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Abstract

Members of the Organic Anion Transporter Polypeptides (OATP) are integral membrane proteins
responsible for facilitating the transport of organic anions across the cell membrane. OATP1B1

(SLCO1B1), the prototypic OATP family member, is the most abundant uptake transporter in the
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liver and key mediator of the hepatic uptake and clearance of numerous endogenous and xenobiotic
compounds. It serves as a locus of important drug-drug interactions, such as those between statins
and cyclosporine A, and carries the potential to enable liver-targeting therapeutics. In this study,
we report cryo-EM structures of OATP1B1 and its complexes with one of its statin substrates,
atorvastatin, and an inhibitor, cyclosporine A. This structural analysis has yielded insights into the
mechanisms underlying OATP1B1-mediated transport of statins and the inhibitory effect of
cyclosporine A. These findings contribute to a better understanding of the molecular processes
involved in drug transport and offer potential avenues for the development of targeted medications

for liver-related conditions.

Introduction

Transporter-mediated hepatic uptake and clearance pathways influence the efficacy and safety of
drugs by modulating their absorption, distribution, metabolism, and elimination (ADME)
properties. Dysfunction of these pathways, caused by genetic polymorphism or by
pharmacological inhibition, is associated with variations in patient responses to drugs. Human
Organic Anion Transporting Polypeptides (OATPs), which comprise six sub-families of 12-
transmembrane transporter glycoproteins (1-3), are encoded by genes of the Solute Carrier Organic
Anion (SLCO) family (2,4). Their substrates, which include bile acids, bilirubin, steroid hormone
conjugates, thyroid hormones, prostaglandins, toxins, and many clinically used drugs, tend to be
large (>300 Da), amphipathic, and negatively charged (5), while substrates of the related Organic
Anion Transporter (OAT) family are similar, but in general tend to be smaller and more
hydrophilic (6) (for a fuller analysis of the molecular determinants of OAT vs. OATP substrates,

please refer to (7)). OATP family members OATP1B1 and OATP1B3 are highly expressed in the
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liver and function on the basolateral plasma membrane of hepatocytes (8-11). As such, they play
important roles in hepatic uptake and clearance of both natural and xenobiotic substrates, which
has implicated them in numerous drug-drug interactions (DDIs). In recognition of this association,
the latest guidance documents for pharmaceutical companies published by the United States Food
and Drug Administration (FDA) and the European Medical Agency (EMA) recommend screening
drug candidates for interactions with both OATP1B1 and OATP1B3 (12,13).

OATP1BL1 is a major hepatic transporter for many pharmacological agents, of which HMG-CoA
reductase inhibitors (“statins”), which are also substrates for transporters of the related OAT family
(14), are among the best-studied examples. In vitro and in vivo studies have established that drugs
with inhibitory activity against OATP1B1 can cause clinically relevant DDIs. For example, the
immunosuppressant cyclosporine A, which is commonly used in the prevention of organ transplant
rejection and in the treatment of some autoimmune diseases, inhibits OATP1B1-mediated
transport of statins, such as rosuvastatin and atorvastatin, reducing their elimination and markedly
increasing their concentrations in plasma (15,16). Cyclosporine-mediated elevation of serum statin
levels can lead to clinical complications, with severe cases linked to statin-induced rhabdomyolysis
7).

To elucidate the molecular basis of such DDIs, structural understanding of transporters with their
substrates and inhibitors is critical. Cryo-electron microscopy (cryo-EM) has proven to be a
powerful tool in recent years for the determination of many solute carriers’ mechanisms of action
(18), and indeed two publications have recently reported structures of OATP family members,
providing useful insights into ligand binding and clues to the structural basis of transport. One
study (19) revealed the inward-facing structures of OATP1B1 (bound to substrate estrone-3-

sulfate, E1S) and OATP1B3, enabled by Fab fragments, and the other (20) reported multiple
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structures of OATP1B1, in its apo form and in complexes with substrates bilirubin and E1S,
inhibitor simeprevir, and a fluorophore (2°7’-dichlorofluorescein; DCF) used in transport assays.
No structures of OATP1B1 with cyclosporine A or statins, however, have been reported.

In this study, we have used structural characterization of OATP1B1 by cryo-EM, facilitated by a
newly developed synthetic nanobody (“sybody”)to better understand the binding modes and
transport mechanisms underlying statin transport, with a focus on atorvastatin as a representative
example. Additionally, we provide the first structure of OATP1B1 bound to cyclosporine A,
shedding light on the mechanistic basis of its sterically driven transport inhibition. These findings

provide insights into the mechanism of a well-studied and clinically relevant DDI.

Results

A novel synthetic nanobody assists high-resolution structural characterization of OATP1B1

in its outward-open state

To understand the molecular basis of statin transport by OATP1B1 and its inhibition by
cyclosporine A, we undertook structural analysis of the transporter by cryo-EM. These efforts were
initially hampered by a combination of the protein’s intrinsic conformational flexibility and a
particle orientation bias, which introduced anisotropy in the resulting maps and presented
challenges to their interpretation. Therefore, to enable a high-resolution structural solution, we
performed screening to identify a synthetic nanobody against OATP1B1, as described previously
(21), in the hope of facilitating the capture of additional particle views while potentially reducing
the transporter’s conformational flexibility. From these efforts, a sybody was identified, which we
term sybody 5 (hereafter Sb5), that binds to OATP1B1 in both its apo and cyclosporine A-bound

forms with similar affinities (12.9 nM and 30.5 nM, respectively; Fig. 1A). Importantly, Sb5 does
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not inhibit OATP1B1 transport activity, as measured by uptake of atorvastatin or rosuvastatin, in

cells over-expressing OATP1B1 (Fig. S1).

