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ABCG2 is an ATP-binding cassette (ABC) transporter that extrudes a wide range
of xenobiotics and drugs from the cell and contributes to multidrug resistance in
cancer cells. Following our recent structural characterization of topotecan-bound
ABCG2, here, we present cryo-EM structures of ABCG2 under turnover conditions
in complex with a special modulator and slow substrate, tariquidar, in nanodiscs.
The structures reveal that similar to topotecan, tariquidar induces two distinct
ABCG2 conformations under turnover conditions (turnover-1 and turnover-2). μs-
scale molecular dynamics simulations of drug-bound and apo ABCG2 in native-like
lipid bilayers, in both topotecan- and tariquidar-bound states, characterize the ligand
size as a major determinant of its binding stability. The simulations highlight direct
lipid-drug interactions for the smaller topotecan, which exhibits a highly dynamic
binding mode. In contrast, the larger tariquidar occupies most of the available volume
in the binding pocket, thus leaving little space for lipids to enter the cavity and
interact with it. Similarly, when simulating ABCG2 in the apo inward-open state,
we also observe spontaneous penetration of phospholipids into the binding cavity.
The captured phospholipid diffusion pathway into ABCG2 offers a putative general
path to recruit any hydrophobic/amphiphilic substrates directly from the membrane.
Our simulations also reveal that ABCG2 rejects cholesterol as a substrate, which is
omnipresent in plasma membranes that contain ABCG2. At the same time, cholesterol
is found to prohibit the penetration of phospholipids into ABCG2. These molecular
findings have direct functional ramifications on ABCG2’s function as a transporter.

ABC transporters | cryo-EM | molecular dynamics | lipids | membrane proteins

ABCG2 is a human ATP-binding cassette (ABC) transporter expressed in a variety
of tissues and with broad substrate specificity. It exports a wide range of endobiotics
and xenobiotics from the cell (1–3) and, thereby, plays a major role in the traffic and
distribution of diverse compounds between different compartments of the human body.
The ability of ABCG2 to extrude a wide spectrum of substrates is exploited by some
cancer cells, which overexpress the transporter and thereby actively pump out various
chemotherapeutic agents, a phenomenon generally referred to as multidrug resistance
(MDR) (4–6).

ABCG2 functions as a homodimer, and its transport activity is mediated by large-
scale conformational changes between the inward-facing (IF) and outward-facing (OF)
states, in which the substrate-binding site is alternatively exposed to the cytoplasmic and
extracellular sides of the membrane (7, 8). Structurally, ABCG2 is composed of two
transmembrane domains (TMDs), which form the substrate-binding cavity and carry on
the actual transport process, as well as two highly conserved nucleotide-binding domains
(NBDs), which act as the engine for the transporter and drive the conformational changes
required for active transport by binding to and hydrolyzing ATP (9–12).

High-resolution structures of ABCG2 have been resolved by cryoelectron microscopy
(cryo-EM), shedding light on the protein’s functional conformations arising during the
transport cycle (13–17). The IF conformation reveals a slit-like binding cavity, acting
as the binding site for both substrates and inhibitors (13, 14). The binding cavity
accommodates flat, polycyclic, hydrophobic small molecules that stack in between two
prominent phenylalanine side chains (5, 18, 19). Available structures of ABCG2 suggest
that while substrates bind as a single copy, the size of the inhibitors might affect their
binding stoichiometry; relatively small inhibitors (e.g., MZ29) bind in pairs, whereas
larger inhibitors (e.g., MB136) occupy the binding pocket as a single copy (8, 14, 15, 17).
Variable binding stoichiometry has also been observed for a few ligands of other ABCG
transporters (20, 21).
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All the aforementioned ABCG2 structures have been captured
via trapping a particular conformation by maneuvers such as the
removal of the substrates or ATP (13), addition of inhibitors (14),
mutation of the catalytic glutamate to glutamine (15), or
complexing with inhibitory Fab fragments (13, 14). Recently,
structures of ABCG2 have been resolved under turnover con-
ditions (in the presence of ATP, ADP, Mg2+, and substrates,
without trapping), and in the presence of bound endogenous
or exogenous substrates, estrone-3-sulfate (E1S), and topotecan,
respectively (8). The topotecan-bound structures exhibited two
distinct conformations, termed turnover-1 (TO1) and turnover-2
(TO2) (8). These structures may represent the most unperturbed
states of the transporter. While both represent IF-like states of
ABCG2, TO1 demonstrates a higher separation of the NBDs
and a wider substrate binding cavity in comparison to TO2.
They are considered to be intermediates of the transport cycle in
which first TO1 and then TO2 form during the transition to the
OF state where the binding cavity opens to the extracellular side
to complete the substrate translocation process (8). Interestingly,
even though the residues interacting with topotecan in both TO1
and TO2 show well-defined densities, topotecan’s densities are
less clear and show fewer features (8). However, the structures of
ABCG2 under turnover conditions have been resolved only for
the abovementioned two substrates, leaving the question as to
whether similar conformations can exist in the presence of other
ligands.

Transport in ABCG2 has been shown to be modulated by
the lipid environment (22–26). ABCG2’s transport function is
known to be potentiated by the presence of cholesterol (22–
24), a fact that aligns with the presence of the protein in
the cholesterol-rich regions of the plasma membrane (25, 26).
However, unlike its counterparts in the ABCG family, e.g.,
the homodimeric ABCG1 (20, 27, 28) and the heterodimeric
ABCG5/G8 (20, 29–31), cholesterol is not a substrate for
ABCG2. Moreover, tightly bound annular lipids have been
captured in the nanodisc-reconstituted cryo-EM structures of
ABCG2 in different states (8, 13, 14, 17). These boundary lipids
are seen to insert into the clefts between the TMD helices of the
protein, either bound to the hydrophobic surface of the protein
or near the TMD gate of the substrate binding site (8, 13, 14, 17).
Moreover, biochemical and optical microscopy studies have
revealed that the lipid environment significantly affects ABCG2’s
transport activity (23, 24, 26). However, these structural and
biochemical studies are limited either by their static description
or low spatial resolution to provide a microscopic view of lipid
dynamics in the vicinity of the protein.

