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Figure 2.
{DO mRNA expression of HGF cells upon stimuattion with [FN-y,
IL-18, TNF-at, and PgLPS. Unstimulated HGFs served as a control,
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Figure 3.

Relative IDO mRNA expression in HGF cells treated with different
concentrations of IFN-vy, IL-1 B, TNF-a, or PgLPS. Data are shown as
mean + SE from four separate experiments.

Relative IDO mRNA Expression
(IDOIGAPDH ratio)

Figure 4.

Relative IDO mRNA expression in HGF cells treated with combinations
of IFN-y and IL-18, TNF-a, or PgLPS. Data are shown as mean % SE
from four separate experiments.

than in that of healthy gingiva. We observed a strong
nuclear staining pattern within epithelial cells. IDO
was reported to be an intracellular enzyme. Cytoplas-
mic staining of IDO was observed in peripheral blood
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Figure 5.

IDO activity in HGF cells treated with different concentrations of IFN-y,
IL-1B, TNF-a, or PgLPS. Data are shown as mean + SE from four
separate experiments. Significantly different from the untreated control:
*P <0.05; TP <0.01.

0J 24 hours
- 8 48 hours
=
=
-]
£
©
2
=3
ES
X
Figure 6.

IDO activity in HGF cells treated with combinations of IFN-y and IL-1,
TNF-a, or PgLPS. Data are shown as mean % SE from four separate
experiments. Significantly different from IFN-y alone: P <0.05;

§p <0.01.

mononuclear cells,2’ stromal cells, luminal and glan-
dular epithelial cells of human placenta,?® and ovarian
cancer cells.?? However, there was a report3° of IDO
immunostaining localized primarily to the nuclei of
placental endothelial cells. How IDO translocates to
the nucleus and whether it also has a nuclear function
are not known.

In gingival connective tissue, the level and extent of
IDO expression were also higher in periodontitis tis-
sues than that of healthy tissues. Periodontitis lesions
had high levels of several inflammatory cytokines and
bacterial products that were inducers of IDO.17-19
Therefore, upregulation of IDO expression in peri-
odontitis lesions may be due to the presence of these
agents. In this study, we assessed IDO expression of
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cultured HGFs upon stimulation with IFN-v, IL-1B,
TNF-a, and PgLPS. Gingival fibroblasts are the major
cell type within periodontal tissues and may partici-
pate directly with several inflammatory mediators in
periodontitis. We found that HGFs did not constitu-
tively express IDO; however, IDO expression was
inducible in these cells. IFN-v is a potent inducer for
IDO expression in HGFs. Lower levels of IDO expres-
sion were detected upon stimulation with IL-18,
TNF-«, and PgLPS. IFN-y was shown to be a strong in-
ducer of IDO expression in many cell types, including
dendritic cells, macrophages, epithelial cells, skin
fibroblasts, and many cancer cell lines.1431:32 [t was
shown that the IDO promoter contains the interferon-
stimulated response element (ISRE) and gamma-
activated sequence (GAS). These sequences were the
binding site for the transcription factor IFN-regulatory
factor-1 (IRF-1) and signal transducer and activator of
transcription 1 (STAT1), which allowed activation of
the IDO gene in response to IFN-y.33

We showed that IL-18, TNF-a, and PgLPS, when
used as a single agent, induced low levels of IDO ex-
pression in HGFs. TNF-a alone was ineffective in IDO
induction of peripheral blood mononuclear cells,
macrophages, epithelial cell line, and an astrocytoma
cell line,> 1534 but it showed weak IDO induction in a
fibroblast cell line.3% IL-1 alone also was unable to in-
duce IDO expression in macrophages>® or epithelial
cells.!? Bacterial LPS induced IDO expression in den-
dritic cells3” and monocyte-derived macrophages!®
but not in epithelial cells from the cervix'® or lung.34
Therefore, IDO expression in response to inflamma-
tory cytokines and mediators seems to be cell-type
specific.

IFN-v in combination with IL-1B, TNF-a, or PgLPS
augmented the level of IDO expression in HGFs com-
pared to IFN-y alone. Combinations of IFN-y and
IL-1B as well as IFN-y and TNF-«a also increased IDO
expression in human monocyte-derived macrophages
and human cervical epithelial cells.!>3® The synergis-
tic effect of TNF-a and IFN-y on IDO induction was
shown to be mediated at the level of transcription
through an increase in IFN-vy receptor expression that
enhanced the binding of STAT1 to GAS and IRF-1 to
ISRE sites.33 The combination effect of inflammatory
cytokines and bacterial products on IDO expression
may be important for regulating DO function in vivo.

The control of IDO activity seems to be complex
and cell-type specific. The presence of IDO mRNA
and protein may not correlate with its functional activ-
ity. Human dendritic cells constitutively express IDO
protein, but the protein does not have functional enzy-
matic activity until these cells are activated by IFN-y
and cluster of differentiation (CD) 80/CD86 ligation.38
In this study, we showed that increased IDO mRNA
expression in HGFs upon treatment with IFN-y was
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positively correlated with increased IDO activity. In
addition, the IDO activity was increased over time.
However, IDO activity in HGFs treated with IL-18,
TNF-a, or PgLPS was not significantly different from
that of untreated controls. This may be due to the
low level of IDO mRNA expression in these cells and
the wide variation in the level of response between pri-
mary cell lines. We also showed that [L- 1B and TNF-«
augmented the IDO activity in IFN-y-treated HGF
cells. IL-1B, TNF-a, and LPS were shown to enhance
the IDO activity induced by IFN-y in human mono-
cyte-derived macrophages. 1636 In contrast, the pres-
ence of [L-1B and TNF-a decreased the IDO activity
induced by IFN-y in a uroepithelial cell line and
showed no effect on the IDO activity induced by
IFN-y in an astrocytoma cell line.? It seemed that
HGFs were able to produce functional IDO in response
to several inflammatory cytokines and immunomo-
dulating agents. These agents may work together or
regulate each other to control IDO expression and ac-
tivity in periodontal tissues.

Therole of IDO in periodontal disease pathogenesis
is not known. A previous study>? from our laboratory
showed that coculturing of peripheral blood mononu-
clear cells with HGF cells treated with IFN-y and
PgLPS resulted in the suppression of T-cell prolifera-
tion. This effect could be reversed by the addition of
1-metyl-tryptophan, an inhibitor of IDO. Therefore,
IDO expression may be one of several mechanisms
to downregulate the inflammatory process in peri-
odontitis. This effect may be beneficial to the host
and prevent excessive inflammation and the destruc-
tion of periodontal tissues. Further studies are needed
to explore this hypothesis.

CONCLUSIONS

IDO was expressed in human gingiva, and the expres-
sion was upregulated in chronic periodontitis. The in-
creased IDO expression in periodontitis lesions may
be due, in part, to the activation of HGF's by inflamma-
tory cytokines and bacterial products.
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Amyloid B-protein 1- 42 (AP42) is believed to play a causative
role in the development of Alzheimer disease (AD), although it
is a minor part of AB. In contrast, AB40 is the predominant
secreted form of AB and recent studies have suggested that
AB40 has neuroprotective effects and inhibits amyloid deposi-
tion. We have reported that angiotensin-converting enzyme
(ACE) converts A 842 to AB40, and its inhibition enhances brain
AB42 deposition (Zou, K., Yamaguchi, H., Akatsu, H., Saka-
moto, T., Ko, M., Mizoguchi, K., Gong, J. S., Yu, W., Yamamoto,
T., Kosaka, K., Yanagisawa, K., and Michikawa, M. (2007) J. Neu-
rosci. 27, 8628 —8635). ACE has two homologous domains, each
having a functional active site. In the present study, we identi-
fied the domain of ACE, which is responsible for converting
AP42 to AB40. Interestingly, AB42-to-AB40-converting activ-
ity is solely found in the N-domain of ACE and the angiotensin-
converting activity is found predominantly in the C-domain of
ACE. We also found that the N-linked glycesylation is essential
for both AB42-to-AB40- and angiotensin-converting activities
and that unglycosylated ACE rapidly degraded. The domain-
specific converting activity of ACE suggests that ACE inhibitors
could be designed to specifically target the angiotensin-convert-
ing C-domain, without inhibiting the AB42-to-Af40-convert-
ing activity of ACE or increasing neurotoxic AB42.

Angiotensin-converting enzyme (ACE)* plays a key role in
the renin-angiotensin system (RAS), which is involved in the
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long-term regulation of blood pressure and blood volume in the
human body. Recent genetic, pathologic, and biochemical stud-
ies have associated ACE with onset of Alzheimer disease (AD)
(1, 2). The I allele of the ACE gene, which results in a reduced
serum ACE level, has been demonstrated to be associated with
AD (3-5). Hypertension is a risk factor for AD and ACE inhib-
itors for treatment of hypertension were shown to be the only
drug class among the antihypertensives to potentially be asso-
ciated with a slight increased incidence of AD (adjusted hazard
ratio 1.13) (6, 7). A mechanistic link between ACE and AD was
suggested when ACE was shown to degrade AB40 and Ap42 (8,
9). Overexpression of AB40 in transgenic mice does not cause
brain amyloid deposition, the major pathological hallmark of
AD, whereas expression of AB42 is shown to be essential for
amyloid deposition (10, 11). In addition, AB40 has an inhibitory
effect on amyloid deposition in vitro and in vivo and has neuro-
protective effects (12-14). These lines of evidence suggest that
converting AB42 to AB40 may be a potential strategy for devel-
opment of an AD therapy. In our previous study, we identified
ACE as an AB42-to-AB40-converting (AB-converting) enzyme
and showed that ACE inhibitor enhances brain AB42 deposi-
tion in transgenic mice (15). Clarifying the molecular base of
ACE domain-specific enzymatic activity on AB42 to AB40
conversion, Af degradation, and angiotensin conversion
emerges to be important for development of a strategy for
hypertension and AD treatment.

