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mexR of the PAO4290 chromosome with two of the
mutant mexR alleles described above. We used the
most frequent mexR mutation described above that
had a C to T substitution at nucleotide 73
(TNP0O30#10). Another mutation used was
TNPO30#11, which had an A to C substitution at
nucleotide 388. We amplified mexR from these
strains and replaced it with the homologous chromo-
somal gene in PAO4290. The nucleotide sequencing
analysis of the chromosomal mexR of strain
TNPO078#10 showed a C to T substitution at nucleo-
tide 73 as expected. Another mutant, TNPO78#11,
had two mutations: one was an A to C substitution
as expected at nucleotide 388 and an additional T to
G substitution at nucleotide 104. The latter mutation
probably occurred accidentally during the course of
the PCR ampilification. Both mexR mutants carrying
the impaired mexR showed a typical nalB-type anti-
biotic resistance profile, which was indistinguishable
from that in TNPO30#10 and TNPO30#1!1 (Table 2).
These mexR mutants also expressed the mexA tran-
scriptional reporter comparable to that in the parent
nalB-type mutants {Table 3). We concluded, based
on these results, that the mutation in the mexR
gene alone 1s sufficient to overexpress the mexAB-
oprM operon and to confer nal/B-type multi-antibi-
otic resistance in P. aeruginosa.

4. Discussion

The mexAB-oprM operon has been implicated as
encoding the antibiotic efflux pump that is overex-
pressed in the nalB-type mutant [4], and the gene
overcoming the iron utilization inhibitor, 2,2'-dipyr-
idyl [31. It has been assumed that the ra!/B locus
encodes a regulator of the mexAB-oprM operon.
More recently, the mexR gene was discovered up-
stream of the mexAB-oprM operon and the pheno-
type of the mexR mutation appeared to be similar to
that of the na/B mutant {8]. Our data presented in
this paper showed that all the nalB-type muiants
isolated in this laboratory and one original nalB9
mutant had a mutation at nine independent sites in
the mexR gene. This finding is consistent with a pre-
vipus analysis of the mexR gene of the nalB-type
antibiotic-resistant strains isolated from clinical ma-
terials [9]. It must be stressed, however, that the se-

quencing analysis of the clinical isolates does not
resolve the question of whether or not only the
mexR mutation is sufficient to overexpress the Mex-
AB-OprM efflux pump. To ascertain that no other
mutation was involved in the expression of the nalB
phenotype in our mutants, we replaced the mutant
mexR with wild-type mexR. Furthermore, the wild-
type mexR gene was replaced with previously char-
acterized na/B-type mexR genes. The results obtained
from these experiments support the notion that
mexR is the only gene necessary to regulate expres-
sion of the mexAB-OprM operon. The next question
to be addressed is whether or not nal/B is identical to
mexR.

We favor the notion that nalB is identical to mexR
based on the following observations. In the earlier
study, the na/B9 mutation was mapped at 32 min of
the P. aeruginosa (PAO6006) chromosome, which is
close to pyrB and proC [5]. We searched the genome
sequence database of P. aeruginosa and found that
mexR 1s located between 174.5 and 1750 kb of a
195.7-kb contig. The pyrB and proC genes were
found at 146.3-148.5 kb and 138.4-139.1 kb, respec-
tively, Therefore, the gene sequence on the database
appeared to be mexR-pyrB-proC, which is exactly the
same sequence of nalB9-pyrB-proC determined by
previous transduction experiments [5]. These finding
indicate that nal/B and mexR are the same gene.

A recent paper reported that hyper-expression of
the mexAB-oprM operon in the nulB strain cannot
be explained simply by a null mutation in mexR and
suggested the presence of an additional gene(s) [8,9].
Our paper does not rule out the possible presence of
an upper regulator that acts on the nalB/mexR gene.
However, it is not clear at present whether such an
upper regulator is effective in the cell with the acti-
vated mexR/nalB gene. Since the identity of nalB and
mexR has become clear, the designation of these
genes should be coalesced. We propose to designate
nalB/mexR as the mexR gene because of the desig-
nation of the operon to be regulated, which is mex-
AB-oprM.
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Pseudomonas aeruginosa encodes three types of xeno-
bioti¢ efflux pumps, MexAB-OprM, MexCD-Oprd, and
MexEF-OprN, which are regulated by the nalB, nfxB,
and nfxC genes, respectively, and their high expression
renders the cells resistant to multiple species of antibi-
otics. We evaluated the role of the outer membrane per-
meability barrier and the efflux pump in lowering the

intracellular concentration of fluorescent probes. The .

wild-type, nalB, nfxB, and nfxC strains with an intact
outer membrane showed equally high capability in
draining out intracellular fluorescent dye, 2-(4-dimethyl-
aminostyryl)-1-ethylpyridinium and ethidium bromide.
When the outer membrane barrier was dismantled by
the EDTA treatment, wild-type, nfxC, nfxB, and nalB
strains showed significanily different levels of dye accu-
mulation. The polymyxin B-treated cells showed an
even more pronounced difference in dye accumulation
among the nfxC, nfxB, and nalB mutants. We concluded
from these results that the xenobiotic extrusion pumps
interplay with the outer membrane permeability barrier
in lowering the intracellular substrate concentration.
Among three extrusion pumps in P. aeruginosa, MexAB-
OprM was the most efficient, followed by MexCD-OprdJ
and MexEF-OprN pumps for the fluorescent dye extru-
sion. © 1998 Academie Press

Low specific antibiotic resistance in gram-negative
bacteria is mainly attributable to a tight diffusion bar-
rier at the outer membrane and active drug extrusion
(1, 2). Natural resistance of bacteria to structurally and
functionally different antibiotics could be responsible
for serious set-backs during antimicrobial chemother-
apy (3-7). In addition, high selective pressure exerted
by world-wide uncontrolled use of antibiotics changes
the situation even worse rapidly. P. aeruginosa is a
problematic pathogen in immunocompromised pa-
tients due mainly to its high and broad resistance to
antibiotics (7). Multidrug resistance in P. aeruginosa is
mainly attributable to the expression of three multi-
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Copyright € 1999 by Academic Press
All rights of reproduction in any form reserved.

drug extrusion systems, namely, MexAB-OprM (8-10),
MexCD-Oprd (11) and MexEF-OprN (12). Among
these, only the MexAB-OprM pump is expressed in the
wild-type strain and the MexAB-OprM, MexCD-OprJ
and MexEF-OprN pumps are overexpressed upon mu-
tation of the respective regulatory genes (13-15}).

The substrate specificities of these efflux pumps ap-
peared similar and could only be distinguished by mea-
suring the antimicrobial susceptibility profile of the
mutant strains (16). Therefore, biochemical methods to
quantitate their xenobiotics extrusion capability and to
differentiate these efflux pumps have been long-
awaited. We have reported recently that the MexAB-
OprM machinery recognizes several fluorescent dyes
as the substrate and exports them efficiently (17). Ex-
panding this real-time fluorescence measurement
method in combination with the outer membrane per-
meabilizing agents, we characterized the interplay be-
tween the outer membrane permeability barrier and
the efflux pump.

MATERIALS AND METHODS

Reagents and antibiotics. Reagents were purchased from the
following sources and used without further purification. 2-(4-
dimethylaminostyryl)-1-ethylpyridinium (DMP) and polymyxin B
were from Sigma Chemical Co (St. Louis, MA). Ethidium bromide
was from Dojindo Laboratories (Japan). Ethylene-diaminetetra-
acetic acid (EDTA) was from Wako Chemicals (Japan).

Bacterial strains and, growth conditions. Straing used in this
study are listed in Table 1. All the strains were grown at 37°C in LB
medium (1% of tryptone, 0.5% of yeast extract, 0.5% of NaCl, pH 7.2
per liter). Experimental cultures inoculated at 5% with a fully grown
overnight culture were rotated at 200 rpm at 37°C for 2 h. The
nalB-type mutant was isolated from laboratory strain, PAO4290, by
the procedure described earlier (18).

Preparation of cell suspension and fluorescence measurements.
Cells were harvested at 7000 % g for 10 min at 25°C, washed once
with 100 mM NaCl-50 mM sodium phoesphate buffer (pH 7.8), and
suspended again in the same buffer at A}, = 0.1 {final concentra-
tion) in the presence of 0.05% of glycerol. Cells were used within 2h
after cell preparation. Fluorescence measurements were carried out
at pH 7.0 under controlled temperature at 30°C, DMP was dissolved
in absolute methanol and ethidium bromide in water and added to
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TABLE [
Bacterial Strains

Strains Relevant properties Reference

Pseudomonas aeruginosa

PAO4290 leu-10, argF10, aph-9004, FP~ Matsumoto collection
TNP30 nalB derivative of PAC4290 This laboratory
83800R01  nfxB derivative of 8380 18

83800IR01 nfxC derivative of 8380 16

the final concentrations as indicated in the figure legends. Fluores-
cence intensity was measured with a Hitachi 650-108 Fluorescence-
Spectrophotometer and the data were registered on a Hitachi 056
recorder. Excitation and emission wavelengths for DMP were, re-
spectively, 485 and 577 nm, and for ethidium bromide, 520 and 590
nm. Skt widths were set at 5 nm for excitation and at 10 nm for
emission for all measurements.