Molecular dynamics (MD) simulations have been used ex-
tensively to shed light on the conformational dynamics of ABC
transporters (32–35) as well as relevant lipid-protein interactions
at an atomic scale (36, 37). All-atom (AA) MD simulations of
P-glycoprotein (Pgp, ABCB1), another MDR ABC transporter,
in IF-apo and IF ATP-bound conformations revealed partial
entrance of phospholipids from the cytoplasmic leaflet into
the substrate-binding cavity of the transporter (34). Based on
this observation, the study suggested a putative pathway for
drug recruitment by Pgp directly from the lipid bilayer (34).
In addition to the IF conformations, lipid penetration to the
substrate-binding pocket of Pgp from the extracellular side
has also been reported in MD simulations of its modeled
OF conformation (38, 39). In addition to AA simulations,
coarse-grained MD simulations of Pgp in a complex membrane
bilayer have also captured multiple instances of lipid penetration
into the ligand-binding cavity (40). Additionally, μs-long AA

simulations of a bacterial ABC exporter, Sav1866, in different
membranes revealed how the protein’s conformational dynamics
can be dependent on the lipid composition of the embedding
membrane (41).

In this study, we exploited the power of cryo-EM and μs-scale
AA simulations to further investigate ligand-binding properties
of ABCG2 and its interplay with lipids. We present the cryo-
EM structures of tariquidar-bound ABCG2 under turnover
conditions, TO1 and TO2, revealing a unique binding mode
for this special modulator and slow substrate. Simulations of
ABCG2 in complex with the ligands capture the ligand size as a
major determinant of the binding mode. More stable binding
of tariquidar (larger ligand) correlates with the close overlap
of the EM density and the chemical model for this ligand,
while the smaller size of topotecan and the resulting higher
fluctuation within the binding pocket might substantiate the low
correlation between the EM density and the structural model
in this case. Furthermore, for topotecan-bound ABCG2, we
observe phospholipid penetration into the binding pocket and
their direct interaction. The observed lipid penetration pathway
from the cytoplasmic leaflet, which is also observed in the IF-apo
conformation, might represent a putative hydrophobic pathway
for drug recruitment in ABCG2.

Results and Discussion

Structures of Tariquidar-bound ABCG2 Under Turnover
Conditions. Unlike bona fide substrates such as E1S, and distinct
from inhibitors such as Ko143 or MB-136, tariquidar has
aspects of both a substrate and an inhibitor of ABCG2. At
low concentrations, it acts as an ABCG2 substrate, while at
higher concentrations (>1 μM), it inhibits the transport of other
substrates competitively (80, 81). We measured and compared
the ATPase activity of nanodisc-reconstituted ABCG2 alone or in
the presence of different ligands (SI Appendix, Fig. S4 A and C ).
As reported previously, the ATPase rate of nanodisc-reconstituted
ABCG2 is highest in the presence of E1S, and it is reduced in the
presence of topotecan or tariquidar (17, 80). The presence of even
5 μM tariquidar is sufficient to reduce the ATPase activity to 40%
of that measured with 50 μM topotecan. This is even lower than
our previously observed ATPase rate reduction, where 0.5 μM
tariquidar was able to reduce the ATPase rate to 60% of that
observed with 50 μM topotecan (17). To ensure a high degree
of tariquidar occupancy in ABCG2 nanodisc samples used for
structure determination, we incubated them with a tariquidar
concentration of 20 μM under turnover conditions (5 mM ATP,
0.5 mM ADP, and 5 mM MgCl2) before preparing cryo-EM
grids. From a single turnover data set, we determined two high-
resolution cryo-EM structures (Fig. 1 A and B) of tariquidar-
bound ABCG2, each including a single copy of tariquidar bound
between the TMDs and two ATP bound to the NBDs.

Similar to the previously reported turnover structures of
ABCG2 with topotecan (8), tariquidar-bound ABCG2 exhibits
two distinct turnover states: tariquidar turnover-1 features a wider
gap between the NBDs (Fig. 1) and constitutes the main class
of the dataset, encompassing 74% of the well-ordered particles.
The second structure featured semiclosed NBDs and was termed
tariquidar turnover-2 (Fig. 1). To simplify the name of the
4 turnover structures, hereby we name them “drug” TO1/2.
Tariquidar TO2 is a minor class, including 26% of the well-
ordered particles. Both structures were refined in C1 symmetry
but displayed evidence of averaging effects in the region of the
bound ligand (Fig. 1) due to the pseudosymmetry.

2 of 12 https://doi.org/10.1073/pnas.2213437120 pnas.org

https://www.pnas.org/lookup/doi/10.1073/pnas.2213437120#supplementary-materials


Tariquidar turnover-1 Tariquidar turnover-2 A

B

Fig. 1. Cryo-EM structures of nanodisc-reconstituted, tariquidar-bound ABCG2. (A) Models of tariquidar-bound ABCG2 in TO1 (Left) and TO2 (Right) states
shown in cartoon representation, determined at 3.1 and 3.2 Å, respectively. The bound tariquidar and ATP molecules are drawn as stick models. (B) Cryo-EM
maps of tariquidar TO1 (Left) and TO2 (Right). Top, Overall cryo-EM map. Middle, Close-up view of tariquidar viewed from within the membrane. Bottom, Close-up
view of tariquidar viewed from the cytoplasm.

