
!:( anoic acid) gene locus of Pseudomon&\ aerugino.ra PAO I , rEBS Eur. J. Biochem.
20$ ,.,-30.

Van Dyke, M. W., Couture, P., Brauer, M., Lee, H., and Trevors,J. T., lgg3, pseud,omonos

aeruginosa UG2 rhamnolipid biosurfactants: Structural characterization and their use
in removing hydrophobic compounds from soil, Can. J. Microbiot. Sg: l07l-1078.

Wada, M., Fukunaga, N., and Sasaki, S., 1987, Effect of growth temperature on phospho-
lipid and fatty acid composition in a phychrotrophic bacteriu m,- Pseud,ontonas-sp. sirain
E-3, Plant Cell. Physiol. 282 1209- 12t7.

Weber, F..J., Isken, S., and de Bont,J. A. M., 1994, Cisltrans isomerization of fatty acids as
a defense mechanism of Pseudomnnas putida strains to toxic concentratigns of toluene,
Microbiology 140: 20 I 3-20 I 7.

White, D. C., Sutton, S. D., and Ringleberg, D" I]., 1996, The genus Siphingornon&s: physiol-
ogy and ecology, (htrrent Opinion in Biotech,nol.og1,.luly.

Wilkirrson, S. G., 1988, G'ram-negative bacteria, in: Microibiat Lipids (C. Ratleclge ancl S. G.
Wilkinsott t:tls.), Ar.lttlcrrric l)r'cs.s, Slrn I)icgo, Vrl. l, lrlr. iti]3*it4tt.

Wilkinson, S. (;., (ialbraith, L., and Lightfkrot, G. A., 1973, Cells walls, lipicls, apcl li-
popolysaccharides of Pseudonton&t species, Eur. J. Bioctrem, 332 lb8- 174.

winson M. K., camar?, M., Latifi, A., Foglino, M., chabra, s. R., Daykin, M., Bally, M.,
(llrap<trl, V., S:tlntotr<1, (1. P., ancl llycro{t, l}. W., l{)l)i-r, Mrrltiplc N-ar:yl-[.-lrsrrr1;scr.irrt:
lactone signal molecules regulate production of' virulence determipants ancl seconcl-
ary metabolites in Pseudomonas aeruginosa, Proc. NatL Acad. Sci. USA g2z g427-_g4gl.

Yabuuchi, E., Yano, I., Oyaizu, H., Hashimoto, Y., Ezaki, T., and Yamamoto, y., lgg0,
Proposals of Sphhgonmn&s paucintobili^s gen nov. and comb., nov. Spltingotlonas paxr
paucimoDilu sp. Nov. , Sphingomonc$ yanoihuyae sp. nov., Sphingomonas ad,hiesiua sp. nov.,
Sphingomonas capsulata comb. nov., and two genospecies of the genus Sphingomynas,
Microbiol. Immunol. 342 99- I l g.

Yabuuchi, E., Kosako, Y., Arakawa, M., Hotta, H., and Yano, I., 19g2, Identification of
Oklahoma isolate as a strain of Pseudomonas pseudomallei, Microbiol. Immunol. 3G: l23g-
I 249.

Yabuuchi, E., Kosaka, Y., oyaizu, H., Yano, I., Hott", H., Hashimoto, H., Ezaki, T., and
Arakawa, M., 1994, Proposal of Burhhol.deria gen. nov. and transfer of seven species o[
the Pseudomon&s hoim-ology group II to the new genus, with the type species
Burhholderia cepacia (Palleroni and Holmes l98l) comb. nov., Microbiol. Iinturil. g6,
125 I -r27 5.

Zhang, Y., and Miller, R. M., 1992, Enhanced octadecane dispersion and biodegr.adation
by u Pseudomonas rhamnolipid (biosurfactant), Appt. Enu, Microbiol. 58: g276-3282.

(

outer Membrane Proteins

ROBERT E. W. HANCOCK and
ELIZABETH A. WOROBEC

I. INTRODUCTION

Pseudomona's aentginTsa is a gram-negative bacteritrnr ancl ils s.ch has anottltll' lllellll)l'itllc. l'ltc gellenrl f'un(:ii,r,rr; of'rhe outer- nlern[lr-'..e i'cl.clesize-dependent exclusion of' lar.ger molecules, permitting selective per-meability of smaller molecules,-uptake of large and ,-lf ;;iy;"rions,specific facilitated trptake of'certain substrares, export of excreted mole-cules includitg proteins' secondary metabolites and siderophores, main-tenance of cell shape uttg growth in low osmolarity medium, binding ofphages, bacteriocins, ana 6u during conjugation, serum resistance, andsurface binding of antibodies and clmpi.rn.r,r. Most of these funcrions
have been described for Pseud,omnnas aeruginosa and result from theproperties of outer membrane functions. Ii has been 5 years since theIast review of the outer membra_ne proteins of pseudnm'onas aerugxn*sa(Hancock et al', 1990). Because of the vast amount of data available on thistopic, we have concentrated on the informatiorr published since the pre-virrus review, but prior to the i'elease of the psiudomonas aeruginosa ge-nomic sequence (http : I I www.pseudomonas.com).

2, ROLE IN ANTIBIOTIC SUSCEPTIBILITY

It is now well established that Pseud,omonas. aeruginusa, is intrinsically
antibiotic-resistant and that the low ourer membrane permeability of thisorganism contributes to this high intrinsic (backg.olnd) level of resis-
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Thble I. (Continwd)

Protein
name

Other
names

Apparent
molecular
weight"

