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Formation of Two Intramolecular Disulfide Bonds Is Necessary
for ApoA-I-dependent Cholesterol Efflux Mediated by ABCA1™
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ABCA1 plays a major role in cholesterol homeostasis and high
density lipoprotein (HDL) metabolism. ABCA1 contains disul-
fide bond(s) between its N- and C-terminal halves, but it
remains unclear whether disulfide bond formation is important
for the functions of ABCA1 and which cysteines are involved in
disulfide bond formation. To answer these questions, we con-
structed >30 ABCA1 mutants in which 16 extracellular domain
(ECD) cysteines were replaced with serines and examined disul-
fide bond formation, apoA-I binding, and HDL formation in
these mutants. From the single cysteine replacements, two cys-
teines (Cys’® and Cys*°?) in ECD1 were found to be essential for
apoA-I binding. In contrast, in ECD2, only Cys'*”” was found to
be essential for HDL formation, and no single cysteine replace-
ment impaired apoA-I binding. The concurrent replacement of
two cysteines, Cys'**® and Cys'*¢®, impaired apoA-I binding and
HDL formation, suggesting that four of five extracellular cys-
teines (Cys’>, Cys®%?, Cys'*%3, Cys'*%®, and Cys'*””) are involved
in these functions of ABCAl. Trypsin digestion experiments
suggested that one disulfide bond is not sufficient and that two
intramolecular disulfide bonds (between Cys”®> and Cys®°® in
ECD1 and either Cys'*®® or Cys'**® and Cys'*”” in ECD2) are
required for ABCAL1 to be fully functional.

Maintenance of cellular cholesterol homeostasis is impor-
tant for normal human physiology; its disruption can lead to a
variety of pathological conditions, including cardiovascular dis-
ease (1). ABCA1 (ATP-binding cassette protein Al), a key fac-
tor in cholesterol homeostasis, mediates the secretion of cellu-
lar free cholesterol and phospholipids to an extracellular
acceptor, apoA-I, to form high density lipoprotein (HDL)? (2,
3). HDL formation is the only known pathway for the elimina-
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tion of excess cholesterol from peripheral cells. Defects in
ABCA1 cause Tangier disease (4—6), in which patients have a
near absence of circulating HDL, prominent cholesterol ester
accumulation in tissue macrophages, and premature athero-
sclerotic vascular disease (1, 7).

ABCA1 isamember of the ABCA subclass of ABC transport-
ers, which contain the basic architecture of the “full-length”
ABC transporters organized into two tandemly arranged
halves. Each half contains several transmembrane a-helices
(TMs), which provide a translocation pathway, followed by a
cytoplasmic nucleotide-binding domain, which hydrolyze
ATP. In the case of “half-size” ABC transporters, such as
ABCG1, ABCDI1, TAP1/TAP2 (transporter associated with
antigen processing), and the bacterial homolog Sav1866, they
dimerize to form the full transporter. Crystallographic analysis
of the bacterial homolog Sav1866 revealed that the TMs of one
subunit are closely related to the TMs of the other subunit,
forming two “wings” in an outward-facing conformation (8).

When ABCAL is partially digested by trypsin, ABCA1 is
cleaved at site A, just C-terminal to TM6, and at site B, just
N-terminal to TM7, to produce four fragments of 170 and 150
kDa and subsequently of 125 and 110 kDa (Fig. 14) (9). When
these fragments are analyzed by SDS-PAGE under nonreduc-
ing conditions, they co-migrate with undigested ABCA1. These
results suggest that the N- and C-terminal halves of ABCA1 are
connected by disulfide bond(s), as reported for ABCA4 (ABCR)
(10). The ABCA subclass is distinguished from other ABC
transporter subclasses by the presence of large extracellular
domains (ECDs) (Fig. 14) (11, 12). ECD1 and ECD2 of ABCA1
contain nine and five cysteine residues, respectively, and each
connecting loop between TM5 and TM6 and between TM11
and TM12 contains a cysteine residue. These cysteine residues
were assigned numbers, C1 to C16, based on their distance
from the N terminus (Fig. 14). These cysteine residues are well
conserved among ABCA1, ABCA4, and ABCA?7 (Fig. 1B). All of
the cysteine residues in ECD1 are conserved between ABCA1
and ABCA4, and seven cysteine residues (except C4 and C5) are
conserved in ABCA7. All five of the cysteine residues in ECD2
are conserved between ABCA1 and ABCA4, and three cysteine
residues (except C11 and C12) are conserved in ABCA?7.
Because ABCA7, like ABCA1, mediates apoA-I-dependent
lipid efflux (13, 14), conserved cysteine residues might be
important for its function. Indeed, the Tangier disease muta-
tion C1477R has been reported to abolish apoA-I binding and
HDL formation (15-17), and several missense mutations in
cysteine residues within ECD1 (C54Y, C75G) and ECD2
(C1488R, C1490Y) of ABCA4 have been linked to Stargardt
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disease (18 —21). It remains unclear, however, whether disulfide
bond formation is important for the proper folding and/or the
functions of ABCA subclass proteins.

