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STRUCTURAL BIOLOGY

Cryo-EM structures of the human surfactant lipid

transporter ABCA3

Tian Xiet, Zike Zhangt, Jian Yuet, Qi Fang, Xin Gong*

The adenosine 5'-triphosphate (ATP)-binding cassette (ABC) transporter ABCA3 plays a critical role in pulmonary
surfactant biogenesis. Mutations in human ABCA3 have been recognized as the most frequent causes of inherited
surfactant dysfunction disorders. Despite two decades of research, in vitro biochemical and structural studies of
ABCAS3 are still lacking. Here, we report the cryo-EM structures of human ABCA3 in two distinct conformations,
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both at resolution of 3.3 A. In the absence of ATP, ABCA3 adopts a “lateral-opening” conformation with the lateral
surfaces of transmembrane domains (TMDs) exposed to the membrane and features two positively charged cavities
within the TMDs as potential substrate binding sites. ATP binding induces pronounced conformational changes,
resulting in the collapse of the potential substrate binding cavities. Our results help to rationalize the disease-causing
mutations in human ABCA3 and suggest a conserved “lateral access and extrusion” mechanism for both lipid ex-

port and import mediated by ABCA transporters.

INTRODUCTION

Pulmonary surfactant, a mixture of approximately 90% lipids and
10% proteins, is secreted by the alveolar type IT (AT2) epithelial cells
and dedicated to maintain the normal breathing by reducing alveo-
lar surface tension (1-3). Before secretion, the pulmonary surfactant
is stored in AT2 cell-specific, multilamellated lysosome-derived
organelles named lamellar bodies (LBs) (4, 5). ABCA3 is localized
in the limiting membrane of LBs and participates in surfactant bio-
genesis by transporting surfactant lipids, such as phosphatidylcholine
(PC), phosphatidylglycerol (PG), and cholesterol, into LBs (Fig. 1A)
(6-14). Mutations in ABCA3 gene may cause surfactant deficiency,
which leads to various lung disorders, such as fatal neonatal surfactant
deficiency, chronic interstitial lung disease, and diffuse parenchymal
lung disease (15-17). To date, no specific therapies exist for the he-
reditary disorders caused by ABCA3 mutations. Three-dimensional
(3D) structural information of ABCA3 would help to rationalize the
disease-causing mutations with the final aim of developing thera-
pies for patients.

Human ABCA3, consisting of 1704-amino acid residues, can be
divided into two homologous halves, each half harboring one trans-
membrane domain (TMD1/TMD2), one exocytosolic domain
(ECD1/ECD2), one nucleotide-binding domain (NBD1/NBD2), and
one regulatory domain (RD1/RD2) (Fig. 1B) (18, 19). ABCA3
belongs to the ABCA transporter subfamily, which consists of
12 structurally related transporters in humans (20-23), and was classi-
fied as type V adenosine 5’'-triphosphate (ATP)-binding cassette (ABC)
transporters based on their structure and transmembrane (TM) fold
(24-26). The ECDs and RDs are unique for the ABCA subfamily,
not presented in any other ABC transporters (19). ECD1 and ECD2
are most variable among the ABCA transporters, accounting for the
diversity and different lengths of human ABCA transporters (ranging
from 1543 to 5058 amino acids) (19, 20). The ECDs of ABCA3 are
far shorter than those of structurally characterized ABCA1, ABCA4,
and ABCA?7 (fig. S1) (27-31). The ECDI1 of ABCA3 undergoes a
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unique proteolytic processing near Lys'’* (Fig. 1B), generating a
protein band shortened by ~20 to 40 kDa (32, 33). However, the
purpose of this processing remains to be elucidated.

Like most eukaryotic ABC transporters, all the ABCA transport-
ers except ABCA4 are thought to function as “exporters” that trans-
locate the substrates from the cytosolic leaflet to the exocytosolic
(extracellular or luminal) leaflet of membranes (8, 34). ABCA4, the
only “importer” among the ABCA subfamily transporters, translocates
substrates in an opposite direction (34, 35). Recently, cryo-electron
microscopy (cryo-EM) structures of the lipid importer ABCA4 in
both “lateral-opening” conformation (apo- or substrate-bound states)
and “closed” conformation (ATP-bound state) were reported (28-30),
suggesting a “lateral access and extrusion” mechanism for substrate
import (30). Nevertheless, the structures of lipid exporter ABCA1
and ABCA7 were only resolved in the lateral-opening conforma-
tion (27, 31). Structures of ABCA transporters, especially exporters,
in different conformations during a transport cycle are essential to
understand the lipid transport mechanism.

Despite the critical roles of ABCA3 in physiology and patho-
physiology, in vitro biochemical and structural characterizations of
ABCA3 are still lacking. In the present study, we purified and bio-
chemically characterized human ABCA3 proteins in different pro-
cessed states and solved the cryo-EM structures of ABCA3 in two
distinct conformations. The structures reveal two positively charged
cavities within the TMDs as the potential substrate binding sites and
delineate the ATP-dependent conformational changes to export the
lipid substrates across the membrane, suggesting a conserved lipid
transport mechanism for both lipid export and import mediated by
ABCA transporters.

