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The properties of PSE-2 3-lactamase have been examined by using two new
PSE-2-producing plasmids, pMG33 and pMG74, as well as plasmid R151, found in
Pseudomonas aeruginosa. PSE-2 r-lactamase resembled other PSE enzymes in
activity against carbenicillin, but it also resembled OXA enzymes, such as OXA-
1, in rapid hydrolysis of oxacillin, cloxacillin, and methicillin and in inhibition by
sodium chloride but not by cloxacillin. Antisera that inactivated TEM-1, TEM-2,
OXA-1, or PSE-1 and PSE-4 P-lactamase failed to cross-react with PSE-2, which
thus appears to be immunologically distinct. The plasmids determining PSE-2
varied in geographical origin, size, transfer proficiency, and incompatibility
specificity, but all determined resistance to carbenicillin, gentamicin, kanamycin,
streptomycin, spectinomycin, sulfonamide, and tobramycin. From a pUZ8-R151
recombinant plasmid in Escherichia coli, the PSE-2 1-lactamase gene could be
transposed to a second plasmid in a 6.4-megadalton unit together with resistance
to gentamicin, kanamycin, streptomycin, spectinomycin, sulfonamide, and tobra-
mycin. Transposition was recA independent. We propose the designation Tn1404
for this unit, which, like transposons carrying OXA-1, PSE-1, PSE-4, and some
transposons determining TEM-1, includes genes for 1-lactam, aminoglycoside,
and sulfonamide resistance.

Of the P-lactamases determined by plasmids
in gram-negative bacteria, four have been
termed Pseudomonas-specific enzymes (PSE)
since they were initially found only in strains of
Pseudomonas aeruginosa (10, 31). As a group,
the PSE ,-lactamases have higher activities
against carbenicillin than other plasmid-deter-
mined enzymes, but one, PSE-2, resembles the
OXA P-lactamase group in substrate range as
well (30). PSE-2 was characterized by Matthew
by using plasmid R151, the sole Pseudomonas
plasmid then known to produce this ,B-lactamase
(30). Although readily transmissible between
Pseudomonas strains, R151 is not transferable
to Escherichia coli (3), thus apparently account-
ing for the distribution of the enzyme (14).

Recently, the PSE designation has been ques-
tioned because of the discovery of E. coli and
other gram-negative enteric organisms that elab-
orate PSE-1 P-lactamase (18, 33). In these En-
terobacteriaceae, a variety of plasmids are re-
sponsible for PSE-1 production, and the gene for
PSE-1 has been shown to be carried on a tran-
sposon linked to resistance to streptomycin,
spectinomycin, sulfonamide, and mercuric ion
(19, 33). As additional 3-lactamase-producing P.
aeruginosa strains have been characterized, two
new plasmids have been found that produce
PSE-2. This paper describes the characteristics

of the enzyme and the properties of the Pseudo-
monas plasmids responsible for its production.
In addition, evidence is presented that the gene
for PSE-2, like that for PSE-1, is linked to genes
for aminoglycoside and sulfonamide resistance
on a transposon.

MATERIALS AND METHODS
Bacterial strain, plasmids, and bacteriophages. The

bacterial strains and plasmids used are listed in Table
1. In addition, plasmid pMG33 was detected in P.
aeruginosa McCl isolated by S. Cohen in Chicago and
provided by G. Miller (Schering Corp., Bloomfield,
N.J.). Plasmid pMG74 originated in P. aeruginosa
1978-81 provided by Y. Tselentis from the urine of a
patient hospitalized in Athens, Greece. The sources of
phages B3, B39, D3, E79, F116, G101, M6, PB1, and
PR4 have been given (12).
Media. For liquid cultures, P. aeruginosa strains

were grown in nutrient broth (Difco Laboratories,
Detroit, Mich.) containing 4 mg of potassium nitrate
per ml (NNB) (12). E. coli strains were grown in Luria
(L) broth (28). Selection plates contained minimal
medium A (7), supplemental growth factors as re-
quired, 2% agar (Difco), and 0.5% glucose. Supple-
ments were added at the following concentrations (in
micrograms per milliliter): L-arginine, 100; L-isoleu-
cine, 70; L-leucine, 80; L-methionine, 30; L-prohne, 50;
thiamine, 0.34; L-tryptophan, 25; and L-valine, 117.
Antibiotics were added at the following concentrations
for P. aeruginosa (in micrograms per ml): carbenicil-
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TABLE 1. Bacterial strains and plasmids

Strain or Genotype or phenotypea Reference
plasmid

P. aeruginosa
PA038 Rifr leu-38 rif 16
PA0303 argB18 chl-2 16
PU21 ilvB112 leu-1 rif str-l 12

E. coli
E5-2 trpE5 rif 10
J53-1 metF63 pro-22 nal 5
KL16-99 Hfr recAl tht-) 29
C Ilv- ilv res mod 12

Plasmid
Rl Ap Cm Km Sm Su IncFII 11
RPl-1 Cb IncP-11 14

pMG5 Ak Km Su Tm Hg Pma Ter IncP-2 15
R6K Ap Sm IncX 11
RP8 Cb IncP-11 15
pUZ8 Km Tc Hg IncP-1 10
pUZ8-R151 Ap Gm Km Sm Sp Su Tc Tm Hg IncP 10
RPL11 Cb Cm Gm Sm Su Tc Hg Ter IncP-2 15
pMG19 Cb Sm Sp Su 10
R56Be Cb IncP-11 14
RIP64 Cb Cm Gm Su Tm Hg IncP-3 15
R151 Cb Gm Km Sm Sp Su Tm IncP-11 3
RGN238 Ap Cm Sm Su Tc Hg IncFI 11
R388 Su Tp IncW 11
pUB5573 Tp IncW 41
CAM Cam Ter Uv IncP-2 15
Plac Lac Su IncC 11
S-a Cm Gm Km Sm Su Tm IncW 11

