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ABSTRACT: MsbA is a member of the ABC transporter
superfamily and is homologous to ABC transporters linked to
multidrug resistance. The nucleotide binding domains (NBDs)
of these proteins include conserved motifs that are involved in
ATP binding, including conserved SALD residues (D-loop)
that are diagnostic in identifying ABC transporters but whose
roles have not been identified. Within the D-loop, single point
mutations LS11P and DS12G were discovered by random
mutational analysis of MsbA to disrupt protein function in the
cell [Polissi, A., and Georgopoulos, C. (1996) Mol. Microbiol.
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20, 1221—1233] but have not been further studied in MsbA or in detail in any other ABC transporter. In these studies, we show that
both L511P and D512G mutants of MsbA are able to bind ATP at near-wild-type levels but are unable to maintain cell viability in an
in vivo growth assay, verifying the theory that they are dysfunctional at some point after ATP binding. An ATPase assay further
suggests that the LS11P mutation prevents effective ATP hydrolysis, and an ATP detection assay reveals that only small amounts of
ATP are hydrolyzed; DS12G is able to hydrolyze ATP at a rate 3-fold faster than that of the wild type. EPR spectroscopy studies
using reporter sites within the NBDs also indicate that at least some hydrolysis occurs in LS11P or DS12G MsbA but show fewer
spectral changes than observed for the same reporters in the wild-type background. These studies indicate that L511 is necessary for
efficient ATP hydrolysis and DS12 is essential for conformational rearrangements required for flipping lipid A.

ATP binding cassette (ABC) transporters are a large and
mportant superfamily of proteins that are involved in many
human pathologies, including cystic fibrosis,” multidrug resis-
tance,” and Tangier’s disease.” ABC transporters are responsible
for the transport of a variety of substrates, including lipids,
peptides, and drugs across the membrane. MsbA is homologous
to bacterial ABC transporters, including LmrA,®> which can
extrude drugs out of the cell.

MsbA is a 65 kDa protein found in the inner membrane of
Gram-negative bacteria and is suggested to be a lipid flippase
because of its ability to tranpsort lipid A across the inner
membrane. MsbA is homologous to both bacterial and human
proteins associated with multidrug resistance and is the only
essential ABC transporter found in Escherichia coli;® its knockout
results in the toxic accumulation of lipid A within the inner leaflet
of the inner membrane and cell death.””

The MsbA homodimer is comprised of two identical mono-
mers, each with a cytosolic nucleotide binding domain (NBD)
and a transmembrane domain (TMD) (Figure 1). The apo,
MgADP/V;-bound, and MgAMP-PNP-bound conformations of
MsbA have been crystallized and show that the TMD includes a
six-helix bundle and that the monomers are stably connected by
an intertwining of the helical bundles at their periplasmic ends."
The NBDs are responsible for ATP binding and hydrolysis,
which is used as the energy to transport lipid A across the inner
membrane of bacteria.

Each NBD contains several motifs that are conserved through-
out the ABC transporter superfamily. The C-loop, or LSGGQ
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signature sequence, Walker B motif, and Q- and H-motifs from
one monomer come together with the Walker A motif from the
opposite monomer to bind and/or hydrolyze ATP."' This
interaction, which involves opposite NBDs coming together to
form two complete sites for the hydrolysis of ATP, has been
described as a nucleotide sandwich.'> The Walker B motif
(MsbaA sites S01—505) has been thought to bind to the attacking
water durmg hydrolysis and/or form a water-bridged contact
with Mg”>*. Following the Walker B motif is the D-loop (sites
509—512), with an SALD sequence, which is another conserved,
diagnostic motif often used to determine membership in the
ABC transporter superfamily.