RESULTS

We reported recently that the fluorescent dye DMP
could be used as a substrate for real-time monitoring of
the MexAB-OprM efflux pump function (17). When the
DMP accumulation was determined in the wild-type
and the nalB, nfxB and nfxC strains, all the cells ac-
cumulated an undetectable level of fluorescent dye in-
dicating that all the efflux machineries pumped out the
dye efficiently (Fig. 1A). Qur previous study reported
that the mutant expressing none of these pumps accn-
mulated a large amount of dye (17). Therefore, the
presence of the efflux pump is essential in lowering the
intracellular DMP concentration. We interpreted the
‘above observation to mean that the outer membrane
barrier masks the different dye extrusion capability in

BIOCHEMICAL AND BIOPHYSICAL, RESEARCH COMMUNICATIONS

these strains, since it was assumed that the outer
membrane barrier and the efflux pumps are linked in
efficient lowering of the intracellular dye concentra-
tion.

Effect of EDTA treatment on DMP accumulation.
We treated the cells with 0.1 mM EDTA to dismantle
the outer membrane barrier and measured the DMP
accumulation. When 50 pM DMP was added to the
suspension of EDTA-treated cells, the wild-type strain
accumulated a significantly high amount of DMP with
an increment rate of 26 arbitrary units. The rate in the
nfxC nfxB and nalB mutants was 10, 6 and 0 units,
respectively (Fig. 1B). We interpreted this result to
mean that the level of the MexAB-OprM extrusion
pump expressed in the wild-type cell is insufficient to
drain out incoming DMP through the damaged outer
membrane. On the other hand, the na{B-type mutant
accumulated an undetectable level of DMP, even in the
presence of EDTA suggesting that the MexAB-OprM
pump in the nalB mutant reserves enough potential to
drain out all incoming DMP rapidly. The MexEF-OprN
as well as the MexCD-OprJ pump systems did not
appear to drain off the massive level of incoming dye in
the EDTA-treated cells, but still reserve a certain ca-
pacity to extrude the dye more efficiently than the
wild-type strains.

Effect of polymyxin B treatment on DMP accumula-
tion. We described above that the use of the fluorescent
dyes allowed us to distinguish the nalB strains from the
nfxC or nfxB strain in terms of dye extrusion capability,
but the nfxC and nfxB strains were similar in this respect
(Fig. 1B). We used another membrane permeabilizing
agent, polymyxin B that permeabilizes the outer mem- .
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FIG. 1. Effect of EDTA and polymyxin B.in the efflux pump-mediated lowering of intracellular DMP. Cells were treated with 0.1 mM
EDTA or 2.5 ug/ml of polymyxin B and kept at 30°C for 5 min, and then 50 uM DMP in absolute methanol was added, The fluorescent
intensity was recorded immediately. (A) Without pretreatment. (B) EDTA treatment. (C) Polymyzxin B treatment. Strains: (a) PAO4290; (b)

83800IR01; (c) 83800R01 (d) TNP30.
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FIG.2. Effect of EDTA and polymyxin B in the efflux pump-mediated lowering of intracellular ethidium bromide. Cells were treated with
0.1 mM EDTA or 2.5 prg/ml of polymyxin B and kept at 30°C for 5 min, and then 10 uM ethidium bromide in water was added. The fluorescent
mten51ty was recorded immediately. (A) Without pretreatment. (B) EDTA treatment. (C) Pelymyxin B treatment. Strains: (a) PAQ4290; (b}

83800IR01; (c) 83800R01 (d) TNP30.

brane to hydrophobic agents (19). We treated the cells
with 2.5 ug/ml of polymyxin B and measured the DMP
accumulation, The nfxB strains showed an increment
rate of 6.6 arbitrary units, which was significantly lower
than the rate of 32.4 units in the nfxC strain. The nalB
strain again showed nearly undetectable fluorescence in-
crements under the same conditions (Fig. 1C). We inter-
preted these results to mean that polymyxin B disman-
tled the outer membrane permeability barrier more
efficiently than EDTA, thereby allowing a very rapid
influx of the dye, in which the MexCD-OprdJ pump still
retained a certain capability to drain out the incoming
DMP, although the capability of the MexEF-OprN pump
was saturated.

Effect of EDTA and Polymyxin B treatment on
ethidium bromide accumulation. In contrast to DMP,
which mainly monitors accumulation of the dye to the
cytoplasmic membrane, ethidium bromide uptake re-
flects the dye accumulation into the cytoplasmic compart-
ment (16}, We found that the nalB, nfxC and nfxB cells
can recognize ethidium bromide as a substrate and ex-
trude efficiently resulting in a nearly undetectable level
of the accumulated dye in intact cells (Fig. 2A). Again the
mutant lacking MexAB-OprM accumulated a large
amount of ethidium bromide suggesting that the efflux
pump actively lowered the intracellular dye concentra-
tion (17). When the EDTA-treated cells were subjected to
the ethidium bromide accumulation experiment, the in-
crement rate in the nfxB and nfxC mutants were 3.6 and
4.9 units, respectively (Fig. 2B). The results were consis-
tent with the DMP accumulation experiments in the
presence of EDTA. Again, the nalB mutant showed no
gignificant increase in dye accumulation under the same
conditions (Fig. 2B). Experiments with the polymyxin

B-treated cells showed more pronounced differences be-
tween the mutants (Fig. 2C). The increment rate in the
nfxC strains was 16 units, followed by the nfxB strain
with 9.4 units. Thus, it became clear that among the
multidrug resistant strains of P. aeruginosa, the MexAB-
OprM pump retains the highest capability in lowering
the intracellular ethidium bromide concentration fol-
lowed by the MexCD-OprJ and MexEF-OprN pump as-
semblies. The clinical isclates of nalB, nfxB and nfxC
mutants were subjected to the dye extrusion experiments
and appeared to behave as the respective laboratory mu-
tants (data not shown}.

DISCUSSION

We reported in this study that nalB, nfxC, nfxB and the
wild-type cells with an intact outer membrane efficiently
lowered the intracellular dye concentration to an unde-
tectable level. Treatment of the cells with EDTA or poly-
myxin B to dismantle the outer membrane barrier re-
sulted in a high level of dye accumulation in the wild-type
cells. The wild-type level of the extrusion capability,
which is most likely due to low expression of the MexAB-
OprM extrusion pump, was not strong enocugh to over-
come masstve influx of the dye. On the other hand, the
nalB cells still reserved enough potential to drain out all
incoming dyes through the damaged outer membrane.
The dye extrusion capability of the nfxB and nfxC cells
was saturated partially and appeared to be intermediate
between the nalB and the wild-type strain. The poly-
myxin B-treated nfxC cells accumulated more dye than
the nfxB cells. Therefore, the dye exporting capability
among these strains was the highest in the nalB mutant,
followed by the nfxB and nfxC mutants and the wild type
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strain. An alternative interpretation of the high dye ac-
cumulation in the EDTA- or polymyxin B-treated cells
would be that these agents damaged the subunit inter-
action of the extrusion machinery. However, this was not
the case, since the EDTA-treated wild-type strain accu-
mulated a significantly lower level of the dyes than the
mutant lacking the MexAB-OprM pump. Therefore, we
concluded that a high level of dye accumulation in the
EDTA or polymyxin B-treated cells is attributable to the
increased outer membrane permeability.

The role of outer membrane permeability in tetracy-
cline accumulation in Escherichia coli was reported ear-
lier with emphasis on the importance of the porin chan-
nel as the diffusion pathway (2). However, the situation
in P. aeruginosa is largely different from that of E. cofi.
Since the porin channel in P. aeruginesa is too small to
allow the passage of most antibiotics and the fluorescent
dyes (20). Therefore, the role of the outer membrane
barrier in the interplay with the efflux pump in P. aerugi-
nose has to be emphasized. The efficacy of substrate
extrusion reflects the affinity of the efflux pump to the
substrate and the level of the pump expression. In fact
the accumulation of 1-{4-trimethylammoniumphernyl)-6-
phenyl-1,3,5-hexatriene was higher in the nal/B mutant
than in the nfxC and nfxB mutants (data not shown).
Therefore, precise transport K,, and V,,,, should be cal-
culated with an improved experimental set up in the
future.

In summary, this study reported on the different
capacity of the effilux pumps of P. aeruginosa in fluo-
rescent dye extrusion. The dye extrusion efficiency of
the nalB, nfxB and nfxC reported here was also con-
firmed using an independent series of the same mu-
tants. This is the first report that enabled us to distin-
guish the nalB, nfxB and nfxC mutants by real-time
measurements of the substrate accumulation.
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We evaluated the roles of the MexAB-OprM efflux pump and pB-lactamase in (-lactam resistance in
Pseudomonas aeruginosa by constructing OpriM-deficient, OprM basal level, and OprM fully expressed mutants
from B-lactamase-negative, -inducible, and -overexpressed strains. We conclude that, with the notable excep-
tion of imipenem, the MexAB-OprM pump contributes significantly to f-lactam resistance in both B-lacta-
mase-negative and B-lactamase-inducible strains, while the contribution of the MexAB-OprM efflux system is
negligible in strains with overexpressed f-lactamase. Overexpression of the efflux pump alone contributes to
the high level of B-lactam resistance in the absence of -lactamase.

A major problem in Pseudomonas aeruginosa infection is
that this organism exhibits natural and acquired resistance to
many structurally and functionally diverse antibiotics. The mul-
tiple antibiotic resistance of this organism is mainly caused by
low outer membrane permeability (11) and the expression of
efflux pumps. Three efflux pumps have been documented (4, 5,
8, 14, 15) so far, namely the MexAB-OprM (10, 13), the
MexCD-Opr] (12), and the MexEF-OprN (6) pumps. In the
wild-type strain only the MexAB-OprM pump is expressed and
the others are silent (4, 5, 10, 13). The nalB mutant overex-
presses the MexAB-OpeM pump (10, 13), rendering the bac-
terium more resistant than the wild-type strain to certain an-
tibiotics (15). P. aeruginosa also expresses a chromosomally
encoded B-lactamase in the presence of an appropriate inducer
and shows elevated resistance to 3-lactam antibiotics (2, 3). An
earlier study predicted a possible interplay between membrane
permeability and B-lactamase in $-lactam resistance in P.
aeruginosa (7). Thus, it is important to ask which factor con-
tributes most to resistance under various conditions. We ad-
dressed this issue by constructing a series of mutants producing

different levels of the MexAB-OprM efflux pump and of B-lac-
tamase.

