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Background: The function and physiological substrates of BACE1 remain largely unknown.

Results: Novel substrates for BACE1 were identified using large scale proteome analysis; L1 and CHL1 were validated in vivo.
Conclusion: L1 and CHLLI are physiological substrates for BACE1.

Significance: Identification of physiological substrates of BACEL is important to understand its function and helps to predict
potential side effects of BACEL inhibitor drugs for Alzheimer disease.

The p-site amyloid precursor protein-cleaving enzyme
BACEL is a prime drug target for Alzheimer disease. However,
the function and the physiological substrates of BACE1 remain
largely unknown. In this work, we took a quantitative proteomic
approach to analyze the secretome of primary neurons after
acute BACEL1 inhibition, and we identified several novel sub-
strate candidates for BACE1l. Many of these molecules are
involved in neuronal network formation in the developing nerv-
ous system. We selected the adhesion molecules L1 and CHL]1,
which are crucial for axonal guidance and maintenance of neu-
ral circuits, for further validation as BACE1 substrates. Using
both genetic BACE1 knock-out and acute pharmacological
BACE]1 inhibition in mice and cell cultures, we show that L1 and
CHL1 are cleaved by BACE1 under physiological conditions.
The BACEI cleavage sites at the membrane-proximal regions of
L1 (between Tyr'?®¢ and Glu'°%”) and CHL1 (between GIn'%®!
and Asp'°®?) were determined by mass spectrometry. This work
provides molecular insights into the function and the pathways
in which BACEI1 is involved, and it will help to predict or inter-
pret possible side effects of BACE1 inhibitor drugs in current
clinical trials.

BACE], the B-site amyloid precursor protein (APP)>-cleav-
ing enzyme, is a type I transmembrane aspartic protease that
was identified a little more than 10 years ago (1-5). This prote-
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ase, together with y-secretase, cleaves APP to generate A pep-
tides. Because AB-lowering strategies have therapeutic poten-
tial for Alzheimer disease (AD) (reviewed in Ref. 6), BACEL1 is
an important drug target for AD. BACE1 knock-out abolished
AR generation in mouse brain, whereas partial reduction of
BACEL1 by heterozygous gene deficiency prevented the amyloid
pathology in APP transgenic mice (7—10). Currently, BACE1
inhibitor drug development is intensively pursued, and a couple
of the lead BACE]1 inhibitors are in the early phase of clinical
trials. Despite its prime status as a drug target for AD, the phys-
iological functions of BACE1 remain largely unknown.

BACE] is predominantly expressed in neurons of the brain
(1, 10). The highest levels of BACEL protein expression are
detected at early postnatal stages, and the expression declines
from the 2nd postnatal week on, attaining relatively low levels
in adult brains (11). BACE1 knock-out mice display cognitive
and spatial memory deficits (12—14), synaptic dysfunction (10,
15), emotional alterations (16, 17), sensorimotor impairments
(12), hypomyelination (11, 18, 19), and schizophrenia-like
behavior and seizures (20, 21).

So far, several BACE1 substrates in addition to APP were
reported mostly from candidate-based studies, including neu-
regulin-1(11), VGSCP (22, 23), ST6Gal-I (24), P-selectin glyco-
protein ligand-1 (25), the interleukin-1 receptor type-II (26),
low density lipoprotein LRP-1 (27), and the APP-like proteins
APLP1 and APLP2 (28). Among these proteins, only neuregu-
lin-1, VGSC, and APLP2 were further validated in vivo (11, 22,
23, 29). More recently, a proteomic study using a cell line over-
expressing BACE1 reported more than 60 putative substrates
(30); none of them have yet been further validated under phys-
iological conditions. It should be noticed that overexpression of
a protease in a non-neuronal cell line not only might lead to the
identification of false-positive substrates but also might miss
interesting candidates that are only expressed in neurons.

To identify BACE1 substrates under physiologically rele-
vant conditions, we took a quantitative unbiased proteomic
approach to analyze the secretome of primary neuronal cul-
tures after BACEL inhibitor treatment. More than 1000 pro-
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teins were resolved in this proteome analysis. Three known
substrates, i.e. APP, APLP1, and APLP2, were identified, and in
addition 10 other membrane proteins were identified as puta-
tive substrates for BACE1. In this work, we validated two neural
adhesion molecules L1 and CHL1 as BACEL1 substrates in vitro
and in vivo.

L1 and its close homolog CHL1 are neural cell adhesion mol-
ecules of the immunoglobulin superfamily. These molecules
are major players in axonal guidance in the developing brain
(reviewed in Ref. 31). They also mediate the maintenance and
remodeling of neural circuits in the adult brain (reviewed in Ref.
32). L1 and CHL1 knock-out mice display impaired cognitive
functions, aberrant emotional reactivity, and sensorimotor
coordination (33, 34), which are similar to phenotypes observed
in BACE1 knock-out mice. The functional importance of these
molecules is also reflected in pathological mutations in the
human LI and CHLI gene, which are linked to neurological
diseases like mental retardation (35, 36) and schizophrenia (37,
38).

EXPERIMENTAL PROCEDURES

Neuronal Culture and Treatments—Mixed primary brain
neurons were derived from E14 embryos from C57BL/6] mice
as described previously (39). Neuronal cultures were main-
tained in neurobasal medium (Invitrogen) with B27 supple-
ment (Invitrogen) for 6 days and were then pretreated over-
night with 1 uMm B-secretase inhibitor IV or with DMSO diluted
in conditioned medium. The next morning, neuronal cultures
were divided into two groups. The first group of cultures were
briefly washed with neurobasal medium and then treated for 4 h
with 1 uMm B-secretase inhibitor IV or DMSO diluted in fresh
neurobasal medium without B27 supplement. The conditioned
media from the first group of cultures were collected and
applied to the second group of cultures and treated for another
4 h. At the end of the treatment, the conditioned media were
collected and cleared by centrifugation at 14,000 X g for 15 min
and passed through 0.2-um Supor® membrane syringe filters
(Pall Life Sciences). After clearance, the conditioned media
were stored at —80 °C for further analysis. In total, 60 12-cm
dishes (BD Biosciences) of neuronal cultures derived from 90
embryos were used to generate the conditioned media for pro-
teome analysis.

