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SUMMARY

The human ATP-binding cassette (ABC) transporter ABCA7 participates in the lipidation of apolipoprotein
ApoE, a commonly recognized risk factor for Alzheimer’s disease (AD). How ABCA7 is involved in the molec-
ular pathogenesis of AD remains poorly understood. Using cryoelectron microscopy (cryo-EM), we deter-
mined ABCA7 structures in the apo and substrate-bound forms, respectively. Combinedwith activity assays,
we assigned the residues that specifically bind twomolecules of phosphatidylserine (PS) that are arranged in
a ‘‘tail-to-tail’’ manner. Pull-down assays confirmed that ApoE directly interacts with ABCA7; and moreover,
both ATPase and lipid transport activities of ABCA7were significantly enhanced in the presence of ApoE.We
also measured the activities of a familial AD variant and a protective clinically reported variant in the ABCA7
gene. Our findings not only give structural insights into ABCA7-mediated PS translocation, but we also pro-
vide first biochemical evidence for its link to AD by forwarding lipids to ApoE.

INTRODUCTION

Alzheimer’s disease (AD) is an irremediable neurodegenerative

disease that primarily affects the brain, causing memory loss

and cognitive disabilities.1 AD accounts for 60%–80% dementia

cases, which not only suffers the patients but also places a sig-

nificant burden on their families and caregivers.2 AD patients are

diagnosed by the accumulation of abnormal protein deposits in

the brain, known as amyloid b (Ab) plaques and tau tangles,

which disrupt normal functioning of brain cells.1,3 However, the

pathogenesis of AD is still poorly understood, although many

risk factors are reported, including environmental4–7 and genetic

factors.1,8–11 Among the genetic risk factors, APOE is widely

believed as a major gene that is associated with aggregation,

clearance, cellular uptake of Ab and also affects synapse num-

ber and function, blood brain barrier integrity and Tau-mediated

neurodegeneration.12–14

ApoE is a ubiquitous lipid carrier that forms lipoprotein parti-

cles via binding to a variety of lipid species including phospho-

lipids, triglycerides (TAGs) and cholesterol.15,16 It is the major

apolipoprotein expressed in the central nervous system, which

binds to the low-density lipoprotein receptors (LDLRs), medi-

ating the cellular uptake and lysosomal hydrolysis of lipids.17–20

A recent study reported that the decreased binding affinity of

ApoE to the receptors, such as HSPG (heparan sulfate proteo-

glycan core protein) and LRP1 (low-density lipoprotein recep-

tor-related protein 1), was linked to the impeded process of

Ab-induced tau seeding and spreading in vivo, subsequently re-

sulting in a protective effect against AD onset.21 In fact, the ApoE

lipoprotein particles of higher PS abundancy were reported to

attribute to a weaker binding affinity toward LRP1.22 In the pro-

cess of ApoE lipidation, twomembers from the A family of human

ATP-binding cassette (ABC) superfamily, ABCA1 andABCA7 are

involved.23,24 It has been suggested that ABCA1 is mainly

responsible for the cholesterol delivery, whereas ABCA7 pre-

sents phospholipids to ApoE.25 Of note, ABCA7, the coding

gene of which shares a same chromosomal location with that

of ApoE, has been shown a significant correlationwith AD, based

on diverse genome-wide association studies (GWAS) of AD pa-

tients worldwide.11,26 A series of clinic reports have denoted that

the presence of single nucleotide polymorphisms, missense var-

iants, premature termination codon variants and protein modifi-

cations on ABCA7 or its gene has a robust association with AD

patients.27–29 It has been proposed that ABCA7 can regulate

the physiological processes related to Ab metabolism via

affecting ApoE lipidation,1,24,25,30 yet no direct evidence re-

ported so far.

ABCA7 is a polypeptide of 2,146 residues, folded into two

transmembrane domains (TMDs) with each consisting of six

transmembrane helices (TMs) and two nucleotide-binding
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domains (NBDs). In addition, ABCA7 also possesses two typical

structure features in ABCA family members,31,32 including a

large extracellular domain (ECD) inserted between TM1 and

TM2, and a small regulatory domain (RD) succeeding each

NBD (Figure S1A). ABCA7 is expressed in neurons, astrocytes,

microglia, endothelial cells of the blood-brain barrier and brain

pericytes.32 Previous reports showed that ABCA7 can transfer

phospholipids, such as phosphatidylserine (PS), phosphatidyl-

choline (PC), phosphatidylethanolamine (PE), and sphingomyelin

(SM), to apolipoproteins, usually ApoE or ApoA-I.24,33 Although

the cryoelectron microscopy (cryo-EM) structures of ABCA7 in

apo and ATP-bound states have been recently reported,34 the

substrate-binding pattern and transport mechanism remain

unknown.

Here we report the cryo-EM structures of human ABCA7 in

apo form at 3.9 Å and substrate-bound form at 3.5 Å. Structural

analysis combined with biochemical assays suggested a lipid

transport mechanism of ABCA7. Remarkably, we found the

direct interaction between ApoE and ABCA7 and further re-

vealed that the transport and ATPase activities of ABCA7 could

be enhanced in the presence of ApoE. Finally, our data imply an

underlying mechanism of ApoE-related AD onset.

RESULTS

Biochemical characterization and structure
determination of ABCA7
The full-length human ABCA7 was recombinantly expressed in

human embryonic kidney HEK293 cells and purified to homoge-

neity in detergent micelles. The ABCA7 protein was extracted

from the membrane with detergent n-dodecyl-b-D-maltoside

(DDM) plus cholesteryl hemisuccinate (CHS) and exchanged to

glyco-diosgenin (GDN) during purification (Figure S1B). The pu-

rified wild-type (WT) ABCA7 displayed an ATPase activity with

Km and Vmax values of 465 mM and 5.66 mol Pi min� 1 mol�1 pro-

tein, respectively (Figure 1A), which is comparable with previ-

ously reported ABCA transporters (Table S1). ABCA7 possesses

two ATPase catalytic sites, Glu965 and Glu1951, in NBD1 and

NBD2, respectively. We thus mutated these two Glu to Gln

(Figure S1C) and found that E965Q/E1951Q mutant exhibited

an almost abolished ATP hydrolysis activity (Figure 1A). We

further performed substrate-stimulated ATPase activity assays

with putative substrates of ABCA7 suggested in the previous

studies.25,33,35 Compared to the basal ATPase activity of

ABCA7, dioleoylphosphatidylcholine (DOPC), and dioleoylphos-

phatidylethanolamine (DOPE) displayed no significant stimula-

tion of activity (Figure 1B); however, the ATPase activity was

increased �2-folds upon the addition of dioleoylphosphatidyl-

serine (DOPS, Figure S1D). In addition, the proteoliposome-

based transport assays revealed that the transport activity of

ABCA7 toward the fluorescence-labeled PS is also significantly

higher than PE and PC (Figures S1E–S1G). To study whether

PS with differing chain lengths and double bond positions would

possess different stimulated ATPase activities, we performed

the assays of several different types of PS, which showed similar

activities and all are significantly higher than DOPC and DOPE

(Figures 1B and S1D). The result indicated that the polar heads

of phospholipids might play a more important role in the sub-

strate specificity of ABCA7. A further concentration-dependent

DOPS-stimulated ATPase activity assay revealed a half maximal

effective concentration (EC50) value of 209 mM and a Vmax of

12.08mol Pi min�1mol�1 protein (Figure 1C). The results of these

biochemical assays indicated that our protein samples are in a

physiologically relevant state, and that PS might be the most

preferable substrate of ABCA7.

