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Abstract

Serratia marcescens outer membrane contains three different general diffusion porins: Omp1, Omp2 and Omp3.
Omp1 was cloned and sequenced and it shows a great homology to the family of outer membrane porins that
comprises the general porins of enteric bacteria. The gene for Omp1 was transferred into an expression plasmid and
was expressed inEscherichia coli UH302 (E. coli UH302 pOM100), a porin deficient strain. Its expression confers
a higher susceptibility towards different antibiotics to this strain. Omp1 was purified to homogeneity from outer
membrane ofE. coli UH302 pOM100. Reconstitution of the purified protein into black lipid bilayers demonstrated
that it is a channel-forming component with a single-channel conductance of approximately 2 nS in 1 M KCl similar
to that of other porins from enteric bacteria. Omp1 is slightly cation-selective. Its homology to already crystallised
members of the family of enteric porins whose three-dimensional-structures are known and allowed the design of a
topology model for Omp1. The charge distribution within a porin monomer is similar as in other general diffusion
pores. The positively charged amino acids localised at theb-strands opposite the external loop L3, which restrict the
pore diameter in the porin monomer.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The outer membrane of Gram-negative bacteria
constitutes the interface between bacteria and the
surrounding medium. It forms an efficient barrier
that protects the cell against external harmful
agents, including antibiotics, detergents, heavy
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atoms and other damaging substancesw1x. The
lipopolysaccharide outer envelope of these bacteria
is crucial in determining susceptibility patterns,
since many antibiotics cannot penetrate this barrier
to reach their intracellular targetw2x. Thus, the
outer membrane opposes resistance to certain
hydrophilic molecules that cross the membrane
through a few major proteins called ‘porins’w3x.
Porins form transmembrane channels in the

outer membrane, which can be divided into two
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classes according to functional propertiesw4x. Gen-
eral diffusion pores form water filled channels that
allow the energy independent passage of the sub-
strates across the outer membrane according to
their molecular masses(exclusion limit approx.
600 Da inEscherichia coli). The diameter and ion
selectivity of the porins determine which solutes
could permeate through. General diffusion pores
are constitutively expressed and can reach 10 –4

10 copies per cell. The second class of porins6

comprises substrate specific channels(‘specific
porins’) such as LamB for carbohydratesw5x, or
Tsx for nucleosidesw6x. Specific porins are very
often induced in the outer membrane of Gram-
negative bacteria under special growth conditions.
These ‘specific porins’ contain binding sites inside
the channels thus facilitating the diffusion of spe-
cific classes of nutrients across the cell wallw7,8x.

Some of the outer membrane porins from dif-
ferent organisms have been crystallisedw9–11x.
The structurally characterised members of the
porin superfamily are homotrimeric proteins made
up of three identical polypeptide subunits of 250–
450 amino acid residues. The monomer consists
of 16 or 18 b-strands arranged in a cylindrical
barrel configurationw4x. According to their three-
dimensional-structure each of the three monomers
contains a channel with a diameter between 0.8
and 1.4 nm. The pore is stabilised and its diameter
is limited by an internal eyelet region formed by
the third extracellular loop bent into the channel
that restrict the channel width, thereby defining
the diffusion properties of the porew3x.

Serratia marcescens is a major opportunistic
pathogen, isolated from urinary tract infections,
nosocomial pneumoniae, surgical wounds and
bloodstream infections, mostly in intensive care
unit patientsw12x. Most of the strains involved are
highly resistant to an increasing number of non-
related antibiotics, such asb-lactam antibiotics,
aminoglycosides, quinolones, trimethoprim and
chloramphenicolw13x. Reduced permeability can
lead to cross-resistance to several families of anti-
biotics but this mechanism is particularly effective
when combined with other methods, as the syner-
gistic action of various mechanisms provides bac-
teria with higher levels of resistancew14x.

