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Multidrug resistance protein 4 (MRP4) is a broadly expressed ATP-binding

cassette transporter thatis unique among the MRP subfamily for
transporting prostanoids, agroup of signaling molecules derived from
unsaturated fatty acids. To better understand the basis of the substrate
selectivity of MRP4, we used cryogenic-electron microscopy to determine
six structures of nanodisc-reconstituted MRP4 at various stages throughout
itstransport cycle. Substrate-bound structures of MRP4 in complex with
PGE,, PGE, and the sulfonated-sterol DHEA-S reveal acommon binding

site that accommodates a diverse set of organic anions and suggest an
allosteric mechanism for substrate-induced enhancement of MRP4 ATPase
activity. Our structure of a catalytically compromised MRP4 mutant bound
to ATP-Mg* is outward-occluded, a conformation previously unobserved
in the MRP subfamily and consistent with an alternating-access transport
mechanism. Our study provides insights into the endogenous function of
this versatile efflux transporter and establishes a basis for MRP4-targeted

drug design.

The prostanoid family of lipid mediators are signaling molecules
involved in processes as diverse as inflammation, nociception, immune
response, vasoactivity and parturition'”. Prostanoids are derived from
the cyclooxygenase-mediated metabolism of unsaturated fatty acids
and subsequently converted in a tissue-specific manner into prosta-
glandins or thromboxanes®. Actingin an autocrine or paracrine fashion,
secreted prostanoids activate their cognate G-protein-coupled recep-
tors, leading to modulation of intracellular Ca** or cAMP levels that
affect downstream signaling and gene expression. Altered prostanoid
signaling hasimplications for a variety of pathologies, including throm-
bosis, blood pressure, gastrointestinal cancers and regulation of the
tumor microenvironment’ ™. Synthetic prostaglandins have clinical
use for induction of labor and abortions, treatment of glaucoma and

pulmonary hypertension, vasodilation and the prevention of stomach
ulcers' . Despite the numerous physiological roles of prostanoids
and the therapeutic potential of their analogs, structural details on
their transport from the cell remain limited.

The efflux of prostaglandins ismediated by MRP4 (ref. 17). Broadly
expressed in tissues including the liver, kidneys, blood-brain barrier
and blood cells, MRP4 is a membrane bound ATP-binding cassette
(ABC) transporter from the MRP family (a subgroup within the ABCC
family) that acts as a unidirectional efflux pump. It is classified as a
typelVexporter, containing two transmembrane domains (TMDs) and
two nucleotide-binding domains (NBDs) within a single polypeptide
chain'® (Fig.1a). Itis the only member of the MRP subfamily that has an
established roleinthe transport of prostanoids, including PGE,, PGE,,
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PGD,, PGF,, and TXB, (refs.17,19,20). Among these, PGE, is of interest
asthe mostabundant prostanoid inhumans and hasbeenimplicatedin
cancer pathology by promoting tumor growth, metastasis andimmune
evasion®?, Consistent with a role for MRP4 in pathological prosta-
glandin efflux, its overexpressionin breast tumors has been associated
with poor prognosis®, suggesting therapeutic potential inmodulating
MRP4 function.

In addition to prostaglandin efflux, MRP4 is associated with
transporting a variety of structurally diverse substrates. It overlaps
with other MRPs in the transport of steroid conjugates, including
dehydroepiandrosterone sulfate (DHEA-S), the steroid with the high-
est circulating concentration in humans and a precursor for andro-
gens and estrogens®. MRP4 has been classified as a cyclic nucleotide
transporter?, as studies in Mrp4”~ (also known as Abcc4™") mice
have linked cyclic nucleotide transport by MRP4 to vascular reactiv-
ity and resistance to hypoxic pulmonary hypertension®, impaired
platelet activation®® and cystic fibrosis transmembrane conductance
regulator-mediated chloride flux and secretory diarrhea”*, Other
substrates of MRP4 include cysteinyl leukotrienes, bile salts, folate,
sphingosine-1-phosphate, cephalosporin antibiotics and antivi-
rals®*~¥, although these substrates have only beenidentified through
overexpression systems.

To understand the molecular details of MRP4 function and to
identify the structural elements that define the substrate selectivity of
the transporter, we determined six structures of MRP4 in various con-
formations using cryogenic-electron microscopy (cryo-EM), including
nucleotide- and substrate-free (apo,;q. and apo,,,row), SUbstrate-bound
(DHEA-S, PGE, and PGE,) and ATP-bound states. Our substrate-bound
structures provide insights into substrate discriminationamong MRPs,
while our ATP-bound MRP4,,,, structure expands our understand-
ing of the ABCC family conformational landscape by revealing the
outward-facing occluded state, animportantintermediate inthe pro-
posed alternating-access mechanismof substrate translocation. These
structures will enable computational studies into the role of MRP4 in
transporting xednobiotic and endogenous substrates and provide
abasis for designing molecules modulating MRP4-mediated efflux.

Results

Functional characterization of MRP4

Bos taurus MRP4, which has 90% similarity to human MRP4 (Extended
Data Fig. 1), was heterologously expressed in Spodoptera frugiperda
(Sf9) cells with a C-terminal 8-His tag. Following detergent solubiliza-
tion, we reconstituted MRP4 into MSP E3D1 nanodiscs to facilitate
ATPase activity assays and cryo-EM structure determination within a
native lipid environment. Nanodiscs were assembled while MRP4 was
bound to TALON resin, yielding efficient incorporation of the trans-
porter (Fig. 1b).

AssometypelVexporters display substrate-dependentincreases
in ATPase activity**™*°, we used the stimulation of MRP4 ATP hydrolysis
to assess previously identified substrates. MRP4 was determined to
have a Michaelis constant (K,,) for ATP of 0.60 mM (95% confidence
interval (CI) 0.47-0.77 mM) and maximum reaction rate (V,,,,) of
19.7 nmol min? mg™ (95% C118.4-21.1 nmol min™ mg™) (Fig. 1c) in the
absence of substrates. These are similar to previously reported values
for human MRP4 (ref. 41) and correspond to a turnover number of
4.1min™(95% C13.8-4.4 min™). PGE,, PGE, and DHEA-S (Fig. 1f) stimu-
lated the ATPase activity of MRP4 in a concentration-dependent man-
ner, whereas other known substrates, including the cyclic nucleotides
cAMP and cGMP and the MRP1 substrate leukotriene C, (LTC,)"®** did
not (Fig.1d, Extended Data Table1and Extended Data Fig. 2). As these
results indicated the presence of high-affinity transporter-substrate
complexes, we pursued structures of MRP4 bound to these three
ATPase-stimulating substrates.

