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ABSTRACT

Numerous membrane-bound proteins
undergo regulated intramembrane proteolysis
(RIP). RIP is initiated by shedding and the
remaining stubs are further processed by
intramembrane cleaving proteases (I-CLiPs).
Neuregulin 1 type III (NRG1 type III) is a
major physiological substrate of -secretase (5-
site APP cleaving enzyme 1; BACE1). BACEI1-
mediated cleavage is required to allow signaling
of NRG1 type III. Due to the hairpin nature of
NRG1 type III two membrane-bound stubs
with a type 1 and a type 2 orientation are
generated by proteolytic processing. We
demonstrate that these stubs are substrates for
three I-CLiPs. The type 1 oriented stub is
further cleaved by y-secretase at an ¢-like site 5
amino acids N-terminal to the C-terminal

membrane anchor and at a y-like site in the
middle of the transmembrane domain. The &-
cleavage site is only 1 amino acid N-terminal to
a V/L substitution associated with
schizophrenia. The mutation reduces
generation of the NRG1 type III f-peptide as
well as reverses signaling. Moreover, it affects
the cleavage precision of y-secretase at the y-site
similar to certain Alzheimer's disease
associated mutations within the Amyloid
precursor protein. The type 2 oriented
membrane-retained stub of NRG1 type III is
further processed by signal peptide peptidase-
like proteases SPPL2a and SPPL2b.
Expression of catalytically inactive aspartate
mutations as well as treatment with (Z-LL),
ketone inhibits formation of a N-terminal ICD
and the corresponding secreted C-peptide.
Thus, NRG1 type III is the first protein
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substrate, which is not only cleaved by multiple
sheddases but also processed by three different
I-CLiPs.

Regulated intramembrane proteolysis (RIP)
typically involves an initial shedding of a
membrane-bound protein followed by
intramembrane cleavage of the remaining
membrane-tethered stub  via  intramembrane
cleaving proteases (I-CLiPs) (1-3). All I-CLiPs are
polytopic proteases with their catalytic domains
embedded within transmembrane domains (TMDs)
(2). Intramembrane cleaving metallo-, serine-,
aspartyl-, and glutamyl-proteases have so far been
identified. The aspartyl-proteases belong to the
GxGD-type proteases, where GxGD describes the
consensus sequence around the N-terminal critical
aspartyl residue (4,5). The founding members of
this I-CLiP family are the presenilins (PS1 and
PS2), the catalytically active subunit of the y-
secretase complex (4,5). Besides PS, Aphla/b,
Nicastrin and Pen-2 are critically required for y-
secretase  assembly and  activity  (6,7).
Intramembrane proteolysis by y-secretase occurs
via multiple cleavages starting at an e-site close to
the C-terminal end of the TMD and ending after an
intermediate cut at a C-site at the y-site in the
middle of the TMD (8-10). y-Secretase processes
numerous membrane-retained type 1 oriented C-
terminal stubs (11). y-Secretase cleavage liberates
intracellular domains (ICD), which can be
involved in reverse signaling as well as small
secreted peptides such as Amyloid B-peptide (AP)
(6). However, in many cases Yy-secretase
processing may contribute to the final degradation
of membrane fragments (12). Whereas y-secretase
exclusively accepts type 1 substrates, type 2
oriented membrane fragments are cleaved by I-
CLiPs belonging to the signal peptide peptidase
(SPP) and SPP-like (SPPL) subfamily of
mammalian GxGD proteases (13). SPP/SPPLs
share structural features with PSs, including the
characteristic overall topology and the essential
catalytic GxGD motif (14). SPP cleaves ER-
resident substrates, which include, among others,
signal peptides (14) and tail-anchored ER proteins
(15). At least SPP and SPPL2b cleave type 2
membrane protein stubs following shedding
(13,16,17). Similar to some y-secretase substrates,
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ICDs liberated from their membrane anchors by
SPPL2a/SPPL2b have been reported to regulate
gene expression (17,18). For SPPL3 a rather
unexpected and exceptional function has been
shown very recently. SPPL3 sheds glycosyl
transferases, and thereby regulates their
intracellular activity (19).

Sheddases comprise proteases of the ADAM
(A Disintegrin And Metalloproteinase) and BACE
(beta-site APP cleaving protease) family as well as
several other mostly membrane-bound proteases.
BACE1 and ADAMI0 as well as ADAM17 play
pivotal roles in proteolytic processing of the -
amyloid precursor protein (APP). Whereas
BACE1 generates the N-terminus of A,
ADAMI10 and ADAMI17 prevent amyloidogenesis
by cleaving within the Af} domain (6). However,
sheddases have numerous substrates. For
example, for BACE1 more than 30 different brain
specific substrates have been identified (20,21),
among them Neuregulin 1 type III (NRG1 type III)
(22,23). Shedding of NRG1 type IlI is initiated by
BACE1 or ADAM10/17 (Fig. 1A). This cleavage
exposes the epidermal growth factor (EGF)-like
domain to allow ErbB3 signaling, which is
required for myelination of the peripheral nervous
system during early postnatal development.
Consequently a BACE1 knockout in mice and
zebrafish selectively reduces myelination of the
peripheral nervous system (22,24). In contrast to
the processing of NRGI type I, shedding of the
hairpin structured NRGI1 type III not only
generates a type 1 but additionally a type 2
oriented stub (Fig. 1A) (25). The type 2 oriented
stub can be re-cleaved by BACE1 and ADAM17
to release a soluble EGF-like domain, capable of
paracrine signaling (24). Both membrane-tethered
stubs may undergo further cleavage for
degradation/signaling by I-CLiPs. For the type 1
oriented stub evidence exists that y-secretase
liberates an ICD, which is required for reverse
signaling (26,27). Furthermore, a schizophrenia-
associated single nucleotide polymorphism (SNP;
Valine to Leucine) close to the C-terminal end of
the NRG1 type III TMD (Fig. 1A) (28) appears to
result in an accumulation of the type 1 oriented
CTF (29), suggesting that y-secretase cleavage is
disturbed. Consistent with that finding BACE1
knockout  mice  exhibit  schizophrenia-like
behavioral phenotypes (30).

GTOZ '/ /Bqueas@ uo %eyiol|diqeausz - usyousn A WNuazZ zljoyw pH ® /ﬁJO'O(] ['MMM//Zdllu wioJj papeo jumoq


http://www.jbc.org/

We now demonstrate that NRG1 type III is
the first protein, which is a substrate for three
different I-CLiPs, namely y-secretase, SPPL2a and
SPPL2b. Moreover, we identified the
corresponding cleavage sites and could show that
the Valine to Leucine exchange, which is
associated with schizophrenia is only one amino
acid C-terminal to the initial cleavage site of y-
secretase. Furthermore, this mutation not only
reduces generation of the NRG1 type III -peptide
(NRG1-B) and signaling via the ICD but also
affects the cleavage precision of y-secretase.

