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ABSTRACT. MdfA is a 410-residue-long secondary multidrug transporter fiéencoli. Cells expressing

MdfA from a multicopy plasmid exhibit resistance against a diverse group of toxic compounds, including
neutral and cationic ones, because of active multidrug export. As a prerequisite for high-resolution structural
studies and a better understanding of the mechanism of substrate recognition and translocation by MdfA,
we investigated its biochemical properties and overall structural characteristics. To this end, we purified
the p-dodecyl maltopyranoside (DDM)-solubilized protein using a 6-His tag and metal affinity
chromatography, and size exclusion chromatography (SE-HPLC). Purified MdfA was analyzed for its
DDM and phospholipid (PL) content, and tetraphenylphosphonium {FBidding activity. The results

are consistent with MdfA being an active monomer in DDM solution. Furthermore, an investigation of
two-dimensional crystals by electron crystallography and 3D reconstruction lent support to the notion
that MdfA may also be monomeric in reconstituted proteoliposomes.

The simultaneous emergence of resistance in eukaryoticSalmonella entericaerovar Typhi (90% homology)Lb),
and prokaryotic cells to many unrelated cytotoxic agents is and Yersinia pestis(73% homology) 16). MdfA is a
termed multidrug resistance (Mdlr A major form of multidrug/proton antiporter with a remarkably broad substrate
multidrug resistance is caused by Mdr transporters that specificity profile @, 17, 18). In addition to its function as
remove multiple drugs from the cell cytoplasm or cytoplas- an Mdr transporter, recent studies revealed that MdfA plays
mic membrane to the external mediun, (2). These a physiological role in alkaline pH homeostasis, possibly
transporters are able to extrude a large variety of chemically through its K'/proton antiporter activity ¥9). Limited
unrelated, usually lipophilic compounds, which are positively structural information about MdfA has been revealed through
or negatively charged under physiological conditions, as well hydrophobicity profiling 8), gene fusion analyse&(, 21),
as neutral and zwitterionic compounds-6). Therefore, in several cysteine accessibility experimeng2,(23), and
addition to their potential clinical importancer)( Mdr homology modelingZ4). According to the emerging model,
transporters pose intriguing questions regarding substrateMdfA is a typical MFS-related 12 transmembrane helix (TM)
recognition, energy coupling, and transport mechanism. On protein with a large and complex multidrug recognition
the basis of bioenergetic and structural criteria, Mdr trans- pocket. However, direct structural information is required
porters belong to at least five different families of transport for a better understanding of the molecular mechanism by
proteins driven either by ATP (ABC Mdr transporters) or which MdfA recognizes and transports multiple dissimilar
by ion electrochemical gradients (Mdr transporters of the substrates. As a critical step toward high-resolution structural
MFS, RND, MATE, and DMT superfamilies( 9). studies of MdfA, we have characterized its biochemical

MdfA is an Escherichia coliMdr transporter of the major  properties in detergent solution. These studies revealed that
facilitator superfamily (MFS) 10, 11), which serves as a  every solubilized MdfA molecule is accompanied by PLs

model in our studies of secondary Mdr transp8rt1(2, 13). and detergent molecules, with a stoichiometry that is
Very close homologues of MdfA were identified in patho- dependent on the detergent concentration used during the
genic bacteria: Shigella flexneri(99% homology) 14), purification protocol. The results of the biochemical studies,

in combination with a low-resolution 3D map of the protein
T This work was supported by a grant from the Israel Cancer Researchderived from electron microscopy analysis of 2D crystals,

Foundation (ICRF) and the Israel Science Foundation (ISF). strongly suggest that MdfA is a monomer in detergent
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topyranoside; PL, phospholipid; TM, transmembrane helix. with 0.2% arabinose for 2 h. A typical 10-L culture yielded
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~15 g (wet weight) of cells. Cell pellets were washed once A (50 mL) was obtained by dissolving 0.31 g of the powder
in 150 mL of 50 mM KPi (pH 7.3) supplemented with 2 mix and 0.1 g of ammonium molybdate in double distilled
mM MgSQO, and 14 mMg-mercaptoethanol and collected water. For the determination of PL concentration, 0.125 mL
by centrifugation (15 min, 5,0@). Next, the cells were  of the acid solution was added in a glass tube to each
suspended in 90 mL of the same buffer containingu@0 sample: 0.2 mL containing-5100 nmol of phosphate, as
mL DNAse and 0.5 mM pefablock and passed three times K,HPQO, for calibration, or 0.1 mL Z-distilled water+ 0.1
through a liquidizer (Emulsiflex-C5, Avestin) (10,000 psi) mL of each of the test samples. The tubes were heated
for disruption. Cell debris was removed by centrifugation (directly on a flame) until an orange color appeared. Solution
(30 min, 8,00@), and the membranes were collected by A (2.5 mL) was then added, and the samples were heated to

