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Abstract

We have amassed much structural information on ABC transporters, with hundreds of structures
including isolated domains and an increasing array of full-length transporters. The structures
captured different steps in the transport cycle and helped design and interpret computational
simulations and biophysics experiments. These data provide a maturing, although still incomplete,
elucidation of the protein dynamics and mechanisms of substrate selection and transit through the
transporters. We present an updated view of the classical alternating access mechanism as it
applies to eukaryotic ABC transporters, focusing on type | exporters. Our model helps frame the
progress and remaining questions about transporter energetics, how substrates are selected, and
ATP is consumed to perform work at the molecular scale. Many human ABC transporters are
associated with disease; we highlight progress in understanding their pharmacology from the lens
of structural biology, and how this knowledge suggests approaches to pharmacologically targeting
these transporters.

Introduction

ATP-binding cassette (ABC) proteins, present across the three domains of life, are
characterized by a nucleotide binding domain (NBD) with conserved motifs to bind and
hydrolyze ATPL. Most ABC proteins are primary transporters that either import substrates
for nutrient uptake across biological membranes or export molecules from the cytosol to
extracellular or luminal spaces. Prokaryotic ABC proteins include both importers and
exportersi—3. The many eukaryotic ABC genes—e.q. 23 in Saccharomyces cerevisiag®, 48 in
human?®, and >100 in Arabidopsis thalian®—are mostly transporters and largely
functionally homologous to the prokaryotic exporters, with only a few exceptions, e.g.
ABCA4'.

Eukaryotic ABC transporters are generally (pseudo) two-fold symmetric structures with two
intertwined transmembrane domains (TMDs) connected to two NBDs (Fig. 1a). Each TMD
contacts both NBDs, and the NBDs dimerize, forming two ATP-binding sites at their
interface. Transient TMD cavities along the symmetry axis perpendicular to the membrane
plane participate in substrate translocation.
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Some ABC transporters are encoded in a single polypeptide, others are multi-subunit
complexes with single or pairs of domains encoded independently8. Eukaryotic ABC genes
form eight subfamilies, ABCA through ABCH, based on sequence homology and domain
architecture89. ABCE, ABCF and ABCH proteins have no TMDs and participate in
processes like DNA repair and translation; we will not discuss them further. The remaining
subfamilies form two groups by TMD sequence homology: type | (ABCB, ABCC and
ABCD) and type Il (ABCA and ABCG)8. This review focuses on type | exporters, for which
most progress has been made toward understanding their substrate selection and transport
mechanisms. We also highlight recent structures of ABCA and ABCG transporters that
provide contrasting or common features between type | and 11 exporters.

ABC transporters are important drug targets, motivating research on substrate transport
mechanics. Since the identification of P-glycoprotein (P-gp; multidrug resistance protein 1
(MDR1); ABCB1) as a multidrug exporter10, several transporters were linked to multidrug
resistance in cancers!! and in pathogens213. Furthermore, mutations in many human ABC
genes cause genetic disorders, e.g. X-linked adrenoleukodystrophy (ABCDL1), cystic fibrosis
(CFTR or ABCC?7), Tangier disease (ABCAL), sitosterolemia (ABCG5 and ABCG8)%14,
These disease connections highlight the diverse physiological roles of these proteins®.

Structural characterization of ABC transporters started with crystal structures of isolated
NBDs!216 highlighting similarities across transporters. NBD structures revealed the ATP
hydrolysis cycle essential for transportl’. Full-length transporter structures, now emerging at
an accelerating pace with the methodological advances in electron cryomicroscopy
(cryoEM)18.19 deepen our understanding of how the different domains collaborate during
substrate transport.

We review the biochemical and structural knowledge of substrate selectivity in type | ABC
exporters. This includes their pharmacology and regulation by transport inhibitors and
clinically relevant drugs. We propose a consensus model for the conformational changes
associated with transport. Incorporating complementary biochemical data, we arrive at a
mechanistic model for the thermodynamics of substrate selection and transport, and
associated ATP hydrolysis. Finally, we briefly introduce type Il transporters to highlight
both the common structural features and broad diversity of ABC transporter family.

Consensus model for conformation cycling

Sequence homology and structures of type | ABC exporters suggest that all follow the same
flavor of alternating access2?, with similar conformational changes between an “inward-
facing” state—with the substrate-binding site in the TMDs accessible from the cytosol—and
an “outward-facing” state leading to substrate release to the outside (Fig. 1).

The core TMDs of type | exporters include two symmetric or pseudosymmetric sets of six
long TM helices, 1-6 and 1’-6’, which extend into the cytosol (Fig. 1a). Domain-swapping
of two TMs per repeat generates bundles formed of TMs 1, 2, 3,4’,5’,6and 1°, 2°, 3, 4, 5,
6, respectively. Each NBD interacts with two intracellular loops, one from each TMD. The
TM2-TM3 and TM4’-TM5’ loops contain coupling helices 1 and 2, respectively, which
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interact with the first NBD. Corresponding loops in the second TMD bundle interact with
the second NBD.