In this study, we analyzed which cysteine residues are
involved in disulfide bond formation and examined whether
disulfide bond formation is necessary for the functions of
ABCAL. Cysteine substitution experiments suggested that two
disulfide bonds are formed between C2 and C6 in ECD1 and
between either C13 or C14 and C15 in ECD2 and that this
two-disulfide bond formation is necessary for apoA-I-depend-
ent cholesterol efflux by ABCAL.

EXPERIMENTAL PROCEDURES

Materials—N-Ethylmaleimide was purchased from Nacalai
Tesque; dithiothreitol (DTT) was from Wako Pure Chemical
Industries. Collagen solution and trypsin (tosylphenylalanyl
chloromethyl ketone-treated, from bovine pancreas) were from
Sigma.

Antibodies—Rat anti-human ABCA1 monoclonal antibody
KM3073 was generated against the first ECD (amino acids
45-639) of human ABCA1 as described previously (3).

Cell Culture and Transfection—HEK293 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum. Cells in 100-mm culture dishes
were transfected with 8 ug of DNA using Lipofectamine 2000
(Invitrogen). Cells in 12-well culture plates were transfected
with 3 ug of DNA using calcium phosphate buffer (2.5 m CaCl,,
1 mm Tris-HCI, 0.1 mm EDTA, pH 7.5, and 2X BES (280 mm
NaCl, 50 mm BES, and 1.5 mm Na,HPO,, pH 6.95)).

ApoA-I Binding Assay—HEK293 cells were subcultured on
collagen-coated glass coverslips in 12-well dishes at a density of
2 X 10* cells in DMEM containing 10% fetal bovine serum.
After 18 h of incubation, cells were transfected with green flu-
orescent protein (GFP)-tagged ABCA1 using calcium phos-
phate buffer. Cells were washed with DMEM 28 h after trans-
fection and then incubated with DMEM containing 5 ug/ml
Alexa 546-labeled apoA-I as described previously (22).

Constructions of Mutants—Site-directed mutations were
introduced into ABCA1; in individual mutants, each cysteine
residue was replaced with serine. Mutations were generated
using the QuikChange mutagenesis kit (Stratagene, La Jolla,
CA) with the appropriate synthetic oligonucleotides (supple-
mental Table I). The integrity of the mutated DNA was con-
firmed by sequencing the entire DNA.

Biotinylation of Cell-surface Proteins—HEK293 cells were
transfected with GFP-tagged ABCAL. 28 h after transfection,
cells were washed with ice-cold phosphate-buffered saline con-
taining 0.1 g/liter CaCl, and MgCl,-6H,O (PBS™) and incu-
bated with 0.5 mg/ml sulfo-NHS-biotin solubilized in PBS™ for
30 min on ice in the dark. Cells were washed with PBS™ to
remove unbound sulfo-NHS-biotin and lysed in radioimmune
precipitation assay buffer (20 mm Tris-Cl, pH 7.5, 1% Triton
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X-100, 0.1% SDS, and 1% sodium deoxycholate) containing
protease inhibitors (100 pug/ml (p-amidinophenyl)methanesul-
fonyl fluoride, 2 ug/ml leupeptin, and 2 pg/ml aprotinin).
ImmunoPure immobilized monomeric avidin gel (Pierce) was
added to the cell lysate to precipitate the biotinylated proteins.
The biotinylated proteins were electrophoresed on a 7% SDS-
polyacrylamide gel and detected by immunoblotting (23).

