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ABSTRACT:. SorLA/LR11 is a sorting receptor that regulates the intracellular transport and processing of
the amyloid precursor protein (APP) in neurons. SorLA/LR11-mediated binding results in sequestration
of APP in the Golgi and in protection from processing into the amyfbigeptide (AG), the principal
component of senile plaques in Alzheimer’s disease (AD). To gain insight into the molecular mechanisms
governing sorLA and APP interaction, we have dissected the respective protein interacting domains. Using
a fluorescence resonance energy transfer (FRET) based assay of protein proximity, we identified binding
sites in the extracellular regions of both proteins. Fine mapping by surface plasmon resonance analysis
and analytical ultracentrifugation of recombinant APP and sorLA fragments further narrowed down the
binding domains to the cluster of complement-type repeats in sorLA that forms a 1:1 stoichiometric complex
with the carbohydrate-linked domain of APP. These data shed new light on the molecular determinants
of neuronal APP trafficking and processing and on possible targets for intervention with senile plaque
formation in patients with AD.

SorLA/LR11 (hereafter referred to as sorLA) is a 250 kDa gene family of endocytic receptord, (5). SorLA is synthe-
type 1 transmembrane protein highly expressed in neuronssized as a pre-proprotein with a 53 amino acid propeptide
of the cortex and hippocampus, @). It is a mosaic receptor  (pro-LA) that is cleaved in the secretory pathway of the cell
that shares structural similarities both with a family of the by furin. Cleavage of the propeptide is an important step in
vacuolar protein sorting 10 protein (Vpsl0Opjomain the maturation process of the receptor and is essential to
containing receptors that act in intracellular protein trafficking activate its ligand binding competendg).(Apart from the
(3) and with the low-density lipoprotein receptor (LDLR) propeptide, the luminal domain of mature sorLA consists of
the Vps10p domairg-propeller and epidermal growth factor
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cellular deposits of an amyloj@peptide (A3) that is derived
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gene was used as the PCR template to genéliag—Not

from proteolytic processing of APP in neurons. Because fragments encoding the sorl/Apropeller and EGF domains

deposition of A6 plays a decisive role in onset and progres-

(residues GIr8-Thrl%49 by the primer pair 5GC CCG

sion of AD, much attention has been focused on delineating CTA GCA GAA GAG AAC GAG TTC ATT CTG TAT
the normal pathway by which APP molecules are proteolyti- GC-3 and 3-GC GGC CGC TCA GGT GTT CTC TTC

cally processed into Aas well as the pathological alterations

TTT GAC ACA GG-3 and the sorLA CR cluster (residues

leading to increased amyloid peptide formation in patients Val*®*-Thr!529 by the primer pair 5GC CCG CTA GCT

with AD (17). Because the production offAis strongly

GTC AAA GAA GAG AAC ACC TGT CTT CGC-3 and

dependent on the intracellular fate of APP, it is believed that 5-GC GGC CGC TCA AGT CAA CTC ATC ACT GCA
mislocalization of the precursor results in abnormal process- GGC C-3, as well as a fragment spanning both regions

ing and enhanced Aproduction that subsequently leads to
an early onset of AD.

APP follows a complex intracellular trafficking pathway

(residues GIr8-Thr'5?9 by the primer pair 5GC CCG
CTA GCA GAA GAG AAC GAG TTC ATT CTG TAT
GC-3and 3-GC GGC CGC TCA AGT CAA CTC ATC

that influences processing to either a soluble fragment, ACT GCA GGC C-3. After ligation of PCR products into

sAPRx (nonamyloidogenic), or sARPand the insoluble A

pGemTeasy (Promega), the fragments were verified by

(amyloidogenic). En route through the secretory pathway to Sequencing. The coding fragments were cut outlbg and
the cell surface, most newly synthesized APP molecules areNotl digests and inserted into the eukaryotic expression

cleaved into sAP® by a-secretase while some precursor

vector pCepPu-sp-his-myc-fXa as described previoy. (

molecules are reinternalized from the plasma membrane andlhe expression vectors were introduced into EBNA 293 cells

delivered to endocytic compartments ffé+secretase (and
subsequeng-secretase) processing into sAP&hd A3 (18,
19). Accordingly, the intracellular transport and subcellular

to generate cell clones that secrete large amounts of the
recombinant receptor fragments. The conditioned cell me-
dium was harvested after 48 h of cultivation, and the proteins

localization of APP are crucial determinants of processing Were purified as previously describe2ly. .
and A3 generation. We demonstrated previously that sorLA ~ The recombinant fragments of the human A&RProtein
acts as a neuronal sorting receptor for APP that interactswere generated as follows. d1 (APP2B23) and d2

with the precursor protein in vitro and in living cells. SorLA

(APP124-189) were expressed and purified frdPichia

activity in neurons causes sequestration of APP in the Golgi pastorisas previously describe@8, 24). d2d3d6 (APP124
and decreased processing, whereas ablation of sorLA expres624) was also expressed i pastorisby amplifying the

sion in knockout mice results in increased levels ¢f iA
the cerebral cortexid). The physiological role of sorLA in

DNA encoding APP124 624 with the primers'5sGCT CGA
GAA AA GAG AGGCTA GTG ATG CCC TTC TCG-3

ApB production and AD progression is underscored by the and 3-CCC GGG TTA TTT GTT TGA ACC CAC ATC
lack of receptor expression in the brain of patients suffering TTC TGC-3 and cloned into pIC9 as aXmd fragment.

from AD (14, 20).

