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The endogenous plasmid pRA2 from Pseudomonas alcaligenes NCIB 9867 was determined to have 32,743 bp
with a G+C content of 59.8%. Scquence analysis predicted a total of 29 open reading frames, with approxi-
mately halt of them contributing towards the functions of plasmid replication, mobilization, and stability. The
Pac25l restriction-modification system and two mobile elements, Tn5563 and 1S1633, were physically localized.
An additional eight open reading {rames with unknown functions were also détected. pRA2 was genctically
tagged with the QStr/Spc” gene cassette by homologous recombination. Intrastrain transfer of pRA2-cncoded
genetic markers between isogenic mutants of P. alcaligenes NCIB 9867 were observed at high frequencies (2.4 x
107 per donor). This transfer was determined to be mediated by a natural ‘transformation process that
required cell-cell contact and was completely sensitive to DNase I (1 mg/ml), Efficient transformation was also
observed when pRA2 DNA was applied directly onto the cells, while transformation with foreign plasmid DNAs
was not observed. pRA2 could be conjugally transferred into Pseudomonas putida RA713 and KT2440 recipients
only when plasmid RK2/RPd transfer functions were provided in trans. Plasmid stability analysis demonstrated
that pRA2 could be stably maintained in iis original host, P. alcaligenes NCIB 9867, as well as in P. putida
RA713 after 100 generations of nonselective growth. Disruption of the pRA2 pac257 restriction endonuclease
gene did not alter plasmid stability, while the pRA2 minireplicon exhibited only partial stability. This indicates

that other pRA2-gncoded determinants could have significant roles in influencing plasmid stability.

The adaptive abilities of Pseudomonas species that allow
‘hem to grow in the polluted ‘environment have made them
«deal biocatalysts in bioremediation studies. Genetic diversity
areatly enhances the adaptive abilities of bacteria, and this
Jiversity can be accelerated by the horizontal exchange of
Jenetic information, processes in which plasmids play a prom-
:nent role, Horizontal transfer of plasmids can occur by con-

;ugation, transformation, and transduction. Both conjugation

and transformation are active bacterial processes that require
genetic information that is provided by either plasmids or their
bacterial hosts.

Investigations into the processes of conjugal transfer among
gram-negative bacteria have shown that conjugative plasmids
require a cis-acting component known as the origin of transfer
(oriT) and numerous genes involved in DNA processing and
mating pair formation (52). In IncP and related plasmids, the
process of conjugal transfer is initiated by the binding of Tral
to oriT (33), followed by strand-specific nicking by Tral (27). A
third DNA-binding protein, TraK, was also found to be im-
portant to the formation of this protein-DNA complex (55),
and when it is assembled, it is often referred to as the relaxo-
some. These plasmid-encoded proteins seem to have devel-
oped a speciﬁc activity for their own oriT sequences and are
not effective in mobilizing plasmids with divergent oriT se-
quences. Mobile plasmids Tack some of the tra genes that are
essential for conjugal transfer but can be transferred between

* Corresponding author. Mailing address: Programme in Environ-
mental Microbiology, Department of Microbiology, Faculty of Medi-
cine, National University of Singapore, 10 Kent Ridge Crescent,
Singapore 119260, Singapore. Phone: 65 8743674, Fax: 65 7766872.
E-mail: micpohcl@nus.cdu.sg.

81

bacteria if a coexisting plasmid provides the necessary proteins.
A mobile plasmid usually requires its own oriT in cis and the
products of its own specific relaxosome genes before it can be
effectively transferred by a conjugative plasmid.

Transformaticn is another mechanism of horizontal genetic
transfer that occurs in bacteria, a process in which extraceliular
DNA is actively imported from the environment. Double-
stranded DNA is hydralyzed into a single-stranded form and
transported across the membrane into the cytoplasm, where it
may recombine with the host genome (24). Natural transfor-
mation in Pseudomonas has previously been reported for
Pscudomonas stutzeri ATCC 17587, Pscudomonas mendocing
ATCC 25411-13, Pseudomonas alcaligenes ATCC 12815, and
Pseudomonas pseudoalcaligenes ATCC 17443 (7). In P. stutzeri,
it was found that only chromosomal DNA was effective in
natural transformation. while foreign plasmid DNA was not (7,
8). Transformation”was found to be more efficient when the
DNA was provided as a component of intact cells rather than
in a solution (38).

F. alcaligenes NCIB 9867, which harbors the cryptic plasmid
pRA2, is capable of utjlizing 2,5-xylenol, 3,5-xylenol, and m-
cresol as a sole carbon and energy source (i6). Previous re-
ports on pRA2 described a replication region that was novel in
sequence (23), a functional transposon, Tn5563 (48), and the
Pac25% restriction-modification (R-M) system (47). Here we
report the complete nucleotide sequence of the plasmid and
discuss the genetic organization and the predicted gene prod-
ucts that are encoded by pRA2. We found that while pRA2 is
not self-transmissible, plasmid-carried genetic markers can be
transferred efficiently between isogenic mutants of P. alcali-

genes NCIB 9867 via a natural transfornation process.
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TABLE 1. Bacterial strains and plasmids used in this study

1. Bacrerion,,

Strain or plusinid

Relevant characteristics®

Reference or source

Pscudomonas
P. alcaligenes NCIB 9867
P. alcaligenes P25X14
P. alcaligenesc P25X19
P alcalizenes P25X20
P. putida RA713
P putida RAT13RitNal
P. putida KT2440
P. putida KT2440RitNal

Wild iype, 2,5-xylenol™ 3,5-xylenol™ mi-cresol
Str'/Spe’, pRAL4

Str'/Spe’, pRALY

Kan', TnS insertion into NCIB 9867
Plasmid-free derivative of NCIB 986y

Rif* Nal', spontaneous mutant of RA713
Restriction-deficient derivative of P, putida mt-2
Rit" Nal', spontancous mutant of KT2440

