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W546 stacking disruption traps the human
porphyrin transporter ABCB6 in an outward-facing
transient state

Sang Soo Lee!, Jun Gyou Park!, Eunhong Jang1, Seung Hun Choi!, Subin Kim', Ji Won Kim? & Mi Sun Jin® '™

Human ATP-binding cassette transporter subfamily B6 (ABCB6) is a mitochondrial ATP-
driven pump that translocates porphyrins from the cytoplasm into mitochondria for heme
biosynthesis. Within the transport pathway, a conserved aromatic residue W546 located in
each monomer plays a pivotal role in stabilizing the occluded conformation via z-stacking
interactions. Herein, we employed cryo-electron microscopy to investigate the structural
consequences of a single W546A mutation in ABCB6, both in detergent micelles and
nanodiscs. The results demonstrate that the W546A mutation alters the conformational
dynamics of detergent-purified ABCB6, leading to entrapment of the transporter in an
outward-facing transient state. However, in the nanodisc system, we observed a direct
interaction between the transporter and a phospholipid molecule that compensates for the
absence of the W546 residue, thereby facilitating the normal conformational transition of the
transporter toward the occluded state following ATP hydrolysis. The findings also reveal that
adoption of the outward-facing conformation causes charge repulsion between ABCB6 and
the bound substrate, and rearrangement of key interacting residues at the substrate-binding
site. Consequently, the affinity for the substrate is significantly reduced, facilitating its release
from the transporter.
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(ABCBS6) is a mitochondrial porphyrin transporter that

uses energy from ATP hydrolysis to translocate the heme
precursors protoporphyrin IX and coproporphyrinogen III from
the cytoplasm into mitochondria for heme biosynthesis!. ABCB6
is also highly expressed in the Golgi apparatus?, lysosomes,
plasma membrane, and intracellular vesicles®. Therefore, ABCB6
may perform diverse roles beyond mitochondrial porphyrin
transport®, potentially including protecting cells against oxidative
stress’, promoting heavy metal tolerance®?, and stimulating
broad resistance to xenobiotics!9-1%. In addition, ABCB6 serves as
a carrier for the Langereis (Lan) antigen, and its various mutation
types define the Lan blood group system, which is characterized
by the absence of Lan antigen on red blood cells'®. Genetic
mutations of ABCB6 are associated with many tissue-specific
diseases including porphyria, dyschromatosis universalis heredi-
taria (DUH)!7, ocular colobomal®, pseudohyperkalemial®, and
atherosclerosis2?.

ABCBS6 is a Type IV half-transporter of 842 amino acids with
only one transmembrane domain (TMD) and one cytosolic
nucleotide-binding domain (NBD) with an extra N-terminal
TMD (TMDO0)2L. It functions as a homodimer with the substrate
transport pathway and the active site of ATP hydrolysis built
from residues from both chains. TMDO is a unique domain that
folds independently of the rest of the protein chain. It is crucial
for endo-lysosomal targeting of ABCB6 but dispensable for
ATPase activity, substrate transport, and physiological
dimerization?2. A high-resolution structure of isolated NBD from
human ABCB6 was determined by X-ray crystallography,
revealing architectural similarity to other known NBD
structures?3, Efforts to obtain high-resolution structures of full-
length human ABCB6 using cryo-electron microscopy (cryo-EM)
have encountered challenges, including limited resolution (5.2 A)
in the apo state due to inherent flexibility and conformational
heterogeneity of the TMDO domain®*. Moreover, during the
expression and purification of full-length protein in insect cells,
partial proteolysis was observed, adding another layer of com-
plexity to structural analysis?®>. Subsequent investigations suc-
cessfully addressed these challenges by focusing on the core
region without TMDO (hereafter referred to as hABCB6r€),
leading to elucidation of near-atomic-resolution structures of the

I Iuman ATP-binding cassette transporter subfamily B6

transporter in various conformational states, including apo
inward-facing, substrate-bound inward-facing, and ATP-bound
occluded forms24-26, While these advances are significant, the
complete conformational cycle of ABCB6 remains uncertain,
primarily due to the lack of structural characterization for the
outward-facing transient state.

Here, we present cryo-EM structures of ADP-VO,-bound
hABCB6°™ using both detergent and nanodisc systems. Our
findings provide valuable insight into the role of the W546A
mutation and protein-lipid interactions in modulating the con-
formational preferences and dynamics of ABCB6. By integrating
our results with previous data, we construct a more complete
model of the conformational changes underpinning the substrate
release and catalytic cycle of ABCB6.

Results

VO,3- and AlF, inhibit the catalytic cycle of ABCB6°°r¢, but
S0,2 does not. Many ATP-binding cassette (ABC) transporters
can be captured in an outward-facing or occluded conformation
in the presence of nucleotide that mimics different stages of the
ATPase cycle?’-30, Song et al. (2021) reported that when ATP
binds alone without a substrate, the catalytically inactive E752Q
mutant of hABCB6°°'¢ adopts a predominantly occluded con-
formation in which the NBDs form a closed dimer and the
substrate-binding site is no longer accessible from either side of
the membrane2°. This knowledge allowed us to hypothesize that
such an ATP-bound, pre-hydrolytic state effectively traps
hABCB6"® in the occluded configuration (pre-occluded). Fur-
thermore, this hypothesis led us to postulate that other hydrolytic
stages of the ATPase cycle, such as the post-hydrolysis state or the
transition state leading to it, may potentially trap the transporter
in an outward-facing form3!-32. Through NADH-coupled ATPase
assays>3, we confirmed that the ATPase activity of hABCB6re is
strongly suppressed by the presence of VO3~ or AlF,, compar-
able to observations for the E752Q mutant (Fig. la and Supple-
mentary Fig. 1). Consistently, these transition state analogs also
block the transport activity of hABCB6™ towards the well-
known substrate coproporphyrin III (CPIII; Fig. 1b and Supple-
mentary Fig. 2). By comparison, the SO,?- ion does not com-
pletely prevent hydrolysis (Fig. 1a). This indicates that the sulfate
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Fig. 1 Inhibition of the functional activity of hABCB6°*® by ATP analogs. a ATPase activities of detergent-purified hABCB6°® and the E752Q mutant
with and without porphyrin substrates (20 uM CPIIl or 10 pM hemin: TmM GSH) in the presence of 10 mM Mg2+ and 2 mM ATP plus VO,3", AIF,, or
SO,2". Results are means * standard deviation (SD) of more than three independent experiments. b Inhibition of the CPIIl transport activity of hABCB6cOre
(or its variants) by different ATP analogs. Liposome-based transport activity was measured in the presence of 50 uM CPIIl, 10 mM MgZ+t, and 4 mM ATP
(or its derivatives). The activity of protein-free liposomes was set at 100%. Results are means = SD of at least five independent measurements from two

different liposome preparations.
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group is not effective in stabilizing the transporter in a specific
conformation by displacing the ATP hydrolysis product Pi.
Considering the extent of activity inhibition, we selected
ADP-VO, and employed a single-particle cryo-EM approach to
examine whether hABCB6™ can indeed be trapped in its
outward-facing state during the post-hydrolysis transition phase.