The recombinant APP fragment was expressed as a secreted

Here, we have delineated the exact binding sites that areProtein and purified from the media by heparin chromatog-

responsible for the interaction of APP and sorLA in neurons,

raphy on a heparinhyperD column (1.6< 12 cm; Biosepra

and we have characterized their mode of action as a first S-A.) followed l?y anion-exchange on a QhyperD column
approach toward elucidating this novel molecular mechanism (4-6 x 100 mm; Biosepra S.A.). d1d2d3d6 (APPZ&4)

that controls APP trafficking and processing in the brain.

EXPERIMENTAL PROCEDURES

Recombinant Protein ProductioRecombinant RAP was
produced according to described protoc@s)( For produc-
tion of recombinant MESD, the fragment coding amino acid
residues 36224 was amplified by PCR from the cDNA of
murine MESD (kindly provided by J. Herz, University of

was similarly expressed iR. pastorisby amplifying the
DNA encoding APP28 624 with the primers'sGGT CGA
CAA AAG AGA GGC TCT GCT GGC TGA ACC CCA
GAT TG-3 and 3-CCC GGG TTATTT GTT TGA ACC
CAC ATC TTC TGC-3 and cloned into pIC9 as axmd
fragment. The secreted d1d2d3d6 was purified from the
media under similar conditions as for d2d3d6 by heparin and
anion-exchange chromatography. d6A (APP3468) was
expressed inE. coli by amplifying the DNA encoding

Texas Southwestern Medical Center) using the primer pair APP316-498 with the primers 5CGC ATA TGT TCC

5'-GCC CAT ATG GCG GAC ACT CCG GGC GAG GCC
ACC CC-3 and 3-GCC CTC GAG CTA AAG GTC TTC
TCT TCT GCT CCC AGC-3and cloned into the pET-16b
vector (Novagen). The protein was expresseBsnherichia
coli line BL21/DE3 pLysS and purified by conventional
Ni%*-ion chelation chromatography. For removal of thegHis
tag, the protein was incubated with factor Xa for 16 h at 4

AGA AAG CCA AAG AGA G-3' and 3-CCA AGC TTC
ATG AAT AGT TTT GCT CTT TCT G-3 and cloning into
Ndd —Hindlll-digested pRESTA (Invitrogen). The d6A
expressing cells were induced with IPTG and purified from
the cell lysate by heparin and anion-exchange chromatog-
raphy as for the other fragments.

Surface Plasmon Resonance AnalyBi@ immobilization

°C, and the enzyme was subsequently removed using theof sorLA fragments, the recombinant proteins were dialyzed

factor Xa removal kit (Sigma) (O. M. Andersen, manuscript
in preparation).

The sorLA fragments comprising residues-2407 (ex-
tracellular domain) or residues 531 (Vpsl1Op domain)
were generated as previously describ&d For additional

against a sodium acetate, pH 4.0, buffer and coupled to CM5
chips (BlAcore) at a concentration of 1@g/mL after
activation using a 1:1 mixture of 0.2 MN-ethyl-N-[3-
(dimethylamino)propyl]carbodiimide and 0.05 Nhydroxy-
succinimide in water. The remaining binding sites were

sorLA fragments, we constructed EBNA 293 expression blocked wih 1 M ethanolamine, pH 8.5. Approximately 60

vectors as follows. A cDNA coding for the humaiorLA

fmol/mn? sorLA was immobilized. The sample and running
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buffer was 10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM without Triton X-100). Cells were incubated overnight at 4
CaCh, and 0.005% Tween 20. Regeneration of the chip °C with a goat antiserum against the extracellular part of
surface was performed by alternating 1@ pulses of sorLA (1:500) and monoclonal mouse antibody 6E10 against
regeneration buffer (10 mM glycine hydrochloride, pH 4.0, the luminal part of APP (1:500) in PBS. Coverslips were
20 mM EDTA, 500 mM NaCl, and 0.005% Tween 20) and washed five times in PBS and incubatea foh atroom
0.01% SDS. All measurements were conducted on a BIA- temperature with secondary antibodies Alexa555 donkey
core2000 instrument. anti-mouse IgG conjugates (1:500; Molecular Probes) and
Analytical Ultracentrifugation Molecular mass determi-  Alexa488 donkey anti-goat IgG conjugates (1:500; Molecular
nation and analysis of complex formation were performed Probes). Coverslips were washed five times with PBS and
using the sedimentation equilibrium technique in an analyti- mounted on glass slides with Dako mounting medium.
cal ultracentrifuge, XL-A (Beckman). Approximately 7Q Confocal images were obtained using a Zeiss confocal
of protein samples in 10 mM HEPES, pH 7.4, 150 mM NaCl, microscope (10Q lens), and images were processed with
and 5 mM CaGl was centrifuged in six-channel cells for 2 an LSM 5 image browser.
h at 2000Q followed by 36-38 h equilibrium speed at
1130@ at 10°C in an An-60 Ti rotor. The radial absorbance RESULTS
distributions at sedimentation equilibrium were recorded at
different wavelengths and fitted globally using the program  The Extracellular Domain of SorLA Is Sufficient for
POLYMOLE (25). To determine complex stoichiometry, Interaction with APP in Vio. Conceivably, association of

various amounts of APP d6A were added to @M sorLA APP with sorLA in vivo may take place via contacts in the
CR cluster solution and analyzed with respect to weight- extracellular and/or the cytoplasmic domains of both proteins
average molecular massed.). similarly to previously described modes of interaction of APP

