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Taking advantage of a chaperone-like function of MalK, a stable complex of MalF-MalG could be solubilized
from the Escherichia coli membrane and purified in high yield in the absence of MalK. This MalF-MalG
complex was competent for efficient reassembly of a functional MalFGK, maltose transporter complex both in

detergent solution and in proteoliposomes.

The maltose uptake system of Escherichia coli is a member
of the ATP-binding cassette (ABC) superfamily of transport
proteins that employs a periplasmic maltose-binding protein
(MBP) to mediate high-affinity transport into the cell (1). The
membrane-associated transporter complex MalFGK, contains
four subunits, one copy each of transmembrane-spanning pro-
teins MalF and MalG and two copies of the cytoplasmically
located nucleotide-binding subunit MalK (1, 5). The trans-
porter is soluble in nonionic detergents and the MalF, MalG,
and MalK proteins copurify (5, 18), indicating that the subunits
are tightly bound to each other. In contrast, when the individ-
ual proteins are overexpressed in the absence of the full com-
plement of subunits, they tend to be insoluble in nonionic
detergent (18). In addition, in the absence of MalK, MalF fails
to fold into a protease-resistant form, suggesting that MalK is
required for the proper folding of MalF in the membrane (21).
In this report, we define conditions under which MalK is used
as a chaperone to generate a high-affinity, detergent-soluble
subassembly of MalF and MalG that functions as a platform
for in vitro assembly of a functional transporter complex.

Intact MalFGK, transporter complex was overproduced, pu-
rified, and reconstituted into proteoliposomes as described
previously (20), and MalK alone was recovered in soluble form
from strain BL21(DE3) carrying plasmids pMF8 and pLysS (6,
19). Maltose transport and ATPase activities for wild-type and
binding-protein-independent transporters have been described
previously (4, 7, 12), and ATPase activities are reported as
means of triplicate determinations that varied by 2 to 15%.

Although treatment of E. coli membranes with salt or urea
can extract peripheral membrane proteins, MalK is not re-
leased from MalF and MalG under these conditions (Fig. 1A,
set 3). However, HTMalK, MalK modified with an N-terminal
polyhistidine tag containing 23 amino acids (6), is released by
treatment with 4 to 6 M urea, leaving MalF (and presumably
MalG) behind in the membrane (Fig. 1A, set 4). This N-
terminal MalK modification does not appear to otherwise af-
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fect the function of the maltose transporter (3, 6, 8). The
presence of the same 23-amino-acid polyhistidine tag on the N
terminus of MalF (HTMalF) or a smaller tag on the C termi-
nus of MalK (MalKHT) (2) did not similarly increase the
solubility of MalK (Fig. 1A, sets 1 and 5), nor did the presence
of the MalF500 protein that renders transport binding protein
independent by mimicking an activated conformation (15, 22)
(Fig. 1A, set 2). Extraction of HTMalK by increasing concen-
trations of urea correlated with the loss of ATPase activity of
the transporter in both the wild-type transporter and the bind-
ing-protein-independent mutant (Fig. 1B). The failure of the
binding-protein-independent mutant to alter the strength of
the interaction between MalK and the MalF/MalG subunits
contrasts with findings in the homologous histidine transporter
from Salmonella enterica serovar Typhimurium, where the nu-
cleotide-binding (HisP) subunit is more easily extracted from a
binding-protein-independent complex than the wild type (14).
Likewise, the presence of ATP had no effect on the extract-
ability of MalK or HTMalK from the membrane, nor did an
inactivating mutation (His192Arg) in MalK (data not shown),
while HisP is more easily removed with ATP present (13).
Based on these differences, we suggest that a model involving
physical disengagement of nucleotide-binding domains during
the catalytic cycle of ATP hydrolysis, as proposed for the his-
tidine transporter (14), is not a general feature of all ABC
transporters.

