstl site would
result. in recombinant mol¢ cules which could be detected by screening for
Apt phenotypes, In order to construct a molecular cloning vector with one
Pstl site in the Ap® gene, it was necessary to construct two derivatives of
pBRE13. An ApsTerColimm plasmid, pBR318, containing one Pstl site was
obtained by transforming E. coli RRI with ligated Ps¢l fragments of pBR313
and selecting for TeT transformants. Tc* transformants which were Aps were
found to carry plasmids th-=: lack the 1.25 and 0.42 - 10° dalton PstI frag-
ments present in pBR313 (Fig.1). Another pBR313 derivative, pBR320, an
AptTcECol*s p.asmid with a molecular weight of 1.95 - 10¢ daltons was ob-
tained by transforming E. eoli RRI with unligated EcoRII fragments of
pBR313 and selecting for Ap* transformants, Sixteen Ap™Tcs clones were
examined, and one was found to carry a plasmid, pBR320, containing only
one Pst] site. This clone was found to be sensitive to colicin E1. Fig. 1 shows
2 tentative restriction endonuclease map of pBR320.

An in vitro recombination experiment using pBR318 and pBR320 was
designed to restore the Ap™Tc* markers in a single low molecular weight
relaxed plasmid containing one Pstl substrate site. The construction of this
plasmid was accomplished by the digestion of pBR318 with Pstl and Hpal
endonucleases which resulted in two pieces of DNA with molecular weights
of 1.95 and 2.2 - 10° daltons; the smaller DNA fragment carried the Tef gene(s)
(Rodriguez et al., 1976; Tait et al., 1976; Bolivar et al., 1977) and part of
the Ap’ gene as shown in Fig. 1. The plasmid pBR320 was cleaved with the
restriction enzymes Pstl and Hincll to yield three fragments of DNA. The
largest fragment, 1.15 - 10° daltons, carries the “origin” of replication and
the remaining portion of the Ap® gene not present in the 1.95 + 10° dalton
fragment of pBR313.
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Fig. 1. Dizgrammatic representation of the construction of pBR322. The parental plasmid
pBR313 was used to construct pBR318 and pBR320 by Fsti and EcoRII endonuclease
digestions respectively, These two plasmids were separately digested with Pstl and Hpal
endonucleases (pBR318) and with Pst] and Hincll endonucleases (pBR320). The heavy
lined regions from the F5tI to Hpal siles in pBR318 and {rom FPstl to Hinell sites (Sall}
in pBR320 represent the two DNA {ragments that were ligated to each other to generate
pBR321 and pBR322. The origins of replication in these plasmids were determined by
yestriction endonuclease analysis and electron microscopic examinations (unpublished
abservations). For detailed explanation, see the text. '
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The digested DNAs were mixed, ligated in vitro, and transformed into
E. coli RRI. Since neither pBR320 nor the 1.95 - 10° dalton fragment of
pBR318 carry the colicin E1 immunity gene, transformants were selected
for Ap'Ter and then screened for sensitivity to colicin E1. This transforma-
tion yielded numerous Ap*TcrCol® clones which catried plasmids (e.g. pBR
321) with a molecular weight of 3.1 - 10° daltons. As expected, this plasmid
resulted from the addition of the 1.85 - 10¢ dalton Hpal-PstI fragment of
pBR318 and the 1.15 - 108 4. PstI-Hincll DNA piece from pBR320.

From this transformation we obtained in one instance a smaller, 2.6 - 10°
dalton, Ap*TerCol® plasmid. This plasmid, possibly the result of in vivo re-
combination event near unligated termini, was missing 0.5 + 10° daltons of
DNA from a region of pBR321, not associated with Ap¥, Tcrf or DNA repli-
cation (Fig. 2). Because of its lower molecular weight compared with pBR
321, pBR 322 was chosen for further characterization of number and posi-
tion of restriction siles.