The dysfunctional mutations studied here are the L511P and
D512G point mutations in the D-loop identified by Polissi and
Georgopoulis using random mutagenesis studies of the MsbA
gene.” Polissi and Georgopoulis first showed that these specific
point mutations within the D-loop are not able to sustain cell
growth in vivo but are likely able to allow binding to ATP. On the
basis of these data, they suggested that L511P and DS12G are
unable to hydrolyze ATP in MsbA. Simulations of the NBDs of
the maltose transporter (MalK)"? revealed probable interactions
between the Walker A motif and H-motifs of one monomer and
the D-loop of the opposite monomer, prompting Sfeculation
that the D-loop is involved in initiating dimer closure."* Similarly,
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Figure 1. Nucleotide binding domain of the MsbA monomer. The
SALD loop (yellow), including L511 (dark blue) and D512 (light blue),
C-loop (red), Q-loop (purple), Walker A motif (orange), Walker B
motif (green), H-motif (pink), and two ATP analogues (black) are
highlighted on the MgAMP-PNP-bound structure (Protein Data Bank
entry 3B60). The nine sites within and surrounding these motifs used in
the spin labeling studies (S380, 1385, S423, V426, S482, Q48S, LS04,
V534, and TS41) are represented as ball-and-stick models. The AMP-
PNP shown nearest to the SALD loop (left) is the nucleotide associated
with the opposing monomer (not shown).

in HlyB-NBD, it has been suggested that the D-loop interacts
with the H-motif from the opposite NBD.''® On the other
hand, interactions observed in the MJ0796 crystal structure
indicate that three of the D-loop residues (ALD) interact with
the y-P; of the ATP and a nearby water molecule.'” Overall, the
function of this motif is largely unknown and has yet to be
investigated in detailed studies of ABC transporters.

In this study, we have used a variety of biochemical and
biophysical approaches to characterize the LS11P and D512G
point mutations within E. coli MsbA. In vivo growth assays have
been employed to monitor the ability of these mutant proteins, as
well as more conservative amino acid substitutions such as L5111
and DS12E, to sustain cell growth and in vitro ATP binding.
ATPase and ATP detection assays have been conducted to assess
the ATP binding and hydrolysis capabilities of MsbA containing
the previously identified LS11P and DS12G point mutations. In
addition, site-directed spin labeling (SDSL) electron paramag-
netic resonance (EPR) spectroscopy was employed to monitor
the local mobility changes within this large membrane protein
upon addition of nucleotide.'” ' Selected cysteine-substituted
residues found in or around the C-loop, Walker A motif, Walker
B motif, H-motif, and Q-loop were chosen to report on local
changes within each motif resulting from the introduction of the
L511P or D512G mutation. These studies show for the first time
that L511 and D512 are highly essential sites within MsbA that
do not generally tolerate substitutions without significant func-
tional consequences.

B EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis and Protein Purification.
Amino acid point mutations were introduced into the Cys-less
(C88S/C315S) MsbA gene within a pET28 (Novagen) plasmid
using the QuikChange mutagenesis kit (Stratagene) and verified
by sequencing (Retrogen) as described previously.*

MsbA containing an N-terminal 6x-His tag was overexpressed
in E. coli NovaBlue cells (Novagen), purified by cobalt affin-
ity chromatography (Talon resin, BD Biosciences Clontech),
and spin-labeled with the cysteine-specific EPR probe MTSL

(Toronto Research Chemicals), as described previously.” Pur-
ified protein fractions were concentrated using Amicon Ultra
YM-30 centrifugal filters, and final protein concentrations were
determined using the detergent-compatible BCA protein assay
kit (Pierce). For the EPR spectroscopy experiments, spin-labeled
MsbA was reconstituted into 65:25:10 phosphatidylethanola-
mine (PE): phosphatidylglycerol (PG): cardiolipin (CL) inner
membrane liposomes (Avanti Polar Lipids) at a 250:1 lipid:
protein molar ratio, as described previously.”"

In Vivo Growth Assay. pET28 plasmids encoding MsbA were
individually electroporated into electrocompetent WD2 cells
[a kind gift from C. Raetz (Duke University, Durham, NC)
and W. Doerrler (Louisiana State University, Baton Rouge, LA) ],
which carry a chromosomal MsbA A270T mutation that causes
the protein to become inactive at high temperatures.” E. coli
strains expressing WT and mutant MsbA protein were assayed
for cell growth using a Thermo Varioskan Flash microplate
reader as described previously.”” Cells expressing WT and Cys-
less MsbA, or containing the empty pET28 plasmid, were run as
positive and negative controls, respectively. Each mutant was run
in triplicate at least twice using fresh WD2 cells and separate
plasmid transformations. Cells expressing WT and normally
functioning mutant MsbA typically grew to an ODgq of greater
than ~0.5, while cells with no MsbA or completely inactive
MsbA grew to an ODggo of no more than ~0.3.