We have studied the outer membrane proteins
from Serratia and three porins have been described
and named Omp1, Omp2 and Omp3 with molec-
ular weights of 42, 40 and 39 kDa, respectively
w15x.
Little is known about Omp1 and its contribution

to the bacterial resistance, although we have
observed that mutants lacking this porin show
significantly decreased susceptibility. In this paper,
we describe the cloning and sequencing of a porin
locus, named omp1 and we further characterise
the protein, including channel properties and a
topology model derived from the sequence.

2. Materials and methods

2.1. Bacterial strains and growth conditions

S. marcescens 2170 is an environmental isolate
w16x. E. coli XL1Blue was used for cloning and
E. coli UH302 w17x, a porin-deficient strain, was
used for expression experiments.
All strains were grown in Luria Broth(LB) for

DNA manipulations and in Trypticase Soy Broth
(TSB) for porin purification. Trypticase Soy Agar
(TSA), supplemented with ampicillin 100mgyml,
IPTG and X-gal, was used to pick up recombinant
clones. Mueller–Hinton Broth was used to test
susceptibility to antibiotics. All media were pur-
chased from Scharlau(Barcelona, Spain). Cipro-
floxacin kindly supplied by CENAVISA
Laboratories(Reus, Spain) and the rest of antibi-
otics were purchased from SIGMA(Sigma Aldrich
Corporation, St. Louis, Missouri, USA).

2.2. Cloning and sequencing

S. marcescens 2170 DNA was isolated follow-
ing the method described by Leranozw18x. The
vector used for cloning was pUC19(MBI
Fermentas; Germany). Two oligonucleotides,
SMF1 (59-CGCAAGCTTCTAATTTATAGGATC-
CCACGT-39) and SMF2 (59–CGATCTTAT-
GAACGTGAAGGATCCGACAGA-39), deduced
from the sequence of the ompF gene ofS. marces-
cens w19x, were used as primers to obtain a 1.7 kb
region containing a porin gene by PCR amplifi-
cation with the genomic DNA ofS. marcescens
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2170 as a template. Insertion of this fragment,
after BamHI cleavage, into the BamHI site of the
pUC19 plasmid, yielded the recombinant plasmid
pOM100, which was propagated inE. coli
XL1Blue. The sequence of the gene was obtained
using the ABI PRISM BigDye Terminator
Sequencing Ready Reaction Kit, version 2.0.

2.3. Expression and purification of the cloned
porin in E. coli UH302

E. coli UH302 pOM100 was cultured in TSB
supplemented with ampicillin 100mgyml over-
night, bacteria were harvested by centrifugation
(1000=g, 10 min), washed once with a 10 mM
Tris–HCl pH 7.4 and resuspended in the same
buffer. Cells were broken by ultrasonic treatment
and unbroken cells removed by centrifugation
(1000=g, 10 min). The supernatant was centri-
fuged (100 000=g for 1 h). The sedimented bac-
terial envelopes were resuspended in a buffer
containing 2% SDS, 10 mM Tris–HCl pH 7.4.
The peptidoglycan layer and the associated pro-
teins were pelleted by centrifugation at 100 000=g
for 30 min. The pellet was subjected to a second
SDS wash. The final pellet was suspended in a
buffer containing 2% Genapol, 10 mM Tris–HCl
pH 7.4 and 2 mM ethylenediamine tetraacetic acid
(EDTA). The supernatant of the subsequent cen-
trifugation (100 000=g, 30 min) contained pure
Omp1 porin. SDS-PAGE was performed by using
a Bio-Rad apparatus(miniprotean II) by a modi-
fication of the method of Laemmliw20x, gels were
stained with 0.25% Coomassie brilliant blue,
destained and finally dried using a gel dryer
(BioRad 543).