To gain more structural and functional insights into ABCA7, we

first solved the apo-form structure with the ABCA7E965Q/E1951Q

variant samples using cryo-EM, at the resolution of 3.9 Å (Fig-

ure S2; Table S2). The structure adopts an outward-facing (OF)

conformation (Figure 1D). The NBDs possess a classic NBD

fold of ABC transporter, with an a-helical subdomain and a

RecA-like ATPase core subdomain. The TMDs of ABCA7 exhibit

a typical type-V ABC exporter fold without TM swapping.36

Each of the two TMDs consists of 6 TMs and contact with

each other in the cytoplasmic membrane leaflet through a small

interface between TM5 and TM11. Two intercellular helices (IH2

and IH4) insert the NBD of the same side and couple conforma-

tional changes between the two domains (thus also named

coupling helices, Figures 1D and S1A). The two RDs adopt

domain swapping to interact with their opposite NBDs, respec-

tively. Of note, the resolution of TMD1 is much higher than

TMD2 (Figure S2B).

ABCA7 possesses two extracellular domains, ECD1 and

ECD2, which are inserted in TMD1 and TMD2 (between TM1

and TM2 in TMD1, and TM7 and TM8 in TMD2), respectively

(Figures 1D and S1A). These two ECDs co-twist as one torch-

like structure (Figure 1E), generally similar to the previously re-

ported ECDs in ABCA137 and ABCA4.38 Specifically, ECD1 con-

sists of 15 a-helices and 8 b-strands, while ECD2 contains 6

a-helices and 8 b-strands (Figures 1E and S3A). Different from

the ECDs of ABCA1 or ABCA4 which are divided into three

layers: the base, the tunnel and the lid, the ECDs of ABCA7

only consist of the base of two a/b domains from ECD1 and

ECD2 and the tunnel primarily formed by a helices from ECD1

in addition to an a-helical hairpin from ECD2, but not the lid

(Figures 1E and S3B). In fact, sequence alignment also revealed

that the sequence corresponding to the lid is missing in ECD1 of

ABCA7 (Figure S3C).

The substrate-bound structure revealed two PS
molecules binding to TMD1 side of the translocation
cavity in a tail-to-tail manner
Weprepared theWT ABCA7 samples and solved the structure at

the resolution of 3.5 Å (Figures 2A and S4; Table S2). In the trans-

location cavity between TMD1 and TMD2, two extra densities

could be found proximal to the TMD1 (Figures 2B and S4F),

similar densities at the counterpart position found in a previously

reported structure of ABCA7.34 However, only the acyl chains

could be fitted into the densities due to the poor resolution. In

contrast, two phospholipid molecules, each with a hydrophilic

head and two hydrophobic tails, could be ambiguously assigned

in our structure (Figures 2B and S4F). We assume these mole-

cules are one of the substrates, i.e., PS, PC or PE of ABCA7,

which were extracted from the cell membrane. A closer look at

the two binding sites of the hydrophilic head revealed mostly

positively charged residues, including Lys567 at the cytoplasmic

side, and Lys1406, Arg544 at the extracellular side, clearly better

accommodating PS, which has a negatively charged head
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(Figure 2C). Moreover, our biochemical assays also indicated

that PS could significantly stimulate the ATPase activity of

ABCA7 (Figure 1B). Thus, we tentatively fitted two molecules

of DOPS (indicated as PS for short hereafter) into the densities,

respectively (Figures 2B and S4F). Notably, the purification pro-

cedure was the same as ABCA7E965Q/E1951Q. Therefore, we as-

sume that the energy of ATP hydrolysis is needed for substrate

translocation cycle, thus the state of substrate binding can be

easily captured by cryo-EM.

Structural comparison with the apo-form structure of ABCA7

yielded an overall root-mean-square deviation (RMSD) of

1.93 Å over 1443 Ca atoms, indicating a similar conformation

(Figure S5A). However, TMD2 displays higher conformational

variations, as the RMSD is 2.75 Å over 250 TMD2Ca atomswhile

Figure 1. Substrate-stimulated ATPase activity assays and the overall structure of the apo-form ABCA7

(A) ATPase activities of wild-type ABCA7 (WT) and E965Q/E1951Q mutant in detergent. The data points are fitted with a Michaelis-Menten equation. All data

points represent the means ± SD of three independent experiments (n = 3) at 37�C, and error bars represent standard deviation.

(B) ATPase activities of ABCA7 in detergent upon the addition of different phospholipids. DOPS, dioleoylphosphatidylserine; DOPC, dioleoylphosphatidylcholine;

DOPE, dioleoylphosphatidylethanolamine; SOPS, 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; DPPS, 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine;

DMPS, 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine. Unpaired two-sided t test is used for the comparison of statistical significance. The p values of <0.05,

0.01, and 0.001 are indicated with *, **, and ***, compared to the wild type. All data points represent the means ± SD of three independent experiments (n = 3) at

37�C, and error bars represent standard deviation.

(C) The PS concentration-dependent ATPase activities of WT in detergent. The data points are fitted with a Michaelis-Menten equation. All data points represent

the means ± SD of three independent experiments (n = 3) at 37�C, and error bars represent standard deviation.

(D) Cartoon representation of the apo-form ABCA7. The two-halves of ABCA7 are colored in orange for TMD1, ECD1, NBD1 and RD1 and marine for TMD2,

ECD2, NBD2 and RD2, respectively. The 12 transmembrane helices (TMs) are sequentially numbered. The cellular membrane is indicated as the gray rectangle.

ECD, extracellular domain; NBD, nucleotide-binding domain; TMD, transmembrane domain; RD, regulatory domain; IH, intracellular helix; EH, extracellular helix.

(E) Close-up view of the ECDs. The a-helices and b-sheet in ECD1 (left) and ECD2 (right) are sequentially numbered, respectively.
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Figure 2. Overall structure of substrate-bound ABCA7 and the substrate-binding sites

(A) The local resolution map of substrate-bound ABCA7. The color code for resolutions, shown with the unit Å, is calculated using CryoSPARC. The cryo-EMmap

was colored by UCSF ChimeraX according to the local resolution estimated by cryoSPARC.

(B) Cartoon representation of the substrate-bound ABCA7 (left) and the close-up view of the TMDs (right). Two phosphatidylserine (PS) molecules are shown as

green sticks. The cellular membrane is indicated as the gray rectangle. The 12 TMs, EHs, and IHs are sequentially numbered. Density maps of PS, shown as gray

mesh. The density map of PS-1 is contoured at 3s and the density map of PS-2 is contoured at 4s. The density maps are carved at a distance of 2 Å.