ultracentrifugation (1 h, 250,08D. The membranes were
homogenized in 27 mL of urea buffer (20 mM Tris-HCI at
pH 8, 0.5 M NaC|] 5 M urea, 10% glycerol, 28 mM

100°C for 8 min. After cooling to room temperature, Q4o
was measured. Each calibration sample was determined in
duplicate and the test samples in triplicate.

pB-mercaptoethanol, and 0.5 mM pefablock), incubated by Protein Assay The concentration of MdfA was initially

tilting for 30 min at 4°C, and collected by ultracentrifugation
(3 h, 250,00Q). The membranes were washed with 27 mL
of buffer A (20 mM Tris-HCI at pH 8, 0.5 M NaCl, 10%
glycerol, and 3.5 mMg-mercaptoethanol). Finally, the

directly analyzed by amino acid analysis (Chemical Services
Unit of the Weizmann Institute of Science). For this purpose,
MdfA samples of 5Q:L were dialyzed overnight against 80
mL of 2x-distilled water in order to decrease solute

membranes were suspended by homogenization in 14 mLconcentrations. The amino acid analysis of each sample was

of buffer A, and aliquots of 3.5 mL were snap-frozen in
liquid nitrogen and stored at80 °C.
Membrane Solubilization and MdfA Purificatior-or

performed in triplicate. The amino acid analysis was then
utilized to produce a conversion factor (1.1) that enabled
the determination of MdfA concentration by the BCA protein

solubilization, an aliquot (3.5 mL, see above) of membranes assay kit (Pierce). In addition, we were able to determine

was thawed quickly at 37C and then supplemented with

the absorbance coefficient for MdfA (1 mg/mk.2.1 ODygp

7.5 mL of buffer A. The membranes were homogenized and units).

solubilized by 1.7 mL of 10¥%$-dodecyl maltopyranoside
(DDM) (final concentration 1.2%) added in four aliquots

TPP' Binding Assay Binding assays were performed
essentially as describe@5) with the following modifica-

(0.425 mL) separated by intensive homogenization. The tions. Purified protein (0.£0.3 mg) was mixed with Ni-

mixture was then agitated for 30 min at°€. Insoluble
material was discarded by ultracentrifugation (30 min,
100,00@), and the soluble fraction was mixed with buffer
A-equilibrated Talon beads (Clontech) (1.3 mL). Next, the
mixture was agitated fo3 h at 4°C, and the suspension

NTA beads (30Q:L) in 5 mL of buffer C (20 mM Tris-HCI

at pH 8, 0.5 M NacCl, and the indicated DDM concentration)
and gently agitated for 30 min at®€. The unbound material
(supernatant) was discarded by brief centrifugation ¢700

2 min). The beads were then washed with buffer C and

was poured into a column. The column was then washedresuspended in 3.2 mL of buffer D (20 mM Tris-HCI at pH

(2x 7.5 mL of buffer A without glycerol, supplemented by
5 mM imidazole and either 0.01% or 0.1% DDM). MdfA
was eluted in 4 mL of the elution buffer (20 mM Tris-HCI
at pH 7.2, 0.5 M NaCl, 100 mM imidazole, 0.01% or 0.1%
DDM, and 3.5 mMpg-mercaptoethanol) and dialyzed over-
night against buffer B (20 mM Tris-HCl at pH 7.2, 0.12 M
NaCl, and 0.01% or 0.1% DDM) at 4C. Protein (ap-
proximately 0.25 mg in 0.5 mL) was analyzed by SE-HPLC
using a Superdex200 10/300 GL column (Amersham Bio-
sciences) and ice-cold buffer B containing either 0.01% or
0.1% DDM at a flow rate of 0.3 mL/min.