Sequence
accession
number

M"p
position Production conditions Function

Identified in follon
fluorescent pseudomonadsd

OprO

OprB Dl
OprD OprD2,

D2, D
OprE E I

EE2
OprF F

OprG G

OprH H I

OprL H2
OprI I

48,000 M86648

46,000 x77l3l
45,500 214065

x63152
43,500 Dl27ll

SpeI-C Inducible bY low Phos-
DpnI-N phate, stationarY

phase
Inducible bY glucose

SpeI-F Low level constitutive
DpnI-A

Anaerobic induction

Pyrophosphate uptake

Glucose/sugar uptake
Basic amino and imi-

penem uptake
Unknown specific sub-

strate
Structural?
Major nonspecific Por-

in/structural
Unknown

Gated porin?; polyca-
tion/EDTA resis-

mnce
Structural
Structural

PP, PF

PP, PS, PF, PC, PST, AV, PT

21,000 M26954

20,500 z50l9l
8,000 M25761

Constitutive
Constitutive

Low level constitutive.
Induced in high
iron, high Mgt*

Low Mgt*, Sr2+,

Mn2+, and Caz+

Constitutive
Constitutive

44,000
38,000

25,000

M94078
M 18795

Sp.l-l-
DPl_

SpeI-M
DpnI-A

SpeI-V
DpnI-D

All
All

PP, PS, PF, PC, PST

oApparent molecular weight on sDs-pAGE. Actual molecular weights can be obtained from the sequences. Apparent molecular weights vary according to the SDS-PAGE

svstem used.
rt'hvsical map position not determined.
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Thble I' outer Membrane Proteins of Pseudotnona.s aeruginosa

Protein Other
name names

Apparent
molecular
weight"

Sequence
accession
number

Mup
position Production conditions

Identified in following
fl uorescen t pseu domona-d s d

Function
FpvA IROMP 80,000 Lr02l0 SpeI-J

DpnI-B
Iron limiration

FptA IROMP

PfeA IROMP

OprC C

OprJ OprK

AlgE atg Z6

OprN

OprM OprK

OprP P

u07379
75,000 u03 t 6l

80,000 Mgg033

70,000 Cloned'

54,000 Cloned

54,000 M37tgl

50,000 _b

50,000 L23g3g

48,000 x53313

SpeI-A Iron limitation
DpnI-C

-b Iron limitation, en-
terochelin present

Anaerobic induction,
copper repressible

Derepressed by muta-
Iron

SpeI-T Coexpressed with algi-
DpnI-H nare exopolysac-

Ferripyoverdine up-
take
Ferripyochelin upmke

Ferrienterobactin up-
take

Copper transport

Efflux

Putative export of al-
grnate

EffIux

Efflux

Phosphate uptake

PP, PF, PS, PC, PT

PST

AV, PS, PP

SpeI-H
DpnI-E
SpeI-C
DpnI-N

charide
Derepressed by muta-

tion
Constitutive low level,

can be derepressed
Inducible by low phos-

phate
PP, PS, PF, PC

(continued)
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cently Poole af al. (1993) reported cloning the gene for the putative
pyoverdine receptor by complementation. The product of the/puA gene
is consistent with an 86-kDa mature protein. Sequence analyses revealed
homology to highly conserved domains found in TonB-dependent re-
ceptors, even though nothing resembling a TonB box was found. FpvA
also has regions of homology with the PupA and PupB proteins of
P. putida. PupA and PupB are IROMPs which function as receptors for
ferric pseudobactin, a siderophore which is similar to pyoverdine(Bitter
et al.,I99l), Some homology was also found with FhuE, the E. coli recep-
tor for fungal siderophores coprogen, rhodoturilic acid, and ferriox-
amine A.

Two different IROMPs have been described as involved in fer-
ripyochelin uptake by P. aeruginosa. Originally, a 14-KDa protein, desig-
nated the ferripyochelin-binding protein (FBP) was assigned this role
(Sokol and Woods, 1985). However, Heinrichs etal. (1991) demonstrated
that a high MW protein (75,000 Da) interacts with pyochelin and sup-
ports pyochelin-mediated iron transport at nM levels of FeCl3. This
group also reported that a strain deficient in this protein transports
ferripyochelin at higher ferric chloride concentrations, hence suggest-
ing a putative role of the 14,000-Da protein in a second, lower affinity
transport system. They also attributed the failure of earlier studies to
observe the 75-Kda protein to the induction of the protein in the late log
to stationary phase. The structural gene for the high-affinity ferripyo-
chelin receptor (fptA) was cloned and the expression of a 75-Kda pro-
tein (Ankenbauer, 1992) substantiated the findings of Heinrichs et al.
(1991). The mature FptA protein has a molecular mass of 76 KDa, and
sequence homology studies revealed considerable homology with FpvA
of P. azruginosa, PupA and PupB of P. putid,a, and FhuE of E. coli (anken-
bauer and_Quan, 1994). Like FpvA and PupB, no TonB box was identi-
fied. Pyochelin and its receptor are both regulated by the transcriptional
activator PchR which in turn is iron-regulated. The fptA gene is pre-
ceded by a sequence matching the E. coli fur-binding site, indicating the
importance of iron concentrations in the expression of this receptor.
Heinrich and Poole (1993) described a regulator PchR for both pyoche-
lin and FptA biosynthesis.

In their study of the uptake and function of an antipseudomonal
cephalosporin antibiotic, Yamano a aI. (1994) found that the compound
was best transported via the ferric iron transport pathway. They also

found that the compound was best transported via the ferric iron trans-
port pathway. They also found that mutant strains resistant to this anti-
biotic lacked a 66-kDa IROMP which, as they predicted, acts as a recep-
tor for the antibiotic. E. coli IROMPS Fiu and Cir have been implicated

ourER MEMBRAN( )TErNS,

T the_ uptake of similar antibiotics (Curtis et al., lg88; Nikaido and
Rosenberg, 1990), hence suggeslirg a _similarity between the uptake sys-
tems and ,!. proteins- i.n question-. No further reports have emerg;d
regardirg the role of this 66-KDa IRoMp.

!

