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OprM and OprN belong to the outer membrane factor family proteins. These

�52 kDa proteins are part of the tripartite efflux pumps found in Pseudomonas

aeruginosa and are responsible in part for the antibiotic resistance observed in

these bacteria. Both proteins have been expressed in Escherichia coli as His-tag

proteins and purified accordingly by affinity chromatography in the presence of

n-octyl-�-d-glucopyranoside detergent. OprM and OprN were crystallized using

PEG 20 000/ammonium citrate and ammonium sulfate as precipitating agents,

respectively. Crystals belong to space group C2, with unit-cell parameters

a = 152.6, b = 87.9, c = 355.9 Å, � = 98.9� and a = 151.3, b = 87.6, c = 356.5 Å,

� = 98.1� for OprM and OprN, respectively. Using the ESRF synchrotron-

radiation source, OprM diffraction data extended to 3.4 Å.

1. Introduction

One of the current priorities of hospitals and research institutions is

countering the emergence of multidrug-resistant bacteria. Pseudo-

monas aeruginosa is an opportunistic pathogen and a leading cause of

hospital-acquired infections associated with high morbidity and

mortality. This organism uses several processes to resist antibiotics,

one of which is active efflux at the cellular membrane level

(McDermott et al., 2003). P. aeruginosa is a Gram-negative organism

that is naturally not very sensitive to antibiotics. Its complete genome

has been sequenced (Stover et al., 2000), showing 12 distinct genetic

efflux-pump systems organized into operons (Schweizer, 2003), seven

of which have been confirmed genetically (Poole et al., 1993, 1996; Li

et al., 1995, 2003; Köhler et al., 1997; Mine et al., 1999; Westbrock-

Wadman et al., 1999; Aendekerk et al., 2002; Chuanchuen et al., 2002).

Each pump is composed of three proteins (Fig. 1): an inner

membrane protein belonging to the RND (resistance nodulation and

cell division) family which acts as a proton-driving force pump, an

outer membrane protein which belongs to the OMF family (outer

membrane factor) and a third protein which connects the other two.

The latter is located in the periplasmic compartment and belongs to

the MFP (membrane fusion protein) family. These seven different

pumps lead to different phenotypes and confer resistance to most

�-lactams, quinolones, aminoglycosides, macrolides, fourth-class

cephalosporines, trimethoprime sulfamides, tetracyclines, chlor-

amphenicols and erythromycins (Schweizer, 2003). Our work focuses

on the study of two particular pumps: OprM-MexAB and OprN-

MexEF. The OprM-MexAB pump is responsible for the efflux of

many antibiotics as well as ethidium bromide, homoserine lactone

and SDS. The OprN-MexEF pump works on a narrower spectrum of

antibiotics. In order to understand the link between the pump

architecture and its specificity, determination of the three-dimen-

sional structure of the various components of these pumps has been

undertaken.

In this preliminary crystallographic study, results from the outer

membrane proteins OprM and OprN are presented. The mature

proteins are composed of 468 and 453 amino acids, respectively, with

29% identity. Their folding is thought to be homologous to the TolC

structure from Escherichia coli (Koronakis et al., 2000), although the

identity between OprM and TolC is only 18%.
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2. Protein cloning, expression and purification

A previously developed protocol for OprM cloning and purification

(Charbonnier et al., 2001) did not yield protein that was amenable to

crystallization. Consequently, new constructs were designed. The

oprM and oprN genes of P. aeruginosa (PAO1 strain) were generated

separately as NdeI-XmaI fragments with a polyhistidine tag at their

C-termini by PCR using plasmids pOM1 (mexAB-oprM) and

pKMJ002 (mexEF-oprN), respectively, as template DNA (Köhler et

al., 1997). After restriction-enzyme digestion, each gene was cloned

under the control of an arabinose-inducible promoter in the

expression vector pBAD33-GFP (Guzman et al., 1995; Benabdelhak

et al., unpublished data). PCR primers were as follows. oprM:

forward, GGAATTCCATATGAAACGGTCCTTCCTTTCC; re-

verse, TCCCCCCGGGTCAGTGATGGTGATGGTGATGAGCC-

TGGGGATCTTCCTTCTTCGCGGTCTG. oprN: forward, GGA-

ATTCCATATGATTCACGCGCAGTCGATCCGGAGCGGG, re-

verse, TCCCCCCGGGTCAGTGATGGTGATGGTGATGGGCG-

CTGGGTTGCCAGCCACCCCGAG.