2.4. Black lipid bilayer membrane experiments

Membranes were prepared from a 1%(wt.yvol.)
solution of diphytanoyl phosphatidylcholine
(Avanti Polar Lipids, Alabaster, AL) in n-decane
in a Teflon cell consisting of two aqueous com-
partments connected by a circular hole with an
area of approximately 0.4 mmw21,22x. The aque-2

ous salt solutions(analytical grade; Merck, Darm-
stadt, Germany) were used unbuffered at pH 6.
The temperature was kept at 208C throughout the

experiments. The single-channel measurements
were performed with a pair of AgyAgCl electrodes
(with salt bridges) switched in series with a
voltage source and a current amplifier(Keithley
427). The amplified signal was monitored with a
storage oscilloscope and recorded with a strip chart
recorder. Stock solutions containing the pure Ser-
ratia porin were added after the lipid membrane
turned optically black to reflected light.
For the zero-current membrane potentials, the

membranes were prepared in a 100 mM KCl
solution and insertion of pores was detected until
a sufficient number of porin channels was reached
in the membrane. The instrumentation was then
switched to the measurement of the zero-current
potentials and a KCl gradient was established by
adding 3 M KCl solution to one side of the
membrane while stirring. The zero-current
membrane voltage reached its stationary value
approximately 2–5 min after addition of the con-
centrated KCl solution and was analysed using the
Goldman–Hodgkin–Katz equationw23x.

2.5. Determination of the MIC and quinolone
accumulation

Minimal inhibitory concentrations(MIC) were
determined by the broth dilution method. Over-
night cultures of the bacterial strain in Mueller–
Hinton broth were diluted 1000-fold in fresh broth,
and 5 ml of the bacterial suspension(0.5=104

cfuyml approximately) was inoculated into Muell-
er–Hinton broth containing serial dilutions of the
antimicrobial agents. MICs were determined after
18 h of incubation at 378C as the minimum
concentration of antibiotic that inhibits growth.
Quinolone accumulation was measured follow-

ing Mortimer and Piddockw24x with minor modi-
fications w25x. Isolates were incubated at 378C
until A s0.5–0.7. Bacteria were harvested600 nm

by centrifugation(9000=g) at room temperature,
washed and concentrated 10-fold in phosphate
buffer saline(PBS) pH 7.5. Quinolone was added
to 1-ml-aliquots to a final concentration of 10mgy
ml. At time intervals of 0.25, 0.5, 1.5, 3, 6, 8, 10,
15 and 20 min, samples were centrifuged in a
microfuge at 10 000 rev.ymin at 4 8C for 1 min.
Pellets were resuspended in 1 ml of 0.1 M gly-
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Fig. 1. SDS-PAGE of outer membrane ofS. marcescens 2170
(a), E. coli XL1 Blue pOM100(b) andE. coli XL1 Blue (c).
Omp1 porin is expressed in recombinant strain.

cine–HCl buffer at pH 3.0, and finally incubated
at room temperature overnight to allow bacterial
lysis. Thereafter, the suspensions were centrifuged
at 20 8C for 25 min to remove bacterial debris.
The concentration of antibiotic in the supernatants
was determined fluorometrically using an SLM
Aminco 8100 spectrofluorometer.

2.6. Structure modelling

The structure modelling is based on the
sequence alignment of Omp1 and PhoE ofE. coli
performed with the Homology module of Insight
II-software package(Accelrys). The structures of
highly conserved regions, which comprise the hole
b-barrel, were directly translated. The loops search
command was used to create new loops structures
in areas of deletion or insertions. The transition
between the created loops and theb-barrel was
refined by the splice repair command. A check for
sterical overlaps was performed by the check bump
command and sterical overlaps were removed by
relaxing the structure(relax-command) followed
by an energy minimization of the concerned
region. Finally, a relax and energy minimisation
was performed at the same time for the five major
loops (loop4–loop8), which computed the final
structure.

