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Apolipoprotein A-l Directly Interacts with Amyloid Precursor Protein and Inhibits
A Aggregation and Toxicity
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ABSTRACT. Amyloid precursor protein (APP) is the source of the neurotoxic amyfoid\j) peptide
associated with Alzheimer’s disease. Apolipoprotein A-I (apoA-1), a constituent of high-density lipoprotein
complexes, was identified by a yeast two-hybrid system as a strong and specific binding partner of full-
length APP (APPfl). This association between apoA-I and APPfl was localized to the extracellular domain
of APP (APPextra). Furthermore, the interaction between apoA-l and APPfl was confirmed by
coprecipitation using recombinant epitope-tagged APPextra and purified apoA-I. Several functional domains
have been identified in APPextra, and we focused on a possible interaction between apoA-1 and the

pathologically important A& peptide, because APPextra contains the nontransmembrane domasn of A
The binding between apoA-I andfAwas saturablely = 6 nM), specific, and reversible. APPextra also
competed with apoA-I for binding to /A Direct evidence for this interaction was obtained by the formation

of an SDS-resistant A—apoA-I complex in polyacrylamide gels. Competitive experiments with
apolipoprotein E (isoforms E2 and E4) showed that apoA-I had a higher binding affinitysfon& also

found that apoA-I inhibited th@-sheet formation of & with a mean inhibitory concentration close to

that ofa2-macroglobulin. Finally, we demonstrated that apoA-I attenuaj@ihluced cytotoxicity. These
results suggest apoA-| binds to at least one extracellular domain of APP and has a functional role in

controlling A8 aggregation and toxicity.

Alzheimer’s disease (AD)s a neurodegenerative disorder

producing p3 and soluble ARP(SAPRy) (9, 10. sAPRx

characterized by the presence of senile plagues (SP) in thehas been shown to protect neurons against numerous

brain and cerebral blood vessels, neurofibrillary tangles, and
neuronal loss{—3). SP are composed primarily of highly
insoluble AD-specific aggregates of amylgidApj) peptide.

Ap is a 40-43 amino acid fragment of a larger, class |
transmembrane protein named amyloid precursor protein
(APP) @, 5). The structure of APP resembles a cell surface
receptor or growth factor, although few ligands that interact
with its large ectodomain have been foull. (To generate
Ap, APP is cleaved by two proteases: a recently cloned

detrimental stimuli like ischemia, glucose deprivation, and
glutamate 11, 19. On the other hand, Aaggregation and
amyloid fibril formation may initiate neurodegeneration,
because neuronal loss in vivo is accompanied by deposition
of Ag fibrils in SP. Therefore, understanding the mechanism
of ApS fibril growth may help in the development of
compounds that inhibit A amyloidogenesis and conse-
quently A-induced toxicity.

While the events by which soluble nontoxig@Aeptides

p-secretase (an aspartyl protease called BACE1) and thegre converted to amyloid fibrils in AD are unclearA

more enigmatic/-secretase?(, 8). Cleavage by-secretase
in the lumenal domain of APP precludeg Aormation by
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1 Abbreviations: AD, Alzheimer’s disease2M, a2-macroglobulin;

ApS, amyloid 8; apoA-I, apolipoprotein A-l; apoE, apolipoprotein E;
APP, amyloid precursor protein; APPcyto, cytoplasmic domain of
APPfl; APPextra, extracellular domain of APP; APPfl, full-length
amyloid precursor proteirfi-gal, 3-galactosidase; BD, binding domain
of GAL4; BSA, bovine serum albumin; CSF, cerebrospinal fluid; CR,
Congo red; ELISA, enzyme-linked immunosorbent assay; HDL, high-
density lipoprotein(s); 16, half-maximal inhibition concentration;
LAM, lamin; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide; mAb, monoclonal antibody; PBS, phosphate-buffered
saline; sAPP, secreted soluble APP; s&PRBAPP resulting from

nucleation is essential. This nucleation depends on protein
concentration, pH, and the presence of ancillary binding
molecules. For example, binding of3Ao the membrane or
proteoglycans can create a higher effective local concentra-
tion and increase the probability for aggregation. In contrast,

jproteins such as apolipoprotein E2 (apoE2), apolipoprotein

E3 (apoE3), apolipoprotein J (apoJ), an2-macroglobulin
(a2M) have been shown to interact withAand to inhibit

its aggregation}3—16). The inheritance of the apoE4 allele
of APOEIis associated with an increased risk of late-onset
sporadic and familial ADX7). ApoE4 was found to increase
Ap aggregation and A-induced neurotoxicity in contrast to
apoE2 and apoE3, but otherwise the physiological difference
among theAPOE isoforms has not been establishédB)(
Brain apolipoproteins, like apoE, apoJ, and apoA-l, have
previously been found in SP of AD patients, an@ Aas
been shown to interact with apolipoproteins from cerebrospi-