II. Mapping of pBR322 restriction endonuclease digestions

As determined by agarese and acrylamide gel electrophoresis of DNA
digests, nBR322 was found to carry unique substrate sites for the BamkEI,
EcoRl, HindlIll, Pstl and Sall restriction endonucleases. Double and triple
endonuclease digests of the plasmid {data not shown) showed that the rela-
tive positions of these sites were identical to those mapped in pBR313. As
can be seen in Figs. 2 and 3, there are only two Hincll sites in pBR322,
one located 0.17 - 10° daltons from the PstI site in the Ap' gene and the
other in TcT gene, which is also a Sall site (Bolivar et al., 1977).

The EcoRII restriction endonuclease was used to further characterize
pBR322. As shown in Fig. 4a (slot 3), pBR322 has five EcoRII sites which
yield fragments of 1.25, 0.64, 0.53, 0.22 and 0.04 - 10° daltons upon diges-
tion. Slots 3, 4, 5, 6 and 7 (Fig. 4a) show respectively, EcoRI, Hincll, Sall,
BamHI and Bgll digestions of EcoRIl-digested pBR322 DNA. In the case of
the EcoRI endonueclease digest, the largest EcoRII fragment when cleaved
gives two new fragments of 0.08 and 1.07 - 10° daltons. Slots 5 and 6 show
that Sall and BamHI endonucleases cleave the same 0.53 - 10° dalton EcoRIL
fragment as in pBR313 (Bolivar et al., 1977) and generates 0.29 and 0.24 -
10°% dalton DNA fragments after the Sall endonuclease digestion and 0.4 and
0.13 - 10° dalton fragments after BarnHI endonuclease digestion, Slot 4 shows
that the same 0.58 - 106 dalton EcoRII piece is cleaved hy Hincll endonu-
clease, generating the same 0.29 and 0.24 - 10° dalton fragments that the
Sall endonuclease produces, The 1.25 - 10° dalton EcoRII fragment is also
eleaved by HincIl endonuclease into 0.82 and 0.43 - 10° dalton fragments.
Slot 7 shows the double digestion pattern of pBR322 DNA using EcoRII and
Bgll endonucleases. Three EcoRII fragments are cleaved by Bgll endonuclease
into smaller pieces. The largest EcoRII fragment (1.25 - 10° daltons) is
cleaved into 0.57 and 0.67 - 105 dalton fragments. Bgll endonuclease also
cleaves the 0.53 - 10° dalton fragments into 0.47 and 0.08 - 10° dalton
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Fig. 2. Hincll-EcoRI endonuelease anslyses of pBR321 and pBR322, Molecular weight
estimates are based in the seven PM2 fragments generated by the HindII endonnelease
(31.4,1.34, 0.6, 0.31, 0,29, 0.14, and 0.06, the last one not seen in the gel, Wes Brown,
personal commugication) {slot 1). The Hincll endonuclecse and HinclI-EcoRI endo-
nuclease single and double digestions of pBR322 are shown in slots 3 and 2 respactively
wkile the Hincll endonuclease and Hincll-EcoRI endonuclease digestions of pBR321
are shown in slots 5 and 4 respectively. It can be geen that the 0.64 » 10* Hinell band
present in pBR322 (slot 3) (see also Fig, 3) is also present in pBR321 (slot 5). This band
carries the EcoRI site (slots 2 and 4). These data indicate that the spontaneous deletion
that generates pBR322 doex not extend to the ApT or TcT genss nor the region located
in the small Hincll fragment (0.64 « 10* daltons) in pBR321.



103

nBR322
26x10°d.

«':/;7“ &
S 3

Fig. 3. The circular restriction map of pBR322. The relative position of restriction

sites are drawn to scale on a circular map divided into units of 1 - 10% daltons (outer
circle) and 0.1 kilobases {inner circle). The estimated size of the Ap¥ and Tcf genes
represented in the figure were determined indirectly on the basis of the reported values
for the size of the TEM g-lactamase {(Datta and Richmond, 1966) and the TcT-associated
proteins detected in the miniceli system (Levy and McMurry, 1974; Tait et al,, 1976).
Pasitioning the left-hand boundary of the Tef gene was based on our knowledge that
cloning into the EcoRlI site of pBR313 did not affect Tef while cloning into the HindIII
site did affect the Te* mrchanism, The position and size of the Tef region is also con-
sistent with the orientziisn of the TnA in pBR26 (Bolivar et al,, 1977). Only ten out

