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ABSTRACT: MsbA is the ABC transporter for lipid A and is found in the inner membranes of Gram-
negative bacteria such asEscherichia coli. Without MsbA present, bacterial cells accumulate a toxic
amount of lipid A within their inner membranes. A crystal structure of MsbA was recently obtained that
provides an excellent starting point for functional dynamics studies in membranes [Chang, and Roth (2001)
Science 293, 1793-1800]. Although a structure of MsbA is now available, many questions remain
concerning its mechanism of transport. Site-directed spin labeling (SDSL) electron paramagnetic resonance
(EPR) spectroscopy is a powerful approach for characterizing local areas within a large protein structure
in addition to detecting and following changes in local structure due to dynamic interactions within a
protein. The quaternary structure of the resting state of the MsbA homodimer reconstituted into lipid
membranes has been evaluated by SDSL EPR spectroscopy and chemical cross-linking techniques. SDSL
and cross-linking results are consistent with the controversial resting state conformation of the MsbA
homodimer found in the crystal structure, with the tips of the transmembrane helices forming a dimer
interface. The position of MsbA in the membrane bilayer along with the relative orientation of the
transmembrane helical bundles with respect to one another has been determined. Characterization of the
resting state of the MsbA homodimer is essential for future studies on the functional dynamics of this
membrane transporter.

Multidrug resistance (MDR) is becoming an increasingly
serious problem in a number of areas of medicine, especially
in the treatment of infectious diseases and cancer (1-7). ATP
binding cassette (ABC) transporters aid in drug resistance
by using ATP hydrolysis to translocate drugs back across
the cell membrane. In addition, serious genetic disorders such
as cystic fibrosis (8) also result from the function or
dysfunction of ABC transporters.

Human MDR transporters such as MDR1 (9), a P-
glycoprotein, are known to be able to transport an array of
various drugs (10). Their ability to not only transport drugs
or phospholipids but also to “flip” them 180° has given rise
to names such as flippases and hydrophobic vacuum cleaners
(e.g.,11). MDR transporters generally include two membrane
spanning domains and two intracellular ATP binding do-
mains (nucleotide binding domains, NBDs), either all on one
gene [e.g., human MDR1 (9) and the cystic fibrosis trans-
membrane conductance regulator (8)] or as a homodimer
[e.g., MsbA (11, 12)]. To better understand the MDR
transporters, several crystal structures of various MDR ABC
transporters have been solved, including MsbA (11, 12),
MalK (13), and HisP (14). The structures reveal that the ATP
binding domains typically form at least one of the dimer
interfaces, that each NBD binds one ATP molecule, and that
the transmembrane domains are either attached as six helix
bundles [as in MsbA (11, 12), P-glycoprotein (15), and
Rad50 (16)] or contained in tightly bound separate proteins

such as is the case with the MalFGK2 (17) and histidine
permease (18) complexes. In all cases, the dimer form is
necessary for activity, indicating that cooperativity between
the two subunits is essential.

MsbA is the ATPase lipid A transporter found in the inner
membranes of Gram-negative bacteria such asEscherichia
coli. MsbA derived fromE. coli is comprised of 582 amino
acids with a monomeric molecular mass of 65 kDa (19).
MsbA loss from the cell results in a toxic accumulation of
lipid A in the inner membrane (20), making it the only
bacterial ABC transporter that is required for bacterial
viability (21). Because lipid A is the major component of
the outer leaflet of the outer membrane of Gram-negative
bacteria, its synthesis and transport are also essential for cell
growth.