ATP Binding Assay. Increasing concentrations of the fluor-
escently tagged ATP analogue TNP-ATP (0.02—1.0 uM)
(Invitrogen) were added to 0.5 uM purified MsbA in 50 mM
NaPO, (pH 7), 0.01% DM, and 10% glycerol, and fluorescence
spectra were recorded on a Photon Technology International
spectrofluorometer using an excitation wavelength of 407 nm
and an emission wavelength of 532 nm (Fyps). (Fobs — Frnax)/
(Fmax — Fo) was plotted versus TNP-ATP concentration™ in
SigmaPlot (Systat Software) to determine K. Controls with and
without 3 uM WT were used to determine F,, and F,,
respectively. Experiments were conducted in triplicate.

ATPase Assay. ATP hydrolysis was quantitated by measuring
the release of )/—32Pi from ATP in the presence of MsbA, PE:PG:
CL and CL lipids containing lipid A, and MgATP containing
[y->*P]ATP (Perkin-Elmer) at 37 °C at various time points over
2 min using Cherenkov counting in a Tri-Carb liquid scintillation
counter (Perkin-Elmer) as previously described.”” Standard
errors were generated from experiments conducted in triplicate
and analyzed using SigmaPlot. Negative rates of hydrolysis arise
from data points that appear to trend slightly downward over
time, rather than upward, and are the result of inadequate,
baseline hydrolysis.

ATP hydrolysis was also quantitated for WT, L511P, and
DS12G using the Enzchek Phosphate Assay kit (Molecular
Probes) to determine V., and Ky, values for MsbA. The assays
were conducted in a 96-well microplate following the manufac-
turer’s instructions for measuring the continuous release of P
MsbA (1 #M) and seven different concentrations (0—1 mM) of
ATP were analyzed in triplicate in 200 #L reaction mixtures. A
standard curve from measurements of 0—150 M P; was used to
calibrate the data, which were recorded at 360 nm over 30 min
using a ThermoScientific Varioskan Flash microplate reader and
analyzed using SigmaPlot.

Nucleotide Detection Assay. The Kinase-Glo assay (Pro-
mega) utilizes luciferase and luciferin luminescence for the
detection of ATP. For each experiment, excess MsbA and limit-
ing ATP (10 uM MsbA and S uM ATP) or limiting MsbA and
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Figure 2. In vivo growth assay results for the NBD reporters in the Cys-less background (black®®) and with the L511P (gray) and DS12G (white)
mutations. The in vivo growth assay signifies the ability of each plasmid-encoded MsbA mutant to maintain cell viability at 44 °C, after which the A270T-
mutated chromosomal copy of MsbA is no longer functional. Error bars represent the standard deviation for data collected in triplicate twice. The WT
data point listed with the Cys-less background series does in fact contain both native cysteine residues.

excess ATP (S uM MsbA and 10 uM ATP) were analyzed along
with standards containing 1—10 uM ATP (Sigma-Aldrich).
Samples were incubated at room temperature for 30 min and
then boiled for 5 min to denature the protein and release any
bound nucleotide for detection in the assay. The assay was
conducted according to the manufacturer’s protocol, and the
luminescence was measured using a Thermo Scientific Varioskan
Flash spectrophotometer with a LumiSens module.