DDM Assay The concentration of DDM was determined
as previously describe®®). Briefly, a 60uL-sample was
mixed with 0.3 mL of 5% (w/v) phenol and then with 0.72
mL of concentrated sulfuric acid, followed by immediate
vortexing. After cooling to room temperature (30 min), the

7, 0.5 M NaCl, and the indicated DDM concentration),
divided into 20QuL aliquots, which were incubated (10 min,
4 °C) with 50 nM of PH]JTPP' (2 Ci/mmol) and increasing
concentrations of unlabeled TPP0.6—50uM). An aliquot
of 180 uL of the resin-MdfA-PH] TPP" mixture was then
transferred to a Promega Wizard minicolumn on top of a
microfuge tube and centrifuged at 10,@G0r 20 s. Unbound
(flow-through) material was discarded, and the resin was re-
suspended in 10@L of buffer D containing 350 mM
imidazole. The radioactivity of this suspension was measured
by liquid scintillation. The amount offH]TPP" bound to
the resin in the absence of MdfA was subtracted from all
measurements.

Two-Dimensional Crystallization and Sample Preparation.
For the formation of 2D crystals, a combination of methods
was usedZ7—30). Essentially, a solution of purified MdfA

OD.g0 0f each sample was measured. Each standard solution(1 mg/mL) was mixed with detergent-solubilizEdcoli polar
was measured in duplicate and the chromatography fractiondipids (Avanti polar lipids) (4 mg/mL in 1% DM) to the

in triplicate. The amount of MdfA-associated DDM was
determined from the amount of DDM in the protein sample
less that in a buffer without protein.

PLs AssayThe concentration of PLs was determined using
a modified colorimetric assay for inorganic phosphate. An
acid solution was prepared by mixing 40 mL of concentrated
sulfuric acid and 20 mL of perchloric acid with 60 mg of
vanadium (IV) oxide for 3-4 h. A powder mix containing

desired protein/lipid ratio in the range of 6:5. After 16 h

of incubation at £C, the sample was dialyzed for 10 days
against a 2000-fold volume of the crystallization solution
(20 mM NaOAc adjusted to the desired pH in the range of
6—9.5, 3 mM NaN, 5 mM g-mercaptoethanol, and the
desired salt concentration in the range efSD0 mM) (see
Results). Where indicated, 40 mg/mL Bio-beads (Biorad)
were added to the dialysis buffer. Five microliters of a sample

15 g of sodium metabisulfide, 0.25 g of 4-amino-3-hydroxy- was then applied for 1 min to a glow-discharged carbon
1-naphtalenesulfonic acid, and 0.5 g of sodium sulfite was coated {10 nm) copper 400-mesh grid, and the sample was
prepared and stored in the dark. Freshly prepared solutionstained for 45 s by applying bL of 1% uranyl acetate.
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Electron MicroscopySamples were scanned using an FEI
T-12 electron microscope operating at an acceleration voltage
of 120 kV. Images were recorded at room temperature using
standard low-dose procedures, at a nominal magnification

of 59,000 on Kodak SO163 film. Tilted images were
collected from—45° to +45°, at intervals of 15.

Image Processindvlicrographs were developed for 12 min
in a Kodak D-19 full-strength developer and were evaluated

using a homemade laser optical bench. Images showing

ordered diffraction were digitized using a Creo Eversmart

Ficure 1: Purification of MdfAsy s at different DDM concentra-
tions. Samples withdrawn during the purification of MdfA were
analyzed by SDSPAGE and Coomassie blue staining. M denotes

Supreme scanner at 2.2 A per pixel. The best images werethe molecular mass marker. Lane 1, total membrane proteins; lane

processed using the standard MRC pack&de Eollowing

correction for lattice distortions (unbending), images were
corrected for the effects of the contrast transfer function
(CTF). Using the image showing the highest order as a

2, solubilized fraction; lane 3, Talon-unbound fraction; lane 4, 0.1%
DDM column wash fraction; lane 5, 0.01% DDM column wash
fraction; lane 6, 0.1% DDM elution fraction; lane 7, 0.01% DDM
elution fraction; lane 8, concentrated 10) SE-HPLC fraction (in
0.1% DDM); and lane 9, concentratest 10) SE-HPLC fraction

reference, a common phase origin was determined (and(in 0.01% DDM). Lanes %5: for normalization, equivalent

refined) for all the images to be merged. The final projection

volumes were loaded on SB®AGE. Lanes 67, 2.5 ug of

map was calculated from the merged amplitudes and phasegUrified protein. Lanes 89, 7 ug of purified protein.

of eight unbent and CTF corrected images.
Three-Dimensional Reconstructiorhe projection data set
was sequentially merged to the data of increasingly tilted
images, employing iterative cycles for tilt geometry refine-
ment. Curve fitting to the experimental structure factors was
performed using the program LATLINE3®), and the 3D

density map was produced using the CCP4 program suite.