EXPERIMENTAL PROCEDURES

cDNA constructs, primers, lentivirus production
and recombinant NRG1 [-peptide - Generation of
the rat NRG1 type III PBla (GenBank:
AF194438.1) cDNA construct and the V5-NRG1
type 1II cDNA construct containing an N-terminal
V5 tag (GKPIPNPLLGLDST) has been described
before (24). The FNRGAC-HA construct was
generated via PCR by inserting into the
pSecTag2A vector (Life Technologies) the
sequence of the NRGI1 type III C-terminal
transmembrane domain from the BACEI cleavage
site in the stalk region (M294) to K334 in the
intracellular domain. A flag tag (DYKDDDDK)
and a linker (IM) were inserted immediately N-
terminal of M294. At the C-terminus (K334) a
linker (GG) and a HA tag (YPYDVPDYA)
followed by two proline residues (to prevent
degradation) were added. The FNRGAE construct
contains the entire C-terminal sequence of NRG1
type III Bla starting with M294. This sequence
was inserted into the pSecTag2A vector by PCR
and a flag tag with a linker (IM) was inserted N-
terminal of M294. The FNRG-NTF-V5 construct
bears an N-terminal flag tag after M1 and
otherwise represents a C-terminally truncated
version of NRG1 type III Bla comprising the first
114 residues followed by a V5 tag. The construct
was generated by PCR and cloned into the
pcDNA3.1hygro+ vector (Life Technologies). For
matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF) mass-spectrometry (MS)
analysis of the NRGI1 C-peptides the V5-NRG-
NTF-Flag construct was generated by inverting the
tags of FNRG-NTF-V5 and adding an Alanine-
Proline motif at the C-terminus to prevent
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degradation by carboxypeptidases in cell culture
supernatants (19). The BACE1 c¢cDNA construct
was described previously (31) as were the
lentiviral expression construct NRG1 type III and
the production of lentiviral particles (24). The
schizophrenia-associated V to L mutation was
introduced into the respective constructs by
QuikChange mutagenesis (Stratagene). All cDNA
constructs were verified by sequencing
(oligonucleotide sequences are available upon
request). The synthetic NRG1 B-peptide used as
control comprises residues M294-V316 of NRG1
type Il MEAEELYQKRVLTITGICIALLV) and
was obtained from IRIS Biotech GmbH.

Stable cell lines, transfection and inhibitor
treatment - HEK293 cells were cultured in DMEM
with GlutaMAX (Life Technologies)
supplemented with 10% fetal calf serum (Sigma-
Aldrich). HEK293 cells stably expressing wild
type PS1 or the inactive mutant PS1 D385N were
described before (32,33). Likewise, HEK293 cells
inducibly overexpressing untagged human SPP as
well as C-terminally HA tagged human SPPL2a,
SPPL2b and SPPL3 and the respective active site
mutants were described previously (34-36). To
induce protease expression, the culture medium
was supplemented with 1 pg/ml doxycycline (BD
Biosciences) for at least 48 h before analysis. All
transient transfections were performed using
Lipofectamine 2000 (Life Technologies) following
the manufacturer’s instructions. For protease
inhibitor experiments fresh medium with or
without inhibitor was added for 16-24 h. The
following inhibitors were dissolved in DMSO and
used at the indicated final concentrations: Y-
secretase inhibitor DAPT (5 uM, Boehringer-
Ingelheim), BACELl inhibitor IV (5 uM,
Calbiochem), SPP and SPPL2a/2b inhibitor (Z-
LL);, ketone (20 uM, Calbiochem).

Primary neuronal culture, transduction, and
inhibitor treatment - Rat cortical neurons were
prepared according to a protocol described (37)
and cultured in neurobasal medium supplemented
with 2% B27 (Life Technologies), Pen/Strep, and
2 mM L-glutamine. At day 4 in vitro lentiviral
particles were added to the cells and incubated for
8 h after which the medium was exchanged. After
a 2 day recovery period inhibitor treatment was
performed for 16-24 h and conditioned media and
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cell lysates were analyzed by immunoblotting as
described below.

Antibodies - The monoclonal antibodies (mAbs)
10E8 and 4F10 directed against the BACEI-
cleaved neoepitopes in the NRGI1 type III stalk
region were described earlier (24) as was the mAb
specific for human SPPL3 (clone 7F9) (35). The
SPP antibody (clone SPP2:5H7) was generated in
rat and is directed against the linear epitope
RFDISLKKNTHTYF (amino acids 278 to 291) of
human SPP. The following commercial antibodies
were used: a-V5 tag (mouse mAb, 2F11F7, Life
Technologies; 1:5000), a-flag tag (rabbit pAb, F-
7425 and mouse mAb, M2, Sigma; 1:5000) a-HA
tag (rat mAb, 3F10, Roche and rabbit pAb, 6908,
Sigma; 1:5000), a-NRG1 C-terminus (rabbit pAb,
SC348, Santa Cruz Biotechnology; 1:2000-10000),
a-Calnexin (rabbit pAb, Enzo Life Sciences;
1:5000), a-Actin (mouse, mAb, Sigma; 1:5000), a-
APP C-terminus (rabbit pAb, Sigma; 1:1000).
Secondary antibodies were HRP-conjugated o-
mouse and a-rabbit IgG (goat pAb, Promega;
1:10000) or a-rat IgG (goat pAb, sc-2006, Santa
Cruz Biotechnology; 1:4000).

Cell-free vy-secretase assay - The cell-free v-
secretase assay used to generate the NRG1 ICD in
vitro was modified from a protocol published
previously (38). Briefly, post nuclear supernatants
were prepared from HEK293 cell lysates by
centrifugation (10°, 1000 g, 4°C) and cell
membranes were isolated by ultracentrifugation (1
h, 100000 g, 4°C). Membranes were resuspended
in 100 pl assay buffer (150 mM sodium citrate pH
6.4, 5 mM 1,10-phenantroline, supplemented with
4x protease inhibitor (Roche)) and incubated with
agitation at 37°C or 4°C for 3.5 h. The y-secretase
inhibitor L-685,458 (Calbiochem) was added to a
final concentration of 1 uM. The reaction was
terminated by placing the samples on ice and
membranes (P100) and supernatants (S100) were
separated by ultracentrifugation (1 h, 100000 g,
4°C). Membrane pellets were solubilized in lysis
buffer (20 mM sodium citrate pH 6.4, 1 mM
EDTA, 1% Triton X-100, protease inhibitor
(Sigma)) and analyzed by SDS-PAGE and
immunoblotting. The S100 fraction containing the
NRGI1 ICD was either subjected to immunoblot
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analysis or further processed and analyzed by mass
spectrometry.