A crystal structure of theE. coli MsbA homodimer was
recently solved to a resolution of 4.5 Å (11). The structure
reveals that the MsbA monomer contains a transmembrane
six helix bundle linked to a globular NBD by a short four
helix bundle. As most, if not all, inner membrane proteins
areR-helical and ATPases by definition contain NBDs, the
structure itself was not surprising. However, the dimer
structure with the periplasmic tips of the helical bundles
comprising the dimer interface and the NBDs> 40 Å apart
has triggered controversy regarding the implied physiological
relevance of this dimer structure (22-24). The few other
ATPases that have been crystallized, such as MalK (13),
Rad50 (16), and HisP (14), all have their NBDs involved in
the dimer interfaces. Because the buried surface area found
in the crystallographic MsbA dimer is considerably less than
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that typically found necessary for a stable interface for
proteins of this size, combined with the fact that other
proteins in its class dimerize at their NBDs, the possibility
arises that this dimer structure is a consequence of crystal-
lization conditions and that another dimer arrangement forms
the resting state of MsbA in its native membrane environment
(e.g., 22). The studies described here directly address the
existence and orientation of the suggested dimer interface
in a reconstituted membrane environment.

SDSL1 EPR spectroscopy is a powerful tool that can
provide a great deal of information on the location and
environment of an individual residue within a very large and
complex protein structure (25-29). Unlike other methods
that allow only the monitoring of global changes in protein
structure, SDSL allows the direct probing of the local
environment, structure, and proximity of individual residues.
Because EPR is not limited by either the macromolecular
size or the optical properties of the sample, it is especially
amenable to the investigation of membrane proteins, as they
are normally difficult to study by other spectroscopy methods
and are an important and large class of biologically relevant
structures. The EPR spectroscopy technique has the unique
ability to address and answer questions not solvable by
genetic or crystal structure analysis and is especially
amenable to the study of MsbA.

EXPERIMENTAL PROCEDURES

Materials. All lipids were purchased from Avanti Polar
Lipids (Alabaster, AL). The nitroxide spin label MTSL was
purchased from Toronto Research Chemicals (Ontario,
Canada), the cross-linking agents were purchased from Pierce
(Rockford, IL), and DM was obtained from Alexis Bio-
chemicals (San Diego, CA).

Methods. Site-Directed Mutagenesis.The gene encoding
theE. coli MsbA protein was obtained by polymerase chain
reaction (PCR) amplification of the chromosomal copy from
E. coli BL21 cells. The genomic DNA was purified from
BL21 cells using the Wizard Genomic DNA Purification Kit
(Promega). PCR amplification of the MsbA gene was carried
out essentially as described previously (30). Briefly, forward
and reverse primers were constructed that contained NdeI
and BamHI sites and annealed to the initial and final
sequences of the MsbA gene. These primers along with the
genomic DNA as a template were used in a PCR reaction
that produced a PCR product containing the MsbA gene
flanked by the engineered NdeI and BamHI restriction sites,
which was then digested and ligated into an NdeI/BamHI-
cut pET28b vector (Novagen) creating a plasmid-encoded
MsbA gene sequence with an N-terminal 6xHis-tag.

The two native cysteines, C88 and C315, were individually
substituted with serine by site-directed mutagenesis using
the QuikChange Mutagenesis Kit (Stratagene) in order to
create the single cysteine mutations C88 (C88/C315S) and
C315 (C88S/C315). In addition, both native cysteines were

substituted with serines to create a cysteineless construct
(C88S/C315S). Single cysteines were then individually
introduced into the cysteineless MsbA to create the V29C,
F56C, E133C, L171C, and A262C mutations. Mutant plas-
mids were sequenced by the MCW Protein and Nucleic Acid
Facility (Milwaukee, WI) for verification of the introduced
cysteine sequence.

Protein Purification.The plasmids containing the MsbA
gene mutations were transformed into NovaBlue cells
(Novagen) for protein purification. Five milliliters of an
overnight culture started from a frozen stock and grown at
37 °C in Luria broth (LB) containing kanamycin (30µg/
mL) was subcultured into four 0.5 L flasks of LB/kanamycin
and grown at 37°C overnight with shaking. The cells were
induced for 3 h with 1 mM isopropyl-1-thio-â-D-galacto-
pyranoside (Fisher Scientific), pelleted, and washed. The cells
were broken by a French press and pressure cell (Thermo-
Spectronic), and the unbroken cells were pelleted by low
speed centrifugation. The membrane fractions were collected
by a high-speed centrifugation step and then solubilized in
1% DM (dodecylmaltoside). MsbA was purified by cobalt
affinity chromatography using Talon resin (BD Biosciences
Clontech) by elution with both 100 and 500 mM imidazole
steps. Each fraction was monitored by SDS-PAGE, and the
pure fractions were pooled and used immediately or stored
frozen in 0.01% DM/50 mM NaPO4/10% glycerol.