Table 1 lists the strains used, their relevant properties, and
B-lactamase activities. The strains PAO1, PAO4096, and
TNP0Ot produce inducible, undetectable, and fully expressed
B-lactamase, respectively (2, 17). We mutagenized the oprM
gene by inserting a Tet" cassette as reported earlier (18). Ma-
nipulation of DNA has been described earlier (16). We con-
firmed the Tet" marker insertion by amplification of the chro-
mosomal oprM by PCR as described by Ausubel et al. (1) by
using the primers 5'-CAGTTGCAGCTGACCAAGG and 5'-
TCGCTGGCCITGACCAGATCG (data not shown). We
confirmed by the Western blotting method with an anti-OprM
antibody (18) that the mutants carrying the Tet" insertion in
oprM showed no detectable OprM protein (data not shown).

We evaluated the role of the efilux pump without 8-lacta-
mase by constructing OprM-deficient (AGprM), OprM-consti-
tutive {OprM*}, and OprM-overexpressed (OprM™ " 7) mu-
tants from a B-lactamase-negative strain (Bla™) which produces
less than 0.9 % 1073 U of B-lactamase (Table 1). The p-lactam

TABLE 1. Bacterial strains, relevant propertics, and B-lactamase activities®

B-Lactamase activity (V)

. Reference
Strain Parent v
Relevant property Uninduced Induceg® or study

PAO1 Wild type 27 %1073 0.65 15
TNPO24 PAO1 ralB-type derivative 28x 1073 0.67 This study
TNPO25 PAOL AoprM (Tet® insertion) 26 %1073 0.59 This study
PAO409% PAO4069 blaP9206 Blal9407 met9020 pro024 0.8 x 107 0.9 x 1073 2
TNPO26 PAOA4096 nalB-type derivative 0.7 x 1073 ND* This study
TNP027 PAO40%6 AoprM (Tet® insertion) 0.5x 1073 0.6 x 1073 This study
TNPQOT PAO1 B-lactamase fully expressed 2.55 203 17
TNPO28 TNPOO01 nalB-type derivative 2.33 2.32 This study
TNPO29 TNP0O1 AoprM (Tet® insertion) 240 282 This study

% The nalB-type mutants were isolated as previously reported (8). The B-lactamase assay used was also previously reported {17). One unit of §-lactamase hydrolyges

1 pmol of cephalothin per min per mg of protein.
# B-Lactamase was induced in the presence of (.15 wg of imipenem/ml.
£ ND, not detected. '

* Corresponding author. Mailing address: Department of Molecular
Life Science, Tokai University School of Medicine, Isehara 259-1193,
Japan. Phone: 81-465-93-5436. Fax: 81-463-93-5437. E-mail: nakae@is
Jdce.u-tokal.ac.jp.
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TABLE 2. MICs of antibiotics for straing with different levels of OprM expression and B-lactamase production®

Strai MIC (pg/mt)
rain

CAZ CZOP CFPM CPR CBPC AZT IPM MPM CPZ cp OFLX
PAOI1 .78 0.78 0.78 156 25 313 0.78 0.39 313 25 0.39
TNP(24 313 1.56 313 3.13 100 12.5 0.78 0.78 12.5 200 1.56
TNPO25 0.39 0.2 0.1 0.2 0.39 0.2 0.78 0.1 0.39 156 0.05
PAQ4096 0.78 0.2 0.39 0.78 12.5 1.56 0.2 0.2 0.78 25 02
TNP026 3.13 0.78 1.56 3.13 50 12.5 0.2 0.78 6.25 200 1.56
TNPO27 0.39 0.1 0.1 0.1 0.z 0.2 0.2 <0.013 0.2 1.56 0.05
TNP0O01 50 50 25 50 200 50 0.78 1.36 400 50 0.39
TNPG28 50 50 25 P50 400 50 0.78 3.13 400 =200 1.56
TNPO29 50 25 12.5 50 100 25 0.78 0.78 400 1.56 0.05

MICs were determined by the agar dilution method with Mueller-Hinton agar (Becton-Dickingon). Abbreviations: CAZ, ceftazidime; CZOP, cefozopran; CFPM,
cefepime; CPR, cefpirome; CBPC, carbenicillin; AZT, aztreonany; 1IPM, imipenem; MPM, meropenem; CPZ, cefoperazone; CP, chloramphenicol; OFLX, offoxacin.

MICs for the Bla~™ OprM™** derivative {TNP026) were 8 to
250 times higher than those for the Bla™ AOprM strain
(TNP027). These increases in MICs are attributable to the
nalB mutation, notably overexpression of the MexAB-OprM
pump. This new finding clearly shows that overexpression of
the efflux pump alone confers high B-lactam resistance without
B-lactamase. The B-lactam MICs for the Bla™ OptM ™ strain
{PAQ4096) were 2 to 64 times higher than those for the Bla™
AOprM mutant (TNP027) except for meropenem. The higher
MICs for PAO4096 than for TNP027 reflect the fraction that
the basal level of the MexAB-OprM efflux pump contributes to
the intrinsic B-lactam resistance. This result is consistent with
recently reported conclusions (9).

Experiments using the strains with fully expressed g-lacta-
mase (Bla® OprtM™, TINP0D1), an AQprM derivative (TNP(29),
and an OprM™* ™ derivative (TNP028) showed entirely differ-
ent MIC profiles. First of all, the p-lactam MICs for the Bla®
AOprM strain (TNP029) were 64 to 2,000 times higher than
those for the Bla~™ AOprM mutant (TNP027). This large dif-
ference in MICs appears to be due solely to the contribution of
the fully expressed B-lactamase (Table 2). The contributions of
wild-type and elevaied levels of MexAB-OprM expression in
the TNPOOI strain to the MICs of these B-lactams were nearly
masked by high B-lactamase production, since the MICs of
these antibiotics for the OprM ™™™ derivative, TNP028, were
only one to four times higher than those for TNP(29. Based on
these new findings, we conciude that in the @-lactamase fully
expressed strain, the B-lactamase predominates in causing
fB-lactam resistance and the role of the efflux pump is second-
ary.

In the next experiment, we designed an experiment taking a
wild-type laboratory strain (PAO1) and constructing AOprM
(TNP025) and nalB (TNP024) mutants. The §-lactamase ac-
tivities of these strains in the presence and absence of the
inducer were 0.59 to 0.67 U and 2.6 X 1073 to 2.8 X 1073 U,
respectively (Table 1). The B-lactam MICs for the wild-type
strain, PAO1, were 0.39 to 25 pg/ml, and these values were
unexpectedly only one te four times higher than the MICs of
these antibiotics for the Bla™ counterpart (PAOQ4096). These
results clearly indicate that the contribution of B-lactamase to
the MICs of these B-lactams was marginal. This is probably
due to poor B-lactamase inducibility of the B-lactams used,
since the MICs of these antibiotics for the Bla® strain
(TNPOG1) were very high (Table 2).

To determine the role of the efflux pump in B-lactam resis-
tance, we compared the MICs of antibiotics for the Bla'
OprM* (PAO1) and the Bla' AOprM (TNP025) strains. The
B-lactams MICs for PAO1 were 2 to 64 times higher than those
for TNP025, indicating that the low-level expression of the

efflux pump mainly contributes to the intrinsic resistance. This
result is consistent with that of a recent report {9). In addition,
the MICs of these antibiotics for the Bla' OprtM™™ " strain
were 8- to 256-fold higher than those for the Bla' AOprM strain
{TNP025). These results showed that the efflux pump alone
can confer very high B-lactam resistance with a negligible con-
{ribution of B-lactamase. To ascertain the contribution of in-
ducible B-lactamase to P-lactam resistance in the MexAB-
OprM-overexpressed environment, we compared the MICs of
B-lactams for TNP)24 and TNP026 and found that the MICs
for TNP024 were only one to two times higher than those for
TNPg26, indicating again that the contribution of inducible
B-lactamase was small compared with that of the efftux pump
under these conditions. After this paper was submitted for
publication, Masuda et al. reported on the interplay between
B-lactamase and the efflux pump (9). Our results concur in part
with theirs and add additional results.

This study was supported by grants from the Ministry of Education,
the Ministry of Health and Welfare, the Japan Society of Promotion of
Science, and the Tokai University School of Medicine.
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The MexA,B-OprM efflux pump assembly of Pseudo-
monas aeruginosa consists of two inner membrane pro-
teins and one outer membrane protein. The cytoplasmic
membrane proiein, MexB, appears to function as the
xenobiotic-exporting subunit, whereas the MexA and
OprM proteins are supposed to function as the mem-
brane fusion protein and the outer membrane channel
protein, respectively, Computer-aided hydropathy anal-
yses of MexB predicted the presence of up te 17 potential
transmembrane segments. To verify the prediction, we
analyzed the membrane topology of MexB using the al-
kaline phosphatase gene fusion method. We obtained
the following unique characteristics. MexB bears 12
membrane spanning segments leaving both the amino
and carboxyl termini in the eytoplasmic side of the in-
ner membrane, Both the first and fourth periplasmic
leops had very long hydrophilic domains containing 311
and 314 amino acid residues, respectively, This fact sug-
gests that these loops may interact with other pump
subunits, such as the membrane fusien protein MexA
and the outer membrane protein OprM. Alignment of
the amino- and the carboxyl-terminal halves of MexB
showed a 30% homology and transmembrane segments
1,2, 3, 4, 5, and 6 could be overlaid with the segments 7,
8, 9, 10, 11, and 12, respectively. This result suggested
that the MexB has a 2-fold repeat that strengthen the
experimentally determined topology model. This paper
reports the structure of the pump subunit, MexB, of the
MexA,B-OprM efflux pump assembly. This is the first
time to verify the topology of the resistant-nodulation-
division efflux pump protein.

