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Abstract

In bacterial genomes 3-12% of open reading frames
are predicted to encode membrane transport proteins.
These proteins can be vital for antibiotic efflux, protein/
toxin secretion, cell nutrition, environmental sensing,
ATP synthesis, and other functions. Some, such as
the multidrug efflux proteins, are potential targets for
the development of new antibacterials and also for
applications in biotechnology. In general membrane
transport proteins are poorly understood, because of
the technical difficulties involved in isolating sufficient
protein for elucidation of their structure-activity
relationships. We describe a general strategy for the
amplified expression, purification and characterisation
of prokaryotic multidrug efflux proteins of the ‘Major
facilitator superfamily’ of transport proteins, using the
Bacillus subtilis multidrug resistance protein, ‘Bmr’,
as example.

Introduction

Membrane transport proteins are involved in antibiotic
efflux, nutrient capture, environmental sensing, protein
secretion, toxin production, photosynthesis, oxidative
phosphorylation and other vital functions in bacteria (e.g.
Figure 1). Already there is commercial interest in inhibiting
the activities of some membrane transport proteins,
optimising the activities of others, employing them as
transducers of electrical/chemical/ mechanical energy for
nanotechnology, etc. However, membrane proteins are
notoriously difficult to study. Owing to their extreme
hydrophobicity they are refractory to direct manipulation
and can only be removed from the membrane, and their
solubility maintained, in the presence of detergent. In
addition membrane proteins are usually only expressed at
low levels and constitute less than 0.1% of total cell protein.
Such difficulties help to explain why, although the structures
of thousands of soluble proteins have been solved, to date
less than thirty membrane protein structures have been
resolved to atomic resolution (see examples in Sakai and
Tsukihara,1998; Wendt et al., 1999; Buchanan, 1999;

Figure 1. Secondary active transport systems in bacteria. The large circle
represents the cytoplasmic membrane of the microorganism. A
transmembrane electrochemical gradient of protons is generated by
respiration or ATP hydrolysis, shown on the left. The gradient may be used
to drive ATP synthesis and the proton-nutrient symport and proton-substrate
antiport secondary active transport systems shown around the
circumference. Each is generally a single protein, usually of the 12-helix
type.
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Palczewski et al., 2000; Koronakis et al., 2000).
Analyses of the available bacterial genomes predict

that membrane transport proteins for the efflux of
‘multidrugs’  (Mdr’s) comprise 0.1-1.0% of the protein
complement (Paulsen et al., 2001). Further examination
of genomes from both prokaryote and eukaryote organisms
reveals that, like the majority of membrane transporters,
Mdr proteins can fall into two classes (Paulsen et al., 2001).
One of these utilises ATP to energise the transport of
substrates across the membrane - the ‘ATP-Binding
Cassette’ (ABC) superfamily, and the second, the ‘Major
Facilitator Superfamily’ or MFS (Saier et al., 2000) is usually
energised by the electrochemical gradient of protons in an
antiport mechanism (Figure 1). Members of the ABC
superfamily, and other types of Mdr efflux transport
systems, are considered elsewhere in this Symposium.

In bacteria individual MFS proteins may accomplish
the active accumulation of nutrient by a cation-substrate
symport mechanism (Figure 1), or the active efflux of
compounds like antibiotics, antibacterials, or toxins by a
cation/substrate antiport mechanism (Figure 1). MFS Mdr
proteins are thought to be single polypeptides comprising
10-14 (usually 12, Henderson, 1997) trans-membrane α-
helices; this is illustrated for the Bacillus subtilis ‘Bmr’
protein (Neyfakh et al., 1991) in Figure 2. This conclusion
is usually based upon analysis of the hydropathic profile
of the amino acid sequence of each protein predicted from
its DNA sequence. In a few cases the prediction is
reinforced by genetic, immunochemical, or other types of
topological experiments, and in one case only, the Na+/H+

antiporter of Escherichia coli, NhaA, is there structural
information that confirms the 12-helix composition from
electron diffraction analyses of two-dimensional protein

crystals (Williams et al., 1999; Williams, 2000).
It is often the case that prokaryotic membrane proteins