ATPbinding typicallyinduces NBD dimerizationin ABC transport-
ers. Thetwo nucleotide-binding sites (NBS) are located at the interface
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Fig.1|Functional characterization of MRP4 and identification of three
stimulating substrates. a, Schematicillustration of the domain architecture
of MRP4 with residue numbers at domain boundaries indicated. L, N-terminal
loop domain, yellow; TMD1, purple; NBD1, pink; TMD2, blue; and NBD2,

cyan. b, Representative gel filtration chromatography profile of wild-type
(WT) MRP4 embedded into MSP E3D1 lipid nanodiscs. SDS-PAGE analysis of
peak fractionisinserted on the right, visualized by Coomassie brilliant

blue staining. Gel electrophoresis was performed once (n =1). ¢, ATPase
activity of nanodisc embedded MRP4. Data are the mean + s.d. for three
technical replicates from a single MRP4 preparation and fit to the Michaelis—
Menten equation. d, Stimulation of wild-type MRP4 ATPase activity at

4 mM ATP in the presence of previously reported substrates. Stimulation data
are shown for the highest concentration tested of a given substrate and are
mean + s.d. for three technical replicates from a single MRP4 preparation. S1P,
sphingosine-1-phosphate. e, Comparison of wild-type MRP4 and MRP4,,,q
ATPase activity inlipid nanodiscs. Data are mean + s.d. for three technical
replicates from a single preparation each of MRP4 and MRP4,5,o.

f, Structures of previously reported transport substrates found to stimulate
MRP4 ATPase activity.
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of the NBDs, formed by the interaction of the A-, Q- and H-loops and
Walker A and B motifs from one NBD, with the signature sequence
and X-loop from the other. In MRP4, sequence analysis (Fig. 4a and
Extended DataFig.1) reveals that the NBD2 Walker B motif contributes
a catalytic E1202 to NBS2, forming an active ATP-hydrolysis site. The
residue in the corresponding position of the NBD1 Walker B motif
is D560 that suggests, along with other deviations from consensus
motifs in NBS1, that the noncanonical NBS1 has impaired catalytic
activity*. To trap MRP4 in a nucleotide-bound state, we introduced
amutation (MRP4g,,4,,) designed to disrupt ATP hydrolysis at NBS2
while retaining the capacity of the site to bind nucleotides. MRP4,0,q
showed negligible ATPase activity, consistent with a role for E1202 in
ATP hydrolysis (Fig. 1e).

Structures of MRP4 along the substrate transport cycle

MRP4 inlipid nanodisc was purified and frozen under various condi-
tions for cryo-EM analysis. Our apo dataset revealed a heterogenous
sample with fluctuations in the angle between the two halves of the
transporter, resulting in reconstructions of two distinct conforma-
tions, ap0yge aNd aPO,rrow at 3.3 A (Fig. 2a, Table 1and Supplementary
Figs.1and 2). MRP4 in the presence of DHEA-S, PGE, or PGE, yielded
reconstructions at 2.7, 3.5 or 2.9 A, respectively, each showing clear
densities for the substrates bound to MRP4 (Fig. 2b-d and Supple-
mentary Figs. 3-5). A final dataset was collected for MRP4¢,,0,, under
saturating ATP-Mg** conditions, with PGE, added to accelerate pro-
gression through the transport cycle. This experiment resulted in a
3.1 A map with density observed for ATP-Mg?* but not for PGE, (Fig. 2e
and Supplementary Fig. 6). We refined our modelsinto their respec-
tive densities, which together reveal four distinct conformations
of MRP4.

A dataset was collected for MRP4 in the presence of cAMP, which
failed to enhance MRP4 ATPase activity in vitro despite reports of
cAMP transport by MRP4 in various cell types and membrane-derived
vesicles®***. Cryo-EM analysis of MRP4 with 1 mM cAMP (a concentra-
tion higher than previously reported K, values and cytoplasmic levels)
revealed a structure at 3.7 A, with no conformational change relative
to apo,.. MRP4 (Extended Data Fig. 3a,b) and no density observed for
cAMP (Extended DataFig. 3c). The structure of MRP4 in this condition
was not modeled.

The overall architecture of MRP4 is composed of two halves,
each consisting of a TMD-NBD pair. The two halves are configured
in a pseudo-two-fold symmetric arrangement perpendicular to the
membrane, with an 82-residue linker connecting NBD1 and TMD2;
this linker remains unresolved in all six structures. Both TMDs
domain-swap a pair of helices between each other, so that TM1, TM2,
TM3, TM6, TM10 and TM11 form one distinct transmembrane bundle
and TM4, TM5, TM7, TM8, TM9 and TM12 form another (Fig. 2a-e).
The lasso motif, an N-terminal feature of the ABCC family, contains a
membrane-embedded helix that packs against TM3, TM10 and TM11
and a second extended helix that runs parallel to the inner leaflet of
the membrane®. The N-terminal portions of the lasso motif were only
resolved inthe DHEA-S and PGE;-bound structures.

Substrates and ATP induce conformational changes in MRP4

Boththe apo,;q. and apo,,.. Structures of MRP4 are in aninward-facing
conformation. Between the two transmembrane bundles, a
solvent-filled cavity (roughly 11,000 A? in apo,,4. and 10,000 A% in
aAPO0.amow) €Xtends from the cytoplasm into the lipid bilayer. It
concludes at the interface of the bundles and the site of substrate
binding. Inapo,,., the bundles are at their maximal observed separa-
tion and the substrate-binding site is accessible, characterized by a
16.7 A distance between the backbone C, of a pair of substrate-binding
residues (F211 from TM3 in TMD1 and W995 from TM12 in TMD2)
(Fig. 3a). The NBDs in apo,,4 are separated from one another by an
estimated 27 A at either of the two NBSs (Fig. 3b), as measured by the

C, distance between the signature sequence serine of one NBD and
the Walker A glycine of the other NBD. While apo,,,.,,, MRP4 is largely
unchanged from apo,,. in the transmembrane regions (Fig. 3a), the
distance between residues at either NBS decreases to an estimated
23 A (Fig. 3b), demonstrating subtle conformational fluctuations in
the absence of substrate or nucleotides.

On substrate binding, MRP4 undergoes a clamshell-like closure,
reducing the angle between the two transmembrane bundles by 20°
compared to apo,,... This movement constricts the central cavity
(to approximately 5,400 A% while keeping it open toward the cyto-
plasm (Fig. 3a). More pronounced conformational changes occur in
the distal cytoplasmic regions of MRP4, where the NBDs approach
each other and are now askew (Fig. 3b). These changes are consistent
onbinding toany of the three ATPase-stimulating substrates; the high-
est root-mean-square deviation between the three substrate-bound
structures is 1.2 A, suggesting our structures represent acommon
substrate-bound state (Extended Data Fig. 4).

In the presence of ATP and PGE,, MRP4,,,, undergoes notable
structural changes. Inthe cytoplasm, the NBDs are dimerized with two
copies of ATP-Mg** at their interface. The TMDs alignin an orientation
that closes off the central cavity from the cytoplasm and alters the
substrate-binding site to prevent substrate binding (Fig. 3a,b). The lack
of observed PGE, density in the ATP-bound MRP4,,y,, map suggests
that closure of the soluble cavity follows substrate transport across
the membrane.

The extracellular surface of MRP4 remains closed in all states
(Fig. 3¢), with hydrophobic residues packing to form an extracellular
gate that seals the interface of the two TMDs. The presence of this
closed gate in our ATP-bound structure suggests that the substrate
exit pathway at the extracellular face can reset independent of ATP
hydrolysis and NBD dissociation, possibly to maintain unidirectional
transport. Throughout the substrate transport cycle of MRP4, the two
halves of the transporter move as rigid bodies, showing only minor
rearrangements within the TMDs or NBDs (Extended Data Fig. 4).