RESULTS

Previously, we utilized metal affinity techniques for the
purification of MdfA tagged with six histidines at the
C-terminus (MdfAswis) (17, 19, 25, 33). This purification
protocol yielded functional MdfA in detergent solution, as
shown by direct TPRbinding assays. However, these studies
revealed a stoichiometry of 0.6:1 (TPRIdfA), suggesting
that either MdfA functions as a dimer or that a substantial
fraction of the purified protein was inactive. In order to
distinguish between these possibilities, MdfA was solubilized
and purified under various conditions, its biochemical
properties were characterized, and its overall structural
features were studied by 2D crystallization and electron
microscopy.

Single Step Purification of MdfAADM-solubilized mem-
branes prepared from MdfA-overexpressing cels) fvere
incubated with Talon cobalt resin and divided into two

0.1%DDM
/

0.01%DDM
RS

Aogp (a.u.)

10 15 20
elution volume (ml)
Ficure 2: Analysis of purified MdfA by SE-HPLC. A typical
elution profile (Aggg) of purified MdfA in 0.01% DDM or 0.1%
DDM. Molecular mass markers (thin lines) are as follows: a,
dextran blue, void volume marker; b, glutamate dehydrogenase,
290 kDa; c, lactate dehydrogenase, 142 kDa; d, enolase, 67 kDa;
e, myokinase, 32 kDa; and f, cytochroroel2.4 kDa.

25

both in 0.01% and 0.1% DDM (Figure 2). Interestingly, the
elution retention time for MdfA is dependent on the DDM
concentration and corresponds to a molecular massldb

kDa at 0.01% DDM and~112 kDa at 0.1% DDM. Both
particles are several-fold larger than the size expected from
the calculated molecular mass of MdfA45.5 kDa, includ-

ing a 6-histidine tag). These results suggest that MdfA is

samples, which were washed and eluted in either 0.01% oreither oligomeric and/or associated with lipids and detergent

0.1% DDM as described in Experimental Procedures.
Samples from each purification step were analyzed by-SDS
PAGE (Figure 1), and the results show that MdfA is
significantly overexpressed (Figure 1, lane 1), and ap-
proximately 30% can be solubilized by 1.2% DDM (Figure
1, lane 2). Furthermore, under the conditions used for binding
to the Talon resin, only MdfA was found bound to the beads
(Figure 1, compare lane 2 with lane 3). The single step
purification protocol yielded highly purified MdfA, regardless
of the DDM concentration used in the final steps (Figure 1,
lanes 6 and 7). This preparation of MdfA, which is usually
utilized in our functional and structural studies, was char-
acterized further by SE-HPLC (Figure 1, lanes 8 and 9).
Characterization of Purified MdfA by SE-HPLOhe

elution profiles of the two MdfA preparations through a
Superdex200 column confirms that indeed the metal affinity
purification yielded a highly pure and monodispersed protein

molecules.

Characterization of the DDM Content of Purified MdfA.
The DDM concentration in fractions collected during SE-
HPLC experiments was determined as described in Experi-
mental Procedures. When superimposed on the SE-HPLC
elution profiles, the DDM maxima coincide with the MdfA
peeks, indicating that MdfA is indeed loaded with DDM
molecules (Figure 3A). As expected, MdfA-unbound DDM
micelles have a longer retention time and, therefore, elute
late during chromatography (Figure 3B). In order to quantify
how many molecules of DDM are, on average, associated
with each MdfA molecule, the amount of MdfA in the peak
fractions was determined by total amino acid analysis (see
Experimental Procedures). The results show a molar ratio
of 1:165 (MdfA/DDM) in the 0.01% DDM preparation and
1:101 for MdfA purified in 0.1% DDM. These results are in
general agreement with the size of the MdfA patrticles, as
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B Ficure 4: Purified MdfA is active in either 0.01% or 0.1% DDM.
Specific TPP binding by purified MdfA was measured as described
= 0.18 - (rhombus, 0.01% DDM,~32 pmol of MdfA/measuremeant;
1= 0.16 triangle, 0.1% DDM,~64 pmol of MdfA/measurement). The
=2 0'14 | nonspecific component of binding to the resin alone was subtracted.
E 0'12 ] The experiments were performed in triplicate, and the error bars
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& 0101 The linear regressioR? is 0.929 for 0.01% DDM (rhombus) and
o 008 0.896 for 0.1% DDM (triangle).
o 0.06
’cé g'g:: Experimental Procedures). As detailed (Table 1), the results
F 000 show that substantially fewer PLs are associated with MdfA
"7 12,5 18.0 13.5 14.0 145 15.0 155 16.0 16.5 prepared in 0.1% DDM (1:13 mol MdfA/mol PLs) compared
elution volume (ml) to the amount PLs in MdfA prepared in 0.01% (1:28). Unlike