have eukaryotic homologues, e.g. the prokaryotic MFS
multidrug efflux proteins are homologous to the vesicular
monoamine transport proteins that function in
neurotransmitter storage in nerve tissue (Yelin and
Schuldiner, 1995). Eukaryotic and prokaryotic transporters
can also share a very similar substrate profile although
they operate via a different mechanism eg: mammalian P-
glycoprotein, Mdr, effluxes a similar range of compounds
as the Bacillus subtilis multidrug resistance protein, Bmr,
the Staphylococcus aureus norfloxacin resistance protein,
NorA and the Lactococcus lactis multidrug resistance
protein, LmrA (Neyfakh et al., 1991; van Veen et al., 1998).
The overexpression and characterization of prokaryotic
membrane transport proteins may, therefore, lead us to a
greater understanding of eukaryotic protein function. This
avoids the problems associated with eukaryotic expression
systems, such as incorrect post-translational modification
and transience of expression.

To enable the determination of structures of membrane
transport proteins a continuing supply of milligram
quantities of protein is required. As native expression levels
are usually less than 0.1% of total cell protein so genetical
amplification of expression must be developed. Even if such
amplification is successful a suitable detergent must be
found for purification. The protein may also require
‘conformation locking’ to overcome the probable flexibility
of transport proteins, which is invoked to account for their
ability to bind substrate in, or on one side of, the membrane,
and effect its translocation. The strategy needed to purify
sufficient protein is therefore complex.

In our laboratory a general strategy has been devised
for the amplified expression, purification and
characterisation of bacterial MFS membrane transport
proteins (Table 1) in Escherichia coli. The strategy is
described in this article to facilitate future examination of
the large number of MFS efflux proteins arising from
genome analyses that have potential for development of
novel antibacterials, and perhaps applications in
biotechnology. So far the strategy has been successful for
eighteen prokaryote transporters, including five Mdr
proteins from Bacillus subtilis, Staphylococcus aureus,
Methanococcus janaschii, and E. coli. Other organisms that
appear to be successful for the propagation of vectors and
expression of heterologous membrane proteins are

Table 1. Prokaryote MFS efflux transport proteins overexpressed in E. coli

Substrate(s) Protein Organism

Multidrugs aBmr Bacillus subtilis
Multidrugs aBlt Bacillus subtilis
Quinolones aNorA Staphylococus aureus
Multidrugs? aMj 1560 Methanococcus janaschii
Bicyclomycin aBcr Escherichia coli
Tetracycline bTetA Escherichia coli

a This work
b Aldema et al. (1996)

Table 2. Some expression systems for amplification of MFS Mdr prokaryote membrane transport proteins in E. coli

Promoter Repressor Inducer Proteins expressed E. coli host Comments

tac Lac IPTG E. coli sugar-H+symporters; araE, gusB, xylE and fucP. NO2947 NM554 Expression of up to 20% inner
B. subtilis (bmr) and S. aureus (norA) multidrug efflux membrane protein.tac promoter is not
proteins. See also Henstra et al., 1996; Kanamari et al., tightly regulated and expression occurs
1999; Pourcher et al., 1995. in the absence of inducer. tac is also E.

coli host strain independent.

T7 T7 lysozyme IPTG E. coli tetracycline H+ antiporter (Aldema et al., 1996). BL21(DE3) and its Usually generates inclusion bodies.
mutant forms DH5α Expression occurs when plasmids are
with pACT7 placed in hosts producing T7 RNA

polymerase (usually under the control of
the lacUV promoter, which is IPTG
inducible). The lacUV promoter is not
tightly controlled, but transformation into
BL21(DE3)plysS or plysE produces T7
lysozyme which inhibits T7 RNA
polymerase.
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Lactococcus lactis and Streptococcus thermophilus
(Poolman, 2000) and Halobacterium salinarum (Turner et
al., 1999).

E. coli Expression Systems: Successes and Failures

To facilitate the study of prokaryotic membrane proteins
numerous E. coli expression systems have been used
[reviewed in Grisshammer and Tate, 1995; Table 2] with
levels of expression being reported of up to 50% inner
membrane protein (Ward et al., 2000) and 80% outer
membrane protein (Ghosh et al., 1998).