Spin Labeling and Lipid Reconstitution.MsbA mutants
were labeled at a 10:1 molar ratio of the sulfhydryl specific
spin label MTSL overnight at 4°C. Excess label was
removed by extensive dialysis against 50 mM NaPO4, 0.01%
DM, pH 7.0 buffer. Protein concentrations were determined
by the detergent compatible DC Protein Assay (BioRad)
using bovine serum albumin as a protein standard. The major
phospholipids of the inner membrane ofE. coli are PE, PG,
and CL. These purified lipids in chloroform were mixed at
a ratio of 65:25:10 PE:PG:CL, dried down under nitrogen,
desiccated, and then resuspended and solubilized in 0.15%
DM prior to the addition of MsbA at a protein:lipid molar
ratio of 1:500. Biobeads (BioRad) were added to the mixture
in order to remove the detergent. The resulting proteolipo-
some solution was then concentrated by high-speed centri-
fugation (30 min at 100000g) and resuspended in the desired
volume of phosphate buffer (with or without NiEDDA or
CROX).

Chemical Cross-Linking.Ten millimolar stock solutions
in DMSO of BMOE (bis-maleimidoethane), DTME (dithio-
bis-maleimidoethane), and DPDPB (dipyridyldithiopropion-
amidobutane) were made and added to 10µM mutant MsbA
reconstituted into lipids at a 10-fold molar excess for 2 h at
room temperature. Each reaction was monitored by SDS-
PAGE with monomeric MsbA run as a control.

ActiVity Assays.ATPase activities of each of the mutants
and the WT protein were carried out using the EnzCheck
Phosphate Assay Kit (Molecular Probes) following the
manufacturer’s instructions. Briefly, MsbA reconstituted into
inner membrane lipids was incubated with 1000-fold excess
ATP and assayed for the release ofPi by reaction with
2-amino-6-mercapto-7-methyl-purine riboside and purine
nucleotide phosphorylase. Standard curves were generated
using a KH2PO4 solution provided with the kit. All MsbA
mutants tested showed activities similar to that of WT MsbA,

1 SDSL, site-directed spin labeling; EPR, electron paramagnetic
resonance; CW, continuous wave; NiEDDA, nickel ethylenediaminedi-
acetic acid; CROX, potassium tris(oxalato)chromate or chromium
oxalate; LGR, loop-gap resonator; SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis; MTSL, methanethiosulfonate
spin label; DM, dodecyl maltopyranoside; PE, phosphotidylethanol-
amine; PG, phosphotidylglycerol; CL, cardiolipin; DTT, dithiothreitol;
WT, wild-type.
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even in the absence of lipid A, similar to results shown
previously for WT MsbA (30).

In addition, ATPase activity was carried out for purified
WT MsbA in both detergent and in the presence of lipids
containing lipid A. Using a colorimetric method previously
described to measure the release ofPi (31), it was found
that the basal activity gave aVmax of 10 nmol/min/mg and a
Km of 1445µM, while the lipid-stimulated activities gave a
Vmax value of 35 nmol/min/mg and aKm value of 1077µM,
showing a 3.5-fold stimulation in ATPase activity due to
the presence of lipid A containing lipids. Spin-labeled WT
MsbA (containing two labels per monomer in the lipid A
binding pocket) was also tested for activity and showed an
increase in basal activity (Vmax of 13 nmol/min/mg andKm

of 1166 µM) and yet a slight decrease in lipid-stimulated
activity (Vmax of 25 nmol/min/mg and aKm of 1556µM) as
compared to unlabeled WT protein.

