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Abstract: The discovery of first ATP-binding cassette (ABC) transporter, whose overexpression in
cancer cells is responsible for exporting anticancer drugs out of tumor cells, initiated enormous ef-
forts to overcome tumor cell multidrug resistance (MDR) by inhibition of ABC-transporter. Because
of its many physiological functions, diverse studies have been conducted on the mechanism, func-
tion and regulation of this important group of transmembrane transport proteins. In this review, we
will focus on the structural aspects of this transporter superfamily. Since the resolution revolution
of electron microscope, experimentally solved structures increased rapidly. A summary of the struc-
tures available and an overview of recent structure-based studies are provided. More specifically,
the artificial intelligence (AlI)-based predictions from AlphaFold 2 will be discussed.
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1. Introduction

Cancer is the second leading cause of mortality in the European Union after cardio-
vascular diseases, 2020 alone, about 2.7 million people in the 27 EU countries were diag-
nosed with cancer, and nearly 1.3 million die from it [1]. Though large effort was made on
cancer therapy, lives lost to cancer in the EU still tend to increase [2]. A major obstacle in
cancer treatment is the development of resistance to many structurally dissimilar cyto-
toxic substances. This phenomenon is termed as multidrug resistance (MDR), which
causes the cancer cell ineffectiveness in accumulating drugs, related to activity of an en-
ergy-dependent unidirectional, membrane-bound, drug-efflux transporter proteins. They
belong to the ATP-binding cassette (ABC) transporter superfamily. In total, the human
ABCome is composed of 48 genes, which encodes seven subfamilies of ABC transporter
proteins on the premise of sequence divergence and structural arrangement. The follow-
ing nomenclature (alternative symbol in parenthesis) was suggested by the Human Ge-
nome Organization’s Gene Nomenclature Committee (HGNC): ABCA(ABCI),
ABCB(MDR), ABCC(MRP/CFTR), ABCD(ALD), ABCE(OABP), ABCF(GCN20) and
ABCG(WHITE).

The first human ABC transporter, P-glycoprotein (P-gp, encoded by the MDR-
1/ABCBI1 gene), was characterized in 1976 [3]. Subsequent to the discovery of P-gp, studies
of cancer cell revealed other phenotypes, which showed multidrug resistance related char-
acteristics. These multidrug resistance related proteins (MRPs) were later classified as the
ABCC subfamily [4]. Simultaneously, a novel half transporter member of the ABC super-
family was identified from a resistant breast cancer cell line [5], hence named as breast
cancer resistance protein (BCRP, encoded by the ABCG2 gene). Of all 48 human ABC
transporters that have been described so far, these three aforementioned members are
predominantly linked to MDR.

In principle, an ABC transporter comprises four domains, namely two transmem-
brane domains (TMDs) embedded in the lipid bilayer, and two nucleotide binding do-
mains (NBDs) facing the cytoplasmatic space. The human ABC transporters can be either
full- or half-transporters. In the full transporter transcript, the motifs are arranged as N-
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TM-NB-TM-NB-C, whereas the latter ones have only one TM and one NB. Hence the half-
transporters should form homodimers or heterodimers to perform the function. The typ-
ical TMDs are consist of 2 x 6 a-helices, which construct together one centralized efflux
path for a variety of substrates. This folding pattern is conserved among the eukaryotic
cells with, however, a lower sequence conservation comparing to the NBDs [6,7]. In the
NBDs, where binding and hydrolysis of ATP takes place, some motifs are highly con-
served, such as Walker-A, Walker-B, signature sequence (also as linker peptide or Walker-
C motif) [8], Histidine loop [9], and Glutamine loop [10].

With enhanced direct electron detectors [11] and image-processing packages [12],
cryo-electron microscopy (cryo-EM) has elevated the progress of structural biology. This
short review mainly focuses on those three ABC transporter members (ABCB1, ABCC1
and ABCG2), which are predominantly linked to the phenomenon of MDR [13]. We sum-
marize the research state from the structural biology aspect as well as structure-based in-
silico analyses. Finally, the impact of AlphaFold is discussed.