Site-Directed Spin Labeling EPR Spectroscopy. Continu-
ous wave (CW) EPR spectroscopy was conducted at room
temperature on an X-band Bruker ELEXSYS 500 spectrometer
equipped with a super high Q (SHQ) cavity (Bruker Biospin).
Spectra were recorded under nonsaturating conditions over
100 G with a 1 G, 100 kHz field modulation. Samples were
contained in a glass capillary and had volumes of 10—20 uL. The
concentration of MsbA reconstituted into liposomes was ap-
proximately 200 #M in 50 mM NaPO, (pH 7), and the mixture
contained 20 mM MgCl,, 20 mM ATP or AMP-PNP, 2 mM
EDTA, and 2 mM sodium orthovanadate (V,), as indicated. The
L504C/LS11P and L504C/DS512G spectra showed an increase
in the small population of denatured protein (sharp peaks)
during the freeze—thaw cycles used to ensure incorporation of
ligand inside the lipid vesicles and also showed a small amount
(<0.5 uM) of free spin-label released from the protein upon
addition of ATP and MgATP/V, respectively, which was
subtracted out for presentation in Figures S and 6. Spectra
were analyzed using Multicomponent and dHpp software writ-
ten in LabView by C. Altenbach (University of California,
Los Angeles, CA).

B RESULTS

The in Vivo Growth Assay Confirms That Both Mutants
Are Unable To Sustain Cell Growth. The data analysis of the
in vivo growth assay of the L511P and D512G mutants con-
firmed the reduced cell viability originally reported by Polissi and
Georgopoulos." E. coli strains expressing WT and Cys-less MsbA,
and most of the reporter residues in the Cys-less background,
grew to an ODggp of 20.50 (Figure 2), indicating normal cell
viability.”* In contrast, L511P and D512G grew poorly in both
WT and Cys-less backgrounds (Figure 2). When the LS11P

Table 1. MsbA Dissociation Constants for TNP-ATP

Ky (uM) standard deviation
WT 0.32 0.0S
LS11P 0.33 0.16
DSI12G 0.81 0.15

mutation is added to the cysteine reporters, the ODg falls to
0.20—0.30, with L511P alone in a Cys-less background having an
ODggo 0f 0.26 (Figure 2). This indicates that the LS11P mutation
in MsbA prevents cell growth and eliminates cell viability. When
DS12G is introduced in combination with each of the reporters,
the ODgqo varies between 0.23 and 0.6, with DS12G in the Cys-
less background having an ODggg of 0.27. These data indicate
that the D512G mutation alone and coupled with most of the
single-cysteine reporters prevents cell growth and eliminates
cell viability. Interestingly, DS12G in combination with either
Q485C or T541C shows that cell growth and viability are intact.
A lack of expression or insertion of the protein within the
membrane could result in reduced cell viability, yet each of the
MsbA mutants studied could be expressed and purified from the
membrane fraction. Thus, loss of a specific protein function is
being assayed here, and this could be due to alack of or inefficient
ATP binding, ATP hydrolysis, release of hydrolysis products, or
lipid flipping.

ATP Binding Intact. To further investigate the function of
MsbA L511P and DS12G, a fluorescent ATP analogue, TNP-
ATP, was used to determine K  values of ATP binding (Table 1).
We find that LS11P and D512G MsbA have Ky values for TNP-
ATP binding of 0.33 and 0.81 uM, respectively, which is in good
agreement with the WT MsbA value of 0.32 M. Although the K4
value for DS12G is slightly increased relative to the WT value,
these data reveal that ATP binding is intact and at near normal
levels for both point mutations. Because TNP-ATP is known to
exhibit higher binding affinities than ATP, we also obtained K,
values for ATP. L511P and DS12G have K, values of 23 & 12
and 122 & 29 uM ATP, respectively. Upon comparison to the
WT MsbA K., value of 117 & 13 uM ATP, these data also
suggest that ATP binding is indeed intact.

