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ABSTRACT

Over the past two decades, technological advances in membrane
protein structural biology have provided insight into the molecular
mechanisms that transporters use to move diverse substrates
across the membrane. However, the plasticity of these proteins’ li-
gand binding pockets, which allows them to bind a range of sub-
strates, also poses a challenge for drug development. Here we
highlight the structure, function, and transport mechanism of ATP-
binding cassette/solute carrier transporters that are related to several

diseases andmultidrug resistance: ABCB1, ABCC1, ABCG2, SLC19A1,
andSLC29A1.

SIGNIFICANCE STATEMENT

ATP-binding cassette transporters and solute carriers play vital roles
in clinical chemotherapeutic outcomes. This paper describes the cur-
rent understanding of the structure of five pharmacologically relevant
transporters and how they interact with their ligands.

Introduction

Drug transporters play a crucial role in not just the pharmacokinetic
and pharmacodynamics of drugs but also in the cellular drug response
to anticancer therapeutics (from the perspective of either intrinsic or ac-
quired resistance) and in determining the response in cells that mediate
other diseases (e.g., T-cells and HIV). Therefore, understanding trans-
porter structure and function is vital for future drug development. Mem-
brane transport proteins are necessary because drug diffusion across
membranes is inversely related to the molecular weight and hydrogen-
bonding capacity of the drug. Proteins that move compounds across
membranes can be broadly classified as either channels or transporters.
Channels form hydrophilic pores in the lipid bilayer center that permit
certain solutes to rapidly traverse (up to 10 to 100 million ions/s) when
the channel is open. Channels interact with their solutes through weak
interactions, allowing transport to occur more quickly than with trans-
porters (only 10–1000 molecules/s). In 1966, transporters were described

in a simple model proposed by Jardetzky using three properties: 1) the
protein contained a slit or interior cavity large enough to accommodate
a molecule, 2) the protein assumed different conformations such that it
was open on one side of the membrane and closed on the other side,
and 3) the protein featured a binding site for the transported molecule,
with the affinity for said molecule varying depending upon the confor-
mation (Jardetzky, 1966). Today, transporters are also called carriers and
can bind their ligands through specific interactions stronger than those
used in channels. The conformational changes required for transporters
to shuttle ligands cause the slower transport rate (versus channels)
described previously. Predicting the binding of a ligand to a membrane
transporter is a complex task that requires a detailed understanding of
not only the biochemistry and structure of the transporter but also the
physical and chemical properties of the ligand. Certainly, with the
development of new therapeutics, many being large entities greater
than 1000 g/mol the discovery of new drug transporters seems inevitable.
At present, there are two major families of transporters in mammals: the
ATP-binding cassette (ABC) transporters and the solute carriers (SLCs).
In recent years, advances in structural biology and computational meth-
ods, such as DeepMind’s AlphaFold 2, have enabled a deeper under-
standing of drug transporters’ structure.
ABC transporters are a large family of membrane transport proteins,

with 48 human family members (Wilkens, 2015). ABC transporters
move substrates ranging from ions to large macromolecules across
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lipid membranes using energy from ATP binding and hydrolysis,
termed active transport (Kos and Ford, 2009; Rees et al., 2009). All
functional mammalian ABC transporters contain two highly conserved
nucleotide binding domains (NBDs) as well as at least two transmem-
brane domains (TMDs). Unlike ABC transporters, SLCs do not use
ATP to move their substrates across the membrane. SLC transporters
are mostly classified as either passive facilitative transporters, where the
SLC moves the substrate down a concentration gradient, or secondary
active transporters, where one substrate moves down its electrochemical
gradient to drive transport of a second substrate against its electrochemi-
cal gradient (Pizzagalli et al., 2021). SLC transporters, with more than
400 members, are more varied in structure, with most containing 1 to
16 transmembrane helices (TMs) bundled into pseudosymmetric do-
mains. In this review, we narrowed our focus to include only a discus-
sion of the structures of several pharmacologically important membrane
transporters and how these structures may affect their function, inhibi-
tion, and clinical outcome. The transporters discussed in this review are
ABCB1, ABCC1, ABCG2, SLC19A1, and SLC29A1 because of their
well-known roles in impacting response to chemotherapeutics. For ref-
erence, we have included representative Cryo-EM and X-ray crystallog-
raphy structures of these transporters in Fig. 1.

The Advent of Multidrug Resistance Transporters. Mammalian
cells, when exposed to a single cytotoxic drug, often acquire resistance
to multiple chemotherapeutic agents with diverse structures and mecha-
nisms of action. This property was referred to as “multidrug resistance
(MDR)”, and subsequent studies revealed that MDR was linked to re-
duced drug accumulation. For instance, in 1970, CHO cells cultured for
actinomycin D-resistance displayed MDR to many structurally and
mechanistically related drugs, including vinblastine, vincristine, and dau-
nomycin (Biedler and Riehm, 1970). In 1973, the kinetics of daunomy-
cin transport in a multidrug-resistant mouse Ehrlich ascites tumor cell line
suggested that the resistance was associated with an energy-dependent car-
rier-mediated efflux mechanism (Danø, 1973). In 1976, P-glycoprotein, a
surface glycoprotein, was identified from colchicine-resistant CHO cells,
named because of the protein’s association with reduced drug permeabil-
ity in the resistant cells (Juliano and Ling, 1976). Ten years later, the
gene encoding P-glycoprotein was cloned, sequenced, and designated
MDR1 (multidrug resistance protein 1) by multiple competing labora-
tories (Roninson et al., 1986; Ueda et al., 1986). The Mdr1 gene has
been classified as ABC subfamily B member 1, ABCB1 (human gene
organism name) (Dean et al., 2001). ABCB1 is widely expressed in nor-
mal tissues, including the endothelial cells comprising the blood-brain
barrier and gut epithelium. In 1992, a second ABC transporter, ABCC1,
was cloned after discovery in multidrug-resistance cells not expressing
ABCB1 (Cole et al., 1992; Conseil et al., 2005; Johnson and Chen,
2017). Due to the burgeoning expressed sequence database and the dis-
covery of MDR independent of ABCB1 and ABCC1, a third ABC

transporter, ABCG2, was identified by three independent groups, with
their findings all published within a two-month period (Allikmets et al.,
1998; Doyle et al., 1998; Miyake et al., 1999). While each laboratory
reporting ABCG2 had their own noncanonical name, the common
name for ABCG2 was breast cancer resistance protein (BCRP), alluding
to its discovery from a drug-resistant breast cancer cell line (Doyle
et al., 1998).

ABCB1, the Original MDR Transporter

ABCB1 has broad substrate specificity and exports structurally diverse
hydrophobic and amphipathic compounds including anticancer drugs,
antiretrovirals, steroids, antibiotics, and b-blockers. ABCB1 plays an es-
sential role as a protective physiologic barrier in several tissues, includ-
ing the gastrointestinal tract, kidney, brain, testis, and placenta (Pilotto
Heming et al., 2022). As ABCB1 affects the pharmacokinetics and phar-
macodynamics of many drugs, the US Food and Drug Administration
suggests that the interaction of novel therapies with ABCB1 is deter-
mined (US Food and Drug Administration, 2017).
To define the physiologic role of ABCB1, the gene encoding a murine

ortholog of ABCB1, Abcb1a, was deleted and knockout mice were gen-
erated by homologous recombination (Schinkel et al., 1994). Absence of
Abcb1a produced no obvious morphologic or physiologic defects. How-
ever, murine ABCB1 was found to be important in restricting the accu-
mulation of ivermectin (an unknown ABCB1 substrate at the time but
common antiparasitic veterinary drug) and vincristine in the brain
(Schinkel et al., 1994). These findings with the Abcb1a knockout func-
tionally defined a role for ABCB1 at the blood-brain barrier, previously
only speculated upon based on immunohistochemical signal for ABCB1
at the blood-brain barrier (Cordon-Cardo et al., 1989). The discovery of
ABCG2, the development Abcb1a(�/�)/Abcb1b(�/�) mice, and the devel-
opment of Abcg2(�/�) mice confirmed the overlapping role of ABCB1
and ABCG2, showing synergy in restricting drug penetration at the
blood-brain barrier (Wang et al., 2018). For example, brain levels
of intravenously administered encorafenib were 3.4-fold higher in
the Abcb1a(�/�)/Abcb1b(�/�) mice,1.8-fold higher in the Abcg2(�/�)

mice, and 16.1-fold higher in the Abcb1a(�/�)/Abcb1b(�/�)/Abcg2(�/�)

knockout mice compared with wild-type mice (Wang et al., 2018).
However, the deletion of Abcb1a/Abcb1b/Abcg2 minimally affected
systemic blood levels, while brain levels of drugs affected by these
transporters were markedly higher in their absence compared with
wild-type mice. This difference suggested that while ABCB1 plays a
crucial role at the blood-brain barrier, ABCG2 augments the barrier
function (de Vries et al., 2007; George, 2016).
Clinical Trials of ABCB1 Inhibitors. The first-generation ABCB1

inhibitors included cyclosporine A, verapamil, quinidine, and amiodar-
one, used to augment chemotherapy regimens (Leonard et al., 2003).
The effectiveness of these first-generation inhibitors was poor for two
reasons: 1) low affinity for ABCB1 and 2) exacerbation of chemothera-
peutic drug toxicity. Moreover, the pharmacodynamic effect (i.e.,
ABCB1 inhibition) was not known in the patient samples (Gottesman
et al., 2002). The second-generation inhibitors, including valspodar and
dexverapamil, were more potent ABCB1 inhibitors (Leonard et al.,
2003). However, these inhibitors were also limited by their off-target ef-
fects on other ABC transporters and cytochrome P450 enzymes (Leon-
ard et al., 2002). The third generation of inhibitors, including
dofequidar, zosuquidar, tariquidar, elacridar, and biricodar, were de-
signed to inhibit ABCB1 with higher specificity, reduced toxicity, and
reduced potential for pharmacological interaction. However, these third-
generation inhibitors still caused inadvertent toxicity when combined
with chemotherapeutics and did not show a clinical benefit (Szak�acs
et al., 2006; Binkhathlan and Lavasanifar, 2013). Tariquidar inhibited

Fig. 1. Structures of transporters discussed in the review. TMs are shown in lighter shades
while NBDs are colored in darker tones. PDB accession codes are as follows: ABCB1
(6FN4), ABCC1 (5UJ9), ABCG2 (6VXF), SLC19A1 (7XPZ), SLC29A1 (6OB6).
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both ABCB1 and ABCG2, which was speculated as a cause for its in-
creased clinical toxicity (K€uhnle et al., 2009; Kannan et al., 2011).
Fourth-generation inhibitors have focused on natural product and phyto-
chemical-derived ABCB1 inhibitors (Dini�c et al., 2018). Many clinical
trials have evaluated if adding an ABCB1 inhibitor to a chemotherapeu-
tic regimen would improve therapeutic efficacy; however, so far, the de-
velopment of ABCB1 inhibitors has been disappointing. This difficulty
in adding ABCB1 inhibitors to existing regimens may stem from pa-
tients not being selected based on whether or to what extent ABCB1 is
expressed in their cancer.
ABCB1 Is a Polyspecific Transporter. ABCB1 is an �170 KDa

protein comprised of two pseudosymmetric halves connected by a linker
region (Ward et al., 2013; Esser et al., 2017). Each pseudosymmetric
half contains an NBD and TMD. The structure of ABCB1 has been ex-
tensively studied by multiple approaches including electron microscopy,
X-ray crystallography, double electron-electron resonance (DEER), lumi-
nescence, tryptophan fluorescence, and antibody binding (Kim and
Chen, 2018). Based on these studies, the “alternating access” model is
the most commonly accepted mechanism of transport for ABCB1 (Fig. 2)
(Ward et al., 2013). In this mechanism, binding of ATP at the NBD
causes conformational changes in the TMDs, switching the transporter
from inward to outward facing. During this transition, the binding cavity
is open to only one side of the membrane at a time. More than 300 struc-
turally unrelated compounds have been identified as potential ABCB1
substrates, with molecular weights ranging from 100 to 4000 Daltons
(Ward et al., 2013; Kim and Chen, 2018). Most ABCB1 substrates are
hydrophobic and partition into the lipid bilayer, allowing ABCB1 to pull
compounds directly from the lipid bilayer to the inside of the cavity, then
extruding them across the membrane. This mechanism, often referred to
as a “hydrophobic vacuum cleaner,” was proposed by Raviv et al. in
1990 (Raviv et al., 1990). The binding pocket of mammalian ABCB1 or-
thologs contain no charged residues in the translocation pathway, in con-
trast to several lipid flippases (Li et al., 2014). ABCB1 can transport
synthetic lipids from the inner to outer leaflets of the membrane bilayer,
but there is no evidence that ABCB1 is capable of transporting physiolog-
ically relevant lipids.
ABCB1’s Mechanism of Transport. At present, there are two

