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ABSTRACT: As much as 20-30 mg of functional recombinant melibiose permease (Mel-6His permease) 
of Escherichia coli, carrying a carboxy-terminal affinity tag for metallic ions (six successive histidines), 
can be routinely purified from 10 g of cells (dry weight) by combining nickel chelate affinity 
chromatography and ion exchange chromatography. Mel-6His permease was constructed by modifying 
the permease gene (meZB) in vitro and then overproduced in cells transformed with multicopy plasmids. 
The tagged permease was efficiently solubilized in the presence of 3-(laurylamido)-N,N'-dimethylami- 
nopropylamine oxide (LAPAO) and high sodium salt concentration and then selectively adsorbed on a 
nickel nitrilotriacetic acid (Ni-NTA) affinity resin. After the replacement of LAPAO by n-dodecyl p-D- 
maltoside to maintain the activity of the soluble permease in low ionic strength media, the permease- 
enriched fraction ('90%) was eluted with 0.1 M imidazole and finally purified to homogeneity (>99%) 
using ion exchange chromatography. Determination of the permease N-terminal sequence shows that an 
initiating methionine is missing and that a Ser-Ile-Ser stretch precedes the postulated primary amino acid 
sequence. Purified permeases, reconstituted in liposomes, display H+-, Na+-, or Li+-dependent sugar 
binding and active transport activities similar to those of the native permease in its natural environment, 
proving that all three modes of symport activity are mediated by one and the same polypeptide. 

The melibiose (Mel)' permease of Escherichia coli, 
encoded by the melB gene, transports the a-galactoside 
melibiose against its chemical gradient according to a 
symport or cotransport mechanism (Lopilato et al., 1978; 
Tsuchiya & Wilson, 1978). It uses, alternatively, Na+, H+, 
or Li+ as the coupling ion species, depending on the ionic 
conditions and configuration of the sugar substrate (Bassilana 
et al., 1985). This unique property has been used extensively 
to describe the Me1 permease function in kinetic terms 
(Wilson & Wilson, 1987) and in particular to establish that 
one essential role of the coupling ion is to enhance the 
transporter affinity for its sugar substrate (Pourcher et al., 
1990a). 

On the basis of cloning and sequencing of the melB gene, 
recombinant DNA technology and molecular biology strate- 
gies have been used for the study of this symporter and its 
mechanism of action. The melB nucleotide sequence sug- 
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gests that Me1 permease consists of 469 amino acids, 70% 
of which are apolar residues, and that it has a theoretical 
molecular weight of 52 000 (Yazyu et al., 1984). The melB 
gene product was identified as a cytoplasmic membrane 
protein with an M, of 39 000 by means of in vivo labeling 
techniques (Pourcher et al., 1990b) and immunological 
studies with antibodies directed against the permease C- 
terminus (Botfield & Wilson, 1989). Examination of the 
hydropathy profile of Me1 permease and analysis of its 
topology using a gene fusion strategy suggest that the 
permease contains 12 membrane-spanning segments in a 
helical configuration (Botfield et al., 1992). Site-directed 
mutagenesis studies on several acidic and polar residues 
located in the N-terminal hydrophobic domains of the 
permease suggest that three aspartic acid residues, distributed 
on helices I1 and IV, act as a network involved in coordina- 
tion of the coupling cation (Pourcher et al., 1991, 1993; 
Wilson & Wilson, 1992, 1994; Zani et al., 1993, 1994). Also, 
analysis of the ionic properties of hybrid permeases con- 
structed from homologous me1 permease of Escherichia coli 
and Klebsiella pneumoniae further emphasizes the impor- 
tance of the permease N-terminal domains for cation 
recognition (Hama & Wilson, 1993). Determination of the 
validity of these conclusions, however, must await further 
knowledge of the symporter structure. 

Analysis of the structure of Me1 permease using biophysi- 
cal techniques depends on its purification in large amounts. 
Although this membrane transporter can be solubilized using 
nonionic detergents (e.g., n-octyl glucoside) and remains 
functional once reconstituted into liposomes (Tsuchiya et al., 
1982; Wilson et al., 1985), there is as yet no known 
procedure for its purification. A very attractive strategy has 
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been developed by Hochuli and colleagues (Hochuli et al., 
1987, 1988) for protein purification. These authors reported 
that the attachment of a polyhistidine peptide (His tag) to 
the N- or C-terminal extremity of a protein confers high 
affinity to the recombillant protein for metallic ions. The 
tagged protein is subsequently purified by immobilized metal 
ion affinity chromatography using an affinity nickel nitrilo- 
triacetic acid (Ni-NTA) resin. This strategy has been 
successfully applied to purify a large number of soluble 
recombinant proteins (Stiiber et al., 1990), and its utilization 
recently extended to the purification of detergent-solubilized 
membrane proteins involved in solute transport: the chlo- 
roplast triose phosphate translocator expressed in Schizosac- 
charomyces pombe and Saccharomyces cerevisiae (Lodden- 
kotter et al., 19931, the IIBCGLC subunit of the E. coli glucose 
phosphotransferase system (Waeber et al., 1993), and the 
Na+-dependent citrate carrier (CitS) of Klebsiella pneumo- 
niae (Pos et al., 1994). 

In the present paper, we show that the combination of 
overproduction of an His-tagged Me1 permease, selection of 
an efficient detergent for its solubilization, and immobilized 
metal ion affinity chromatography can be used for the routine 
purification of large amounts of Me1 permease in a functional 
state. 

