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Abstract

In this work the porin Omp1 of Serratia marcescens was expressed in a porin deficient mutant (Escherichia coli UH302) and its

functionality studied following the accumulation of ciprofloxacin in bacteria. The protein was extracted, purified and reconstituted in

proteoliposomes of different composition (lipopolysaccharide (LPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and, 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC)). Maximum extraction of the detergent was achieved applying different steps of dialysis

and centrifugation. Proteolipid sheets with different composition were spread onto mica and observed by atomic force microscopy. Two-

dimensional crystal of Omp1 was not observed in any case due to low resolution achieved. Judging from the images features POPC is the

most suitable phospholipid to enhance 2D lattice formation for Omp1.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction channel-forming proteins [3] many of which are either
The outer membrane of Gram-negative bacteria consti-

tutes the biointerface between bacteria and the surrounding

medium. The outer membrane is formed by lipid bilayer

regions, consisting of proteins, phospholipids, or lipopoly-

saccharide (LPS) molecules. Unusually, this barrier shows

low permeability towards hydrophobic solutes as it has been

demonstrated in different microorganisms using i.e. a ho-

mologous series of antibiotics [1]. The outer membrane

opposes, however, resistance to most hydrophilic molecules

that cross the membrane through a few major transmem-

brane proteins called ‘‘porins’’ [2]. Porins are h-sheet
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non-specific, such as OmpF or OmpC, or only moderately

selective, such as PhoE in Escherichia coli.

Serratia marcescens an enterobacterial species that pro-

duces a wide range of opportunistic infections and can cause

nosocomial outbreaks has been the focus of our research for

many years [4–7]. S. marcescens outer membrane contains

three different general diffusion porins: Omp1, Omp2 and

Omp3, with apparent molecular weights of 42, 40 and 39

kDa, respectively [5,8]. Omp1 was cloned, its nucleotide

sequence determined and expressed in a porin deficient

strain, E. coli UH302 (E. coli UH302 pOM100). Protein

Omp1 has been thereafter purified to homogeneity recon-

stituted into black lipid bilayers and its channel-forming

activity conclusively demonstrated [9]. The porin appears to

be a homotrimeric protein formed by three identical poly-

peptide subunits of 375 amino acids. Parallel to the con-

ventional 3D crystallization, when the final amount of the

purified membrane protein is little (1–2 mg), such is the
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case, other strategies could be considered. Among them

crystallization in two-dimensions (2D) [10] or in cubo

crystallization [11] have been successfully applied in many

cases. To obtain 2D membrane protein crystals, proteolipid

sheets (PLSs) were obtained from protein reconstituted in

lipid bilayers, normally spread onto an adequate surface (i.e.

mica) and observed generally by electron microscopy and

more recently by atomic force microscopy (AFM).

The present paper has the following objectives: (i) to

demonstrate the expression and activity of Omp1 following

the accumulation of a 6-fluoroquinolone antibiotic (6-cipro-

floxacin) into the E. coli UH302 and E. coli UH302

pOM100 cells; (ii) to investigate if ubiquous crystallization

of the protein occur by observation in situ of outer mem-

branes extracted from the recombinant E. coli UH302

pOM100; and (iii) to select the adequate phospholipid

composition to obtain 2D crystals from PLSs. This prelim-

inary work becomes necessary because the phospholipid

matrix might eventually determine the protein packing [12].

Besides, it compromise future structural studies on the 2D

crystallized membrane protein.
Fig. 1. SDS-PAGE of outer membrane proteins. Standard molecular weight

(a), E. coli UH302 (b), E. coli UH302 pOM100 (c) and S. marcescens (d).

Omp1 porin is expressed in recombinant strain.
2. Materials and methods

2.1. Chemicals

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine

(DMPC), octyl glucoside (OG), and lipopolysaccharide

from E. coli serotype Oss:B5 were purchased from Sigma,

St. Louis, MO, USA. Genapol was from Fluka, Spain. All

other common chemicals were ACS grade.

