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MexA-MexB-OprM is an efflux system in Pseudomonas aeruginosa. OprM overproduced from the cloned gene
was able to complement OprM-deficient mutants but did not alter the resistance of a wild-type P. aeruginosa
strain to the different antimicrobial agents tested. This suggests that OprM cannot function by itself to eflux
antibiotics, including 3-lactams targeted to the periplasm.

Pseudomonas aeruginosa is well known for its intrinsic resis-
tance to various structurally unrelated antimicrobial agents
(29). This broad-spectrum resistance is largely due to the pos-
session of an outer membrane with relatively low permeability
(10, 22, 23, 32) coupled with secondary resistance mechanisms,
such as efflux (14-16, 23, 25, 29). The efflux operon mexA-
mexB-oprM has been identified in P. aeruginosa, and its prod-
ucts have been demonstrated to contribute to the high intrinsic
antibiotic resistance of this organism as well as lead to multiple
antibiotic resistance after overexpression in na/B mutants (7, 8,
18, 26-28). It has been suggested that the relatively hydrophilic
and often negatively charged B-lactams, which have targets in
the periplasm, can also be extruded directly from the periplasm
or from the surface of cytoplasmic membrane through this
system (16). Therefore, it was of interest whether the outer
membrane component OprM could function independently. In
this study, we overproduced OprM in various P. aeruginosa
strains to investigate the role of OprM in efflux.

Two synthetic oligonucleotides were used to amplify oprM
from plasmid pPV20 (27) and to incorporate Ndel and HindIII
restriction sites at the 5" and 3’ ends, respectively. The approx-
imately 1.5-kb fragment was first cloned into plasmid pT7-7
(30), and the gene, together with the ribosome binding site on
pT7-7, was then excised by Xbal and HindIII and ligated to
plasmid pVLT31 (17) to create pKPM-2. DNA sequencing
performed according to the protocols provided by Applied
Biosystems Inc. (Foster City, Calif.) confirmed the published
(27) sequence of the subcloned oprM gene. The control vector
pVLT31 and the construct pKPM-2 were transformed into
Escherichia coli DHSa, the P. aeruginosa wild-type strain H103
(laboratory collection), and two P. aeruginosa OprM-deficient
QHg" interposon mutants, K613 (27) and OCRO3T (9). Ex-
pression of oprM from pKPM-2 was induced by isopropylthio-
B-p-galactoside (IPTG) and confirmed by Western immuno-
blotting (20, 24, 31) with a murine monoclonal antibody
against OprM. Surface exposure of OprM was also confirmed
in all clones expressing oprM by indirect immunofluorescence
by the method of Hofstra et al. (13). The fluorescence signal
from cells carrying pKPM-2 and induced by IPTG was the
strongest. The wild-type P. aeruginosa strain H103 and the
vector control strain H103/pVLT31 gave weak signals due to
OprM expressed from the chromosomal gene. However, ex-
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cessive production of OprM from pKPM-2 seemed to be harm-
ful to cells, as revealed by growth studies. Cell densities of
strains carrying pKPM-2 started to decline after 2 h of induc-
tion with 0.1 or more mM IPTG (the results for strain K613/
pKPM-2 are shown in Fig. 1), at which point OprM was already
substantially overproduced, as shown by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) of outer
membrane isolated as described previously (12). It is possible
that excess OprM perturbed the outer membrane and led to
cell lysis, as observed in the case of overexpression of a mutant
OmpA precursor protein in E. coli (5). A concentration of 0.05
mM IPTG led to no change in growth rate for at least 3 h and
a normal yield of cells after overnight growth at 37°C.