RESULTS

Biochemical characterization of human ABCA3

The details of recombinant expression and purification of the full-
length (FL) human ABCA3 in human embryonic kidney (HEK)
293F cells can be found in Materials and Methods. The ABCA3 pro-
tein was extracted from the membrane using a mixture of lauryl
maltose neopentyl glycol (LMNG) and cholesteryl hemisuccinate
(CHS), which were exchanged to glyco-diosgenin (GDN) detergent
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Fig. 1. Biochemical characterization of human ABCA3. (A) A schematic diagram of the pulmonary alveolus and LB. The alveolar surface mainly consists of AT1 and AT2
cells. The AT2 cells are involved in the production, storage, secretion, and recycling of pulmonary surfactant. The surfactant components are synthesized in the endoplas-
mic reticulum (ER) and trafficked mainly to the LBs. The intracellular lipid transporter ABCA3, located in the limiting membrane of LBs, functions to translocate surfactant
lipids, such as phospholipids (PLs), from the cytosolic leaflet into the LB lumen upon ATP hydrolysis. ADP, adenosine 5"-diphosphate. (B) Topological diagram of human
ABCA3. Human ABCA3 was fused with an N-terminal Flag tag and a C-terminal Hiso tag. The N-linked glycosylation sites at residues Asn'?* and Asn'*’ and the cleavage
site around Lys174 are presented. TMD, transmembrane domain; ECD, exocytosolic domain; NBD, nucleotide-binding domain; RD, regulatory domain. (C) Specific adenos-
ine triphosphatase (ATPase) activity versus ATP concentration measured using wild-type (WT) ABCA3 protein or the catalytic mutant (E690Q/E1540Q). (D and E) Glyco-
sylation and proteolytic cleavage of ABCA3. The recombinantly expressed and purified ABCA3 was partially cleaved into an N-terminal fragment (NTF) and a C-terminal
fragment (CTF). Both the full-length (FL) ABCA3 protein and the NTF were deglycosylated by PNGase F, indicating that the glycosylation sites of ABCA3 are in the NTF. The
purified protein was visualized by Coomassie blue-stained SDS—polyacrylamide gel electrophoresis (PAGE) (D) and Western blot (WB) (E). (F) Characterization of the
proteolytic cleavage sites of ABCA3. GSG represents the L173G/K174S/E175G variant. The coexpressed NTF (1 to 174 amino acids) and CTF (175 to 1704 amino acids) form
a stable complex. The NTF was glycosylated and could be deglycosylated by peptide N-glycosidase F (PNGase F). (G) Functional characterization of the ABCA3 cleavage
site variants. The ATPase activity of WT ABCA3 and two variants were measured. For all dot plot graphs, each data point is the average of three independent experiments,
and error bars represent the SEM.

during purification. The purified proteins appear to be homogeneous
in the detergent-solubilized micelles as examined by size exclusion
chromatography (SEC) (fig. S2A). The adenosine triphosphatase
(ATPase) activity of ABCA3 was measured as a function of ATP

concentration (Fig. 1C). The wild-type (WT) ABCA3 protein shows
a K, (Michaelis constant) of 1.80 = 0.27 mM for ATP and a V .y
(maximum rate of reaction) of 184.4 + 6.6 nmol min~' mg ™' (Fig. 1C).

The Vi is in general agreement with those for ABCA1 and ABCA4
Xie et al., Sci. Adv. 8, eabn3727 (2022)
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purified in detergent micelles (~100 to 200 nmol min~" mg™"), whereas
the Ky, for ATP is much higher than those for ABCA1 and ABCA4
(~0.1 to 0.2 mM) (27-30), suggesting that ABCA3 has a much lower
affinity for ATP than ABCA1 and ABCA4. Mutation of the catalytic
glutamates in Walker B motifs of NBD1 and NBD2 with glutamines
(E690Q/E1540Q) did not affect the protein behavior in SEC but led to
a marked decrease of the ATPase activity (Fig. 1C and fig. S2A).

Consistent with the reported proteolytic processing of ABCA3
(32, 33), the purified ABCA3 displayed two protein bands with
apparent molecular weights of ~200 and ~170 kDa on the SDS-
polyacrylamide gel electrophoresis (PAGE) gel (Fig. 1D, lane 1).
After treatment of the purified proteins by peptide N-glycosidase F
(PNGase F), the ~200-kDa band shifted to a lower band at ~180 kDa,
whereas the ~170-kDa band basically remained unchanged (Fig. 1D,
lane 2). A small-molecular weight band at ~21 kDa appeared after
the PNGase F treatment (Fig. 1D, lane 2). The Western blot data
indicate that the ~200-kDa band corresponds to FL. ABCA3, as it
contains both the N-terminal Flag tag and C-terminal His tag, the
~170 kDa band corresponds to a cleaved product with only the
C-terminal His tag [named C-terminal fragment of ABCA3 (ABCA3-
CTF)], and the deglycosylated band at ~21 kDa corresponds to a cleaved
product with only the N-terminal Flag tag [named N-terminal fragment
of ABCA3 (ABCA3-NTF)] (Fig. 1E). Meanwhile, the glycosylated
ABCA3-NTF can be detected near ~30 kDa by the Western blotting
(Fig. 1E). These results are consistent with the published proteolytic
processing of ABCA3 near Lys'”* (32, 33) and the experimentally demon-
strated N-linked glycosylation at Asn'** and Asn'* (36) (Fig. 1B).
Our results suggest that the glycosylated ABCA3 protein can be clipped
to produce ~30-kDa ABCA3-NTF and ~170-kDa ABCA3-CTF, which
stay together and cofold to form a complete architecture.

To investigate the function of proteolytic processing of ABCA3,
we sought to develop a strategy to obtain pure unprocessed and
processed ABCA3 preparations. To this end, we generated the fol-
lowing three variants: ABCA3-GSG (mutating the potential cleavage
sites near Lys'”*, L173G/K174S/E175G), ABCA3-A164-176 (deleting
the whole potential cleavage loop, residues 164 to 176), and ABCA3-
NTF + CTF (coexpression of ABCA3-NTF and ABCA3-CTF, resi-
dues 1 to 174 and 175 to 1704, respectively). These variants were
individually purified to homogeneity and exhibited similar solution
behavior as the WT protein (fig. S2B). The ABCA3-L173G/K174S/
E175G variant exhibited a similar processing pattern as the WT
protein (Fig. 1F, lanes 1 and 2), suggesting the existence of additional
cleavage sites beyond the L173/K174/E175. The ABCA3-A164-176
variant migrated as a single band similar to the unprocessed FL
ABCA3 (Fig. 1F, lane 3), indicating that proteolytic cleavage had
been completely abolished. In the purified ABCA3-NTF + CTF
variant, a high-molecular weight band corresponding to the ABCA3-
CTF was evident at ~170 kDa and a small band corresponding to
the ABCA3-NTF can be detected at ~21 kDa upon deglycosylation
(Fig. 1F, lanes 4 and 5). Thus, the ABCA3-A164-176 and ABCA3-
NTF + CTF variants could mimic the pure unprocessed and pro-
cessed ABCA3, respectively. Nevertheless, the ATPase activities of
both variants were comparable to that of the WT protein (Fig. 1G),
suggesting that the proteolytic processing of ABCA3 in ECDI
would not allosterically regulate the ATP hydrolysis in NBDs.