Limited Trypsin Digestion of ABCAI—HEK293 cells were
transfected with GFP-tagged ABCAL. 24 h after transfection,
cells were lysed with suspension buffer (10 mm Tris-HCl, pH
7.5, 1 mm EDTA, and 250 mm sucrose) containing 1% n-dode-
cyl-B-p-maltoside. Protein (20 ug) was digested by 5 ug/ml
trypsin on ice for 15 or 40 min. The digested proteins were
denatured with or without DTT, electrophoresed on a 5%
PAGEL (ATTO), and detected by immunoblotting. Two frag-
ments of ABCA1, 170 and 150 kDa, were recognized by anti-
ABCAL1 antibody KM3073.

Cellular Lipid Release Assay—HEK293 cells subcultured on
100-mm dishes were transfected with GFP-tagged ABCA1
using Lipofectamine 2000. 12 h after transfection, cells were
trypsinized and subcultured in 6-well dishes at a density of 6 X
10° cells in DMEM with 10% fetal bovine serum. After 12 h of
incubation, the culture medium was removed, and cells were
washed with DMEM containing 0.02% bovine serum albumin.
Next, cells were incubated with DMEM containing 0.02%
bovine serum albumin and 5 pg/ml apoA-I for 24 h at 37 °C.
The lipid content of the medium was determined as described
previously (23).

Fluorescence Microscopy—Cells were cultured on glass cov-
erslips and fixed with 3.7% paraformaldehyde in PBS™ for 30
min in the dark at room temperature. Cells were viewed using a
Zeiss confocal microscope (LSM 5 Pascal).

RESULTS

Effect of DTT Treatment of Cells on ApoA-1 Binding—ABCA1
contains disulfide bond(s) between the N- and C-terminal
halves, but it is unclear whether disulfide bond formation is
important for the functions of ABCA1. To explore the roles of
disulfide bonding in ABCA1, we first examined the effects of
DTT treatment of cells on apoA-I binding. When Alexa 546-
conjugated apoA-I was added to cells expressing ABCA1-GEFP,
apoA-I binding to the cell surface was clearly observed after 15
min (Fig. 2A4). ApoA-I colocalized with ABCA1 and did not
bind to untransfected HEK293 host cells (supplemental Fig. 2),
suggesting that apoA-I binding is ABCA1-dependent. When 2
mM DTT was subsequently added to the medium and cells were
incubated for 5 min in the presence of DTT, apoA-I bound to
the cell surface dissociated, and no apoA-I binding was detected
(Fig. 2B). Next, cells were washed with fresh medium, and Alexa
546-conjugated apoA-I was added again (Fig. 2C); apoA-I
bound to cells just as it had before the DTT treatment, indicat-
ing that the inhibitory effect of DTT on apoA-I binding is

FIGURE 1. Structural features of ABCA1. A, topological model for human ABCA1. ABCA1 consists of 12 transmembrane a-helices (TM1-TM12) and two large
ECDs. ECD1 and ECD2 contain nine and five cysteine residues, respectively, and each connecting loop between TM5 and TM6 and between TM11 and TM12
contains a cysteine residue. These cysteine residues were assigned numbers, from C1 to C16, based on their distance from the N terminus. ABCA1 is cleaved at
sites A and B by limited trypsin digestion. B, amino acid sequence alignment of ECDs of human ABCA1, ABCA4, and ABCA?7. Conserved cysteine residues are

indicated in black boxes.
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FIGURE 2. Effect of DTT treatment of the cell surface on apoA-I binding.
A, HEK293 cells stably expressing ABCA1-GFP were incubated with Alexa 546-
conjugated ApoA-Ifor 15 minat 37 °C. B,2 mm DTT was added to the medium,
and cells were incubated for 5 min. C, Alexa 546-conjugated apoA-I was
added again after washing cells with fresh medium, followed by incubation
for 15 min at 37 °C. D, 3 mm N-ethylmaleimide was added to the medium after
DTT treatment, and then Alexa 546-conjugated apoA-l was added again after
washing cells with fresh medium, followed by incubation for 15 min at 37 °C.