OprM was overproduced from cells carrying pKPM-2 and
induced with IPTG (Fig. 2A, lane 5; Fig. 2B, lane 6). Strain
H103/pKPM-2 produced significantly larger amounts of OprM
(Fig. 2B, lane 6) than the wild-type strain, H103; the vector
control strain H103/pVLT31 (Fig. 2B, lanes 1 through 4); and
the nalB mutant OCRI1 (Fig. 2B, lane 7). OprM was previously
shown to be heat modifiable (6, 19). However, in this study we
observed that heating the protein samples from strains carrying
pKPM-2 in sample buffer alone did not give any noticeable
change in the intensities of the 100-kDa oligomer band of
OprM. Both the monomeric 50-kDa and the native oligomeric
100-kDa forms were associated with the outer membrane un-
der such conditions (Fig. 2A, lane 5; Fig. 3, lanes 1 to 3). Only
when B-mercaptoethanol was included did the 100-kDa band
shift to the 50-kDa monomeric form (as confirmed by two-
dimensional, unheated versus heated SDS-PAGE [data not
shown]), and this occurred even when solubilization was per-
formed at room temperature or 37°C (Fig. 3, lanes 4 and 5).
Many porins exist as oligomers in the outer membrane (2, 3,
11, 21). OprM might also exist as an oligomer in its native
form. Overproduction of OprM could have overwhelmed the
ability of the cell to correctly form the oligomer, or most
oligomers formed may have been less SDS stable. We presume
that those oligomers which formed were stabilized by disul-
phide bridges. In this regard, it should be noted that there are
three cysteine residues in the predicted amino acid sequence of
OprM.

Antibiotic susceptibilities of the various clones were studied
by broth microdilution assays in Mueller-Hinton broth by the
method described by Amsterdam (1). MICs of different anti-
microbial agents were determined after 20 to 22 h of incuba-
tion, and controls demonstrated that the growth of cells car-
rying pKPM-2 was not inhibited by 0.05 mM IPTG. As shown
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FIG. 1. Growth of P. aeruginosa strain K613/pKPM-2 in Luria-Bertani me-
dium induced with different concentrations of IPTG.

in Table 1, overproduction of OprM in the two OprM-deficient
strains led to complementation of their mutations. Tetracy-
cline resistance was the selective marker on pVLT31; thus,
strains carrying pVLT31 or pKPM-2 were highly resistant to
tetracycline. The MICs of some antibiotics for control vector
strains K613/pVLT31 and OCRO3T/pVLT31 were increased
compared to the MICs of those antibiotics for the OprM-
deficient parents of those strains. This is possibly due to the zet
gene on pVLT31 or the requirement to include tetracycline to
maintain the plasmids in growing bacteria to seed the MIC
plates. Nevertheless, when comparing isogenic strains with the
oprM-expressing plasmid or with the vector plasmid alone,
complementation was observed. Most interestingly, overpro-
ducing OprM from the cloned gene in the wild-type P. aerugi-
nosa PAO strain H103 did not alter the MICs of any of the
antibiotics tested. Without IPTG induction, H103/pKPM-2
gave MIC results similar to those obtained by IPTG induction
(data not shown). This indicated that OprM cannot function
independently as an antibiotic efflux channel. In strains K613
and OCRO3T, only the most distal gene, oprM, of the operon
was interrupted and mexA and mexB could still be expressed.
Thus, OprM produced from pKPM-2 could function with these
MexA and MexB molecules to complement the OprM defi-
ciency. The excess molecules of OprM produced in these
pKPM-2-containing strains might not be able to function prop-
erly, since there would be too little MexA and MexB available
to reconstruct additional complete efflux systems (assuming
that the efflux systems involved stoichiometric amounts of the
three components). Consistent with this view, there are small
amounts of MexA, MexB, and OprM produced in the wild-type
PAO strain H103 which assemble into an efflux apparatus and
contribute to intrinsic antibiotic resistance (27). The lack of
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FIG. 2. SDS-PAGE of outer membrane proteins. (A) Samples from E. coli
DHS5a/pVLT31 (lanes 2 and 3) and DHS5a/pKPM-2 (lanes 4 and 5) heated
without B-mercaptoethanol in sample buffer. Molecular mass standards are
shown in lane 1 and are as follows: phosphorylase B, 94 kDa; bovine serum
albumin, 67 kDa; ovalbumin, 43 kDa; and carbonic anhydrase, 30 kDa. (B)
Samples from P. aeruginosa H103 (lanes 1 and 2), H103/pVLT31 (lanes 3 and 4),
H103/pKPM-2 (lanes 5 and 6), OprM-overproducing strain OCRI1 (lane 7), and
OprM-deficient strain K613 (lane 8). B-Mercaptoethanol (10% [vol/vol]) was
included in the sample buffer. Molecular masses are indicated on the left. —,
samples from cultures without IPTG induction; +, samples from cultures with
0.05 mM IPTG induction. Position of OprM is shown by arrowheads on the right.