a Genotype symbols: arg, arginine; chl, chloramphenicol resistance; ilv, isoleucine plus valine; leu, leucine;
met, methionine; mod, modification; nal, nalidixic acid resistance; pro, proline; rec, recombination; res,
restriction; rif, rifampin resistance; str, streptomycin resistance; thi, thiamine; trp, tryptophan. Plasmid
resistance phenotype symbols are as follows: Ak, amikacin; Ap, ampicillin; Cb, carbenicillin; Cm, chloramphen-
icol; Gm, gentamicin; Km, kanamycin; Sm, streptomycin; Sp, spectinomycin; Su, sulfonamide; Tc, tetracycline;
Tm, tobramycin; Tp, trimethoprim; Hg, mercuric chloride; Pma, phenylmercuric acetate; Ter, potassium
tellurite; Uv, ultraviolet irradiation. Others: Cam, ability to utilize camphor: Lac, ability to utilize lactose; Inc,
incompatibility group.

lin, 200 or 2,000; gentamicin, 20; kanamycin, 500;
rifampin, 100; streptomycin, 100; sulfadiazine, 5,000;
and tobramycin, 10. For E. coli, lower concentrations
of antibiotics were employed (in micrograms per ml):
carbenicillin, 25; chloramphenicol, 25; kanamycin, 25;
nalidixic acid, 100; spectinomycin, 50; streptomycin,
25; sulfadiazine, 100; tetracycline, 25; and trimetho-
prim, 100. For selecting or scoring Hg2+ resistance,
0.1 mM HgCl2 was added to appropriately supple-
mented minimal plates. Tellurite resistance was scored
on brain heart infusion agar (Difco) plates containing
0.5 mM K2TeO3 (39). Spectinomycin resistance was

determined with a 200-,ug disk (A/S Rosco, Taastrup,
Denmark).
Phage was propagated with ZC agar overlays on Z

agar plates, and it was harvested and diluted in Z broth
(12). Lysates were sterilized with chloroform, except
for chloroform-susceptible F116 and PR4, which were

passed through membrane filters (pore size, 0.45 tLm;
Millipore Corp., Bedford, Mass.).
Mating. Matings were performed in NNB for P.

aeruginosa and in L medium for E. coli by mixing

equal volumes of exponentially growing cultures of the
donor at 108 cells per ml and the recipient at 5 x 108
cells per ml at 37°C, usually for 2 h but occasionally
overnight (18 h) (12). The frequency of transfer was
calculated with respect to the number of donor cells at
the end of mating. Compatibility tests were performed
as described previously (12).

Plasmid detection and characterization. Plasmids
pMG33 and pMG74 were detected in 18-h crosses
between multiresistant P. aeruginosa clinical isolates
and strain PA038 Rif' by plating on antibiotic-contain-
ing media with rifampin for counterselection. PA038
R+ derivatives were scored for unselected markers by
spotting on plates containing antibiotic, Hg2e, or
K2TeO3, tested for UV light resistance as described
(12), crossed with PA0303 to establish transfer profi-
ciency, and spotted with phage lysates to screen for
inhibition of phage propagation (12). Their plasmid
contents were determined by agarose gel electrophore-
sis.
Gel electrophoresis. Agarose gel electrophoresis was

performed as described by Birnboim and Doly (1).
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Plasmid molecular weight was estimated from the
mobilities in the same gels of standard plasmids of
known sizes.

3-Lacme ay. Cultures were grown in the
presence or absence of 0.5 mg of benzylpenicillin per

ml, and sonic extracts were prepared (26, 27). Values
of V.,, for various substrates were measured by a

computerized microacidimetric method (20) and are

expressed relative to the V,,, for benzylpenicillin as

100. One unit of 1-lactamase was defined as the
amount of enzyme that hydrolyzed 1 ,umol of benzyl-
penicillin per min at pH 7 and 30°C. Specific activities
were expressed as milliunits of P-lactamase per milli-
gram of protein, estimated by measuring absorbance at
280 nm.

Analytical Isoelectrk focusing. Analytical isoelectric
focusing on polyacrylamide gels was performed as

described by Matthew et al. (32), except that an

iodometric procedure was used to localize enzyme

activity (24). Differential isoelectric focusing was car-

ried out with samples applied at the cathode as well as

the anode (36).
Inhibition of -l e activity. The concentration

of Ch- required to cause 50% inhibition of activity was
determined by adding NaCl in concentrations between
1 and 100 mM before the addition of benzylpenicillin
(9). Inhibition by cloxacillin was determined from the
rate of benzylpenicillin hydrolysis in the presence of
0.1 mM inhibitor. Clavulanic acid and sulbactam (40
pM) were preincubated with the enzyme for 10 min at
30°C before testing the rate of benzylpenicillin hydrol-
ysis.

