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Structural basis of small-molecule inhibition of
human multidrug transporter ABCG2

Scott M. Jackson©'¢, loannis Manolaridis"¢, Julia Kowal ©'¢, Melanie Zechner?5,
Nicholas M. I. Taylor®355, Manuel Bause*, Stefanie Bauer*, Ruben Bartholomaeus?,
Guenther Bernhardt*, Burkhard Koenig*, Armin Buschauer®’, Henning Stahlberg®3,
Karl-Heinz Altmann?* and Kaspar P. Locher®™

ABCG2 is an ATP-binding cassette (ABC) transporter that protects tissues against xenobiotics, affects the pharmacokinet-
ics of drugs and contributes to multidrug resistance. Although many inhibitors and modulators of ABCG2 have been devel-
oped, understanding their structure-activity relationship requires high-resolution structural insight. Here, we present cryo-EM
structures of human ABCG2 bound to synthetic derivatives of the fumitremorgin C-related inhibitor Ko143 or the multidrug
resistance modulator tariquidar. Both compounds are bound to the central, inward-facing cavity of ABCG2, blocking access for
substrates and preventing conformational changes required for ATP hydrolysis. The high resolutions allowed for de novo build-
ing of the entire transporter and also revealed tightly bound phospholipids and cholesterol interacting with the lipid-exposed
surface of the transmembrane domains (TMDs). Extensive chemical modifications of the Ko143 scaffold combined with in vitro
functional analyses revealed the details of ABCG2 interactions with this compound family and provide a basis for the design of

novel inhibitors and modulators.

(BCRP), is a constitutively expressed ABC transporter with
physiological roles in many tissues including the blood-brain
and blood-testis barriers, the liver, the kidney and the mammary
glands'~*. Dysfunction of ABCG?2 is linked to hyperuricemia, which
can result in gout, kidney disease and hypertension, all of which are
thought to be a consequence of the impaired transport of uric acid®.
ABCGY2, like its functional homologs ABCB1 (P-glycoprotein) and
ABCCI1 (MRP1), has a major protective role against xenobiotics. It
affects the pharmacokinetics of many commonly used drugs, and its
expression correlates with a poor prognosis and treatment outcome
of certain cancers®'’. ABCG?2 has broad substrate specificity, with a
certain preference for flat, polycyclic, hydrophobic compounds!'-.
Because of their potential value as adjuvants in the treatment of
cancer and pharmacotherapy, extensive efforts have been directed
over the past decades to the development of specific inhibitors
against human ABCG2 and other multidrug ABC transporters"'*-".
The fungal toxin fumitremorgin C (FTC) is a selective inhibitor
of ABCG2 but has undesirable neurotoxic effects'®*"*. To reduce
neurotoxicity, synthetic tetracyclic analogs of FTC have been devel-
oped. Among them, Ko143 was found to be more potent and less
toxic than FTC, but it is not stable in mouse plasma and has been
reported to have nonspecific effects on the transport activities of
ABCBI1 and ABCCI at concentrations above 1 uM?*. Attempts have
also been made to develop selective ABCG2 inhibitors derived from
tariquidar, a third-generation ABCBI inhibitor reported to be a
potential substrate of ABCG2 (refs ).

Q BCG2, also known as breast cancer resistance protein

There is at present no structure of a human multidrug trans-
porter bound to specific inhibitors. All of the above approaches
aimed at developing specific inhibitors were made in the absence of
structural insight into how the small compounds may interact with,
modulate or inhibit ABCG2. Recently, the first structure of human
ABCG2 revealed two cholesterol molecules bound at a central,
inward-facing cavity, hinting at a potential location where substrates
such as estrone-3-sulfate (E,S) might bind®. However, it remained
unknown where inhibitors bind ABCG2 and whether a single or
multiple ligand-binding sites exist, topics that are hotly debated**-**.
To address these questions, we determined single-particle cryo-EM
structures of nanodisc-reconstituted human ABCG2 bound to dis-
tinct inhibitors. The high resolution obtained not only allowed the
first de novo building of an atomic structure of the entire human
ABCG2 protein, but also provided detailed insight into inhibition
of the transporter by small molecules. By synthesizing a range of
Ko143-derived compounds and testing their activity in vitro, we
also obtained crucial information into the structure-activity rela-
tionship (SAR) of the Ko143 scaffold. Finally, we demonstrate that
depending on the size of the compounds, one or two inhibitor
molecules are required for full inhibition of ABCG2. These results
provide an essential structural basis for future development of
ABCG2 modulators.

Results
Synthesis of inhibitory compounds selective for ABCG2. Owing
to its high selectivity for ABCG2, we used Ko143 as a starting point
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Fig. 1| Functional characteristics of Ko143 derivatives. a, Normalized E,S-stimulated ATPase activity of ABCG2 in proteoliposomes. b, Normalized initial
E,S transport rates in proteoliposomes. Assays in a and b were performed in the presence of 50 uM E;S and in the absence or presence of 0.5pM
competitor. Bars representing compounds with potencies equal to or higher than that of Ko143 are in red, whereas those with lower potencies are in
blue. Error bars indicate the s.d. of technical replicates, n>3. ¢, MST binding assays used to determine dissociation constants (K) of FKo143 and FKo132

binding to ABCG2. ABCG2 was either incubated with FKo143 only (black curv
(green curve, G2 + Fab+ FKo143), preincubated with FKo143 before the additi

e, G2+ FKo143), preincubated with 5D3-Fab before the addition of FKo143
on of 5D3-Fab (purple curve, G2+ FKo143 + Fab) or incubated with FKo132

only (orange curve, G2+ FKo132). Error bars indicate the s.d. of technical replicates, n > 4. d, Molecular structure of the Ko143 scaffold, with the C-3,
C-9 and C-12 positions numbered and rings A-D labeled. Changes at the C-9 (R,) and C-3 (R,) positions are shown. Source data for a-c are available in

Supplementary Dataset 1.