We have successfully overexpressed eighteen
prokaryotic membrane transport proteins in E. coli, with
expression levels ranging from 20-50% of inner membrane

protein. Most of these proteins are predicted, by hydropathy
analysis of their amino acid sequence, to comprise twelve
transmembrane spanning α-helices with the N- and C-
termini located in the cytoplasm (Henderson, 1997; Figure
2). Sixteen of the membrane transport proteins, including
those for efflux of drugs/antibiotics and for the uptake of
nutrients (sugars, amino acids), have been amplified to
approximately 20-30% inner membrane protein, using the
plasmid pTTQ18 (Stark, 1987; Table 2; Figure 3).
Transcription from plasmid pTTQ18 is directed from the
tac promoter, which in the absence of IPTG is repressed
by the plasmid encoded lac repressor (Figure 2; Ward et
al., 2000 for details). The gene for each membrane protein
is ligated downstream of the tac promoter, and an
oligonucleotide encoding six histidines and, usually, an
epitope tag is added, in-frame, to the C-terminus (amino
acid sequence -G-G-R-G-S-H-H-H-H-H-H, Hoyle,
unpublished, and see below). The N-terminal amino acid
sequence of the membrane protein may be slightly modified
by a few amino acids from the α-peptide of the LacZ protein,
which is in the multicloning site, but this does not prevent
expression (Hoyle, unpublished). Growth conditions are
optimised in 1-25 litre cultures of E. coli host strains, testing
both minimal and complex media to maximise expression
of each protein (Ward et al., 2000). The concentration of
IPTG required is tested between 0.1-1.0mM, and the period
of growth before induction varied to obtain as high a cell
density as possible commensurate with optimal protein
expression (growth is often diminished, or abolished, after
induction – see below). Similarly, the period of exposure
to IPTG (2-24 hours) is investigated in order to promote
maximum expression and minimise the following problem.

Perhaps the most common difficulty associated with
membrane protein expression is toxicity and a reduction
in host cell viability post induction. For example, whilst the
overexpression of the E. coli sugar transporters does not
have a deleterious effect on cell growth, the expression in
E. coli of both the Bacillus subtilis multidrug resistance
protein (Bmr) and the norfloxacin resistance protein (NorA)

Figure 2. A two-dimensional model for the folding of the Bmr multidrug efflux protein in the cell membrane

Figure 3. The plasmid pTTQ18 (Stark, 1987) cloning vector for the amplified
expression of membrane transport proteins in E. coli. Restriction enzyme
sites, especially in the multiple cloning site, are illustrated.
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from Staphylococcus aureus results in a rapid attenuation
of cell growth and ultimately in cell death. Cells expressing
Bmr can lyse after only a few hours (Ward and Hoyle,
unpublished); cells over-expressing NorA have impaired
cell division and elongate (Hoyle, unpublished); and cells
over-expressing TetA undergo a rapid loss of membrane
potential similar to that observed on the addition of
uncoupling agents (Eckert and Beck, 1989). One or more
of these problems is often more evident with Mdr proteins
than other members of the MFS family, in our experience.
Other bacterial multidrug transporters are also toxic
(Poolman, personal communication), so these examples
illustrate that toxicity is often related to the particular
function of the membrane protein. In such cases
overexpression can be achieved by the careful choice of
media, host strain, growth temperature and titration of
inducer (Kanamari et al., 1999). Miroux and Walker (1996)
have described mutants of BL21(DE3) host strains for the
successful expression of membrane proteins with the
avoidance of toxicity, although in some cases the protein
of interest accumulated as inclusion bodies. Inclusion
bodies generate extremely large quantities of protein (up
to grams per litre of culture), albeit in an insoluble form.
Whilst there are no general methods available for the
refolding of polytopic membrane protein inclusion bodies,
recent work has demonstrated the refolding of hexahistidine
tagged membrane proteins using nickel chelate affinity
chromatography in conjunction with a number of detergent
wash steps (Rogl et al.,1998; Anderson et al., 1999;
Buchanan, 1999)

In many cases a 25l fermenter can conveniently be
used without compromising expression, but for some

proteins the level of expression is always higher in batch
cultures of 500-800ml in 2l baffled flasks. Further
examination of the parameters regulating growth and
protein production in these conditions may enhance our
understanding of expression.