MATERIALS AND METHODS 
Materials. [3H]Melibiose (2.7 Ci/mmol) and DDAO were 

purchased from the Commissariat B 1'Energie Atomique 
(France). p-Nitrophenyl a-~-[6-~H]galactopyranoside (a- 
NPG) was synthesized under the direction of Dr. B. Rousseau 
in our department (Dept. Biol. Cell. Mol. du CEA), and 
LAPAO was synthesized as described previously (Brandolin 
et al., 1980). All other materials were obtained from 
commercial sources. CHAPS, SB 12, TX100, MEGA 8, OG, 
and DM are from Boehringer Mannheim, C12Eg is from 
Calbiochem, Inc., Ni-NTA resin is from Qiagen, Inc., anion 
exchange resin (Macro-Prep Q support) and Bio-Beads SM-2 
are from Bio-Rad Lab., Inc., and total E. coli lipids are from 
Avanti Polar Lipids, Inc. (acetone/ether precipitated). High 
purity grade chemicals (Suprapur, Merck) were used to 
prepare media virtually devoid of sodium salts, which will 
be referred to hereafter as Na+-free solutions. Flame 
photometry measurements indicated that the level of con- 
taminating sodium salts in these solutions was generally 
below 20 pM. 

Bacterial Strains and Plasmids. E. coli DWZR, a recA- 
derivative of strain DW2 (melA+, AmelB, AlacZY) was used 
throughout this study (Botfield & Wilson, 1988). E. coli 
CJ236 (dut, ung, thi, relA, pCJlO5 [Cmr]), used for site- 
directed mutagenesis, was from Bio-Rad. Plasmids pK3 1 
(Pourcher et al., 1990c) and pK40 (Pourcher et al., 1991) 
are pKK223-3 recombinant vectors carrying melA and melB 
genes under the control of the tac promoter. pB40 plasmid 
is a BlueScriptII KS+ vector previously constructed for 
mutagenesis of the melB gene (Zani et al., 1994). A T7 RNA 
polymerase/promoter expression system, comprising pGPl-2 
and a recombinant pT7-6 plasmid (pT40), was used to label 
the permease in vivo. pT40 plasmid, carrying the melB gene 
flanked at its 5'- and 3'-extremities by EcoRI and HindIII 
sites, respectively, was constructed as follows: The starting 
vector was pT(SD/B), containing melB flanked by two EcoRI 
sites (Pourcher et al., 1990b). First, all sites except the EcoRI 
site of the multicloning sequence present in pT(SD/B) were 
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removed by restricting the plasmid with BamHI and HindIII 
enzymes, digesting the extremities with Mung bean nuclease, 
and ligating the resulting blunt ends. The resulting plasmid 
was then linearized by partial digestion with EcoRI, digested 
with Mung bean nuclease, and finally digested to completion 
with EcoRI. The largest fragment (vector) was purified and 
mixed with an EcoRI-SspI DNA fragment prepared from 
pK40 containing the melB gene, and the mixture was 
incubated with T4 DNA ligase. Plasmid (pT40) carrying 
the melB gene with the correct orientation was screened by 
complementation. 

Addition of a Ni AfJinity Site to Me1 Permease Using Site- 
Directed Mutagenesis. Adjunction of six successive histidine 
residues to the C-terminal extremity of the Me1 permease 
was carried out by modifying the melB gene sequence in 
pK3 1 or pT40 plasmid using uracil-labeled pB40 DNA as a 
template and the oligonucleotide primer (5'-G AGT GAT 
G T G A A A G C C C A T C A T C A T C A T C A T C A T T G A  
GAG CTC GGA CAA TAG CTA ACG-3'). Following 
primer annealing, enzymatic filling in, and ligation, the 
mutated strand was selected by degrading the uracil-labeled 
template with uracil-DNA glycosylase and used to transform 
E. coli DW2-R. pB40 DNAs were isolated, and an EcoRV- 
HindIII DNA fragment (435 bp), encoding for the C-terminal 
amino acid sequence of Me1 permease, was restricted and 
inserted into pK3 1 or pT40 plasmid in place of the analogous 
DNA fragment of the original melB sequence. Clones 
containing the six successive histidine codons were screened 
using the Sac1 restriction site (GAGCTC) introduced by the 
mutagenic primer. The exchanged EcoRV-Hind111 DNA 
fragments in pK31 or pT40 were verified by sequencing, 
and the modified plasmids were termed pK31HB and 
pT40HB, respectively. Finally, the first one-third of melA 
in pK31HB (or pK31) plasmid was deleted using SmaI and 
HpaI restriction sites to give pK31AAHB (or pK31AA) 
plasmid. 

In Vivo Specific Labeling of the Me1 Permease. DW2-R 
cells, transformed with pGP1-2 and pT40HB plasmids, were 
depleted of internal methionine reserves in 250 mL of M9 
medium, poisoned with rifampicin, and finally labeled as 
described previously (Pourcher et al., 1990b). Cells (OD600 
= 0.5) were labeled with radioactive methionine and cysteine 
(250 pCi, express 35S-labeling mix (DuPont-NEM)) and 
washed with M9 salt medium. The specificity of Me1 
permease [35S]methionine labeling was controlled by auto- 
radiographic analysis of cell proteins resolved by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS - 
PAGE). 

Preparation of Inverted Membrane Vesicles (IMVs). 
Labeled or unlabeled cells were resuspended at 0-4 "C in 
50 mM Tris-HC1 (pH S), 50 mM NaC1, and 5 mM 
P-mercaptoethanol. IMVs were prepared using a French 
pressure cell (American Instrument Comp., 18 000 psi) at 
0-4 OC and were finally washed three times with the same 
buffered solution. 