Sample Preparation and Shotgun Proteomics—The condi-
tioned media from BACE1 inhibitor or DMSO-treated neuro-
nal cultures were ~400-fold concentrated using 3-kDa cutoff
centrifugal filters (Millipore) to reach concentrations of 2-2.5
pg/ul protein. In total, about 600 g of concentrated medium
was used for proteome analysis. In brief, proteins were reduced
and S-alkylated using tris(2-carboxyethyl)phosphine and iodo-
acetamide, respectively, and digested with endoproteinase
Lys-C (Roche Applied Science) overnight in a 1:500 ratio (w/w)
at 37 °C. Differential N-propionylation (40) was used to
distinguish between control and inhibitor-treated samples. The
DMSO-treated control sample was labeled on primary
a-amines (peptide N termini) and e-amines (lysine side chains)
with [">C;]propionate, and the inhibitor-treated sample with
['3C,]propionate. Possible O-propionylation of the side chains
of serines, threonines, and tyrosines was reversed by heating the
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samples for 1 h at 95 °C. All methionines were oxidized prior to
RP-HPLC separation by adding 20 wl of a 3% H,O, solution and
allowing oxidation for 30 min at 30 °C (this renders the methi-
onine side chains uniform because spontaneous oxidation to
methionine sulfoxides cannot be controlled). The sample was
then immediately loaded for RP-HPLC separation on a 300SB-
C18 column (Zorbax, Agilent Technologies) using an Agilent
1100 series HPLC system. Peptides were eluted with acetoni-
trile in 10 mm ammonium acetate, pH 5.5. Eluting peptides
were collected in 60 1-min fractions and then pooled every 20
min (20 fractions in total). These peptide mixtures were then
analyzed by LC-MS/MS using an LTQ Orbitrap Velos (Thermo
Fisher Scientific) coupled to an Ultimate 3000 RSLC nano-
HPLC system (Dionex). The resulting spectra were searched
against the Swiss-Prot database using Mascot Daemon (species
set to Mus musculus), and the identified peptides were subse-
quently quantified using Mascot Distiller. Peptides that could
not be adequately quantified by the Mascot Distiller were fur-
ther validated manually using Rover (41). Of all protein ratios, a
95% confidence interval was calculated, and proteins having a
ratio outside this interval were considered as being affected by
the inhibitor. All data management was done by ms_lims (42).
False discovery rate was calculated at 4.3% (4:3).

Antibodies and Reagents—The following antibodies and
reagents were purchased: CHL1 N-14 (Santa Cruz Biotechnol-
ogy); L1 C-20 (Santa Cruz Biotechnology); Neurofascin P-19
(Santa Cruz Biotechnology); NrCAM N-18 (Santa Cruz Bio-
technology); anti-V5 (Invitrogen); BACE1 (D10E5, Cell Signal-
ing); anti-APP (22C11, Chemicon); sAPPB (Covance); and
B-secretase inhibitor IV (Sigma). The antibodies mAb 324 and
mAb 555 against L1 ectodomain were described before (44, 45).
BACEL inhibitor compound ] was synthesized according to the
structure described before (46, 47).

Mice and Treatment—BACE1l knock-out mice were de-
scribed previously (17). For inhibitor treatment, wild type
7-day-old C57Bl/6] mice were subcutaneously dosed with com-
pound J (46, 47) at 30 mg/kg or vehicle (20% Captisol) as con-
trol. After 12 h, this treatment was repeated once to prolong the
drug effects in vivo. Mice were sacrificed 24 h after the first
treatment, and the brain hemispheres were snap-frozen in lig-
uid nitrogen and stored at —80 °C for further analysis.

Preparation of Brain Homogenates and Synaptic Fractions—
To prepare brain homogenates, each hemisphere from P7 or
adult mice was homogenized in 300 ul or 1 ml of ice-cold TBS
buffer (50 mm Tris-HCI, pH 7.6, 150 mm NaCl) using a glass-
Teflon homogenizer by 12 strokes at 750 rpm. Homogenates
were centrifuged at 14,000 X g for 15 min to separate the super-
natants and the cell pellets. The supernatants were further
cleared by ultracentrifugation at 200,000 X g for 30 min to
obtain the TBS-soluble fractions. The obtained cell pellets
(from homogenates) were lysed in RIPA buffer (50 mm Tris-
HCIL, pH 8.0, 150 mm NaCl, 1% Triton X-100, 0.5% sodium
deoxychloride, 0.1% SDS) on ice for 20 min and cleared by cen-
trifugation at 14,000 X g for 10 min. All procedures were per-
formed at 4 °C, and all buffers were supplemented with com-
plete protease inhibitor (Roche Applied Science). Samples were
analyzed by Western blots to detect soluble fragments (TBS-
soluble fraction) or membrane-bound full-length and the
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C-terminal fragments (RIPA lysate) of the CHL1 and L1
proteins.