ACE is a type I integral membrane glycoprotein, and there
are two isoforms of ACE in mammals that arise from the use of
alternative promoters in a single gene: somatic ACE and testic-
ular ACE. ACE also has one mammalian relative, ACE2, which
consists of a single active site domain that, by sequence com-
parison, more closely resembles the N-domain than the C-do-
main of somatic ACE. ACE converts angiotensin I to angioten-
sin II, a potent vasoconstrictor, and inactivates bradykinin, a
vasodilator (16). Given the central role ACE plays in regulation
of blood pressure, ACE inhibitors are widely used for the treat-
ment of hypertension in the elderly population. ACE also
hydrolyzes a wide range of polypeptide substrates, including
substance P, luteinizing hormone-releasing hormone, acetyl-
Ser-Asp-Lys-Pro (AcSDKP), and neurotensin (16). The mam-
malian somatic ACE contains two homologous domains, the
N-terminal domain (N-domain) and C-terminal domain (C-
domain), each bearing a zinc-dependent active site. The pres-
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ence of two active sites in ACE has stimulated many attempts
to establish whether they differ in function. For example,
AcSDKP, a peptide suggested to inhibit bone marrow matura-
tion, is found to be preferentially cleaved by the N-domain of
ACE in vitro (17). In contrast, the ACE C-domain is demon-
strated to be the main site of angiotensin I cleavage in vivo (18).
The N-linked glycosylation of testicular ACE, a homologue of
the somatic ACE N-domain, is essential for its enzymatic activ-
ity and for preventing degradation (19).

In our current study, we determined the contributions of
each ACE domain, toward AB42-to-AB40- and/or angiotensin-
converting activity. We postulated that the dipeptidyl car-
boxypeptidase activity of ACE, which converts angiotensin I to
angiotensin II and AB42 to AB40, is located in its C-domain.
Surprisingly, we found that the Ap42-to-Ap40-converting
activity is specifically in the N-domain of ACE, and the angio-
tensin-converting activity is predominantly in the C-domain of
ACE. We also found that both AB42-to-AB40- and angioten-
sin-converting activities require the N-linked glycosylation of
ACE. The finding of domain-specific A42-to-AB40-convert-
ing activity of ACE may help design a domain-specific ACE
inhibitor for treatment of hypertension, without inhibiting the
N-domain-specific AB42-to-AB40-converting activity of ACE.

EXPERIMENTAL PROCEDURES

Truncated ACE Expression and Purification—Expression
and purification of ACE recombinant proteins were carried out
as described previously (20). Mutated ACE cDNAs containing
two’ active domains (F-ACE) or only the N-terminal active
domain or C-terminal active domain (N-ACE or C-ACE) were
cloned into pcDNA3.1(-) vectors (Invitrogen). Six histidine res-
idues were introduced at the C-terminal end of each cDNA.
The C-terminal transmembrane domain was removed from all
of the recombinant ACE proteins to allow them to be secreted
into the culture medium. COS7 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum. Transfections of the ACE pcDNA3.1(-) vectors in COS7
cells were performed using Lipofectamine 2000 (Invitrogen),
and COS7 cells stably expressing F-, N-, and C-ACE were
selected in DMEM containing 10% fetal bovine serum and 1
mg/ml Geneticin (Wako, Japan). Culture media were harvested
3 days after the cells reached confluence, and recombinant ACE
proteins were purified using a TALON purification kit (Clon-
tech). The purified proteins were then dialyzed in 50 mm
HEPES, 50 mm NaCl, 1 uMm ZnCl,, pH 7.5 and concentrated
with Centricon YM-50 (Millipore). Protein concentrations of
the ACE proteins were determined using a BCA protein assay
kit (Pierce).

Western Blot Analysis and Determining Conversion of AB42
to AB40—COS?7 cells were lysed in radioimmune precipitation
assay buffer (10 mum Tris/HCI (pH 7.5), 150 mm NacCl, 1% Non-
idet P-40, 0.1% sodium dodecy! sulfate (SDS), and 0.2% sodium
deoxycholate, containing a protease inhibitor mixture (Roche
Applied Science)). The expression of ACE recombinant pro-
teins was detected by Western blotting using a polyclonal anti-
ACE antibody (R&D). AB1-42 (Peptide Institute) was freshly
dissolved in 0.1% NH,-H,O at 200 um for each experiment. 80
ul of F-, N-, and C-ACE at a concentration of 0.5 um were
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mixed with synthetic AB42 to a final concentration of 40 um
and incubated at 37 °C. 10 ul of the mixture was subjected to
SDS-PAGE and blotted on a nitrocellulose membrane. To
enhance the reactivity to an anti-A 40 antibody, the membrane
was boiled in PBS for 3 min after blotting, probed with an anti-
AB40 monoclonal antibody (1A10) (IBL), and visualized with
SuperSignal (Pierce). Because of the high level of exogenous
AB42, the membrane was not boiled before the reaction with a
polyclonal anti-AB42 antibody. The quantitation of AB40 gen-
eration and AB42 degradation was carried out using Image J
1.41 software (NIH).

ACE Activity Assay—F-ACE, N-ACE, and C-ACE were dia-
lyzed in 50 mm HEPES, 50 mm NaCl, 1 um ZnCl,, pH 7.5, and
their activities against the synthetic substrate N-hippuryl-1-his-
tidyl-l-leucine (Hip-His-Leu) were determined using an ACE
colorimetric kit (Buhlmann Laboratories, Schonenbuch, Swit-
zerland). 10 ul of ACE proteins at a concentration of 0.5 um
were mixed and incubated with ACE substrate at 37 °C. The
reaction time was 15 min. All samples were measured in
triplicate.

Mass Spectrometry Analysis—Purified F-ACE, N-ACE, or
C-ACE was incubated with 80 um AB42 at 37 °C for 2 h. Cap-
topril (10 uM) was added to stop digestion, and the sample was
frozen in —80 °C until use. The samples were mixed with 3,5-
dimethoxy-4-hydroxycinnamic acid (Wako, Japan) as a matrix,
and then subjected to matrix-assisted laser desorption ioniza-
tion-time of flight-mass spectrometry (MALDI-TOF-MS)
(AXIMA-CFR, SHIMADZU, Kyoto, Japan) to detect the gener-
ation of AB40 and other AB fragments. The same amount of
F-ACE, N-ACE, C-ACE, or AB42 incubated alone under the
same conditions as described above was used as control.

Expression of ACE Active Site Mutants and Determining
Their Domain-specific Activities—The pcDNA5/FRT expres-
sion vectors bearing the catalytically inactive full-length ACE
were kindly provided by Dr. Dennis J. Selkoe (9). The two ACE
zinc metalloprotease active site glutamates (amino acids 362 in
the N-domain and 960 in the C-domain) were changed to
aspartates. Mouse embryonic fibroblasts at 90% confluence
were transiently transfected with the vectors bearing ACE full-
length protein with active site mutations using Lipofectamine
2000 (Invitrogen). After 48 h, the cells were lysed in in 50 mm
Tris/HCI (pH 7.5) containing 0.5% Nonidet P-40, and nuclei
and cell debris was pelleted at 10,000 X g for 10 min at 4 °C. To
assay ACE activity, 5 ug of protein of cell lysate was incubated
with Hip-His-Leu. For the AB42-to-AB40-converting activity
assay, ACE in each cell lysate was immunoprecipitated using a
polyclonal anti-ACE antibody (R&D) and protein G-Sepharose
(GE Healthcare). Immunoprecipitated ACE was then incu-
bated with 40 um synthetic AB42 at 37 °C for 15 h. Captopril (10
uMm) was added to the mixture to stop the reaction and the
conversion of AB40 from AB42 was detected by Western blot.

Deglycosylation of ACE Proteins—T o assess the type of glyco-
sylation of human kidney ACE and recombinant ACE proteins,
the ACE proteins were treated with PNGase F, O-glycanase, or
sialidase A using an enzymatic deglycosylation kit according to
the manufacturer’s instructions (PROzyme, San Leandro, CA).
To evaluate the enzymatic activities of deglycosylated ACE pro-
teins, non-denaturing protocol was used, and ACE proteins
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FIGURE 1. ldentification of N-domain-specific A B42-to-A B40-converting activity of ACE. A, schematic representation of the human ACE and recombinant
ACE proteins. The wild-type ACE protein contains a signal peptide (SP), a single transmembrane domain (TM), and two homologous catalytic domains (light blue
box). Recombinant ACE proteins, F-ACE, N-ACE, and C-ACE, contain 6 histidine residues (yellow box) at the C terminus and a signal peptide at the N terminus.
B, COS7 cells transfected with empty vector or cells stably expressing F-ACE, N-ACE, or C-ACE were lysed in radioimmune precipitation assay buffer. Western
blots of 20 ug of total protein from the cells or 2 ug of ACE isolated from the culture medium were probed with a polyclonal anti-ACE antibody. C, ACE activity
was measured by incubating 0.5 um F-ACE, N-ACE, or C-ACE with the substrate Hip-His-Leu for 15 min at 37 °C. N-ACE has markedly reduced ACE activity
compared with C-ACE. Values represent the means + S.E; n = 3; *, p < 0.001, Bonferroni/Dunn test. D, specificities of monoclonal anti-AB40 (1A10) and
polyclonal anti-AB42 antibodies were confirmed by Western blot of 0.1 ug of AB40 and Ap42. E, F-, N-, and C-ACE were mixed with synthetic Ap42 and
incubated at 37 °C for 0.5, 1, or 2 h. Western blots of the mixture were probed with anti-AB40 and anti-Ap42 antibodies. In contrast to the ACE activity, the

AB42-to-AB40-converting activity was solely detected in N-ACE. F, generation of AB40 and the degradation of ApB42 were determined by densitometry.

were deglycosylated at 37 °C for 1 h. The non-deglycosylated
ACE proteins were mixed with the same incubation buffer pro-
vided by the manufacturer and incubated except that glycosi-
dases were not added.