Purification of PSE-2 ,B-lactamuse. PU21 (R151) was

grown for 18 h at 30°C in 20 liters of NNB, harvested
by centrifugation, suspended in 0.05 M phosphate
buffer (pH 7), and disrupted by sonication (27). The
broken-cell suspension was centrifuged at 49,000 x g,

and P-lactamase was purified from the supernatant by
DEAE-cellulose chromatography (DE52, Whatman
Ltd.) and gel filtration on 5% acrylamide and 4%

agarose (Ultrogel AcA 54, Industrie Biologique Fran-
gaise) (34). Active ,-lactamase fractions were concen-
trated by ultrafiltration with a Micro-ProDiCon appa-
ratus (Bio-Molecular Dynamics, Beaverton, Oreg.)
with a 10,000-molecular-weight cutoff. The enzyme
was purified 56-fold with 26% yield.
PRearo of atisa. Antisera to ,B-lactamase

TEM-1 (purified 450-fold from E. coli P111 [23]),
CARB-3 (purified 150-fold from P. aeruginosa Cilote
[25]), and OXA-1 (purified over 1,000-fold from P.
aeruginosa PU21 pMG90 [A. Philippon, G. Paul, and
G. A. Jacoby, Abstr. 13th Int. Cong. Microbiol. 1982,
P42:1, p. 121]) were raised in rabbits by five intramus-
cular injections of enzyme emulsified in Freund com-

plete adjuvant. The rabbits were bled 2 weeks after the
last booster injection.

Neutraliation of -lacbmae ai . Antiserum (50
pl) was mixed with an equal volume of f-lactamase
preparation containing 0.5 U/mi for 20 min at 4°C and
centrifuged at 10,000 rpm in capillary tubes with a

microhematocrit centrifuge. Specific inhibition was

assessed from residual enzyme activity determined by
a zymogram technique (22). Supernatant (10 pi) was

placed in wells made in an iodine-iodide-starch-ben-
zylpenicillin agar gel. After 6 h at 4°C, the zone of
discoloration (proportional to the 1-lactamase activity)
was compared with the zone produced by the same 1-

lactamase preparation in normal rabbit serum undilut-
ed and diluted serially in twofold steps.

RESULTS
The properties of the three PSE-2 P-lacta-

mase-producing plasmids from P. aeruginosa
are summarized in Table 2.

Plasmid R151. Plasmid R151 was detected by
Bryan et al. (3) in P. aeruginosa POW (17) from
Chicago that transferred the resistance pheno-
type Cb Gm Km Sm Sp Su Tm to P. aeruginosa
recipients (the following abbreviations for resist-
ance will be used: Ap, ampicillin; Cb, carbenicil-
lin; Cm, chloramphenicol; Gm, gentamicin; Km,
kanamycin; Sm, streptomycin; Sp, spectinomy-
cin; Su, sulfonamide; Tc, tetracycline; Tm, to-
bramycin; Tp, trimethoprim; and Hg, mercuric
chloride). Although assigned initially to the P-3
incompatibility (Inc) group (3), crosses 1 and 2 in
Table 3 showed that R1S1 was compatible with
IncP-3 plasmid RIP64 as either the entering or
resident plasmid. Crosses 3 to 5 demonstrated
that R151 as the resident plasmid was eliminated
by entry of plasmid RP1-1, RP8, or R56Be,
suggesting that these four plasmids belonged to
the same incompatibility group. Crosses 6 to 8,
however, showed that although R151 as the
entering plasmid was subject to entry exclusion
by RPl-1, RP8, or R56Be, these plasmids were
eliminated in less than half of the R151 transcon-
jugants. The remainder carried both plasmids
stably, and a strain carrying both R151 and RP1-
1 could outcross each plasmid independently
with the same, incompatibility relationships as
the parental plasmids when transferred into
RPl-l- or R151-containing recipients. Nonrecip-
rocal results in incompatibility tests have
been observed previously in other incompatibil-
ity groups (6) and also between RP1-1 or R56Be
and the fertility plasmid FP11O that appears to
belong to the same incompatibility group (37).
We propose IncP-11 for this group that includes
R1S1, RPl-1, RP8, R56Be, and FP11O. Like
RP1-1, R56Be, and FPllO (16, 37), Rl51 inhibit-
ed the propagation of phage B39. R151 could not
be transferred from P. aeruginosa to E. coli,
confirming the findings of Bryan et al. (3). Its
molecular weight was about 22 x 106 (Fig. 1).

Plasmid pMG33. Plasmid pMG33 was detect-
ed in a cross between a multiply resistant P.
aeruginosa isolate, also from Chicago, and
strain PA038 Rifr that at a low frequency (ca.
10-7 per donor after an 18-h mating) yielded Cb
Gm Km Sm Sp Su Tm transconjugants. Plasmid
pMG33 could not be outcrossed to strain
PA0303 and thus appeared to be transfer defi-
cient (Tra-). It had a molecular weight of 26 x
106 (Fig. 1) and inhibited the propagation of
phages B3, D3, F116, and G101 by determining
the PaeR7 DNA restriction-modification system
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TABLE 2. Properties of plasmids producing PSE-2 ,B-lactamase

phntpa Transfer Mol wt IncompatibilityPlasmid Origin Resistance phenotype proficiency Bacteriophage inhibition (X106) group
R1Sl Chicago Cb Gm Km Sm Sp Su Tm + B39 22 P-1l
pMG33 Chicago Cb Gm Km Sm Sp Su Tm - B3 D3 F116 G101 26 Unclassified
pMG74 Athens Cb Gm Km Sm Sp Su Tm + B3 D3 E79 GIOI M6 PB1 >200 P-2

Hg Ter Uv

aFor abbreviations, see Table 1, footnote a.