for the synthesis of novel compounds (Fig. 1, Supplementary Table
1 and Supplementary Notes). We mainly focused on modifications
of the C-3 (R,) and C-9 (R,) positions of the Ko143 scaffold, because
previous studies have demonstrated that the inhibitory capacities of
FTC and its derivatives are affected by changes at these positions'®*.
Seventeen compounds were synthesized and screened in vitro for
their ability to inhibit the E,S-stimulated ATPase activity and initial
E,S transport activity of ABCG2 in proteoliposomes®, and similar
trends were observed in the ranking of their inhibitory capacities
(Fig. 1a,b and Supplementary Table 2). We found that five com-
pounds were as potent as Ko143 or slightly superior. Compound
MZ29, which contained an O-cyclopentyl group added to the C-9
position, was found to be the most potent inhibitor of ATPase activ-
ity and fully abolished ES transport. In addition, similarly to Ko143
but unlike E,;S, MZ29 had a significant thermostabilizing effect on
ABCG2 (Supplementary Fig. la,b and Supplementary Table 3),
suggesting that it caused conformational stabilization, and was
therefore selected for structural studies.

For high-resolution structure determination by cryo-EM,
we added the conformational antigen-binding fragment of the
human-specific 5D3 antibody (Fab) to inhibitor-bound ABCG2
(refs **°) (Figs. 2-4 and Supplementary Figs. 2-6). The addition
of two Fabs increased the particle mass by ~100kDa, which aided
cryo-EM analysis, allowing for higher-resolution reconstruc-
tion. To rule out that the Fab altered the conformation of ABCG2
and diminished the mechanistic insight, we also determined the
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structure of MZ29-bound ABCG2 in the absence of Fab, which
was found to be indistinguishable from the Fab-bound struc-
ture (below and Supplementary Figs. 7 and 8). Furthermore, we
investigated whether Fab would affect the binding of a synthetic,
fluorescent Ko143 derivative (FKo143) to ABCG2. FKo143 contains
a fluorescent NBD group at the C-3 position, which did not alter
its inhibitory capacity (Fig. 1a,b,d), thus enabling us to measure its
binding affinity by microscale thermophoresis (MST) (Fig. 1c and
Supplementary Table 4). By determining dissociation constants, we
found that the binding of FKo143 to ABCG2 was unaffected by Fab,
providing strong support for the structural data and highlighting the
functional relevance of the inhibitor-bound ABCG2-Fab structures.

Structures of the ABCG2-MZ29 complexes. The structure of
nanodisc-reconstituted ABCG2 bound to MZ29 and two Fabs
(ABCG2-MZ29-Fab) was determined at an overall resolution of
3.1 A (Table 1, Fig. 2 and Supplementary Figs. 1-4). The TMDs and
the ABCG2-Fab interface were well resolved (resolution around
2.5A), allowing the identification of two bound MZ29 molecules
(Fig. 2a,b and Supplementary Figs. 3 and 4). The density for the
nucleotide-binding domains (NBDs), which previously had only
been modeled, owing to lower resolution”, was also of excellent
quality (Supplementary Fig. 4), allowing de novo building and thus
providing the first complete atomic structure of human ABCG2.
The conformation of the TMDs in the ABCG2-MZ29-Fab struc-
ture was found to be inward facing, similar to that of the previously
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Table 1| Cryo-EM data collection, refinement and validation statistics

ABCG2-MZ29-Fab
(EMD-3953, PDB 6ETI)

ABCG2-MB136-Fab
(EMD-4246, PDB 6FEQ)

ABCG2-MZ29
(EMD-4256, PDB 6FFC)

Data collection and processing

Magnification (nominal) 59,523 (165,000)

Voltage (kV) 300
Electron exposure (e7/A2) 2.0
Defocus range (pm) -0.4to-2.7
Pixel size (A) 0.840
Symmetry imposed C2
Initial particle images (no.) 587,743
Final particle images (no.) 284,831
Map resolution (A) 310
FSC threshold 0.143
Map resolution range (A) 3.0t09.0
Refinement
Initial model used PDB 5NJ3
Model resolution (A) 310
FSC threshold 0.143
Model resolution range (A) 322.5-31
Map-sharpening B factor (A2) -98
Model composition
Nonhydrogen atoms 12,366
Protein residues 1,582
Ligands 76
B factors (A2)
Protein 52.42
Ligand 4994
R.m.s. deviations
Bond lengths (A) 0.01
Bond angles (°) 1.02
Validation
MolProbity score 1.47
Clashscore 3.06
Poor rotamers (%) 0.30
Ramachandran plot
Favored (%) 94.48
Allowed (%) 533
Disallowed (%) 0.19

46,948 (130,000) 59,523 (165,000)

300 300

1.6 2.0
-04to-25 -0.5t0 -39
1.065 0.812

Cl Cc2
529,097 2,098,186
306,913 402,348
3.60 3.56
0.143 0.143
3.0t09.0 3.0t09.0
PDB 6ETI PDB 6ETI
3.60 3.56
0.143 0.143
322.5-31 259.7-3.6
-163 -171

= 8,898

- 1144

= 76

= 44.69

_ 12.47

- 0.007

= 0.93

= 1.44

- 3.66

= 0.00

- 95.92

- 3.90

= 0.18

The refinement statistics for the final model of ABCG2-MZ29-Fab include only the variable domains of Fab.

determined ABCG2-cholesterol-Fab structure, with a slit-like
cavity (cavity 1) accessible both from the cytoplasmic side of the
membrane and from the inner leaflet of the lipid bilayer. Cavity 1 is
separated from a second cavity (cavity 2) by a leucine plug’ formed
by L554 of opposing monomers (Fig. 2c,d) and was previously
shown to be optimally suited to bind relatively flat, hydrophobic,
polycyclic molecules”, a feature that is distinct from the multidrug
transporters ABCB1 and ABCC1, which form more globular cavi-
ties’”*. Access to cavity 1 from the lipid bilayer occurs via a hydro-
phobic ‘membrane entrance’ lined by residues A397, V401, L405,
L539, 1543 and F547 from transmembrane (TM) helices TM1b and
TMb5a of opposing monomers (Fig. 2e,f). The EM density clearly
revealed two MZ29 molecules bound in cavity 1, each between
TMI1b and TM2 of one ABCG2 monomer and TMb5a of the other.
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The binding pockets are close to the two-fold symmetry axis of
ABCG2, and the two MZ29 molecules occupy almost the entire
volume of cavity 1, thereby preventing the binding of other mol-
ecules, such as transport substrates (Fig. 2b-d). Cavity 2, which is
fully occluded between the leucine plug and the extracellular loops,
does not contain any density features, indicating that no ordered
inhibitors or substrates are bound at this site.

