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ABSTRACT. MsbA is an ABC transporter that transports lipid A across the inner membrane of Gram-
negative bacteria such &scherichia coli Without functional 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 2931793-1800]. Although a structure of MsbA is now available, several functionally
important motifs common to ABC transporters are unresolved in the crystal structure. The Walker A
domain, one of the ABC transporter consensus motifs that is directly involved in ATP binding, is located
within a large unresolved region of the MsbA ATPase domain. Site-directed spin labeling (SDSL) electron
paramagnetic resonance (EPR) spectroscopy is a powerful technique for characterizing local areas within
a large protein structure in addition to detecting and following changes in local structure due to dynamic
interactions. MsbA reconstituted into lipid membranes has been evaluated by EPR spectroscopy, and it
has been determined that the Walker A domain forme-#uelical structure, which is consistent with the
structure of this motif observed in other crystallized ABC transporters. In addition, the interaction of the
Walker A residues with ATP before, during, and after hydrolysis was followed using SDSL EPR
spectroscopy in order to identify the residues directly involved in substrate binding and hydrolysis.

Multidrug resistance (MDR) is becoming an increasingly (17) complexes. In all cases so far, the dimer form of the
serious problem in a number of areas of medicine, especiallyprotein is necessary for activity, indicating that cooperativity
in the treatment of infectious diseases and caricer). ATP between the two subunits is essential.
binding cassette (ABC) transporters contribute to drug MsbA is a 65 kDa ATPase lipid A transporter and is found
resistance by using ATP hydrolysis to export delivered drugs in the inner membranes of Gram-negative bacteria such as
back across the cell membrane. In addition, serious geneticEscherichia coli(18). Since lipid A is the major component
disorders such as cystic fibrosi8) (also result from the  of the outer leaflet of the outer membrane of Gram-negative
function or dysfunction of ABC transporters. The ability of bacteria, its synthesis and transport are also essential for cell
these transporters not only to transport drugs or phospholipidsgrowth. Functional loss of MsbA from the bacterium results
but also to flip them 180has given rise to names such as in a toxic accumulation of lipid A within the inner membrane
flippases and hydrophobic vacuum cleaners (e.g..9Jef  (19), and it is the only bacterial ABC transporter that is
MDR transporters typically are comprised of two membrane required for bacterial viability20).
spanning domains and two intracellular ATP binding do- A crystal structure of thé&. coli MsbA homodimer was
mains (or nucleotide binding domains, NBDs). Either the recently solved to a resolution of 4.5 &)( The structure
entire protein complex is located all on one gene [e.g., humanreyeals that the MsbA monomer contains a transmembrane
MDR1 (10) and the cystic fibrosis transmembrane conduc- six-helix bundle linked to a globular nucleotide bind-
tance regulator (CFTRB]] or two protein monomers form  jng domain (NBD), where ATP is hydrolyzed to provide
a functional homodimer [e.g., Msb/(11), Rad50 {2)]. energy for transport of lipid A. ABC transporters share at
To better understand the MDR transporters, several crystaljeast three specifically conserved regions that identify them
structures of various ATP binding cassette transporters (ABC g5 ATPases: Walker A and Walker B sequences and an ATP
transporters) have been solved and include Ms8AL(), binding consensus sequence that contains the ABC trans-
MalK (13), Rad50 {2), and HisP {4). These structures  porter signature sequence LSGGQ. MsbA contains all three
reveal that the ATP binding domains typically form the dimer  of these conserved primary sequend,(and this identified
interface, that each NBD binds one ATP molecule, and the jt a5 an ABC transporter even before the crystal structure
transmembrane domains are either attached as six-helixzgonfirmed its identity. Interestingly, the segment of MsbA
bundles [as in MsbAq, 11), P-glycoprotein15), and Rad50 that contains the Walker A sequence was nhot resolved in
(12)] or are contained in tightly bound separate proteins such the crystal structure (343419), indicating that it may have
as is the case with the MalFGK16) and histidine permease  potential functional significance due to its apparent flexibility.
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environment of an individual residue within a very large and