Sample preparation, immunoprecipitation and
immunoblotting - Preparation of cell lysates and
conditioned media as well as sample analysis by
SDS-PAGE and immunoblotting were performed
as described (24) unless otherwise specified. For
immunoprecipitation conditioned media were pre-
cleared with 2-5 pl/ml (at least 20 pl) protein G
sepharose (PGS, 4 fast flow, GE Healthcare) for 1
h (all steps at 4°C with overhead rotation).
Thereafter antibody was added to the pre-cleared
conditioned media and the sample was incubated
overnight. After antibody binding PGS was added,
incubated for at least 3 h and collected by
centrifugation (5> 2000 g). The following
antibodies were used as agarose bead conjugates,
similarly incubated overnight and also collected by
centrifugation: a-flag tag (mouse mAb, M2,
Sigma) and a-HA tag (mouse mAb, HA-7, Sigma).
Beads were washed 2x with STEN buffer (50 mM
Tris pH 7.6, 150 mM NaCl, 2 mM EDTA, 0.2%
NP-40) and H,O, eluted with SDS PAGE sample
loading buffer for 5’ at 95°C and isolated proteins
were analyzed by immunoblotting. NRG1-f was
separated on Tris-Tricine gels (10-20%, Life
Technologies) and transferred to nitrocellulose
membranes (0.1 pum, GE Healthcare). Upon
completion of the transfer and prior to incubation
with blocking solution NRGI1-B was additionally
denatured by boiling the nitrocellulose membrane
in PBS for 5°. To detect the N-terminal NRG1
ICDs  generated by  SPPL2a/2b-mediated
intramembrane cleavage of V5-NRG1 type 111 cell
membranes were isolated as described (36).

Immunoprecipitation and mass spectrometric
analysis (IP-MS) - IP coupled to MS analysis was
performed as described previously (24,39) using
an a-cyano-4-hydroxycinnamic acid matrix (in
0.3% trifluoroacetic acid, 40% acetonitrile, H,O)
and a MALDI-TOF Voyager DE STR mass
spectrometer (Applied Biosystems). Molecular
masses were calibrated with the Sequazyme
Peptide Mass Standards Kit (Applied Biosystems).
For mass spectrometric analysis of the NRG1-j,
conditioned media were immunoprecipitated with
the 10ES8 antibody and 20 ul of PGS as described
above. The NRG1 C-peptide peptide and the
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ANRG1-p peptide were precipitated with 20 pl of
a-flag tag agarose beads (mouse mAb, M2,
Sigma). After collection, beads were washed 3x
with IP-MS buffer (10 mM Tris pH 8.0, 140 mM
NaCl, 5 mM EDTA, 0.1% Octyl-B-D-
glucopyranoside) and 2x with H,O. Bound NRG1-
B and C-peptides were reduced and eluted by
adding 30 ul of 75 mM DTT to the agarose beads
and incubating the sample for 1 h at 30°C (with
agitation). After centrifugation (1’°, 17000 g, room
temperature), the DTT solution was aspirated,
transferred to new reaction tubes and evaporated
using a centrifugal evaporator (20°, 45°C). The
dried protein was solubilized in 15 pl of the matrix
solution. To detect peptides still bound to the
agarose beads, the latter were eluted for 5’ at RT in
15-20 upl of the matrix. Both samples were
transferred to a target plate and analyzed by
MALDI-TOF MS. NRGI1 ICDs generated with the
cell-free y-secretase assay were reduced and
alkylated prior to analysis by MS. Briefly, the
S100 assay fraction was adjusted to a final
concentration of 50 mM NH4CO; (final pH 7.5-
8.5), DTT was added (5.5 mM final concentration)
and the sample was incubated for 45” at 37°C (all
steps with agitation). Alkylation was performed
with 10 mM IAA for 45° at 37°C in the dark and
excess IAA was subsequently quenched with 16
mM cysteine for 5’ at RT. Afterwards 1 ml of IP-
MS buffer was added to the sample and ICDs were
immunoprecipitated with o-HA agarose (mouse
mAb, HA-7, Sigma). The beads were washed with
IP-MS buffer and eluted with matrix solution as
described above.

NRG]I cleavage and nuclear translocation assay —
The Gal4-VP16 (GV) transcriptional activator was
fused to the C-terminus of full-length mouse
NRGI type III wt, or NRGI1 type III V/L (40,41).
PC12 cells were transfected with NRGI1-III-GV
and reporter constructs containing five clustered
Gal4-dependent upstream activating sequences
(UAS) driving firefly luciferase expression upon
GV activity, thus measuring nuclear translocation
of ICD-GV (Fig. 5D). Bioluminescence was
monitored continuously in living cells, using the
LumiCycle 32-channel luminometer (Actimetrics),
as described previously (42).
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RESULTS
y-secretase cleavage generates a secreted
NRGI type Il B-peptide - Ectodomain shedding of
NRGI1 type III by BACEI and ADAM proteases
generates a membrane-retained - or a-C-terminal
fragment (CTF) of type 1 orientation (Fig. 1A),
which is a substrate for intramembrane proteolysis
by y-secretase (26,27). In analogy to the
processing of APP by BACE1 and y-secretase,
which leads to the release of AP, we therefore
expected the secretion of an Ap-like peptide of
NRGI1 type III (NRG1 B-peptide; NRG1-B) (Fig.
l1A) upon intramembrane processing. To
investigate this possibility we transiently expressed
NRGI1 type III in HEK293 cells and analyzed cell
lysates and conditioned media by western blotting.
Using an antibody against its C-terminus we
detected full-length NRG1 type III as two high
molecular weight bands and the NRG1 type III C-
terminal fragments at approximately 64 kDa in the
cell lysate (Fig. 1B, left panel). Co-expression of
BACEI reduced full-length NRG1 type III and
lead to an enhanced production of the CTF,
indicating increased turnover of NRG1 type III by
BACE1-mediated shedding (Fig. 1B). In line with
its role as y-secretase substrate, treatment of cells
with the vy-secretase inhibitor DAPT caused
accumulation of the CTF in the cell lysate (Fig.
1B). Shedding of NRG1 type III by BACEI at the
B-site and by ADAMs at the a-site results in the
generation of B- and a-CTF, respectively (24,43).
The heterogeneity of these fragments is reflected
by their differential migration behavior in Fig. 1B.
Since BACE1 cleaves closer to the membrane it
creates a smaller B-CTF than ADAMI10/17 (o-
CTF) (24). To specifically detect the B-CTF, we
used the monoclonal antibody 10E8, which
selectively recognizes the BACEI-generated N-
terminus of the B-CTF but does not detect the a-
CTF (24). This confirmed increased cleavage of
NRGI1 type III at the B-site upon co-expression of
BACE!1 (Fig. 1B).
v-Secretase cleavage is expected to
liberate the N-terminus of the NRGI1 type III B-
CTF (Fig 1A). We therefore used antibody 10ES to
immunoprecipitate NRG1-f from conditioned
media and indeed detected the peptide as a
fragment of approx. 4 kDa (Fig. 1B, lower panel).
Co-expression of BACE1 strongly increased the
amounts of NRGI1-f (Fig. 1B). Conversely,
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treatment with the y-secretase inhibitor DAPT
prevented generation of the NRG1-p and caused
accumulation of the B-CTF in the cell lysate
demonstrating that the identified peptide was
generated in a y-secretase dependent manner (Fig.
I1B). This was further confirmed with -cells
expressing a catalytically inactive PS1 D385N
mutant (PS1DN) (44), which prevented the release
of NRG1-f and caused the accumulation of CTFs
in the cell lysate (Fig. 1B, right panel). NRG1-f3
co-migrated with a synthetic peptide comprising
the 23 residues (M294-V316) of the stalk
immediately C-terminal of the BACE1 shedding
site (F293) (24,45) and the first half of the TMD.
This indicates that the y-cleavage site in NRG1
type III is located close to the middle of the
transmembrane domain. Both, the synthetic and
the secreted peptide migrated as a doublet
suggesting dimer formation (Fig. 1B). These
findings demonstrate that the combined cleavage
by BACEI and y-secretase releases NRG1- from
NRGI1 type III.