FIGURE 3: (A) Analysis of MdfA-associated DDM by SE-HPLC.  the unexpected difference between the amounts of associated
DDM concentration in the MdfA elution fractions (bars) was DDM, the difference in the amount of bound PLs is not
determined as described, and shown in the context of the elutionsurprising and suggests that more PLs are washed off MdfA
profile of MdfA (Azg solid line). DDM concentration in the protein  quring the purification protocol at high DDM concentrations.

sample and the elution buffer is 0.01%. (B) Analysis of DDM S . : .
micelles by SE-HPLC. A DDM sample without protein was Determination of the Oligomeric Structure of MdfA in the

subjected fo all the same purification steps to which the sample in D€tergent SolutioAt low DDM concentration (0.01%), our
panel A was subjected. The sample was concentrated using a 3cstudies show that on average, each molecule of MdfA is
kD-Vivaspin filter and subjected to SE-HPLC. Fractions were associated with approximately 165 DDM and 28 PL mol-
analyzed for DDM content as described. ecules. When combined, these molar ratios yield a total mass
for the solubilized MdfA of 147+ 5 kDa. This molecular
weight is in agreement with the calculated molecular mass

Table 1: Characterization of Purified MdfA

DDM concentration 0.01% 0.1% of the MdfA particle obtained by SE-HPLC (Table3146
p“?:;;?i‘grl‘_%ﬁ:tdure) 27+£03 3.0+ 03 kDa), suggesting that MdfA is a monomer in DDM solution.
DDMIMIA (wiw) 18401 11+ 0.2 When purified at a hlghgr concentratlon_of DDM (_0.1%),
DDM/MdfA (mol/mol) 165+ 9 101+ 16 each molecule of MdfA is associated with approximately
PL/MdfA (w/w) 0.43+0.02 0.224+ 0.05 101 DDM and 13 PL molecules, leading to a total mass of
P'-/I'V'df'l“ (mOI/mOI?D 2811:{15 igécflo ~106 kDa. In agreement with this value, the SE-HPLC
in‘iﬂﬂ?éi)( 3) 1464 2 11246 yielded an MdfA particle that is smaller than the particle

aThe content of DDM, PLs, and MdfA in the sample was determined obtained at 0.01% DDM -(Table hll-z k-Da)' Therefor-e’
as described in Experimental Procedures. Weight/weight (w/w) and mol/ we conclude that MdfA is monomenc in DDM Sc_)l,uno,n
mol ratios of DDM and PLs to MdfA in purified protein were then  'e€gardless of the DDM concentration used for purification
calculated. The molecular mass of the purified protein was calculated (See Discussion).
on the basis of molar ratios of MdfA, DDM, and PLs. Average  Functional Characterization of Purified MdfAn order
molecular mass values of 0.7 kDa fBir coli PLs and 0.5 kDa for 44 compare the activity of MdfA purified under low and high
DDM were used_ln all calculations. The exp_erlmen'gal moI(_acuIar weight DDM concentrations, we utilized a direct substrate-binding
of purified protein (MWse-npLc) Was determined using calibrated SE- X ¢ ! . A
HPLC (Figure 2). The entire characterization was performed at least assay with radiolabeled TPRs described previousI2§).
three times. Briefly, MdfA was purified by metal affinity chromatography

(single step) using 0.01% or 0.1% DDM in the purification

observed in SE-HPLC (Table 1). Surprisingly, unlike our buffers. After a dialysis step needed for the removal of
predictions, less DDM was found bound to MdfA when imidazole, MdfA was re-immobilized by the resin, and tested
purified at high DDM concentrations. for equilibrium TPP-binding activity in the presence of the

Characterization of the PL Content of Purified Mdfi. respective DDM concentrations used for purification. The
addition to detergent molecules, purified membrane proteinsresults clearly show that regardless of the DDM concentra-
are often associated with tightly bound lipid molecules. tion, MdfA specifically binds TPP with a Kp of ap-
Because PLs represent the majority of lipids in Ehecoli proximately 2.9«M, and the stoichiometry of TPPMdfA
membranes34), we determined PL concentrations in the is ~1:1 (Figure 4). These results suggest that MdfA retains
purified MdfA preparations at 0.01% and 0.1% DDM (see its functional conformation even if the molar amounts of
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associated DDM and PL molecules are as low as 101 and
13, respectively.