Fig. 1b groups the example structures mainly into inward- and outward-facing
conformations, highlighting large TMD movements between these states. The inward-facing
structures, dynamics observed by double electron-electron resonance (DEER) spectroscopy
and molecular dynamics (MD) simulations suggest that many ABC transporters exhibit
significant flexibility arising from flexing at helix-helix contacts and broken TMD helices,
which affects the NBD-NBD distances and substrate-binding cavity sizes?1-24, As detailed
below, this flexibility allows binding of diverse substrates, and TMD cavity changes upon
substrate binding propagate to NBDs via the coupling helices2>:26,

Opening of the substrate-binding cavity to the outside and ATP-dependent NBD
dimerization define the outward-facing state, with two ATPs bound at the NBD
interface?’-30 (Fig. 1c). Separation of helices at the TMD apex to open the extracellular gate
requires the release of contacts stabilizing the inward-facing state3l, which, as explained
below, is relevant to substrate-stimulated conformational cycling32.

Several structures represent an “occluded-state” conformation, with a closed extracellular
gate and dimerized NBDs (Fig. 1b)33:34. For example, the bacterial exporter McjD
crystallized in occluded states without or with bound nucleotide analogues (AMP-PNP and
ATP-VOy,). Crosslinking and DEER confirmed that these occluded states were represented
during the transport cycle, but it remained unclear whether occluded states are stable
intermediates for other type | exporters. Recently, P-gp structures were trapped in an
occluded state, using a conformation-selective inhibitory antibody (Fig. 1b)26:3%. The
structures show Zosuquidar28:35 or Taxol3® bound in the enclosed TMD cavity, providing
further evidence for the on-pathway occluded states in type | exporters.

By combining structural information from multiple transporters, we can describe a general
conformational cycle (Fig. 1b—c). Substrate binding to the inward-facing state facilitates
TMD cavity contraction near the cytosol, orienting the NBDs in a pre-dimer configuration
(observed by crosslinking P-gp in solution3 and comparing apo- and substrate-bound MRP1
structures3”). ATP binding stimulates formation of a hydrolysis-competent NBD dimer,
while the TMDs reach an outward-open state (observed by preventing ATP hydrolysis using
non-hydrolyzable analogs?® or hydrolysis-deficient mutants?7:39). The outward-open state is
concomitant with substrate release. Finally, ATP hydrolysis destabilizes the NBD dimer,
resetting the transporter to the inward-facing state, for another cycle.

The next steps in defining the conformational cycle for type | exporters are to flesh out the
collection of conformational states for a given transporter, and to obtain those data for
multiple homologous transporters. Developments in cryoEM38-40 and molecular dynamics
(MD)*142 informed by biophysical techniques promise to accelerate the process.

Binding sites mirror substrate diversity

Type | exporters use a similar scaffold to transport molecules with wide-ranging
physicochemical properties*344. Furthermore, many polyspecific transporters transport
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disparate substrates. Substrates or inhibitors-bound structures, and complementary
biochemistry, are revealing how this evolutionary adaptability of type | exporters is encoded.

Substrate diversity is evident in multidrug export by drug-resistant cancers which brought
the identification of P-gp10, Multidrug resistance-associated protein 1 (MRP1; ABCC1)4°
and Breast Cancer Resistance Protein (BCRP; ABCG2)*6 as polyspecific drug exporters.
Their substrate profiles underlie drug resistance in cancers and pathogens®’. Crosslinking
showed that a large part of the P-gp TMD cavity interacts with substrates using multiple
TMs towards the apex of the inward-facing cavity#8-51, Structures of mouse P-gp23:35:52,53
and human MRP137 with bound substrate (or inhibitors) reinforce the notion that the
interactions in the cavity are variable. Mapping interactions on an inward-facing model
illustrates that substrates consistently bind close to the cavity apex with extended contacts to
multiple helices (Fig. 2a), suggesting that interactions at the apex are critical for progression
through the conformational cycle.

TAP (transporter associated with antigen processing; heterodimeric ABCB2-ABCB3)
provides another useful case of substrate selection and binding. TAP exports antigenic
peptides for loading on major histocompatibility (MHC) Class | for adaptive immunity.
Evolution selects for a broad peptide sequence selectivity in TAP for an effective immune
system. Mapping on the TAP structure® the biochemical evidence about its substrate-
binding site from studies of allelic variants in chicken and rat, and crosslinking®>-62,
residues all around the inward-facing TMD cavity affect substrate affinity and selectivity
(Fig. 2a). Furthermore, NMR experiments identified specific interactions, conformation, and
dynamics of a TAP-bound antigenic peptide®2. The peptide is extended, its sidechains
forming specific interactions along the TMD cavity. Work on TAP and a homologous
bacterial peptide transporter, TmrAB, led to the interesting idea that transporters with broad
substrate selectivity have TMD-cavity surfaces with heterogeneous physicochemical
properties, enabling distinct subsets of interactions for each substrate83. This is also borne
out in MsbA®% and MRP137 structures with substrates lipopolysaccharides (LPS) and
leukotriene C4 (LTC4) respectively (Fig. 2b). Mapping contacts identified in TAP or the
multidrug transporters illustrates that nearly all TMs participate in substrate interactions
(Fig. 2c).