At the bottom of cavity 1 (furthest from the cytoplasmic mem-
brane boundary), the hydrophobic residues F431, F432, M549 and
L555 interact with the O-cyclopentyl group of MZ29 (Fig. 2e). In
addition, the O-cyclopentyl groups of the two MZ29 molecules
are 3.7 A apart, probably forming van der Waals interactions with
one another. T435 forms a hydrogen bond with the oxygen at
the C-9 position, and a series of polar and hydrophobic residues,
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Fig. 2 | Structure of the ABCG2-MZ29-Fab complex. a, Ribbon diagram
of the ABCG2 homodimer, with individual G2 monomers colored pink and
purple. The two Fabs were removed for clarity. Bound MZ29 molecules are
shown as green sticks and are labeled. b, EM density with bound MZ29
molecules, with the view rotated by 45° relative to that in a. The dotted line
represents the two-fold symmetry axis. ¢, Vertical slice through a surface
representation of ABCG2 with bound MZ29 shown as green spheres and
labeled. Cavities 1and 2 and the leucine plug are indicated. d, Cavity 1
viewed from the cytoplasm, with NBDs of ABCG2 removed for clarity and
bound MZ29 shown as green spheres and labeled. e, Specific interactions
between MZ29 and ABCG2 residues in cavity 1. Interacting residues are
shown as sticks and labeled, and hydrogen bonds are shown as dashed
lines. The C-3 and C-9 positions of MZ29 are labeled in orange. TM
helices are labeled 1b, 2, and 5a. f, Transparent surface representation of
the hydrophobic membrane entrance region of ABCG2 viewed from within
the membrane, with one MZ29 molecule shown as green spheres and
contacting ABCG2 residues shown as sticks and labeled.

including S440, T542 and V546, form van der Waals interactions
with the polycyclic core of MZ29. Furthermore, N436 forms a
hydrogen bond with the NH group of the indole ring, and F439
forms a stacking interaction with the benzene ring of the indole
moiety. Residues V401, L405, 1543, V546 and F547 form van der
Waals interactions with the isobutyl group at the C-12 position,
whereas A397, V401, L539 and 1543 interact with the tert-butyloxy-
carbonyl group at the C-3 position.

Our functional analyses of synthetic Ko143 derivatives allowed
us to probe the specific interactions between cavity 1 and the inhibi-
tor in the context of wild-type ABCG2 (Supplementary Table 5).
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Fig. 3| ABCG2 NBDs. a, The ABCG2 NBDs with the D loop, H loop, Walker
A, Walker B, signature and NPxDF motifs labeled. b, Surface representation
of ABCG2 showing the contact point at the bottom of the two NBDs with
residues indicated and a yellow ellipsoid marking the two-fold symmetry axis.

The inhibitory capacity of the Ko143 derivatives was more affected
by changes at the C-9 position than at the C-3 position (Fig. 1a,b,d).
Removal of the methoxy group at the C-9 position caused a ~22-fold
reduction in binding affinity, as shown by differences in the disso-
ciation constants measured for FKo143 versus FKo132 (Fig. 1c and
Supplementary Table 4). This reduction in affinity and in inhibi-
tory potency (Ko143, FKo143 and MZ15 versus Ko132 and FKo132,
Fig. 1a,b) confirmed the importance of the hydrogen bond between
the methoxy group of Kol43 and T435 in cavity 1 (refs '¢*"?>%)
(Fig. 2e). Whereas small hydrophobic additions to the C-9 posi-
tion (as in MZ25 and MZ29) did not affect potency, the addition
of hydrophilic groups (MZ34, MZ44) led to inactive compounds,
probably because of chemical mismatch with the hydrophobic
ABCG?2 surface at the bottom of the cavity. Removal of the methyl
group at the C-9 position (MZ21) also caused a drop in potency,
which could be due to the hydrophilicity of the resulting hydroxyl
group or the absence of hydrophobic interactions with residues at
the bottom of cavity 1. The exchange of the tert-butyloxycarbonyl
end group of the substituent at the C-3 position with either a posi-
tively (as in MZ16) or a negatively charged (as in MZ35) moiety
resulted in a substantial decrease in inhibitory capacity, probably
due to the mismatch with the hydrophobic side chains in the vicinity
of the membrane entrance (Fig. 2f). Likewise, the expansion of the
diketopiperazine ring by one carbon atom (MZ92, Supplementary
Table 1) caused a marked reduction of potency, possibly because the
tert-butyloxycarbonyl group of the side chain was shifted, reduc-
ing the number of van der Waals interactions. Intriguingly, the
inversion of the C-12 position from the R to the S configuration
completely eliminated the inhibitory capability of the resulting dia-
stereoisomer (MZ40, Supplementary Table 1), most likely because
of an ensuing steric clash with residue N436. Finally, we can ratio-
nalize why FTC is less potent than Ko143: the E ring of FTC, as
well as MZ148, cannot form favorable interactions with residues at
the membrane entrance, which reduces the inhibitory potencies of
these compounds.