Formation of 2D Crystalsin order to characterize the
oligomeric state of MdfA in the membrane and gain
structural insight regarding the overall architecture of the
transporter, we have crystallized MdfA in two dimensions.
During an initial search for crystallization conditions, several
parameters had paramount influence on crystal formation.
The most important variables were temperature, lipid to
protein ratio, lipid type, and the rate of detergent removal.
Interestingly, the absolute concentrations of protein and lipids
were less influential as long as an appropriate ratio was kept
between them.

Initially, in order to expedite detergent removal, all
crystallization trials were conducted at-230 °C. Under
various conditions, ordered crystalline patches were formed
(Figure 5A and B). Further analysis of these crystals using
freeze-fracture techniques revealed that indeed the crystals
are composed of protein molecules (Figure 5C). Unfortu-
nately, Fourier transformation and freeze-fracture analysis
both indicated that the crystals were multilayered and thus
not amenable to analysis by electron microscopy (Figure 5B
inset, Figure 5C, and Figure 5C inset). These problems were
solved by lowering the dialysis temperature. As shown in
Figure 6A, small, single layer crystalline patches were
observed when crystallization was conducted at 2€.5In
order to compensate for the slower rate of detergent removal
at this temperature, detergent absorbing beads were added
to the dialysis buffer. The use of detergent absorbing beads
led to an increase in size and order of crystals. Further
optimization of the crystallization conditions yielded ordered
crystals of adequate size (Figure 6B and C). The most
ordered largest crystalline patches were produced by mixing
a 1 mg/mL solution of purified MdfA in 0.1%»-dodecyl-
[B-D-maltopyranoside wit a 4 mg/mL solution oE. coli polar
lipids (in 1%n-decyl3-b-maltopyranoside, (DM)) to a final
lipid to protein ratio of 0.35 (w/w). Dialysis was conducted
for 10—12 days at 14.8C against a 2000-fold volume access
of 20 mM NaOAc, 120 mM NaCl, 3 mM Nafj\ 5 mM
B-mercaptoethanol at pH 6, and 40 mg/mL Bio-beads.

Projection Structure of MdfArourier transformations of
images of negatively stained crystals revealed order up to
15 A resolution (Figure 6C). Subsequent unbending and : =
refinement of the images using the MRC program package pigure 5: Electron microscope images of negatively stained
(31) revealed reliable information up to 12 A resolution crystals of MdfA obtained at 30C. (A) Low magnification
(Figure 7A). Three space groups were identified to have overview of crystalline patches. (B) High magnification of the area
comparable phase residuals by the program ALLSPACE: boxed in A. Inset, FFT of the image. (C) Freeze fracture image of
P2,2,2, P4, andP42,2;. The absence of certain symmetry a similar sample. Inset, FFT of the image.
related reflections in the calculated Fourier transforms monomer. In projection, the width of the monomer varies
allowed us to rejedP4 symmetry. Although the ALLSPACE  between 23 and 43 A. The surface area of the MdfA
residuals do not allow for differentiation betwePg,2;,2 and monomer is 1614 A which according to the estimate of
P42,2, simple symmetry arguments favéi?;2;2 overP42,2 140 A2 per TM (35, 36) corresponds to the presence of 12
because the latter space group would require crystallographicTMs in MdfA. This surface area conforms well to those
2-fold symmetry within the molecule, which is not biologi- observed in projection maps of other secondary transporters
cally meaningful. As such, we have processed the images(NhaA, 1824 & (37); OxIT, 1536 & (38); and MelB, 1813
according taP2,2;2 symmetry. Figure 7B shows tiR2;2,2 A2 (39)). Although the present resolution offers little
projection map of MdfA calculated from merging the eight structural details, the structure provides information about
best images. The square unit celbis= 134.2 A (SD= 0.8, the overall architecture of the transporter. The outer molec-
n=28),b=133.9A (SD=0.61,n=8),g=89.9 (SD= ular envelope of MdfA most closely resembles that of OxIT
0.3,n = 8), and contains four protein molecules. The MdfA (Figure 4 in B8)). However, unlike the quasi, 2-fold
monomer has an asymmetric envelope, roughly elliptical in symmetry observed in OxIT, GIpT, and Lac$§ 40, 41),
shape, and is 55 A in length along the long axis of the the densities observed in the projection map of MdfA are
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Ficure 6: Electron microscope images of negatively stained 2D
crystals of MdfA obtained at 14.8C. (A) Small patches of single
layered crystals. (B) Addition of detergent absorbing beads and 4
optimization of crystallization conditions lead to the formation of d b, PR R
continuous crystalline patches. (C) FFT of the image shown in B. Ficure 7: AnaIysns of 2D crystals of MdfA. (A) Image quality
plot (IQ) of a single crystal. Each spot in the transform is
distributed in an asymmetric manner. This asymmetry is not represented by a square and an 1Q number indicating the signal-