EPR Spectroscopy.X-band CW EPR spectroscopy was
carried out on a Bruker ELEXSYS fitted with a super high
Q cavity, and the power saturation measurements were
carried out on a Varian E-109 Century series spectrometer
equipped with a LGR (Medical Advances, Milwaukee, WI).
Samples were typically 50-100 µM protein and contained
in a flame-sealed capillary or in a gas permeable TPX
capillary for gas equilibration during accessibility measure-
ments. Data were collected and analyzed using LabView data
collection and analysis programs written by Christian Alt-
enbach, Ph.D. (UCLA).

Accessibility of a spin label to a paramagnetic reagent
decreases the effective spin-lattice relaxation time,T1,
resulting in an increase in theP1/2 value. Thus, the more
accessible a spin label is to a given paramagnetic reagent,
the higher theP1/2 value since the power required for
saturation is increased due to collisions of the spin label with
the paramagnetic relaxation reagent. Therefore, the change
in P1/2 (∆P1/2) relative to a standard measured under N2, for
example,P1/2 (O2) - P1/2 (N2) ) ∆P1/2 (O2), is directly
proportional to the bimolecular collision rate of the spin label
with the paramagnetic probe (32). During power saturation
experiments, the TPX capillary was equilibrated with a
stream of either nitrogen or air (20% oxygen). TheP1/2 values
for each sample in the presence of nitrogen, air, 175 mM
NiEDDA, or 20 mM CROX (under nitrogen) were calculated
as described by Altenbach et al. (33).

To estimate the depths of the spin label side chains in the
membrane bilayer, the valueΦ was calculated using the
equation

and the depths were determined using the calibration
equation:

The inner membrane lipids containing unlabeled WT
protein were calibrated for depth measurements with 5-, 7-,
10-, and 12-doxyl PC spin-labeled lipids.Φ values for each
of the spin-labeled lipids were measured and plotted against
known depths of the spin labels (34) resulting in the above
calibration equation.

RESULTS

The crystallographic structure of the MsbA homodimer
is shown in Figure 1 along with the positions of the mutations
studied here. Four sites along the putative dimer interface
were chosen (F56C, A262C, C88, and C315) in order to
confirm or refute the orientation found in the crystal structure,
while three sites on the opposite faces of the transmembrane
helices were selected (L171C, V29C, and E133C) in order
to determine the positioning of the dimer within in the
membrane bilayer.

EPR Spectra.The EPR spectra of the spin-labeled MsbA
mutants reconstituted into inner membrane liposomes are
shown in Figure 2. All of the spectra, with the exception of
C315, show the presence of two distinct motional compo-
nents, suggesting that the spin label side chains are able to
adopt at least two different conformations relative to the
protein or that there is a dynamic equilibrium between
conformational states. All of the spectra except C315 exhibit
at least some contribution from strongly immobilized spin
label side chains, and this is particularly dominant in the
F56, E133C, and L171C spectra. In addition, although most
show a small population of a higher mobility component,
the majority of spectra show at least some fairly strong
immobilization of the spin label side chain. These results
indicate that the spin label side chains on the chosen sites
are not freely mobile but constrained by either neighboring
side chains or tertiary contacts.

Accessibility Data.CW power saturation EPR spectros-
copy has proven to be a convenient method for determining
the local environment of introduced spin labels within a large
protein structure. In addition, it is useful for integral
membrane proteins, as depth of a given spin label side chain
within a lipid bilayer can be determined using accessibility
data to both oxygen and a water soluble paramagnetic
broadening reagent such as NiEDDA and CROX. Oxygen
and NiEDDA have inverse concentration gradients into the
lipid bilayer, which enables the depth of the spin label from
the phosphate groups of the lipids to be calibrated and
measured. This allows the depth of a spin label attached to
a transmembrane helix, for example, to be determined by
measuring the accessibilities of the label to both oxygen and
NiEDDA. This is an extremely useful technique for position-

Φ ) ln[∆P1/2 (air)/∆P1/2 (NiEDDA)] (1)

depth (Å)) 4.73Φ + 3.98 (2)

FIGURE 1: Crystal structure (4.5 Å resolution) of theE. coli MsbA
homodimer (11) is shown with the introduced cysteine mutation
sites indicated. MsbA is highlyR-helical and consists mainly of a
membrane spanning domain (top) and a nucleotide binding domain
(bottom bundle). The predicted location of the membrane interface
based on data presented here is also indicated (dashed lines).
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ing protein segments such asR-helices within the lipid bilayer
(e.g.,28, 29, 35) and is clearly applicable to the study of
the recently crystallized MsbA.