Crosslinking and spectroscopy also identified substrate-induced conformational changes in
TMs®5-67_ In P-gp, TM4 and TM10 kinks and flexible non-helical regions correlate with
ligand presence (Fig. 2d). These helix breaks pinch the TMD cavity by increasing substrate
interactions, close the intracellular gate, and provide allosteric communication with the
NBDs through the coupling helices26:35. In P-gp, competitive inhibitor Zosuquidar promotes
helix kinks at different positions compared to substrate Taxol, highlighting the importance of
this allosteric pathway in substrate recognition3.

A unique example of substrate binding is PglK, the bacterial transporter that flips lipid-
linked oligosaccharides serving as donors in N-linked protein glycosylation. Membrane-
facing structural elements and polar residues lining the outward-facing TMD cavity were
implicated in transport®8. The substrate’s hydrophilic headgroup was proposed to slide
through the outward-facing TMD cavity while the hydrophobic moieties slide on the
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membrane-exposed TMD surface, not requiring substrate binding to the inward-facing
state®8. MsbA flips a similarly large lipid-linked substrate, lipopolysaccharide (LPS),
essential for Gram-negative bacterial outer membranes. Unlike the PgIK model, an LPS-
bound MsbA structure highlights a large inward-facing TMD cavity with pockets of distinct
chemical properties forming substrate contacts (Fig. 2b; see also Fig. 4b)54.

In summary, substrate interactions of type | exporters highlight interfaces dispersed along
the TMD cavity, with different substrates likely engaging different residue groups. This large
putative substrate-binding surface poses a significant challenge to identify or predict cognate
substrates#3 and pharmacologically target ABC transportersi147. These efforts will improve
along with our understanding of the substrate interactions and substrate-induced dynamics.
Furthermore, the PgIK case suggests that substrate-binding sites vary even more than
expected and that models of the allosteric ATPase activity stimulation and conformational
cycles must account for this. Below we propose a thermodynamic model that helps account
for the evolutionary flexibility of substrate-binding site variation.

Transport energetics

A central question is how the ATP binding and hydrolysis cycle by the NBDs:69 couples to
the TMD conformational states. Conserved structural features, and substrate-stimulation of
basal ATPase activity across transporters, support a consensus NBD conformational cycle
coupled to specific nucleotide states (Fig. 1¢). The accumulated data led to several proposed
mechanistic models differing in details of how they link ATPase activity to conformational
cycling®. We aim to provide a synthesized “consensus” mechanistic model as a general
thermodynamic framework to understand the energetic landscape of the transport cycle.

For exporters, because substrate and ATP are in the cytosol, an ensemble of inward-facing
state(s)’? must be the resting state where substrate binding is (generally) favored (Fig. 3 step
1). As discussed above and further supported by substrate-docking studies®2, substrate binds
to the TMD cavity, which raises the question: how does substrate binding affect the
transporter’s conformational equilibrium? The TM4 kink induced by ligands that enhance
ATPase activity (Fig. 2d)?2:87 is intriguing as TM4 connects to the NBD2-interacting
coupling helix. P-gp structures with ligands (Taxol3°, Zosuquidar?6:35 and Qz-Alab7)
suggest that this kink enables interactions important for substrate selectivity, and plays an
allosteric role in NBD dimerization. Similarly, in an inward-facing C. merolae ABCB1
structure32 this same TM4 region is disordered, and mutations to rigidify it reduced both
transport and ATPase activity. Thus, TM4 conformational flexibility is important in gating
access to the substrate-binding site and communicating to the NBDs.

In most if not all type | exporters, ATP binding facilitates NBD dimerization28, which is
essential for transport activity. Residues at the TMD apex are important in stabilizing the
inward-facing state and can be affected by substrate binding32. Substrate interactions with
residues across the TMD cavity stabilize the cytosolic gate constriction. That is, substrate
binding reduces the transition energy for ATP-dependent NBD dimerization (Fig. 3 step
2)71,
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An alternating access model assumes the existence of occluded states—transitions between
the inward- and outward-facing states—in both arms of the transport cycle33:34.72 although
these states may be transient. Overall, evidence from most transporters suggest that the
outward-facing state is the stable ATP-bound state, placing the occluded state at higher
energy (Fig. 3 step 3), with the specific energy differences in a given system producing
either a transition state or an intermediate.