MRP4 NBDs bind nucleotides through canonical interactions
The interface between the TMDs and NBDs connects substrate trans-
portto ATP hydrolysis. Asin other type IV architectures, a pair of cou-
pling helices in the loops between the domain-swapped TM4, TM5,
TM10, and TM11 fit into a shallow cleft in either NBD (Fig. 4b,c). Com-
pared to NBD1, NBD2 contains an insertion of 13 residues between
the Walker A motif and the signature sequence (Fig. 4a). These resi-
dues (1099-1111) form two short helices that cap the distal end of the
NBD2 cleft and tightly pack with the linker between TM12 and NBD2
(Fig. 4c). H1111 from the second inserted helix hydrogen bonds with
E292 from TM5 while simultaneously forming - interactions with
W1025 from the TM12-NBD2linker. A turn of the helix away, R1114 forms
asalt bridge with E1022, further stabilizing contact with the linker
(Fig. 4d). The absence of a corresponding region in NBD1resultsina
smaller interface and fewer contacts with the cytoplasmic extensions
of transmembrane helices TM2, TM3, TM10 and TM11 (Fig. 4b), and
potentially contributes to the flexibility and lower local resolution
observedinthis domain across the apo-and substrate-bound datasets
(Supplementary Figs. 1f, 2f, 3f, 4f and 5f).

In the ATP-bound MRP4,,,, structure, clear densities define
ATP-Mg* in both the noncanonical NBS1 and in the mutated NBS2
(Supplementary Fig. 6b). Nucleotide binding in either site is medi-
ated by highly conserved features, including electrostatic interac-
tions between Mg?" and the Walker A motif (K451 and K1081), and
betweenphosphates and the Walker B motif (D560 and E1202Q), Q-loop
(Q480andQ1122), H-loop (H592 and H1233) and the signature sequence
(S1178 and S536) (Fig. 4e,f). In both NBSs, A-loop aromatic residues
(W419 and Y1050) form m-mtinteractions with the adenine rings of ATP
(Fig. 4e,f), while residues from CH1 and CH3 (N183 and D812) coordi-
nate the exocyclicamines.
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Apo,,4. MRP4
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PGE,-bound MRP4
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d e f

PGE,-bound MRP4
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DHEAS-bound MRP4

ATP-bound MRP4,,0,q
inward open
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substrate substrate

Fig. 2| Structures of MRP4 in multiple conformations along the substrate
transport cycle. a-f, Side views of the cryo-EM reconstruction and atomic
model of inward-open apo,;,. conformation of MRP4 (a), inward-open apo,,row
conformation of MRP4 (b), PGE,-bound MRP4, inward-open,,ac (), PGE;-
bound MRP4, inward-open, .. (d), DHEA-S-bound MRP4, inward-openg,qace
(e) and outward-occluded, ATP-Mg**-bound MRP4y,,,, (F). The sharpened

electrostatic potential maps shown were generated using DeepEMhancer.
Domains in sharpened maps and models are colored as in Fig. 1a. A transparent
low-pass filtered envelope depicts density for the nanodisc and poorly resolved
portions of the NBDs. Membrane boundaries are represented by cartoon. PGE,,
PGE,, DHEA-S and ATP-Mg?* are shown as orange spheres in their respective
structures. A,g,, absorbance at 280 nm.

Thenucleotide density in either NBSis continuous between the 3
andy phosphates, suggesting MRP4,,,, prevents the transporter from
progressing through the ATPase cycle. The 7.1 A separation between
the terminal carboxyl of D650 and the phosphorus of the y phosphate
of ATP in NBS1 is greater than the 4.3 A distance between the amide
of the mutated E1202Q and the equivalent phosphorus in NBS2. This
increased separation may compromise the ability of D560 to activatea
lytic water for ATP hydrolysis and potentially lower the rate of catalysis
at NBS1, as observed in MRP1 (ref. 46).

The amphipathic substrate-binding site of MRP4

PGE, and PGE, stimulate MRP4 ATPase activity. Both are composed of
20 carbon atoms, organized as a cyclopentanone core (C8-C12) with
two alkyl chainsubstituents (the a.chain, C1-C7 and w chain, C13-C20)
(Fig. 1f). PGE, differs from PGE, by the saturation of a second carbon-
carbondoublebondat C5,and both substrates share asimilar pose when
bound to MRP4. PGE, and PGE, bind MRP4 in the solvent-accessible cen-
tral cavity, engagingresidues fromboth TMD1and TMD2. The binding
site is a narrow channel composed of a large hydrophobic region and
pockets of charged residues that coordinate the polar groups of the
substrate (Fig. 5b).

In both prostaglandin-bound structure, the alkyl chains and the
cyclopentanone core are wedged between W995 on TMD2 and a hydro-
phobic patchon TMDI1 formed by F156, F211, F324,1.363,L367 and F368.
The shared polar substituents of PGE, and PGE, further orient the sub-
strates. Specifically, the Cl carboxyl sits ina positively charged pocket
(P-site1) composed of H152 and Q160 from TM2,R946 from TM11, and
R998 and Q994 from TM12. The C9 ketone and the C11 hydroxyl point
toward anarrow solvent-accessible cavity that extends above the sub-
strates toward the extracellular face of MRP4, while the C15 hydroxyl
of either prostaglandin faces a pocket on TM9 formed by D842, Q845
and T846. Collectively, the hydrophobic core, the a.chain carboxyl and

the C9, C11 and C15 substituents allow MRP4 to bind and translocate
these prostaglandins specifically.

In addition to these two prostanoids, we found that the steroid
DHEA-S also stimulated MRP4 ATPase activity. The sterol core of
DHEA-S is conjugated by a sulfate ester at the 33 position and has a
ketone on C17, providing polar groups at either end of the aliphatic
sterol core for electrostatic interactions. MRP4 binds DHEA-S in the
same site as PGE; and PGE,, using residues from both TMD1and TMD2.
Thebindingsiteresiduesinall three substrate-bound structures adopt
similar rotamers, indicating acommon substrate-bound state.

The 17-ketosteroid backbone of DHEA-S makes extensive van der
Waals contacts with the hydrophobic patchon TMD1throughiits 3 face.
L363,L367 and F368 intercalate between the two methyl substituents
of DHEA-S, while F156, F211 and F324 pack against the periphery of the
sterol core. W995 from TM12 stacks against the o face of DHEA-S, and
the indole ring of W995 hydrogen bonds with the carboxyl of D842.
The ketone moiety of the steroid and an ordered water occupy P-site 1.
Elsewhere, the 3f3 sulfate residesin aseparate, distinct pocket of posi-
tive charge (P-site 2) at the interface of TM6 and TM9. Within P-site 2,
R362 and Q849 form electrostatic interactions with one of the sulfate’s
three nonbridging oxygens. A second oxygen is coordinated by Q845
and makes a water-mediated interaction with D842, creating anetwork
of interactions that links the sulfo group to W995. The third oxygen
does not form direct protein interactions but instead faces a narrow
solvent-filled tunnel that continuesin the direction of the extracellular
face. Neither PGE, nor PGE, make notable contacts with the sidechains
comprising P-site 2.