A potential strategy to promote the outward-facing con-
formation in hABCB6°°'¢. For cryo-EM analysis of the outward-
facing conformation of hABCB6'¢, detergent-purified protein
was incubated with 100 uM CPIII, 2 mM Mg?*/ATP, and 2 mM
sodium orthovanadate at 22 °C for 30 min before grid prepara-
tion. A cryo-EM dataset consisting of 10,280 movies was collected
and preliminarily analyzed using RELION34 and CryoSPARC?
to evaluate the conformational states of hABCB6' under those
experimental conditions. As expected, the outward-facing con-
formation was evident in the presence of ADP-VO, and the
ATPase-stimulating substrate CPIII (79,317 particles; Fig. 2a, b,
and Supplementary Fig. 3). However, a large number of particles
still adopted inward-facing (210,460 particles) or post-transloca-
tion, occluded (137,025 particles, post-occluded) conformations.
This observation may seem contradictory to functional data
indicating that the ATPase and transport activities of hABCB6<°r®
are fully inhibited in the presence of vanadate (Fig. 1a, b). We
propose two plausible explanations for this contradiction: firstly,
it is possible that ATPase- or transport-incompetent molecules
persist in the inward-facing conformation, even when vanadate is
present; secondly, the exceptional stability of the inward-facing or
post-occluded conformation of hABCB6°*® hinders its transition
to or entrapment in the outward-facing state. Based on these
speculations, we predicted that engineering hABCB6°*¢ to
enhance its functional competence or disrupt its inherent con-
formational stability in the inward-facing or post-occluded state
could be a viable strategy to promote the formation of the desired
outward-facing conformation.

With this rationale, we looked more closely at the hABCB6<°r®
structures in the inward-facing (Fig. 2b, class 1) and post-
occluded (Fig. 2b, class 2) states. This analysis led us to
specifically examine residue W546, located in the two pairs of
TM11 helices near the 2-fold axis (Fig. 2¢). Previously, this highly
conserved aromatic residue (Fig. 2d) was shown to play a crucial
role in capping the binding site, effectively sequestering substrates
within the central cavity?>>20. Despite a slight alteration in the
orientation of W546 (Fig. 2e), structural comparison indicates
that pre- and post-occluded structures are almost identical, with a
Ca rmsd. of 0.9A (Supplementary Fig. 4). Considering the
positioning of W546 along the substrate transport pathway, it is
reasonable to hypothesize that this contact would be disrupted
during formation of the outward-facing state. Hence, we
predicted that deletion of W546 could potentially disrupt the
conformational balance of hABCB6°™ and promote a shift
towards the outward-facing state.

Functional effects of W546A mutation on ATPase and trans-
port activities of hABCB6°°. To confirm the proposed role of
W546 as a structural stabilizer in the occluded state, we compared
the functional properties of the W546A mutant generated in
previous work with those of hABCB6°Te 2326, Detergent-purified
hABCB6™ exhibited basal ATPase activity with a V.. of
18.3 nmol/mg/min (Fig. 3 and Supplementary Table 1). The
ATPase activity of hABCB6°™ reconstituted in nanodiscs was
5.2-fold higher (96.6 nmol/mg/min) than that of the hABCB6<r®
in detergent micelles. By contrast, the W546A mutant exhibited a
comparable ATPase turnover rate regardless of the presence or
absence of lipids, and regardless of the lipid composition of the

nanodiscs. Consequently, the ATPase activity of the W546A
mutant was 2.7-fold higher (48.9 nmol/mg/min) than that of the
hABCB6°® in detergent micelles, while its activity in nanodiscs,
composed of porcine brain polar lipids, was 2.4-fold lower
(39.6 nmol/mg/min). Irrespective of the conditions, the K,
remained relatively unaffected (57 ~ 73 uM). These kinetic values
differ somewhat from those previously reported. For example,
Wang et al. (2020) demonstrated that both the full-length human
ABCB6 and its W546A mutant have basal ATPase activity with a
Vinax 0f ~40 nmol/mg/min in LMNG (lauryl maltose neopentyl
glycol) micelles?®. Song et al. (2021) showed that hABCB6°™ has
negligible basal ATPase activity in C12E9 (dodecyl nonaethylene
glycol ether) micelles?6. However, the protein regained basal
ATPase activity with a V,,,, ranging from 27 to 32 nmol/mg/min
upon reconstitution in nanodiscs composed of POPC (1-Palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPE (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) at a ratio of 3:1
(w/w). The ATPase activity of the full-length protein recon-
stituted in liposomes exhibited a much higher value, reaching a
Vimax of 492.3 nmol/mg/min3°. It is speculated that this dis-
crepancy in the kinetic data for ABCB6 across different research
groups may arise from multiple factors, including differences in
protein purification conditions and lipid composition of the
nanodiscs, the presence or absence of TMDO in the construct, and
utilization of different assay methods. Nevertheless, in the
detergent solution, the substantial increase in the basal turnover
of the W546A mutant compared to hABCB6°°'® strongly suggests
that disruption of the W546-W546’ stacking interaction reduces
the intrinsic stability of the occluded state. As a consequence, the
W546A mutation is believed to increase the tendency of the
transporter to adopt an outward-facing conformation. Interest-
ingly, contrary to our initial expectation based on the observed
increase in ATPase activity for the W546A mutant (Fig. 3),
transport assays revealed the opposite effect. Specifically, the
mutant exhibited ~2-fold lower CPIII transport activity than the
hABCB6°°r protein (Fig. 1b and Supplementary Fig. 2). This
unexpected result can be reconciled by the fact that W546 is a key
residue involved in porphyrin binding?®. Therefore, the
tryptophan-to-alanine mutation likely impairs CPIII transport
activity by decreasing the binding affinity.

The W546A mutant favors the outward-facing state in deter-
gent but not in nanodiscs. To evaluate the structural impact of
W546A mutation, we prepared grids as mentioned above using
detergent-purified or nanodisc-reconstituted W546A mutant
(Supplementary Fig. 5). As expected, the first 3D classification
analysis revealed that most of the detergent-purified mutant
molecules (59.5%) adopted an outward-facing conformation
(Fig. 4a, b, and Supplementary Figs. 6—8). However, a significant
proportion of molecules (36%) still adopted the post-occluded
conformation. The occluded structures reveal that, besides W546
on TM 11, residues M542, Y550, and M553 also play crucial roles
in establishing interactions between the two halves of the trans-
porter within a 5 A distance (Fig. 2e)26. These additional inter-
actions may contribute to maintaining hABCB6°™ occlusion by
causing another stabilizing effect, even in the absence of W546.
In contrast to the W546A mutant in detergent micelles, the
nanodisc-reconstituted protein predominantly exists in the
inward-facing or post-occluded states (Fig. 4c, d, and Supple-
mentary Figs. 9—11). The difference in the conformations of the
W546A mutant in detergent solution and lipid environment may
reflect the inherent complexity and adaptability of ABCB6 to its
surroundings. This adaptability may be further influenced by
direct interactions between the transporter and membrane
lipids®’. Consistent with this hypothesis, we observed the electron
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hABCB6 + CPIIl + ADP-VO,
673,626 particles
(in detergent micelles)

Class 1 Class 2 Class 3

inward-facing post-occluded outward-facing
210,460 137,025 79,317
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H. Sapiens ABCB6 527 VGDYV:---- YMPLNWEGTYYRM «+-+ LLK 569
P. troglodytes ABCB6 538 VGDYV ‘- YMPLNWEGTYYRM «+--* LLK 580
M. mulatta ABCB6 527 VGDYV:---- YMPLNWEGTYYRM *+-++ LLK 569
B. taurus ABCB6 529 VGDEV:---- YMPLNWEGTYYRM*+-+ LLK 571
M. musculus ABCB6 527 VGDEV:---- YMPLNWEGTYYRM «+-+* LLK 569
R. norvegicus ABCB6 527 VGDEV:---- YMPLNWEGTYYRM *+-++ LLK 569
M. auratus ABCB6 527 VGDEV:---- YMPLNWEGTYYRM*+-+ LLK 569
C. lupus ABCB6 613 VGDEV:---- YMPLNWEGTYYRM «+*-* LLK 655
G. gallus ABCB6 586 VGDEV:---- YTPLNWEGTYYRM *+-++ LFH 628
X. tropicalis ABCB6 518 VGDYV:---- YTPLNWEGTYYRM*+-+ LFN 560
D. rerio ABCB6 519 VGDYV----- YTPLNWEGTYYRM «+*+* LET 561
A. gambiae ABCB6 507 VGDYV----- YVPLNWEGTFYRA +--+- LMR 549
D. melanogaster ABCB6 513 VGDEV--:-- YMPLNWEGTYYRA =+ LLK 554
C. thermophilum Atml 387 VGDLV---: SVPLNELGSVYRE «++++ VNV 422
A. thaliana Atm3 416 VGDLV----- SLPLNELGSVYRE -:+-+ LEE 459

densities corresponding to ordered lipids in the annular belt near
the hydrophobic surface of transporters within nanodiscs
(Supplementary Fig. 12). Notably, in the post-occluded state, we
observed strong electron density within a hydrophobic groove
formed by the elbow helix, TM 9, and TM 11 of each monomer
(Fig. 5a). The density shape corresponds to a phospholipid
molecule with two fatty acyl chains. The nanodiscs used in our