slightly different proposed mechanisms of transport in ABCB1. One
mechanism, proposed by Kim and Chen, was developed using the

outward-facing cryo-EM structure of human ABCB1 in comparison
with inward-facing structures (Kim and Chen, 2018). To stabilize the
outward-facing conformation, the catalytic glutamates required for ATP
hydrolysis were mutated to glutamine (E556Q in NBD1, E1201Q in
NBD2 of human ABCB1). Upon NBD dimerization, the cavity ob-
served in the inward-facing conformation changes significantly (Kim
and Chen, 2018). The transition from the inward- to outward-facing
conformation requires rigid-body movements of portions of each half of
ABCB1 along with extensive rearrangements of certain TMs, while
drug-binding residues on the surface of the inward-facing cavity reorient
toward the extracellular matrix (Kim and Chen, 2018). The extracellular
regions of TM7 and TM8 pull away from TM9 and TM12 to produce
the outward-facing conformation. The extracellular portions of the TMDs
have less defined electron densities and higher B-factors in the outward-
facing cryo-EM structure of human ABCB1, suggesting these regions are
flexible (Kim and Chen, 2018).
Although large changes are observed in ABCB1 during the transport

cycle, the NBD-TMD interfaces remain relatively constant during the
transition from inward to outward facing (Kim and Chen, 2018). This
interface is important for propagating structural changes induced by
ATP hydrolysis to substrate translocation, and analysis of similar in-
ward-facing ABCB1 structures suggested that the NBD and intracellular
portions of the TM helices move together as one unit during this
transition.
Based on the outward-facing structure, which features a collapsed

binding site free of substrate, Kim and Chen proposed that the sub-
strate is released prior to ATP hydrolysis (Kim and Chen, 2018). In
this model of transport, ABCB1 transitions between an inward-facing
state with separated NBDs and an outward-facing state with dimerized
NBDs. Flexibility surrounding the lateral gate allows substrates to en-
ter from the hydrophobic membrane’s inner leaflet. With binding of
ATP, ABCB1 isomerizes to the outward-facing state, thereby rear-
ranging the drug-binding pocket to reduce substrate affinity. The flexi-
bility of the TM helices near the outer leaflet allows the release of
substrate and closure of the translocation pathway. In the outward-fac-
ing conformations, two ATP molecules are occluded, stabilizing the
NBD dimer. ATP hydrolysis then returns the protein to the inward-
facing conformation. This model takes into account differences be-
tween inward-facing structures from mouse, Cyanidioschyzon mero-
lae, and Caenorhabditis elegans and an outward-facing, catalytically
inactive mutant in human ABCB1 and so may not directly apply to
the physiologic function of ABCB1 in humans.
A second model of transport comes from DEER studies in ABCB1.

Spin-labeled pairs previously employed to monitor transitions from in-
ward- to outward-facing conformations were used to determine the dis-
tance distributions of mouse ABCB1 in mixed-detergent/lipid micelles
(Verhalen et al., 2017). Using the distance distributions, Verhalen et al.
proposed instead that ABCB1 samples various conformations when
ATP is bound, allowing the NBDs to dimerize when substrate binds the
active site. The hydrolysis of one ATP molecule is adequate to close
the intracellular gate (forming an “doubly occluded” conformation);
however, hydrolysis of two ATP molecules is required for formation of
the opening of the extracellular gate (and thereby formation of the out-
ward-facing conformation). In this way, the outward-facing state is a
short-lived conformation, resetting back to the inward-facing state after
hydrolysis. Verhalen et al. also observed an intrinsic asymmetry of the
nucleotide binding sites of ABCB1 via DEER, with occlusion of ATP
at the nucleotide binding site of NBD2 and hydrolysis at the nucleotide
binding site of NBD1. This asymmetry was eradicated by mutating the
two catalytic glutamates of mouse ABCB1 to glutamine, the same type
of mutations introduced by Kim and Chen (Kim and Chen, 2018)
to stabilize the outward-facing conformation of human ABCB1. The

Fig. 2. Top panel: Alternating access model of transporters used by ABCB1,
ABCC1, and ABCG2. TMs are shown in lighter shades while NBDs are colored
in darker tones. Substrate is denoted as a gray diamond and ATP molecules are
denoted as yellow ovals. Bottom panel: Rocker-Switch model used by SLC19A1
and SLC29A1. Substrate is denoted as a gray diamond.
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differences in these models may arise largely due to inherent difference
between the different ABCB1 homologs and the wild-type and mutant
structures.
ABCB1’s Drug-Binding Pocket. The structure of ABCB1’s bind-

ing pocket helps to explain its broad substrate spectrum. The drug-bind-
ing site, formed by ABCB1’s TM helices, is located within the cell
membrane (Fig. 3A) (Li et al., 2014) Most ABCB1 substrates partition
into the plasma membrane, so it is not surprising that ABCB1’s binding
pocket is comprised of mostly aromatic and hydrophobic residues (Li
et al., 2014). The structure of a nanodisc reconstituted human/mouse
chimeric ABCB1 complexed with UIC2 Fab and one of its substrates,
Taxol, exhibited an occluded conformation with a Taxol molecule
bound in the central cavity (PDB: 6QEX) (Alam et al., 2019). This cav-
ity was formed by kinks in TM4 and TM10. In this structure, Taxol-
bound ABCB1 exhibits an occluded conformation with no gap between
the NBDs. In this conformation, the binding pocket is formed by all 12
helices of ABCB1. While the sidechains of the binding pocket residues
were well defined, Taxol was not clearly observed, suggesting that
Taxol may adopt multiple binding modes. Nonetheless, due to Taxol’s
size (�854 g/mol), only a single Taxol molecule binds at a time (Fig.
3B). It should be noted that the UIC2 Fab fragment used for this struc-
ture is known to inhibit ABCB1 function by binding a discontinuous
epitope on ABCB1’s extracellular loops, arresting it in the inward-fac-
ing conformation (Vahedi et al., 2018). One caveat is that this Fab-
bound state might not perfectly reflect the physiologic conformation of
ABCB1 with a given substrate bound; however, this approach has facil-
itated structural determination of other ABC transporters.
ABCB1 Inhibition through Binding the Drug Binding Site. In

several of the published inhibitor-bound ABCB1 structures, the inhibitor
binds to both the substrate binding site and a second distinct site (Alam
et al., 2019). The structures of human/mouse chimeric ABCB1 bound
to the inhibitors elacridar, tariquidar, encequidar, and zosuquidar (along
with the UIC2 Fab) all feature two molecules in the internal cavity (Fig.
3C) (Alam et al., 2018; Nosol et al., 2020; Urgaonkar et al., 2022). One
molecule binds the drug binding site occupied by substrates and adopts

a U-shaped, globular conformation. The aromatic rings, present in many
of these ligands, position toward the top of the binding pocket, which is
also rich in aromatic, hydrophobic residues (Nosol et al., 2020). For en-
cequidar, the U-shaped molecule was lodged between the phenyl ring
of F336 and F983 (Urgaonkar et al., 2022). The second inhibitor mole-
cule adopts an L-shaped conformation and binds a distinct binding site
termed the “access tunnel” by Nosol et al., located between the binding
site occupied by the substrate and the kinks of TM4 and TM10 (Nosol
et al., 2020). These kinks in TM4 and TM10 were found to be impor-
tant for transport in C. merolae ABCB1, as mutation of these loops into
helices diminished transport activity (Kodan et al., 2014; Kim and
Chen, 2018). Kim and Chen observed that TM4 and TM10 become
continuous helices in the outward-facing conformation and are neces-
sary for full closure of the intramembranous gate (Kim and Chen,
2018).
Since these inhibitors bind the same binding pocket as the substrate,

it is important to understand how ABCB1 discriminates between sub-
strates and inhibitors. Vincristine, an ABCB1 substrate, exhibits inhibitory
effects at high concentrations, while elacridar and tariquidar, ABCB1 in-
hibitors, may act as substrates at very low concentrations, suggesting that
at low concentrations only a single inhibitor molecule occupies the sub-
strate-binding site (Nosol et al., 2020). Nosol et al. theorized that the sec-
ond, L-shaped molecule behaves more like a noncompetitive inhibitor.
Substrate molecules, such as vincristine and Taxol, bound to the ABCB1-
UIC2 Fab complex, are completely enclosed within the central binding
pocket (Fig. 3B) (Nosol et al., 2020). Nosol et al. theorized that complete
containment within this binding site allows ABCB1 to transition from in-
ward-facing to the outward-facing state (Nosol et al., 2020). However, if
the molecule cannot be contained within the drug binding site and instead
occupies space in the access tunnel or connecting vestibule (Fig. 3C),
transport will be inhibited. TM9 occupies part of the access tunnel and
vestibule in the collapsed conformation, and TM9 acts as the peristaltic
“initiator” of ABCB1’s extrusion pump (Nosol et al., 2020). Nosol et al.
propose that TM9 can only complete its conformational shift when the ac-
cess tunnel and vestibule are empty, as observed with substrates. When a
second inhibitor molecule is bound to the vestibule or access tunnel, TM9
cannot shift due to steric clash with these compounds. In this way, the sec-
ond inhibitor molecule sterically arrests the transporter in the occluded
conformation, preventing the transition to the outward-facing state (Alam
et al., 2019).
PDBE-100 and the “Adaptive Plasticity” of ABCB1. Several ubiq-

uitous pollutants found in the world’s oceans were demonstrated to be
ABCB1 inhibitors (Nicklisch et al., 2016). Sixteen different chemicals
were identified as ABCB1 inhibitors, 10 of which have previously been
reported in humans. One pollutant, the flame retardant PDBE-1000, was
crystallized inside of the mouse ABCB1 binding pocket (Nicklisch
et al., 2016). The crystal structure showed that 15 amino acids from
TM5-8 and TM12 participated in hydrophobic interactions with the di-
phenyl core of PDBE-100. The hydrophobic interactions within the
binding pocket buried over 90% of the solvent-accessible surface of
PDBE-1000, with the side chains adopting new conformations upon
PBDE binding. Of the 15 residues identified, 9 were conserved in sea
urchins, 11 were highly conserved in vertebrates, and 13 were con-
served in humans (Nicklisch et al., 2016). The evolutionary conserva-
tion of these residues suggests their critical role in ABCB1 binding.
As previously mentioned, the binding pocket of ABCB1 is enriched

with aromatic and hydrophobic residues. These residues account for the
polyspecificity of ABCB1, since ligands are bound nonspecifically by
hydrophobic amino acids instead of specific salt-bridges or hydrogen
bonds (Wen et al., 2013). Aromatic residues can participate in several
different interactions, including p-p, cation-p, and XH-p, with these li-
gands (Le et al., 2020). Due to the range of interactions available to

Fig. 3. (A) Structure of ABCB1 (PDB: 6QEX). TMDs are shown in lighter shades
while NBDs are shown in darker tones. Ligand binding site and access tunnel shown
as gray spheres. Structure of human/mouse chimeric ABCB1 bound to Taxol, a sub-
strate (B, PDB: 6QEX) and to Encequidar, an inhibitor (C, PDB: 7O9W). Ligands
are shown as gray sticks. Substrate binding site is outlined in black dashed lines,
while the inhibitor binding site is outlined in blue dashed lines. (D) Structure of
human/mouse chimeric ABCB1 (PDB: 6QEX). TMDs are shown in lighter shades
while NBDs are shown in darker tones. Cholesterol molecules shown in black spheres
and phospholipids are shown in purple spheres. Bound Taxol molecule is not shown.
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aromatic systems, the binding pocket exhibits an “adaptive plasticity,”
suggesting an induced-fit mechanism for ligands (Alam et al., 2018).
When six different aromatic residues important for PDBE-100 binding
were mutated in mouse ABCB1, binding remained largely intact. How-
ever, the crystal structures of these mutations showed that the binding
site of PDBE-1000 shifted, with two new binding sites observed in the
different ABCB1 mutants. (Le et al., 2020). The compensatory nature
of ABCB1’s ligand binding suggests that this binding pocket is a chal-
lenging target for drug development (Le et al., 2020).
Other Mechanisms of ABCB1 Inhibition. Fortunately, due to