We also determined the cryo-EM structure of nanodisc-
reconstituted ABCG2 in complex with MZ29, but in the absence
of Fab, (ABCG2-MZ29) at an overall resolution of 3.6 A (Table 1
and Supplementary Figs. 7 and 8). With the exception of the exter-
nal loop EL3, which is in direct contact with Fab, the structure
was indistinguishable from that of the Fab-bound form, and no
differences in side chain conformations were detected at this
resolution (Supplementary Fig. 8f). Two MZ29 molecules were
bound at exactly the same positions and in the same orientations
as in the Fab-bound structure. However, the resolution was lower
despite a much larger number of particles used in the 3D recon-
struction, demonstrating that the use of 5D3-Fab facilitated struc-
ture determination at significantly higher resolution (Table 1 and
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Fig. 4 | Structure of MB136-bound ABCG2 revealing a central multidrug-
binding site. a, Molecular structures of MB136 and tariquidar.

b, Normalized initial E;S transport rates of proteoliposome-reconstituted
ABCG2 in the presence of 50 uM E,S and the absence or presence of
0.5pM competitor, except for ‘+MB136*" and ‘+tariquidar*’ for which

the concentration was 10 uM. Error bars represent the s.d. of technical
replicates, n> 3. ¢, Vertical slice through a surface representation of
ABCG2, with bound MB136 shown as yellow spheres and labeled. Cavities
1and 2 and the leucine plug are indicated. d, Cavity 1viewed from the
cytoplasm, with NBDs of ABCG2 removed for clarity and bound MB136
shown as yellow spheres and labeled. e, Extracellular view of cavity 1
showing the side chains of residues, displayed as sticks, within 4 A of
MB136 (yellow sticks). f, Overlay of the bound ligands in cavity 1from the
structures of ABCG2 with bound cholesterol (purple sticks, PDB 5NJ3),
MZ29 (green sticks) and MB136 (yellow sticks) after superposition of the
ABCG2 TMDs from the three structures. Source data for b are available in
Supplementary Dataset 1.

Supplementary Figs. 2 and 7), which is paramount for the detailed
study of protein-ligand interactions.

Structure of the ABCG2-MB136-Fab complex. We sought to
explore whether a different class of inhibitor could bind in the
same pocket (cavity 1) as MZ29 or cholesterol. We synthesized
and evaluated derivatives of tariquidar®, a compound developed
as a specific inhibitor of ABCBI1, but whose phase III trials were
discontinued mainly because of chemotherapy-related toxic-
ity”. During systematic modification of tariquidar (Fig. 4a and
Supplementary Notes), it was observed that selectivity was drasti-
cally shifted from ABCB1 to ABCG2 by small alterations of the
substitution pattern at the aromatic core’’. To improve metabolic
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Fig. 5 | ABCG2-lipid interactions. a, Surface representation of ABCG2
colored according to atom type. Bound cholesterol molecules are shown as
pink spheres, phospholipids are shown as cyan spheres, and bound MZ29
are shown as green spheres. Inserts, EM density with a bound cholesterol
molecule indicated as pink sticks (right) and a bound phospholipid
molecule, localized at the membrane entrance, indicated as cyan sticks
(left). The numbers shown in the inserts refer to TM helices. b, Alignment
of the G-subfamily ABC transporters showing residue conservation in the
ABCG2 cholesterol ‘groove’. Red asterisks highlight the residues shown in
c. ¢, The best-resolved cholesterol groove as viewed from the extracellular
side. Residues interacting with the bound cholesterol are shown as sticks.
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stability, the labile amide moiety was replaced with a triazole
ring, and ‘pegylation’ was used to improve water solubility***.
The resulting compound, MB136, is a novel fourth-generation
modulator of ABCG2, containing a triazole core and a propio-
nyl side chain on the phenyl ring (Fig. 4a). MB136 and tariqui-
dar inhibited E;S transport by proteoliposome-reconstituted
ABCG?2, but both were less potent than Ko143 and MZ29 (Fig. 4b
and Supplementary Table 2). Indeed, only at higher concentrations
of MB136 and tariquidar was E,S transport fully abolished. MB136
thermostabilized ABCG2 to a similar extent as Ko143 or MZ29
(Supplementary Fig. 1b and Supplementary Table 3).

We determined the cryo-EM structure of nanodisc-reconstituted
ABCG2 in complex with MB136 and Fab (ABCG2-MB136-Fab) at
an overall resolution of 3.6 A, with the best-resolved regions around
3.0A (Table 1, Fig. 4c-¢ and Supplementary Figs. 5 and 6). The
EM map revealed a strong density feature in cavity 1, overlapping
in location to where MZ29 or cholesterol were previously observed
(Fig. 4f). This density was distinct in shape from that observed for
MZ29 and could only fit one MB136 molecule. The initial processing
of the data with C2 symmetry resulted in an averaged density for
MB136 that was very broad, especially close to the two-fold symme-
try axis (Supplementary Fig. 6e). When the data were reprocessed
with C1 symmetry, asymmetric features appeared in the density
that allowed us to place MB136 and pinpoint specific interactions
(Supplementary Fig. 6f). The fact that the fit of the EM density
was not as high for MB136 as that of MZ29 suggested that MB136,
despite its inhibitory capability (Fig. 4b), may have multiple modes
of binding by moving or sliding within cavity 1.
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Fig. 6 | Proposed mechanism of inhibition. a, Normalized ATPase

activity of nanodisc-reconstituted ABCG2 at varying inhibitor to ABCG2
(homodimer) ratios with Ko143 in green and MB136 in yellow. The mean
from two independent protein preparations is plotted and error bars
represent the s.d. (n>4). b, Schematic of ABCG2 inhibition by small
molecules. ABCG2 monomers are colored pink and blue, disulfide bridges
at EL3 are indicated by yellow dashed lines connecting sulfur atoms, the red
numbers (1 and 2) indicate cavities 1and 2, and the leucine plug is shown
as a gray bar between the cavities. The binding of two MZ29 molecules
(green spheres) or one MB136 molecule (yellow spheres) blocks cavity 1
and locks ABCG2 in an inward-facing open conformation. This binding may
prevent substrate (purple trapezoid) access to cavity 1and, simultaneously,
the NBDs from closing and hydrolyzing ATP. Source data for a are available
in Supplementary Dataset 1.