Nosocomial patients with cancer, transplantation, burn, cys-
tic fibrosis, ete. are easily infected by bacteria with low viru-
lence. Among those opportunistic pathogens, Pseudomonas
aeruginosa is particularly problematic, since the bacteria show
resistance to many structurally and functionally diverse anti-
biotics (1). Recent studies have revealed that this type of re-
sistance is attributable to a synergy of low outer membrane
permeability and active drug extrusion (2). An increasing num-
ber of multidrug extrusion systems are being reported in both
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of Japan, Science, Sports and Culture, the Ministry of Health and
Welfare of Japan, the Japan Society for Promotion of Science, and the
Tokai University School of Medicine Research Project. The costs of
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prokaryotes and eukaryotes (2-8). It is likely, therefore, that
active extrusion systems play a crucial role in the cellular
defense mechanism against incoming noxious compounds in
many living organisms. It is of great interest and importance,
therefore, to analyze the mechanism by which such universally
occurring extrusion pump function.

The wild-type P. aeruginose expresses a low level of the
MexA,B-OprM drug extrusion machinery (9, 10). Mutations in
nalB gene cause overexpression of the mexA,B-oprM operon
rendering the bacterium more resistant than the wild-type
strain to a broad spectrum of antibictics (3). Deletion of the
coding region of the wild-type mexA, mexB, or oprM renders the
mutant more susceptible than the wild-type strain to many
antibiotics (3, 11). Thus, it is apparent that the MexA B-OprM
machinery is involved in the both basal and elevated levels of
intrinsic antibiotic resistance in P, qeruginosa.

The MexA,B-OprM pump consists of three subunits, MexA,
MexB, and OprM, located at the inner and outer membrane,
respectively (9, 10). MexB consists of 1046 amino acid residues
and is assumed to extrude the xenobiotics utilizing the proton
motive force as the energy source (4, 12). This protein belongs
to the resistant/nodulation/division (RND)' family (13, 14).
MexA is an inner membrane-associated lipoprotein belonging
to the membrane fusion protein family. OprM is an outer mem-
brane protein probably forming the xenobiotics exit channel. A
complex formation by these three subunit proteins has been
suggested for many efflux pump assemblies in Gram-negative
bacteria (13, 15—17). In fact, the functional coupling of the RND
protein and the membrane fusion protein was recently demon-
strated by the subunit exchange experiments using three efflux
pump systems in P. aeruginosa (18-21), while the outer mem-
brane components could be substituted with other proteins
having a similar function. However, the precise molecular
mechanism of substrate recognition and efflux through these
pumps remained to be clarified. For a better understanding of
how this pump extrudes the xenobiotics, it is essential to elu-
cidate the structure and membrane topology of the individual
pump subunit.

The membrane topology of several RND family proteins was
suggested to have 12 transmembrane domains and two large
hydrophilic domains (13, 22). Hydropathy analysis of MexB by
the TOP-PRED 11 1.1 software packages {23) suggested that it
might have 12 certain and 5 putative transmembrane seg-
ments (TMS). Some other software predicted the presence of 11
TMS. :

The topology of cytoplasmic membrane proteins in Gram-
negative bacteria was often studied by the phoA gene fusien
method. Alkaline phosphatase (AP} is enzymatically active af-
ter translocation to the periplasm, but is inactive when local-

! The abbreviations used are: RND, resistance nodulation division;
AP, alkaline phosphatase; TMS, transmembrane segment(s); PCR, po-
lymerase chain reaction.
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Fig. 1. Schematic representation of the topological structure of the MexB protein. Symbols: filled circle, positively charged amino acid;
shaded cirele, negatively charged aminoe acid; open circle, uncharged amine acid, Amino acid residues in transmembrane segments were expressed
by a one-letter code. Arrow: one-letter code number in parentheses represents the fusion site-amino acid residue-AP activity {units). Shaded
rectungles around circles, putative TMS. o through e are weak hydrophebic segments.

ized cytoplasmically {24, 25). Several tools, including TnphoA,
TnTAP, pPHO7, and pBADphoA (24, 26, 27), have been devel-
oped to construct the phoA fusion to the target protein. Al-
though transposon-mediated generation of gene fusion is sim-
ple, insertion of the reporter gene at a specific target site can be
tedious. This difficulty is even more pronounced if a target
protein has short extramembranous loops. An alternative
method is cloning of PCR products to the 5'-end of the signal
sequenceless phoA gene (28). Using these two methods, we
analyzed the topology of MexB. This paper reports the two-
dimensional transmembrane structure of MexB.

EXPERIMENTAL PROCEDURES

Bacteria and Plasmids—The Escherichia coli strains used were
LMG194 [F~ Aara714 lew:Tnl0 AlacX74 AphoA (Poull) galFE galk thi
rpsL] (29) and CC118 (araD 139 Alara, lew)T697 AlacX74 AphoA20 galE
gelK thi rpsE rpoB argE,,, recAl) (24). The plasmid pBADphoA is a
cloning vector containing a signal sequenceless phoA with a Kpal clon-
ing site just in front of phoA. The construction of pBADphoA from
pPSWFII (30) and pBAD22 (29) will be described elsewhere. The trans-
poson delivery plasmid pMM1 carries a mini-transposen TnTAP and
Tnb transposase (26). TnTAP contains a stretch of sequence coding for
24 amino acid residues, LTLIHKFENLYFQSAAAMDPRVPC, including
a tobacco etch virus protease cleavage site (underlined), signal se-
quenceless phod, and neo. The Tnb5 transposase is expressed in trans.
The plasmid pMEXE1 was constructed by cloning a 3.9-kilobase Sall
fragment containing the wild-type mexB to the shuttle vector
pMMB67EH (20).

Construction of mexB-phoA Fusions by PCR-—Fusions of the trun-
cated mexB to phoA, encoding for signal sequenceless AP, were carried
out by inserting the PCR fragments of mexB into the 5'-end of the signal
sequenceless phoA in pBADphoA. Eleven out of 15 fusions were con-

structed by cloning the PCR fragments containing flanking Kpnl re-
striction sites into pBADphoA cleaved with Kpnl, The PCR primer used
for the 5'-end of the mexB gene was cecggtacegTCGAAGTTTTTCATT-
GATAGG. The 3'-end primers designed for the immediately down-
stream of the codons GIn*, Glu®*®, Leu®®, Thr®®?, Gly*?, Thr?™,
Arg®®, GIn®*™, Pro®¥, Ser®®, and Cys®™ were aggatgetacCTGGTTGA-
CCGGCAGACTGAG (GIn®}, cgegeggtacCTCGCCGAGGGTCTTCAC-
TAC (Glu™®), geegeggtacCAGCGTGGCGOGGAAG (Leu®®), cgeggtacC-
GTGTTGATCGAGAAGCC (Thr*®?), ggegegatacCCCCTGGATCTGGO-
CCATGGA (Gly*'9), cgegeggtacCGTGATGGAGAACTGCCGGTAGAT
(Thr'"®), cpegptacCCGATGCTTGAGGATCGAC (Arg®™), ceggegptacCT-
GCGAGCCGGACAAGC (GIn®), cgegatacCGGAATCGACCAGCTTTC-
GTACAG (Pro®®7}, cceeeggtacCGACAGGCCGCGCATGGACGTCG
(Ser®h), and ccateggtacCGGCCGCAGACGCAT (Pro”™), respectively.
For the fusion of phod to codons Gly'®®” and GIn'®®, we designed the
primers allowing in-frame blunt-end ligation, because there are two
Kpnl sites in this part of mexB. The PCR fragments purified from
agarose gel and blunted with the T4 DNA polymerase were ligated to
the pBADphoA cleaved by Kprl and blunted with T4 DNA polymerase.
The primer used for the 5'-end of the mexB gene was TCGAAGTTTT-
TCATTGATAGGCCC, Two 3'-end primers used to generate phod fu-
sions downstream of the codons Gly'®*” and Gln™% were cGCCGATC-
ACGCCGGTACCGAT (Gly'®") and aTTGCCCCTTTTCGACGGACGC-
CTGC (GIn'"*%}, respectively. For fusion pBAD-P9, two oligonucleotides
containing the Epnl sites at the both ends were annealed and ligated
directly to the pBADphoA cleaved with Kpnl. The oligenucleotides for
coding and noncoding strands were CGTCGAAGTTTTTCATTGATAG-
GCCGGTAC and CGGCCTATCAATGAAAAACTTCGACGGTAC, re-
spectively. The host cells used for analysis of AP activity was E. coli
LMG194. For most fusion plasmids, codons for valine and proline res-
idues were introduced at the 5'- and 3'-ends of the mexB fragments to
introduce the Kpnl sites.