16

This study
This study
This study
17

This study
2

This study

E. coli
DH3a F~ $80dlucZAM15 A(lacZYA-argF)U169 deoR recAl endAl hsdRI7(r " my ") 32
PhoA supEdd N\~ thi-] LrA96 relil .
DH10B F~ mcrA A(mirr-hsd RMS-merBC) $80dlacZAMIS A(lac)X74 deoR recl 25
araD139 Mara leu)7697 gall 8alK rpsL. endAl nupG
DF1 F merB mrr hsdS20(r,™ my™) supEdd ara-14 galK?2 lacY] ProA2 rpsl.20 (Str') 43
-5 N7 leuB6 mul-1 Asrl-recA )306 ¥v8~ tnpA* Cam’
S17-1 thi pro hsdR hsdM™ recA RP4 1rq 36
Plasmids -
pRA2 Cryptic endogenous plasmid from £, alcaligenes NCIB 9867 23
pVKI182 pRAZ minireplicon: pRA2 replication region cloned into BamHl and gene 23
casseite from Tn3 conferring KAN resistance cloned into the Hindlll sites of
pUCI18
pHP430 Source of QStr/Spc’ 30
pSUP202 PBR325 derivative, Amp’ Cam* Tet* meb~ 36
pRAL4 PRA2 puc251 R:QSt/Spet (replaced nt 20373 10 20396) This study
pRA1LY pRA2 Tn5563:0051"/Spe’ (inserted at nt 13355) This study
pRK413 IncP Tet' lacZ mob, broad-host-range cloning vector 21
pPSK1 19,386-bp PstI fragment from PRA2 cloned into pRK415 This study
pPSK2 6.311-bp PstI fragment from PRA2 cloned into pRK415 This study
pPSK3 3,405-bp Pstl fragment from PRA2 cloned into pRK415 This study
pPSK4 2,794-bp Psil fragment from pRAZ cloned into pRK413 This study
pPSK3 847-bp PstI fragment from PRA2 cloned into pRK415 This study
pDelta2 PBR322 replicon, Amp™ Kan' Suc> Sir* lacZ 43
pVLT33 IncQ Kan' P, lacrd mob, broad-host-range cloning vector 10
pMMB67EH IncQ Amp’ P, lacl* mob, broad-host-range cloning vector 12
RK2ZRP4 IncPa Amp” Kan' Tet” 1rq, endogenous plasmid 9
©Amp’, Rand. Su, Spe', Ter!, Cam', Rif?, and Nal© indicate resistance 1o the respective antibiotics. Str and Sue® indicate sensitivity to STR and sucrose. respectively

mids. mobniized by RK2:RP4 transfer functions, tra, RK2RP4 transfer functions, nt, nucleotide.

MATERIALS AND METHODS

Bucterial straing, plasmids, and growth conditions. The relevant propertics
plasmids are Listed in Table 1. Excherichia cols
a broth (LB), and Pseudomonay species were
al salts media (MMB) (15} supplemented

and sourees of buctenal strains und
strams were grown at 37°C in Luri
grown at 32°C i either LB or minim

were recloned inte pDELTA2, and nested defetions were obtained with the
Deletion Factory System (Late Technologies, Ing., Rockville, Md.). Detetion
clones were purified by the modified alkaline tysis methad (5). DNA templates
were labeled for sequencing with the Al Tug Dye [
(PE Applicd Biosystems, Foster City, Calif.) and sequencing was performed with

deaxy Cycle sequenaing kit

an ABI 373 DNA cer (PL Applied systems). The terminal regions of
with sodiun lactate (20 mM). All liquid cultures were grown in flasks and placed " i wepe T P Applied Biosysiems). The termina fepions o

in an orbital-shaking incubator se

tat 200 rpm. P alcaligenes NCIB 9867 was pUCI18-cloned DNA were sequenced with the MIBFWD (5-GTA AAA CGA

3 .3 : - - A s
maintained on MMB with 2,5-xylenol (2.5 mM) as the sole carbon source, Oxoid CGG CCA GT-; ) and MI3REY (GAT AAC AAT TTC ACA CAG Ga)

ificd agar (15 giter) was added 1o the nedia when required. Wi o primers. Deletion clones in PDELTA2 were sequenced with primers designed
puntiec agar (13 gliter) was a o¢ 1o the media when required. When fecessury. from the SP6 (ATT TAG GTG ACA CTA TAG) and T7 (TAA TAC GAC TCA
mecCia were supplemented with antibiotics at the foliowing concentrations: am-

picillin (AMP), 100 ng/ml; Kanamycin (KAN), 23
100 pg/ml; streptomycin (STR), 100 ug/ml; tetra

o AR S0 o ofml- . complete the plasmid sequence inibath strands,
tampin (RIF), 100 ugjml; naliduxic acid (NAL), 50 pg/ml; and chloramphenicol DNA sequence analysis. DNA 'sequences were edited and connected, and

(CAM), 15 wymil.

R e CTA TAG GG) promoters. Additional sequencing primers were manufactured
ggcjlr:r]lle ?p;é};r;oq?c;';/(n?r C‘_?' on an ABI 392 DNA synthesizer (PE Applied Biosystems) and were used to

DNA manipulation. Plasmid pRA2 was isolated by alkaline lysis and purified rcsmc‘non sites und pqlcnu_al open reading framc§ (ORFS). were 'Oca‘.‘:d by‘lhc
through a ceslium chloridc-clhidpium bromide density gradient as described pre- DNASIS program (Hitachi Sofiware, San Francisco, Calif.). Potential Shine-
viously (32). Restriction endonucleases, polymerases, T4 ligase. and calf intesti- Dalgarno sequences were located manually, and ORFs that were considercd
nal phosphatase were purchased from New England Bidlabs, Inc. (Beverly, likely 1o bn? tmnscnbcd‘wcrc aualyzc_d with BLAST(I) (hllp://\vww:ncbn.nlmmh
Mass.) and used according to the manufacturer's instructions. DNA cloning -¥°V/BLA5T/)~_C°"‘P°“5°"S of predicted pRA2 protein sequences in relation to
procedures were performed by standard techniques (32). PCR primers were other protein sequences were exprassed in percentage identity. Culcylunons were
synthesized on un ABI 392 DNA synthesizer (Perkin-Elmer, Norwalk, Conn.) done by aligning sequences with the DDBJ malign and clustal alignment pro-
and used in PCR with DyNAzyme 11 DNA polymerase (Finnzymes, Riihiton- grams (hitp:/Avww.ddbj.nig.ac jp/searches-c.html), with a gap penalty of 8 and 2
tuntie, Finland) on 2 DNA Thermat Cycler 480 (Perkin-Elmer). PCR products sap kength of 3 and by dividing *heltotal number of matches by the total number
were puritied with GFX spin columns (Amersham Pharmacia Biotech AB, Upp- of residues in tie shorter sequencd.
sala, Sweden) and cloned with the PGEM-T Easy Vector System 1 (Promega, Insertion of QStrSpe’ into plismid PRA2. Plasmid pRA2 was genetically
Madison, Wis.). tabeled with the QSU'/Spet gene tassette (30) by first cloning the 3.4-kb Py}

DNA sequence determination. Plasmid libraries were obtained by cloning fragment from pRAZ into pUCI1S, giving rise to pSK183. The Scal restriction site
PRA2 Pstl and Agel restriction fragments into pUCI8. Cloned DNA was putitied lacated in the c2ntral region of the!insert was a suitable site for the insertion of

with the Wizard Plus Minipreps Kit (Promega). Large DNA fragments (>10 kb) £3Str/Spe (2.0 kb) that had been ¢

leaved with Smal. The selection of transfor-
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FIG. 1. Genetic and physical maps of plasmid PRA2 as deduced from the DNA sequence. The complete genome is represented by three horizontal lines that are

marked in kilobase pairs (kbp) and drawn to scale. Predicted gene products are

illustrated above the genome by shaded arrows (function predicted) and solid arrows

(unknown function). The plusmid has been separated into regians that are involved in replication, stability, and mobilization. The mobile clements Tn33563 and 187633

are also shown, and their terminal inverted repeats are marked by unshaded arrowheads. Solid arrowheads re

of the Pwl, EcoR). Ndel, and Bgll! restriction sites are shown {positions in base
181633 and its gene, ipA2, but both of these elements are in fact continuous.

mants with media containing AMP, STR, and SPC allowed for the isolation of
the plasmid. pSK183). which was then digested with Pyil. The cleaved 5.4-kb
Pstl restriction fragment was purified and cloned into pSUP202, forming the
suicide construct pSUP3{1. pSUP3(} wag transformed into $17-1. which was then
diparentally conjugated with P, alcaligenes NCIB 9867, Ste’/Spc’ transconjugants
appeared at an approximate frequency of 10~% per donor cell. To distinguish
between single crossover and double crossover events, transconjugants were
replica plated onto LB plates with and without tetracycline. Plasmids were
examined by restriction analysis from transconjugants that were tetracycline
sensitive.