Cryo-EM analysis of the OATP1B1-Sh5 complex yielded a high-resolution reconstruction of the
transporter in its outward-facing state (Fig. 1B). While both inward- and outward-facing
conformations were identified in the particle population in the absence of Sb5, other intermediate
conformations could not be resolved to high resolution when Sb5 is present. As noted in other
recently published structures (19,20), OATP1B1 conforms to the major facilitator subfamily
(MFES) clan fold, with 6 transmembrane helices forming each of two bundles that together form
the “rocking switch” that accomplishes transport. Extracellular loops between the transmembrane
(TM) helices form domains extending from the N-lobe (formed by residues 117-168, 233-256)
and the C-lobe (formed by residues 431-527, 599-617)), and the C-lobe extracellular Kazal-like
domain is stabilized by five disulfide bridges, formed by cysteine pairs C489/C504, C459/C506,
C465/C485, C474/C524, and C599/C613. An additional disulfide bond between C142-C463
bridges between extracellular loops of the N and C lobes, although the bulk of the connecting loop

(N-lariat) is disordered in the structure.

The Sb5 epitope is located in the N-terminal helical bundle of OATP1B1, spanning extracellular
loops 2 and 3 and portions of TM3 and TM4. (Fig. 1C). This epitope is adjacent to that of the
recently reported Fab 18, which enabled determination of the inward-open-biased structure of E1S-
bound OATP1B1, but the respective epitopes overlap by only a single residue, Y239 (19). Of note,
R103 of Sb5 participates in a hydrogen bond with H115 of OATP1B1 (Fig. 1C, D), which
corresponds to a histidine residue of OATP1A1 identified as the locus of pH-sensitive transport
(22). Conceivably, this direct contact between Sb5 and H115 could play a role in altering or

abolishing the pH sensitivity of OATP1B1, but its role remains unclear. Based on our biochemical
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data, Sb5 does not impair the ability of OATP1BL1 to transport substrates, and thus does not prevent
the transition to the inward-facing conformation. However, when the structure of inward-facing
OATP1B1 was determined from the same dataset used for the Sb5-bound outward-facing
structure, no clear evidence of Sb5 density was observed. Notably, of the OATP1B1 residues

participating in the Sb5 epitope, all but Y169 are conserved in OATP1B3.

The conformation of Sb5-bound OATP1B1 is similar to that of other published outward-facing
structures (8hnb (apo), 8hnc (bilirubin), 8hnh (simeprevir), 8k6l (DCF)) with a root-mean-square
deviation (rmsd) of less than 1 A (Fig. S2A). Minor differences are largely attributable to intrinsic
flexibility in the C-lobe extracellular domain (20). In a notable departure, however, residues 371-
379 of OATP1B1 are disordered in our map, whereas they form the N-terminal segment of TM
helix 8 in both the liganded and unliganded published structures (Fig. S2B). This segment resides
at the extracellular periphery of the cavity, near the interface between lobes, though it forms no
contacts with its nearest N-lobe neighbor, TM4, in any of the structures. Because these residues
occur in the C-lobe, there is no clear structural evidence linking this discrepancy to the binding of
Sb5, and its underlying cause remains unclear, but it is possible that structural flexibility in this
helix plays a role in conformational transitions or in ligand binding, since it neighbors the major

ligand binding pocket.

In its outward-facing conformation, the substrate-binding cavity of OATP1B1 is lined primarily
by hydrophobic residues, with a wide opening toward the extracellular side of the membrane that
gradually constricts toward a cluster of four residues (L193, L209, V556, and L572) (Fig. S3A),
which acts as a gate to prevent access to the intracellular side. Between the two helical bundles,
the outward-facing conformation forms a V-shaped opening through which the cavity is exposed

to the membrane, occupied by unmodeled elongated densities in the map consistent with lipid
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molecules (Fig. S3B). This feature may allow OATP1B1 access to substrates fully or partially
inserted in the membrane. A stabilizing salt bridge between D198 and K568 connects the two lobes
in this conformation. Conversely, R57 and K361 have been identified as critical residues for
transport (23), and these residues appear on opposite sides of the extracellular opening of the
outward-facing receptor (Fig. S3C). In the inward-facing conformation, they each form a salt
bridge with an acidic residue on the opposite lobe (R57 with E364; K361 with E56), forming a
similar gate blocking access to the extracellular side and stabilizing the inward-open state for

substrate release (19).

Basic residues, K41 and R580, are found at the base of an otherwise hydrophobic substrate-binding
cavity, which is consistent with its transport of anionic substrates and contrasts with members of
the related organic cation transporter (OCT) family (24), whose interiors are lined by acidic
residues to accommodate cationic substrates. Additionally, a ladder of alternating acidic and basic
residues runs up the N-terminal helical bundle toward the extracellular surface, comprising K49,
D70, R181, and E74, making the N-terminal side of the cavity relatively hydrophilic (Fig. S3D).
The C-terminal side of the cavity is primarily hydrophobic, although R580 forms a potential salt

bridge with E185 of the N-terminal bundle.

Atorvastatin binding to the OATP1B1 substrate pocket is plastic

Atorvastatin is an HMG-CoA reductase inhibitor (statin) used to reduce serum low-density
lipoprotein (LDL) cholesterol. Atorvastatin, like other statins, is an amphipathic acid and a non-
inhibitory transport substrate for OATP1B1. To elucidate the mechanism of atorvastatin transport

by OATP1B1, we determined its structure bound to Sb5 in the presence of atorvastatin at 3.2 A
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resolution (Fig. 2A). Similar to our observations in the apo state, the transporter adopted both
inward- and outward-facing conformations on the grid, but only the outward-facing conformation

could be resolved with high resolution.

Map density for atorvastatin in the OATP1BL1 ligand-binding pocket is clear, but not well-defined,
likely reflecting partial occupancy or a heterogeneous pose, which precluded a detailed analysis of
specific ligand-protein interactions (Fig. 2A, inset). Ciuta and colleagues, who reported the
structure of inward-facing OATP1B1 bound to E1S, used predictive tools to identify the possible
dispositions of both atorvastatin and rosuvastatin within the substrate-binding cavity, predicting
that their acidic moieties protrude into the hydrophilic so-called “minor pocket”, much like the
sulfate group of E1S (19,20). Our best fitting of atorvastatin to the cryo-EM map density suggests
that atorvastatin lies entirely within the major pocket described previously (Fig. 2B, shown in
orange), more in agreement with known structures of OATP1B1 bound to simeprevir and DCF.
Its acidic moiety protrudes toward a basic patch near the base of the pocket lined by K41 and R580,
rather than into the minor pocket occupied by the sulfate group of E1S. The three aromatic
substituents extending from atorvastatin’s central pyrrole ring likely form favorable interactions
with the hydrophobic surface comprising primarily residues on the C-lobe side of the pocket,
particularly aromatics, including Y352, F356, and F386. This positioning of the ligand, therefore,
would represent a re-orientation of nearly 180° from the prediction, forming a distinct set of polar
interactions on the opposite lobe. To further build confidence in this pose, we used our outward-
facing OATP1B1 coordinates with Autodock Vina (25,26) to predict binding modes for
atorvastatin, but used an expanded pocket which included both the described minor and major
pockets. While this prediction did yield a pose that broadly agrees with our interpretation of the