2. ABCB1

P-glycoprotein (P-gp, P for permeability), by far the best-known and well-studied
ABC-transporter, is composed of 1280 amino acids (170 kDa). In 2018, Kim et al. published
for the first time a cryo-EM structure of human ABCB1 in an ATP-bound, outward-facing
conformation, at a resolution of 3.4 A (PDB code: 6C0V) [14]. Subsequently, Alam et al.
Obtained series of three-dimensional (3D) structures of human P-gp via cryo-EM in a nu-
cleotide-free state (PDB code: 6QEX, 6FN4, 6FN1) with resolution from 3.58 to 4.14 A. Re-
markedly, they managed to solve the structures both in substrate (Taxol: a chemothera-
peutic compound) and inhibitor-bound (Zosuquidar: a third generation ABCB1 inhibitor)
states. These inward-open and occluded conformations demonstrate the plasticity of the
central binding pocket in the way how the side chains and backbone rearrange [15]. More
refined structures were reported by Nosol et al. in complex with the Fab fragment of an
inhibitory monoclonal antibody MRK16 [16]. The highest resolution (3.2 A) among their
retrieved structures is with vincristine (an antitumor drug) in a substrate-bound occluded
state (PDB code: 7A69). Besides capturing another conformation of the substrate binding
modus, they also determined additional structures (PDB code: 7A6C, 7A6E) bound with
other potent inhibitors (elacridar and tariquidar).

As known that P-gp has a broad spectrum of substrate, this wide substrate specificity
also refers to a crucial obstacle of designing specific ABCB1 inhibitors. Unspecific inhibi-
tors (like vanadate), which target the conserved ATPase sites, is out of scope from this
review. Instead, specific inhibitors, that compete with substrates for binding, is the point
of discussion. Both Alam and Nosol observed a single substrate transporting, but an in-
pair inhibitors interaction in the same drug binding pocket. Moreover, there were existing
report about potential transporting process for inhibitors (elacridar and tariquidar) under
a very low concentration [17]. These observations suggest that there is no strict boundary
between substrates and inhibitors, but to which extent the small molecule occupies and
interacts with the central cavity or even beyond [16]. In general, it is worth noticing that
the central binding site of human ABCB1 is mainly composed of aromatic side chains. In
addition, the cytoplasmatic gate region (also being called access tunnel) participating in
inhibitor binding is relative acidic. These observations are consistent with the fact that P-
gp moderators are generally hydrophobic, positive charged or neutral.

3. ABCC1

When analyzing P-gp expression in different tumor types it turned out that some cell
lines process a high level of drug efflux but do not show upregulation of P-gp expression.
In 1992, Cole et al. managed to clone a cDNA encoding a specific transporter protein of
170kDa, and termed it multidrug resistance related protein 1 (MRP1) [4]. Later, it was
grouped into the C-subfamily of ABC transporter through sequence analysis. According
to HUGO Human Gene Nomenclature, the C-class human ABC protein gene family
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includes 12 members. Among them, nine are multidrug resistance related, namely MRP1-
9 (or ABC1-6, ABC10-12). Besides that, there is also the cystic fibrosis transmembrane con-
ductance regulator (CFTR/ABCC?7), which is an ATP-gated chloride channel instead of an
active transporter [18]. The other two are sulfonylurea receptors SUR1 and SUR2 (or
ABCCS8, ABCC9 respectively), known as a component of an ATP sensitive potassium
channel [19].

Topologically, the C-subfamily can be divided into “long” and “short” proteins. In
general, the structural pattern of a typical ABC transporter remains, namely two TMDs
and two NBDs. The only difference between the “long” and “short” ABCC proteins is an
extra transmembrane domain 0 (TMDO, approximately 250 amino acids in addition) on
the N-terminal of the long ones. This additional domain exists in 5 MRP members, namely
MRP1, MRP2, MRP3, MRP6, MRP7 (ABCC1/2/3/6 and ABCCI0 respectively), as well as
in SUR1, SUR2 [20]. Interestingly, this TMDO was reported as an influence but not essen-
tial for the transport function of ABCC1. Leukotriene C4 (LTC4, an endogenous substrate
of MRP1 [21,22]) can still be transported without this domain [23], whereas certain muta-
tions on it can reduce the transport activity [24,25]. Moreover, the loop 0 (L0) connecting
TMDO with TMD1, also called lasso motif in other MRPs [26] , has been shown to engaged
in intracellular recycling process [27] and transport activity [23], being probably even en-
gaged in the gating process [28] of the two NBDs during catalytic process.