Conjugativn experiments. Diparental matings were achieved by growing do-
stor and recipient cells sepacately in 10 mi of LB medium containing the relevant
antibiotics until stationary phase. Cells were harvested, washed twice with sterile
LB, and resuspended in | ml of fresh LB. One hundred microlitess of the
recipient suspension was spotted onto a filter (Whatman cellulose nitrate mem-
brane, 0.45-um pore size, 25-mm diameter) placed on a prewarmed LB agar
plate. When excess iiquid had been absorbed through the filter (3 10 10 min). an
¢qual volume of the bacierial donor was placed onto the recipient celis. The filter
was wcubated at 32°C for 24 h, removed from the LB plate, placed in § ml of
sterile MMB (without curbon source), and vortexed vigorously 10 resuspend the
cells. The suspension was then centrifuged, and the supernatant was discarded.
Cells were resuspended in 1 ml of MMB, and aliquots of 100 ! w=re plated onto
the respective selective media, Transfer frequencies were expressed as the num-
ber of transconjugants per donor CFU sfter the mating period.

Transformation of plasmid-encoded genetic markers. DNA exchange exper-
iments between P25X19 (Str'/Spef) and P25X20 (Kan") isogenic mutants were
performed by mixing the two strains on a solid surface and in liquid medium and
also under conditions that prevented cell-cell contact. In all of these experiments,
bacterial strains were grown in LB until they reached stationary phuse, harvested,
and resuspended in 1 ml of fresh LB. For mating experimenis on a solid surface,
the procedures were the same as in the conjugation experiments. In liquid
experiments, donor and recipient cell suspensions in LB were mixed in an
Eppendorf wube. For DNA exchange under conditions that prevented cell-cell
contact in liquid media, a 24-well tissue culture plate (Transwell 3423; Costar,
Cambridge, Mass.) that provided adjacent chambers separated by a polycarbon-
ate membrane of 0.1-pm pore size was used. The membrane should allow for the
passage of DNA but not bacterial cells. Bacterial donors (100-j! aliquots) were
placed in the upper chamber while recipients (100-j! aliquots) were placed in the
lower chamber with an additional 500 ! of fresh LB. When required, DNase 1
in 20 mM Tris-HCl (pH 7.5) containing 1 mM MgCl; was added to mating
experiments. Cultures from all of these experiments were incubated at 32°C for
24 h, without shaking. Cells used as recipients in all DNA transfer experiments
were washed twice with sterile MMB. Serial dilutions were then plated onto both
selective and nonselective media. Experiments involving direct application of
purified plasmid DNA were performed under the same conditions as described
above except that the appropriate amount of plasmid DNA was suspended in
sterile LB before addition to the recipients.

present the seven iterons of the replication region. Al
pairs [bp]). The Bgll! site was arbitrarily taken as coordinate 1 and appears 1o cleave

Plasmid stability analysis. Pyeudomonas strains containing the plusinid to be
assayed were grown overnight in LB medium with antibiotic selection for tie
plasmid. The culture was then dlyted 10%fold in fresh media without antibioties
und grown to stationary phase. Since the doubling of cell mass 15 equivalent to
one generation, a 10*-fold increase in cell mass is approximately 10 generations.
At intervals of 20 generations, cultures were serially diluted, plated onto nonse-
lective media, and incubated overnight at 32°C. The dilution step was repeated
until the cultures had grown for 100 generations. Colonies were randomly traus-
ferred 1o selective media, and aftef incubation, the colonies were quantitated tor
plasmid retention. :

Nucleotide sequence accession tf;umbcr. The complete DNA sequence of plas-
mid pRA2 can be found in GenBank under the accession no. Ussiss.

RESULTS

DNA sequence analysis. (i) Nucleotide sequence and genetic
organization of plasmid pRA2. Plasmid PRA2 is a circular
DNA molecule consisting of 32,743 bp and has a total G+C
content of 59.8%. The deduced physical and genetic maps of
pRAZ2 are illustrated in Fig. 1. pRA2 is predicted to contain a
total of 29 ORFs that are likely to give rise 1o functional
proteins. The predicted characteristics of pRA2-encoded gene
products are listed in Tablé 2. Consensus promoter sequences,
such as the E. coli —10 and -35 transcriptional signals, could
not be identified. However, Shine-Dalgarro sequences were
found between S and 14 nucleotides upstream of the majority
of potential start codons (Met, 27 out of 29; Val, 2 out of 29).
Generally, the pRA2 coding regions seem to be transcribed
divergently away from the putative oriT sequence, with the
exceplions being 111pA and merR, which are both within Tn$563
(Fig. 1). Genes appear to converge onto a 77-nucleotide inter-
genic region that contains a stem-loop structure flanked by two
poly(A) sequences, and this may represent a transcriptional
terminator for both orf96 and orf127. Other potential termina-
tors lie after repB, pac25LR, parC, and ompA and are charac-
terized by a G+ C-rich stem of six or more pairings with a loop
of 3 to 6 nucleotides that is followed by a string of consecutive
thymine nucleotides. Additional palindromic sequences that
might be associated with transcriptional regulation are found
in the promoter regions bf kord. kfrA, orf522. and orfl1].
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1. Bacreriow.
TABLE 2. Predicted gene products of pRA2¢
. oding position Predicted molecular Predicted Piedicted function and product description
Predicted product C(smi—’;(op) mass (kDa) pl (GenBank accession no.pof closest rcl;ﬂivc)
Replication and maintenance
RepA 8075-7245 30.3 10.77 Plasmid replication protein, no protein relatives
RepB 8481-8239 8.8 10.16 Hypothetical plasmid replication protein
KorA 11844-11419 15.4 10.56 Plasmid maintenance, KorA homolog (P03032)
KfrA 6327-5302 371 492 Plasmid mpintenance, KfrA homolog (JQ03559)
Stability
ResA 22800-22186 229 9.89 Plasmid multimer resolution, resolvase (AF0153G7)
Pac251.M 22171-21269 33.6 71.22 Pac25I methyltransterase (AF051091)
Pac25L.R 21272-20271 36.8 5.81 Pac251 restriction endonuclease (AF051091)
ParA 20117-19479 226 498 Plasmid partition, ParA homolog (AAD19678)
ParB 19457-19236 7.9 10.17 Hypothetidal plasmid stability protein
ParC 19202-18816 14.4 9.81 Hypothetidal plasmid stability protein
Mobilization )
MobA 27275-24711 98.5 9.60 Plasmid relaxase/nikase, Tral homolog ($23001)
MobB 27592-27278 11.5 8.83 Plasmid relaxase/nikase, TraJ homolog {P17909)
MobC 27987-28337 12,6 10.13 Plasmid relaxase/nikase, TraK homolog (P17910)
MobD 28343-30150 66.2 5.63 Hypothetical plasmid mobilization protein
MobE 30143-30421 10.4 9.30 Hypothetigal plasmid mobilization protein
Mobile elements
TnpA 14203-17196 1114 7.93 Tn3563 transposase (CAA97955)
TnpR 13348-12419 345 9.35 Tn5563 regolvase (CA.A97956)
MerR 18142-18540 14.5 7.80 Tn5563 MerR homolog, regulatory (851720)
MerT 18073-17717 1255 9.52 Tn5563 heavy-metal transport protein (CAA70228)
MerP 17704-17429 9.7 8.18 Tn5563 periplasmic transport protein (P04129)
TnpA2 31426-290 62.3 10.04 181633 transposase (U25434)
Miscellaneous gene products ‘
OmpA 1509-2171 229 9.07 Outer niembrane protein, OmpA homolog (P37665)
Orf 126 432-812 139 4.96 Hypothetical protein, no relatives
Orf 96 * 27253015 10.4 4.84 Conserved lhypothetical protein (P44191)
Orf 99 2429-2728 11.2 10.28 Conserved hypothetical protein (P44190)
Orf 127 3476-3093 139 6.82 Hypothetical protein, no relatives
Orf 522 5041-3473 57.4 6.61 Conserved |hypothetical protein (S45085)
Ort 291 24149-23274 327 5.64 Hypotheticgl protein, no relatives
Orf 111 24481-24146 13.0 4.64 Hypothetical protein, no relatives