3. Results and discussion

3.1. S. marcescens omp1 cloning and sequencing

E. coli XL1Blue pOM100 (Fig. 1) expressing
Omp1 was used to determine the sequence. The
nucleotide sequence and the deduced amino acid
sequence are shown in Fig. 2. The omp1 gene had
an ORF of 1125 bp with characteristic sequences
of outer membrane protein genes. The promoter
region of theS. marcescens omp1 gene was located
by comparison with theE. coli ompF and ompC
genes. They10 andy35 regions did not follow
the consensus sequence. Transcription may be
controlled by cis-acting activation sequences
upstream of they35 region, similar to the ompC
and ompF regions ofE. coli. We identified a non-
translated leader region of mRNA(Osmobox A)
that may be involved in osmoregulation, and two

regions similar to the ompF gene ofE. coli,
Osmobox B and Osmobox C, upstream of the
transcriptional start, which are probably the site of
interaction with the activator OmpR. A typical
Shine–Dalgarno (SD) sequence centred nine
nucleotides upstream of the start codon ensured
the translation of initiation complexes. Finally, we
found a potential terminator hairpin downstream.
Referring to the amino acid sequence, two points
could be mentioned:(i) a N-terminal phenylala-
nine, which is required for the assemble of proteins
of the outer membranew26,27x and (ii) the con-
served PEFGGD motif, which forms a turn in the
third external loop of the porin, and is responsible
for the size constriction of porin channelsw9x.

3.2. Expression and purification of the S. marces-
cens porin from a porin-deficient E. coli strain

SDS-PAGE gels showed highly purified Omp1
preparation(Fig. 3) which was used for the rest
of the experiments. UH302 pOM100 was also used
to determine the functionality of the protein.
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Fig. 2. Nucleotide and amino acid sequences of theS. marces-
cens Omp1 porin gene are shown. The hypothetic osmobox A,
B and C and the characteristic Shine–Dalgarno sequence are
underlined. A potential terminator hairpin downstream is also
underline.

Fig. 3. SDS-PAGE of the Omp1 purification protein from E.
coli UH302 pOM100.(a) standard molecular weigh,(b)Omp1
purified and heated previously.

Whereas the lack of porins in UH302 resulted in
an extremely low growth rate, the clone grew
much more rapidly(data not shown). It has been
shown that inE. coli, most b-lactam and other
small hydrophilic agents such as chloramphenicol,
tetracyclines and aminoglycosides use predomi-
nantly the porin pathway to penetrate the cells
w28x. The MIC values(Table 1) in wild-type (E.
coli UH302) were higher than in the recombinant
(E. coli UH302 pOM100), due to the higher
permeability of the OM ofE. coli UH302 pOM100
to different hydrophilic antimicrobial agents such
as b-lactams and chloramphenicol. On the con-
trary, no changes in MICs values of tetracycline
and ciprofloxacin were seen. The recombinant
plasmid inE. coli UH302 partially restored anti-
biotic susceptibility. Ciprofloxacin accumulation
was significantly lower inE. coli UH302 than in
recombinant clone or inS. marcescens (Fig. 4).
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Table 1
MICs (microgram per millilitre) of different antimicrobial
agents toE. coli UH302 andE. coli UH302 pOM100

E. coli UH302 pOM100 E. coli UH302

Cefoxitin 15.6 31.2
Ceftriaxone 0.5 4
Cefotaxime 0.5 2
Moxalactam 125 500
Ciprofloxacin 0.1 0.1
Tetracycline 2 2
Cloramphenicol 2 8

Fig. 4. Ciprofloxacin accumulation ofS. marcescens 2170,E.
coli UH302 andE. coli UH302 pOM100.