NBD dimerization and transition to outward-facing distorts the TMD cavity, repositioning
substrate-interacting sidechains, which may decrease affinity of substrate for its binding site.
Furthermore, outward opening allows the substrate to equilibrate with the extracellular
space. This effectively creates a Brownian ratchet: substrate release allows the TMD to relax
to its final outward-open conformation with a distorted substrate-binding site. While
substrate release is sometimes referred to as “peristalsis”, a Brownian ratchet-like
mechanism does not require a direct force applied to the substrate for its movement across
the membrane. Thus, the “power stroke” of substrate transport across membranes is ATP
binding and NBD closure (Fig. 3 step 4).

When ATP hydrolysis is inhibited by mutation or vanadate, the outward-facing state is
stable, suggesting that ATP hydrolysis is essential to reset to inward-facing. ATP hydrolysis,
phosphate and ADP release, or both, lead to NBD dimer destabilization and separation,
prompting a reset to inward-facing (Fig. 3 steps 5-7), with the coupling helices coordinating
TMD and NBD motions. One exception is caused by mutation to the conserved D-loop
aspartate of the TAP1 NBD, which allows transition to inward-facing state without ATP
hydrolysis, turning TAP from a one-directional transporter to an exchanger or facilitator’3.
This exception underscores that ATP hydrolysis ensures unidirectional transport. In addition
to the thermodynamic costs, the multi-molecular nature of ATP synthesis (i.e. microscopic
reversibility of hydrolysis) and the likely high-energy transition state involving proximal
charged inorganic phosphate and ADP provide a kinetic barrier to ATP synthase activity
ensuring unidirectional transport by this mechanism.

Combining the above information, we arrive at a consensus cycle (Fig. 3). The transporter
rests in an ensemble of low-energy inward-facing state(s). In the basal cycle in the absence
of substrate, NBD dimerization has a large activation energy and may represent the rate-
limiting step of the conformational cycle’. Substrate binding stimulates change in the
TMDs priming NBD dimerization3%:37:75. This may be the basis for substrate stimulation of
ATP hydrolysis because while the NBD dimer can form in the absence of substrate, substrate
binding increases the NBD dimerization rate, therefore ATP hydrolysis. ATP is essential for
stable NBD dimerization because the two ATP molecules are central to the interface. Both
an ATP-stabilized NBD dimer and substrate bound in the TMD cavity are required to lower
the activation energy to transition to outward-facing (or occluded). Substrate is released due
to reduced affinity of the TMD cavity for substrate during the transition. ATP hydrolysis
then disrupts the NBD dimer, resetting the transporter to initiate the next cycle.

Different transporters vary in details: transition rates correspond to the specific energy of the
states, which depends on the protein’s identity and lipid environment33.70, An open question
is whether hydrolysis of the two ATPs play independent roles during the conformational
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cycle. Most studies confirm that a single hydrolysis and phosphate release event destabilizes
the NBD dimer, promoting transition to inward-facing. Indeed, in many heterodimeric or
pseudosymmetric transporters, the ATPase site asymmetry is genetically encoded, with one
site containing consensus ATPase motifs and the other containing degenerate motifs’®.
While both bind ATP, the degenerate site hydrolyzes less efficiently’8. Similarly, the
asymmetric BmrCD transporter hydrolyzes one ATP per transport cycle, with the
degenerate-site ATP bound through the cycle’”:’8. In contrast, DEER experiments with P-gp,
which has two non-equivalent consensus ATPase sites, suggested that hydrolysis of one ATP
couples to the inward-to-occluded transition while the second hydrolysis and phosphate
release is essential to reset to the inward-facing state’:7%, matching the requirement of our
model. The “extra” hydrolysis event, absent in transporters with a single catalytically
competent ATPase site, may be coupled to events not described by our consensus model, but
one hydrolysis event is always coupled to transporter reset.

Trans-inhibition represents a variation of our model, connecting substrate release and ATP
hydrolysis in the outward-facing state, best studied in TAP and its homolog TmrAB2%.73, In
trans-inhibition, accumulated transported substrate interacts with the TMD’s outward face
and inhibits further transporter cycling. This could result from unfavorable substrate release
in equilibrium with high concentration of free (transported) substrate, although spectroscopy
data indicate that TmrAB accumulates in a substrate-bound occluded state (i.e. Fig. 3 step
3), suggesting allosteric inhibition by accumulated transported substrate?.

Overall, substrate translocation (Fig. 3 steps 1-4) and ATP hydrolysis (Fig. 3 steps 5-7)
represent two arms of the conformational cycle. Substrate binding affects the energetics of
the system by lowering the activation energy to form the NBD dimer’®, which likely
represents the rate-limiting step in the absence of substrate. ATP binding is sufficient for
substrate translocation, accounting for the “power-stroke” of the transport cycle. However,
ATP hydrolysis is essential to reset the system for another round of transport and may be
essential to ensure unidirectional transport. This separation may allow for evolutionary
divergence of ABC transporters while maintaining standardized ATP hydrolysis sites.