“ Predicied gene products of pRAZ are listed in groups based on their likely role. Proteins have been named acco
or length in amino acids. Coding region positions are numbered with respect to the unique Bgll restriction site (take
start codon to the last base of the stop codon. Ascending coding positions indicate that the gene is located on the p
indicate the gene is found on the negative strand. The DNASIS Program (Hitachi Software) was used to make predi
isoelectric points. The GenBank BLAST algorithm (1) was used to conduct homology searches.

Another stem-loop structure is found 158 nucleotides up-
stream of the Tn5563 tnpR gene and may tunction as a res site
for the transposon. The distal arrangement of genes is compact
in the regions associated with mobilization and plasmid stabil-
ity, while in the replication region, genes are spaced further
apart. According to our ORF analysis, approximately 70% of
the pRA2 DNA sequence encodes proteins.

(ii) Th& novel replication region of plasmid pRA2 is flanked
by kord and kfrA homologs. A minireplicon of pRA2 was
previously characterized, and it had been suggested that pRA2
was an iteron-regulated plasmid because of the presence of
seven 72-bp direct repeats and an ORF that gives rise to RepA
(formerly designated ORF1), which is essential for replication
(23). The deduced product of pRA2 RepB contains a pre-
dicted helix-turn-helix domain, suggesting that it might be a
DNA-binding protein. The location of repB immediately up-
stream from repA (Fig. 1) raises the possibility that repB may be
involved in the regulation of plasmid replication. Neither
RepA nor Repl: showed any sequence homology to protein
sequences in thc databases,

Two genes, kA and kfiA, flank the pRA2 replication re-

gion. Neither of these ge

diug to their closest relative, probable function,
n as coordinate 1) and from the first base of the
psitive strand while descending coding positions
ctions of coding regions, molecular weights. and

nes were found to be essential for the

replication of a pRA2 minireplicon (23). Instead, their gene

products showed conside

rable amino acid sequence similarities

to plasmid RK2/RP4 KorA (3) and KfrA (42) with 37 and 41%

identity, respectively. In

RK2/RP4, korA is a global regulator

coordinating its own expression, kfr4 expression, and that of

six other geres involved
functions (34, 37, 40-42,
KorA recognizes contai
AAC, and in the t/f4 pro

in replication and stable inheritance
50, 51). The operator sequence that
hs the palindrome GTT TAG CTA
moter, this operator overlaps the —10

box of the promoter (20, 37). In pRA2, palindromic sequence
GCA AAG GGC GCG ACT TAT CGC GCC CCT TTG C is

found 37 nucleotides ups

tream from korA and may serve as the

point of autoregulation. RK2/RP4 KfrA has a predicted role in

plasmid partitioning duri

ng cell division and also represses its

own transcription (19). Located 26 nucleotides upstream from

pRA2 kfrA is a palindro

mic sequence, AAT AAT AAT AAT

ATG ATA TTA TTA TTA TT. This sequence is very different

from the pRA2 kcrA pa
the pRA2 kfrA point of
other genes that are re

indromic sequence but may serve as
autorepression. No homologs of the
gulated by RK2/RP4 KorA, namely,
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\Y
Y
RKYRP4 GTGRAGARGGAACAC CCGCTCGCGERTGCECCTACTTCACCTATCCTGCCS

\
R751 GTGAAGATAGATAACCAGCTCGCCGGTTAGCTAACTTCACACATCCTGC cC

v
pTF-FC2 CCGTTGGAACCAC GTGACAAAGCCATGTGTGTTACAACGGTCATCCTGTAT

PRA2 CCGGTGGCACACTGCCGC'I‘P‘N_\ECGGCQOTGOGACATTCCCTACCCTG'TCC
FIG. 2. DNA scquence comparison of the onT regions of RP&/RK2, R751,
pTF-FC2. and pRA2. Inverted repeat sequences are marked with arrows, and the
determined or predicted nic sites are indicated by wedges. The direction of
ransfer of the leading strand of RKZ/RP4 is represented by the curved arrow.

klaA, kleC, kleA, kicA, trfA, and trbA (34, 37, 40, 42, 50, 51),
were detected in the pRA2 DNA sequence. Furthermore, we
could not identify another pRA2 consensus sequence that was
common to the promoter regions of korA and kfrA or, in fact,
to any of the other potential pRA2 coding regions. This sug-
gests that, unlike its homolog in RK2/RP4, pRA2 KorA prob-
ably does not play a global regulatory role in pRA2.