(C) The binding sites of PS molecules. The interacting residues are shown as sticks and colored in orange from TMD1 or marine from ECD2. Hydrogen bonds are

indicated by black dotted lines. Interacting residues of each PSmolecule are shown by two zoom-in images, respectively. Two PSmolecules are shown as green

sticks. The electrostatic surface properties of the binding pocket are color-coded by electrostatic potential generated by PyMOL.

(legend continued on next page)

ll
Article

4 Structure 33, 1–11, March 6, 2025

Please cite this article in press as: Fang et al., Structural insights into human ABCA7-mediated lipid transport, Structure (2024), https://doi.org/
10.1016/j.str.2024.12.015



TMD1 can be perfectly superimposed (Figure S5B). In fact,

TMD2 possesses a much lower local resolution in both of our

structures (Figures 2A and S2C), as well as the previously re-

ported ABCA7 structures.34 Upon PS binding, most TMs in

TMD2 rotate around the axis of TM8, leading to a more loosely

packed TMD2 and a very flexible NBD2, which possesses a

much lower resolution compared to that in the apo-form struc-

ture. For instance, TM12 moves �6 Å, and the distal end of the

coupling helix IH3 rotates of �12� toward TMD1 (Figure S5B).

The two PS molecules stick on TMD1 in a ‘‘tail-to-tail’’

manner, along a groove formed by the helices TM1, TM2, and

TM5 (Figure 2C). The PS molecule (termed PS-1 hereafter) at

the inner leaflet of the cell membrane is fixed on TM5 via a

salt bridge between its phosphate group and Lys567, with the

hydrophilic head pointing toward the cytoplasm and the two

hydrophobic acyl chain tails extending to the interface of the

bilayer. Abundant hydrophobic residues, such as Leu564,

Val27, Tyr560, Leu662, and Phe665 provide a hydrophobic

environment to stabilize the acyl chains. In contrast, the other

PS molecule at the outer leaflet (termed PS-2 hereafter) is fixed

on TM2 and a3 helix of ECD2, via two salt bridges between the

phosphate group and Arg554 of TM2, and the carboxyl group

and Lys1406 of a3 helix, respectively. The two hydrophobic

acyl chain tails of PS-2 also extend to the interface of the mem-

brane bilayer, along the hydrophobic residues Phe483, Val541,

Val42, Val545, Leu552, Phe553, Leu669, and Val672. Thus, the

PS-1 and PS-2 adopt a ‘‘tail-to-tail’’ binding manner in the

translocation cavity. Previous structures have revealed that

the ECDs of ABCA1 possess an extra substrate binding site,

suggesting that the substrate cholesterol should move from

the TMDs to ECDs, and eventually be presented to ApoA-I to

form the high-density lipoprotein.39,40 Similarly, in the ECDs

of the substrate-bound structure, we also found an extra elec-

tron microscopy density, which has an overall shape mimicking

a phospholipid (Figure S5C). Despite this extra density is of

rather low resolution, we proposed that ECDs of ABCA7 most

likely also constitutes a part of the transport route that presents

the substrate PS to the acceptor ApoE.

Using site-directed mutagenesis combined with PS-stimu-

lated ATPase activity assays, we analyzed the key residues

that form polar interactions with PS-1 and PS-2. The results indi-

cated that all single mutants, including K567A, R544A, and

K1406A, displayed a significant decrease in PS-simulated

ATPase activity, compared to that of the wild type (Figure 2D).

Moreover, double mutations of the two residues Arg544 and

Lys1406 that cooperatively fix PS-2 to Ala showed the sharpest

decrease of stimulate activity, almost comparable to the E965Q/

E1951Qmutant that abolishes the ATPase activity (Figure 2D). In

addition, the proteoliposome-based transport activity assays

also revealed that all mutants showed significant decrease of

transport activity, compared to thewild type (Figure 2E). Notably,

the single mutant R544A and the double mutant R544A/K1406A

displayed the lowest transport activity. These results indicated

that the residues binding to PS-2 plays a rather more important

role compared to those binding to PS-1.

Sequence alignment revealed that these positively charged

residues that specifically binding to PS-1 and PS-2 are highly

conserved among ABCA7 homologs (Figure S5D). Of note,

Arg544, which is responsible for the recognition of the phos-

phate group of PS, is also conserved in human ABCA1. This is

in accordance with that PS is reported to be one of the sub-

strates of ABCA1.33

Superpositions between our present apo-form and PS-bound

ABCA7 structures with the previously reported ABC7 struc-

tures,34 respectively, revealed that the conformational changes

are relatively subtle between apo-form and substrate-bound

forms (Figure S5E). Of note, the RMSD of the superposition be-

tween our PS-bound structure and reported ABCA7digitonin are

the smallest, which was described as the ‘‘intermediate open’’

state for the lipid flipping. Consistently, our PS-bound structure

indeed illustrated an intermediate state of lipids in a ‘‘tail-to-

tail’’ manner during flipping.

The PS transport activity of ABCA7 is enhanced in the
presence of ApoE3
The human polymorphic APOE gene encodes one of the three

isoforms of ApoE proteins (ApoE2, ApoE3, and ApoE4), which

are different from each other in a single amino acid substitution

at the N-terminal region.41 ApoE3 is the most common (�77%

frequency) isoform in populations, which were proposed to be

a neutral isoform with respect to neurodegenerative disease

risk.42,43 In contrast, �8% frequency that express ApoE2 (a

R158C substitution) are of lower AD risk,44 whereas �15% that

harbors ApoE4 (a C112R substitution) are statistically facing

higher risk and early onset of AD.45,46

It has been proposed that ABCA7 could deliver phospholipids

to ApoE.24,25 However, direct biochemical evidences of whether

ABCA7 could bind to ApoE still remain paucity. We recombi-

nantly expressed ApoE2, ApoE3, and ApoE4 with a FLAG tag

in HEK293 cells (Figure S5F), and performed pull-down assays.

Here we found that all ApoE isoforms could be pulled-down by

the His-tagged ABCA7 (Figures 3A and S5G). We also performed

a pull-down assay with ApoE3 and another ABC transporter

(ABCC3), which lacks ECD as control, and no ApoE3 could be

detected in the elution samples. It indicated that there exist

direct interactions between ABCA7 and ApoE. In the presence

of ApoE, both the ATPase activity and PS-stimulated ATPase ac-

tivity of ABCA7 are significantly increased (Figure 3B). Moreover,

ABCA7 pre-incubated with excess ApoE3 showed a PS trans-

port activity of �4-folds compared to that of ABCA7 alone while

ABCA7 pre-incubated with excess ApoE4 or ApoE2 showed a

PS transport activity of�2-folds (Figure 3C). The results showed

(D) Relative ATPase activities of wild-type ABCA7 (WT) and mutants in the presence of 2 mM ATP upon addition of PS in detergent. The ATPase activity was

normalized relative to the basal ATPase activity of the WT. All data points represent the means ± SD of three independent experiments (n = 3) at 37�C, and error

bars represent standard deviation.

