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Click Chemistry-mediated Biotinylation Reveals
a Function for the Protease BACE1 in
Modulating the Neuronal Surface

Glycoproteome*s
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Ulrike C. Miillert$, Stefan Brase**, Stephan A. Miillert§,

and Stefan F. Lichtenthaler1§78S11l

The cell surface proteome is dynamic and has fundamen-
tal roles in cell signaling. Many surface membrane pro-
teins are proteolytically released into a cell’s secretome,
where they can have additional functions in cell-cell-com-
munication. Yet, it remains challenging to determine the
surface proteome and to compare it to the cell secretome,
under serum-containing cell culture conditions. Here, we
set up and evaluated the ‘surface-spanning protein en-
richment with click sugars’ (SUSPECS) method for cell
surface membrane glycoprotein biotinylation, enrichment
and label-free quantitative mass spectrometry. SUSPECS
is based on click chemistry-mediated labeling of glyco-
proteins, is compatible with labeling of living cells and can
be combined with secretome analyses in the same exper-
iment. Immunofluorescence-based confocal microscopy
demonstrated that SUSPECS selectively labeled cell sur-
face proteins. Nearly 700 transmembrane glycoproteins
were consistently identified at the surface of primary neu-
rons. To demonstrate the utility of SUSPECS, we applied it
to the protease BACE1, which is a key drug target in
Alzheimer’s disease. Pharmacological BACE1-inhibition
selectively remodeled the neuronal surface glycopro-
teome, resulting in up to 7-fold increased abundance of
the BACE1 substrates APP, APLP1, SEZ6, SEZ6L, CNTN2,
and CHL1, whereas other substrates were not or only
mildly affected. Interestingly, protein changes at the cell
surface only partly correlated with changes in the secre-
tome. Several altered proteins were validated by immuno-
blots in neurons and mouse brains. Apparent nonsub-
strates, such as TSPANG, were also increased, indicating
that BACE1-inhibition may lead to unexpected secondary
effects. In summary, SUSPECS is broadly useful for de-
termination of the surface glycoproteome and its correla-

tion with the secretome. Molecular & Cellular Proteom-
ics 17: 1487-1501, 2018. DOI: 10.1074/mcp.RA118.000608.

Cell surface membrane proteins are essential for the com-
munication between cells and their environment. They have
fundamental roles in physiology and pathophysiology and
represent major protein targets for existing drugs and drug
development (1). The cell surface proteome is dynamic, which
allows cells to regulate the levels and functions of its surface
membrane proteins, for example in cell adhesion and signal
transduction. Removal of membrane proteins from the sur-
face may occur through endocytosis or proteolysis, where
proteases in the membrane or the extracellular space, such as
a disintegrin and metalloprotease 10 and 17 (ADAM10,
ADAM17) and B-site APP cleaving enzyme 1 (BACE1)", cleave
off a membrane protein’s ectodomain (2-4). This proteolytic
process is referred to as ectodomain shedding and does not
only affect the surface proteome, but also a cell’s secretome,
which comprises both soluble, secreted proteins and shed
membrane protein ectodomains. The latter may be active
biomolecules, such as growth factors (e.g. TGFa) and cyto-
kines (e.g. TNFa) but may also act as decoy receptors for their
membrane-bound counterparts (5). Therefore, it is important
to investigate how changes in the surface proteome are linked
to alterations in the secretome during (patho)physiological
conditions. But despite the tight coupling of a cell’s surface
proteome and secretome, it remains challenging to directly
analyze both in the presence of serum proteins within the
same experiment.
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Surface Glycoproteomics of Neurons

Determination of the cell surface membrane proteome by
mass spectrometry-based proteomics critically depends on
the purity of surface membrane protein preparations. Besides
subcellular fractionation and surface protein shaving, the bi-
otinylation of cell surface proteins has become popular (6).
However, biotinylation of lysine side chains in surface proteins
has the drawback to block subsequent tryptic digestion dur-
ing sample preparation. More recent approaches, such as cell
surface capturing (CSC) and periodate oxidation and aniline-
catalyzed oxime ligation (PAL), circumvented this issue by
exploiting the fact that most surface membrane proteins are
glycosylated or predicted to be glycosylated (7, 8). CSC and
PAL use a two-step chemical protocol, which involves oxida-
tion of protein glycans to aldehydes and subsequent labeling
with a biotin-containing tag for further glycoprotein enrich-
ment. The sugar oxidation is performed on living cells, which
facilitates the selective enrichment of cell surface, but not
intracellular glycoproteins. Despite their suitability for surface
protein analysis, CSC and PAL are not well suited for pro-
teomic analysis of the corresponding cell secretome as cells
are mostly cultured in the presence of serum or serum-like
supplements, which contain high concentrations of glycopro-
teins, in particular immunoglobulins. Those serum-derived
glycoproteins would also be labeled, but—because of their
high abundance—prevent efficient detection of the low-abun-
dant cellular secretome proteins. Thus, alternative methods
for secretome analysis such as SPECS (secretome protein
enrichment with click sugars) have been developed (9).
SPECS metabolically labels only newly synthesized cellular
glycoproteins with click chemistry-suitable sugars (9-12).
Subsequently, click chemistry allows selective enrichment of
the glycoproteins from the serum protein-containing condi-
tioned medium. A similar approach was developed where
proteins are labeled with nonnatural amino acids amenable to
click chemistry-mediated labeling (13). SPECS has previously
been used to enrich cellular glycoproteins (11) but was not
able to distinguish between surface and intracellular proteins.

Here, we set up a method for specific labeling and relative
quantification of cell surface membrane glycoproteins, which
only requires a single chemical reaction and is complementary
to secretome analyses using the SPECS method in the same
experiment. The new method is named SUrface-Spanning
Protein Enrichment with Click Sugars (SUSPECS).

' The abbreviations used are: BACE1, B-site APP cleaving enzyme
1; ADAM10/17, A disintegrin and metalloprotease 10/17; CSC, cell
surface capturing; DBCO, Dibenzylcyclooctyne; DEA, diethyl amine;
DIV, Day in vitro; DTAF, Dichlorotriazinylamino fluorescein; FDR, False
discovery rate; GPI, Glycosylphosphatidylinositol; 1AA, lodoacet-
amide; 1B, Immunoblot; KO, Knockout; LFQ, Label free quantification;
Ac,-ManNAz, tetra-acetylated N-azidomannosamine; NHS, N-Hy-
droxysuccinimide; PAL, periodate oxidation and aniline-catalyzed
oxime ligation; PDL, Poly-D-lysine; QARIP, quantitative analysis of
regulated intramembrane proteolysis; RT, Room temperature; TGN,
Trans-Golgi network; TM, Transmembrane (type); w/v, Weight per
volume.

Our new approach identified nearly 700 transmembrane
glycoproteins at the surface of primary murine neurons using
label-free quantitative proteomics. To demonstrate the utility
of SUSPECS, we applied it to study the protease BACE1,
which is a key drug target in Alzheimer’s disease, as it cleaves
the membrane protein APP to generate the pathogenic amy-
loid B peptide (14). Yet, BACE1 also cleaves numerous other
membrane protein substrates (9, 15-19), whose functions
may be affected when BACE1 is therapeutically blocked. In
fact, BACE1-deficient mice show several defects and pheno-
types (20). Therefore, we investigated the neuronal surface
proteome after pharmacological inhibition of BACE1 and
compared the results to changes in the secretome.

