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ABSTRACT: The ABC efflux pump P-glycoprotein (P-gp) transports a wide
variety of drugs and is inhibited by others. Some drugs stimulate ATP
hydrolysis at the nucleotide binding domains (NBDs) and are transported,
others uncouple ATP hydrolysis and transport, and others inhibit ATP
hydrolysis. The molecular basis for the different behavior of these drugs is not
well understood despite the availability of several structural models of P-gp
complexes with ligands bound. Hypothetically, ligands differentially alter the
conformational dynamics of peptide segments that mediate the coupling
between the drug binding sites and the NBDs. Here, we explore by hydrogen-
deuterium exchange mass spectrometry the dynamic consequences of a £
classic substrate and inhibitor, vinblastine and zosuquidar, binding to mouse > ¢ % J

P-gp (mdrla) in lipid nanodiscs. The dynamics of P-gp in nucleotide-free, Nucleotide-free Post-hydrolysis
pre-hydrolysis, and post-hydrolysis states in the presence of each drug reveal
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distinct mechanisms of ATPase stimulation and implications for transport. For both drugs, there are common regions affected in a
similar manner, suggesting that particular networks are the key to stimulating ATP hydrolysis. However, drug binding effects diverge
in the post-hydrolysis state, particularly in the intracellular helices (ICHs 3 and 4) and neighboring transmembrane helices. The local
dynamics and conformational equilibria in this region are critical for the coupling of drug binding and ATP hydrolysis and are

differentially modulated in the catalytic cycle.

B INTRODUCTION

The ATP-binding cassette efflux transporter ABCB1 (P-
glycoprotein; “P-gp”) exports from cells a remarkable range
of structurally diverse drugs, nutraceuticals, and toxins, and it
plays a critical role in drug—drug interactions and drug
resistance.’ ~* As a result of the central role that P-gp plays in
drug response, its structure—function—dynamic relationships
have been studied intensively. The P-gp fold includes two
pseudo symmetric halves with 12 transmembrane helices
(TMHs) arranged in two transmembrane domains (TMDs)
that communicate with two nucleotide binding domains
(NBDs) on the cytosolic side of the membrane. In the
absence of ATP, the NBDs are predominantly separated and
sample a range of distance distributions while the drug binding
site is “inward facing” (the “IF” state) as demonstrated by
numerous crystallographic and cryo-electron microscopy
structures.”~ "> Upon ATP binding but prior to ATP hydrolysis
(the “pre-hydrolysis” state), the NBDs sample a dimerized
state in order for hydrolysis to occur. Although the literature
does not unambiguously demonstrate that the NBDs fully
dimerize when nucleotide is bound to both, cryo-EM,
molecular dynamics (MD) simulations, and in vivo fluores-
cence resonance energy transfer (FRET) suggest that a greater
fraction of P-gp molecules adopt a conformation with closer
contact between NBDs.'*™'® This pre-hydrolysis state has
been modeled by addition of non-hydrolyzable ATP analogs,
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addition of ATP to catalytically inactive mutants, and addition
of ATP in the absence of Mg’*. Upon ATP hydrolysis at
presumably one NBD (the “post-hydrolysis” state), there are
further changes in the TMDs that allow egress of a substrate to
the extracellular matrix. The post-hydrolysis state has
historically been modeled by “vanadate trapping”, in which
ATP is hydrolyzed and the released phosphate is replaced by
tightly bound vanadate. As with other ATPases, the vanadate
trapped state is widely regarded as a model for the hydrolytic
transition state of the ATPase activity although we refer to it
here as the “post-hydrolytic” state.'”~'” Transport substrates or
inhibitors bound in the TMDs activate, decrease, or have no
effect on the ATPase activity in the NBDs that are 30—50 A
away. Cryo-EM and crystallographic studies have revealed
structural details about some of these macroconformational
states,”"'~'* but the mechanisms by which drugs or inhibitors
differentially transmit information from their binding sites to
the NBDs remain enigmatic. Ligand-dependent dynamics are a
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likely source of the functional differences of substrates vs
inhibitors.

In fact, EPR-based DEER studies,””*' LRET,** atomic force
microscopy (AFM),”>** and H/D exchange mass spectrom-
etry (HDX-MS)**~*’ have demonstrated the highly dynamic
nature of P-gp, which is critical for its catalytic cycle that
requires large-scale conformational changes and for its
substrate promiscuity. MD simulations have also been critical
for supporting and driving mechanistic studies of conforma-
tional changes in P-gp.ls' 831 Collectively, the studies that
monitor conformational dynamics indicate that each of these
macroconformations is an ensemble with additional conforma-
tional heterogeneity, which could play a role in long-range
communication between the drug-binding sites in the TMDs
and the NBDs. In addition, the conformational plasticity of P-
gp is hypothetically a determinant of the complex differences in
functional effects of various ligands, wherein some transport
substrates activate or inhibit ATP hydrolysis in a concen-
tration-dependent manner, while others are inhibitors of both
transport and ATP hydrolysis, and some activate ATP
hydrolysis without being transported. The dynamic networks
that control coupling of transport and ATP hydrolysis are not
established.