Structure of ABCA3 in the nucleotide-free state
The structure of WT ABCA3 was determined by single-particle
cryo-EM in the absence of nucleotide to an overall resolution of 3.3 A

Xie et al., Sci. Adv. 8, eabn3727 (2022) 8 April 2022

(fig. $3). The EM map shows excellent side-chain density and allows
model building for most of the protein (fig. S4), except for a few
loops (residues 164 to 176, 492 to 515, 858 to 894, 1000 to 1003,
1333 to 1354, and 1699 to 1704). In the final structural model, 1598
residues were built with 1574 side chains assigned, and two sugar
moieties were built into the two glycosylation sites (Asn'** and Asn'*’)
on ECDI (table S1). In addition, several strong lipid-like densities
that may belong to lipids or detergents were observed between the
two TMDs in the cytosolic membrane leaflet (Fig. 2A), which will
be discussed in the next section.

The overall structure of ABCA3 exhibits dimensions of approx-
imately 170 A perpendicular to the membrane and approximately
80 A parallel to the membrane (Fig. 2A). The two homologous re-
peats appear to have a twofold pseudosymmetry in the TMD-NBD-
RD regions, as they can be superimposed on each other with a root
mean square deviation (RMSD) of 2.077 A over 435 aligned Co atoms
(Fig. 2B). Nevertheless, the two ECDs have broken the pseudosym-
metry because they adopt opposite orientations relative to the TMDs
(Fig. 2B). The proteolytic cleavage loop (residues 164 to 176) in ECD1
(named C-loop for proteolytic cleavage) was not well resolved in the
structure (Fig. 2A), indicating its flexibility, which might facilitate
the access of the C-loop by proteases.

The most divergent part among the ABCA3/ABCA4/ABCAL struc-
tures lies in the cofolded ECDs (Fig. 2, C to E). The ECDs of ABCA1
and ABCA4 share a common architecture, which can be allocated into
three layers, the “base,” the “tunnel,” and the “lid” (Fig. 2, D and E)
(27). By contrast, ABCA3 holds a much smaller ECD, only covering
the core region of the base (Fig. 2C). The ECD1 of ABCA3, consist-
ing of 206 amino acids (residues 47 to 252), lacks a ~300-amino
acid insertion (ECD1 insertion I) and a ~100-amino acid insertion
(ECD1 insertion II), which exist in the ECD1 of ABCA1/ABCA4
(Fig. 2, C to E, and fig. S5A). The ECD2 of ABCA3, consisting of
149 amino acids (residues 946 to 1094), lacks a ~80—amino acid in-
sertion (ECD2 insertion I) and a ~50-amino acid insertion (ECD2
insertion IT), which exist in the ECD2 of ABCA1/ABCAA4 (Fig. 2, Cto E,
and fig. S5B). The divergent structures of ABCA-ECD suggest their
distinct functional roles among the ABCA subfamily transporters.
Several lipid-like densities are evident inside the predominantly
hydrophobic tunnel in the resolved ABCA1 and ABCA4 structures
(27-30), suggesting a potential lipid storage or delivery function of
the tunnels. Nevertheless, the specific functional role of the ABCA3-
ECD, lacking the tunnel and the lid, remains to be determined.

The cytosolic NBDs and RDs are the most conserved elements
among ABCA subfamily (19). A similar domain-swapped dimer of
RDs, with RD1 primarily interacting with NBD2 and RD2 primarily
interacting with NBD1, was revealed in the ABCA3 structure as that
of ABCA4 (fig. S6, A and B). The structures of NBDs and RDs are
largely identical between ABCA3 and ABCA4 with an RMSD of
1.169 A over 525 aligned Ca atoms (fig. S6C). The NBDs and RDs
were assigned as poly-Ala in the ABCAL structure [Protein Data Bank
(PDB) code 5XJY] due to the limited resolution at these regions (fig. S6D).
Considering the sequence conservation of the RDs among ABCA
subfamily, the RD1 and RD2 initially described in ABCA1 structure
were very likely misassigned in a nonswapped configuration in the
published structure (fig. S6D) (27). The RDs exhibit an ACT-like
fold that is typically involved in binding of small regulatory mole-
cules (28, 37). However, whether the ABCA-RDs could bind small
molecules and whether this binding would regulate their functions
require further investigations.
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Fig. 2. Overall structure of human ABCA3 in nucleotide-free state. (A) Overall structure of ABCA3. The two halves of ABCA3 are colored light cyan and wheat for half
1 (TMD1, ECD1, NBD1, and RD1) and half 2 (TMD2, ECD2, NBD2, and RD2), respectively. The lipid-like density between TMD1 and TMD2 in the cytosolic membrane leaflet
are shown as blue mesh, contoured at 36. The N-linked glycans are displayed as brown sticks. Residues Tyr'®* and Glu'”?, around the boundaries of the cleavage sites, are
shown as light cyan spheres. (B) Superposition of half 1 (light cyan) and half 2 (wheat) of ABCA3. (C to E) Close-up views of the ABCA3-ECD (C), ABCA4-ECD (D), and
ABCA1-ECD (E). The corresponding regions in the bases of ABCA4-ECD and ABCA1-ECD are in the same coloring scheme as that of ABCA3-ECD. Compared with ABCA3-ECD,
both ABCA4-ECD and ABCA1-ECD have four extra insertions (two in ECD1 and the other two in ECD2). The ECD1 insertions | and Il in both ABCA4-ECD and ABCA1-ECD are
colored light gray. The ECD2 insertions | and Il in both ABCA4-ECD and ABCA1-ECD are colored dark gray. The corresponding insertion sites for the extra motifs in
ABCA3-ECD1 and ABCA3-ECD2 are shown as light and dark gray spheres, respectively. All structural figures were prepared using PyMol (www.pymol.org/) or UCSF

Chimera (62).