(E) Relative PS transport activity assays of WT and mutants by protein reconstituted into porcine brain polar lipid (BPL) liposomes containing 0.6% (w/w) NBD-

labeled PS. The activity of WT is set as 100%. All data points represent the means ± SD of three independent experiments (n = 3), and error bars represent

standard deviation. Unpaired two-sided t test is used for the comparison of statistical significance. The p values of <0.05, 0.01 and 0.001 are indicated with *, **,

and ***, compared to the WT.
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that different ApoE isoforms could significantly increase the ac-

tivities of ABCA7 with little discrepancies.

The clinic cases analysis indicated that the R880Q variant is

correlated with the familial AD,47 and the G215S and G1527A

variants display lower risk of AD onset than WT ABCA7.48–51 In

consistence with the clinic reports, the R880Q mutant showed

a significant lower PS-stimulated ATPase activity and PS trans-

port activity, whereas the G215S and G1527A mutant displayed

higher activities in both assays, compared toWT (Figures 3D and

3E). As shown in our structure, Arg880 in NBD1 points toward the

interface between NBD1 and the corresponding coupling helix

IH2 (Figures 3F and S6A). Thus, its mutation to a Glu residue

Figure 3. The biochemical assays of ABCA7 in the presence of ApoE
(A) SDS-PAGE gel of the samples of ABCA7-ApoE3 pull-down assay. M = molecular weight marker, L, ABCA7 + ApoE3 load. FT, flowthrough; W, final wash; E,

eluate.

(B) ATPase activities of wild-type ABCA7 (WT) in the presence or absence of ApoE2, ApoE3, ApoE4 and DOPS. All data points represent the means ± SD of three

independent experiments (n = 3), and error bars represent standard deviation. Unpaired two-sided t test is used for the comparison of statistical significance. The

p values of <0.05, 0.01 and 0.001 are indicated with *, **, and ***, compared to WT.

(C) PS transport activity assays of WT in the presence of ApoE2, ApoE3 or ApoE4 by protein reconstituted into BPL liposomes containing 0.6% (w/w) NBD-PS.

The activity of WT is set as 100%. The relative activity represents the PS transport activity of WT in the presence/absence of ApoE. All data points represent the

means ± SD of three independent experiments (n = 3), and error bars represent standard deviation. Unpaired two-sided t test is used for the comparison of

statistical significance. The p values of <0.05, 0.01 and 0.001 are indicated with *, **, and ***, compared to WT.

(D) ATPase activities of WT and AD-related variants of ABCA7 in the presence of 2 mM ATP upon addition of DOPS and ApoE3 in detergent. All data points

represent the means ± SD of three independent experiments (n = 3), and error bars represent standard deviation. Unpaired two-sided t test is used for the

comparison of statistical significance. The p values of <0.05, 0.01 and 0.001 are indicated with *, **, and ***, compared to WT.

(E) PS transport activity assays of WT and mutants that harboring a single mutation of residues related to AD by protein incubated with ApoE3 and then re-

constituted into BPL liposomes containing 0.6% (w/w) NBD-PS. The activity of WT is set as 100%. The relative activity represents the PS transport activity of WT

or its mutant. All data points represent themeans ± SD of three independent experiments (n = 3), and error bars represent standard deviation. Unpaired two-sided

t test is used for the comparison of statistical significance. The p values of <0.05, 0.01 and 0.001 are indicated with *, **, and ***, compared to WT.

(F) Mapping of three AD-related variants G1527A (gray sphere), R880Q (red sphere) and G215S (green sphere) on the structure of substrate-bound ABCA7.
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should alter the interaction between NBD1 and IH2. In contrast,

Gly215 in ECD1 is located at the exit of the extracellular tunnel

(Figures 3F and S6B) that accommodates the third lipid. We hy-

pothesized that a G215S mutation could increase the polarity of

the exit, hence facilitating the translocation of PS molecules. On

the other hand, Gly1527 in TMD2 is located at the interface be-

tween TMD2 and ECD, the mutation of G1527A might alter the

interface conformation during PS transport (Figures 3F and

S6C). Altogether, it suggested the ABCA7 activity may be some-

what correlated with the AD onset.

DISCUSSION

Many ABC transporters have been found to transport various

kinds of lipids, cooperatively playing important roles in human lipid

metabolism. Comparison of ABCA7 against other substrate-

bound structures of these transporters, including ABCA3,52

ABCA4,38 and ABCB9,53 offered some substrate-binding features

(Figures S6D–S6G). Interestingly, the ABCA3 structure revealed

only one substrate-binding pocket at the inner membrane leaflet

which is similar to one of the two pockets of ABCA7. In ABCA4,

a tentatively fitted PEmolecule which was suggested to be a sub-

strate of ABCA4,33,54 was found to bind in a pocket at the inner

membrane leaflet, with its polar head of phospholipids coordi-

nated by Arg24 and Lys672, the importance of which were

confirmed by ATPase activity assays.38 Similarly, Lys21 and

Arg280 inABCA3werealsoassumed tobe responsible for binding

toanunassigned lipidmolecule.52 In our ABCA7structure, a coun-

terpart residue Lys567 forms a hydrogenbondwith the phosphate

group of PS. Sequence alignment revealed that this positively

charged residue is highly conserved (Figure S6H). In contrast,

ABCB9possesses a 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

glycerol (POPG) molecule binding to a pocket at the outer mem-

brane leaflet,53which is similar to the other pocket inABCA7.Simi-

larly, another substrate molecule of N-retinylidene-PE was also

found in a pocket in ABCA4 at the outer membrane leaflet. Alto-

gether, it indicated that two sequential pockets are most likely

necessary for the lipid export.

Therefore, in combination with all these structural information,

we propose a phospholipid transport model from inner leaflet of

the membrane to ApoE mediated by ABCA7 (Figure 4). At the

rest state, ABCA7 adopts an OF conformation (state 1): a PS

molecule (PS-1 in our case) from the inner membrane leaflet dif-

fuses to the translocation cavity. The stronger interactions be-

tween PS and its binding site at the outer membrane leaflet might

facilitate the flip of this PS from the inner membrane leaflet (state

2). Once the binding site at the inner membrane leaflet is vacant,

the second PS molecule will succeed, resulting in two PS mole-

cules simultaneously binding to TMD1, as captured in our sub-

strate-bound structure (state 3). Notably, a much narrowed

translocation cavity occupied by two PSmolecules might further

facilitate the exclusion of the first PS to the putative tunnel in

ECDs (state 4). Upon ATP binding, ABCA7 shifts to a closed

conformation due to the dimerization of NBDs (state 5). At this

state, ECDs tilts andmoves toward TMD2, adopting a conforma-

tion ready for the presentation of PS to ApoE, as previously illus-

trated.34 Indeed, the ECDs of ATP-bound ABCA1 also harbor a

cholesterol molecule that was proposed to be ready for presen-

tation to ApoA-I.39 Finally, ATP hydrolysis results in ABCA7 going

back to the rest state for the next transport cycle.