complex protein structure2(—25). Unlike other methods s—(ls)I—CH; é g
that allow only the monitoring of global changes in protein ﬁ S ws—oy, —— 7,\:/?8—8—%
structure, SDSL allows the direct probing of the local v, N

environment, structure, and proximity of individual residues. &

Since EPR is not limited by either macromolecular size or Ficure 1: The sulfhydryl-specific spin label MTSL reacts directly
the optical properties of the sample, it is especially amenableWwith the introduced cysteine residue to form a covalent disulfide
to the investigation of membrane proteins, as they are Pond between the protein and the spin label.

normally difficult to study by other spectroscopic methods ) ) .
and are an important and large class of biologically relevant Colorimetric assay to detect the release doRowing ATP

structures. The EPR spectroscopy technique has the uniqu&ydrolysis €7). Briefly, the basal level of ATPase activity
ability to address and answer questions not solvable by €ach MsbA mutant in detergent micelles was measured
genetic or crystal structure analysis and is especially foIIowed.by activity measurements due to lipid A stimulation.
amenable to the study of the unresolved regions of the MsbAAll cysteine mutanti were able to hydrolyze ATP and showed
NBD. The studies described here directly address the localOn @verage a 2550% increase in ATPase activity upon the

structure of the Walker A motif in MsbA and the effect of addition of lipid A. In addition, activities for each of the
ATP binding on the conformation of this domain. spin-labeled proteins were similar to unlabeled protein with

the exception of sites 380, 382, and 386, which although

EXPERIMENTAL PROCEDURES they have good basal activity are not stimulated by lipid A.
_ Sample PreparatiorMsbA cysteine mutants were labeled
Materials with a 10:1 molar ratio of the sulfhydryl-specific spin label

2,2,5,5-tetramethylpyrrolin-3-ylmethanethiosulfonate spin la-
bel (MTSL; Figure 1) overnight at 4C in 50 mM sodium
phosphate, 0.01% DM, pH 7.0, buffer. Excess label was
removed by extensive dialysis against 50 mM sodium
phosphate, 0.01% DM, pH 7.0, buffer, and protein concen-
trations were determined by a detergent-compatible BCA
protein assay (Pierce) using BSA as a protein standard. The

Lipids were purchased from Avanti Polar Lipids (Alabas-
ter, AL), the nitroxide spin label MTSL (2,2,5,5-tetrameth-
ylpyrrolin-3-ylmethanethiosulfonate spin label) was pur-
chased from Toronto Research Chemicals (Ontario, Canada)
and dodecyl maltoside (DM) was obtained from Alexis
Biochemicals (San Diego, CA).

Methods major phospholipids of the inner membraneEfcoli are
phosphatidylethanolamine (PE), phosphotidylglycerol (PG),
Site-Directed Mutagenesis and Protein Purificatidine and cardiolipin (CL). These purified lipids were purchased