Purification of the Me1 Permease. Freshly transformed 
DW2-WpKE3AAHB cells were grown to O D 6 ~  = 2 in 200 
L of M9 medium containing 2 g/L casamino acid (Difco 
Co.), 5 g/L glycerol, and 0.1 g/L ampicillin at 30 OC. IMVs 
were prepared using 50 g (wet weight) of paste cell as 
described earlier. All subsequent steps were performed at 
0-4 "C. IMVs were washed once and resuspended at about 
5 mg/mL in a medium containing 50 mM sodium phosphate 
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(pH 8), 10 mM Tris-HC1 (pH 8), 0.6 M NaCl, 20% glycerol, 
5 mM P-mercaptoethanol, and 10 mM imidazole. Solubi- 
lization was carried out in the same medium supplemented 
with 1% LAPAO. After 10 min of incubation, the samples 
were centrifuged (280000g, 30 min). The supematant was 
then incubated for 1 h with gentle shaking with Ni-NTA 
resin (25 mL of resin/g of membrane vesicle protein) 
preequilibrated with 50 mM sodium phosphate (pH 8), 10 
mM Tris-HC1 (pH 8), 0.6 M NaC1, 20% glycerol, 5 mM 
P-mercaptoethanol, 10 mM imidazole, 0.2 mg/mL E. coli 
lipid, and 0.2% LAPAO. The resin with adsorbed material 
was centrifuged, washed once with the same medium, and 
used to load a FPLC column (Waters 650). Detergent 
exchange was carried out on the column by progressively 
replacing the medium containing 0.2% LAPAO by one of 
similar composition, but instead containing 0.2% DM, by 
means of a linear gradient (50 mL) and terminated by an 
additional wash with 0.2% DM medium (50 mL). NaCl was 
then progressively eliminated by means of a linear gradient 
(50 mL) using a buffered solution containing 50 mM sodium 
phosphate (pH 8), 10 mM Tris-HC1 (pH 8), 20% glycerol, 5 
mM P-mercaptoethanol, 10 mM imidazole, 0.2 mg/mL E. 
coli lipids, and 0.2% DM. After an additional 50 mL wash, 
the adsorbed proteins were eluted by adding 0.1 M imidazole 
to the buffer. The few contaminant proteins eluting together 
with the permease (see Results) were eliminated by applying 
the Ni-NTA pooled eluate to a Macro-Prep Q anion exchange 
support preequilibrated with the elution buffer used during 
Ni-NTA chromatography. The flow-through containing the 
purified permease was collected. 

Reconstitution. All steps were performed at 0-4 "C. 
Reconstitution was carried out by a procedure involving 
detergent adsorption on polystyrene beads (Rigaud et al., 
1988). The pooled fractions containing the purified permease 
(about 60 mL) were mixed with 1 vol of 0.2 M potassium 
phosphate solution (pH 7). E. coli lipids (180 mg) were 
added and the sample was incubated under gentle agitation. 
Then, 15-20 g of Bio-Beads SM-2 was added progressively 
(four additions at 10 min intervals) and the sample was left 
overnight in the cold. The proteoliposomes formed were 
washed twice in 0.1 M potassium phosphate solution (pH 
7). When desired, sodium salts trapped within the vesicles 
were eliminated by repeated freeze-thaw-sonication-wash 
cycles in Na+-free, 0.1 M potassium phosphate solution (pH 
7). 

Sugar Binding and Transport Assays. [3H]NPG (0.8 Ci/ 
mmol) binding to IMV or proteoliposomes was measured at 
20 "C using a flow dialysis technique as previously described 
(Damiano-Forano et al., 1986). [3H]NPG binding to solu- 
bilized permease was carried out at 10 "C. In all of the 
experiments, the lower and upper dialysis chambers con- 
tained media with similar salt compositions and, when 
needed, similar detergent concentrations. [3H]Melibiose (40 
mCi/mmol) transport was assayed on freshly transformed 
cells grown at 30 "C in LB medium to mid-log phase 
(OD600 = 1) and incubated at 20 "C. [3H]Melibiose 
uptake by the reconstituted permease was measured in 
proteoliposomes (5 mg of protein/mL) previously loaded with 
Naf-free, 0.1 M potassium phosphate solution (pH 7). 
Aliquots were diluted (1/250, v/v) in 0.1 M sodium (or 
lithium or choline) phosphate (pH 7) or 0.1 M choline 
phosphate (pH 6) medium devoid of potassium and contain- 
ing valinomycin (0.2 pM) and [3H]melibiose (0.4 or 0.8 mM, 
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FIGURE 1: H+- or Na+-coupled [3H]melibiose transport in E. coli 
cells expressing the wild-type or Mel-6His permease. E. coli 
DW2-R cells (melA', AmelB, AlacZY, RecA-) were transformed 
with plasmid pK31 (A, A) or pK31HB (0, 0) encoding the wild- 
type or Mel-6 His permease, respectively. Cells grown in LB 
medium at 30 "C were washed, resuspended at 2 mg of cell proteid 
mL either in 0.1 M potassium phosphate (pH 6.6) medium 
containing less than 20 pM NaCl (0, A) or in the same medium 
supplemented with 10 mM sodium chloride (0, A). Transport 
reactions (50 pL) were initiated by the addition of [3H]melibiose 
(40 mCi/mmol) to a final concentration of 0.2 mM and terminated 
by dilution and immediate filtration of the samples. Assays were 
carried out at 20 "C. 

8 mCi/mmol). Sugar uptake by cells or proteoliposomes was 
monitored by a rapid filtration technique using GF/F What- 
man glass fiber filters. 

Analytical Methods. Cell and IMV proteins were assayed 
according to Lowry et al. (1951) using bovine serum albumin 
as a standard. Proteins solubilized in the presence of LAPAO 
were assayed by a modified Lowry protocol (Wessel & 
Flugge, 1984). Proteins were separated by SDS-PAGE 
(12% gels) (Laemmli, 1970). Silver staining was performed 
using a Bio-Rad silver stain kit. The N-terminal amino acid 
sequence of the purified permease was determined by D. 
Moinier (Institut de Pharmacologie Moltculaire et Cellulaire, 
Sophia Antipolis, France) using an Applied Biosystems 
Model 477A protein sequencer. 