reversible. When cells were treated with DTT and subsequently
with 3 mm N-ethylmaleimide, which covalently modifies free
thiol groups, apoA-I did not bind to cells even after washing
with fresh medium (Fig. 2D), although subcellular localization
of ABCA1 was not much affected. ApoA-I treated with DTT
and N-ethylmaleimide bound to cells expressing ABCA1-GFP
(data not shown). These results suggest that disulfide bonding
is important for ABCA1-dependent apoA-I binding to cells.
Construction and Expression of Cysteine Mutants—To inves-
tigate the role of ECD cysteine residues in the structure and
functions of ABCA1, each of the 16 extracellular cysteine resi-
dues was replaced with serine using site-directed mutagenesis.
Each mutant was transiently expressed in HEK293 cells as a
GFP fusion protein; expression was validated by immunoblot-
ting. Wild-type ABCA1 and all 16 single cysteine mutants
yielded a product with an apparent mass of 280 kDa as the
major product, although some mutants, such as C13S and C14S
also yielded significant levels of a 250-kDa product, which we
speculate contains an immature oligosaccharide. Although
each mutant showed considerable variation in expression (Fig.
3), the variation was not due to the mutation but due to the
transient expression because C4S and C5S showed higher
expression than the wild type in separate experiments (data not
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FIGURE 3. Western blot analysis of single cysteine mutants of ABCA1
under reducing and nonreducing conditions. Each mutant fused with GFP
was transiently expressed in HEK293 cells. Cells were lysed 28 h after trans-
fection, and expressed proteins were denatured under reducing (+DTT) or
nonreducing (—DTT) conditions. Western blotting was performed with anti-
ABCA1 antibody KM3073. We confirmed in three separate experiments that
the variation of expression was not due to the mutation but due to the tran-
sient expression. WT, wild type.

shown). The electrophoretic mobility of wild-type and mutant
ABCAL1 did not differ between reducing and nonreducing con-
ditions. Subcellular localization of most mutants was similar to
that of wild-type ABCA1-GFP. Some mutants, however, such
as C13S and C14S, showed significantly higher accumulation in
intracellular compartments (supplemental Fig. 1).

Effect of Mutations on ApoA-I Binding—ApoA-I binding to
cells expressing the wild type or any one of the 16 single cysteine
mutants was examined. ApoA-I bound to cells expressing
wild-type ABCA1 but not to cells expressing ABCA1-MM
(ABCA1(K939M/K1952M)), a mutant in which the Walker A
lysines in both nucleotide-binding domains are replaced by
methionines, although the expression level (data not shown)
and surface expression (Fig. 44) of the mutant were comparable
with those of the wild-type protein, as reported (24). ApoA-I
bound to cells expressing almost all of the cysteine mutants as
efficiently as to cells expressing the wild type (Fig. 44, Table 1,
and supplemental Fig. 2). However, apoA-I did not bind to cells
expressing mutant C2S or C6S. These results suggested that
only two cysteine residues in ECD1 (C2 and C6) are essential for
apoA-I binding.

Although previous reports have suggested that ABCA1 con-
tains disulfide bond(s) between the N- and C-terminal halves,
no cysteine in ECD2 has been shown to be important for apoA-I
binding. To analyze the roles of cysteine residues in ECD2, we
replaced all of the five cysteines (C11-C15) in ECD2 with
serines but found that mutant C11/12/13/14/15S was localized
mainly in the intracellular compartment and was scarcely
expressed on the plasma membrane (supplemental Fig. 3).
Next, we constructed the quad cysteine mutants C11/12/13/
14S,C11/12/13/15S, C11/12/14/15S, C11/13/14/15S, and C12/
13/14/15S. ApoA-Idid not bind to cells expressing any of these
mutants, although at least a fraction of the mutant proteins was
observed on the cell surface (supplemental Fig. 3). These results
suggested that more than one cysteine residue in ECD2 could
be required for the function. Therefore, we next examined the
effects of double and triple cysteine substitutions and found
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that apoA-I bound to cells expressing the double cysteine
mutant C11/12S but not to cells expressing mutant C13/14S or
C13/14/15S, even though the surface expression of these
mutants was comparable with that of the wild-type protein (Fig.
4B). These results suggested that C13 and C14 are important
for apoA-I binding.