N s 1 s W o

pre-occluded

structural studies were composed of major brain polar lipids
derived from porcine sources, including phosphatidylethanola-
mine (PE, 33.1%), phosphatidylserine (PS, 18.5%), and phospha-
tidylcholine (PC, 12.6%). Therefore, we constructed an atomic
model of the POPE (or 16:0-18:1 PE) molecule in the head-down
orientation as a representative phospholipid model (Fig. 5b, c).
Our analysis revealed that POPE interacts with highly conserved
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Fig. 2 The occluded state of hABCB6¢° is highly stabilized by W546-W546' interaction. a, b Representative reference-free 2D class averages (a) and
3D classification (b) of hABCB6C™® in the presence of CPIIl and Mg2+/ADP-VO,. The bottom numbers in (b) refer to the number of particles used to
compute each 3D class. See also Supplementary Fig. 3. ¢ Structural comparison of hABCB6¢°® in inward-facing (Class 1 from Fig. 2b) and occluded (Class
2 from Fig. 2b) states viewed from the plane of the membrane (left) and the extracellular side (right). The upper and central cavities are drawn as cyan and
blue mesh, respectively. Mg2+/ ADP-VO, molecules in the occluded structure are omitted for simplicity. The EM density (blue mesh) of the W546 residue
is contoured at the 4 o level. Note that the residues (or helices) of one monomer are numbered with single primes to differentiate them from those of the
other monomer. d Sequence alignment of TM 11 of ABCB6 homologs. Conserved tryptophan residues (or phenylalanine residues in bacterial orthologs) are

highlighted in red. e Residues of TM 11 involved in stabilization of the pre- (PDB ID 7EKL) and post-occluded conformations are shown as sticks.

120

-8-hABCB6"® in cymal6/CHS
-0-\W546A in cymal6/CHS
-m-hABCB6°® in brain lipid nanodisc

-a-W546A in brain lipid nanodisc

—A—-W546A in POPC nanodisc

-¥-W546A in POPS nanodisc

ATPase activity (nmol/mg/min)

W546A in POPG nanodisc

0 :,: T T T 1
0 0.5 1.0 1.5 2.0
ATP (mM)
hABCBG¢ore W546A
8 1 1 1
6 -
. 3

ATPase activity (fold increase)

MR

N S R R
\O ‘\06 %\O (\o‘\odo (\(o(\oé S
4 R R
LS SR

N\
2 2
QO O(\

&
g
O

Fig. 3 ATPase activity of hABCB6°"® and W546A proteins in detergent micelles or various nanodiscs. a Comparison of the ATPase activities as a
function of ATP concentration. Results are expressed as means * standard deviation (SD) from at least four separate experiments using the two different
protein preparations. b At saturating concentration (2 mM ATP), maximal basal activities are represented as fold increase. The activity of detergent-
purified hABCB6c°"® was set at 100% as the reference. See also Supplementary Table 1.

residues across species (Fig. 5d). Furthermore, given the presence
of a similar lipid density in the pre-occluded state (Supplemen-
tary Fig. 13)2, it is evident that a phospholipid bound to the
TMD groove acts as a ‘wedge’ to stabilize the occlusion state of
the transporter. Our analysis also reveals that in the outward-
facing state, TM 9 and TM 11 of the TMD groove come into
closer contact, resulting in the disappearance of the lipid-binding
site (Supplementary Fig. 14). This observation suggests that the
role of lipids as a structural stabilizer may not be effective in this
conformation. Collectively, our findings suggest that direct
protein-lipid interactions contribute to the increase in the relative
stability of the inward-facing or occluded states. As a result, it
seems likely that the thermodynamic threshold for the transition
between the outward-facing and other functional states is elevated
in the lipid environment compared with detergent micelles,
thereby limiting the propensity for the transporter to adopt the
outward-facing conformation.

Overall structure of hABCB6°"¢-W546A in the outward-facing
state. The final EM density map of the detergent-purified W546A

mutant in the outward-facing state was obtained from the best 3D
class containing 56,293 particles (Supplementary Fig. 6) at a
resolution of 3.9 A with C1 or C2 symmetry, which enabled us to
build an almost complete model of the transporter (Supplemen-
tary Fig. 7). Since the final model did not include electron density
corresponding to the W546 residue, its side chain was positioned
by an automated homology modeling server38. The structure has
the typical features expected for the outward-facing conformation
of an ABC transporter (Fig. 6a, b and Supplementary Fig. 15a).
The TMDs form a V-shaped translocation pathway that is both
open to the extracellular space and laterally to the membrane
outer leaflet. There was no density corresponding to CPIII, sug-
gesting that the bound substrate is exported from the transporter
prior to ATP hydrolysis and ADP/Pi release. In the outward-
facing structure, the cytoplasmic side of the TMDs are in close
spatial proximity, contributing to transporter stability through
interactions with neighboring amino acids (Fig. 6a). However, the
structure has relatively poor electron density and high B-factors
for the extracellular side of TMDs, suggesting that these regions
undergo highly dynamic motions to promote substrate release
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W546A + CPIIl + ADP-VO,
364,116 particles
(in detergent micelles)

d

W546A + CPIIl + ADP-VO,
928,808 particles
(in nanodiscs)
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Fig. 4 Comparison of cryo-EM maps of the hABCB6°°"¢-W546A mutant in detergent micelles and nanodiscs. a, b Cryo-EM analysis of the W546A
mutant in detergent micelles, showing representative 2D class averages (a) and 3D classification (b). The bottom numbers in (b) refer to the number of
particles used to compute each 3D class. See also Supplementary Fig. 6. ¢, d Cryo-EM analysis of the W546A mutant reconstituted into nanodiscs,

showing selected 2D class averages (¢) and 3D classification (d). The bottom numbers in (d) refer to the number of particles used to compute each 3D

class. See also Supplementary Fig. 9.

(Supplementary Fig. 15b). Comparison of the outward-facing and
occluded states revealed that the NBD structure and nucleotide-
binding mode are nearly identical despite differences in the
topological arrangement of the TMDs (Fig. 6¢ and Supplementary
Fig. 16)2°. In the NBD dimer, the two Mg®+t/ADP-VO, molecules
are sandwiched at the interface, interacting with the Walker A
and B motifs, the A- and Q-loop residues of one NBD, and the
ABC signature motif (LSGGE) of the opposing NBD (Fig. 6d, e).
The VO, ion adopts a trigonal bipyramidal geometry that mimics
the y-phosphate undergoing nucleophilic attack by a water
molecule.