map, it also yielded additional poses, including one similar to previous modeling (19), which
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makes use of the minor pocket, with similar confidence (Fig. 2C). We conclude that atorvastatin
may bind the pocket in any one of multiple modes, potentially making different sets of favorable
interactions. The ligand’s orientational and conformational heterogeneity would also explain its

poorly defined map density.

Atorvastatin’s acidic moiety in its various predicted poses resides near different basic or
hydrophilic patches located around the pocket comprising residues K41, K49, H555, and R580.
Residue H555 is of particular interest, as OATP1B3 contains a phenylalanine in this position that
has been shown to have a role in transport of epigallocatechin gallate (EGCG). An F555H mutation
significantly reduced EGCG transport by OATP1B3 (27). Conversely, cholecystokinin-8 (an
OATP1B1-specific substrate) uptake by OATP1B1 was abolished in an H555F variant (28),
suggesting this position is important for the transport of some substrates by both OATP1B1 and
OATP1B3. To probe the importance of the basic residues lining the major and minor pockets for
substrate transport, we measured transport of both atorvastatin and rosuvastatin by OATP1B1
mutants in which key residues were replaced with alanine (Fig. S4A). Their relative transport rates
suggested that mutation of K41, K49, or R580 causes a significant reduction in transport compared
to the wild-type transporter, which would accord with our cryo-EM modeling suggesting that these
residues are needed to accommodate atorvastatin’s acidic moiety. . In contrast, mutation of R633,
which resides in the minor pocket, contacts the sulfate of E1S, and was predicted to possibly
contact atorvastatin’s acid group, had no discernable effect on transport of either substrate. H555
was mutated to either alanine or phenylalanine, the latter to mimic the residue natively found in
OATP1B3. Interestingly, while both mutations reduced transport of atorvastatin, only the
OATP1B3-mimicking phenylalanine reduced transport of rosuvastatin. It must be noted, however,

that our efforts at quantitation of these mutants’ relative total or cell surface expression levels
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compared to wild-type encountered significant challenges, and we were ultimately unable to obtain

reliable values for expression (Fig. S4B,C).

Although an inward-facing atorvastatin-bound structure of OATP1B1 could not be determined at
high resolution, a lower-resolution reconstruction solved in this conformation in the absence of
Sb5 is similar in conformation to the inward-facing structures reported to date, and a blob of
density likely corresponding to atorvastatin, not visible in the apo structure, is present.
Interestingly, the extra map density in the inward-facing conformation was observed near residues
primarily on the C-lobe side of the pocket, consistent with observations of the outward-facing
conformation. (Fig. 2D; Fig.S5B). Its position is consistent with ligands in other substrate-bound
structures and is similar to our outward-facing structure. As before, we used Autodock Vina
predictions targeting the region surrounding this density to predict multiple distinct poses of
similar confidence, with the acid moiety being positioned near the bottom or central portion of the
major pocket or within the minor pocket. We conclude from these analyses that atorvastatin’s
interactions with the substrate-binding pocket are likely plastic, with multiple poses being
accommodated by the largely hydrophobic pocket and several basic patches within the pocket
providing favorable interactions for its acidic moiety. This broadly agrees with atorvastatin’s role
as an OATP1B1 substrate, for which protein-substrate interactions are necessarily transient and
the protein must undergo significant conformational changes to transport substrates, resulting in
remodeling of the pocket. It is also consistent with the broad substrate specificity of OATP1B1,

providing favorable interactions for a wide variety of organic anionic substrates (19).

Cyclosporine A binding inhibits OATP1B1 by impeding its transition to the occluded

conformation
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Cyclosporine A, an immunosuppressant, is linked to a spectrum of DDIs rooted in its inhibition of
OATP1B1-mediated transport (29), but unlike many other known OATP1BL.1 inhibitors, it is not
also thought to be transported by OATP1B1. To illuminate the mechanism of OATP1B1 inhibition
by cyclosporine A, we determined the structure of OATP1B1 in complex with cyclosporine A and
Sb5 (Fig. 3A). As before, although both inward- and outward-facing states were discernable in the
dataset, the highest-resolution reconstruction captures the outward-facing conformation at 3.4 A
resolution. An oblong ring of density in the map is congruent both in size and shape with
cyclosporine A residing in the major pocket (Fig. 3A, inset). Cyclosporine A was modeled into
this density, although the lack of clear side chain density did not allow definitive identification of
its specific interactions with the binding cavity. Its binding, however, appears to be primarily
driven by interactions of the largely hydrophobic major pocket with the aliphatic side chains of
cyclosporine A. In the absence of clear binary charged or polar interactions, the generic
hydrophobicity of the large pocket could drive tight binding of cyclosporine A without strongly
favoring the highly ordered conformation expected of an inhibitor, which would explain the
absence of well-defined side chain density. Notably, in the presence of cyclosporine A, F356,
which flanks the minor pocket, is displaced such that it protrudes into the minor pocket, acting as
a gate to block access (Fig. 3B). This residue’s conformation contrasts with that reported in other
published structures, as well as the apo and atorvastatin-bound structures reported here, and its
displacement appears to be a consequence of the bulk of cyclosporine A within the pocket,

requiring its rearrangement to accommodate the ligand.