The recently published structural models and dynamic
experiments suggest that distinct communication networks
between the TMHs and NBDs are differentially engaged by
substrates vs inhibitors. Although substrates occupy a large
“binding cavity” near the outer membrane leaflet lined by
TMHs 1, §, 6, 7, 10, 11, and 12, potent inhibitors bind in the
cavity and “spill” across a smaller opening known as the
“vestibule” and into the access channel near the inner leaflet."
The access channel is hypothesized to provide a route of access
for substrates entering from the inner membrane leaflet to the
binding cavity, and the vestibule may provide a gating function
between them. The inhibitor zosuquidar is particularly
interesting and unique because it occupies the binding cavity
and part of the vestibule without protruding into the access
channel. Zosuquidar is not a substrate and is, in fact, a potent
inhibitor of transport of other ligands but it also differentially
stimulates or inhibits ATP hydrolysis, depending on specific
mutations or a lipid environment.'”"**"**% These differential
effects are hypothetically due to the ability of zosuquidar to
interact with different TMHs or occupy different cavities under
different conditions. Here, we exploit zosuquidar and
vinblastine with H/D exchange mass spectrometry (HDX-
MS) to probe the conformational networks between the
vestibule and the NBDs that are hypothetically distinct from
those between the binding cavity and the NBDs. We
specifically compare zosuquidar with vinblastine under
identical conditions that yield differential effects on ATPase
activity in a single defined lipid environment, to identify ligand-
dependent, lipid-independent, conformational dynamics that
are linked to function. We have previously described changes
in HDX of wild-type murine P-gp in the IF and post-hydrolysis
vanadate-trapped state in the absence of substrates or
inhibitors.”> Others have reported HDX results for the
nucleotide bound, pre-hydrolysis state in the absence of a
substrate with the active site mutants (ExxxQExxxQ).*°
However, no HDX results have been reported that map
changes in dynamics caused by substrates or inhibitors.

Here, we demonstrate with HDX that zosuquidar and
vinblastine differentially modulate the dynamics of structural
elements far from their binding sites. The ligand-dependent
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differences in HDX at various stages of the catalytic cycle
provide new detail about communication pathways between
drug binding sites and the NBDs. Major differences emerge
between the “uncoupler” zosuquidar vs inhibitory concen-
trations of vinblastine in the post-hydrolysis states, but they are
modest to minimal in earlier stages of the catalytic cycle. In
addition, the results reveal that conformational heterogeneity is
prevalent throughout the P-gp catalytic cycle even in the
presence of substrates or inhibitors.

B MATERIALS AND METHODS

Protein Purification and Nanodisc Incorporation.
Hexa-histidine tagged MSP1D1 was expressed in E. coli and
purified as previously described,” and the his-tag was cleaved.
C-terminally his-tagged mouse (MDR1A, UniProtKB P21447)
codon-optimized P-gp (N-glycosylation sites mutated, N83Q/
N87Q/N90Q’*) was expressed in Pichia pastoris. P-gp pellets
were lysed twice using a French-Press at 20,000 psi. The lysate
was then centrifuged in three stages: 3500, 13,000, and 44,000
rpm. The pellet was discarded in the first two stages. The
pelleted microsomes from the 44,000 rpm spin were
solubilized in 1% n-dodecyl-f-p-maltoside (DDM) by passage
through 18, 20, 22, and 25 gauge needles once each.
Solubilized microsomes were loaded onto a His-60 nickel
column followed by washing with 20 mM imidazole buffer also
containing 50 mM Tris, S0 mM NaCl, 30% glycerol, 1 mM
tris(2-carboxyethyl)phosphine (TCEP), and 0.1% DDM, pH
8.0. Imidazole buffer (300 mM) was used to elute the protein,
with an initial 10% step to remove other species followed by
65% for P-gp elution. Pure fractions were concentrated and
buffer exchanged using Amicon spin concentrators before
passing through a DEAE column, to which the majority of
impurities bind. The flow-through was concentrated using
Amicon spin concentrators and quantified by gel-densitometry
using BSA as a standard and stored at —80 °C in 20% glycerol,
10 mM Tris pH 8.0, 1 mM TCEP, and 0.1% DDM.

Nanodisc reactions were prepared with 1:10:70 P-
gp:MSP1D1:DMPC molar ratios, with final concentrations of
P-gp of 1-2 yM and 7—14 ng/mL. DDM was added to
solubilize lipid at a 1:6 lipid:DDM molar ratio. Reactions were
made in 20 mM Tris, 100 mM NaCl, 1 mM TCEP, pH 7.4
buffer, and residual 4% glycerol from addition of P-gp.
Reactions were nutated at room temperature (24 °C) for 1
h. To initiate nanodisc formation, reaction mixtures were
transferred to 0.25 g/mL Amberlite XAD-2 beads for 30 min
with gentle mixing, followed by another 0.25 g/mL addition
for 15 min, all at room temperature, with a final ratio of 14—28
ng of P-gp to 1 g of beads. P-gp nanodiscs were captured and
eluted by the P-gp his-tag and further purified by SEC on a
Superdex200 column at room temperature.