EXPERIMENTAL PROCEDURES

MATERIALS

The following antibodies were used: polyclonal DNER (R&D
Systems, AF2254), monoclonal SEZ6 clone 14E5 (19) and
SEZ6L (R&D Systems, MN; AF4804), SEZ6L2 (R&D Sys-
tems, AF4916), monoclonal BACE1 clone 3D5 (kindly pro-
vided by Robert Vassar), polyclonal TSPAN6 (Abgent, CA;
AP9224b), monoclonal MMP17 clone EP1270Y (Abcam,
Cambridge, UK; ab51075), monoclonal Golgin-97 (Invitro-
gen, CA; A21270), monoclonal NEO1 clone 21A8 (11), poly-
clonal RGMa (R&D Systems, AF2458), monoclonal GIuR2
(MAB397, Millipore, Merck, Darmstadt, Germany), polyclonal
Calnexin (Enzo, Stressgen, Farmingdale, NY, ADI-SPA-860),
monoclonal B-actin clone AC-74 (Sigma, Merck; A5316), HRP
coupled anti-mouse (Promega, Mannheim, Germany; W402B)
and anti-rabbit secondary (Promega, W401B), HRP-coupled
anti-goat (Santa Cruz, sc-2020), anti-rat (Santa Cruz, TX; sc-
2006) and anti-sheep (Santa Cruz, sc-2473). Monoclonal
APLP1 clone 8G6 (mouse IgG2a/k) was generated by pep-
tide immunization (AA75-EPDPQRSRRCLLDPQR-AA90 within
APLP1 copper binding domain) of C57BL/6 mice using stand-
ard procedures (21).

The following reagents and media were used: DMEM, Neu-
robasal medium, HBSS, and B27 (Thermo Fisher Scientific,
Darmstadt, Germany), protease inhibitor (Sigma, P8340), C3
(B-secretase inhibitor 1V; Calbiochem, 565788, final concen-
tration 2 uwm), tetra-acetylated N-azidoacetylmannosamine
(Ac,-ManNAz), Dichlorotriazinylamino fluorescein DTAF-con-
jugated Streptavidin (Dianova, Hamburg, Germany), Sulfo-
dibenzylcyclooctyne-biotin (Sulfo-DBCO-Biotin, Jena Biosci-
ence, Jena, Germany).

Immunofluorescence—COS-7 cells were cultured in DMEM
supplemented with 10% fetal calf serum (FCS) and 1% Pen-
icillin-Streptomycin (Pen/Strep). For immunofluorescent label-
ing of cell surface proteins, COS-7 cells were seeded onto
poly-p-lysine (PDL)-coated glass coverslips in culture medium
supplemented with 50 um tetra-acetylated N-azidoman-
nosamine (Ac,-ManNAz) and cultured for 48h. Unfixed cells
were washed twice with 1x phosphate buffered saline (PBS)
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and metabolically labeled glycoproteins were biotinylated
with 100 um sulfo-DBCO-Biotin for 2 h at 4 °C. Subsequently,
cells were fixed with 4% paraformaldehyde (PFA) in 1X PBS
for 10 min at room temperature (RT). Biotinylated proteins
were labeled with 2 ng/ml streptavidin-dichlorotriazinylamino
fluorescein (DTAF) for 1 h at room temperature and nuclei
were stained with 4 ug/ml Hoechst 33342 for 30min at RT.
Coverslips were mounted in FluorSave (Calbiochem, Merck)
onto glass slides and imaged with confocal microscopy using
a Leica TCS SP5 Confocal Laser Scanning Microscope (LSM)
or Zeiss LSM 510 Axio Observer. Pictures were processed
with ImageJ (Fiji), Photoshop (Adobe) or ZEN2 (Zeiss).

Primary Cell Culture—Primary cortical neurons were ex-
tracted from wildtype C57BL/6 mouse embryos on embryonic
day 16.5 like described before (22). Briefly, embryonic corti-
ces were dissected and cleaned from meninges. Cortices
were pooled and digested with 200 U papain (in DMEM-high
glucose supplemented with L-cysteine, pH 7.4) at 37 °C for 15
min. Using a pipette, tissue was mechanically dissociated to
obtain a single-cell-suspension. Cells were plated in PDL-
coated T-175 cm flasks (20 x 10° cells for proteomic exper-
iments) or on 6 cm dishes (4 X 10° cells for immunoblots (IB))
in plating medium (DMEM-high glucose, 10% FCS) and me-
dium was changed after 3-4 h to culture medium (Neuro-
basal, 500 um L-glutamine, 1% Penicillin/Streptomycin, 1X
B27 supplement).

Treatment of Cells and Labeling of Surface Proteins—For
metabolic labeling of newly synthesized glycoproteins, pri-
mary cortical neurons at 5 days in vitro (DIV) were cultured for
48 h in neuronal culture medium supplemented with 50 um
Ac,-ManNAz and the BACE inhibitor C3 or dimethyl sulfoxide
(DMSO) as control. 40 x 10° (for MS) and 4 x 10° (for IB)
neurons were used per condition for proteomic and biochem-
ical analysis, respectively. At DIV 7 cells were washed twice
with 1x PBS (GIBCO). Biotinylation was performed via
bioorthogonal click chemistry applying 100 um sulfo-DBCO-
Biotin and incubating 2 h at 4 °C. To remove sulfo-DBCO-
Biotin in excess, cells were washed twice with 1X PBS and
lysed in STET-lysis buffer (150 mm NaCl, 50 mm Tris (pH 7.5),
2 mm EDTA, 1% Triton X-100) with protease inhibitor. Lysates
were cleared by centrifugation for 5 min at maximum speed
and filtered through a 0.45 um syringe filter (Millipore).

For immunoblot analyses, cells were lysed in STET-lysis
buffer with protease inhibitor or SDS buffer (50 mwm Tris (pH 8),
150 mm NaCl, 2 mm EDTA, 1% SDS) with protease inhibitor.
Lysates were cleared by centrifugation for 5min at maximum
speed. Cleared SDS-lysates were diluted 1:1 with RIPA buffer
(10 mm Tris pH 8, 150 mm NaCl, 2 mm EDTA, 1% Triton X-100,
0.1% SDS, 0.1% Sodium deoxycholate) and sonicated.

Sample Preparation for Mass Spectrometry— Cleared cell
culture lysates of 6 control (DMSO) and 6 inhibitor treated (C3)
cell samples were loaded on a polyprep chromatography
column (Bio-Rad, Munich, Germany) containing 300 ul of high
capacity streptavidin agarose beads (Thermofisher) and

washed twice with 10 ml 2% SDS in PBS to remove nonspe-
cifically bound proteins. The flow-through was reloaded to
increase the yield of bound biotinylated proteins. Each col-
umn was washed twice with 10 ml 2% SDS in PBS. Strepta-
vidin-beads were transferred into an Eppendorf tube in 2%
SDS in PBS and liquid was removed completely with a Ham-
ilton syringe. Beads were boiled 5 min at 95 °C in 150 pul
Lammli buffer supplemented with 8 m urea and 3 mm biotin
to elute the proteins. Samples were separated with 10%
SDS-polyacrylamide gel electrophoresis (PAGE) and
stained with 0.025% (w/v) Coomassie Brilliant Blue in 10%
acetic acid for 15 min with horizontal shaking. The gel was
destained in 10% acetic acid (2 X 30 min, 1X overnight)
with horizontal shaking.

In-gel Digestion and Peptide Purification—Each lane was
cut into 14 horizontal slices (=14 fractions) at equal height
and subjected to tryptic in-gel digestion (23). Briefly, proteins
residing in the gel were denatured with 10 mm dithiothreitol
(DTT) in 100 mm ammonium bicarbonate (ABC) and reduced
with 55 mm iodoacetamide (IAA) in 100 mm ABC. Proteolytic
digestion was performed at 37 °C overnight using 150 ng
trypsin per fraction. Peptides were extracted with 40% ace-
tonitrile (ACN) supplemented with 0.1% formic acid, dried by
vacuum centrifugation, and reconstituted in 0.1% formic acid
for proteomic analysis.