RESULTS

ACE N-domain, but Not C-domain, Converts A42 to AB40—
To explore which domain of ACE has AB42-to-Af40-convert-
ing activity, we prepared 3 kinds of recombinant ACE proteins,
which were transfected into COS7 cells. F-ACE contains both
the N-domain and C-domain active sites. N-ACE contains only
the N-terminal active site, and C-ACE only contains the C-ter-
minal active site. All three kinds of mutated ACE were fused
with a 6-histidine tag at the C-terminal for the isolation from
the culture medium (Fig. 14). Cell lines stably expressing
F-ACE, N-ACE, or C-ACE were selected by Geneticin and the
expression of the ACE-mutated proteins were confirmed by
Western blot. The endogenous ACE was not detected in the cell
lysate of COS7 cells transfected with empty vectors. F-, N-, and
C-ACE showed molecular masses at 180, 130, and 110 kDa,
respectively (Fig. 1B). The secreted ACE recombinant proteins
were isolated from the culture medium by immobilized metal

31916 JOURNAL OF BIOLOGICAL CHEMISTRY

chromatography. The proteins were then dialyzed and concen-
trated. The apparent molecular mass of each secreted ACE
recombinant protein did not differ from each of the cellular

" ACE recombinant proteins (Fig. 1B). ACE enzymatic activity of

the F-ACE, N-ACE, and C-ACE was confirmed by degradation
of the substrate Hip-His-Leu (Fig. 1C). E-ACE was found to
have the highest Hip-His-Leu-degrading activity and C-ACE
had 63% ACE activity compared with F-ACE, whereas N-ACE
had a significantly reduced ACE activity, confirming the finding
of the ACE C-domain as the main site of angiotensin I cleavage
in vivo (18) (Fig. 1C).

We have found that ACE releases two amino acids from the C
terminus of AB42 and generates AB40. AB1-41 was not found
during the degradation of AB42 by ACE, suggesting that the
AB42-to-AB40-converting activity of ACE is a dipeptidyl car-
boxypeptidase enzymatic activity (15). To determine which
domain is responsible for the AB42-to-AB40-converting activ-
ity, we incubated AB42 with F-ACE, N-ACE, or C-ACE and
examined the generation of AB40 from AB42 by Western blot
using anti-AB40- and anti-AB42-specific antibodies. The spec-
ificity of the two antibodies was examined by Western blotting
of synthetic AB40 and AB42, and cross reaction between these
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two antibodies was not found (Fig. 1D). Unexpectedly, in con-
trast to the angiotensin-converting activity, the AB42-to-
AB40-converting activity was found in F-ACE and N-ACE, but
not in C-ACE, indicating that N-domain of ACE has the AB42-
to-AB40-converting activity. Although C-ACE showed a simi-
lar AB42-degrading activity compared with F-ACE and N-ACE,
it did not generate AB40 from AB42 (Fig. 1E). Incubation of
C-ACE with AB42 up until 16 h did not generate AB40 (data not
shown). F-ACE generated more AB40 from AB42 than N-ACE
at the time points of 0.5 and 1 h, whereas at the time point of 2 h
F-ACE and N-ACE generated similar amounts of AB40 (Fig. 1,
E and F). F-ACE had similar activities compared with native
human kidney ACE regarding the AB42-to-AB40-converting
activity and the Hip-His-Leu-degrading activity (Figs. 1E and
4C and data not shown).

To determine other products other than AB40 that were gen-
erated by ACE from AB42 and to confirm the result from West-
ern blot, we performed mass spectrometry analysis. Consistent
with our immunological studies, a peak corresponding to
AB1-40 was detected in the F-ACE- and N-ACE-digested sam-
ples; in addition, F-ACE and N-ACE also generated peaks cor-
responding to AB1-33, AB1-28, AB1-24, and AB1-21 from
AB42, whereas AB1-40 was not formed by C-ACE. However,
C-ACE generated four other A fragments, AB1-33, AB1-28,
AB1-24,and AB1-21 (Fig. 2A). Mass spectrometry analysis for
incubated F-ACE, N-ACE, or C-ACE alone did not show any
AP peptide signal, and synthetic AB42 only showed one peak
with a mass at 4514, which matched the predicted mass of
AB1-42 (Fig. 2B and data not shown). These results from mass
spectrometry confirmed that the AB42-to-Ap40-converting
activity is restricted to the ACE N-domain.

N-domain-inactive ACE Mutant Loses Af42-to-AB40-
converting Activity—Three ACE mutants were generated by
site-directed mutagenesis to change the active site sequence
HEMGH to HDMGH in N-, C-, or both N- and C-domain.
The N-domain active site was inactivated by mutating gluta-
mate 362 to aspartate (termed E362D), and the C-domain
active site was similarly inactivated by mutating glutamate 960
to aspartate (termed E960D). E362/960D has double mutations
in its N- and C-domain active sites (Fig. 3A). The fibroblasts
were transiently transfected with empty vector or ACE mutant
constructs. ACE was not detected in the fibroblasts transfected
with empty vector, and wtACE and ACE mutants were
expressed in the cells at a similar level (Fig. 3B). To determine
the effects of each ACE active site on ACE activity, cell lysate
from each cell lines was analyzed for ACE activity. Consistent
with our results from purified truncated ACE proteins, E362D
containing only the C-domain active site has the similar ACE
activity compared with wtACE, whereas E960D has an ex-
tremely low ACE activity. ACE inhibitor, captopril, completely
inhibited this ACE activity (Fig. 3C). To determine which active
site in each domain is responsible for the AB42-to-AB40-con-
verting activity, wtACE and ACE mutant proteins were immu-
noprecipitated and incubated with AB42. A similar amount of
immunoprecipitated ACE was confirmed by Western blotting
(Fig. 3D, upper panel). E960D without the C-domain activity
generated similar amount of AB40 from AB42 compared with
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FIGURE 2. MALDI-TOF-MS analysis for AB42 degradation by F-ACE,
N-ACE, or C-ACE. A, AB42 (80 um) was incubated with 0.5 um purified F-ACE,
N-ACE, or C-ACE at 37 °C for 2 h, then captopril (10 um) was added after incu-
bation to stop the digestion. 1 ul of the mixture was subjected to MALDI-
TOF-MS analysis. F-ACE and N-ACE generated AB1-40, whereas C-ACE did
not. B, 1 ul of F-ACE, N-ACE, or C-ACE alone incubated at 37°C for 2 h was
subjected to MALDI-TOF-MS analysis, and a peptide signal was not detected.

wtACE, whereas E362D and E362/960D without N-domain
activity did not convert AB42 to AB40 (Fig. 3D, middle panel).

N-Glycosylation Is Essential for AB42-to-AB40- and Angio-
tensin-converting Activities—ACE is a glycoprotein, and the
N-linked glycosylation of testicular ACE has been shown to be
essential for its angiotensin-converting activity. Human ACE
has 17 putative AsnX(Ser/Thr) N-linked glycosylation sites dis-
tributed throughout both the N-domain and C-domain (21). To
determine the role of glycosylation of ACE in its enzymatic
activities and to compare the glycosylation of natural human
ACE with that of recombinant F-ACE, N-ACE, and C-ACE, we
examined the type of glycosylation of these ACE proteins by the
treatment with PNGase F, O-glycanase, and sialidase A. Treat-
ment with PNGase F, O-glycanase, and sialidase A remarkably
reduced the molecular weight of human kidney ACE, F-ACE,
N-ACE, and C-ACE (Fig. 44, lanes 1 and 2). Removal of
N-linked glycosylation using PNGase F alone produced similar
molecular weight shifts, whereas O-glycanase did not produce
any shift in ACE size (Fig. 44, lanes 3 and 4). The sensitivity of
N-ACE to PNGase F indicates that N-ACE is modified by
N-linked glycosylation. All the ACE proteins showed a slight
decrease in the molecular weight after sialidase A digestion,
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FIGURE 3. Site-directed mutated ACE proteins exhibit domain-specific
ABA42-to-AB40- and angiotensin-converting activity. A, schematic repre-
sentation of human ACE and the mutant positions. The two ACE zinc metal-
loprotease active site glutamates (amino acids 362 in the N-domain and 960
in the C-domain) were changed to aspartates. B, fibroblasts were transiently
transfected with empty vector, wtACE or mutant ACE plasmids and the
expression of ACE proteins was detected by Western blotting using a poly-
clonal anti-ACE antibody. C, ACE activity was measured by incubating 5 ug of
protein of cell lysate with the substrate Hip-His-Leu for 10 min at 37 °C. ACE
activity in cell lysate was clearly detected in WtACE and E362D. C-domain
inactive ACE protein, E960D, showed an extremely low ACE activity; and dou-
ble mutants in both domains of ACE, E362/960D, did not show ACE activity.
ACE activity was clearly inhibited by captopril (1 um) treatment. D, ACEin cell
lysate (4 mg of protein) from each transfected cell line was immunoprecipi-
tated by 5 ug of polyclonal anti-ACE antibody and 100 ul of protein G-Sepha-
rose. Immunoprecipitated ACE was then incubated with synthetic AB42 and
the generation of AB40 was detected by Western blotting. SP, signal peptide;
M, transmembrane.

indicating the sialylation of their N-glycans (Fig. 44, lane 5).
These results suggest that the glycosylation type of natural
human kidney ACE and recombinant ACE proteins produced
by COS7 cells are identical. Because ACE is modified by
N-linked glycosylation and O-linked glycosylation was not
detected, we used PNGase to remove its N-glycans and studied
the ACE activity. As expected, PNGase-treated human kidney
ACE showed a 96% reduced ACE activity in degradation of
Hip-His-Leu compared with untreated ACE (Fig. 4B).