of twelve Faell and Alul and seven out of seventeen Haelll substrate sites are repre-
sented on the cireulas mep of pBR322, The position of two of the ten Aful sites lccated
at 1.8 - 10* daltons aad 1.86 « 10* daltons were mapped on a 0,7 - 10° dalton plas-
mid which cncompasses this region of pBR322 (unpublished observation).
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Fig. 4a. Acryicmide gel electrophoresis of EcoRil-cleaved pBR322 DNA. Analysis of
EeoRIl endonuclease (si -~ 2) and double endonuclease EcoRIT-EcoRI digestions (slot
3). EcaRII-Hincll (slot 4), EcoRII-Sall (slot 5), EcoRIl-BamHI (slot 6) and EcoRIi-

Bgll (slot 7) of pBR322 DNA. The seven Hindlll-generated fragments from the DNA

of phage PM2 (slot 1) with molecular weights of 3.5, 1.34, 0.6, 0.31, 0.29, 0.15 and 0.06
{Wes Brown, personal communication) were used as molecular weight standards. For
explanation see the text,

pieces. The 0.22 - 10¢ dalton EcoRII fragment is cleaved by Bgll endonn-
clease into 0.16 and 0.06 - 10° dalton DNA fragments. These data allow us
to localize four EcoRII sites in the pBR322 map (Fig. 3).

The Alul endonuclease cleaves pBR322 into approximately 12 fragments
(Fig. 4b, slot 2). Four Alul sites were mapped by analysis of the molecular
weights of DNA fragments generated by double endonuclease digestion
(Fig. 3). By comparing the Alul fragments of pBR318 and pBR320 (data
not shown), we have tentatively localized four additional Alul sites in the
map of pBR322. The Alul site located between the EcoRI and the HindIIl
sites (Fig. 3) was determined by DNA sequencing (J. Shine et al., unpublished
observations).

Using the same strategy of the analysis of double digestion patterns we
were able to locate 10 out of 12 Haell sites and the 3 Bg!l sites present in
the pBR322 mep (Fig. 3) (data not shown).

IIL. Cloning properties of pBR322
(a) Cloning in the Ter gene. 1t has been previously shown {Rodriguez et al.,
1976; Bolivar et al., 1977) that the HindIIl, BamHI and Szl sites are present
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Fig. 4b. Acrylamide gel electrophoresis of ‘Alul endonuclease digested pBR322 DNA,
Analysis of Alul endonuclease (slot 2) and double digestions of Alul-EcoRI (slot 3),
Alul-BomHI (slot 4}, Alul-Sall (slot 5}, Alul-Hinell (slot 6), and Alul-Fsti (slot 7) enda-
nuclaases pf pBR322 DNA, The seven HindlH generated fragments from the DNA of
phage PM2 (slot 1 and 8) were used as molecular weight standards. It can be seen that the
second largest Alul endonuclease generated fragment (0.43 » 10* daltons) is eleaved

by the EcoRI endonuctease generating 2 0.42 - 10* daitons band and 2 0,01 » 10¢
dalton fragment not seen in the gel, BamBI endonuclease ¢leaves the 0.38 - 10" dalton
fragment into two fragments of 0.2 and 0,18 - 10* daltons. Scll endonuclease cleaves
the same 0.38 » 10* dalton Alul fragment generating a picce of 0.34 « 10* daltons

and a small one of 0,04 » 10* daltons (not scen in the gel}. Hinell endonuclease cleaves
two Alul fragments; cleaves in the Soll site generating the same 0.34 - 10* dallon Alu)
fragment. The relative positions of these fragments can be seen in Fig. 3,

in the Tc* gene(s) carried by pBR313. Since these sites are in the same rela-
tive position in pBR322, we assumed they are assocjated with the Te' gene(s)
present in £his plasmid. To confinm this point, DNA fragments from E. eoii,
Drosophiia melanogaster, and Neurospora crassa were produced by digestion
with Hindlll, BamHI and Sqll restriction endonueleases and cloned into their
respective sites in pBR322, These recombinants were AprTcs (Table II). In-
sertion of DNA fragments into the EcoRI site, as in pBR313, does not, affect
the expression of the Te™ mechanism.