Pharmacology of ABC transporters

The human transporters associated with genetic diseases®1480, and drug exporters like P-gp
and ABCG?2 expressed in drug-resistant cancers'®, provide lessons on pharmacologically
targeting ABC transporters. Furthermore, TAP is an interesting system with an evolving set
of viral inhibitor proteins81:82, We discuss how the structural basis of ABC transporter
inhibition by competitive or allosteric inhibitors informs the conformational and
thermodynamic descriptions of the transport cycle.

As introduced above, P-gp’s polyspecificity arises from distinct binding modes for different
substrates (Fig. 2)#849, Yet all substrates, by definition, increase the probability of transition
to outward-facing leading to transport. Conversely, competitive inhibitors bind without
increasing the transition probability, thus inhibiting transport. It is then useful to compare
binding sites of substrates and competitive inhibitors, and their respective effects on
conformational dynamics. A complication arises in the multidrug resistance field:
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“inhibitors” are often defined functionally as reducing export of drugs, and some
“inhibitors” are actually competing substrates of multidrug exporters83.

P-gp structures with competitive inhibitors reveal interesting inhibitor binding modes (Fig.
4a): (i) P-gp bound to a pollutant, polybrominated diphenyl ether (PBDE)-100°3; (ii) P-gp
bound to various cyclic peptides, some likely substrates, some inhibitors23:67; (iii) P-gp
bound to Zosuquidar, a likely competitive inhibitor26:35. PBDE-100 overlaps the substrate-
binding site, but interacts deeper in the TMD with aromatic residues implicated in the
transition to outward-open32, possibly stabilizing the inward-open state. Structures with
cyclic peptides showed two bound molecules, to upper and lower sites—i.e. closer and
farther from the extracellular gate—in the TMD cavity (Fig. 4a)%’. In contrast, two
Zosuquidar molecules are trapped in an occluded cavity, leading to decreased ATPase
activity26:35, This stable occluded state is reminiscent of the trans-inhibition mechanism
proposed for TmrAB2°,

MD simulations showed that binding of a compound in the upper site promoted NBD-dimer
closure, whereas lower-site binding did not®*. This suggests that substrate interactions
within the upper TMD cavity may lower the activation barrier to the outward-facing state
with NBD dimerization (Fig. 3 step 2). Similarly in another study, while the NBDs of both
apo and substrate-bound P-gp moved toward each other in simulations, only the substrate-
bound state NBDs aligned with the closed NBD dimer’®. Spectroscopy studies show that
transported substrates cause distortions of TM4 or TM4’ to form the NBD dimer6. P-gp
structures with some competitive inhibitors show analogous TM4 or TM4’ kinks (Fig. 2d),
suggesting these “competitive inhibitors” may be bona-fide substrates. However,
spectroscopy experiments show that Zosuquidar inhibits the transition dynamics of inhibitor-
bound P-gp, leading to a downstream failure in transport’?.

The macrocyclic peptide aCAP, a non-competitive inhibitor, stabilized an inward-facing
CmABCBL structure32 by binding to the TMD exterior near the outer leaflet surface, likely
preventing the transition to outward-facing (Fig. 4b). Indeed, biochemical experiments and
comparisons with the outward-facing Sav1866 structure8® identified interactions at the TMD
apex forming an extracellular gate, which stabilize the inward-facing state and are disrupted
when the TMD transitions to outward-facing. aCAP thus allosterically inhibits CmABCB1
by stabilizing the closed extracellular gate, consistent with the idea that substrate binding
destabilizes the gate to increase the inward- to outward-facing state switching probability.
Furthermore, conformation-specific antibodies or nanobodies act as inhibitors that trap the
transporter in specific states and affect the cycle (Fig. 4b)26.86,

MsbA structures with inhibitors G907 or G092 (Fig. 4b)87 reveal a similar allosteric
mechanism: G907 binding to TMs 4-6 outside the TMD cavity within the membrane causes
TM4 straightening and rigidification, similar to P-gp competitive inhibitor PBDE-100 (Fig.
2d). Furthermore, the NBDs unlatch from the coupling helices, reinforcing the idea that
TM4 conformation provides the allosteric pathway between the substrate-binding site and
NBD.
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Combining the growing repository of structures, MD, and experiments enables drug design
in a mechanistic context, to target specific modes-of-action. It will be helpful to classify type
| exporter inhibitors based on their mode-of-action like the cystic fibrosis drugs described in
Supplementary Note. Viral proteins that evolved to interfere with TAP88 also provide
inspiration: TAP structures with bound ICP47 highlight the stabilization of the inward-facing
state and occlusion of substrate binding (Fig. 4a)>*89.90, Finally, identifying native
substrates of multidrug exporters9! will improve our understanding of these transporters as
pharmacological targets.