It is possible that the cell’s machinery for folding and
insertion of transport proteins into the membrane, which
require multiple factors in E. coli, may limit overexpression.
Studies with the E. coli lactose transporter have shown
that the folding and insertion of this protein into the
membrane requires phosphatidylethanolamine (Bogdanov
and Dowhan 1998), the chaperonin GroEL (Bochkareva
et al., 1996), and the bacterial signal recognition particle
(MacFarlane and Muller, 1995). Growth at lower
temperatures, or using lower [IPTG] to slow expression,
may alleviate these effects.

The tac promoter has also been successfully employed
for the overexpression in E. coli of the Enzyme II mannitol
transport protein from the thermophilic Bacillus
stearothermophilis (Henstra et al., 1996) and the alanine
carrier from the thermophilic bacterium PS3 (Kanamari et
al., 1999) (as an N-terminal maltose binding protein fusion)
and the E. coli melibiose transporter (Pourcher et al.,1995).

The pET system (Novagen), which is widely used for
the expression of soluble proteins, has also led to the
amplified production of both native membrane protein
(Table 2; Pourcher et al., 1990; Aldema et al., 1996) and
inclusion bodies (Miroux and Walker, 1996). In pET vectors
the strong bacteriophage T7 promoter is recognised by
T7, but not E. coli, RNA polymerase. Expression from pET
vectors is achieved by transforming the recombinant
plasmid into a host strain which carries a chromosomal
copy of T7 RNA polymerase. For the usual E. coli (DE3)
lysogen host strains the T7 RNA polymerase is under the
control of the lacUV5 promoter (Studier et al., 1990),
thereby allowing some expression of T7 RNA polymerase
even in the absence of inducer.

Identification of Over-Expressed Membrane Proteins

The success of the amplified expression is usually first
indicated by the appearance of an extra protein in
preparations of inner membranes stained with Coomassie
Blue or silver in SDS-PAGE gels (Figure 4). The levels of
expression of Bmr(His)6 and NorA(His)6 are comparable
to those achieved for sugar transport proteins (Figure 4).
It is very important to note two things: membrane proteins
rarely solubilise well when boiled in SDS, unlike soluble
proteins; also, all MFS proteins in our experience migrate
at apparent Mr values below those predicted from their
amino acid sequence. Therefore, lower temperatures must
be used for solubilisation (Ward et al., 2000). It is then
very advisable to confirm the identity, and the absence of
post-translational modification, by eluting the protein and
carrying out N-terminal amino acid sequencing and by
using Western blotting to ensure that the C-terminal His-
tag is present (Ward et al., 2000). A variable phenomenon,
in our experience, is the appearance, in stained SDS-PAGE
gels and Western blots, of apparently higher molecular
weight forms of the same protein; an example is shown for
Bmr(His)6 in Figure 5. If this represents some aggregation
of the protein, then steps may be needed to eliminate it

Figure 4. Prokaryotic membrane proteins overexpressed in E. coli. Samples
(30µg) of inner membrane protein, containing the overexpressed
hexahistidine tagged protein of interest, were separated on a 15%
polyacrylamide SDS-PAGE gel and stained with Coomassie Brilliant Blue.
Overexpressed proteins are indicated by arrow heads: track 1 shows Mr
markers; track 2 the E. coli galactose-H+ symporter, GalP, overexpressed
from the vector pBR322 under the control of its own promoter in the host
strain JM1100; track 3 the glucuronide-H+ symporter, GusB, from E. coli
overexpressed from the vector pTTQ18 under the control of the tac promoter
in the host strain NO2947; track 4 the fucose-H+ symporter, FucP, from E.
coli overexpressed from the vector pTTQ18 under the control of the tac
promoter in the host strain Blr; track 5 the multidrug efflux protein, Bmr,
from Bacillus subtilis overexpressed from the vector pTTQ18 under the
control of the tac promoter in the host strain Blr; track 6 the norfloxacin
resistance protein, NorA, from Staphylococcus aureus, which shares 44%
amino acid identity with Bmr, overexpressed from the vector pTTQ18 under
the control of the tac promoter in the host strain Blr.
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before crystallisation trials. Alternatively, it may represent
different conformers of the fully/partially unfolded protein,
even in SDS.