{b) Cloning in the Ap™ gene. 1. Cloning into the Pst] site, To confirm the
obzervation that the Pstl site in pBR322 is located in the Ap* gene, we have
cloned several fragments of DNA in Psti site of this plasmid (see Table II).
Dstl generated fragments of the plasinid pMB1 (Betlach et al., 1976) were
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ligated into the Psil site of pBR322 and transformed into RR1. Transfor-
mants were selected for Ter and screened for Aps phenotypes. This experi-
ment resulted in the cloning of five diffcrent Ps¢I frapments representing
nearly the whole pMBL1 genome (Table I1}).

The unique P51 site in pBR322 provides two advantages for the moleenlar
cloning of DNA by means of the homodeoxypolymeric DNA extention
technique (Lobban and Kaiser, 1973). First, the Pstl site, which has the
sequence C T G C A G(Smith et al., 1976) provides a protruding 3'OH which

TABLEII
MOLECULAR CLONING OF VAR[IOUS DNA FRAGMENTS IN pBR322

Saurces Restriction endenuclease substrate site
EeoR1 Hinctill BamHJ Sall Hincll* Pstl
N. crassa 2.8 2.0 4.5 2.6
1.1 1.8 3.2 1.1
2.1 0.8
0.5
pMB12 2.76°
2,74
pMB1 2.82¢
1.16
07
0.5
0.25
pCB6&1f 1.7
D, melanogaster z.38
4

8 Hincll site located in the g lactamase (ApT) gene.

b pMB1 is 2 clinical isolate plasmid that carries the EcoRI restriction and modification
genes as well as the colicin E1 production and colicin E1 immunity genes (Betlach et 2.,
1976).
¢ pMB1 Hinell fragment carrym'g the EcoRI restriction and modification genes (Greene
et al, 1976, manuseript in preparation).

d pBM1 Hinell fragment earrying colicin E1 production and colicin E1 immunity genes

¢ There are six Pst] fragments in pMB1. The sixth has a moleculat weight of 0,046 - 10¢
daltons and was not identified in the agarose gel screenlag procedure,

f pCB61 is a pBR322 derivative plasmid carrying 2 1.7 » 104 dalton fragment of DNA
cloned in the HindIil site. This fragment was isolated fram the ThA transposon, and pos-
sibly carries a gene(s) involved in the translocation of the ampicillin translocon (Covar-
rubjas et al., unpublished observations).

% These fragments were cloned by the homopolymer extension technigue in the Pst] site
of pBR322 and can ke recavered after Pst] digestion of the recomhbinant plasmid DNA
{A. Dugaiczyk, personel cammunication),
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is a direct substrate for terminal transferase. Secondly, b extending the
Pstl site in the plasmid with poly dG and the DNA to be cloned with poly
dC, it is possible to regenerate two Pstl sites after annealing and repairing
these two species of DNA in vivo or in vitro.

By filowing this procedure, dC tailed Drosophila melanogaster DNA has
been successfully cloned into the dG tailed Ps¢l site of pBR322. Transfor-
mants were selected for Tef and screened for Ap® phenotypes. Two out of
five Drosophila melanogaster DNA fragments cloned in this way had restored
Pstl sites (Table II).

(b) 2. Cloning in the Hincll sites of pBR322. The Hincll restriction endo-
nuclease which generates blunt-ended DNA fragments, recognizes two sites
on pBR322. One of these sites is located in the Tcr and is also recognized by
the Sall endonuclease, while the other site is located in the Ap® gene, 0.17 -
10% daltons from the Pstl site. To demonstrate the cloning of blunt-ended
DNA fragments into the Hincll site of the ApT gene, we used Hincll digested
pMB1 DNA which consisted of two fragments, 2.7 - 10° daltons and 2.75 -
10° daltons (P. Greene, unpublished observations). In order to preferentially
cleave the Hincll site in the Ap' gene, pBR322 DNA was {irst cleaved with
Sail endonuclease followed by a Hincll endonuclease digestion. These diges-
tions generated two DNA fragments each possessing one cohesive end (Sall
site) and one blunt end (Hinell site). The pMB1 and pBR322 DNA were
ligated under conditions to promote blunt-end ligation (see MATERIALS AND
METHODS) and transformed into E. coli RRI. After selecting Tcr transfor-
mants and screening for Aps, two out of four TeFAps transformants were
1ound to contain recombinant plasmids carrying each of the two Hincll
fragments of pMB1. The two remaining Tz Aps transformants were found to
carry pBR322 plasmids with no detectable change in molecular weight but
only one Hincll site equivalent to the Sa/l site. We believe that these plusmids
may result from in vivo recombir.ation at the unligated HinclIl termini lead-
ing to the loss of hoth the Hincll site and Ap*.