Type Il ABC exporters

Although we focused on type | exporters, we briefly address advances in understanding
substrate binding and conformational states for type Il exporters. Type | and type |1
exporters are distinguished by structural differences in the TMDs (Fig. 1a)8. TMs are shorter
in type 1l than in type | exporters, bringing the NBDs closer to the membrane, and an
insertion between TM5 and TM6 forms a small extracellular domain92:93, Furthermore, type
Il TMDs are not intertwined (Fig. 1a): the NBD of each protomer interacts directly with the
respective TMD via a membrane-proximal connecting helix preceding TM1 and a coupling
helix between TM2 and TM3%,

Type Il transporters form two subfamilies, ABCA and ABCG. ABCG transporters, homo- or
heterodimers with an NBD-TMD topology, transport hydrophobic molecules in different
contexts across eukaryotic phyla®*95. ABCG5-ABCG8 and ABCG?2 structures highlight the
core type Il exporter structure in inward- and outward-facing states (Fig. 1d)%2:93.96_|n
inward-facing structures®2:93, the TMD flexes proximal to the unliganded NBDs—which
stay connected near their C-terminus—to open an inward-facing cavity for substrate binding.
Similar to type I, Mg2*-ATP-induced NBD dimerization closes the TMD on the intracellular
side%,

ABCG?2 structures with estrone-3-sulfate substrate% or competitive inhibitors MZ29 or
MB136%7 are inward-facing, similar to the apo structure (Fig. 1d). Analogously to type |
exporters, the substrate is tucked high within the inward-facing cavity, whereas the inhibitors
extend much lower. In the MZ29 case, two inhibitors are bound; in the case of the larger
MB136, a single curved molecule occupies the same space as the two MZ29 molecules. The
inhibitors likely act as wedges precluding conformational changes necessary for the
transport cycle to proceed, like type | exporter inhibitors ICP47 and glibenclamide (a SUR1
inhibitor; Box 1).

The only structure of an ABCA exporter is of ABCA1%, the lipid and cholesterol exporter
involved in HDL production®. The ABCAL1 topology is similar to the ABCG structures,
with the following distinctions: ABCA transporters are typically single polypeptides with a
TMD-NBD-TMD-NBD organization, and their extracellular domain is larger, formed by
large insertions between TM1 and TM2 (and TM7 and TM8), additionally to the TM5-TM6
(and TM11-TM12) loop. The large extracellular domain may aid in forming the nascent
HDL.
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ABCAL1 features mostly separate TMD bundles, with only a narrow interface proximal to the
cytosol®8. The shallow TMD cavity is positively charged, likely primed to bind lipid
headgroups, and the large lipid-exposed TMD surfaces may provide lateral access to lipid
substrates for floppase activity. This unusual mechanistic hypothesis® is only compatible
with the type Il TMD topology, which lacks the helix-swapping of type | exporters.

Although type I and type Il transporters have different TMDs, the overall conformational
cycles contain comparable conformations enabled by analogous biochemistry of ATP
binding and hydrolysis. Therefore, while the details of inhibitor design will necessarily
differ, general principles—Ilike creating large physical wedges that compete with substrate—
are transferable between the two types of eukaryotic ABC exporters.

Concluding remarks and future directions

We aimed to consolidate the structural insights on eukaryotic ABC exporters from the last
decade. Type | exporter structures readily bin into four primary conformations, yielding a
proposed consensus model of transport that is a variation of the classical alternating access
mechanism. The model relies on the idea that ATP binding powers transport by facilitating
the inward- to outward-facing transition, while substrate binding promotes ATP-bound NBD
dimerization. This leads to a higher ATPase rate when substrates are transported, i.e.
substrate stimulation. Changes in the binding cavity facilitate substrate release, and ATP
hydrolysis destabilizes the NBD dimer, resetting to an inward-open state.

We do not know exactly how binding of ATP and substrate to the inward-facing state are
coordinated, although it likely happens via the coupling helices connecting the TMDs to the
NBDs through conserved tertiary contacts. While work on isolated NBDs indicates they
readily bind nucleotides (e.g.1576:200) it was surprising that full-length structures of
multiple type | exporters determined in the inward-facing state showed no bound nucleotide
even when ATP was provided. Substrate binding to the TMDs may increase the affinity of
NBDs for nucleotides, although direct evidence for this is still lacking20L. Other nucleotide-
related questions that will benefit from structural insights include: are one or two ATPs
hydrolyzed in a typical transport cycle? How does the ATPase site asymmetry affect
nucleotide binding and hydrolysis? How is the free energy of ATP hydrolysis incorporated
into the uphill transport of substrates? There are likely important variations on the consensus
transport cycle, some of which are becoming clearer with work on non-transporter ABC
proteins like CFTR and SUR1 (see Box 1).