The outward-facing conformation has low substrate affinity,
facilitating its release. With the availability of new conforma-
tions of hABCB6™ in the outward-facing and post-occluded
states, we can now depict the molecular features of substrate
export by ABCB6. In the previous inward-facing apo structure,
the cytoplasmic entrance to the central cavity is highly positively
charged and thus plays an important role in attracting porphyrin
molecules with negatively-charged propionic groups*$26. How-
ever, adoption of the outward-facing conformation exposes
negatively-charged residues E346, D374, E446, and E487 at the
bottom of the cavity (Fig. 6f). This negatively-charged surface
appears to promote substrate release into the extracellular space
by pushing porphyrins along the translocation pathway via
charge repulsion, while simultaneously preventing exported
substrates from re-entering the cavity.

We previously identified the residues responsible for porphyrin
binding in hABCB6<°™¢2>, Based on this knowledge, we propose
that ABCB6 employs two distinct binding mechanisms depending

on the involvement of metal ions in porphyrin molecules.
Specifically, ABCB6 binds to metal-free CPIII, but it binds to a
metal-centered hemin in conjunction with two molecules of
glutathione (GSH; y-glu-cys-gly). Structural comparison indicates
that CPIII binding reorients the residues W546, Y550, and M553
towards the porphyrin ring (Fig. 7a, upper left and right
panels)?>26, These movements appear to strengthen the interac-
tion between the transporter and the bound substrate. Con-
versely, adoption of an outward-facing conformation shifts the
side chains of key residues away from the substrate-binding site
(Fig. 7a, lower right). As a result, the site appears to lose affinity
for the substrate and no longer maintains its structural integrity.
Together with the negatively-charged surface inside the cavity
(Fig. 6f), these structural rearrangements explain why no
substrate density was observed in the outward-facing conforma-
tion, even though its structure was determined in the presence of
100 uM CPIII, ~5- and 12-fold higher than the measured K,
(19+3.7uM) and Ky (8.2%0.1 uM) values, respectivelyzs.
Similarly, we observed that the residues involved in GSH binding
underwent rearrangement in the outward-facing state, resulting
in their spatial separation from GSH and the loss of direct
interaction (Fig. 7b). This, in turn, causes ABCB6 to lose its
ability to bind hemin. Formation of the post-occluded state after
substrate release reorients the TMDs closer together at the two-
fold dimer axis such that the central cavity is no longer present
(Fig. 7a, lower left)?®. Subsequent release of ADP and Pi elicits
conformational relaxation, resetting the transporter to the apo
state in preparation for another catalytic cycle. However, in the
absence of substrate, hABCB6°™ may exhibit distinct conforma-
tional switching behavior. One possibility is that the transporter
may preferentially transition from the inward-facing resting state
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Fig. 5 The post-occluded conformation of the hABCB6¢°"¢-W546A mutant is stabilized by a phospholipid embedded within the hydrophobic groove of
the TMD surface. a Overall structure of the post-occluded W546A mutant in nanodiscs. The two monomers are colored blue and green, respectively.
ADP-VOQ, is shown as sticks and Mg2+ is shown as a magenta sphere. Bound POPE molecules are shown as yellow spheres. The area enlarged in (b) and
(c) is boxed. b Close-up view of protein-POPE interactions. The POPE molecule is shown as yellow sticks and its EM density map (4 ) is displayed as blue
mesh. ¢ Surface representation of the lipid-binding groove with the color scheme based on atom type. d Sequence alignment of ABCB6 homologs

highlighting residue conservation (red) within the lipid-binding groove.

to the pre-occluded state rather than progressing directly to the
outward-facing state2°. This preference can be attributed, at least
in part, to the high thermodynamic threshold between the
inward-facing and outward-facing states under substrate-free
conditions, as evidenced by the low ATPase activity of
hABCB6re (Fig. 1a)3. Consequently, ATP-binding alone is
likely insufficient to fully drive the complete formation of the
outward-facing conformation.

Discussion

Our findings, combined with previous cryo-EM data, show that
ABCB6 adopts five major conformations during its transport
cycle, namely apo inward-facing, substrate-bound inward-facing,
nucleotide-bound pre- and post-occluded, and outward-facing
conformations24-2°, These results provide a more comprehensive
characterization of the conformational cycle of ABCB6, which is
governed by the intricate interplay between substrate binding/
release, the ATPase cycle, and protein-lipid interactions
(Fig. 5—7)37. Despite this advance in our understanding of
ABCB6 dynamics, it remains challenging to explain why lipids
affect differently the activities of hABCB6°™ and W546A mutant
(Fig. 3). One possible explanation is that, in addition to their role

in stabilizing the transporter in specific conformational states
(Fig. 5), lipids might also function as putative substrates. To
expand our understanding of the interplay between ABCB6 and
lipids, future research should employ a comprehensive approach
that combines biochemical and biophysical experiments, cryo-
EM studies, and computational simulations. Such an integrated
approach would provide a deeper understanding of how lipids
affect the functions and structure of ABCB6, including whether
lipids indeed act as ABCB6 substrates. It would also throw light
on why the W546A mutation renders the transporter unre-
sponsive to lipid molecules (Fig. 3).

To the best of our knowledge, this study provides the first
insights into the structural role of the stacking interactions of
W546 aromatic rings and the binding of phospholipids within the
TMD groove in governing the conformational preference between
the outward-facing and post-occluded states of ABCB6. In
detergent solution, the hABCB6°™ mostly adopted a post-
occluded conformation in the presence of nucleotide and sub-
strate (Fig. 8a). By contrast, the mutant transporter with only a
single mutation at W546 (W546A) adopted mostly an outward-
facing conformation under the same conditions (Fig. 8b). This
observation suggests that, in detergent, the W546A mutation is
sufficient to alter the energy landscape among conformations,
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Fig. 6 Cryo-EM structure of the hABCB6¢°"®-W546A mutant in an outward-facing state. a Overall structure of the W546A mutant in the outward-facing
state. The two monomers are shown in blue and green, respectively. ADP-VO, is shown as sticks (orange and yellow) and Mg2™ is shown as a sphere
(magenta). b Surface slab view. € Comparison of the conformation of transmembrane helices between outward-facing and post-occluded states. d Bottom
view of the NBD dimer. Mg2+ and ADP-VO, are represented by spheres (magenta) and sticks (orange and yellow), respectively. The area enlarged in (e) is
boxed. e Zoomed-in view of the ADP-VO4-binding site. Side chains involved in ADP-VO, binding are shown as sticks. Cryo-EM map (gray mesh) of
ADP-VQ, is contoured at the 4 o level. f Close-up view from the extracellular side into the transport pathway. The surface electrostatic potential, contoured
from -5 kT/e (negative, red) to +5 kT/e (positive, blue) was represented using the APBS-PDB2PQR software suite, assuming a pH of 7.0 (http://www.
poissonboltzmann.org). Overlaid structures of acidic residues are shown as sticks.

making the outward-facing state the most stable and lowest
energy conformation. In the lipid environment, however, the
transporter predominantly adopted the post-occluded state irre-
spective of the presence of the W546A mutation (Fig. 8c).
Structural analysis suggests that the lipid inserted within the
TMD groove may compensate for the W546A mutation by acting
as a molecular wedge to resist conformational transitions to the

outward-facing form (Fig. 5). Thus, removal of the wedge-like
lipid by harsh solubilization conditions would facilitate the
transition to an outward-facing state.