(16). It thus resembled other Tra- plasmids that
produce this system for phage restriction and
that appear to belong to a single, as yet un-
named, incompatibility group distinct from
IncP-11 (16).

Plasmid pMG74. Plasmid pMG74 was detect-
ed in a cross between a multiply resistant P.
aeruginosa isolate from Athens, Greece, and
strain PA038 Rif' that at a frequency of 10-3 in
a 2-h mating yielded Cb Gm Km Sm Sp Su Tm
transconjugants. The plasmid also determined
resistance to mercuric ions, potassium tellurite,
and UV irradiation and inhibited the propagation
of phages B3, D3, E79, G101, M6, and PB1. The
property of teliurite resistance (39) and this
pattern of phage inhibition (12) suggested the
presence of an IncP-2 plasmid. Plasmid pMG74
indeed proved to be incompatible with the IncP-
2 metabolic plasmid CAM (Table 3, cross 9).
By agarose gel electrophoresis (Fig. 1), its mo-
lecular weight was found to be in excess of
200 x 106 and similar to that of IncP-2 plasmid
pMG5, which has been sized at a molecular
weight of 280 x 106 by electron microscopy (8).
Like other IncP-2 plasmids (12), pMG74 could
not be transferred to E. coli by conjugation.

Properties of the 13-lactamae produced by
R151, pMG33, and pMG74. The P-lactamase
produced by plasmids R151, pMG33, and
pMG74 focused at the identical isoelectric point

(pI 6.1) when applied in the usual manner at the
anode (Fig. 2 and 3). When applied at the
cathode (36), the apparent pls were also identi-
cal (Fig. 2 and 3, tracks F and H). Growth of
plasmid-containing strains in benzylpenicillin
produced derepression of the chromosomal -

lactamase (pl > 8) also present in these strains,
but the plasmid-determined enzymes were pro-
duced constitutively (Fig. 2 and 3, tracks A and
D).
Table 4 shows the substrate profiles for these
3-lactamases and the OXA-1 enzyme produced

by plasmid RGN238 for comparison. The isoxa-
zoyl penicillins oxacillin, methicillin, and espe-
cially cloxacillin were readily hydrolyzed, with
rates at least as rapid as with ampicillin. Car-
benicillin hydrolysis was appreciable but more
variable. Cephaloridine was an active substrate,
but cephalothin was a poor one. The substrate
profiles of the ,B-lactamases produced by R151,
pMG33, and pMG74 were similar but differed
from that of RGN238 (OXA-1) in relatively
greater activity toward cloxacillin and lack of
activity with cefotaxime (35).

Clavulanic acid and sulbactam at a concentra-
tion of 40 ,uM produced equivalent inhibition of
the PSE-2 ,B-lactamases, but cloxacillin was not
inhibitory. Chloride ion was also inhibitory, but
not as effective an inhibitor with the PSE-2 -

lactamases as with the OXA-1 enzyme.

TABLE 3. Incompatibility crosses
Plasmids Relative Properties ofCross Selection' transfer sbEntering Resident frequencyb transcorjugants

1 RIP64 R151 Hg 1 20 Smr, 20 Hgr
2 R151 RIP64 Sm 4 x 10-2 20 Hg', 20 SMr
3 RPl-1 R151 Cb 3 x 10-1 0 Tmr, 20 Cbr
4 RP8 R151 Cb 5 x 10-2 0 Tmr 20 Cbr
5 R56Be R1S1 Cb 8 x 10-2 0 Tmr, 20 Cbr
6 R1S1 RP1-1 Tm 3 x 10-4 11 Cbr, 20 Tmr
7 R1S1 RP8 Tm 3 x 10-3 11 Cbr, 20 Tmr
8 R151 R56Be Tm 4 x 10-3 14 Cbr, 20 Tmr
9 pMG74 CAM Gm 8 x 10-4 2 Cam+d, 20 Gmr
a For abbreviations, see Table 1, footnote a. Carbenicillin at 2,000 Fg/ml was used since RP1-1, RP8, and

R56Be provide resistance to this concentration but R151 does not.
I Relative to that into an R- recipient.
c Purified transconjugants were tested for retention of the resident plasmid marker.
d Cam', Ability to grow on camphor as sole carbon source.
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FIG. 1. Agarose gel electrophoresis of plasmids
present in: (track 1) E. coli J53-1 containing plasmid
size standards Plac (molecular weight, 101 x 106), Rl
(62 x 106), and R6K (26 x 106); (track 2) P. aeruginosa
PU21(Rl51); (track 3) P. aeruginosa PA038
Rifr(pMG33); (track 4) PA038 RifT(pMG33); and
(track 5) PU21(pMG5) (molecular weight, 280 x 106).
The arrow indicates the plasmid band visible in track
five in the original photograph.

The P-lactamase produced by plasmids R151,
pMG33, and pMG74 was not inhibited by antise-
ra to TEM-1, CARB-3, or OXA-1 that inhibited
homologous ,B-lactamases (TEM-1 and TEM-2
for TEM-1 antiserum and PSE-1 and PSE4 in
the case of CARB-3 antiserum) 75% or more
(Table 5).