Identification of intramembrane cleavage
sites in the TMD of the NRGI type Il CTF - v-
Secretase processes its substrates in a step-wise
manner from the €- to the y-site in the C-terminal
half of the TMD and then releases small peptides
like AP into the luminal space (8-10). To identify
the y-cleavage site within the TMD of the NRG1
type III CTF, we immunoprecipitated NRGI1-8
from conditioned media with antibody 10E8 and
performed mass spectrometric analysis. One
peptide with a molecular mass of 2395.1 Da was
identified in the conditioned media of HEK293
cells expressing NRG1 type I (Fig. 1C&D). Its
molecular mass corresponds to a peptide
comprising residues M294 to L314 indicating -
secretase cleavage 21 residues C-terminal of the
BACEI1 cleavage site after L314 (Fig. 1D, see also
Fig. 3 & 4). Enhanced shedding upon
overexpression of BACEI strongly increased
generation of this peptide and revealed additional
minor cleavage products (Fig. 1 C&D). Mass
spectrometric analysis of conditioned media from
cells treated with DAPT or expressing a
catalytically inactive y-secretase variant (PS1DN)
revealed no signals confirming again the y-
secretase dependence of the NRGI1 B-peptide
secretion (Fig. 1 C). In summary, we identify L314
as a major y-secretase cleavage site responsible for
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the release of NRG1-f and show that this peptide
comprises 21 residues (M294-L314). L314 is
located almost equidistantly from the luminal and
cytoplasmic border of the NRGI type III C-
terminal TMD at a position similar to the y-
secretase cleavage site in APP that leads to the
generation of AP (compare to Fig. 4C & Fig. 10).

Primary neurons process NRGI type IIl to
release NRGI-f3- To confirm that endogenous
proteases in neurons also process NRG1 type III to
release NRG1-B we expressed NRG1 type III in
primary cortical neurons via lentiviral delivery.
Both full-length NRG1 type III and CTFs (a- and
B-CTF) were readily detected in the cell lysates by
an antibody to the C-terminus of NRGI1 type III
(Fig 2A). The neo-epitope specific antibody 10E8
was used to specifically detect the BACEI-
generated [B-CTFs. Treatment with a BACEI
inhibitor (BACEI inhibitor IV) abolished shedding
by BACEI1 as evidenced by the absence of the
BACE1-generated B-CTF and the accumulation of
the full-length protein. The slightly larger a-CTFs
that remain after BACEI inhibition are generated
through shedding by compensating ADAM
secretases at the a-site of NRGI type III (24,43).
As expected, blocking y-secretase with DAPT
resulted in elevated levels of CTFs but had no
effect on full-length NRG1 type IIL
Immunoprecipitation and western blotting with the
10E8 antibody revealed NRGI1-f in the
supernatant of neurons expressing NRG1 type III
(Fig 2A, lower panel). NRG1-p was absent in the
medium of neurons treated with BACEl or y-
secretase inhibitors (Fig 2A, lower panel).
Together these results demonstrate that NRG1 type
III is processed in neurons by endogenous BACE1
and y-secretase to release soluble NRG1-f.

To demonstrate that not only overexpressed
but also endogenous NRGI type III is processed
by y-secretase we treated neurons with DAPT.
Under these conditions endogenous NRG1 derived
CTFs but not NTFs accumulated (Fig. 2B)
demonstrating that NRGI type II is a
physiological substrate of y-secretase.
Accumulation of APP CTFs upon DAPT treatment
served as a control (Fig. 2B).

y-Secretase cleaves the NRGI type III CTF at
an g-site to release the NRGI ICD - After
identifying the y-cleavage sites (Fig. 1C&D) we
went on and determined the cleavage site(s), which
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allows liberation of the NRG1 ICD. We used a
well-characterized cell-free y-secretase assay (38)
to generate the NRG1 ICD for mass spectrometric
analysis. To this end we constructed FNRGAC-
HA, which comprises an N-terminal flag tag
followed by a short extracellular part, the TMD, a
short intracellular part as well as a C-terminal HA
tag (Fig. 3A). Truncation of the intracellular
domain of NRG1 type III was necessary since the
authentic domain (approximately 64 kDa) is too
large to allow an exact molecular mass
determination by MALDI-TOF MS. Due to the
short extracellular domain, y-secretase cleavage of
FNRGAC-HA does not depend on shedding.
Western blot analysis of the soluble fraction of the
in vitro assay performed with wild-type or non-
functional mutant (PS1DN) y-secretase revealed
de-novo generation of NRG1 ICD(AC) in a y-
secretase dependent manner (Fig. 3B). This was
further confirmed by blocking y-secretase cleavage
with the specific inhibitor L-685,458, which
abolished the generation of NRG1 ICD(AC) (Fig.
3B). In addition to the NRGI1 ICD(AC)
intramembrane cleavage of FNRGAC-HA also
generates a membrane-retained  N-terminal
fragment corresponding to a truncated NRGI1-f3
(ANRG1-B). Probably due to its hydrophobicity
this fragment was detected in the insoluble
fraction. Generation of ANRG1- depended on an
active y-secretase as its production is prevented in
in vitro assays using membranes derived from cells
expressing catalytically inactive PSIDN (Fig. 3B).

To determine the position of the e-like
cleavage site, the NRG1 ICD(AC) was immuno-
precipitated from the soluble fraction using a-HA
agarose beads and the isolated peptides were
analyzed by MALDI-TOF MS (Fig. 3C). A major
peak was observed at a molecular mass of 3030.4
Da corresponding to cleavage of the peptide bond
between C321 and V322 (Fig. 3C&D). No
peptides were detected when the in vitro assay was
carried out in the presence of the y-secretase
inhibitor L.-685,458, at 4°C, or when the PS1 loss-
of-function mutation PS1 DN was expressed (Fig.
3C) demonstrating that cleavage at the identified e-
like site is mediated by y-secretase.