RESULTS 

Properties and Overexpression of the Mel-6His Permease. 
As can be deduced from its accessibility to polyclonal 
antipeptide antibodies directed against the last 10 amino acids 
of Me1 permease, the C-terminal extremity of the carrier is 
exposed to the aqueous medium (Botfield & Wilson, 1989). 
A nickel affinity site was therefore added to this extremity 
of the permease by extending the melB gene sequence by 
six consecutive triplets encoding histidine, using oligonucle- 
otide-directed, site-specific mutagenesis. The gene encoding 
the tagged permease (Mel-6His permease) was cloned in 
pKK223-type vectors (pK31HB or pK3 1AAHB) that enable 
constitutive and moderate (or enhanced) permease expression 
and in the pT7-6 vector of the T7 RNA polymerase/promoter 
system, which can be used for selective in vivo [35S]- 
methionine labeling of the Me1 permease. 

Extension of the C-terminal end of Me1 permease with 
six consecutive histidines has no effect on its Hf- or Na+- 
dependent melibiose transport properties. Figure 1 shows 
that E. coli DW2-R (AmelB, AlacZY, RecA-) cells, express- 
ing to similar levels the wild-type and Mel-6His permeases, 
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Table 1 : Purification and Reconstitution of Mel-6His Pcrtnease" 
NPG binding activity 

protein specific 
total yield (nmol/mg total yield 

step (tng) (57-1 of protein) (nmol) (%) 

membrane 760 100 I .45 I I(H) IO0 
LAPAO extract" 200 38 3 860 7') 
N i - NT A' 37.5 5 13.4 so3 46 
Mono-Q' 31.4 4.2 14.2 446 41 
proteoliposomes" 26.2 3.5 I I .7 306 28 

'' Invened membrane vesicles (IMVs) were prepared from 50 g (wet 
weight) of E. c d i  DW2-R/pK3 I AAHB cells by passage through ;I 
French press. At each stage of the solubiIi7ation/pitrificatioti/reconstitit- 
tion procedure. the siltnple proteins were estimated using a modified 
Lowry procedure (Lowry et al.. 195 1 ) and their respective sugar binding 
iictivities ilssessed from [ 'HINPG binding monitored by a flow dialysis 
technique (Darnisno-F(~rano et al.. 1980). I 'H jNPG binding to solu- 
bili7ed proteins or lMVs (and proteoliposomes) was measured ;it 10 
or 20 "C. respectively. Complete cleenergization of the lMVs or 
proteoliposornes was achieved by iidding FCCP ( I O  p M )  and inonensin 
( I pM). Eadie-Hofstee representiltion of [ 'HINPG binding activity 
plotted as ;i function of free NPG Concentration (0.2- IO ! tM)  was used 
to estimate graphically the maximal number of [ 'HINPG binding sites. 
I' Protein extracted from IMV solubili7ed in the presence of 1% IAPAO. 
' DM-colubiliied proteins eluted from the Ni-NTA column by raising 
the irnicla7ole concentration to 0. I M. I' DM-solubiliied proteins of the 
Ilow-through from the Mono-Q column. Purified Mcl-6 His permease 
reconstituted into proteoliposornes using detergent adsorption on 
polvstvrcne beads. 

accumulate melibiose at the same rate and to the same extent 
when incubated in salt medium containing 0.8 mM ["I- 
melibiose. This is observed in both the presence and absence 
of NaCl (I0 mM). Also, NaCI has similar stimulatory effects 
on the transport activities of the two permeases. As will be 
detailed later in this paper (Tables 1 and 2), Mel-6His 
permease binds sugars in a Na+-dependent fashion; the 
apparent sugar binding affinity constants and apparent Na+ 
and Li' activation constants are identical to those previously 
reported for the wild-type permease (Damiano-Farano et al., 
1986; Pourcher et al., 1992). 

In preliminary experiments, we observed that deletion of 
the first one-third of the melA gene located immediately 
upstream of the rnelR gene in pK3 1 HB enhances expression 
ofthe tagged permease, probably by suppressing a polarity 
effect. SDS-PAGE analysis of membrane proteins prepared 
from cells transformed with the modified plasmid 
(pK3 1 AAHB) shows that Mel-6His permease is easily 
identified as an intense diffuse band with an M, of about 
40000 (see, for example, Figure 3, lane Mb). A scan of 
these gels indicates that the membrane permease content 
reaches values of up to 15% of the total membrane protein 
level. This broad band, which is absent when the permease 
is not expressed, specifically reacts with polyclonal antipep- 
tide antibadies directed against the modified C-terminal 
extremity of the permease (not shown). Finally, the maximal 
number of sugar binding sites detected with the high-affinity 
ligand NPG is 1 .5 nmol/mg of membrane protein (Table 1 ), 
i.e., 7 times higher than the value generally found in 
physiological canditions (Damiano-Forano et al., 1986). 
Membranes from cells expressing the tagged permease from 
pK3 I AAHB plasmid were therefore used for purification of 
the permease. 

Detergent Solubilization. Efficient solubilization of the 
tagged permease in a functional state is one of the important 
requisites for large scale purification. To select an effective 

Detergent 
FIGWRE 2: Solubilimtion of -'sS-labcled Mel-6His permease using 
different detergents. E. coli DW2-R cells were transformed with 
plasmids *PI-2 and pT4OHB. ln vivo Mel-6His permease labeling 
and subsequent preparation of inverted membrane vesicles (IMVs) 
were carried out as described in Materials and Methods. Labeled 
IMVs ( 1  mg/mL) were equilibrated in 50 mM sodium phosphate 
(pH 8). 10 mM Tris-HCI (pH X), 0.6 M NaCI, 20% glycerol, and 
5 mM P-mercaptoethanol at 0-4 "C. Aliquots (SO pL) were 
solubilized at 4 "C for 10 min in the presence of 1 %  detergent 
( 1 5 %  for octyl glucoside), and the samples were centrifuged 
(340000~. IS min). Radioactivity in the samples was measured 
bcforc and after centrifugation, and the ratio was used to evaluate 
the extent of solubilized material. 