a-secretase cleavage; SP, senile plaques; YTH, yeast two-hybrid systemnal fluid (CSF) and plasmal@—21). ApoA-l and apoE are
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major apolipoproteins identified in CSF associated with high- used the Matchmaker2 protocol provided by Clontech with
density lipoproteins (HDL)Z2), and, as constituents of HDL, the Y190 yeast strain (MATa, ura®2, his3-200, lys2-
they have an important role in controlling the lipid homeo- 801, ade2 101, trp+901, leu2-3,112, gal4, gal80, cyhr2,
stasis in peripheral cells. Although the in vivo biological LYS2::GAL1UAS-HIS3TATA-HIS3,URA3::GAL1UAS-
function of brain apolipoproteins is less clear, an involvement GAL1TATA-lacZ). Human liver cDNA library was pur-
of them in transporting cholesterol to and out of neurons chased from Clontech and Y190 cotransformed with pVA3
seems plausible. Considerable attention has been placed oand pTD, which served as positive controld), We
understanding the role of apoE in AD and in brain lipid confirmed the expression of the GAL4-APPfl and APPextra
homeostasis, but other apolipoproteins, such as apoA-l, haveusion proteins by Western immunoblotting with N-terminal
largely been ignored, perhaps because there is no evidencanti-APP monoclonal antibody (mAb) (LN27, Zymed, South
for apoA-I synthesis in neuronal cells. San Francisco, CA) and anti-BD mAb (Clontech) against
As a part of an ongoing effort to identify proteins that the binding domain of GAL4. Qualitative and quantitative
interact in vivo with APPfl and, therefore, might participate [-galactosidase assays were measured as previously de-
in the pathogenesis of AD, we screened a liver library using scribed 24). To evaluate quantitatively3-galactosidase
the yeast two-hybrid (YTH) system. Surprisingly, we found activity, we used aro-nitrophenylf-p-galactosidase colo-
apoA-l was one of the proteins with a strong and specific rimetric assay (Pierce, Rockford, IL) according to the
interaction with APPfl. The interaction was restricted to the manufacturer’s instructions.
extracellular domain of APP (APPextra), which contains the  In Vitro Coprecipitations of His-APPextra and ApoA-I.
entire region of SAP&. We also found that apoA-l associated The expression and purification of his-tagged APPextra (his-

with AA in vitro and inhibited its3-sheet formation and APPextra) were done as previously described for other his-

induced cytotoxicity. tagged proteins2b). Human apoA-I (4:9) (Sigma, St. Louis,
MO) was incubated with increasing concentrations of his-

MATERIALS AND METHODS APPextra in phosphate-buffered saline (PBS, pH 7.4) for 30

min at 4 °C. The protein mixtures were diluted 2-fold in
PBS containing 1% Triton X-100 and incubated for 30 min
with nickel—agarose resin (Qiagen, Valencia, CA). The resin
) . was collected by centrifugation, washed3ltimes with PBS/
Into Ndd—Sa_I-d|gested PAS2-1 (CI_ontech, Palo Alto, CA_)’ Triton X-100, and boiled in the presence of Laemmli sample
thus generating PAS2-1AREw, which we used as a bait buffer. The precipitated proteins were separated on 12%
for YTH screening. , ) SDS-PAGE gels (Novex, Carlsbad, CA). Gels were trans-
APPextra was generated using pCite4s2Ras a tem-  ferred to Protran nitrocellulose membranes (Schleicher &

plate and the following primers: forward,GTGGAATC-  gchyell, Dassel, Germany) and probed with anti-APP mAb
CATATGCTGCCCGGTTT-3 reverse, SGCGCGTCGAQ- LN27 antibody or anti-apoA-I mAb (Calbiochem, La Jolla,

TAGTTTGAACCCACATCTTCT-3 (Ndd and Sal recogni- CA). The blots were probed with horseradish peroxidase-