4, OprC

. OPtC is a low copy number outer membrane protein which has
been shown !I Y"shihira and Nakai (1989) to form slightly anion-selec-
tive, small diffusion pores. The purified protein runs on SDS-pAGE with
an aPparent M, of 70,000. The results, however, from this study are not
without controversy because the investigators demonstrated in the same
tqqy.that |h: rnajgr nonselective porii OprF, of P. aeruginosa did nor
exhibit porin function. In a later ltgdy, Nik;id o et al.(lgg0j repeared the
work of Yoshihara and Nakai and found that in their'hands the levels of
9ptC were so low that.they-were not able to assess its function accurately.
OprC has also been linked to t!. uptake of anionic antipseudomonal .

p-lactam antibiotics, such as cefsulodin, piperacillin, and azetreonam
(Satake et al., 1990). However, the role oi bprC in antibiotic suscep-
tibilily wT re_cently reexamined by-loneyama et al. (lggb).The oprt,
TprD, and oprE genes were disrupted by gene replacement, and the re-
sulting mutant strains were examined ior _susc€ptibility ro a variety of
antiotics. The results demonstrated that OprC is not involved in im-
ipenem permeability lot the permeability oi uny of a number of anri-
pseudomonal antibiotics, includi"s quinilones, cephalosporins, chlor-
amphenicol, and various penicillin deiiuarives.

Yaman o et al. ( 1993) demonstrated that OprC levels increase four-
fold.during anaerobic^growth and this increar. it nor caused by u con-
comitant decrease in iron concentration in the growth medium, nor
reduced 

-growth rate in a minimal medium. It *ir proposed that the
ilcleased production of this protein along with OprE'aids in the growth
!f P. olyEnosa, by enhancingthe rate of Jntry of err.rrtial nutrients inro
the cell during _oxygen streis. More recently, Nakae and collaborators
Tquenced OprC and showed that it is 65Vo homologous with NosA of
P, stutzeri (Lee et a1.,1989), an outer membrane poritir.qrrired for pro-
ducin^g copper-containing nitrite reductase. Li[e NosA, it was shown
that OprC is made only 

-anaerobically 
and is repressed by high Cu2+

concentrations in the medium. Nitrite reductase is a k.y elemeit in the
anaerobic respiratoy process termed denitrification. Tire predominant
single-channel conduCtance increments of the OprC and NosA porins
are virtually identical.

t45
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5. OprJ

The overproductiori of a 54-KDa outer membrane protein has been
reported in several mutant strains of P. aerugi,nosa belonging to the
Typ.2 (z/xB) group (Hirai et aL,1987; Legakis et al.,1989; Yoshida ef al.,
1994). These strains are generally cross-resistant to quinilones, such as

norfloxacin, to newly developed cephems like cefpirome, and are hyper-
sensitive to p lactams and aminoglycosides. This protein has only been
recently been termed OprJ and its relationship to the other resistance-
correlated outer membrane proteins OprK, OprM, and OprN examined
(Masuda et a1.,1995).In some strains, OprJ is repressed by salicylate in
conjunction with an increase in OprN production, suggesting some sort
of linked control mechanism, not unlike that seen with OmpC/F in
E. coli. It seems plausible to imply that OprJ is an efflux protein al-
though no conrete information has been presented.

Purified OprJ retains its SDS-PAGE electrophoretic mobility re-
gardless of reduction or heating. A monoclonal antibody specific for
OprJ was used in immunoblot studies (Hosaka et al., 1995\ to demon-
strate that OprJ is produced by fluoroquinolone-resistant NfxB mutant
strains of P. aentginosa but not by other types of fluoroquinolone-resis-
tant strains (NalB, NfxC). This implies that OprJ is a protein novel to
NfxB mutant strains.

6. AlgE

Mucoid strains of Pseudomonas aeruginlsa, produce a 54-kD protein
termed AlgE (Rehm et aI., 1994). The aIgE gene is found as part of the
34 min alginate gene cluster and has been cloned and sequenced (Chu et

al., l99l). Purified AlgE forms a large, anion-selective channel. There-
fore it has been proposed that it, functions in enhancing the excretion of
exopolysaccharide precursors out of the cell to a location where they are
assembled into the mucoid material of P. aeruginosa. The protein has

been modeled as an l8-B-strand porin, reminiscent of the Larn B porin
(Schirmer et al., 1995).

7. OprN 
_

P. aeruginlsa mutant strains possessing cross-resistance to quini-
lones, imipen€ffi, and chloramphenicol plus a hypersensitivity to ceph-
ems, aminoglycosides, and carbenicillin overproduce a 50-kDa outer

MEMBRA*E (
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membrane protein, OprN (Fukuda et al., 1990, 1995). In these strains a
decrease in norfloxacin accumulation and in the rate of imipenem up-
take was noted, suggesting the presence of an efflux process. Also irt
these strains, a decrease in OprD was noted, hence the reduced im-
lPen_em uptake. Although it has the same apparent molecular weight as
Op_tM, this. protein does not change SDS-PAGE mobility after hJating
and is positively regulated by salicylate (Masuda et a1.,1995). In conj,rn.l
tion with salicylate induction, increased resistance to quinoloneJ and
carbapenems is linked to the decrease in OprD production and the
increased production of OprN. This mirrors the phenotype observed
for the OprN-overproduci.g Type 3 (nfxC) mutant strains. OprN levels
are also elevated when OptJ overproducing mutant strains ate treated
with salicylate, suggesting that the two proteins are regulated to obtain a
constant copy number in the outer membrane. Masudaet al.(1995) have
proposed that OprJ, OprM, and OprN act as independent efflux 6ans-
porters and that OptJ and OprN are cooperatively regulated, much like
OmpF and OmpC from the enteric bacteria.

8. OprK

_Upon examining a pyoverdine-deficient strain of P. aeruginosa,,
Poole et al. discovered the iron-inducible expression of OprK, a 5b-kna
outer membrane protein. The same strain is resistant to a number of
structurally diverse antimicrobial agents (e.g., ciprofloxacin, nalidixic
acid, tetracycline and chloramphenicol). It was originally though that the
,pr! gene belongs to an operon (mexA-mexB-oprK) responsible for the
efflux of a variety of antibiotics and secondary metabolites (e,g.r plover-
dine). However, it was recently found that the oprK gene expresses OprM
and thus was renamed oprM (Li et a1.,1995). The OprK piotein deiives
in fact from an nfxB mutation derepressing the oFrJ genl, and thus the
protein has now been renamed OptJ (Poole, K., personal communica-
tion).