Although the two helical bundles clamp around the substrates
in all three structures, there is little change to the rotamers of most
substrate-binding residues compared to the apo structures. The few
residues that adopt new conformations include F156 and F324, which
fliptolinethe periphery of the hydrophobic patch. The repositioning
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Table 1| Cryo-EM data collection, refinement and validation statistics

Apo,,. MRP4 Apo, ..o« MRP4 MRP4+DHEA-S MRP4+PGE, MRP4+PGE, MRP4+ATP-Mg*
(EMD-40829) (EMD-40828) (EMD-40826) (EMD-40827) (EMD-40830) (EMD-40821)
(PDB 8SXA) (PDB 85X9) (PDB 8SX7) (PDB 85X8) (PDB 8SXB) (PDB 8SWN)
Data col}ection and
processing
Magnification x105,000 x105,000 x105,000 x105,000 x105,000 x105,000
Voltage (kV) 300 300 300 300 300 300
Electron exposure (e /A% 67 67 67 67 67 67
Exposure time (s) 5.9 5.9 5.9 5.9 5.9 5.9
Defocus range (um) -1.0t0-2.0 -1.0t0-2.0 -0.5t0-2.0 -0.5t0-2.0 -0.5t0-2.0 -0.5t0-2.0
Pixel size (A) 0.4175 0.4175 0.4175 0.4175 0.4175 0.4175
Symmetry imposed C1 Cl C1 C1 Cl C1
Initial particle images (no.) 4,613,782 4,613,782 5,330,431 7,912,699 3,910,205 840,205
Final particle images (no.) 82,936 80,063 360,511 122,978 187,047 104,051
Map resolution (A) 3.3 3.3 27 3.5 29 3.1
FSC threshold 0143 0.143 0.143 0.143 0.143 0143
Map resolution range (A) 30-3.3 30-3.3 30-2.7 30-3.5 30-2.9 30-3.1
Refinement
Initial model used 6BHU 6BHU 8SXA 8SXA 8SXA 8SXA
(PDB code)
Model resolution (A)
Masked 3.5 3.5 2.9 3.6 31 3.2
Fourier shell correlation 0.5 0.5 0.5 0.5 0.5 0.5
(FSC) threshold
Map resolution range (A) 30-3.5 30-3.5 30-2.9 30-3.6 30-3.1 30-3.2
Map sharpening B factor (32 -121.4 -137.4 -976 -121.5 -106.9 -106.5
Model composition
Nonhydrogen atoms 9178 9,178 9,521 9,418 9,202 9,155
Protein residues 1153 1153 1188 1175 1152 1135
Water 0 0 3 1 1 0
Ligands 0] 0] ZWY: 1 XPG:1 P2E: 1 MG: 2 ATP: 2 PTY: 1
B factors (A2 minimum/
maximum/mean
Protein 29.93/215.93/118.88  43.67/236.79/136.47 1.73/190.69/85.26  34.87/204.17/100.34  7.57/190.27/89.80  94.85/279.65/143.82
Ligand - - 10.47/41.83/24.62 46.19/46.19/46.19 37.95/55.85/44.75 128.82/181.22/148.41
Root mean square deviations
Bond lengths (A) 0.006 (0) 0.006 (0) 0.004 (0) 0.005 (0) 0.006 (1) 0.0056 (0)
(greater than 40)
Bond angles (°) 0.675(0) 0.681(0) 0.674(0) 0.831(0) 0.898 (3) 0.686 (2)
(greater than o)
Validation
MolProbity score 118 1.01 112 0.78 0.77 0.77
Clashscore 2.96 2.31 2.34 0.94 0.64 0.86
Poor rotamers (%) 0 0 0 0 0 0
Ramachandran plot
Favored (%) 97.55 98.08 97.46 98.03 9773 98.76
Allowed (%) 2.45 192 2.54 1.97 2.27 124
Qutliers (%) 0 0 0 0 0 0

of F156 enables R946 to rotate from facing out of the helical bundle
(inthedirection of the lasso motif) to facing in toward the central cav-
ity, whereits guanidino group contributes to P-site 1. A similar inward
rotation by H153 adds further positive-charge character to the pocket

relative to either apo structure (Fig. 5b).

In the ATP-bound state, the transmembrane regions of MRP4
arein an arrangement incompatible with substrate binding. The two
halves of the transporter have rotated inward toward the central cav-
ity, and F211, L367 and F368 from the hydrophobic patch are within

van der Waals contact distance of W995, sterically preventing DHEA-S
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Fig.3| Comparison of theinward-open, inward-narrow and outward-
occluded conformations of MRP4. a, Side view of the TMDs from the plane of
the membrane for apo-, substrate-bound (DHEA-S-bound structure shown) and
ATP-bound states. Select substrate-binding residues from either TMD are shown
withastick representation. The distance between the C, atoms of two substrate-
binding residues, F211 and W995, is drawn as a red dashed line, with measured
valuesindicated. b, Bottom view of the NBDs, seen from the direction of the

23.0A

ATP-bound MRP4

E1202Q

m@‘

cytoplasm. C, of signature sequence serine and Walker A glycine shown as orange
spheres. Distances between opposing pairs of residues at either NBS are shown
as dashed lines; blue for NBS1and red for NBS2. Distance values are indicted.

¢, Top-down views of the extracellular face. Residues of the extracellular gate
(1117, F352,L735 and L981) are shown with a stick representation and colored
orange. Domains follow the color scheme presented in Fig. 1a.

or either prostaglandin from occupying the site (Fig. 5f). ATP bind-
ing also results in the intrusion of TMD2 hydrophobic residues into
the regions of positive charge at either end of the substrate-binding
pocket. P-sitelisdisrupted by the insertion of F156 and H152, displac-
ing the substrate-binding residues Q994 and R998. Q994 rotates
away to neutralize D953 from TM11, while R998 adopts electrostatic
interactions with Q160 and Q999 and forms a salt bridge with E1002
(Fig. 5g).InP-site 2, F324 occupies the former site of the DHEA-S sulfo
group (Fig. 5h). Of the residues previously involved in coordinating
the sulfate, R362 and N849 hydrogen bond with one another, while
N845 flips away and is stabilized by the backbone carbonyl of L321. The
tight packing observed at both P-sites and between the hydrophobic
patch and W995 from TMD?2 is consistent with substrate expulsion
from the binding site, although no clear exit pathway is observed in
our structure.

Structural comparison of MRP4 and MRP1
MRP4 shares 37% sequence identity with MRP1 (Extended Data
Fig. 1). While both are recognized as transporters of amphipathic

organic anions, only MRP1is well-established as a transporter of glu-
tathione conjugates, including the eicosanoid LTC,. In our studies, LTC,
failed to stimulate MRP4, unlike reported effects on MRP1 (ref. 47).
Differencesin the bindingsites of substrate-bound MRP4 and MRP1are
consistent with their respective substrate specificities. Superimposing
thesstructure of DHEA-S-bound MRP4 onto LTC,-bound MRP1 (Protein
DataBank (PDB) ID 5UJA), aligned via the second transmembrane bun-
dle, shows that the MRP4 substrate-binding site is narrower and lacks
shape complementarity to the leukotriene (Fig. 6a). Transmembrane
bundle 1of MRP4 is rotated by roughly 13° toward the central axis of
thetransporter comparedtoits positionin MRP1, resulting inanappar-
ent clash between the glutathione moiety of LTC, and the observed
conformations of MRP4 TM2 residues (Fig. 6b).
Ofthe15MRP1residuesinvolved inLTC, binding, tenare identical
orsimilar at the equivalent positions in MRP4, while the remaining five
arealtered (Fig. 6¢). Two MRP1residues (K332 and H335) that hydrogen
bond withacarboxyl fromthe LTC, glutathione moiety are replaced by
aT99and E102in MRP4, forming anacidic pocket in place of the basic
onein MRP1 (Fig. 6d). M1092 in MRP1, part of the hydrophobic portion
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Fig. 4 |Structural asymmetry between NBD1and NBD2. a, Sequence alignment  sequence, CH2, and the TMD2-NBD2 linker, with residues shown as sticks.

of selected motifs from NBD1and NBD2. Conserved residues are highlighted in Hydrogen bonds and salt bridges are indicated by yellow dashed lines.