To confirm that replacement of these cysteines by serines
did not affect the surface expression of ABCA1l, we per-
formed biotinylation experiments to identify surface pro-
teins. Cysteine mutants C2S, C6S, C13S, C14S, C15S, C2/6S,
C13/14S, C13/14/15S, and C2/6/13/14/15S were expressed

Alexabdb-

A Aol ABCA1-GFP merge B
Alexab46-
ApoA-|
WT
C11/128
) .-
- ...
) ...

. I : C1 3"".’] 43 . . .

FIGURE 4. Effect of cysteine mutations on apoA-I binding. Single cysteine mutants (A) or double or triple
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at a level comparable with that of wild-type ABCA1 and also
exhibited considerable surface expression (Fig. 5).
ABCAI1(CI-16S)-GFP, in which all of the cysteines (C1-
C16) in ECDs were replaced by serines, showed a comparable
expression level but no surface expression. However,
ABCA1(Cys5)-GFP, which contains only the five cysteines
C2, C6, C13, C14, and C15 but in which the other 11 extra-
cellular cysteines are replaced by serine residues, showed
considerable surface expression (Fig. 5). These results sup-
port the importance of C13 and C14 in apoA-I binding.
Four of Five Cysteine Residues (C2, C6, C13, C14, and C15) in
ECDs of ABCAI Are Involved in
ApoA-I-dependent Cholesterol Efflux—
We examined whether five cysteine
residues (C2, C6, C13, Cl14, and
C15) in ECD1 and ECD2 are
involved in the function of ABCAL.
ApoA-I bound to cells expressing
ABCA1(Cys5)-GFP as efficiently as
to cells expressing the wild-type
protein (Fig. 6A). However, apoA-I
did not bind to cells expressing
C2/6/13/14/15S even though it
located on the cell surface compara-
ble with ABCA1(Cys5)-GFP (Fig. 5).
When cells expressing ABCAI-
(Cys5)-GFP were treated with DTT,
bound apoA-I dissociated from
cells; apoA-I re-bound to cells again
after subsequent washing with fresh
medium. DTT treatment of cells in

ABCA1-GFP merge

cysteine mutants (B) were transiently expressed as GFP fusion proteins in HEK293 cells. Cells were incubated,

28 h after transfection, with Alexa 546-conjugated apoA-I for 15 min. WT, wild type.

the presence of N-ethylmaleimide

TABLE 1
Cysteine mutants of ABCA1
Protein ApoA-I binding Cholesterol efflux Mutations
Wild type + + None
C1S + + C54S
C2s - - C75S
C3S + + C81S
C4S + + C195S
C5S + + C215S
C6S - - C309S
C78 + + C355S
C8S + + C504S
C9s + + C626S
C10S + + C791S
C11S8 + + C1418S
C12S8 + + C1429S
C13S + + C1463S
C14S + + C1465S
C15S + - C1477S
C16S + + C1814S
C2/6S - - C755/C309S
C11/12S + + C1418S/C1429S
C13/14S - - C1463S/C1465S
C13/14/15S - - C1463S/C1465S/C1477S
C11/12/13/14S - - C1418S/C1429S/C1463S/C1465S
C11/12/13/15S - - C1418S/C1429S/C1463S/C1477S
C11/12/14/15S - - C1418S/C1429S/C1465S/C1477S
C11/13/14/15S - - C1418S/C1463S/C1465S/C1477S
C12/13/14/15S - - C1429S/C1463S/C1465S/C1477S
C11/12/13/14/15S - - C1418S/C1429S/C1463S/C1465S/C1477S
C2/6/13/14/15S - - C75S/C309S/C1463S/C1465S/C1477S
Cys4d#1 + + C54S/C81S/C195S/C215S/C3555/C504S/C626S/C7915/C14185/C1429S/C14655/1814S
Cysd#2 + + C54S/C81S/C195S/C215S/C3555/C504S/C626S/C7915/C1418S/C1429S/C1463S/1814S
Cys5 + + C545/C81S5/C1955/C2155/C3555/C504S/C626S/C791S/C14185/C1429S/C1814S
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FIGURE 5. Cell-surface expression of ABCA1 mutants. Each mutant
expressed as a GFP fusion protein was transiently expressed in HEK293 cells.
Cells were washed with ice-cold PBS™ 28 h after transfection and incubated
with 0.5 mg/ml sulfo-NHS-biotin for 30 min on ice in the dark. Biotinylated
proteins were precipitated with avidin gel. Western blotting was performed
with anti-ABCA1 antibody KM3073. WT, wild type.