The overall conformation of OATP1B1-bound cyclosporine A is grossly similar to the many
published cyclosporine A structures, with the ring collapsed on itself to form an oblong structure,

but the local details of its conformation vary widely among known structures (30,31). To better
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understand the potential for alternative cyclosporine A conformations and positions within the
pocket, however, we again used the protein coordinates with Autodock Vina to predict possible
binding modes. Remarkably, the top-scoring prediction overlays very closely (Fig. 3C) with the
disposition of cyclosporine A in the cryo-EM structure, building confidence in this position and

conformation.

Cyclosporine A binds stably and inhibits both the inward- and outward-facing conformations of
OATP1B1, exhibiting a slow off rate (kot), but is not transported by OATP1B1 (32-34). When we
measured its uptake by cells expressing OATP1B1 (versus wild-type/reference cells), a
concentration- and time-dependent increase in intracellular cyclosporine A was observed, but
OATP1B1 had no statistically significant impact on the uptake rate, suggesting that cyclosporine
A can cross the plasma membrane passively, but is not transported as an OATP1B1 substrate (Fig.
S5A). In contrast, rosuvastatin and atorvastatin, known OATP1B1 transport substrates, exhibited
significant uptake only when OATP1B1 was expressed. While we were unable to resolve both the
outward- and inward-facing conformations of OATP1BL1 at high resolution in the presence of
cyclosporine A, low-resolution reconstructions of both forms, solved in the absence of Sb5, exhibit
evidence of cyclosporine A density (Fig. S5B). Cyclosporine A occupies the major pocket in each
of these conformations, but its position is shifted relative to the pocket in the inward-facing
conformation, suggesting at least two possible binding modes, depending on the transporter
conformation. Thus, we next examined whether steric effects might play a role in its inhibitory
mechanism. While a high-resolution structure of OATP1B1 in its occluded state has not yet been
reported, an approximation of the occluded pocket volume can be obtained through an overlay of
the inward- and outward-facing structures (Fig. 3D; Fig. S6). A comparison of this pocket to the

overall shape and volume of the bound cyclosporine A revealed that the pocket cannot easily
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accommodate it in the occluded conformation without significant steric clashes, which would
explain the differences in the cyclosporine A binding mode in our inward- and outward-facing
maps. More importantly, this analysis suggests that the transition of OATP1B1 from inward- or
outward-facing states to the occluded state is made significantly less favorable by the presence of

cyclosporine A, which is likely the basis of its inhibition.

Discussion

OATP1BL1 is a hepatic transporter of the SLCO1 superfamily acting on a broad range of acidic
transport substrates, including xenobiotics, which in some cases alter drug pharmacokinetics
leading to DDIs. Statins, including the example discussed here, atorvastatin, use OATP1B1 as a
major hepatic clearance route, and OATP1BL1 inhibition by cyclosporine A and other drugs
significantly alters their ADME properties. We have used cryo-EM to discover new insights into
the structural basis of statin transport by OATP1B1, as well as the basis of its inhibition by
cyclosporine A. Sbh5, which was used to enable the high-resolution structures reported here, binds
to the N-terminal extracellular domain of OATP1B1. The residues participating in this epitope are
almost entirely conserved in OATP1B3 and thus may also find application as a tool for structural
work on both transporters. Although Sb5 did not inhibit substrate transport by OATP1B1, and both
inward- and outward-facing conformations were observed in our datasets, only the outward-facing

conformation showed evidence of Sb5 binding and could be reconstructed at high resolution.

Dynamics between the inward- and outward-facing states of OATP1B1 are not yet fully
understood, but it has been proposed that binding and release of bicarbonate on the extracellular

and intracellular sides of the membrane, respectively, act as a critical switch to trigger these
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structural transitions. Based on our low-resolution Sb5-free reconstructions of OATP1B1 in both
states and comparison to other published structures, free energy calculations suggest that each
conformation has a similar stability (-28.0 kcal/mol IF and -27.2 kcal/mol OF) determined by its
buried surface area (calculated using PISA (35)) encompassing contacts between the N and C
lobes. This suggests that the transporter may sample both conformations freely at neutral pH and

in the absence of other factors, which agrees with our observations.

While it was challenging to identify a strict binding pose for atorvastatin using density from the
cryo-EM map, the ambiguity of its pose is likely consistent with its transport mechanism.
Compared to other SLCs that transport organic ions, such as OATs and OCTs (24,36,37),
OATP1B1 contains a larger internal cavity, allowing for a greater variety of potential binding
interactions and a broader range of possible substrates. Given the need for a relatively loose
association between the transporter and substrates, as opposed to the higher-affinity and more
clearly defined interactions expected for an inhibitor, it is perhaps unsurprising that our binding
pose predictions for the cavity yield widely differing results, some consistent with our
interpretation of the atorvastatin-bound cryo-EM map and others appearing to agree with
predictions made by others, but all satisfying key interactions for atorvastatin’s hydrophobic and
acidic moieties (19). While we were unable to reliably quantitate expression of OATP1B1 point
mutants to normalize our transport assays, we nonetheless observed significant reductions in
overall transport when individual surface-exposed residues forming the basic patch, including
K41, K49, H555, and R580, were mutated to alanine. This hints that those residues may be
important for interaction with the acidic moieties of transport substrates, though these
unnormalized data must be interpreted with great caution. Taken together, the data suggest the

overall orientation of transport substrates with their acidic regions oriented toward the basic patch
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and hydrophobic regions occupying the other side of the pocket, but leave significant room to
interpret the specifics of the pose. Overall, our observations suggest that many OATP1B1

substrates may bind in any of multiple modes during transport.