ATP Is Hydrolyzed by MsbA D512G but Not L511P. Given
that LS11P and D512G MsbA both bind ATP, we next examined
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Figure 3. ATP hydrolysis rates as a percentage of WT activity over 2 min at 37 °C for LS11P (gray) and DS12G (white) in the Cys-less and smgle—
cysteine reporter backgrounds, as indicated. Rates for the single-cysteine reporters in the Cys-less background have been published previously.**

Standard deviations are from experiments conducted in triplicate.

their ability to hydrolyze ATP. Using a radioactive in vitro
ATPase assay, we previously determined that the reporter
residues in the Cys-less background maintain ATPase activity
near or above that of WT, except for S$482C and Q485C in the
C-loop.”” In these studies, we find that L511P, in the Cys-less
background or paired with each of the nine reporters, has a
substantially decreased level of ATPase function (Figure 3).
L511P in the Cys-less background has an ATPase rate that is
21% of that of WT, while L511P paired with each of the reporters
has rates that vary between —21 and 28% of that of WT. In
addition, full kinetic analysis showed that the maximal rate of
hydrolysis for LS11P is 5% of that of WT. These data clearly
indicate that the LS11P mutation drastically weakens MsbA’s
ability to hydrolyze ATP.

In contrast, DS12G in the Cys-less background has an ATPase
rate of hydrolysis that is 322% of that of WT (Figure 3). Also, full
kinetic analysis gave a V., that was 165% of that of WT for
D512G. When combined with the various reporter mutations,
D512G has highly variable ATPase activity ranging from 4 to
269% of that of WT, with the majority of pairs exhibiting rates
faster than that of WT. These data suggest that D512G has
hyperactive ATPase activity itself and that hydrolysis rates can be
reduced with the addition of the single cysteine mutations. Three
double mutations have average rates of hydrolysis below that of
WT. The $482C/D512G (28% WT) rate of hydrolysis is not
considerably different from that observed for S482C in the Cys-
less background (35% of that of WT), but the rates of hydrolysis
for S423C/D512G (4% of that of WT) and V534C/DS12G
(67% of that of WT) fall significantly below the rates of the
corresponding reporter mutatlons, which are 244 and 153% of
that of WT, respectively.”” The ATPase data for L511P and
DS512G indicate for the first time that LSI1P has severely
diminished ATPase activity and DS12G is able to hydrolyze
ATP at a much faster rate than WT or Cys-less MsbA.

To further explore the ability of LS11P and DS12G MsbA to
hydrolyze ATP, we conducted an ATP-detecting luminescence
assay. WT MsbA and BSA were used as positive and negative
controls, respectively. In Figure 4A, the experiment was per-
formed with excess protein (10 #M) and a limiting amount of
ATP (S uM). Hydrolysis was allowed to proceed, and after 30
min, the remaining ATP was quantitated. The results show that,
as expected, BSA does not hydrolyze ATP, with the S uM ATP
added still present, and that WT MsbA does hydrolyze all but a
small amount of ATP. LS11P MsbA hydrolyzed approximately

2 uM ATP, while DS12G hydrolyzed all of the available
ATP. The fact that D512G hydrolyzed more ATP than WT is
consistent with its faster rate of hydrolysis (Figure 3). Figure 4B
shows the results of the experiment conducted with excess ATP
(10 M) and a limiting amount of protein (S uM MsbA). Again,
as expected, the BSA does not hydrolyze ATP and the WT
hydrolyzes most of the available ATP. LS11P again hydrolyzed
approximately 2 #M ATP, and D512G once again hydrolyzed all
of the ATP. These data confirm that on the time scale used here,
DS12G can hydrolyze ATP more efficiently than WT, and that
LS11P is inefficient at hydrolyzing ATP.

CW EPR Spectroscopy Indicates Local Conformational
Changes. To assess the local changes within the MsbA NBD
caused by the introduction of the L511P and D512G mutations,
CW EPR spectroscopy was conducted using nine spin-labeled
reporter sites, representing five of the conserved motifs, in the
presence of each point mutation. Each reporter site (S380C,
I385C, S423C, V426C, S482C, Q485C, LS04C, V534C, and
T541C) was selected from previous extensive characterization of
spin-labeled cysteine sites within and surrounding the major
conserved motifs*"**** based on its mobility changes upon the
addition of specific ligands. Spectra of each reporter mutant pair
were recorded for each of the four possible steps within the
hydrolysis cycle: without ligand (apo) and with ATP, MgATP/
V,, and MgATP. The sample with ATP added also contained
EDTA for the removal of any Mg, which prevents hydrolysis
from proceeding and represents the ATP-bound state of the
protein. The addition of MgATP allows hydrolysis to proceed if
possible and potentially represents the MgADP-bound posthy-
drolysis state. The addition of MgATP and V; together represents
the immediate posthydrolysis state, if hydrolysis proceeds, trap-
ping the MgADP/V; ligands within the protein. All EPR data
were collected on protein reconstituted into lipid bilayers.