These structural features may apply to other ABC transporters.
For example, Chaetomium thermophilum Atml and Arabidopsis
thaliana Atm3, orthologs of the ABCB7/HMT1/ABCB6 family,
have aromatic residues (phenylalanine) at positions 396 and 435,
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Fig. 7 Conformational changes at the substrate-binding site during the transport cycle. a, b Close-up views of the CPIIl- (@) and hemin:GSH- b binding
sites of each conformation viewed from within the plane of the membrane. Bound substrates and key residues that interact with substrates are represented by
sticks and colored by heteroatom. The structures of CPIIl and hemin:GSH superimposed on the outward-facing hABCB6°"® are drawn as empty black sticks.

respectively (Fig. 9a, b)4041. These residues exert their effects to
bring about complete occlusion of the transporter by stacking
aromatic rings in a parallel-displaced geometry. Likewise, the
zebrafish cystic fibrosis transmembrane conductance regulator
(CFTR, also known as ABCC?7) is stabilized in the occluded state
via cation-m interactions between R353 and W1153 (Fig. 9c)*2.
Unlike other outward-facing ABC transporters, human
P-glycoprotein (ABCB1) has only a small opening at the extra-
cellular side of the membrane (Fig. 9d)*3. In its structure, the two
phenylalanines, F343 and F983, form a key structural contact via
edge-to-face interactions that appear to prevent the wide opening
of the extracellular segments. The Escherichia coli lipid trans-
porter MsbA lacks aromatic residues in its translocation
pathway#4, but its stability and activity depend on directly bound

lipids*>~47. Intriguingly, the cryo-EM structure of the ADP-VO,-
bound occluded state of Salipro-reconstituted MsbA revealed a
phospholipid-like density in a similar position to that observed in
hABCB6<0re48, The generalizability of these findings to a broader
range of ABC transporters cannot be guaranteed. However, our
study provides valuable insights that can be utilized to devise
strategies for trapping ABC transporters in desired conforma-
tions, thereby enabling more detailed structural and functional
studies.

Materials and methods

Cloning, expression, and purification of hABCB6™ and its
variants. The core region of human ABCB6 (GenBank accession
number AB039371.2, residues 206—842) was cloned into the
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Fig. 8 Schematic diagrams of conformational equilibria between the
outward-facing and post-occluded configurations of hABCB6<°"® and the
W546A mutant. a-c Subunits are colored blue and cyan. Mg2+/ATP is
depicted as an orange oval. Phospholipids are presented as brown heads
and yellow tails. Dark-colored states indicate ‘preferred’ forms, while pale-
colored states represent ‘unfavorable’ forms.

pVL1393 vector (BD Biosciences) with a C-terminal thrombin-
cleavable enhanced green fluorescence protein (eGFP) and dec-
ahistidine (10xHis) tag?°. Site-directed mutation (W546A and
E752Q) was achieved by overlap PCR and confirmed by DNA
sequencing. Baculovirus-infected High Five (Hi5) cells were cul-
tured for 72 h at 28 °C. Harvested cells were resuspended in buffer
containing 20 mM HEPES-NaOH pH 7.0, 200 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 10 mM MgCl,, and 40 pg/
mL DNase I. Cells were broken by sonication at 40% amplitude
with 5 s pulses separated by 6 s pauses for 3 min using a Branson
Sonifier equipped with a 3.2 mm tip. Cell membranes were col-
lected by ultracentrifugation at 300,000 g for 1h. Proteins were
solubilized for 2 h with 2% (w/v) n-dodecyl-B-D-maltopyranoside
(DDM; Anatrace) and 0.2% (w/v) cholesteryl hemisuccinate
(CHS; Anatrace). Non-solubilized material was removed by
centrifugation at 300,000 g for 30 min and the supernatant was
loaded onto an anti-GFP DARPin-based affinity column®. After
washing the resin with buffer containing 20 mM HEPES-NaOH
pH 7.0, 200 mM NaCl, 0.056% (w/v) 6-cyclohexyl-1-hexyl-B-D-
maltoside (cymal-6; Anatrace), and 0.0056% (w/v) CHS, bound
protein was eluted from the resin by on-column thrombin clea-
vage (Lee Biosolutions). Eluted protein was further purified by gel
filtration chromatography using a Superdex 200 Increase 10/300
GL column (Cytiva). All purification steps were performed on ice
or at 4°C.

Cloning, expression, and purification of hApoA-I (A1—43).
The gene encoding human apolipoprotein A-I (hApoA-I) span-
ning residues D44 to L243 (A1—43) was cloned into the pET21a
vector (Novagen) containing a thrombin-cleavable hexahistidine
(6xHis) tag at the C-terminus®’. Recombinant protein was pro-
duced in Escherichia coli BL21 (DE3) cells cultured in LB medium
at 37°C. When the ODggo reached 0.6, 1 mM isopropyl-p-D-
thiogalactopyranoside (IPTG, GoldBio) was added and cells were
incubated for a further 5h at 37°C. After harvesting cells by
centrifugation at 7700 g for 10 min, the pellet was resuspended in
lysis buffer containing 20 mM Tris-HCl pH 8.0, 200 mM NaCl,
1 mM PMSF, and 10 pL/mL of DNase I. After sonication on ice,
cell debris was removed by centrifugation at 30,000 g for 1 h. The
supernatant was loaded onto Ni-NTA agarose resin (GoldBio),
washed thoroughly with buffer containing 20 mM Tris-HCl pH
8.0, 200 mM NaCl, and 30 mM imidazole, and elution of bound
proteins was performed using a gradient of imidazole up to
500 mM. The 6xHis tag was removed by thrombin cleavage
overnight and the protein was further purified by HiTrap Q
(Cytiva) anion exchange and Superdex 200 Increase 10/300 GL
gel filtration chromatography steps. All purification steps were
performed at 4 °C.

Nanodisc reconstitution and purification. Lipids (Avanti Polar
Lipids) used for nanodisc assembly were porcine polar lipid
extract, POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine),
POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine),
and POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol)). Each lipid dissolved in chloroform was dried under a
gentle stream of nitrogen. The resulting thin lipid film was dis-
solved in buffer comprising 20 mM HEPES-NaOH pH 7.0,
200 mM NaCl, 0.056% (w/v) cymal-6, and 0.0056% (w/v) CHS.
After water bath sonication at 22 °C for 1 min, the lipid solution
was mixed with hApoA-I (A1—43) and ABCB6°*¢ protein (or
W546A mutant) at a molar ratio of 150:5:1 and incubated at 4 °C
for 2 h. For detergent removal, the mixture was incubated with
200 mg of SM2 Bio-Beads (Bio-Rad) for 4h at 4°C. The Bio-
Beads were replaced twice with 200 mg fresh beads and incubated
for 16h and 1h in between. The final supernatant was loaded
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Fig. 9 Role of conserved aromatic residues in stabilizing the occluded conformation of the ABC transporter family. a—d Cylindrical (left) and cartoon
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onto a Superdex 200 Increase 10/300 GL column equilibrated
with buffer comprising 20 mM HEPES-NaOH pH 7.0 and
200 mM NaCl to separate protein-loaded nanodiscs from empty
nanodiscs.

ATP hydrolysis assay. ATP hydrolysis activity of purified pro-
teins was measured by NADH-coupled ATPase assay as described
previously33. Briefly, 10 pg of protein sample was added to 100 pL
of ATPase reaction buffer containing 50 mM HEPES-KOH pH
8.0, 60 pg/mL pyruvate kinase, 32 pg/mL lactate dehydrogenase,
4 mM phosphoenolpyruvate, 0.3 mM NADH, 2 mM ATP, 10 mM
MgCl,, 0.056% (w/v) cymal-6, and 0.0056 % (w/v) CHS in the
presence or absence of substrates. For proteins reconstituted into
nanodiscs, cymal-6 and CHS were not added to the reaction
buffer. ATPase activity was monitored at 37°C every 10s for
3 min by measuring the decrease in NADH absorbance at 340 nm
(eM = 6220 cm™! M-1). Inhibition of ATP hydrolysis was mea-
sured by incubating the protein with 2mM ATP plus 2 mM
sodium orthovanadate, 8 mM NaF/2 mM AICl;, or 2 mM Na,SO,
for 2h on ice. Basal ATPase activity was measured with an ATP
gradient up to 2 mM. Kinetic parameters for ATP hydrolysis were
determined using the Michaelis-Menten equation in GraphPad
Prism 7.0 (GraphPad software).