In addition to spectroscopic and computational methods such as enhanced sampling in MD,
advancements in cryoEM including the ability to identify conformational
subpopulations38-49 promise to add thermodynamic and mechanistic detail to models for
specific transporters by measuring occupancy of states in populations of molecules.

Mechanistic models as presented here (or others made in similar fashion) are useful for drug
design and classification by biophysical mode-of-action26:66.87 This refined design strategy
can improve success at addressing the pressing needs for inhibitors of multidrug resistance
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transporters and modulators to mitigate the effects of mutations in ABC transporters linked

to

genetic diseases.

Finally, the homologous structures and consensus model also highlight the common
evolutionary history of this broad family of transporters. Separation of substrate binding
from the overall transport cycle (as evidenced by the commonly observed basal ATPase
activity) as featured in our consensus model may represent a fruitful evolutionary strategy.
This may be why the ABC transporter superfamily has supported wide evolutionary
divergence and a broad substrate repertoire while maintaining a strong coupling of the ATP
binding and hydrolysis cycle to stereotyped conformational changes.
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Box 1

“Transporters” that have evolved to perform alternate functions

CFTR (ABCC?7) is an ATP-gated chloride channel in epithelia, mutated in cystic fibrosis
(CF)102, SUR1 (ABCC8) and SUR2A/B (ABCC9) are regulatory subunits in the Kap
nucleotide-gated potassium channel, a diabetes type 2 drug target193. All three are
important pharmacological targets.

CFTR channel opening probability correlates with ATP-dependent NBD dimerization%4,
Structures in nucleotide-free (closed channel) states resemble classic inward-open
structures (figure herein; PDB 5UAK). Rate-limiting NBD dimerization produces a near-
classic outward-facing state’4105-108 a|though the “broken” inner gate forms a
porel06.109 ATP hydrolysis destabilizes the NBD dimer, closing the channel. The
regulatory or R domain linker between the pseudosymmetric CFTR halves is inhibitory.
The unphosphorylated R domain occupies the TMD cavity2%7, inhibiting NBD closure
analogously to ICP47 inhibition of TAP (figure herein, green surface). Phosphorylation
releases the R domain, thus relieving CFTR inhibition’4108,

CF mutations decrease CFTR activity and are classified based on molecular phenotype’®,
with available drugs grouped by mode-of-action. Drug cocktails can therefore match drug
mode-of-action to the mutations’ classificationl19. Mutations form two high-frequency
clusters92, The coupling helix-NBD1 interface cluster (figure herein, blue) contains
mutations, like AF508, that impair folding and are targets of “corrector” drugs that help
fold or stabilize CFTR192 (figure herein; corrector binding site boxed). The NBD-NBD
interface cluster (figure herein, red) includes mutations, like G551D, that decrease
probability of channel opening, and are targets of potentiators like VX-770111.112
Identifying the VX-770 site could provide a strategy for developing ABC transporter
activators.

The pancreatic Karp channel—a propeller-shaped octameric complex with four SUR1
blades connecting via their TMDO to a tetrameric Kir6.2 hub forming the porel13-116
(figure herein; PDB 6BAA; lilac TMDO and Lasso, green Kir6.2)—plays a critical role in
insulin releasel®3, The Lasso domain linking TMDO to TMD1 also contacts Kir6.2. ATP
(not chelating Mg?*; figure herein, black) binds an inhibitory site on Kir6.2 near the
Lasso, which likely modulates SUR1-Kir6.2 interactions. The TMDO and Lasso are
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homologous to that in MRP1 and CFTR (Lasso only)114.115: these domains mediate
physical connections and allosteric coupling between ABC proteins and partners.

MgZ*-ATP (or ADP117.118) hinding at the SUR1 nucleotide-binding sites causes NBD
and TMD closure and a large rotation of the SUR1 core relative to TMDO08 to open the
channel13:115, The diabetes drug glibenclamide inhibits K arp; it binds low within the
SUR1 inward-facing cavity similar to type | exporter competitive inhibitors (figure
herein)114, preventing NBD and TMD closurel16,
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Fig. 1. Structural similaritiesin ABCB, ABCC and ABCD exportersin contrast to ABCA and
ABCG transporters.