ATP Hydrolysis Assays. P-gp protein (2 yg) (14 pmol) in
nanodiscs was used in duplicate samples per assay; averages
and standard deviations are shown in Figure 1 for two separate
P-gp and nanodisc preparations. Samples were prepared in
ATPase buffer (50 mM Tris, 150 mM NH,C], S mM MgSO,,
S mM dithiothreitol [DTT], pH 7.4). For the drug series, 2.5
mM ATP was used in all samples. A final concentration of 1%
DMSO was maintained in all samples. Samples were incubated
at 37 °C for 10 min prior to ATP addition. After adding ATP,
samples were incubated at 37 °C for 1 h. Reactions were
quenched by addition of SDS to a final concentration of 5%
(v/v). Measurement of free phosphate was performed as
described by Chifflet et al.,** measuring absorbance at 850 nm.
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Figure 1. ATPase activity of P-gp nanodiscs in the presence of the
two drugs. Average and standard deviation of duplicate samples for
two separate preparations of P-gp nanodisc from two separate P-gp
preparations are shown. Samples included 2.5 mM ATP. The ATP
hydrolysis rate is shown as fold stimulation of basal (at 2.5 mM)
activity, which averaged 38 nmol Pi/min/mg P-gp. The presence of
vinblastine stimulates ATP hydrolysis at low concentrations but
inhibits hydrolysis at higher concentrations. Zosuquidar stimulates
ATP hydrolysis at all concentrations probed but is not completely
soluble above 100 yM. Arrows indicate drug concentrations used for
HDX-MS (8 or 80 M vinblastine and 40 #M zosuquidar). Fits to the
classical two-binding site (stimulatory/inhibitory) equation are for
visualization only as standard errors of fits are too large for
interpretation.

Hydrogen Deuterium Exchange Mass Spectrometry.
Samples were split into two separate datasets, prepared from
different P-gp preparations, and sample preparation and
injection were performed at separate times. Dataset 1 consists
of apo, AMPPNP, ATP/VO4, zosuquidar, zosuquidar and
AMPPNP, zosuquidar and ATP/VO4, and vinblastine (80
uM) and AMPPNP. Dataset 2 consists of apo, ATP/VO4,
vinblastine (8 and 80 M), and vinblastine with ATP/VO4 (8
and 80 pM vinblastine). Within each dataset, all samples were
made from the same P-gp nanodisc preparation, on the same
day, and injected in the same run. Changes in deuterium
uptake were calculated within each dataset so that delta
deuterium uptake (but not absolute uptake) can be compared
between datasets. Exchange samples were made in duplicate.
No more than one sample for each condition was lost due to
instrumentation errors; these are apparent in Supporting
Information Figure S6 where standard deviation is lacking for
one condition/time point. The PPPI peptide standard was
included in all samples. All samples contained a final 1%
DMSO for direct comparison to drug-containing samples.

Samples were prepared in 20 mM Tris, 100 mM NaCl, 1
mM TCEP, 5 mM MgSO,, pH 7.4 buffer at a 10X
concentration of S M. Concentrations (1X) of drugs (40
UM zosuquidar and 8 or 80 M vinblastine) and nucleotide (1
mM AMPPNP or 1 mM ATP/250 uM VO,) were maintained
in the P-gp nanodisc stocks and in the deuteration buffer.
Samples were pre-incubated with drug and nucleotide for 1 h
prior to deuteration at room temperature (24 °C). Samples
were diluted 10-fold in an equivalent deuterated buffer (95%)
for a final deuterium content of 86%. Deuteration reactions
proceeded for 1 min, 8 min, 1 h, and 8 h at room temperature
(24 °C). Undeuterated samples were similarly prepared in
water-based buffer. Reactions were quenched by 1:1 addition
to quench buffer (0.6% formic acid [FA], 1 mM TCEP, 0.2%
DDM) on ice for a final pH of ~2.55. Samples were
immediately transferred to filter spin-tubes on ice with 60
mg of pepsin in quench buffer and vortexed. Samples were
incubated on ice for 4 min, at which point 3 mg zirconium
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oxide beads (slurry in quench) were added and vortexed.
Samples were vortexed after another 30 s and centrifuged after
another 30 s to retain the zirconium oxide beads on the filter.
Passed-through samples were transferred to tubes on ice and
flash frozen in liquid nitrogen.