Plasmids were expressed in E. coli strain C43 (DE3) (Miroux &

Walker, 1996). Cultures were grown at 303 K in LB medium

containing 2 mg ml�1 chloramphenicol until A600 = 2. Cells were

induced by the addition of 2 mM arabinose and harvested 2 h post-

induction. The cell pellet was resuspended in 20 mM Tris–HCl pH 8,

5 mM MgCl2 and 50 units of benzonase (Promega). Cells were lysed

with a French press at 69 MPa and then centrifuged twice for 30 min

at 8500g to remove inclusion bodies and unbroken cells. The cyto-

plasmic fraction was applied to a step gradient of sucrose (0.5 and

1.5 M) and then centrifuged for 3 h at 200 000g and 277 K. The pellet

corresponding to the outer membrane fraction was resuspended in

20 mM Tris–HCl pH 8, 10%(v/v) glycerol, 2%(w/v) octyl-�-d-gluco-

side (�OG; Anatrace, USA) and then stirred overnight at 296 K. The

solubilized membrane proteins were recovered by centrifugation for

30 min at 50 000g before loading onto an Ni–NTA resin column pre-

equilibrated in 20 mM Tris pH 8, 10%(v/v) glycerol, 0.9%(w/v) �OG

(buffer A). The column was washed with buffer A plus 10 mM

imidazole before eluting with a linear gradient of imidazole

(10–400 mM) at a flow rate of 5 ml min�1. The fractions containing

the OprM or OprN protein, eluted between 100 and 250 mM

imidazole, were pooled and exchanged for a suitable buffer. Finally,

each protein was concentrated to 6 mg ml�1 on an Amicon Ultra

centrifugal filter (molecular-weight cutoff 30 kDa; Millipore) in the

presence of 10% glycerol, 20 mM Tris–HCl pH 8.0, 0.9% �OG.

All purification steps were analyzed on SDS–polyacrylamide gels

(Laemmli, 1970). In the final step, the protein samples were loaded

with and without heating in order to reveal different oligomeric forms

of the proteins, which both appeared as trimers. The quality of the

proteins was also analyzed by Western blotting using an anti-histidine

antibody.
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Figure 2
(a) Crystals of OprM obtained in 100 mM sodium acetate pH 4.5, 6%(w/v) PEG
20 000, 300 mM ammonium citrate, 25–30% glycerol and 0.9% �-OG at 298 K. The
protein and reservoir solutions were mixed in the ratio 3:1.5 ml. (b) Crystals of
OprN obtained in 100 mM ADA pH 6.5, 0.8 M ammonium sulfate and 0.9% �-OG
at 291 K.

Figure 1
Schematic representation of an efflux pump constituted of three different proteins:
one outer membrane protein (OMF family), one inner membrane protein acting as
a pump (RND family) and one periplasmic protein anchored in the inner
membrane (OMF family) connecting the first two.
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3. Crystallization

Crystallization trials were performed using the hanging-drop vapour-

diffusion method, equilibrating drops of various volumes against

500 ml reservoir solution. Initial crystallization attempts were

performed at 291 K using Memfac and Crystal Screens I and II

(Hampton Research), which led to microcrystalline material under

several conditions.

For OprM, optimization of the crystallization conditions was

performed varying the pH, ionic strength, precipitant concentration,

temperature, cationic compounds, additives and protein:reservoir

volume ratio. Because OprM crystals break when transferred into

cryoprotectant solutions, various cryoprotectants at different

concentrations were tested as additives in the reservoir solution. The

optimized crystallization conditions for OprM were 100 mM sodium

acetate pH 4.5, 6%(w/v) PEG 20 000, 300 mM ammonium citrate, 25–

30%(v/v) glycerol and 0.9%(w/v) �-OG at 298 K. In each hanging

drop, the protein and reservoir were mixed in the ratio 3:1.5 ml. Both

PEG 20 000 and ammonium citrate were required for crystallization.

Variation of the concentration of PEG or citrate affects two

perpendicular directions of the growing crystal. Crystals of 80 mm

appear in 4 days but then require two months to reach 250 mm in the

longest dimension (Fig. 2a).