LC-MS/MS Analysis—Each gel fraction was analyzed on an
Easy nLC-1000 (Thermo Proxeon), which was coupled online
via a nano electrospray source (Thermo Proxeon) to a Velos
Pro Orbitrap Mass Spectrometer (Thermo). Peptides were
separated on a self-packed C18 column (300 mm X 75 um,
ReproSil-Pur 120 C18-AQ, 1.9 um, Dr. Maisch) with a binary
gradient of water (A) and acetonitrile (B) containing 0.1%
formic acid (0 min, 2% B; 3:30 min 5% B; 48:30 min, 25% B;
59:30, 35% B; 64:30, 60% B). Full MS spectra were acquired
at a resolution of 70,000. The ten most intense peptide ions
per spectrum were chosen for collision-induced dissociation
(CID) within the ion trap. A dynamic exclusion of 40 s was
applied for CID acquisition.

LC-MS/MS Data Analysis and Statistical Evaluation— Data-
base search and label free quantification was performed with
the software MaxQuant (version 1.5.5.1, maxquant.org). Tryp-
sin was defined as protease (cleavage specificity: C-terminal
of K and R). Carbamidomethylation of cysteines was defined
as fixed modification. Oxidation of methionines and acetyla-
tion of protein N termini were defined as variable modifica-
tions. Two missed cleavages were allowed for peptide iden-
tification. The first search option was enabled with a precursor
mass tolerance and a fragment mass tolerance of 20 ppm.
The mass tolerances for the main search were set to 4.5 and
20 ppm for precursor and fragment ion masses, respectively.
The false discovery rate (FDR) for both peptides and proteins
was adjusted to less than 1% using a target and decoy
approach (concatenated forward/reverse database) including
the reference mouse proteome (UniProt, download: June 8,
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2016; 16,798 entries). Common contaminants such as bovine
proteins of fetal calf serum and human keratins were ex-
cluded. Label-free quantification (LFQ) intensity values were
used for relative quantification. At least two ratio counts of
unique peptides were required for protein quantification. Pro-
teins were considered as identified, if they were detected by
at least 2 unique peptides in at least 3 out of the 12 samples
(six samples each with or without C3). Proteins identified by
only one unique peptide were excluded for further statistical
analysis.

For relative quantification the LFQ intensity ratios of C3 and
vehicle (DMSO) treated samples were calculated separately
for each biological replicate (n = 6) to account for experimen-
tal variations of different neuronal cell preparation batches. At
least three LFQ ratios of biological replicates were required for
statistical analysis. All LFQ ratios were log2 transformed and
a one-sample t test (u, = 0) was applied to check if the
average log2 LFQ ratio is different from zero. The p value
threshold was adjusted for false discovery rate (5%) by ap-
plying Benjamini-Hochberg correction criteria. Classification
of identified proteins was done using UniProt keywords and
subcellular locations as well as the PANTHER (protein anno-
tation through evolutionary relationship) classification system
(http://www.pantherdb.org/).

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (24)
partner repository with the data set identifier PXD008619
(Project webpage: http://www.ebi.ac.uk/pride/archive/projects/).

Mouse Strains—The following mice were used: wild type
(WT) C57BL/6NCrl (Charles River) and BACE1—/— (Jackson
Laboratory, strain B6.129- Baceltm1Pcw/J, BACE1 KO).
Mice were maintained on a 12/12 h light-dark cycle with food
and water ad libitum. All animal procedures were carried out
in accordance with the European Communities Council Direc-
tive (86/609/EEC). The animal protocols were approved by the
Ludwig-Maximilians-University Munich and the government
of Upper Bavaria.

Brain Fractionation—Brain cortices were isolated from
postnatal day 7 (P7) BACE1—/— mice and WT littermates and
homogenized in diethyl-amine (DEA) buffer (50 mm NaCl, 2 mm
EDTA, 0.2% diethylamine, 1:250 protease inhibitor). Homo-
genates were directly neutralized with 0.5 m Tris buffer pH 6.8
and centrifuged at 20,000 X g for 10 min. The supernatants
containing the soluble proteins were ultracentrifuged at
30,000 X g and 4 °C to obtain cleared DEA-fractions. Pellets
(resulting from the first centrifugation step) were washed with
1X PBS to remove soluble proteins and lysed afterward in
SDS buffer (50 mm Tris (pH 8), 150 mm NaCl, 2 mm EDTA, 1%
SDS) with protease inhibitor. Samples were diluted 1:1 in
RIPA buffer (10 mm Tris pH 8, 150 mm NaCl, 2 mm EDTA, 1%
Triton X-100, 0.1% SDS, 0.1% Sodium deoxycholate) and
sonicated. Quantification of protein concentrations was done
with a BCA assay (Uptima Interchim, Montlucon, France) and
10-20 pg of total protein was used for IB analysis.

Experimental Design and Statistical Rationale—For MS ex-
periments, we analyzed 6 biological replicates in 6 independ-
ent experiments. Each biological replicate originated a sepa-
rate neuronal preparation (6 C57BL/6 mice). Cortices of all
embryos (~6-9 per mouse) were pooled during one extrac-
tion (so that all neurons in one experiment have the same
‘background’). 80 X 10° neurons were used for one biological
replicate: half was treated with the BACE1 inhibitor C3 and
half was vehicle-treated with DMSO. C3 and DMSO samples
from one experiment were separated on a SDS-PAGE and
analyzed by LC-MS/MS and quantified with a label-free ap-
proach. For quantification, we only considered proteins pres-
ent in both groups (C3 and DMSO) in at least 3 out of 6
experiments. Statistical testing was performed with a one-
sample t test and corrected for multiple hypothesis testing
according to Benjamini-Hochberg.

Immunoblots of neurons were performed with at least 3
different neuronal preparations (divided in up to 3 experiments
per preparation), which yielded 6-11 independent experi-
ments per protein with each one C3 and one DMSO-treated
group. Each protein was checked by immunoblotting in neu-
rons originating 3 different mice. Immunoblots of mouse cor-
tices were performed with 6 biological replicates. One bio-
logical replicate equals one WT and one B1—/— animal.
Immunoblot experiments were statistically tested by applying
the Mann-Whitney-U test.

RESULTS

Selective Labeling of Plasma Membrane Proteins— Previ-
ously, we developed the “secretome protein enrichment with
click sugars” (SPECS) method (9), which uses click chemistry
to label and identify the cellular secretome—comprising both
soluble proteins and proteolytically released membrane pro-
tein ectodomains—by mass spectrometry. To be able to
compare secretome changes to alterations in the surface
proteome using material from the same cellular experiment,
we first set up a workflow referred to as ‘Surface-Spanning
Protein Enrichment with Click Sugars’ (SUSPECS), where
SPECS-like labeling is used to assess the surface proteome
of glycosylated membrane proteins (Fig. 1). SUSPECS ex-
ploits the fact that according to the UniProt-database most
membrane proteins are glycosylated (supplemental Fig. S1).
For example, more than 90% of single-pass type | transmem-
brane proteins, to which most substrates of BACE1 and other
surface proteases belong (9, 16, 17), are glycosylated (sup-
plemental Fig. S1).