2.2. Bacterial strains and growth conditions

S. marcescens 2170 is an environmental isolate [13] and

E. coli UH302 [14], a porin-deficient strain, was used for

cloning and expression experiments. Strains were grown in

Trypticase Soy Broth (TSB) for outer membrane protein

preparations and porin purification, purchased from Liofil-

chem Bacteriological Products (Italy). Ciprofloxacin (Cip)

was kindly supplied by CENAVISA Laboratories (Reus,

Spain).

2.3. Expression and purification of the cloned porin in

E. coli UH302

The S. marcescens Omp1 porin was expressed in E. coli

UH302. The Omp1 protein was purified as follows:

bacteria were growth overnight in TSB supplemented with

ampicillin 100 Ag/ml and 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 super-
natant was centrifuged (100,000�g for 1 h), sedimented

bacterial envelopes were resuspended in a buffer contain-

ing 2% SDS, 10 mM Tris–HCl pH 7.4. The peptidoglycan

layer and the associated proteins were pelleted by centri-

fugation at 100,000�g for 30 min. The pellet was sub-

jected 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 centrifu-

gation (100,000�g, 30 min) contained pure Omp1 porin.

To visualize Omp fractions, SDS-PAGE was performed in

a Bio-Rad apparatus (miniprotean II) gels were stained

with 0.25% Coomassie brilliant blue, destained and finally

dried using a gel dryer (BioRad 543).

2.4. Determination of fluoroquinolone accumulation

Fluoroquinolone accumulation was followed using a

procedure elsewhere described [6] which takes the advan-

tage of the intrinsic fluorescence of the antibiotic [15].

Isolates were incubated at 37 jC until A600nm=0.5–0.7.

Bacteria were harvested by centrifugation (9000�g) at

room temperature, washed and concentrated 10-fold in

phosphate buffer saline (PBS) pH 7.5. Fluoroquinolone

was added to 1-ml aliquots to a final concentration of 10

Ag/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 rpm at 4 jC for 1 min. Pellets were resuspended

in 1 ml of 0.1 M glycine–HCl buffer at pH 3.0, and

finally incubated at room temperature overnight to allow

bacterial lysis. Thereafter, the suspensions were centri-

fuged at 20 jC for 25 min to remove bacterial debris.



Fig. 2. Ciprofloxacin accumulation of E. coli UH302 (E) and E. coli

UH302 pOM100. (n) The values are the average of three independent

measurements.
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The concentration of antibiotic in the supernatants was

determined fluorometrically using an SLM Aminco 8100

spectrofluorometer.
Fig. 3. Atomic force image of topography (tapping mode) of the membrane extract

HCl pH 7.40, 150 mM NaCl. Zoom of surface bilayer to appreciate a detail of p
2.5. Membrane preparation and protein reconstitution

For protein reconstitution a chloroform/methanol (50:50,

v/v) solution of POPC was dried under a stream of oxygen-

free N2 in a conical tube and the thin film obtained kept

under high vacuum for approx. 3 h to remove organic

solvent traces. Liposomes were obtained by redispersion

of the lipid film in 10 mM Tris–HCl, 150 mM NaCl buffer

(pH 7.40) applying successive cycles of freezing and thaw-

ing, below and above the phase transition of the phospho-

lipid. Thereafter liposomes, supplemented with 2% (w/v) of

OG, were sonicated for 30 min in a bath. Purified Omp1

solubilized in OG were mixed with the liposomes to obtain a

lipid-to-protein ratio (LPR) (w/w) lower than 1 to a total

protein concentration of 100 AM. Several steps have been

followed to extract the detergent: (i) incubation of the

mixture at 4 jC for 30 min; (ii) incorporation of the sample

into dialysis cassette (Slide-A-LyzerR) in presence of dial-

ysis buffer (10 mM Tris–HCl, 150 mM NaCl pH 7.40); (iii)

emistry 111 (2004) 1–7 3
ed from E. coli UH302 (A) and E.coli UH302 pOM100 (B) in 10 mM Tris–

rotrusions.