(iii) Conjugation-like ORFs of pRA2. The mobilization re-
gion of plasmid pRA2 most closely resembies the cis regions
and several of the trans-acting regions that are responsible for
plasmid nicking and relaxation prior to conjugal transfer in the
IncP plasmids RK2/RP4 and R751. Three of the predicted
gene products from pRA?2, ie., MobA, MobB, and MobC,
show significant similarities to the Tral (25% identity), TraJ
(32% identity), and TraK (17% identity) proteins from RK2/
RP4, respectively, with comparable arrangements of their
genes (54). In RK2/RP4, traJ and traK are divergently tran-
scribed away from ori7, and thgre is a similar arrangement in
PRAZ2 for the mobB and mobC genes. The 394-bp region be-
tween mobB and mobC is the DNA sequence most likely to
constitute the pRA2 onT. This region is rich in direct and
inverted repetitive DNA sequences. For example, the direct
repeat sequence G(G/C)C GGT GG(G/C) ACA is found in
the promoter region of inobB at position —17 and is also found
at two other positions in the purative oriT region, both of which
overlap the inverted sequence TGG CAC ACT GCC GCT
TTA GCG GCG GTG GGA CA (Fig. 2). If the direct repeat
sequence was a binding site for MobB. then it could conceiv-
ably regulate its own expression and the events leading 10
plasmid relaxation. When the DNA sequences of the oriT
regions of RK2/RP4, R751, and pTF-FC2 were compaured with
that of pRA2, it was found that in cach cuse the nic site is
preeeded by an inverted repeat sequence that is capable of
forming a stem-loop structure (Fig. 2). The inverted repeat
sequence in RK2/RP4 is the site at which the relaxosome gene
products bind to :nitiate plasmid nicking (53). The RK2/RP4
traH gene is found within the tral coding region in a second
reading frame. No traH homolog was detected in the pRA2
sequence. The remaining genes found in the Tral-encoding
region in IncP conjugative plasmids that are associated with
further DNA processing (52) are not present on pRA2. norare
any of the other loci that are required for mating pair forma-
tion. The pRA2 Mob proteins also share sequence similarities
with the MobA, MobB, and MobC proteins trom plasmid
pTF-FC2, with 27, 32, and 25% identity, respectively, pTF-FC2
has been shown to be mobilized by RP4 (31); however, the
pTF-FC2-encoded MobA is 409 amino acids (aa), compared
with 854 aa encoded by pRA2 and 732 au encoded by RK2/
RP4. Downstream of pRA2 mobC are two ORFs that have
been designated mobD and mobE. The predicted products
from these genes did not show any homology 10 protein se-
quences in GenBank but appeared to be transcriptio ally cou-
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pled to mobC with intergenic regions of 5 and 12 nucleotides.
respectively. ;

(iv) The pRA2 stability region. We have identified six pRA2
genes, resA, pac251.M, pac251.R, parA, parB, and parC, thut are
located in a contiguous DNA region found between the pRA2
transfer genes and Tn5563 (Fig. 1). These genes may contrib-
ute to pRAZ stability, and their compact arrangement Suggests
that at least several of thes¢ genes are transcriptionally linked
to one another. The pRAZ2 res4 gene was predicted to encode
a product having similarities with a superfamily of resolvascs,
which includes plasmid resolvascs. Enzymes from resolvase
superfamilies have been shown, in some cases, to promote
segregational stability ot plasmids, probably by facilitating ef-
ficient partitioning through a conversion of piasmid multimers
into monomers (11, 39). Located 17 nuclectides downstream
from resA is the Pac251 R<M system, which encodes both a
site-specific restriction endpnuclease and the corresponding
methyltransferase, which grotects the DNA from cleavage
(47). It is thought that R-M systems in bacteria have evolved 1o
protect cells from the invdsion of foereign DNA, but more
recently they iave also been implicated in plasmid stability (22,
26).

The parABC operon lies 147 nucleotides downstream from
the Pac251 R-M system (Fig. 1). The predicted product of
pRA2 parA belongs to a large family of proteins that includes
plasmid and chromosomal partitioning proteins, which are
thought to physically separate DNA molecules and provide
equal distribution of genetic material upon cell division. The
IncC protein encoded by RjﬁZ/RN also belongs to this family
of partition proteins. Two ORFs designated parB and parC are
found downstream from pard and have intergenic regions of 13
and 33 nucleotides, respectively. ParB and ParC did not show
sequence homology to prdtein sequences in GenBank but
could be involved in pRAZ2 stability because their coding re-
gions seem to be transcriptipnally linked to parA.

(v) pRA2 mobile elements. Tn5563 and 1S1633 are two mo-
bile genetic elements in the plasmid sequence that have been
identified (Fig. 1). Tn5563 encodes a transposase (TnpA) and
a resolvase (TnpR), and has three additional gencs that are
predicted to give rise to proteins with similarity to the mercuric
ion transport proteins, MerP and MerT, and the regulatory
protein MerR, which are constituents of many bacterial mer-
cury resistance operons. Even though these SENes are present,
Tn5563 does not confer resistance to mercuric ions (48).

151633 is a putative 2,598-bp inscrtion element with 47-bp
imperfect terminal repeats. The transposasc of 1S1633 (inp.12)
showed up to 20% identity to the transposases of 15778/,
IS1251,181165, and 1S1001, alt belonging to the ISL3 family or
insertion sequences. In pRA2, 157633 was fanked by what
appears to be a 5-bp (TTTAT) target duplication that was
probably generated on insertion. We have amplified 157633
and used the PCR product to probe P, alcaligenes NCIB 9867
genomic DNA. 1S7633 is not distributed throughout the ge-
nome like other IS clemenfp found in this organism (45, 49)
and appears to be located only in the plasmid (data not
shown). : 3

(vi) pRA2 ORFs with unknown functions. Seven of the
pRA2 genes have no detectable homologs in GenBank, and
their products do not appear to be involved in plasmid repli-
cation, stability, or mobilization. Five of these genes, orf126,
orf99, orf96, 0rf127, and 01f522, are clustered around an ompA-
like gene (Fig. 1), which encodes a member of the porin-
forming, outer membrane protein family of gram-negative bac-
teria. The oprfF gene product‘of Pseudomonas aeruginosa forms
a transmembrane channel with a permeability barrier that al-
lows the uptake of molecules as large as a tetrasaccharide (4).
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FIG. 3. Direcled mutagenesis of the pac25I.R gene by
sequences Hanking the insertion site with primer pairs RSK
and RSK2F (5'-AAG CTT CGC TGG CCG CCC T-3")yan
restriction sites into the ends of the PCR products adjacent to the target site and P
the terminal restriction sites would be cleaved
HindIll, and the two cloned PCR products, RS
restriction analysis. The Pul fragment from th
pSUP202, resulting in pSUP25(). (C) pSUP2542 was introduced into /2.
SPC-containing media and subsequently screened for tetracyclin:
QStrfSpe” gene cassette had replaced pRA2 DNA from nucleotide

»

homulogous recombina

1F (3'-CI'G CAG CTT

efficiently before ligation. (B) A li
K1 and RSK?2, digested with both

alcaligenes
sensitivity. In
2037

orf99 and orf96 are similar to HI14]9 (55% identity) and
HI1420 (35% identity), respectively, which are two putative
genes from the Haemophilus influenzae genome with unknown
function. These gene pairs occur in tandem in both pRA2 and
H. influenzae. Two other ORFs, orfl111 and orf291, are found in
an arca between the stability and mobilization regions of pPRA2
and overlap each other in a head-to-tail formation by one
nucleotide. It is possible that their products are involved in
either plasmid stabilization or mobilization.