Proteoliposome reconstitution. Liposomes were prepared using
a 1:1 (w/w) ratio of Egg PC and E. coli polar lipid extract (Avanti
Polar Lipids). Lipids solubilized in chloroform were dried under

nitrogen gas and resuspended in buffer containing 20 mM
HEPES-NaOH pH 7.0 and 200 mM NaCl. After five freeze-thaw
cycles, the liposome suspension was passed through a Mini-
Extruder equipped with a 200 nm polycarbonate membrane filter
(Avanti Polar Lipids) to produce unilamellar liposomes. Lipo-
somes were destabilized with 5 mM n-Decyl-B-D-Maltopyrano-
side (DM; Anatrace) at a 1:1 (mol/mol) ratio for 3 h at 22 °C. The
purified protein was added to the mixture at a 1:50 (w/w) protein
to lipid ratio and incubated for 2h at 4 °C with gentle shaking.
Detergent was removed by adding Bio-Beads (200 mg/mL) for 2h
at 4 °C followed by overnight incubation with fresh Bio-Beads.
The supernatant was further treated with fresh Bio-Beads for 2 h,
and proteoliposomes were separated by Histodenze density gra-
dient centrifugation (35%: 25%: 0%; Sigma-Aldrich) at 259,000 g
for 1h at 4°C°L. The resulting proteoliposomes were diluted in
buffer comprising 20 mM HEPES-NaOH pH 7.0 and 200 mM
NaCl to a final phospholipid concentration of 0.5 mM. Liposomal
lipid concentrations were determined by colorimetric phosphate
assay”2.

CPIII transport assay. The CPIII transport activities of
hABCB6°™ and its variants were measured as described in a
previous study?”. Briefly, 60 pL of proteoliposomes (~1.8 pg
protein) were added to 240 pL reaction buffer containing 50 mM
HEPES-KOH pH 8.0, 70 mM KCl, 50 uM CPIII, 10 mM MgCl,,
and 4mM ATP (or its analogs). After incubation at 37 °C for
30 min, proteoliposomes were pelleted by ultracentrifugation at
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Table 1 Cryo-EM data collection, refinement and validation statistics.
W546A in nanodisc post-occluded W546A in detergent outward-facing hABCB6°°"¢ in detergent post-
(EMDB-36937) (PDB 8K7B) (EMDB-36938) (PDB 8K7C) occluded
Data collection and processing
Magnification 100,000 105,000 100,000
Voltage (kV) 200 300 200
Electron exposure (e /A2) 40 50 40
Defocus range (um) -0.7~-24 -0.7~-24 -0.7~-24
Pixel size (A) 0.830 0.851 0.830
Symmetry imposed C2 C1 C2
Initial particle images (no.) 1,192,936 1,008,231 673,626
Final particle images (no.) 323,588 56,293 137,035
Map resolution (A) 3.9 39 3.8
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 35~-6.0 35-8.0 -
Refinement
Initial model used (PDB 7EKL 7EKL
code)
Model resolution (A) 35 35
FSC threshold 0.143 0.143
Model resolution range (A) 2.4-4.0 24-~4.0
Map sharpening B factor 237.8 153.4
(A2)
Model composition
Non-hydrogen atoms 9,332 9,205
Protein residues 164 54
Ligands
B factors (A2)
Protein 69.4 1n9.7
Ligand 239 1031
R.m.s. deviations
Bond lengths (A) 0.008 0.009
Bond angles (°) 1.196 0.925
Validation
MolProbity score 23 2.1
Clashscore 17.5 1.5
Poor rotamers (%) 0.8 0.1
Ramachandran plot
Favored (%) 88.9 91.5
Allowed (%) 1.1 85
Disallowed (%) 0 0

210,000 g for 1h at 4°C, then washed three times with buffer
containing 50 mM HEPES-KOH pH 8.0, 70 mM KCl, and 10 mM
MgCl,. The resulting proteoliposomes were lysed by adding 10%
(w/v) sodium dodecyl sulfate (SDS; final concentration 2%).
Transport of CPIII was measured as the fluorescence intensity
using a microplate reader at an excitation wavelength of 395 nm
and an emission wavelength of 610 nm. Empty liposomes were
used as a negative control.

Cryo-EM grid preparation and data collection. Before grid
preparation, proteins (6 mg/mL for detergent samples or 0.4 mg/
mL for nanodisc samples) were incubated with 100 uM CPIII,
2mM MgCl,, 2mM ATP, and 2mM sodium orthovanadate
(NazVO,) for 30min at 22°C. Next, 3 puL aliquots of samples
were applied to freshly glow-discharged gold grids covered with
holey carbon film (300-mesh Au R1.2/1.3; Quantifoil). The grids
were blotted for 2—3s (blot force 2—3) at 4°C with 100%
humidity and plunge-frozen in liquid ethane using a Vitrobot
Mark IV (Thermo Fisher Scientific). Detergent-purified
hABCB6™ and nanodisc-reconstituted W546A grids were
imaged using a 200kV Talos Arctica transmission electron
microscope (Thermo Fisher Scientific) equipped with a K3
detector and a GIF BioQuantum energy filter (slit width 20 eV;
Gatan). The W546A sample in detergent micelles was loaded

12

onto a 300kV Titan Krios transmission electron microscope
(Thermo Fisher Scientific) equipped with a K3 detector. Each
dataset was collected using EPU software in standard counting
mode. The EM data collection parameters for each sample are
summarized in Table 1.

Cryo-EM data processing. Three datasets comprising 10,280,
8477, and 6833 micrographs were acquired for hABCB6<°™ and
W546A in detergent micelles, and W546A in nanodiscs, respec-
tively. Similar processing strategies were applied to detergent-
purified samples of hABCB6°™ and W546A. Briefly, movie
stacks were corrected for beam-induced motion and dose-
weighted using MotionCor2°3. The resulting micrographs were
subjected to patch-based contrast transfer function (CTF) esti-
mation by Getf v1.18%%. After discarding low-quality micro-
graphs, a subset of images was randomly selected and particles
were autopicked using the Laplacian-of-Gaussian filter in
RELION 4.0°. Picked particles were extracted using a box size of
230%230 pixels and subjected to 2D classification. Good 2D class
averages were used as templates for reference-based autopicking
of all micrographs. After multiple rounds of 2D classification,
particles comprising the best 2D classes were selected to generate
an initial model for 3D reconstruction, followed by 3D classifi-
cation. Particles displaying typical features of ABC transporters
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were pooled and subjected to 3D refinement®®. For the detergent-
purified W546A dataset, local CTF refinement and Bayesian
polishing were additionally performed to improve CTF estima-
tion by adjusting the per-particle defocus values and high-order
CTF terms®®. The resulting particles were then exported to
CryoSPARC v3.3.2% for homogeneous 3D refinement, followed
by non-uniform refinement®”. The final resolution of the W546A
protein (3.9 A using C1 or C2 symmetry) was estimated using a
gold-standard Fourier shell correlation (FSC) cut-off criterion of
0.143°8. A local resolution map was calculated from the two half-
maps using CryoSPARC.

The dataset for the nanodisc-reconstituted W546A mutant was
processed using CryoSPARC. Raw images underwent patch-based
motion correction and CTF estimation. Micrographs with low
quality, characterized by low resolution, high defocus, low figure of
merit, and high astigmatism, were excluded from further proces-
sing. The complete set of micrographs was used for automated
particle picking using a blob picker, and particles were extracted
with a box size of 256 pixels and subjected to 2D classification.
Multiple rounds of 2D classification were performed, and particles
corresponding to the best 2D classes were chosen to generate an ab
initio model for 3D reconstruction. Subsequently, 3D hetero-
geneous and homogeneous refinement steps were employed,
followed by application of global CTF refinement to further
enhance map quality. The final 3D reconstruction was accom-
plished through non-uniform refinement with either C1 or
C2 symmetry, yielding a resolution of 3.9 A.