To facilitate the enrichment of glycoproteins, glycans were
labeled with tetra-acetylated N-azidomannosamine (Ac,-
ManNAz), a click chemistry-suitable azido-modified mannose
derivative. When taken up by cells, Ac,-ManNAz is modified
to N-azido-sialic acid and metabolically incorporated into the
terminal glycan structures of newly synthesized glycosylated
proteins (25, 26). After 2 days of continuous metabolic label-
ing, the conditioned medium was removed, and living cells
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Fic. 1. Workflow of SUSPECS method. Cell culture medium is supplemented with tetra-acetylated N-azidoacetylmannosamine (Ac,-
ManNAz) for metabolic labeling and cells are treated with inhibitor (C3) or control (DMSO). Ac,-ManNaz is metabolized and incorporated as
modified terminal N-azido-sialic acid into glycan structures of newly synthesized proteins. After 48h cells are subjected to click mediated
biotinylation for 2 h at 4 °C, during which the alkyne group of the sulfo-dibenzylcyclooctyne-biotin conjugate (DBCO) covalently reacts with the
azide group of the azido-sialic acids of glycoproteins in the cell membrane (inset box). Biotinylated glycoproteins are enriched and purified with
streptavidin-beads and separated via 1D-SDS-PAGE. Fractionated, in-gel digested proteins are analyzed by mass spectrometry using

label-free quantification.

were washed with PBS and subsequently biotinylated with
sulfo-dibenzylcyclooctyne (DBCO)-biotin on ice for two hours.
In a reaction referred to as copper-free click reaction, the
DBCO moiety reacts with the azido moiety of the glycopro-
tein, thereby leading to covalent biotinylation of the glycopro-
tein (Fig. 1, inset). Afterwards, cells were lysed, and the bio-
tinylated proteins were enriched with streptavidin agarose
and separated on 1D polyacrylamide gels (a representive
Coomassie stained gel is shown in supplemental Fig. S2). The
gel was cut into 14 fractions, subjected to in-gel tryptic diges-
tion and analyzed by label free quantitative mass spectrometry.

To specifically label cell surface proteins, but not intracel-
lular proteins, the sulfo-variant of DBCO-biotin was used,
which carries a negative charge and should not cross the
plasma membrane. To evaluate whether this is indeed true,
COS7 cells were subjected to SUSPECS-mediated biotinyla-
tion. Instead of lysing cells and precipitating biotinylated pro-
teins with streptavidin, cells were fixed and permeabilized for
confocal microscopy. Biotinylated proteins were visualized
with fluorescent streptavidin (streptavidin-dichlorotriazinyl-
amino fluorescein (DTAF)) and nuclei were stained with
Hoechst dye. SUSPECS-labeled cells showed a cell surface
staining, with no apparent signal in the cytoplasm or intracel-
lular organelles (Fig. 2A and 2B). As a control, cells were
cultured without Ac,-ManNAz (Fig. 2A, lower panel), which, as
expected, did not yield a positive streptavidin-DTAF signal.
This demonstrates the specificity of the fluorescent signal for

biotinylated proteins as well as the selectivity of the click
reaction.

Fig. 2B contains three confocal planes near the bottom, the
middle, and the top of the streptavidin-DTAF labeled cells.
The bottom plane shows contact sites of the cells to the glass
coverslip, including focal adhesions and filopodia (Fig. 2B,
arrowheads). The mid plane shows a section through the cells
as they are represented in Fig. 2A, with a clearly distinguish-
able stained rim around them and the nuclei in the middle.
Importantly, there was no staining of biotinylated proteins in
the cytoplasm, in agreement with the specific cell surface
staining. The top plane also demonstrates staining at the
plasma membrane. We conclude that SUSPECS specifically
labels glycosylated proteins on the cell surface.

As a further control experiment we determined biochemi-
cally whether the SUSPECS workflow indeed leads to an
enrichment of cell surface proteins compared with the whole
cell lysate. To this aim, cell surface proteins of primary murine
neurons were biotinylated according to the SUSPECS work-
flow, precipitated with streptavidin, separated by gel electro-
phoresis and analyzed by immunoblot. Four known cell
surface proteins, NEO1 (27), GIuR2 (28), RGMa (29), and
MT4MMP (MMP17) (30), were enriched in the surface-labeled
samples (Fig. 2C and quantification in 2D). Conversely, the
Golgi marker Golgin-97 (31), the ER marker calnexin (32) and
the cytoskeletal protein beta actin, which do not reside at the
plasma membrane, were largely depleted from the SUSPECS
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surface-labeling samples, demonstrating that SUSPECS en-
riches cell surface proteins (Fig. 2C).

SUSPECS Identifies Transmembrane Proteins at Neuronal
Surface—Next, we applied SUSPECS to determine the sur-
face glycoproteome of primary murine neurons treated with or
without the BACE1 inhibitor C3. First, we generally deter-
mined the proteins at the cell surface and subsequently how
their levels were changed upon BACE1 inhibition.

Proteins were considered as identified, if they were de-
tected by at least 2 unique peptides in at least 3 out of the 12
samples (six samples each with or without C3). This yielded
3957 identified proteins (see supplemental Data S1). Although
SUSPECS metabolically labels glycoproteins, the total num-
ber of proteins may also include nonglycoproteins or periph-
erally membrane-associated proteins, which either are bound
unspecifically to the beads or are co-purified during the
streptavidin pulldown as they are binding partners of glyco-
proteins. Thus, we focused specifically on glycosylated trans-
membrane and GPl-anchored proteins, which we consider as
the cell surface glycoproteome in our study. Therefore, we
filtered the proteins according to reviewed Uniprot annota-
tions using the keyword “glycoprotein” as well as the subcel-
lular location terms: single-span membrane proteins of type I,
II, Il or IV, as well as GPl-anchored and multipass membrane
proteins. Our criteria yielded 691 transmembrane and GPI-
anchored glycoproteins at the neuronal surface, with the ma-
jority being single-span type | membrane proteins (40%) or
multipass membrane proteins (45%). 5 proteins had double
annotations and are therefore separated into new categories
(TM1/GPI, TM1/TM2, and TM1/Multi pass) (Fig. 3A, see sup-
plemental Data S1 for a complete list of identified proteins).
The identified unique tryptic peptides were matched to the
sequence of the 691 membrane proteins using the QARIP
webserver (33). As expected, the peptides were derived from
the extra- and intracellular protein domains (for selected ex-
amples, see supplemental Fig. S3), but generally not from the
transmembrane domains, which contain long stretches of
mostly hydrophobic amino acids, but rarely a tryptic cleavage
site. Only for 20 multipass proteins some peptides also con-

tained amino acids originating from a possible transmem-
brane region. However, for those proteins the Uniprot trans-
membrane annotations were incomplete. Interestingly, for
three known BACE1 substrates (CHL1, L1CAM, APLP1) we
also identified peptides spanning the previously identified
BACE1 cleavage sites (9, 15, 34), which are located close to
the transmembrane domain (supplemental Fig. S3).

Next, we functionally categorized the transmembrane
proteins according to Gene Ontology classifications using
PANTHER (35). The identified transmembrane glycoproteins
fell into five main functional categories (Fig. 3B), namely trans-
porters (18.20%), receptors (17.57%), hydrolases (16.11%),
transferases (8.79%), and signaling molecules (6.07%). Other
categories (33.26%) included cell adhesion molecules, extra-
cellular matrix proteins and defense/immunity proteins (Fig.
3B). Many of the identified proteins are known to be located at
the neuronal cell surface according to Uniprot, which vali-
dates SUSPECS as a method for investigating the cell surface
proteome. Taken together, these results demonstrate that
SUSPECS identified nearly 700 neuronal surface transmem-
brane glycoproteins with a broad range of physiological func-
tions, making the method applicable to various studies in the
life sciences investigating cell surface proteins.

BACE Activity Modulates the Protein Composition of Neu-
ronal Surface Membranes—Inhibition of BACE1 increases
neuronal surface levels of some of its substrates, including
SEZ6, SEZ6L, and CNTN-2, which led to the hypothesis that
BACET1 cleavage is a general mechanism to control the levels
of its substrates at the cell surface (19, 36). However, this
hypothesis has not yet been tested for the numerous addi-
tional BACE1 substrates. Moreover, BACE1, which has an
acidic pH optimum, does not cleave its substrates at the cell
surface, but in the endosomes and the trans-Golgi network
(14, 37), thus questioning whether BACE1 can generally con-
trol surface levels of all its substrates.