Transposition of PSE-2 '-lactamase produc-
tion. The distribution of PSE-2 P-lactamase pro-
duction on plasmids belonging to different in-
compatibility groups suggested that it might be
determined by a transposon.
Hedges and Matthew have reported the for-

mation of recombinant plasmids containing the
PSE-2 gene by crossing a P. aeruginosa strain
carrying plasmid R151 and the broad-host-range
plasmid pUZ8 (Km Tc Hg IncP-1) with E. coli
selecting for ampicillin resistance (10). E. coli
E5-2(pUZ8-R151) in addition to the resistances
of pUZ8 carries the resistance phenotype Ap
Gm Sm Sp Su Tm. The pUZ8-R151 recombinant
has IncP specificity and confers susceptibility to
donor-specific phage PR4 that is active on
strains containing IncN, P, orW plasmids (2). A
Tra- derivative of strain E5-2(pUZ8-R151) was
selected with PR4 on plates containing carbeni-
cillin to prevent loss of the entire plasmid, and
IncW plasmid R388 (Su Tp) was introduced. In a
4-h mating between strain E5-2(pUZ8-R151

Tra-) (R388) and E. coli J53-1, ampicillin-resist-
ant transconjugants were obtained at a frequen-
cy of 10-6 per donor. Of 10 transconjugants
analyzed, 8 were tetracycline susceptible and
hence lacked at least part of pUZ8-R151. All
eight had the resistance phenotype Ap Gm Km
Sm Sp Su Tm but were trimethoprim suscepti-
ble. These resistances were transferred together
on outcross and were eliminated together on
selecting for PR4-resistant colonies in the ab-
sence of antibiotic. Furthermore, introduction of
IncW plasmid S-a (Cm Gm Km Sm Su Tm) by
selecting for chloramphenicol-resistant trans-
conjugants resulted in loss of ampicillin resist-
ance. These results suggest that PSE-2 f-lacta-
mase production together with Gm Km Sm Sp
(Su) Tm resistance was transposed from pUZ8-
R151 to R388 with loss or inactivation of tri-
methoprim resistance. Sulfonamide resistance is
indicated in parentheses since this marker is
already present on R388.
To demonstrate that transposition was recA

independent, E. coli recA strain KL16-99(pUZ8-
R151 Tra-) (R388) was constructed and mnated
for 18 h with E. coli J53-1. Ampicillin-resistant
or streptomycin-resistant transcoijufants were
selected at a frequency of 6 x 10 on plates
containing nalidixic acid for counterselection.
Of40 transconjugants analyzed, 39 were tetracy-
cline ahd trimethoprim susceptible but carried
the resistance pattern Ap Gm Km Sm Sp Su Tm.
Hence, transposition of resistance from pUZ8-
R151 to R388 is recA independent. The designa-
tion TnI404 is proposed for the unit carrying the
PSE-2 f-lactamase gene and the resistance phe-
notype Gm Km Sm Sp (Su) Tm.

FIG. 2. Analytical isoelectric focusing of P-lacta-
mases produced by strains PU21(R151) (tracks A, B,
E, F) and PA038 Rifr(pMG33) (tracks C, D, G, H). In
tracks A and D, strains were induced with 0.5 mg of
benzylpenicillin per ml, and in tracks F and H, the ,-
lactamase extracts were applied at the cathode rather
than the anode.
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FIG. 3. Analytical isoelectric focusing of ,B-lacta-
mases produced by strains PU21(R151) (tracks A, B,
E, F) and PU21(pMG74) (tracks C, D, G, H). In tracks
A and D, strains were induced with 0.5 mg of benzyl-
penicillin per ml, and in tracks F and H, P-lactamase
extracts were applied at the cathode rather than the
anode.

When the molecular weights of R388 and
R388::TnJ404 were compared by agarose gel
electrophoresis, however, both plasmids ap-
peared to have the same size, as though deletion
of R388 DNA accompanied acquisition of
Tn1404. To overcome this difficulty, IncW plas-
mid pUB5573 was used as an alternate transpo-
son acceptor. Plasmid pUB5573 is an R388 de-
rivative in which a portion of the sulfonamide
resistance gene has been removed by deletion
(41). On mating E. coli E5-2(pUZ8-R151 Tra-)
(pUB5573) with E. coli J53-1, ampicillin-resist-
ant transconjugants were obtained at a frequen-
cy of 10-8 that were tetracycline susceptible,
resistant to gentamicin, kanamycin, streptomy-
cin, spectinomycin, sulfonamide, and tobramy-
cin and resistant to trimethoprim. Hence, sul-
fonamide resistance was carried by Tn1404.
Introduction of IncW plasmid S-a into such

strains resulted in loss of ampicillin and trimeth-
oprim resistance, confirming the formation of
pUB5573::Tn1404 derivatives. By agarose gel
electrophoresis, such plasmids were 6.4 mega-
daltons larger than pUB5573, indicating that
Tn1404 had a molecular weight of about 6.4 x
106.