gene encoding thE. coli MsbA protein was obtained and in chloroform and mixed at a molar ratio of 65:25:10 PE:
inserted into a pET28b vector (Novagen) with an N-terminal PG:CL, dried down under nitrogen, desiccated, and then
6xHis tag as previously describe@q). In addition, both resuspended and solubilized in DM prior to the addition of
native cysteines (C88 and C315) were previously substitutedMsbA at a protein:lipid molar ratio of 1:500. Bio-Beads (Bio-
with serines to create a cysteine-less constr26y. (Single Rad) were added to the mixture in order to remove the
cysteines at positions 37890 were individually introduced ~ detergent, and the resulting proteoliposome solution was then
into the cysteine-less MsbA plasmid by site-directed mu- concentrated by high-speed centrifugation (30 min at 1G§)000
tagenesis using the QuikChange mutagenesis kit (Stratagene)lhe proteoliposomes were resuspended in the appropriate
Mutant plasmids were sequenced by the MCW Protein and volume of phosphate buffer, or phosphate buffer containing
Nucleic Acid Facility (Milwaukee, WI) for verification of =~ NiEDDA, and freeze-thawed four times to allow complete
the introduced cysteine mutation. The plasmids containing equilibration of the NiEDDA to both sides of the bilayer.
the MsbA gene mutations were transformed into NovaBlue Proteolipid samples containing substrate typically had final
cells (Novagen), and thexHis-tagged MsbA protein was ~ concentrations of 10&M protein, 40 mM ATP, 2 mM
purified by cobalt affinity chromatography using Talon resin EDTA, 40 mM MgCh, and 2 mM sodium orthovanadate
(BD Biosciences Clontech) as described previousl§).( (V;), similar to those previously described for the maltose
MsbA G379C was found to be disulfide bonded with itself transporter Z8).
upon purification and was not successfully used in the EPR  Electron Paramagnetic Resonance SpectroscBpytinu-
experiments due to extremely low labeling efficiencies, even ous wave (CW) EPR spectroscopy was carried out at X-band
after being subjected to reducing agents. on a Bruker ELEXSYS E500 fitted with a super high Q
Activity AssaysATPase activity of the cysteine-less MsbA (SHQ) cavity, and power saturation measurements were
construct was previously determined to be similar to that of carried out on a Varian E-102 Century series spectrometer
WT MsbA (26). All newly introduced cysteine mutants in ~ equipped with a loop-gap resonator (Medical Advances,
the cysteine-less background were assayed for ATPaseMilwaukee, WI). Samples were contained in either a glass
activity in the presence and absence of lipid A using a capillary or a gas-permeable TPX capillary for gas equilibra-
tion during accessibility measurements. Saturation data were
! Abbreviations: SDSL, site-directed spin labeling; EPR, electron collected and analyzed using LabView data collection and

paramagnetic resonance; CW, continuous wave; NiEDDA, nickel analysis programs written by Christian Altenbach (UCLA).
ethylenediaminediacetic acid; LGR, loop-gap resonator; MTSL, meth-  The accessibility of a spin label to paramagnetic reagents

anethiosulfonate spin label; DM, dodecyl maltopyranoside; PE, phos- ; it ; ; ;
phatidylethanolamine; PG, phosphatidylglycerol; CL, cardiolipin; SDS decreases the effective spilatiice relaxation imeTy, which

PAGE, sodium dodecy! sulfatgolyacrylamide gel electrophoresis; ~ '€sults in anincrease in the me_asured power SaFura?@{)‘ (
DTT, dithiothreitol. value. Thus, the more accessible a spin label is to a given
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Ficure 2: The crystal structure of thE. coli MsbA homodimer

(9) is shown with the unresolved 75 amino acid region highlighted.
The Walker A motif is located within this unresolved region of
the NBD. The location of the membrane interface based on previous
data is indicated by the dashed lin@s)(

paramagnetic reagent, the higher g, value since the
power required for saturation is increased due to collisions
of the spin label with the paramagnetic relaxation reagent.

Therefore, the change By, relative to a standard measured 674 "
under N [e.9.,P12(02) — Pua(N2) = AP1»(O5)] is directly _ .
proportional to the bimolecular collision rate of the spin label H 667

with the paramagnetic prob@9). The TPX capillary was
equilibrated with a stream of either nitrogen or air (20%
oxygen) during the power saturation experiments. Phe o
values for each sample in the presence of nitrogen, air, or 378 380 382 384 386 388 390

175 mM NIiEDDA under nitrogen were recorded and Cysteine Position

calculated as described by Altenbach et30) (APy; values FIGURE 3: Accessibility plots of the Walker A motif in MsbA.
were determined by subtracting the nitrodg&p values from CW EPR power saturation results are shown for each residue from

each of the air and NIEDDAP,, parameters, and thE E?thSA%AO in tht?rg/rtesencﬁ of air (20‘? OXyge”t),a”d 20 m"\t/lh
. . P | . AccesslIpll 0 each paramagnetic reagent iIncreases wi
values were calculated to account for line width variation increasing(T values. The outer hyperfine splittingsT for each