Cholesterol and phospholipids bound to the TMDs. The high
resolution of the EM maps and the presence of a physiologically
relevant mix of lipids in the nanodisc (brain polar lipid extract)
allowed us to visualize and characterize ABCG2-lipid interac-
tions. While ordered lipids were observed at similar locations in all
three structures, we used the highest resolution structure (ABCG2-
MZ29-Fab) for the building of the lipid molecules. Ordered
membrane cholesterol and phospholipids form a belt around ABCG2,
thus marking the boundary of the lipid bilayer and matching the hydro-
phobic protein surface (Fig. 5a). It was previously demonstrated that
membrane cholesterol has an essential role for ABCG2 function, and
it has been proposed that ABCG?2 is mainly localized in lipid rafts of
the plasma membrane, where the cholesterol concentration is high**.
Thus, the ordered cholesterol molecules visualized in our structure are
likely to be of functional importance. We identified five ordered cho-
lesterol molecules per ABCG2 monomer, tightly bound in hydropho-
bic grooves. The best-ordered cholesterol is located between TM5b,
TM5c and TM6b and interacts with a number of hydrophobic residues
(Fig. 5). Although the TMD architectures of G-subfamily ABC trans-
porters are probably similar, this specific pocket for cholesterol on the
ABCG?2 surface appears unique because the interacting residues are
not conserved (Fig. 5b) and because no cholesterol-binding groove was
observed in the crystal structure of the human liver cholesterol trans-
porter ABCG5/ABCGS (hereafter abbreviated as G5G8)*. Although
studies have suggested that residues L555-L558 of ABCG2 contrib-
ute to sterol binding or sensing®, it has been shown that the relevant
motif was in fact not important for cholesterol binding by ABCG2
(ref. ©°). Our structure reveals that residues L555-L558 are not facing
the lipid bilayer but are located in the core of ABCG2 and are some
12 A away from the closest ordered cholesterol molecule. Therefore,
these residues cannot bind membrane cholesterol directly, and the
reported effects are likely to be allosteric in nature. We were also able
to dock five annular phospholipids per ABCG2 monomer, which we
modeled as phosphatidylethanolamine (PE), owing to its abundance
in the lipid extract used for nanodisc generation. Intriguingly, one of
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the phospholipids covers the membrane entrance of ABCG2 and must
therefore move if a substrate or inhibitor requires access to cavity 1
from within the lipid bilayer (Fig. 5a).

Insight into the nucleotide-binding domains. The high resolution
and conformational homogeneity of the inhibitor-bound ABCG2
structures allowed for a de novo build of the NBDs, with clear side
chain density (Fig. 3 and Supplementary Fig. 4). In the absence of
nucleotides, the NBDs are in a functionally ‘open’ conformation
(apo state), with a gap between the catalytically relevant motifs.
Nevertheless, the NBDs remain in contact, with approximately
680 A2 of buried surface. The contact point is formed mainly by resi-
dues preceding the NPxDF motif (289-NPADF-293 for ABCG2),
which is conserved in all G-subfamily ABC transporters* (Fig. 3).
The overall fold of the NBDs is similar to that of G5G8, with an
overall r.m.s. deviation (r.m.s.d.) of 2.3 A and a sequence identity of
33% (ref. *°). The distance between the Walker A and ABC signature
motifs is 16.9A in ABCG2 compared to the 16.5 A for G5GS8, sug-
gesting a shared NBD spacing for all G-subfamily ABC transporters
in the nucleotide-free state. The linker connecting the last a-helix
of the NBDs, containing the C2 motif*, with TM1a is not visible in
our maps, nor was it observed in the structure of G5G8, most likely
because of its inherent flexibility.

The mutation Q141K is a reported single-nucleotide polymor-
phism (SNP) of ABCG2 associated with hyperuricemia and gout. It
results in decreased expression or degradation of the protein, prob-
ably due to misfolding*”**. Our structure shows that Q141 is located
in the NBD on an a-helix adjacent to TM1a of the TMD, where it
can form a hydrogen bond with N158, confirming the previous in
silico predictions’** (Supplementary Fig. 4e). Given that this is a
critical, non-covalent interaction between the NBD and TMD, our
structures can rationalize the detrimental effect of this mutation on
protein folding and function. Finally, it has also been suggested that
C284, C374 and C438 form intramolecular disulfide bonds that are
important for ABCG2 function®. Our structures reveal that these
cysteines are distantly located, and their functional roles are there-
fore unrelated to disulfide bond formation.

Stoichiometry of small-molecule inhibition. To validate our
structural findings of two Ko143 derivatives (MZ29), but only one
MB136 molecule bound to ABCG2, we investigated how many
inhibitor molecules were required to impair the ATPase activity of
ABCQG2 in nanodiscs (Supplementary Table 2). We found that max-
imal inhibition was obtained at a ratio of one MB136 molecule for
each ABCG2 homodimer. In contrast, two molecules of Ko143 were
required for full inhibition (Fig. 6a). These results are in full agree-
ment with our structural data that reveal the same stoichiometries.
We observed an ~50% inhibition of ATPase activity when the molar
ratio of Kol143 to ABCG2 homodimer was 1:1. This finding can
be interpreted in two ways: a single Ko143 may be bound to every
ABCG2 homodimer, reducing its activity by 50%; alternatively, half
of the ABCG2 homodimers may contain two bound Ko143 mol-
ecules and are completely inhibited, whereas the other half contain
no inhibitor and are active. While the high affinity of MZ29 did not
allow a direct observation, we propose that the latter explanation is
more likely because positive cooperativity can be invoked.

Discussion

Our results represent the first structures of a human multi-
drug transporter bound to specific, small-molecule inhibitors.
Both MZ29 and MB136 bind in the same cavity as the previously
observed cholesterol molecules”. Cholesterol bound to cavity 1
either represents an analog of the bona fide substrate E,S in ABCG2
or is a known substrate in other G-subfamily ABC transporters.
We therefore conclude that cavity 1 in ABCG2 represents a

multidrug-binding site, although future substrate-bound structures
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are needed to validate the hypothesis that all substrates bind in
this pocket. ABCG2 exhibits conformational rigidity within cav-
ity 1, irrespective of the ligand bound, and we hypothesize that
this reduces the spectrum of ligands that can bind to ABCG2.
Nevertheless, binding of distinct molecules has drastically different
consequences: when cholesterol was bound to cavity 1, the ATPase
rate was fully stimulated”, whereas it was abolished when MZ29
or MB136 was bound. This finding demonstrates that even though
the conformation of ABCG2 may be similar (inward open), and
the shape of cavity 1 is conserved, the transporter readily distin-
guishes between substrates and inhibitors in the presence of ATP.
Although cavity 1 can bind one or two inhibitors symmetrically or
asymmetrically, depending on their size and shape, it remains to be
demonstrated whether the same holds for substrates in a productive
transport cycle, i.e., whether two substrates may be transported dur-
ing a single cycle.