Ciprofloxacin is a fluoroquinolone that uses three
different ways to penetrate the bacteriaw29x: (i)
an hydrophobic way throughout the lipid bilayer;
(ii) a self-promoted still not well known; and(iii )
a hydrophilic way due to the channel forming
activity of porins. Although the estimation of the
MIC values did not show clear differences between
recombinant and wild-type bacteria, accumulation
of ciprofloxacin measured in spectrofluorometric
experiments demonstrate that ciprofloxacin uses
Omp1 protein to penetrateSerratia. Furthermore,
it should be noted that MIC values are determined
after an incubation period as long as 18 h, thus,
ciprofloxacin can penetrate into the bacteria using
one or more of the three ways cited above. If one
of these penetration ways is not functional(E. coli
UH302) the ciprofloxacin permeation should be
slower, although long incubations will allow sim-
ilar inner final concentrations. Thus, one should
not expect great differences in MIC values due to
changes in permeability. On the contrary, short
incubation periods(e.g. 20 min) allow quantita-
tively in determining the kinetics antibiotic accu-
mulation(e.g. the lack of porins inE. coli UH302
leads to reduced ciprofloxacin accumulation when
compared withE. coli UH302 pOM100).

3.3. Pore conductance analysis

For proofing the pore forming ability Omp1 we
performed conductance measurements in black lip-
id bilayer. Small amounts of the purified 42 kDa
protein (approx. 100 ngyml) were added to the
aqueous phase on one or both sides of the
membrane. After a delay of 1–2 min, probably

due to the slow aqueous diffusion of the protein,
the current increased in a step-wise fashion similar
to that observed for other Gram-negative bacterial
porins w6,21x. The current increase was gradual in
these conditions and the conductance of these steps
was approximately 4 nS when the porin was
freshly added to the pre-existing membrane(Fig.
5). However, the conductance of the current steps
changed when the membrane was reformed in the
same aqueous solution. The channels opened more
rapidly, i.e. the time resolution had to be increased.
The channels often showed under these conditions
a conductance of 2 nS, about half that of the first
onset. Fig. 5 shows a recording of theS. marces-
cens porin from a reformed diphytanoyl phospha-
tidylcholineyn-decane membrane. We would like
to emphasize that 2 nS is close to the conductance
of other Gram-negative bacterial porins, e.g.
OmpC or OmpF ofE. coli, which show conduc-
tances of 1.5 to 2.0 nS under the same conditions
w6,9,22,30x.
The channels had a long lifetime because only

on-steps lasted at least several minutes. The distri-
bution of channel conductances had two maxims
(Fig. 6), one corresponding to an average of 2 nS
(left) and one corresponding to approximately 4
nS (right). These two maxims may represent the
reconstitution of the monomeric and dimeric tri-
mers of theS. marcescens porin. It is obvious that
the 2 nS channel represents the sum of the con-
ductance of three individual channels in a trimer.
However, this could not be shown here, because it
was not possible to close the channels even at
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Fig. 5. Conductance recordings of 1% diphytanoyl phosphatidylcholineyn-decane membranes after the addition of porin fromSerratia
marcescens. The aqueous phase contained 1 M KCl and approximately 100 ngyml protein. The membrane potential was 20 mV;
Ts20 8C.

A The porin was added to a freshly formed membrane.
B The channel recording shows the current steps observed after reforming the membrane under otherwise identical conditions. Note

that the time resolution was increased by a factor of four as compared to Fig a and that the conductance resolution of the two
recordings A and B differ by a factor of 10.

high voltages up to 150 mV, which means that the
Omp1 channels ofS. marcescens were not voltage-
gated as OmpF ofE. coli and the conductance of
a single channel in a trimer could not be evaluated
w31x. The Omp1 channel conductance of 2 nS in
1 M KCl suggests that the diameters of the three
Omp1-channels in a trimer are presumably very
similar to those of the OmpF trimers, which are
close to 1 nmw6,9,22,30x.
Omp1 porin from the S. marcescens outer

membrane was only moderately cation-selective,
as inferred from single-channel experiments, in
which KCl was replaced by LiCl or KAcetate, i.e.