Mechanism of plasmid pRA2 transfer. (i) Genetjc lagging of
plasmid pRA2. Plasmid pRA2 was cryptic and did not have any
selective markers that would enable plasmid stability and
transfer processes to be analyzed. We incorporated the QStr'
Spc gene cassette (30) into pRA2 by homologous recombina-
tion as described in Materials and Methods. The precise loca-
tion of the insertion target site was evaluated with the DNA
sequence data. Two tagged pRA2 plasmids, designated pRA14
and pRA19, were generated and used in this study (Table 1).
In pRALY, the QStr/Spc” gene cassette was inserted at nucle-
otide position 13345, which was within TnS563 and therefore
unlikely to affect general plasmid functions. While in pRAIL4,
the QStr/Spc’ gene cassette was inserted at position 20372, a
mutation that disrupted the ORF of the Pac251 restriction
endonuclease. Sequencing of the regions covering the targeted
insertion sites confirmed both mutation events to be precise.
Both pRA19 and pRA14 could be transformed into and stably
maintained in artificially competent Pseudomonas putida
strains RA713 and KT2440 but could not be transformed into
artificially competent E. coli DHS«, suggesting that pRA?2 has
a narrow host range. ~ »

(ii) Stability analysis of pRA14 and PRALY in homologous
and heterologous hosts. The two genetically tagged plasmids

/!{blecrm

H
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NNRNNNY
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| QStrv/S

v

251.R::QStr /Spe*

| parA

tion. (A) PCR products RSK1 (0.7
GCC GAG TAC G-3') and RSKIR
CCG GAT TTC CT-3*). The

4 kb) and RSK2 (0.86 kb) were amplified from
2 (5-AAG CTT CGC TGC GGG CCT TCA-3')
s¢ primers were designed to incorporate Hindl11
ends. Both RSK1 and RSK2 were cloned so that
C18 cleaved with Pstl, QStr'/Spc’ cleaved with
inserts in the desired construct wus monitored by

is construct, which consisted of the {Str'/Spc” gene cassette flarked by pRA2 DNA sequences, was recloned into

NCIB 9867 by conjugation via S17-1. Transconjugants were selected on STR- and
the tetracyciine-sensitive transconjugant P25X14, sequencing confirmed that the

3 to 20396 within puc25L.R, and this plasmid was designated pRAI14,

were also examined for s

regational stability. When analyzed,
both pRA14 and pRA19

g

iverc stably maintained in their native
host, P. alcaligenes NCIB 19867, with 100% of the cells retaining
the plasmid after 100 generations of nonselective growth. In
the heterologous host, P. putida RA713, retention of both
PRAL14 and pRALI9 also remained at 100% after 100 genera-
tions of nonsclective growth. The segregational stability of the
PRA2 minireplicon, pVK 182, was also assayed in 2. putidu. In
contrast, pVK182 had a| reduced stability, being present in
approximately 30% of the cells after 100 generations of non-
selective growth. ‘

{iii) pRA2 was not sel(-transmissible but could be mobilized
by RP4. The ability of pRA14 and pRAI9 to conjugally trans-
fer from P. alcaligenes NCIB 9867 into two other P putida
strains was examined. RA713RifNal and KT2440RifNal were
used as recipients in diparental filter matings. Neither pRA 14
nor pRA19 could be xranq}t‘crred into either P. puida strains by
conjugation experiments (Table 3). The possibility that pRA2
could be mobilized by a conjugative plasmid by providing RP4
conjugal trans’er functions in trans was examined. This was
done by introducing RK2/RP4 into P, alcaligenes strains
P25X14 and P25X19 (which contained pRA14 and pRALY,
respectively) by conjugatipn and selecting transconjugants on
MMB supplemented witl} 2,5-xylenol, AMP, KAN, and TET.
Transconjugants were de jignated P25X14T and P25X19T, re-
spectively, and these strains were used as donors in diparental
filter matings. The Str*/Spc” phenotype of pRAI9 and pRA14
was observed to transfer into RA713RifNal and KT2440RifNal
at frequencizss of 107% 2 d 107, respectively (Table 3). Rep-
lica plating analysis of Ire transconjugants showed that the
phenotypes of the gen: tically tagged pRA2 plasmids (Str'/
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TABLE 3. Conjugation and mobilization frequencics of pRA2
during filter matings

Frequency of transter into*:

Donor strain Donor plasmid

RATI3RIfNal KT2440RiNa!

Conjugation

P25X1Y pRA19 <10x 107 <1.0 x 107

P25X14 pRAl4 <1.0X 10 <L 167
Mobilization”

P25X19T pRALY 26 %10 Lo x 1077

P25X14T pRAL4 4.6 X 107°

6.4 % 1078

“ Frequencies of transfer are given as the number of transconjugants per donor
CFU. ) . ) .

5 Plasmid RK2/RP4 was introduced into strains prior to mating tu provide Tra
functions in trans.

Spef) and RK2/RP4 (Kan") were not genetically linked and
that both plasmids exisied as individual replicons.

(iv) Interstrain transfer of pRA2-carried genctic markers
was sensitive to DNase I. When interstrain filter mutings te-
tween P25X19 (Strf/Spcf) and P25X20 (Kan') were curried out,
high frequencies of doubly resistant progeny (107*) were ob-
served (Table 4). These bacterial matings were repeated in the
presence of 200 g of DNase I per ml. It was observed that the
frequency of doubly resistant progeny was reduced upproxi-
mately 500-fold. By varying the amount of DNuse | that was
present in the matings, a relationship in which the amount of
DNase 1 was inversely proportional to the gene transfer fre-
quency was established. When the level of DNase T was in-
creased to 1 mg/ml, the occugrence of doubly resistant progeny
was abolished (Table 4) without affecting the viability of the
bacterial cells. The number of bacterial donors that was used in
each filter mating was determined to be (3.95 = 0.88) x 10’
while addition of DNase I to a final concentration of 1 mg/ml
resulted in (3.60 = 0.63) X 10° viable cells. Spontancous Str/
Spc’ or Kan® mutants of P. alcaligenes strains were not detected
under our experimental conditions (<107?).

(v) Plasmid DNA uptake by P. alcaligenes strains. When
purified pRAIL9 (Str/Spc’) DNA was applied directly to
P25X20 (Kan®) recipient cells, uptake of the Str/Spe’ marker
was observed. DNA uptake was shown to be lincarly propor-
tional to the amount of plasmid DNA applied (Table 5). For
plasmid pRA19, frequencies were calculated 1o be approxi-
mutely 10° transformants per microgram of DNA when ap-
plied to cells on a filter. Similar results were observed in ex-
periments in which plasmid pRA14 DNA (Str'/Spc’) was
directly applied to P25X20 (Kan") and also those in which both

plasmids were applied to the wild-type strain. NCIB 9867,

Attempts to introduce broad-host-range plasmids. such’ as
pRX415, pMMB67EH, and pVLT33, into P. alcaligenes NCIB
9867 were unsuccessful despite the fact that these plusmids
could be conjugally transferred into this strain from Si7-1.
Each of the five fragments that was generated when pRA2 was
digested with Pstl was cloned into pRK415. The clones were
designated pPSKI for the largest cloned fragment to pPSKS
for the smallest fragment (Table 1). The purified plasmid DNA
from each of these clones was then applied separaicly 1o P.
alcaligenes NCIB 9867 cells on filters. The pRK415 Tet! phe-
notyg)e was taken up at observed frequencies of approximately
107 for pPSK1, 107° for pPSK2, and at undetectuble ‘evels
(<107%) for pPSK3, pPSK4, and pPSKS5.