Both structures revealed well-defined densities for two nu-
cleotides bound in the nucleotide-binding sites. There is space
only for a single tariquidar molecule in cavity 1 (Fig. 1 A and B).
We interpreted the density in the nucleotide-binding site as ATP
and Mg2+ in analogy to the previously determined structures
of TO2 states bound with E1S or topotecan (8). The density

covering bound tariquidar, along the two-fold symmetry axis of
the ABCG2 homodimer, captures two poses related by 180◦
rotation, resulting from the averaging of particles that differ only
in the pose of the bound ligand (SI Appendix, Fig. S5 A and B). As
observed previously for turnover states of E1S and topotecan (8),
the central cavity between the ABCG2 monomers is narrower

PNAS 2023 Vol. 120 No. 1 e2213437120 https://doi.org/10.1073/pnas.2213437120 3 of 12

https://www.pnas.org/lookup/doi/10.1073/pnas.2213437120#supplementary-materials


in TO2. While bound tariquidar is sandwiched between the
phenyl rings of the two opposing F439 residues from the ABCG2
monomers in both TO1 and TO2 structures, its conformation is
notably different: in the TO1 state, tariquidar adopts a C-shaped
conformation, whereas in TO2, it adopts an L-shaped form. The
C-shaped conformation in TO1 is similar to that observed in a
previously reported, inward-open and nonturnover structure of
tariquidar-bound ABCG2 (SI Appendix, Fig. S6 and S7) (17).
In TO1, tariquidar is best fitted with its 3-quinolinyl moiety
stacking against the phenyl rings of the two F439 residues
(SI Appendix, Fig. S7 A and B). The L-shaped conformation
adopted by tariquidar in TO2 is probably a consequence of
the reduced size of the substrate-binding cavity. The tariquidar
density in the drug-binding pocket of TO2 extends along the
two-fold symmetry axis of ABCG2 and is greatly affected by
the pseudosymmetry of the protein, with the density of L-
shaped tariquidar showing more symmetrized features than the
C-shaped tariquidar in TO1. As a result, in TO2, only a single
copy of tariquidar can be fitted inside the density in either
of the two orientations related to each other by a rotation of
∼180◦ (SI Appendix, Fig. S5). Our structures demonstrate how
the conformation of tariquidar might adapt as the transporter
changes its shape.

Comparison of Tariquidar and Topotecan Turnover Structures
of ABCG2. The tariquidar TO1 and topotecan TO1 structures
of ABCG2 are similar, with an overall RSMD of 0.56 Å.
Similarly, the tariquidar TO2 state is nearly indistinguishable
from topotecan TO2, with an overall RSMD of only 0.35 Å.
Due to improved local resolution, we also observe the density for
the bound Mg2+ in the tariquidar TO2 structure, which was not
observed before in the topotecan TO2 structure (SI Appendix,
Fig. S8).

Within the substrate-binding pocket, however, there are
differences between the structures. The EM density for topotecan
under turnover conditions is less well defined compared to that of
tariquidar, suggesting more flexibility for the bound topotecan
(SI Appendix, Fig. S5 A and B). In contrast, the EM density
features for bound tariquidar are better defined both in TO1 and
TO2 structures. This may reflect the higher binding affinity to
ABCG2 or result from the larger size and mass of tariquidar,
limiting its flexibility in the binding pocket.

Intriguingly, both topotecan and tariquidar exhibit orien-
tational changes between TO1 and TO2 structures. While
topotecan shows only a relative rotation between the two
structures, tariquidar also changes its conformation from a C-
shaped conformer in the TO1 structure to an L-shaped conformer
in the TO2 one. The observed conformational change appears
necessary for the molecule to fit the narrowed substrate-binding
cavity because a simply rotated form of C-shaped tariquidar
would not fit into the binding cavity of the TO2 structure. The
distal end of L-shaped tariquidar reaches as far as the cytoplasmic
entrance of the substrate-binding cavity. This feature likely
explains why tariquidar is slowly transported by ABCG2 since
in order to fully close the cytoplasmic side of the binding cavity,
tariquidar would have to move further along the translocation
pathway. Notably, tariquidar is the largest compound reported
to date as a substrate for ABCG2.

Size-Dependent Differential Binding of Ligands to ABCG2. The
dynamics of tariquidar and topotecan in the binding pocket of
the TO1 and TO2 states were investigated by μs-scale all-atom
molecular dynamics (MD) simulations of membrane-embedded

ABCG2 in the presence of either substrate. The stability of the
ligand in its binding pose was quantified by RMSD calculations
during the course of 2-μs simulations (duplicate in each case).
RMSD of tariquidar in TO1 and TO2 in both simulated
replicates remains, on average, at ∼2 Å, indicating a stable
binding (Fig. 2A and SI Appendix, Fig. S9A and Movies S1
and S2), although transient fluctuations are observed in TO1,
during which the substrate-binding pose becomes more similar
to that in TO2. Transition of tariquidar binding from a TO1
pose to the TO2 one is aligned with the proposed transition
cycle of ABCG2 in which TO1 precedes TO2 (8). In contrast
to tariquidar, topotecan fluctuates wildly in both TO1 and
TO2 states, with RMSD values ranging 2 to 12 Å (Fig. 2B
and SI Appendix, Fig. S9B and Movie S3 and S4). Moreover,
the overall stability/symmetry of different domains in ABCG2
show relatively stable conformations (SI Appendix, Figs. S10–
S13). Volume calculation reveals that free space in the binding
pocket for topotecan-bound TO1 and TO2 states are 20 and 46%
larger compared to the tariquidar-bound structures, respectively
(Fig. 2 C and D and SI Appendix, Table S3). The additional
free volume in the topotecan-bound structures allows for the
observed rocking motion of the substrate and sampling different
binding poses within the binding pocket (Fig. 2 C and D and
SI Appendix, Table S3).

ABCG2 can accommodate either one or two small-molecule
ligands in its substrate binding pocket (8, 14, 15, 17). While
the stoichiometry of binding for inhibitors varies depending
on the ligand’s size, all substrates bind as a single copy based
on the available structures of ABCG2 (8, 14, 15, 17). While
substrate binding stoichiometry seems to be size-independent,
our simulation results suggest that substrate stability can be
largely affected by its size, which in turn determines the available
sampling space within the binding pocket. As observed in the
simulations, in the case of topotecan and tariquidar, the larger
substrate (tariquidar) is more confined in the binding pocket due
to its size and thus experiences less positional and conformational
flexibility. The observed fluidity of topotecan binding might
substantiate the relatively smaller overlap between the cryo-
EM electron density and the modeled ligand structure (8) (SI
Appendix, Fig. S5 A and B). On the other hand, the higher
degree of overlap between tariquidar’s density and its structure
in the cryo-EM model (SI Appendix, Fig. S5 A and B) is in line
with its observed stable binding in both turnover states and in all
simulation replicas (Fig. 3).