Samples were stored in liquid nitrogen and removed for 5
min on ice and 1.5 min at room temperature just prior to
injection onto a mobile in-house LC system connected to a
Waters Synapt-G2. The LC system was maintained at 1 °C,
and peptides were trapped on a Vanguard BEH Shield RP18
1.7 ym trap column (2.1 X S mm; Waters), flowing loading
buffer (2% acetonitrile and 0.1% trifluoroacetic acid) at 200
puL/min for S min, after which they were separated over a
Hypersil 1.9 ym C18 column (1 X SO mm; Thermo Scientific)
using an acetonitrile gradient at 40 yL/min for 10 min; most
peptides were eluted before 45% acetonitrile. The aqueous
buffer contained 2% acetonitrile, 0.1% FA, and 0.025%
trifluoroacetic acid, and the organic buffer contained 0.1%
FA in acetonitrile. The C18-separated peptides were then
separated by ion mobility and measured by Q-TOF. The
StepWave ion guide settings were set to minimize nonuniform
deuterium loss during desolvation.*® The trap and resolving
columns were washed extensively to reduce sample carry-
over.””*

Peptides were identified primarily using MS® and the
ProteinLynx Global SERVER software with a minimum overall
score of 6.0. Weaker intensity and lower scoring peptides were
also confirmed using tandem MS on a Thermo LTQ-Orbitrap
and Protein Prospector software. Deuterium uptake was
determined for all peptides using HX-Express v2*° due to
the abundance of bimodal spectra. Bimodal deconvolution was
used for any broad isotopic distribution, but quantification of
EX1 kinetics was only considered for well-deconvoluted cases
(evaluated visually and by statistical metrics in the software).
In deuterium uptake plots, the weighted average of deuterium
uptake in each state is presented. Deuterium uptake for each
peptide was normalized to the number of amides in the
peptide, omitting the first two residues. Percent deuteration is
based on the theoretical maximum deuterium uptake of 86%.
For determining significantly affected peptides, a 95%
confidence interval based on the average of standard deviations
across all peptides per sample was used as in previous cases of
small changes in uptake.””*”*" Peptides with two or more
significantly different timepoints and a sum percent deutera-
tion greater than +3 were determined as affected unless trends
were inconsistent for highly overlapping peptides or different
charge states.

B RESULTS

Changes in ATP Hydrolysis upon Drug Binding. The
known P-gp substrate vinblastine stimulates ATP hydrolysis at
low concentrations but can inhibit hydrolysis at higher
concentrations depending on conditions.””** This behavior
requires multiple binding of vinblastine. In our HDX analysis
of the effects of low and high concentrations of vinblastine
binding to P-gp NDs, in either a nucleotide-free state or post-
hydrolysis state, we observed no significant dynamic changes at
low drug concentrations (Figure S7). The absence of an effect
at low concentrations is difficult to interpret because the HDX
will include a contribution from drug-free P-gp, P-gp with one
vinblastine bound, and P-gp with two vinblastines bound.
Therefore, our HDX analysis focuses on the effects of a high
vinblastine concentration at which ATPase inhibition is
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Figure 2. Large dynamic changes in pre- and post-hydrolysis states define macro states of the P-gp catalytic cycle. (A) Sequence plots of the
changes in HDX across time points for the pre-hydrolysis (AMPPNP) and post-hydrolysis (ATP/VO4) states relative to the nucleotide-free state
(top) and changes between post- and pre-hydrolysis (bottom). (B) Peptides showing significant HDX changes plotted on the ATP-bound structure
(PDB ID: 6C0V'°). (C) Top-down view from membrane into cytoplasm of NBDs and ICHs. See Figures S6 and S7 for individual peptide plots

and sequence plots for each time point.

observed in our P-gp ND system (Figure 1). Importantly, this
concentration of vinblastine allows for comparison of P-gp
states where ATPase function is inhibited, with two
vinblastines bound, vs states that have two zosuquidars
bound and are stimulated. Specifically for our system,
zosuquidar stimulates ATP hydrolysis at all concentrations
including those expected to have multiple zosuquidars bound,
as observed by others.”’ Zosuquidar exhibits variable effects,
likely depending on the specific P-gp construct and the lipid/
detergent environment.'”'**"** In our MSP1D1 nanodisc
system with DMPC lipids and codon-optimized, glycan-free,
murine P-gp,34 zosuquidar is consistently an activator of
ATPase activity up to the highest concentrations attainable,
above which zosuquidar is insoluble. A similar increase in
ATPase activity was observed in cys-less mouse P-gp in
MSPIDI1E3 nanodiscs composed of POPC and E. coli polar
lipids.”" As the presence of the detergent was observed to
switch zosuquidar effects from inhibitory (in native mem-
branes) to stimulatory (in detergent micelles) ,>> we quantified
the residual DDM detergent present in our P-gp ND
preparations (Figure S1). We detected approximately one
molecule of DDM per 500 P-gp NDs or even less DDM,
indicating that residual DDM does not contribute to
zosuquidar behavior in our system. Additionally, to confirm
our assay conditions in a more native membrane context, we
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performed the same drug series analysis on murine P-gp in
HEK293 vesicles (Figure S2). Vinblastine displays comparable
stimulatory and inhibitory behavior as in nanodiscs.
Zosuquidar causes ATPase inhibition at low concentrations
as reported by Shukla et al.,>* but we observe modest recovery
of activity at higher concentrations not probed in that study.