DISCUSSION
PSE-2 P-lactamase production is relatively

uncommon among the Pseudomonas plasmids
that we have studied. Of about 60 carbenicillin
resistance plasmids analyzed by isoelectric fo-
cusing (13, 14; A. A. Medeiros, A. M. Philip-
pon, and G. A. Jacoby, unpublished observa-
tions), only three produced PSE-2. Two of these
plasmids were detected in isolates from Chica-
go, but the third was obtained from a strain
originating in Athens, Greece. PSE-2-producing
plasmids varied in size, transfer proficiency, and
incompatibility specificity, but all also deter-
mined the resistance phenotype Gm Km Sm Sp
Su Tm.
PSE-2 P-lactamase functions efficiently in E.

coli if incorporated into a broad-host-range plas-
mid such as pUZ8 (10). From a pUZ8-R151
recombinant plasmid, the PSE-2 gene could be
transposed to a second plasmid along with the
resistance phenotype Gm Km Sm Sp Su Tm.
Transposition was recA independent, and for
plasmid pUB5573 it was associated with an
increase in molecular weight of 6.4 x 106. The
designation Tn1404 is proposed for this unit.
Transposition of Tn1404 to plasmid R388 was
unusual in that trimethoprim resistance was in-
variably lost, apparently by deletion since the
size of R388::Tnl404 did not increase. Transpo-
sition of Tn2521 (38) and other multiresistance
PSE P-lactamase transposons to R388 has also
been found to produce trimethoprim-susceptible
deletion derivatives (G. A. Jacoby, unpublished
observations). Recombination between homolo-
gous segments carried by R388 and certain tran-
sposons, such as common sulfonamide resist-
ance genes, might be involved. In support of this

TABLE 4. Properties of ,-lactamases produced by R151, pMG33, pMG74, and RGN238 (OXA-1)
Relative rate of hydrolysisa Inhibition byb:

Plasmid
speciing Peni- Ampi- Car Oxa- Methi- Cloxa- Cephal- Cephal- Cefo- Clox- ulanic bactam Cl-P-lactamase cillin cillin beni- cillin cillin cillin oridine othin taxime acillin acid (40 (40 (mM)cillin ~~~~~~~(0.1 MM) pLm) ILM)

R151 100 173 87 273 286 902 50 11 1 0 69 60 19
pMG33 100 202 130 265 279 >1,500 60 3 1 0 70 64 20
pMG74 100 233 62 243 262 >1,500 49 15 1 0 67 49 16
RGN238 100 419 64 271 343 119 112 34 24 0 47 98 3.1
a Expressed as V,,,, relative to that of benzylpenicillin (100).
b Percentage of activity at the indicated concentration of inhibitor, except for Cl-, for which the concentration

for 50%6 inhibition is shown.
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TABLE 5. Neutralization of 1-lactamase with
antiserum

Residual activity (%) after

Plasmid treatment with antiserum to:Lactamase
TEM-1 CARB-3 OXA-1

TEM-1 plll <10 100 100
TEM-2 RP4 <10 100 100
PSE-1 RPL11 100 <10 100
PSE-4 pMG19 100 <10 100
OXA-1 RGN238 100 100 <25
PSE-2 R151 100 100 100
PSE-2 pMG33 100 100 100
PSE-2 pMG74 100 100 100

hypothesis, transposition of Tnl404 to
pUB5573, derivative of R388 in which a portion
of the sulfonamide resistance gene has been
deleted, was not associated with loss of trimeth-
oprim resistance, but against it is the observa-
tion that the formation of trimethoprim-suscepti-
ble R388::Tn1404 derivatives was recA-
independent.
The PSE-2-producing . plasmids are either

Tra (pMG33) or unable to transfer to E. coli by
conjugation (R151 and pMG74), but there is no
reason to believe that PSE-2 production will
remain specific to the genus Pseudomonas. In-
deed, D. M. Livermore, J. P. Maskeil, and J. D.
Williams have detected isolates of E. coli, Kleb-
siella pneumoniae, Providencia stuartii, and En-
terobacter cloacae in London that determine
PSE-2 and that contain plasmids transmissible to
E. coli or P. aeruginosa (personal communica-
tion). Hence, both PSE-1 (18, 33) and PSE-2 can
no longer be considered 1-lactamases specific
for the genus Pseudomonas.
Although PSE-2 resembles PSE-1, PSE-3, and

PSE4 B-lactamases in efficient hydrolysis of
carbenicillin (30, 31), it also resembles the OXA
group in activity against oxacillin and cloxacil-
lin, and it resembles OXA-1 in activity against
methicillin. Like the OXA group, PSE-2 was
inhibited by Cl- ions but not by cloxacillin (in
contrast to the findings of Matthew [30]). Al-
though PSE-2 P-lactamase was inhibited in vitro
by clavulanic acid or sulbactam, these 3-lacta-
mase inhibitors failed to show synergy against a
PSE-2-producing strain ofP. aeruginosa in com-
bination with the 3-lactamase-susceptible antibi-
otic azlocillin, as was also found for strains
producing enzymes of the OXA group (4). Im-
munological tests indicated that antisera neutral-
izing TEM-1, TEM-2, OXA-1, or PSE-1 and
PSE4 failed to inactivate PSE-2. Sykes and
Matthew also found that antiserum to PSE-2 did
not cross-react with other plasmid-mediated en-
zymes (40). Hence, PSE-2 has properties resem-
bling the OXA group of enzymes but appears
immunologically distinct.