To determine the role of N-linked glycosylation of ACE in its
AB42-to-AB40-converting activity, we incubated AB42 with
PNGase F-treated or untreated human kidney ACE and exam-
ined AB40 generation by Western blot. Deglycosylated human
kidney ACE showed a decreased molecular mass at ~150 kDa
and was degraded by itself after 2 h of incubation. After incu-
bation for 16 h, ~150-kDa deglycosylated ACE was completely
degraded (Fig. 4C, upper panel). AB40 was generated from
AB42 by ACE after incubating the mixture of AB42 and ACE
for 15 min. The level of AB40 increased in a time-dependent
manner and reached a peak after incubation for 2 h, whereas
deglycosylated ACE did not generate AB40 from Ap42,
although it showed a similar AB42-degrading activity com-
pared with non-deglycosylated ACE (Fig. 4C, middle and bot-
tom panels). This glycosylation-required Ap42-to-AB40-con-
verting activity was also confirmed in recombinant ACE

31918 JOURNAL OF BIOLOGICAL CHEMISTRY

proteins. PNGase F-deglycosylated F-ACE, N-ACE, and C-
ACE have similar AB42-degrading activity. However, deglyco-
sylated F-ACE and N-ACE failed to generate AB40 from AB42,
suggesting that the N-linked glycosylation in the ACE N-do-
main is essential for its AB42-to-AB40-converting activity (Fig.
4D). Sialidase A treatment did not change the AB42-to-AB40-
converting activity and the ACE activity of human kidney ACE,
indicating that sialylation is not required for its activities (data
not shown).

Captopril and Enalaprilat Showed Different IC;, 0on AB42-to-
AP40-converting Activity—The feature of ACE inhibitors has
been well studied in terms of their angiotensin-converting
inhibitory effect. To explore whether ACE inhibitors differen-
tially inhibit the AB42-to-AP40-converting activity, we deter-
mined the IC;, of captopril, perindopril, lisinopril, and enala-
prilat toward the angiotensin- and Af42-to-AB40-converting
activity of F-ACE. All four ACE inhibitors showed a similar ICy,
on the inhibition of angiotensin-converting activity of F-ACE,
whereas enalaprilat exhibited a 10-fold lower IC;,, {0.003~0.01
uM) on Af42-to-AB40-converting activity than captopril
{0.03~0.1 um) (Table 1).

DISCUSSION

Most mammalian tissues contain ACE with two catalytic
domains. Evolutionary conservation of the ACE N- and C-do-
mains suggests important distinct functions of these domains.
Recent genetic studies have associated the I allele of the ACE
gene, which results in a reduced serum ACE level, with onset of
AD (1, 3). We have shown previously that ACE converts Af342
to AP40, and its inhibition predominantly enhances brain
APB42 deposition (15). To investigate which domain of ACE is
responsible for AB42-to-AB40-converting activity and whether
ACE inhibitors inhibit this activity, we generated three kinds of
ACE proteins, containing both N- and C-domains or contain-
ing either single active domain. We also used selective site-
directed mutagenesis of ACE to study the domain-specific
activity of full-length ACE. The present study shows that the
AB42-to-APB40- and angiotensin-converting activities were
located in different ACE domains and that N-linked glycosyla-
tion was essential for the two ACE enzymatic activities. The
N-domain of ACE clearly showed an Ap42-to-AB40-convert-
ing activity, whereas it has an extremely low angiotensin-con-
verting activity. In contrast, the C-domain of ACE showed
angiotensin-converting activity, whereas the AB42-to-Ap40-
converting activity was not detected in this domain.

In a cellular context, both the N-domain and C-domains of
ACE are able to degrade AB40 and AB42 (9). In our studies, we
also found that the N- and C-domains were indistinguishable as
regarding degrading AB42, suggesting that both N- and C-do-
mains of ACE have endopeptidase activity for AB42. In the
overall scheme of AB42 processing, the full-length ACE cleav-
ing into many fragments may be important for therapeutic
treatment of AD. We showed that AB40, but not AB41, was
generated from AB42 (Fig. 24). However, the AB42-to-AB40-
converting activity was solely found in the N-domain of ACE
(Figs. 1, 2, and 3). These results suggest that the dipeptidyl car-
boxypeptidase activity converting AB42 to AB40 is restricted to
its N-domain. The N-domain specific dipeptidyl activity was
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and angiotensin-converting activ-
ity, respectively, compared with full
domain ACE (Fig. 1, C and F), sug-
gesting that each catalytic domain of
ACE regulates the activity of the
other, and both domains are required
for normal substrate recognition and
degradation. Mice with a selective

112] b4 s +4 [«N-ACE
<« Degly-N-ACE
=4 wat |4-C-ACE
< Degly-C-ACE

1124 &%

C ACE+AB42  Degly-ACE+AB42 D

1' 15 30'2h16h 1' 16' 30' 2h 16h

Ap42

Ap42

AB42

Ap40

Ap42

FIGURE 4. Characterization of ACE glycosylation and role of the glycosylation in ACE activity and Af42-
to-AB40-converting activity. A, 5 ug of purified human kidney ACE, F-ACE, N-ACE, and C-ACE were deglyco-
sylated with 1 i of PNGase F, O-glycanase, and/or sialidase A for 1 h at 37 °C. PNGase F alone was able to
remove all glycosylation of ACE. 8, ACE activity of PNGase F-deglycosylated human kidney ACE was measured
immediately after deglycosylation using an ACE colorimetric kit. ACE activity was almost completely abolished
by N-deglycosylation. C, 80 ul of human kidney ACE (0.5 um) withor without N-deglycosylation was mixed with
synthetic AB42 (40 um) and incubated at 37 °C. 10 pul of the mixture were collected at various incubation time
points and subjected to Western blot analysis. Deglycosylated ACE showed no AB42-to-AB40-converting
activity, whereas the AB42-degrading activity remained. D, 40 ul of recombinant F-, N-, and C-ACE proteins (0.5
um) were deglycosylated and mixed with AB42 and incubated at 37 °Cfor 1,2,0r 16 h. AP42-to-AB40-convert-
ing activity was not detected in either deglycosylated F-ACE or deglycosylated N-ACE, whereas all the degly-

cosylated ACE showed an AB42-degrading activity.

TABLE1

ACE inhibitors inhibited AB42-to-AB40-converting activity with
different IC5,

ACE activity of 10 p! of F-ACE (0.5 um) was measured using an ACE colorimetric
kit, and AB42-to-AB40-converting activity was measured by Western blotting and
densitometry. 0,0.003, 0.01, 0.03,0.1,0.3, 1, 3, 10 um ACE inhibitors were added to
determine the IC;, for AB42-to-AB40-converting activity.

ACE inhibitors ACE activity IC, Ap-converting activity IC;,*
oM M
Captopril 0.01-0.03 0.03-0.1
Enalaprilat 0.01-0.03 0.003-0.01
Lisinopril 0.01-0.03 0.01-0.03
Perindopril 0.03-0.1 0.01-0.03

4 AB-converting activity, AB42-to-Ap40-converting activity.

also found in the degradation of AcSDKP, which is involved
in the control of hematopoietic stem cell proliferation. The
molecular basis in which the N-domain of ACE accesses
AcSDKP and AB42 remains to be elucidated. The N- and C-do-
mains of ACE have reduced A42-to-AB40-converting activity
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C-domain of ACE were generated,
and the C-domain was demon-
strated to be the main site of
angiotensin [ cleavage (18, 22),
which is consistent with our in
vitro finding. However, the role of
the N-domain of ACE toward Af342
to AB40 conversion in vivo needs to
be addressed.

It has been previously reported
that testicular ACE, the C-domain
isoform of ACE, without N-linked
glycosylation has no enzyme activity
and was rapidly degraded (19).
We confirmed that deglycosyla-
tion of human kidney ACE abol-
ished its angiotensin-converting
activity, whereas the endopep-
tidase activity for degrading it-
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self and AB42 was not affected.

Moreover, the N-domain-specific
AB42-to-AB40-converting activ-
ity was abolished by the deglycosyla-
tion, indicating that the N-linked
glycosylation is also essential for
maintaining the N-domain-specific
enzymatic activity of ACE. Deglyco-
sylated ACE was retained as an
intact protein 30 min after deglyco-
sylation. ACE activity and Ap42-
to-APB40-converting activity were
clearly detected in non-deglycosy-
lated ACE within 30 min (Fig. 4, Band C). Thus, the loss of ACE
activity and AB42-to-AB40-converting activity of deglycosy-
lated ACE may not result from its self-degradation, but likely
result from the deglycosylation. These results suggest that
N-linked glycosylation is required to maintain the ACE struc-
ture and its dipeptidyl carboxypeptidase activity in both N- and
C-domains. Presenilins have been shown to be involved in the
maturation of membrane proteins, whether presenilin mutants
in familial AD affect ACE glycosylation and its AB42-to-AB40-
converting activity need to be clarified in future (23). Finally, we
showed that ACE inhibitors inhibited the N-domain-specific
AB42-to-AB40-converting activity each with a different ICg,.
Among the examined ACE inhibitors, enalaprilat has the
strongest inhibitory effect on AB42-to-AB40-converting activ-
ity. This result may provide a mechanism underlying the find-
ing that non-centrally active ACE inhibitors, such as enalapril,
are associated with a greater risk of incident dementia (24). In
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our previous in vivo study, captopril treatment enhanced pre-
dominantly brain AB42 deposition in 17-month-old amyloid
precursor protein (APP) transgenic mice and led to a tendency
of increased brain AB42/40 ratio (15). Taking the anti-amyloid
and antioxidant effects of AB40 into account, our findings sug-
gest that ACE inhibitors could be designed specifically to target
the C-domain of ACE without inhibiting its N-domain-specific
AB42-to-AP40-converting activity.
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Mechanism Underlying Apolipoprotein E
(ApoE) Isoform-dependent Lipid Efflux
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We determined the molecular mechanisms underlying
apolipoprotein E (ApoE)-isoform-dependent lipid efflux
from neurons and ApoE-deficient astrocytes in culture.
The ability of ApoES3 to induce lipid efflux was 2.5- to
3.9-fold greater than ApoE4. To explore the contribu-
tions of the amino- and carboxyl-terminal tertiary struc-
ture domains of ApoE to cellular lipid efflux, each
domain was studied separately. The amino-terminal
fragment of ApoE3 (22-kDa-ApoE3) induced lipid efflux
greater than 22-kDa-ApoE4, whereas the common car-
boxyl-terminal -fragment of ApoE induced very low lev-
els of lipid efflux. Addition of segments of the carboxyl-
terminal domain to 22-kDa-ApoE3 additively induced
lipid efflux in a length-dependent manner; in contrast,
this effect did not occur with ApoE4. This observation,
coupled with the fact that introduction of the E255A
mutation (which disrupts domain—domain interaction)
-into ApoE4 increases lipid efflux, indicates that interac-
tion between the amino- and carboxyl-terminal
domains in ApoE4 reduces the ability of this isoform to
mediate lipid efflux from neural cells. Dimeric 22-kDa or
intact ApoE3 induced higher lipid efflux than mono-
meric 22-kDa or intact ApoE3, respectively, indicating
that dimerization of ApoE3 enhances the ability to
release lipids. The adenosine triphosphate-binding cas-
sette protein A1 (ABCAT1) is involved in ApoE-induced
lipid efflux. In conclusion, there are two major factors,
intramolecular domain interaction and intermolecular
dimerization, that cause ApoE-isoform-dependent lipid
efflux from neural cells in culture. © 2009 Wiley-Liss, Inc.