(a) Schematic structures of type | (ABCB, ABCC and ABCD; left) and type Il (ABCA and
ABCG,; right) exporters with the core domain consisting of pseudo-symmetric TMDs (dark
and light grey) each coupled to an NBD (dark and light yellow) where Mg2*-ATP (orange
and black) bind. Some transporters contain an extra TMDO (lilac) that can modulate the
transporter. (b) Representative type | ABC exporter structures loosely binned to represent
conformational states in the consensus transport cycle. Inward-open: LTC4-bound bovine
MRP1 bound (PDB 5UJA); C. elegans P-gp (PDB 4F4C); C. jejuni PgIK (PDB 5C76);
AMPPNP-bound human ABCB10 (PDB 4AY X). Outward-occluded: Zosuquidar-bound
human-mouse chimeric P-gp (UIC2 Fab not shown) (PDB 6FN1); ATP-bound £. coli McjD
(PDB 50FR). Outward-open: ATP-bound hydrolysis-deficient bovine MRP1 (PDB 6BHU);
ATP-bound hydrolysis-deficient human P-gp (PDB 6C0V). Inward-occluded: E. coli McjD
(PDB 50FP). (c) Structures of NBDs during a transport and ATPase cycle viewed from the
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cytosol looking at the membrane. Clockwise from top left: Separated apo-NBDs in inward-
open state (PDB 4F4C); Interacting Mg2*-ATP-bound NBDs in outward-occluded state
(PDB 50FR); ATPase-competent Mg2+*-AMPPNP-bound NBD dimer in outward-open state
(PDB 20NJ); Interacting NBDs in inward-occluded state after ADP and phosphate release
(PDB 50FP). (d) Structures of stereotypical type 11 exporters: nucleotide-free inward-open
ABCG5/G8 (left; PDB 5DQ7), inward-open ABCG2 with substrate estrone-3-sulfate
(middle, PDB 6HCO), and ATP-bound outward-open ABCG2 (right; PDB 6HBU).
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Fig. 2. Experimentally identified substrate-interacting residues suggest binding site diversity
among ABC exporters.

(a) Biochemically identified substrate-interacting residues in TAP and P-gp. Left:
Zosuquidar-bound P-gp (UIC2 Fab not shown; PDB 6FN1). Purple spheres represent
substrate-interacting residues from structure and crosslinking experiments. Right: ICP47-
bound TAP (PDB 5U1D). Pink segments crosslinked to substrate peptides. Purple spheres
represent crosslinked residues, variants that affect substrate transport and selectivity, and
substrate-docking studies. (b) Substrate-bound structures highlight the chemical diversity of
interactions distributed across the TMD cavity. Left: LPS-bound £. coli MsbA (PDB 5TV4).
Right: LTC4-bound bovine MRP1 (PDB 5UJA). Pink and purple spheres represent
substrate-interacting residues forming hydrophobic and polar contacts respectively. (c) TAP
and P-gp substrate-interacting residues highlighted in (a) and (b) (purple) mapped onto the
TAP TMD cavity viewed from the cytosol (PDB 5U1D). Cyan cloud highlights the
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combined positions of substrates LTC4 (PDB 5UJA) and Zosuquidar (PDB 6FN1). (d)
Substrate-induced changes in TM4 and TM4°/10 with aligned structures of PBDE-100-
bound P-gp (gray, PDB 4XWK), apo-P-gp (yellow, PDB 4F4C), Zosuquidar-bound P-gp
(blue, PDB 6QEE), Taxol-bound P-gp (green, PDB 6QEX), QZ-Ala-bound P-gp (magenta,
PDB 4QQ9I), with the corresponding ligands as dotted surfaces. See Supplementary Table 1
for residue lists and references.
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Fig. 3. Consensusthermodynamic model for transport by ABC exporters.
Vertically aligned (a) energy diagram and (b) conformational state schematics for transport

cycle of type | ABC exporters. The resting state (1) is inward open. Substrate and ATP
binding promotes transition through substrate-bound occluded states (2, 3), to a locally
stable outward-open state (4), with an ATP-dependent NBD dimer. Substrate-bound
transporters have a lower transition energy (red box), accounting for the observed substrate
stimulation. After substrate release (5), ATP hydrolysis destabilizes the NBD dimer and
outward-open state, leading the transporter to transition through an occluded state (6) and
ending at the inward-open state (7) concomitant with release nucleotide, resetting for
another round of transport.
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a Competitive inhibitors
TAP

A PBDE-100

Fig. 4. Structural insightsinto ABC transporter phar macology.
(a) Structures of type | exporters bound to competitive inhibitors. From left: the core

domains of human TAP bound to ICP47 (PDB 5U1D); chimeric mouse-human P-gp bound
to two Zosuquidar molecules, a small-molecule inhibitor (PDB 6QEE); mouse P-gp bound
to the marine pollutant PBDE-100 (PDB 4XWK); mouse P-gp bound to two QZ-Ala
cyclopeptides (PDB 4Q9l), which may be a competing substrate. (b) Structure of type |
exporters bound to non-competitive inhibitors. From left: C. merolae P-gp homodimer
bound to two aCAP cyclopeptides (PDB 3WMG); C. jefuni PglK homodimer bound to a
single Nb87 nanobody (PDB 5NBD); £. coli MshA homodimer bound to LPS substrate
(black) and two G907 small-molecule inhibitors (PDB 6BPL); chimeric mouse-human P-gp
bound to the UIC2 antibody (only the Fv fragment is illustrated and the transporter is rotated
~180° relative to other panels to better view the interface; PDB 6FN4). Color-coding as in
Fig. 1, with the inhibitors illustrated as cyan dotted surfaces.
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