ApoE is one of the commonly recognized risk factors of AD

and has been suggested to be related to the production and

Figure 4. A proposed transport cycle of ABCA7

The transport cycle consists of five intermediate states: In the rest state, a PS molecule enters the translocation cavity via diffusion from the inner membrane

leaflet (state 1). The stronger interactions between PS and its binding site at the outer membrane leaflet facilitate the flip of PS from the inner membrane leaflet

(state 2), and the second PS molecule succeeds once the binding site at the inner membrane leaflet is vacant (state 3). A much narrowed translocation cavity

occupied by two PSmolecules further facilitates the exclusion of the first PS to the putative tunnel in ECDs (state 4). Upon ATP binding, ABCA7 shifts to a closed

conformation due to the dimerization of NBDs. ECDs tilt and move toward TMD2, adopting a conformation favorable for presentation of PS to ApoE (state 5).

Finally, ATP hydrolysis results in ABCA7 going back to the rest state for the next transport cycle.
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clearance of pathogenic protein Ab, thus preventing AD.43,55,56

Although both ABCA1 and ABCA7 are involved in the lipidation

of ApoE, ABCA1 mainly delivers the cholesterol, whereas

ABCA7 generally presents the phospholipids, to the apo-form

ApoE, finally forming ApoE lipoproteins of different lipid con-

tent.25 However, GWAS showed that ABCA1 is independent of

AD onset, but ABCA7 shows a significant correlation with AD ac-

cording to in-depth genetic studies.57,58 It was reported that the

ABCA7 knock-out mice showed increased Ab in the brain, in a

manner independent of ApoE concentration.59,60 Thus, we hy-

pothesized the lipidation profile of ApoE particles mediated by

ABCA7 might contribute to the variation (Figure S6I). In the pres-

ence of ABCA7, more PS will be presented to ApoE and form the

so-called PS-rich ApoE particles, which is competent to other

forms of lipids. Indeed, ApoE particles containing less lipids

could specifically inhibit the g-cleavage of APP,55 whereas the

particles containing less cholesterol are capable of extracting

more cholesterol from the membrane of neurons that eventually

leads to the normal a-cleavage of Amyloid-b precursor protein.61

In addition, the higher abundancy of PS (PS-rich) in ApoE parti-

cles was reported to attribute to a lower binding affinity toward

the ApoE receptor LRP1.22 Moreover, a decreased binding affin-

ity of ApoE toward the receptors on microglia was linked to a

marked reduction in plaque-associated tau pathology, resulting

in elimination of Ab.21 Altogether, the PS-rich ApoE particles,

upon the transport of PS driven by ABCA7, will become more

competent to other lipids or less recognized by the ApoE recep-

tors, eventually contribute to decreased level of Ab in brain.

In conclusion, these findings provide not only the two states

in the PS transport cycle driven by ABCA7, but also the molec-

ular evidence for the direct interplay between ABCA7 and

ApoE, which is most likely correlated with the pathogenesis

of AD.
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36. Thomas, C., and Tampé, R. (2020). Structural and Mechanistic Principles

of ABC Transporters. Annu. Rev. Biochem. 89, 605–636. https://doi.org/

10.1146/annurev-biochem-011520-105201.

37. Qian, H., Zhao, X., Cao, P., Lei, J., Yan, N., and Gong, X. (2017). Structure

of the Human Lipid Exporter ABCA1. Cell 169, 1228–1239.e10. https://doi.

org/10.1016/j.cell.2017.05.020.

38. Xie, T., Zhang, Z., Fang, Q., Du, B., and Gong, X. (2021). Structural basis of

substrate recognition and translocation by human ABCA4. Nat. Commun.

12, 3853. https://doi.org/10.1038/s41467-021-24194-6.

39. Sun, Y., and Li, X. (2022). Cholesterol efflux mechanism revealed by struc-

tural analysis of human ABCA1 conformational states. Nat. Cardiovasc.

Res. 1, 238–245. https://doi.org/10.1038/s44161-022-00022-y.

40. Segrest, J.P., Tang, C., Song, H.D., Jones, M.K., Davidson, W.S., Aller,

S.G., and Heinecke, J.W. (2022). ABCA1 is an extracellular phospholipid

translocase. Nat. Commun. 13, 4812. https://doi.org/10.1038/s41467-

022-32437-3.

41. Kanekiyo, T., Xu, H., and Bu, G. (2014). ApoE and Ab in Alzheimer’s dis-

ease: accidental encounters or partners? Neuron 81, 740–754. https://

doi.org/10.1016/j.neuron.2014.01.045.

42. Huang, Y., and Mahley, R.W. (2014). Apolipoprotein E: structure and func-

tion in lipid metabolism, neurobiology, and Alzheimer’s diseases.

Neurobiol. Dis. 72, 3–12. https://doi.org/10.1016/j.nbd.2014.08.025.

43. Liu, C.C., Liu, C.C., Kanekiyo, T., Xu, H., and Bu, G. (2013). Apolipoprotein

E and Alzheimer disease: risk, mechanisms and therapy. Nat. Rev. Neurol.

9, 106–118. https://doi.org/10.1038/nrneurol.2012.263.

44. Li, Z., Shue, F., Zhao, N., Shinohara,M., andBu, G. (2020). APOE2: protec-

tive mechanism and therapeutic implications for Alzheimer’s disease. Mol.

Neurodegener. 15, 63. https://doi.org/10.1186/s13024-020-00413-4.

45. Corder, E.H., Saunders, A.M., Strittmatter, W.J., Schmechel, D.E.,

Gaskell, P.C., Small, G.W., Roses, A.D., Haines, J.L., and Pericak-

Vance, M.A. (1993). Gene dose of apolipoprotein E type 4 allele and the

risk of Alzheimer’s disease in late onset families. Science 261, 921–923.

https://doi.org/10.1126/science.8346443.

46. Rebeck, G.W., Reiter, J.S., Strickland, D.K., and Hyman, B.T. (1993).

Apolipoprotein E in sporadic Alzheimer’s disease: allelic variation and re-

ceptor interactions. Neuron 11, 575–580. https://doi.org/10.1016/0896-

6273(93)90070-8.

47. May, P., Pichler, S., Hartl, D., Bobbili, D.R., Mayhaus,M., Spaniol, C., Kurz,

A., Balling, R., Schneider, J.G., and Riemenschneider, M. (2018). Rare

ABCA7 variants in 2 German families with Alzheimer disease. Neurol.

Genet. 4, e224. https://doi.org/10.1212/nxg.0000000000000224.

48. Sassi, C., Nalls, M.A., Ridge, P.G., Gibbs, J.R., Ding, J., Lupton, M.K.,

Troakes, C., Lunnon, K., Al-Sarraj, S., Brown, K.S., et al. (2016). ABCA7

p.G215S as potential protective factor for Alzheimer’s disease.

Neurobiol. Aging 46, 235.e1–235.e9. https://doi.org/10.1016/j.neurobio-

laging.2016.04.004.

49. Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, J.C.,

Carrasquillo, M.M., Abraham, R., Hamshere, M.L., Pahwa, J.S.,

Moskvina, V., et al. (2011). Common variants at ABCA7, MS4A6A/

MS4A4E, EPHA1, CD33 and CD2AP are associated with Alzheimer’s dis-

ease. Nat. Genet. 43, 429–435. https://doi.org/10.1038/ng.803.