At present, MRP1 is the first and best-studied ABCC/MRP protein in the field of clin-
ical oncology [29]. Unfortunately, after almost 30 years since the discovery of ABCCI, the
exact 3D structure of the human ABCCI1 has not been successfully determined yet. Alter-
natively, other eukaryotic molecular structures are available: they are from Bos taurus and
were published by the same research group from the year 2017 to 2020 (PDB code: 6UY0,
6BHU, 5U]9, 5UJA) [30-32]. The bovine MRP1 (bMRP1) is close to the human transporter
(hMRP1) both in sequence similarity (91%), and substrate affinity [29,33,34]. Based on this
fact, analyzing the available bovine structures in different conformations (inward-facing,
substrate-bound, outward-facing) can help to gain insights of hMRP1 structural determi-
nants for substrate recognition and transport. Like P-gp, MRP1 is also capable of recog-
nizing a diversity of structurally unrelated molecules, however, through totally different
mechanism. The substrate-binding site of MRP1 is rather small and bipartite, composed
of a positively charged and a hydrophobic region [33]. A ramification of this fact is that
the whole transporting pathway of MRP1 is basic, which explains its trafficking prefer-
ence of organic acids with large hydrophobic groups [35].

4. ABCG2

Subsequent to the discovery of ABCCI, three different research groups inde-
pendently found another multidrug efflux transporter. Originally it was named as breast
cancer resistance protein (BCRP [5]), ABC transporter overexpressed in placenta (ABCP
[36]), or mitoxantrone resistance (MXR [37]) protein, respectively. Based on sequence sim-
ilarity and structural organization [38], it was assigned to the ABCG subfamily. The hu-
man G-class ABC protein subfamily is composed of six half transporters arranged as N-
NB-TM-C, which is opposite to the other ABCs (TM at the N-terminus). Among them, the
second member ABCG2 is the one which confers resistance to several anticancer drugs
[39,40].

ABCG2 is a membrane protein consisting of 655 amino acids (72 kDa). Its functional
unit is minimal a homodimer, although reports about higher order homo-oligomers also
have been published [41-43]. Nevertheless, high-resolution structures of human ABCG2
thus far are all determined as dimer [44-49]. As a half transporter with shorter sequence,
ABCG?2 differs to the other two aforementioned human multidrug transporters ABCB1
and ABCC1 with respect to domain-swapping and TM-extension into cytosol. Conse-
quently, it has a unique substrate capture and transport mechanism. The first experi-
mental solved full human ABCG2 occluded structure by Jackson et al. [45] in 2018 con-
firmed the intriguing finding of Taylor et al. [44] in 2017. They demonstrate an adjacent
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architecture of the NBDs under the inward facing occluded status, while the NBDs of the
full transporters stay separated under this conformational state. Orlando et al. [47] from
the same group managed in 2020 to capture the resting ABCG2 in an antibody-, substrate-
and inhibitor-free condition. The resting ABCG2 stabilizes in an inward facing apo con-
formation with the TMDs being separated as in the inward facing occluded conformation,
but the TM5s shift towards the dimer axis to seal off the crevice in absence of bound in-
hibitor/substrate (Figure 1a). In comparison to that, both TMDs and NBDs of ABCB1 and
ABCC1 adopt an open conformation to the cytoplasmatic side in the apo state (Figure 1b,
10)

TMD1 TMD2

Membrane 1 2

TMDO

TM5s

Loop O 6

(a) NBD1 (b) NBD2 c)

Figure 1. Inward facing apo conformation comparison of ABCG2 dimer (one monomer in orange,
another in yellow) with ABCB1 and ABCCL1. (a) Two TM5s from two ABCG2 subunits rotate to-
wards the central crevice, while the rest TMs of the NBD rotate towards the intracellular space. (b)
ABCB1 and ABCC1 are full transporter with two TMDs and NBDs (TMD1 and NBD1 in blue, TMD2
and NBD2 in green), while the ABC1 comprises an extra TMDO colored in grey connected by loop
0. (c) Topology diagram of P-gp TMD1 colored in blue with two helixes (TM4 and TM5) cross-over
the central axis.