Preparation of synaptic fractions essentially followed the
protocols described previously (48 -50). Eight P7 mice from
each group (BACE1 knock-out and wild type mice and BACE1
inhibitor-treated and vehicle-treated mice) were used to pre-
pare synaptosome fractions. In each preparation, one hemi-
sphere of two different mice from the same group was pooled
and homogenized in 12 ml of homogenization buffer (0.32 m
sucrose, 1 mg/ml BSA, 5 mm HEPES, pH 7.4) with a Potter-
Elvehjem Teflon glass homogenizer by 10-12 strokes at 500
rpm. Homogenates were centrifuged at 3000 X g for 10 min,
and the supernatants were recovered and further centrifuged at
14.000 X g for 12 min. The pellets were resuspended in 1500 ul
of Krebs-Ringer buffer (140 mm NaCl, 5 mm KCl, 5 mm glucose,
10 mm HEPES, pH 7.4) and gently mixed with 1350 ul of Percoll
(final concentration of 45% v/v). The mixture was centrifuged
at 14,000 X g for 2 min. After the centrifugation, two separate
layers, the top layer (the synaptosome fraction) and the bottom
layer (the liquid layer), were observed. The liquid layer was
removed by a 22-gauge needle and discarded, and the top layer
was maintained in the Eppendorf tube. This corresponds to the
“total synaptosome fraction.” To obtain the synaptic membrane
fraction, the total synaptosome fraction was resuspended in 300
wl of sucrose buffer (0.32 M sucrose, 5 mm HEPES, pH 7.4), and
an osmotic shock was induced by adding 2700 ul of ice-cold
water and 25 ul of 1 M HEPES, pH 7.4. The tubes were placed in
arotating wheel at 4 °C for 30 min and then ultracentrifuged at
25,000 X g for 20 min. The resulting pellet corresponds to the
synaptic membrane fraction. All the procedures were per-
formed at 4 °C, and buffers were supplemented with complete
protease inhibitor.

Plasmid Construction—Full-length cDNAs of mouse CHL1
and mouse L1 were purchased from Open Biosystems. The
c¢DNAs were amplified by PCR, with the presence or absence of
a stop codon, and subcloned into a pcDNA3.1/V5-His-TOPO
vector (Invitrogen). For expression in mammalian cells, vectors
containing C-terminally V5-His tagged CHL1 and nontagged
L1 were used for transfections. Mutations on CHL1 and L1
cDNAs were generated using QuikChange II XL Site-directed
mutagenesis kit (Stratagene). Expression constructs encoding
human BACE1 and BACElsol-IgGFc were described previ-
ously (1, 25).

Cell Culture and Transfections—COS-1 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum (Hyclone). Trans-
fections were performed using TransIT-LT1 reagent (Mirus)
according to the manufacturer’s protocol. The cDNAs of CHL1
or L1 were co-transfected with BACE1 or control pcDNA3.1
empty vector when cells were 70% confluent. One day after
transfection, the media were replaced with DMEM supple-
mented with 5% of FBS, in the presence or absence of 10 um
B-secretase inhibitor IV, and conditioned for 24 h. Conditioned
media were cleared by centrifugation at 14,000 X g for 15 min.
Cell pellets were lysed in STE buffer (5 mm Tris-HCI, pH 7.4, 1
mM EGTA, 250 mum sucrose) supplemented with 1% Triton and
complete protease inhibitor and cleared by centrifugation at
14,000 X g for 10 min. Conditioned media were analyzed by
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Western blot to detect soluble fragments of CHL1 and L1,
although cell lysates were analyzed to detect full-length or
C-terminal fragments of CHL1 and L1.

In Vitro BACEL Cleavage Assay and Mass Spectrometry—
The CHL1 and L1 substrate peptides were synthesized by Bio-
matik. All peptides, including the hCHL1-P1 (WGDNDSIFQ-
DVIETRGREYAGLYDDI), hCHL1-P2 (VFEPGAEHIVRLMT-
KNWGDNDSIFQD), hL1-P1 (ERMFRHQMAVKTNGTGRV-
RLPPAGFA), hL1-P2 (QWDLQPDTDYEIHLFKERMFRHQ-
MAYV), and mL1-P1 (NLQPDTKYEIHLIKEKVLLHHLDVKT),
were of >95% purity as determined by RP-HPLC. For BACE1
cleavage, 20 ug of each synthetic peptide was incubated for 3 h
at 37 °C with or without purified BACE1sol-IgGFc (51) in 50
mM sodium acetate, pH 4.5. The reaction mixture was purified
using ZipTips (Millipore) according to the manufacturer’s pro-
tocol and eluted from the ZipTips with 50% acetonitrile and
0.1% trifluoroacetic acid. The eluted mixture was separated by
RP-HPLC, and fractions were collected and analyzed by mass
spectrometry.

RESULTS

Shotgun Proteome Analysis of Neuronal Culture Secretome
after BACEI Inhibition—To identify BACE1 substrates by pro-
teomics, neuronal cultures were treated with serum-free
medium supplemented with either 3-secretase inhibitor IV at a
concentration of 1 um or DMSO as control. The B-secretase
inhibitor IV is a potent active-site inhibitor and highly selective
to BACE1 when compared with other structurally related
aspartic proteases (52). To reduce the time of maintaining neu-
ronal cultures in serum-free medium, cultures were incubated
maximally for 4 h. The conditioned medium from the first
group of plates was then transferred to the next group of plates
and incubated again for 4 h. The final conditioned media were
cleared by centrifugation and filtration and further concen-
trated using a centrifugal filter tube with a 3-kDa molecular
mass cutoff. Following endoproteinase LysC digestion, pep-
tides coming from inhibitor-treated or control cells were differ-
entially labeled (see under “Experimental Procedures”) and
analyzed by mass spectrometry (see schematic overview in Fig.
1A).

As quality control for specific BACEL inhibition, we exam-
ined endogenous APP proteolytic products by Western blot
(Fig. 1B). In whole-cell lysates, B-secretase inhibitor IV treat-
ment specifically reduced BACEL1 cleavage products at 8- and
B'-sites (53), including phosphorylated and nonphosphory-
lated C99 and C89. Upon BACEI1 inhibition, we noticed an
increase of a-secretase cleavage products, including phos-
phorylated and nonphosphorylated C83, and a slight increase
of full-length APP. In conditioned media, 3-secretase inhibitor
IV treatment specifically blocked the generation of the sAPPf3
fragment, as detected by a neo-epitope antibody against the
B-cleavage site on APP (Fig. 1C). We also analyzed the condi-
tioned medium by AB ELISAs. B-Secretase inhibitor IV treat-
ment fully inhibited the generation of AB(1-40) and AB(1-42)
(data not shown).