Distinct Macrostates of P-gp Pre-Hydrolysis and
Post-Hydrolysis. To understand the potential impact of
bound drug at each stage of the catalytic cycle, we probed
changes in deuterium uptake by HDX-MS of drug-free,
vinblastine-bound (inhibitory concentration of 80 pM), and
zosuquidar-bound P-gp NDs in nucleotide-free, AMPPNP
bound (pre-hydrolysis), and ATP/VO,-trapped (post-hydrol-
ysis) states. Mg*" was present in all samples. It was first
necessary to examine changes in dynamics that accompany
conversion from the IF macroconformation to the pre-
hydrolysis and post-hydrolysis states in the absence of the
drug or inhibitor. We depict in the figures the nucleotide-
bound pre-hydrolysis state mimicked by the AMPPNP bound
P-gp as being “closed” in order to distinguish it from the apo
state. We emphasize that, although the available data suggest
that the population shifts toward the closed form in the
nucleotide-bound state relative to the apo state, we do not
know what fraction of P-gp is in the NBD dimerized state. We
previously reported changes between nucleotide-free and post-

https://doi.org/10.1021/acs.biochem.2c00056
Biochemistry 2022, 61, 730—740


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00056/suppl_file/bi2c00056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00056/suppl_file/bi2c00056_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00056?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00056?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00056?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00056/suppl_file/bi2c00056_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00056?fig=fig2&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.2c00056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

A)

Zosuquidar

(nucleotide-free) PiRiElelEs

Sum of A% deuteration

Post-hydrolysis

Zosuquidar
(nucleotide-free)

-5 -3 3 5
Deprotected Protected
C)
15 1 —e—Nuc-free i
——Pre-hydrolysis
<— ICH4
* Post-hydrolysis 1
c
2 5
I
Q A
§ —
(=}
X
<.5
TMD1 NBD1 TMD2 NBD2
45 I 1 T 10
0 200 400 600 800 1000 1200

Figure 3. Zosuquidar binding to P-gp alters HDX-MS in different catalytic states. (A) Peptides that show significant HDX changes for zosuquidar
binding to nucleotide-free, pre-hydrolysis (AMPPNP), and post-hydrolysis (ATP/VO,) states of P-gp relative to the drug-free states of the catalytic
cycle, plotted on apo and ATP-bound structures (PDB IDs: SKPI and 6COV'*'®). (B) Top-down view from membrane into cytoplasm of NBDs
and ICHs. (C) Sequence plot of the sum of changes in HDX across time points. See Figures S6 and S7 for individual peptide plots and sequence

plots for each time point.

hydrolysis states” in P-gp NDs and detergent/lipid micelles,
and more recently, Kopcho et al. described HDX changes in
these states as well as a pre-hydrolysis state mimicked by ATP
bound to a catalytically inactive form of P-gp in detergent.”®
We obtained extensive coverage of the NBDs, ICH3, ICH4,
the extracellular loop, and the more solvent-accessible portions
of the TMHs (see Figure S3 for the coverage map and Table
S1 for experiment statistics). Throughout the following
discussion, we refer to “increased protection” as a decrease
in the rate of H/D exchange and “less protection” or
“deprotection” as an increase in the isotope exchange. P-gp
displays a broad range of dynamic behaviors that are highly
consistent between different preparations (Figures S4 and SS).
In addition, we observe widespread EX1 exchange kinetics as
we reported previously, and these processes are referred to in
the last section.

Our analysis comprehensively shows predominantly in-
creased protection from H/D exchange in many individual
peptides throughout the protein in both nucleotide bound
states compared to the apo state, consistent with less dynamic,
more ordered, local conformers (Figure 2 and Figures S6 and
S7). However, the post-hydrolysis state induces greater
protection in NBD1, ICH3, and ICH4 than the pre-hydrolysis
state. This is generally consistent with the Kopcho et al
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findings with the catalytically inactive mutant of P-gp in
detergent as opposed to our studies with wild-type P-gp in
NDs.”® Most changes with the post-hydrolytic state occur
throughout NBD1 and increased protection of NBS2 motifs
(Walker A and A-loop) in NBD2, but not specific elements of
NBS]1, indicating nonsymmetric effects upon hydrolysis to the
NBSs. This suggests the possibility of different hydrolysis or
nucleotide binding parameters at the two NBSs or the
possibility that the post-hydrolysis state has released nucleotide
from NBSI1. The nucleotide-free, AMPPNP-bound, and ATP/
VO4-trapped macrostates are distinct by HDX-MS with large
changes in overall deuterium uptake and changes in EXI1
kinetics, which are discussed below. These changes are larger
and more widespread in the drug-bound states than the
changes observed in the corresponding drug-free states for
each of the three macroconformations (IF, pre-hydrolysis, and
post-hydrolysis, next sections). Based on HDX, the conversion
between macroconformations is clearly driven by nucleotide
binding and hydrolysis rather than drug binding, consistent
with conformational distributions observed by other exper-
imental approaches.”””” The HDX changes observed in the
presence of drug vs the absence of the drug do not preclude
occupation of the pre- and post-hydrolysis states we have
defined but do alter the macrostates in complex ways.
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Figure 4. An inhibitory concentration of vinblastine binding to P-gp alters HDX-MS in different catalytic states. (A) Peptides that show significant
HDX changes for vinblastine binding to nucleotide-free, pre-hydrolysis (AMPPNP), and post-hydrolysis (ATP/VO,) states of P-gp relative to the
drug-free states of the catalytic cycle, plotted on apo and ATP-bound structures (PDB IDs: SKPI and 6COV). (B) Top-down view from membrane
into cytoplasm of NBDs and ICHs. (C) Sequence plot of the sum of changes in HDX across time points. See Figures S6 and S7 for individual

peptide plots and sequence plots for each time point.