as previously described). of the sites are also plotted versus position. Sine curves with a
periodicity of 3.6 are overlaid onto the data.
RESULTS

the amplitude of the oxygen periodicity near the end of this

The crystallographic configuration of tHe. coli MsbA helix and the increased accessibility of 384 to NiEDDA
homodimer is shown in Figure 2 with the dotted lines results in an increased amplitude in periodicity, the 3.6
indicating its placement within a membrane bilay2)( A residue periodicity remains constant throughout the nearly
large region in the NBD was unresolved in the crystal three turns of the helix. Due to the larger size of NIEEDDA
structure and is indicated by a straight black line in the figure compared to molecular oxygen, NIEDDA is a better dis-
to account for the structural gap between residues 343 andcriminator of secondary structure in extramembranous helices
419 in each monomer. The Walker A consensus sequencehan oxygen, which may account for the differences in
for MsbA is contained within this region, spanning residues accessibility observed at position 389 in the last turn of the
378—-390. helix. Although the outer splittings for each spectrur, (2

Resting State Accessibility Dat&W power saturation  report only on the most immobile spectral components, these
EPR spectroscopy has proven to be a convenient methodvalues can be useful for secondary structure prediction and
for determining the local environment of introduced spin therefore are plotted as a function of position in Figure 3.
label side chains within a large protein structure. This is an These data clearly verify the helical periodicity predicted
especially useful technique for determining local secondary from the accessibility data collected from the center lines.
structure of unresolved regions of a protein and is clearly The in-phase periodicity observed for oxygen and NIEDDA
applicable to the study of the unresolved Walker A motif in accessibilities is expected for a soluble protein domain such
MsbA. Each of the residues in the Walker A domain of as the MsbA NBD, as opposed to a membrane exposed
MsbA, 378-390, were individually analyzed for their ~domain where the accessibilities are expected to be out of
accessibilities to the paramagnetic broadening reagentsphase with respect to each other. In solution, the side chains
oxygen and NiEDDA. The results obtained from the power are accessible to both oxygen and NiEDDA, revealing an
saturation measurements are plotted in Figure 3. Residuesn-phase periodicity, whereas there is an inverse concentra-
378-381 show no sign of secondary structure, which is tion gradient of oxygen and NiEDDA within membrane
indicative of a loop region, whereas a curve with a periodicity bilayers that results in an out-of-phase periodicity of the
of 3.6 is apparent for residues 38290, indicating clear  accessibilities.
o-helical structure in this region. Although the higher The power saturation results are in excellent agreement
accessibility of site 389 to oxygen causes a dampening ofwith the crystal structures of the Walker A domains from
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of time. Finally, the posthydrolysis ADP-bound state was
THC induced by the addition of excess ATP and magnesium,
allowing the hydrolysis reaction to proceed.

First, the spectra of each spin-labeled mutant from sites
8387C > 378-390 were recorded in the resting state after reconstitu-
tion into lipid bilayers (Figure 6). Each spin-labeled site
resulted in a spectrum with at least two motional components
S383C (see Figure 7). Each site shows the presence of one fairly
immobile component and a smaller proportion of a more
mobile component. In the case of 378 and 380, the spectra
indicate a larger population of the faster motional component
than the remaining spectra, whereas 384 appears to contain
three motional components, and 385 is largely immobilized
Ficure 4: Cartoon of the secondary structure of Baecoli MsbA in the resting state.