Model building and refinement. To generate a starting model, we
docked an atomic model of pre-occluded hABCB6<°*¢ (PDB ID
7EKL)?® into the EM density map of W546A using UCSF
Chimera®®. The position and orientation of the coordinate were
initially adjusted using rigid body refinement and morphing in the
phenix.real_space_refine program of the PHENIX suite®®. The
model was further edited and refined by iterative rounds of manual
model building in Coot®! and real-space refinement in PHENIX.
Amino acids in poor density regions were built as poly-alanine. The
rotameric state of the W546 side chain was computed using the
SWISS-MODEL server (http://swissmodel.expasy.org). The quality
of the final structure was validated by MolProbity®2. Refinement
and validation statistics for the W546A protein are summarized in
Table 1. All molecular graphics were prepared using PyMOL
(https://pymol.org/2/), UCSF Chimera®®, and Chimera X3,

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability

Refined atomic coordinates for the hABCB6°™-W546A mutant in the post-occluded
and outward-facing states have been deposited in the Protein Data Bank (PDB) under
accession codes 8K7B and 8K7C, respectively. Cryo-EM density maps have been
deposited in the Electron Microscopy Data Bank (EMDB) under accession codes EMD-
36937 and EMD-36938, respectively. Source data for the graphs and charts in the main
figures is given as Supplementary Data 1 and any remaining information can be obtained
from the corresponding author upon reasonable request.

Received: 16 March 2023; Accepted: 11 September 2023;
Published online: 21 September 2023

References
1. Krishnamurthy, P. C. et al. Identification of a mammalian mitochondrial
porphyrin transporter. Nature 443, 586-589 (2006).

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tsuchida, M., Emi, Y., Kida, Y. & Sakaguchi, M. Human ABC transporter
isoform B6 (ABCB6) localizes primarily in the Golgi apparatus. Biochem.
Biophys. Res. Commun. 369, 369-375 (2008).

Kiss, K. et al. Shifting the paradigm: the putative mitochondrial protein
ABCBS6 resides in the lysosomes of cells and in the plasma membrane of
erythrocytes. PLoS One 7, €37378 (2012).

Paterson, J. K. et al. Human ABCB6 localizes to both the outer mitochondrial
membrane and the plasma membrane. Biochemistry 46, 9443-9452 (2007).
Jalil, Y. A. et al. Vesicular localization of the rat ATP-binding cassette half-
transporter rAbcb6. Am. J. Physiol. Cell Physiol. 294, C579-C590 (2008).
Szakacs, G. & Abele, R. An inventory of lysosomal ABC transporters. FEBS
Lett. 594, 3965-3985 (2020).

Lynch, J., Fukuda, Y., Krishnamurthy, P., Du, G. & Schuetz, J. D. Cell survival
under stress is enhanced by a mitochondrial ATP-binding cassette transporter
that regulates hemoproteins. Cancer Res. 69, 5560-5567 (2009).

Chavan, H., Oruganti, M. & Krishnamurthy, P. The ATP-binding cassette
transporter ABCB6 is induced by arsenic and protects against arsenic
cytotoxicity. Toxicol Sci. 120, 519-528 (2011).

Rakvics, Z. et al. The human ABCB6 protein is the functional homologue of
HMT-1 proteins mediating cadmium detoxification. Cell Mol. Life Sci. 76,
4131-4144 (2019).

Januchowski, R., Zawierucha, P., Andrzejewska, M., Rucinski, M. & Zabel, M.
Microarray-based detection and expression analysis of ABC and SLC
transporters in drug-resistant ovarian cancer cell lines. Biomed. Pharmacother.
67, 240-245 (2013).

Minami, K. et al. Expression of ABCBG6 is related to resistance to 5-FU, SN-38
and vincristine. Anticancer Res. 34, 4767-4773 (2014).

Park, S. et al. Gene expression profiling of ATP-binding cassette (ABC)
transporters as a predictor of the pathologic response to neoadjuvant
chemotherapy in breast cancer patients. Breast Cancer Res. Treat 99, 9-17 (2006).
Polireddy, K. et al. A novel flow cytometric HTS assay reveals functional
modulators of ATP binding cassette transporter ABCB6. PLoS One 7, 40005
(2012).

Varatharajan, S. et al. ATP-binding casette transporter expression in acute
myeloid leukemia: association with in vitro cytotoxicity and prognostic
markers. Pharmacogenomics 18, 235-244 (2017).

Yasui, K. et al. Alteration in copy numbers of genes as a mechanism for
acquired drug resistance. Cancer Res. 64, 1403-1410 (2004).

Helias, V. et al. ABCB6 is dispensable for erythropoiesis and specifies the new
blood group system Langereis. Nat Genet. 44, 170-173 (2012).

Zhang, C. et al. Mutations in ABCB6 cause dyschromatosis universalis
hereditaria. J. Invest Dermatol. 133, 2221-2228 (2013).

Wang, L. et al. ABCB6 mutations cause ocular coloboma. Am. J. Hum. Genet.
90, 40-48 (2012).

Andolfo, I. et al. Missense mutations in the ABCB6 transporter cause
dominant familial pseudohyperkalemia. Am. J. Hematol. 88, 66-72 (2013).
Murphy, A. J. et al. Deficiency of ATP-binding cassette transporter B6 in
megakaryocyte progenitors accelerates atherosclerosis in mice. Arterioscler.
Thromb. Vasc. Biol. 34, 751-758 (2014).

Thomas, C. et al. Structural and functional diversity calls for a new
classification of ABC transporters. FEBS Lett. 594, 3767-3775 (2020).

Kiss, K. et al. Role of the N-terminal transmembrane domain in the endo-
lysosomal targeting and function of the human ABCB6 protein. Biochem. .
467, 127-139 (2015).

Haffke, M., Menzel, A., Carius, Y., Jahn, D. & Heinz, D. W. Structures of the
nucleotide-binding domain of the human ABCB6 transporter and its
complexes with nucleotides. Acta Crystallogr. D Biol. Crystallogr. 66, 979-987
(2010).

Wang, C. et al. Cryo-electron microscopy structure of human ABCB6
transporter. Protein Sci. 29, 2363-2374 (2020).

Kim, S. et al. Structural insights into porphyrin recognition by the human
ATP-binding cassette transporter ABCB6. Mol. Cells 45, 575-587 (2022).
Song, G. et al. Molecular insights into the human ABCB6 transporter. Cell
Discov. 7, 55 (2021).

Shimizu, T. & Johnson, K. A. Kinetic evidence for multiple dynein ATPase
sites. J. Biol. Chem. 258, 13841-13846 (1983).

Oldham, M. L. & Chen, J. Snapshots of the maltose transporter during ATP
hydrolysis. Proc. Natl Acad. Sci. USA 108, 15152-15156 (2011).

Hofmann, S. et al. Conformation space of a heterodimeric ABC exporter
under turnover conditions. Nature 571, 580-583 (2019).

Chabre, M. Aluminofluoride and beryllofluoride complexes: a new phosphate
analogs in enzymology. Trends Biochem. Sci. 15, 6-10 (1990).

Thomas, C. & Tampé, R. Structural and mechanistic principles of ABC
transporters. Ann. Rev. Biochem. 89, 605-636 (2020).

Hou, W. T. et al. Plastic structures for diverse substrates: a revisit of human
ABC transporters. Proteins 90, 1749-1765 (2022).