blue, residues of the inserted sequence are orange and the position of E1202Q e f, Close-up views of the noncanonical NBS1 (e) and NBS2 (f) featuring the
mutantin NBD2 Walker Bisinred.b,c, Side view of the TMD interactions with mutated catalytic residue in the ATP-bound MRP4,,,, structure. Selected side
NBD1 (b) and NBD2 (c) in the ATP-bound MRP4,,, structure. Ribbon diagram chains frominteracting motifs are shown as sticks. ATP is shown as sticks, Mg?*
of domains are colored as in Fig. 1a, and are overlaid on a surface of either NBD as green spheres and densities for both are shown as a transparent surface.
intransparent gray. The inserted sequence in NBD2 is highlighted in orange. For clarity, only the ATP-Mg?* density is shown.

d, Enlarged view of the box in c. Electrostatic interactions between the inserted

ofthebindingsite that packs against the lipid tail of LTC,, isequivalent  residuesinvolvedinsubstrate binding, the extent to whichthese differ-
toD842in MRP4, which hasacrucialrolein orienting the polargroups  ences account for MRP4’s lack of specificity for glutathione conjugates
of DHEA-S and the prostaglandins. T550 in MRP1 is replaced by L321  remains to be determined.

in MRP4, which could sterically hinder LTC, from binding the site. The ATP-bound MRP4,,,, structure reveals a state along the
Although alignment of MRP4 and MRP1reveals differences at critical MRP subfamily transport cycle that differs substantially from that
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inward-openg,q ... State bound to PGE, (¢), the inward-open,, .. State bound
to PGE, (d), the inward-openg,... state bound to DHEA-S (e) and the outward-
occluded state of MRP4y,,0,, bound to ATP-Mg?* (f). Residues shown form van der
Waals contacts, hydrogen bonds or salt bridges with any of the three substrates.
Substrates are represented by sticks. For clarity, only substrate densities

are shown as transparent surfaces. Waters are depicted as red spheres, and
electrostatic interactions are indicated as yellow dashed lines. b, Electrostatic
potentials (shown as a scale ranging from-10 kTe'inred to 10 kT e in blue) of
the substrate-binding surfaces of the MRP4 TMD2 in the apo,,., inward-open

PGE,-bound MRP4

DHEA-S-bound MRP4
ATP-bound MRP4

™2

D842

DHEAS-bound MRP4

P-site 2

DHEA-S-bound MRP4
ATP-bound MRP4

state (left) and the inward-open,,g..., DHEA-S-bound state (right). Dashed
circles highlight P-sites 1and 2 that assemble on substrate binding. g,h, Local
conformational changes at P-site 1(g) and P-site 2 (h) as MRP4 transitions from
the inward-open,.. state to the outward-occluded, ATP-Mg*"-bound state.
The DHEA-S-bound structure is shown in gray and the ATP-bound structure is
colored asin Fig. 1a. Black arrows indicate movement of sidechains. Electrostatic
interactions are shown as yellow dashed lines. Red asterisks indicate positions of
substrate polar groups in their respective structures (an unoccupied P-site 2 and
the C1carboxylin P-site 1in the PGE, and PGE, bound structures; the 3B sulfate in
P-site 2and a coordinated water in P-site 1in the DHEA-S bound structure).

of ATP-bound MRP1 (PDB ID 6BHU) (Fig. 6e). While MRP1 assumes
an outward-open conformation on ATP binding that features a nar-
row channel between helices 6, 11, 12 and 17 extending from the
substrate-binding residues to the extracellular milieu, ATP-bound
MRP4,,0,, contains a closed extracellular gate with no apparent

substrate exit tunnel. The closure of this extracellular pathway is inde-
pendent of ATP hydrolysis or subsequent phosphate release, consistent
with an alternating-access mechanism for directionality of substrate
transport where the extracellular face resets before the cytoplasmic
portions of the transporter.
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inMRP1and cyanin MRP4. The relative angle of rotation between helical bundle
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signified achange in polarity between MRP1and corresponding MRP4 residues.
d, Electrostatic potentials (shown as ascale ranging from-10 kT e inred to 10 kT
e'inblue) of the aligned substrate-binding surfaces of TMD2 of MRP4 bound to
DHEA-S (not shown for clarity) and TMD2 of MRP1 bound to LTC,. An acidic patch
in MRP4 replaces a basic surface for coordinating glutathione carboxyl groups.
LTC, shown as sticks, colored magenta and by heteroatom. e, Slice-through
of ATP-bound MRP4 and ATP-bound MRP1, reveals a substrate exit tunnel
presentonly in the MRP1structure, while MRP4 is outward-facing occluded.
Transmembrane regions of MRP4 and aligned regions of MRP1 are colored as in
Fig.1. TMDO of MRP1 hidden for clarity. The volume of the MRP1 substrate exit
tunnelis shown as an orange surface.

Discussion
Based on our structures and that of the closely related ATP-bound
MRP1,,5.o, we propose a model for MRP4 substrate transport
(Fig. 7a). Under substrate- and nucleotide-free conditions, MRP4
fluctuates along a landscape of inward-open states that vary in the
angle between the two halves of the transporter. An amphipathic
substrate-binding site, comprising a hydrophobic region on TMD1
and two distinct positively charged pockets, is located between the
two helical bundles and recognizes a variety of organic anions. Sub-
strate binding brings the two helical bundles toward each other and
shortenstheinter-NBD distance, primingthem foranaccelerated rate
of dimerization in the presence of ATP-Mg?'.

Nucleotide binding drives the conformational transition that
results in substrate transport. Our ATP-bound MRP4¢,,,, structure
shows dimerized NBDs and no observable exit pathway connecting

substrate-binding residues to the extracellular space. Following the
alternating-access model proposed for MRP1and other ABC transport-
ers, our ATP-bound structure represents a state after substrate trans-
location, where the extracellular gate has closed but ATP hydrolysis
and phosphate release have not yet reset the cytoplasmic portions of
the transporter. Although PGE, was added to our sample to stimulate
NBD dimerization and capture a larger portion of MRP4,,4,, in an
ATP-bound state, we expect a substrate is not necessary for MRP4 to
adopt this outward-occluded conformation.

Our structure of outward-occluded MRP4 standsin contrast to that
of ATP-bound MRP1, where cryo-EM analysis of the analogous Walker
A mutant MRP1,s,, under similar conditions exclusively resolved an
outward-open transporter. Extensive processing of our MRP4¢,,0,q
dataset provided no evidence for an outward-open conformation,
although we found several two-dimensional classes matching our
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of the alternate access transport mechanism of MRP4. The inward-open,
inward-openg ... and outward-occluded states are derived from the cryo-EM
structures in this study, while the putative outward-open state is based on the
structure of ATP-bound MRP1 (PDB ID 6BHU). The cycle begins with MRP4
open toward the cytoplasm, featuring a solvent-accessible substrate-binding
cavity and widely separated NBDs. The distance between the NBDs varies due
to thermal fluctuations. When bound to substrate, the two halves of MRP4
constrict toward one another, reducing the volume of the central cavity and
bringing the NBDs into close proximity. ATP binding dimerizes the NBDs and
induces substrate transport by allosterically deforming the substrate-binding
site and opening an exit pathway for substrate release. Inward-open MRP4

is capable of binding ATP in the absence of substrate and proceeding to this
speculated outward-open conformation, although at a notably slower rate
due to theincreased distance between NBDs. In the outward-occluded state,
the transmembrane helices lining the exit pathway have reset, leaving the
substrate-binding site exposed to neither the cytoplasm nor extracellular space.
Progression to the outward-occluded state occurs regardless of substrate
presence. ATP hydrolysis and subsequent nucleotide and P; release allows for
dissociation of the NBD dimer and return to the inward-open state. Cartoon
domains follow the color scheme presented in Fig. 1a.

apoy;q Structure (Supplementary Fig. 6). These resultsindicate MRP4’s
outward-open conformation might be more transient than that of
MRP], reflecting differences in their energy landscapes. Without an
outward-open structure, the nature of substrate release by MRP4
remains unclear. It is uncertain whether this putative conformation
would have an exit tunnel like MRP1, or if the substrate-binding site
mightinstead open toward the lipid environment.