Fluorescence Lifetime Imaging Microscopy (FLIM) Assay With the LDLR-related protein-1 (LRP1)28, 29). To
FLIM has been recently described as a novel technique for establish the relevance of extra- and intracellular sorLA
the analysis of protein proximity2g, 27). The technique is domains for interaction in cells, we transfected human
based on the fact that fluorescence lifetime of a donor neuronal SH-SY5Y cells with expression vectors for full-
fluorophore shortens in the presence of a fluorescencelength sorLA (sorLA") or a mutant receptor that lacks the
resonance energy transfer (FRET) acceptor in close proxim-cytoplasmic tail (sorLA®P). The integrity of the two
ity, less than 10 nm. Immunostaining of transfected N2a cells Polypeptides was confirmed by Western blot analysis (Figure
was done after cells were fixed in 4% paraformaldehyde and 1A). In line with the expected expression domains, antibodies
permeabilized by 0.5% Triton X-100. Cells were immuno- directed against the extracellular sorLA region detected
stained for APRs by monoclonal antibody 8E5 (raised Protein bands of similar intensity in sorAand sorLACP
against residues 444692 of APPBy, a gift from Elan expressing SH-SY5Y cells while an antiserum against the
Pharmaceuticals) and for sorMAor sorLAACP by rabbit carboxyl-terminal domain only recognized the full-length
amino-terminal anti-soluble sorLA antibody. ARPwas protein. Colocalization of both receptor variants with APP
labeled by the donor fluorophore Alexa488-conjugated was tested by confocal immunofluorescence microscopy after
secondary antibody (Molecular Probes) and sorLA constructscotransfection with an AREs construct. No difference
by the acceptor fluorophore Cy3-conjugated antibody (Jack- between the localization pattern of overexpressed APP (this
son Immunoresearch). Immunostained cells were mountedstudy) and endogenous APP4 could be identified. In the
for confocal or two-photon microscopic imaging. For the presence of sorL®, APP mainly localized to intracellular
FLIM measurement, a mode-locked Ti-sapphire laser (Spec-compartments, in particular in the perinuclear region where
tra Physics) sends a 100 fs pulse every 12 ns to excite theit colocalized with full-length sorLA in some vesicles (Figure
donor fluorophore at 800 nm, and a high-speed MCP5900 1B). Because the anti-APP antibody (6E10) recognizes the
detector (Hamamatsu) was used to measure fluorescencéuminal part of APP, immunoreactivity may represent both
lifetimes. Images were acquired using a Bio-Rad Radiance the full-length membrane-anchored precursor as well as APP
2000 multiphoton microscope. We imaged whole cells using processing products trapped in the cells. Predominant intra-
the 60« objective, and the num.apertus value was set to 1.20.cellular localization of APP and sorLA was confirmed by
All of the flurophore lifetimes were collected in the-@500 the complete absence of immunoreactivity on the cell surface
ps range with the threshold set to 50 counts. Donor in cells not permeabilized prior to antibody incubation
fluorophore lifetimes were fit to two exponential decay (Figure 1B). In contrast to sorlA sorLAACP showed a
curves to calculate within each pixel the interaction with the distinct localization at the cell surface in the absence of
acceptor fluorophore by software from Becker and Hickel. permeabilization (Figure 1C), indicating that the lack of
Statistical testing was performed by Studenttsst. sorting signals of the cytoplasmic tail enhances shunt of the

Confocal Immunofluorescence Microscop8H-SY5Y receptor to the plasma membrane. The subcellular pattern
cells were plated on glass coverslips coated with 0.1% of sorLAA® was paralleled by partial redistribution of
gelantine/PBS and left overnight. Cells were cotransfected coexpressed ARR to the cell surface (Figure 1C) as clearly
with APPsgs and wild-type sorLA or mutant sorlL%P in a seen when cells were stained for surface proteins in the
ratio of 1:1, respectively, to a total amount ofi@ of cDNA absence of detergent. These findings confirmed previous
per 24 wells and 3L of FUGENE 6 (Roche) per well in  observations for Chinese hamster ovary cdl§ {n a cellular
OPTIMEM. After 48 h cells were washed with PBS and model more relevant to AD. Whether sorb# is directly
fixed in 4% paraformaldehyde for 10 min, washed again, involved in active transport of APP to the cell surface or
and permeabilized and blocked fbh in 0.3% Triton X-100, merely acts as a retention molecule for the precursor in this
0.2% BSA, and 10% serum in PBS (for cell surface staining compartment remains to be elucidated.
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FIGURE 1: Colocalization of APP with the extracellular domain of ~SOTLA™ with APP
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FiIGurRe 2: FLIM analysis of the interaction of APP with the
extracellular domain of sorLA in N2a cells. Mouse neuronal N2a
cells were transfected with expression constructs forBpper
panel), APRgs and sorLA" (middle panel), or APRsand sorLACP
(lower panel). Twenty-four hours later, the cells were fixed and
immunostained with a Alexa488-labeled anti-APP antibody as donor
fluorophore in either the absence (upper panel) or presence of a
Cy3-labeled anti-sorLA antibody as acceptor fluorophore (center
and lower panels). The figures display intensity images of APP
(left) and pseudocolored FLIM images (right) indicating shortening
of lifetime from blue (no FRET) to orange/red color (with FRET).