Cyclosporine A, an inhibitor, but not a transport substrate, of OATP1B1, binds and inhibits both
its inward- and outward-facing states. This is made possible by its ability to enter cells
independently of OATP1B1, either through a different transporter or by passive diffusion, to
accomplish cis or trans inhibition (32-34). Indeed, cyclosporine inhibition of OATP1B1 exhibits
a time-dependent increase in inhibition in cells, consistent with a delay associated with entry of
cyclosporine through the plasma membrane to augment inhibition in trans. As we might expect,
the conformation of cyclosporine A in our outward-facing cryo-EM structure appears somewhat
more ordered and well-defined than that seen for atorvastatin, consistent with its role as an inhibitor
and suggesting a tighter interaction, probably driven in part by its ability to fill the transport cavity
and participate in a greater variety of interactions with the transporter. Our structure suggests that
the inhibitory mechanism of cyclosporine A is driven largely by its molecular bulk, which impedes
the transition from inward- or outward-facing states to the intermediate occluded state by creating
molecular clashes incompatible with the transition. Its overall ring-shaped structure likely
contributes to a reduced flexibility that resists its accommodation in the pocket during this
transition, which agrees with a comparison of the common cavity shared by our outward-facing
structures with published inward-facing structures (19,20). A combination of bulk and limited
flexibility, as well as its lack of the acidic moieties present in most OATP1B1 substrates, may
explain why cyclosporine A acts as an inhibitor of OATP1B1. Consistent with this hypothesis,
rifampicin, which is smaller (weighing in at 823 Da) in size than cyclosporine A (which is 1203

Da) and better accommodated in this shared pocket volume, both inhibits and is transported by
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OATP1BL1 (38), whereas the even smaller (585 Da) and more acidic bilirubin is a natural transport

substrate, but does not inhibit transport.

Overall, we propose a model (Fig. 4) in which small acidic transport substrates, such as
atorvastatin, find favorable interactions in the OATP1B1 pocket for their hydrophobic and acidic
portions, with the large binding pocket supporting multiple binding modes compatible with
transport. Transport occurs through free interconversion between the outward- and inward-facing
states through an intermediate outward-occluded state, whose pocket is smaller in extent than that
of the other two states. Interestingly, single-nucleotide polymorphisms (SNPs) in OATP1B1
associated with variations in patient responses to drugs map to locations distal to the ligand binding
pocket, suggesting that they may act by exerting subtle effects on conformational changes required
for transport, rather than by directly interacting with substrates (Fig. S9)(39-41). Cyclosporine A,
which can bind both outward- and inward-facing states of OATP1B1 through hydrophobic
interactions, acts as a plug in the major substrate pocket whose size is greater than that of the
occluded state pocket, and is thus incompatible with the transition through the occluded state to
accomplish transport. While OATP1B1 transports a wide variety of substrates, the insights
provided by these atorvastatin- and cyclosporine A-bound structures offer clues to more general
principles underlying OATP1B1 transport and inhibition, shedding light on a target that lies at the
center of many clinically important DDIs and offering new potential avenues for improvements in

drug design.

Experimental Procedures

Reagents and Cell Lines
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The open reading frame DNA sequence of human OATP1B1 (UniProt ID Q9Y6L6-1)
corresponding to D2-C691 was synthesized and codon optimized for insect cell expression by
GenScript with an N-terminal FLAG tag followed by a GSS linker and a C-terminal GSSS linker
followed by a BAP tag in pFastBac (Thermo Fisher). The insert was also subcloned into
pcDNA3.1(+) (Thermo Fisher) for expression in mammalian cells. Additional constructs were
synthesized to further investigate key interactions. These included a full length, wild-type
OATP1BL1 construct as well as constructs which each contain a single point mutant: K41A, K49A,
R580A, H555A, H555F and R633A all subcloned into pcDNA3.1(+). Reagents for the Expi293
expression system and Opti-MEM were obtained from ThermoFisher. Rosuvastatin was purchased
from Biosynth (San Diego, CA). Cyclosporine A, atorvastatin, and rifamycin SV were purchased
from Sigma-Aldrich, Inc. (St. Louis, MO). BioCoat™ 96-well poly-D-lysine 96-well plates and
HEPES (4-(2- Hydroxyethyl) piperazine-1-ethanesulfonic acid) were obtained from Corning Inc
(Corning, NY). DMEM (Dulbecco's Modified Eagle Medium), HBSS (Hank’s Balanced Salt
Solution), gentamicin, NEAA, GlutaMax®, and sodium pyruvate were obtained from Gibco Life
Technologies (Waltham, MA). HEK293-WT cells were from Pfizer (Sandwich, UK), and
HEK293-OATP1B1 cells were from Pfizer (Groton, CT). Sb5 was generated by Linkster

Therapeutics AG (Zurich, Switzerland).

In Vitro Studies in Cells

Cell Preparation for Transport Studies

For OATP1B1 substrate/inhibition transport assays, wild-type HEK293 and stably transfected
cells expressing OATP1B1 were thawed and seeded in DMEM high glucose (supplemented with

10% fetal bovine serum, 1% 10 mg/mL gentamicin, 1% 100X NEAA, 1% 100X GlutaMAX®, and
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1% 100 mM sodium pyruvate) at a density of 5-7.5x10* cells/well on BioCoat™ 96-well poly-D-
lysine coated plates and cultured for 3 days. Cells were maintained at 37°C, 5% COz2, and 90%
relative humidity.

For transport assays with OATP1B1 point mutants, wild-type and mutant Expi293 expression for
the mutant transporter studies was performed using the Expi293 system as per protocol. The cells
were grown in suspension in shake flasks containing Expi293 medium at 37C, 125 rpm and 8%
CO2 for 24 hours. The cells were then enhanced, as per the Expi293 system protocol and allowed
to shake for 5 more hours after which they were then quantitated, and cells were plated onto two
replicate 96 well poly-D-lysine coated plates. The wild type OATP1B1 construct was plated at
100K cells per well in 200 microliters. The mutants were plated at 200K cells per well in 200
microliters. The cells were then grown in a stationary incubator at 37C and 8% CO2 for 20 hours.

The cells were then used for transport studies.

Transport Studies

Transport buffer was prepared at pH 7.4 using HBSS supplemented with 20 mM HEPES. Stock
solutions of all compounds were diluted in transport buffer. All cell plates were washed three times
with transport buffer and pre-incubated for 2 — 5 min with blank transport buffer at 37°C.