tion sites are underlined). A stop codon (shown in italics) conjugated secondary antibodies (Jackson Immuno Research
was generated by mutating Lys28 within thg Aequence | gporatories, West Grove, PA) and developed with a
and was inserted before ti&al recognition site. APPextra  Renaissance chemiluminescence kit from NEN (Boston,
was excised by restriction enzyme digestion and ligated into 4 A).
Nde —Sal-linearized pAS2-1 or pET28 (Novagen, Madison,  apoA-| and 4 Complex Formation and Detectiom vitro
WI), thus generating pAS2-1 APPextra for YTH binding or binding studies between apoA-l and3@—40) (Bachem,
PET28APPextra for prokaryotic expression and in Vitro ing of Prussia, PA) were done by incubating a mixture of
binding experiments. 1 ug of apoA-l and 4ug of AB(1—40) in PBS (pH 7.4) in
Oligonucleotide-directed site-specific mutagenesis was 3 304L volume at 37°C for 18 h. Control reactions were
performed using the QuickChange mutagenesis kit (Strat-incubated without apoA-I or A(1—40). The reactions were
agene, San Diego, CA) for generation of the cytoplasmic stopped by addition of X reducing Laemmli buffer (4%
tail of APPwit. Oligonudeotides Complementary to the both SDS, p|us mercaptoethanoD and boiled for 5 min. The
strands of APPwt were synthesized to inseld® recogni-  resultant complexes were separated ord0% Tricine gels

tion site before amino acid 724 (770 numbering): forward, (Novex), transferred to nitrocellulose membranes, and probed
5-CACCTTGGTGCATATGAAGAAGAAACAGT-3; re- with anti-A8 (anti-A31—16, BioSource, Camarillo, CA) mAb

verse, SACTGTTTCTTCTTCATATGCACCAAGGTG-3 and with anti-apoA-l mAb. The blots were probed with
The template used for PCR was pCite4AfR and the  horseradish peroxidase-conjugated secondary antibodies vi-
procedure was performed as previously descril23)l The sualized as described above.
mutated template was subjected sequentiallida diges- Enzyme-Linked Immunosorbent Assay (ELISAk in-
tion and religation, thus generating pCite4APPcyto, which teraction of apoA-I with 48(1—40) was studied by ELISA
we used as a source to digest and transfer APPcyto intoysing synthetic &(1-40) as previously described.3).
PAS2-1. Briefly, polystyrene microtiter plates (Costar, Greenwich,
The in-frame position of all cDNA inserts was confirmed CT) were coated with £(1—40) (400 ng in well) in 0.1 M
by dye terminator labeling and sequencing using an ABI NaHCQ;, pH 8.6, overnight at 4C. Previously it has been
Prism 377 DNA Sequencer (University of Pittsburgh Re- shown that under the same conditions 10 ng S{1A-40),
search Support Facility). representing 2.5% of the total coating protein, will attach to
Yeast Two-Hybrid ScreeningTH screening and analysis  each well (3). After blocking the excess sites on the plate
were performed as previously described)( Briefly, we with 5% bovine serum albumin (BSA), different concentra-

cDNA, Expression Vectors, and Site-Directed Mutagenesis.
pCite4APRgswt Was generated by PCR cloning as described
(23). APPsgsyt was excised from pCitedARER.: and cloned
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tions of apoA-1 (6-115 nM, 100uL in well) in PBS (pH The data are expressed as the meanSEM and are
7.4) were added to theA1—40)-coated wells and incubated normalized to CR binding to A alone.

for 3 h at 37°C. Bound apoA-I was detected with anti-apoA-I Cytotoxicity AssayThe cytotoxic effects of & were
mAb and alkaline phosphatase-conjugated secondary anti-assessed by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
body (Jackson Immuno Research Laboratories) and devel-zoljum bromide (MTT) reduction with rat pheochromo-
oped with an Attophos substrate kit (Roche, Indianapolis, cytoma PC12 cells as described previousty)( Briefly,
IN). Nonspecific binding was determined using 5% BSA and exponentially growing cells (5000/well) were plated with
omitting AB in the assay. The interaction betweefi(A— fresh culture medium (10@L) on 96-well tissue culture
40) and 6-570 nM apoE2 and apoE4 (both from Calbio- plates and treated 24 h after platingg Alilutions were
chem) was detected with an anti-apoE mAb (Chemicon, prepared frm a 1 mMstock solution of 4 in DMEM and
Temecula, CA). Similarly, interactions betwee$(A—40) either applied fresh or applied after preincubation. For
ando2M (0—2.3uM) were detected with an antizM mAb coincubation experiments, apoA-I an@M were used at 5
(a2M and antie.2M mAb from Calbiochem). For inhibition  and 0.5uM, respectively. Fibrillar 4 was obtained by
assays, apoA-l was biotinylated with Sulfo-NHS biotin incubating 5Q:M peptide in the culture medium either alone
(Pierce) according to the manufacturer’s instructions, and gr with apoA-l oro2M for 6 days at 37°C with shaking.
free biotin was separated from biotin-labeled apoA-I using Fibril formation was monitored by thioflavine T fluorescence
Amicon concentration tubes (3 kDa cutoff membranes, gr Congo red binding measurements. After aggregatigh, A
Millipore, Bedford, MA). Unlabeled apoA-l, apoE2, and  solutions were diluted to 2@M with fresh medium and
apoE4 (6-2.5uM), and unlabeled his-APPextra{3.9uM) added to the cells. The cells were incubated withfar 48
were coincubated (1Q@) with 25 nM biotin-labeled apoA-I 1 and MTT assay was performed as described previously

in Aj(1—40)-coated plates (400 ng per wellyfd h at 37 (27). Each experiment was performed in triplicate and
°C. Bound biotinylated apoA-l was detected with alkaline conducted 3 times with similar results.