Recently, in silico models of human ABCG2 were reported’"**
that used the G5G8 crystal structure* as a modeling template.
The G5G8 structure is different from that of ABCG2 in that it
does not form a central, inward-facing cavity, a feature critical
to the binding of small compounds in ABCG2, as revealed in
this study. Based on the in silico model, mutagenesis experi-
ments were conducted, and some of the mutants showed
changes in ABCG2 function in a cellular context*. However,
none of the tested side chains are located in cavity 1 or interact
with the inhibitory compounds in our structures. The observed
functional effects might therefore be due to allosteric interac-
tions or possibly direct contacts with substrates when ABCG2
adopts a different conformation from the inward-facing state
reported here.

It is widely accepted that binding affinity is a key determi-
nant of whether a molecule will be a transported substrate or
an inhibitor without ‘measurable’ transport. Indeed, many
substrates for ABCG2 have affinities in the low micromo-
lar range*» "', whereas potent inhibitors, such as Ko143, have
low nanomolar dissociation constants or IC,, values**. We
observed an ~3,000-fold difference in affinity between E;S*
and FKo143 (Fig. 1c and Supplementary Table 4). We speculate
that substrates would bind in cavity 1 before moving toward
cavity 2 in order to be transported, whereas inhibitors would
remain tightly bound in cavity 1 without detectable transport.
Because of the conformational coupling of the TMDs and NBDs,
the movement of substrate is a prerequisite for the closing of
cavity 1, the conversion of the TMDs to an inward-closed con-
formation and the concomitant closure of the NBD dimer. In a
productive transport cycle, NBD-dimer closure is expected to
result in the conversion of ABCG2 from an inward- to an out-
ward-facing conformation, followed by hydrolysis of ATP and
the release of substrate to the outside (alternating-access mecha-
nism). The effect of inhibitors binding to cavity 1 would be two-
fold. First, given their higher affinities, the binding of substrates
is prevented by the inhibitors as they almost completely occupy
the volume provided by cavity 1. In this sense, the inhibitors
presented here act competitively. Whereas less potent inhibitors,
such as MB136, may move or slide within the cavity, the more
potent inhibitor MZ29 showed no signs of any motion within
cavity 1. Second, both MZ29 and MB136 appear to lock the
inward-facing state of the TMDs, which prevents closure of the
NBDs due to conformational coupling, as evidenced by the inhi-
bition of ATPase activity upon inhibitor binding (Figs. 1a and 6).
Such tight conformational coupling might be due to the compact
shape of ABCG2, which does not provide the same flexibility as
the more elongated architectures of ABC transporters of the B
and C subfamilies.

The inhibitor-bound structures of ABCG2 presented here should
prove useful for guiding future functional experiments. They also
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provide a long-sought basis for rational, structure-based inhibitor
development against ABCG2. To understand the specific require-
ments of transported substrates, novel structures of substrate-
bound states in distinct conformations are required.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41594-018-0049-1.
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Methods

Expression and purification of human ABCG2. Human ABCG2, containing an
amino (N)-terminal Flag tag, was expressed in HEK293-EBNA (Thermo Fisher
Scientific) cells and purified as described previously”. After transfection, the

cells were solubilized with 1% n-dodecyl-B-d-maltopyranoside (DDM) and 0.1%
cholesteryl hemisuccinate (CHS) (w/v) (Anatrace), ultracentrifuged at 100,000g, and
the supernatant was then incubated with anti-Flag M2 affinity agarose gel (Sigma).
ABCG2 was eluted with Flag peptide (Sigma), loaded into a Superdex 200 10/300
column (GE Healthcare) pre-equilibrated with 40 mM HEPES, pH 7.5, 150 mM
NaCl, 0.026% DDM and 0.0026% CHS (w/v), and the peak fractions were collected.

Size-exclusion chromatography-based thermostability assay (SEC-TS).
Detergent-purified ABCG2 was incubated with or without 10 uM of inhibitor
(MZ29, MB136 or Ko143) or 50 uM of transport substrate (E,S) for 10 min at room
temperature. 100 ul samples were aliquoted into thin-walled PCR tubes and heated
at one temperature, ranging from 30-75 °C, for 10 min in a Bio-Rad Thermocycler.
The samples were cooled on ice immediately, spun at 100,000¢ for 20 min at 4°C
and then loaded onto a TSKgel G3000SWXL column (Tosoh Bioscience). Curves
were plotted using the sigmoidal dose-response (variable slope) tool in GraphPad
Prism 7 (GraphPad Software).

Expression and purification of 5D3-Fab. 5D3 hybridoma cells, producing the
5D3 monoclonal antibody, were obtained from B. Sorrentino®. The cells were
cultured in WHEATON CELLine Bioreactors, according to the manufacturer’s
protocol, and 5D3-Fab was then purified from the supernatant, as described in the
Fab Preparation Kit protocol (Thermo Fisher Scientific).

ABCG2-nanodisc preparation. Membrane scaffold protein (MSP) 1D1 was
expressed and purified as described previously™. Brain polar lipid (BPL)/CHS (4:1)
(w/w) was solubilized with a 3 X molar excess of sodium cholate using a ultrasonic
bath. Solubilized BPL/CHS (4:1) (w/w) was mixed with MSP 1D1 and detergent-
purified ABCG2 at a molar ratio of 100:5:0.2 (lipid/MSP/ABCG2). BioBeads were
added, and the sample was incubated at 4 °C overnight. BioBeads were removed,
and the sample was spun at 100,000g before being loaded into a Superdex 200
10/300 column (GE Healthcare) pre-equilibrated with 25 mM HEPES, pH 7.5, and
150 mM NaCl and used for ATPase assays. For cryo-EM studies in the presence of
Fab, the sample was prepared as described above except ABCG2 was first mixed
with a three-fold molar excess of Fab and then 10 uM inhibitor (MZ29 or MB136)
before reconstitution into nanodiscs. For cryo-EM studies in the absence of Fab,
the sample was mixed with 10 uM MZ29 before reconstitution.