Key words: Alzheimer's disease; apdlipOprotein E;
high-density lipoprotein (HDL); neurons; astrocyte

The lipoprotein found in the central nervous sys-
tem (CNS) is the high-density lipoprotein (HDL), and
apolipoprotein E (ApoE) is one of the major apolipopro-
teins regulating lipid transport in CNS (Roheim et al,,

© 2009 Wiley-Liss, Inc.

1979; Pitas et al., 1987b; Weisgraber et al., 1994). Astro-
cytes and mlcrogha synthesize and secrete ApoE (Boyles
et al., 1985; Nakai et al., 1996), which interacts with
adenosine triphosphate (ATP)—binding cassette protein
Al (ABCA1) (Krimbou et al, 2004) to remove choles-
terol from cells and generate HDL particles in the cere-
brospinal fluid and cultured media (Pitas et al., 1987a;
Borghini et al., 1995; LaDu et al., 1998).
ApoE-inducible lipid efflux is ApoE-isoform de-
pendent (Michikawa et al., 2000; Gong et al., 2002; Xu
et al.,, 2004), and ApoE3 generates a similar number of
HDL particles to but with a smaller number of ApoE
molecules than ApoE4 (Gong et al., 2002). HDL synthe-
sis mediated by ApoE contributes to cholesterol release
from the cell membrane. On the other hand, HDL asso-
ciated with ApoE is taken up by cells via ApoE receptors
and the cholesterol in HDL is used for maintaining cho-
lesterol homeostasis in CNS neurons. Thus, this iso-
form-specitic action of ApoE to remove cholesterol and
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generate HDL may be the cause of altered cholesterol
metabolism in an Alzheimer’s disease (AD) brain
(Demeester et al,, 2000; Molander-Melin et al,, 2005)
and may explain how ApoE4 serves as a strong risk fac-
tor for AD development (Corder et al., 1993; Strittmat-
ter et al, 1993). However, the molecular mechanism
underlying ApoE-isoform-dependent HDL generation
remains to be elucidated.

The ApoE molecule has two distinct domains,
namely, the 22-kDa amino-terminal (residues 1-191) and
10-kDa carboxyl-terminal domains (residue 218-299),
that unfold independently of each other (Wetterau et al,,
1988: Morrow et al., 2000). It has been demonstrated
that ApoE+ amino- and carboxyl-domain interaction .is
responsible for the ApoE-isoform dependent association
with lipid particles (Weisgraber, 1990; Dong and Weis-
graber, 1996; Saito et al., 2003). The domain interaction
in ApoE4 under physiological conditions has also been
confirmed at the cellular level (Xu et al., 2004) and in
vivo (Raffai et al., 2001; Ramaswamy et al., 2005), sug-
gesting that the presence or absence of the domain inter-
action can explain ApoE-isoform dependent lipid efflux.
In addition, there are ApoE-isoform dependent differen-
ces in the structure and stability of the 22-kDa amino-ter-
minal fragment (22-kDa-ApoE), which affect their bind-
ing affinities to lipids (Morrow et al., 2000, 2002; Segall
et al., 2002; Hatters et al., 2005), suggesting that the 22-
kDa-ApoE that lacks the domain interaction may also
explain an isoform-dependent lipid efflux.

In this study, we investigated the molecular mecha-
nisms, by which intact ApoE3 has a greater ability to
induce cholesterol efflux than intact-ApoE4 by using
cultured rat neurons and astrocytes prepared from ApoE
knockout mouse brain to exclude the effect of endoge-
nously generated and secreted ApoE. We found that the
intramolecular amino- and carboxyl-terminal domain
interaction is partially responsible for this ApoE-isoform
dependency. To our surprise, 22-kDa-ApoE3 has a
greater ability to induce cholesterol efflux than 22-kDa-
ApoE4. This is because 22-kDa-ApoE3 forms dimers,
whereas 22-kDa-ApoE4 does not. These findings suggest
that cholesterol efflux induced by ApoE is regulated by
two major factors: the presence or absence of intermo-
lecular dimer formation and the intramolecular domain
interaction.

EXPERIMENTAL PROCEDURES
Cell Culture

All experiments were performed in compliance with
existing laws and institutional guidelines. Neuron-rich cultures
were prepared from rat cerebral cortices as previously
described (Michikawa et al., 2001). Cerebral cortices from rat
brains were dissected, freed of meninges, and diced into small
- fragments. Cortical fragments were incubated in 2.5% trypsin
and 2 mg/ml DNase | in phosphate-buffered saline (PBS) (8.1
mM Na,HPO,, 1.5 mM KH,PO,, 137 mM NaCl, and 2.7
mM KCI; pH 7.4) at 37°C for 15 min. The fragments were
then dissociated into single cells by pipetting. The dissociated

Journal of Neuroscience Rescarch

ApoE Isoform-dependent Lipid Efflux 2499

cells were suspended in a feeding medium and plated onto
poly-p-lysine-coated 12-well plates at a cell density of 1 X
10°/m] in Dulbecco modified Eagle’s medium nutrient mix-
ture (DMEM/F-12; 50:50%) containing N, supplements plus
7.5% bovine albumin fraction V.

Highly astrocyte-rich cultures were prepared according
to a previously described method (Michikawa et al., 2001). In
brief, brains of postnatal day 2 ApoE knockout mice were
removed under anesthesia. The cerebral cortices from the
mouse brains were dissected, freed of meninges, and diced
into small fragments, Cortical fragments were incubated in
0.25% trypsin .and 2 mg/ml DNase I in PBS (8.1 mM
Na,HPO,, 1.5 mM KH,PO,, 137 mM NaCl and 2.7 mM
KCl; pH 7.4) at 37°C for 15 min. The fragments were then
dissociated into single cells by pipetting. The dissociated cells
were seeded in 75-cm? dishes at a cell density of 1 X 10 in
DMEM nutrient mixture containing 10% FBS and 1% peni-
cillin/streptomycin solution (Invitrogen Corporation, Carls-
bad, CA). After 10 days of incubation in vitro, astrocytes in
the monolayer were trypsinized (0.1%) and reseeded onto
twelve-well dishes. The astrocyte-rich cultures were main-
tained in DMEM containing 10% FBS until use.

ApoE Preparation

The full-length human ApoE3 and ApoE4 and their 22~
and 10-kDa fragments were expressed and purified as described
(Saito et al., 2001). The cDNA for full-length human ApoE3
and ApoE4, the 22-kDa fragments, or the 10-kDa fragment
were ligated into a thioredoxin fusion expression vector
pET32a and transformed into the Escherichia coli strain BL21 star
(DE3). The transformed E. coli were cultured in LB medium at
37°C, and thioredoxin-ApoE expression was induced with iso-
propyl-B-p-galactopyranoside for 3 hr. After the bacterial pellet
was sonicated and the lysate was centrifuged to remove debris,
the fusion protein was cleaved. with thrombin to remove thio-
redoxin from full-length ApoE3, ApoE4 or the 22~ or 10-kDa
fragment. For the full-length ApoE3 and ApoE+, the fusion
protein was complexed with DMPC before it was cleaved with
thrombin to protect the protease susceptible internal hinge
region. After inactivation of the thrombin with B-mercapto-
ethanol, the mixture was lyophilized and delipidated, and the
ApoE pellet was dissolved in 6 M guanidine-HCI, pH 7.4,
containing 1% B-mercaptoethanol. The ApoE was isolated by
gel filtration chromatography on a Sephacryl $-300 .column.

- For further purification (>95%), the proteins were subjected to

gel filtration with a Superdex 75 column or anion exchange
chromatography with a HiTrap Q column

When we used ApoE and ApoE fragments, the
recombinant ApoEs were dissolved in 5 M guanidine-HCL
The resulting solutions were dialyzed against PBS at 4°C for
16 hr. Each ApoE level was determined with a BCA protein
assay kit (Pierce, Rockford, IL).

Determination of Levels of Cholesterol and
Phosphatidylcholine (PC) Released From Neurons
and Astrocytes Labeled With [**Clacetate

Astrocytes plated in twelve-well dishes were cultured in

DMEM containing 10% FBS and 1% penicillin/streptomycin
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solution for 72 hr. The cultures were then treated with 37
kBg/ml [**Clacetate (Moravek Biochemicals Inc., Brea, CA)
for 48 hr. The astrocytes were washed in DMEM two times
and treated: with 0.3 pM ApoE in DMEM for 24 hr. To ana-
lyze dose-dependent effects, the astrocytes were treated with
0.03 uM, 0.1 uM, 03 pM and 1.0 pM ApoE; to analyze
time-dependent effects, the astrocytes were treated and main-
tained for 8, 24 and 48 hr. The culture medium was quickly
removed and the astrocytes were dried at room temperature.
1.0 ml of the conditioned culture medium was extracted with
4.0 ml of hexane/isopropyl alcohol (3:2 v/v). For the extrac-
tion of intracellular lipids, dried astrocytes were incubated in
hexane/isopropyl alcohol (3:2 v/v) for 1 hr at room tempera-
ture. The solvent from each plate was removed and dried
under N3 gas. The organic phase was redissolved in 200 pl of
hexane/isopropyl alcohol (3:2 v/v), and 10 pl of each sample
was spotted on activated-silica-gel high- performance thin
layer chromatography plates (Merck); the lipids were separated
by sequential one-dimensional chromatography by using chlo-
roform/methanol/acetic acid/water (25:15:4:2, v/v), followed
by another run in hexane/diethyl ether/acetic acid (80:30:1).
["*C]Cholesterol and ["C]PC were used as standards. The
chromatography plates were exposed to radiosensitive films,
and each lipid was visualized and quantified with BAS2500
(Fuji Film, Tokyo, Japan). The levels of ["*C]cholesterol and
['*C]PC efflux were calculated by the following formula: %
eflux = media X 100/(media + cell).