detergent meeting this criterion, cells were labeled with [?SI- 
methionine under conditions in which up to 70% of the label 
incorporated in the membrane fraction is specifically associ- 
ated with Mel-6His permease. Inverted membrane vesicles 
(IMVs) were prepared from the labeled cells and incubated 
in the presence of different detergents at final concentrations 
exceeding their critical micellar concentrations (cmc) (gener- 
ally l%, but 1.5% for OG). Judging from the fractian of 
membrane radioactivity extracted after 10 min at 4 OC, it 
was concluded that the zwitterionic detergents SB 12 (cmc 
0.12%) and LAPAO (cmc 0.02%; Brandolin et al., 1980) 
completely solubilize the permease (Figure 2). On the other 
hand, several nonionic detergents (OG, DM, or MEGA 8), 
detergents of the nonionic polyoxyethylene family ( C I ~ E X  
and TX100), or finally zwitterionic ones such as CHAPS or 
DDAO have limited solubiliintion efficiency, even at reduced 
membrane protein concentrations ( 1  mg/mL, Figure 2). In 
samples containing 5 mg of protein/mL, LAPAO still 
solubilizes 80% of the permeases (Table 1). 

In order to verify whether Mel-6His permease solubilized 
with SB 12 or LAPAO remains active, NPG binding to the 
permease in the solubilized state or after reconstitution of 
the crude material in liposomes was measured. Preliminary 
studies indicated that permeases solubilized in LAPAO 
retained sugar binding activity only when solubilization was 
performed in media containing a high concentration of NaCl 
(or LiCI). Half-maximal protection against permease inac- 
tivation is observed at 50 mM NaCl (or LiCI) and is complete 
in the presence of 0.6 M salts (see Tables 1 and 2). Neither 
an equimolar concentration of KCI nor the addition of 
magnesium or calcium salts at 1 mM efficiently replaces 
NaCI (or LiCI). These data suggest that the protective effect 
is not related to an increase in the ionic strength of the 
medium and instead is specific for Na' (or Li') ions. In 
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Table 2: 
Permease in Membrane Vesicles" 

Comparison of the ['HINPG Binding Constants of the Purified MeldHis Permease in Proteoliposomes and of the Wild-Type Me1 

melibiose permease in RSO vesicles" 
purified Mel-6His permease in proteoliposomes 

0.9 
0.8 

1 
1.2 

0.5 
0.3 

0.6 
I .2 

'' Purified Mel-6His permease solubilized in DM was mixed with total E. coli lipids and reconstituted in liposomes using detergent adsorption 
on polystyrene beads. as described in Materials and Methods. Proteoliposomes were washed twice in Na-free 0.1 M potassium phosphate (pH 7). 
submitted to repeated cycles of wash/freeze/thaw/sonication, and resuspended at 0.4 mg/mL in the same buffer in the prcsence of FCCP ( I O  pM) 
and monensin ( I pM). (ZH]NPG (0.8 Ci/mmol) binding to the proteoliposomes was monitored by a flow dialysis technique. The apparent 13H]NPG 
binding constant was measured on proteoliposomes equilibrated in a salt medium containing 10 mM NaCl in the presence of increasing concentrations 
of NPG (0.2-10pM). The 13H]NPG apparent binding affinity ( K D )  was estimated graphically from an Eadie-Hofstee plot of the binding data. The 
experiment was repeated in the presence of increasing concentrations of melibiose (0.1-20 mM) to estimate the apparent inhibition constant of 
melibiose on NPG binding (K,s'c''). The apparent Na" or Li' activation corrstants of NPG binding ( K N ; ~ - .  K L , ~ )  were determined by varying the 
concentration of sodium or lithium chloride in the buffer (0.2- 10 mM) and calculated from the plot of the apparent K D  for NPG as a function of 
the reciprocal of the ion concentration. '' ['HINPG binding activity measured on right side out membrane vesicles (data taken from Psurcher et a!. 
(199211. 
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FIGURE 3: SDS-PAGE analysis of samples from different steps of the solubilizatiordpurification procedure. At each step of the solubilization/ 
purification procedure described in Table 1, aliquots were solubilized in 1% SDS and incubated for 20 min at 42 "C. Proteins were 
resolved using 12% acrylamide gels. (Left panel) Coomassie Blue R-250 staining: lane Mb. IMV proteins (70 pg): lane Ex, LAPAO- 
solubilized proteins (70 p g ) ;  lane Ni, DM-solubilized proteins eluted from the Ni-NTA column with 0.1 M imidazole (8 p g ) :  lane mQ, 
DM-solubilized proteins (8 p g )  of the flow-through from the Mono-Q columm; lane M, molecular size markers. (Right panel) Silver 
staining: lane Ni. DM-solubilized proteins eluted from the Ni-NTA column with 0. I M imidazole (4 j ig ) ;  lane mQ. DM-solubilized proteins 
(4 pg)  of the flow-through from the Mono-Q column. 

contrast, SB 12 completely and irreversibly inactivates the 
permease under all conditions tested. Incidentally, and as 
reported for other hydrophobic membrane proteins (Ambud- 
kar & Maloney, 1984; Newman & Wilson, 1980), we noticed 
that the addition of glycerol and total E. coli lipids 
significantly protects the solubilized permease against inac- 
tivation. Finally. it was observed that Mel-6His permease 
remains active when solubilized with DM (Table 1)  and OG 
(not shown) in both high and low ionic strength media (not 
shown). This observation will be used as a basis for the 
final purification of Mel-6His permease. 