Recently, protocols have been devised to enable MFS
proteins to be analysed in mass spectrometers, so
determining the precise Mr of purified material (Ward et
al., 2000; le Coutre et al., 2000). Partial proteolytic digestion
followed by MS-MS amino acid sequencing can then
reinforce identification.

Purification of Membrane Proteins Facilitated by the
Addition of Affinity Tags

Whilst there are a variety of affinity fusions (Nilsson et al.,
1997) available for the addition to membrane proteins to
facilitate their purification, perhaps the most widely used
is hexahistidine. The addition of a hexahistidine tag to the
membrane protein of interest allows its rapid purification
using nickel chelate affinity chromatography (Pos et al.,
1994; Pourcher et al.,1995). This tag is small and should
not decrease expression levels or have a deleterious effect
on protein folding or insertion into the membrane.
Experience indicates that the hexahistidine tag is in itself
not a barrier to crystallization (e.g. Zhang et al., 1994), but
if it is desirable to remove the hexahistidine tag after protein
purification, the genetic insertion of a suitable protease
cleavage site, such as thrombin, readily allows this. An
additional advantage to the use of such tags is that often
antibodies to the tags are commercially available, so
facilitating Western blotting for protein detection without
the need to raise antibodies against the protein of interest.
Using nickel chelate affinity chromatography we have
routinely purified proteins to greater than 90% homogeneity,

as judged by densitometry (e.g. Figure 5).
In order to aid crystallisation, we have also fused the

gene encoding Bmr(His)6 or NorA(His)6 in-frame to ‘green
fluorescent protein’. In these two examples a chimaeric
protein was successfully produced, but the amplification
of expression was severely attenuated. When the fusion
was made of MalE (maltose binding protein, MBP, lacking
signal peptide so it was not exported) to the N-terminus of
Bmr, the chimaeric protein was expressed at levels
sufficient for structural studies. In all cases the attached -
(His)6 tag was used to effect purification, though the
additional MBP protein also allows purification using
amylose resin. This may require exchange of detergent,
from dodecyl-β-D-maltoside to Triton X-100, for example.

Choice of Detergent and Solubilisation Conditions

Integral membrane proteins are removed from lipid bilayers
by the action of detergents. Detergents are amphipathic
molecules comprising a polar head group and a
hydrocarbon tail. At a determined concentration, referred
to as the critical micelle concentration (CMC) detergent
monomers aggregate to form ordered structures into which
membrane proteins can insert. Detergents are classified
into three broad categories:
• ionic, which carry a net charge associated with their

head group eg: the anionic sodium dodecyl sulphate
• non-ionic, which have uncharged hydrophilic head

groups eg: dodecyl-ß-D-maltoside
• zwitterionic, which have both positive and negative

charges but carry no net charge eg: CHAPS

Detergents used in the solubilization and purification of
membrane proteins must maintain the structural integrity
of the protein and its activity on reconstitution. In many
cases it may not be possible to select a detergent suitable
for both solubilization and purification. In such cases
detergent exchange may be carried out (see Ward et al.,
2000). The solubilization of membrane proteins is a
multistep process. Below the CMC detergent monomers
partition into the lipid bilayer. As the concentration of the
detergent increases to CMC and above the membrane
breaks down to generate mixed micelles of protein/
detergent, protein/detergent/lipid, lipid/detergent and
detergent alone. Alternatively, a mixture of detergents used
below their CMC values may be effective (Koronakis et
al., 2000).

Membrane protein solubilization trials should be carried
out using a wide range of detergents at concentrations
ranging from CMC, protein concentrations in the range 1-
10 mg/ml and in the presence of stabilizing additives such
as glycerol and NaCl. The solubilization mix is incubated
(usually on ice) before recovering the solubilized material
by ultracentrifugation. Individual membrane proteins will
show different solubilization requirements, especially of pH
and salt concentration. This property can sometimes be
used to pre-extract unwanted membrane proteins with one
detergent and subsequently solubilise the protein of interest
with a second detergent (e.g. Fang et al., 1999). The
process of solubilization can be monitored using SDS-
PAGE and western blotting.