IV. Properties of pBR322 in the E. coli strain X1778

The plasmids pBR322 and pBR313 could be used in E. coli X1776 as an
EK2 system if it can be demonstrated that these vectors do not affect the
survivability of E. coli 1776 (National Institutes of Health, USA, Recombi-
nant DNA Research Guidelines, 1976). Therefore, pBR322 and pBR313
were transformed to the E. coli strain X1776 and examined for cell death in
medium devoid of DAP, thymine and medium containing bile salts. DAP-less
death of E. coli X1776 harboring these plasmids is as efficient as in that
shown for E. coli X1776 alone (Fig. 5). Table III shows the plating efficien-
cies of the strains X1776 with and without the plasmids on media containing
increasing concentrations of bile salts or Jacking thymine. As in the DAP-less
experiments, neither the pBR322 nor pBR313 affects the plating efficiency
of X1776 under these conditions.
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Fig. 5. DAP-less death of X1776, X1776(pBR313) and X1776{pBR322). For each of
the strains the following procedure was performed. 500 ml early log cultures (~5 + 107
to i« 10* cellsfml) grown in LB + DAP (200 pgfml) + Thy (50 pg/ml} were centrifuged.
The cells were washed with BSG* and resuspended in 5 m} BSG. The resuspended cells
were used to inoctulate DAP™ medium (LB + Thy — NaCl) and DAP* medium (LB +

Thy + NacCl) using 0.5 m! of cells to 100 ml medium in each of 10 separate 250 ml
erlenmeyer flasks. Cultures were incubated at 37°C with shaking. Samples were removed
at various times from a frash flask each time in order to reduce risk of contamination.
The tamples were titered on LB agar + DAP + Thy. Time points at 0.2 and 5 h were
taken on the control celis grown in medium with DAP to verify their continued growth,
At 24 h and Jater, cells were concentrated by filtering and the Millipore filters placed

on LB agar, The dotted line indicates the titer at which the number of colony-forming
unit have deeres<ed by 10" from the original titer. A—a, X1776 alane; o——o, X1776
(pBR313); 3—e, X1776 {(pBR322).

Data presented in Table IV show the mobilization of pBR313 and pBR
322 by de-repressed FI or FII R plasmids from “wild-type” E. coli K12 C800.
In this case both plasmids are co-resident in the same cell and are mated di-
rectly with a wild-type E. co!i K12 recipient cell line, SF185. Asshown in
Table IV, one can demonstrate that if F is coresident with wild-type ColEl,
af the time of conjugation, ColE1 is mobilized at a frequency of about 0.5/
recipient cell in 24 h. When F-Km or Rldrd19 are co-resident with pBR313
or pBR322, it is clear that mobilization occurs at a very low frequency. It is
also clear that, relative to ColE1, pBR313 and pBR322 are less likely to be
directly mobilized from either wild-type E. coli K12 or X1776 by de-repres-
sed F-like plasmids.

Table V shows the transfer of pBR322 and pBR313 from F. coli C500
and E. coli X1776 in iriparental matings using conjugative plasmids of various
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TAELE III
PLATING EFFICIENCIES OF STRAIN X1776 (pBR313) AND X1776 (pBR322) ON
MEDIA CONTAINING BILE SALTS OR WITHOUT THYMINE

Cultures were grown with shaking at 37°C in LB containing DAP (200 pg/m!) and thymine
(50 pg/ml) to about 1—2 « 10*/ml. Cellswera pelleted by centrifugation, washed with BSG
and eoncentrated 100-fold in BSG. Dilutions were made in growth medium and plated on
the appropriate plates. Plates were incubated at 37°C.