ABCB1’s extensive conformational changes required for transport, other
ABCB1 inhibitors have been reported that bind outside of the binding
pocket. One such compound, the nanobody Nb592, binds to mouse
ABCB1’s nucleotide binding domain to hinder formation of the NBD
sandwich requisite for ATP hydrolysis (Ward et al., 2013). At increasing
Nb592 concentrations, ATP hydrolysis was inhibited based on reduced
8-azdio-[a32P]-ADP labeling in ABCB1’s catalytic sites (Ward et al.,
2013). A second inhibitor, a tailored cyclic peptide, aCAP, was reported
as an allosteric inhibitor of C. merolae ABCB1 (Kodan et al., 2014).
aCAP binds ABCB1 externally, clamping down on the external helical
bundle at the center of the dimer that forms the extracellular gate (Kodan
et al., 2014). Binding of aCAP prevents the dissociation of the helical
bundle required for transition from the inward- to outward-facing states
(Kodan et al., 2014). Given the polyspecificity of the binding pocket,
ABCB1 inhibition by conformational hindrance is likely a more effective
strategy than targeting ABCB1’s polyspecific binding pocket.
Structure and Function of ABCB1 NBDs. ABCB1 contains two

ATPase sites, each comprising a Walker A motif and a Walker B motif
from one NBD and the ABC signature sequence (Leu-Ser-Gly-Gly-
Gln) from the second NBD (Kim and Chen, 2018). Despite the two ac-
tive ATPase sites, only one ATP molecule can be hydrolyzed at a time,
based on nucleotide trapping vanadate or beryllium fluoride (Esser et al.,
2017; Kim and Chen, 2018). A highly conserved glutamate (E556 in
NBD1, E1201 in NBD2 of human ABCB1) residue at the ATP site is re-
sponsible for the base-catalyzed hydrolysis of ATP. Mutating either of
these glutamate residues drastically reduces ATPase activity, and both are
required for full ATPase activity.
The Q-loop of ABCB1 is located at the interface between the NBDs

and TMDs and has been shown to couple substrate binding to ATP hy-
drolysis (Zolnerciks et al., 2014; Loo and Clarke, 2017). Conserved glu-
tamines in the Q-loop (Q475 in NBD1, Q1118 in NBD2 in human
ABCB1) are important for ATPase and transport activity (Kim and
Chen, 2018). Mutating these residues reduced the ATPase and transport
activity and in the case of the double mutant (E to Q mutation in both
NBDs) completely abolished it. Based on the human cryo-EM structure
of ABCB1 in the outward-facing conformation (PDB: 6C0V), mutation
of the Q-loop may destabilize the NBD dimer and prevent the molecu-
lar arrangement required for ATP hydrolysis. This structure suggests
that the Q-loop is part of the interface between the NBD and TMD and
may also directly contact the opposite NBD. Q475/Q1118 are located
near the ATP binding sites in human ABCB1 and coordinate a Mg21

ion and the c-phosphate of ATP (Kim and Chen, 2018). Interestingly,
the loss in activity from the double Q475A/Q1118A mutation can be re-
stored by using a flexible cross-linker between the two TMDs, presum-
ably bringing the two TMDs closer together to help stabilize the NBD
dimer.
The A-loop of ABCB1 is a conserved aromatic residue that packs

against the adenosine moiety of ATP within the nucleotide binding site
(Ambudkar et al., 2006; Dastvan et al., 2019). DEER analysis in mouse
ABCB1 revealed that significant changes with substrate binding were
found in the distributions of spin-label pairs that monitored these A-
loops (Dastvan et al., 2019). A unique short-distant component was

found in the substrate-coupled vanadate-trapped post hydrolysis high-
energy state (HES) at the nucleotide binding site of NBD2 but not in
the equivalent spin-label pair in NBD1. This asymmetry in the nucleo-
tide binding sites is consistent with the intrinsic catalytic asymmetry ob-
served in the nucleotide binding sites of ABCB1. When comparing the
substrate-bound and apo ABCB1 distance distributions, differences in
the heterogeneity and asymmetry of the A-loops were observed. A-loop
heterogeneity and asymmetry were also affected by substrate or inhibi-
tor binding to ABCB1. Substrates that highly stimulate ABCB1’s AT-
Pase activity induced the largest population of the short component at
the nucleotide binding site of NBD2. High-affinity inhibitors, such as
zosuquidar and tariquidar, induced intermediate distance components at
nucleotide binding sites in both NBDs, suggesting more symmetric con-
formations of the A-loops with inhibitor binding. Additionally, Dastvan
et al. suggested that the basal catalytic cycle of ABCB1 proceeds
through a symmetric HES with reduced catalytic asymmetry. Substrate-
stimulated ATP hydrolysis occurs through an asymmetric HES where
one ATP molecule is occluded while the other is hydrolyzed. This
asymmetry lowers the activation energy, thereby accelerating ATP hy-
drolysis. Conversely, inhibitors stabilize a HES that is heterogenous yet
distinct from the basal cycle. The inward-facing conformation induced
by inhibitor binding brings the NBDs closer together, accelerating ATP
hydrolysis. However, the energy from ATP hydrolysis is not adequate
to homogenously close the HES’s intracellular side to transition to the
outward-facing state, which is necessary for transport.
ABCB1’s Flexibility and Its Effect on Function. In several of

the mouse ABCB1 structures, the linker connecting ABCB1’s pseudo-
halves is disordered. One group attempted to stabilize ABCB1 by short-
ening this linker region, only to discover that mutants lacking the full
linker had diminished drug-stimulated or drug-inhibited ATPase activity
for compounds previously shown to act as ABCB1 substrates or inhibi-
tors (Esser et al., 2017). Using the crystal structures of several murine
ABCB1 linker mutants, Esser et al. theorized that the functional defect
of the shortened linker is likely due to changes in the ligand interaction,
and repeated opening and closing of ABCB1 is crucial for transport
(Esser et al., 2017). By comparing these structures, it was observed that
during ABCB1’s conformational transitions, TMs undergo translational,
rotational, and bending movements as the molecule assumes different
gap sizes between the two NBDs. Increasing NBD gap distances corre-
lated with increasing movement in the individual TMs. TM12 was
found to be particularly flexible and partially unwinds as the protein
samples different conformations. Esser et al. hypothesized that, under
resting conditions, murine ABCB1 undergoes nearly constant opening
and closing of its two pseudohalves, which allows for the observed
basal ATPase activity in the absence of substrate. The constant confor-
mational changes of ABCB1 also produce a continuously changing ar-
chitecture of the substrate-binding pocket, consistent with the “induced
fit” binding mode whereby a given substrate creates its own binding
site. This model is consistent with ABCB1’s vast number of substrates
as well as previous inconclusive attempts to pinpoint specific binding
residues for ABCB1 substrates (Bruggemann et al., 1992; Dey et al.,
1997; Loo and Clarke, 2000, 2001, 2002).
The Role of Lipid in ABCB1 Function. ABCB1’s function has

been shown to be altered by the lipid membrane. Ordered cholesterol
and phospholipids in ABCB1 structures suggest the membrane is vital
for the conformational changes necessary for ABCB1 function (Alam
et al., 2019). At the outer membrane leaflet of a mouse/human ABCB1
chimera protein complexed with UIC2 Fab, several ordered cholesterol
molecules were found bound to ABCB1’s surface groove (Fig. 3D). Hy-
drogen bonding with hydroxyl groups on cholesterol and stacking with the
R-groups of aromatic residues was observed, similar to other protein-cho-
lesterol interactions (Alam et al., 2019). At the inner leaflet, cryo-EM
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density in a membrane-exposed pocket was found to be consistent with
a bound phospholipid and cholesterol molecules. Binding sites for cho-
lesterol and phospholipids are formed by kinks in the TM4 and TM10,
suggesting that ABCB1 is affected by the lipids present in the cell mem-
brane’s inner leaflet, consistent with cholesterol modulation of ABCB1
ATPase activity (Heged€us et al., 2015; Alam et al., 2019).

ABCC1, the Multidrug Resistance Protein

ABCC1, commonly referred to as multidrug resistance protein 1 or
MRP1, is a phosphorylated glycoprotein first identified in a MDR lung
cancer lacking ABCB1 (Conseil et al., 2005; Johnson and Chen, 2017).
ABCC1 was later cloned in 1992. ABCC1 is frequently overexpressed
in drug-selected, multidrug-resistant cancer cell lines, and Abcc1�/� cells
show tissue-specific hypersensitivity to cytotoxic xenobiotics like etoposide,
vincristine, or methoxychlor. ABCC1 is normally found at blood-organ
interfaces, alluding to its role in protection from xenobiotic-induced toxicity
(Wijnholds et al., 1997, 1998; Cole, 2014b). ABCC1 localizes to most
tissues that interact with xenobiotics, including the kidney, colon, and brain
(Conseil et al., 2005; Br�ozik et al., 2011; Slot et al., 2011; Cole, 2014b).
ABCC1 usually localizes to basolateral membranes of polarized epithelial
cells (Conseil et al., 2005). In the testes, another tissue with high ABCC1
expression, ABCC1 localizes to the Leydig and Sertoli cells. ABCC1 is
found in alveolar macrophages, bronchial epithelium, and hyperplastic
reactive type II pneumocytes of the lung as well as the glomeruli and distal
collecting tubules of the kidney. ABCC1 is found in Paneth cells of the
small intestine and in the crypts of the colon. ABCC1 was identified as the
essential transporter for sphingosine 1-phosphate in murine brain and spinal
cord endothelial cells and was requisite for inside-out sphingosine 1-phosphate
signaling to ABCB1 at the blood-brain and blood-spinal cord barriers in mice
(Cartwright et al., 2013). ABCC1 may also contribute to the drug permeability
barrier between the blood and cerebrospinal fluid, a possible reason for ineffec-
tive treatment of neurologic disorders (Johnson and Chen, 2017).
ABCC1 Substrates. While ABCB1 extrudes xenobiotics, ABCC1

exports both endobiotics and xenobiotics with anionic character (John-
son and Chen, 2017). Overall, ABCC1 has numerous, structurally di-
verse substrates, which are typically organic anions or amphipathic
organic acids with large hydrophobic groups (Johnson and Chen, 2017).
Many of ABCC1’s organic anion substrates require conjugation with
glutathione (GSH), glucuronic acid, or sulfate, and ABCC1 was the first
mammalian ABC transporter identified to require GSH to efficiently
transport some of its substrates (Cole, 2014a,b; Johnson and Chen,
2017). ABCC1 overexpression confers resistance to some anticancer
drugs, both natural products and semisynthetic derivatives thereof
(Zhou et al., 2008; Slot et al., 2011; Cole, 2014b). ABCC1 effluxes
both hydrophobic and hydrophilic antineoplastic agents, including vin-
cristine, doxorubicin, etoposide, and anthracyclines, thereby reducing
drug accumulation within the cell and allowing for tumor resistance
(Conseil et al., 2005; Cole, 2014b). Antifolates such as methotrexate,
flutamide, arsenical oxyanions, and antimonial oxyanions have been
reported as ABCC1 substrates. ABCC1 also recognizes and transports
some of the newer “targeted” anticancer agents that modify pathway
components controlling tumor growth, proliferation, and metastatic
potential, such as tyrosine kinase inhibitors (Br�ozik et al., 2011; Cole,
2014b). ABCC1 has also been found to interact with geldanamycin,
which inhibits the chaperone heat shock protein 90, as well as
LY294002, a reversible inhibitor of phosphoinositide 3-kinases (Ab-
dul-Ghani et al., 2006; Pham et al., 2009; Cole, 2014b).
In addition to chemotherapeutics, ABCC1 affects the treatment of

several nonmalignant diseases. ABCC1 regulates redox homeostasis, in-
flammation, and hormone secretion (Johnson and Chen, 2017). ABCC1
affects efficacy and disposition of several opiates, antidepressants,

statins, and antibiotics and interacts with HIV inhibitors saquinavir and
ritonavir (Haimeur et al., 2004; Sasabe et al., 2004; Conseil et al., 2005;
Johnson and Chen, 2017). ABCC1 also effluxes cysteinyl leukotriene
C4 (LTC4), a mediator of inflammatory response. ABCC1 transports
GSH, the tripeptide antioxidant, as well as glutathione disulfide.
ABCC1’s transport of GSH is enhanced by phenylalkylamines like ve-
rapamil and bioflavonoids like apigenin (Leslie, Deeley, et al., 2003;
Conseil et al., 2005; Leslie et al., 2005). ABCC1 shares 49% sequence
identity with ABCC2 and shares several substrates with ABCC2, how-
ever with differing transport kinetics (Leslie, Deeley, et al., 2003; Con-
seil et al., 2005; Leslie et al., 2005). Probenecid and sulfinpyrazone
stimulate ABCC2-mediated transport; however, these drugs inhibit
ABCC1 transport activity (Bakos et al., 2000; Conseil et al., 2005).
ABCC1 Structures. The ABCC1 gene encodes a �190 KDa single