phosphatase-labeled streptavidin (Pierce) and evaluated as

described above. The data (mearSEM) were normalized RESULTS

to the binding of biotin-labeled apoA-I to /A without

inhibitor and were the result of one experiment performed  Yeast Two-Hybrid Screeningo look for proteins inter-

in quadruplicate. Binding of apoA-I to increasing concentra- acting with APPfl, we employed a GAL4-based YTH screen.

tions of A3(1—40) was determined by adding biotin-labeled The APPfl sequence was subcloned into pAS21-1 vector,

apoA-l (25 nM) to A3(1—40)-coated plates (0.6110 uM) fusing it to the binding domain (BD) of GAL4 and thus

and detected as above. Nonspecific binding was defined asgenerating pAS2-1APPfl. pAS2-1APPfl was used as bait to

binding of biotin-labeled apoA-I to A(1—40) in the presence  screen a YTH liver cDNA library. The YTH screening and

of a 100-fold molar excess of unlabeled apoA-I. Binding (-galactosidase reporter assay studies were performed as

and competition data were analyzed using GraphPad Prizmpreviously described2d). The expression of BBAPPl

Version 3.0 (San Diego, CA). fusion protein was verified by immunoblotting using anti-
Thioflawine T Assay for A(1—40) Aggregation.The BD mAb and anti-APP mAb (data not shown). Out okl

thioflavine T assays were performed as previously described1® total clones screened, 300 wefegal-positive. Using

(14, 15. Briefly, AB(1—40) from Bachem was dissolved at ~cycloheximide selection, cDNAs for protein partners (fused

a concentration of 4 mg/mL (1 mM) in dimethyl sulfoxide. to the activation domain of GAL4) were isolated. To

The stock was diluted to 0.1 mg/mL (284) of A5(1—40) eliminate false positives, we cotransformed yeast with
in PBS, filtrated through a 0.22m filter, and incubated in  protein-partner cDNA and pAS2-1APP, or lamin (LAM), or
a 30uL volume with different concentrations £® xM) of vector alone. Only clones that gave a posiffivgal reaction

apoA-1 anda2M for 4 days at 37°C with shaking. As a  With APP were considered true positive and were sequenced.
control, apoA-l (10uM) was preincubated alone. The Ten of the 98 true positive clones appeared to be apoA-.
incubated samples were added to 50 mM glycine (pH 9.0)/2 They represented two different cDNA clones containing the
uM thioflavine T (Sigma) in a final volume of 2 mL.  entire coding region of apoA-I and different parts of the 5
Fluorescence emission was measured with a Schimadzuoncoding region. The interaction between apoA-I and APPAl
spectrofluorophotometer (RF-5301PC) with excitation at 435 appeared specific, because apoA-I did not interact with the
nm and emission at 485 nm (bandwidth 10 nm). The data Vector-only construct or the irrelevant lamin protein (Figure
were analyzed by nonlinear regression analysis using Graph-l, panel B).

Pad Prizm Version 3.0. To identify further domains in APPfl important for the
Congo Red-AS Binding.Congo red (CR) binding experi-  apoA-l interaction, we made two truncated variants of
ments were performed as described previoua8). Briefly, APPfl: one containing the extracellular domain (ectodomain)