A Alexab46-Apoh-1 ABCA1-GFP
o ..
Cys5
(C2/6/13/14/15C)

Alexa546-Apoh-I ABCA1-GFP

Cysd-1
(C2/6/13/15C)
Cysd-2
(C2/6/14/15C)

FIGURE 6. Involvement of five cysteine residues (C2, C6, C13, C14, and
C15) inapoA-l binding. A, ABCA1-GFP containing the C2/6/13/14/15S muta-
tion and ABCA1(Cys5)-GFP, containing only the five extracellular cysteines
(C2, C6, C13, C14, and C15), were transiently expressed in HEK293 cells.
B, ABCA1(Cys4#1)-GFP or ABCA1(Cys4#2)-GFP, containing only four extracel-
lular cysteine residues (C2/C6/C13/C15 and C2/C6/C14/C15, respectively),
were transiently expressed in HEK293 cells. Cells were incubated with Alexa
546-conjugated apoA-I for 15 min.

merge

irreversibly abolished apoA-I binding to cells expressing
ABCA1(Cys5)-GFP (supplemental Fig. 4).

We next examined apoA-I-dependent cholesterol efflux
from cells expressing the cysteine mutants (Fig. 7). Like
ABCA1-MM, cysteine mutants C2S, C6S, C2/6S, and C13/14S
did not show apoA-I-dependent cholesterol efflux, whereas
C13S and C14S showed apoA-I-dependent cholesterol efflux as
efficiently as the wild type. Interestingly, C15S did not show
apoA-I-dependent cholesterol efflux, although this mutation
did not affect apoA-I binding. ABCA1(Cys5) showed apoA-I-
dependent cholesterol efflux as efficiently as the wild type,
whereas C2/6/13/14/15S did not show any activity. These
results suggest that four cysteine residues (C2, C6, C15, and
either C13 or C14) in ECD1 and ECD2 of ABCAL1 are required
for apoA-I-dependent cholesterol efflux.

Finally, we examined apoA-I binding to and apoA-I-dependent
cholesterol efflux from cells expressing ABCA1(Cys4#1), contain-
ing four extracellular cysteine residues (C2, C6, C13, and C15) or
ABCA1(Cys4#2), containing four extracellular cysteine residues
(C2,C6,C14, and C15). ApoA-I bound to the cells expressing both
of these mutants as efficiently as to cells expressing the wild type
(Fig. 6B). ApoA-I-dependent cholesterol efflux from these cells
was as high as that from cells expressing wild-type ABCA1 (Fig.
7B). These results suggest that four cysteine residues in ECD1 and
ECD2 of ABCAL are sufficient for apoA-1 binding and apoA-I-de-
pendent cholesterol efflux.

Analysis of Trypsin-digested Wild-type and Mutant ABCAI
under Reducing and Nonreducing Conditions—To determine
whether the five cysteine residues are involved in intramolecu-
lar disulfide bond formation, the migration behavior of ABCA1
upon SDS-PAGE was analyzed under disulfide reducing and
nonreducing conditions (Fig. 8 and supplemental Fig. 5). The
280-kDa band greatly decreased when wild-type ABCA1 was
digested with trypsin for 15 min and separated on the gel under
reducing conditions, and the band disappeared when digested for
40 min. Instead, faster migrating bands (~150 kDa) appeared after
trypsin digestion, as reported (9). However, under nonreducing
conditions, the trypsin-digested ABCA1 co-migrated with undi-
gested ABCAL, indicating that the N- and C-terminal halves of
ABCA1 were connected with disulfide bonds.