polypeptide that, like other ABC transporters, binds and hydrolyzes
ATP to power substrate transport across the membrane (Conseil et al.,
2005; Cole, 2014a; Wang et al., 2020). ABCC1 shares only 23% se-
quence identity with ABCB1 but contains two NBDs and two TMDs as
seen with ABCB1. ABCC1’s structure differs by an additional trans-
membrane domain, termed the TMD0 (Fig. 4) (Conseil et al., 2005;
Johnson and Chen, 2017). The TMD0 has been proposed to play a role
in dimerization or stable expression at the membrane, as well as protein
trafficking, regulation of protein activity, or endosomal recycling (Con-
seil et al., 2005; Ford et al., 2020; Bickers et al., 2021). Additional theo-
ries include that the TMD0 mediates interactions between the transporter
and other protein partners; however, no protein partners have been re-
ported, and a definitive determination of TMD0 is needed (Johnson and
Chen, 2017). Determination of the role of TMD0 is further complicated
by the knowledge that the role of the TMD0 may also change depending
on the cell type in which the TMD0 is expressed (Cole, 2014a).
The TMs of ABCC1 contain a higher percentage of polar amino acids

than the corresponding TMDs in ABCB1 (Cole, 2014a). ABCC1’s TMs
contain a high number of ionizable amino acids, which is unexpected
given their energetic unfavorability within the membrane bilayer (Hai-
meur et al., 2002; Cole, 2014a). The H-bonding capacity of these TM
residues in ABCC1 shows their vital importance in substrate binding
(K.I. Ito et al., 2001; Haimeur et al., 2002; Karwatsky et al., 2003; Dee-
ley and Cole, 2006; Zhang et al., 2006; Cole, 2014a). Other transporters
of organic anions feature amphipathic TM helices like ABCC1; how-
ever, these helices are considerably less amphipathic in ABCB1, consis-
tent with ABCB1’s inability to transport organic anions (Seelig et al.,
2000; Crowley et al., 2010; Cole, 2014a).

Fig. 4. Structure of apo bABCC1 (A, PDB: 5UJ9) and ATP-bound, outward-fac-
ing bABCC1 (B, PDB: 6BHU). TMs are shown in lighter shades while NBDs
are colored in darker tones. TMD0 is shown in gray and L0 is shown in black.
Coupling helices are outlined in yellow boxes.
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The NBDs of ABCC1 are functionally distinct from each other (Con-
seil et al., 2005). NBD1 exhibits a higher affinity for ATP; however,
NBD2 displays higher ATPase activity (Conseil et al., 2005). Coopera-
tivity between the two NBDs is required for ABC protein activity, and
so only one ATP molecule is hydrolyzed when two ATP molecules are
bound (Conseil et al., 2005.) This NBD asymmetry is unique to ABCC
proteins and some other heterodimeric transporters (Cole, 2014a).
The majority of structural information for ABCC1 comes from X-ray

crystal and cryo-EM structures of bovine ABCC1 (bABCC1), which
shares 91% sequence identity with human ABCC1. bABCC1 conferred
resistance to vincristine, actinomycin D, and vinblastine like human
ABCC1 when expressed in human carcinoma cells (Taguchi et al.,
2002; Johnson and Chen, 2017, 2018; Wang et al., 2020). Although the
first 203 residues of the TMD0 were removed to facilitate crystalliza-
tion, the functional properties of the DTMD0 construct, such as maxi-
mal basal turnover rate, substrate stimulation, and Km, were comparable
to the full-length protein (Johnson and Chen, 2017). bABCC1’s struc-
ture features two TMDs arranged into pseudo-symmetric bundles (John-
son and Chen, 2017). The interface of the helical bundles forms a large
transmembrane vestibule that opens to the cytoplasm and penetrates ap-
proximately halfway into the phospholipid bilayer (Johnson and Chen,
2017). The L0 linker immediately following the TMD0 is required for
proper ABCC1 folding and function (Bakos et al., 1998, 2000; West-
lake et al., 2003; Johnson and Chen, 2017). Removal of the L0 or the
TMD0 and L0 linker resulted in nonfunctional transporters. However,
coexpression of the L0 peptide along with the DTMD0 core particle res-
cued trafficking and function of the core transporter (Bakos et al., 1998;
Johnson and Chen, 2017). This finding suggested the L0 linker structur-
ally interacts with the other transmembrane domains (Bakos et al.,
1998, 2000; Johnson and Chen, 2017).
The Cytoplasmic Loops of ABCC1. Although cytoplasmic loops

were originally thought of as only sequences that connect the transmem-
brane helices, there is evidence that ABCC1’s cytoplasmic loops are in-
volved in determination of substrate specificity, proper folding and
stable expression at the plasma membrane, and the transport mechanism

(Cole, 2014a). Mutation of charged amino acids to alanine in cytoplas-
mic loop 5 and 7 caused ABCC1 misfolding, resulting in lower levels
of ABCC1 at the plasma membrane (Conseil et al., 2006, 2009; Iram
and Cole, 2011, 2012; Cole, 2014a). Cytoplasmic loops located at the
interfaces between the TMDs and NBDs mediate the coupling of sub-
strate translocation through the TMDs to the catalytic ATPase activity
of the NBDs (Cole, 2014a). Short alpha-helical structures occurring
within these cytoplasmic loops are often referred to as “coupling heli-
ces” (Fig. 4) (Hollenstein et al., 2007; Chang, 2010; Jones and George,
2014).
ABCC1 Binding Site is Bipartite in the Inward-Facing Con-

formation. Cysteinyl leukotriene LTC4 is a proinflammatory mediator
and endobiotic substrate of ABCC1 (Leier et al., 1994; Johnson and
Chen, 2017). This compound is produced and excreted by immune cells
during the inflammatory response and contributes to pathologies such as
asthma and anaphylaxis (Deeley et al., 2006). Abcc1-knockout mice
transported significantly less LTC4 and showed an impaired response to
inflammatory stimuli (Wijnholds et al., 1997). The structure of LTC4

contains an arachidonic acid-like moiety conjugated to GSH. LTC4

binds within the TMDs between the two TM helical bundles within the
membrane, approximately 10 Å from the cytosol [PDB: 5UJ9 (apo) and
5UJA (LTC4-bound), Johnson and Chen, 2017]. LTC4 binds ABCC1
with submicromolar affinity, which is supported by the extensive net-
work of hydrogen binding and Van der Waals interactions observed in
LTC4-bound ABCC1 crystal structure (Johnson and Chen, 2017).
The binding site of ABCC1 was predicted to be bipartite in nature to

allow ABCC1 to recognize large, amphipathic substrates (Loe et al.,
1996; Johnson and Chen, 2017). This prediction by Loe et al. in 1996
predated the first structure of ABCC1, yet this prediction was largely
correct (Johnson and Chen, 2017). The binding site of ABCC1 contains
two parts: the positively charged P-pocket, which coordinates the GSH
moiety of LTC4, and the hydrophobic H-pocket, which interacts with
the lipid tail (Fig. 5A) (Johnson and Chen, 2017). Residues from both
halves of the transporter form the P-pocket. In this pocket, H-bonding
occurs between the GSH moiety and several residues (K332, H335,
Y440, R1196, N1244, R1248; Fig. 5B). Based on other studies, K332

Fig. 5. (A) Binding pocket of bABCC1 (PDB: 5UJA). P-pocket is shown in blue, H-pocket is shown in red. LTC4 ligand is shown as sticks, with the hydrophilic por-
tion colored in green and the hydrophobic lipid tail colored in black. (B) Alternate view of the P-pocket only bound to the hydrophilic portion of LTC4. (C) Alternate
view of the H-pocket only bound to the lipid tail of LTC4.
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mutation to oppositely, neutrally, or similarly charged amino acid resi-
due completely abolishes ABCC1 binding to LTC4 but has no effect on
binding to organic anion substrates that do not contain a GSH moiety
(Haimeur et al., 2002; Wu et al., 2005; Maeno et al., 2009; Cole,
2014a). With this result, K332 was implicated in the recognition of
c-glutamate portion of GSH substrate moiety (Maeno et al., 2009; Cole,
2014a). A conservative substitution of the Y440 for phenylalanine re-
duced GSH-stimulated substrate and LTC4 transport, suggesting the
H-bonding between GSH and Y440’s hydroxyl group is vital for
ABCC1’s substrate recognition (Grant et al., 2008). GSH also forms
Van der Waals contacts with nonpolar residues in the P-pocket (L381,
F385, F594) (Johnson and Chen, 2017). Unlike the P-pocket, the
H-pocket is exclusively formed from one of the two bundles of
ABCC1. The lipid tail of LTC4 bends to stack between a “tryptophan
sandwich” formed by W554, M1092, and W1245 (Fig. 5C).
Comparison of the LTC4-bound and apo structures of bABCC1

shows substrate-induced conformational changes, both globally and lo-
cally (Johnson and Chen, 2017). LTC4 binds at the interface of the two
TM bundles, acting as a bridge to bring the transporter halves closer to-
gether. Upon binding, rigid body rotations of the two halves (L0, TM
bundle 1, and NBD1 form one half and TM bundle 2 and NBD2 form
the other) results in the NBDs drawing closer together in the presence
of LTC4 (Johnson and Chen, 2017). Within the binding site, the two
TM helical bundles move 2-4 Å toward each other to interact with
LTC4 while the side chains of several residues (W553, N1244, W1245,
R1248) adjust to interact with LTC4 (Johnson and Chen, 2017). These
small changes within the binding site are propagated along the trans-
porter to the cytoplasmic NBDs, resulting in changes more than 50 Å
away from the binding site. As a result, the NBDs move 12 Å closer to
each other upon substrate binding and adjust their positions relative to
each other, relaxing from the apo’s twisted orientation to better align
the two functionally distinct ATPase sites. LTC4 binding stabilizes a
conformation where the NBDs are closer and better aligned, allowing
for dimerization to form a complete catalytic site, which partially ex-
plains the elevated ATPase activity observed for ABCC1 in the pres-
ence of LTC4 (Davidson et al., 1992; Oldham and Chen, 2011a).
The bABCC1 binding site residues undergo local rearrangements of

their sidechains upon LTC4 binding, suggesting the binding site exhibits
a plasticity that likely allows for the polyspecificity that ABCC1 exhib-
its (Johnson and Chen, 2017). In addition, the bABCC1 structure sheds
light on how GSH alone can be effluxed by ABCC1 because GSH can
bridge the two pockets of the transporter on its own (Paulusma et al.,
1999; Renes et al., 1999; Salerno and Garnier-Suillerot, 2001; Leslie,
Deeley, et al., 2003; Cole and Deeley, 2006). However, ABCC1 exhib-
its millimolar affinity for GSH as compared with the nanomolar affinity
observed for LTC4. This discrepancy is caused by increased favorable
interactions between LTC4’s lipid moiety and the H-pocket. Substrates
that can be transported without the GSH moiety are likely amphipathic
and can interact with both the P- and H-pockets.
The Outward-Facing Conformation of ABCC1. To stabilize the

outward- facing conformation of ABC transporters, mutations that allow
for ATP binding but prevent ATP hydrolysis may be introduced into
the protein (Oldham et al., 2007; Johnson and Chen, 2018). For
bABCC1, the catalytic glutamate that acts as a general base in ATP hy-
drolysis, was mutated to glutamine (E1454Q mutation) (Oldham and
Chen, 2011b; Johnson and Chen, 2018). Mutation of this residue in hu-
man ABCC1 showed decreased ATPase activity and abolished transport
of LTC4, while showing no effect on LTC4 binding (Payen et al., 2003;
Johnson and Chen, 2018). Cryo-EM structures of the E1454Q mutant
mixed with ATP and LTC4 showed the two halves of ABCC1 pack
closely to encompass two Mg21 ions and two ATP molecules at the in-
terface of the NBD dimers (Fig. 4B) (PDB: 6BHU; Johnson and Chen,