In the absence of the acceptor (upper panel), the Alexa488 lifetime
on APP was 2028 ps and appeared as pseudocolored blue. In the
presence of sorL® and sorLACP, donor lifetimes were markedly
shortened (1734 and 1543 ps, respectively), appearing pseudocol-
ored red.

surface

sorLA*°
total

surface

SorLA in SH-SY5Y neurons. SH-SY5Y cells were cotransfected lifetime (ps)

with expression constructs for AR and wild-type scl)qr_é_RA (sor- donor acceptor (meand SD) n(cells) significance
LA™Y or a mutant that lacks the cytoplasmic tail (softR). (A) —

Integrity of the sorLA polypeptides was verified by Western blot AP(PAGngn;Z‘éS) none zzgzsgi ‘2"8 B

analysis in cell lysates using antibodies directed against the amino 2025+ 30

terminus of sorLA (upper panel) or the carboxyl terminus present

©©OWo~N©O©Oo-~N

CD
in sorLA" but not sorLACP (lower panel). (B) Confocal immu- AP(Zengn;ﬁB) sor(I_éA$3) 1;’;32; gg; E z 888%
nofluorescence microscopy demonstrates colocalization of APP and 1596+ 258 P <0001
sorLA" in the perinuclear region of SH-SY5Y cells permeabilized APPsgsmyc SorLAm 1734+ 185 P <0001

with detergent (B, total) but not on the plasma membrane of
nonpermeabilized cells (B, surface). The inset shows perinuclear (Alexa4§8) - (©y3)

vesicles that contain both sorLA and APP at higher magnification. Determination of FLIM of the donor fluorophore Alexa488 on APP

(C) Colocalization of APP and sorl4&P on the cell surface of in the absence or presence of the acceptor fluorophore Cy3 on%orLA
permeabilized (C, total) a well as nonpermeabilized cells (C, Or SOrLA*P. The statistical significance was evaluated by Student's

surface). test, wheren equals the number of cells quantified.

Because colocalization studies have a spatial resolutioncells, the donor lifetime on N-APP was 2028 ps (Figure 2,
of >250 nm, we used fluorescence lifetime imaging micros- Table 1). Immunostaining of sorlAwith the Cy3-labeled
copy (FLIM) to confirm the interaction of sorLA and APP  acceptor antibody shortened the donor lifetime significantly
in the presence or absence of the receptor tail. FLIM is basedto 17344+ 185 ps P < 0.001), indicating close contact,
on the observation that the lifetime of a donor fluorophore especially in the perinuclear (Golgi) region. When cells
is shortened in the presence of a fluorescence resonanceoexpressed APP and sort®, a similar decrease in donor
energy transfer (FRET) acceptor in close proximitylQ lifetime on N-APP to 1543+ 262 ps P < 0.001) was
nm) (27). Accordingly, we transfected murine neuronal N2a observed (Figure 2, Table 1). However, shortening of lifetime
cells with APRgs and wild-type sorLA constructs and appeared in a scattered pattern across the cell surface rather
immunostained the cells with 8E5 antibody against the amino than in the perinuclear region, in line with the altered
terminus of APP (N-APP) labeled by Alexa488 and with a subcellular distribution of sorLACP compared to sorLA.
Cy3-labeled acceptor antibody against the amino terminusFrom these studies we concluded that the extracellular
of sorLA. In the absence of an acceptor fluorophore in control (ectodomain) of sorLA is sufficient for interaction with APP
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FIGUrRe 3: Schematic representation and generation of truncated APP domains. (A) Domain assembly of the APP polypeptide chain, including
an amino-terminal growth factor-like region (GFD), a?Cibinding domain (CuBD), an acidic region, and the carbohydrate domain (d6)
which is composed of two regions (d6A and d6B) modified by glycosylation. The transmembrane domain is indicated and is followed by
the cytoplasmic domain (Tail). Also depicted are the Kunitz proteinase inhibitor domain (KPI) and the OX-2 homology region, but these
domains are removed by splicing of the neuronal variant of APP. The extensions of the produced APP fragments are indicated below the
APP polypeptide chain by horizontal lines and by amino acid numbers. (B) Silver-stainedFSREE analysis of 1g of purified APP

domains used for binding studies: lane M (molecular markigkg, are provided to the left of the panel), lane 1 (d1d2d3d6, residues
28—624), lane 2 (d2d3d6, residues 128R4), lane 3 (d6A, residues 31@98), lane 4 (d1, residues 2823), and lane 5 (d2, residues
124-189). Residue numbers are provided according togfRimbering. (C) Comparison by SB®AGE analysis of staining properties

of the d6A fragment (arrow), compared to a fragment from sorLA comprising the CR cluster (arrowhead) using silver nitrate or Coomassie.