Walker A domain based on the EPR results presented here. Sites
378—-390 are labeled at their respective positions in the structure, Next, an excess of ATP and EDTA were added to each

with odd-numbered residues indicated in gray. A similar structure Sa@mple in order to generate the ATP-bound state prior to

G379C

is also observed for th¥. choleraMsbA (11) andE. coli MalK hydrolysis. Changes in the motional components of many
(13) Walker A domains. of the spectra examined were observed. Some of the changes
observed were shifts in the equilibrium between the two
@ LD motional states, such as large changes in 378 (Figure 7A)
and 384 and a subtle change in 387, where they all shifted
Mg NBD toward the more immobile conformation. As an example,

ADP '\f Figure 7A shows the overlay of the resting state 378 spectrum
and the ATP-bound spectrum to illustrate the shift in

9 motional populations. In some cases, as with 378, this shift
Mg ADP

v NBD is very evident, while in cases such as 387, this shift is subtle
N MeADP P, and is more apparent upon direct overlay of the spectra. As
+V,

ATP
| +Mg

some spectra shifted the equilibrium between their motional
NBD states, others became much more immobile as evidenced by
MgADP V, P, an outward shift in the spectral breadth of the outer lines.
FiGure 5: ATP binding and hydrolysis. Each monomer of MsbA  Sites 380, 382, and 385 showed significant changes in
?Ontai?s an A'f"'; b&?gingssgeréasshi(gl\lfvitrfxﬁgrien X?_%O%?ngcgn;-nghg motion, all becoming even more immobilized in the ATP-
our stages o : : H H5
hydrolyzged 0 AD)I/D an)c/i Ripon the addition of MgG] followed bound state. With the exception of 389, the most significant
by dissociation of the Rand finally by the dissociation of ADP to Cha”ges occ!.lrred at'reS|dues 3BBS. Thgse changes are
return to the resting state. consistent with the literature for crystallized ATP-bound
ATPases (e.g., ref82 and 33) where the 378384 side
bothVibrio choleraMsbA (11) andE. coliMalK (13) where chains have been shown to be directly involved in binding
the corresponding residues 37832 form a loop structure  to the ATP molecule.
preceding am-helix containing the residues corresponding  The transition state immediately following hydrolysis was
to positions 383390 (Figure 4). In addition, sequence induced by the addition of excess ATP and magnesium to
homology comparison to other ATP binding proteins, such produce ADP and Pand was followed by the rapid
as the MJ0796 dimel3Q), reveals that sites corresponding replacement of the cleave@dwith vanadate, forming a stable
to MsbA 382-390 also form ar-helix within the Walker transition state complex. Sites 378 through 385 all had
A motif, consistent with our results for MsbA. considerable motional changes upon ATP hydrolysis, as seen
Substrate Binding.To observe the changes occurring inthe EPR spectra (Figure 6). Each of these residues showed
during ATP hydrolysis in MsbA, the EPR spectra were a shift toward their more restricted component. In addition,
recorded at four different stages of this pathway. Figure 5 the outer peaks of 382 and 385 also moved outward,
illustrates in cartoon form the four different steps considered indicating even slower motion in the more restricted popula-
for each monomer in the ATP hydrolysis studies. The resting tions at these sites. Figure 7B illustrates the clear increase
state of each spin-labeled protein was recorded in the absencé the more immobile population for site 378 upon vanadate
of any substrate. Next, the ATP-bound, prehydrolysis state trapping coupled with a marked decrease in the mobile
was trapped by the addition of EDTA in order to chelate population. Residues 3890 did not show any further
any magnesium ions that may be present, which are requiredchanges in this transition state from the ATP-bound state.
for cleavage of the ATPy/-phosphate during hydrolysis. These results suggest that a conformational change occurs
Nonhydrolyzable ATP analogues such as AMP-PNP can alsoin the entire 378385 Walker A region upon hydrolysis of
be used to trap this intermediate state. To trap the high-energyATP, whereas 386390 are unaffected at this step.
intermediate immediately following hydrolysis, both ATP The final state examined was the posthydrolysis ADP-
and magnesium were added to the ATPase directly followed bound state, generated by the addition of excess ATP and
by vanadate. The addition of vanadate to replace the magnesium. A shift in the motional components of 378
hydrolyzed phosphate resulted in the inability of ADP and (Figure 7C), 380, 382, and 383 was observed where they
vanadate to be released from the binding pocket, allowing each showed an increase in their more mobile states, and
for the analysis of this transition state over an extended period384 also has a similar but less evident change, whereas 385
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Ficure 6: CW X-band EPR spectra of each MTSL-labeled MsbA mutant reconstituted into inner membrane liposomes from 378 to 390
are shown for each step in ATP hydrolysis. Spectra were recorded at room temperature with a 100 G scan width, 10 mW microwave power,
and 36-49 signal averages with a typical protein concentration of A0 Spectra in the resting state (no substrate) are shown as the top
spectrum in each series, with the addition of substrate as indicated in the margin.