Large Scale Purification of the MeI-6His Permease. The 
protocol used for the purification of large amounts of Mel- 
QHis permease comprises three major steps: solubilization 
of Mel-6His permease using the efficient detergent LAPAO, 
separation of the solubilized permease from most of the other 
solubilized membrane proteins by Ni chelate affinity chro- 
matography, and tinally separation of the permease from the 
remaining contaminants using ion exchange chromatography. 
Experiments were generally carried out starting from about 
1 g of IMVs. Progress in the purification of the permease 
in an active state was judged by measuring, at each stage, 
the protein yield and sugar binding capacity of the pooled 
fractions (Table 1). Membrane proteins present in each of 
these fractions were identified by SDS-PAGE analysis 
(Figures 3 and 4). 

kDa 

106 
80 

HB C 

49.5 -1 

27.5 

- -  18.5 

FIGURE 4: SDS-PAGE analysis of the LAPAO-solubilized proteins 
eluted from the Ni-NTA column with 0.1 M imidazole. IMVpratciiis 
solubilized in the presence of LAPAO ( 1 % )  were laadcd on the 
Ni-NTA column, and the column was washed cxteiisively to rciiiove 
the unadsorbed material. Adsorbed proteins wcrc eluted by raising 
the imidazole concentriltion to 0.1 M. Proteins contained i n  the 
pooled fractions were separated on 12c/( acrylainidc gels. (Left 
panel) Coomassie Blue R-250 staining: proteins purified from IMV 
carrying either Mel-6His permease (lane HB. IS jcg) or untagged 
permease (lane C, 1.5 pg): lane M, molecular size tiiarkers. (Right 
panel) Silver staining: proteins purified from IMV carrying citlier 
Mel-6His permease (lane HB. 7.S pg) or untagged pcrnicahe (lane 
c, 0.7s p g ) .  

In the particular experiment illustrated, inverted membrane 
vesicles ( 5  mg/mL) were solubilized in the prcserice of 1 %  
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LAPAO in a medium containing 50 mM sodium phosphate 
(pH 8), 10 mM Tris-HC1 (pH 8), 0.6 M NaC1,20% glycerol, 
and 5 mM P-mercaptoethanol. Table 1 shows that 80% of 
the total NPG binding capacity of the starting material is 
retained in the extract, while only 38% of the total membrane 
proteins are solubilized, indicating a 2-fold purification of 
the permease. Consistently, and except for proteins with a 
high M, and the P-lactamase (Mr around 27 500), little 
difference in the protein composition of the extract compared 
to that of initial IMV was noted (compare lanes Mb and Ex 
in Figure 3). 

The Nif chelate affinity chromatography protocol that 
gives the highest degree of Mel-6His permease purification 
and the highest yield of active material is based on the 
following considerations. The amount of tagged permease 
that binds to the Ni-NTA column is significantly enhanced 
when the LAPAO extract is equilibrated in batch conditions 
with the resin prior to column filling in. Secondly, the 
addition of a low concentration of imidazole (10 mM) during 
the wash out of untagged proteins further enhances the 
retention selectivity of the Ni-NTA resin [see also Janknecht 
et al. (1991)l. Thirdly, the material strongly adsorbed on 
the resin is eluted by 0.1 M imidazole rather than by lowering 
the medium pH (pH 5 ) ,  as this latter procedure partially 
inactivates Mel-6His permease. Finally, lowering of the 
medium LAPAO concentration to 0.2%, Le., about 10 times 
the cmc of LAPAO, and addition of total lipid extract from 
E. coli (0.2 mg/mL) and glycerol (20%, v/v) afford protection 
against inactivation of the permease. 

Examination of the electrophoretic analysis of the fraction 
eluted with 0.1 M imidazole shows the presence of a major 
diffuse band at about 40 kDa and several additional poly- 
peptide components (120, 100,80, 55,  37, and 29 m a ) ,  some 
of which are most visible on silver-stained gels (Figure 3, 
lane Ni). The 40, 80, and 120 kDa bands react with anti- 
Me1 permease antibodies (not shown), indicating that they 
correspond to the tagged permease in the monomeric, 
dimeric, or polymeric state, respectively. The 29 kDa band 
is only detected on silver-stained gels. These contaminant 
proteins are membrane-associated since they can be co- 
reconstituted with Mel-6His permease in proteoliposomes 
(not shown). They bind directly on the resin, rather than 
indirectly by interaction with Mel-6His permease, and can 
indeed be purified from DW2-WpK3 1AA membrane protein 
extracts carrying untagged Me1 permease by Ni-NTA chro- 
matography (Figure 4, lane C). Variation in neither the 
imidazole concentration nor the pH of the elution buffer 
efficiently separates these contaminant proteins from Mel- 
6His permease during Ni-NTA affinity chromatography. 

Ion exchange chromatography was used as a last step to 
separate Mel-6His permease from its contaminants. For this, 
the permease-enriched fraction as such could not be used 
since it contained a high NaCl concentration essential to 
keeping the LAPAO-solubilized permease in an active state. 
To overcome this problem, we took advantage of the fact 
that DM-solubilized permeases remain fully active in both 
high and low ionic strength media (see above). Once the 
untagged proteins solubilized in LAPAO were washed out 
from the Ni-NTA column, LAPAO (0.2%) in the column 
buffer was exchanged stepwise for DM (0.2%), and the ionic 
strength was then progressively lowered by elimination of 
the NaCl salt in the buffer. In the experiments illustrated 
here, 13% of the DM-solubilized material (Le., 5% of the 
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initial IMV proteins) was eluted with 0.1 M imidazole (Table 
1). Comparison of Figures 3 (lane Ni) and 4 (lane HB) 
indicates that the protein compositions of the DM-solubilized 
and LAPAO-solubilized proteins eluted with 0.1 M imidazole 
are similar. Scanning the SDS-PAGE gels shows that Mel- 
6His permease (monomer + dimer) accounts for 93% 
(Coomassie Blue-stained, lane Ni in Figure 3) or 75% (silver- 
stained, lane Ni in Figure 3) of the total protein of the pooled 
Ni-NTA fraction. The pooled fractions of DM-solubilized 
material, eluted from the Ni-NTA column with imidazole, 
were then subjected to ion exchange chromatography on a 
Mono-Q column. In these ionic conditions, Mel-6His 
permease is not adsorbed on the Mono-Q column and is 
eluted immediately after the void volume of the column, 
whereas the contaminants are retained and can be eluted in 
the presence of at least 300 mM NaCl (not shown). Figure 
3 (Coomassie Blue-stained, lane mQ and silver-stained, lane 
mQ) shows that the permease fraction is free of contaminants 
and that the permease is essentially in the monomeric form 
(40 kDa, 96%), with a small amount of the dimeric form 
(80 kDa, 4%). As shown in Table 1, this fraction represents 
only 1 1 % of the proteins initially solubilized in LAPAO and 
retains 52% of NPG binding activity. 