ABCG2-liposome preparation. A BPL/cholesterol (BPL/chol) (Avanti Polar
Lipids) mixture was prepared at a 4:1 (w/w) ratio as described previously*. Briefly,
the BPL/chol mixture was extruded through a 400-nm polycarbonate filter and
destabilized with 0.17% (v/v) Triton X100. Detergent-purified ABCG2 was then
mixed with BPL/chol at a 100:1 (w/w) lipid/protein ratio. Detergent was removed
with BioBeads, and proteoliposomes were spun at 100,000¢, resuspended in 25 mM
HEPES, pH 7.5, 150 mM NaCl at a final lipid concentration of 10 mgml~, and the
reconstitution efficiency was determined™.

Transport assays. ABCG2 proteoliposomes were extruded through a 400-nm
polycarbonate filter and diluted to 4 mgml~' lipid in 25mM HEPES, pH 7.5,
150mM NaCl. 5mM MgCl, and 50 uM [*H]E,S was added, in the absence or
presence of 0.5 M of unlabeled competitor (with the exception of MB136* and
tariquidar* in Fig. 4b, where 10 pM was used), and incubated for 5min at 30°C.
The transport reaction was initiated by the addition of 2mM ATP. To stop the
reaction, samples were removed, added to ice-cold stop buffer (25 mM HEPES,

pH 7.5, 150 mM NacCl, 100 pM unlabeled E,S) and filtered using a Multiscreen
vacuum manifold (MSFBNG6B filter plate, Millipore). Radioactivity trapped on the
filters was measured using a Perkin Elmer 2450 Microbeta2 microplate scintillation
counter. Curves were plotted using the nonlinear regression Michaelis—Menten
analysis tool and initial transport rates from 30 s to 2 min were determined using
linear regression in GraphPad Prism 7. Rates were corrected for the orientation of
ABCG?2 in proteoliposomes as determined and described in ref. . The normalized
initial transport rates, with the uninhibited rates set to 100%, were then plotted.

ATPase assays. ATP hydrolysis activity was measured using a technique described
previously™. All reactions were performed at 37 °C in the presence of 2mM ATP
and 10 mM MgCl,. For ATPase assays in proteoliposomes, experiments were
completed with 50 uM E,S in the presence or absence of 0.5uM competitor. For
assays in ABCG2 nanodiscs, the molar ratios of Ko143 or MB136 were varied in
relation to ABCG2 to determine the functional stoichiometry for both compounds.
ATPase rates were determined using linear regression in GraphPad Prism 7. Rates
were corrected for the orientation of ABCG2 in proteoliposomes as determined
and described in ref. #*. The normalized ATPase rates, with the uninhibited rates set
to 100%, were then plotted.

Microscale thermophoresis binding assay (MST). The binding of FKo143
(G2 +FKo143) or FKo132 (G2 + FKo132) to ABCG2 or ABCG2-Fab was
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measured using microscale thermophoresis with a NanoTemper monolith NT.115
instrument”’. A range of concentrations of detergent-purified ABCG2

(0.11 nM-3.65 uM) were incubated with 50 nM of FKo143 or FKo132 for 10 min
in assay buffer (40 mM HEPES, pH 7.5, 150 mM NaCl, 0.026% DDM and 0.0026%
CHS). To check the effect of 5D3-Fab on the binding of FKo143 to ABCG2, two
separate samples were measured. In the first sample, ABCG2 was first preincubated
with a 2.5 X molar excess of 5D3-Fab for 10 min prior to the addition of FKo143
(G2 4 Fab 4+ FKo143). In the second sample, ABCG2 was first preincubated

with FKo0143 for 10 min prior to the addition of 5D3-Fab (G2 + FKo143 + Fab).
The samples were then loaded into NanoTemper standard glass capillaries, and
microthermophoresis was carried out using 60% LED power and 40% MST.

K}, values were calculated using the mass action equation via the

NanoTemper software.

Sample preparation and cryo-EM data acquisition. The cryo grids were prepared
using a Vitrobot Mark IV (FEI) with the environmental chamber set at 100%
humidity and 4°C. An aliquot of 4 pl purified ABCG2-MZ29-Fab, ABCG2-
MB136-Fab or ABCG2-MZ29, at a protein concentration of approximately
0.4mgml~', was applied to glow-discharged Quantifoil (1.2/1.3) 300 mesh Cu
grids. After being blotted with filter paper for 2.0s, the grids were flash frozen in a
mixture of propane and ethane, then cooled with liquid nitrogen.

The final datasets were composed of 4,094, 2,468 and 9,244 micrographs
for the ABCG2-MZ29-Fab, ABCG2-MB136-Fab and ABCG2-MZ29 samples,
respectively. Movies were recorded semiautomatically with SerialEM on a Titan
Krios operated at 300keV and equipped with a Gatan K2 Summit and a GIF
Quantum LS energy filter. Images were recorded in super-resolution counting
mode with a defocus range of 0.5 to -2.5 pm.

Super-resolution pixel sizes were 0.42 A/pixel, 0.5325 A/pixel and 0.4058 A/
pixel for the ABCG2-MZ29-Fab, ABCG2-MB136-Fab and ABCG2-MZ29
movies, respectively. For the ABCG2-MZ29-Fab sample, each stack was exposed
for 10s with an exposure time of 0.2 s per frame, resulting in 50 frames per stack
and a frame dose of 2.0 e”/A2 For ABCG2-MZ29, the data collection parameters
were the same as for ABCG2-MZ29-Fab, but with the first frame removed. For the
ABCG2-MB136-Fab sample, 15-s stacks, with 0.25-s frames and a frame dose of
1.55 e-/A2, were recorded. All stacks were gain normalized, motion corrected, dose
weighted and then binned two-fold with MotionCor2 (ref. **). The defocus values
were estimated on the non-dose-weighted micrographs with Getf”.