Lipid Penetration into the Ligand-Binding Cavity in
Topotecan-Bound Structure. As described, the primary reason
for topotecan’s dynamic binding observed in our simulations
and the imperfect match between its cryo-EM model and density
appears to be its relatively smaller size compared to ABCG2’s
substrate binding pocket. However, the simulations hinted at
an additional factor that might impact topotecan binding. In-
specting the topotecan-bound simulations, we observed multiple
events of phospholipid penetration into ABCG2’s binding pocket
through the TMD gate in both TO1 and TO2 states. It is worth
noting that the lipid penetration into the lumen is accompanied
by an increase in the distance between the two TMDs in
topotecan-bound TO2, as the domains move to accommodate
the phospholipids (SI Appendix, Fig. S11). Individual lipids
penetrating the binding pocket were then classified, and their
proximity to the bound ligand was quantified (lipid phosphorus
distance to topotecan’s titratable nitrogen; SI Appendix,
Fig. S3).
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A B

C D

Fig. 2. Binding stability of tariquidar and topotecan to ABCG2. (A) and (B) Top: Heavy-atom RMSD values for tariquidar and topotecan with respect to their
initial positions in the cryo-EM model of the TO2 structure are shown for both simulation replicas (pink and blue traces). While tariquidar is stable in the
binding pocket throughout the simulation (RMSD ≈ 2 Å), topotecan fluctuates extensively, with RMSD values ranging 2 to 12 Å. Bottom, Minimal center of
mass distance of tariquidar or topotecan with respect to their two symmetry-related binding poses in the cryo-EM model. (C) and (D) show front and side
protein views highlighting the empty volume (shown in cyan) within the binding cavity of ABCG2 for tariquidar and topotecan cryo-EM structures, respectively.
Cryo-EM-modeled ligand poses are shown in gray. In the side views, one of the protein chains (chain B) is removed for an unobstructed view of the internal
cavity. The larger size of tariquidar leaves less room for fluctuation and therefore a more stable binding mode. In contrast, topotecan’s smaller size allows for
more freedom and larger fluctuations of the ligand. Representative topotecan poses arising during the simulations are shown in red in the side view.

As an example, in the first simulation replica of topotecan-
bound TO2, we captured two different lipids, a POPS and
later a PSM, that penetrated the binding pocket at different
times to the degree that they established direct contacts with the
bound topotecan. In the first lipid-penetrating event, a POPS
lipid enters the binding pocket and remains in that area during
the t ≈ 0.4–1.1 μs segment of the simulation (pink bars in
Fig. 4A). Departure of this lipid from the TMD cavity allowed
for a second lipid (a PSM in this case) to gain access to the
binding pocket and to establish direct contacts with the substrate
at multiple instances during the remainder of the simulation
time (blue bars in Fig. 4A). Therefore, we demonstrate direct
interactions of lipids with ligands in a membrane protein. Two
representative snapshots of ABCG2-penetrating phospholipids
shown in Fig. 4B exemplify the direct nature of interactions
between the lipids and the ligand. Tracking the phosphorus atoms
of these two lipids during the simulation shows that both lipids
originated from the cytoplasmic leaflet of the bilayer (Fig. 4 C
and D). The phospholipid entry into the binding cavity starts
with the lipid headgroup followed by one of the acyl chains
(Fig. 4D). A similar behavior was observed for the second TO2
simulation replica as well as for both topotecan-bound TO1

simulation replicas (SI Appendix, Figs. S14–S16 A–D). Overall,
during the course of each simulation (2 μs), 2 to 4 lipids were
observed to visit the binding pocket. These lumen-penetrating
lipids included POPE, POPC, or even POPI, suggesting that
topotecan-phospholipid interaction is not limited to a specific
lipid type. Furthermore, the binding pocket seems to only
accommodate only a single phospholipid at any given time.

In contrast to topotecan, phospholipid penetration into the
substrate binding pocket was not observed in tariquidar-bound
simulations (Fig. 5 A and B and SI Appendix, Fig. S9 A and B).
Given its larger size, tariquidar is observed to occupy the binding
pocket more fully, not only achieving a more stable binding but
also leaving less space for penetration of other molecular species
such as lipids (Fig. 5A andC ). Furthermore, in contrast to topote-
can (Fig. 5D), the positive moiety (amino group) of tariquidar is
rather buried in the molecule and unavailable for direct charge–
charge interactions with the lipids (Fig. 5C and SI Appendix, Fig.
S9C ), which likely contributes to the interaction between them.
Consistent observations were made in all simulation replicas
and for both TO1 and TO2 states, that is, a more stable, less
fluctuating pose for tariquidar and direct lipid-ligand interaction
for topotecan (SI Appendix, Fig. S9 A–D). Direct, dynamic
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Topotecan-TO1 Topotecan-TO2

Tariquidar-TO1 Tariquidar-TO2

Cryo-EM density
In-silico  density

Fig. 3. Comparison of in silico and cryo-EM obtained densities of the ligands. Cryo-EM and MD obtained densities (accumulated for both replicas of each
system during 2 μs of production runs) of the ligands are shown for both topotecan and tariquidar in TO1 and TO2 conformations, demonstrating a good degree
of overlap. The cryo-EM densities are shown at isovalue 0.2, whereas the in-silico densities are represented at an isovalue of 0.5. Only one of the monomers
is shown to render a more visible binding pocket. The snapshots are viewed from the side. The cryo-EM and in silico densities are represented in solid blue
surfaces and magenta meshes, respectively. The cryo-EM modeled ligand in each case is also represented.

topotecan-lipid interactions captured in our simulations may
further contribute to the relatively large fluctuation of topotecan.

The interconnection between lipids and the drug has been
implicated in transport properties of other ABC transporters.
In two studies employing fluorescence microscopy, it was
shown that lipid A transport via MsbA can be affected by the
presence of different drugs (82, 83). In the case of ABCG2,
biochemical and optical microscopy studies have shown that
the lipid environment can significantly affect its transport activ-
ity (23, 24, 26). However, to the best of our knowledge, there has
been no study reporting direct lipid-substrate interactions in ABC
transporters.