For proteome analysis, ~600 ug of conditioned medium pro-
teins was used. As shown in Fig. 14, after digestion with endo-
proteinase-Lys-C, peptides from control cells were labeled with
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FIGURE 1. Shotgun analysis of the secretome of primary neurons after BACE1 inhibitor treatment and sample quality control. A, scheme summarizing
preparation of neuronal culture samples and shotgun analysis. Band C, quality control Western blots indicating specific inhibition of cleavage of APP by BACE1
in neuronal cultures after B-secretase inhibitor IV (BI-IV)(1 um) treatment. The cell lysates (B) were separated on 16% Tricine gel and blotted with antibodies B63
(against APP C terminus), D10E5 (BACE1), and anti-B-actin. The conditioned media (C) were concentrated and separated on 4—12% Tris-SDS-PAGE and blotted

with antibodies anti-sAPP and 22C11 (against the N terminus of APP).

['>C,]propionate, and peptides from B-secretase inhibitor-
treated cells were labeled with ['>C,]propionate. Here, labeling
occurs on both the peptide N termini and on the lysine side
chains, thus typically introducing a 6-Da difference between the
two types of peptides. After labeling, samples were mixed, frac-
tionated by RP-HPLC, and further analyzed by an LTQ
Orbitrap Velos mass spectrometer.

In total, 4077 peptides representing 1202 proteins were iden-
tified. These proteins were sorted according to their light/heavy
ratio. For all quantified proteins, a ratio distribution was plotted
(data not shown), and a 95% confidence interval was calculated.
As is evident from the plot of ratio distribution, the average
ratio is close to 1:1 (0.85). The upper and lower limits of the 95%
confidence interval were calculated at 1.24 and 0.58 (light/
heavy ratio), respectively. This means that proteins having a
light/heavy ratio higher than the upper limit of 1.24 were found
as significantly reduced in the secretome of neuronal cultures
following BACE1 inhibition and therefore points to possible
BACE] substrates.

Aslisted in Table 1, 13 membrane proteins were significantly
decreased in the secretome after B-secretase inhibitor treat-
ment. All identified peptides are located in the ectodomain of
these proteins (data not shown). Three of them are known
BACEI1 substrates, including APP, APLP1, and APLP2 (28, 29).

In addition, 10 novel membrane proteins were identified
here as putative BACEL1 substrates (Table 1). Among them, six
cell adhesion molecules (CHL1, L1, Contactin-2, EphA10,
immunoglobulin superfamily-containing leucine-rich repeat
protein 2, and Coxsackievirus and adenovirus receptor homo-
log), two enzymes (peptidyl-glycine a-amidating monooxyge-
nase and «a-2,8-sialyltransferase 8D), and two other proteins,
the Plexin domain-containing protein 2 (PLXDC2) and the
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Golgi apparatus protein 1 (GLG1), were identified. PLXDC2
was initially identified from a screen for axonal guidance recep-
tors in the mouse (54), and the expression of this gene was
particularly strong in the developing nervous system (55),
although the function of this protein was relatively uncharac-
terized. GLG1 protein was reported as a ligand for E-selectin
and a fibroblast growth factor receptor (56).

Identification and Validation of CHL1 and L1 as BACEI Sub-
strates in Neuronal Cultures—From the molecules involved in
cell adhesion, we selected L1 and its close homolog CHL1 for
further validation. These two molecules belong to the L1 family
of neural adhesion molecules and are immunoglobulin (Ig)
class recognition proteins with critical functions in neurodevel-
opment and regeneration.

As shown in Fig. 24, 19 peptides from CHL1 were picked up
in the proteome analysis, and all of these peptides are located
within its ectodomain. Interestingly, there were two overlap-
ping peptides identified near the transmembrane region
(residues 1082-1104) that were differentially affected by
B-secretase inhibitor treatment. The longer peptide '*>*IHPV-
EVLVPGAEHIVHLMTK!®! was found decreased (ratio of
5.68), whereas the shorter peptide ***IHPVEVLVPGAEH-
IVH'**” was found increased (ratio of 0.57) following inhibitor
treatment. Furthermore, the fact that the ratio of the longer
peptide (5.68) was much higher than the light/heavy ratios of all
other peptides (1.24 to 1.94) located more distantly from the
transmembrane domain of CHL1 suggests that additional pro-
teolytic processing happens within residues 1047-1051 during
BACEL inhibition. This further suggests that the BACE1 cleav-
age site is likely located after the C terminus (residue 1051) of
the longer peptide.
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List of putative BACE1 substrates identified from proteome analysis of the secretome of primary neuronal cultures

The protein peptides with light/heavy ratios higher than 1.24 were picked as significantly decreased upon BACEL1 inhibition. Two APP peptides ending or starting directly
from the BACEL cleavage site were only identified from the control sample but not from the BACEL1 inhibitor-treated sample; thus, the light/heavy ratio of APP was infinite

(indicated with *).

Accession no. Protein L/Hratio Peptides  Unique peptides  Topology
P12023 Amyloid B-protein (APP) * 16 14 Typel
Q03157 Amyloid-like proteinl (APLP1) 5.23 2 2 Type I
Q06335 Amyloid-like protein2 (APLP2) 2.10 2 2 Type I
P70232 Neural cell adhesion molecule L1-like protein (CHL1) 1.76 22 19 Typel
P11627 Neural cell adhesion molecule L1 (NCAM-L1) 2.18 6 5 Type I
Q8BYGY Ephrin type-A receptor 10 (EphA10) 1.68 1 1 Type I
Q5RKR3 Immunoglobulin superfamily containing leucine-rich repeat protein2 (ISLR2)  1.26 2 1 Typel
P97792 Coxsackievirus and adenovirus receptor homolog (mCAR) 1.80 1 1 Type I
Q61543 Golgi apparatus proteinl (Glgl) 5.37 1 1 Type I
P97467 Peptidyl-glycine a-amidating monooxygenase (PHM) 1.48 3 3 Typel
Q9DC11 Plexin domain-containing protein2 (PLXDC2) 6.20 1 1 Type I
Q64692 a-2,8-Sialyltransferase 8D (Siat8-D) 1.35 1 1 Type II
Q61330 Contactin-2 (Axonal glycoprotein TAG-1) 1.82 3 3 GPI

As shown in Fig. 2B, five peptides from L1 were quantified,
and again all of these peptides are located within its ectodo-
main. Four of these peptides had significantly higher ratio val-
ues (2.23 to 2.74), whereas one peptide '*°”VLLHHLDVK''%
near its transmembrane region (residues 1124-1146) was
found unaffected by inhibitor treatment (ratio of 0.92). The
ectodomain fragment containing this peptide is apparently
shed by a protease other than BACE1.