from the posthydrolysis transition state, while 390 also
showed a slight increase in its more immobile population.
In all cases, the changes observed at sites=385 upon

ATP binding and hydrolysis are consistent with these being
the relevant Walker A residues involved in substrate binding.

In the experiments containing all of the components
necessary for hydrolysis to proceed, we assumed that the
posthydrolysis ADP-bound state is represented; however, it
is also possible that the relaxed transporter with ADP rebound
was observed. To determine if there was a difference between
these two ADP-bound states, the spectra from 378 to 385
were recorded with excess ADP added to the samples. The
resulting spectra were all very similar to the posthydrolysis
spectra and were motionally different from the resting state
spectra. These results indicate that the transporter relaxes
once the Pis released from the binding site and that there
FIGURE 7: Spectral overlays of spin-labeled MsbA S378C. (A) The is no significant difference between the posthydrolysis ADP-
resting state spectrum of 378 (black) and the ATP-bound spectrumbound state and ADP binding directly to the relaxed
(gray) are shown overlaid to illustrate the motional changes transporter. However, the ADP-bound state observed in both
observed in the spectra upon addition of substrate. (B) The ATP- cases in the studies presented here is distinct from the resting

bound (black) and the vanadate-trapped (gray) spectra are overlai _ ; 3788
to show the shift in motional populations. (C) The vanadate-trappeddand ATP-bound states for S't?s 5. ) ) )
spectrum (black) and the ADP-bound spectrum (gray) are shown To follow overall conformational changes in this region
as overlays. All spectra are aligned by the intensity of the low- during hydrolysis, the vanadate-trapped transition state was

field immobilized component (I arrow and dashed line). The M~ examined by power saturation methods and compared to the
2;':’g¥ra'lnd'°ates the more mobile motional components of the oqiing state conformation determined earlier. Only those
' residues shown to undergo conformational changes upon
and 386 actually showed an increase in their more restrictedvanadate trapping of the high-energy transition state {378
motional components. Sites 38389 showed no change 385) were monitored for accessibility. As before, each of
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0.4 I helix or changes in the positions of the neighboring side
] _5?5"]‘g5t‘;"e chains allow for more motional flexibility at this site.

i M Vi-{rapped state Interestingly, sites G381C and S383C did not show any
@ e spectral changes upon binding of ATP. This could be due
= to their side chains being oriented on the opposite side of

01 the helix from the ATP binding site. Previous studies indicate

. L L that either the protein backbone or the side chains themselves
0 : . proe B of sites 378-384 are involved in binding directly to ATP
378 379 380 381 382 383 384 385 (32, 33). It is possible that although these two sites do directly
Residue # interact with ATP, the motional states of the spin label side

FIGURE 8: Oxygen accessibility comparison for Walker A sites Chain are not perturbed. Activity studies for these cysteine-
378-385. The black bars indicate the resting state accessibilities substituted proteins show that they do in fact hydrolyze ATP
to 20% oxygen (air), and the gray bars indicate the oxygen and both of these sites are affected in later steps of hydrolysis.
accessibilities in the vanadate-trapped transition state. It was expected that ATP binding would affect residues-378