Two positively charged cavities within the TMDs

The TMDs of ABCA3, each consisting of six TMs, display a typical
type V ABC fold without TM segment swapping between the two
homologous halves (Fig. 3A) (27, 38, 39). In the nucleotide-free
state, the TMDs of ABCA3 exhibit a similar lateral-opening conform-
ation as the nucleotide-free structures of ABCA1 and ABCA4
(Fig. 3A and fig. S7, A to C) (27-30). The major differences among
the TMDs of ABCA3/ABCA4/ABCAL1 lie in the TM8 and the last
exocytosolic loop (between TM11 and TM12). The TM8 of ABCA3
unwinds near the luminal membrane surface to form a short o helix
TM8a, and the last exocytosolic loop of ABCA3 contains a short o
helix EH5 in addition to the V-shaped o-helical hairpins EH3-EH4
(fig. S7D). In this lateral-opening conformation, the two TMDs
contact each other through a narrow interface between TM5 and
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TM11 near the cytosolic membrane surface, and the other lateral
surfaces of the TMDs are completely exposed to the lipid bilayer in
both membrane leaflets (Fig. 3A and fig. S7, A to C). Therefore, this
unique lateral-opening conformation could theoretically permit the
lateral access of lipid substrates to the substrate binding sites in
TMDs from both membrane leaflets.

A close examination of the TMDs of ABCA3 reveals that it con-
tains two positively charged cavities in the vicinity of the narrow
interface between TM5 and TM11 (fig. S7A). Several lipid-like
densities could be resolved within the two cavities (Fig. 3A and
fig. S7A). Similar lipid-like densities at similar positively charged
cavities have also been documented in the resolved nucleotide-free
structures of ABCA1 and ABCA4 (fig. S7, B and C) (27-30). We
could not ascertain the specific identities of the lipid-like densities
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Fig. 3. Two positively charged cavities within the TMDs in the cytosolic membrane leaflet. (A) Two perpendicular views of the TMDs of ABCA3. The lipid-like densi-
ties, observed in cavities 1 and 2 between the TMDs in the cytosolic membrane leaflet, are shown as blue mesh, contoured at 3. (B) A close-up view of the lipid-like
densities and the superimposed PLs and acyl chains. PLs and acyl chains are shown in purple sticks. (C) Close-up views of the lipid-binding sites. Residues involved in
lipid coordination in cavities 1 and 2 are shown as sticks. (D) Functional characterization of key residues mediating the interactions evaluated by ATPase activity of ABCA3.

within the cavity 1. The densities might result from the acyl chains
of phospholipids (PLs), the sterols, or the other lipidic species and
were tentatively assigned as three acyl chains in our structure
(Fig. 3, A and B, and fig. S8A). Nonetheless, the lipid-like densities
within the cavity 2 can be well fitted with two PL molecules (tentatively
assigned as PC in our structure) (Fig. 3, A and B, and fig. S8A).
Consistent with the observations, PL molecules [mainly PC and
phosphatidylethanolamine (PE)] can be detected and confirmed in
purified ABCA3 by thin-layer chromatography (TLC) and tandem
mass spectrometry (MS) (fig. S8, B and C).

As the two TMDs have a very limited interaction interface in the
cytosolic membrane leaflet, the lipid molecules filled in cavities
between the two TMDs seem to be important for maintaining the
stability of TMD in this lateral-opening conformation (Fig. 3A). We
serendipitously found that, when the LMNG and CHS detergent
was applied in the whole protein purification procedure, the puri-
fied ABCA3 protein behaved well in SEC but showed markedly
diminished copurified PLs and displayed nearly abolished ATPase
activity (fig. S9, A to C). The cryo-EM analysis of this “delipidated”
protein only yielded a low-resolution reconstruction at an overall
resolution of 6.3 A that displayed highly flexible NBDs and RDs (fig.
S9, D to F), suggesting the decreased protein stability due to the re-
moval of lipids from the TMDs. Consistent with this, the TMDs of
this delipidated ABCA3 exhibited a conformation distinct from the
lateral-opening conformation but closed to the ATP-bound conform-
ation discussed in the next section, which precludes the lipid bind-
ing to the TMDs (fig. S9G).

Three positively charged residues—Lys*', Arg*®’, and Arg'**—
and three polar residues—Asn®’%, Thr'*®, and Thr'*!'—could be

Xie et al., Sci. Adv. 8, eabn3727 (2022) 8 April 2022

found near the bottom of cavity 1 in the cytosolic side and might be
responsible for the coordination of the polar heads of the lipids;
meanwhile, plenty of hydrophobic residues from TMs 1/2/10/11 par-
ticipate in the coordination of the hydrophobic acyl chams (Fig. 3C
and fig. S10A). Two positively charged residues, Lys> * and Lys’*,

and two polar residues, Asn®’* and Ser''?', which are near the bottom
of cavity 2 in the cytosolic side, could help to position the polar heads
of PLs; meanwhile, the acyl chains of PLs are within hydrophobic
environments created by a great number of hydrophobic residues
from TMs 4/5/7/8b/11 (Fig. 3C and fig. S10B). To inspect the
importance of lipid binding, we performed mutagenesis studies tar-
geting the positively charged residues within the binding cavities.
The K21A, R280A, R1212A, K21A/R280A, and R280A/R1212A variants,
designed to disturb the lipid binding to cavity 1, displayed similar
protein expression and solution behavior in SEC (fig. S10C). The
K21A and R1212A variants displayed approximately 25% reduction
in ATPase activity, whereas the R280A, K21A/R280A, and R280A/
R1212A variants exhibited approximately 75% reduction in ATPase
activity, consistent with the centrally positioned localization of
Arg® in cavity 1 (Fig. 3, C and D). The reduction in ATPase activity
was likely due to the impaired lipid binding, which led to decreased
protein stability. In contrast, the K924A and K370A/K924A variants,
conceived to affect the lipid binding to cavity 2, showed similar
protein expression and solution behavior in SEC (fig. S10C) and
displayed only slightly decreased ATPase activity compared to the
WT protein (Fig. 3D). Together, our results suggest that lipid bind-
ing to cavity 1 instead of cavity 2 is more important for protein sta-
bility and ATPase activity, a phenomenon that has also been noted
in ABCA4 (30).
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Structure of the ATP-bound ABCA3

To trap ABCA3 in the ATP-bound state, we used the E690Q/E1540Q
mutant to eliminate the ATP hydrolysis while retaining the ATP
binding. The structure of E690Q/E1540Q mutant was determined
in the presence of 10 mM ATP-Mg"" to an overall resolution of 3.3 A
(fig. S11). The EM map is of high quality for most of the protein
(fig. S11E), permitting the model building of 1566 residues with
1563 side chains assigned (table S1).