influence of OprM overexpression in strain H103 is consistent
with the explanation that extra copies of OprM expressed from
pKPM-2 would presumably not have any MexA and MexB
molecules available to form additional efflux complexes. This
would explain why, in this genetic background, there was no
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FIG. 3. SDS-PAGE of outer membrane proteins from strain H103/pKPM-2
induced with 0.05 mM IPTG. B-Mercaptoethanol (10% [vol/vol]) was included in
the sample buffer in lanes 4, 5, and 6. After mixing with the sample buffer, the
samples in lanes 1 and 4 were left at room temperature, the samples in lanes 2
and 5 were left at 37°C for 10 min, and the samples in lanes 3 and 6 were heated
at 100°C for 10 min before being loaded onto the wells. Molecular masses are
indicated on the left. The positions of the 50-kDa and 100-kDa OprM forms are
shown by arrowheads on the right.



1
201
NOTES
1997

41,

Vor.

also
S
™ wa arent
ity. Op its p: n-
e i e s
scep ain ( e in OprM
iotic su nt stre erenc that
tibio uta t diffe ting ;
in an li tolC miﬁcan indica ™™ re
hange E. coli o slgnhown)’ hat Op these
ificant Cdin an was n nots oof t ever, ntly.
Signlﬁ Oduceo Ther,es (data rete prrly. Hoc\i)\épendeently
rpr 100.” ilitie onc oper in rec e
over AG tibi ide co pr tion as 1 anc
in cep olC. ovi tion nc w sist i}
stra ic sus T t pr func t fu olog re en
ibiotic lace no to no om drug dep
ibio rep do xB can h t nB lac-
as) t ot Its € M nB tha To -
QL E S cann resu and Mt Opr osa to-cated. ht be ce to BB as
~G8 228 Our MexA d tha TUgin indi n mig sistan n Ton flu-
(98] . .
o 5 =N s ~ H/‘\ uired indicate P. ae data opero dent redent 0 to In se
:gnggw&HEE i qwm“}mahmmgwwlwmnumanﬂmmm
£ 2 ~ O\/_\ =5 5' e estin, pre XA B- rgy- 1S ms B-
£E SR S~ =~ >SS > ter nd me. ene stem syste ible
N ?% 3 ; /'\/-O\ L’% g 9 '5-% In neda a by the s the thls Sy ther yinduc tlal ical
S50 g% e argor A= clo diated Perhaﬁ’ ough f the 0luding influen Medica
agale ma"n = ) = e 3). thr o inc be the the
283 o9 ) < < w m 3 iated ne ility. i m m
55 X358 ol g 7 5@ t( ate one lity, ay fro fro -
&g S = X = D= den di . e]y, bi ? m nt d is sup
258 © Z'U 5 7 « = — - me t1v pt1 1ns, Ta k an is >
2ag SEE 213 5 <4 ms rna sce ote ag oc ong tion.
£zg 88 55 N ta Ite susc pr d by anc W da
o 3.3 :_U] o5 <] 3 < N = 1. Al am . dlng rte H K oun rd.
£z % 3 Q3 2 ~ ell. lact in po W. ole. is F, Awa .
S5 2 QF Qo =0 o w B- illin b ially sup E. Po ibros tist tri-
7o g 2 A = e ZH4 S nce icil cially R. K. ic Fi ien ’S con
M””? »—JHE n W 2 e eni nan atO,ntO sti dSc le’s ded