The L1 family of IgCAMs has two other members, NrCAM
and neurofascin. NrCAM was identified in our study, although
with unaltered protein levels in the secretomes (ratio of 0.94),
whereas neurofascin was not identified.

To confirm the proteomics data, we analyzed samples from
inhibitor-treated neuronal cultures by Western blot. In condi-
tioned medium, ectodomain shedding of CHL1 and L1 was
reduced by the B-secretase inhibitor (Fig. 2C), whereas ectodo-
main shedding of the other two family members, NrCAM and
neurofascin, was not affected (Fig. 2C). In whole-cell lysates, an
increase of full-length CHL1, but not of full-length L1, NrCAM,
or Neurofascin, was observed (Fig. 2C).

Validation of CHLI and L1 in Mouse Brain Homogenates—
To validate CHL1 and L1 as BACE1 substrates in vivo, we first
analyzed these two proteins and their proteolytic fragments in
brain homogenates from BACE1 knock-out mice.

The level of full-length CHL1 in the RIPA extracts from brain
homogenates was increased by 2—-3-fold in both postnatal and
adult BACE1 knock-out mice compared with corresponding
wild type control mice in Western blot (Fig. 34). The accumu-
lation of full-length protein due to loss of BACE1 proteolytic
processing was also previously observed for other substrates of
BACE]1 like APP (Fig. 34) and neuregulin 1 (11).

In contrast, the level of full-length L1 was not changed in
RIPA extractions from brain homogenates (Fig. 34). However,
the C-terminal fragment (CTF) of L1 migrating at 32 kDa in
SDS-PAGE was significantly reduced by 49 and 46% in postna-
tal and adult BACE1 knock-out mice, respectively, as compared
with wild type control mice. This L1 CTF (32 kDa) migrated at
the same apparent molecular weight as L1 CTEf generated by
overexpression of BACE1L and L1 in cell cultures (as shown in
Fig. 5). These data together suggest that the L1 CTF (32 kDa)
detected from brain homogenates is partially produced by
BACEI cleavage, and genetic knock-out of BACE1 reduced the
generation of L1 CTEf in vivo.
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Next, we analyzed the TBS-soluble fraction from the brain
homogenates by Western blot. The level of the soluble frag-
ment of CHL1 was slightly decreased but did not reach signifi-
cance in postnatal BACE1 knock-out brain extracts (Fig. 3A4).
However, the antibody (CHL1 N-14) used for detection of sol-
uble CHL1 binds to the N terminus of the protein and thus does
not discriminate soluble fragments of CHL1 released by alter-
native proteolytic processing. Therefore, we speculate that
compensatory proteolytic processing pathways are induced in
BACE1 knock-out mice during development (see below),
explaining why no apparent change was observed in the soluble
fragment of CHLI in these mice. We further failed to detect
soluble L1 from the TBS-soluble fraction due to lack of a good
antibody against the ectodomain of L1.

To compare the effect of a genetic inactivation of BACE1 toa
pharmacological inactivation of this protease, we next analyzed
brain samples from mice acutely treated with the in vivo-active
BACELI inhibitor compound J. This compound ] has been pre-
viously characterized and is highly selective for BACE1 com-
pared with structurally related aspartic proteases (46, 47). To
monitor the inhibition of BACEL1 activity in vivo, the levels of
APP and AP were analyzed in brain homogenates 24 h after
treatment. Full-length APP was significantly increased (Fig.
3B), whereas the levels of AB(1-40) and AB(1-42) were
reduced by 95 and 97%, respectively (data not shown). These
data indicate an effective inhibition of BACEL1 activity in vivo.

We then examined the level of CHL1 and L1 in these mice.
Similar to the observation in BACE1 knock-out mice, a 2—3-
fold increase of full-length CHL1 was detected in brain homo-
genates (Fig. 3B). Interestingly, soluble CHL1 was also reduced
by 41% by acute inhibitor treatment, which is in contrast with
the data obtained in the knock-out mouse. We consider this as
consistent with our speculation that compensatory pathways
play a more significant role in BACE1 knock-out mice, in con-
trast to inhibitor treatment that acutely affects animals. Fur-
thermore, the level of L1 CTF (32 kDa) was reduced by 76%,
whereas the level of full-length L1 remained unchanged in
inhibitor-treated mice (Fig. 3B).

Validation of CHLI and L1 in Mouse Brain Synaptic Frac-
tions—Both CHL1 and L1 are localized to synaptic/axon mem-
branes (57, 58), and such localization is highly relevant for their
functions in synaptic modeling and axonal guidance. Interest-
ingly, BACE1 is enriched in synaptic/axon membranes as well
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FIGURE 2. Inhibition of BACE1 reduced the shedding of CHL1 and L1 from neuronal cultures. Peptides of CHL1 (A) and L1 (B) identified from proteome
analysis were mapped to the protein sequences. Peptides that were significantly decreased (in blue), significantly increased (in red), or not significantly
changed (in gray) upon BACE1 inhibition are indicated. Transmembrane region is indicated in green italics. C, Western blot analysis of neuronal cultures after
BACE1 inhibitor treatment. The soluble fragments of the four L1 family IgCAM members were detected from conditioned medium using antibodies against
their ectodomains: CHL1 (N-14), L1 (mAb 324 and mAb 555), NrCAM (N-18), and neurofascin (P-19). The full-length proteins were detected from cell lysates of

the neuronal cultures.