(vi) Plasmid DNA uptake under different mating conditions.
The transfer of genetic markers between P23X19 (Sirf/Spe”)

and P25X20 (Kan") and the uptake from an exogenous source.

|
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of plasmid DNA by P23X20 (Kan‘) were also examined in
liquid media. In liquid experiments in which donor and recip-
ient strains were used, doubly resistant progeny occurred at a
10°-fold lower frequency than that sbserved in filter matings.
However, when pRA1Y plasmid DNA was added to recipient
cells in liquid media, transformation was reduced only 10-fold
compared to the analogous experiments on filters. A mem-
brane was used to separate donor and recipient cells during
1sogenic matings, and when in place, DNA transfer was no
longer observed (<107"). In control experiments, in which
DNA was placed on one|side of the membrane and recipicm
cells were placed on thg other side, the passage of pRALY
plasmid DNA through the membrane was found to transform
at reduced frequencies (Table 5). When 500 ng of pRALY
DNA was separated from P25X20 (Kan") recipient cells by the
membrane, frequencies dropped about 100-fold compared to
those of liquid DNA exchange without a membrane; however,
when 10 ng of pPRA19 DNA was used, the frequency appeared
to remain at a comparable level (Table 5). When supernatants
from the donor culture PR5X19 (Str/Spc’) were used to trans-
form P. alcaligenes NCIB|9867 or P25X20 (Kan") cells that had
been placed on filters, ng transformants were observed.

DISCUSSION

The compiete nucleotide sequence has allowed us to con-
struct both genetic and physical maps of pRA2 which provide
an overview of the genetic organization of the plasmid. We
have identified three separate regions that are likely to be
associated with functions of plasmid replication, stability, and
mobilization. The-genes of the predicted products associated
with replication, RepA and RepB, and the seven 72-bp iterons
still do not have any homology to sequences in GenBank. Due
1o the presence of direct |repeats in oriV, pRA2 may be classi-
fied as an iteron-regulated plasmid. The kfr4 and kord ORFs
flank ihe replication region and are likely to give rise to pro-
teins that are similar in amino acid sequence to those encoded
by the respective genes g: plasmid RK2/RP4 (3, 42). The lack
of conserved binding sites in pRA2 suggests that pRA2 KorA
does not have a global rdgulatory role such as it does in RK2/
RP4, but the presence o? a palindromic sequence in the korA
promoter may allow autdrepression. Similarly, pRA2 kfrd ex-
pression may be self-regulated. The functions of both of these

TABLE 4. Effect of DNdse 1 on the frequency of transformation
between P. alzaligenes NCIB 9867 isogenic strains in solid-surface
bacterial matings

Strain (phenotype) DNase I No. of Transformation
and matirg (ug/mi)” transformants® frequency’

P25X19 (Str'/Spc’) 0 0 <10 x 10~

P25X20 (Kan") 0 0 <1.0 x 107"

P25X19 X P25X20 0 7.8 x 10° 24 x107°

100 4.6 x 10° 1.5 x107°

200 1.7 x 10° 6.3 % 1077

500 52 23x 1078

1000 0 <1l0x 107"

“ DNase I was added to cell syspensions at the concentrations indicated before
suspensions were added to filters.

® Transformants were selected on STR-, SPC-, and KAN.-containing media.
Average numters of transformants are based on the results of three indepe 1dent
experiments.

.. ¢ Transformation frequencieswere calculated by dividing the number of rans-
- formants by the number of recipients.
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TABLE 5. Comparison of the transformation frequencics of £. alcaligenes NCIB 9867 strains under different mating conditions

Transformation frequeacy on”:

Strain(s) s -
Solid surface” Liquid media® Membrane?

Intrastrain or interstrain transfer

P25X19 (Str/Spc”) <30 x 107 <3.0x%x1i07" <3.0x 107"

P25X20 (Kan") <30 x 107 <3.0 x 1077 <3.0x 1077

P25X19 (Str'/Spc') X P25X20 (Kan') 24 %107 1.0 x 107° <3.0x 107"
Exogenous DNA uptake ;

P25X20 + pRA19 DNA (10 ng) 5.0 x 167" 6.0 % 1077 50x 1077

P25X20 + pRA19 DNA (100 ng) 12x 107 7.6 x 1074 20x107°

P25X20 + pRA19 DNA (500 ng) 6.6 X 107* 1.5%x10°3 24x 107

“ Transformation frequency is the number of transfurmants per bacteriul recipient and is the average of three independent experiments.

® Solid surfaces were tilters on LB plates.
* Liquid experiments were conducted in LB.
4 A membrane with 0.1-um pores was used to separate cells in LB,

pRA2 ORFs remain unknown, but it is possible that they may
be involved in plasmid maintenance.

The genes resA, parA, parB, and parC are located in a sep-
arate region and are thought to be involved in pRA2 stability.
Incorporation of the QStr/Spc® gene cassctie into the pRA2
transposon Tn5563, resulting in pRA19, allowed vs to monitor
the presence of pRA2 without affecting plasmid functions. The
segregational stability results established that pRAL9 is ex-
tremely stable in.P. alcaligenes NCIB 9867 and P. putida
RA713 when grown under nonselective conditions. Stability
assays of the minireplicon, pVK182, in P. putida RA713 dem-
onstrated that the pRA2 replication region provided only par-
tial stability (30% of cells rejained the plasmid after 100 gen-
erations) when grown under the same conditions. This data
shows that other genes, in addition to those carried by the
minireplicon, contribute to pRA2 stability. ResA and ParA are
likely to increase plasmid stability by resolving plasmid mul-
timers and by providing active partitioning functions, respec-
tively. However, the lack of homologous protcins in GenBank
make the roles of ParB and ParC less obvious. An example of
the high stability of pRA2 was demonstrated by introducing a
plasmid encoding the pRA?2 replicative functions into P. alcali-
genes NCIB 9867. The introduced plasmid and pRA2 were
expected to be incompatible; however, selection for the incom-
ing plasmid did not result in the loss of pRA2 but rather
resulted in its integration into the chromosome (46). This phe-
nomenon suggested that pPRA2 may encode a protein that was
essential for cell viability or may encode a plasmid poison-
antidote stability system. Poison-antidote systems, such as the
ced of F, pem/parD of R100/R1, phd/doc of prophage PI, and
parDE of RK2/RP4, are comprised of two genes that encode
the poison and antidote ¢nzymes. The size of the antidote
component ranges from 70 to 93 aa in leagth while the poison
component ranges from 90 to°127 aa in length. The poison was
always located downstream of the antidote (18). We are cur-
rently investigating the possibility that pRA2 parB (73 aa) and
parC (128 aa) may constitute a poison-antidote stability system.

Three type II R-M systems (PaeR71, Bsp6l, and EcoRl)
have been shown to have a stabilizing effect when they are
located on a plasmid (22, 26). R-M systems presumably func-
tion in a similar way to that of the poison-antidote stability
systems. The methylase may act as an antidote that prevents
cleavage of the cellular DNA by the restriction endonuclease
or poison. A pRA2 mutant (pRA14) which carried QSt/Spc
inserted into the pac25l restriction endonuclease gene was
generated. When assayed for segregational stability, pRA14
was found to be equally as stable as pRA19. Therefore, the

Pac251 R-M system did [not appear to be critical for pRA2
stability.