the mobile ions K and Cl were replaced by theq y

less mobile ions Li and Acetate(Table 2). Theq y

single-channel conductance in 1 M LiCl and 1 M
K Acetate decreased on average by about a factor
of two compared with the conductance in 1 M
KCl when the reconstitution of monomeric and
dimeric conductive units is considered. However,
the single-channel conductance was higher in KAc
than in LiCl, suggesting that the channel was
cation-selective. This result also indicated that the
single-channel conductance followed the conduc-
tivity of the bulk aqueous salt solutions of KAc
and LiCl, which was about half that of 1 M KCl
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Table 2
Average single-channel conductance G, of theS. marcescens
porin as a function of different salt solutions of concentration
c. The membranes were formed from 1% diphytanoyl phos-
phatidylcoline dissolved inn-decane;Ts20 8C. The pH of the
aqueous salt solutions was approximately 6 unless otherwise
indicated. G is given as the mean of at least 100 single steps
similar to those shown in

Salt Concentration Left-side Right-side
c wMx maximum maximum

G (nS)
LiCl 1.0 0.75 1.5
KCl 0.1 0.30 0.60

0.3 0.70 1.3
1.0 2.0 4.0
3.0 4.5 9.5

Potassium acetate 1.0 1.2 2.0
pH 7 (KAc)

Fig. 6. Histogram of the average conductance steps measured after reconstitution of the porin fromSerratia marcescens into black
lipid bilayer membranes made of diphytanoyl phosphatidylcholineyn-decane. The aqueous phase contained 1 M KCl and 100 ngyml
protein. The membrane voltage was 20 mV;Ts20 8C. The average channel conductance was 2.0 nS for the left-side maximum
and approximately 4 nS for the right-side maximum. The total number of steps was 288 steps from six different membranes.

w32x. These results are expected if the outer
membrane porin Omp1 ofS. marcescens is wide
and water-filled. It is noteworthy that similar
results were obtained for general diffusion porin
of E. coli and other enteric bacteriaw22x. Meas-
urements at various KCl concentrations support
this hypothesis, because the single-channel con-
ductance was a linear function of the bulk aqueous
conductance(Table 2), which also characterises
enteric general diffusion porinsw7x.

3.4. Zero-current membrane potential measure-
ments

The results of the single-channel experiments
agree with zero-current membrane potential meas-
urements in the presence of salt gradients. After
incorporation of a large number of channels in
membranes bathed in 100 mM KCl, five-fold salt
gradient were established across the membranes
by addition of small amounts of concentrated KCl
solution to one side of the membrane. For KCl,
the more diluted side of the membrane became
slightly positive with an average potential of 22
mV for the five-fold gradient. This points to the
preferential movement of potassium through the

channel, i.e. the channel is slightly cation-selective,
as suggested above by the single-channel data.
Analysis of the zero-current membrane potential
using the Goldman–Hodgkin–Katz equationw23x
revealed a ratio of 3.9 for the permeabilitiesPK

andP .These values differ from that of the anion-Cl

selective protein PhoE, which is anion-selective
(P yP s0.3) w22x. These results suggest, simi-K Cl
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larly to the single-channel experiments, that there
is not much difference in the permeability between
anions and cations through Omp1, which repre-
sents another indication that the outer membrane
channel Omp1 ofS. marcescens is a general
diffusion pore.

3.5. Structural model of Omp1

The sequence of Omp1 has a high homology to
other general diffusion pores fromE. coli, Salmo-
nella typhimurium and Klebsiella pneumoniae
(Fig. 7). The sequence identity with outer
membrane proteins from other species is between
94 and 60%. The closest homology(96%) was
seen with theS. marcescens reported by Hutsul
and Worobecw19x the reason for this difference
could be normal diversity within strains of one
species. InS. marcescens 2170 Omp1 and Omp3
proteins showed a similar osmoregulation, Omp1
seems to be expressed at a basal level and is
induced (with Omp3) at low osmolarity condi-
tions. On the contrary, Omp2 was induced under
high osmolarity conditions(data not shown).
A topology model of the structure of the Omp1