in neurons and that this interaction influences intracellular of the common APP domains, d1, d2, d3, and/or d6, are
localization of the precursor protein. responsible for sorLA binding, we expressed them as single
Identification of the SorLA Binding Region in APPhe APP domains (d1, d2, d6) or as a larger fragment comprising
neuronal variant of APP is a 695 amino acid residue domains d2, d3, and d6 (d2d3d6). All fragments were
polypeptide that harbors a large extracellular domain com- produced in eithelE. coli or P. pastorisand purified to
posed of multiple structural elements (Figure 3A) including homogeneity as seen by SBBAGE analysis (Figure 3B).
(from amino to carboxyl terminus) a growth factor-like The weaker signal intensity observed for the d6A fragment
domain (GFD, d1; structure presented in 88, a copper in this experiment was an artifact of silver nitrate staining
binding domain (CuBD, d2; structure presented in 24y, and was not seen when the protein domains were labeled
an acidic region known to undergo phosphorylation (acidic with Coomassie (Figure 3C).
domain, d3), a carbohydrate-linked domain (d6; structures Surface plasmon resonance analysis was used to evaluate
presented in ref81and32), and the 48 that is partly inserted  the interaction of the purified APP fragments with the sorLA
in the transmembrane region of the protein. In addition, larger ectodomain immobilized on the biosensor chip surface
APP variants such as ARR include a Kunitz proteinase  (Figure 4A). The functional integrity of the sorLA polypep-
inhibitor domain (KPI, d4) and an OX-2 homology region tide on the chip surface was verified by demonstrating its
(d5). Previously, we have shown that the ectodomains of ability to bind previously described ligands for sorLA,
APPsgs and APR; bind to sorLA in vitro with similar including the receptor-associated protein (RAP, not shown)
affinities, indicating that neither d4 (KPI) nor d5 (OX-2) and PDGF-BB 9) (Supporting Information, Figure 1A). In
constitutes the sorLA binding regiof4). To resolve which these studies, APP fragments d1, a fragment spanning most
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Ficure 4: Surface plasmon resonance analysis of binding of APP domains to sorLA. (A) The curves represent binding of identical
concentrations (&M) of APP domains d1d2d3d6, d2d3d6, d6A, d2, and d1 to the sorLA ectodomain immobilized on the BIAcore sensor
chip. (B—D) For estimation of binding kinetics, a concentration series of fragments d2d3d6 (B), d6A (C), and d1 (D) at 0.1, 0.2, 0.5, 1.0,
2.0, 5.0, and 1M were applied to the sorLA biosensor. The binding dissociation constipjsa estimated using the BlAevaluation

software are provided in Table 2A.

Table 2: Kinetic Parameters for Binding of APP Fragments to the
Immobilized Ectodomain (A) or CR Cluster (B) of SorEA

nM (Figure 3D, Table 2A). Taken together, these experi-
ments identified two independent sorLA binding sites within
APP, one located in the carboxyl-terminal carbohydrate-

ka(l/M(SZ) Fullféi:;)h SorrAA (M) Ko (M) linked QOmain. (d6) and one in the amino-terminal growth
d1d2d3d8  4.9x 10" 41x10° 12x 100 8.4x 10° factor-like region (d1).
d2d3dé 15¢10* 1.8x103 81x10° 12x107 Domains d1 and d6 Bind to the Same Site on Soifl&
g% 4.7x 107 4-5n>(<) é%in égsgr&gz 8.8x 107 test whether d1 and d6 might bind simultaneously to sorLA
d6A 1.7x 1F 5.2x 104 g 33x 10° 3.0x 107 and thereby work cooperatively to generate a single high-
(B) Isolated SorLA CR cluster afflnl_ty interaction site or whether they compete _for the same
d6A 34x 100 11x 103 30x10F 3.4x 107 binding region, we performed competition binding analysis

aAll parameters were determined using the BlAevaluation 3.1
software and fitting using the 1:1 Langmuir binding equatibata
from sensorgrams in ref4.

using BlAcore. Precoating of sorLA on the sensor chip with
d1 (10uM) did not block binding of d2d3d6. Rather, d2d3d6
easily displaces prebound d1 when applied auM,
suggesting that the two sites compete for an identical

but not the entire d6 (called d6A, Figure 3A), and d2d3d6 rgco_gnition mot_if (_Figure 5A). Complete inhib_ition of d1

fragments all bound to sorLA whereas d2 showed no binding by prebinding of (_j2d3d6 to sorLA provided further

detectable interaction, even when tested at very high Proof of such a model (Figure 5B). These observations are
concentrations (5@M; data not shown). As an additional N agreement with the de_te_rmmed _klnetlc parameters ('_I'a_ble
control for the specificity of the interaction, we showed that 2A) for the isolated domain interactions where the association
the association between immobilized sorLA and d1d2d3de rate constant for d1 is much slower than for dé (in d2d3d6)
was abolished by EDTA (Supporting Information, Figure and, therefore, likely explains why d1 is competed out by
1C), a hallmark of C&#-dependent binding of ligands to the S|multaneous_ addmop of d1 and d2d3d6. In c_onclusmn,
lipoprotein receptors. Application of a concentration series heéseé data provided evidence for two competing sorLA

of APP fragments (Figure 4B-D) and fitting of the corre-
sponding binding curves demonstrated that the native;4PP
ectodomain (d1d2d3d6)14) and fragment d2d3d6 (Figure
4B) bound with similar dissociation constantskK§ ~ 84
nM andKp ~ 120 nM, respectively (Figure 4, Table 2A).
Fragment d6A showed comparable bindikg ¢~ 300 nM)

binding sites, d1 and d6, in the APP ectodomain.