Dimerization of 22-kDa-ApoE3

The pure 22-kD-ApoE3 was obtained by reduction
with 10 mM dithiothreitol (DTT) in 5 M guanidine-HCl
buffer. The dimer was formed by incubation of the monomer
in oxygenated 5 M -guanidine-HCl at 10 mg/ml for 2 weeks
at 4°C. Residual monomer was removed by passage of the
protein solution through a thiopropyl Sepharose 6B column
(GE Healthcare, Piscataway, NJ) according to the manufac-
turer’s instructions.

Dimerization of Intact ApoE3

The ApoE3 (1 mg/ml in 6 M urea, and 10 mM Tris-
HCI) used was a mixture of monomeric and dimeric ApoEs.
The mixture was reduced to generate monomeric ApoE3 by
adding 10 mM DTT, incubated at 4°C for 16 hr, dialyzed
against 6 M urea in 10 mM Tris-HCI solution, and oxidized
by stirring at 4°C for 3 days. Then it was loaded onto a 2-ml-
bed-volume prepacked 6% cross-linked beaded agarose gel
column with a SulfoLink kit (Pierce, Rockford, IL) and equi-
librated with PBS. Dimeric ApoE3 was eluted with PBS.

Western Blot Analysis of Dimeric 22-kDa-ApoE3 by
Nonreducing Gel Electrophoresis

To determine the ratio of dimeric 22-kDa-ApoE3 in
the solution, Western .blot analysis was performed under non-
reducing conditions. Dimeric 22-kDa-ApoE3 was mixed with
the same volume of a 2X nonreducing Laemmli buffer con-
sisting of 100 mM Tris-HCI (pH 7.4), 10% glycerol, 4% SDS,
and 0.01% bromophenol blue, and analyzed by 4-12% Tris/
Tricine sodium dodecyl sulfate—polyacrylamide gel electropho-

resis (SDS-PAGE) (Daiichi Pure Chemicals Co., Tokvo,
Japan). The separated proteins were transferred onto Immobi-
lon membranes with a semidry electrophoretic transfer appara-
tus (Nihon Eido, Tokyo, Japan) with a transfer buffer (0.1 M
Tris-HCl (pH 7.4), 0.192 M glycine, and 20% methanol).
The blots were probed for 16 hr at 4°C with a goat ant-
ApoE polyclonal antibody, AB947 (1:2,000; Chemicon,
Temecula, CA). Band detection was carried out with an ECL
kit (GE Healthcare UK Ltd., England).

Purification and Carboxamidomethylation of
Recombinant Intact ApoE3

ApoE3 was dissolved in 5 M guanidine-HCI, 10 mM
EDTA, 200 mM Tris-HCI (pHS8.5), and half of each protein
solution was reduced with 10 mM DTT at room temperature
for 2 hr and alkylated with 40 mM iodoacetamide in the dark -
at room temperature for 30 min, as described previously
(Franceschini et al., 1990). All the proteins were then purified
on an Aquapore RP300 column (2.1 X 30 mm; Applied Bio-
systems; Foster City, CA) by reverse-phase high-performance
liquid chromatography (HPLC; model 1100 Series; Agilent
Technology, Waldbronn, Germany) with a linear gradient of
36-52% acetonitrile in 0.1% trifluoroacetic acid for 16 min
and a linear gradient of 52-76% acetonitrile in 0.1% trifluoro-
acetic acid for 1 min at a flow rate of 0.2 ml/min. The
HPLC-purified ApoE3 was lyophilized and kept at —30°C
until use.

Effect of 22-hydroxycholesterol and Glyburide on
22-kDa-ApoEs-induced Lipid Efflux

Neuron cultures were prepared, maintained, and labeled
with [*Clacetate, and exposed to 22-kDa-ApoE3 dimer or
22-kDa-ApoE3 monomer at a concentration of 0.3 pM in the
presence of 22-hydroxycholesterol (10 pM) or glyburide (500
M) for 24 hr. The lipids released into the media and the lip-
ids retained in the cells were then determined. The expression
level of ABCAL1 in the cultures for each treatment was deter-
mined by Western blot analysis with anti-ABCAI antibody
(Santa Cruz, Santa Cruz, CA) used as a primary antibody.

RNA Interference

To knock down the endogenous ABCA1, primary cul-
tured neurons and astrocytes were transiently transfected with
50 nM of the synthesized small interfering RNAs (siRNAs)
targeting ABCA1 or with the Stealth siRNA negative control
(Invitrogen) with Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s protocol. ABCA1 siRNA
sequences is as follows: ABCAI1-siRNA sense (5'-CA
GGAUUUCCUGGUGGACAAUGAAA-3) and antisense
(5-UUUCAUUGUCCACCAGGAAAUCCUG-3').

Statistical Analysis

StatView computer software (Windows) was used for
statistical analysis. The statistical significance of difterences
between samples was evaluated by multiple pairwise compari-
sons among the sets of data by ANOVA and the Bonferroni
t-test.
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RESULTS

Primary-cultured neurons and astrocytes were pre-
pared and the levels of cholesterol and PC efflux were
determined as described in Experimental Procedures.
The levels of cholesterol and PC released from neurons
in the medium treated with ApoE3 at 0.3 pM were sig-
nificantly greater than those in the medium treated with
ApoE4 (Fig. 1A). The level of cholesterol released by
ApoE4 was 25% of that released by ApoE3. The reduced
levels of cholesterol and PC efflux induced by ApoE4
increased significantly, although not to the level induced
by ApoE3, when the neurons were incubated with the
apoE4 (E255A) mutant (mt-ApoE4), which has altered
amino- and carboxyl-terminal domain interaction
because there is no electrostatic interaction between
Arg61 and Glu255 (Dong and Weisgraber, 1996) (Fig.
1A). The partial recovery in the level of lipid efflux
induced by mt-ApoE4 suggests that mechanisms other
than the domain interaction are involved in ApoE-iso-
form-dependent lipid efflux from neurons in culture.
Similar results were observed with cultured astrocytes.
The levels of cholesterol and PC released from astrocytes
in the medium treated with-ApoE3 at 0.3 UM were sig-
nificantly greater than those in the medium treated with
ApoE4 (Fig. 1B). The levels of cholesterol and PC efflux
induced by ApoE4 increased significantly, although not
to the level induced by ApoE3, when the astrocytes
were incubated with mt-ApoE4 (Fig. 1B).

We also examined the effect of the ApoE frag-
ments on lipid eflux from cultured neurons and astro-
cytes to determine which part of the ApoE molecule is
responsible for lipid efflux and ApoE isoform depend-
ency. Interestingly, the 22-kDa fragment of ApoE (22-
kDa-ApoE) induced cholesterol and PC efflux, which
were ApoE-isoform-dependent (Fig. 1A,B). Unexpect-
edly, the carboxyl-terminal 10-kDa-ApoE and 12-kDa-
ApoE, both of which contain the lipid binding site, have
a very weak ability to release lipids (Fig. 1A,B).

Figure 2A shows the time-dependent cholesterol
and PC efflux from neurons induced by 22-kDa-ApoE3
and 22-kDa-ApoE4 at 0.3 pM. The level of lipids
released by 22-kDa-ApoE3 was significantly greater than
that by 22-kDa-ApoE4 at time points of 24 and 48 hr
(Fig. 2B). The level of cholesterol and PC efflux
induced by 22-kDa-ApoE 24 hr after the treatment
increased in an ApoE-concentration-dependent manner
(Fig. 2B). The levels of cholesterol and PC efflux
induced by 22-kDa-ApoE3 were greater than those
released by 22-kDa-ApoE4 at 0.3 and 1.0 pM (Fig. 2B).
Time- and ApoE-dose-dependent lipid efflux was also
examined with ApoE-deficient astrocyte cultures, and
the similar results were observed (Fig. 2C,D).

The results in Figures 1 and 2 indicate that the
amino-terminal domain, the 22-kDa fragment, induces
lipid effilux in an ApoE-isoform dependent manner,
whereas the carboxyl-terminal domain, the 10-kDa frag-
ment, has a yery weak ability to induce lipid eflux from
cultured astrocytes. These results raise the question of
how the amino-terminal and carboxyl-terminal domains
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Fig. 1. Cholesterol and PC efflux from cultured neurons and astro-
cytes induced by ApoFEs. Neurons and astrocytes were prepared as
described in Experimental Procedures. The neurons (A) and astro-
cytes (B) were cultured for 72 hr, labeled with [**Clacetate for 48
hr, and exposed to intact, lipid-free, ApoE3(residues 1-299), ApoE4,
mt-ApoE4(E255A), 22-kDa-ApoE3 (residues 1-191), 22-kDa-
ApoE4, 10-kDa-ApoE (residues 218-299), and 12-kDa-ApoE (resi-
dues 192-299) fragments at 0.3 uM for 24 hr. The lipids released
into the media and the lipids retained in the cells were extracted and
analyzed as described in Experimental Procedures. The percentages of
released cholesterol and PC levels over the total levels were calcu-
lated. Data are means * SE of four samples. *P < 0.0001 and **P
< 0.0005. Three independent experiments showed similar results.
The basal value of cholesterol and PC efflux in the absence of ApoEs
are 1.0 * 0.1 (%) and 0.4 * 0.1 (%), respectively.

contribute to lipid efflux induced by intact ApoE in an
ApoE-isoform-dependent manner. To answer this ques-
tion, we examined whether the carboxyl-terminal do-
main of ApoE modifies lipid efflux caused by 22-kDa-
ApoE. The ApoEs used were 22-kDa-ApoE (amino
acids, 1-191) and 22-kDa-ApoE with carboxyl-terminal
fragment of various lengths, that is, ApoEs harboring
amino acids 1-250, 1-260, 1-272, and 1-299 (intact
ApoE). As shown in Figure 3A, cholesterol and PC
efflux induced by ApoE3 species from cultured neurons
depended on the carboxyl-terminal fragment length; that
is, ApoE3 wvariants with a longer carboxyl-terminal
region induced progressively more lipid efux. How-
ever, such is not the case for ApoE4. The addition of a
carboxyl-terminal region ending at amino acid 250
increased the level of lipid effux significantly more than
22-kDa-ApoE+4; however, 22-kDa-ApoE4 with a car-

— 129 —



2502 Minagawa et al.

s )

A . Neuron Neuron
= | Cholesterol **1 = |Cholesteroi
3 *% © *%
28 5 8t
us :: *%
g 4 2
= <
e 2} é 2t e 44— ¢
W w
0 B ol
=3[rc ~wx | _ %fpC **
§ *k 8 *%
5 2r g 2
8 s | A
1 1
2]
o A 5 2, F'S A o A
¢ 10 20 3 4 50 0 02 04 068 08 10
Time (h) ApoE (uM)
C Astrocyte D Astrocyte
Cholesterol b Cholesterol il

-
o
Y

Efflux (% of total)
Efflux (% of totaf)
® -

e .