Zosuquidar Alters TMD Arrangement in the Post-
Hydrolysis State. Although it is not clear if a nucleotide-free
state is long-lived for P-gp in vivo, this state is the most
tractable, and structural changes induced by drug binding
could indicate mechanisms for changes in nucleotide affinity.
The modest effects we observe on the Ky of ATP hydrolysis
with each drug suggest that there could be differences in
nucleotide affinity. In the nucleotide-free state, zosuquidar
binding induces protection in a localized part of NBD2
including the A-loop and Walker B motifs, TMHG6, and
TMHI11 (Figure 3). A slight decrease in protection is observed
in ICH4 (peptide 900—906) but without prominent effects on
the flanking helices that are typically observed as well.

Relative to a drug-free pre-hydrolysis state, the zosuquidar-
bound pre-hydrolysis state exhibits increased protection in
NBD2. The affected regions are some of those impacted in the
nucleotide-free zosuquidar-bound state but to a lesser extent
(still includes the Walker B motif), with the largest effects still
observed in the 1092—1109 region. NBD1 shows slight
decreases in protection in regions that include the Walker B
motif of NBS1. As in the nucleotide-free, zosuquidar-bound
state, TMHG6 is still protected, consistent with zosuquidar
binding in the hydrophobic cavity.
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Remarkably, zosuquidar affects the post-hydrolysis state
more intensely than other states of the catalytic cycle. There is
a clear and localized effect on the post-hydrolysis state that is
unique to zosuquidar. Both ICH3, ICH4, and helices 10 and
11 are substantially less protected with zosuquidar bound to
the post-hydrolysis state than in the absence of zosuquidar.
The NBDs show some effects with zosuquidar bound to the
post-hydrolysis state, mainly decreased protection for peptides
neighboring ICH4 that include the Q-loop and D-loop of
NBD1. These results imply that the presence of zosuquidar
greatly alters the TMH arrangement and/or stability in the
post-hydrolysis (presumably outward-facing) state and that
subtle effects are translated down to the NBDs. The changes
observed in the NBDs are not comparable to the large changes
seen between different nucleotide-bound states. This is novel
structural evidence of a possible mechanism of uncoupling of
transport (specifically TMD behavior) from ATP hydrolysis.

Vinblastine at Inhibitory Concentrations Alters NBD
Stability in the Post-Hydrolysis State. Vinblastine at a
high, inhibitory concentration (80 xM) binding to P-gp at
different catalytic states induces many different changes
compared to those observed for zosuquidar. Low, stimulatory
concentrations of vinblastine resulted in no significant HDX
changes in either a nucleotide-free post-hydrolysis state
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(Figure S7). However, the lower, 8 yM concentration of
vinblastine would likely not be sufficient to saturate P-gp NDs
in the HDX samples. For inhibitory vinblastine binding
(presumably two molecules), decreased protection is observed
for ICH4 in the nucleotide-free state as well as nearby regions
of NBD1, including the Walker B motif (Figure 4). Similar to
zosuquidar, the A-loop in NBS2 is slightly more protected in
the presence of the higher concentration of vinblastine. Also
similar to zosuquidar, there are minimal changes in the pre-
hydrolytic state when vinblastine is bound, with only slight
protection observed in the 1092—1109 region of NBD2, but
none of the covered NBS motifs are affected. It should be
noted that the experiment probing the pre-hydrolysis state with
vinblastine was performed separately (see Materials and
Methods) from vinblastine in the nucleotide-free and post-
hydrolysis states; therefore, we are conservative with
comparisons between the pre-hydrolytic state and the other
two catalytic states. The post-hydrolytic state with two
vinblastines bound shows widespread protection throughout
the NBDs, including many of the NBS motifs (Figure 4B).
Interestingly, ICH4 is less protected, while ICH3 is more
protected. The differences in the post-hydrolytic states in the
presence of saturating vinblastine vs zosuquidar clearly identify
possible distinct mechanisms of action.

Bound Drugs Alter Slow Conformational Exchange of
ICH4. As previously reported, P-gp in lipid NDs and
detergent/lipid micelles exhibits EX1 kinetics, or conforma-
tional exchange, across a broad range of timescales.”>?” This
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behavior is observed via bimodal isotopic distributions in the
mass spectrum for a given peptide. Specifically, one can
observe two slowly exchanging states for a region if the two
conformations differ in their degree of solvent exposure or
hydrogen bonding, and therefore deuterium uptake. The rate
of conformational exchange must be much slower than the rate
of HDX in order to observe EX1 kinetics. These results
demonstrate the complexity and heterogeneity of the P-gp
conformational ensemble even within one macrostate of the
protein. For peptides that exhibit EX1 behavior with well-
deconvoluted isotopic distributions, we demonstrated that in
the ATP/VO, trapped state, the rates of slow conformational
exchange throughout the protein were greatly decreased. In
our comparison of P-gp dynamics between lipid environments
(P-gp in DMPC NDs with or without cholesterol), the
majority of affected peptides showed bimodal isotopic
distributions.”” We find with drug binding that most of the
peptides that are more strongly affected also show bimodal
distributions, consistent with a role for conformational
heterogeneity in drug binding.