50. Dong, L., Mao, C., Liu, C., Li, J., Huang, X., Wang, J., Lei, D., Chu, S., Sha,

L., Xu, Q., et al. (2022). Association Between Common Variants of APOE,

ABCA7, A2M, BACE1, and Cerebrospinal Fluid Biomarkers in Alzheimer’s

Disease: Data from the PUMCH Dementia Cohort. J. Alzheimers Dis. 85,

1511–1518. https://doi.org/10.3233/jad-215067.

51. Fehér, Á., Juhász, A., Pákáski, M., Janka, Z., and Kálmán, J. (2019).
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68. Adams, P.D., Afonine, P.V., Bunkóczi, G., Chen, V.B., Davis, I.W., Echols,

N., Headd, J.J., Hung, L.W., Kapral, G.J., Grosse-Kunstleve, R.W., et al.

(2010). PHENIX: a comprehensive Python-based system for macromolec-

ular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213–221.

https://doi.org/10.1107/s0907444909052925.

69. Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to

ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. https://

doi.org/10.1038/nmeth.2089.

70. Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for molec-

ular graphics. Acta Crystallogr. D Biol. Crystallogr. 60, 2126–2132. https://

doi.org/10.1107/s0907444904019158.

71. Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G.,

Gumienny, R., Heer, F.T., de Beer, T.A.P., Rempfer, C., Bordoli, L., et al.

(2018). SWISS-MODEL: homology modelling of protein structures and

complexes. Nucleic Acids Res. 46. W296-w303. https://doi.org/10.1093/

nar/gky427.

ll
Article

Structure 33, 1–11, March 6, 2025 11

Please cite this article in press as: Fang et al., Structural insights into human ABCA7-mediated lipid transport, Structure (2024), https://doi.org/
10.1016/j.str.2024.12.015

https://doi.org/10.1107/s0907444909052925
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1107/s0907444904019158
https://doi.org/10.1107/s0907444904019158
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gky427


STAR+METHODS

KEY RESOURCES TABLE
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TOP10 Chemically Competent Cells Tsingke Biological Technology Cat#TSC-C12
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SMM 293-TII Expression Medium Sino Biological Cat#M293TII
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EDTA free Protease Inhibitor Cocktail TargetMol Cat#C0001

Cholesteryl hemisuccinate tris salt (CHS) Anatrace Cat#CH210

n-Dodecyl-b-D-Maltopyranoside (DDM) Anatrace Cat#D310A

18:1 PS (DOPS) Avanti Cat#840035P

18:1 PC (DOPC) Avanti Cat#850375P

18:1 PE (DOPE) Avanti Cat#850725P

Glycodiosgenin (GDN) Anatrace Cat#GDN101

Brain Polar Extract Phospholipid Profile (BPL) Avanti Cat#141101P

18:0-18:1 PS (POPS) Avanti Cat#840039P

16:0 PS Avanti Cat#840037P

14:0 PS Avanti Cat#840033P

18:1-06:0 NBD PS (NBD-PS) Avanti Cat#810194P

18:1-06:0 NBD PC (NBD-PC) Avanti Cat#810132P

18:1-06:0 NBD PE (NBD-PE) Avanti Cat#810155P

ATP Sigma Aldrich Cat#A2383

Bio-Beads SM-2 Resin Bio-Rad Cat#1523920

Triton X-100 Thermo Scientific Cat#85111

Critical commercial assays

ATPase Activity Kit (Colorimetric) Innova Biosciences Cat#601-0120

Deposited data

Coordinates of human ABCA7 in the apo state This paper PDB: 8Y1O

Cryo-EM map of human ABCA7 in the apo state This paper EMD-38841

Coordinates of human ABCA7 in the lipid-bound state This paper PDB: 8Y1P

Cryo-EM map of human ABCA7 in the lipid-bound state This paper EMD-38842

Experimental models: Cell lines

HEK 293F Invitrogen Cat#R79007

Oligonucleotides

Oligonucleotides used in this study

are listed in Table S3

This paper N/A

Recombinant DNA

Codon-optimized human ABCA7 (isoform 1) This paper N/A

Codon-optimized human APOE This paper N/A

Codon-optimized human ABCC3 This paper N/A

Modified pcDNA3.1 vector suitable for

expression in mammalian cells

This paper N/A

pCAG-ABCA7(WT)-FLAG This paper N/A

pCAG-ABCA7(E965Q/E1951Q)-FLAG This paper N/A

pCAG-ABCA7(K567A)-FLAG This paper N/A

pCAG-ABCA7(R544A)-FLAG This paper N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
HEK 293F cells used for protein expression were obtained from Invitrogen (#R79007, China) and cultured in SMM 293T-II medium

(Sino Biological Inc.) at 37�C, supplemented with 5% CO2. The cell transfection was manipulated when cell density reached �2.53

106 cells per mL.

METHOD DETAILS

Protein expression and purification
The full-length human ABCA7 gene (Uniprot ID: Q8IZY2-1, isoform1) was synthesized by General Biosystems Company after codon

optimization by eukaryotic expression system, and then subcloned into a pCAG vector with aC-terminal Flag-tag (DYKDDDDK) using

a ClonExpress II One Step Cloning Kit (C113-02, Vazyme Biotech co., Ltd.). All single mutants of ABCA7 were constructed by a stan-

dard two-step PCR strategy and verified by DNA sequencing (Sangon Biotech Shanghai Co., Ltd.). The primers were synthesized by

Sangon Biotech.

For protein expression, HEK293 cells (R79007, Invitrogen) were cultured in SMM 293T-II medium (Sino Biological Inc.) at 37�Cwith

5% CO2 in an incubator shaken at 130 rpm. Cells were transfected when the density reached�2.53106 cells per milliliter by adding

�1.5 mg recombinant plasmids premixed with 4 mg linear polyethylenimines (40816, Yeasen Biotechnology) in 45 mL fresh medium

for 15 min. After 15 min static incubation, the transfected cells were grown at 37�C for 48 hr before harvesting. The cell pellets were

resuspended in a lysis buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 20% glycerol (w/v) and protease inhibitor cocktail

(C0001, TargetMol) after centrifugation at 5,000 rpm for 6 min. Then the suspension was frozen in liquid nitrogen and stored at

-80�C for further experiments.

For protein purification, the thawed suspension was incubated in the lysis buffer with additional 1% (w/v) n-Dodecyl-b-D-maltoside

(DDM, Anatrace), 0.2% (w/v) cholesteryl hemisuccinate (CHS, Anatrace) at 4�C for 2 hr with gentle rotation to solubilize membrane

and extract protein. Insolublematerial was removed by ultracentrifugation at 45,000 rpm for 45min (Beckman, Type 70 Ti) at 4�C. The