Outward-occluded states have been reported for various bacte-
rial exporters, including MsbA*$, TmrAB*’, Cgt>® and McjD"", as well as
the eukaryotic phosphatidylcholine exporter ABCB4%. Although the
topologies for each transporter differ, these structures are thought
to represent similar states in the above model of substrate transport.
ATP-bound MRP4,,4,, most strongly resembles the structure of the
ADP or ATP-bound SURI, an ABCC family member that acts as the
ADP sensor of the KATP channel® (Extended DataFig. 5). Despite SURL
sequence homology to the MRP subfamily and overall structural resem-
blancetoacanonical ABC transporter, it has no known transport sub-
strates and is thought to exclusively regulate channel activity. The
ATP-bound MRP4 and ADP or ATP-bound SUR1both contain a closed
extracellular gate and tightly packed TMDs sealed off from the cyto-
plasm, suggesting conformational similarity of MRP4 to the ABCC
family extends beyond the MRPs.

Our findings suggest that unlike other reported MRP4 sub-
strates, PGE,, PGE, and DHEA-S stimulate the ATPase activity of the
transporter with apparent K, values in the micromolar range. The
inward-openg,y...cc State of MRP4 contains two positively charged

pockets not found in apo MRP4. These pockets can accommodate
anionic groups and are positioned at opposite ends of the binding
site, potentially contributing to the diverse range of substrates recog-
nized by MRP4. MRP4 buries the nonpolar cores of prostaglandins and
DHEA-S between a hydrophobic region on TMD1and W995 on TMD2,
resembling the ‘tryptophan-sandwich’ observedin LTC,-bound MRP1
(ref. 47). This suggests a common mechanism among the MRPs for
sequestering hydrophobic cargo. Our substrate-bound structures align
with previous MRP4 mutagenesis studies that identified critical roles
for F368, W995 and R998 (refs. 54,55) in substrate transport.

Our two prostaglandin-bound structures reveal comparable
interactions between MRP4 and the polar substituents of either pros-
taglandin. Given that these functional groups are common to other
prostanoids shown to be transported by MRP4, including PGD,, PGF,,
and TXB, (refs.17,19,20), itis likely that these ligands bind through simi-
lar contacts. Furthermore, these chemical features are shared across
many other prostaglandins, suggesting the diversity of prostaglandins
and their analogs transported by MRP4 may be underappreciated.

Theresultthat prostaglandin and DHEA-S stimulate MRP4 ATPase
activity contrasts with the remaining substrates tested, including
the cyclic nucleotides. Despite reports that identify MRP4 as a cyclic
nucleotide transporter*°*, high concentrations of cAMP and cGMP
did not notably stimulate MRP4 ATPase activity in vitro. Our cryo-EM
results failed to confirm a high-affinity complex between cAMP and
MRP4, with the final reconstruction lacking both an observed density
for cAMP and any notable conformational change compared to the
inward-open apo states. While we cannot rule out cAMP as an MRP4
substrate, these resultsindicate that any transport of cyclicnucleotides
in our reconstituted system occurs at or below the basal activity of
MRP4, and that cAMP binding does not induce an inward-openg,ace
state. Downstream signaling of various prostaglandins through their
respective G-protein-coupled receptors affects the levels of cytoplas-
mic cAMP*, providing one possible mechanism for regulation of this
cyclicnucleotide by MRP4. Further investigations will be necessary to
clarify the precise molecular details of transport of cAMP and other
nonstimulating substrates by MRP4.

Our study presents atomic-level descriptions of MRP4 in multiple
conformations, revealing the basis of its organic anion specificity.
The structures of PGE, and PGE, bound to MRP4 underscore the role
of this transporter in prostaglandin efflux, a signaling mechanism
central to numerous physiological processes. The outward-occluded
structurefillsinapreviously unobserved but assumed state of the MRP
translocation cycle and canbe used as the basis for homology models
of other MRPs. Our series of apo and substrate-bound inward-facing
structures will provide the groundwork for computational studies
aimed at validating endogenous and xenobiotic substrates of MRP4
and will aid in structure-guided designs of inhibitors for this promis-
cuous transporter. Improved understanding of MRP4 function will
aidinaddressing multidrug resistance and transporter dysregulation.
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Methods

MRP4 expression and membrane preparation

The wild-type bovine MRP4 gene and the MRP4,,,,, mutant were
synthesized by Genscript and cloned into pFastBac with a C-terminal
thrombin-cleavable 8xHis tag. For all constructs, recombinant bacu-
lovirus was produced using the Bac-to-Bac Baculovirus Expression
System (Thermo Fisher Scientific). High-titer (more than 10° viral
particles per ml) P, virus was used to infect Sf9 cells at a cell density of
3 x10° cells per ml. Cells were collected 48 h postinfection by centrifu-
gation at 2,000g, flash frozen and stored at —80 °C until use. Frozen
cell pellets were thawed and resuspended in lysis buffer, 50 mM Tris
(pH 8.0),300 mM NaCl,1 mM TCEP,1 mM phenylmethylsulfonyl fluo-
ride (PMSF) and EDTA-free cOmplete protease inhibitor cocktail tablets
(Sigma-Aldrich). The resuspended cells were repeatedly homogenized
with a Dounce homogenizer, then sonicated on ice at 1s™ for 5 min.
Membranes were spundown at100,000gfor 90 min, thenresuspended
in working buffer (50 mM Tris (pH 8.0), 200 mM NaCl, 1 mM TCEP),
supplemented with1 mM PMSF and with EDTA-free cOmplete protease
inhibitor cocktail and flash frozen in aliquots for future use.

MRP4-nanodisc reconstitution

Thawed membranes were solubilized with 1% (w/v) n-dodecyl-$3-
D-maltopyranoside (DDM) (Anatrace) added at adetergent to protein
ratio of 0.2 (w/w) and stirred for 4 h. The supernatant was separated
from insoluble fractions by centrifugation at 100,000g for 30 min
and clarified through a 0.22 um filter. After adding 5 mM imidazole,
the supernatant was batch bound to TALON IMAC resin (Clontech) for
2 hat 4 °C. The resin was washed with 10 column volumes of working
buffer supplemented with10 mMimidazole and 0.05% DDM, and then
returned to working buffer supplemented with 5 mM imidazole and
0.05% DDM. Resuspended resin with bound MRP4 was mixed with Soy-
beanPolar Lipid Extract (Avanti) to afinal estimated lipid concentration
of1.2 mMand mixed for 1 hatroomtemperature. Purified MSP E3D1was
added to the mixture atafinal concentration of 0.6 mg ml™and mixed
for1hatroomtemperature. Finally, 60 mg ml™ of methanol-activated
Bio-Beads SM2resin (Bio-Rad) was added and allowed to mix overnight
at4 °C.The heterogenous resin mixture was washed with resuspension
buffer extensively to remove empty nanodiscs, and resin-bound MRP4-
nanodisc complexes were eluted using buffer supplemented with
150 mMimidazole. The elution fraction was concentrated at2,000gin
a100 kDa Amicon Ultra concentrator (Millipore), filtered and purified
by size-exclusion chromatography (SEC) on a Superdex 200 Increase
column (Cytiva) in 20 mM Tris pH 8.0, 150 mM NaCl and 1 mM TCEP.
Allsteps were performed at4 °C.