Since different substrates were used to
determine the e- and y-cleavage sites (truncated
FNRGAC-HA versus full-length NRG1 type III)
we confirmed the position of the y-cleavage in the

Regulated intramembrane proteolysis of NRG1 type III

truncated FNRGAC-HA by MALDI-TOF MS.
This revealed that the cleavage sites were very
similar although the ratio of the individual
cleavages shifted slightly so that cleavage after
Leucine 315 became more prominent (Fig. 4
A&B). Such minor changes in the quantitative but
not qualitative cleavage pattern are probably due to
slight differences in substrate positioning at the
active site of y-secretase or antibodies used for
immunoprecipitation and have been described
before for a truncated Notch1 substrate (39,46).

Taken together these results suggest that the
NRGI1 type III ICD is released into the cytosol
through intramembrane cleavage at an e-like site
located in close proximity to the cytosolic
membrane border, whereas the y-cleavage, which
releases NRG1-p, occurs within the middle of the
TMD (Fig. 4C).

A single nucleotide polymorphism associated
with schizophrenia is located at the ¢-like site and
impairs y -and &e-cleavage - NRGI1 is a major
susceptibility gene for schizophrenia and many
disease-associated SNPs have been identified
(47,48). Whereas most disease-associated SNPs
are located in non-coding regions of the NRG1
gene, one SNP causes a Valine to Leucine
exchange at amino acid 322 in the C-terminal
TMD of NRG1 (28). Interestingly this mutation is
located immediately C-terminal of the e-like
cleavage site identified in Fig. 3 and could
therefore impact proteolysis by y-secretase.
Indeed, previous experiments in cell culture have
shown that the Valine to Leucine mutation causes
an accumulation of the NRG1 CTF while leaving
the levels of the full-length precursor unaffected
(29). Since this is indicative of an impaired
turnover of the mutant NRG1 CTF, we wanted to
investigate its impact on y-secretase cleavage in
more detail. To this end we generated a NRG1
type III construct harboring the Valine to Leucine
mutation (NRG1 type III VL) and expressed it in
HEK293 cells. Compared to cells expressing
wild-type NRG1 type III we detected slightly
increased levels of CTFs in cells expressing the
mutant protein (Fig. 5A). Co-expression of
BACE]1 led to a complete turnover of the full-
length precursor and exacerbated the difference in
the levels of wild-type and mutant CTFs. This
suggests that the Valine to Leucine mutation leads
to a reduction of y-secretase cleavage and therefore
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to an accumulation of the CTFs. When cleavage by
the y-secretase was blocked pharmacologically
using the inhibitor DAPT equal levels of CTFs
were detected in cells expressing the wild-type and
mutant NRG1 type III protein (Fig. 5A). Together
this demonstrates that the Valine to Leucine
mutation causes accumulation of the CTF by
impairing y-secretase cleavage but not by
increasing shedding of full-length NRG1 type III
(this is further confirmed by expressing FNRGAE,
see Fig. 5B).

As we discovered that y-secretase cleavage of
the NRG1 type III CTF releases NRG1-B (Fig. 1B
& Fig. 2A) we asked whether the Valine to
Leucine mutation also affects NRG1-f generation.
To allow a quantitative detection of the NRG1 f3-
peptide we generated the FNRGAE construct,
which comprises the entire CTF but lacks the
ectodomain of NRGI type III (Fig. 5B). Due to its
extracellular truncation FNRGAE is a direct
substrate for the y-secretase and enables
investigation of the Valine to Leucine mutation
independent of shedding. Transfection of HEK293
cells with FNRGAE allowed robust expression and
the construct’s N-terminal flag tag allowed
detection of secreted NRG1-B in the cell culture
media  without prior immunoprecipitation.
Supernatants from cells expressing the Valine to
Leucine mutant of FNRGAE contained
significantly less NRGI1-B compared to cells
expressing the wild-type construct while
simultaneously increased amounts of the
uncleaved precursor protein were detected (Fig. 5
B&C). The flag tagged peptide was detected as
monomer and higher, probably oligomeric,
molecular weight forms (Fig. 5B). As expected,
generation of NRG1-f was blocked upon treatment
of cells with the y-secretase inhibitor DAPT (Fig.
5B). Together these results demonstrate that the
schizophrenia-associated ~ Valine to Leucine
mutation close to the e-like site in the TMD of
NRGI1 type III impairs processing and release of
NRGI1-B by ry-secretase. These findings are
consistent with the previously observed increase of
mutant NRG1 CTFs (29).

Furthermore, the Valine to Leucine mutation
not only reduces NRGI1-f generation by cleavage
at the y-site but also affects e-cleavage. This was
shown by a live-cell reporter assay allowing to
measure NRG1 cleavage and nuclear translocation

Regulated intramembrane proteolysis of NRG1 type III

of the released NRG1 ICD. As shown in Fig.
SD&E, y-secretase-dependent processing of the
NRG1 Valine to Leucine mutation at the e-
cleavage site is reduced by approximately 30%,
and by more than 50% upon BACEl co-
expression. Treatment with the y-secretase
inhibitor DAPT abrogated the observed ICD
signaling confirming the y-secretase dependence of
the NRG1 ICD generation.

Thus the mutation reduces both, the initial ¢-
cleavage giving rise to the ICD as well as the final
y-cleavage resulting in the release of NRG1-f.