as pronounced as that observed in the projection maps ofto- noise ratio. Larger boxes and smaller 1Q values reflect higher
NhaA or MelB, but it may suggest that the helical packing quality spots. (BJP2;:2:2 projection map of MdfA calculated from
. - . merging the eight best images. One unit cell is shown in the dashed

of Mde_ls sI_|ghtIy different _from that of OxIT, GIpT, or box. (C) Close-up of an MdfA dimer taken from B.
LacY (vide infra). No continuous area of low density
(suggesting the location of a translocation pore) is visible produce the 3D data set. Interpolated fits to the experimental
within the MdfA monomer (see Discussion). structure factors were calculated using the program LAT-

A dimeric association of MdfA monomers can be observed LINE. The overall phase residual for the 3D map was 18.7
in the projection map (Figure 7B and C). However, the (90° phase residual expected from random data) for 1983
contact between two MdfA monomers is restricted to a rather reflections of image quality factor (1Q) values of 4 or better.
narrow region, approximately +20 A wide. This limited A summary of the crystallographic data quality and image-
contact between the monomers questions the functionalprocessing parameters are shown in Table 2. A side view
significance of such an association and is most likely a result (parallel to the membrane plane) of the reconstructed 3D
of crystal packing. model of MdfA shows a heart shaped molecule that can

Three-Dimensional Reconstruction of MdfNext we roughly be divided into left and right domains (Figure 8).
reconstructed a 3D model of MdfA from a series of tilted The pseudo 2-fold internal symmetry observed in OxIT,
images of negatively stained crystals. This approach has beerGIpT, and LacY is absent in MdfA, as was also suggested
successfully used in the past for other transporters andby the projection map. Another evident feature is the
channels42). Forty-three images were recorded at tilt angles compactness of the structure relative to the more open
ranging from +£15° to +45°, and tilt geometries were structures displayed by both LacY and GIpT. Such compact
manually calculated and later verified by the program conformation might represent an intermediate state, as was
EMTILT. The low angle tilts were then merged to the proposed for EmrD 43), between the two rocker switch
projection data set and subsequently to the higher tilts to conformations in the postulated alternating access mechanism
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to the detergent concentration used during the purification

Table 2: Electron Crystallographic Image Statistics . . L
(44, 45), it was unexpected that DDM exhibits a similar

two-sided plane group symmetry P212:2 tendency. Although other explanations for this phenomenon
unit C}‘;" parameters 13494 0.8 cannot be excluded, we favor the possibility that a large
ngg 133.94 0.61 amount of DDM is apparently associated with MdfA through
y (deg) 89.9+ 0.3 bound PLs. Thus, when purified in high DDM concentra-
no. of crystals used for the 8 tions, some of the DDM molecules replace MdfA-bound PL
generation of the projectionmap molecules, whereas others only remove PLs from the protein
P:r'];; g:(yoslé?cl)scﬂze(%n 3D reconstruction 55‘3025000 and transfer them to the detergent micelles. Consequently,
no. of observations, IG 4 1317 less DDM remains attached to MdfA under these conditions.
no. of unique observations 754 Studies with other polytopic membrane proteins have
overall phase residual to 15 A (deg), Q5 18.7 shown that the amount of DDM bound to each protein
molecule varies in the range of 168390 moleculesZ6, 46—
A 48), possibly dependent, among other factors, on the

detergent used and its concentration. Thus, the amount of
DDM bound to MdfA is consistent with these previously
reported values. Similarly, the amount of PLs associated with
MdfA is consistent with that of various purified polytopic
membrane protein6, 44, 45).