25 uL of a suspension of A (50 uM) was added to a  of APP (APPextra), and the second containing the cytoplas-
microtiter plate well containing a 2&L solution of CR (25 mic tail of APPfl (APPcyto) (Figure 1, panel A). We
uM) in PBS. After a 30 min incubation at room temperature, designed APPextra because apoA-| is a secreted protein and
the absorbance was read at 541 and 403 nm using a Spectrthe plaque formation occurs in the extracellular space. To
MAX 340 microplate reader, and the CR-boung@ Avas guantify the interaction between apoA-1 and APP constructs,
calculated as follows: [CRAf] (M) = (**A/47800) — we used a liquid-nitrophenylf-p-galactosidase colorimetric
(“°%A/68300) — (“9%Acr/86200), where®*A; equals the  assay. The results presented in Figure 1B indicateSdugt
absorbance of the CRAS test sample at 541 niff3A; equals activity was significantly greater in yeast clones coexpressing
the absorbance of the GRAS test sample at 403 nm, and apoA-l and APPfl or APPextra as compared with yeast clones
403AcR is the absorbance of the CR-only sample at 403 nm. expressing apoA-l and APPcyto. The I@agal activity seen
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APPextra 29 _ - - aapoA-l mAb
APPcyto . . .
Ficure 2: ApoA-l and his-APPextra coprecipitation. Panel A:
Western blot with N-terminal anti-APP mAb. ApoA-I (300 nM)
B was incubated for 30 min at 4C either alone or with increasing
concentrations of his-APPextra. His-APPextra was then affinity-
40 purified with nickel-agarose, and the resulting precipitates were
separated on 12% Trigylycine gels and probed with anti-APP
= I mAb. MWM are molecular weight markers. Panel B: Western blot
§ 30 * with anti-apoA-l mAb. ApoA-I and his-APPextra were incubated
by and precipitated as in panel A, and the blots were probed with anti-
& apoA-I mAb. His-APPextra concentrations were: lane 1, 0; lane
g 20 2, 5uM; lane 3, 1.25M; lane 4, 0.3«M; and lane 5, 0.0&M for
g both panels.
[]
2 10 il
- - " bl MWM . 3 :AB mAb
0 NN k_'_\l Ay 131 — Lo .' *
sAPPextra APPfl  APPcyto AS LAM
Ficure 1: ApoA-I and APP interactions in the two-hybrid system. 39 -
Panel A: APP constructs used in the two-hybrid system. APP 29 -
constructs were fused to binding domain of GAL4 in pAS2-1 two-
hybrid vector. APPTfl, full-length APP; APPextra, extracellular
domain of APP; APPcyto, cytoplasmic tail of APP; SP, signal
peptide. Black area indicatespAThea-, -, andy-secretase sites 8.5 —
are indicated with arrows. Panel B: Specificity of the apoA-1 and 3.5 —
APP two-hybrid interaction evaluated by expression of Lac Z
reporter gene.$-Galactosidase activity was measured by an 39 - B
o-nitrophenylg-p-galactosidase colorimetric assay. Yeast were - a apoA- mAb
cotransformed with apoA-I in the activation domain vector and 29

various APP constructs in the binding domain vector. Cotransfor-

mation of apoA-I with lamin in the binding domain vector (LAM) )

and vector only (AS) were used as negative controls. Numbers FIGURE 3: SDS-stable complexes with apoA-l anfi(A—40). Panel

represent the meas: SEM from five different colony assays A: Western blot with A81—16 mAb. ApoA-I from human plasma

measured in triplicate. All results were compared with apoA-l/ (1 #g) and 4ug of AB(1—40) were incubated at 37C for 18 h,

APPextra transformation. ) < 0.05, **; p < 0.0001. and the resultant complexes were separated o208 Tricine
gels and probed with anti/AmAb. MWM are molecular weight

; ; _ i Markers. Panel B: Western blot with anti-apoA-1 mAb. The proteins
in yeast cotransfected with apoA-1 and APPcyto was similar were incubated and resolved as in panel A and probed with anti-

to that with LAM or pAS2-1 (Figure 1, panel B). Thus, the  5p0A-1 mAD. Lanes: 1, apoA-I alone; 2,861—40) incubated with
cytoplasmic tail of APPfl did not appear to interact with apoA-I; 3, A3(1—40) alone for both panels. The immunaoblots are
apoA-l. Interestingly, thes-gal activity in yeast cotrans-  representative of two independent experiments.
formed with APPextra and apoA-I was significantly higher
than that in yeast cotransformed with APPfl and apof-I ( centration (Figure 2, panel A). The resulting precipitates were
< 0.05), showing that the transmembrane region and also examined for the presence of apoA-I by Western blot
cytoplasmic tail of APPfl imposed some conformational analysis, using an anti-apoA-I monoclonal antibody. An
hindrance for interaction with apoA-I. apoA-l-immunoreactive protein was clearly observed in the
ApoA-I Interacts with APPextra in VitcBecause of the ~ precipitate, and its presence was dependent upon the
potentially artificial nature of the YTH system, the extra- concentration of APPextra (Figure 2, panel B).
cellular domain of APP may not assume the appropriate ApoA-l1 Forms SDS-Stable Complexes wifh Because
structure and thus lead to nonspecific interactions. Therefore,in our YTH and in vitro experiments APPextra contained
to confirm relevant interactions occurred between APPextra the extracellular, nontransmembrane portion Gf(&8 amino
and apoA-I, we attempted to coprecipitate the two proteins. acids on the N-terminus of A (Figure 1, panel A black
APPextra was expressed as his(6)-tagged protein (his-area), we hypothesized thappAnay be responsible for the
APPextra), purified, and incubated at various concentrationsinteraction between apoA-I and APP. Therefore, we formally
with apoA-l. The his-APPextra was precipitated from the examined if apoA-l associated withgA Synthetic A8(1—
mixtures with a nickel-affinity resin, and the resulting 40) peptide was incubated with apoA-I purified from human
precipitates were examined for the presence of APPextra byplasma. A mixture of apoA-I and A1—40) in PBS (1:17
Western blot analysis, using an N-terminal anti-APP mono- molar ratio of apoA-I to &) was incubated at 37C for 18
clonal antibody. As expected, the amount of APPextra h, and resultant complexes were separated on-SEESE.
precipitated was directly dependent on the APPextra con- Immunoblotting with anti-4 antibody showed A as a
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Ficure 4: Solid-phase ELISA assays. Panel A: Saturation curve for apo®3(1—40) interaction. Variable concentrations<(015 nM)