Detailed protocols for optimising solubilisation of

Figure 5. The purification of Bmr(His)6 from inner membranes of E. coli
using Ni-NTA affinity chromatography A. Silver stained 15% SDS-PAGE
gel. Track 1, molecular weight markers (‘Mr ’). Inner membranes (‘IM’, track
2; Ward et al., 2000), 20 mg, were solubilised in 100mM Hepes buffer, pH
7.9, 20% glycerol, 1% dodecyl-β-D-maltoside (DDM), 20mM imidazole
(buffer E), while stirring on ice for 30 min. The treated membranes were
centrifuged at 100,000 g for 30 min at 4°C to remove unsolubilised material
and the supernatant (‘+DDM’, track 3) was mixed with 1 ml Ni-NTA resin
after equilibration in buffer E, and incubated with gentle shaking overnight
(12-16h) at 4°C. The resin was collected by centrifugation, 198g 1min at
room temperature and the supernatant retained (‘Unbound’ , track 4). The
protein-resin complex was packed into a disposable column and the
unbound protein was further removed by washing the resin with 25ml buffer
E containing 0.05% DDM, pH 8 (‘Wash’, track 5) Finally, Bmr(His)6 was
eluted from the column with 5ml buffer E containing containing 0.05% DDM
and 200mM imidazole pH8, and collected in fractions; those fractions
containing protein were concentrated (‘Eluate’, track 6). The tendency of
some of the transport proteins to reveal an apparently higher Mr form
(oligomer/conformer?) is illustrated in this case. The bmr gene was kindly
provided by A. Neyfakh.
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membrane proteins are given elsewhere (Ward et al.,
2000). For the Mdr proteins dodecyl-β-D-maltoside (DDM)
or cyclohexyl-n-hexyl-β-D-maltoside have proved to be the
detergent of choice for solubilisation and purification.
However, the best concentration of detergent and stabilising
additives (e.g. benzamidine, glycerol, sulphobetaine) still
needs to be determined for each protein.

Reconstitution and Assay of Membrane Protein Activity

There are two basic methods for the reconstitution of
detergent solubilized membrane symporters. In the first
membrane protein is mixed with detergent-destabilized
liposomes, rapidly diluted (to below the CMC of the
detergent) and the proteoliposomes recovered by
ultracentrifugation (Henderson et al.,1983). In the second
method protein is mixed with detergent-destabilized
liposomes and the detergent removed by successive
additions of polystyrene beads (Knol et al., 1996)
(BiobeadsTM, Biorad): one or more dialysis steps may also
be required (Racher et al., 1999).

Activity of the reconstituted protein can be assayed
using artificial ion gradient-driven uptake (Jung et al., 1998),
enzyme-linked spectroscopic assays (Heuberger et al.,
2000), or possibly ligand binding assays. For artificial ion
gradient-driven studies proteoliposomes can be preloaded
with 100mM potassium acetate and 25mM potassium
phosphate, pH7.0. The reaction is initiated by dilution of
the proteoliposomes into 125mM sodium phosphate plus
the potassium ionophore valinomycin and radioactive
substrate. In this system acetic acid passively diffuses
across the proteoliposome membrane and then
dissociates, thereby removing protons from the vesicle
lumen and thus increasing the internal pH and trans-
membrane ∆pH. The addition of valinomycin causes a flux
of potassium, from the inside to the outside of the
proteoliposome, thereby generating a trans-membrane
potential (∆ϕ) (see, e.g. Racher et al., 1999). For Mdr
antiporters similar methods have been employed (Putman
et al., 1999).

Physical Measurements of Detergent Solubilized and
Reconstituted Membrane Protein

There are two methods which give an indication of a
protein’s secondary structure content, Circular Dichroism
(CD) and Fourier Transform Infra Red (FTIR) spectroscopy.
Both methods can be applied to both detergent solubilized
and membrane-reconstituted protein. For FTIR
spectroscopy exchange of H2O by D2O is usually carried
out to minimise errors caused by imprecise correction for
IR absorbance by the former (Patzlaff et al.,1998)

CD signals are generated when a molecule
differentially absorbs left and right handed circularly
polarized light. Characteristic spectra occur for each type
of secondary structure eg: α-helix has a positive peak at
195nm and two negative peaks at 208 and 222nm with an
indent between these two negative peaks at 215nm (Kelly
et al., 1997). CD can be affected by light scattering,
especially from proteoliposome solutions (Chin, 1986) and
interpretation is dependent upon an accurate estimate of
protein concentration. Algorithms for fitting CD data tend

to be heavily biased towards soluble protein structure, and
so anomalous fitting results can occur.