9. OprM

Analysis of nalidixic acid (nalB or Type 1) multiple antibiotic-resis-
tant strains of P. aeruginosa revealed the overexprssion of a 49-KDa
protein termed OprM (Masuda and Ohya, 1995). OprM has been par-
tially characterized (Gotoh et al., 1994b) and found to be hear modifia-
ble. OprM changes molecular mass on SDS-PAGE from 50 kDa ro more
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than 100 kDa upon he_ating !9fore loading on gels. strains deficient inthe production of 9prl,t aie highry ,,rr..piibl. io u ,r.r-b., of antibiot-
ics, including quinilones, B-lactims, tetraiycrine, chloramphenicor, and
several p€nems (Gotoh et ar., r9g4a). oprrVtproa".tio"i, ,iot influenced
by salicylate, the known synthesis r,,ppresro. of some outer membrane
proteins (Masuda e_t ar., rggb). Initiiriy evidence i"ai."i.J rh"li;il
11191cn.!ke oprl-in a separate, but ielated, efflux ryr,..n thatLi et ar.(1994a) call Mexc-Me1D-oprJ. However ir *as recerrl;;h;*, that theproduct of the cloned. oprx gene is identical to optrra'1ii-et aL, rggb).Li et al. (1995) examined rf,e acc,.m.rlation of "';;;;;t of drugs in
several mutant strains in the presence and absence of a'proton iono-phore and found that MexA-MexB-oprM forms 

"" *..gi-aependent
complex capable of,pum.ping- various'antibacterial 

"g.tt*"orr, 
of p seu-

dmtonas amtginosa. MexA arid MexB resembre .y,opiur*i. membraneexport proteins. A proposed model for efflux has the antibiotics
pumped from the cytoplasm to the exrernal face of the cell ;#;;t;
direct channel (Li et at.,lgg4b). MexB would form a .ytopl"r_i. *.*_brane rransporrer with the ripoprotein MexA 

"..ing 
J, 

"'ri"r. 
between

the outer membrane channef, oprM lformerly o;;d il the MexBtransporter. Indeed a disruption of any of the th...'g.n. makes the

:*,11 -.::r:Tely 
susceptible 

- 
to the effl uxabte antiUioiiEs. 

- 

Con'pon.nu
slmllar ro oprM, MexA, and MexB have arso been identified by Mor-
shed ar al. (199b) using norfloxacin-resistant and;B;;iiry resistants;rai1s;{r. amrginosi. Active efflux has been ".rt;.il;;.',r-..,ted inE. coh ('l'hanassi et al., r99b), and the MexA/MexB proteins have homo_
logues in many bacteria (poole et at., rggr) Arthorigh tt.-fir,dirrg of asimilar process in p. 

.aeraginosa is not compretery-"ri..p.."a, the con-
cept of efflux as a major pgy:t in intrinsic tlsirta'r,c. prJ"i;;l a subsran-
tial breakthro"El,i 

1u.it inting about how r. i*rg;iir.Jup., killingby multiple anribrotrcs.

10. OprP

oprP was first identified as an outer membrane protein induced
upon-growth of p. 4eru'g:'ry0-s?in a low phosphate mediuni lsee Hancockel
al., 1990; siehnel et ar., rgg0 for most citations). e r"soi -"1"", rackingoprP was shown to be deficient in the nigh-affinity.itorpnu,.-r,".n"-
tion-inducible (psr) transporr sysrem. Detailed model membrane stud_
ies have made this one of'the best characterized anion channers in na_tT.e' !!e oprP channel was shown ro conrain a phosphate-Lindirrg rit.with a K; of approximately 0. r5pM (approxima,.iy tJ;;i,rm concen-

ourER MEMBRANE T(. ..r*,
trarion of phosphate at_which oprp is optimally induced). chemicalmodification studies of oprp indiiated that the p'h"rph";;:6-iriairrg ,itecontains a lysine residue. Therefore we have tru.rJJ a .t urrg. tt.lysines of o-prP systematicaily to grutamates and glycines (sukhan andHancock, 1996). A singte lysine, ,!ria.r.-izt, .hd#J;;;i h.;" glura_mate or a glycine residue, causes loss of tt.'ptn.fti"t;il;G site, asjudged by model membrane studies.

Tb determine where lysine-I2l exists, a membrane topology model(Fig' la) was created by predicting ,runr'n.mbranous amphipathic
B-strands (typical of porins;^Hu^ng ,7 oi.,-t99b) and .o";;.;;-,'il; Iinkerand epitope insertion mutants at v:arious ri,., irr.o"jn-rir. pror.i" t",i-lizing the observation that roop r.gion, int.rconnecting p-strands cantolerate insertion of :x_ty urnir,o icids, but that the plrir"nJ'..Sio.,,
cannot) (Sukhan and Hancock, _19g5). rnterestirrliy, r"'iirl, moder,lysine-t2l is right in the middr. ornop i which, i" rtJ'p"ri", *er. *itr,defined-three-iimensionut rt.rr.iur., i.; the narrowest (constriction)
region of the porin channer. 

{nlf eed iyrirr.- t s t of phoE, which is substi-tuted for glycine in the rerated E..cori porin ompF (cowan et ar., rgg2),isthe major contributor to the utrior i.t.ctivity of phoE and the cationselectivity of OmpF.

__ ^9prl.is, 
coieg.ulated 

-1r:h 
th3 periplasmic phosphate-bindingprotein. Biochemicar data suggests that these two proteins can interactwhereas genetic data suggest-lt.y conaborare in phosphate uptake. Amathematicar moder of [60sphar. p"rrug. rr,.o"ft 

- 

irr'.' 5irir.rrunr,.t
has been developed. r ---o-

ll. OprO

- -OprO 
was tirsr id_.^Ti:9 as an open reading frame upsrream of theoprP gene. It shares 76vo id,entical amino u.ia, i"irr, 6* dJfr* | et ar.,1992)' Model membrane-studies on the purin.a opro;;.i;,1i,., ou..-expression in E. cori, indicate that it is'quite ri*ii", tJo;;il; that itfg.T: 

:Liol_-specific channels wi:h 
" 

p!;ilate_binding rir! tU"r.r.f.,al., 1992). However, the OprO chanriel is?mewhar h?g., unJ'pr.f.r,pyrop-hosphare over phosphate (cf. oprp for which the situation'h ;;-versed).