Construction of mexB-phoA Fusions by TrTAP—To obtain in-frame
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TasLe T .
Strain, plasmid, and the method for construction of the fusion
Strain Fusion plasmid® chestlzuogtgn

TNEG40 pBADphoA

TNE041 pBAD-P9 Olig®

TNE042 pBAD-Q34 PCR

TNE043 pBAD-E346 PCR

TNEQ44 pBAD-L366 PCR

TNE0O45 pBAD-T392 PCR

TNE046 pBAD-V411 PCR

TNEQ47 pBAD-G440 PCR

TNE048 pBAD-T473 PCR

TNE0Q49 pBAD-R538 PCR

TNEQ050 pBAD-Q871 PCR

TNE051 pBAD-P897 PCR

TNE052 pBAD-5921 PCR

TNEOS3 pBAD-P972 PCR

TNE0S4 pBAD-G1007 PCR

TNEQ55 pBAD-Q1046 PCR

TNE056 pMEXE1

TNEOST pMEXB- TnTAP
D59TAP

TNEOSS pMEXB- ToTAP
TS89TAP

TNE059 pMEXB- TnTAP
V105TAP

TNEOGO pMEXB- TnTAP
R124TAP

TNE0&1 pMEXB- TaTAP
I214TAP

TNE062 pMEXB- TnTAP
G271TAP

TNE063 pMEXB- TnTAP
T309TAP

TNE064 pMEXB- TnTAP
L349TAP

TNE065 pMEXB- TnTAP
F4A59TAP

TNE066 pMEXB- TnTAP
N616TAP

TNE0G7 pMEXB- TnTAP
L6S6TAP

= AP was fused to the numbered amino acid residues.
& Oligonucleotide annealing method.

fusions of TnTAP to mexB, the pMM1 containing TnTAP was trans-

formed into the strain E. coli CC118 carrying pMEXB1, which encodes

the wild-type mexB. After transposition during overnight growth, a pool
of plasmid DNA was isclated and digested with Nkel to destroy pMM1,
but not pMEXE1 and TnTAP. The restriction digests were transformed
again into strain CC118. Blue colonies on agar plates containing 40
pgfml 5-bromo-4-chloro-3-indoly? phosphate, 200 ug/ml ampicillin (for
pMEXRB1), and 100 pg/ml kanamycin were purified. Insertions into
mexB were identified by PCR.

DNA Sequencing—The nucleotide sequence was determined using
the ABI PRISM™ Dye Terminator Cycle Sequencing Core Kit with
ampliTaq® DNA polymerase, FS. The sequencing primer used was
GCAGTAATATCGCCCTGAGCAGC, reading out of the phoA gene to-
ward the mexB gene. In addition, a primer GCGTCACACTTTGCTAT-
GCC reading out of the pBADphoA vector toward the mexB gene was
also used.

Assay of AP Activity—AP activity was assayed by measuring the rate
of hydrolysis of p-nitrophenyl phosphate in permeabilized cells as de-
seribed elsewhere (31). One unit of AP activity corresponds to the rate
of p-nitrophenyl phosphate hydrolysis, 1 pmol of p-nitropheny! phos-
phate/min/mg of protein at 23 °C.

Expression of the Hybrid Proteins—For the Western blot analysis of
the hybrid proteins, the crude envelope fraction and whole cell lysate
were prepared as described elsewhere (10). SDS-polyacrylamide gel
electrophoresis (10%) and Western blotting were carried out as de-
seribed previously (32). The monoclonal antibody raised against AP was
used to probe the hybrid proteins. Boeiling the MexB protein in SDS
cansed disappearance of the protein band from the gel.

RESULTS

Construction of the mexB-phoA Fusions—To analyze the
membrane topolegy of the MexB protein, we took the 12-TMS

10519

TapLe 11
Nucleotide sequence of the mexB-phoA fusion junction
derived from pBADphoA
The table shows the nucleotide sequence and the deduced amino acid
sequence at the fusion junctions. Hyphens mark the fusion points. The
DNA sequences of the mexB fragment amplified by PCR are indicated in
bold. The lowercase letters represent the linker for the Kpnl restriction
sites. Underlined sections represent the original bases of mexB and

‘these alterations did not change the amino acid sequence. Small fonts

show the inserted amino acid residues.

-Seqnencc of the mexB-phad fusion junction

plasmid
5 end 3 end
pBAD-F9 ATG gla ¢<g TCG AAG TTT AGG CCG ata ¢-CT GAC TCT
€
M ve 5 ¥ F R P I P D S
pBAD-Q34 ATG pta ecg TCG AAG TTT AAC CAG gta c-CT GAC TCT
M VP 5 K F N Q v p D 5§
pBAD-E346 ATG gta c-cg TCG AAG TTT GGC GAG pta ¢CT GACTCT
M ve 8§ K F G E v p D §
pBAD-L366 ATG gtaccg TCG AAG TTT ACG CTG gtz ¢-CT GACTCT
M vp 5 K F T L v D 3
pBAD-T392 ATG gta c~cg TCG AAG TIT AAC ACG gta ¢CT GAC TCT
c
M vP § K F N T v p D §
pBAD-V4!] ATG -TCG AAG TTT GCC ATC GTG G-CT GAC TCT
M § K F A0 v A D s
pBAD-G440 ATG gta c¢g TCG AAG TTT CAG GGG gta c-CT GACTCT
c
M vep 5 K F Q G v r D s
pBAD-T473 ATG gta c-cg TCG AAG TTT ATC ACG gha c-CT GAC TCT
c
Mver 8 K F ! T v r D §
PBAD-R338 ATG gtacog TCG AAG TTT CAT CGG gta ¢-CT GAC TCT
c .
M ve $§ K F H Rv p D §
pBAD-Q871 ATG gta ccg TCG AAG TTT TCG CAG gta £-CT GAC TCT
M vp § K F s Qv D S
pBAD-PE9T ATG gia c-cg TOG AAG TTT ATT CCC gta o-CT GAC TCT
M vp § K F 1 FPv P D S
PBAD-5921 ATG gtacog TCG AAG TTT CTG TCG ga o-CF GAC TCT
C
M vp § X F L sve D 8
pBAD-P972 ATG gta ¢-cg TCG AAG TTT CGG CCG ga ¢-CT GAC TCT
M ¥rp s K F R PY ¢ D S
pBAD-G1007 ATG - TCG AAG TTT ATC GGC G -CT GAC TCT
M S K F 1 G A D s
pBAD-Q1046 ATG - TCG AAGTTT GGG CAAT-CTGACTCT

M S K F G Q 8 D 8

! This isoleucine residue should be valine, This was accidentally
replaced by an error in the oligonucleotide synthesis. However, this
replacement did not affect the regult,

medel for our working hypothesis and designed the experi-
ments accordingly {Fig. 1). We constructed 25 clones expressing
COOH-terminal-truncated MexB-AP hybrids and one clone
(pBAD-Q1046) expressing phoA at the COOH-terminal end of
full-length MexB using pBADp#oA and TnTAP (Table I). Cells
harboring the pBAD-P9, pBAD-L366, pBAD-V411, pBAD-
G440, pBAD-R538, pBAD-P897, pBAD-P972, and pBAD-
Q1046 plasmids yielded pale blue colonies, suggesting that the
AP domain is located in the cytoplasmic side of the inner
membrane. The fusion pBAD-V411 was obtained accidentally
in the course of pBAD-Q1046 construction. The remaining
mexB-phoA fusions exhibited blue colonies on the 5-bromo-4-
chloro-3-indolyl phosphate plates suggesting that the AP do-
main is translocated to the periplasm. The fusion joints were
confirmed by nucleotide sequencing and all reading frames
were correct (Tables IT and III). The distribution of a total of 26
fusion sites covered the entire MexB protein, and each hydro-
phobic segment was flanked by phoA fusions (Fig. 1).
Alkaline Phosphatase Activities of the Cells Harboring the
Fusion Plasmids—We guantified the AP activities of the cells
harboring the mexB-phoA fusions (Fig. 1). The AP activities in
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these cells harboring the fusions derived from pBADphoA were
divided into two major classes, One class of cells showed about
0.2—-0.4 unit of AP activity, which is close to the activity in the
control cell (pBADphoA, 0.32 unit) and another showed 1.7-11
units. Fusions at Pro®, Leu®®®, Val*!!, Gly™°, Arg®®®, Pro®¥7
Pro®’?, and GIn'"*® belonged to the former class. Therefore,
these fusion sites are most likely to be located at the cytoplas-
mic side (Fig. 1). The remaining fusions, including the Gin®*,
Glu®*®, Thr®®2, Thr*3, GIn®7*, Ser™?, and Gly'% sites, showed
high AP activities, suggesting that these sites are located at the
periplasmic side {Fig. 1).

All the cells harboring the mexB-phoA fusions derived from
TnTAP showed an AP activity of about 1-3 unmits (Fig. 1),
whereas the AP activity of cells containing mexB without phoA
(pMEXB1} was only 0.33 unit. Based on these results, we
concluded that all the fusion sites, including Asp®®, Thr®®,
VaIlOﬁ, A}'g124, 118214, G]y271, ThrSDS’ Leu349, I;)hetl!SB7 ASI]GH;,
and Leu®¥®, were located at the periplasmic side (Fig. 1).