To resolve this open issue, we used SUSPECS and deter-
mined how pharmacological BACE1 inhibition with the estab-
lished inhibitor C3 (38) affects the neuronal surface proteome.
Although C3 also blocks the BACE1-homolog BACE2, we

Fic. 2. SUSPECS labels cell surface membrane proteins. COS7 cells were cultured with and without Ac,-ManNAz, as indicated, and
subjected to click chemistry mediated biotinylation with sulfo-DBCO. Biotinylated glycoproteins were detected with fluorescein-conjugated
streptavidin (streptavidin-DTAF, green) and nuclei were stained with Hoechst dye (blue). A, Cells cultured in presence of Ac,-ManNAz showed
a clear streptavidin-DTAF signal on the cell surface, whereas no fluorescent signal could be detected in the cytoplasm or internal structures
of the cells (upper panel). When no Ac,-ManNAz was present, streptavidin-DTAF staining did not yield a signal (lower panel). Scale bar: 10 um.
Inset: Schematic representation of three confocal planes shown in Fig. 2B with a higher magnification. B, In the bottom plane streptavidin-DTAF
signal (green) visualizes contact sites of the cells to the glass coverslip, including focal adhesions (filled arrowheads) and filopodia (clear
arrowheads). The mid plane shows the cells as in Fig. 2A. A clear streptavidin-positive rim around the cells represents the biotinylated proteins
located at the cell surface. Hoechst-stained nuclei are shown in blue. No streptavidin-signal was detected in the cytoplasm. The top plane also
demonstrates staining at the plasma membrane. Scale bar: 5 um. C, Primary neurons were labeled using the SUSPECS method and surface
proteins were enriched by streptavidin pulldown from 25 times (25X) the volume compared with the volume loaded for the total lysate. Total
neuronal lysates and SUSPECS-enriched proteins (surface) were subjected to immunoblotting for subcellular markers. NEO1, GluR2,
MT4-MMP, RGMa are cell surface proteins and were enriched. Golgin-97 (Golgi marker), calnexin (ER marker) and actin (cytoskeletal protein)
are not located at the cell surface and were depleted in the SUSPECS-labeled surface samples. D, Quantification of results in C. Shown are
ratios of the intensities at the surface divided by the intensities in the total lysates (corrected by the factor 25 accounting for the different
volumes). Ratios are expressed in percentage compared with the lysates. Given are means + S.E.M. of n = 6 experiments.
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Fic. 3. Topology and protein classification of identified transmembrane glycoproteins. A, Glycosylated transmembrane proteins (691)
identified with minimum 2 unique peptides in at least 3 measurements were classified using Uniprot ‘subcellular locations’: shown are
single-pass type | membrane proteins (TM1), single-pass type Il membrane proteins (TM2), single-pass type Ill membrane proteins (TM3),
single-pass type IV membrane proteins (TM4), GPl-anchored (GPI) and multipass membrane proteins (Multi pass). B, Classification of identified
proteins was done using the PANTHER (protein annotation through evolutionary relationship) classification system. Total number of proteins
in each class is given and their percentage relative to all classified proteins that were functionally annotated in PANTHER. Note that individual
proteins may fall into multiple functional classes in PANTHER. Sub-categorization of the 5 main protein classes as well as an overview of the
remaining, other categories is shown as pie charts under each class. Relative percentages of functional classes in each category are given

below the pie charts.

assume that changes in the surface proteome are because of
BACE1 inhibition, because BACE1, but not BACE2, is highly
expressed in neurons (14, 39). Overall, 471 transmembrane
glycoproteins were consistently relatively quantified in at least
three biological replicates, subjected to statistical evaluation,
and are displayed in a volcano plot (Fig. 4). BACE1 substrates,
which comprise mostly single-span and GPI-anchored pro-
teins, were expected to show increased or unaltered protein
levels upon BACE1 inhibition, whereas altered abundance
of nonsubstrates would point toward secondary effects of
BACE1 inhibition. Benjamini-Hochberg correction was ap-
plied to correct for multiple hypothesis using a 5% false
discovery rate (FDR) (40) which resulted in g = 0.0022 (Fig. 4).
Overall, 16 single-span transmembrane proteins (including
GPI-anchored) remained significantly increased upon BACE1
inhibition after multiple hypothesis testing (Table I). Addition-
ally, three multipass membrane proteins (LMBRD1, TSPANG,
TTYHS3) were enriched and two multipass membrane proteins
(SCL38A3, UBAC2) had decreased levels upon BACE1 inhi-
bition after FDR correction.

The significantly enriched proteins can be grouped into
three different categories: mildly increased (<1.5-fold), mod-
erately increased (1.5 < fold-change < 2), and strongly in-
creased (>2-fold). Nine proteins showed a mild increase
(<1.5-fold), three multispan membrane proteins a moderate
increase (>1.5 fold, but < 2-fold) and seven proteins had a

strong increase (>2-fold, up to 7-fold) (Fig. 4). Six out of the
seven proteins with the strongest increase (>2-fold) are sin-
gle-span and GPl-anchored proteins and are known BACE1
substrates: APLP1, CNTN2, CHL1, SEZ6, SEZ6L1 and APP
(14, 15, 18, 19, 41). SEZ6, SEZ6L, CNTN-2, APP, APLP1, and
CHL1 were previously known to be enriched at the neuronal
surface upon BACET1 inhibition (15, 19, 36, 42, 43). The sev-
enth protein in this group is PLDS3, a type Il membrane protein,
which is studied in AD research (44-46). In the group of
proteins with a mild increase, one more known BACE1
substrate (L1CAM) and a BACE1 substrate candidate
(TMEM132a) were detected (9, 15, 16). For LICAM an accu-
mulation on the membrane has not been shown so far (see
supplemental Data S1 for a complete list of 471 proteins). The
other single-span membrane proteins in the mild enrichment
category, such as PODXL2 and CADM2, may be additional
BACE1 substrates or be enriched as a secondary conse-
quence of BACE1 inhibition. Taken together, the identification
of known BACE1 substrates among the enriched proteins
demonstrates that BACE1 can control surface levels of its
substrates beyond the previously investigated proteins. Yet,
the list of 471 quantified transmembrane proteins also con-
tains several other BACE1 substrates or substrate candi-
dates, which did not show FDR-significant changes of their
surface levels. This includes DNER, SEZ6L2, GLG1, LRRN1,
and NTM demonstrating that BACE1 does not lead to a sig-

1494

Molecular & Cellular Proteomics 17.8


https://doi.org/10.1074/mcp.RA118.000608

Surface Glycoproteomics of Neurons

77 1.5-  2-fold increase
1 1 =
| | Pc.qh19 f\jptn‘ Slet2a7 +q=0.002
Sic4a3
I | Cnnm4
64 | I Tpente Lphin2 /.5"’“’1 3 oErbbd +-Scarb2
| | ® Chi1 Lings? kl_r;é:dzoo
osir2
: I PbY jigh1e Fat4
Sppi2b ¢ e-Lrmtm2
I | pom oCldnd1 ¢-Adam22
() o n «Dner
S 5 Pod>:|2 I I Aplp1 ® oNnnt o N3 g q o-Ldir
= tprs
g | | wp1 «Cxadr ‘Icam;i *Atlﬂbz._GpC1
a I I o Cntn2 Lrrc4t® Gadm1  Brinp2 “APCG2 +-Podx
Nign3-+  ®Robo2 «-Slc7a5 *Ntng2
o | | NIgn2 g2
~ 4 < Plxnbg. Cnnm3 l(.,s|00331 Adam1.5‘3|0233 méb
2 Pi7 | | Sotmrs RPN YS! e Emb ;%Etnapz - Gpe2
- Cadm2e, I 132 : Agr® Abcat” Slcf:?az 1L3rcr)c “slosan o Thy:{ hb1
mem132e ® Sez6l mem p
14 Robo, tyh3 | ‘ Pixrib1 -PM"3 Sstr2—¢"_e-Lsamp,? Clmp +-0mg o-Ppap2b
= 3 Cntn6e| ®Tspan6 “Lpcat3 ~ Cdn13 \ pap p=0.05
S J ) ) ; ) )
© Slc38a3 Sic3a2y o Plmbrat) a3 02 03 04 0’5 06 07 Log2 C3IDMSO
g JUbac2 Tt fTmemtS2as S %app T . _ _ _ . q=0.0022
c |
Man2a2@ . Semadb
b |
Mboat7
> b, [ ] ?xcr4
Shisal Bai3
o
_______ OIEPa_”?’________________p=0_05
col
© D q>%
o ©
?
n ; L L L]
-1 0 1 2 3
Log2 C3/DMSO
® TM1+GPI ® TM2 ® TM3 ® Multi pass filled: p<0.05