The schizophrenia-associated Valine to
Leucine mutation in NRGI type Il alters the
cleavage precision of y-secretase - As we observed
impaired y-secretase processing of the mutant
NRG1 type 111, we investigated whether the Valine
to Leucine mutation affects not only the extent but
also the precision of the y-secretase cleavage
similar to the mutations occurring in APP (49). To
this end NRGI1-f was isolated from the
supernatants of HEK293 cells expressing BACE1
and wild-type or mutant NRGI1 type III as
described above and analyzed by MALDI-TOF
mass spectrometry (Fig. 6A). Consistent with our
findings in Fig. 1C&D one major and several
minor NRGI1-B species were observed in the
supernatants of cells expressing wild-type NRG1
type III (Fig. 6A). The most abundant NRG1-$21
peptide is generated by y-secretase cleavage after
L314 whereas the shorter NRG1 B-peptides
NRG1-B20 and -B18 are derived from cleavages
after A313 and C311, respectively (compare Fig.
1C&D). Interestingly, an increase in the amount of
the NRG1-B20 relative to the NRG1-21 peptide
was evident in the mass spectra from supernatants
of cells expressing the NRGI type III Valine to
Leucine mutant (Fig. 6A). Using a semi-
quantitative  approach ~we determined the
abundance of the individual peptides by measuring
the areas under the respective peaks and
normalizing to the combined signal (total area)
derived from all NRGI-f species (Fig. 6B). This
revealed that the Valine to Leucine mutation leads
to an increase in the abundance of the NRG1-B20
peptide (27% vs. wild-type: 13%) and to a
concomitant decrease of the NRGI1-f21 peptide
(68% vs. wild-type: 83%). Thus, the Valine to
Leucine mutation in NRG1 type III shifts the
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cleavage precision of the y-secretase from L314 to
A313 and consequently the ratio of the secreted
peptides from NRG1-21 to NRG1-B20 (Fig. 6C).
The N-terminal stub of NRGI type Il is a
SPPL2a and SPPL2b substrate - Since type 2
oriented membrane proteins can be processed by
members of the SPP/SPPL I-CLiP subfamily (13),
we co-expressed N-terminally V5 tagged NRGI1
type III (V5-NRG1 type III) with SPP, SPPL2a,
SPPL2b and SPPL3 as well as their corresponding
catalytically inactive aspartyl mutations (DA, Fig.
7A) (50). Consistent with the results described
above, we detected full-length NRG1 type III as
two closely spaced high-molecular weight bands
(Fig. 7A). In line with our previous observation
(24) we also detect the NRG1 type III NTF at
around 80 kDa (Fig. 7A). In addition we identified
a novel smaller protein fragment of approximately
28 kDa (Fig. 7A). As this fragment retains V5
immunoreactivity we reasoned that it must
originate from a C-terminal truncation of NRG1
type III and will refer to this protein fragment as
NTF'. Since the molecular weight of NTF' is too
small to be derived from the dual BACEI cleavage
(24), it is likely that an additional shedding event
generates the smaller 28 kDa NTF' fragment from
the NTF (see also Fig. 1A). Upon co-expression
of V5-NRGI1 type III with wild-type SPPL2a and
SPPL2b, NTF' was reduced and a smaller peptide
appeared indicating a precursor product relation
(Fig. 7A). As this fragment was absent in cells
that express catalytically inactive SPPL2a
(D412A) or SPPL2b (D421A) (Fig. 7A) it likely
represents an N-terminal ICD (N-ICD) generated
by SPPL2a/SPPL2b. Co-expression of V5-NRGI1
type III with either SPPL3 or SPP did not allow N-
ICD generation (Fig. 7A). To further substantiate
that the generation of N-ICD is dependent on the
catalytic activity of SPPL2a or SPPL2b, (Z-LL),
ketone was used to inhibit the proteolytic activity
of the ectopically expressed I-CLiPs. (Z-LL),
ketone was initially identified as an inhibitor of
SPP activity (14), but also potently inhibits
proteolytic processing of TNFa (16) and Bri2 (34)
by SPPL2a or SPPL2b. While the NTF' of NRG1
type III was turned over in cells co-expressing
active SPPL2a or SPPL2b, treatment of these cells
with (Z-LL), ketone strongly reduced N-ICD
levels and resulted in the accumulation of the NTF'
(Fig. 7B). This demonstrates that the catalytic
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activity of SPPL2a or SPPL2b is essential for N-
ICD production. Taken together, these findings
demonstrate that NRG1 type III is cleaved by
SPPL2a or SPPL2b in HEK293 cells ectopically
co-expressing both substrate and protease.
However, no N-ICD formation was observed in
the absence of SPPL2a or SPPL2b overexpression
(Fig. 6A & B). Based on the fact that ICDs are in
general quite labile we sought to stabilize N-ICD
in HEK293 cells endogenously expressing
SPPL2a/b and SPPL3. Upon treatment with
Bafilomycin Al a low molecular weight V5
positive peptide was detected (Fig. 7C).
Generation of this peptide was inhibited by
simultaneous treatment with (Z-LL), ketone and
Bafilomycin Al (Fig. 7C). Together with the
finding that overexpressed SPP and SPPL3 failed
to generate N-ICD (Fig. 7A&B) this suggests that
N-ICD production is mediated by endogenous
SPPL2a/b (see also Fig. 8C).

A C-peptide is generated by endogenous
SPPL2 and SPPL2b - Typically, SPPL2a or
SPPL2b-mediated intramembrane proteolysis leads
to the generation of two characteristic cleavage
products, an N-terminal intracellular ICD and a
secreted C-peptide (13). In order to detect the latter
cleavage product in cells expressing endogenous
SPP/SPPLs, we generated a truncated NRG1 type
IIT construct that comprises amino acids 2 to 114
and bears an N-terminal flag and a C-terminal V5
tag to detect products (FNRG-NTF-V5, Fig. 8A).
We readily detected expression of FNRG-NTF-V5
in lysates of transiently transfected HEK293 cells
(Fig. 8B). When conditioned media of these cells
were subjected to a-V5 immunoprecipitation we
observed secretion of an approximately 5 kDa C-
peptide, which was absent in supernatants of
untransfected cells. Importantly, treatment of cells
with (Z-LL), ketone blocked secretion of the C-
peptide and led to the accumulation of its
precursor (Fig. 8B).  To further confirm that
endogenous SPPL2a and SPPL2b produce the C-
peptide, we reduced expression of these proteases
using RNAi. Western blot analysis confirmed
efficient knockdown of SPPL2a and SPPL3 (Fig.
8C). Note, that upon SPPL3 knockdown SPPL2a
is hyperglycosylated (Fig. 8C) in line with
previous findings (19). Efficient knockdown of
SPPL2b was confirmed by mRNA analysis (Fig.
8C, lower panel) due to the lack of an antibody
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detecting endogenous SPPL2b. Knockdown of
SPPL2a and SPPL2b abolished C-peptide
generation, whereas knockdown of SPPL3 still
allowed normal C-peptide generation (Fig. 8C&D)
demonstrating that indeed endogenous SPPL2a/b
activity mediates the C-peptide release.

Identification of the intramembrane cleavage
sites of the NRGI type III NTF' - To
unambiguously demonstrate that NRG1 type III is
subject to endoproteolysis within its N-terminal
TMD we determined the SPPL2a/SPPL2b
cleavage site(s) in NRG1 type III by MALDI-TOF
MS. We previously utilized truncated substrate
constructs that comprise an N-terminal V5 and a
C-terminal flag epitope tag to determine
SPP/SPPL cleavage sites and have also included
an Alanine-Proline motif at the very C-terminus to
prevent degradation by carboxypeptidases (19).
We now generated a similar NRG1 type III (amino
acids 2 to 114)-derived construct (V5-IIINRG-
NTF-Flag) and expressed this in HEK293 cells.
Flag tagged C-peptides were purified from
conditioned supernatants of transiently transfected
cells and subjected to MALDI-TOF MS (Fig.
9A&B). In DMSO-treated HEK?293 cells, we
detected one highly abundant and three less
abundant NRG1 type III derived peptides. The
highly abundant peptide was generated by
proteolytic cleavage following Cysteine 92 of
NRG1 type III, a site embedded within the
predicted N-terminal TMD (Fig. 9B&C). Two of
the minor cleavage products likewise originate
from proteolysis within the predicted TMD
(cleavage after Alanine 94 and Glycine 95,
respectively), while a third minor peptide occurs at
Isoleucine 104, immediately adjacent to the
predicted TMD. Importantly, all four cleavage
products were not observed in supernatants from
cells treated with (Z-LL), ketone (Fig. 9A).
Collectively, these data demonstrate that NRG1
type III is subjected to intramembrane proteolysis
also within its N-terminal TMD.