The best crystals of OprN appeared using 100 mM ADA pH 6.5,

0.8 M ammonium sulfate and 0.9%(w/v) �-OG at 291 K, with

maximum dimensions of 100 � 100 � 30 mm (Fig. 2b). Unlike with

OprM, co-crystallization in the presence of various additives or

cryoprotectants in the crystallization solution hampered the growth

of OprN crystals. Therefore, cryoprotectant was added prior to

diffraction.

4. Preliminary X-ray data

Several crystals were tested using the PX beamline at SLS (Swit-

zerland) or the ID14, ID29 and BM30 beamlines at ESRF (Grenoble,

France). The best results were obtained using the ID29 beamline

equipped with an ADSC detector with an exposure time of 10 s per

degree. OprM crystals were flash-cooled directly from the crystal-

lization drop. Prior to flash-cooling the OprN crystals, 25%(v/v)

glycerol was directly added to the drop.

Both OprM and OprN crystals belong to space group C2, with

nearly identical unit-cell parameters: a = 152.6, b = 87.9, c = 355.9 Å,

� = 98.9� and a = 151.3, b = 87.6, c = 356.5 Å, � = 98.1�, respectively.

OprM diffraction (Fig. 3) extends to 3.4 Å. The OprN diffraction

pattern is quite similar, although limited to a maximum of 4 Å

resolution. The rapid decay of the flash-cooled crystals of OprN

prevented a complete data set from being recorded. This might be

because of either their smaller size or inadequate cryoprotection of

the crystals.

A complete data set to 3.8 Å was recorded for OprM using the

ID29 beamline (ESRF, France). X-ray data were processed using

MOSFLM from the CCP4 package (Collaborative Computational

Project, Number 4, 1994) with a mean refined mosaicity of 0.6� over

the complete data set. Subsequent scaling and merging of intensities

were carried out using SCALA. Data statistics are summarized in

Table 1. Although reflections extend to 3.4 Å, the processing was

limited to 3.8 Å owing to the anisotropy of the diffraction pattern.

Because of the size of the c unit-cell parameter, the detector was set

at a rather large distance (400 mm) from the crystal in order to

separate each spot during the integration process. The Rmerge value

for all resolution ranges is mainly a consequence of overlap of some

integration boxes in the c* direction.

Attempt to solve the OprM structure by molecular replacement

using AMoRe (Navaza, 2001) with the TolC structure (PDB code

1ek9) as a search model failed. During the course of our work, the

OprM structure was published in space group R32 (Akama et al.,

2004). It is worth noting that the same problem was encountered in

the R32 space group, leading the authors to use the SIRAS method to

solve the structure. In fact, the identity between OprM and TolC is

only 18%.
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Figure 3
OprM diffraction recorded using the ID29 beamline (ESRF, France). The frame
was recorded with an oscillation of 1� per 10 s. The resolution limits at the detector
edges are indicated. Enlargement of the square zone allows the reflections along
the large c unit-cell axis to be distinguished.

Table 1
Data-collection statistics for OprM crystals.

Values in parentheses are for the highest resolution shell.

Wavelength (Å) 1.0052
Crystal-to-detector distance (mm) 400
Exposure time per degree (s) 10
Space group C2
Unit-cell parameters (Å, �) a = 152.6, b = 87.9,

c = 355.9, � = 98.9
Resolution (Å) 88–3.8 (4.01–3.80)
No. of measured observations 131301 (17427)
No. of unique reflections 40566 (5260)
Data completeness (%) 87.7 (77.9)
Data redundancy 3.2 (3.3)
Rmerge† (%) 12.2 (31.2)
I/�(I) 8.5 (3.3)

† Rmerge =
P jIðhÞ � hIðhÞij=P IðhÞ, where I(h) is the observed intensity and hI(h)i is the

mean intensity of reflection h over all measurements of I(h).
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The newly published OprM coordinates (PDB code 1wp1) were

used successfully with Phaser (Storoni et al., 2004). The solution

appeared by introducing only one molecule of the trimeric OprM,

positioning two trimers in the asymmetric unit. This corresponds to a

solvent content of 63.7%.

Refinement of the structure in the C2 space group is under way. In

this space group, the three molecules of the trimer are not forced to

be equivalent, owing to the absence of crystallographic threefold

symmetry, leaving open the possibility of different conformers.
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