of apoA-I were incubated with kM Aj3(1—-40) @)- or 5% BSA (a)-coated wells fo 3 h at 37°C. Bound apoA-|I was detected with
monoclonal and alkaline phosphatase-labeled anti-mouse antibodies. The-m8&nsepresent results of three independent experiments,
each in triplicate. No bars indicate SD was less than the symbol size. Panel B: Specific binding of biotin-labeled apg@#1H-40A
absorbed to microtiter wells. The indicated concentration ©f1A-40) was incubated in wells, excess sites on the plate were blocked with

5% BSA, and binding was assayed by adding biotin-labeled apoA-I (25 nM) alone or in the presence of a 100-fold molar excess of unlabeled
apoA-l. The meart SEM is shown for specific binding: binding of wells incubated with biotin-labeled apoA-I alone (total binding) minus
binding in wells incubated with biotin-labeled apoA-I in the presence of 100-fold molar excess of unlabeled apoA-I (nonspecific binding)
of quadruplicates. Panel C: Competition experimen{$(1A-40) (1 M) was incubated in wells, and binding was assayed with 25 nM
biotin-labeled apoA-I in the presence if increasing amounts of unlabeled apoA-I, apoE2, or apoE4. Biotin-labeled apoA-I was quantitated
with alkaline phosphatase-labeled streptavidin. The data (me&1sM) are result of one experiment in quadruplicate. Panel D: APPextra
competition for binding of apoA-I to A(1—40). A3(1—40) (1uM) was incubated in wells, and binding was assayed with 25 nM biotin-
labeled apoA-I in the presence of increasing amounts of unlabeled his-APPextra. Biotin-labeled apoA-I was quantified as in panel C. The
data (meant SEM) are the result of a single experiment performed in quadruplicate.

monomer of approximately 4 kDa, a dimer of 8 kDa, and regression analysis of the specific binding data fitted to a
also higher molecular mass species, probably representingectangular hyperbola, we calculated the dissociation constant
SDS-stable fibrils (Figure 3, panel A, lane 3, marked by (Kg) as 6 nM. As a control, we use®2M and apoE isoforms
asterisk). Lane 1 in Figure 3A demonstrated that the anti- (apoE2 and apoE4) that were shown previously to bifd A
Ap antibody did not recognize apoA-I alone. Whef Was (1—40) with high affinity @4). o2M was applied at
incubated with apoA-I, in addition to the/Amonomer and concentrations ranging from 0 to 284, and the calculated
dimer, we observed an upshifted band of approximatety 30 Ky was 304 nM, corresponding to a previously reported value
35 kDa, corresponding to the molecular mass of a complexed(14). Using the same binding conditions, we calculatd€;a
Ap—apoA-l (Figure 3, panel A, lane 2). The SDS-stable for apoE2 and apoE4 of 15 and 19 nM, respectively.
apoA-I—Ap monomer complex was also visible after im- Therefore, apoA-1 showed the highest affinity towargd-A
munoblotting withaapoA-I antibody (Figure 3, panel B, lane  (1—40) among the binding partners ofpAhat were used.
2). With a longer exposure, we detected an apeAf To determine the specificity of the apoA-I angg@—40)
dimer complex (data not shown). We also noticed the high interaction, we incubated biotin-labeled apoA-I in microtiter
molecular mass SDS-stableSAspecies disappeared after wells coated with increasing concentrations gf(A—40).
incubation with apoA-I (Figure 3, panel A, lane 2). As visible from Figure 4B, biotin-labeled apoA-I bound to
Solid-Phase ELISA Assay3$o better characterize the Ap(1—40)-coated microtiter wells in a manner that was
interaction of apoA-+Aj3(1—40), we also used solid-phase dependent on the concentration of(A—40). In separate
ELISA. A concentratior-response relationship that reached experiments, the reversibility of the interaction was assessed
saturation was obtained when increasing concentrations ofusing biotin-labeled apoA-I at a concentration of 25 nM. The
unlabeled apoA-I were allowed to interact with a constant binding of biotin-labeled apoA-I to immobilized/A1—40)
amount of immobilized £&(1—-40) (Figure 4, panel A).  was competitively inhibited by increasing concentrations of
Minimal nonspecific binding was seen. Using nonlinear unlabeled apoA-I (Figure 4, panel C). The data fitted a one-
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Ficure 5: Thioflavine T assay for monitoring/#L—40 aggregation.
25uM ApB(1-40) was incubated at 37C for 4 days in PBS with
apoA-l or a2M, each at a range of concentrations-@@° nM).
ICso for apoA--Ap(1—-40) interaction was 582 7.3 nM, and
ICso for a2M—ApS(1—40) interaction was 40& 5.3 nM. Values
represent meang SEM, n = 6.