Thus, NRG1 type III is the first membrane
protein that is endoproteolysed by three different I-
CLiPs namely y-secretase, SPPL2a and SPPL2b.
Additionally, NRG1 type III also undergoes
processing by multiple sheddases including
BACE1, ADAMI10, ADAM17 and a further so far
unknown sheddase.
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DISCUSSION

NRG1 type III is probably one of the
membrane-bound protease substrates, which
undergoes the most complicated processing by a
multitude of intramembrane cleaving proteases and
sheddases (Fig. 1A). We now know that NRG1
type III is cleaved within its ectodomain by at least
three different proteases. These include BACEI,
ADAMI10 and ADAMI17 (22-24). Apparently,
BACEI] and to a lesser extend ADAMI0 and 17
"open" up the loop to allow exposure of the EGF-
like domain for ErbB3 signaling. Knockout of
BACEI1 therefore reduces NRG1 signaling leading
to a hypomyelination phenotype (22-24).
ADAMI10 and 17 can partially compensate
explaining why the BACE1 knockout does not
cause a total demyelination phenotype. However,
in addition BACEI, and also to some extend
ADAM17 can perform a second cut, which then
liberates the EGF-like domain to allow paracrine
signaling (24) (Fig. 1A). Moreover, the remaining
NTF is apparently further trimmed by a so far
unknown sheddase, which generates the 28 kDa
NTF' in Fig. 1A&7A. Thus, this is the first
example of a RIP substrate, which requires dual
shedding to allow subsequent cleavage by I-CLiPs.
Both membrane-retained stubs are subject to
intramembrane proteolysis. The CTF is cleaved
by y-secretase and generates an ICD as described
before (26,27). The physiological importance of
BACE1-mediated NRG1 type III shedding (22-24)
prompted us to investigate the subsequent
generation of NRG1-f3 by y-secretase. However, as
NRGI1 type III may also be shed by ADAMs we
assume that, in analogy to the processing of APP
into AP and p3 peptides (51), y-secretase cleavage
of NRGI type III also liberates a p3-like peptide
by utilizing the same intramembrane cleavage
sites. In that regard we now also describe the
production of NRG1-f3, which is released into the
extracellular space. Mass spectrometric analysis
allowed us to determine the cleavage sites for the
generation of both, the NRG1 type III ICD and the
NRG1-p peptide. The cleavage, which liberates
the ICD occurs after Cysteine 321 and is located
only 5 amino acids N-terminal to the membrane
anchor of the second TMD. This fits well with
previously identified e-cleavage sites for other y-
secretase substrates (Fig. 10) (52). Moreover, the
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cleavage site is exactly at the peptide bond
C321/V322 just one amino acid N-terminal to the
schizophrenia-associated V322L mutation (28).
Consistent with previous findings this mutation
affects the turnover of the CTF (29), which may
even be responsible for schizophrenia-like
phenotypes in BACE1-/- mice (30). In addition,
we now show that this mutation directly affects the
turnover by y-secretase since the Valine to Leucine
substitution significantly reduces not only the
production of NRGI-B, but also y-secretase
dependent reverse signaling. One may thus
speculate that either substrate accumulation due to
reduced degradation by y-secretase, cell
autonomous reverse-signaling via the ICD, or cell
non-autonomous signaling via NRG1-3 may be
involved in schizophrenia-associated pathogenesis.
Furthermore, similar to several familial
Alzheimer's disease associated APP mutations,
which occur within the C-terminal end of the APP
TMD (49), the Valine to Leucine mutation shifts
the cleavage at the y-site. The cleavage site of
NRG1-p is located after Leucine 314 right within
the middle of the TMD. This is consistent with the
step-wise intramembrane proteolysis of other y-
secretase substrates (Fig. 10), which begins at the
e-cleavage site close to the C-terminal end of the
TMD (53), followed by the T-cleavage and finally
terminates with the y-cleavage (8,9). These
cleavages are spaced by roughly 3 amino acids,
which may indicate proteolytic cleavages always
after one helical turn. Liberation of the NRG1
ICD may allow further reverse-signaling (26,27).
However, for the NRG1-f released on the other
side of the membrane no biological function is
known. In fact, for AP and all other known f-like
peptides the physiological role is not clear. We
therefore rather speculate that the additional C- and
y-cleavages may be required to fully remove the
membrane stub after initiation of the signaling
process by the liberation of the ICD. However,
even the latter may not always be involved in
reverse signaling. Although for the APP-ICD a
signaling role has been suggested (54), its function
and relevance are still unclear. The lack of a
nuclear localization signal, a DNA binding
domain, or a transcriptional activator domain
rather suggests that the APP CTF may undergo
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complete degradation via the triple intramembrane
cleavage (12).

The C-terminally truncated NTF' of NRG1
type III also undergoes intramembrane cleavage, in
this case by SPPL2a and SPPL2b, most likely in
the lysosomal/ late endosomal compartment. This
fits well with the strict preference of proteases of
the SPP and SPPL family for type 2 oriented
membrane proteins (55-57). Moreover, this makes
NRGI1 type III besides tumor necrosis factor o
(TNFa) (16,17), transferrin receptor 1 (TfR1) (36),
Bri2 (Itm2b) (34), the Foamy virus envelope
protein (FVenv) (35), and the FAS ligand (18)
another substrate of the SPPL2 subfamily.
Similarly to the y-cleavage of y-secretase
substrates, the NRG1 C-peptide is released by a
cleavage within the mid-region of the TMD.
However, in the case of SPPL2 substrates this
cleavage does not necessarily occur within the
mid-region of the TMD but can rather be located
between 0-9 amino acids away from the C-
terminal end of the TMD (Fig. 10). Moreover,
SPPL3 has recently been shown to liberate its
substrates via a cleavage close to or just at the
border of the TMD (19,35). This may have rather
interesting implications for differential substrate
requirements and substrate recognition
mechanisms for SPP/SPPL proteases and y-
secretase where the cleavage sites appear to be
rather conserved (13,56) As it is the case for y-
secretase cleavage of the CTF, SPPL2a/2b releases
a small peptide (C-peptide) into the extracellular
space. Again, one may speculate about the
function of the C-peptide and the ICD. Based on
the lack of any functional domain within the N-
ICD we rather speculate that this cleavage may
contribute to the final degradation of the NTF.