Continued
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pCAG-ABCA7(R544A/K1406A)-FLAG This paper N/A

pCAG-ABCA7(G1527A)-FLAG This paper N/A

Software and algorithms

SerialEM Mastronarde (2005)62 https://bio3d.colorado.edu/SerialEM/

MotionCor2 Zheng et al. (2017)63 https://msg.ucsf.edu/software

CTFFIND4 Rohou and Grigorieff (2015)64 http://grigoriefflab.janelia.org/ctffind4

cryoSPARC Punjani et al. (2017)65 https://cryosparc.com

UCSF Chimera Pettersen et al. (2004)66 https://www.cgl.ucsf.edu/chimera

COOT Emsley et al. (2010)67 https://www2.mrclmb.cam.ac.uk/

personal/pemsley/coot/

PHENIX Adams et al. (2010)68 https://phenix-online.org

PyMOL PyMOL69 http://www.pymol.org

OriginPro N/A https://www.originlab.com/Origin

Graphpad Prism N/A https://www.graphpad.com

Other

Gold Mix (green) Tsingke Biological Technology Cat#TSE102

Quantifoil R1.2/1.3 300 mesh Au

holey carbon grids

Quantifoil Cat#X-101-Au300

Superdex� 200 Increase 10/300 GL GE Healthcare Cat#GE28-9909-44

BeyoGel� Plus Precast PAGE Gel

(8 to 15%) for Tris-Gly System

Beyotime Cat#P0472S

Unstained Protein MW Marker Thermo Scientific Cat#26610

ColorMixed Protein Marker Beijing Solarbio Science &

Technology

Cat#PR1920
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supernatant was incubated in a decolorization shaker with the anti-FLAGM2 affinity gel (Sigma-Aldrich) on ice for 1 hr. The resin was

then loaded onto the column and washed five times, each time with 5 mL of wash buffer containing 50 mM Tris-HCl pH 7.5, 150 mM

NaCl, 10% (w/v) glycerol and 0.02% (w/v) glycodiosgenin (GDN, Anatrace). Protein was eluted in batches to 6 mL after 20 min incu-

bation with elution buffer containing 50mMTris-HCl pH 7.5, 150mMNaCl, 5% (w/v) glycerol, 0.02% (w/v) GDNplus 200 mg/mL FLAG

peptide. The eluate was then collected and concentrated using a 100-kDa MWCO Amicon Ultra centrifugal filter (Millipore) before

being applied to size-exclusion chromatography by a Superose 6 Increase 10/300 gel filtration column (Cytiva) equilibrated in

50 mM Tris pH 7.5, 150 mM NaCl, and 0.02% (w/v) GDN. The peak fractions were collected and concentrated. The purified samples

were analyzed by SDS-gel electrophoresis and then frozen by liquid nitrogen, and stored at -80�C before use. All steps were per-

formed either in cold storage or on ice. The purification and expression of ABCC3 and mutants of ABCA7 were same to that of

wild type ABCA7.

The purification and expression of ApoE3 was similar to that of ABCA7. The difference was that the method of pressure disruption

was used when solubilizing the membrane for ApoE3 protein. Specifically, cells expressing ApoE3 protein were disrupted using a

pressure of 600 MPa. After centrifugation at 12,000 rpm for 30 min at 4�C, the supernatant was incubated with anti-FLAGM2 affinity

gel on ice for 1 hr. Subsequent steps were consistent with the purification of ABCA7 except that no detergents were added. The

eluate was then collected and concentrated using a 30-kDa MWCO Amicon Ultra centrifugal filter (Millipore) before being applied

to size-exclusion chromatography by a Superdex� 200 Increase 10/300 gel filtration column (Cytiva) equilibrated in 50 mM Tris

pH 7.5 and 150mMNaCl. The peak fractions were collected and concentrated. The purified samples were analyzed by SDS-gel elec-

trophoresis and then frozen by liquid nitrogen, and stored at -80�C before use. All steps were performed either in cold storage or

on ice.

Pull-down assays
100 mg of His-tagged ABCA7/ABCC3 was mixed with 10-fold molar excess of ApoE3. The buffer containing 50 mM Tris pH 7.5,

150mMNaCl and 0.02% (w/v) GDNwas added to themixture up to 2mL. The mixture was then incubated at 4�Cwith gentle rotation

for 3 hr. After that, the mixture was loaded onto a Ni-NTA resin (Cytiva) and incubated on ice for 2 hr with gentle agitation. Then the

resin was washed with 100 mLwash buffer containing 50mM Tris-HCl pH 7.5, 150 mMNaCl, and 0.02% (w/v) GDN. The protein was

eluted with 6 mL of elution buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 300mM Imidazole and 0.02% (w/v) GDN. Finally,

the eluent was concentrated and analyzed by SDS-gel electrophoresis.

Lipid preparation
Lipids used in the ATPase activity assays and lipid transport activity assays, including dioleoylphosphatidylserine (DOPS),

dioleoylphosphatidylcholine (DOPC), dioleoylphosphatidylethanolamine (DOPE), 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-

serine (SOPS), 1,2-Dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS),

porcine brain polar lipid (BPL), [7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl-sn-glycero-3-phosphoserine (NBD-PS), [7-nitro-

2-1,3-benzoxadiazol-4-yl)amino]hexanoyl-sn-glycero-3-phosphoethanolamine (NBD-PE) and [7-nitro-2-1,3-benzoxadiazol-4-yl)

amino]hexanoyl-sn-glycero-3-phosphocholine (NBD-PC) were purchased from Avanti. All lipids were prepared in chloroform and

dried under N2. Then they were dissolved in the buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl to a final concentration

of 10 mg/mL. After sonication for 30 min and 3 freeze-thaw cycles, all lipids were stored at -20�C before use.

ATPase activity assays
The ATPase activities of wild-type ABCA7 and all mutants in the detergent were measured using an ATPase colorimetric Assay Kit

(Innova Biosciences) in 96-well plates at OD630 nm.

For the substrate-stimulated ATPase activity assay, protein at a final concentration of 0.1 mMwas added to the reaction buffer con-

taining 50 mM Tris-HCl pH 7.5, 150 mM KCl, 0.02% (w/v) GDN and 10 mMMgCl2. Then, each substrate was added into the reaction

mixture with a final concentration of 300 mM. As for ATPase activity assay of ABCA7 with ApoE, the concentration of ApoE was 1 mM.

The mixture was incubated on the ice for 10 min, then ATP (Sigma) was supplemented in the solution with a final concentration of

2 mM. Reactions were performed at 37�C for 30 min, and the amount of released phosphate group (Pi) was quantitatively measured

using a SpectraMax iD5Multi-ModeMicroplate Reader (Molecular Devices). The control groups in the absence of proteins were sub-

tracted as background for each data point. Data are presented as the means ± SD by biological repeats from three independent as-

says (n = 3).

Proteoliposome-based phosphatidylserine transport assay
Lipid mixtures (99.4%BPL and 0.6%NBD-PS) were prepared in chloroform and dried under N2. Then the lipids were resuspended in

buffer containing 50 mM Tris-HCl pH 7.5 and 150 mM NaCl to the final concentration of 10 mg/mL. As one reaction sample, lipids

were extruded 21 times and treated by 0.45% Triton X-100 for 1 hr at room temperature. Then ABCA7 preincubated with or without

10 mg ApoE was added to the destabilized liposomes and incubated for 1 hr at 4�C. The ratio of lipids and proteins was kept at

80:1 (wt/wt). Triton X-100 was then removed by incubation with 400 mg SM-2 Adsorbent Bio-Beads (Bio-Rad) per mL reaction

mixture overnight at 4�C. The suspension was centrifuged at 250,000 3 g for 1 hr at 4�C. The liposome suspension was removed,

and the liposomal pellet was washed once with reconstitution buffer containing 50 mM Tris-HCl pH 7.5, 150 mM KCl and 10 mM

MgCl2. The suspension was then centrifuged at 250,000 3 g for 30 min at 4�C to remove the supernatant and resuspended in
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reconstitution buffer at a final concentration of 0.1 mM for transport activity assays. The treated proteoliposomes were stored at 4�C
before use.