site competition curve with a half-maximal inhibition g
of 66 nM. We also performed competitive inhibition experi-

Koldamova et al.

cytotoxicity when preincubated with/Afor 6 days (Figure
6B). Correspondingly, CR binding experiments showed that
concomitant incubation of apoA-l1 with A for 6 days
decreased A fibril formation approximately 90% (Figure
6C). The protective effect of apoA-I on/ibril formation
was comparable to that seen wiil2M.

DISCUSSION

ApoA-l is a 243 amino acid polypeptide and the major
protein moiety of HDL. The gene encoding apoA-l is a
member of the apolipoprotein multigene superfamily, which
includes genes encoding exchangeable apolipoproteins (apoA-
[, A-ll, and E). They are thought to have evolved from a
common ancestor by duplication/deletion of a 33 amino acid
motif. ApoA-I contains 22- or 11-residue repeat units, folding
into 6—8 putative amphipati@-helixes, which allow the
interaction of the protein with lipids through its hydrophobic
face @9). There is an inverse relationship between HDL
plasma levels and coronary heart disease that has been
attributed to the role HDL and apoA-I play in the reverse
cholesterol transport. The efficiency of reverse cholesterol

ments using apoE2 and apoE4. Increasing concentrations ofransport depends on the specific ability of apoA-I to promote

apoE2 and apoE4 competitively inhibited the binding of
biotin-labeled apoA-I to £(1—40) with an 1G, for apoE2

cellular cholesterol efflux, bind lipids, activate lecithin:
cholesterol acyltransferase, and form mature HE30)(

and apoE4 of 125 and 261 nM, respectively (Figure 4, panel\yhjle the expression and the function of apoA-l in the

C), indicating that apoA-1 had the highest affinity fopA
(1—40). To determine if APPextra could compete for binding
of apoA-1 to A3(1—40), we incubated increasing concentra-
tions of his-APPextra with biotin-labeled apoA-I ingiL—
40)-coated microtiter wells. As visible from Figure 4D,
APPextra completely inhibited the binding of biotin-labeled
apoA-l with an 1G, of 235 nM. Therefore, we concluded

peripheral tissues are well established, little is known about
its origin and role in the central and peripheral nervous
system 22, 29. ApoA-I mRNA and synthesis have been
detected in the microvascular endothelial cells in the brain
(31, but there is no evidence for apoA-I synthesis in other
cells of the central nervous systeB%). Therefore, we cannot
exclude the possibility that our observations have relevance

that APPextra can block the interaction between apoA-l and gnly to peripheral tissues. Nonetheless, the normal level of

ApB(1—40), probably because of the presence of the A
domain.

Effect of ApoA-I on in Vitro Fibril FormationPreviously

apoA-l in plasma is 1.5 g/L, and in CSF it is presented at
0.4% of its plasma concentratioB3, 33. Although there is
no direct evidence that apoA-I and apoE regulate cholesterol

it has been suggested that apoA-I as well as apoE act ashomeostasis in the central nervous system as they do in

pathological chaperones targeting #or amyloid deposits

peripheral cells, it is interesting that lecithin:cholesterol

(19). The disappearance of high molecular weight aggregatesacyltransferase is expressed in the brain and apoA-l can