Additional simulations performed on ABCG2 in the IF-
apo conformation showed that phospholipids can also enter its
empty binding cavity (SI Appendix, Fig. S17 A–D and Movie
S5). This is in line with previous MD simulations that have
shown phospholipid entrance into the empty binding site of
another ABC transporter, Pgp (34, 36, 39, 40). Furthermore,
experimental studies have established the capability of ABCG2
and Pgp in directly recruiting their substrates directly from their
surrounding lipid bilayer (84–90). We propose that the pathway
for the lipid entrance into the ABCG2 cavity captured in our
simulations presents a putative general pathway for any molecular
species in the membrane to partition into the transporter protein.

Cholesterol Blocking Phospholipids from Penetrating ABCG2.
Given the homodimeric structure of ABCG2, two symmetrically
related portals within the transmembrane region of ABCG2 sep-
arate its ligand-binding cavity from the surrounding membrane.
During our simulations, however, we observed a curious asymme-
try in the engagement of these two openings in phospholipid pen-
etration into the ABCG2 lumen (Fig. 6). While one of the portals
was observed to be heavily engaged in exchange of lipids between
the membrane and the lumen, a substantially lower level of lipid
traffic was observed for the other portal. Upon further examina-
tion, we discovered that the inactive portal was physically blocked
by a pair of cholesterol molecules (Fig. 6) in all the simulation
systems, which due to their bulky structure, when compared to
phospholipid tails, could not further penetrate the luminal cavity.
As shown in Fig. 6, in all the cases, the presence of cholesterol
in the portal area diminished the penetration of phospholipids
into the ABCG2 lumen. Consistent with such a phospholipid-
blocking role for cholesterol, its departure from the portal region,
observed after extending one of the simulations to 3 μs, resulted in
an immediate phospholipid occupancy of the lumen through that
portal (Fig. 6E). While at this point we can only speculate on the
functional ramifications of this behavior of cholesterol, we pro-
pose that due to preventing phospholipids from penetrating and
wedging the protein, cholesterol may keep the protein mechanism
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Fig. 4. Direct lipid–ligand interaction in ABCG2. (A) Top, Distance time series between the phosphorus atom of lipids that penetrate the binding pocket and
the titratable nitrogen atom of the bound topotecan. The distances for the first (POPS) and second (PSM) visiting lipids are shown in red and cyan, respectively.
Bottom, Instances of lipid–topotecan proximity (P-N distances <5.0 Å) during the simulations. (B) Two representative snapshots (1 to 2, corresponding to time
stamps in (A)) highlighting close lipid–topotecan interactions (1: POPS; 2: PSM). The two pseudosymmetrically related halves of ABCG2 (chains A and B) are
shown in yellow and green, respectively. (C) Cytosolic view of lipid penetration into the binding pocket of ABCG2 observed during the 2 μs trajectory, with the
phosphorus atoms of the first and second visiting lipids in red and cyan, respectively. Lipid penetration range into the protein is highlighted with a blue line, and
the ligand is drawn in licorice to highlight its proximity to lipids. (D) Snapshots describing the trajectory of the PSM lipid that penetrated into the binding pocket
shown from the side. Lipid tails are colored according to the time in the trajectory, with red and blue representing the beginning and end of the simulation,
respectively. Chain B is removed for a better view of the luminal binding pocket.

free of interference and thereby accelerate the transition between
its functional states as needed for active transport.

Concluding Remarks

ABCG2 is a human ABC transporter contributing to MDR in
cancer cells while participating in the general chemoimmunity
defense system. Understating the mechanism of transport in
ABCG2 and various factors regulating and/or impacting the
process has been the main goal of numerous molecular studies

over the past two decades. In this study, we employed cryo-EM
to resolve the structure of ABCG2 under turnover conditions
bound to tariquidar, a special modulator, and a slow substrate of
ABCG2. Our results reveal that, similar to topotecan, tariquidar
induces two main conformational states in ABCG2 under
turnover conditions, namely TO1 and TO2. To further study
the dynamics of ABCG2 and its bound ligands, we utilized
MD simulations to investigate and compare the topotecan-
and tariquidar-bound ABCG2 in the TO1 and TO2 states.
In a sharp contrast to tariquidar binding, our simulations
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Fig. 5. Ligand fluctuation and differential lipid penetration into the protein for topotecan- and tariquidar-bound structures. (A) Superimposed snapshots of
the phosphorus atoms (purple) that come closer than 20 Å to tariquidar (collected from both TO2 simulated replicas with 125 ns intervals). Spatial density
representing the ligand occupancy obtained from the aggregate of two simulation replicas is shown as a purple mesh. (B) Similar data from topotecan-
bound simulations. Topotecan shows much larger fluctuations and is observed to directly interact with lipids. (C) and (D) Charge–charge interactions between
phospholipids and substrates in the TO2 state for tariquidar and topotecan, respectively. The electrostatic potential map for each ligand highlights the positive
center of each molecule (blue). Topotecan’s positive charge is much more accessible for direct interactions/contacts with lipids, whereas tariquidar’s positive
charge is more buried and less accessible. Phosphorus atoms of different lipids are shown as spheres and colored according to the legend. To provide a clear
view into the binding cavity, only chain A is shown (yellow).

demonstrate a high degree of flexibility in topotecan’s binding
mode in both TO1 and TO2 states. Topotecan’s dynamic
binding to ABCG2 captured in the simulations substantiates
the less well-defined density of topotecan compared to that of
its interacting residues in the cryo-EM maps. Tariquidar, on the
other hand, being larger than topotecan, occupies the binding
pocket more fully and, by establishing more interactions, remains
more stably bound throughout the simulations. This behavior is
also reflected in the well-defined densities of tariquidar captured
in our cryo-EM maps.

Besides the fact that the size and the level of drug-protein
interactions can directly control the binding mode of different
molecules to ABCG2, our MD simulations reveal active partici-
pation of phospholipids in this process. In our topotecan-bound
simulations, we capture different types of phospholipids entering
ABCG2’s binding pocket and directly interacting with topotecan
in both TO1 and TO2 states. This direct ligand–lipid interaction
further modulates topotecan’s binding mode. In contrast, in
the case of tariquidar, phospholipids do not enter the binding
pocket as the drug fills the cavity more fully and leaves less
space for the penetration of lipids. Additional simulations show
that phospholipids can also enter ABCG2’s binding pocket in
the apo-IF conformation. As many compounds interacting with

ABCG2 contain relatively large hydrophobic moieties, it is not
hard to imagine that they first partition into the membrane and
from there enter the binding cavity of the transporter. Hence,
the mechanism and pathway of lipids penetrating into ABCG2’s
binding cavity captured in our simulations provide a putative
general pathway for small-molecule compounds to enter ABCG2
in the IF state before being exported to the other side of the
membrane.