^,^_U_,]rjri"S 
an Oprp::Tn5Ol murant of p. aeruginosa,OprO expres_sron was demonstrated after growth of this mutant under phosphate-starvation conditions into.the iiationary phase (siehn rr';;;i.,iidir. ril..the oprP gene, opro conrains an inverted i.pe"t'.1.me", 
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Pho box with homology to the cyclic AMp receptor-binding site of.theE. coli rpoH gene.

12. OprB

oprB was first identified by Hancock and. carey (rgg0) folrowingthe growth of p. aeruginosa in i -i"i."i *.ai"- ,,1pir.''o!nt.a *itr,glucose as the sole car6on 
-s9ulce. 

rn. pro,.i'was identified as a heat-modifiable_protein, wiose M" changes fiom g0,000 ,";t^Oii0;;;n heat_ing to 100'c before sDS__r1.1 gnrn i, i"r*;;J;i;;;"p#plasmic
slucose-bindins proteil 

3l part or i nign-ai'irnlililffi ;;i. ryrr.*.Hancock ana c"r.y lrsaof o.igi;t-il;""srrated the porin functionof o pr B bv fouowi ng ttt. .hn 
" 
*'oi ..'u;'i.;;hydr; i;;'plos pho_lipid vesicres reconstitutedwith purifiJ oprn. ul^s ih.lip;rJ-. r*.r_ling assay, Trias ar a/., (lggg) .trir".t.rirJ'oprg ;;.ffi". f* grucoseand xylose. Further analyses of purified Oprg rlg* f.,r*g;r^r(Wylie

et at., 1993) and p. putida (saravolac a ii., tssi1.;;;;[f ;;"y sim-ilarities between the iwo proteins, incruding high [i-shee;;;;** $0%],as determined by circular dichroism, l*;""":rremical .rorr_r.".tiuity,amino terminal sequence 
lgTolggy, and a glucos._ui"Ji"g,ir. ii<, = ggo

3M fgr P.,amt'ginosaand l l0 -Ni io;t ilu*l.The two proteins differin molecular weisht (p..aeruginon oprd is +sb0 r" r".s!ri"J in ionselectivity. The plaeruginosa bprB i, i"iorr_r.t.ctive, and p . putidaOpB

IrffiH:.tective. 
Th"e reason ro. ,rtit ain r.n..'r. *L.{ir,y is stilr

, Thr sequence of the cloned p. aeruginosa oprB generevealed some
lt3mo.logy to the martodextrin-sele. tiu. i"* g po.i.,'or c. rdii*rri. urraWorobec, 1994). Topological modeling by thep..ai.ri". r"fir,of p",rf
and Rosenbusch prediclEq r e por.",ih 

-rir.*biurr._rpunrring 
p_r,."rra,

when placing both N-and c-t..*i"i o" ttr. pe.plasmic face of the mem-brane, similar to that deduced from the cryitar ,tr.r.tue ;i;;il (schir_mer et al., 1995). As with LamB, extra membr"";;, i";p:l;ilng the
B-strands are short on the periplasmic fu.. .ornpu.ed witir tlhos. f"cingextracellularly. Amino pid.c.o.mpTison between Oprn urrJ i".n ,.-vealed several conserved and identicar ,esid,res impriiatea i'sui, bina-ing to LamB. Likewise, oprB has ".t"ri.r1rn"rir-yp.d;;;"; r."."phenylalanine residues which resembles what i, t .,nii *L1;srJ"ri ,ria.,,of LamB, a regio-n which is though to guide tr,. airiuJ* orlrfr;r. rr,.aromaric ring of phenyraranine"and tiyptophan ..ria"., .""iiiure toprotein-sugar inreractions in carbohydot.luinair,; ;;*ii;l ile resi_dues stack on one or both sides of tn! py.""oria. iiig*irugurr, .orr-
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tributing to the van der waals conracts (Quiocho, 1989). OprB-also has

tuo.yriirr. residues (C148 and Ct56) which are fairly 1ar911 noln
prot.inr but are also found in LamB (Gerbl-Rieggr et-al,al99l)' No

iunction has been attributed to these residues in LamB (Ferenci and

Stretton, 1989), and the analysis of their function in OprB is presently

underway.
Using interposon mutagenesis, P. aeruginosa strains were created

which eitf,er hcked or onereipressed OprB (Wylie and Worobec, 1995).

These strains were used to study the in vivo role of OprB in the diffusion
of glucose and other carbohydrates across the outer membfane. These

exp-eriments demonstrated that OprB acts as a substrate-selective porin
foi a variety of different sugars, including mannitol, glycerol, and fruc-
tose. Indeed, Williams et eI' (1994), found the production of OprB in
conjunction with prolonged growth on glycerol. Thus, rather than act-

ing-exclusively as i glucoJe-selective proin, OprB facilitates the diffusion
of"a wide range ofiarbohydrates and thus has been labeled a carbohy-

drate-selective porin.
Other members of the Pseu'd,omonad'aceae rRNA grouP I carry a gene

which hybridizes with theP. amtginosaoprB structur4 g_ery Ti produce

proteini with strong homology ro OprB (based on SDS-PAGE mobility,

immunochemical cross-reaction, and N-terminal sequence), when grown

on glucose or other carbohydrates, such as xylose or maltose (Wylie and

Woiobec, lgg4). This again reinforces the role of OprB as a general

component of carbohydrate uPtake in pseudomonads.