In the presence of ATP, ABCA3 adopts a very different conform-
ation compared to that of the nucleotide-free structure (Fig. 4A). As
expected, two well-defined ATP-Mg”" molecules can be observed,
which were sandwiched between the Walker A motifs and the ABC
signature motifs of opposing NBDs (fig. S12, A and B). In the ATP-
bound state, the two NBDs of ABCA3 form a classic “head-to-tail”
and closed dimer as predicted for all ABC transporters (fig. S12B)
(26, 40). The two ATP molecules are bound in highly conserved
manners as those in the ATP-bound ABCA4 structure (fig. S12C).
Except the ECDs, the TMDs, NBDs, and RDs of ABCA3 in the
ATP-bound state share almost identical conformations as those of
the ATP-bound ABCAA4 structure (fig. S13).

Conserved conformational changes of ABCA3 upon

binding of ATP

Although ABCA3 and ABCA4 are supposed to transport the lipid
substrates in opposite directions, they share conserved conforma-
tional changes upon binding of ATP, shifting from a lateral-opening
conformation to a closed conformation (Fig. 4B). In the ATP-bound
state, the gaps between the two TMDs in both membrane leaflets are
completely collapsed, giving no space for substrate binding (Fig. 4B).
The ATP-bound state might represent a state after substrate release
but preceding ATP hydrolysis. The two TMDs form intensive inter-
actions between TMs 1/2/5 and TMs 7/8b/11, which may stabilize
the closed conformation of TMDs (Fig. 4B).

Upon ATP binding, the cytosolic domains undergo several local
conformational changes. The RecA-like domains of the NBDs and
the RDs rotate by around 30° relative to the a-helical domains of
NBDs (fig. S12, D and E). Aside from these local conformational
changes, the motions of the two TMD-NBD-RD modules between
these two states can be largely described as rigid-body movements,
because the two modules remain roughly unchanged in the two dif-
ferent states (Fig. 4, C and D). However, both ECDs show evident
rotations relative to the corresponding TMD-NBD-RD modules upon
binding of ATP (Fig. 4, C and D). The four connecting loops (CLs)
between ECDs and TMDs (named CL1 to CL4) undergo approximately
7 to 14 A movements upon ATP binding, which translates to a roughly
30A displacement observed at the outside of the ECDs (Fig. 4, Cand D).
In the ATP-bound state, the TM8a unwinds into a loop, accompa-
nied with the movement of ECD2 (Fig. 4D). Because the entire ECD
is virtually identical in both states (RMSD = 0.529 A), except for
some apparent local conformational changes for the CL3 and CL4
(Fig. 4E), the altered conformation of ABCA3-ECD can be described
as rigid-body rotations between the two states, similar to the observed
conformational change of ABCA4-ECD upon ATP binding (30).

Structural interpretation of the

disease-associated mutations

Before our study, several attempts have been applied to the compu-
tational 3D structural modeling of human ABCA3 to understand the
possible impact of pathogenic variants (41-43). These computational
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3D models were built on the basis of the type IV ABC fold (41), the
TMDs-NBDs of nucleotide-free ABCA1 structure (42), and the TMDs-
NBDs-RDs of ATP-bound ABCA4 structure (43), respectively, and
thus provide inaccurate and limited interpretation of ABCA3 variants.
The high-resolution structures of ABCA3 in both nucleotide-free
and ATP-bound states presented here could provide direct insights
into the mechanistic basis for the pathogenic mutations. Among the
missense mutations targeting 101 residues in human ABCA3 (Human
Gene Mutations Database, www.hgmd.cf.ac.uk), which are associated
with various lung diseases, 97 residues can be reliably mapped to
both ABCA3 structures (Fig. 5A and table S2). These pathogenic
missense variants spread over the entire ABCA3 structure, suggest-
ing the functional importance of all the structural domains.

Our structures offer the opportunity to evaluate the specific
impact of individual ABCA3 missense mutations, and we will take
three representative mutations as examples for analyses. The hydro-
phobic residues Leu'®! in ECD1 and Leu’® in ECD2 are buried
within the hydrophobic core of these domains (Fig. 5B). Replacement
of these two residues by proline (L101P or L982P variant) would
likely cause protein-folding defects, which is consistent with the re-
ported misfolding and abnormal intracellular localization of both
variants (defined as type I mutations) (44-46). The most frequent
ABCA3 missense variant in humans, E292V (47), is positioned within
the coupling helix IH2 of TMD1 (Fig. 5C), located distal to the ATP
hydrolysis site, and might be involved in the interdomain coupling
between TMD1 and NBD1 during the catalytic cycle. The Glu*? is
a surface-exposed residue that makes salt bridges with the other
residues in NBD1 in both nucleotide-free and ATP-bound states
(Fig. 5C). The E292V variant should not affect the protein folding,
thus could be trafficked to normal intracellular sites (48, 49). How-
ever, it might slightly impair the coupling between TMD1 and NBD1,
resulting in moderate decrease of ATP hydrolysis and partially re-
duced lipid transport (defined as type II mutation) (48, 49). Apart
from mechanistic insights of the currently described disease-causing
mutations in ABCA3, our structures could also be implicated in
related therapeutic studies in the future.