While ABCG2 does not appear to impose any selectivity for
or against a particular type of phospholipids to enter its binding
cavity, no penetration of cholesterol molecules into the lumen
was observed in any of our simulated systems. Upon reaching
the entry portal, cholesterol molecules appear to even block the
portal and prohibit phospholipids from entering the lumen. This
aspect can be of two functional ramifications. First, while ABCG2
is localized in cholesterol-rich regions of the plasma membrane,
unlike other ABCG transporters, e.g., ABCG1 and ABCG5/G8,
cholesterol is not a substrate for ABCG2. One can speculate that
the entrance of cholesterol into ABCG2’s lumen might have an
inhibitory effect on the transporter. The observed discrimination
against cholesterol therefore might be physiologically beneficial
for ABCG2’s transport by keeping the substrate binding pocket
free from cholesterol, which is omnipresent in the environment.
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Fig. 6. Differential lipid penetration into the binding pocket through cholesterol-free and cholesterol-blocked portals. (A–D) Phospholipid penetration into the
lumen of ABCG2 from the cholesterol-free portal and its blockade in the cholesterol-blocked portal in TO1 (A and B) and TO2 (C and D) replicas. The boundaries
of cholesterol-free, -blocked, and -partially blocked gates are shown with blue, dark-brown, and light-brown lines, respectively. Snapshots of the phosphorus
atoms within 20 Å of the ligand are shown from the cytoplasmic view in red for phospholipids inside the lumen, and in pink for those outside the lumen. Ligand
is shown in gray, whereas cholesterol molecules occupying the gate (gate-keepers) are represented in cyan. Protein monomers are illustrated in yellow and
green. (E) Opening of the portal and phospholipid penetration into the lumen upon departure of the gate-keeper cholesterol for the system shown in (D). Center
of mass distances of the gate-keeper cholesterol (cyan) and the penetrating POPC (pink) with respect to the center of mass of the gating helices is shown in the
center panel. Two snapshots corresponding to the departure of the gate-keeper cholesterol are shown in the left (t = 0.75 μs) and right (t = 2.8 μs) panels. All
the snapshots are shown from the cytosolic view.

On the other hand, the transport function of ABCG2 depends
on the presence of cholesterol. Our simulations not only show
exclusion of cholesterol but also provide a hint at how cholesterol
may potentiate ABCG2’s transport by preventing phospholipids
from entering the protein’s lumen and interfering with the
conformational changes required for transport.

Materials and Methods

Expression and Purification of ABCG2. Full-length FLAG-ABCG2 from Homo
sapiens was expressed in HEK293-EBNA (Thermo Fisher Scientific) cells by
transient transfection (13). Cells were cultured at 37 ◦C under 8% CO2 and
harvested 48 to 60 h after transfection. The collected cells were resuspended

in buffer A (40 mM HEPES, pH 7.5, and 150 mM NaCl) with 10% glycerol,
1 mM PMSF (phenylmethylsulfonyl fluoride), 2 μg/mL DNaseI (Roche), and
protease inhibitor cocktail (Sigma) and lysed using a Dounce homogenizer.
Cell lysates were further solubilized with 1% DDM and 0.1% (w/v) CHS
(cholesteryl hemisuccinate, Anatrace). After solubilization, cell lysates were spun
at 100,000 g, and the supernatant was incubated with anti-Flag M2 affinity
agarose gel (Sigma). Proteins were eluted by flag peptide and concentrated for
gel-filtration purification with the Superdex 200 Increase 10/300 column (GE
Healthcare) in buffer A with 0.026% DDM and 0.0026% CHS (w/v). Fresh peaks
were collected for further experiments.

Reconstitution of ABCG2-Nanodisc. Membrane scaffold protein (MSP) 1D1
was expressed in E. coli strain BL21(DE3) and purified as previously described in
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ref. 42. A mixture of brain polar lipid (Avanti Polar Lipids) and CHS at a 4:1 ratio
(w/w) was diluted to 10 mM with a buffer containing 20 mM HEPEs and 150 mM
NaCl, pH 7.5. Lipids were solubilized with a 3x molar excess of sodium cholate
using a sonic bath. Solubilized lipids were further incubated with detergent-
purified ABCG2 and MSP1D1 at a molar ratio of 100:5:0.2 (lipid:MSP:ABCG2).
Detergents were then removed by the addition of activated Bio-Beads (Bio-Rad) at
4 ◦C overnight. Bio-Beads were then removed by Econo-Pac Columns (Bio-Rad),
and the flow-through was spun at 100,000g for 30 min (13). The supernatant
was collected and concentrated before loading on a Superdex 200 Increase
column equilibrated with buffer A. The peak fraction of ABCG2 nanodisc was
collected for cryo-EM sample preparation, and purity was checked by SDS-PAGE.

ATPase Assay. The ATPase assay was done at 37 ◦C in the presence of 2 mM
ATP and 10 mM MgCl2. When indicated, 50 μM E1S, 50 μM topotecan, or 5 μM
tariquidar was added. The concentration of inorganic phosphate released by the
hydrolysis of ATP was measured by tracking absorbance at 850 nm following the
classical molybdate method (43). The ATPase rate was determined using linear
regression in GraphPad Prism v8 and v9.

Preparation of cryo-EM Samples. Quantifoil carbon grids (300 meshes, R
1.2/1.3 copper) were glow discharged immediately before use. Nanodisc-
reconstituted ABCG2 at 1 mg/mL was incubated with 5 mM ATP, 5 mM MgCl2,
0.5 mM ADP, and 20 μM tariquidar at room temperature for 10 min. Then,
3.5 μL tariquidar turnover sample was applied on grids using Vitrobot IV (FEI),
with the environmental chamber set at 100% humidity and 4 ◦C. Grids were
blotted for 2.5 s with blot force 1 and flash frozen in a mixture of liquid ethane
and propane.