In contrast to earlier observations that MalF expressed in
isolation was not detergent soluble (4, 18), MalF was recovered
in the detergent-soluble fraction following urea extraction of
HTMalK from the transporter (Fig. 1A, all sets). Following
urea extraction of HTMalK from a transporter complex con-
taining HTMalF, a complex of HTMalF and MalG was puri-
fied by affinity chromatography, demonstrating retention of a
tight association between MalF and MalG following MalK
removal (Fig. 2). When a crude 100,000 X g supernatant taken
from a strain expressing soluble MalK in the absence of MalF
and MalG was passed over a cobalt column with HTMalF and
MalG bound, MalK was the only protein retained by the resin,
suggesting that reassembly of the complex had occurred (Fig.
2). To determine if this reassembled transporter complex was
functional, in vitro-assembled transport complexes were recon-
stituted into proteoliposome vesicles and assayed for function
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FIG. 1. Differential solubilities of MalK and HTMalK in urea. In-
side-out membrane vesicles isolated from cells overexpressing different
alleles of malF, malG, and malK (6) were treated with 0, 2, 4, or 6 M
urea for 30 min at 23°C (lanes marked C in panel B contain samples
from a strain lacking plasmids). Membranes were collected by centrif-
ugation at 100,000 X g for 30 min, washed once with 20 mM Tris-HCI
and 1 mM EDTA, pH 8, and treated with 1% dodecylmaltoside. A
(and insets in B). Components of the detergent-soluble fractions were
separated on sodium dodecyl sulfate-polyacrylamide gel electrophoer-
sis gels, transferred to nitrocellulose, and probed with antibody to
either MalK (top row) or MalF (bottom row). B. ATPase activities of
the total membrane fractions corresponding to the samples shown in
the insets. Closed circles, MalFGK,; open circles, MalFG(HTMalK),;
closed squares, MalF500GK,; open squares, MalF500G(HTMalK),.
One hundred percent values for MBP-stimulated or binding-protein-
independent ATPase activities are 38, 39, 710, and 130 nmol/min/mg of
protein, respectively.

% of control ATPase activity

(6). The reassembled transporter complex displayed both
MBP-stimulated ATPase activity and maltose transport activ-
ity at rates comparable to in vivo-assembled transporters as
reported here (Fig. 3A and B) and elsewhere (3, 6). In con-
trast, no significant activity above the background was seen in
proteoliposomes containing only the HTMalF-MalG complex
(Fig. 3A and B). To guard against the possibility that activity
resulted from incomplete extraction of MalK, HTMalF-MalG
was obtained from a transporter complex containing the enzy-
matically inactive HTMalK(H192R) (6). This mutant trans-
porter complex proved to be suitable for our experimental
system because it displayed normal assembly properties as
judged by the copurification of transporter subunits (6), the
urea extractability of HTMalK(H192R), and the ability of the
mutant MalK to support the folding of MalF into a protease-
resistant form (21) (data not shown).

The purified HTMalF-MalG complex, reconstituted into
proteoliposomes, also served as a platform for reassembly of a
functional transporter complex, and a similar method has been
used to demonstrate that the HisP subunits of the histidine
transporter assemble onto the transmembrane components in-
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FIG. 2. Purification of a MalF-MalG complex and reassembly of
MalFGK,. Membranes expressing HTMalF, MalG, and HTMalK
(H192R) were treated with 6 M urea to remove HTMalK and then
treated with detergent to solubilize HTMalF and MalG. The detergent-
soluble fraction was passed over cobalt resin, and purified proteins were
eluted with buffer containing100 mM imidazole. Lane 1, molecular weight
markers (10°) (from top to bottom, 97, 66, 45, 31, and 21.5); lane 2, elution
profile showing copurification of HTMalF and MalG; lane 3, elution
profile after MalK preparation was passed through the Co resin-contain-
ing bound HTMalF/MalG and washed; lane 4, 100,000 X g supernatant
fraction containing MalK; lane 5, elution profile after MalK preparation
was passed through a Co resin without bound HTMalF/MalG present.
Bands are visualized by Coomassie staining.