Several 13-lactamase transposons have now
been described in which ,B-lactamase production
is linked to aminoglycoside and other resis-
tances, including TEM-1 with Sm Sp Su Hg in
Tn4 (21), OXA-1 with Sm Sp Su Hg in Tn2603
(42), PSE-1 with Sm Sp Su Hg in Tnl401,
Tn1402, and Tn21O0 (19, 33), PSE-2 with Gm
Km Sm Sp Su Tm in Tn1404, and PSE-4 with Sm
Sp Su in Tn2521 (38). The functional and struc-
tural relationships among these transposons may
provide additional insights into the way these ,-
lactamase genes are related.

ACKNOWLEDGMENTS
We thank L. Gilly, G. Fournier, and L. Sutton for expert

technical assistance.
This study was supported in part by contract no. 821024

from the Institut National de la Santc et de la Recherche
M6dicale and by National Science Foundation grant PCM-
8110808.

LITERATURE CITED
1. Blrnbohm, H. C., and J. Doly. 1979. A rapid alkaline

extraction procedure for screening recombinant plasmid
DNA. Nucleic Acids Res. 7:1513-1523.

2. Bradley, D. E., and E. L. Rutherford. 1975. Basic charac-
terization of a lipid-containing bacteriophage specific for
plasmids of the P, N, and W compatibility groups. Can. J.
Microbiol. 21:152-163.

3. Bryan, L. E., M. S. Shabraba, and H. M. Van Den
Elsen. 1974. Gentamicin resistance in Pseudomonas aeru-
ginosa: R-factor-mediated resistance. Antimicrob. Agents
Chemother. 6:191-199.

4. Calderwood, S. B., A. Gardella, A. M. P pOW , G. A.
Jacoby, and R. C. Moelrg, Jr. 1982. Effects of azlocil-
fin in combination with clavulanic acid, sulbactam, and N-
formimidoyl thienamycin against ,-lactamase-producing,
carbenicillin-resistant Pseudomonas aeruginosa. Antimi-
crob. Agents Chemother. 22:266-271.

5. Coetase, J. N., N. Datta, and R. W. Hodges. 1972. R
fictors from Proteus rettgeri. J. Gen. 'Microbiol. 72:543-
552.

6. Datts, N., and P. T. Barth. 1976. Compatibility properties
of R483, a member of the I plasmid complex. J. Bacteriol.
125:796-799.

7. Davis, B. D., and E. S. MIagloll. 1950. Mutants of Esche-
richia coli requiring methionine or vitamin B12. J. Bacteri-
ol. 60:17-28.

8. Hansn, J. B., and R. H. Obse. 1978. Isolation of large
bacterial plasmids and characterization of the P2 incom-
patibility group plasmids pMG1 and pMG5. J. Bacteriol.
135:227-238.

9. Hedges, R. W., N. Datt, P. Koutomhbalon, and J. T.
Smith. 1974. Molecular specificities of R factor-deter-
mined beta-lactamases: correlation with plasmid compati-
bility. J. Bacteriol. 117:56-62.

10. Hedges, R. W., and M. Matthew. 1979. Acquisition by
Escherichia coli of plasmid-borne flactamases normally
confined to Pseudomonas spp. Plasmid 2:269-278.

11. Jacob, A. E., J. A. Shapiro, L. Yananoto, D. I. Smith,
S. N. Coben, and D. Berg. 1977. Plasmids studied in
Escherichia coli and other enteric bacteria, p. 607-638. In
A. I. Bukhari, J. A. Shapiro, and S. L. Adhya (ed.), DNA
insertion elements, plasmids, and episomes. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

12. Jacoby, G. A. 1974. Properties ofR plasmids determining
gentamicin resistance by acetylation in Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 6:239-252.

13. Jacoby, G. A. 1980. Plasmid-determined resistance to
carbenicillin and gentamicin in Pseudomonas aeruginosa,
p. 83-96. In C. Stuttard and K. R. Rozee (ed.), P!asmids
and transposons: environmental effects and maintenance

ANTIMICROB. AGENTS CHEMOTHER.



PROPERTIES OF PSE-2 1-LACTAMASE 369

mechanisms. Academic Press, Inc., New York.
14. Jacoby, G. A., and M. Matthew. 1979. The distribution of

,-lactamase genes on plasmids found in Pseudomonas.
Plasmid 2:41-47.

15. Jacoby, G. A., and J. A. Shapiro. 1977. Plasmids studied
in Pseudomonas aeruginosa and other pseudomonads, p.
639-656. In A. I. Bukhari, J. A. Shapiro, and S. L. Ad-
hya (ed.), DNA insertion elements, plasmids and epi-
somes. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

16. Jacoby, G. A., and L. Sutton. 1982. Restriction-modifica-
tion systems determined by Pseudomonas plasmids. Plas-
mid 8:141-147.

17. Kabins, S., C. Nathan, and S. Cohen. 1974. Gentamicin-
adenylyltransferase activity as a cause of gentamicin
resistance in clinical isolates ofPseudomonas aeruginosa.
Antimicrob. Agents Chemother. 5:565-570.

18. Katsu, K., M. Inoue, and S. Mitauha. 1981. Plasmid-
mediated carbenicillin hydrolyzing beta-lactamases of
Proteus mirabilis. J. Antibiot. 34:1504-1506.

19. Katsu, K., M. Inoue, and S. Mtauhshl. 1982. Transposi-
tion of the carbenicillin-hydrolyzing beta-lactamase gene.
J. Bacteriol. 150:483-489.