Q= a2 N = 5 N = £ d p as fi nad. datio ian Cy ishe Poo fun
32 20 g | + 4+ s an rch w of Ca Foun anadiar tingu K. artly
- . . R S W. n.
g: 2 % 8 § ; + + i (;Dr hlS I‘eseaoul’lcll ‘bl‘osls the C RC Dlh Fello d was pndatlo
» N 3 o =3 5 | + H ) T rch C tic Flhip fronfl the M esearcl ave an is Fou
Nysﬁgg = a S ,R.]e.oS .
88§ I+ + ] esear Cy: ntshiy to t ca ibr ia,
] gty g8 = I + + B R dian tude ipien iversity bati tic F id med
E v%gga + H + ' Cwaba? FRE Univ sab Cys iquid media,
g g 9 + d by isa RC ing a ian in liq 3rd
= ua: T2 + t orte ock SE duri nad bials icine,
z U=o~ﬂ> + pHa“C-aN, out e Ca ES imicrobials it inF,
o £z 5e g+ R. le is rried m th ENC fan“m, tory m rotein al
5 e &2 + . Poo as ca d fro EFER my3hmm mPemm
z 3 Eﬂ? 22 LA G o tion w L awar R ility _te.stticS n brane l-Docol’: ch
s T2 g g 23 & = bu trave eptib tibio mem richia 1051. sch.
- If 254 HESe 5 by a Doriaeept! oM 3 ou%Esc”;"’s-loﬂ‘mse"?’“uter
] ?mg's‘:. vV »—-SOW D.1 jan imore, 198‘h0E iol. 155: P.R oli o
= & =) =) = or Itim k. P rio dJ. P ia c
§ g = % g E é é I=R=%=) =R E Amster‘;an;;; V. i{f(insv 1‘3;,; Ha"c?;os‘l aSH dJ Beg(t,erset’. azscherwh of the
= :'""?za c<e8 @ o t 1. -78. dw .E.W. erug ers. L. ts in ioning )
2 g g % =] + b o < —_ p. .71i2am5 an and Rmonas-:e OII.gO(EI‘, D le outle funct1083_5805 ta-
g e 2 o3 o N : Wil us, B. L'f’Pseudoeal n?ll\t/lI Schin into sing ired foi 178:58 thal m;l of
= &5 g N > & £ ng lo revealr ‘meree ui iol. Le A
3 3 <X 8- < wo ©wR c 2. A and D ing to Iski, merg is req acter 1985. Omp
a :g-ag& o ¢ ] &l P’dﬂ.klng assal iplets 45, 1C i J. Ba ing. in (
c 28z = = =R -lin M 1 trip 3-6 To li. nin; ote T.
= 2 TE g g g 2R Z S Cross A, A anne 7:64 that ia co - Hen e pr da, and i-
® £ 3 5 %_-5 F2h Suny > %— 3 E“gse l’Pol”in i\l;:turg Sévide‘f‘cgscher fl}:l and gemf;ran oy s erugi-
o =] 8})5 2 2sSH = " 1985, ane. 1996. p o enna ’uier :76-8 hi, Y. domo tin m
EE 388 ~ & £ e aun, 1. Hind o, s of Puct men
] =g = Na ) m ick, J. filu , L. o et. 8 Of_ Ive e
nZ: ﬁ a £ 2 - > oW 3 A > ; 4 Fl'al;cAc,rABGe Bratl:;:al glenéeﬂ‘ ?CHJ,-I- Tmuta“ése of l:7\10274- nce folé&ls
2 oE o S ~ =3 : ar, . G. cf - ¢ oto, ien iden 267 ide F
o g o [l ) ) T M dl, R. stru Mol ime eﬁcl.. Vi 122 Evi ane.
= =] 8 == W oo b N reudl, the i K12. Tsuj M-d sis: e tt. 94. bran
2. Eg 2 = o o 5. F in d oli H. Opr agene: lLe 19 em| he
=5 = e = A o ] S ions ichia ¢ tOh’. of utdg. bio) ishino. ter m 5. T
=3 =08 = oo 9= ] ti eric N. I tion of n mi icro Nis ou ino. 199 by
: & P32 Sege 83 E e Moot IsgLainser”%EMs nd Ceruginoss . Nish'.:"encodf:iob
3 - @ =7 < ino. e. a . 1S i