There are clear similarities, in both sequence and the ar-
rangement of their genes, between MobA, MobB, and MobC
and the Tral, TraJ, and [TraK proteins in RK2/RP4, respec-
tively, which bind to oriT|and initiate events that are essential
for conjugal transfer (27, 53, 55). We propose a similar role for
the pRA2 Mob proteins; they are likely to act in a plasmid-
specific manner, modifying the plasmid structure such that it
can be transferred by a conjugative plasmid. Despite the high
degree of homology between IncP plasmids R751 and RK2/
RP4, the oriT of the latter plasmid cannot be transferred by
R751. Transfer of the R P4 oriT only occurred when RK2/
RP4 tral, traJ, and traK were also present (13, 44). Therefore,
the Mob proteins that are encoded by pRA2 are likely to be
essential for pRA2 mobilizalion by RK2/RP4 Tra functions.
Alignment of the pRA2 0T sequence with the plasmid nicking
regions of IncP plasmids}uggcsts that the potential nic site for

PRAZ2 occurs between positions 27767 and 27768. The trak
homolog, mobC, is likely to be the first gene on the leading
strand to enter the recipient cell during pRA2 transfer. MobD
and MobE may also contribute to pRA2 mobilization, but both
are novel in amino acid|sequence and do not have any ho-
mologs in GenBank.

The transfer of pRA2-carried genetic markers was found to
oceur between isogenic P.%alcaligenes strains. Transfer was sen-
sitive to DNase 1, and cdncentrations of 1 mg/m! of DNase |
was sufficient to abolish plasmid transfer. Sensitivity to DNase
I has not been observed for processes such as conjugal transfer
or transduction, in which plasmids would be protected from
extracellular nucleases by pilus structures extending from the
donor cell to the recipient cell or by viral particles. Intrastrain
pRA2 transfer was chanacteristic of natural transformation
processes, and sensitivity to DNase 1 indicates that at some
stage during transfer, pRA2 is exposed to the external envi-
ronmental conditions. When the P. alcaligenes strains P25X19
(S1r'/Spe’) and P25X20 (Kan') were mated in liquid media,
DNA exchange was obs¢rved to be 10°-fold lower than the
frequency achieved from matings on a solid surface. When
donor and recipient cells|were separated by a membrane with
U.l-um pores, DNA exchange was undetectable (<107Y).
These observations suggest that cell-cell contact was required
for pRA2 transfer. Transfer processes that are both DNasc |
sensitive and require cell-cell contact have been reported for
plasmid transfer between Streptococcus pyogenes and Strepio-
coceus sanguis (6) and also between E. coli and marine Vibrio
species {(28). In these bacteria, plasmid DNA seems to be
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externalized, but it is unclear whether the plasmid DNA is
permanently associated with the outer membrane or whether
externalization s triggered by cell-cell interactions. The re-
quirement for cell-cell contact and the fact :hat supernatants
from donor culwres did not have any transforming activity
arguc against DNA release due to cell lysis being a major
contributing factor towards plasmid transformation in P, alcali-
yenes NCIB 9867.

pRA2-derived plasmids that had been extracted and purified
were also found to have transforming activity when added to 2.
alcaligenes NCIB 9567 cells. Frequencies of 10° transformants
per microgram of plasmid DNA were observed on solid sur-
faces. The same plasmids could transform cells in liquid media;
however. a 10-fold reduction in transformation frequency was
observed. In P suuzeri, addition of extracted chromosomal
DNA was found to be 10%-fold less efficient in transformation
when compared to the same amount of DNA supplied as a
component of intact donor cells (38). A similar observation
was made for liquid transtormation in Vibrio strains in which
plasmid transfer from donors was found 10 be more efficient
than addition of purified plasmid DNA into the media (28). In
contrast, for P. alcaligenes NCIB 9867, there was no reduction
in transformation activity when plasmid DNA that was sup-
plied exogenously was compared to plasmid DNA as a com-
ponent of intact donors.

In order to explain our obscrvations of pRA2 transfer under
different mating conditions, we propose that cell-cell contact
must be achieved at two specific stages during transformation.
First, cell-cell contact between the donor and the recipient may
be required 1o trigger plasmid export from the cytoplasm of the
donor to a position on the outer membrane. Second, cell-cell
contact. or at least ccll intimacy, is required for the recipient to
capture the plasmid DNA from the cell surface of the donor. In
P. alcaligenes NCIB 9867, cell-cell contact may be sustained
long enough for both of these processes to occur when matings
are carried out on filters. However, in liquid media, firm cell-
cell contact between the donor and recipient may occur at
much lower frequencies or may not be sustained for the re-
quired time period. This would account for the dramatic de-
crease in transformation frequencies observed in liquid media.
Under these circumstances, inhibition of cell-cell contact by a
membrane with 0.1-j2m pores should completely abolish trans-
fer, which was the obscrvation made in our experiments, On
the other hand, addition of purified plasmid DNA would elim-
inate the requirement for cell-cell contact, and transformation
would then become independent of donor externalization and
then may only be dependent upon DNA-cell interactions. In
other words, transformation can occur when a free plasmid
molecule comes into contact with the recipient cell.

Several broad-host-range plasmids, including pRK4135, did
not have any transforming activity when applied directly to
cells. However, when the 19.3-kb Pyl PRA2 fragment was
cloned into pRK415, the resulting plasmid (pPSK1) demon-
strated approximately 1% of the transforming activity of
pRAILY plasmid DNA. pRK415 carrying smaller pRAZ frag-
ments had much less transforming activity. It is possible that
the 19.3-kb pRAZ2 fragment could contain a specific DNA
uptake sequence, such as has been observed in A, influenzae
(35) and Neisseria gonnorhoeae (14). However, in this case, one
would expect the transforming activity of pPSK1 to be similar
te the transforming activity of pRA19 plasmid. A specific DNA
uptake sequence could not account for the partial transforming
activity that was observed for pPSK1. It may be more plausible
tc expect that transforming activity is somehow related to the
size of the plasmid. A model for plasmid transformation in
Streptococeus  pneumoniae was proposed by Saunders and

CPiAIlACT’EI(llZATION OF PLASMID pRA2 g9

Guild (33). They suggcslcdlthal two single-stranded DNA nmol-
ccules that have entered the cell separately associate to form a
duplex and that any single-stranded 8aps can be regenerated by
the cell's DNA repair systems. In P, Stutzeri, plasmid DNA
could not undergo transformation and only hybrid plasmids
carrying chromosomal insefts were able to transforn. Trans-
formation frequencies were also found to increase with an
increase in insert size (8). |

Previously, a genetic systém in P. alcaligenes NCIB 9867 was
identified with both auxotrophic and catabolic chromosomal
markers (29). Transfer of chromosomal DNA was established
1o occur in a bidirectional manner at frequencies ranging from
1077 for auxotrophic markers to 10~ for catabolic markers. In
comparison, our study founL that plasmid-carried genctic de-
terminants were transformid at a frequeney of 10 * in 2
alcaligenes NCIB 9867, and it remains unclear whether the
transfer of chromosomal ard plasmid-carricd markers occurs
by the same transfornnuliommcchunism.
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