ATPase assay

ATP hydrolysis by MRP4 was observed using an established NADH-
coupled ATPase assay*’ by monitoring NADH fluorescence using exci-
tation (A.,) and emission (A.,) wavelengths of 340 nm and 445 nm,
respectively, onaSpectroMax plate reader. MRP4 nanodisc (400 nM),
60 mg ml™ pyruvate kinase (Sigma-Aldrich), 32 mg ml™ lactate dehy-
drogenase (Sigma-Aldrich),4 mM phosphoenolpyruvate and150 mM
NADH were mixed in 50 mM Tris pH 8.0, 150 mM KCI, 2 mM MgCl,
buffer. ATP was titrated at the specified concentrations to determine
the K,,and V,,,, values of MRP4 ATPase activity.

We used asingle, distinct preparation of MRP4 for each of the sub-
stratetitration experiments. Potential stimulation by any given putative
substrate was assessed in technical triplicate. Activity measurements
were normalized to the basal rate of ATPase activity in the absence of
substrate within the same experiment. We evaluated basal activity
for eachindividual preparation of MRP4 used across these assays and
obtained a mean specific activity of 13.6 + 4.5 nmol min ™ mg™. ATP
was held constant at 4 mM while substrate was added at the specified
concentrations. All experiments assume a total molecular weight
of 210 kDa for MRP4 and two copies of MSP E3D1. Data analysis was

performed using GraphPad Prism, and data were fit to the Michaelis-
Menten equation.

In-gel digestion and mass spectrometry

To identify MRP4, a roughly 150 kDa gel band was excised from an
SDS-PAGE gel and treated with 25 mM ammonium bicarbonate in 50%
acetonitrile. Dried gel pieces were incubated with 5 mM dithiothreitol
in25 mMammonium bicarbonate at 56 °C, followed by coolingtoroom
temperature. Gel pieces were thenincubatedin 7 mMiodoacetamide
in 25 mM ammonium bicarbonate at room temperature in the dark
and subsequently washed with25 mM ammonium bicarbonate in 50%
acetonitrile. In-gel digestion was carried out overnight with 50 ng of
trypsin in 25 mM ammonium bicarbonate. Peptides were extracted
from the gel matrix with 50% acetonitrile in 0.1% formic acid, dried
under vacuum and stored at —80 °C.

For LC-MS/MS analysis, an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific) with an EASY-Spray Source
(ThermoFisher Scientific) coupled toan ACQUITY UPLC M-Class chro-
matography system (Waters) was used. Peptides were separated onan
EASY-Spray C18 column (Thermo Fisher Scientific) using an acetonitrile
gradient from 2 to 25% in 0.1% formic acid. Mass spectrometry precur-
sor scans were recorded over a 375-1,500 m/z range in the Orbitrap
analyzer, and precursor peptides were selected by quadrupoleisolation.
Fragmentation was induced with higher-energy collisional dissociation.

For protein identification, database searches were performed
against the SwissProt database totaling 551,706 entries combined
withthe MRP4 construct sequence. Peptide sequences were matched
as tryptic peptides, allowing for one missed cleavage and carbamido-
methylated cysteines as a fixed modification. Variable modifications
included oxidation of methionine, N-terminal pyroglutamate from
glutamine, start methionine processing and protein N-terminal acetyla-
tion. Mass accuracy tolerance was set to 20 ppm for parentand 30 ppm
for fragment masses. The selected score thresholds ensured a protein
false-discovery rate of less than 1%. Additional peptide mapping onto
the MRP4 sequence allowed for up to two missed cleavages and one
nonspecific cleavage per peptide.

Cryo-EM sample preparation and data acquisition

Freshly purified MRP4 in lipid nanodiscs was concentrated to
0.6 mg ml ™ for vitrification. Quantifoil R1.2/1.3 400-mesh Cu Holey
Carbon Grids (EMS) were glow discharged at 15 mA for 30 s immedi-
ately before use. Sample was applied and grids were blotted using a
Mark IV Vitrobot (Thermo Fisher Scientific) for 5s at 100% humidity
and 4 °C before plunge freezing in liquid N,-cooled ethane. For the
ATP-bound state, MRP4,,4,q in lipid nanodiscs was treated similarly,
except for the addition of 1 mM PGE, and 10 mM ATP, 10 mM MgCl,
followed by 10 min of incubation at 37 °C before applying on grids.
The substrate-bound samples were prepared in a similar way to apo
exceptfor theinclusion of 200 pM of DHEA-S, PGE, or PGE, or 400 pM
cAMP. All three substrate-bound samples were blotted on Quantifoil
R1.2/1.3300-mesh AuHoley Carbon Grids (EMS). For all samples, grids
were screened for ice quality and particle density using a Talos Arctica
(Thermo Fisher Scientific) microscope.

Forthe apo sample, 4,698 118-frame super-resolution videos were
collected onan FEI Titan Krios (Thermo Fisher Scientific) operated at
300 keV, equipped withaBioquantum energy filter (Gatan) set to aslit
width of 20 eV and a post-GIF K3 camera in single-electron counting
mode. The dataset was collected with abeam image-shift overa3 x3
hole array at a nominal magnification of x105,000 and physical pixel
size of 0.834 A pixel™, using an underfocus range of 1.0 to 2.0 pm.
SerialEM was used for all data acquisition using semiautomated scripts.
The ATP-bound MRP4,,,,, dataset was collected on a different FEI
Titan Krios using similar parameters, except for a physical pixel size of
0.835 A pixel™. That dataset was composed of 3,176 super-resolution
videos collected at an underfocus ranging from 0.5t0 2.0 um.
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All substrate-bound data were collected on this second FEI Titan
Krios after an upgrade to Fringe-Free Imaging using abeamimage-shift
over a3 x 3 hole array and recording three videos per hole. All data-
sets used an underfocus range of 0.5 to 2 pum. The nominal magni-
fication and physical pixel size after upgrade were unchanged. For
the DHEA-S-bound MRP4 sample, 5,609 80-frame super-resolution
videos were collected. These datawere merged with a dataset of 1,266
videos collected at 35° tilt, and collected using a single record per
hole. Next, 7,219 80-frame super-resolution videos were collected
on the PGE,-bound MRP4 sample and merged with 1,034 80-frame
super-resolution videos collected at 35° tilt collected using a single
record per hole. Finally, 8,649 80-frame super-resolution videos were
collected on the PGE,-bound MRP4 sample.

Image processing

MotionCor2 (ref. 60) was used to correct all video stacks for
beam-induced motion, to sum frames with and without dose weight-
ing, and to Fourier bin images 2 x 2 to the counting pixel size. The
contrast transfer function and resolution estimates for each corrected
and dose weighted micrographwas determined in cryoSPARC® using
PatchCTF. Particles were picked in cryoSPARC v.3.2 using a Gaussian
disk as atemplate, and subsequently processed in cryoSPARC v.3.2 as
depicted in workflows shown in Supplementary Figs. 1-6.