One of the most affected regions across many conditions
probed here that also shows well-resolved bimodal peptides is
ICH#4 and the flanking helices 10 and 11. Under all conditions,
this region (example peptide 901—915, Figure S) experiences
slow exchange between protected and very unprotected
conformations with a half-life on the order of ~20 min,
although the motion is complex and does not fit a single
exponential. The rate of this exchange in the absence of the
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drug is greatly reduced in the pre-hydrolysis state and even
more so in the post-hydrolysis state, resulting in large increases
in overall protection. In the presence of the drug, however,
some states exhibit decreased protection due to an increased
rate of this slow conformational exchange. For example, bound
zosuquidar does not affect ICH4 in the nucleotide-free or pre-
hydrolysis states but greatly increases conformational exchange
in the post-hydrolysis state, bringing the exchange kinetics
closer to that of the nucleotide-free state. Inhibitory levels of
vinblastine also increase the rate of slow exchange of ICH4, but
this is most strongly observed in the nucleotide-free state, with
a more modest change in protection observed in the post-
hydrolysis state. Together, these results demonstrate that the
rates of interconversion between local conformations in ICH4
and adjacent TMHs 10 and 11 are differentially affected by the
binding of vinblastine at inhibitory concentrations and
zosuquidar. These ligands have a true “dynamic” effect on
the rates of conformational exchange that is communicated
from the drug binding sites to ICH4.

B DISCUSSION

There are ample biological and biochemical studies on the
functional consequences of various substrates and inhibitors
interacting with P-gp. In principle, the design of drugs that
target P-gp functionality, especially inhibitors to be used in
conjunction with chemotherapy, could be informed by a
structural understanding of how molecules interact with P-gp.
However, the mechanisms by which P-gp responds to different
molecules (substrates, inhibitors, couplers, uncouplers, etc.)
remain elusive for several reasons: [1] P-gp demonstrates a
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high level of conformational plasticity even within each macro-
conformational state of the catalytic cycle. Canonical structural
techniques that can be applied to P-gp (crystallography and
cryo-EM) are ideal for capturing high-resolution structures for
a predominant conformation but not for describing a range of
conformations and their proportions.”~'>** Each drug might
differentially interact with different conformations within the
ligand free ensemble (conformational selection) and alter the
landscape of each state of the catalytic cycle (induced fit).
Differential effects on these macrostates have been observed
with other structural techniques’*>* (DEER and LRET) that
quantify distance distributions under a number of conditions.
[2] While these results provide the essential framework for
characterizing P-gp-drug interactions, these static structural
“snapshots” do not describe the dynamic effects that bound
drugs have on P-gp as it traverses the complex conformational
landscape of its catalytic cycle. Our HDX-MS study reveals
possible conformational changes due to drug binding in
different catalytic states and identifies regions that show drug-
dependent changes in conformational exchange.

The results reveal potential mechanisms of differential
communication between drug-binding sites in the TMHs and
the NBDs, for transport substrates vs inhibitors (Figure 6).
Comparison of HDX in the drug-bound nucleotide-free states
indicates that there are only minor, localized changes in
dynamics. The HDX properties of the NBDs do not change
dramatically upon addition of vinblastine or zosuquidar,
although both drugs induce modest increases in the rates of
HDX in different NBDs. Vinblastine increases exchange in the
Walker B motif of NBS1, whereas zosuquidar largely decreases
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exchange in NBD2. Interestingly, both ligands decrease
exchange in the A-loop of NBS2, a region implicated in
determining catalytic efficiency based on DEER in the post-
hydrolysis state.”’ Together, these effects are consistent with
the macroscopic conformation remaining in the IF state. For
both ligands, the effects on dynamics in the absence of
nucleotide are modest and not widespread. These results are
consistent with various types of structural studies. The crystal
and cryo-EM structures of P-gp bound to the drug in the
absence of nucleotide show only slight changes in secondary/
tertiary structure; for example, a comparison of P-gp with taxol
or zosuquidar bound shows that a slight shift near the binding
site translates down to minor shifting of the NBDs with respect
to one another.'”” LRET and DEER distance distributions in P-
gp NDs show variable effects on the NBD-NBD distance.
LRET suggests verapamil alone causes a shift toward the
closed form but DEER, and native mass spectrometry,**
suggests no substantial shifts in this conformational distribu-
tion (larger fractions open/closed) with drug binding to a
nucleotide-free state. Based on DEER, P-gp populates a new
conformation upon addition of zosuquidar (but not vinblastine
at low, stimulatory concentrations), in which the NBDs and
intracellular region of the TMDs are closer (more closed state)
but not achieving a nucleotide-bound-like state. Under our
conditions, this state might not be highly populated or
produces similar HDX behavior to the conformations already
observed.