Image processing. From the ABCG2-MZ29-Fab micrographs a total of 587,743
particles were picked with Gautomatch (http://www.mrc-Imb.cam.ac.uk/kzhang/).
Image processing was performed in RELION 2.0 (ref. ©°). The picked particles
were screened by five rounds of 2D classification. Almost all particles (543,842)
were correctly assigned to 2D classes, selected and finally subjected to a global
angular search 3D classification with five classes. A total of 284,831 particles
were combined from the good 3D classes. These particles were applied for initial
autorefinement with a soft mask resulting in a 3D reconstruction with an overall
resolution of 3.19 A (for map with applied C2 symmetry) and 3.25 A
(non-symmetrized map). After regrouping of the particles and adapting the soft
mask in the following 3D refinement, the map resolution improved to 3.1 A.

Image processing of the ABCG2-MB136-Fab particles was performed both
in RELION 2.0 (ref. ©’) and CryoSPARC"'. A total of 529,097 ABCG2-MB136
particles were picked with Gautomatch and 2D classified in RELION 2.0. After
five rounds of 2D classification and selection, we obtained a final dataset of
424,235 particles. These particles were used for 3D classification with three
classes. From two good 3D classes, 306,913 particles were selected for the first
3D autorefinement with C1 and C2 symmetry. After post-processing, maps with
resolutions of 3.65 A and 3.50 A were obtained, respectively. In parallel, the same
set of particles was processed in CryoSPARC. Ab initio 3D reconstruction followed
by homogenous 3D refinement (symmetry C1) and map sharpening resulted in
map at 3.60-A resolution. The CryoSPARC map showed much better asymmetric
density inside the ABCG2 molecule, corresponding to MB136, than the map from
RELION 2.0.

For ABCG2-MZ29, data were processed using RELION 2.1b. Particles
(2,098,186) were picked automatically by Gautomatch, binned 4 X and 2D
classified in RELION. After three rounds of 2D classification, the remaining
1,087,316 particles were subjected to 3D classification into ten classes (applying
C2 symmetry). The particles from the best three classes (549,517 in total) were
extracted again, this time unbinned, and subjected to 3D classification into five
classes (using C2 symmetry). Four classes corresponded to “good” classes, and
three of these classes were very similar to each other. Particles in those three
classes (402,348 in total) were combined to give a final reconstruction, applying C2
symmetry, with the RELION autorefinement procedure. After automated masking
and post-processing, the resolution was estimated to be 3.56 A.

All ABCG2-MZ29-Fab, ABCG2-MB136-Fab and ABCG2-MZ29 maps were
post-processed, including soft masking, and using the automatically determined
B-factor sharpening routines. The resolutions were estimated with the
gold-standard Fourier shell correlation (FSC) 0.143 cutoff criterion®’. ResMap®* was
used to calculate the local resolution maps. In the case of ABCG2-MZ29, maps
filtered by local resolution were also created in RELION.

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.
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Model building and refinement. For model building, we used the post-processed
map of ABCG2-MZ29-Fab at an overall resolution of 3.1 A. The quality of the
EM density was of excellent quality and allowed the de novo building of ABCG2
and the variable domain of 5D3-Fab. The Coot program*® was used for all model
building steps and the previous ABCG2-5D3(Fab) model (PDB 5NJ3 and PDB
5NIV) was docked into the EM density and used as an initial reference”. The
MZ29 coordinates and restraints were generated using eLBOW* and fitted into
the EM density using Coot. The complete ABCG2-MZ29-Fab atomic model was
refined against the working map in Phenix* using the program phenix.real_space_
refine at a resolution limit of 3.1 A. For the final round of model refinement, we
performed global real-space refinement with standard geometry restraints as well
as rotamer, Ramachandran plot, CB, noncrystallographic symmetry (NCS) and
secondary structure restraints, coupled to reciprocal-space refinement of the B
factors. The quality of the final model was analyzed using MolProbity*’, and the
refinement statistics are in Table 1. For validation of the refinement, random shifts
(mean value of 0.3 A) were introduced into the coordinates of the final refined
model using the program phenix.pdbtools®, then refinement was done with
phenix.real_space_refine (using the same parameters as described previously)
against the first unfiltered half-map (half-map 1). The overlay between the FSC
curve of the model with random displacements refined against half-map 1 versus
half-map 1 and the FSC curve of the same model versus half-map 2 (against which
it was not refined) indicated that no over-refinement took place.

For the ABCG2-MZ29 structure, we used the ABCG2-MZ29 subcomplex
structure, obtained from the ABCG2-MZ29-Fab sample, as a starting model for
rebuilding into the post-processed and RELION local-resolution filtered maps.
The structure was very similar with the exception of EL3, which needed rebuilding.
After manual rebuilding in Coot, the structure was refined and validated similarly
to the ABCG2-MZ29-Fab structure.

For the ABCG2-MB136-Fab structure, we docked the refined ABCG2-Fab
subcomplex structure, obtained from the ABCG2-MZ29-Fab sample, into the EM
density using Coot. The MB136 coordinates and restraints were generated using
eLBOW and fitted into the EM density using Coot.

Figure preparation. Figures were prepared using the programs PyMOL (The
PyMOL Molecular Graphics System, DeLano Scientific, http://www.pymol.org/)
and GraphPad Prism 7 (GraphPad Software).

Life Sciences Reporting Summary. Further information on experimental design is
available in the Life Sciences Reporting Summary.

Data availability. Atomic coordinates were deposited in the Protein Data Bank
under accession codes PDB 6ETT (ABCG2-MZ29-Fab, 5D3-Fab variable domain
only), PDB 6FFC (ABCG2-MZ29) and PDB 6FEQ (ABCG2-MB136-Fab;
5D3-Fab variable domain only). EM data for the three structures were deposited in
the Electron Microscopy Data Bank under accession codes EMD-3953 (ABCG2-
MZ29-Fab), EMD-4256 (ABCG2-MZ29) and EMD-4246 (ABCG2-MB136-Fab).
Source data for Figs. la—c, 4b and 6a and Supplementary Fig. 1b are available in
Supplementary Dataset 1. All other data are available from the corresponding
authors upon reasonable request.
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