Expression of the Hybrid Proteins—The expression of hybrid
proteins derived from TnTAP and pBADphoA is under the
control of lac and araBAD promotor, respectively, and there-
fore the cells harboring the fusions were induced in the pres-
ence of 100 um isopropyl-B-p-thiogalactopyranoside and 100 pm
L-arabinose, respectively. The hybrid proteins with high and
low AP activities are shown in Fig. 2, lanes 3-20 and lanes
21-27, respectively. The size of the hybrid proteins was within
the range of the expected molecular mass. The protein band of

TaBrLe HI
Nucleotide sequence of the mexB-phoA fusion junction
derived from TnTAP
The table shows the nucleotide sequence and the deduced amino acid
sequence at the fusion junctions. Hyphens mark the fusion points. The
DNA seguence from TnTAP is shown in beld.

plasmid Sequence of the mexB-phoa fusion junction

ACG GTG CAG GAC - CTG ACT CTT ATA
T v Q D L T L I

pMEXB-DSSTAP

PMEXB-TSITAP
pMEXB-VI1(STAP
PMEXB-R124TAP
pMEXB-[214TAP
PMEXB-G27ITAP
SMEXB-T309TAP

PMEXB-L349TAP

PMEXB-F459TAP
PMEXB-N616TAP

PMEXS-LEIETAP

GGC AGC ATG ACC - CFG ACT CTT ATA
G § M T L T L I
ATC GCC CAG GTC - CTG ACT CTT ATA
I A Q V¥ L T L I
GAA GTG CAG CGC - CTG ACT CTT ATA
E vV g R L T L 1
AAC GTG CAG ATT - CTG ACT CTT ATA
N oV oQ LT L o1
GTA GGC CTG GGC - CTG ACT CTT ATA
vV G L G LT Lo
ATC CGC CAG ACC— CTG ACT CTT ATA
IR QT L T L !
GAG GCG ATC CTC- CTG ACT CTT ATA

E A 1 L L T L I
ATGGCG TTCTTC - CTG ACTCTT ATA
M A F F 1 T 1 1

ACC GGC TTC AAC - CTG ACT CTT ATA
T G ¥ N L T L i
GAA GTC CTGCTC - CTG ACTCTT ATA

E ¥V L 4L LT L1

Membrane Topology of the Extrusion Pump, MexB

the fusion at Pro® was undetectable, since the hybrid protein is
expected to be soluble in the cytoplasm. All the bands for
cytoplasmic hybrid proteins showed weaker signals than the
periplasmic hybrid proteins, which probably was attributable
to the proteolytic degradation of the hybrid protein as reported
earlier (33, 34). In addition, protein bands with a higher mo-
lecular mass than expected were seen as reported elsewhere
(35). This might be explained by suggesting that the chimeric
proteins maintaining the native conformation bind less 5DS
than fully denatured proteins in the electrophoresis buffer,
because the samples were subjected to electrophoresis without
heating. Fusion Gly**° appeared only in a higher molecular
weight range than expected and was barely seen.

DISCUSSION

Most living organisms, if not all, seem to be equipped with
xenobiotics extrusion pump{s). Mammalian cells, for instance,
express P-glycoproteins (8), multidrug resistance associated
protein (36), and cannalicular multispecific organic anion
transporter (37), which extrude anticancer drugs, bile acids,
and others. Expression of the efflux proteins in bacteria ren-
ders the organisms resistant to many antibiotics, organic sol-
vents, hydrophobic dyes, and surfactants. Structure of the
efflux pump in Gram-negative bacteria is particularly compli-
cated, since the cuter membrane covers the inner membrane.
An extrusion pump in P. aeruginosa consisted of three sub-
units, MexA, MexB and OprM. Among them, MexE is particu-
larly important in the pump function, since this subunit pri-
marily recognizes and extrudes the substrates. To analyze the
two-dimensional membrane topology of MexB, we constructed
26 phoA fusions, which covered the entire MexB protein.

The NH,-terminal segment before the first hydrophobic seg-
ment consists of 9 amino acid residues containing 2 positively
and 1 negatively charged residues. This segment is unlikely to
cross the membrane according to the positive charge inside rule
(38). The periplasmic location of the Gln®* and Gliy1%%7 sites and
the cytoplasmic location of the Pro® and Gln'®*® sites indicated
that a cytoplasmic location of both the NH,- and COOH-termi-
nal ends (Fig, 1). The hybrid protein Gln®* was detected in the
crude envelope fraction (Fig. 2, lane 3) indicating that TMS1 is
an uncleaved signal-anchor. The periplasmic location of the
Glu?#, Thr®®2, Thr!™, GIn"™*, Ser™* and Gly'®"7 gites, and the
cytoplasmic location of the Leu®%5, Val*!!', Gly**?, Arg®3s,
Pro®?, and Pro”"? sites verified the transmembrane nature of
the TMS 2-11 (Fig. 1). Five weak hydrophobic segments sug-
gested by the TOPRED I software (a—e, Fig. 1) did not function
as transmembrane segments, because they were flanked by
fusions with high AP activities (Fig. 1). These results supported
our working model. Some of the computer programs for the
topology prediction suggested the presence of 11 TMS in the

1 234 5678 910 ITI21314 15161718 19 20 21 22 232425262728 2930

2
-
171 .

: . e w{
e g L i

FiG. 2. Western biot analysis of the MexB-AP hybrid protieins. Crude envelope fraction was prepared as described under “Experimental
Procedures,” subjected to polyacrylamide {10%) gel electrophoresis in SDS without heating, electroblotted to the polyvinylidene difluoride
membrane and visualized with monoclenal antibody raised against alkaline phosphatase (lanes 2-20). Whole cell lysate was subjected to the
electrophoresis and stained as above (Ianes 21-27). The sample was coded by the fusion site. Lane I, molecular weight markers (Western dector);
lane 2, Pro% lane 3, GIn®; lane 4, Asp®®; lane 5, Thr™; lane 8, Val'®; lane 7, Arg'®; lane 8, [ie?'%; lane 9, GIy*™; lane 10, Thr®'%; lane 11, Glu3S;
fane 12, Leu®: lane 13, Thr®**; lane 14, Phe®™, lane 15, Thre'™, lane 16, Asn®'%; lane 17, Leu®®; lane 18, GIn®"Y; lare 19, Ser®?; lane 20, Gly'0%7;
iane 21, Leu®®®; lane 22, Val*''; lane 23, Gly**%; lane 24, Arg®®; lane 25, Pro®7; lane 26, Pro®™%; lane 27, GIn'"®; lane 28, pBADphoA, lane 29,

pMEXB1; lane 30, bacterial alkaline phosphatase.
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1 15 18 30 31 45 46 60 61 75 176 90
fomm—e TMSL w———m—m I ’
N-terminal half MSKFFIDRPIFAWVI ALVIMLAGGLSILSL PYNQYPAIAPPAIAV QVSYP-GRASAETVQOD TVVOVIEQQOMNGID- --NLRYISSESNSDC d6
C-terminal half GVASILKHRAPYLLI YVVIVAGMIWMFTRI PTAFLEPDEDQGVLEFA QVQTPPGSSAERTQV VWDSMREYLLEKESS SVSSVFTVTGEFNERG 619
. {====- TMET7 ——————— | -
.* **. * * & * ‘l'*** * * . * * *
91 105 106 120 121 135 136 150 151 165 166 180
N-terminal half SMT-TTVIFEQGTDP DIAQVOVONKLOLAT PLLPQEVQ--RQGIR VT---KAVKNFLMVV GVVSTD—GSMIKEDL SNYIVSN-IQDPLSR 168
C-terminal half RGQOSSGMAFIMLEKPW E-ERPGGENSVFELA KRAOMHFFSFEKDAMY FAFAPPSVLELGNAT GFDLFLODOAGVGHE VLLQARNKFIMLARD 708
R * Ce . . * * * .
181 195 196 210 211 225 226 240 241 255 256 270
N-terminal half %TKGVGDFOVFG--SQ YSMRIWLDPAKINSY QLTPGDVSSATOAQN VQISSGOLGGLPAVE CGOQOINATIICKTRLY TAECFENILLKVNED 256
C-terminal half NPALQRVRPNGMSDE PQYKLEIDDEKASAL GVSLADINSTVSIAW GSSYVNDFIDRG-~-R VERVYLOGRPDARMN ~PDDLSKWYVRN-DK 7864
. * . .. . * * - * - * . N - * - N
271 285 2Bs 300 301 315 316 330 3s 345 346 360
|- TMs2
MN-terminal half GSQVRLKDVADVGLG GODYSINAQFNGSPA SCIAIXKLATCANALD TAKATRQTIANLEPF MPQGMEVVYPYDTTP VVSASIHEVVEKTLGE 346
C-terminal half GEMVPEFNAFATGEKWE YG-SPKLERYNGVPA MEILGEPAPGL--—— SSGDAMAAVEEIVKQ LPKGVGYSWI-GLSY EERLSGSQAPALYAL 878
|- TMS8
* * * Lk ok 1.4 * % * x *
361 375 378 390 381 405 406 420 421 435 436 450
———————————— I |=——=~ TMS3 - | | —~=== TMS4 ——== = |
N-terminal half AILLVFLVMYLFLON FRATLIPTIAVEVVL LGTFGVLAAFGFSIN TLTMFOMVLAIGLIV DDATVVVENVERVMA EECLSDPREAARKSMG 436
C-terminal half SLILVVFLCLAALYES WSIPFSVMLVVPLGYV IGALLATSMRGLSND VFFQVGLLTTIGLSA KNATLIVEFAKELHE Q-GKGIVEAATEACR 967
———————————— ] |---~— TMS§ --——-——-} j===== TMS10 www——e——o}
* kkk . *h ok, . * EOE T 2R T * ek
451 465 466 480 481 495 4%6 510 51t 525 526 540
I TMES ~vom———— i [ TMSE ——mmmm—m I
N-terminal half QIQGALVGIAMVLSA VFLEMAFFGGSTGVI YRQFSITIVSAMALS VIVALILTPALCATM LKPIEKCDHGEHKGG FFGWFNRMFLSTTGH 526
C-terminal half MRLRPIVMTSLAFIL GVVPLAISTGAGSGS QHAIGTGVIGRMVTA TVLAIFWVPLEYVAV STLFKDEASKOQASY EKGQ-——————m—m 1046
| == Ly Y13 J— ] [ TMS12 ~—mm—mm ;
Lk 3 * * R i . *
541
N-tarminal half YER 529
C-terminal half == 1046

Fi. 8. Sequence alignment of amino- and carboxyl-terminal halves. Amino acid sequence of MexB was split into two between residues
529 and 530. Multiple sequence alignment was carried out using the program Clustal W 1.7. The horizontal dots indicate the TMS. Asterisks and

dots indicate identical and similar amine acid residues, respectively.