Fic. 4. Pharmacological BACE1 inhibition selectively changes the neuronal surface glycoproteome. Changes of glycosylated trans-
membrane proteins after BACE1 inhibition represented in a volcano plot. Dots and circles illustrate 471 proteins that were quantified in at least
3 biological replicates. Blue: transmembrane type | and GPIl-anchored proteins (TM1+GPlI), black: transmembrane type Il proteins (TM2), red:
transmembrane type Il (TM3) proteins, and gray: multipass membrane proteins (Multi pass). The log2 fold change of BACE1 inhibition over
control (Log2 C3/DMSO) is plotted against the negative log10 of each protein’s p value according to one-sample t test. Filled dots represent
proteins with a p value less than 0.05 (neg. log10 = 1.3; lower horizontal dashed line) and open circles symbolize proteins with a p value higher
than 0.05. Benjamini-Hochberg correction was applied for glycosylated membrane proteins to control for false discovery rate with 5% and is
marked with the higher dashed line (9 = 0.0022). 106 proteins have a p value smaller than 0.05 and 21 proteins meet the significance criteria
after false discovery rate based multiple hypothesis testing. Vertical dashed lines indicate a fold change of 1.5 and 2. Magnified box shows
changes of proteins between p = 0.05 and g = 0.0022 up to a 2-fold increase.

nificant alteration of the surface levels of all its known
substrates.

Validation of Regulated Cell Surface Proteins in Primary
Neurons and BACE1-deficient Mouse Cortices—To validate
the proteomic data by employing an orthogonal method, we
treated primary neurons as above in an independent ex-
periment and used immunoblots for protein detection after
SUSPECS labeling and pull-down (Fig. 5). We have chosen
selected BACE1 substrates that either had shown a signifi-
cant increase (APLP1, SEZ6, SEZ6L), a mild, but not signifi-
cant, increase (DNER) or no increase at all (SEZ6L2) in the
proteomic data set. Additionally, we have chosen a presumed
nonsubstrate with an increase (TSPAN6) and a known non-
substrate MT4AMMP (MMP17) (11). The increase for APLP1,
SEZ6, SEZ6L and TSPAN6 observed by mass spectrometry
(MS) was comparable to the significant increases seen in
immunoblots (IB) (APLP1: 7.5X (MS) versus 7X (IB), SEZ6:
2.9% (MS) versus 3.6X (IB), SEZ6L: 2.6 X (MS) versus 1.8X

(IB), TSPANG: 1.8 (MS) versus 3.5 (IB)) (Fig. 4 and 5A, 5B).
Likewise, the unaltered abundance of SEZ6L2 and MT4MMP
was validated by immunoblots. Also, for DNER the mild in-
crease (< 1.5x) in the proteomic experiment was confirmed by
immunoblot, demonstrating the reliability of the mass spec-
trometry-based quantification of SUSPECS labeling. Interest-
ingly, although the mild increase of DNER levels was not
significant after FDR correction in the proteomic experiment,
it did reach significance in the immunoblot quantification (Fig.
5A, 5B).

From the same experiments, we also blotted the total cell
lysates, which comprise the cell surface proteins, but also the
intracellular proteins, including those in intracellular organ-
elles. Protein changes in the total lysate were like the changes
at the surface (Fig. 5A, 5B). SEZ6 and SEZ6L in the cell lysate
displayed two protein bands in immunoblots, one carrying the
immature N-glycosylation typical for a protein in the endo-
plasmic reticulum and Golgi (immature SEZ6 and SEZ6L) and
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TABLE |
Significantly changed single-pass membrane proteins and GPI-anchored proteins. False discovery rate-corrected significant proteins are sorted
by their effect size (C3/DMSQ). Proteins are shown with their Uniprot accession number (Uniprot AC), their topology, change in surface levels
detected upon BACET inhibition over control (C3/DMSQ), and references in case that they were described before as BACE1 substrates

Uniprot AC  Gene name Protein name Topology C3/DMSO  p value References
Q03157 Aplp1 Amyloid precursor-like protein 1 Type 1 7.45 9.72E-06 (9, 15-19)
Q61330 Cntn2 Contactin-2 GPI 4.08 3.88E-05 (9, 15,18, 19)
P70232 Chi1 Close homolog of neural cell adhesion molecule L1 Type 1 3.43 1.29E-06 (9, 15, 18, 19)
Q7TSK2 Sez6 Seizure protein 6 Type 1 2.88 1.38E-03 (9, 18, 19)
Q6P1D5 Sez6l Seizure 6-like protein Type 1 2.60 4.06E-04 (9, 17-19)
035405 PId3 Phospholipase D3 Type 2 2.30 1.45E-03

P12023 App Amyloid beta A4 protein (APP) Type 1 2.07 1.76E-03 (9, 15-18)
Q922P8 Tmem132a Transmembrane protein 132A Type 1 1.49 2.11E-03 (9, 16)
Q9JMB8 Cntn6 Contactin-6 GPI 1.44 7.61E-04

P11627 Licam Neural cell adhesion molecule L1 Type 1 1.35 1.46E-03 (9, 15, 16)
Q8BKG3 Ptk7 Inactive tyrosine-protein kinase 7 Type 1 1.34 2.13E-04

Q8BLQ9 Cadm2 Cell adhesion molecule 2 Type 1 1.33 2.85E-04

Q6IEE6 Tmem132e  Transmembrane protein 132E Type 1 1.31 4.50E-04

Q8CAE9 PodxI2 Podocalyxin-like protein 2 Type 1 1.30 1.32E-05

P10852 Slc3a2 4F2 cell-surface antigen heavy chain Type 2 1.29 1.57E-03

089026 Robo1 Roundabout homolog 1 Type 1 1.20 4.33E-04 (16)

one with a larger molecular weight carrying complex glycans
(mature SEZ6 and SEZ6L) (19). At the cell surface only, the
mature forms were detected (Fig. 5A). Interestingly, in the
lysate, where both forms were detected, only the mature form
but not the immature form was increased, which is consistent
with BACE1 being active in post-Golgi compartments, such
as trans-Golgi network and endosomes (37, 47, 48).