To assess the transporter-mediated uptake of atorvastatin and cyclosporine A, the HEK-WT and
HEK-OATP1B1 cells were incubated with 0.05 mL of atorvastatin, cyclosporine A, and
rosuvastatin (positive control) on a heated shaker at 37°C at multiple time points. The uptake
assays were stopped by the removal of the dosing solution followed by three quick washes with

ice-cold HBSS.
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To assess the transporter-mediated uptake of rosuvastatin and atorvastatin, the HEK-WT, HEK-
OATP1B1 (WT), and the five OATP1B1 mutant cells were incubated with 0.05 mL of rosuvastatin
and atorvastatin on a heated shaker at 37°C for 1-minute timepoint. The uptake assays were
stopped by the removal of the dosing solution followed by three quick washes with ice-cold HBSS.
To assess the transporter-mediated inhibitory potency of atorvastatin, cyclosporine A, and Sb5, the
HEK-OATP1BL1 cells were preincubated with 0.05 mL of the test inhibitors or control inhibitor
(rifamycin SV) for 30 minutes at 37°C, 5% COz, and 90% relative humidity. The inhibition assay
was-initiated by the removal of the preincubation buffer and the addition of the probe substrate
(rosuvastatin or atorvastatin) and the test compounds or control inhibitor on a heated shaker at
37°C, for 1- or 2-minute timepoints, respectively. Assay plates were stopped by the removal of the
dosing solution followed by three quick washes with ice-cold HBSS.

Intracellular accumulation of atorvastatin, cyclosporine A, and rosuvastatin were extracted with
0.23 mL/well of 100% methanol containing internal standard. Cells were shaken for 30 — 60
minutes at room temperature. Cell extracts were transferred to 96-well plates, centrifuged, and 0.2
mL/well was transferred to new 96-well plates and dried down under nitrogen. Samples were
reconstituted with 50:50 methanol:water and analyzed by tandem liquid chromatography-mass
spectrometry (LC-MS/MS).

Total cell protein per well per cell type was determined using a bicinchoninic acid protein assay
for the substrate assay (Pierce, Thermo Fisher Scientific, Rockland, IL), following the
manufacturer’s recommended protocol.

Add expression level quantitation methods

LC-MS/MS Analysis of In vitro Samples
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In vitro samples were received dried down and reconstituted in 100 pL of 50:50 methanol: water.
Samples were then vortexed, spun and analyzed by LC-MS/MS using a Sciex Triple Quad 6500+
mass spectrometer (Sciex, Framingham, MA), equipped with an electrospray source, an Agilent
1290 Infinity Il binary pump (Agilent, Santa Clara, CA) and a PAL system RSI 850 autosampler
(CTC Analytics, Switzerland). Chromatographic separation for atorvastatin and rosuvastatin was
achieved using a Waters Acquity UPLC HSS T3 column (1.8 um, 2.1 x 50 mm), and for
cyclosporine A, Phenomenex Kinetics C18 column (2.6 um, 2.1 x 30 mm), both maintained at 60
°C with a flow rate of 0.8 mL/min. The mobile phase (2 solvents, gradient) was optimized to
achieve good separation between the analytes. Solvent A was water containing 0.1% formic acid,
and solvent B was acetonitrile containing 0.1% formic acid. The gradient for atorvastatin and
rosuvastatin began at 5% B until 0.1 min, followed by an increase to 95% B at 0.5 min, held until
0.70 min, then decreased back to 5% B at 0.75 min, maintaining initial conditions from 0.75-2 min.
The gradient for cyclosporine A began at 30% B until 0.1 min, followed by an increase to 95% B
at 0.3 min, held until 0.70 min, then decreased back to 30% B at 0.75 min, maintaining initial
conditions from 0.75-1.5 min. LC-MS/MS methods for the different analytes analyzed are

presented in Table S2. Analyst 1.7 software was used for peak integration (area ratios).

Expression and Purification of OATP1B1 for Structural Studies and Sybody Generation

Mammalian cell expression was performed using the Expi293 system from Thermo Fisher. Cells
were transfected with 1 mg/L of endotoxin-free plasmid DNA for 48 hours, at which point they
were collected by centrifugation and stored at -80. For biotinylated protein, the cells were co-
transfected with 0.4 mg/L of a plasmid expressing BirA (UniProt ID P06709) and D-biotin was
added to the media at 50 uM final concentration.
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Cells were resuspended in 50 mL buffer containing 25 mM HEPES pH 7.5, 200 mM NaCl,
protease inhibitor cocktail, and lysed by Dounce Homogenizer. Cell lysate was centrifuged at
40,000 rpm for 25 min at 4°C to remove cell debris. Pelleted membrane fraction was resuspended
and solubilized in 25 mM HEPES pH 7.5, 150 mM NaCl, 1% LMNG (w/v), 0.2% CHS (w/v) for
at 4°C for 2 hours, and centrifuged at 40, 000 rpm for 25 min at 4°C to pellet insoluble debris.
Supernatant was loaded to Talon affinity resin and washed in buffer containing 25mM HEPES pH
7.5, 150 mM NacCl, 0.01% LMNG (w/v), 0.002% CHS (w/v), and eluted with buffer containing
25mM HEPES pH 7.5, 150 mM NaCl, 0.01% LMNG (w/v), 0.002% CHS (w/v) and 200 mM
Imidazole. Eluted fractions were pooled and concentrated for further purification by size-exclusion
chromatography (SEC) on a Superose 6 10/300 GL column (GE Healthcare) in the above wash
buffer. This purification strategy revealed monodisperse behavior consistent with the monomeric
size of the protein. Assessment of protein purity and quality was further performed using SDS-
PAGE. Notably, smearing protein bands near 80 kDa were observed, indicating proper
glycosylation as expected (Fig. S7). Biotinylated OATP1B1 was also purified in the same scheme
showing monodisperse profile from SEC, and further assessed by SDS-PAGE. SDS-PAGE gels

were imaged using a Bio-Rad GelDoc EZ Imager with Image Lab 6.1 software.

Sybody Generation against OATP1B1

Sybody molecules were selected as described previously (42,43) against purified C-terminally
biotinylated human OATP1B1 (SLCO1B1) transporter protein in the presence of 10 uM
cyclosporine A (Merck, cat. no. 30024). Individual clones were expressed in E. coli MC1061,
extracted from the cells by periplasmic extraction and analyzed for binding against human

OATP1BL1 protein (purified from Expi293 cells as described above) in presence and absence of
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cyclosporine A by enzyme-linked immunosorbent assay (ELISA). Positive hits were purified using
immobilized metal affinity chromatography (IMAC) and SEC in TBS pH 7.5. Grating-coupled
interferometry (GCI) measurements were made using a Creoptix WAVE system against

OATP1B1 immobilized on a streptavidin-coated WAVEchip 4PCP-STA (Creoptix).