Fig. 4. SDS-PAGE of the Omp1 purification protein from E. coli UH302

pOM100. Standard molecular weight (a), Omp1 purified and heated

previously (b).
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dialysis of the sample during 3 days at room temperature

changing the dialysis buffer every 12 hours; (iv) centrifu-

gation at 12,000 r.p.m. for 1 h; (v) resuspension of the pellet

to a final concentration 100 AM in buffer 20 mM Hepes, 300

mM KCl, 25 mM MgCl2 pH 6.40; and (vi) stabilization of

the sample overnight at room temperature.

2.6. AFM observations

Experiments were carried out as in previous works

[16]. Images were recorded in contact or tapping mode

with a commercial Digital Instruments (Santa Barbara,

CA) Nanoscope III AFM fitted with a 15-Am scanner (d-

scanner). Standard Si3N4 tips, with a nominal force

constant of 0.12 N�m�1 (Digital Instruments), were used

and the forces exerted by the tip were minimized by

previously recording force plots to each sample. Images

were obtained in situ using an AFM fitted with a tapping

or contact-mode liquid cell. Before every sample, the

AFM liquid cell was washed with ethanol and ultra pure

water (Milli Q reverse osmosis system), and allowed to

dry in a N2 stream. Mica discs (green muscovite mica)

were cleaved with scotch and glued onto a Teflon disc by

a water-insoluble epoxy. These Teflon discs were glued

onto a steel disc and then mounted onto the piezoelectric

scanner. Previous to imaging the sample, the tip-sample

pair was thermally stabilized. Then, aliquots of 50 Al of
reconstituted Omp1 in proteoliposomes samples were

pipetted onto freshly cleaved mica, allowing the sample

to stabilize at 25 jC (above the transition temperature of

the phospholipid mixture) for 30 min (approx.) and

thereafter rinsing the surface with divalent cations free.

The tip was immediately immersed in the buffer. To

accomplish all these experiments it was necessary to drift

equilibrate the cantilever for 30 min before imaging.
1 Ciprofloxacin is a fluoroquinolone that can use three different

pathways to penetrate the bacteria [7]: (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. If one of

these pathways of entry was not functional (E. coli UH302) the

ciprofloxacin permeation should be slower.
3. Results and discussion

Omp1 has been described as a porin throughout small

hydrophilic compounds such as some h-lactams, amino-

glycosides, tetracycline and chloramphenicol penetrate the

cells [6,8]. Therefore its absence confers high level of

resistance against these antibiotics. The S. marcescens

Omp1 protein was effectively expressed in E. coli UH302,

a well known porin-deficient strain, as can be seen in the

SDS-PAGE gel shown in Fig. 1. This clone (E. coli UH302

pOM100) was used (i) to determine the functionality of

the protein; and (ii) to purify Omp1 for the biophysical

experiments.

Whereas the lack of porins in E. coli UH302 results in an

extremely low growth rate, the clone grew up much more

rapidly (data not shown). As in other papers [17] accumu-

lation experiments of ciprofloxacin into bacteria were used

to determine the role of Omp1 in the uptake process.

Conclusively these experiments demonstrate that, ciproflox-
acin uses Omp1 to penetrate Serratia outer surface (Fig. 2)1.

As can be seen, the expression of Omp1 porin in E. coli

UH302 leads to an increase in ciprofloxacin accumulation

when compared with the parental strain.

The outer membranes isolated form E. coli UH302 and

E. coli UH302 pOM100 were resuspended in buffer and

imaged by AFM (Fig. 3A and B, respectively). The images

were taken in tapping mode. Both membranes shown a

similar height of 3.72F0.06 nm (n=10) and 3.68F0.12 nm

(n=10), respectively, as measured at the edge of the proteo-

lipid sheets. This is consistent with the values reported for

other proteolipid sheets [18–20]. While the E. coli UH302

outer membranes were flat (Fig. 3A) some protrusions

appear at the top of the E. coli UH302 pOM100 outer

membrane extracts (Fig. 3B). Those protrusions (see Zoom

of Fig. 3B) exceed 1.0F0.2 nm (n=20) from the background

layer and show an average diameter of 18F3 nm (n=20).