The results obtained from the power saturation measure-
ments are summarized in Table 1. The predicted membrane-
exposed residues V29C, C88, L171C, and A262C were
analyzed first. On the basis of theΦ values measured by

EPR, site 171 is 4.2 Å deep into the membrane, while V29C
is 8.9 Å deep. Residues C88 and A262C are 3.9 and 10.2 Å
deep, respectively. These values are consistent with the six
helix bundles being transmembrane, as predicted from the
crystal structure. These depths also allow positioning of
MsbA as a whole within the membrane bilayer, which was
not previously possible.

It was predicted that the short helical section of MsbA,
which contains residue E133C, is not membrane-exposed and
serves as a linker region to the soluble NBD (11). Our results
show that site E133C is located at the membrane interface,
with accessibilities indicative of a mainly aqueous-exposed
site. On the opposite side of the membrane, site F56C shows
high accessibility to both reagents, indicative of a surface-
exposed site.

To further establish that residues F56C and E133C were
not embedded in the membrane, accessibility of these sites
to 20 mM CROX, a charged reagent only found in the
aqueous phase, was determined. F56C gave a∆P1/2 (CROX)
of 10.8, and E133C gave a∆P1/2 (CROX) of 6.5, clearly
indicating that these sites are indeed in the aqueous phase
and not inserted into the membrane. As a control, the
accessibility to CROX of the 5-doxyl PC spin label, which
is 8 Å into the bilayer, reported a∆P1/2 (CROX) value of
only 0.5. In addition, the∆P1/2 (CROX) accessibility values
of about 2.1 for sites C88 and A262C further confirm that
these sites were indeed located within the membrane and
not within a water-filled cavity. Last, C315 was chosen at a
location between the linker helices and the top of the NBD.
Power saturation results show a high accessibility to oxygen
but a lower exposure to NiEDDA than expected for a surface-
exposed site.

Frozen Spectra.To help verify or refute that the dimer
orientation was as shown in the crystal structure, the frozen
(160 K) spectra of residues C88 and A262C were recorded
(Figure 3). Thed1/d lineheight ratio is a qualitative measure
of the extent of dipolar broadening due to spin-spin
interaction between two spin label side chains (36). Values
below 0.35 indicate little or no interaction, whiled1/d values
above 0.40 indicate intermediate to strong interaction. For
residues C88 and A262C, thed1/d values were determined

FIGURE 2: CW X-band EPR spectra of the MTSL-labeled MsbA
mutants after reconstitution into inner membrane liposomes. All
spectra were recorded at room temperature with a 100 G scan width,
10 mW microwave power, and a 50-100µM protein concentration
and are typically the average of 25-36 scans.

Table 1: Accessibility Parameters and Depth Calculationsa

mutation
∆P1/2

(O2)b
∆P1/2

(NiEDDA)
∆P1/2

(CROX) Φ
depth
(Å)

V29C 8.66 3.10 1.03 8.9
F56C 7.38 9.01 10.77 -0.20
C88 7.72 7.89 2.16 -0.02 3.9
E133C 6.96 11.78 6.48 -0.53
L171C 5.31 5.10 0.04 4.2
A262C 10.85 2.94 2.13 1.31 10.2
C315 11.63 3.30 1.26

a Power saturation parameters reflect accessibility and bilayer depth
for spin-labeled MsbA cysteine mutants in liposomes.b ∆P1/2 param-
eters were obtained in the presence of air (20% oxygen), 200 mM
NiEDDA, or 20 mM CROX, as described in the text.Φ values and
subsequent depth measurements were calculated from eqs 1 and 2 (see
text).