;, % 9 g Elo 2 ™ BR4 E 3 6. gishlno tr‘,jlns.pors‘:Sistanc Yamagor,nonas ishi, an(iugmosan. Antim .
g = g8 a 8 DERR g nosa bztibiotlc Itoh, l;ll;e Ps;u J Yamagonﬂs aee opere OprK an
5 e o =) @ iple ai N. in —312. le, J. udom istanci 95. domo-
o 8 23 SN g tip h, N., prM :309 . Poo Pse resis . 199 Pseu
A >3 WG s|a E 7 GO‘(:io’n OfLOett- l?f“ oto, Ié)prM Olflltidf“g Kﬂh'irems in Jo-
z gz T S o ooo g s locarobiol- H TS“Jll_otein K ‘;1 t, and 11;1“" syzs 2396. the Pségiot_
~ &= 1 .Ow“*’@ 3 Mic N, H. e p B-o 569. lesiat, ge :2392- as: t nti
© 5 S =] B8B83 z toh, bran -mex. 672 P. P! Itidru 39: on it. A
¥ - e 28 =l e Go em| exA 9:25 re, mul her. udom me J
S = eee &3 a 2 8. ter m the m er. 3 Pecher tinct mot n Pse verco ility. J.
g c@;gg g0 g K ot mde;wmﬂﬂhwmomw meabi
&7 B A N> E 3 opri ts Che: M. netical Agen antibio nd ho ane per as
5|2 Spen z g & Agenzehp"“:two g‘;‘micf"b'ects e banter a embran udomonas
5 DS™ =g Ham: defin Ant 85. Effi brane uter m of Pse Bacter
kel 5 oot 9. OprM ginosa. W. 19 rmem02' ins in o mbraneins- I .
g & = oD 8 - as aeru R. E. a oute :95-1 of por er me rote rescen
25 =) = V=) o 2 n cock, inos 1) 36: ole Out_ able p fluo Keo-
2 g3 L see = 10. Han s aerugi (Base 1987. R 1979. modifi munooﬁ Oz
£ g © 555 e mon;othe;{' E. “9’ 933. M CareZLhan"l' . ]979;;“”(;}1!'!1 ¢ M in
58 =T R Che k, ‘,92_ A. M. to ert. | SCl I
=] =] 23 < coc 169: and ercap anki 1inE B-Op ther.
s, o9 2R B S5 Han iol. W, d 2-m J. D inl -Mex emo
§ 2| o Pt ; ® oo o = 11. Bacter k R.E. t- an 1. and e prote MexA ats Ch .
Z g, 38 TR o ncocl : hea n Tol, bran of . Age s) in
5 seoe § qee Q 12. ZI;ugi;‘z" Sgw-M J.D. outer 50, 1995, i(r)‘lgmicrob flux purr§£1inze’
£0 £ge < :902- " maior :147- le. 1 a. fe tetra 732-
EQ °23 o3 140: H., ¢ maj t. 6: Poo inos ole 0 to 38:1
3 ~ S = a (= [} v} ofstra, of th. 1. Let d K. aerugi 94, R. tance ther.
R 2 =S o 13. Htection'cr0b10~. an onas ido. 19 . resis emo fHlux
< ikaido, om ikaido a: Ch f e
g SRS in de S Mi Nikai setud Nika inos. ents le o sa
+ IS e FEM H. in P d H. erug . Ag . Ro ux a )
g i s 3 9 14 Li t))(i-(,)tic et;ﬁ;lx rmore, ngonaASn tmicrob do. 199_4actiVé }fgnother
R L Live udaom . ikaido a:
5|75 G| 3 PR i i oo
25 NN} i, X.-Z., esistan and n ore, aj mona. imicrob.
£ 9 NN 5 Ll,_ sic T icol, iverm eudo Anti
El — e @) 15. intrin: hen - Li of Ps nce.
E‘ %: o = S o a % :;hloramp a, D. lgstance resista
B a oo 1741. D. M’nSic re -lactam
Qg S5E075 Lhkﬁhmtmmﬁ
WE oo i 3 0 16. pumP(suting fa
pvg -2 8 N = e contrib 1752.
g 5 5o e < 38:1742-
5 -
ta °-8g
=t —eo2 o)
S "5 =213
N =3 = ~ v}
25 o w 29 a3
3 Sew &
o= oSS 25
28 oo W o
i ‘mwe
el E N e
g%l
=] a