DISCUSSION

Human ABCA3 is involved in the export of surfactant lipids—such
as PC, PG, and cholesterol—from the cytosol into the intracellular
vesicles (8, 11-14). The two positively charged cavities within the
cytosolic membrane leaflet of TMDs and the lipid-like densities ob-
served within the two cavities strongly suggest that these two cavities
are most likely the substrate binding sites, responsible for the export
of surfactant lipid across the limiting membrane of LBs. Although
cavity 1 instead of cavity 2 is supposed to be more important for
protein stability and ATPase activity, we could not tell which one or
whether both are the real substrate binding sites without lipid trans-
port assay. The structure of ABCA3 in the ATP-bound state represents
the ATP-bound structure of exporters in the ABCA subfamily. The
structures of ABCA3 in two distinct functional states presented here
suggest a model for the ABCA3-mediated lipid export (Fig. 6A). In
the nucleotide-free state, the TMDs of ABCA3 display a lateral-
opening conformation, allowing the lateral access of lipid substrates
from the cytosolic membrane leaflet to the substrate binding sites
within the TMDs (Fig. 6A, left). Upon binding of ATP, ABCA3
undergoes large conformational changes in TMDs, ECDs, and RDs
accompanied with ATP-induced NBD closure. The two TMDs convert
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Fig. 4. Conformational changes of ABCA3 upon ATP binding. (A) Overall structure of ATP-bound ABCA3. The domains are colored as above. (B) Closure of the ABCA3
TMDs and NBDs upon ATP binding. PLs and acyl chains are shown as purple spheres. ATP and Mg2+ are displayed as yellow and green spheres, respectively. (C) Superpo-
sition of half 1 of the nucleotide-free ABCA3 (gray) and ATP-bound ABCAS3 (light cyan) structures. The connecting loops between TMD1 and ECD1, abbreviated as CL1 and
CL2, are colored magenta and marine, respectively. The CL1 and CL2 in the ATP-bound structure exhibit ~8 and ~7 A displacements, respectively, compared to those in
the nucleotide-free structure. The ECD1 rotates forward with a movement of ~30 A observed at the outside. (D) Superposition of half 2 of the nucleotide-free ABCA3 (gray)
and ATP-bound ABCA3 (wheat) structures. The connecting loops between TMD2 and ECD2, abbreviated as CL3 and CL4, are colored magenta and marine, respectively.
TM8a of CL4 was unwound in the ATP-bound structure. The CL3 and CL4 in the ATP-bound structure exhibit ~10 and ~14 A displacements, respectively, compared to
those in the nucleotide-free structure. The ECD2 rotates backward with a movement of ~30 A observed at the outside. (E) Superposition of ECD of the nucleotide-free
ABCAS3 (gray) and ATP-bound ABCAS3 (light cyan and wheat) structures. CL1 and CL3 are colored magenta; CL2 and CL4 are colored marine.

to a closed conformation with collapsed substrate binding sites and
extrude the lipid substrates across the membranes (Fig. 6A, right).
ATP hydrolysis then resets ABCA3 to the nucleotide-free state in
lateral-opening conformation ready for next transport cycle.
Although ABCA3 and ABCA4 transport the lipid substrates in
opposite directions, they adopt highly conserved ATP-driven con-
formational changes, named as lateral access and extrusion (30), to
“flop” or “flip” thelipid substrates across the membranes (Fig. 6, A and B).

Xie et al., Sci. Adv. 8, eabn3727 (2022) 8 April 2022

Our study not only suggests that the two positively charged cavities
within the TMDs of ABCA3 are the potential lipid substrate bind-
ing sites but also reveals that the lipids bound inside the cavity 1 are
critical for protein stability and activity and are essential to main-
tain the TMDs of nucleotide-free ABCA3 in a lateral-opening con-
formation (fig. S9). In the TMDs of ABCAA4, the physiological lipid
substrate N-retinylidene-phosphatidylethanolamine (NRPE) locates
in the luminal membrane leaflet and is primarily sandwiched between
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Fig. 5. Structural mapping of the pathogenic mutations. (A) Mapping the locations of disease-associated missense mutations using the nucleotide-free and the ATP-
bound structures of ABCA3. (B) Two missense mutations, L101P and L982P, were buried within the hydrophobic core of ECD, suggesting that they would likely cause
protein-folding defects. This type of mutation was defined as type | mutation. (C) The most frequent missense mutation, E292V, is positioned within the coupling helix
IH2 of TMD1. The potential polar interactions between Glu?*? and neighboring residues are shown as red dashed lines. The E292V variant would not affect the protein
folding but slightly impair the coupling between TMD1 and NBD1, resulting in moderate functional impairment in ATP hydrolysis. This type of mutation was defined as

type |l mutation.

the two TMDs and further coordinated by an extended loop from
ECD1 (Fig. 6B and fig. S7B). Aside from the NRPE substrate,
some lipid molecules were also observed within the TMDs of ABCA4
in the cytosolic membrane leaflet in all the resolved nucleotide-free
ABCA4 structures (28-30). These lipids might not be the substrates
for transport but serve as structural roles for stabilizing the protein
in a lateral-opening conformation (Fig. 6B). However, how the lipid
substrates can be flopped or flipped across the membranes through
conserved ATP-driven conformational changes and the molecular
determinants for the opposite substrate transport directionality
of ABCA3 and ABCA4 remains to be explored in the future.
Furthermore, the pathways for substrate translocation also await
characterization.

Xie et al., Sci. Adv. 8, eabn3727 (2022) 8 April 2022

The TMDs of ABCA3/ABCA4/ABCALI share a common lateral-
opening conformation in the nucleotide-free state but exhibit some
differences in the substrate binding sites. For instance, the NRPE
substrate binding site in ABCA4 does not exist in ABCA3 or
ABCALI. In addition, the lipid-like densities accommodated in their
positively charged cavities within the cytosolic membrane leaflet of
TMDs, and the corresponding coordinating residues within the
cavities also display a certain degree of variations (fig. 7). The dis-
similarity might be the reason for or result of the different substrate
selectivity of ABCA transporters. It has been demonstrated that
ABCA1and ABCA7 could preferentially transport PC, phosphatidyl-
serine, and sphingomyelin, whereas ABCA4 would preferentially trans-
port PE and NRPE (34, 35). Additional biochemical and structural
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studies are necessitated to resolve the substrate selectivity of ABCA3
and the specific residues that confer differences in substrate selec-
tivity between the ABCA subfamily transporters.