Given that increased protein levels were not only visible at
the neuronal cell surface, but also in total neuronal lysates, we
further validated the SUSPECS data in vivo using postnatal
day 7 wild-type and BACE1-deficient mouse brain cortices.
We have chosen proteins that are well detected in mouse
brain by immunoblots. As cell surface labeling is not possible
in brain extracts, membrane fractions containing membrane
proteins and membrane-associated proteins were generated
and blotted for several BACE1 substrates (APLP1, SEZ6,
SEZ6L, SEZ6L2, and DNER) and for apparent nonsubstrates
(TSPANSB) (Fig. 5C, 5D). Like the observations in primary neu-
rons, levels of APLP1, SEZ6 and SEZ6L were increased in
BACE1 "/~ brains, although the effect size was not as strong.
In contrast to neurons, no significant change in protein level in
brain cortices was observed for DNER and TSPANG (Fig. 5C,
5D). Unlike BACE1, which is most highly expressed in neu-
rons, both DNER and TSPANG6 are also expressed in other
brain cell types (49), where their levels may be controlled by
proteases other than BACE1. This would explain increased
full-length levels of both proteins specifically in neurons, but
not in brain tissue upon BACE1 inactivation. SEZ6L2, which
was not changed in neurons, was also not changed in the
BACE1-deficient brains. Taken together, these results dem-
onstrate that the BACE1-dependent accumulation of selected
membrane proteins seen by SUSPECS was validated by im-
munoblots in vitro in primary neurons and in vivo in mouse
brains.

BACET1 Differentially Regulates Surface and Secretome
Levels of its Substrates—Using the SPECS method for secre-
tome analysis we previously reported that different substrates
are cleaved by BACE1 to different extents (9). Some sub-
strates were only cleaved by BACE1, such that BACE1 inhi-
bition nearly completely blocked substrate cleavage and ect-
odomain release into the secretome, e.g. for SEZ6, APLP1,
L1CAM, and CHL1. However, other substrates were also
cleaved by additional proteases, such as ADAM10 in the case
of APP and DNER, so that BACE1 inhibition only led to a mild
reduction of total ectodomain cleavage. To test whether a
strong reduction in the secretome is typically coupled to a
strong increase at the surface, we carried out a substrate
meta-analysis comparing the effect size of surface increases
obtained by SUSPECS to the secretome changes obtained
previously by SPECS (Figure 6) under the same conditions,
where primary neurons were treated with the BACE1 inhibitor
C3(9).

Four out of the six substrates, which showed the strongest
(2-7-fold) surface increase by SUSPECS (APLP1, SEZ6,
SEZ6L, CHL1), also had the most pronounced reductions in
the secretome, ranging from 4-35% of cleavage remaining
(Fig. 6). Conversely, DNER, SEZ6L2 and TMEM132a had a
mild (<1.5-fold) or no increase of surface levels and only a
mild reduction (20-40%) of their secretome levels. Thus,
there is a reasonable correlation between changes at the
surface and in the secretome for several substrates. Yet, a
lack of correlation was observed for other substrates. APP
and CNTN2 belonged to the group of substrates with strong-
est surface increases, but only showed a mild reduction of
less than 40% in the secretome. The opposite was seen for
additional substrates. For example, L1CAM, which showed a
mild (1.35-fold) increase in cell surface levels, is one of the
proteins with the strongest reduction in the secretome (21%

1496

Molecular & Cellular Proteomics 17.8



Surface Glycoproteomics of Neurons

A SURFACE TOTAL LYSATES B
SURFACE
DMSO 3 DMSO c3 e
kDa _ 157
— o — 5 .
100_] r APLP1 Ie) .
o e es - 2
250 _4 o 107 -
[
- ow .o @9 @S SEZ6 5 - * i .
- L]
meeNm 3 5
g) Y L L]
e L= ] sTe N
o] — [ SEZ6L ;Z'E J= . s —E'. e e b . WS
C3 - + - + - + - + - + - + - +
0 S5 B MW S0 W #e | DNER APLP1 SEZ6 SEZ6L DNER TSPAN6  SEZ6L2  MT4MMP
TOTAL LYSATES
- -
BN | tseans ™87
*kk
37_ = EE
g .
()
Too_| W W e - - - — SEOZ 2o .
5 Hkkk
kel
MT4MMP . eren
50_] 2 s
50— % *k *k oo
Actin @
e e = e °te N % E-
el - v oz LR R
0
C3 - + - + - + - + - + + - +
APLP1 SEZ6 SEZ6L DNER TSPAN6  SEZ6L2  MT4MMP
C kDa WT B1-/- D
100 S | apLP
l< -
250 = ol
= seze ; °
o 31 °
g’ * *
— - 5
SEZ6L o 27 ..' g
150 k) o
2 T = spe T :
= 4 o~ = J ol —]e
[ -] o $ + - = v - & T &
5 TSPANG 0 L
wT B1 -~ wT B1 -/~ wT B1-- wT B1-- wT B1-/- wT B1 -~
APLP1 SEZ6 SEZ6L DNER TSPAN6 SEZ6L2

50| D | . o

50—
BACE1

50
Actin
- —

Fic. 5. Validation of identified surface protein changes by immunoblot. A, Primary neurons were treated with DMSO as control or the
BACE inhibitor C3 and subjected to SUSPECS. Streptavidin-enriched glycoproteins from the surface and proteins in the total lysates were
analyzed by immunoblotting. Actin was used as loading control and to evaluate the purity of the enriched surface protein fraction. No actin
signal was detected in the surface fraction. Note: The vertical dashed line in the APLP1 blot indicates that the samples were run on the same
gel and next to each other, but were loaded in reverse order (first total lysates then surface). For illustrative purposes, order was changed. B,
Signals were normalized to actin levels (total lysates) or MT4AMMP (surface) and ratios were quantified relative to the control condition (DMSO).
APLP1, SEZ6, SEZ6L, DNER, and TSPANES significantly increased in total lysates (upper panel) and on the cell surface (lower panel). Statistical
testing was performed with n = 6-11 replicates, using the Mann-Whitney-U test with the significance criteria of p < 0.05. C, Membrane
fractions of postnatal day 7 (P7) BACE1-knockout (B1—/—) and wildtype (WT) mouse cortices were investigated by immunoblotting for protein
accumulation in vivo. Actin- or calnexin-normalized signals were compared and quantified. Ratios are shown relative to the control (WT). APLP1,
SEZ6, and SEZ6L showed significant accumulation in the membrane fraction of B1—/— cortices. DNER, TSPANG, and SEZL2 levels did not
increase significantly in B1—/— cortex membranes. Statistical testing was performed with n = 6 replicates, using the Mann-Whitney-U test with the
significance criteria of p < 0.05. (APLP1: arrowhead = specific bands, asterisk = unspecific signals; SEZ6: m = mature, im = immature).
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Fic. 6. Meta-analysis of changes in surface proteome to secretome after BACE1 inhibition. Protein level changes on the surface after
BACE1 inhibition (as in Fig. 4) were compared with their changes in the secretome (according to Kuhn et al. 2012, (9)) for all BACE1 substrates
and substrate candidates. Proteins are sorted from a strong reduction in the secretome to a mild and no change (arbitrary criteria of = 15%,
blue bar; blue dotted line indicates 100% protein level in control conditions) (light gray bars) and compared with their protein level on the

surface (dark gray bars).

remaining). Likewise, GLG1, LRRN1, and NTM had their
cleaved ectodomain levels reduced by more than 65%, but
did not reveal a significant increase at the cell surface.

Taken together, the comparison of the SPECS and
SUSPECS results reveals important insights into the molecu-
lar consequences of BACE1 inhibition in neurons. We con-
clude that loss of BACE1 substrate cleavage is partly coupled
to corresponding substrate level increases at the neuronal
surface.

DISCUSSION

Cell surface membrane proteins have a fundamental role for
cell signaling in health and disease and may be proteolytically
released into a cell’s secretome, where they can have addi-
tional functions in cell-cell communication. Here, we demon-
strate that SUSPECS is a new method for enrichment, iden-
tification, and quantification of the cell surface proteome.
SUSPECS identified nearly 700 transmembrane glycoproteins
at the surface of primary murine neurons and demonstrated a
selective role for the protease BACE1 in remodeling the neu-
ronal surface proteome.