2. s 2%
_. | PC - T PC
:@3 ®16F ke
s 5
S, 'S 1.0}
2 2
é, éo.s-
] w

00 6204 08 08 10
ApoE (uM)

0o 10 20 30 4 50

Time (h)

Fig. 2. Time- and dose-dependent lipid efflux mediated by 22-kDa-

ApoE fragment. Cultured neurons and astrocytes were prepared,

maintained, and labeled with ["*Clacetate as described in the legend
for Fig. 1. For determination of the time-dependent lipid release
from neurons (A) and astrocytes (C), each culture was exposed to
22-kDa-ApoE3 (open circle) and 22-kDa-ApoE4 (closed circle) at
0.3 uM for 8, 24, and 48 hr. For determination of the dose-depend-
ent lipid release from neurons (B) and astrocytes (D), each culture
was exposed to 22-kDa-ApoE3 (open circle) and 22-kDa-ApoE4
(closed circle) at varying concentrations for 24 hr. The lipids released
into the media and the lipids retained in the cells were determined as
described in Experimental Procedures. (B) For determination of Data
are means X SE of four samples. *P < 0.05 and **P < 0.0005 vs.
22-kDa-ApoE4 at each time point. The basal value of cholesterol
and PC efflux in the absence of ApoEs are less than 0.8 % 0.05 and
0.66 * 0.11, respectively (A), and 0.59 * 0.04 and 0.39 £ 0.04,
respectively (B).

boxyl- terminal region longer than 250 amino acid resi-
dues lost the additional effect of the carboxyl-terminal
region on lipid efflux. The levels of cholesterol and PC

efflux induced by mt-ApoE4 recovered significantly but
partially, and they did not reach those induced by intact
ApoE3, similar to the result shown in Figure 1. Similar
results were observed when ApoE-deficient astrocyte
cultures were used (Fig. 3B).

The above results suggest that the amino-terminal
domain basically determines the ability of ApoE to
induce lipid efflux and that the carboxyl-terminal region
enhances this ability when the amino and carboxyl do-
main interaction is absent. Because the absence or pres-
ence of cysteine at position 112 in the amino-terminal
domain differentiates ApoE3 from ApoE+4, it is possible
to assume that this one-amino-acid difference results in
intra- or intermolecular structural differences leading to
the domain interaction or dimerization, respectively.
Thus, we examined the effect of the dimer formation of
22-kDa-ApoE3 through disulfide bonds on lipid efflux
from neurons and cultured astrocytes. To determine
directly whether the dimeric form of 22-kDa-ApoE3
induces greater lipid efflux froni astrocytes than the
monomeric form, the pure dimeric form of 22-kDa-
ApoE3 was prepared as described in Experimental Pro-
cedures. To obtain a solution containing the pure
monomeric form of 22-kDa-ApoE3, 22-kDa-ApoE3
was dissolved in 5 M guanidine-HCI and 10 mM DTT.
The resulting solutions were dialyzed against PBS at 4°C
for 16 hr and used for the experiment. The purity of
dimer and monomer in each sample was confirmed by
Western blot analysis (Fig. 4). We also used 22-kDa-
ApoE4 as monomeric ApoE molecule for the expern-
ment that used astrocyte cultures because 22-kDa-
ApoE4 contains no cysteine and it remains monomeric
(Fig. 4B). The results demonstrated that dimeric form of
22-kDa-ApoE3 induced greater lipid efHlux than the
monomeric form of 22-kDa-ApoE3 and 22-kDa-ApoE4
in both neuron and astrocyte cultures (Fig. 4). Impor-
tantly, regardless of ApoE isoform, monomeric 22-kDa-
ApoEs induces similar level of lipid efflux (Fig. 4B).

To determine whether such is the case for intact
ApoEs, we examined the effect of the dimer formation
of ApoE3 through disulfide bonds on lipid efflux from
cultured neurons. We obtained dimer-enriched ApoE3
solutions by using a SulfoLink kit as described under Ex-
perimental Procedures. We also used ApoE3 solutions
prepared without dimer enrichment, containing mono-
mers and relatively few dimers. We also examined the
effect of monomeric ApoEs, namely ApoE+4 and ApoE3,
whose cysteine was modified by carboxamidomethyla-
tion (ApoE3-CM). The levels of cholesterol and PC
released from neurons treated with dimer-enriched
ApoE3 were 2.9- and 7.6-fold greater than those
released from neurons treated with ApoE3 and ApoE3
monomers (ApoE3-CM), respectively (Fig. 5). The
effects of ApoE3-CM and ApoE4 on lipid efflux were
similar. A Western blot analysis of each sample was per-
formed and results show that the samples contained dif-
ferent amounts of dimers (Fig. 5B). The percentages of
ApoE3 dimers as calculated by a densitometric analysis
of the bands on the Western blot films were 64.5%,
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Fig. 3. Cooperative effects of amino- and carboxyl-terminal regions
of ApoE on lipid efflux. Neurons and astrocytes were prepared,
maintained, and labeled with [*Clacetate as described in the legend
for Fig. 1. The neurons (A) and astrocytes (B) were then exposed to
ApoE with carboxyl-terminal regions of various lengths including 1~
250, 1-260, 1-272, and 1-299 (full-length ApoE) at 0.3 uM for 24
hr, and the lipids released into the media and the lipids retained in

36.9%, 1.8%, and 1.4% in the dimer-enriched ApoE3,
non-dimer-enriched ApoE3; ApoE3-CM, and ApoE4
samples, respectively.

Next we determined the involvement of ABCAI
in 22-kDa-ApoEs-induced lipid efflux. The neuron cul-
tures were treated with 22-kDa-ApoE3 dimers, 22-kDa-
ApoE3 monomers, or 22-kDa-ApoE4 (monomers)
concomitant with 10 uM of 22-hydroxycholesterol, an
LXR ligand to up-regulate ABCA1 gene expression
(Wang et al., 2001), and the cultures were maintained
for 24 hr. After 24 hr incubation, the level of lipids
released into the medium was determined. The ABCAL1
expression level was enhanced when the neurons were
treated with 22-hydroxycholesterol (Fig. 6A). The levels
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the cells were determined as described in Experimental Procedures.
For comparison, the etfect of mt-ApoE4 was also determined. Data
are means * SE of four samples. *P < 0.05, **P < 0,005, and ***P
< 0.0001 vs. 22-kDa-ApoE (1-191). The basal value of cholesterol
and PC efflux in the absence of ApoEs are less than 0.8 = 0.05 and
0.66 = (.11, respectively (A, B).