Model building and structure refinement

Allsixatomic models were built using Coot®?, PHENIX®* and ISOLDE®*.
For the structures of apo,,;q. MRP4, apo,,;;o» MRP4 and ATP-bound
MRP4¢,,0,4, transmembrane helices and linkers were manually built
in Coot using the output densities from DeepEMhancer®. The NBD
models of the closely related bovine MRP1 (PDB 6BHU), with residues
mutated to those of MRP4 via Modeller, were initially used to build
the NBDs of ATP-bound MRP4,,,,. The final ATP-bound MRP4 NBDs
were used to guide model building of the NBDs of ap0,,ige, aDOnarrow
and all three substrate-bound structures, first by rigid-body fitting in
ChimeraX, followed by real-space refinement in PHENIX and further
correctionin Coot and ISOLDE. All three substrate-bound states were
built by rigid-body fitting individual domains of apo,;;. MRP4 into
the output densities from DeepEMhancer and following the steps as
above for NBDs.

The deposited apo,,,., MRP4 model contains residues 48-398,
408-615, 692-745 and 756-1298. The deposited apo,,;,c MRP4 model
containsresidues 48-398,408-615, 692-745 and 756-1298. The depos-
ited PGE,-bound MRP4 model contains residues 23-394, 409-615,
693-745 and 756-1298, as well as a one PGE, and one water molecule.
The deposited PGE,-bound MRP4 model contains residues 46-394,
409-615,693-745and 756-1298, as well as one PGE, and one water mol-
ecule. The deposited DHEA-S-bound MRP4 model contains residues
10-398, 409-615, 693-745 and 756-1298, as well as one DHEA-S and
three water molecules. The deposited ATP-bound MRP4,,,, model
contains residues 48-394,408-615,696-746,756-882 and 898-1298 as
well as two bound ATP, two Mg?* ions and a phosphatidylethanolamine
lipid molecule. Allmodels were validated against the sharpened densi-
ties from cryoSPARC. Visualizations and figures were prepared using
UCSF Chimera®, ChimeraX and Inkscape software. Cavity calculations
were made with MOLEonline®” and the 3V Server®®. Two-dimensional
diagrams of ligand-protein interactions were produced using Lig-
Plot+%. Qscores’ were determined in ChimeraX.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
All five three-dimensional cryo-EM density maps have been depos-
ited to the Electron Microscopy Data Bank (EMDB) under accession

numbers EMD-40829 (apo,;e MRP4), EMD-40828 (apo,.,,,on MRP4),
EMD-40827 (PGE,-bound MRP4), EMD-40830 (PGE,-bound MRP4),
EMD-40826 (DHEA-S-bound MRP4) and EMD-40821 (ATP-bound
MRP4:,0,0)- The coordinates for the atomic models have been depos-
ited in the Protein Data Bank (PDB) under accession numbers 8SXA
(apo,,..e MRP4), 8SX9 (ap0,4rr0y MRP4), 85X8 (PGE,-bound MRP4),
8SXB (PGE,-bound MRP4), 8SX7 (DHEA-S-bound MRP4) and 8SWN
(ATP-bound MRP4,,,,). See Table 1 for more details. Source data are
provided with this paper.
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Extended Data Fig. 1| Sequence alignment of MRP4 and MRP1 homologs. asterisks denote aresidue involved in binding one of either DHEA-S, PGEL, or
Sequences of bovine and human MRP4 are aligned to reflect sequence PGE2. Text boxes refer to conserved sequence motifs from NBD1 (pink) and NBD2
conservation across evolution and similarity to the closely related MRP1. (cyan), NBD2’sinserted sequence (orange) and the C-terminal PDZ-binding motif
All references to MRP4 used throughout the text refer to the bovine sequence. (PDZ-BM, sand). Bovine MRP4 catalytic residue E1202 is highlighted in red.

Theresidue numbers for bovine MRP4 are indicated above the sequences. Red
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Extended Data Fig. 2| Biochemical characterization of MRP4. Fold change
in ATPase activity relative to basal levels with the addition of increasing
concentrations of a, PGE,, PGE,, b, DHEAS, ¢, cAMP, cGMP, d, LTC,, e, tenofovir,
f,E217G, g, folic acid, h, SIP. Data in each panel were obtained from separate
preparations of MRP4 in MSP lipid nanodisc. The basal ATPase specific activity

across the samples used in panels a-fwas 13.6 + 4.5 nmol min mg™ from 10

biological replicates. PGE,, prostaglandin E;; PGE,, prostaglandin E,; cAMP, cyclic

adenosine monophosphate; cGMP, cyclic guanosine monophosphate; LTC,,

leukotriene C,; DHEA-S, dehydroepiandrosterone sulfate; E217G, B-estradiol-173-
D-glucuronide; S1P, sphingosine-1-phosphate.
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Extended Data Fig. 3| cAMP does not elicit aconformational changein
MRP4 in cryo-EM. a Final density of MRP4 in the presence of 1 mM cAMP from
cryoSPARC. Sharpened output volume in gray, lowpass filtered volume showing
the nanodisc and NBDs as black silhouette. b Rigid body fitting of apo MRP4 into
density obtained in the presence of 1 mM cAMP. Density in gray, MRP4 domains

colored as before. ¢ View of substrate binding residues of the rigid-body fit apo
MRP4 modelin the density obtained for MRP4 in the presence of 1mM cAMP.
Map contoured at low threshold, revealing non-protein density similar to our apo
MRP4 refinement. Density in purple mesh, MRP4 domains colored as before.
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Extended Data Fig. 4 | The domains of MRP4 move as rigid bodies throughout  yellow. e, Superposition of the three substrate-bound structures reveals them to

the substrate transport cycle. Superposition ofa, bundle1(TMs1, 2, 3, 6,10, share aninward-open, narrow conformation. RMSD between all Cat of DHEA-S-
11) b, bundle2(TMs4,5,7,8,9,12) ¢c, NBD1and d, NBD2 across all five structures. bound MRP4 and PGE1-bound MRP4 is 1.2 A; between DHEA-S-bound and PGE2-
ApO,iqe MRP4 in salmon, apo,,,..., MRP4 ingreen, DHEA-S-bound MRP4 in cyan, bound is 0.87 A; between PGE1-bound and PGE2-bound is 0.90 A. Structures are
PGE,-bound MRP4 in grey, PGE,-bound MRP4 in pink, ATP-Mg?“bound MRP4 in colored asina-d.
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Extended DataFig. 5| The outward-facing occluded state of MRP4 closely clarityinaand c. Ca RMSD between our ATP-bound structure and SUR1 with
resembles the structure of SUR1 bound to ADP/ATP. a Front view, b side view, TMD, domain deleted is 4.36 A. MRP4y;,,, bound to ATP-Mg?* in pink, SUR1
and c top view of MRP4,,0,, bound to ATP-Mg?' and SUR1 bound to ADP-ATP bound to ADP-ATPin cyan, TMD,domainin light gray.

(shown as single chain from PDBID:6C30). TMD,domain in SUR1is hidden for
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Extended Data Table 1| Kinetic parameters for ATPase activity of MRP4

Condition Kn (M) (95% CI) | Vmax ("gg.',/omé';‘)'1 mg”) Maé‘,:':"g'?'d
MRP4 + PGE; 137(0.84-2.28) | 57.76 (49.38-66.16) 4.14
MRP4 + PGE; 168 (1.15-2.52) | 57.97 (52.27-63.70) 5.05
MRP4 + DHEAS 2.32 (1.60-3.2) 113.1 (106.6-119.9) 4.78

MRP4 + LTC, NA NA 1.01
MRP4 + E;17G NA NA 1.01
MRP4 + CAMP NA NA 1.07
MRP4 + cGMP NA NA 0.95

ATPase activity in the presence of increasing concentrations of the indicated compounds was fitted to a Michaelis-Menten equation. The kinetic parameters are mean values from at least
three replicate experiments with 95% confidence intervals (Cl). NA, not applicable.
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