For each individual measurement, 40 mL of proteoliposomes were incubated with 2 mM ATP in the presence or absence of 10 mM

MgCl2 in 10 mL of reaction buffer containing 50 mM Tris-HCl pH 7.5, 150 mM KCl for 20 min at 37�C. After incubation, each sample

was diluted to 100 mL with reaction buffer and assayed for probe distribution. The fluorescence (FT) was recorded continuously in a

CLARIOstar fluorometer (BMG LABTECH, Inc.) (lex = 485 nm, lem = 520 nm). After stable baseline was obtained, 10 mL of 50 mM

dithionite dissolved in 1 M Tris HCl (pH 10) was added to the sample and mixed to quench the fluorescent probes in the outer leaflet

of liposomes, and fluorescence (FD) was recorded until a stable line was obtained. Subsequently, the sample was solubilized by the

addition of 10 mL of 10% Triton X-100, and the background fluorescence (FO) was recorded for another 180 s. The percentage of

NBD-PS in the outer leaflet of proteoliposomes that is accessible to dithionite quenching was calculated as (FT-FD)/(FT-FO)3 100%.

Cryo-EM sample preparation and data collection
The purified protein was concentrated to�6.5 mg/mL. An aliquot of 3.5 mL of the samples was applied to glow-discharged Quantifoil

R1.2/1.3 300-mesh Cu Holey Carbon Grids. Then the grids were blotted for 3.5 s with a blot force 0, and then plunged into liquid

ethane using a Vitrobot Mark IV (FEI) at 4�C and 100% humidity.

The cryo-EM data of apo-form ABCA7 (E965Q/E1951Q) were collected with EPU2 software on a Titan Krios microscope at

300 kV equipped with a K3 detector (Gatan) and a GIF Quantum energy filter (Gatan), at the Center for Integrative Imaging, Uni-

versity of Science and Technology of China (USTC). A total of 2,013 micrographs were collected in super-resolution mode at a

nominal magnification of 81,0003 with defocus values from -2.5 to -1.5 mm. Each movie stack of 32 frames was exposed a total

dose of �55 e- Å-2.

The cryo-EM data of lipid-bound ABCA7 were collected at the Center for Biological Imaging at the Institute of Biophysics (IBP),

Chinese Academy of Sciences (CAS). A total of 3,784micrographswere collected in super-resolutionmodewith a K3 camera at nom-

inal magnification of 22,5003with a defocus range from -2.0 to -1.5 mm. Each movie stack of 32 frames was exposed a total dose of

�60 e- Å-2.

For all of these stacks, motion correction and dose weighting were performed with patch motion correction with a Fourier cropping

factor of 0.535, resulting in a pixel size of 1.07. Meanwhile, the defocus values were estimated using Patch CTF estimation.65

Cryo-EM data processing
For the apo-formABCA7 datasets, after manual removal of badmicrographs, a total of 1,213,428 particles were automatically picked

in cryoSPARC 3.2.65 These particles were then subjected to 2D classification and particles of the best classes were re-extracted for

further data processing. A total of 1,059,691 particles with structural features were extracted and subjected to ab-initial reconstruc-

tion and heterogeneous refinement, during which particles were classified into 3 classes. 44,853 particles from the best classes were

merged together and subjected to non-uniform refinement and local refinement with an adapted mask. After refinement, selected

particles generated an EM map with an overall resolution of 3.9 Å (Figure S2).

For the lipid-bound ABCA7 datasets, 2,317,868 particles were picked out by reference-based auto-pick and subjected to 2D

classification. Then 1,909,642 particles were selected and subjected to ab-initial reconstruction and heterogeneous refinement.

Afterwards, A total of 473,349 particles from the best class were further subjected to non-uniform refinement and local refinement,

resulting in a final map at 3.5 Å resolution (Figure S5).

Model building and refinement
The final sharpened map was used for model building in Coot 0.9.5.70 A homology model of apo-form ABCA7 was generated by

SWISS-MODEL server,71 using the structure of human ABCA1 (PDB code 5XJY) as the reference and corrected based on the struc-

ture of humanABCA7 predicted byAlphaFold2. The ABC core part can be built well according to the templatemodel in COOT, but the

electron density of NBD2 and RD does not match it obviously. Although EM map of NBD2 and RD revealed very poor density, the

quality of density allowed rigid-body placement for the entire domain based on a homology model of the structure in ABCA1 and

ABCA4 (PDB code 7E7I). After several rounds of manual building, the model was almost completely built and automatically refined

against the map by the real_space_refine program in PHENIX68 with secondary structure and geometry restraints. The final model

contains residues Phe3-Ala135, Gln177-Cys225, Ser264-Leu352, Glu371-Pro443, Gln460-Gly760, Lys793-Ala1040, Val1073-

Cys1150, Trp1214-Glu1757 and Gln1774-Asp2103.

The apo-form structure of ABCA7 was used as the reference for model building of lipid-bound ABCA7. After manually adjusted of

side-chains as allowed for the map, the model was refined and validated by PHENIX and COOT. Two extra asymmetric densities

between TMD1 and TMD2 can be observed, each of which was fitted by a DOPSmolecule (PDB code 17F). The final model contains

residues Met1-Ala135, Ala176-Val227, Ser264-Met354, Phe376-Pro443, Pro459-Gly770Arg, Leu824-Lys1039, Arg1072-Ala1151,

Trp1214-Pro1759, Val1792-Leu1798 and Arg1812-Gln2104.

The model refinement and validation statistics were summarized in Table S2. The programs of UCSF Chimera, ChimeraX and

PyMOL (The PyMOL Molecular Graphics System, Version 2.5.2 Copyright (C) Schrödinger, LLC.) were used for preparing the struc-

tural figures. Protein sequences were aligned using Multalin (http://multalin.toulouse.inra.fr/multalin/), and the sequence-alignment

figures were generated by ESPript3 server (https://espript.ibcp.fr/).
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QUANTIFICATION AND STATISTICAL ANALYSIS

To quantify the ATPase activity and the phospholipid transport efficiency, mean values and the standard deviation from at least three

independent measurements were calculated. The half maximum effective concentration of phospholipid and the maximum ATPase

activity of ABCA7were determined by nonlinear regression of theMichaelis-Menten equation using OriginPro. The specific ATP turn-

over rates were calculated assuming a molecular weight of 234 kDa for ABCA7.

The orientation distribution of the particles used in the final reconstruction and the local resolution map was calculated using cry-

oSPARC3.2. Resolution estimations of cryo-EM density maps are based on the 0.143 Fourier shell correlation criterion (Kucukelbir

et al., 2014).

The multiple sequence alignments were performed by MultAlin (http://multalin.toulouse.inra.fr/multalin/).

Cryo-EM data collection and refinement statistics are summarized in Table S2.
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