The Vps10p Domain Does Not Interact with ARNRXt,
we sought to identify the region in sorLA (schematic
representation in Figure 8) that mediates the association with
APP. Initially, we focused our attention on the Vpsl1lOp
domain of the receptor that has been shown to bind several

(Figure 3C, Table 2A). The d1 of APP also associated with ligands, e.g., RAPg) and GDNF (0). Because binding of

sorLA albeit with significantly lower affinity ofKp ~ 880

ligands to the Vps10p domain is blocked by the receptor’s
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FIGURE 6: Interaction between APP and sorLA is not mediated by
the Vps10p domain. (A) Precoating of immobilized sorLA with 1
uM sorLA propeptide (pro-LA) at 208700 s does not inhibit
subsequent association with APP domain d1d2d3d4d5d6wv|l
when a 1:1 mixture of pro-LA and d1d2d3d4d5d6 is applied at
700 s. As control, addition of pro-LA (at 700 s) to the precoated
receptor did not result in a further increased response, demonstrating
complete saturation of the Vps10p domain of the receptor. For
comparison, binding of d1d2d3d4d5d6 (at 700 s) to the buffer-

Ficure 5: Binding of d2d3d6 displaces d1 from sorLA. (A) At
200-700 s, immobilized sorLA was precoated with d1 (1),
resulting in 80 response units (RU). Subsequent addition of a 10:1
mixture of d1 (1QuM) and d2d3d6 (kM) to the flow cell (at 700

s) resulted in a further increase to 280 RU, indicating unimpaired
binding of d2d3d6 to the receptor in the presence of a molar excess
of d1. As control, addition of d1 (at 700 s) to the precoated receptor
did not result in a further increased response, demonstrating
complete saturation of the receptor with d1. Identical RU for d2d3d6 ;.o 4teq receptor is shown. (B) Comparative binding of:N!
3;23;2&‘[36‘:&'%‘;&% b‘gu?]‘éﬁ%rl'“g?tegzgggﬁ E%t) 78?95());?“9999;} d1d2d3d4d5ds (solid lines) and GST-pro-LA (broken Iineg) to the
immobilized sorLA with d2d3d6 (at 200700 s) blocks further ectodomain or the isolated Vps10p domain of sorLA immobilized

association with d1 (1pM) applied together with d2d3d6 (iM) on the biosensor.
at 700 s. For comparison, the increase in response caused by . . .
injection of d1 (at 700 s) to buffer-treated sorLA is showr60 has been carried out by competition assays applying RAP,

RU). an endoplasmic reticulum-resident chaperone that blocks
association of ligands with CR domaing1( 33). More

propeptide (pro-LA) 6), we tested whether pro-LA would  recently, a second chaperone (MESD) has been described
inhibit the association of sorLA with the ectodomain of (34, 35) that interferes with the ligand binding properties of
APP;7o (d1d2d3d4d5d6). Remarkably, precoating of the theg-propeller and EGF domain8, 37). Thus, we reasoned
VpslOp domain by the pro-LA had no effect on the that, by combination of the two antagonists, we might be
interaction between immobilized sorLA and APP (Figure able to dissect whether APP binds any of these elements in
6A). This finding was corroborated by the lack of binding sorLA. Prebinding of RAP to sorLA almost completely
of d1d2d3d4d5d6 to the isolated VpslOp domain on a inhibited the interaction with d2d3d6 of APP (Figure 7A)
BlAcore chip (Figure 6B). As a control for the functional whereas MESD had no effect as both proteins, MESD and
integrity of the immobilized Vps10p domain, we showed d2d3d6, concurrently bound to sorLA (Figure 7B). In
efficient binding of a GST-pro-LA fusion protein (Figure summary, this pattern of inhibition suggests that APP

6B). Accordingly, we conclude that the sorLA VpslOp associates specifically with the string of CR domains in
domain is not able to bind APP. SOrLA.

Binding of APP to the LDLR Homology Region in SorLA Stoichiometric Complex Formation between d6A and the
Since the Vps10p domain was not involved in recognition CR Cluster of SorLATo extend our fine mapping efforts,
of APP, we tested structural elements in sorLA shared with we produced truncated fragments of the sorLA ectodomain
members of the LDLR gene family, namely, {iigropeller, harboring either thg-propeller followed by the EGF domain
the EGF domain, and the cluster of 11 CR domains. (§ + E), the isolated CR cluster (CR), or a combination of
Commonly, mapping of ligand binding to these receptors the two fragmentsd + E + CR; see Figure 8A for details).
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A Complex formation of APP and sorLA interacting frag-
ments was confirmed by molecular mass determination using
RAP+d2d3d6 the sedimentation equilibrium techniqu25(. When pure
> preparations of the recombinant domains were characterized
RAP by analytical ultracentrifugation, an accurate molecular mass
of 21 and 61 kDa for d6A and CR cluster, respectively, was
determined (data not shown). When increasing amounts of
d6A were titrated into a preparation of the CR cluster, the
HAR average molecular mass in the protein mixture increased until
W the molar ratio of the two fragments equaled 1 (where the
K, equimolar mass is determined to 884 kDa, Figure 9B).
™ buffer ™ d2d3ds B?/ the addition of a molar surplus of the dGAE\]'| no furt)her
increase in mass was detected. Rather, the average molecular
mass decreased as a result of the addition of the free 21 kDa
d6A fragment into the 61 kDa receptor preparation (Figure
9B). This finding is in perfect agreement with the formation
of a stable 1:1 stoichiometric complex between d6 in APP
and the CR cluster in sorLA.
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DISCUSSION