20. Kazmlrczak, A., A. Phillppon, H. Chardon, R. Labia, and
F. Le Goffic. 1973. Constantes enzymatiques (Km et Vm)
des ,-lactamases mesur6es par une methode microacidi-
metrique coupl6e h l'ordinateur. Ann. Microbiol. (Inst.
Pasteur) 124B:259-268.

21. Kopecko, D. J., J. Brevet, and S. N. Cohen. 1976. Involve-
ment of multiple translocating DNA segments and recom-
binational hotspots in the structural evolution of bacterial
plasmids. J. Mol. Biol. 108:333-360.

22. Labia, R., and M. Barth6l6my. 1979. L'enzymogramme
des P-lactamases: adaptation en gel de la m6thode iodo-
m6trique. Ann. Microbiol. (Inst. Pasteur) 130B:295-304.

23. Labia, R., M. Bartbh6lny, C. Fabre, M. Gulonle, and J.
PeduzzL. 1979. Kinetic studies of three R-factor mediated
P-lactamases, p. 429-442. In J. M. T. Hamilton-Miller
and J. T. Smith (ed.), Beta-lactamases. Academic Press,
Inc. (London) Ltd.

24. Labia, R., M. Barth&my, and J. M. Masson. 1976. Multi-
plicite des ,Blactamases: un probleme d'isoenzymes?
C.R. Acad. Sci. Ser. D 283:1597-1600.

25. Labia, R., M. Gulonle, M. Barth6my, and A. Philippon.
1981. Properties of three carbenicillin-hydrolysing P-lac-
tamases (CARB) from Pseudomonas aeruginosa: identifi-
cation of a new enzyme. J. Antimicrob. Chemother. 7:49-
56.

26. Labia, R., Z. K erezak, A. Phippon, F. Le Goflic,
J. C. Faye, F. W. Goldstein, and J. F. Acar. 1975. ,B-
Lactamases de Pseudomonas aeruginosa et r6sistance a
la carb6nicilline. Ann. Microbiol. (Inst. Pasteur)
126A:449-459.

27. Labia, R., F. Le Gofflc, J.-C. Faye, and A. Philippon. 1974.
Deux cephalosporinases de Pseudomonas aeruginosa.
Biochimie 56:1333-1337.

28. Lenox, E. S. 1955. Transduction of linked genetic charac-
ters of the host by bacteriophage P1. Virology 1:190-206.

29. Low, B. 1968. Formation of merodiploids in matings with
a class of rec recipient strains of Escherichia coli. Proc.
Natl. Acad. Sci. U.S.A. 60:160-167.

30. Matthew, M. 1978. Properties of the 4lactamase specified
by the Pseudomonas plasmid R151. FEMS Microbiol.
Lett. 4:241-244.

31. Matthew, M. 1979. Plasmid-mediated ,B-lactamases of
gram-negative bacteria: properties and distribution. J.
Antimicrob. Chemother. 5:349-358.

32. Matthew, M., A. M. Harris, M. J. Marshall, and G. W.
Ross. 1975. The use of analytical isoelectric focusing for
detection and identification of (-lactamases. J. Gen. Mi-
crobiol. 88:169-178.

33. Medeiros, A. A., R. W. Hedges, and G. A. Jacoby. 1982.
Spread of a "Pseudomonas-specific" ,B-lactamase to plas-
mids of enterobacteria. J. Bacteriol. 149:700-707.

34. Mdling, J., and G. K. Scott. 1972. Preparation of gram
quantities of a purified R-factor-mediated penicillinase
from Escherichia coli strain W3310. Biochem. J. 130:55-
62.

35. O'Calaghan, C. H., P. Acred, P. R. Harper, D. M. Ryan,
S. M. Kirby, and S. M. Harding. 1980. GR 20263, a new
broad-spectrum cephalosporin with anti-pseudomonal ac-
tivity. Antimicrob. Agents Chemother. 17:876-883.

36. Phllippon, A., G. Paul, M. Barthelemy, R. Labia, and P.
Nevot. 1980. Properties of the beta-lactamase (penicillin-
ase) produced by Levinea malonatica. FEMS Microbiol.
Lett. 8:191-194.

37. Royle, P. L., and B. W. Holioway. 1980. Relationship
between R and FP plasmids in Pseudomonas aeruginosa.
Antimicrob. Agents Chemother. 17:293-297.

38. Sincldr, M. I., and B. W. Holoway. 1982. A chromosom-
ally located transposon in Pseudomonas aeruginosa. J.
Bacteriol. 151:569-579.

39. Summers, A. O., and G. A. Jacoby. 1977. Plasmid-deter-
mined resistance to tellurium compounds. J. Bacteriol.
129:276-281.

40. Sykes, R. B., and M. Matthew. 1979. Detection, assay,
and immunology of ,B-lactamase, p. 17-49. In J. M. T.
Hamilton-Miller and J. T. Smith (ed.), Beta-lactamases.
Academic Press, Inc. (London) Ltd.

41. Ward, J. M., and J. Grlnsted. 1982. Physical and genetic
analysis of the Inc-W group plasmids R388, Sa, and R7K.
Plasmid 7:239-250.

42. Yamamoto, T., M. Tanaka, C. Nohara, Y. Fukunaga, and
S. Yamagishi. 1981. Transposition of the oxacillin-hydro-
lyzing penicillinase gene. J. Bacteriol. 145:808-813.

VOL. 24, 1983