(59, 60). We therefore prepared synaptosomal and synaptic
membrane fractions from both BACE1 knock-out mice (using
wild type mice as control) and wild type mice after acute treat-
ment with compound ] (using vesicle-treated mice as control).
As analyzed by Western blot, full-length CHL1 and APP were
increased in these synaptic fractions from both BACE1 knock-
out and BACEI1 inhibitor-treated mice (Fig. 4). The C-terminal
fragment of L1 (32 kDa) was significantly reduced, whereas the
level of full-length L1 remained unchanged upon BACEL1 dele-
tion or inhibition (Fig. 4). Enrichment of synaptic markers
PSD-95 and synaptophysin was used as a quality control for
synaptic fractionation. These data show that both CHL1 and L1
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are substrates for BACE1 in synaptosomal fractions from
mouse brains.

Proteolytic Processing of CHLI and L1 by BACEI in Cell
Cultures—To further validate that both CHL1 and L1 are
cleaved by BACE1, we analyzed proteolytic processing of CHL1
and L1 by BACE1 in a cell culture system. The cloned substrates
were co-expressed with BACE1 in COS cells, and BACEL1 activ-
ity was modulated using the B-secretase inhibitor IV. As shown
in Fig. 5A, expression of CHL1 in COS cells generated three
major C-terminal fragments as follows: the two lower bands
migrated at ~25 kDa and the upper band migrated at ~30 kDa.
Co-expression of CHL1 with BACE1 dramatically enhanced
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FIGURE 3. Validation of CHL1 and L1 as BACE1 substrates in mouse brain homogenates from both genetic and acute pharmacological inhibition
systems. A, representative Western blots of brain homogenates from 7-day-old (P7) or adult BACE1 knock-out mice and wild type control mice or (B) P7 wild
type mice acutely treated with BACE1 inhibitor compound J (Cpd J) or vehicle (as control). Brain hemispheres were sequentially homogenized in TBS buffer and
in RIPA buffer to prepare TBS-soluble and RIPA lysate fractions. The soluble fragment of CHL1 (CHL1_Sol) was detected from TBS-soluble fraction, and the
full-length proteins (CHL1_FL and L1_FL) and the B-cleaved C-terminal fragment of L1 (L1_CTF) were detected from the RIPA fraction. C-F, semi-quantification
of the Western blots. Data were mean = S.E., n = 8 mice for each group, Student’s t test (¥, p < 0.05; **, p < 0.01; ***, p < 0.0001; ns, statistically not significant).

the generation of one of the C-terminal fragments at ~25 kDa
and reduced the other two C-terminal fragments likely gener-
ated by alternative proteolytic processing. Further treatment
with B-secretase inhibitor IV abolished the changes in CHL1
C-terminal fragments generation due to BACE1 expression,
which validated our observations.

When expressing L1 in COS cells (Fig. 5B), two major C-ter-
minal fragments of L1 migrating at 32 and ~28 kDa were
detected (Fig. 5B). Co-expression of L1 with BACE1 largely
enhanced the generation of a C-terminal fragment of 32 kDa,
and this was again abolished by the B-secretase inhibitor IV
(Fig. 5B).

BACEL expression increased the ectodomain shedding of
both CHL1 and L1 into the conditioned medium (Fig. 5C).
Treatment of B-secretase inhibitor IV reduced the secretion of
these proteins to control (no BACE1 expression) levels (Fig.
5C). Taken together, these data show that both CHL1 and L1
are cleaved by BACE1 when co-expressed in cell culture.
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Determination of BACEI Cleavage Sites on CHLI and L1—
To determine the BACEI cleavage sites in CHL1 and L1, we used
a cell-free BACELI cleavage assay and appropriate peptides, and we
determined the sites following mass spectrometry analysis of the
generated fragments. So far, BACE1 cleavage sites of known sub-
strates were mapped to 30 (APP-AB Asp’ site), 20 (APP-AB Glu*!
site), 10 (Neuregulin and Nav32), or 17 (PSLG-1) residues distant
from the membrane (reviewed in Ref. 61). Here, we designed two
pairs of overlapping peptides, covering 45 and 44 residues of the
CHL1 and L1 protein sequences, respectively, counting from the
border of the transmembrane region (Fig. 6A4).

The synthetic peptides corresponding to human CHL1 or L1
membrane-proximal sequences were incubated with purified
BACE1-Fc enzyme or control buffer, and the reaction mixtures
were further fractioned by HPLC and analyzed by MALDI-MS
(Fig. 6, B, C, and F). There was one single BACE1 cleavage site
identified for CHL1 (between GIn'°®* and Asp'©®?) and for L1
(between Tyr'®*® and Glu'*®").
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The BACEI cleavage site on CHL1 (GIn'®*" | Asp'®®?) and
its nearby residues are highly conserved between human
and mouse (Fig. 6A). For L1, the BACEl cleavage site
(Tyr'® | Glu'®) is also conserved between human and mouse,
but a nearby residue at the P2-site (one residue before the P1-site,
Tyr'?®® on human L1 and Tyr'®®” on mouse L1) is different from
the two species. To check whether mouse L1 is cleaved by BACE1
at the predicted cleavage site, we synthesized a peptide based on
the membrane-proximal sequence of mouse L1 (Fig. 64) and used
it to determine the BACE1 cleavage site. This analysis identified a
single cleavage site in mouse L1 (Tyr'%” |, Glu'®®), which is the
same site as in human L1 (Fig. 6, D and F).