2012

17.

18.

19.

20.

=3

21.

22.

23.

24.

25.

NOTES

Lorenzo, V., L. Eltis, B. Kessler, and K. N. Timmis. 1993. Analysis of
Pseudomonas gene products using lac?/Ptrp/lac plasmids and transposons
that confer conditional phenotypes. Gene 123:17-24.

Masuda, N., and S. Ohya. 1992. Cross-resistance to meropenem, cephems,
and quinolones in Pseudomonas aeruginosa. Antimicrob. Agents Chemother.
36:1847-1851.

Masuda, N., E. Sakagawa, and S. Ohya. 1995. Outer membrane proteins
responsible for multiple drug resistance in Pseudomonas aeruginosa. Anti-
microb. Agents Chemother. 39:645-649.

Mutharia, L. M., and R. E. Hancock. 1983. Surface localization of Pseudo-
monas aeruginosa outer membrane porin protein F by using monoclonal
antibodies. Infect. Immun. 42:1027-1033.

Nakae, T., J. Ishii, and M. Tokunagu. 1979. Subunits structure of functional
porin oligomers that form permeability channels in the outer membrane of
Escherichia coli. J. Biol. Chem. 254:1457-1461.

Nikaido, H. 1989. Outer membrane barrier as a mechanism of antimicrobial
resistance. Antimicrob. Agents Chemother. 33:1831-1836.

Nikaido, H. 1994. Prevention of drug access to bacterial targets: permeability
barriers and active efflux. Science 264:382-388.

O’Connor, G. G., and L. K. Ashman. 1982. Application of the nitrocellulose
transfer technique and alkaline phosphatase conjugated anti-immunoglobu-
lin for determination of the specificity of monoclonal antibodies to protein
mixtures. J. Immunol. Methods 54:267-271.

Poole, K. 1994. Bacterial multidrug resistance—emphasis on efflux mecha-

26.

27.

28.

29.

30.

31

32.

33.

ANTIMICROB. AGENTS CHEMOTHER.

nisms and Pseudomonas aeruginosa. J. Antimicrob. Chemother. 34:453-456.
Poole, K., D. E. Heinrichs, and S. Neshat. 1993. Cloning and sequence
analysis of an EnvCD homologue in Pseudomonas aeruginosa: regulation by
iron and possible involvement in the secretion of the siderophore pyover-
dine. Mol. Microbiol. 10:529-544.

Poole, K., K. Krebes, C. McNally, and S. Neshat. 1993. Multiple antibiotic
resistance in Pseudomonas aeruginosa: evidence for involvement of an efflux
operon. J. Bacteriol. 175:7363-7372.

Poole, K., K. Tetro, Q. Zhao, S. Neshat, D. E. Heinrichs, and N. Bianco.
1996. Expression of the multidrug resistance operon mexA-mexB-oprM in
Pseudomonas aeruginosa: mexR encodes a regulator of operon expression.
Antimicrob. Agents Chemother. 40:2021-2028.

Quinn, J. P. 1992. Intrinsic antibiotic resistance in Pseudomonas aeruginosa,
p. 154-160. In E. Galli, S. Silver, and B. Witholt. (ed.), Pseudomonas: mo-
lecular biology and biotechnology. American Society for Microbiology,
Washington, D.C.

Tabor, S., and C. C. Richardson. 1985. A bacteriophage T7 RNA polymer-
ase/promoter system for controlled exclusive expression of specific genes.
Proc. Natl. Acad. Sci. USA 82:1074-1078.

Towbin, M., T. Staehlin, and J. Gordon. 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc. Natl. Acad. Sci. USA 76:4350-4354.

Yoshimura, F., and H. Nikaido. 1982. Permeability of Pseudomonas aerugi-
nosa outer membrane to hydrophilic solutes. J. Bacteriol. 152:636—642
Zhao, Q. Personal communication.