L511P. The EPR spectrum of each of the spin-labeled reporter
sites in the presence of the LSIIP point mutation showed
mobility changes in the apo state when compared to the apo
state of the reporter in the Cys-less background (Figure S).
Most of these changes were small but observable, while the
spin-label at Q485C changed significantly because of the
presence of the L511P mutation, indicating the local environ-
ment surrounding this site is altered solely because of the
presence of this point mutation. However, no motional changes
were observed for Q485C/L511P, or L504C/L511P, upon the
addition of ligands.
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Figure 4. ATP detection assay. L511P MsbA and D512G MsbA were analyzed using a luminescence assay to quantitate the ATP concentrations
remaining after a 30 min room temperature incubation with MgATP. BSA and WT MsbA were analyzed as negative and positive controls, respectively:

(A) S uM MgATP and 10 uM protein and (B) 10 uM MgATP and S uM protein. DS12G data points for both panels are at 0 & 0 uM.

The addition of ATP induced an increase in the more
immobilized component of the spin-labeled S380C/LS11P
spectrum, as well as small decreases in mobility in the V426C/
L511P and TS541C/LS11P spectra. The remaining sites were
largely unchanged. This is similar to the changes observed upon
ATP binding for $380C in the Cys-less background,*" which was
likely attributed to direct interaction with ATP; however, the lack
of change at I385C is inconsistent with its observed ATP-induced
changes in the Cys-less background, indicating the ability of
I385C to experience or report on changes upon ATP binding has
been eliminated by the L511P mutation. On the other hand, the
slight changes in mobility (outer splittings, 2A../, increase by
1 G) for V426C/LS11P and TS41C/LS11P upon ATP binding
were not observed in the Cys-less background. V426 is not near
the bound ADP/V; or L511 in the closed MsbA crystal structure
(Protein Data Bank entry 3BSZ), though T541 is located on a
helix neighboring L511; thus, it is possible that these subtle
changes are the result of newly detected conformational rearran-
gements upon ATP binding caused by altered packing within the
NBD because of the introduction of a proline residue.

Changes in mobility were more significant upon the addition
of MgATP/V; for the reporters in the Cys-less background (with
the exception of the Walker A reporters).”’ In the L511P
background, some mobility changes were observed for S482C/
L511P and V534C/L511P, as well as subtle changes for S385C,
S423C, and TS541C. Four of the reporters showed no changes
upon addition of MgATP/V,. This likely indicates that some
hydrolysis may be occurring but not in a large population of the
sample. Of the three samples that exhibited subtle changes upon
addition of MgATP/V,, the MgATP spectrum was identical in each
case, suggesting that these sites do not report on changes caused by
hydrolysis or the release of the y-P; but more likely on the small
effect of Mg slightly increasing the amount of ATP bound.

Interestingly, S380C/LS11P and V426C/L511P, both of
which showed changes upon ATP binding, reveal a 1 G decrease
in outer splittings upon addition of MgATP when compared to
ATP or MgATP/V; binding. S482C/LS11P and V534C/
L511P, both of which showed the most significant changes
upon MgATP/Vi binding, show slight differences between the
MgATP and MgATP/Vi spectra, indicating a motion more
similar to that of the ATP-bound state and again suggesting a
small amount of hydrolysis may be occurring.

Because of the observation of mobility changes in the L511P
pairs, albeit much smaller in scale than those observed in the Cys-
less background, in at least one stage of ligand binding in all
motifs except the Walker B motif, it is suggested that limited
hydrolysis does occur. This is consistent with all of our

biochemical assays that show hydrolysis occurs but is severely
limited in the L511P protein.

