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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
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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.
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