2018). Unlike the inward-facing conformation, the translocation pathway
is closed off from the cytoplasm and opens to the extracellular space.
The outward-facing conformation of bABCC1 differs from Sav1866, a
prototypical eukaryotic ABC transporter. Where Sav1866s TM domains
veer out like wings in the outward-facing conformation and allow the
translocation pathway access to the membrane’s outer leaflet, ABCC1’s
translocation pathway is closed off from the lipid bilayer, only accessible
from the extracellular space.
The ATP-bound outward facing structure also sheds light on the mo-

lecular mechanisms responsible for the degenerate ATPase site of
hABCC1. Where the competent site contains a glutamate residue, the
degenerate site contains an aspartate (D793), whose side chain is one
carbon shorter than glutamate. This aspartate likely cannot adopt the
proper orientation required for the nucleophilic attack of ATP’s c-phos-
phate (Johnson and Chen, 2018). Consistent with this hypothesis, intro-
duction of a D793E mutation rescued ATPase activity at the degenerate
site (Payen et al., 2003).
As expected, the binding site of bABCC1 undergoes significant

changes during the transition from the inward- to outward-facing states.
The ATP-bound, outward-facing conformation features a collapsed
binding site caused by the LTC4-interacting residues pulling apart from
each other (Johnson and Chen, 2018). The side chains of three residues
of the P-pocket, R1196, N1244, and R1248, move away from LTC4’s
glutathione moiety. R1248 forms a cation-p interaction with W1245, a
key H-pocket residue in the inward-facing state. K332, H335, and Y440
from the P-pocket are collapsed into the LTC4 binding site while F594
flips toward the extracellular matrix. The changes in these four residues
would likely push the LTC4 molecule toward the extracellular opening
of the translocation pathway. Additional changes in the H-pocket help
decrease affinity for LTC4 while opening the translocation pathway to-
ward the extracellular matrix. The “tryptophan sandwich” between
W553 and W1245 is abolished as the two residues are pulled away
from each other. Y1242, positioned above LTC4’s lipid moiety in the
inward-facing conformation, moves away from the binding site, opening
the translocation pathway to the extracellular matrix. Although twice
the concentration of LTC4 was used to prepare cryo-EM grids for this
ATP-bound, outward-facing conformation as was used for the ATP-
free, inward-facing conformation, no density was observed in the cryo-
EM map that corresponded to LTC4, suggesting that in this ATP-bound,
outward-facing conformation, LTC4 is released from bABCC1 before
ATP hydrolysis occurs.
The Catalytic Cycle of ABCC1. The most recent structure of

ABCC1 showed bABCC1 under active turnover conditions (PDB:
6UY0). Wild-type bABCC1 was incubated with both LTC4 and ATP-
Mg21 prior to application to the cryo-EM grids (Wang et al., 2020).
The resulting structure was essentially identical to the outward-facing
E1454Q structure: in both structures, the binding site is pulled apart so
that LTC4 can no longer bind and the intracellular gate is closed. The
one important difference is that instead of two ATP molecules bound,
the active turnover structure features an ATP molecule in the degenerate
site and an ADP molecule in the consensus site. The nearly identical
structures with ADP bound suggest that ATP hydrolysis is a fast step in
the transport cycle, while the NBD separation happens more slowly,
acting as the rate-limiting step of ABCC1’s catalytic cycle. ATP hydro-
lysis and release of inorganic phosphate do not stimulate ABCC1’s tran-
sition back to the inward-facing state.
Using single-molecule fluorescence spectroscopy, Wang et al. were

able to further classify the catalytic cycle of bABCC1 (Wang et al.,
2020). In the absence of ligand, ABCC1 may sample multiple inward-
facing conformations and can also transition to the outward-facing state,
albeit less frequently and for a shorter duration than was observed when
nucleotides were present (Wang et al., 2020). ATP binding increased
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the rate of the inward-facing to outward-facing transition and stabilized
the outward-facing conformation, which in turn decreased the reverse
transition from outward to inward facing. Substrate increased the AT-
Pase activity by accelerating the inward- to outward-facing transition,
but substrate did not increase the rate of ATP hydrolysis or the outward-
to inward-facing transition. Both the prehydrolytic state (two ATP mol-
ecules bound) and posthydrolytic state (one ATP, one ADP) shared the
same high FRET value, suggesting that ATP hydrolysis is a quick step
that is followed by a slow NBD dissociation back to the inward-facing
state. This observation is consistent with other ABC transporters that ex-
hibit a slow outward-facing to inward-facing transition. These observa-
tions, however, pertain to the bovine homolog, and differences likely
exist between the bovine and human model.
Structural Differences between ABCC1 and ABCB1 Reflect

Differing Functions. Although ABCC1 and ABCB1 both contribute
to MDR, there are significant differences in their function, some of
which arise due to structural differences. ABCB1 transports hydropho-
bic substrates as well as a few weakly cationic compounds, while
ABCC1 transports amphipathic, organic acids, and organic anions (See-
lig et al., 2000; Johnson and Chen, 2017). ABCB1’s translocation path-
way features hydrophobic residues with some acidic patches, whereas
ABCC1’s translocation pathway is largely basic. ABCB1 and ABCC1
likely recruit substrates by different mechanisms as well. ABCB1 uti-
lizes a “hydrophobic vacuum” mechanism, where substrates first parti-
tion into the cell membrane’s inner leaflet before entering ABCB1
(Higgins and Gottesman, 1992). Helices that span the translocation path-
way of ABCB1 are flexible and are theorized to act as an intramembra-
nous gate, allowing substrates to enter the transporter directly from the
membrane (Jin et al., 2012; Kodan et al., 2014). The translocation of
ABCC1 is only accessible from the cytoplasm as it is completely
shielded from the membrane (Johnson and Chen, 2017, 2018). TM heli-
ces of ABCC1 are well ordered and contain no helical breaks. ABCC1
likely recruits substrates directly from the cytoplasm, likely due to the bi-
partite nature and plasticity of ABCC1’s single binding site.
ABCC1 and Disease. Abcc1�/� knockout mice have been used to

interrogate ABCC1’s physiologic role as well as its role in drug re-
sponse. Abcc1�/� mice exhibited decreased inflammatory response,
consistent with impaired LTC4 export, supporting ABCC1’s role in in-
flammatory and immunologic disease (Wijnholds et al., 1997; Cole,
2014a). Abcc1�/� mice also exhibit increased levels of GSH in most tis-
sues and are more sensitive to xenobiotics (Li et al., 2019). ABCC1 has
been implicated as a protectant against methotrexate’s toxicity in the in-
testine after an ABCC1�/� mouse model of colitis found that the dis-
ease was associated with higher mortality and severe epithelia damage
(ten Hove et al., 2002; Kato et al., 2009; Cole, 2014b).
Single nucleotide polymorphisms (SNPs) identified for ABCC1 are

mostly located in noncoding and intronic sequences (Perdu and Ger-
main, 2001; Conrad et al., 2001; S. Ito et al., 2001; Saito et al., 2002;
Oselin et al., 2003; Conseil et al., 2005). Additionally, none of these
SNPs completely inactivate the transporter or prevent its expression at
the plasma membrane. A polymorphism encoding the R433S mutation,
located at the interface of the cytosol and TM8, reduced transport of or-
ganic anions; however, this mutation also paradoxically increased doxo-
rubicin resistance (Conrad et al., 2001, 2002; Conseil et al., 2005). The
C43S mutation, located in TM1 of TMD0, prevented ABCC1 from lo-
calizing to the plasma membrane (S. Ito et al., 2001; Leslie, L�etourneau,
et al., 2003; Conseil et al., 2005). HeLa cells expressing this mutation
exhibited lower resistance to doxorubicin and sodium arsenite but
showed no significant difference compared with wild-type for the trans-
port of GSH, LTC4, E217bG, and organic ions (Leslie, L�etourneau,
et al., 2003; Conseil et al., 2005).

The strongest association of ABCC1 with an unfavorable clinical out-
come has been in neuroblastoma, the most common childhood extracra-
nial solid tumor (Haber et al., 2006; Pajic et al., 2011; Cole, 2014a).
ABCC1 has been implicated in human pathologies aside from cancer,
including age-related macular degeneration, cardiovascular disease,
some neurologic disorders, and regulation of oxidative stress (Cole,
2014a; Li et al., 2019). Recent genomic studies have identified certain
ABCC1 polymorphisms associated with a greater/lesser severity of
chronic obstructive pulmonary disease (COPD) (Siedlinski et al., 2009;
Budulac et al., 2010). Five ABCC1 SNPs were identified from a COPD
patient cohort; however, none of the identified SNPs translated to muta-
tions within the protein (Siedlinski et al., 2009). An additional study
found that ABCC1 had lower expression levels in bronchial epithelium
of COPD patients than in healthy controls; however, no discussion of
SNP’s effect on protein sequence or structure were included (Budulac
et al., 2010). Two ABCC1 variants were identified in patients with an-
thracycline-induced cardiotoxicity, but one of these SNPs corresponded
to a synonymous mutation while the second was annotated as occurring
in the 30-UTR (Semsei et al., 2012). Without data to clearly link (dys)-
function back to the protein structure or expression level, it is difficult
to theorize how these reported SNPs affect ABCC1 in these diseases.
ABCG2, the Breast Cancer Resistance Protein. The second

member of subfamily G, ABCG2, was originally cloned from a doxoru-
bicin-resistant breast cancer cell line where resistance independent of
ABCB1 was strategically sought out by selecting for drug resistance in
the presence of a ABCB1 inhibitor (Doyle et al., 1998). ABCG2 was
initially named the breast cancer resistance protein, but three laborato-
ries, including the aforementioned, vied to clone ABCG2 from the pla-
centa as well as a mitoxantrone-resistant colon carcinoma cell line.
Additional ABCG2 names were the placenta-specific ATP-binding cas-
sette transporter (Allikmets et al., 1998) and mitoxantrone resistance
protein (Miyake et al., 1999).
Possibly broader than ABCB1’s specificity, ABCG2 substrates in-

clude both hydrophobic and hydrophilic compounds, anions, and cati-
ons. ABCG2 is expressed on the apical membranes of various tissues
and functions extrude xeno- and endobiotics including uric acid and
porphyrins. While ABCG2 is expressed in the placenta, brain, intestine,
liver, and kidney, it is also an important stem cell marker that was first
functionally defined by Mullighan and Goodell (Goodell et al., 1996)
but then molecularly identified and defined through overexpression and
gene knockout studies by the laboratories of Sorrentino and Schuetz
(Zhou et al., 2001, 2002). ABCG2 protects hematopoietic stem cells
from xenobiotics to help maintain the stem cell pool. ABCG2 is also
regulated by hypoxia, which is likely related to its protection of stem
cells (Krishnamurthy et al., 2004). In 2008, genome-wide association
studies determined that the C421A polymorphism (encoding Q141K,
which has reduced expression and function) is associated with high
uric acid levels, a basis for gout, suggesting another physiologically im-
portant role of ABCG2 as a urate transporter in humans (Dehghan
et al., 2008). Elevated porphyrins, especially dietary chlorophyll degra-
dation products, were an early phenotype of the ABCG2-deficient
mouse (Jonker et al., 2002). A mouse model of erythropoietic protopor-
phyria when intercrossed with the ABCG2 deficient mouse showed re-
duced protoporphyrin IX levels in the skin that protected against
erythropoietic protoporphyria-associated toxicity. This result affirmed
ABCG2’s role as a protoporphyrin IX exporter (Wang et al., 2019).
Due to its high expression in the placental syncytiotrophoblasts,
ABCG2 likely provides a protective barrier for the fetus by preventing
fetal exposure to xenobiotics (Fetsch et al., 2006).
Importantly, ABCG2 and ABCB1 seem to work in tandem at the

blood-brain barrier to limit distribution of drugs to the brain (de Vries
et al., 2007). ABCG2 can export anticancer drugs from cancer cells,
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and its high expression in human group 3 medulloblastoma cells was
shown to cause chemoresistance (Morfouace et al., 2015). ABCG2 ex-
pression also correlates with a poor prognosis of acute myeloid leuke-
mia (Damiani et al., 2006; Fukuda et al., 2017).
ABCG2 Structures. Since 2017, several ABCG2 structures have

been reported in different conformations [apo-inward-facing state, inhibitor/
substrate-bound inward-facing state, substrate-bound turnover-1 state,
substrate-bound turnover-2 (semiclosed) state, and outward-facing state]
(Taylor et al., 2017; Jackson et al., 2018; Manolaridis et al., 2018; Or-
lando and Liao, 2020; Kowal et al., 2021; Yu et al., 2021; Rasouli
et al., 2023). The structures in the apo-inward-facing state were captured
by complexing the extracellular loop with Fab fragments from the
monoclonal antibody 5D3 (PDB: 5NJ3 and 5NJG; Taylor et al., 2017).
The apo-inward-facing structures reveal that TM helices are open and
that the large binding cavity (cavity 1) is accessible from both the mem-
brane and the cytosolic side. The extracellular cavity (cavity 2) is sepa-
rated from the large substrate binding pocket by a “plug,” L554 and
L555 residues. This plug is highly conserved among ABCG family
members. These hydrophobic residues function like a lid, preventing
substrate access to the extracellular cavity in the inward-facing state
(Khunweeraphong et al., 2019). Recent studies without Fab fragments
captured turnover states with both ATP and substrate in inward-facing
like conformations (PDB: 7OJ8, 7OJI, 7OJH, 8BHT, and 8BI0; Yu
et al., 2021; Rasouli et al., 2023). The turnover-1 structure has a sub-
strate binding cavity accessible from the inner leaflet of the membrane.
The turnover-2 structure reveals an almost fully occluded substrate
binding cavity and semiclosed NBDs. Structural changes from inward-
facing to turnover-2 conformation with substrate estrone 3-sulfate re-
vealed how ATP binding affects the position of the interacting residues
of the TMDs and substrate (PDB: 6HCO and 7OJ8). The ATP-bound
structure in the outward-facing state was captured via mutation of the
catalytic glutamate to glutamine (E211Q), showing a closed NBD di-
mer, a collapsed substrate binding cavity, and an opened extracellular
cavity to the outside (PDB: 6HBU and 6HZM; Manolaridis et al.,
2018). This ATP-bound structure supports the prevailing ATP-driven
peristaltic extrusion model that dimerization of the NBDs by ATP bind-
ing promotes a transition to the outward-facing state where the substrate
moves from the substrate binding cavity toward the extracellular cavity
(McDevitt et al., 2008). Since the conformation observed in the ATP-
bound ABCG2-E211Q mutant was not observed from ABCG2-WT
turnover samples in the presence of substrate and ATP, this conformation

in the ABCG2-E211Q mutant may be transient in a natural environment
(Yu et al., 2021).
The Binding Pocket of ABCG2. The substrate binding cavity of