of A observed when A was coincubated with apoA-I
(Figure 3, Panel A) prompted us to investigate whether
apoA-I had effects on Ain vitro fibril formation. Thus, we
used thioflavine T that interacts with cross¢lsheet
structures common to the aggregated amyloid protei@s (
Ap was incubated with different concentrations of apoA-I
(0—5 uM). As visible from Figure 5 apoA-I significantly
inhibited A3(1—40) aggregation with an &g of 580 nM. In
this assay, we found2M inhibited A5 aggregation with an
ICso 0f 400 nM, confirming previous studie&4). Therefore,
apoA-l had an antiaggregation effect off(A—40) fibril
formation with an 1G, that approximated the kg of o2M.
Effect of ApoA-I on A-Induced ToxicityBecause previous
work has demonstrated that both fibrillar and nonfibrillar
forms of A3(1—40) are neurotoxic, we investigated whether
apoA-I was also able to attenuat@(@—40)-induced toxicity.

activate it, providing a mechanism for transporting brain
cholesterol. Marked increases in apoA-lI concentrations in
CSF were observed in poliovirus-infected macaques and in
patients with acute meningitis, suggesting that apoA-lI may
be involved in the mobilization and redistribution of lipids
in repair of myelin and axonal membranes after injury or
infection 34, 39. The serum concentration of apoA-l is
significantly decreased in AD patients as compared with the
normal population, but the CSF level is unchang8—

38). Recently Fagan et al. found that the levels of apoA-I
and cholesterol in CSF lipoproteins of healthy, cognitively
normal individuals are correlated with levels in plasma,
suggesting a role for plasma apoA-I in central nervous system
lipoprotein metabolism46). The possibility of a genetic
association between AD and alleles at the apoA-I/CllI loci
has been examined, but no obvious genetic link to these loci

We used rat pheochromocytoma PC12 cells to study thewas found 89).

cytotoxic effect of A5 in the presence or absence of apoA-|
or a2M. The effects of apoA-l andi2M on Ag-induced

Many of the brain apolipoproteins, like apoA-I, apoE, and
apod, have been found in the SP angideposits in cerebral

toxicity were assessed with the widely used measurementsblood vessels20, 40. A was also reported to coimmuno-

of MTT reduction. As visible from Figure 6A, both apoA-I
and a2M decreased the cytotoxicity of freshly prepared,
nonfibrillar Ag. Similarly, apoA-I attenuated /#induced

precipitate with apolipoproteins from CSF, to interact with
normal serum HDL, and to bind in vitro a number of
apolipoproteins19, 21, 41, 42 This suggests that exchange-



ApoA-I Interacts with APP and A Biochemistry, Vol. 40, No. 12, 2003559

C
A B
. 100
*
80|
T . 40 ** .
(o))
704 T £
c T
60 c L c
§3 g3 ™ s 2
BE 5] L g g £z
206 = L ¢ s
o2 o2 pnfl1'4
5 404 S 20 50
t o t o —
= = L © o
= < 30 =~ ~©
= T
20 10
10
0. N
0 AR AB+apoA-l AB+u2M AR AP+apoA-i AB+a2M AB-+vehicle AB+apoA-l AB+a2M

Ficure 6: Effect of apoA-l anda2M on the toxicity induced by nonfibrillar and fibrillar A PC12 cells were incubated with LM
nonfibrillar AB (A) or 20 uM fibrillar A 8 (B) in the absence or presence of apoA-L{4) or a2M (0.5 uM). Fibrillar A was obtained

as described under Materials and MethodB-iAduced toxicity was evaluated using the MTT assay. Each experiment was performed in
triplicate. The data are expressed as the meaBEM and are normalized to the vehicle control. (C) ApoA-I a2M prevented 48
aggregation. £ (50 uM) was preincubated with apoA-I (M) or a2M (0.5uM) for 6 days, and /& fibril formation was measured by CR
binding. The data are expressed as the me&EM, n = 3, and are normalized to CR binding t@Alone (CR-ApS binding). *,p < 0.05;

** p < 0.01; ** p < 0.001 compared to Aalone by Student’s test.

able apolipoproteins including apoA-I and apoE may be sequences in APPextra are essential for the binding with
carrier proteins for A& in plasma and CSF through their apoA-I.

common amphipatier-helices facilitating its clearance. It

is worth noting that apolipoproteins and3Anay interact ~ ACKNOWLEDGMENT

nonspecifically, because of their hydrophobic nature. Nev-  \ye are grateful to Marc DiSabella and John Skoko for

ertheless, the data presented here demonstrate that @)0A-l e excellent technical help in cloning and protein purification
Ap interaction was saturable, specific, and reversible. experiments.

Moreover, apoA-1 bound A in vitro with 2—3 times greater

affinity than apoE2 and apoE4. The competition experiments REFERENCES
performed with apoE2 and apoE4 showed that they were
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