Scharschmidt, B. F., Keeffe, E. B., Blankenship, N. M. & Ockner, R. K.
Validation of a recording spectrophotometric method for measurement of

COMMUNICATIONS BIOLOGY | (2023)6:960 | https://doi.org/10.1038/s42003-023-05339-3 | www.nature.com/commsbio 13


http://swissmodel.expasy.org
https://pymol.org/2/
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05339-3

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

membrane-associated Mg- and NaK-ATPase activity. J. Lab. Clin. Med. 93,
790-799 (1979).

Scheres, S. H. RELION: implementation of a Bayesian approach to cryo-EM
structure determination. J. Struct. Biol. 180, 519-530 (2012).

Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. A. cryoSPARC:
algorithms for rapid unsupervised cryo-EM structure determination. Nat.
Methods 14, 290-296 (2017).

Chavan, H., Khan, M. M., Tegos, G. & Krishnamurthy, P. Efficient purification
and reconstitution of ATP binding cassette transporter B6 (ABCB6) for
functional and structural studies. J. Biol. Chem. 288, 22658-22669 (2013).
Neumann, J., Rose-Sperling, D. & Hellmich, U. A. Diverse relations between
ABC transporters and lipids: An overview. Biochim. Biophys. Acta Biomembr.
1859, 605-618 (2017).

Guex, N. & Peitsch, M. C. SWISS-MODEL and the Swiss-PdbViewer: an
environment for comparative protein modeling. Electrophoresis 18, 2714-2723
(1997).

Orelle, C., Schmitt, L. & Jault, J. M. Waste or die: the price to pay to stay alive.
Trends Microbiol. 31, 233-241 (2023).

Li, P. et al. Structures of Atm1 provide insight into [2Fe-2S] cluster export
from mitochondria. Nat. Commun. 13, 4339 (2022).

Fan, C. & Rees, D. C. Glutathione binding to the plant AtAtm3 transporter
and implications for the conformational coupling of ABC transporters. Elife
11, 76140 (2022).

Zhang, Z., Liu, F. & Chen, J. Conformational changes of CFTR upon
phosphorylation and ATP binding. Cell 170, 483-491 488 (2017).

Kim, Y. & Chen, J. Molecular structure of human P-glycoprotein in the ATP-
bound, outward-facing conformation. Science 359, 915-919 (2018).

Ward, A., Reyes, C. L., Yu, ], Roth, C. B. & Chang, G. Flexibility in the ABC
transporter MsbA: alternating access with a twist. Proc. Natl Acad. Sci. USA
104, 19005-19010 (2007).

Kehlenbeck, D. M. et al. Comparison of lipidic carrier systems for integral
membrane proteins - MsbA as case study. Biol. Chem. 400, 1509-1518 (2019).
Kawai, T., Caaveiro, J. M., Abe, R., Katagiri, T. & Tsumoto, K. Catalytic
activity of MsbA reconstituted in nanodisc particles is modulated by remote
interactions with the bilayer. FEBS Lett. 585, 3533-3537 (2011).

Doerrler, W. T. & Raetz, C. R. ATPase activity of the MsbA lipid flippase of
Escherichia coli. J. Biol. Chem. 277, 36697-36705 (2002).

Kehlenbeck, D. M. et al. Cryo-EM structure of MsbA in saposin-lipid
nanoparticles (Salipro) provides insights into nucleotide coordination. FEBS J.
289, 2959-2970 (2022).

Hansen, S. et al. Design and applications of a clamp for green fluorescent
protein with picomolar affinity. Sci. Rep. 7, 16292 (2017).

Borhani, D. W., Engler, J. A. & Brouillette, C. G. Crystallization of truncated
human apolipoprotein A-I in a novel conformation. Acta Crystallogr. D Biol.
Crystallogr. 55, 1578-1583 (1999).

Ohya, T. et al. Reconstitution of Rab- and SNARE-dependent membrane
fusion by synthetic endosomes. Nature 459, 1091-1097 (2009).

Bartlett, G. R. Phosphorus assay in column chromatography. J. Biol. Chem.
234, 466-468 (1959).

Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced
motion for improved cryo-electron microscopy. Nat. Methods 14, 331-332
(2017).

Zhang, K. Gctf: Real-time CTF determination and correction. J. Struct. Biol.
193, 1-12 (2016).

Kimanius, D., Dong, L., Sharov, G., Nakane, T. & Scheres, S. H. W. New tools
for automated cryo-EM single-particle analysis in RELION-4.0. Biochem. ].
478, 4169-4185 (2021).

Zivanov, J. et al. New tools for automated high-resolution cryo-EM structure
determination in RELION-3. Elife 7, e42166 (2018).

Punjani, A., Zhang, H. & Fleet, D. J. Non-uniform refinement: adaptive
regularization improves single-particle cryo-EM reconstruction. Nat. Methods
17, 1214-1221 (2020).

Bell, J. M., Chen, M., Baldwin, P. R. & Ludtke, S. J. High resolution single
particle refinement in EMAN2.1. Methods 100, 25-34 (2016).

59. Pettersen, E. F. et al. UCSF Chimera-a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605-1612 (2004).

60. Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM and
crystallography. Acta Crystallogr. D Struct. Biol. 74, 531-544 (2018).

61. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486-501 (2010).

62. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr. 66,
12-21 (2010).

63. Goddard, T. D. et al. UCSF ChimeraX: meeting modern challenges in
visualization and analysis. Protein Sci. 27, 14-25 (2018).

Acknowledgements

We thank Dr. Jae-Woo Ahn and Mrs. Su Jeong Kim of POSTECH for helping with EM
data collection. This research was supported by grants from the National Research
Foundation (NRF) funded by the Ministry of Science, ICT, and Future Planning of Korea
(NRF-2019M3E5D6063908, NRF-2021M3A914022846, and NRF-2022R1A2C1091278),
and by a grant from the GIST Research Institute (GRI) IIBR funded by GIST in 2023.

Author contributions

S.S.L. and M.S.J. designed the experiments. S.S.L. performed protein purification with
support from SH.C.. S.S.L. conducted biochemical experiments with the help of J.G.P.
and EJ.. S.S.L. carried out cryo-EM experiments with the assistance of S.K.. JW.K.
granted access to cryo-EM equipment. S.S.L. prepared figures and M.S.J. wrote the
manuscript with the help of all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-023-05339-3.

Correspondence and requests for materials should be addressed to Mi Sun Jin.

Peer review information Communications Biology thanks Gergely Szakacs, Jean-michel
Jault, Oded Lewinson, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. Primary Handling Editors: [Janesh Kumar] and [Anam
Akhtar]. A peer review file is available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS BIOLOGY | (2023)6:960 | https://doi.org/10.1038/542003-023-05339-3 | www.nature.com/commsbio


https://doi.org/10.1038/s42003-023-05339-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	W546 stacking disruption traps the human porphyrin transporter ABCB6 in an outward-facing transient state
	Results
	VO43- and AlF4- inhibit the catalytic cycle of ABCB6core, but SO42- does not
	A potential strategy to promote the outward-facing conformation in hABCB6core
	Functional effects of W546A mutation on ATPase and transport activities of hABCB6core
	The W546A mutant favors the outward-facing state in detergent but not in nanodiscs
	Overall structure of hABCB6core-W546A in the outward-facing state
	The outward-facing conformation has low substrate affinity, facilitating its release

	Discussion
	Materials and methods
	Cloning, expression, and purification of hABCB6core and its variants
	Cloning, expression, and purification of hApoA-I (Δ1−43)
	Nanodisc reconstitution and purification
	ATP hydrolysis assay
	Proteoliposome reconstitution
	CPIII transport assay
	Cryo-EM grid preparation and data collection
	Cryo-EM data processing
	Model building and refinement
	Reporting summary

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