We have characterized the specific binding sites between
APP and its neuronal sorting receptor sorLA. This study is
of particular interest given the decisive role of the latter in
APP proteolytic processing intoAin mouse and human
(14).

R buffer ™ d2d3d6 Two domains in APP, d1 and d6, were shown to bind
0 400 500 1200 1600 overlapp!ng regions in the_ CR cluster _of SorLA. O_n the basis
Time (sec) of the dlffe_rences in aff|n|t|es_, dé I|I_<ely constitutes t_he
preferred binding site and d1 is predicted to play a minor
EI%%%EB.E;‘IQRAOY:P gg:&“ v'\ci'tfhs'i bll/cl’c'é%\fF(’Z%igfi?%%tos)sogl-rﬁbgﬁ) physiological role. This hypothesis is in accordance with the
completely blocks qusequenﬁ‘ binding of Al d2d3d6 (at 700 similar affinities determined for d1d2d3d6 and d2d3d6, as
s). As controls, binding of RAP to RAP-treated receptor and of d1 has been deleted from the latter construct (see Table 2A)
d2d3d6 to buffer-treated sorLA is shown (at 700 s). (B) Precoating Without impacting affinity. Interestingly, the isolated d1 binds
of sorLA with 1M MESD (at 200-700 s) has no inhibitory effect  with a much slower dissociation rate constant in comparison

on subsequent d2d3d6 binding (injection of A sample started . ; ;
at 700 s) as documented by a further increase in RU compared toto the full-length APP ectodomain (that also includes d1),

addition of buffer only. As control, binding of d2d3d6 to buffer- SqueSting that, in the Con,teXt of the entire APP prqtein, the
treated sorLA (at 700 s) is indicated. (Inset) SEFAGE analysis ~ conformation of the protein may not allow d1 to interact
of recombinant MESD before (lane 1, arrowhead) and after cleavagewith sorLA.

of the His; tag (lane 2, arrow) by factor Xa (the trace amount of  gecqy 56 o SPR signal is directly related to the mass of
enzyme that is present in the sample before removal by the factor . . . L
Xa removal kit is indicated by an asterisk). the binding ligand, it was surprising to observe that d6A
yielded more than twice the signal of the larger d1d2d3d6
All fragments were expressed and purified as intact proteins construct. We believe that this might be caused by mul-
from EBNA 293 cells using Nit-ion chelation chromatog-  timerization of d6A in these experiments, a fact in line with
raphy (Figure 8B). When the individual sorLA fragments previous observations by Dulubova et @2), They found
were immobilized on biosensor chips, no significant interac- that a fragment with almost identical domain boundaries
tion with d6A was observed for the isolatgtipropeller behaved as a monomer at low protein concentrations but
domain (not shown). In contrast, the CR cluster showed high- formed multimers at high concentration and low salt condi-
affinity binding of d6A (Figure 9A) that could be fitted to a  tions. To investigate whether the higher response was in fact
model for a single site interaction with similar kinetic caused by dimers or higher multimers of d6A, we repeated
parametersp ~ 340 nM) as the interaction between d6A the binding series of d6A to sorLA in the presence of higher
and the entire sorLA ectodomai{ ~ 300 nM) (Table 2B). salt buffer (500 mM NacCl versus 150 mM NacCl in the initial
To document the presence of a properly folded sorLA CR experiment). Under these conditions, the response was
cluster on the chip surface, we tested the binding of PDGF- exactly half of that observed in the low salt experiment
BB to this fragment. Although the precise binding site for (Supporting Information, Figure 1D). These findings confirm
PDGF-BB on sorLA has so far not been identified, we a model whereby d6A exists as (at least) a dimeric molecule
reasoned that it might be located in the CR domains in line as previous described by Wang and Ha for a similar fragment
with an established binding site for this ligand on LRB&)( of APP (1) and where each dimer only can associate with
This hypothesis could be confirmed by demonstration of an a single sorLA molecule [as is the case for the full-length
identical interaction between PDGF-BB with the entire APP ectodomainl)], giving rise to the higher than expected
luminal domain of sorLA as for its isolated CR cluster observed BlAcore response. The 1:1 stoichiometry was
(Supporting Information, Figure 1B). further confirmed by analytical ultracentrifugation analysis