Cryo-EM Data Acquisition. The Cryo-EM dataset was collected with a 300-
keV Krios G3 Cryo-transmission electron microscope (Thermo Fisher Scientific)
equipped with a Gatan BioQuantum 1967 filter and a Gatan K3 camera. Images
were recorded with 3 exposures per hole using EPU 2 in the superresolution
mode with a 20-eV slit width of the energy filter and at a nominal magnification of
130,000 x, resulting in a calibrated superresolution pixel size of 0.33 Å (physical
pixel size 0.66 Å). Defocus was set to vary from−0.6 to−2.2 μm. The image was
dose-fractionated to 40 frames with a total dose of 50 e−/Å2. The total exposure
timewas1.49 s,and21,211movieswerecollected.Superresolutionmovieswere
down-sampled twice and motion-corrected by Fourier cropping, drift-correction,
and dose-weighting with MotionCor2 (44). Cryo-EM data collection statistics in
this study are presented in SI Appendix, Table S1.

Cryo-EM Image Processing. The cryo-EM image processing pipeline is shown
in SI Appendix, Fig. S1I. The drift-corrected, dose-weighted 2D micrographs
were imported in cryoSPARC v2.15 (45). Gctf was used to measure the contrast
transfer function (CTF) parameters (46). A total of 20,741 2D micrographs were
further selected by manual inspection. To generate 2D templates for Auto-pick,
394 particles were manually picked from six selected micrographs. Based on
the template generated from manual picking, 2,939,835 particles were picked
and extracted from 20,741 micrographs. After 5 rounds of 2D classifications,
1,513,184 particles belonging to “good” 2D classes were selected. Topotecan
TO1 and TO2 structures were used as initial reference models for heterogeneous
refinement. Selected good particles after 2D classifications were down-sampled
3 times and subjected to 14 rounds of heterogeneous refinement. In each round,
3D classes with clear secondary structural features were selected and used for
further data processing (SI Appendix, Fig. S1I). A total of 426,371 particles
from a good 3D class were selected and used for homogeneous refinement,
global CTF refinement, local CTF refinement, and nonuniform refinement. The
resulting map was in the TO1 state at 3 Å overall resolution. To separate different
conformational states of ABCG2, the particles underwent further heterogeneous
refinement without binning. A well-defined 3D class with 211,906 particles
in the TO1 state was selected and used for further homogeneous refinement
and nonuniform refinement. The nonuniform refinement led to a final map at
3.1 Å named tariquidar TO1 state with an automatically determined B factor
of −117 Å2. Another 3D class with 208,541 particles was in the TO2 state. To

further purify this 3D class, one more round of heterogeneous refinement was
performed without binning particles. After the final heterogeneous refinement
for TO2 state class, a 3D class in TO1 state with 85,013 and a 3D class without
clear features were discarded (SI Appendix, Fig. S1I). The 3D class in the TO2 state
with 122,001 particles was selected. Further, global CTF refinement, local CTF
refinement, and homogeneous refinement of the 3D class resulted in a 3.2-Å
final map named tariquidar TO2, with an automatically determined B factor of
−114.9 Å2. Both final maps were refined in C1 symmetry and were directly used
for structure modeling. Local resolution maps were generated using cryoSPARC
v2.15 (45).

Cryo-EM Model Building and Refinement. Model building was performed
in Coot 0.9 (47). ABCG2 topotecan TO1 (PDB ID: 7OJH) and topotecan TO2
(PDB ID: 7OJI) were docked into two tariquidar turnover maps and used as the
reference for manual rebuilding, respectively (8). The coordinate of tariquidar
was from the ABCG2-tariquidar-Fabs structure (PDB ID: 7NEQ) (17). The restraint
of tariquidar was generated in eLBOW of Phenix (48). Tariquidar turnover
structures were refined against their final maps in the real-space refinement
of Phenix (49). Reciprocal-space refinement of the B factors and minimization
global refinements were applied along with the Ramachandran plot, standard
geometry, rotamer, Cα, Cβ , noncrystallographic symmetry (NCS), and secondary
structure restraints in the final refinement. The quality of the final model was
assessed by MolProbity (50). Refinement statistics are provided in SI Appendix,
Table S1.

Molecular Dynamics Simulations.
Simulation setup. The following structures were used to prepare the simulation
systems: 1) topotecan-bound ABCG2 TO1 and TO2 states (PDB IDs: 7OJH and
7OJI (8)), 2) tariquidar-bound ABCG2 TO1 and TO2 states (resolved in this study),
and, 3) IF-apo ABCG2 (PDB ID: 6ETI (14), after removing the bound inhibitors and
antibody fragments). These ABCG2 structures were subjected to the following
steps. Unresolved side chains and hydrogen atoms were added to the structures
employing the PSFGEN plugin of VMD (51). The experimental structural models
include two identical monomers, each missing disordered regions that were
modeled with Modeller (52), with the exception of residues 302 to 327 in
topotecan-bound TO1, 302 to 325 in topotecan-bound TO2, 302 to 326 in
tariquidar-bound TO1, and 305 to 325 in tariquidar-bound TO2 (SI Appendix,
Fig. S2A). In these cases, neutral N-terminal and C-terminal caps were added with
PSFGEN to the beginning and end of each polypeptide segment, respectively.
The coordinates of the ligand in ligand-bound structures were obtained from
the cryo-EM modeled poses in the binding pocket (SI Appendix, Fig. S2A). The
protonation states of titratable residues were estimated with PROPKA (53, 54).
The protein models were then internally hydrated with DOWSER (55, 56).