The structures of ABCA3, lacking the lipid storage or delivery
tunnel and the lid in the ECD, represent the structures of ABCA
transporters with smaller ECDs. The ECDs of ABCA3/5/6/8/9/10
are about ~170 to 180 amino acids and ~140 to 150 amino acids in
length for ECD1 and ECD2, respectively, whereas the ECDs of
ABCA1/2/4/7/12/13 are more than 500 amino acids and more than
210 amino acids in length for ECD1 and ECD2, respectively (19). The
sequences and lengths of ECDs are highly conserved among the
ABCA3/5/6/8/9/10 transporters (fig. S14), suggesting a preserved
architecture for these smaller ABCA transporters. Because of the lack
of lipid storage or delivery tunnel in ABCA3-ECD, further studies
would be required to investigate how the lipid flopped by ABCA3 can
enter and be stored in the LBs (Fig. 6A). A recent study has suggested
that the surfactant protein B (SP-B) inside the LBs might be able to
extract the surfactant lipids flopped by ABCA3 (50), a function similar
to that of the lipid storage or delivery tunnel in larger ABCA trans-
porters. Whether the SP-B could fulfill the function of the tunnels
and whether other downstream lipid acceptor proteins exist for
other smaller ABCA transporters require further explorations.

The proteolytic cleavage in the ECD1 of ABCA3 has not been
reported in any other ABCA or even ABC transporters. Our results
reveal that this cleavage would yield two closely interacting fragments
(a small NTF and a large CTF) of ABCA3, although this cleavage
would not affect its ATPase activity (Fig. 1, D to G). Further studies
are required to ascertain whether this cleavage could influence the
functions of ABCA3 in other aspects except the ATPase activity,
such as the lipid transport activity or its interaction with upstream/
downstream factors.

Despite many remaining questions, the biochemical and struc-
tural studies of human ABCA3 represent a major step toward the
mechanistic understanding of ABCA3-mediated lipid export. The
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work establishes a new starting point to understand the molecular
basis of the ABCA3-related lung diseases and may facilitate the
structure-based drug design targeting ABCA3. The structural anal-
ysis suggests a conserved lateral access and extrusion paradigm for
both lipid export and import mediated by ABCA transporters. This
working model is distinct from the conventional “alternating-access”
model for most transporters (26, 51) and the “credit card swipe”
model for the other lipid transporters (52, 53) and could serve as an
important framework for future studies toward other ABCA sub-
family transporters.

MATERIALS AND METHODS

Protein expression and purification

The human ABCA3 WT and variants were cloned into the pCAG
vector and fused with an N-terminal Flag tag and a C-terminal His,g
tag. The HEK293F suspension cells (Invitrogen) were cultured at
37°C under 5% CO; in SMM 293-TII medium (Sino Biological Inc.).
Each liter of cells was transiently transfected with preincubated
1 mg of plasmid and 3 mg of polyethyleneimine (Polysciences) at a
density of 2.0 x 10° to 2.5 x 10° cells/ml. About 10 mM sodium
butyrate was added into the culture to increase protein expression
after infection for 12 hours. The cells were cultured for another
48 hours. before being harvested.

The cell pellet was resuspended in lysis buffer [25 mM tris
(pH 7.5) and 150 mM NaCl] supplemented with protease inhibitor
cocktail (AMRESCO). The membrane protein was extracted with
1% (w/v) LMNG and 0.2% (w/v) CHS at 4°C for 2 hours. After cen-
trifugation at 37,000¢ for 1 hour, the supernatant was collected and
applied to anti-Flag G1 affinity resin (GenScript), rinsed with W1
buffer [25 mM tris (pH 7.5), 150 mM NaCl, and 0.02% GDN]. The
resin was washed with 20 column volumes of W1 buffer before being
eluted with W1 buffer supplemented with Flag peptide (200 ug/ml).
The protein was further purified by nickel affinity chromatography.
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The Ni-nitrilotriacetic acid resin (QIAGEN) was washed with W2
buffer [25 mM tris (pH 7.5), 150 mM NaCl, 20 mM imidazole, and
0.02% GDN] and eluted with W2 buffer supplemented with 230 mM
imidazole. The concentrated protein eluent was further purified by
SEC using a Superose 6 Increase 10/300 GL column (GE Healthcare)
equilibrated with W1 buffer. Peak fractions were collected and con-
centrated for activity assay or cryo-EM experiments. ABCA3
protein purified in LMNG/CHS was prepared similarly, except that
0.02% GDN was replaced with 0.02% LMNG and 0.004% CHS.

ATPase activity assay

The ATPase activity of ABCA3 was measured similarly as that of
ABCA4 by a continuous spectrophotometric assay based on the
coupling of adenosine 5'-diphosphate production and NADH
(reduced form of nicotinamide adenine dinucleotide phosphate)
oxidation by pyruvate kinase (PK) and lactate dehydrogenase (LDH)
(30, 54). The assay was performed at 37°C on a 150-pl scale in
96-well plates. The reaction mixture included 25 mM tris (pH 7.5),
150 mM NaCl, 0.02% GDN, PK (60 pug/ml), LDH (32 ug/ml), 3 mM
phosphoenolpyruvate, 0.4 mM NADH, 0.1 uM ABCA3, and varying
amounts of ATP/MgCl,. Measurements was recorded at 340 nm,
monitoring the decrease of NADH absorbance over the course of 1 hour
on Synergy H1 microplate reader (BioTek). Statistical analysis was
carried out with GraphPad Prism 8. The ATP hydrolysis rate versus
ATP concentration was fitted with the Michaelis-Menten equation.

Protein deglycosylation and Western blot analysis

About 1 ug of ABCA3 protein was denatured and treated with 0.3 pl
of PNGase F (P0708S, New England Biolabs) in 20 pl of reaction
mixture at 37°C for 1 hour before being applied to SDS-PAGE and
transferred to polyvinylidene difluoride membranes (Millipore). After
blocking with 5% milk [in PBST, phosphate-buffered saline (PBS)
with 0.1% Tween 20] at room temperature (RT) for 1 hour, the
membranes were incubated with primary mouse anti-Flag (D191041,
Sangon Biotech) or mouse anti-His (D191001, Sangon Biotech)
monoclonal antibodies (1:5000 dilution in PBST) at RT for 2 hours.
Following three rounds of 5-min wash in PBST, the membranes were
incubated with horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G antibodies (1:7000 dilution in PBST; D110087,
Sangon Biotech) at RT for 1 hour and developed with UltraSignal
hypersensitive ECL chemiluminescence substrate (4AWO011, 4A
Biotech) on an Amersham Imager 600 (GE Healthcare).