This size is higher than the one predicted from our theoret-

ical model [9] and also higher than the values reported for

crystals of other porins (i.e. [18,21–23]). However, except



Fig. 5. Atomic force image of amplitude (tapping mode) of Omp1

reconstituted in different lipid matrix. (A) LPS. (B) DMPC. (C)

DMPC:POPC (1:1) (mol/mol). Imaging buffer: 20 mM Hepes pH 6.4,

100 mM KCl.

Fig. 6. Atomic force image of deflection (contact mode) of Omp1

reconstituted in POPC at LPR of 0.5. Imaging buffer: 20 mM Hepes pH 6.4,

100 mM KCl.
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for the purple membrane [24], the cardiac gap junction

channels [25] and few more examples in situ crystallization

in native membranes is uncommon. On the other hand the

protrusions in Fig. 3B could easily result from the self-

aggregation of the porin, probably as a trimer. Besides, there

is a typical overestimation of the size (about 10%) due to the

convolution of the tip [26]. Then introducing this correction
[27] the diameter of the protrusions become 5.5F0.9 nm,

much more in agreement with the values expected for a

porin trimer.

In the reconstitution experiments the purity of the mem-

brane protein is of crucial importance. Therefore we show in

Fig. 4 an example of a SDS-PAGE gel of the purified Omp1

protein that has been used in the following experiments.

Other variables as pH, ionic strength and several phospho-

lipidic matrices were screened to obtain the best conditions

for reconstitution in a biomimetic environment.

In Fig. 5 we show different kind of structures of some

of the PLS obtained with different lipid matrices. In Fig.

5A a double layered PLS in a matrix of lipopolysacharide

of E. coli is shown. These proteolipid sheets showed a

rough surface due to the incorporation of the porin into the

layer. However no ordered pattern was observed. On the

other hand this matrix it was not possible to flat this PLS

on the mica. This roughness becomes a serious difficulty

during the scanning of the surface and not allows the

correct visualization of a pattern under those experimental

conditions.

Two pure phospholipids, POPC and DMPC, with transi-

tion temperatures of �2.5 and 24 jC, respectively, were
used because they cover the range of temperatures reached

during the reconstitution process (see Methods). The Fig.

5B shows the proteolipid sheets formed with pure DMPC as

the matrix. The structures observed were tubular-like, show-

ing several states of aggregation. These structures have been

observed in other reconstitution experiments [28] and result

apparently from the formation of tubular micelles or tubular

2D crystals. Consequently, DMPC was also discarded as

lipid matrix for Omp1.

In Fig. 5C an equimolar mixture of DMPC and POPC

was used as a matrix. Transition temperature of this mixture

f13 jC was calculated by fluorescence polarization (result

not shown). Interestingly, after the incorporation of the porin
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into the bilayer its fluidity remains constant. Proteolipid

sheets formed with DMPC:POPC (Fig. 5C) showed the

structure of typical bilayer obtained after spreading. Al-

though no conclusive, certain structures on the top of the

bilayer surface, similar to those observed in the natural

extract of E. coli (Fig. 3B), were observed.

Judging only the quality of the images, the best

proteolipid sheets were obtained using pure POPC

(Fig. 6). These PLSs are similar to others reported in

the literature and obtained with other proteins [18,19].

The PLSs were 10.0F0.3 nm (n=10) height, as measured

at the edges and can be interpreted as a double layered

structure. The deflection image is presented here to

enhance this fact. Remarkably a kind of organization is

observed at the upper layer which did not reveal a

pattern. These PLSs formed are of sufficient rigidity to

ensure the contact scan at high resolution without pertur-

bation of the sheet with the tip.

Therefore, our AFM results suggest that POPC was the

most suitable lipid matrix to reconstitute the Omp1. These

PLSs need to be further investigate, particularly, the origin

of the corrugations on its top. At this point we are not able

to confirm if these structures are due to the arrangement of

the protein in lattices or are originated from self aggregation

of the protein. Nowadays, we are studying the optimal

conditions to minimize the repulsion over the sheet in order

to reach higher resolution images.
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