ABCG2 is formed by TM2 and TM5 (Manolaridis et al., 2018).
ABCG2’s binding cavity, unlike ABCB1, is slit-like but hydrophobic
and faces the cytoplasm. This structure appears optimal to accommodate
flat, polycyclic, hydrophobic small molecules (Taylor et al., 2017).
Available structures of ABCG2 demonstrate that the binding cavity ac-
commodates one substrate molecule and one or two molecules of an in-
hibitor (Jackson et al., 2018; Manolaridis et al., 2018; Orlando and
Liao, 2020; Kowal et al., 2021; Yu et al., 2021; Rasouli et al., 2023).
ABCG2 inhibitors (e.g., MZ29; derived from well-known Ko143 and
MB136; a derivative of tariquidar) and substrate (estrone 3-sulfate) enter
the same binding pocket and have overlapping binding contacts (Fig. 6).
This difference may account for why many ABCG2 ligands (e.g., tyro-
sine kinase inhibitors and tariquidar) possess both substrate and inhibi-
tory characteristics, acting as ABCG2 substrates at low concentrations
and competitively inhibiting the transport of some substrates at high con-
centrations. The ABCG2 inhibitors (MZ29 and MB136) and substrate
(estrone 3-sulfate) form common hydrophobic interactions with residues
F432, F439, V546, and M549 and polar or electrostatic interactions with
T435 and N436 (Fig. 6). Recent studies identified residue F439 as indis-
pensable for substrate transport and transport inhibition (Manolaridis
et al., 2018; Gose et al., 2020). ABCG2 substrates and inhibitors form
stacking interactions between two phenylalanine side chains, F439-F439’
(Gose et al., 2020).
Inhibitors seem to occupy a larger space in the binding cavity com-

pared with the substrates. Small substrates like estrone 3-sulfate bind
deep inside the binding cavity, below the leucine plug of ABCG2 (Man-
olaridis et al., 2018). Large inhibitors, like MB136, fully occupy the
binding cavity, allowing for only a single molecule. Small inhibitors
like MZ29 bind in pairs to fully occupy the binding pocket (Jackson
et al., 2018). Compared with substrate, inhibitors make additional con-
tacts involving residues of TM1, TM2, and TM5, which likely supports
their higher affinity (Manolaridis et al., 2018).
ABCB1, ABCG2, and ABCC1 Substrate Specificity. The cryo-

EM structures of ABCG2 show an NBD and a TMD, and reveal tightly
bound lipids interacting with the hydrophobic surface of the TMD (Tay-
lor et al., 2017; Jackson et al., 2018). The transport activity of ABCG2
is modulated by the lipid environment and requires cholesterol for maxi-
mal activity, but, unlike its relative, ABCG1, it is not directly involved
in cholesterol transport (Telbisz et al., 2013; Heged€us et al., 2015;

Fig. 6. Structures of ligand-bound ABCG2. Top panels show cut-away from the binding interface while bottom panels show the view up the binding cavity. Ligands
are shown as gray sticks. One monomer is shown in a bright color (TMD) while the second is shown in a pastel shade (TMD’). Left panels: Estrone 3-sulfate-bound
ABCG2 (cyan, PDB: 6HCO). Middle panels: MZ29-bound ABCG2 (green, PDB: 6ETI). Right panels: MB136-bound ABCG2 (magenta, PDB: 6FEQ).
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Jackson et al., 2018; Rasouli et al., 2023). ABCG2 has a relatively large
internal cavity that is consistent with ABCG2’s ability to bind multiple
ligand molecules (Taylor et al., 2017).
Like ABCB1 and ABCC1, ABGG2 transports a variety of substrates,

with some shared with ABCB1 and ABCC1 (Fig. 7, Table 1). Unlike
ABCG2’s slit-like binding cavity, ABCB1 has a globular cavity, where
large substrates such as paclitaxel (taxol) can be accommodated (Alam
et al., 2019) (Fig. 3B). ABCC1 has a bipartite cavity, with the H-pocket
accommodating hydrophobic substrates and the positively charged
P-pocket accommodating glutathione (Fig. 5). In addition to the differ-
ences in substrate binding cavities, there are differences in the main axis
of NBD rotation that is related to conformational changes in the TMDs.
The main axis of NBD rotation is oriented parallel to the membrane in
type II exporters including ABCG2 and perpendicular in type I export-
ers including ABCB1 and ABCC1 (Stockner et al., 2020). Studies in
live cells or semipermeabilized cells provided some insight into the
roles of substrate and ATP on conformational changes. An ABCB1,
substrate cannot cause the conformational change in the absence of
ATP, and ATP binding alone is insufficient for the conformational
changes from the inward-facing to the outward-facing state (Futamata
et al., 2020). In ABCG2, 5D3 reactivity, confocal microscopy-, and
fluorescence correlation spectroscopy-based assays have revealed that
the conformational changes of ABCG2 are induced by nucleotide bind-
ing and the transition is accelerated by ABCG2 substrate (Gy€ongy
et al., 2023). However, the relationship between structures obtained
from nonphysiologic environments and protein function in the natural
environment is not well established.
Nucleotide-Binding Domain and the Large Extracellular Loop

3 in ABCG2. The NBDs contain highly conserved motifs required for
ATP binding and hydrolysis (Locher, 2016). The ATP-bound ABCG2-
E211Q structure shows that the NBDs bind two ATP molecules and co-
ordinate magnesium ions at their dimer interface (Manolaridis et al.,
2018). The c-phosphate of ATP interacts with three conserved side
chains in the NBD, Q211 (catalytic glutamate in Walker B), H243 (His-
tidine switch), and Q126 (Q-loop). The magnesium ion also interacts
with Q211 in Walker B (Manolaridis et al., 2018).
In ABCG2, the cysteine residue C603 is located in the large extracel-

lular loop 3 (ECL3) between TM5 and TM6 and forms an intermolecu-
lar disulfide bond (Fig. 8). The cysteine residues, C592 and C608, in

the ECL3 form intramolecular disulfide bonds. N596 in ECL3 is modi-
fied by N-acetylglucosamine. Mutation of C603 disrupts intermolecular
disulfide bond formation but does not affect membrane targeting or
transport, suggesting the intermolecular disulfide bond of C603-C603’
is not essential for function (Henriksen et al., 2005). Orlando and Liao
generated the copper phenanthroline-induced disulfide cross-linking as-
say to monitor the conformation changes of ABCG2 (Orlando and
Liao, 2020). Conformationally sensitive residues in TM5 (V534 or A537)
were mutated to cysteine. These residues were separately incorporated
into a C603S ABCG2 background (Orlando and Liao, 2020). Treating
these cysteine mutations with copper phenanthroline allowed the effect
of substrate or inhibitor binding on conformation to be assessed. The
mutation of either C592 or C608 abolished the intramolecular disulfide
bond, reducing ABCG2 surface expression due to misfolding (Henriksen
et al., 2005). The mutation of N596, which prevents glycosylation,
enhanced ubiquitin-mediated proteasomal degradation, suggesting the es-
sential role in ABCG2’s maturation (Nakagawa et al., 2009).
Understanding the Effects of ABCG2 Mutations Based on Its

Structure. The ABCG2 cryo-EM structures, complemented by molec-
ular dynamics simulations, provide a powerful approach to understand-
ing the dynamic effects of mutations on ABCG2 function. ABCG2 was
initially cloned from a drug-resistant cancer cell (Doyle et al., 1998) but
ultimately was found to have a different substrate profile than the
ABCG2 protein cloned from the normal tissue (Allikmets et al., 1998).
The ABCG2 from the drug-resistant cancer cells harbored a mutation at
R482 (R482G/R482T) causing a gain of function (Honjo et al., 2001).
Recent ABCG2 cryo-EM structures of the turnover state provided in-
sight into this gain of function mutation by showing a structural role for
R482 (Yu et al., 2021). R482 is located in TM3 and does not directly
interact with bound substrate (Fig. 8). However, in the transition from
the turnover-1 to the turnover-2 state, the R482 side chain contacts
TM2, which contains F439, the key residue that interacts with both sub-
strates and inhibitors in the binding cavity. This finding suggests that
the altered substrate specificity of the R482 mutation might be allosteric
(Yu et al., 2021). One of the most common polymorphisms, Q141K
(rs2231142 C421A), is a risk factor for gout/hyperuricemia that also af-
fects statin-based hyperlipidemia treatment (Chen et al., 2019). The
Q141K mutation reduces ABCG2 surface expression due to folding and
trafficking issues and shows loss of function (M�ozner et al., 2019). In
addition, ABCG2 cryo-EM structures show that the Q141 in the NBD
faces the positively charged side of the amphipathic TM1a a-helix, and
the positively charged Q141K side chain might cause electrostatic repul-
sion, thereby distorting TM1a and causing misfolding (Taylor et al.,
2017). Another ABCG2 mutation, F431L (rs750568956 T1291C), is
well expressed at the cell surface but has reduced transport function and
inhibitor susceptibility (Yoshioka et al., 2007; Kawahara et al., 2010).
An interpretation of this functional impairment, consistent with struc-
tural data, shows that F431 in TM2 is part of the substrate-binding
pocket and directly interacts with the ABCG2 inhibitor MZ29, suggest-
ing a role in ligand recognition (Jackson et al., 2018).
Solute Carrier Transporter Superfamily. SLCs, the second larg-

est family of membrane proteins are responsible for the movement of
ions and small hydrophilic compounds across membranes (Wright and
Lee, 2022). There are 446 different SLCs in humans subclassified into
70 families. Like ABC transporters, SLCs are integral membrane pro-
teins. Unlike ABC transporters, SLCs act as secondary active transport-
ers or facilitative transporters. It is estimated that 3% of approved drugs
might target human SLCs, showing the importance of their structures for
future drug development (Wright and Lee, 2022). Although ABC transport-
ers are most famous for their pharmacological role in chemotherapeutics,
the SLCs SLC19A1 and SLC29A1 also interact with these types of drugs.