. . 385; however, the changes observed at S387C and 1389C
the residues from 378 to 385 was analyzed for their \yere glightly unexpected and are probably due to structural

accessibilities to the paramagnetic broadening reagem%’earrangements around the helix upon ATP binding.
oxygen and NIEDDA. The results obtained from the power

saturation measurements in the transition state for this region
followed the same secondary structure observed for the
resting state; however, a significant decrease in accessibility

was observed for each of these sites in going from the restin i .
going gused in several of the 37885 experiments (data not

state to the vanadate-trapped transition state. Figure 8 h h ¢ f1h . .
specifically compares the decrease in the oxygen accessibili-S10Wn)- The spectrum of one of the proteins (K382C) in

ties between the resting and vanadate-trapped states. Thes‘ﬁe presence of AMP-PNP was the same as its spectrum in

results indicate that the overall secondary structure of this N Presence of ATP/EDTA, while the spectra of the
region remains intact during hydrolysis, although consider- '€Maning proteins tested were shifted back toward those
able Changes in the dynamiCS of many of the side Chainsfound in their reStlng state (S378C, S380C, |385C) The ATP/

occur. EDTA sample lacks a bound magnesium in the binding
pocket, but since ATP is the native substrate, a possibility

DISCUSSION exists to continue through hydrolysis, while the AMP-PNP
: . _ . . sample contains a non-native substrate analogue and is

The studies described here directly identify the local jhgoiytely unable to continue through hydrolysis. The lack

secondary structure of the Walker A motifn coli MSbA of magnesium in the ATP samples could account for the
and the effects on the local conformational dynamics of each changes in mobility at some of these sites:; however, it is

positio.n during ATP binding and hydrolysis. 1_'hi§ motif is also possible that the ATP analogue does not induce quite
compn;ed of a Ioop region followed by.@nhehx n bOth. the same structural changes as the native ATP. Another
the resting and activated states. In addition, conformational commonly used ATP analogue, A¥B, was not used in

Chaf?ges are observ_ed n the S@B5 region upon ATP  aqe experiments as the sulfur was previously shown to
bmdmg and hydmeS'S’ ldlrectly |den_t|fy|ng which res[duc.es remove the spin label from the protein, resulting in an
are involved in the functional dynamics of substrate binding additional unwanted spectral compone2®)(
and turnover, and our results are in agreement with the ) _ _
residues predicted to be involved in substrate binding based D€SPite the high sequence homology betweerEheoli
on crystallized ATP-bound structures of other ATPases (e.g., 2"d V. choleraMsbA proteins, the crystal structures vary
refs 13 and 32). significantly. Not_ only are the helical bundl_es of_ tNe

All of the resting state spectra recorded contained at leastcholérastructure in a more closed conformation within the
two motional components. More than one motional compo- hemodimer but the NBDs are notably rearranged, with
nent in a spectrum can be derived either from two different functionally important domains such as the Walker A motif
rotameric states of the spin label side chain or from two N Very different locations within each NBD and with respect
different configurations of the MsbA homodimer, which 0 €ach other within the homodimer. Unlike tfe coli
would be indicative of an equilibrium between two different Protein studied here, the secondary structure of the Walker
conformational states of MsbA. Both of these scenarios areA Motif was resolved in thé/. cholerastructure, and the
possible in this case; however, it is more likely that there EPR data align extremely well with the secondary structure
are two different conformations of the spin label side chain found in theV. choleracrystal, despite global structural
and that the equilibrium is shifted in the rotameric state of differences between the crystal structures of the NBDs in
the side chain, indicating local conformational changes within the two proteins.
the protein upon ligand binding and hydrolysis. In summary, our studies indicate that the Walker A domain

Upon ATP binding, residues 378, 380, 382, and 384 in the reconstitutedE. coli MsbA protein is comprised of
became more restricted in their motion due to the presencethe same loophelix secondary structural motif found in
of ATP; however, the motion of site I385C became more previously crystallized ATPases. Residues in the region of
mobile. This indicates that site 385 is likely normally 378-385 undergo significant side chain rearrangements upon
motionally restricted due to packing with neighboring side ATP binding and hydrolysis, yet the secondary structural
chains, but upon ATP binding, the movement of the entire elements remain intact.

In addition to using ATP in the presence of EDTA to
chelate any magnesium ions in the sample to prevent
hydrolysis from occurring before the spectrum was recorded,
the nonhydrolyzable ATP analogue, AMP-PNP, was also
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