We further introduced two mutations (D1062K and
D1062H) at the P1’-site of the predicted BACE1 cleavage site in
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the CHL1 sequence. According to the subsite specificity of
BACEL (62), positively charged amino acids (Lys or His) are
largely nonpreferred at the P1’-site; thus, the designed muta-
tions should reduce or block BACE1 cleavage. We tested these
mutants in COS cell cultures. In contrast to wild type CHL1, the
two CHL1 mutants were not cleaved by BACE], and there was
no increase in the B-cleaved C-terminal fragments upon
BACE1 overexpression (Fig. 6E). This result validated the
BACEI1 cleavage site of CHL1 (between GIn'°! and Asp'°®?) in
a cellular system.

We also introduced mutations (E1088K and E1088H) at
the P1’-site of the predicted BACE1 cleavage site in L1.
Unexpectedly, these mutations did not reduce BACEL1 cleav-
age of L1 protein when co-expressed in COS cell culture
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BACE1, and the growth media were replaced with fresh medium and conditioned for 24 h with or without 10 um B-secretase inhibitor IV (B! IV). Cell lysates were
analyzed by Western blot for full-length and C-terminal fragments of CHL1-V5His and L1 using an anti-V5 mAb and an anti-L1(C-20) pAb, respectively. The
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not significant).

(data not shown). Other mutations at both P1- and P1’-sites
of L1 (Y1087A/E1088H, Y1087V/E1088K, Y1087G/E1088G,
ATyr'%%/Glu'*®®) were generated and tested in COS cell cul-
tures. These mutations also did not result in unequivocal con-
clusions as we observed alterations in the proteolytic cleavage
pattern of L1 in COS cell cultures, generating several additional
C-terminal fragment bands around/above 32 kDa. These bands
were observed with or without overexpression of BACE1 (data
not shown), and we therefore conclude that mutating the pre-
dicted BACEL1 cleavage site in L1 alters the conformation of this
region, favoring cleavage of L1 by alternative unknown pro-
teases. We thus could not conclude from this group of mutants
whether BACEL cleavage was affected due to mutation of the
cleavage site. Based on our other experiments, and also based
on the known substrate specificity of BACE1, Tyr'%®” | Glu'*®®
appears however as the major BACEL1 cleavage site in L1.

DISCUSSION

Using a quantitative proteomics approach, we identified 13
membrane proteins as candidate substrates for BACE1 based
on reduced secretion of their ectodomain into conditioned
medium from primary neurons. Previously, a proteomics study
using a non-neuronal cell line overexpressing BACE1 reported
a list of 68 putative BACE1 substrates (30). None of those were
further validated in physiological settings, i.e. endogenous
BACE1 expression and a physiological relevant cellular context.
Interestingly, however, seven of the substrates identified in this
previous investigation (APP, APLP1, APLP2, NCAM-L1, Golgi
apparatus protein 1, Peptidyl-glycine a-amidating monooxyge-
nase, and Plexin domain-containing protein 2 (PLXDC2)) over-
lap with our substrate list. One can thus consider this overlap in
the list of candidate substrates from two completely different
experimental setups (one involving gain and the other loss of
function) as strong evidence that these seven proteins are
indeed authentic BACEL1 substrates. Several proteins, however,
were identified in our study for the first time. These are CHL1,
Contactin-2, EphA10, immunoglobulin superfamily containing
leucine-rich repeat protein2 (ISLR2), Coxsackievirus, adenovi-
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rus receptor homolog (mCAR) and «-2,8-sialyltransferase 8D.
Some of these proteins are predominantly expressed in neurons
in developing brain (63—66), and it is thus unlikely that they
would have been picked up from non-neuronal cell cultures.
Because BACEL1 has a relatively loose subsite specificity (62),
cell type-specific protein expression and subcellular distribu-
tion are crucial to decide whether a protein is likely a physio-
logical substrate of BACE1. Overexpression of BACE1 might
well lead to cleavage of irrelevant membrane proteins. This
study used a specific inhibitor of BACE1 to treat primary neu-
rons, and therefore, the experimental conditions are clearly
more physiologically relevant. Although we cannot completely
discard the possibility that the used inhibitor might also affect
other proteases, our approach clearly reduces the possibilities
of picking up irrelevant candidate substrates.

A few previously reported BACE1 substrates in neurons,
including type III neuregulin-1, VGSCp, and LRP-1, were not
identified from the current proteome analysis. Type III neu-
regulin-1 adopts a two-transmembrane structure, and its lumi-
nal fragments are released at very low abundance (67); there-
fore, these fragments might have been below the detection
limits of the current analysis. VGSC and LRP-1 are both type
I membrane proteins, and their extracellular fragments are
indeed released by proteases (23, 68). Shotgun proteome anal-
ysis tends however to favor identification of the more abundant
proteins in the total protein pool. Moreover, not all peptides
generated by the endopeptidase digestion are equally detected
in the mass spectrometry analysis. Therefore, our candidate list
of possible substrates for BACE1 should not be considered
exhaustive.

Several of the identified BACEL substrate candidates,
NCAM-L1, CHLI, contactin-2, EphA10, ISLR2, mCAR, and
PLXDC2, are involved in cell adhesion and implicated in neu-
ronal network formation in the developing nervous system.
Many of these were shown to mediate axon growth, guidance,
and branching (31, 55, 64, 66, 69, 70). Recently, it was reported
that BACE1 knock-out mice displayed deficits in axon guidance
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FIGURE 6. Determination of BACE1 cleavage sites on CHL1 and L1 by MALDI mass spectrometry. A, protein sequences of CHL1 and L1 near the trans-
membrane (TM) region (italics). Peptides (upper line or underlined) were synthesized for human CHL1 (hCHL1-P1and -P2), human L1 (hL7-P1 and -P2) and mouse
L1 (mL1-PT), and tested in a BACE1 enzymatic assay. B-D, mass spectrometric analysis of peptides after incubation with purified BACE1. Only three peptides,
hCHL1-P1,hL1-P2,and mL1-P1, were cleaved by BACE1, and the mass spectrometric analyses of these peptides are shown. Under control conditions, one major
mass was detected from hCHL1-P1 (3397.82 Da, *), hL1-P2 (3047.36 Da, ***), or mL1-P1 (3367.83 Da, #); after BACE1 cleavage, the masses of these peptides were
reduced to 1312.55 Da (**), 1984.85 Da (****), and 1220.92 Da (##), respectively. Corresponding peptides are indicated in the table (F). BACE1 cleavage sites on
CHL1 (GIn°®" | Asp'®®?) and L1 (Tyr'°%¢ |, Glu'®®”) predicted by mass spectrometric analysis are indicated in A. E, mutagenesis of CHL1 at Asp'%%? site blocked
BACE1 cleavage of CHL1 in COS cells cultures. COS cells were transiently co-transfected with BACE1 and wild type CHL1-V5His or mutant CHL1 D1062K-V5His
and CHL1 D1062H-V5His, and the growth media were replaced with fresh medium and conditioned for 24 h with or without the presence of 10 um 3-secretase
inhibitor IV. Cell lysates were analyzed by Western blot for full-length and C-terminal fragments of CHL1-V5His using an anti-V5 mAb. The soluble fragments of
CHL1 were detected from the conditioned medium using an anti-CHL1(N-14) pAb.