Response Units (RU)
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Ficure 8: Expression of truncated sorLA domains. (A) Depiction of the structural elements of sorLA including (from amino to carboxyl
terminus) propeptide (pro-LA, residues-33), Vps10p domain (residues 5%27), 3-propeller, epidermal growth factor repeat (EGF, in
combination with the8-propeller, equals residues 787046), clusters of complement-type repeats (CR, residues-1BP6) and fibronectin
type Il domains (FNIII, residues 15272107), the transmembrane region (residues 2RI81), and the cytoplasmatic tail (residues 2132
2186). The amino acid numbering follows that in efThe arrow {) represents the furin cleavage site for receptor maturation. The

extensions of the recombinant sorLA fragments are indicated as horizontal lines below the sorLA polypetide chain. (B) Purified sorLA

domains were tested by SB®AGE and staining with silver nitrate (lanes-4) or immunodetection using antisera directed against the
Hiss tag (lanes 57), the CR cluster (lanes-8L0), or the entire ectodomain of sorLA (lanes-1B). Key: lane 1, medium from nontransfected
293 EBNA cells; lanes 5, 8, and 1;propeller+ EGF (3 + E); lanes 6, 9, and 12, CR cluster (CR); lanes 7, 10, ang48ppeller+
EGF + CR cluster § + E + CR).

of the complex formation, where much lower concentrations
of d6A were used, not causing problems of aggregation.

Although the binding of d1 may be of minor physiological
importance as compared to d6, identification of two inde-
pendent sorLA recognition motifs may point to a common
structural element required for receptor binding. Thus, highly

into amyloidogenic products, much attention has focused on
cellular factors that interact with APP and regulate its
trafficking. Previously, LRP1 and LRP1B (both members
of the LDLR superfamily) have been implicated in internal-
ization of APP from the cell surface?, 43) and shown to
interfere with processing in vitr®@, 44). The relevance of

charged basic surface regions have been described for bott$0rLA for APP processing and AD progression is supported
d1 (30) and d6A B1), strongly suggesting that these regions by the observation that the receptor recognizes d6, which is
associate with negati\/e Charged epitopes in sorLA. The common to all APP variants as compared to the target site
surface exposure of conserved acidic residues within the CRA4 for LRP1, a domain that is not present in the neuronal
domain scaffold is indeed directly responsible for the binding Variant APRgs (45, 46). Because interaction of APP with
of positive charged regions within ligands, e.g., RAR,(  SOrLA prevents processing intoA one can envision a
39, 40), where the number of negatively charged side chains scenario where small molecules that foster interaction
have been suggested to directly relate to the CR cluster ligandoetween d6 and the CR domains may be applied as
binding abilities 21). This kind of interaction would be very  therapeutic drugs to interfere with amyloid peptide produc-
similar to receptorligand interactions that have been tion in patients.
described for the association of multiple ligands bindingto  As well as highlighting an important concept in AD
the CR clusters of members of the LDLR family mainly progression, sorLA and APP interaction domains may be
dependent on reciprocal charged ionic interactit).(The central to the normal physiological function of APP and
analysis in this study lays the groundwork for further related proteins. Although the exact function of the precursor
elucidation of the molecular determinants at the atomic level. protein in neurons and other cell types is still not resolved,
Dissection of the APP and sorLA interaction raises several experimental evidence suggests several activities including
important issues regarding the (patho)physiological roles of synaptogenesis, neurite outgrowdiT), and cell survival48)
the precursor protein. Foremost, these data shed light on then neurons or cell proliferation and motilit¢t9) in peripheral
molecular mechanisms that regulate the intracellular fate of tissues. All of these activities may potentially be affected
APP in neurodegenerative diseases. Because targeting of APBy the presence of sorting receptors determining the intra-
to distinct subcellular compartments determines processingcellular fate of APP. As d6 represents a highly conserved
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FicurRe 9: Stoichiometric complex formation between APP-d6 and
the sorLA CR cluster. (A) Surface plasmon resonance binding
analysis of concentration-dependent binding of d6A (0.1, 0.2, 0.5,
1.0, 2.0, and 5.@M) to the sorLA CR cluster. Kinetic parameters
for the interaction are provided in Table 2B. (B) Molecular mass
analysis by ultracentrifugation demonstrates complex formation
between APP-d6A and sorLA-CR cluster. The sorLA fragment
concentration was kept constant while the concentration of the APP
domain was varied to give the indicated input ratios. The maximal
M,, is observed for a 1:1 molar ratio of both proteins. Open circles
indicate the actual data points. Lines correspond to theoretical
weight-average molecular masses for complete (dotted) or absent
(dashed) interaction between d6A and the CR cluster.

9.

11

part of the APP polypeptide chaiB3), interaction of sorLA 12.

with additional members of the APP family, e.g., amyloid
precursor-like proteins-1 and -2, by which APP shares
overlapping functions50, 51), also seems plausible. Finally,
another interesting aspect of sorLA and APP interaction
relates to the identification of cell surface receptors for SAPP.
The soluble ectodomain of APP released dnysecretase
cleavage has long been suspected to perform distinct physi-
ological functions as a signaling molecule via hitherto
unknown cell surface receptor pathways (reviewed irbgpf
Since d6 is an integral part of the SAPP molecule, the soluble
ectodomain is likely to bind to sorLA, as does the full-length
precursor, suggesting a possible role for the receptor
molecules in sAPP signaling on the cell surface.

13.

15.
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