is proposed based on its homology toE. coli PhoE.
The primary structure fits well to the template
structure and is thus likely to show the structural
features found in the monomers of OmpF and
PhoE ofE. coli w9x. The alignment already shows
that the parts of the sequence, which formb-
strands in PhoE fromE. coli are highly conserved.
The highest variability was found in regions form-
ing the extracellular loops. Here also gaps and
insertion could be seen within the porin-family.
The insight II modelling software(Accelrys) was
used to build the model(Fig. 8a). The coordinates
of regions of high conservation were directly
transferred from PhoE to the Omp1 model. Region
of higher variability, mainly the extracellular loops
were designed by the loops search or loops gen-
erate command of the homology module, followed
by an energy minimization routine to prevent
unfavorable folding(further details see Section 2).
A loop structure was chosen, which was compact
and did not protrude far away from neighbouring
loops. A critical part of the sequence is shown in
Fig. 8b in detail.

The third loop is not part of the extracellular
protrusion but folds inwards and constricts the
channel diameter. Residues located at this part of
the structure lining the channel lumen and could
influence the channel characteristic. It is visible
that there is an asymmetric distribution of charges
within the constriction zone. Positive charged ami-
no acids(K16, R37, K74, R76, R127) are located
on the side of the barrel wall and negatively
charged residues(E111, D107 and D115) are
located on the opposite side at the constricting
loop L3. This establishes a strong electric field
across the channel, which works as an electric
sieve for sorting components, which diffuse
through the channel and subsequently is responsi-
ble for the ion selectivity observed. Fig. 8b(middle
and right side) shows the same region of the
structures of PhoE(which exhibits weak selectivity
for anions w22x) and OmpF (preferring cations
over anions in a factor of about four). It should
be noted that L3 of PhoE and Omp1 is one residue
longer than that ofE. coli OmpF. The additional
amino acid, Tyr119(in Omp1) does not point
towards the channel lumen and is located in a way
that it does not constrict the channel diameter. The
comparison of the structures show that except one
additional negatively charged residue(Asp18) the
composition of charged residues within the con-
striction site in Omp1 is identical to OmpF ofE.
coli. This additional negative charge compared to
OmpF of E. coli could be responsible for the
slightly higher cation selectivity of the Omp1
protein. However, voltage gating has been
described in most of the porins. When the
membrane potential increased pores tend to
become close at certain threshold potential, 135
mV in PhoE and 145 mV en OmpF ofE. coli
w33x. The physiological significance of this behav-
iour remains unclear since Donnan potential exist-
ing across the membrane is not enough to close
poresw34x. Furthermore, other conditions such as
pH, pressure and the presence of membrane
derived oligosaccharides or polyamines affect pore
openingyclosing in vitro and may contribute to
pore gating events under physiological conditions
w35x.
The structure of loop L6 of Omp1 is the most

speculative one since it is formed by 25 residues
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Fig. 7. Amino acid sequence alignment of Omp1 ofS. marcescens, OmpF ofE. coli, OmpC of Yersinia pestis and PhoE ofE. coli. Underlined amino acids from
PhoE were used for the modelling of Omp1.
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Fig. 8. (a) Structure of Omp1 ofS. marcescens from the side.(b) Structure of Omp1 of S. marcescens and OmpF and PhoE ofE.
coli from the top with the charged residues highlighted.

compared to 11 of the PhoE structure. Two cyste-
ine residues were identified, which may be located
in this external loop. Cysteine residues have been
described in OprF and OprB porins fromPseudo-
monas aeruginosa and LamB fromE. coli w36x.
The four-cysteine residues of the monomeric OprF
porin are involved in the switching between its
two functional pore sizesw30x. In LamB the
replacement of the two cysteines by serine does
not affect maltodextrin binding. Based on the

models, one can speculate that loop 6 should be
close to the loop 3; if this is so, they would
contribute to some of the permeability properties
of the channel, particularly in the constriction
region.
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