in olfactory sensory neuron axons (59, 71). These findings sup-
port the roles of BACEL in regulating axon targeting.

To validate our proteomics results, we chose two axonal
guidance molecules L1 and CHL1 and tested them i# vivo using
both genetic and pharmacological approaches. L1 and its close
homolog CHL1 are members of the L1 family of neural cell
adhesion molecules of the immunoglobulin superfamily. Both
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L1 and CHL1 are expressed in the brain. Of note, the expression
of CHL1 is restricted to the central nervous system (CNS), and
the highest expression levels are observed in the early postnatal
stages (63). The expression profile of CHL1 highly resembles
that of BACEL. In neurons, L1 and CHL1 are mainly located in
axonal membranes (58, 72) where BACEl expression is
enriched (59, 60).
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Protease-directed release of the ectodomain of neural cell
adhesion molecules has physiological importance as it regulates
cell surface adhesion levels and generates functional fragments
that can bind cell-surface receptors and induce active cell
responses. L1 was reported to be constitutively processed
by ADAMI10 at its membrane-proximal region (45). In
ADAM10~/~ mouse fibroblast cell cultures, release of the L1
ectodomain and the 32-kDa L1 CTF was largely reduced. How-
ever, in whole extracts of ADAM10™/~ embryos, two L1 CTFs
(32 and 28 kDa) were only partially reduced, suggesting that
ADAMIO is not the sole protease that processes L1 in mouse
brain. Our work complements these investigations by showing
that the 32-kDa L1 CTF is partially reduced in BACE1 ™/~
mouse brain extracts. Thus, as in many other cases, BACE1 and
ADAMIO are together responsible for L1 shedding.

So far, ADAMS8 was identified as a candidate protease
responsible for shedding of CHL1 (73). Cleavage of CHL1 by
ADAMS at the membrane-proximal region was essentially
shown in COS cell cultures overexpressing ADAMS (73).
Unlike BACE1 and CHL1, both of which are highly expressed in
the CNS, ADAMS is poorly expressed in the CNS and is
restricted to specific regions, including brain stem and spinal
cord (74). Our in vivo data clearly show that accumulation of
full-length CHL1 is increased in whole-brain homogenates and
synaptic fractions of BACE1™/~ mice or in wild type mice
treated with BACE] inhibitor, indicating that BACE1 is respon-
sible for CHL1 processing in the brain and synaptic membranes
under physiological conditions. However, the presence of a sol-
uble CHL1 fragment in BACE1-deficient brain samples sug-
gests that BACE1 is not the sole protease involved in the ect-
odomain shedding of CHLI.

Genetic ablation of L1 or CHL1 leads to impaired cognitive
functions, aberrant emotional reactivity, and sensorimotor
coordination (33, 34). These phenotypes are mostly linked to
errors in axon guidance and deficits in cortical/hippocampal
circuits observed in L1 and CHL1 knock-out mice. L1-null mice
display errors of axon guidance in the corticospinal tract (75,
76), corpus callosum (77), and retinocollicular projection (78,
79). CHL1-null mice show aberrant thalamocortical projec-
tions (80, 81). Both L1- and CHL1-null mice displayed abnor-
mal dendritic orientation of cortical pyramidal neurons (77,
82). Interestingly, BACE1 knock-out mice displayed some sim-
ilar phenotypes and deficits in cognitive functions, emotional
reactivity, and sensorimotor coordination (12, 13, 17). Further
work will investigate whether L1- and CHL1-mediated axon
guidance and neural circuits are impaired in BACE1 knock-out
mice and to what extent such misprocessing might contribute
to phenotypes observed in those mice.

In the adult brain, L1 and CHL1 continue to play important
roles in maintenance and regeneration of neural circuits. Over-
expression of L1 in the adult mouse cerebellum enhanced the
regeneration of severed Purkinje cell axons in vivo (83). In adult
rats, application of the extracellular domain of L1 enhanced
the regeneration of spinal cord after spinal cord injury (84) and
the regeneration of retinal ganglion cell axons after optic nerve
lesion (85). The presence of CHL1 affects re-innervation of the
lumbar spinal cord and post-traumatic synaptic rearrange-
ments around motoneurons in the adult mouse (86). Both L1
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and CHLI are up-regulated in neurons and Schwann cells after
nerve injury (32), suggesting a beneficial role for both molecules
in the regeneration of the adult nervous system. Recently, it was
indeed reported that BACEL deficiency enhanced axonal
regeneration in the injured peripheral nervous system in the
mouse (87). This effect may be attributed to axonal accumula-
tion of physiological BACE1 substrates in BACE1 knock-out/
inhibition systems. In conclusion, our work provides a solid
molecular base for further exploration of BACE1 and these dif-
ferent substrates in the regeneration of neural circuits and syn-
aptic remodeling. Such work is not only important from a basic
biology point of view but is also crucial if we want to better
understand the possible side effects of BACEL inhibitors in
therapeutic approaches for AD.
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