N-Terminal Sequence of the Purified Mel-6His Permease. 
Analysis of the N-terminal extremity of the 40 kDa poly- 
peptide shows, within the limits of the technique, that only 
one polypeptide is present in the sample, confirming the 
purity of the purified material. The determined N-terminal 
sequence is S-I-S-M-T-T-K (Table 3). This amino acid 
sequence has three extra residues (S-I-S) that precedes the 
N-terminal M-T-T-K sequence predicted by Yazyu et al. 
(1984) and also lacks an initial methionine residue. Such a 
sequence is best explained by first considering that the codon 
initiating the melB gene is not the ATG initially postulated 
by Yazyu et al., but rather a second ATG located 10-12 bp 
upstream from the postulated one (Yazyu et al., 1984). 
Accordingly, the predicted primary amino acid sequence of 
the permease becomes M-S-I-S-M-T-T-K. We then suggest 
that the observed N-terminal sequence is generated by 
subsequent excision of the initiator Met residue of the M-S- 
I-S-M-T-T-K sequence by cellular Met-specific amino pep- 
tidases (Miller, 1987). It is known that such posttranslational 
modification frequently occurs in proteins with Ala, Ser (as 
in the case of the permease), Gly, Pro, Thr, or Val as the 
second amino acid (Tsunasawa et al., 1985). In any instance, 
this result indicates that the Me1 permease of E. coli consists 
of 472 amino acids and not 469. These results stress the 
need for revision of the proposed melB -encoding sequence. 
Finally, our results suggest that the N-terminal sequences 
of the Me1 permease from E. coli, Salmonella thyphimurium 
(M-S-I-S-L-T-T-K), and Klebsiella pneumoniae (M-S-I-S- 
M-T-T-K) show a greater degree of homology than previ- 
ously thought Mizushima et al., 1992; Hama & Wilson, 
1992). 

Properties of the Purified Mel-6His Permease in Proteo- 
liposomes. Mel-6His permease was reconstituted into lipo- 
somes by overnight incubation with total lipid extract from 
E. coli and hydrophobic Bio-Beads SM-2 to remove deter- 
gents (Rigaud et al., 1988). Detergent removal was acceler- 
ated by reducing the glycerol concentration to 10%. In the 
experiment described in Table 1, the protein to lipid ratio is 
about M O O .  Efficiency of the permease reconstitution and 
sugar binding activity was 83% and 70%, respectively, 
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Table 3: Amino-Terminal Sequence of the Mel-6His Permease 
-30 -20 -12 1 

ACAGCGACCC GATACCCT e AGC AlT TCA ACT ACA AAA CTC AGT ..... melBDNAa - 

Met Thr Thr Lys Leu Ser ........ Redicted lb 

Met Ser Ile Ser Met Thr Thr Lys Leu Ser ........ Redicted2c 

Ser Ile Ser Met Thr Thr Zdentifidd 

~~ ~~ ~ ~~ ~ ~~~ 

a The DNA sequence shows the initiation ATG codon (position 1, underlined) of melB suggested by Yazyu and colleagues (Yazyu et al., 1984), 
preceded by an upstream sequence of 30 nucleotides and followed by nucleotides of the encoding sequence (Yazyu et al., 1984). The corresponding 
predicted permease sequence (Yazyu et al., 1984). Protein sequence corresponding to an alternative ATG codon (double underlined, row 1). 

Identified protein sequence. 
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FIGURE 5: H+-, Naf-, and Li+-coupled [3H]melibiose uptake by 
purified Mel-6His permease in proteoBposomes driven by artificially 
imposed membrane potential and ion gradients. Proteoliposomes 
were washed and equilibrated in Na+-free, 0.1 M potassium 
phosphate (pH 7) by a combination of wash/freeze/thaw/sonication 
cycles. Proteoliposomes were concentrated (5 mg of proteidml) 
and incubated in the presence of valinomycin at a final concentration 
of 0.2 pM. Aliquots (50 pL) were diluted 250-fold into K'-free 
medium containing valinomycin (0.2 pM), [3H]melibiose (0.4 (0, 
0, 7)  or 0.8 mM (e), 8 mCi/mmol), and one of the following 
phosphate salts: 0.1 M choline phosphate (imposed &H+, e), 0.1 
M sodium phosphate (imposed A ~ N ~ - ,  0), 0.1 M lithium phosphate 
(imposed bLl-, V). Control experiments were carried out in a 
medium containing 0.1 M potassium phosphate (control, 7).  All 
dilution media were at pH 7 except for the choline phosphate (pH 
6). Inset: Samples were diluted in 0.1 M sodium phosphate (pH 
7). As indicated by the arrow, FCCP was added at a final 
concentration of 10 pM (A). Transport reactions at 20 OC were 
stopped by dilution of the samples and immediate filtration. 
suggesting that no major permease inactivation occurred 
during the reconstitution procedure (Table 1). 