The initial lipid bilayer used to embed the proteins was constructed with
CHARMM-GUI (57, 58). The orientation of the protein in the bilayer was obtained
from the OPM (Orientations of Proteins in Membranes) database (59). The
structures were then inserted into a heterogeneous lipid bilayer, followed by
removing steric clashes with lipid molecules. The bilayer was composed of
palmitoyl-oleoyl-phosphatidyl-choline (POPC), palmitoyl-oleoyl-phosphatidyl-
ethanolamine (POPE), palmitoyl-oleoyl-phosphatidyl-serine (POPS), palmitoyl-
oleoyl-phosphatidyl-inositol (POPI), palmitoyl-oleoyl-phosphatidic-acid (POPA),
palmitoyl-sphingomyelin (PSM), and cholesterol (CHL) at molar ratios of
39:6:0:0:0:21:34 and 17:25:11:8:1:9:29 in the extracellular and cytoplasmic
leaflets, respectively (SI Appendix, Fig. S2B). The protein–membrane complex
was then solvated with a 150 mM NaCl solution in VMD (system size:∼359,000
atoms). To avoid any bias from the initial lipid configuration and to improve
sampling, for each structure, two independent lipid bilayers (with randomly
placed initial lipids) were generated using the Membrane Mixer plugin (MMP)
in VMD (60).
Simulation conditions. All systems were simulated following this protocol: 1)
10,000 steps of minimization, followed by 5 ns of equilibration, during which
positional harmonic restraints (k = 10 kcal mol−1 Å−2) were applied to the
protein’s heavy atoms of the cryo-EM model as well as the heavy atoms of
the ligand (for ligand-bound systems) in the binding pocket. Furthermore,
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the z position (normal to the membrane plane) of the phosphorus atoms of
phospholipids and oxygen atoms of cholesterols were harmonically restrained in
this step (k = 5 kcal mol−1 Å−2); 2) 10 ns of equilibration while only the protein
backbone and the heavy atoms of the ligand (for ligand-bound systems) were
restrained (k = 10 kcal mol−1 Å−2); 3) 40 ns of equilibration with restraints
applied only to the protein backbone heavy atoms (k = 10 kcal mol−1 Å−2);
4) 5 ns of equilibration during which all the restraints were gradually removed
by stepwise-decreasing the force constant from 10 kcal mol−1 Å−2 to 0; 5)
100 ns unrestrained equilibrium simulations; 6) 1 and 2 μs of production runs
for IF-apo and ligand-bound systems, respectively, without any restraints (SI
Appendix, Table S2). Steps 1 to 5 were for all systems were performed in
NAMD2 (61, 62). The production runs in the case of the IF-apo systems were
conducted with NAMD2 and the aforementioned parameters. Production runs
for the ligand-bound systems were performed on Anton 2 (63).

All simulations were performed employing the fully atomistic
CHARMM36m (64) and CHARMM36 (65) force fields for the protein and lipids,
respectively. The TIP3P model was employed for water (66). Topotecan and
tariquidar were parameterized employing the CHARMM general force field
(CGenFF) (67, 68), followed by further optimization of the parameters with the
Force Field Toolkit (ffTK) plugin (69) of VMD.

In NAMD simulations, a 12 Å cutoff was employed for short-range, nonbonded
interactions, with switching starting at 10 Å. Long-range electrostatic interactions
were calculated using the particle mesh Ewald (PME) algorithm (70) with a grid
density of 1 Å−1 and a PME interpolation order of 6. Bonds involving hydrogen
atoms were constrained with the SHAKE algorithm (71). Temperature was
maintained at 310 K using a Langevin thermostat with a damping coefficient of
1.0 ps−1. Pressure was maintained at 1 atm by the Nosé–Hoover Langevin piston
barostat with period and decay of 100 and 50 fs, respectively (72, 73). All systems
were simulated in a flexible cell allowing the dimensions of the periodic cell to
change independently while keeping the aspect ratio in the xy plane (membrane
plane) constant. The simulation timestep was set to 2 fs, and the Lennard–Jones
and PME forces were updated at one and two timesteps, respectively.

For Anton simulations, 1 bar pressure and 310 K temperature were
maintained by the Martyna–Tuckerman–Klein Nosé–Hoover chain coupling
scheme (74), as implemented using a multigrator scheme (75). All the bonds
to hydrogen atoms were constrained using the M-SHAKE algorithm (76), and
a 2.5-fs timestep was employed. The long-range electrostatic interactions were
calculated using the fast Fourier transform (FFT) method on Anton 2 (63).
Analysis. Phospholipids entering the ABCG2 lumen during the simulations
were primarily identified by visually monitoring the position of their phosphorus
atoms. Individual lipid-penetration events were further quantified for some of
these lipids. For the case of ligand-bound structures, the distance between the
phosphorus atom of such lumen-penetrating lipids and the titratable nitrogen
atom of the bound ligand (SI Appendix, Fig. S3) was used to classify the lipids.
Lipids with a (P–N) distance less than 5 Å were considered ligand-proximal and
used for further analysis.

A different set of geometrical parameters were used to analyze the effect
of cholesterol on lipid penetration into the lumen. First, all lipid phosphorus
atoms within a radius of 20 Å of the bound topotecan were selected to indicate
lipids that are physically close to the binding cavity. Then, boundaries of the
lumen were defined by the center of mass of the Cα atoms of the first and fifth
transmembrane helices (residues 391 to 413 and 534 to 552, respectively) from
each protomer. Any phospholipids entering the region within the boundaries
was identified as a lumen-penetrating lipid.

To assess the stability of the ligands, RMSD of topotecan and tariquidar in
each simulation system was calculated after the transmembrane helices of the
protein were aligned to the cryo-EM model. Electrostatic potential maps of the
ligands were calculated with Gaussian (77) and visualized with GaussView (78).
Molecular images and general analysis were done with VMD (51).

The volume of the binding cavity was calculated using POVME 2.0 (79).
The inclusion region was chosen to be bound to the transmembrane domain
and extended from V450 to the leucine gate (L554 and L555) marking the
cytoplasmic and extracellular boundaries of the binding site, respectively. Grid
spacing was set to 0.5 Å, with a distance cutoff of 1.09 Å.

Data, Materials, and Software Availability. The molecular dynamics tra-
jectories and topology files corresponding to both replicas of each sim-
ulated system as well as movies for each system are deposited at
https://doi.org/10.5281/zenodo.6621735. The tariquidar turnover-1 EM map
and model were deposited to EMDB under accession code EMD-16069 and PDB
8BHT, and tariquidar turnover-2 EM map and model were deposited to EMDB
under accession code EMD-16075 and PDB 8BI0, respectively.
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