FTIR spectra of proteins arise from peptide C=O
stretching vibrations. Two bands are evident, amide I and
amide II (Haris and Chapman, 1995).The deconvolution
of amide I separates the individual subcomponents of the
peak, and from the wavenumbers and intensities of these
deconvoluted peaks, secondary structure assignments can
be made. For example the peak for α-helices is found in
the region 1650-1658 cm-1. Unlike CD this method is not
affected by light scattering and is independent of protein
concentration. With all the Mdr proteins we have isolated
so far (Table 2), both CD and FTIR measurements indicate
a high content of α-helix (50-80%), which is tenaciously
retained in the detergent-solubilised state.

To gain structural information at atomic resolution, x-
ray or electron crystallography of three and two dimensional
crystals, respectively, is required. Three dimensional
crystals are most commonly grown using the vapour
diffusion method (Howard et al., 1999). Detergent
solubilized protein is mixed on a coverslip (usually at a 1:1
ratio) with precipitant, the coverslip is then inverted over a
well containing precipitant alone and the system allowed
to reach a state of supersaturation. To date, whilst 3D
crystals of different MFS membrane transport proteins have
been successfully grown, none have yielded high resolution
diffraction data. Two dimensional crystals are obtained
when detergent solubilized protein is mixed with lipid-
detergent mixed micelles, after which the detergent is
removed by dialysis or adsorption onto polystyrene beads
(BiobeadsTM, Biorad) (Ringler et al., 1999). Ratios of lipid
to protein (weight:weight) are restricted so as to encourage
close packing of the protein into lipid bilayers when the
detergent is removed. 2D crystals of the E. coli melibiose-
Na+ and lactose-H+ transporters (Rigaud et al.,1997;
Zhuang et al., 1999), and the B. subtilis Bmr efflux protein
(Ward, Stolyova, Holzenburg and Henderson, unpublished)
have been grown, but ordering of the molecules is too low
to determine the structure of these proteins at high
resolution. The recent success with the sodium/H+

antiporter (Williams et al., 1999; Williams, 2000), however,
generates cautious optimism.

Conclusions

The strategies described above are achieving amplified
expression of active prokaryotic Mdr transport proteins.
Furthermore, the levels reached are sufficient for
purification, characterisation and crystallisation trials. The
majority of successes have been achieved using the tac
promoter, for induction with IPTG, in various E. coli host
strains. However, other plasmids such as pBluescript and
the use of the galP promoter in the plasmid pBR322 have
been successful. To date, whilst the pET vector has been
used for the expression of membrane proteins as inclusion
bodies, this T7 promoter based plasmid has yet to find
widespread use for the overexpression of membrane
proteins directed to the membrane; nevertheless,
expression of membrane proteins as inclusion bodies may
prove a viable option with recently published protocols for
the refolding of membrane protein inclusion bodies (e.g.
Buchanan, 1999).
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The most commonly used tag employed for the affinity
purification of membrane proteins involves the addition of
hexahistidine to the C-terminus of the protein to facilitate
purification using nickel (or cobalt) chelate affinity
chromatography. This tag is small and has been shown
not to interfere with levels of overexpression achieved or
the targetting or folding of the protein. Moreover the
structure determination of soluble hexahistidine tagged
proteins suggests that the histidine tag is itself not a barrier
to crystallization.

In conclusion, with the careful choice of vector, E. coli
host strain and expression conditions, it is now possible to
overexpress prokaryotic Mdr membrane transport proteins
to produce mg quantities of pure protein per litre of culture.
This should pave the way for the elucidation of increasing
numbers of prokaryotic membrane transport protein
structures and ultimately the determination of their mode
of action at the molecular level.
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