MexB polypeptide. Our results experimentally ruled out this
possibility,

We carried out computer-aided alignment analysis of the
amino-terminal and carboxyl-terminal halves of the polypep-
tide from Met! to Arg®®® and Gly®*® to GIn'®*8, respectively.
Fig. 3 shows 30% homology between the first and second
halves. TMS 1, 2, 3, 4, 5, and 6 of the amino-terminal half could
be overlaid by TMS 7, 8, 9, 10, 11, and 12 in the carboxyl-
terminal half, respectively. This 2-fold repeat suggested that
mexB is evolved from an ancestral gene encoding a protein of
six TMS by an intragenic duplication as predicted earlier (13,
22). This is to doubly support the transmembrane nature of the
segments experimentally assigned to be the membrane-span-
ning domain. In addition, the distribution of positive charges in
the cytoplasmic and periplasmic domains were 22 and 2, re-
spectively, excepting the first and fourth large periplasmic
domains with more than 60 amino acid residues (Fig. 1). The

MexA, and the outer membrane subunit, OprM. It is conceiv-
able that these large loops transmit cellular energy te the
OprM channel gate. In addition, we found 5 charged amino acid
residues in the transmembrane domains. These charged resi-
dues were highly conserved in the RND family efflux proteins
as aligned by the Clustal W multi-alignment software (data not
shown). Specific localization of the highly conserved charged
residues in the TMS suggested that they might play an impor-
tant role in substrate binding and proton transport. Further

‘studies are needed to elucidate the role of these amino acid

residues in the mechanism of xenobiotics extrusion.
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Abstract

A restriction map was made and the DNA sequence was determined for a plasmid, pMC38, derived from the inducible
macrolide resistance plasmid pEP2104, that showed constitutive resistance to PMS antibiotics (partial macrolide and
streptogramin B antibiotics). A 5.04 kb Sa/I-PstI fragment (fragment C) of pMC38, which encoded PMS resistance, was cloned
into a shuttle vector, pRITS3, to yield pMR504. The transformant Staphylococcus aureus 4220 (pMR 504) exhibited constitutive
PMS resistance. Fragment C was subcloned to pUCI9 in order to determine the DNA sequence. This sequence was
consequently found to contain three open reading frames (ORF1-3), of which ORF3 corresponded to the 63 kDa membrane
protein (MstSA) that expressed PMS resistance. According to DNA sequence comparison of the control region of ORF3 in
pMC38 and pEP2104, 44 nucleotides including RBS1 and the leader peptide (MTASMRLK) were deleted on plasmid pMC38.
This suggests that the leader peptide is essential for the inducible expression of PMS resistance. © 1999 Federation of
European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.

Keywords: msr gene; Macrolide resistance; Erythromycin resistance; Staphylococeus aurens; Active cfflux; ABC transporter

Haemophilus influenzae, Bordetella pertussis, Legio-
nella preumophila, Campylobacter, Treponema palli-
dum and Mycoplasma [1-3].

1. Introduction

Macrolide antibiotics (Mac) consist of a 12- to 16-

membered lactone ring combined with a sugar moi-
ety. They inhibit protein synthesis via binding to 23S
ribosomal RNA i bacteria, The 14- and 16-mem-
bered Mac are used for treating infectious diseases
caused by Gram-positive [1] and other bacteria; e.g.

* Corresponding author. Tel.: +81 (134) 62-1902; Fax:
+81 {134) 62-1902; E-mail: matseoka@hokuyakudai.acjp

Resistance to macrolide, lincosamide, and strep-
togramin B (MLS) antibiotics in staphylococct is
known to have the following mechanisms: (1) alter-
ation of the target on ribosome due to dimethylation
of a specific adenine residue in the 238 ribosomal
RNA by the product of the erm gene, and conse-
quently a decrease in binding of MLS antibiotics
[4-6]; (2) inactivation of streptogramin B (STG-B}
and lincosamide by the products of the shbh (encoding
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streptogramin B hydrolase) [7] and /in4’ (encoding
3-lincomycin  4-clindamycin  O-nucleotidyltransfer-
ase) [8] genes, respectively; and (3) active efflux of
Mac and STG-B antibiotics determined by the msrA
and msrB genes in Staphylococcus epidermidis and
Staphylococcus xylosus, respectively [9,10], both of
which appear to act as ATP-dependent efflux pumps.

We have shown that Staphylococcus aureus
8325(pEP2104) exhibits inducible resistance to PMS
[11] (partial macrolide and streptogramin B) antibi-
otics (the l4-membered macrolides, erythromycin
(EM), and oleandomycin (OL), and the 16-mem-
bered macrolide mycinamicin (MCM) and STG-B).
The sequence of the N-terminal amino acid residues
of a 63 kDa protein (MsrSA) that appeared in the
membrane of PMS-resistant strains was identical to
that of an MsrA polypeptide refated to enhanced
efffux of ["*C]EM [12]. Ribosomes from PMS-resist-
ant strains showed a similar affinity for EM to those
from the PMS-sensitive host strain NCTC8325, and
no inactivation of EM by 8325(pEP2104) was ob-
served [11].

In the present study, we determined the DNA se-
quence of the msrSA4 region on the constitutive
PMS-resistant plasmid pMC38, PMS-inducible re-
sistant plasmid pEP2104 and PMS-sensitive mutant
plasmid pSP6, and we identified the region that is
essential for inducible expression in PMS resistance.
In addition, we investigated the relationship between
PMS resistance and intracellular accumulation of
EM.

2. Materials and methods
2.1. Bacteria, vectors, and media

S. aureus strains used in this study were inducibie
PMS-resistant 8325(pEP2104), constitutive PMS-re-
sistant 8325(pMC38), 8325(pSP6) which is a PMS-
sensitive mutant of 8325(pEP2104), susceptible
strains NCTC8325 and RN4220 which is an
8325r~ mutant used as a host strain for the shuttle
vector pRITS5, and constitutive MLS-resistant
8325(pl258) and inducible MLS-resistant MS13837
which were conferred by the ermB and ermC genes,
respectively. Escherichia coli IM109 was used as a

host strain for the cloning vectors pUCI19 and
pRITS5. Shuttle vector, pRITS, confers ampicillin re-
sistance in E. coli and chloramphenicol resistance in
S. aureus. Brain heart infusion (BHI) and BHI agar
(BHIA) media obtained from Becton Dickinson and
Company (USA) were used to cultivate bacteria.

2.2, Chemicals

EM, OL, clindamycin hydrochloride (CLDM),
chloramphenicol, and tristhydroxymethyljamino-
methane (Tris) were obtained from Sigma Chemical
Co.; MCM and rokitamycin (RKM) were obtained
from Asahi-Kasei Co.; ampicillin (sodium) was ob-
tained from Wako Pure Chemical Industries Ltd.;
[N-methyl-*CIEM ("C-EM: 54.0 mCi/mmol) was
obtained from Amersham Japan Co.; and azithro-
mycin (AZM) was obtained from Pfizer Taito Co.
Mikamycin B (MKM-B), a streptogramin type B
antibiotic, was purified from a mikamycin mixture
(obtained from Banyuu Co.) using liquid chromatog-
raphy. Carbonylcyanide-m-chlorophenylhydrazone
(CCCP) was obtained from Sigma; Inulin['*C] car-
boxylic acid 74-370 mBg/mmol, 2-10 mCi/mmol
CAF399 was obtained from Amersham; [“C]JEM
(57.0 mCi/mmol) was obtained from E.I. du Pont
de Nemours and Co.; and N-(2-hydroxyethyl) piper-
azine-N'-3-propansulfonic acid (HEPES) was ob-
tained from Nacalai Tesque. Other chemicals were
purchased from commercial sources. BamHI (10 U
ui=*y and Bglll (10 U pl~') were obtained from
TOYOBO, and Pstl (12 U pl™!), Sall (20 U pl™h,
Xbal (20 U ul~!) were obtained from New England
Bio Labs.

2.3. Determination of antibiotic susceptibility

The minimum inhibitory concentrations (MICs) of
antibiotics were determined on Mueller-Hinton 11
agar plates by the two-fold dilution method recom-
mended by the Japan Society of Chemotherapy [13].
The 50% inhibitory dose (IDsy) was determined as
follows: overnight cultures of S. aureus were added
to a fresh medium H (containing nutrient broth,
0.2% yeast extract, and 50 mM HEPES-Na; pH
7.6) [14] and incubated to log phase. After cells
were collected by centrifugation, they were sus-
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pended in fresh medium H, mixed with a serial
two-third dilution of antibiotics, and incubated at
37°C with gentle shaking. Bacterial growth in the
presence (experiment A) and absence {experiment
B) of antibiotics was determined turbidimetrically.
The ratio of the growth rates in experiments A and
B is referred to as the relative inhibition {%). The
IDsp of antibiotics was determined by probit analysis
[15].

2.4. Assay for induction of resistance

The agar disk diffusion test used for resistance
induction was the same as that described previously
[14].

2.5. Cell volume of S. aureus

Overnight culture of staphylococci was incubated
to log phase in fresh medium H. Thirty ml of the
culture (an absorbancy of 0.2 at 620 nm) was centri-
fuged at 2900 x g for 10 min at 4°C. The pellet was
washed with 0.2 M phosphate buffer (pH 7.0) and
recentrifuged at 27000 g for 3 min at 4°C. The
bacteria were suspended in 200 ul of 0.2 M phos-
phate buffer (pH 7.0}, put into a ‘cell volume meas-
urement centrifuge tube’, and centrifuged at 1700 x g
for 3 min at 4°C. The pellet without the supernatant
was regarded as the “packed cell volume’. A mixture
of packed cells and 300 pl of 3% [**C]Inulin was
placed on ice for 5 min in a 1.5 ml microtube. After
centrifugation at 15000 X ¢ for 3 min at 4°C, radio-
activity of 250 pl of supernatant was measured by a
liquid scintillation counter. Calculation of cell vol-
ume from [“ClInulin was performed according to
the method of Mizushima et al. [16].