SUSPECS compares well to two previously developed
methods for surface protein biotinylation, cell surface captur-
ing (CSC) and periodate oxidation and aniline-catalyzed
oxime ligation (PAL). As described in more detail in the intro-
duction, CSC and PAL use a two-step chemical labeling,
where surface glycoproteins are first chemically oxidized and
then labeled with a biotin-containing reagent (7, 8, 50). In
contrast, SUSPECS uses a single chemical reaction based on
copper-free click chemistry, which makes the method easy
and fast to carry out.

In PAL and CSC sample complexity is strongly reduced by
focusing on the analysis of N-glycopeptides. To this aim,
PNGase F digestion is performed after tryptic digest to re-
lease the specific peptides containing the N-glycosylation
site. CSC typically identified a few hundred surface glycopro-
teins per cell type (7), which is like the nearly 700 proteins
identified here by SUSPECS. CSC was recently also used to
generate a cell surface protein atlas including 1296 mouse
and 1492 human cell surface glycoproteins from over 70
different cell types (51). PNGase F digestion may also be
carried out after SUSPECS protein enrichment and tryptic on
bead-digestion to focus on N-glycopeptides. Specific identi-
fication of the glycopeptides or biotinylated peptides has the
advantage of reduced sample complexity but comes with the
disadvantage that only few peptides are identified per protein
and can be used for quantitative proteomics. Therefore, we
have chosen to analyze all tryptic peptides in SUSPECS to
achieve reliable relative label free protein quantification, which
may also be feasible with CSC and PAL.

Recently, a method for enrichment and quantification of
biotinylated peptides called “direct detection of biotin-con-
taining tags” (DIDBIT) was developed, which reduces binding
of nonspecific proteins to beads (52). A modified version of
our protocol for cell surface labeling protocol may also be
combined with DiDBIT. Because glycans and not amino acids
are labeled in our SUSPECS protocol, the metabolic labeling
of amino acids would have to be performed using azidohomo-
alanine (AHA) (13), an amino acid analog of methionine which
contains an azido moiety, instead of Ac,-ManNAz. After biotin
labeling using sulfo-DBCO-biotin, DIDBIT could be employed
to quantify only biotinylated peptides (52). Yet, AHA is cyto-
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toxic and therefore requires a careful titration of subtoxic
concentration individually for each cell type.

A limitation of all three methods (SUSPECS, CSC, PAL) is
that they specifically enrich for glycosylated cell surface mem-
brane proteins. Yet, this limitation appears acceptable for
proteomic discovery experiments, given that a large fraction
of membrane proteins is indeed glycosylated (supplemental
Fig. S1). Moreover, compared with direct biotinylation of ly-
sine side chains in surface proteins, e.g. by sulfo-NHS-biotin,
the three methods SUSPECS, CSC and PAL allow tryptic
digest of the biotinylated proteins which is well suited for
subsequent mass spectrometric analysis.

An advantage of SUSPECS over the other cell surface
proteomics methods is the possibility to combine it with
SPECS for secretome analysis in the presence of serum or
other protein containing cell culture medium supplements, as
only newly synthesized cellular proteins are metabolically la-
beled with the click sugar. Serum and supplements are often
required for primary cells and to keep cells under physiolog-
ical conditions (13). Because of the metabolic labeling step,
SUSPECS is particularly useful for cells or tissues in culture,
whereas CSC and PAL may also be used with freshly pre-
pared cells or tissues that are not taken into culture as no
metabolic labeling step is required.

A comparison of surface proteome and secretome can yield
new and unexpected insights into biology. This is shown in
our study with the example of BACE1 inhibition, which selec-
tively remodeled a small fraction (4%) of the quantified sur-
face proteome (21 out of 471 proteins), including eight BACE1
substrates. This was unexpected, because under the same
conditions BACE1 inhibition reduced shedding of more than
30 substrates and substrate candidates in the secretome (9).
Potentially, BACE1 controls surface levels of more than the
eight substrates identified here, as seen with the protein
DNER. Although DNER did not show a significant increase at
the cell surface in the proteomic analysis when applying strict
multiple hypothesis testing corrections, we validated the mild
increase of DNER surface levels by immunoblot analysis.

The selective surface accumulation of only some substrates
upon BACE1 inhibition may result from different molecular
mechanisms. Several of the strongly (> 2-fold) accumulating
BACE1 substrates (APLP1, SEZ6, SEZ6L, CHL1) are nearly
exclusively cleaved by BACE1 in neurons and not by other
proteases (15, 19, 41), demonstrating that in the absence of
BACE1 activity no other protease compensates and conse-
quently the full-length membrane proteins accumulate within
cells and at the cell surface. Conversely, another substrate,
SEZ6L2, which is only partially shed by BACE1 and mostly by
other proteases (9), was not significantly increased at the cell
surface. However, a correlation between the extent of BACE1
cleavage and surface accumulation was not occurring for all
substrates, including CNTN-2 and APP. Both proteins are
also shed by other proteases, but still accumulated at the
neuronal surface upon BACE1 inhibition. The opposite was

seen for L1CAM, where shedding was nearly completely in-
hibited, but surface levels were only mildly increased. The
poor correlation seen for some substrates may result from
different molecular mechanisms. For example, if only a small
fraction of the substrate is shed, BACE1 inhibition may com-
pletely block shedding but only mildly increase surface levels
of the substrate, as it was seen for L1CAM. Another mecha-
nism explaining the selective surface substrate enrichment
might be the cellular compartment where BACE1 cleaves its
substrates. BACE1 has an acidic pH and cleaves its sub-
strates in acidic cellular compartments, in endosomes and the
trans-Golgi network (14, 37). If BACE1 cleavage is blocked,
some uncleaved substrates may be transported to the cell
surface and accumulate. Yet other substrates, if uncleaved,
may not be transported further, but instead reside within
endosomes/TGN or be degraded, and thus, not accumulate
at the cell surface. As an additional mechanism it is conceiv-
able that BACE1 substrates with a long half-life could possibly
show a stronger accumulation upon BACE1 inhibition than
substrates with a short half-life, as an excess of the latter ones
may be rapidly degraded by other cellular mechanisms. Yet,
proteins with both a long and a short half-life are well detected
by SUSPECS because of the continuous labeling with the
click sugar. This is for example seen with the efficient detec-
tion of APP, a protein with a known half-life of less than one
hour (53, 54).

Even though only few proteins were increased at the neu-
ronal surface upon BACE1 inhibition, this may have conse-
quences for the function of the affected proteins, for example
for CNTN-2 and APLP1. Increased surface levels of the neural
adhesion molecule CNTN-2 were suggested to alter cell ad-
hesion, neurite outgrowth and axon guidance (36), and may,
thus, contribute to some of the phenotypes reported for
BACE1-deficient mice (55). APLP1 acts as a transcellular
adhesion molecule at the synapse (56). Altered APLP1 ex-
pression affects synapse formation in vitro and in vivo (57)
such that the increased APLP1 surface levels in BACE1-
inhibited and BACE1-deficient conditions may interfere with
synapse formation and maintenance, which are known to be
altered in BACE1-deficient mice (58-60). Additionally, also
loss of APLP1 results in reduced spine density in aged mice
(57). Not only substrates, but also apparent nonsubstrates of
BACE1, such as TSPANG6, accumulated at the neuronal cell
surface, suggesting that BACE1 inhibition may have more
potential mechanism-based consequences than expected.

In summary, SUSPECS is a new, easy, and rapid method
for determination of the cell surface glycoproteome. A major
strength of the method is that—beyond surface proteome
analysis—it can be combined with SPECS-based secretome
analyses in the presence of serum or other media supple-
ments within the same experiment. Although we have dem-
onstrated the power of the approach using the example of the
Alzheimer protease BACE1, other applications of combining
SUSPECS with secretome studies may range from cell-secre-
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tome changes under inflammatory conditions to cross-talk
between different cell types and the study of other cell surface
proteases, many of which have essential functions in (patho)
physiological conditions.
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