Importantly, purified MdfA is active, as shown by equi-
librium TPP*-binding assays, and binds the substrate with
1:1 stoichiometry, regardless of the DDM concentration used
for purification. These results suggest that the amount of PLs
bound to MdfA purified in 0.1% DDM is sufficient to
maintain full equilibrium substrate-binding capacity. Whether
the kinetics of association and dissociation of substrates from
MdfA are more strictly dependent on the amount of bound
PLs remains to be determined. In our previous wd¥) (
the MdfA—TPP" binding stoichiometry was determined to
be 0.6. This apparent contradiction with the present results
can be reconciled by the fact that protein concentration was
overestimated in the previous studies. Here, we have
performed amino acid analysis in order to calibrate the
various protein concentration assays and determine its
FiGURE8: Three-dimensional reconstruction of MdfA. (A) Packing absorbance coefficient at 280 nm. In conclusion, our present
of MdfA dimers in three dimensions. The view is along the Y-axis. findings suggest that each molecule of MdfA binds one
(B) Side views Of.a Single MdfA monomer. The SnapShOtS are molecule of TPFB, |ending Support to the Suggestion that
rotated by 90 relative to one another. MdfA is functional as a monomer.

To gain further insight into the oligomeric organization
of MdfA in its natural environment, we have crystallized
the transporter embedded in proteoliposomes. Electron
t1:rystallography of negatively stained 2D crystals have been
successfully used in the past to obtain low-resolution
structural information of transporter43). Two-dimensional
crystals of MdfA were formed in either membrane vesicles
DISCUSSION or membranous sheets, and the former proved to be more

amenable to structural analysis by electron crystallography.

We have investigated the properties of the secondary The 15 A projection map of MdfA (Figure 7) shows four
multidrug transporter MdfA by biochemical and structural protein molecules in each unit cell of the crystal lattice.
means and demonstrated that the functional transporter isAlthough two of these protein molecules are in close vicinity
monomeric in a detergent solution and probably also in to one another, a closer look at the contact region between
reconstituted proteoliposomes. them reveals that it is quite narrow and thus questions the

For biochemical studies, Mdf#ys was purified by metal ~ functional relevance of such an association. The surface area
affinity chromatography using two different concentrations of each MdfA monomer (1614 % conforms well with the
of detergent, close to its critical micellar concentration presence of 12 TMs, as has also been suggested by extensive
(CMC) and 10-fold higher (0.01% and 0.1% DDM, respec- topological studies 20, 21). Similar surface areas with
tively). SE-HPLC analysis of the purified proteins and reminiscent molecular envelopes have been observed for
measurements of the amount of DDM and PLs bound to other MFS transporters (LacY41), GIpT (40), and OxIT
MdfA revealed that under both conditions, MdfA migrates (38)). It seems that regardless of the transported moiety, be
as a monomer. Interestingly, however, the results also showedt a sugar, glycerol-3-phosphate, oxalate, or hydrophobic
that MdfA binds less DDM under high DDM concentrations. drugs, some structural conservation persists within this super-
Whereas the amount of bound PLs is usually inversely relatedfamily (49). In contrast to the pseudo 2-fold internal

of transport by GIpT and LacY4Q, 41). This architecture
might also represent a closed conformation of the transporter
with an occluded substrate. However, both the resolution of
the 2D structure presented here and the crystal structure o
EmrD (3.5 A) are not sufficient for the detection of a
substrate molecule.
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symmetry present in LacY, GIpT, or OxIT, the distribution
of densities in MdfA lacks such symmetry. Such internal

asymmetry may project the low sequence homology between

the N-terminal and Gterminal halves of MdfA. No continu-

ous area of low density can be defined in the projection map

of MdfA. The lack of such an opening may be the result of
the low resolution of our map but may also reflect a closed

conformation of MdfA. Such a closed conformation was also  16.
observed in the recently published structure of the putative

MFS multidrug transporter EmrD48). Despite its low
resolution, the 3D reconstruction of MdfA sheds some light
on both the oligomeric organization of the transporter and
of its conformation. Along the-axis of the crystal lattice

(perpendicular to the membrane plane), contacts between

neighboring monomers are limited to a very narrow area,

suggesting that these contacts are a result of crystal packing. 17.
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