of lipids released by these ApoE fragments were signifi-
cantly enhanced when the cultures were concomitantly
treated with 22-hydroxycholesterol (Fig. 6B). These
results suggest that ABCA1 plays a key role in 22-kDa-
ApoEs-mediated lipid efflux in neurons. In support of
this notion, we have observed that the treatment of neu-
rons with glyburide, an inhibitor of the ABCA1 trans-
porter, resulted in decreased levels of 22-kDa-ApoE3-
mediated cholesterol eflux (Fig. 6C). We further exam-~
ined the effect of ABCA1 knockdown on 22-kDa
ApoEs-mediated lipid efflux by using specific siRNAs.
The knockdown of ABCAIl in neurons significantly
reduced lipid eflux induced by 22-kDa-ApoE3 dimers
(Fig. 7).
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Fig. 4. The ability of 22-kDD2-ApoE to induce lipid efflux depends on
the ApoE self-association state, i. e., monomer vs dimer. Preparation of
22-kDa-ApoE3 dimer (22-kDa-ApoE3-D), monomer (22-kDa-
ApoE3-M), or 22-kDa-ApoE+ monomer was performed as described
in Experimental Procedures. A: The same amount of 22-kDDa-ApoE3-
D or 22-kDa-ApoE3-M was subjected to SDS-PAGE under nonreduc-
ing conditions, and Western blot analysis was performed with the anti-
ApoE antibody AB947. D; dimers, M; monomer. Neuron cultures
were prepared, maintained, and labeled with [*Clacetate and exposed
to 22-kDa-ApoE3-D or 22-kDa-ApoE3-M at 0.3 puM for 24 hr, The
cholesterol and PC efflux by dimeric and monomeric 22-kDa-ApoEJ
was determined. B: The same amount of 22-kDa-ApoE3 dimers, 22-
kDa-ApoE3 monomers, and 22-kDa-ApoE4 monomers was subjected
to SDS-PAGE under nonreducing conditions, and Western blot analy-
sis was performed with the anti-ApoE antibody AB947. D; dimers, M;
monomer. Astrocyte cultures were prepared, maintained, and labeled
with ['*Clacetate and exposed to 22-kDa-ApoE3-D, 22-kDa-ApoE3-
M, or 22-kDa-ApoE4 monomer at 0.3 pM for 24 hr. The cholesterol
and PC efflux by dimeric and monomeric 22-kDa-ApoE3, and mono-
meric 22-kDa-ApoE4 was determined. Data are means * SE of four
samples, *P < 0.0001 vs. 22-kDa-ApoE3. The basal value of choles-
terol and PC efHux in the absence of ApoEs are less than 1.41 £ 0.06
and 0.55 % 0.03, respectively (A, B).
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Fig. 5. Effect of intact ApoE dimers on lipid efflux from cultured
neurons. A dimer-rich ApoE3 solution was obtained with a column
that traps SH residues (monomeric ApoE3s). Carboxamidomethylated
ApoE with iodoacetamide was prepared as described in Experimental
Procedures. Neuronal cultures were prepared, maintained, and la-
beled with ['*Clacetate and exposed to dimer-enriched ApoE3,
ApoE3, ApoE3-CM, and ApoE+ at 0.3 uM for 24 hr. A: The levels
of cholesterol and PC released into the media and those retained in
the cells were determined as described in Experimental Procedures.
B: To determine the amount of dimers in the samples, Western blot
analysis was performed under nonreducing conditions with anti-
ApoE antibody AB947 used as the primary antibody. Data are means
* SE of four samples. *P < 0.01, **P < 0.001, ***P < 0.0001.
The basal value of cholesterol and PC efflux in the absence of ApoEs
are 1.54 * 0.05 and 0.56 * 0.05, respectively.
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Fig. 6. The effect of 22-hydroxycholesterol and glyburide on 22-
kDa-ApoEs-induced lipid efflux. Neuron cultures were prepared,
mintained, and labeled with ["*Clacetate as described in Fig. 1, and
exposed to 22-kDa-ApoE3 dimer (22-kDa-ApoE3-D), 22-kDa-
ApoE3 monomer (22-kDa-ApoE3-M), or 22-kDa-ApoE4 at a con-
centration of 0.3 UM in the presence of 22-hydroxycholesterol (HC)
at a concentration of 10 UM for 24 hr. (A) The expression level of
ABCAT1 in the cultures for each treatment was determined by West-
ern blot analysis, and (B) the lipids released into the media and the
lipids retained in the cells were determined. (C) [HC]acetate-labeled
neuron cultures were exposed to 22-kDDa-ApoE3 dimer (22-kDa-
ApoE3-D), 22-kDa-ApoE3 monomer (22-kDa-ApoE3-M), or 22-
kDa-ApoE4 at a concentration of 0.3 uM in the presence of glybur-
ide (500 pM) for 24 hr. The lipids released into the media and the
lipids retained in the cells were determined. Data are means * SE of
four samples. *P < 0.05, **P < 0.01, and ***P < 0.0005. Three
independent experiments showed similar results. The basal value of
cholesterol and PC efflax in the absence of ApoEs are 5.45 £ (.51
and 0.58 * 0.06, respectively.
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Fig. 7. Lipid efflux by 22-kDa-ApoEs is mediated b?' ABCAL. The
primary neurons, which had been labeled with [*Clacetate and
treated with siRINA against ABCA1 for 48 hr, were exposed to 22-
kDa-ApoE3 dimer (22-kDa-ApoE3-D) or 22-kDa-ApoE3 monomer
(22-kDa-ApoE3-M) at a concentration of 0.3 pM, and maintained
for 24 hr. The lipids released into the media and the lipids retained
in the cells were then determined as described in Experimental Pro-
cedures. Data are means * SE of four samples. *P < 0.0001, **P <
0.002, ***p < 0.02. Three independent experiments showed similar
results. The basal value of cholesterol and PC efflux in the absence of
ApoEs are (.89 % 0.08 and 0.97 £ (.14, respectively. Those values
are 0.84 * 0.08 and 0.46 = 0.07 in the siABCA1 experiment.
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DISCUSSION

‘We showed here that lipid efflux induced by ApoE
is mainly mediated by the amino-terminal domain of
ApoE and modified by the carboxyl-terminal domain.
What we found are that the amino-terminal domain of
ApoE induces lipid efflux in an isoform-dependent man-
ner and the carboxyl-terminal domain enhances lipid
eflux mediated by the . amino-terminal domain of
ApoE3. In contrast, the carboxyl-terminal domain does
not strengthen the lipid efflux mediated by the amino-
terminal domain of ApoE4 because of the domain inter-
action between the amino- and carboxyl-terminal
domains. We also found that the lipid efflux induced by
these ApoEs is mediated in an ABCA1l-dependent
manner.

Two of the main findings in this study are that the
amino-terminal domain of ApoE, 22-kDa-ApoE, indu-
ces lipid efflux and that the extent of lipids released by
the amino-terminal domain of ApoE, 22-kDa-ApoE3, is
approximately 66% of that induced by intact ApoE3.
The carboxyl-terminal domain synergistically and addi-
tively modities lipid efflux mediated by 22-kDa-ApoE3.
The additional contribution of the carboxyl-terminal
domain is not observed in the case of ApoE4. Basically,
22-kDa-ApoE+4 has a very weak ability to induce lipid
efflux; moreover, the carboxyl-terminal region of ApoE
does not effectively or additively enhance the lipid etHux
mediated by 22-kDa-ApoE4. The lack of an additive
effect by the carboxyl-terminal region on lipid efflux is
likely due to the domain interaction, because an ApoE4
fragment ending at 250 (ApoE1-250) significantly gains
in ability to release lipids; however, a carboxyl-terminal
region longer than the amino acid 255, glutamate, which
interacts with arginine at 61 (called the domain interac-
tion; Dong and Weisgraber, 1996), does not induce any
additive effect on lipid effux induced by 22-kDa-
ApoE4.

Another important finding regarding the effect of
the domain interaction is that lipid efflux induced by
mt-ApoE4 shows only a partial recovery toward the
level exhibited by ApoE3. This indicates that the pres-
ence or absence of the amino and carboxyl domain
interaction cannot completely explain ApoE-isoform-de-
pendent lipid eflux mediated by intact ApoE and that
other mechanisms are responsible for such ApoE-isoform
dependency. This is supported by the finding of this
study that 22-kDa-ApoE, which has no carboxyl-termi-
nal region and thus has no domain interaction, induces
lipid release in an ApoE-isoform-dependent manner.

We have already shown that a-helix formation is
required for the high-atfinity binding of apolipoprotein
A-I to lipids (Saito et al., 2004), and that the binding
capacity of 22-kDa-ApoE3 is lower than that of 22-
kDa-ApoE4 for lipid particles (Saito et al., 2003). On
the basis of the facts that the structural stabilites of 22-
kDa-ApoE3 and 22-kDa-ApoE+ determine their binding

affinity to lipids (Morrow et al, 2002; Segall et al, .

2002; Weers et al., 2003) and that 22-kDa-ApoE4 is less
stable than 22-kDa-ApoE3 (Morrow et al., 2000), it is

reasonable to predict that the level of lipid efflux
induced by 22-kDa-ApoE4 would be greater than that
induced by 22-kDa-ApoE3. However, our results show
the opposite, indicating that ApoE-isoform-dependent
cholesterol efflux is unlikely to be explained by a simple
theory linking the structural difference between these
two fragments with their binding affinity to lipids.

Therefore, the question arises as to what is the
mechanism underlying the isoform dependency of 22-
kDa-ApoE-induced lipid efflux. It is possible to assume
that 22-kDa-ApoE induces lipid efflux, because the 22-
kDa domain contains an amphipathic four-helix bundle
{(Wilson et al., 1991), and it can bind to and reorganize
phospholipid vesicles to form discoidal complexes (Lu
et al., 2000; Segall et al., 2002). Surprisingly, 22-kDa-
ApoE-induced lipid efflux is ApoE-isoform dependent.
Such isoform dependency is likely to be caused by the
presence or absence of cysteine "at residue 112, which
may result in intra- or intermolecular structural changes,
forming dimers of 22-kDa-ApoE through disulfide
bonds. More direct evidence that the dimeric form of
22-kDa-ApoE3 induces greater lipid efflux from cultured
neurons and astrocytes than the monomeric form (Fig,
4) supports this idea. Previous reports have demonstrated
that cellular cholesterol efflux is induced by many apoli-
poproteins in their lipid-free form, including ApoA-I,
ApoA-II, ApoA-IV, and ApoCIIl in addition to ApoE,
all of which  harbor multiple segments of amphiphilic
helices (Segrest et al,, 1992); the reaction still occurs
with shorter apolipoproteins but to a lesser extent and
only at high concentrations (Bielicki et al., 1992). Syn-
thetic amphipathic helical peptides that mimic the physi-
cal properties of amphipathic helical segments of apoli-
poproteins can also induce cholesterol etflux as long as
the peptide has at least two such helical segments
(Mendez et al., 1994; Yancey et al., 1995). Consistent
with these lines of evidence, when human ApoA-Il, a
disulfide-linked dimer, is reduced to a carboxyamidome-
thylation monomeric form, the ability of ApoA-II to
induce cholesterol efflux is significantly decreased (Hara
et al,, 1992). In addition, the disulfide- linked homo-
dimer of ApoE3 has been identified not only in cell cul-
ture medium (Gong et al., 2002), but also in human
plasma (Weisgraber and Shinto, 1991). The mechanism
by which the ApoE and ApoA-II dimers gain their func-
tions to release higher amounts of lipids than ApoE and
ApoA-Il monomers, respectively, remains to be eluci-
dated.

ABCAL1 is involved in apolipoprotein-induced lipid
efflux, including that mediated by ApoA-I (Brooks-Wil-
son et al., 1999; Lawn et al., 1999) and ApoE (Remaley
et al., 2001; Krimbou et al.,, 2004). Regarding its effect
on lipid efflux, the carboxyl-terminal fragment of ApoE
(10-kDa-ApoE) induces a strong lipid eflux from non-
CNS cells such as macrophages and ABCA1 plays a crit-
ical role in this eflux (Vedhachalam et al., 2007). Inter-
estingly, contrary to these findings, 10-kDa-ApoE does
not induce lipid eflux from the cultured neurons and
astrocytes (Fig. 1). The reason for this discrepancy
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