TLC and MS analysis
Both TLC and liquid chromatography (LC)-MS/MS was performed
similarly as that for ABCA4 (30). For TLC, chloroform and metha-
nol were mixed with 1 ml of ABCA3 (0.2 mg in total) with a volume
ratio of 0.5:1:1 for lipid extraction. The mixture was sonicated for
30 min in ice water bath before being spun at 2300g for 10 min at
4°C. The chloroform phase at bottom was collected and dried under
a nitrogen stream. The lipids were dissolved in 20 pl of chloroform,
and about 5 pl of sample was applied onto a silica TLC plate
(100 mm by 100 mm; Qingdao Ocean Chemicals). The lipids were
separated by a solvent system containing chloroform, methanol,
and water [65:25:4 (v/v/v)] for 30 min. The TLC plate was dried and
stained with iodine vapor for overnight to visualize the lipids.

For LC-MS/MS, the lipids were extracted similarly as above and
resuspended in 20 ul of Acetonitrile (ACN)/Isopropyl alcohol (IPA)/
H,0 [65:30:5 (v/v/v)] solution containing 5 mM ammonium acetate.
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About 5 pl of sample was injected into the LC-MS/MS system (Q
Exactive Orbitrap mass spectrometer, Thermo Fisher Scientific)
equipped with a C18 reversed-phase column (1.9 pm, 2.1 mm by
100 mm; Thermo Fisher Scientific). Mobile phase A was ACN/H,0
[60:40 (v/v)] with 10 mM ammonium acetate, and mobile phase B
was IPA/ACN [90:10 (v/v)] with 10 mM ammonium acetate. The
elution gradient, started with 32% mobile phase B for 1.5 min, was lin-
early increased to 85% mobile phase B at 15.5 min. Then, the gradient
was raised to 97% mobile phase B at 15.6 min and held until 18 min.
Last, the gradient was decreased to 32% mobile phase B at 18.1 min for
column equilibration until 22 min. The flow rate was 0.26 ml/min.
The mass spectrometer was operated in negative mode with a spray
voltage of 3.5 kV. Full-scan MS data were obtained from the mass/
charge ratio (m/z) range of 166.7 to 2000. The MS/MS spectra were
searched against the lipid database using the LipidSearch software
(Thermo Fisher Scientific). The peaks for PL ions, with retention
time between 9.5 and 14.0 min, from m/z range of 670 to 850 were
indicated.

Cryo-EM sample preparation and data collection

For cryo-EM sample preparation of nucleotide-free ABCA3, 3-ul
aliquots of purified WT ABCA3 (~10 mg/ml) were applied to the
glow-discharged QUANTIFOIL Cu R1.2/1.3 300 mesh grids. After
being blotted for 4.5 s at 8°C with 100% humidity, the grids were
flash-frozen in liquid ethane cooled by liquid nitrogen with Vitrobot
(Mark IV, Thermo Fisher Scientific). For the ATP-bound ABCA3
sample, ABCA3 (~10 mg/ml) (E690Q/E1540Q) was incubated with
10 mM ATP/MgCl, on ice for 1 hour before grid preparation.

For nucleotide-free ABCA3 sample purified in GDN, a total of
1808 movie stacks were collected with SerialEM (55) on a Titan Krios
microscope with a K2 Summit direct electron detector (Gatan) and
a GIF Quantum energy filter (Gatan) with a slit width of 20 eV ata
nominal magnification of x130,000 with defocus values between
—2.0 and — 1.0 um. Each stack was exposed in superresolution mode
for 5.76 s in 32 frames. The total dose for each stack was 50 e /A%,
For nucleotide-free ABCA3 sample purified in LMNG/CHS and
ATP-bound ABCA3 sample, 3253 movie stacks and 938 movie stacks
were individually collected in the same manner. All the stacks were
motion-corrected using MotionCor2 (56) with a binning factor of
2, resulting in a pixel size of 1.08 A; meanwhile, dose weighting was
performed (57). The defocus values were estimated by Getf (58).

Cryo-EM data processing

For the dataset of nucleotide-free ABCA3 in GDN, a total of
1,218,288 particles were picked from 1808 micrographs using Relion 3.0
(59). After 2D classification, 988,000 particles were selected and sub-
jected to global search 3D classification. A total of 637,131 particles
selected from the global search 3D classification were subjected to
3D autorefinement. After another round of local search 3D classifi-
cation, a total of 111,435 particles were selected. 3D autorefinement
of the particles with an adapted mask yielded a map with an overall
resolution of 3.3 A.

The procedures for LMNG/CHS-purified ABCA3 and ATP-bound
ABCA3 data processing were similar as above. For the dataset of
nucleotide-free ABCA3 in LMNG/CHS, 2,179,653 particles were picked
from 3253 micrographs. 2D classification resulted in 1,043,293 particles
that were then subjected to global search 3D classification. After
further 3D classification without alignment bearing an adapted
mask, a total of 153,740 particles were selected. 3D autorefinement
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of the particles with mask yielded a 6.3 A reconstruction. For the
ATP-bound ABCA3 dataset, a total of 490,349 particles were picked
from 938 micrographs. 2D classification resulted in 398,321 good
particles that were then subjected to global search 3D classification.
After an additional round of local search 3D classification, a total of
80,575 particles were selected. 3D autorefinement of the particles
with an adapted mask yielded a reconstruction at resolution of 3.3 A.

All 2D classification, 3D classification, and 3D autorefinement
procedures were performed using Relion 3.0. Resolutions were esti-
mated using the gold-standard Fourier shell correlation 0.143 crite-
rion (60) with high-resolution noise substitution (61).

Model building and refinement

The human apo ABCA4 model (PDB code 7E7I) was used as the
initial reference for model building of nucleotide-free ABCA3 purified
in GDN. The ABCA4 subdomains (TMDs, NBDs, RDs, and ECD
base) were individually docked into the 3.3 A map of nucleotide-free
ABCA3 using Chimera (62). Each residue was mutated and manu-
ally adjusted with Coot (63). Structure refinements were carried out
by Phenix (1.18.1_3865) (64) in real space with secondary structure
and geometry restraints. The structural model was validated by Phenix
and MolProbity (65). The nucleotide-free ABCA3 structure was used
as the reference for model building of ATP-bound ABCA3. The model
refinement and validation statistics were summarized in table S1.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3727

View/request a protocol for this paper from Bio-protocol.
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