D512G. Most of the spin-labeled reporter sites, with the
exception of S380C and $423C, showed slight changes in motion
in their apo spectra in the presence of DS12G when compared to
the spectra observed in the Cys-less background (Figure 6),
suggesting altered packing arrangements within the NBD due to
elimination of the aspartate side chain. In contrast to the large
motional change observed between Q485C/L511P and Q485C/
Cys-less spectra (Figure S), the Q485C/DS512G spectrum was
only slightly different from that in the Cys-less background,
suggesting that the local environment surrounding Q485 is not
significantly altered by the aspartate to glycine substitution at
position 512. Overall, the changes induced in the apo form of the
NBD due to the DS12G mutation appear to be much more subtle
and smaller in scale than those for the L511P mutation. However,
changes observed upon MgATP and MgATP/V; binding are less
subtle.

Again, in D512G, ATP binding induced an approximately 25%
shift from the mobile to the more immobilized component of the
spin-labeled S380C spectrum, similar to the increase in the
immobile component observed in both the Cys-less and L511P
backgrounds. The remaining sites were not affected by ATP
binding, which with the exception of I385C is consistent with the
lack of changes observed upon ATP binding in the Cys-less
background*"**** and with the hypothesis that ATP binds first
to the Walker A motif.

In contrast, all motifs in the D512G background were affected
by the addition of MgATP/V,, albeit only slightly for S385C,
$423C, Q485C, and V534. Again, these results are consistent
with changes observed at this step in the Cys-less background,
and the only difference is that these changes are not as large as
those seen in the Cys-less background. Upon addition of
MgATP/V,, the spin-label at S380C-D512G exhibited an addi-
tional shift (approximately 30%) toward the immobilized popu-
lation, which was not observed in the Cys-less background, and
L504C/DS12G exhibited a general broadening of the spectrum.
These changes could be due to the higher affinity of these sites for
MgATP versus ATP or due to tighter packing at the monomer
interface as a result of the smaller side chain at D512G, resulting
in greater immobilization of the Walker A site S380C mutation,
which directly binds ATP, and the Walker B site L504C muta-
tion, which is near DS12.

For the majority of sites studied, the addition of MgATP
induces the same mobility change observed for MgATP/V..
Exceptions include V426C/DS12G, which shows a more im-
mobile spectrum in the presence of MgATP, and Q485C/
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D512G, which shows a slightly more immobile spectrum in the differences in mobility between the MgADP-bound and MgADP/
presence of MgATP. Evidently, these two sites, which are physically V; states, indicating that vanadate may slightly alter the conforma-
near the ATP molecule in the crystal structure, experience tion of nearby side chains in the DS12G background.
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Figure 6. CW X-band EPR spectra of spin-labeled MsbA reconstituted into inner membrane lipids. Color coding is shown in the legend for each
reporter residue in the Cys-less background and coupled with the DS12G mutation without nucleotide (apo) and with ATP, MgATP/V,, and MgATP.

The overall changes observed, especially upon addition of DS512G MsbA mutant and are consistent with the biochemical
MgATP or MgATP/V,, indicate that hydrolysis does occur in the assay results presented above.
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Mutational Analysis. Because leucine to proline and aspartate
to glycine substitutions are rather extreme, more moderate
substitutions at these two conserved D-loop sites were also
created and evaluated for in vivo growth. Recently, we reported
that L511C and D512C MsbA were able to sustain cell growth as
well as or slightly better than WT MsbA but were unable to
hydrolyze ATP.*” In this study, two similarly sized, but charge-
altered, substitutions were made at each site (LS11D and LS11N
or DS12L and D512N), and the most conservative substitution
according to size and charge (L5111 and DS12E), as well as a
direct amino acid swap (L511D/DS12L). Interestingly, neither
LS11 nor DS12 is amenable to these non-cysteine substitutions,
as observed by a complete lack of cell viability in the in vivo
growth assay for each mutation listed above [ODgq < 0.3 (data
not shown)], highlighting the fact that these are indeed highly

critical conserved sites within the MsbA homodimer.