dividually rather than cooperatively (13). In an experiment
where ATPase activity is measured as a function of the con-
centration of HisP added back to a fixed concentration of
transmembrane components, there is a lag in the recovery of
ATPase activity (13), as would be anticipated if inactive trim-
eric complexes (HisQMP) accumulated prior to the formation
of functional heterotetramers (HisQMP,). No lag was obvious
in the recovery of ATPase activity as a function of MalK
concentration in our experiments (Fig. 4A), in agreement with
published results for MalK from S. enterica serovar Typhi-
murium (11). These data suggest that MalK assembly is highly
cooperative and that no inactive trimeric complexes accumu-
late. The same question can be addressed by varying the con-
centration of proteoliposomes containing transmembrane
proteins in the reassembly mix at a fixed MalK or HisP con-
centration (13). At substoichiometric concentrations of trans-
membrane proteins, assembly of complete heterotetramers is
anticipated. When transmembrane proteins are present in ex-
cess over ATPase proteins, the possibility of heterotrimer for-
mation exists, which would inhibit full recovery of transporter
ATPase activity. In this experimental system (Fig. 4B), recov-
ery of ATPase activity reached a maximum close to a molar
ratio of 1:2 (MalF-MalK) and remained at a high level even if
HTMalF-MalG was present in molar excess. In contrast, in the
histidine system, the recovery of activity peaked at the optimal
stoichiometric ratio but decreased again when excess trans-
membrane subunits were present during assembly (13). These
data also suggest that HisP, but not MalK, forms functionally
inactive trimeric species during the assembly process (13).
MalK more readily forms a dimer in solution than HisP (2, 9,
17) and this difference is likely to account for the differential
behavior of the two nucleotide-binding components in their
assembly pathways. MalK contains a C-terminal regulatory
domain that contributes substantially to the dimer interface (2)
and may stabilize the dimer in solution prior to assembly.
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FIG. 3. Maltose transport and ATPase activity of reassembled
transport complexes. A. ATPase activity is measured in the presence
(dark bars) or absence (light bars) of 5 M MBP using 1 mM ATP and
0.1 wM transporter reconstituted in proteoliposomes (3, 5). 1, unpu-
rified MalFG(HTMalK),; 2, MalFG(HTMalK), purified on Co resin;
3, in vitro-reassembled HTMalFGK, (preparation shown in Fig. 2); 4,
purified HTMalF-MalG complex with no MalK (preparation shown in
Fig. 2). B. Maltose transport into proteoliposomes is measured with 10
wM maltose, 1 wM MBP, and approximately 0.5 wM transporter (3).
Closed circles, in vitro-assembled transporter (initial rate of uptake is
0.9 nmol/min/mg of protein); open circles, in vivo-assembled (unpuri-
fied) transporter (0.3 nmol/min/mg of protein); triangles, HTMalF-
MalG only; squares, 1 .M MBP only (background).

It will be of interest to determine whether a MalF-MalG
complex in isolation can mediate transfer of maltose across the
membrane. Truncation of the C-terminal nucleotide-binding
domain of the ABC transporter LmrA, which mediates multi-
drug efflux from bacterial cells, leaves behind a membrane-
spanning domain that appears to facilitate the uptake of drug
substrates into cells through a proton-symport mechanism
(23). The transmembrane subunit of the bacterial arsenate
transporter ArsB (not an ABC transporter), when expressed
alone, mediates proton-driven efflux of arsenate, though it
normally forms a complex with the ArsA ATPase subunit to
mediate ATP-driven efflux (10). In preliminary experiments
with purified MalF-MalG, we have not yet detected similar
activities (data not shown).

The ability to completely extract HTMalK from inside-out
membrane vesicles with urea and reassemble a purified trans-
porter complex in detergent solution represents a significant
improvement over earlier procedures for in vitro complex as-
sembly (11, 13, 16). It will now be possible to differentially label
the transmembrane and nucleotide-binding subunits to moni-
tor fluorescence energy transfer between them. Coexpression
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FIG. 4. Dependence of ATPase on MalK or MalF/MalG concen-
tration. A. A fixed concentration of proteoliposomes containing
HTMalF and MalG (1 pM protein) was incubated with increasing
concentrations of purified MalK for 15 min and then assayed for
ATPase activity in the presence (open circles) or absence (open
squares) of MBP. MBP-stimulated ATPase activity (closed circles) is
calculated by subtracting activity in the absence of MBP from that in
the presence of MBP. B. A fixed concentration of purified MalK (1
wM) is incubated with increasing concentrations of purified, reconsti-
tuted HTMalF and MalG and then assayed for ATPase activity. Only
MBP-stimulated ATPase activity is shown, as basal ATPase activity is
low and unchanged throughout.

of MalK with MalF and MalG drives MalF into a more-pro-
tease-resistant conformation (21) that may account for the
high yield of MalF-MalG in our experiments as well as the
improved solubility of MalF in nonionic detergent compared
to that of previous reports (18). In essence, we have used MalK
as a chaperone to promote the assembly of MalF and MalG.
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