Overall, the group of Kaspar P. Locher has been publishing a variety of human
ABCG2 structure through cryo-EM since 2017. Various conformational states were cap-
tured (Table 1), including inward-facing (IF) apo (PDB: 5N]J3, 5NJG), inward-facing inhib-
itor/substate bound (PDB: 6FFC, 6ETI, 6FEQ, 6HIJ, 6HCO, 6VXH, 6VXI, 6VX]), apo closed
(PDB: 6VXF), and outward facing (OF) ATP bound states (PDB: 6HBU, 6HZM). Although
both substrates and inhibitors from all occluded structures were determined in a predom-
inantly overlapped cavity center, they perform different dynamics moderation upon the
transporter activity. As substrates, estrone-3-sulphare (E1S) or mitoxantrone (MXN) or 7-
Ethyl-10-hydroxycamptothecin (SN38), were found as a single molecule in the binding
site and can be translocated to extracellular space. However, two molecules of inhibitor
MZ29 (a derivative of fungal toxin fumitremorgin [50], selective inhibitor of ABCG2 with
neurotoxicity) occupied the same pocket, but reach out approaching the cytoplasmic
membrane boundary to establish enhanced interactions. Meanwhile, it shapes a larger
density than partial inhibitor MB136 (a derivative of tariquidar [51], a third-generation
ABCB1 inhibitor), and imatinib [52-54], which can fit only one molecule into that cavity.
Yet, contact strength and molecular volume are not the only fact that differentiate an in-
hibitor from a substrate. As a mutagenesis study (on Arg482 [55]) outside the known bind-
ing site can totally reverse the inhibition. Nevertheless, the known binding modes of sub-
strates and (partial) inhibitors can still serve as a boundary example for the future design
of ABCG2 moderators.
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Table 1. Summary of cryo-EM structures of human ABCG2

PDB Conformation Cocrystal-molecules Property Resolution (A) References
oNJ3 (NBDs rllljodeled) i i 3.78 TZ}(’)IF;[ZZ]EIL
SNJG (OnlyI”iMDs) ) ) 3.78 Tz}(l)llo;[i]a )
6FFC IF MZ29*2 Inhibitor 3.56 J a‘;lz)slcggg]al'
OETI IF MZ29*2 (Fab) Inhibitor 3.10 ]a(':zlz)sl(:;g]al.
Mz25° . Jackson et al.
6HIJ IF (Chol.es.terol and phospho- Inhibitor 3.56 2018[45]
lipid surrounded)
6HCO IF E1S Substrate 3.58 M;f;’gg‘[ﬁzlet
oHzM OF (Alteilzgi/2e+§agc2etnent) . 3.09 M;?géigﬁzlet
6HBU OF ATP*2+Mg2+ ) 3.09 M;r.lgéallgiz]et
6VXF Apo-closed - _ 350 Oﬂ;;l;(;l)(;;% al.
6VXH IF Imatinib Inhibitor 4.00 Oﬂ;)g%?;] al.
6VXI IF Mitoxantrone Substrate 3.70 Orl;)r;%a;; "
6VX] IF SN38 Substrate 4.10 Orl;(géig; al.

5. Protein Models and AlphaFold 2

Despite decades of investment from structural biologists, till now less than 10% of
the human proteins have experimentally solved 3D coordinates deposited in the Protein
Data Bank (PDB). (Protein-level coverage), which corresponds to approximately 17% of
the sequence in the human proteome (residue-level coverage) [56]. However, this number
could be considerably enhanced by creating protein homology models based on template
structures from other species. When analyzing the structural landscape of ABC-trans-
porter: we retrieved 160 available experimental solved human structures from PDB cov-
ering 24 ABC-transporter members. for all ABC-transporters protein models can be found
in SWISS-MODEL repository. Under circumstances, when no decent structure/model is
available, all ABC transporters have suitable templates in PDB for modeling with higher
than 70% sequence similarity.

Briefly, this analysis is based on a KNIME [57] workflow which summaries the up-
to-date status of the structural feasibility of all 48 ABC-transporter subfamilies. Upon a
list of PDB identifier and entity ID, other experimental information, for instance method,
resolution, sequence coverage, co-crystallized small molecules, and release data, are also
simultaneously extracted by the workflow. If extra requirement appears, a threshold can
be addressed on any aforementioned parameters. For instance, a 75% sequence coverage
cut-off for the experimental solved structure comparing to full canonical sequence would
filter out 59 structures and 3 transporter members, in which 91 are protein-ligand com-
plexes (Figure 2a). Plotting structure resolution value with the releasing time or ABC gen
name reveals that fact: 1) More than half of the structures (94 out of 160) were solved in
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last three years (Figure 3). 2) Experimental solved structure with lower than 3.5 A resolu-
tion takes 62% (99 out of 160) included both X-ray and cryo-EM solved structures of all
concatenates (Figure 2b).