13. OprD

oprD was first identified as a modestly expressed outer membrane

protein called D2 (Hancock and Carey, t9?9). It was subsequently dem-

onstrated that mutants of. P. aeruginosa, which had become specifically

resistant to a broad-spectrum pJactam called imipenem, had lost OprD
(Quinn et al., L986).Interestingly imipenem strongly- resembles a dipep-

tide of a basic amino acid plusone orher amino acid, so much so that a

renal dipeptidase inhibitoi, cilastatin, must be coadministered with im-

ipenem io improve its stability in vivo (N.B: to some extent all pJactams

mimic the D-ala-D-Ala peptide in peptidoglycan precursors). Thus it
seemed quite reasonable when Trias and Nikaido (1990a,b) demon-

strated that OprD is a specific porin that recolnizes basic amino acids,

peptides containing basic amino acids, and imipenem_and related car-

Laperre- pJactamJ (e.g., meropenem) as substrates. It was confirmed
thit these two classes of substrates bind to the same site on OprD (Trias

OUTER
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and Nikaido, 1990b) and that high concentrarions of basic amino acids 
I'

substantatively increase the minimal inhibitory concenrration (MIC) of
imipenem and micropenem (Fukuoka et a/., l99l). competition for
binding to a-common,site within the_oprD channel was'definitively
demonstrare{!1 mgdet membrane studiei (Huang and Hancock, lgg6;
Nakae et al., 1996; Trias and Nikaido, lgg0b). ovJrexpression of oprD
from the cloned gene was used to prove that the channll is quite ,p.iifi.
tor carbapenem B-lactams and does not permit pasr"fe of 

- 
other

pJactams- or-quinolones (Huang and Hancbct, totirl. Thi, .o.r..t
some misleading conclusions in the literature (Michea-Hamzehpour a,
ol., 1991). Indeed the observation of cross-resistance between imip.rrer'
and fluo_roquiinolones is more likely caused by regulatory or efflux mu-
tants (Masuda and ohya, 1995). Nevertheless, bprD overexpression

:,9!.:i"qt;.ate that glu_c_onate can_pass through this channel, possibly in
a nonspectrc manner (Huang and Hancock, lgg3).

oplD is the first specific porin that has sequence alignment with the
(generally) non-specific porin superfamily (Huang a at.itggs).This has
permitted construcring a membrane topoiogy model (Fig. lb). The mod-
el was tested wirh reasonabre success uy rci,-meaiated Jite-specific dele-
!iql. ly studying the resuhanr 4-8 amino acid delerion mutants, the
tollowrng general conclusions were drawn: (l) loop 2 has a role in im-
ipenem binding and (2) loops b, z, and 8 fold in to constrict the size of
the channel and prevent high nonspecific movement of molecules
tlr.o^uSn the OprD channel (Huang et al., lggb; Huang and Hancock,
1996).

Recently Nakae and callaborators (1996) observed very weak pro-
tease activity (turnover number l0-s/sec) for oprD that is intriuitautl uy
imipenem. we propose-that this "protease" siti actually functions as a
surface-binding_site for basic amino acids and imipenem and is the loop
2 binding site. we furthel hypothesize that the uittaing site within thl
oprD channel is actually locatld in loop_3 (which for thi known crystal-
lized porins, both specific and nonspecific, usually forms rhe narrowest
constriction zone of the porin channel).

14. OprE

. - 
oprE was first identified as a porin (yoshihara and Nakae, lggg)

with an exclusion limit of approximitely a di- to trisaccharide (see Han-
cock at al., 1990 for an overview), but it is now clear that it difiers from
outer membra-ne prorein E described by Hancock and carey (lg?g).
Yamano a al $993) demonsrrated that it is a non-heat-modifiabi. pro-

MEMBRAN(
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tein with an overall.39Zo. identity and bLVo similarity with OprD. Theprotein was induced under anaerobic conditions and the upstream re-
gion^of t\, oprn gene conrains a weak lNR.Upl,.q".".. u.d'a sigma 54-
RNA. polymerase-binding region. It should u. 

"'ot.J- 
inu t- psrud,omono^s

aentginosa, although termed an. "obligate" 
.aelo!e, grows anaerobicalry in

the presence of nitrate or arginine as terminal.b;; ;;f,torr, 
"nd 

on
occasion may grow in this fishion in vrvo.

There is no prescribed function for this porin, although its homolo-
gy,to oprD suggests that it may be a specific pori" *itrr""n unknown
substrare. yamano.et a/..(1993) suggested that ii may be involved in theuptake of ferrous iron because an"ierobic condition's favor the reduced
form of iron and. depress the synthesis of IRoMps. Iil*ro' mumnts
lacking oprE did not change i. antibiotic susceptibility, ilino,rgr, these
studies were somewhat ambiguous because they were'not done under
anaerobic conditions (yoneyama et aI.,lggb\.

15. E2

Protein E2, formerly E, has not been well studied. It is present in
reasonable concentrations in outer membrane ,u*pr.. g;o*n under
normal condition (Hancocr. and carey, lg?g), but it is th."most promi-
nent band in the whore cefl protein geis (R. Hancock, 

"nfuuurn.i;, una
thus may not be a true outei membine protein. rn."p.lir"ents invorv-ing progressive sorubilization of outer membrane p-r;t", protein E2remained as the majg.r detergent-insoluble prorein'in th. ,.riau., .uen
after peptidoglycan digestion- lHanc ock et ai., I gg l ). In soml antibiotic_res*tant mutants, protein E levers were reduced (yaman o et ar,
1993).