Medium Plating efficiency®

X1776 X1776 {(pBR313) X1776 (pBR322)
L agar + DAP + Thy + 0.15% bile salts <6,25-10% «7.14 .10 2.0 - 1077
L agar + DAP + Thy + 0.37% bile salls <6.25 .10  4.29-1D" 2.87 .10
L agar + DAP + Thy + 0.75% bile salts <6.25-10" 2.6 .1D" 2.4 .16
MICAA agar + DAP + biotin (0.5 ugim!) 2 -10™ <714 - 10" 6 -10"

& Plating efficiency was calculated using the titer of X1776, X1776 (pBR313) or X1776
{(pBR322) on L agar + DAP + Thy (without bile salts).

‘incompatibility groups. Since the FII, I and N compatibility groups comprise
over 85% of the conjugative plasmids found in E. coli of healthy humans and
animals, we focused upon these and two additional conjugative plasmids.
Given the results shown in Table IV, it is not surprising that we could not
detect (<10® per final recipient cell in 24 h) any instance for the mobiliza-
tion of pBR313 and pBR322 from either C600 or X1776 in triparental mat-
ings. As a control an intermediate strain carrying the non-conjugative plas-
mid pRSF2124 was included. pRSF2124, a ColEl derivative to which the
ApT gene has been transposed, could be mabilized by F-Km at a frequency
of 10 per final recipient cell within 4 h.

DISCUSSION

A new amplifiable cloning vehicle, the plasmid pBR322, which improves
the cloning characteristics of the parental plasmid pBR313 (Bolivar et al.,
19717), has been constructed by in vitro recombination techniques.

pBR322 was constructed in order to have a plasmid cloning vector with a
single Ps¢1 site in addition to those unique restriction sites already present
in pBR313. Of the three Pstl sites in pBR313, the one located in ths Apr
grene provided the most useful site for cloning purposes. The advantages of
having a single Pst] site located in the Ap' gene are the following: (1) mole-
cular cloning of PstI endonuclease digested DNA fragments into the Pst1
site will lead to the Inactivation of the Apr gene thus allowing for the detec-
tion of cells carrying recombinant plasmids by means of their Aps-TcT pheno-
types; (2) the benefits for molecular cloning by means of homodeoxypoly-



TABLE 1V
MOYILIZATION OF pBR3L3 AND pBRA22 by briparenia] matlog?

Eeoli R Inc. Drug Donor Caoo CGoo X178 X1770
Kl2donor plamid  group resls: cella control control
tance mi{=18'} 1h 24h Ak 4h 1h 24h
pREF212Y pRSFIL2Y
pRRMI  pBR3IZZ  pBRII  pBRI2Y pDH3II3  pBRI22  pHRAI  phRI22
453 FXm Fl Km® ) <10 <10 <10" 10" 2.0 N.nb <10 <10t <10% <10
5.3 Rided Fil KmfSuf, 1 <104 <10" <ot HY N.D, <10 <10 <10 <1o" <10
Ap', Sm?,
Cmt
J5-3 B4 I Km'Tef L] <10 <10 <10 10 <lpt N.D. <10 <10 <10 <10
353 N2 N Tel, 5m* & <10 <10 <10 1w <ot <10 <10 <10" <10 <10
Sut .
453 B2 W Smt, Suf, 2 <10 <107 <107 10" <10 1) 8 <10 <10t <10n <10"
Cm', Km"
953 nsF1od0 X M 4.8 10" <10 <107 {1 <10 N.D, <10 <10 <10 <10*