Fig. 7. Venn diagram of selected compounds reported to bind ABCB1, ABCC1,
and/or ABCG2 to show the overlapped specificity for the ABC transporters
(based on reported structures).
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SLC19A1, the Reduced Folate Transporter

Physiologic Importance of Folates and Their Transport. Re-
duced folates (vitamin B9 is a coenzyme) are essential for biosynthetic
processes in one-carbon transfer reactions such as DNA/RNA synthesis
and cellular methylation reactions (Crider et al., 2012; Bailey et al.,
2015). Mammals lack a de novo folate synthesis pathway and rely on die-
tary folate from dark green leafy vegetables, liver, and folic-acid-fortified
flour. Folates are essential for cell growth, proliferation, and differentiation,
and their deficiency leads to developmental and neurologic disorders.
Folates rely on three carriers for uptake in mammals: reduced folate

carrier (RFC/SLC19A1), proton-coupled folate transporter (SLC46A1),
and the folate receptor (FR), the latter being a high affinity but low-
capacity uptake route that probably is important in unique circumstan-
ces. SLC46A1 is highly expressed in the apical plasma membrane of
the gastrointestinal tract and is responsible for dietary folate absorption
but was initially inadvertently identified as a mammalian heme importer
(Shayeghi et al., 2005) before being reported in cell as the proton-
coupled folate transporter. Transport of folate mediated by SLC46A1 is
proton-coupled, functioning best at acidic pH, unlike RFC (Zhao and
Goldman, 2013; Matherly et al., 2014). Folate uptake by the FR occurs
by endocytosis. Expression of FRs is limited in healthy tissues but is
important for embryonic development (Zhao et al., 2009). Unlike

SLC46A1 and FRs, whose role in folate transport seems tissue specific,
SLC19A1 is ubiquitously expressed in tissues (e.g., brain, placenta,
small intestine, colon, and kidney) (Zhao et al., 2009) and has a central
role in folate uptake in various tissues. SLC19A1 acts as an antiporter,
coupling extracellular folate uptake with the counter-transport of intra-
cellular organic phosphate anions, including thiamine mono- and thia-
mine pyrophosphate (TPP), AMP, ADP, ATP, glucose 6-phosphate,
and nicotinamide adenine dinucleotide (Goldman, 1971; Henderson
and Zevely, 1983; Zhao, Gao, et al., 2001; Zhao et al., 2002).
Identification and Role of SLC19A1. The reduced folate carrier

(RFC/SLC19A1) was functionally characterized more than 50 years ago
and exhibited temperature- and sodium-independent transport (Goldman
et al., 1968; Goldman, 1969, 1971). The SLC19A1 cDNA was cloned
by multiple laboratories between 1994 and 1995 (Dixon et al., 1994;
Williams et al., 1994; Moscow et al., 1995; Prasad et al., 1995; Williams
and Flintoff, 1995; Wong et al., 1995).
SLC19A1 is the main importer of reduced folates such as 5-

methyltetrahydrofolate (5-MTHF), the reduced form of folate, the
predominant natural folate in the diet and blood (Zhao et al., 2009).
SLC19A1 shows a high affinity (micromolar) for 5-MTHF com-
pared with folate (nearly millimolar). Proper fetal development re-
quires SLC19A1 as SLC19A1 knockout is embryonic lethal (Zhao,

TABLE 1

Nonexhaustive list of pharmaceutical substrates and inhibitors of ABCB1 and ABCG2
Inhibitors were selected based on use in clinical trials. Substrates and inhibitors selected from Mo and Zhang, 2012; Ricci et al., 2015; Sajid et al., 2022; and

Sissung et al., 2010.

ABCB1 ABCG2

Substrates Inhibitors Substrates Inhibitors

Antibiotics CBT-1 Antibiotics Tyrosine kinase inhibitors
Chloramphenicol Dofequidar Ciprofloxacin Lapatinib
Erythromycin Elacridar Erlotinib

Encequidar Antimetabolites
Cardiac glycosides Laniquidar Methotrexate Other

Digoxin Tariquidar Elacridar
Tesmilifene Fluorescent dyes

HIV protease inhibitors Valspodar Zosuquidar Hoechst 33342
Ritonavir
Saquinavir HMG-CoA reductase inhibitors

Rosuvastatin
Steroids

Cortisol Immunosuppressants
Aldosterone Sulfasalazine
Dexamethasone

Natural compounds and toxins
Taxanes 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine

Paclitaxel Protoporphyrin IX
Taxol Uric acid

Topoisomerase I and II inhibitors Photosensitizers
Anthracenes Pheophorbide a

Mitoxantrone
Anthracyclines Sulfate and glucuronide conjugates of xenobiotics

Doxorubicin Estradiol-17-beta-glucuronide
Camptothecin analogs Estrone 3-sulfate

SN-38
Topotecan Topoisomerase I and II inhibitors

Epipodophyllotoxins Anthracenes
Etoposide Mitoxantrone

Anthracyclines
Tyrosine kinase inhibitors Doxorubicin

Imatinib Camptothecin analogs
SN-38

Vinca alkaloids Topotecan
Vinblastine
Vincristine Tyrosine kinase inhibitors

Gefitinib
Imatinib mesylate
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Russell, et al., 2001; Hou and Matherly, 2014). Postnatal survival
of the SLC19A1 knockout was mostly rescued by supplementing
the mother’s diet with folate (Zhao, Russell, et al., 2001). This ob-
servation is consistent with SLC19A1’s location in the fetal-facing
basal membrane of the placental syncytiotrophoblasts where it con-
tributes to transplacental import of folate from the maternal blood
to fetal circulation. SLC19A1 dysfunction has been associated with
fetal abnormalities, megaloblastic anemia, neurologic disorders,
cardiovascular disease, and cancer (Yang et al., 2003; Matherly and
Hou, 2008; Svaton et al., 2020).
Folate is required for rapidly dividing cancer cells, and SLC19A1 has

been exploited to mediate chemotherapeutic drug uptake (Matherly et al.,
2007). SLC19A1 imports antifolate therapeutics such as methotrexate
(MTX), PT523, pralatrexate, raltitrexed, and pemetrexed (PMX) (Math-
erly et al., 2007; Kanarek et al., 2018; O’Connor et al., 2021).
SLC19A1’s genetic variants affect antifolate response, showing a cru-
cial role in the treatment of cancers and inflammatory diseases such as
rheumatoid arthritis, psoriasis, and inflammatory bowel disease (Zhao
and Goldman, 2003; Jansen et al., 2004; Matherly et al., 2007; Yee
et al., 2010; Kanarek et al., 2018; O’Connor et al., 2021). The use of
antifolates during pregnancy is contraindicated because of the devel-
opmental risk to the fetus. Understanding how antifolates engage
SLC19A1 may promote the rational design of therapeutics that selec-
tively target SLC19A1.
Recently, SLC19A1 acquired a new endogenous function when it

was identified as an importer of immunomodulatory cyclic dinucleotides
(CDNs) by an unbiased, genome-wide CRISPR screen (Luteijn et al.,
2019; Ritchie et al., 2019). Endogenous CDN (2’, 3’-cGAMP), pro-
duced through cyclic GMP-AMP synthase, as well as bacterial and

synthetic CDN analogs bind and activate the stimulator of interferon
genes (STING) pathway (Luteijn et al., 2019; Ritchie et al., 2019). The
immune-system sensor protein, STING, located in the endoplasmic reticu-
lum, has immunomodulatory functions. However, how the charged extra-
cellular CDNs cross the plasma membrane to activate STING remains
unclear. The identification of SLC19A1 as an importer of CDNs has im-
plications for cancer immunotherapy and host-pathogen response (Lu-
teijn et al., 2019; Ritchie et al., 2019). CDN uptake is inhibited by folates
and antifolate, suggesting that they compete for a binding site on
SLC19A1 (Luteijn et al., 2019).
SLC19A1 Structures. The structural basis of substrate recognition

by SLC19A1 was unknown until recently. Multiple laboratories have
reported the cryo-EM structures of human SLC19A1 in substrate-free
and apo-states (PDB: 8DEP, 7XPZ, and 8HII, Dang et al., 2022; Wright
et al., 2022; Zhang et al., 2022) but also in complexes with the natural
folate (5-MTHF) (PDB: 8GOE and 8HIJ; Dang et al., 2022; Zhang
et al., 2022), antifolates PMX and MTX (PDB: 8GOF and 7TX6;
Wright et al., 2022; Zhang et al., 2022), and CDNs (PDB: 7XQ0,
7XQ1, and 7XQ2; Zhang et al., 2022), and TPP (PDB: 8HIK; Dang
et al., 2022), thereby providing a basis for understanding of SLC19A1-
mediated substrate recognition and transport. Like the substrate-free
apo-structure of SLC19A1, all SLC19A1-substrate complexes adopt
an inward-facing conformation. Through molecular dynamics simula-
tions-guided mutagenesis and functional studies, key substrate binding
residues for SLC19A1 were determined. SLC19A1 exhibits the canoni-
cal major facilitator superfamily (MFS) fold, which is comprised of 12
transmembrane TM segments separated into the N-terminal (TM1–TM6)
and C-terminal (TM7–TM12) domains (Wright et al., 2022). According
to the alternative access “rocker-switch” mechanism (Drew et al., 2021)
(Fig. 2), SLC19A1 toggles between an inward-facing and outward-facing
conformation to both import and export substrates in a counterexchange
fashion (e.g., exchanging extracellular 5-MTHF with intracellular or-
ganic anions). SLC19A1 has a deep polar substrate-binding cavity that
extends across the membrane with positively charged amino acids at the
cytosolic entrance and interior cavity (Dang et al., 2022; Wright et al.,
2022; Zhang et al., 2022). The location of these charged residues is con-
sistent with the function of this organic anion antiporter. The residues of
the large intracellular loop connecting TM6 and TM7 were poorly re-
solved in SLC19A1’s cryo-EM structure, likely reflecting the high mo-
bility of this loop. This intracellular loop is tightly embedded in a surface
groove and might form extensive polar and hydrophobic interactions.
This loop has also been proposed to ensure appropriate spacing between
the N-terminal and C-terminal domains for optimal transporter function
(Matherly et al., 2014, Zhang et al., 2022).
Substrate Recognition of SLC19A1. Single molecules of folate

(5-MTHF), antifolates (MTX and PMX), and TPP bind in an upright
conformation to the narrow, upper portion of SLC19A1 (Dang et al.,
2022; Wright et al., 2022; Zhang et al., 2022). Surprisingly, CDNs
bound SLC19A1 as a tightly packed dimer in the wider intracellular en-
trance of SLC19A1, extending to the middle of the transmembrane re-
gion (Zhang et al., 2022). Therefore, CDNs occupy a distinct binding
site with minimal overlap with the monomeric folate/antifolate binding
site: CDN binds the large polar cavity rather than the narrower folate/
antifolate binding pocket. This knowledge does not account for why
CDNs compete with folate/antifolate for transport. Further, it is unclear
how SLC19A1 transports the CDNs across the membrane, but both
CDN molecules form p-p stacking, hydrogen bonding, and charge inter-
actions with residues from N- and C-terminal domains of SLC19A1,
supporting a unique dual-molecular recognition mechanism (Zhang et al.,
2022).
The TM1, TM4, TM7, and TM10 of SLC19A1 form the 5-MTHF

binding site (Dang et al., 2022; Zhang et al., 2022). To determine the

Fig. 8. Residues of ABCG2 mapped onto the structure of ABCG2 (PDB: 6VXF)
as gray spheres. C592 residue is shown as a white sphere to avoid confusion
with C608.
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importance of binding site residues with 5-MTHF, mutants of the inter-
acting residues were assessed for MTX uptake activity. Substitutions of
E123, R133, Y281, and R373 with alanine abolished the MTX uptake
activity of SLC19A1 (Dang et al., 2022; Wright et al., 2022). The extra-
cellular substrate, 5-MTHF, and intracellular substrate, TPP, bound to
the identical site with residues E123, R133, Y281, and R373 forming
polar or electrostatic interactions with 5-MTHF (PDB: 8GOE and 8HIJ)
(Fig. 9) and TPP (PDB:8HIK) (Dang et al., 2022; Zhang et al., 2022).
This result suggested that these residues are crucial for substrate recogni-
tion. E123, R133, Y281, and R373 are all highly conserved in SLC19A1
among different species (Dang et al., 2022). Structural insights from
SLC19A1 can aid in the design of more effective therapeutics and may
shed light on the mechanism of disease-related mutations. However, to
fully understand SLC19A1 transport mechanism, alternative structural
conformations are needed.