m Complex ® None-Complex

75%
sequence coverage

No threshold

o

20 40 60 80 100 120 140 160 180
Count of structures

(a)

m High quality ~ Low quality

X-ray

Cryo-EM 57

o
]
o

40 60 80 100 120
Count of structures

(b)

Figure 2. Composition of PDB structure. Blue fraction is the structures with co-crystalized small
molecules, and the orange part is the ones without. (a) Totally, 160 PDB structures are retrieved for
all 48 ABC-transporters, in which 136 concatenates contain crystalized small molecules. A threshold
of 75% sequence coverage filters out 59 structures, leaving 101 experimental solved human ABC
structures. Among which 20 are none-complex, 91 are protein-compound complex. (b) For the total
160 PDB structures, 99 structure possess a resolution value lower than 3.5 A, among which 42 are
solved by X-ray, 57 are from cryo-EM. Apart from these two methods, one structure was found
solved by NMR, which is not included in bar chart.
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Figure 3. Plot of experimental solved structures number to time of the releasement.

Finally, the availability of AlphaFold 2, an artificial intelligence approach for protein
3D structure prediction based on a neural network [58] had huge impact on the field. In
the AlphaFold 2 database (https://www.alphafold.ebi.ac.uk/download), 98.5% of all hu-
man proteins have a structural prediction. Therein, 58% of all modelled residues have a
high (>70) confidence score (pLDDT, predicted local distance difference test score). This
score scales between 0 to 100, in which a larger number indicates higher confidence on the
prediction.

Taking example of human ABCB1, despite the significant success in solving the over-
all structure, the communication between NBD and TMD remains unknown. The region
between Ala631 and Pro693 connecting NBD1 with TMD?2 is absent in all experimental
determined structures but present in the AlphaFold prediction. It is known as a flexible
linker being involved in substrate specificity and conformational change completing the
full transport circle [59,60] The group of dos Santos has been studying this region inten-
sively via docking, homology modelling and molecular dynamics [61,62]. Their latest up-
date [63] on the linker secondary structure demonstrates a different configuration (avail-
able under this link: http://chemistrybits.com/downloads/systems/) as it is presented in
the AlphaFold 2 database, while both are in an inward-facing conformation. When super-
posed in Molecular Operation Environment (MOE) (Chemical Computing Group, 2019
software suite) [64], AlphaFold prediction shows a higher expose level with the upper
loop extending into the cytoplasmatic space, along with an extra helix segment on the
lower part (Figure 4a). Whereas, the finalized model from dos Santos suggests a larger
protein-protein contact surface with a more compact coil (Figure 4b).

Indeed, this linker domain is a highly flexible region. Along the years, models pub-
lished by the dos Santos group have also been adjusting with the availability of murine
and human P-gp crystal structures. Such intrinsically disordered regions (IDRs) are often
depicted as very low confidence (pLDDT<50) region in AlphaFold predictions. Regions
with very low pLDDT score are suggested by Ruff et al. [65] no to be interpreted as struc-
ture but rather as a prediction of disorder.
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(b)

Figure 4. Flexible linker configuration between NBD1 and TMD2 of P-gp. Linker of AlphaFold 2
prediction colored in orange, indicating a low confidence pLDDT value. In comparison to Al-
phaFold position, model from dos Santos group packs the linker in blue tighter in the crevice. (a)
Linker position in the interface of P-gp (linker from AlphaFold model in orange, linker from dos
Santos group in blue). (b) The folding the link viewing from the view of the interface.

Aside from the disordered region, defined secondary structures can be determined
heterogeneous between experimental solved structures and AlphaFold 2 DB model pre-
diction. As an example, TMDO structures of bMPR1 published by Johnson et al. [30] and
Chen et al. [31] from 2017 to 2018 are up-to-now the only experimental determined results.
This is yet absent in the new bMPR1 cryo-EM structure released by Wang et al. together
with Johnson and Chen in 2020 [32]. The conformational transition cross transport cycle
is shown to be mainly conducted by the TMDs and the NBDs, while the TMDO0 undergo-
ing a minor adjustment (Figure 5b). In comparison, TMDO in the model from AlphaFold
2 derivates another conformation leaning closer to the TMD1, though the rest of the struc-
ture superposes well with the inward-facing ligand bound structure (Figure 5a). The ma-
jority of the TMDs of AlphaFold model are predicted with high confidence value (pLDDT
score > 70), yet the discrepancy of the TMDO determination is unneglectable.