* A triparental mating b one In which the conjugative plasmid resldes in one straln {donot), the noncenjugative plasmid 1o be tested for mobilization In another (intermediate) and a third
strain carrying a chromosomal marker serves as the Hnal coglplent. Selection s made for the reslstapee markess prosent an the noncohjugative plasmid and the chromotome of the fnal
reciplent. The Intermedinte stralna wore E. colf 1112 elther CGO0 or X1776 contalning the clonlng vehicle pBR313 or pHRA22. The fina) reciplent was &, coll K12 W1486-1 Nx®, Cultures
were grown at 37°C in LB pluz DAP and thymine. Matinga were done by addition to a 250 ml ftask of 6 ml each of a culture of the danor stenin containing ths conlugative R plasmid elther
€600 or X1776 containing either pBR3I1A or pBR222 and the final recipient W1486-1. Matings were corried out withoul rhaking for the indicoted perlods of Lime, The mating miztures
were plated {0.1 £} on MacConkey agar containing 20 ug/m! of elther telracyeline or amphicillin, CG00 (pRSF2124) was included us a cuntrol. pRSF2124 is already Impaired in its
mabilization as compared Ip ColElL.

Concentrations {cells/ml) of Intermediaie and final recipient atralns:
€600 {pBRILY) Can (pBRI2Z) 600 (pRSF21234} X1776 (piR313; X776 {piR322) Wi485-1

Exp, 1 9,2+10° 4.7 100 3.7 -10" 2.10" 210 1-.10°

b N.B,, not done.
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maeric extension are two-fold. Not only is the protruding 3'OH of the cleaved
Fsil site a direct substrate for N-{exminal transferase, but the insertion of
C-talled DNA into a G-ailed plasmid generates two Pstl sites afier polymeri-
zation and ligation in vitro or in vivo. This will allow for the recovery of the
cloned DNA fragment after digesting the recombinant plasmid with the Pstl
endonuclease. In addition, the main properties of pBR313 are conserved in
pBR322 in that the cloning of Eindlll, Sa{l and Bam1 endonuclease gene-
rated fragments in pBR322 continues to inactivate the Ter gene, Screening
for Tc sensitivity and therefore recombinant plasmids can be imposed on the
transformed culture. Cloning of PstI fragments in the appropriate site of
pBR322 zlso inactivates one of the antibiotic.resistance genes, In all of these
cases recombinant plasmids in transformed cells possess anly one functional
antibiotic-resistant gene.

Although the relative positions of the EcoRI and Hindlll sites appear to
be the same in both pSC101 and pBR322, cloning into the EcoRI site of
pBR322 does not affect the level of Te* as reported for pSC101 {Tait et al.,
1977). Cloning of DNA fragments with one EcoRI terminus and the second
lerminus generated by one of the four endonucleases mentioned abaove into
the appropriately digested plasmid will inactivate the TcT or Ap® functior.

Recent experiments of Heyneker et al. (1976) have demonstrated the use-
fulness of molecular cloning by blunt-end ligation. Therefore, the presence
in pBR322 of anly two substrate sites recognized by the HinclIl endonuclease,
which generates blunt-ended DNA fragments, makes this plasmid a potential
vector for cloning by blunt-end ligation. Cloning by biunt-end ligation has
been achieved in the Hinell site of the Ap* gene when thic site was preferen-
tially cleaved by the Hinell endonuclease by prior digestion of the Hincll
site in the Tef gene with Sl endonuclease.

A low frequency of plasmid transmissibility has been established by the
Mational Institutes of Health, USA, Recombinant DNA Guidelines as one of
the most important safety features of a plasmid cloning vector. On the basis
of the data presented in this paper, we feel that pBR313 and pBR322 within
E. coli X1776 constitutes an improved EK2 host-vector system which can be
used for the cloning of a variety of DNAs. Although the mechanism for
mobilizing non-conjugative plasmids has received little attention, it is interest-
ing to note that the frequency of mobilization of pBR313, pBR322 and
pMB3 (R. Curtiss III, personal communication) has been significantly reduced
with respect to wild-type ColEl. It has been recently repoited (Gordon
Dougan, personal communication) that a gene associated with high mobiliza-
tion frequency has been mapped on the wild-type ColE1 plasmid. Therefore,
ColEl derivatives which involve deletions {pVH51) and enzymatic rearrange-
ments (pMBY, pBR313 and pBR32%) may result in the loss or alteration of
mobilization. Although transposition of the Ap* and Te* genes of pBR313
and pBR322 cannot be ruled out, experiments designed to test for this pos-
sibility have proven negaiive {data not shown).
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