Among the single cysteine mutants, C2S, C6S, C13S, C14S,

and C15S retained disulfide bond(s)

Effluxed cholesterol between the N- and C-terminal

A Effluxed cholesterol (yug/mg protein) B (ug,r'mg protein) halves. However, mutants C2/6S

12 12 and C13/14/15S retained no disul-
12 14 fide bond between the N-and C-ter-
i 12 minal halves. Finally, we analyzed
08 n_zla the electrophoretic mobility of
06 06 ABCA1(Cys4#1), ABCA1(Cys4#2),
o4 04 and ABCA1(Cys5) under disulfide
0'(2] Gﬁ reducing and nonreducing condi-
& @ $ & R & \\éa &‘3 & 8 i Cysd-1  Cys4-2 tions and found it to be identical to

~ & \{gr“ that of the wild type.
LY
¥ Bia DISCUSSION

FIGURE 7. Effects of cysteine mutations on apoA-I-dependent cholesterol efflux. HEK293 cells were trans-
fected with each mutant fused with GFP. The efflux of cellular free cholesterol in the presence (black bars) or
absence (white bars) of apoA-I was analyzed. Experiments were performed in triplicate, and the means = S.E.

are represented. WT, wild type.
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FIGURE 8. Analysis of wild-type and mutant ABCA1 after limited trypsin digestion under reducing or
nonreducing conditions. HEK293 cells were transfected with wild-type (WT) or mutant ABCA1. Cells were
lysed 28 h after transfection, and limited trypsin digestion was performed. The digested proteins were dena-
tured with or without DTT and electrophoresed on 5% PAGEL. Western blotting was performed with anti-

one of these residues could not abol-
ish disulfide bond formation be-
tween ECD1 and ECD2, but no
disulfide bonds were formed in
ABCAI1 containing either the C2/6S
or C13/14/15S substitution. These
results suggest that more than one
disulfide bond can be formed
between ECD1 and ECD2. Because
C13 and C14 can substitute for each
other functionally, two distinct
disulfide bonds can be formed
between ECD1 and ECD2. These
results suggest that the formation of
one disulfide bond between two
halves is not sufficient to support
ABCA1 function; two intramolecu-
lar disulfide bonds between ECD1
and ECD2 are necessary for the
functions of ABCAL.

We tried to determine which
pairs of disulfide bonds, C2-C15 and
C6-C13/14 or C2-C13/14 and
C6-C15, are formed between ECD1
and ECD2. However, we found that

ABCAT1 antibody KM3073.

two characteristic ECDs are predicted to be involved in disulfide
bond formation. However, it remains unclear which cysteines are
involved in disulfide bond formation, how many disulfide bonds
are formed, and most importantly, whether disulfide bond forma-
tion is important for the functions of ABCAL.

To identify the cysteine residues involved in disulfide bond
formation in ABCA1, we constructed >30 mutants in which
extracellular cysteine residues were replaced by serines and
analyzed their function in assays of apoA-I binding and apoA-
I-dependent cholesterol efflux. Two cysteine residues, C2 and
C6 in ECD1, were found by single cysteine replacement to be
essential for apoA-I binding and apoA-I-dependent cholesterol
efflux. In contrast, in ECD2, only one cysteine residue, C15, was
found to be essential for apoA-I-dependent cholesterol efflux,
and no single cysteine replacement in ECD2 impaired apoA-I
binding. Instead, the concurrent replacement of two cysteine
residues, C13 and C14, by serines impaired apoA-I binding and
apoA-I-dependent cholesterol efflux. These results can be
interpreted as follows: three cysteine residues (C2, C6,and C15)
and either C13 or C14 are essential for the functions of ABCA1.
Indeed, ABCA1(Cys4#1) and ABCA1(Cys4#2), containing only
four extracellular cysteines (C2/C6/C13/C15 and C2/C6/C14/
C15, respectively) were capable of binding apoA-I and partici-
pating in apoA-I-dependent cholesterol efflux as efficiently as
wild-type ABCA1. These results suggest that four cysteine res-
idues in ECD1 and ECD2 are necessary for the functions of
ABCA1 expressed in HEK293 cells.