Affinity determination of Sb5 against OATP1B1

Affinities were determined by grating-coupled interferometry (GCI) measurements using a
Creoptix WAVE system. Biotinylated OATP1B1 was immobilized on a streptavidin-coated 4PCP-
STA WAVEchip (Creoptix) to a density of 1400-1600 pg/mm?. Binding kinetics were measured
at 25°C in 25 mM Tris pH7.5, 300 mM NaCl, 0.01% LMNG, 0.002% CHS running buffer. Sb_05
was injected at 4 different concentrations (3, 9, 27 and 81 nM) using a flow rate of 30 pl/min for
240 s, and dissociation was probed for 600 s. The sensorgrams were fitted with the Creoptix

software using double-referencing and fitted using a 1:1 model.

Cryo-EM Sample Preparation

Proteins were concentrated to 10 uM and used directly for cryo-EM for apo. Cyclosporine A at
the final concentration of 30 uM from 30 mM stock in DMSO was added to OATP1B1. For Sbh5
bound OATP1B1 proteins, OATP1B1 was incubated with 20 uM Sb5 and subsequently
cyclosporine A and atorvastatin at the final concentration of 30 uM and 0.1% B-OG were added
and incubated for 10 min on ice, respectively. 4 pL of proteins from each sample were applied to

a flow-discharged Quantifoil R2/1 200-mesh gold holey carbon grid and blotted for 3 sec with

Page 22



blotting force 3 at 4°C and 100 % humidity. The grids were flash-frozen in liquid ethane cooled

by liquid nitrogen with Vitrobot (Mark IV, Thermo Fisher Scientific).

Cryo-EM Data Collection, Processing, and Analysis

Grids were imaged utilizing a Titan Krios G2 transmission electron microscope operated at 300
kV, equipped with a Falcon 4i direct electron detector and Selectris X imaging filter. All screening
and data collection procedures were executed in EPU (Thermo Fisher Scientific) in counting mode.
Data processing pipelines for samples containing OATP1B1 apo, OATP1B1 + cyclosporine A,
OATP1B1 + atorvastatin, OATP1B1 + Sb5, OATP1B1 + Sb5 + cyclosporine A, and OATP1B1 +
Sb5 + Atorvastatin are detailed in the supporting information (Fig. S9-S14). EER format movies
were recorded at a nominal magnification of 165,000x (pixel size of 0.733 A). Each micrograph
was dose-fractionated to 65 frames with a total dose of ~60 e/A?, and the defocus range was set
from -0.6 um to -2.2 um. Motion correction and CTF estimation were performed using
MotionCor2 (44) and CTFFINDA4.1 (45-47) For OATP1B1 + Sb5, particles were initially auto-
picked using the Blob Picker feature in CryoSPARC from the first 3000 micrographs. These
particles underwent three rounds of 2D classification to generate 2D references of OATP1B1 +
Sb5 data sets for CryoSPARC template picker. For all OATP1B1 datasets, particles were picked
from the entire micrographs using both blob- and template picker. Duplicates from merged
particles were removed (0.5 separation dist), yielding particles as shown in Table S1. Initial
particle extraction involved binning by 4 to a box size of 360 pixels (pixel size of 4.40 A/pixel)
for expedited data processing. Additional rounds of 2D classifications with gradually increasing
initial classification uncertainty factor (2 to 10) were performed to identify high-resolution

particles revealing secondary structure features. Due to the robust preferred orientation, particles
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were balanced through the mitigation of dominant views after 2D classification as indicated in the
workflow.

A subset of particles from good 2D class averages was used for ab initio model generation in
CryoSPARC, subsequently employed in multiple rounds of heterogeneous refinement and further
2D classification to filter out poor-quality particles. Characterizing sybody-free OATP1B1
conformations poses a formidable challenge. Remarkably, a 3D Variability Analysis of the
particles at the last step unveiled dynamic conformational changes akin to a transition from the
Inward-facing to Outward-facing conformations. Employing extreme conformations from this
spectrum in IF-OF facilitated Heterogenous refinement allowed for enabled -efficient
classifications (Fig. S13).

The yielded particles were re-extracted to 1.1 A/pixel and used for non-uniform refinement and
local refinement. For select datasets, the final particles were exported to RELION 4.0 (25) for
focused 3D classification. 3D classifications without alignment were conducted with the
regularization factor indicated in Table S1. Particles from the best classes were imported back into
CryoSPARC, subjected to non-uniform refinement, local refinement, and local CTF refinement,
as described in Figures S10-S15. The high-resolution final maps with Sb5 underwent map
modification implemented in PHENIX using two independent half maps and the corresponding
mask as input. For the low-resolution, poor-quality final maps of OATP1B1 without Shb5,
DeepEMhancer was employed for post-processing.

Atomic models of full-length OATP1B1 and Sb5 were predicted using AlphaFold (48) and
subsequently rigid-body fitted into the cryo-EM maps. To improve the model quality, residues in
the loop regions, and side chains with weak densities were removed. The model was then

iteratively built into the map using Coot (v0.9.8.) (49) in conjunction with real-space refinement
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in PHENIX (50). This iterative process resulted in the production of the final refined model. The
complete cryo-EM data processing workflow, as well as the validation metrics, and the statistics
pertaining to the model refinement (refer to Table S1), can be found in the supporting information.
Figures based on the final structure were generated using PyMol version 2.5.4, UCSF Chimera
version 1.16 (51), and ChimeraX version 1.4 (52). 3D variability analysis (3DVA) was performed

(53), and the result were reconstructed at 6 A filtered resolution and shown at 6.1c.