16. OprF

. OprF, the most predominant outer membrane protein in p. aeru,-
ginosa under most media conditions, is.present at around 200,000 ;p-ies/cell. It has a major rore in maintaining .or..li ..ll ,,.r.,"re and
stability because mutants lacking oprF do.iot grow in a row osmolarity
medium and are significantly rf,orier, giving tf,.- 

"" "r-or, 
rounded

morphology. 
Jhe.1e floperties and.sequinceiimitarity place oprF in the

9TpA superfamily (woodruff and Hancock, lggg). tir. ,.q".nce sim-ilarity to ompA occurs entirery within the carboxy-,.r-i"ir half and

\,
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,.'fi

exrends ro more d-istantly related froteins, including OprL (the pep_tidolvcan associated rip.p;",;i;ii;rif ""'r 
*r,,r* a gononho e ae(the serumblocking protein), and, rnotB of'niitfus su.ltitis (a non-outer membraneprorein invorved in.mot'itv). r"t*.J"gtrtil dil,"=dJi,, can beprogressively deleted downio'an N-t trnr.r"r core structure of 16g ami_no acids which it is-predictea, ro.-rln eight-stranded B-barrer wherethe eighth p-strand 

t:_n:rnhg;;idi;; tl,e I6Jl (G*,ii,"i.B-rtrand)of members of the norin sirperfamilf(Rawring, lg95). Deretioni into thishomologous p-strand, ..g.,'il il;ild'rr.r, rT ot, 1giagl"r. i_,"rp.r_i._
r'^yi-d tr:ve.nt a pro*iir proa".iri",n'ueing formed. Therefore, thisrepresents both a similarity,and a difference between members of theg-p^A and porin s,rperfamilies. -----"

study of the above series of c-terminal deretion muhnt of oprF hasdemonstrated that ttris region J i;;;;;", a substanrial role in deter_mining both cet shape ani trt. uu'it! to g.or" ir 
" 

ro* or.or".ity medi_y' o1e explanation_for these n{.l.rii!r wourd be if oprF somehowdetermines the pattr
;ili;6;Fil##:.;:,,:lld:fi i"'*T1fi1il:T.f, Tilhyf ji*lonstrated by cofractionation 

"rt.r rot,ruihzation of outer membrane/
llryt9:sty:an comprexes in sDS u, rooJ.o* temperature. It shares thisproperty with oprl^and oprl. Any deretion of the c-rerminus, even
:ffi J',,,1f :$:.T,y;,ru"""f;l;J,Jt"il.'r'i.piil"gry.""

The folding of oprF in the membrane has evoked some conrrover-sy. First, the model f* O-pA pf".., ,i#'qg11ninus in the periplasm,albeit using indirect evidenci frl."ar rlli, l9g6). second, at least one ofthe members of the o.m.nA superfamily ir'no, at all an outer membraneprotein' Third, one might .*pi.t,rruiiir. r,rong noncovalent associarionof oprF with the neotiiogtyi"T y;;ld;;quire that a significant portionof oprF is present ln thE 'p.:rtpi"r-l rllr.,n, only two regions in theC-terminus ire strongly predicr:;;;il ;;p-strands"'ro,,r,aln"oih'..ou,.r*.;;;;:iff 
fiil:1bHflTiJi:ttlr:

is considerabre evidence ttr.t r.u"."i p"rr'rlr,n. c-terminus of oprF areexposed on the surface of the ""r.i -.,.,ur"rrr *J'i^rr"i"""ril;in."r*portion of the oprF c-terminus ieer-J6+-g26) must be folied intop-sheets. This d a ti r 

"f]l:._ gI[.];; fi g of li n ear, .,, iru..-_i J.urir.a,monoclonal antibodv bEding sires ro r.giorr", inuotuirrg "-iioi.ii, ss ,o62,297 to 244, and' 29.7 ,". 5r+ in"*fl{{,, ,t.,1g95; seven other anti_bodies with con for-"1::_1 :I$i. ;ii. ;rr" ."pp. j-.o1.".d 
aminoacid stretches of the c-terminus)i (z) trr. mappmg of a surface-locatedprotease cleavage site in a conserved *gi; ;r F. Tiiirr^-o-prr to
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amino acids 188 to 197 (DeMot et al., rgg4); g3) the demonsrrarion that
l0 amino acid malarial epitopes i.serted ar residues 188, 196, 2lg, 2lb,
231, 290, and 310 can be localized ro the surface by immunofluorescence
(wong et al., 1995\; and (4) the creation of surface-reactive antibodies
Ylilg, apino acids 261 to 274,305 to 318 (Hughes et al.,lggb), l8g to
216, and 308 to 326 as immunogens (von Specht et al., lggb) (N.B: the
first of these is disputed; see Hughes et al.,-Lgg2 and von Specht ar al.,
1995). In addition, circular dichroism spectra clearly indicati a p-strand
content of approximatley 60vo (siehnel et aI., lgg0\, rhar can be accom-
modated only if one ensures that approximately b\Vo of the C-terminal
residues are located in B-srands. Taking all of the above data together, a
membrane topology. model is presented in Figure lc. one inieresting
part of this model is the cysteine disulfide rigion in its center. Thii
insention, missing in most P. fluorescms OprF sequences and in OmpA,
has homology to acalcium-binding region-in several eukaryotic protiitrt
(De Mot and Vandeleyden, 1994).

In addition ro its strucrural role, oprF functions as a porin. Al-
though this was disputed for some time, there is now a consensus that
oprF is the major porin of-P. am.rginosa permitting nonspecific passage
of substances larger than disaccharides (Bellido elat., 16g2; Nitaido"ar
al.' 1991) and that it contributes substantially to, but is not the sole
determinant of, t[e large exclusion limit and low outer membrane per-
meability of the P. amtginosa ourer membrane (Belrido et aL, l{igz).
These two properties of oprF and the outer membrane have led to
considerable confusion because they indicate that even minor outer
membrane proteins, or those with small channels, may contribute to the
net permeation of substrates in P. aeru,ginosa. This is further complicated

!1.ffl.rl systems *hi+ are exp€cted io influence net antibiotic uptake.
Thus it is nor surprising that defined oprF-deficient muranrs hive at
most a rwo-ro threefold increase in MIC ro B-lactam antibiotics (wood-
ruff and Hancock, 1988; Yoneyama et al., lg95). Nevertheless ti\ere is
some evidence that oprF is thi major uprake route for antibiotics, in
that trained murants.selected-for quinohnl resistance acquire a multiple
antibiotic resistance (MAR) phenotype (i.e., cross-resistance to other an-
tibiotic classes) and oprF deficiency simultaneously (piddock et al.,
l99l; Zhanel et al., 1994). such MAR resisrance can be reversed by
go.mnfemelting with the cloned oprF gene (G. Zhanel, personal commu-
inication). MAR mutants with oprF deficiencies.ar be isolated in the
clinic (Piddock et al.,l99l).