SLC29A1, an Equilibrative Nucleoside Transporter

The equilibrative nucleoside transporters are transporters belonging
to the solute carrier transporter family SLC29 (Baldwin et al., 2004;
Young et al., 2013; Pastor-Anglada et al., 2022). As their name implies,
equilibrative nucleoside transporters are major players in the transport
of nucleobases (adenine) and nucleosides (adenosine) through a rocker-
switch mechanism (Fig. 2), whereby the two halves of the transporter
undergo rigid body rearrangements to alternate solvent access of the
transporter cavity to either side of the lipid bilayer (Wright and Lee,
2019, 2021, 2022; Qureshi et al., 2020; Drew et al., 2021). In humans,
the SLC29 family proteins are responsible for transporting several Food
and Drug Administration- or European Medicines Agency-approved an-
tihypertensive, antiviral, and anticancer drugs (Baldwin et al., 2004;
Young et al., 2013; Wright and Lee, 2019; Pastor-Anglada et al., 2022)
Broadly, SLC29A1 is an energy-independent facilitative transporter re-
sponsible for transport of purine and pyrimidine nucleosides. SLC29A1
is not a high-affinity transporter and exhibits KM values ranging from
50 to 480 lM for nucleosides (e.g., adenosine, guanosine, inosine, uri-
dine, cytidine, thymidine) and > 10-fold lower affinity for nucleobases
(e.g., hypoxanthine, adenine, guanine, uracil, and thymine).
SLC29A1’s Role in Health and Disease. The Augustine blood

type, characterized by SLC29A1 mutations, was established as a blood
group in 2015, although the antigen was first identified in 1967 (Daniels
et al., 2015; Daniels, 2022). SLC29A1-null individuals appear healthy,
although pseudogout and ectopic calcification during aging have been
reported (Daniels et al., 2015; Pastor-Anglada et al., 2022). SLC29A1
deficiency has not been listed in the OMIM catalog at present.
SLC29A1 transports adenosine, a vital signaling molecule in human
physiology, with roles in pain, inflammation, ischemia, epilepsy, and al-
cohol preference (Baldwin et al., 2004; Young et al., 2013; Wright and
Lee, 2019). Given SLC29A1’s role in regulating adenosine levels inside
and outside the cell, adenosine reuptake inhibitors have been used to
block SLC29A1 function for vasodilation, antithrombosis, hypertension,

and renal disorders (Yoshida et al., 1994; Young et al., 2008; FitzGerald
1987; Boswell-Casteel and Hays, 2017; Wright and Lee, 2019). Previ-
ous studies have reported a high correlation between SLC29A1 expres-
sion and survival outcome of pancreatic cancer patients receiving
gemcitabine, a nucleoside analog (Marc�e et al., 2006; Spratlin et al.,
2004; Farrell et al., 2009; Mar�echal et al., 2009; Hagmann et al., 2010;
Tanaka et al., 2010; Voutsadakis, 2011; Greenhalf et al., 2014). Several
protein kinase inhibitors such as imatinib, a Bcr-Abl tyrosine kinase in-
hibitor used to treat chronic myelogenous leukemia, have been shown
to effectively inhibit SLC29A1 as well as SLC29A2, although the
mechanism is undetermined and may be related to effects on post-trans-
lational modification (Woodahl et al., 2008). SLC29A1, along with
SLC29A2, are inhibited by nitrobenzylthioinosine (NBMPR), as well as
dipryridamole, a vasodilator and blood thinner; dilazep, a vasodilator
used in cardiopathy and renal disorders; and draflazine, a vasodilator
(Wright and Lee, 2019). Recently, the structure of SLC29A1 was pub-
lished, allowing insight into how two of these compounds, NBMPR
(PDB: 6OB6) and dilazep (PDB: 6OB7), bind and inhibit the transporter.
SLC29A1 Structures. SLC29A1 contains 11 transmembrane heli-

ces, an intracellular N-terminus, and an extracellular C-terminus (Bald-
win et al., 2004; Young et al., 2013; Wright and Lee, 2019). SLC29A1
is structured into two pseudo-symmetrical bundles where 6-TM helices
compose the first bundle (N-domain), and the remaining 5 TMs com-
pose the second bundle (C-domain). SLC29A1 contains a single N-
linked glycosylation site; however, glycosylation is not required for
proper protein function or trafficking to the plasma membrane (Young
et al., 2013). SLC29A1’s folding is highly similar to the first 11 TM he-
lices of the MFS transporters, a SLC subgroup with a 61 6 pseudo-
symmetric topology (Wright and Lee, 2019). However, the absence of
the final TM helix in SLC29A1 causes distinct deviations from the gen-
eral MFS architecture.
In the inhibitor-bound SLC29A1 structures, SLC29A1 exhibits the

outward-facing conformations (Wright and Lee, 2019). The extracellular
side of the transporter constricts into its narrowest point, termed the
“extracellular thin gate,” between TM1’s M33 and TM7’s P308 (Fig.
10A). This gate blocks ligand from easily releasing into the extracellular
side of the membrane. On the cytosolic side, TM4, TM5, TM10, and
TM11 exhibit extensive hydrophobic contacts that fully prevent solvent
access. Polar and charged interactions stabilize this cytosolic gate,
termed the “intracellular thick gate.” R111 and E428 of the intracellular
thick gate are evolutionarily conserved, suggesting an important role
for these residues (Wright and Lee, 2019). However, these sites differ
from the highly conserved “A motif” of MFS, suggesting a difference in
mechanism between SLC29 transporters and MFS.
Inhibition of SLC29A1. NBMPR and dilazep bind overlapping but

different binding sites within SLC29A1 based on published crystal
structures (Fig. 10A) (Wright and Lee, 2019). Dilazep adopts a crescent
formation within the binding site (PDB: 6OB7), with one of dilazep’s
trimethoxyphenyl rings located deep within the central cavity and the
other close to the extracellular side. These positions are termed the

Fig. 9. Left panel: Structure of 5-MTHF-bound SLC19A1 (PDB:
8GOE). N-terminal domain is shown in green, C-terminal domain
in purple. Residues important for binding are shown in bold.
Middle panel: Cutaway of ligand binding site to remove C-termi-
nal domain. Right panel: Cutaway of ligand binding site to re-
move N-terminal domain.
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“orthosteric site” and “opportunistic site 1,” respectively (Fig. 10B)
(Wright and Lee, 2019). Dilazep makes contacts with W29 (TM1) and
Q158 (TM4) in the orthosteric site, while p-p stacking between P307
(TM7), F334 (TM8), and dilazep’s trimethoxyphenyl ring contributes to
binding within opportunistic site 1 (Fig. 10C). Hydrogen bonding be-
tween N338 (TM8) also occurs in this opportunistic site 1. Dilazep’s
central diazepane ring forms hydrophobic contacts with M33 (TM1),
previously found to determine isoform specificity for dilazep and dipyri-
damole (Visser et al., 2002; Visser, Baldwin, et al., 2005; Wright and
Lee, 2019). In addition, mutation of W29, F334, and N338 have been
previously shown to alter SLC29A1 transport of dilazep, which is sup-
ported by the structure of the binding pockets (Visser et al., 2007; Pap-
roski et al., 2008; Wright and Lee, 2019).
NBMPR binds an overlapping but unique site in SLC29A1

(PDB:6OB6; Wright and Lee, 2019). The central cavity of SLC29A1 is
occupied by the thioinosine moiety of NBMPR, while the 2’- and 30-
OH groups of NBMPR interact with R345 and D341, two highly con-
served residues (Arastu-Kapur et al., 2003). N-1 and N-3 amino groups
of the thioinosine moiety interact with Q158, another conserved residue
proposed to play a role in nucleobase recognition (Wright and Lee,
2019). Several hydrophobic residues in TM1, TM2, and TM11 (L26,
M89, L92, and L442) surround the purine moiety of NBMPR, with L26
and L442 forming a sandwich with the purine ring. Previously, the
L442I mutation was reported to switch SLC29A1 preference to uridine,
a pyrimidine, over adenosine, a purine, which is consistent with the re-
ported structure (Paproski et al., 2008; Wright and Lee, 2019). M89 and
L92 have also been found important for binding NBMPR and other pu-
rines (Endres et al., 2004; Endres and Unadkat, 2005). NBMPR occu-
pies a second cavity that dilazep does not, termed “opportunistic site 2.”
In this site, the p-nitrobenzyl ring of NBMPR sits directly next to G154.
In SLC29A2 and SLC29A3, the equivalent residue to G154 is serine,
which results in a �2500-fold decrease in NBMPR inhibition. Mutation
of this residue in SLC29A1’s model narrows the hydrophobic cavity,

preventing NBMPR’s p-nitrobenzyl ring from binding. As a result, it
has been proposed that G154 plays a role in SLC29A1 specificity for
NBMPR (SenGupta and Unadkat, 2004; Wright and Lee, 2019).
Structures of both the NBMPR- and dilazep-bound SLC29A1 suggest

that opportunistic site 1 is used for dilazep binding only but not
NBMPR binding (Wright and Lee, 2019). Mutation studies of M33 in
the opportunistic site showed a threefold decrease in KD for dilazep but
no change in KD for NBMPR. The F307A mutation resulted in a �90-
fold decrease in affinity while the more conservative F307Y mutation
resulted in a �4-fold decrease in affinity for dilazep. Conversely, nei-
ther F307A nor F307Y affected NBMPR binding in SLC29A1 (Visser
et al., 2002; Visser, Zhang, et al., 2005). Mutations of Q158 in the or-
thosteric site to serine or asparagine showed both mutations inhibit
binding of a radiolabeled NBMPR analog. These results suggested that
mutation in the orthosteric site disrupted NBMPR binding, while muta-
tion in the opportunistic site 1 disrupted dilazep binding but not
NBMPR binding.
The overlapping but distinct binding sites of dilazep and NBMPR

create two distinct inhibitory mechanisms of SLC29A1 (Wright and
Lee, 2019). Both the dilazep and NBMPR structures exhibit an out-
ward-facing conformation. To transition to the inward-facing state, the
extracellular thin gate forms upon substrate binding and then C- and N-
terminal domains rearrange to form the intracellular thick gate (Quist-
gaard et al., 2016). Dilazep occupies opportunistic site 1, which is lo-
cated at the region including extracellular thin gate. Dilazep acts
sterically to prevent the extracellular thin gate from forming, which pre-
vents the transition from the outward facing to outward occluded, an
intermediate in the transition from outward- to inward-facing conforma-
tion. This mechanism of action has been used previously in competitive
inhibitors in sodium-coupled neurotransmitter transporters and MFS
transporters (Krishnamurthy and Gouaux, 2012; Penmatsa et al., 2013;
Deng et al., 2014; Coleman et al., 2016). Conversely, NBMPR does not
occupy opportunistic site 1, and so NBMPR binding does not sterically

Fig. 10. (A) Structure of SLC29A1 bound to Dilazep (PDB:
6OB7) and NBMPR (PDB: 6OB6). N-terminal domain is shown
in orange, C-terminal domain is shown in hot pink, and ligands
are shown as gray spheres. Dilazep occupies the orthosteric site
and opportunistic site 1 (B) while NBMPR occupies the orthos-
teric site and opportunistic site 2 (C).
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hinder the extracellular thin gate from forming. However, the p-nitro-
benzyl ring of NBMPR protrudes into opportunistic site 2, a deep hy-
drophobic cavity in the N-domain. Opportunistic site 2 is surrounded by
TM1, TM3, and TM4, which are important for the conformational
changes of the rocker-switch mechanism (Nomura et al., 2015; Quist-
gaard et al., 2016; Hirschi et al., 2017). NBMPR’s p-nitrobenzyl ring
prevents the conformational rearrangement of these TM’s, blocking
transition to the inward-facing state and transport across the membrane.
NBMPR’s binding features a unique mechanism whereby a competitive
inhibitor used an extended moiety for allosteric control of a conforma-
tional transition (Wright and Lee, 2019). These distinct binding modes
of SLC29A1 allow two different options for pharmacological design of
SLC29A1 inhibitors.

Conclusions

In conclusion, drug transporters are crucial to our understanding of
the pharmacokinetics and pharmacodynamics of drugs. Advances in our
understanding of transporter structure and function are presently open-
ing new avenues for drug development. The new discoveries of ligand-
bound transporter transition states are likely to advance the development
of more effective drugs to either use or evade transporters as well as
provide insights into how transporter variation affects function. The im-
provement in both software and hardware has revolutionized membrane
protein structural determination by cryo-EM, as well as more classic
techniques of X-ray crystallography and NMR. These advances cata-
lyzed the “resolution revolution,” thereby accelerating the membrane
transporter structural determination and allowing for the determination
of several of the structures previously discussed in this review. We now
understand much more about how these transporters function and inter-
act with their ligands compared with what was proposed by Jardetzky
in 1966. However, as discussed previously, the structures of several
pharmacologically interesting proteins are still inherently difficult to de-
termine, even in the age of cryo-EM. Changes to the protein to aid in
structure determination, such as stabilization with a Fab fragment, re-
moval of flexible regions, or study of a better-behaved homolog, all
come at a “cost” to the understanding of the physiologically relevant
protein structure. Deep learning-based protein structure prediction algo-
rithms, such as those developed by DeepMind’s AlphaFold 2, have the
potential to predict the structure of membrane transporters, but because
these are nonligand bound states, they are unlikely to provide the func-
tional insights on their catalytically relevant intermediate states. Perhaps
future versions of AlphaFold will include structural predictions based
on the growing body of ligand-bound transporter structures. The most
complete structure is likely a holistic view of multiple techniques. How-
ever, more detailed structural information will not change the fact that,
in cells transporters do not function in isolation and often have overlap-
ping substrates and compensatory systems in the cell that make them
challenging drug targets, at least at present.
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