W DISCUSSION

In these studies, the dysfunctional point mutations L511P and
DS12G in the nucleotide binding domain of the MsbA ABC
transporter have been characterized utilizing a variety of bio-
chemical and biophysical techniques. Mutations at these sites
have been investigated for overall in vivo function in the
regulatory sulfonylurea receptor SUR1 ATPase” and when
discovered in MsbA' but otherwise have not been investigated
further. In SUR1, L860 (equivalent to L511 in MsbA) retains full
activity in its ability to regulate the Kir6.2 K* channel when
substituted with a cysteine in one NBD, similar to our findings,
whereas in the opposing NBD, when 11512 (equivalent to L511
in the opposing MsbA NBD) is substituted with a cysteine, the
activity is reduced to approximately half that of WT SUR1.*®
Also, the equivalent DS12C mutations in both domains of SUR1
are extremely detrimental to cell growth, unlike our findings that
the DS12C substitution is the only substitution identified so far
in MsbA that is fully able to support cell growth in vivo. Though
these two proteins do not perform similar functions beyond
binding and hydrolyzing ATP, the fact that these conserved
mutations tolerate substitutions differently emphasizes the so-
phistication and selectivity of ATP-binding proteins.

The inability of the L511P MsbA mutant to maintain cell
viability is likely due to its inability to effectively hydrolyze ATP.
Our data show that this mutant binds ATP at near WT levels but
hydrolyzes only a small percentage of the ATP compared to WT.
The ATP detection assay, which can determine if ATP is
hydrolyzed to ADP, indicates that the LS11P mutant can only
hydrolyze fewer than one ATP per two homodimers on a longer
time scale. This confirms that while the LS11P mutant can bind
ATP at WT levels, hydrolysis is not occurring at a sufficient pace
to maintain cell viability in vivo.

On the other hand, the D512G point mutation in MsbA
results in a protein that is able to hydrolyze more ATP and at a
rate faster than that of WT yet is unable to sustain cell growth
in vivo. These data suggest that this site is involved in
communicating conformational changes to other parts of
MsbA involved in rearrangements required for normal trans-
port function. This is in agreement with the suggestions that
the D-loop may be involved in communication with the
opposing ATP binding site based on the structure of HlyB-
NBD?® or in the initiation of NBD dimer closure based on
simulations of MalK."'* Alternatively, because ATP hydrolysis
is intact for DS12G, which requires residues from both

monomers to come together in a closed dimer, it is more likely
that this motifis in communication with the TMDs for opening
of the TMD dimer for lipid transport. The limited EPR spectral
mobility changes observed for the DS12G protein also indicate
that large-scale conformational changes are not occurring.
Additionally, the 3.2-fold increase in hydrolysis rate over the
WT rate could be attributed to the fact that without these large
conformational changes occurring during each cycle, ATP is
more readily hydrolyzed.

It has been suggested that the D-loop sites interact with the
Walker A motif and H-motif on the basis of MalK simulations
and with the H-motif in HlyB-NBD. In our growth assay, we
find that Q485C (C-loop) and T541C (near the H-motif) are
the only two sites studied that can restore cell growth when
coupled with D512G, which does not allow the cells to grow on
their own. This indicates that interactions occur between the
D-loop and both the C-loop and H-motif. In addition, spectral
changes upon the addition of ATP are eliminated at position
1385C (Walker A) when coupled with either the LS11P or
D512G mutation, and new spectral changes are observed at
$380C (Walker A) when coupled with the DS12G and $426C
mutations (near the Q-motif) and at TS41C (near the H-motif)
when coupled with the L511P mutation. Plus, L504C (Walker B) is
the only site studied that released free spin-label upon addition of
ligand in the LS11P and DSI12G backgrounds. These changes
suggest that point mutations within the D-loop affect all of the
other conserved motifs in some manner, including the Walker A
motif, Walker B motif, H-motif, Q-motif, and C-loop. This likely
accounts for the fact that most substitutions at the L511 and D512
positions in MsbA result in a loss of function in vivo. Thus, the
highly conserved LD amino acids of the SALD loop appear to be
more important than previously thought and deserve more
thorough study in other transporters.
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