In the pre-hydrolysis state modeled by the addition of
AMPPNP, the effects of either vinblastine or zosuquidar on the
NBDs remain modest and relatively indistinct. Compared to
the drug-free pre-hydrolysis state, the pre-hydrolysis state with
vinblastine or zosuquidar exhibits a very slight decrease in
exchange in NBD2 in the region of 1092—1109. That is, the
NBD-dimerized pre-hydrolysis states in the presence of
vinblastine or zosuquidar differ from the canonical open, IF
states but not greatly from each other. However, the LRET of
Mg**-ATP-bound P-gp with verapamil increases the fraction of
NBDs in a “closed”, shorter-distance state.”” Upon progressing
to the post-hydrolysis state, however, the vinblastine and
zosuquidar complexes populate distinctly different conforma-
tional ensembles with different dynamic signatures. Specifi-
cally, zosuquidar does not greatly affect the NBDs in the post-
hydrolysis macroconformation but does alter the state of the
TMHs, while vinblastine induces widespread, modest effects
throughout the protein, especially the NBDs.

Previous cryo-EM studies of antibody-bound P-gp in lipid
nanodiscs containing brain lipids indicated that when two
zosuquidar molecules are bound, they mainly occupy the
substrate binding cavity, but one protrudes into the “vestibule”
created by TMHs §, 7, 9, and 12."? In contrast, with vincristine
bound (highly similar to vinblastine), the molecule is fully
encompassed in the binding cavity. Comparison of this
nucleotide-free state with the pre-hydrolysis state observed in
an ATP-bound structure shows the movement of TMH9
conflicts with inhibitors bound in the vestibule. This indicates
a mechanism by which inhibitors block transport. Although we
do not have evidence of transport inhibition in the same lipid
context used in our HDX study, numerous studies demonstrate
zosuquidar behaving as a transport inhibitor in different cell
and liposome contexts.’”*>*® A recent MD study also
demonstrates a broader range of distances between the
NBDs and TMDs and increased lipid access events in the
presence of the inhibitor tariquidar.”® Our results for
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zosuquidar in the post-hydrolysis state are consistent with
these findings. Zosuquidar in the post-hydrolysis state
decreases protection for TMH9 and neighboring ICH3, as
well as ICH4 and neighboring TMHs 10 and 11. Therefore,
the canonical OF state is not achieved, defining a clear
mechanism of transport inhibition. The minimal effects on the
NBDs suggest that ATP is hydrolyzed in a manner comparable
to a drug-free cycle, therefore producing “uncoupling” of
transport and ATP hydrolysis. Conversely, the widespread
effects throughout the NBDs in the post-hydrolysis state with
vinblastine bound suggest a mechanism for ATPase inhibition.
Increased protection throughout the NBDs suggests an
alteration in the communication network for hydrolysis; this
post-hydrolysis state does not resemble the pre-hydrolysis
state. Although it is possible that the second hydrolysis step
could be hindered, hydrolysis might be more or less
“symmetric” at the NBSs, or hydrolyzed nucleotide and/or
the NBDs have tighter affinities, reducing the frequency with
which P-gp can complete a hydrolysis cycle.

The observed effects due to either vinblastine or zosuquidar
binding to P-gp-NDs are somewhat different from those we
observed when cholesterol is included in the NDs.”” This
suggests that our previously reported effects from cholesterol
are predominantly due to environmental changes in the ND as
opposed to cholesterol in the binding pocket. The predom-
inant effects with cholesterol are increased protection
throughout NBD2 and ICH3 through a shift in the equilibrium
distribution of conformations within the apo macrostate;
modest increases in exchange are observed in NBD1/ICH4. In
contrast, with either drug binding to the nucleotide-free state,
only minor to modest effects are observed but they do either
decrease exchange in NBD2 or increase exchange in NBD1/
ICH4. Cholesterol does not induce effects in HDX that are
very similar to vinblastine binding, but there are several
peptides protected in NBD2 by both cholesterol and
zosuquidar. Therefore, a possible trend in dynamics with
ATP hydrolysis is preserved (cholesterol increases ATPase
activity). Overall, this suggests possible common mechanisms
of ATPase stimulation caused by various drugs bound to P-gp
or lipid components in the membrane, but drugs and lipids
may produce their effects by interacting at different remote
sites. For example, cholesterol is observed to be crowded
around the TMDs in nanodiscs,'> vinblastine is likely bound
high in the binding pocket,”** and zosuquidar extends down
into the vestibule."

Our findings emphasize the need to use techniques that can
capture small changes in conformational heterogeneity,
approaches that quantify dynamic motions, and mimics for
multiple states of the catalytic cycle. In the context of
numerous other structural mechanistic studies of P-gp, HDX-
MS provides crucial insight into subtle dynamic consequences
when various ligands bind. Comprehensive, collaborative
efforts in the field with distinct approaches will allow us to
better characterize drug binding sites and how they change
through the catalytic cycle. Given the dynamic interplay of
lipids with P-gp portals to the drug binding pocket, it is also
important to characterize regulation of P-gp conformations/
function by lipid composition.
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