FIGURE 3: CW X-band spectra of 100µM MsbA taken at 167 K
are shown. Spectra were recorded with a 200 G scan width and a
2 mW microwave power, and signals were averaged 25-36 times.
Thed1/d lineheight values were obtained whered1 is the total height
of the outer lines (as indicated) andd is the height of the center
line.
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to be 0.40 and 0.38, respectively, indicating weak dipolar
interaction between these sites. Further evidence to suggest
the spin labels indeed facing each other in the dimer structure
is the fact that thed1/d ratios decreased after the samples
were solubilized in 2% SDS in order to break apart the
dimers into monomers and eliminate the dipolar interactions
between the labeled sites.

Cross-Linking Experiments.In addition to EPR distance
measurements, chemical cross-linking was utilized as an
additional approach for determining general distances be-
tween the monomers at each mutant location. The MsbA
cysteine mutations were each reacted with three different
chemical cross-linking reagents in order to estimate the
distance between the monomers and their orientation with
respect to each other. BMOE, DTME, and DPDPB each have
spacers of 8, 13.26, and 19.9 Å, respectively. The results of
the cross-linking of A262C, C88, and C315 are shown in
Figure 4, where the covalently cross-linked monomers run
as a dimer at∼130 kDa. F56C is not included in these studies
since it is able to form spontaneous covalent dimers through
disulfide bond formation and requires 500-fold excess
â-mercaptoethanol and boiling to reduce the dimers to
monomers. Therefore, Figure 4 shows only the spontaneous
disulfide bonding results for F56C. As suggested by the
crystal structure of MsbA (11) and its ability to spontaneously
disulfide bond with itself, site F56C is in fact in very close
contact in the resting state, while position C88 showed some
ability to cross-link by all three linkers. Also, position C315
showed the ability to be cross-linked to a small extent, while
A262C showed very little or no cross-linking. It was expected
that the CRs of A262C may be close enough for cross-linking
to occur, especially with the 20 Å spacer. It may be that
these side chains are in an unfavorable relative orientation
with respect to each other and thus unavailable for cross-
linking within the distance of the longest spacer arm used.
That is, although theR-carbons themselves are close enough
for cross-linking, the cysteine side chains may actually be
pointing away from each other, adding to the distances
between the sites, not shortening the distances. Without the
aid of a more resolved crystal structure, the position of the
side chains at this location is apparently not conducive to
cross-linking.

In addition, the sites chosen on the outer face of the
crystallographic dimer for depth measurements were also
reacted with cross-linkers in order to exclude the possibility
that the orientation observed in the crystal structure was
inverted. The results of the cross-linking studies at L171C,
V29C, and E133C are also shown in Figure 4. The small
amount of cross-linking at site V29C is protein concentration-
dependent, suggesting that this is a result of two dimers
coming sufficiently close together to form a cross-link rather
than a reorientation of the helical bundles. Consistent with
the crystallographic arrangement of the resting state of the
MsbA homodimer, none of the sites on the outer surface
were able to be cross-linked to a great extent.

DISCUSSION

In this study, we have used SDSL EPR and chemical cross-
linking methods to evaluate the resting conformation and
membrane position of theE. coli MsbA homodimer. This is
the first study to confirm the quaternary structural arrange-
ment of the MsbA transmembrane helical bundles that was
found in the crystal structure under more physiological
conditions. The depth measurements from the SDSL experi-
ments position the transmembrane domain of MsbA within
the bilayer, leaving the tips of the helices exposed to the
periplasm and the linker helices at the membrane interface.
In addition, our results as shown here by chemical cross-
linking and frozen state distance estimates by EPR are indeed
consistent with the crystallographic homodimer conformation
with residues A262C and C88 located on helices oriented
toward each other, and the tips of the helical bundles (i.e.,
F56C) in close proximity.