Noteworthy, the local resolution (5 A) of TMDO in the first bMRP1 structure is re-
ported as far from satisfactory [30]. The electro-density correspond to this region is pre-
sent but insufficient for connectivity and residues detail assignment for every structure
published thus far. Eventually, all available TMDO region are polyalanine models fitting
to stereochemistry statistics and overall geometry of the cryo-EM map with the highly
flexible loop 0 (LO) connecting TMDO and TMD1. This leads to an ambiguous discrimina-
tion referring to the conformational variation of TMDO in AlphaFold 2 model.
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(a) (b)

Figure 5. Conformational arrangement bMRP1 viewing from intracellular side in MOE. (a) Super-
position of the cryo-EM structures in different conformational states (Pink: inward-facing apo, 5UJ9;
light grey: inward-facing occluded, 5UJA; dark grey: outward-facing ATP-bound, 6BHU). Together
with AlphaFold 2 prediction colored according to the pLDDT value scale (Dark blue: pLDDT>90,
light blue: 90>pLDDT>70, yellow: 70>pLDDT>50, orange: 50>pLDDT). (b) Under this superposition,
TMDO of AlphaFold model undergoing another conformational derivation while the rest of the
TMDs align well with TMDs of the cryo-EM inward-facing structure in pink.

The advantage of AlphaFold generating non-template-based full chain prediction,
however, becomes a limitation in the case of polypeptide chain. As a half-transporter, only
a monomer is presented in the AlphaFold database. A widely accepted concept of ABCG2
functional unit is as a homodimer [66,67], while other higher order oligomers are sug-
gested to serve as regulators for the dimeric form [68]. Without a decent arrangement of
the subunits, the value of the structural model is limited. On one hand, intermolecular
interaction between two halves can only be accessed in classical template-based homology
models [69] before crystal structure was solved in 2017. Although, it was proven later that
those intermolecular disulfide bridges are not essential for the activity [70], and they
might result from oxidation processes during sample preparation [68]. On the other hand,
the central cavity for ligand as well as inhibitor binding can only be accessed in the dimeric
form. It was observed in multiple cryo-EM structures, that substrates [46,48] (like estrone-
3-sulphate, cholesterol, mitoxantrone, topotecan, tariquidar) and inhibitors [45] (Ko143,
MZ29, and tariquidar-derivatives like MB136) bind in the same pocket on the symmetry
axis. While inhibitors extend over the critical accommodate volume, and establish extra
interaction beyond, they seal the transporter in an inward facing conformation. With one
monomer structure from AlphaFold prediction, neither the intermolecular interaction nor
the binding pocket composition can be reached. Moreover, conformational transformation
during transport circle requires also the full functional formation.

Eventually, AlphaFold 2 is not the main focus of this review. Besides, DeepMind re-
leased also the whole algorithm framework of AlphaFold2 in GitHub [58] with which one
can further explore other possibility, such as generating structural predictions in multiple
conformations, as well as new folding patterns. Above all, the novel deep learning frame-
work developed by DeepMind has still the potential to reverse-feed structural biology by
providing predicted model fitting into cryo-EM density [71] or by molecular replacement
to solve X-Ray structure [72]. Hence, it should accelerate the determination process the
human ABCC1 structure. Even when experimental determined structure is available, like
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ABCB1 and ABCG2, computational prediction can still provide valuable information,
such as signaling die disorder level of a region, or presenting the structure in another
conformation.

6. Conclusion

Reversing MDR remains a major challenge in cancer chemotherapy. Aforementioned
ABC transporter members are the most studied targets towards unraveling the mecha-
nism of drug resistance in cancer therapy. In the past decades, the research on these pro-
teins was enormously hampered by the fact that membrane proteins are extremely trou-
blesome to extract and purify. However, considerable progress was made by the struc-
tural biologists. This comprises not only solving 3D coordinate experimentally, but also
generating reliable predictions. Two out of these three aforementioned human ABC trans-
porters have multiple cryo-EM structures along the transition time line. Only ABCC1 has
no experimental solved structure so far, but the bovine homologues with sequence simi-
larity higher than 90% served as valuable templates for protein homology models of the
human analog. In addition, AlphaFold 2 predictions can serve as a powerful source for
3D protein models.
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ing; pLDDT, predicted local distance difference test score; MOE, molecular operating environment;
IDRs, intrinsically disordered regions
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