In addition to these porin functions, evidence has been presented
by comparing isogenic o-prF-deficient mutants and wild-type ihat oprF
is the route of uptake for ironsiderophore complexes, 

'fbr 
which'no

(
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specific IRoMp exists (Meyer, lgg2), and is possibly the route of tolueneuptake (L. Li, personal .oiorn""i.rtioni

17. OprG

oprG is a 2b,000-Da.protein which is expressed in the outer mem-brane of p' aenrglnos!-undlr a 
"".ilif oi gro*tr, conditions. oprG revels

i:::T.*q by iemperature, carbon'rouft.r, LpS content, thi presenceot rron, and growth li 11. stationary phase. bie;il;.rioi ,t 

", 
u..r,linked to a low-affinity, iron-uptake system and ro quin'one uptake. Itwas also reported that OprG teuet, arJtowered^in an OprN_ov.iil;;:rng, norfloxacin resisraniryfxc mutanr sirain of p ;;F;;r;,',ing withthe decrease of OprD,ana 

.p*r1bi/9p.jlsee below). No definite func_tion has yet been itt.ibrrt.d ro OprG.' '

18. OprH

OprH is a minor outer membrane protein that becomes dramat_ically overexpressed_*,1., 
91|tr"ry g;rnin on media with low (50pM)Mg2+ concentrations (providing C"il, Sir* u'a Mr;;";;;ho low).Under such conditions (and in riutant uier *hi.h;;;...;;;;s oprHin a normal medium), cell, b..;;;';;orr_r..rr,"rr, to polymyxins, ami-noglycosides, and EDTA. studies ;id-;i*genic oprH-deficient inter_poson muhnt have shown that oprH is necessary for these resistances(Young et al', r99il. overexpr.rlior, r}'bprH fro,o iir-.ion.a g.rr.,however, does nor iully.replila;; ;; Lirr"rr.. phenotype suggestingthat an alteration in anothei ou,.. *.*urane component (possibry LpS)is required. presumabry rr,. .l""ii"ii".' oprn-"r[..,.irlfi"i"-"o",Hl8l is actually 

" 
,"qrliuto.y.;;;;;;Ggesrron consistent with clon_ing results (Beliand'H"rr.olk, lgsb). ir;T"u. hypothesized rhat oprHactually replaces divalent ."tio* i"'trr;';;;.. membrane, under condi-tions of medium insufficiency, to p.r*i,1,r,.. ...brane stabilization(Nicas and Hancock, lgg3). '' ' ----"' v

^.._91_r-".h". 
?g ap.!"..ent porin activity (young and Hancock, l9g3).uur recent studies (Rehm and Hancoc(, ."rr.ri.ript i" pi.p"ration),however, have caused us to reevaruate this concrusion. circurar dichro-ism studies indicate tfl oprfr .r"i"irririz, B-rh;;;. A;;;ioioprHas an eight-stranded B-barrer *u. ..."i.J and tested using a combina_tion of the methods ut'ized "b;;;;bprr and oprFlDeredon ofexternar roops l and 3 had no effect.,' opint ;irtrff'f-i.i""".,r.
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However, an OprH mutant with a l0 amino acid deletion of loop 4
formed large channels with a single-channel conductance of 1.3 nS. An
analogous observation for the E. coli iron-regulated outer membrane
protein FepA has led to the conclusion that FepA is a gated porin (Rutz el

al.,1992), and thus we suggest the same for OprH.

f9. OprL

OprL is a constitutively produced, peptidoglycan-associated lipo-
protein which contains covalently bound fatty acyl chains (Mizuno,
ig?g, tggt). The protein runs on SDS-PAGE with an apparent MW ol'
20,500 Da (Hancock and Carey, 1979). Like OprI, this protein is highly
conserved among the pseudomonads found in the rRNA group I, as

detected by immunochemical cross-reactivity studies (Mutharia and

Hancock, 1985). The gene has been cloned and sequenced (Lim at al.,

1995) and demonstrates good homology to members of the PAL family
of peptidoglycan-associated lipoproteins (and consequent C'terminal
homology tb OprF). Although no direct function has been assigned to
OprL, ii appears tobe involved in the structural integrity of the P. aeru-

ginosa outer membrane (L. Ramos, personal communications).

20. OprI

Lipoprotein I (OprI) is a highly abundant, 8-KDa outer membrane
protein which has become an important vaccine candidate for P. amt-
ginosa (Finke et oL,1990,1991; Rahner et a1.,1990; von Specht at al.,

1995). The oprl structural gene has been cloned and sequenced by three
groups (Cornelis et al., L989; Duchene et aL, 1989; Saint-Onge et al.,

1992) and has many similarities to its E. colf counterPart, Braun's li-
poprotein. The mature OprI protein has a molecular weight of 5,950 Da

and a single, covalently linked fatty acid. The two proteins differ in
amino acid sequence with only 30Vo identical residues. The majority of
identical residues are located at the signal sequence cleavage site and at

the C-terminus, which is the peptidoglycan linkage point of the E. coli

lipoprotein. Using PCR and probes derived from the P. aeruginosa oprl
gene, DeVos et al. (1993) extensively surveyed.rnembers of the Pseud'o'

nwndaceae and close relatives to find that the gene could be amplified
only in members of the rRNA group I, those species considered to be

authentic pseudomonads. Much interest has been generated in using

recombinant Opr[, OprI-OprF fusion proteins, or OprI specific mono-
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clonal antibodies as vaccine candidates for P. aeruginosa. OprI is anti-
genically cross-reactive among all 17 known s.rotypes of P. aeraginosa,
according_to the International Antigenic Typirg Sitreme (FinkJ et al.,
1990), and large quantities of recombinant OprI can be rapiaty purified
to h.omogeneity from E. coli (Toth etal., 1994;. Mosr recentiX ub" Specht
et al., ( 1995) found that a glutathione S-transferase (GsT)-fint.d fision
of OprF and OprI protects immunized animals 975-fold agains t p. a,eru-
g?,nosa.
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