Although all mutation sites were chosen on the outer
surface of the protein, most of the spin-labeled spectra
indicate that the spin label side chain attached to each site
is fairly restricted in motion. This could be due to the fact
that the low resolution of the crystal structure prohibited the
selection of completely surface-exposed sites, or the packing
of the amino acid side chains within the MsbA structure does
not allow for unrestricted motion of the spin labels. Inter-
actions with neighboring side chains may also explain the
lowered accessibilities of the apparently surface-exposed
C315 spin label.

Although depth measurements for F56C and E133C can
be calculated using theirΦ values, the CROX accessibilities
rule out insertion into the bilayer. Because E133C is at the
interface, it is possible, given the flexibility and length of
the spin label side chain, that it may insert slightly into the
phosphate headgroup region of the bilayer. The accessibility
of F56C to CROX was high enough to rule out the possibility
of any significant membrane insertion of the side chain,
especially at the depth that would result from the reported
∆P1/2 values.

The question of whether the pocket created by the dimer
interface was water-filled or membrane-exposed is now
answered. Our power saturation depth measurements strongly
indicate that the dimer interface residues A262C and C88
are exposed to the membrane, showing depths of 10 and 4
Å, respectively. These depth estimates are consistent with
the conformation of the dimer shown in the crystal structure,
and the low CROX accessibility of both of these sites further
argues against a water-filled cavity. Having the entire

FIGURE 4: Five micrograms of each of the MsbA mutations shown
were reacted with the following cross-linkers: (A) BMOE (8 Å
spacer), (B) DTME (13 Å), and (C) DPDPB (20 Å) and analyzed
by SDS-PAGE. Monomeric MsbA runs at approximately 65 kDa
(lower bands), while cross-linked MsbA runs at about 130 kDa
(upper bands).
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membrane spanning region accessible to the lipid bilayer is
also consistent with the ability of MsbA to bind lipid A in
the pocket of the homodimer prior to transport across the
membrane.

Although only qualitative results concerning the proximity
of the spin label pairs were obtained through frozen state
EPR measurements, this was sufficient information to
confirm the dimer orientation within the membrane. One
thing to consider when analyzing dipolar interactions by
frozen spectral samples is that if the protein is underlabeled,
as in our case, it will significantly bias the spin-spin results
toward weaker interactions, as not all spins are able to interact
with another spin label. In addition, with the spin label arm
length of approximately 6-7 Å and theR-carbons for the
C88 and A262C pairs at 37 and 22 Å apart, respectively, in
order for C88 and A262C side chains to show interaction,
the spin label side chains must be oriented toward each other.
However, because both of these sites are located on the outer
surface of the protein and show a relatively mobile compo-
nent in the spectra, it is likely that only a fraction of the
label population is oriented toward its partner. With the
crystal structure resolution of only 4.5 Å, the side chain
orientations are not yet known for this protein, and it is
possible that the side chains for C88 and A262C do not point
toward each other in the dimer structure, resulting in weaker
spin-spin interactions and little or no cross-linking. How-
ever, in theV. choleraMsbA structure (12), which is thought
to be in the closed conformation, the side chains themselves
at sites A262C and C315 are pointed directly toward each
other. With attached spin labels, the distance between A262C
and C315 in the closed structure would be approximately 5
and 2.5 Å apart, respectively, clearly suggesting that our lack
of such significant interaction is consistent with MsbA being
in the open conformation.

One drawback to cross-linking experiments is that they
can covalently lock two cysteine sites together, even if they
are only transiently close enough to be linked, biasing the
results toward a conformation that only exists momentarily
due to protein breathing or spontaneous formation of an
excited state (without ligand) and may not reflect the actual
resting state of the dimer. Conversely, information on
possible excited state conformations may be gained with
chemical cross-linking by locking those conformations that
may only be transient and not otherwise observable. The
small amount of cross-linking observed for C315 may be
due to protein dynamics where the two monomers are caught
in a transient state that brings the sites within close enough
proximity for cross-linking to occur, trapping the intermediate
state.

The recently solved MsbA crystal structures and the results
of this study onE. coli MsbA in a lipid environment provide
an excellent starting point for further structural dynamics
analysis by SDSL on the mechanism of ligand binding and
transport.
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