Ligand Docking

AutoDock Vina was executed utilizing the PyMOL plugin DockingPie 1.0.1 (25,26,54) to perform
molecular docking simulations involving Cyclosporin A and Atorvastatin in both intracellular (IF)
and extracellular (OF) conformations. The organic anion transporter (OAT) served as the receptor,
with Atv or CsA acting as ligands. The grid space parameters, specified in Angstrom, were as
follows: Grid center coordinates X 130.36 Y 132.19 Z 126.0 OATP1B1-Sh5-OF-Cyclosporine A,
Grid center coordinates X 132.00 Y 140.74 Z 131.87 OATP1B1-IF-Cyclosporine A, Grid center
coordinates X 131.2 Y 134.18 Z 139.02 OATP1B1-Sh5-OF-Atorvastatin, Grid center coordinates
X130.39 Y 139.45 Z 131.84 OATP1B1-IF- Atorvastatin. And Grid dimensions X 24 Y 28 Z 24
for all the dockings. Exhaustiveness was consistently set at 20, Energy Range at 3, and Poses at
20. Evaluation of the in-silico dockings relied on affinity scores (in kcal/mol) and alignment with
the cryo-EM map. AutoDock Vina generated PDBQT output files, subsequently visualized in

PyMOL.

Data Availability
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The cryo-EM maps generated in this study have been deposited in the Electron Microscopy Data
Bank under accession codes EMD-46004 (outward-facing apo-OATP1B1 with Sh5), EMD-46006
(outward-facing OATP1B1 with Sb5 and cyclosporine A), EMD-46005 (outward-facing
OATP1B1 with Sb5 and atorvastatin), EMD-46413 (inward-facing sybody-free apo-OATP1B1),
EMD-46414 (outward-facing sybody-free apo-OATP1B1), EMD-46411 (inward-facing sybody-
free OATP1B1 with cyclosporine A), EMD-46412 (outward-facing sybody-free OATP1B1 with
cyclosporine A), EMD-46407 (inward-facing sybody-free OATP1B1 with atorvastatin), EMD-
46408 (outward-facing sybody-free OATP1B1 with atorvastatin). The atomic coordinates
corresponding to the cryo-EM maps generated in this study have been deposited in the Protein
Data Bank under accession codes 9CY1 (outward-facing apo-OATP1B1 with Sb5), 9CY4
(outward-facing OATP1B1 with Sb5 and cyclosporine A), and 9CY3 (outward-facing OATP1B1

with Sb5 and atorvastatin). Source data are provided with this paper.

Supporting Information

This article contains supporting information.
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Figure 1. Sybody Selection and Characterization and Structure of apo-OATP1B1 with Sb5.
A. Sybody 5 binding to apo and cyclosporine A-bound OATP1B1 was characterized by ELISA
(left panel). Kinetic parameters for Sb5 binding to apo-OATP1B1 were determined using grating-
coupled interferometry (GCI) (right panel). B. Cryo-EM map volume of outward-facing apo-
OATP1B1-Sb5 complex and ribbon representation of coordinates, colored by subunit, as
indicated. C. Residues participating in OATP-Sb5. Left panel, epitope residues are highlighted as
magenta spheres with associated residue numbers indicated. Residue bordered by dotted line
overlaps with the epitope of Fab 18 (Ciuta et al., 2023). Y169, indicated by an asterisk, is a
histidine in OATP1B3. Right panel, paratope residues are highlighted as yellow spheres with
residue numbers indicated. Solid borders indicate residues highlighted in Fig. 1D. D. R103 of Sh5
participates in a hydrogen bond with H115 of OATP1B1, indicated by a dotted line.

Figure 2. Structure of atorvastatin-bound OATP1B1 with Sb5. A. Cryo-EM map volume of
outward-facing OATP1B1-Sb5 complex bound to atorvastatin and ribbon representation of
coordinates, colored by subunit, as indicated. Inset shows the atorvastatin binding site with its
corresponding map density, contoured at 3.0c. B. Ligand-bound structures of OATP1B1 (PDB
8K61 (DCF; white), PDB 8HNH (simeprevir; green), PDB 8HND (estrone-3-sulfate; yellow),
PDB 8HNC (bilirubin; magenta)) are aligned with the atorvastatin-bound structure (orange).
Transparent surface represents the APBS electrostatics surface calculation for atorvastatin-bound
OATP1B1, with the major and minor pockets indicated. C. Comparison of outward-open
atorvastatin binding mode with Autodock Vina predictions. The atorvastatin molecule built into
the cryo-EM density is colored in orange, with additional predicted binding poses superimposed
in white, green, and yellow. D. Low-resolution cryo-EM map of Sbh5-free inward-open OATP1B1

bound to atorvastatin. Non-protein density attributed to atorvastatin is colored in magenta.
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Figure 3. Structure of cyclosporine A-bound OATP1B1 with Sb5. A. Cryo-EM map volume
of outward-facing OATP1B1-Sh5 complex bound to cyclosporine A and ribbon representation of
coordinates, colored by subunit, as indicated. Inset shows the cyclosporine A binding site with its
corresponding map density, contoured at 3.0c. B. Structures of atorvastatin- and cyclosporine A-
bound OATP1B1 are superimposed, with ligands shown in stick representation and colored as
indicated, with major and minor pockets indicated by dotted circles. F356 is shown in stick
representation, with its conformational change upon cyclosporine binding indicated by an arrow.
C. The binding mode of cyclosporine A as built into the cryo-EM map (green) is superimposed
with the top prediction from Autodock Vina (magenta). D. Overlay of outward- and inward-facing
structures of OATP1B1 suggests the transport pocket of the outward-occluded conformation is
likely too small to accommodate cyclosporine A, preventing transport in either direction.

Figure 4. A model for OATP1B1 statin transport and inhibition by cyclosporine A. Cartoon
representation of the OATP1B1 transport cycle and the impacts of atorvastatin and cyclosporine
A. In the outward-facing and inward-facing conformations of OATP1BL1, the ligand-binding cavity
of OATP1BL1 is sufficiently large to accommodate atorvastatin or CsA. For atorvastatin, the
transition through the outward-occluded state with its reduced-volume cavity, to the inward-open
state completes transport across the membrane. Binding of CsA, which can occur to either the
outward-open or inward-open state of OATP1B1, does not allow transport because the transition
to the outward-occluded state is highly unfavorable, as the smaller cavity of this state is too small

to accommodate CsA. Thus, CsA acts as an inhibitor, but not a substrate, of OATP1B1.
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