2.6. Intracellular accumulation of EM

An overnight culture of S. aureus was incubated in
fresh medium H until log phase. After centrifuga-
tion, it was suspended in medium H to give an ab-
sorbancy of 0.35 at 610 nm and was incubated at
37°C with [CJEM 1 ug ml™ ! in an L-tube. Turbid-
ity measurements and sampling of the culture were
done at 10 min intervals. One ml samples were
passed through a 0.45 pm nitrocellulose membrane

filter. Filters were washed with 4 m] of HEPES A
buffer (10 mM HEPES, 16 mM Mg(CH;CGO),, 50
mM NHyCl, 1 mM EGTA, and 0.1 mM DTT; pH
7.6) containing 50 pg EM ml™!, and intracellular
accumulation of EM was measured by a liquid scin-
tillation counter. In the case of EM induction, the

~strain was cultivated overnight in the presence of

1.35 ug EM ml~". CCCP was added to the L-tube
after 40 min of incubation.

2.7. Preparation of plasmid DNA

Isolation of covalently closed circular plasmid
DNA was performed according to the previously
described method [17] except that lysozyme (at a
final concentration of 0.82 mg mi~!) was substituted
for lysostaphin when plasmids were obtained from
E. coli cells.

2.8. Cloning of resistance genes

Piasmid pMC38 was digested with restriction en-
zymes Pstl and Sall, and the 5.04 kb fragment (des-
ignated as fragment C) of pMC38 was inserted into
pRIT5 and transformed into S. aureus RIN4220 by
electroporation {set voltage, 2.5 kV; capacitor, 25
wE; resistor, 200 €; time constants, 4.0~3.8 ms,
Bio-Rad Gene Pulser). Following the confirmation
of the presence of the resistance gene, fragment C
was subcloned — for determination of the DNA se-
quence — into pUCIHY and transformed to E. coli
JM109 using competent cells prepared by Hanahan’s
method [18].

2.9, Sequence analysis of DNA nucleotides

Automated fluorescent sequencing was performed
on double-strand DNA with an Applied Biosystems
Apparatus (model 373A), using a Dye Terminator
Cycle Sequencing Ready Reaction Kit (Applied Bio-
system Inc., USA). The nucleotide sequences were
analyzed in BLASTN. A homology search of de-
duced amino acid sequences was carried out through
the protein databases of NBRF (National Biochem-
ical Research Foundation) and GenBank, using
GENETY X-Mac software (Ver. 9.0, Software Devel-
opment, Japan).
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2.10. PCR amplification of the msrSA gene from
. clinical isolates

To investigate the presence of the PMS-resistant
gene in 56 inducibie resistant S. aureus strains, PCR
of the msrSA4 gene was performed using total DNA.
Four primers were derived from the nucleotide se-
quence of the msrSA gene that was determined in
this study {Accession No. AB016614). Primers spe-
cific for the first ATP-binding cassette region of

(A) §. aureus 8325(pEP2104)

RKMUIO) MCM(10}

RKM(10)

msrSA (ABCIF, 5 -ATGGAACAATATACAAT-
TAA-3' and ABCIR, 5-ATGATAACTTTGTGGT-
TTTT-3': 843 bp) and the second ATP-binding cas-
sette region of msrSA (ABC2F, 5'-CGTAGGTGC-
AAATGGTGTAGG-3" and ABC2R, 5'-CGATAA-
TTTCGTTCTTTCCCC-3": 271 bp) were designed.
The PCR buffer contained 1.5 mM MgCl,. Nucleo-
tide triphosphates were added at a concentration of
0.2 mM. A total of 2.5 units of Tag polymerase was
added to 100 ul of reaction mixture. The polymerase

MCM(10) REKM(10) MCM(10)

CLDM(2) MEM-B(25)

(B) . aureus MS13837

REKM(10) MCMU®

CLDM(2}

RKM(10)

MKM-B(25) CLDM(2)  MKM-B(25)

MCM(19) RKM(1()  MCM(10)

CLDM(2y MKM-B(25)

C],[)M(I?.}' MKIVI-B(ZS) o

CLDM{2) MKM-B(25)

Fig. 1. Effect of erythromycin, oleandomycin, and azithromycin on susceptibility to rokitamycin (RKM), mycinamicin I (MCM), clinda-
mycin (CLDM), and mikamycin B (MKM-B) in S, aurews 8325(pEP2104) (A) and MS13837 (B). Disks impregnated with the amount of
antibiotics indicated in parentheses {in |(tg) were placed in the top (RKM and MCM) and bottom (CLDM and MKM-B) rows. In the
center row, the two disks on the left contained erythromycin {E), the two disks in the middle contained oleandomycin (Q) and the two

disks on the right contained azithromycin (A} at 10 pg per disk.
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Table 1
50% Inhibitory dose (IDsy) of antibiotics against cell growth of
S. aureus

Strain IDsy (ug ml~h)

EM OL AZM MCM MKM-B
NCTC8325 0.07 013 0.14  0.04 2.85
8325(pE2104) 332 204 6.0 0.06 347
8325(pEP2104)® il.6 5.67 28.6 0.75 30.3
8325(pMC38) i1.6 5.07 10.5 0.45 17.0
8325(pSP6) 0.05 (.13 0.08 0.07 2.68

Abbreviations: EM, erythromycin; OL, oleandomycin; AZM,
azithromycin; MCM, mycinamicin 1; MKM-B, mikamycin B.
“Induced by 1.35 pg EM mi~1,

reactions were carried out in a Perkin Elmer Gene
Amp PCR System 9600 apparatus. The PCR proto-
col consisted of a 135 s denaturation pulse at 94°C
followed by 30 cycles of the following: a 45 s dena-
turation step at 94°C, a 30 s primer-annealing step at
535°C, and a 90 s extension step at 72°C. The cycle
was terminated by a final 10 min incubation at 72°C.

3. Results and discussion
3.1. Susceptibility of PMS-resistant strains

S. aureus PM2104 [14,19], isolated in Hungary in
1977, did not show MLS-type resistance but did
show PMS-type resistance, namely resistance to
only EM, OL; MCM, and MKM-B, and there was
no cross-resistance shown. Plasmid pEP2104 from
PM2104 was transduced into the antibiotic-suscepti-
ble S. aureus NCTC8325 strain. Susceptibility pro-
files of S. aureus 8325(pEP2104) and S. aureus
MS13837 showing MLS-type resistance by the agar
disk diffusion technique are shown in Fig. 1. Pheno-
types for Mac resistance in S. aureus are classified
into three groups [20]: those that show constitutive
resistance (group A), those that show EM- and OL-
inducible resistance (group B), and those that show
only EM-inducible resistance (group C). S aureus
MS13837, a strain clinically isolated in Japan,
showed EM- and OL-inducible resistance to all
Mac, while 8325(pEP2104) showed EM- and OL-in-
ducible resistance to only MCM and MKM-B. We
have tried AZM, a new 15-membered Mac, as an
inducer, and found that it had inducer activity for

inducible PMS- and MLS-resistant strains belonging
to group B.

The 1Dsp value of AZM was high in EM-induced
8325(pEP2104) and constitutive PMS-resistant
8325(pMC38) strains, and these strains showed high-
er values than non-induced &325(pEP2104) for other
drugs as well. Moreover, the IDs, values of MCM
and MKM-B in the EM-induced 8325(pEP2104)
strain (0.75, 30.3 ug ml™!) were higher than that of
the 8325(pMC38) strain (0.45, 17.0 ug ml™!) (Table
1). The amount of MsrSA protein in the cell mem-
brane protein that conveys PMS resistance was
measured in 20 pg of total cell membrane protein
by a densitometer. The measured values were 4.1%
in  8325(pEP2104), 14.2% in  EM-induced
8325(pEP2104) and 8.0% in 8325(pMC38) (data
not shown), although the 63 kDa membrane protein
(MsrSA) was almost undetectable in sensitive strains,
NCTC8325 and 8325(pSP6). It appears, therefore,
that the level of PMS resistance is related to the
production of MsrSA protein.

S. aureus 8325(pSP6), which is derived from the
inducible PMS-resistant strain 8325(pEP2104) by ni-
trosoguanidine treatment, showed low IDs, for all
Mac as well as sensitive strain NCTC8325 (Table
1), though there was no curing of plasmid and it
showed the same restriction map to PMS resistance
plasmids pEP2104 and pMC38. This suggests that
the expression of PMS resistance in plasmid pSPé
is related to the mutation of a few nucleotides, not
to the addition or deletion of a certain region.

Table 2
MICs of PMS antibiotics in S. aureus and E. coli

Strain Antibiotic (g ml™)
EM OL AZM MCM MKM-B

S. aureus

NCTC8325 0.39 078 1.56 020 313
8325(pEP2104) 100 50 100 0.39 3.13
8325(pMC38) 100 50 100 12.5 30
8325(pSP6) 039 078 1.56 0.20 3.13
RN4220 0.39 0.39 1.56  0.05 1.56
4220(pMR 504) 100 6.25 50 12.5 25

E. coli '

JM109 30 >100 3.13 12.5 > 100
JM109(pMU504) 50 =100 3.13 12.5 > 100

Abbreviations: EM, erythromycin, OL, oleandomycin; AZM,
azithromycin; MCM, mycinamicin I; MKM-B, mikamycin B.
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