The Na+-dependent sugar binding and transport properties 
of the reconstituted Mel-6His permease were measured in 
proteoliposomes and compared with those of the untagged 
Me1 permease in its natural environment (Table 2 and Figure 
5). In the presence of a NaCl concentration (10 mM) that 
produces a maximal increase in permease affinity for the 
sugar substrates, reconstituted Mel-6His permeases exhibit 

an affinity for [3H]NF'G similar to that of untagged permeases 
(Pourcher et al., 1992). Moreover, competition experiments 
of melibiose on NPG binding to the carriers in inverted 
membrane vesicles and proteoliposomes demonstrate that the 
inhibition constant KiMe' is again similar for both, suggesting 
that the affinity of the permease for the physiological sugar 
is not altered during its purification. Finally, NPG binding 
studies carried out in the presence of Na' or Li+concentrations 
ranging from 0.02 to 10 mM do not indicate significant 
differences in the apparent activation constants (KN,+ or KL~+) 
in proteoliposomes and membrane vesicles. The 2-fold 
difference observed between the K L ~ -  values of tagged or 
untagged permeases is of doubtful significance, as all values 
are within the variability of the ion activation constant 
measured on different membrane preparations harboring 
untagged permeases. 

It should be briefly mentioned that the B,,, for [3H]NPG 
binding on washed, frozen, thawed, and sonicated proteo- 
liposomes is slightly higher (16 nmoYmg of protein) than 
that measured immediately after reconstitution (12 nmol/mg 
of protein, Table 1). Provided that protein determination of 
the solubilized samples is fully reliable, this result suggests 
that the washing procedure removes some permeases that 
were trapped in the liposomes during reconstitution. In any 
case, using a molecular mass of about 53.4 kDa for the 
tagged permease, one can calculate that 83% of the per- 
meases in the washed proteoliposomes is still active. 

Cation-coupled symport activity of the reconstituted Mel- 
6His permease was analyzed by measuring [3H]melibiose 
accumulation by proteoliposomes loaded with 0.1 M potas- 
sium phosphate (pH 7) in response to the generation of an 
electrochemical potential gradient favorable for the entry of 
coupling ions via the permease. The membrane potential 
(AV, interior negative) and desired ionic gradients were 
imposed across the proteoliposome membrane by creating 
an outward K+ diffusion gradient in the presence of vali- 
nomycin and changing the ionic composition and/or pH of 
the dilution buffer, respectively. Figure 5 shows that a 
significant amount of [3H]melibiose is transiently accumu- 
lated when the K+-loaded proteoliposomes are diluted in 0.1 
M choline phosphate buffer (pH 6) (generation of A~H-) ,  
0.1 M sodium phosphate buffer (pH 7) (generation of A,DN,-) 
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or 0.1 M lithium phosphate buffer (pH 7) (generation of 
ApLi-). The level of sugar taken up is, in all cases, higher 
than that measured under conditions in which [3H]melibiose 
only equilibrates with the liposomal compartment (dilution 
in 0.1 M potassium phosphate buffer). Moreover, the amount 
of sugar accumulated depends on the coupling ion, varying 
in an order (Na+ > Li+ > H+) that is characteristic of the 
sugar transport selectivity of Me1 permease (Bassilana et al., 
1985). Finally, dissipation of A ~ N ~ +  (&+ or Ap~i+, not 
shown) by the addition of the protonophore FCCP leads to 
an immediate decrease in the previously established sugar 
concentration gradient (Figure 5 ,  inset). 

DISCUSSION 

The experiments presented in the current study describe a 
procedure for the purification of functional Me1 permease 
from E. coli in large amounts. The data show that adjunction 
of an affinity tag to the membrane transporter and use of 
metal chelate affinity chromatography provide an efficient 
and simple means to separate the permease from most of 
the other membrane proteins. When this strategy is associ- 
ated with the efficient solubilization of membrane vesicles 
and the use of ion exchange chromatography for final 
purification, we found that as much as 30 mg of purified, 
tagged melibiose permease was routinely recovered from 50 
g (wet weight) of E. coZi cells overexpressing the transporter 
(Table 1). This yield could certainly be increased by 
improving the solubilization efficiency and/or by optimizing 
the protein to resin ratio during the affinity chromatography 
step. Examination of the purified material on SDS-PAGE 
gels together with N-terminal sequencing indicates that the 
permease has been purified to homogeneity ('99%). Fi- 
nally, calculation of the specific sugar binding activity of 
the purified permease suggests that 80% of it is functional. 
A more accurate estimate must await a more direct deter- 
mination of the permease concentration than the one relative 
to BSA, for example, determination of the extinction 
coefficient of the pure melibiose permease. 

The second important conclusion to be drawn from the 
results described here is that pure Mel-6His permease, 
reconstituted in liposomes, catalyzes H+-, Na+-, or Lif- 
dependent sugar binding and active transport activities, with 
characteristics similar to those of the permease in its natural 
environment. These observations conclusively demonstrate 
that one and the same polypeptide catalyzes all three modes 
of symport activity. They also invalidate a previously 
considered hypothesis that the functional melibiose trans- 
porter comprises more than one polypeptide and in particular 
shares a Na+-specific subunit with other Na+-coupled 
symporters (Guffanti et al., 1981; Zilberstein et al., 1982). 
Thirdly, the absence of any detectable effect of addition of 
the His tag on melibiose permease properties suggests that 
there is no need, at present, to consider removal of the His 
tag. 

Finally, purification of a recombinant melibiose permease 
in a functional form and large quantity opens large perspec- 
tives of an analysis of the structural properties of the 
transporter by physical techniques, including its 2D and 3D 
crystallization. Analysis of the influence of the cation and 
sugar substrates on the intrinsic tryptophan fluorescence 
properties of Mel-6His permease reconstituted in proteo- 
liposomes is currently being investigated. 
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