Trypsin digestion experiments suggested that five cysteine
residues (C2, C6, C13, C14, and C15) are involved in disulfide
bond formation between ECD1 and ECD2. Replacement of any

APRIL 24, 2009+VOLUME 284 -NUMBER 17

both disulfide bonds C2-C14 and
C2-C15 could be formed when
ECDs contained only two cysteine
residues (C2 and C14 or C2 and C15) (supplemental Fig. 5B).
Furthermore, both disulfide bonds (C6-C14 and C6-C15) could
form when ECDs contained only two cysteine residues (C6 and
C14 or C6 and C15). Because C13, C14, and C15 reside within
15 amino acids in the region predicted as a flexible loop, they
may be able to substitute for each other in disulfide bond for-
mation. C13 and C14, with one residue between them, seem to
be functionally equivalent and can substitute for each other;
they cannot functionally substitute for C15, however, because
C15S replacement impaired apoA-I-dependent cholesterol
efflux. C13 and C14 are conserved among ABCA1, ABCA4, and
ABCA7, and mutations of both C13 (C1488R) and Cl14
(C1490Y) of ABCA4 are linked to Stargardt disease (20), sug-
gesting that these two cysteines are functionally important and
cannot substitute for each other in ABCA4. ABCA4 prepared
from bovine retina rod outer segment was reported to migrate
on an SDS gel more rapidly under nonreducing conditions than
under reducing conditions (10). C13 or C14 might be involved
in intermolecular disulfide bond formation, and the resulting
bond might affect the structure or functions of ABCA4.
Because ABCA1 expressed in human fibroblasts forms a
covalently linked tetramer (25), either C13 or C14 of ABCA1
might be involved in intermolecular disulfide bond formation
in vivo, although it is not necessary for ABCA1 expressed in
HEK293 cells.

ApoA-I did not bind to cells expressing ABCA1-MM. The
electrophoretic mobility of the trypsin-digested ABCA1-MM
was identical to that of the wild type under disulfide reducing
and nonreducing conditions (data not shown), suggesting nor-
mal disulfide bond formation in ABCA1-MM. Therefore, con-
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formational changes of ABCA1 caused by ATP binding and/or
hydrolysis could be required for apoA-I binding. The single
cysteine substitutions C2S and C6S impaired apoA-I binding,
suggesting that two disulfide bonds between ECD1 and ECD2
are required for the conformation for apoA-I binding. In con-
trast, the C15S mutation did not impair apoA-I binding. Two
disulfide bonds may be formed between C2 and C6 and
between C13 and C14 in the C15S mutant, and the resulting
structure may mimic the conformation after ATP binding/hy-
drolysis. However, these disulfide bonds were not able to sup-
port cholesterol efflux, probably because they cannot allow the
conformational changes coupled with ATP hydrolysis. The
Tangier mutation W590S impairs apoA-I-dependent choles-
terol efflux but not apoA-I binding (15). The replacement of
C15 by serine may cause conformational changes similar to
those caused by the W590S mutation. These results also sug-
gest that apoA-I binding and apoA-I-dependent cholesterol
efflux are separable because C15S did not impair apoA-I bind-
ing but did impair apoA-I-dependent cholesterol efflux.

In summary, our results indicate that two intramolecular
disulfide bonds are formed in ABCA1, between C2 and C6 in
ECD1 and between either C13 or C14 and C15 in ECD2, and
that these two disulfide bonds are necessary for apoA-I-
dependent cholesterol efflux by ABCA1 expressed in HEK293
cells. These cysteine residues are conserved among ABCAI,
ABCAA4, and ABCA?7. This study will facilitate our understand-
ing of the mechanism of HDL formation by ABCA1, as well as
the function of other ABCA subfamily proteins.
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