Taken together, NRG1 type III is the first
RIP substrate, which undergoes shedding by at
least three sheddases as well as intramembrane
proteolysis by  three  different  I-CLiPs.
Furthermore, a schizophrenia-associated mutation
is located only one amino acid C-terminal to the &-
cleavage site and not only reduces fy-secretase-
dependent turnover of the CTF but also affects
cleavage precision similar to some APP mutations.
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FIGURE LEGENDS

FIGURE 1 y-Secretase dependent generation of NRG1-B. (A) Regulated intramembrane proteolysis of
NRGI1 type III by three I-CLiPs and at least three sheddases. NTF' is a novel truncated NTF further
described in Fig. 6A. CRD, Cysteine-rich domain; V/L, schizophrenia associated V322L mutation. (B) y-
Secretase generates soluble NRG1-f from NRG1 CTFs. Wild-type HEK293 cells (left panel) and
HEK?293 cells stably expressing either wild-type (PS1 wt) or the proteolytically inactive PS1 D385N
mutant (PS1 DN) (right panel) were transfected with NRGI type III and with or without BACEI. y-
Secretase activity in wild-type cells (left panel) was inhibited with the specific inhibitor DAPT (5 uM).
Treatment with DMSO was used as control. Full-length (FL) NRG1 type III as well as the C-terminal
fragments generated by ADAM10/17 or BACE1 (a-CTF and B-CTF) were detected in the cell lysate with
a C-terminal antibody while the neo-epitope specific antibody 10ES8 selectively detected BACEI-
generated B-CTFs. Calnexin was used as loading control. Secreted NRG1-$ was immunoprecipitated and
detected using the 10E8 antibody. Enhanced BACE1 expression strongly increased NRGI1-f secretion
while inhibition of the y-secretase (DAPT) or expression of the inactive mutant (PS1 DN) abolished its
generation. (*) denotes an unspecific band. (C) Identification of y-cleavage sites by MALDI-TOF MS.
Supernatants of cells transfected with NRG1 type III and with or without BACEl1 were
immunoprecipitated with antibody 10ES8 and isolated peptides were analyzed using MALDI-TOF mass
spectrometry. Upon expression of BACEI the peak intensity of the main cleavage product (red arrow) was
strongly enhanced and additional but minor peptides were detected. Inhibition of y-secretase with DAPT
(5 uM) prevented NRGI-f3 generation as did expression of the catalytically inactive PS1 mutant (PS1
DN). (D) List of identified peptides and comparison of observed peptide masses to the calculated mass.
[M+H]" indicates a singly charged peptide.

FIGURE 2 y-Secretase mediated processing of NRGI type Il in primary neurons. (A) Proteolytic
generation of NRG1-f3 in primary cortical neurons. NRGI1 type III was expressed in primary rat cortical
neurons using lentiviral transduction. Cells were treated with a BACEI inhibitor (B1 IV, 5 uM), a y-
secretase inhibitor (DAPT, 5 pM) or DMSO as control. Full-length (FL) protein and the CTFs of NRG1
type III were detected in the cell lysate using an antibody against the C-terminus. The neo-epitope
antibody 10E8 was used to specifically visualize the BACE1l-generated B-CTFs. Calnexin served as
loading control. After immunoprecipitation with the 10E8 antibody NRGI-f was detected in the
supernatant of control cells. Inhibition of BACE!1 abolished generation of the B-CTF and consequently
secretion of NRG1-f. Treatment with DAPT caused accumulation of CTFs and prevented their turnover to
NRG1-B by y-secretase. (*) denotes a longer CTF probably generated by the BACE1/ADAMI17 cleavage
N-terminal to the EGF-like domain. (B) Proteolytic turnover of the NRG1 CTF by y-secretase. Neurons
were treated with DAPT (5 uM) or DMSO as control and proteins were detected in the cell lysate as
before. Note, that the NRG1 CTF but not the NRG1 NTF accumulates upon inhibition of y-secretase.
Accumulation of APP CTFs upon DAPT treatment served as a control. (*) denotes an unspecific band.

FIGURE 3 Generation of the NRG1 type III ICD by y-secretase and identification of the e-cleavage site.
(A) Schematic overview of the cell-free y-secretase in vitro assay. (B) Generation of the NRG1 ICD by v-
secretase in a cell-free assay. FNRGAC-HA was expressed in cells stably expressing either wild-type or a
catalytically inactive (DN) PS1 mutant. Cell membranes were used for the in vitro assay at indicated
temperatures. L-685,458 (1 pM) blocked y-secretase activity in the in vitro assay containing membranes
derived from cells expressing wild-type PS1. (C) Identification of the e-cleavage site in the C-terminal
TMD of NRGI1 type III by MALDI-TOF mass spectrometry. The soluble fraction (S100) shown in (B)
was immunoprecipitated with a-HA agarose and isolated peptides were analyzed using MALDI-TOF
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mass spectrometry. A peptide generated by cleavage after C321 (red arrow) was only detected when the
assay was performed with wild-type y-secretase at 37°C. Addition of the y-secretase inhibitor L-685,458
or expression of the catalytically inactive y-secretase (PS1DN) abolished all signals. (D) List of identified
peptides and comparison of observed peptide mass to the calculated mass. Note that two proline residues
at the C-terminus of FNRGAC-HA were added to prevent degradation. (*) Due to alkylation with [AA
prior to MS analysis the mass of each peptide is increased by 58.0 Da per cysteine residue. Italic letters
indicate the HA tag, [M+H]" a singly charged peptide.

FIGURE 4 y-Secretase processes FNRGAC-HA at the y-cleavage site similar to NRG1 type III. (A)
Identification of the y-cleavage sites of FNRGAC-HA by mass spectrometry. y-Secretase cleavage in cells
expressing FNRGAC-HA releases flag tagged ANRG1-B peptides into the cell culture media. ANRG1-f
peptides were immunoprecipitated with a-flag agarose and isolated peptides were analyzed using MALDI-
TOF mass spectrometry. Treatment with the y-secretase inhibitor DAPT (5 uM) prevented ANRG1-f
generation. (B) List of identified peptides and comparison of observed peptide mass to the calculated
mass. Italic letters indicate the flag tag which is followed by a linker (IM), [M+H] indicates a singly
charged peptide. (C) Schematic presentation of the y-secretase cleavage sites within the C-terminal TMD
(brown) of NRGI1 type III. y- and e- cleavage sites are indicated by green and blue arrows, respectively.
The BACE] cleavage site is shown for reference. A mutation caused by a SNP genetically linked to an
increased risk of schizophrenia is located only one amino acid C-terminal of the e-cleavage site (yellow
arrow).

FIGURE 5 A schizophrenia-associated V to L mutation impairs y-secretase cleavage and generation of
NRGI1-B and NRG1 ICD. (A) The V to L mutation inhibits processing of the NRG1 type III CTF by y-
secretase. Wild-type and mutant (VL) NRGI type III were expressed in HEK293 cells with or without
BACEI]. Cell lysates were prepared and full-length NRG1 type III and CTFs were detected with a C-
terminal antibody. CTFs accumulated in cells expressing the mutant as compared to the wild-type NRG1
type III. Inhibition of y-secretase cleavage (DAPT, 5 uM) led to further increased but equal levels of CTFs
in NRGI type III wild-type and VL mutant cells. Calnexin was used as loading control. (B) Reduced
generation of NRGI1-f in cells expressing the VL mutant. FNRGAE was expressed in HEK293 cells and
the N-terminal flag tag was used for direct detection of NRG1-B in the supernatant. Significantly more
NRG1-B was released from cells expressing the wild-type construct compared to the mutant.
Simultaneously, the mutant FNRGAE precursor accumulated in the cell lysate. Inhibition of y-secretase
with DAPT abolished generation of the NRG1-f and led to increased but equal levels of FNRGAE wild-
type and VL. Calnexin was used as loading control. (*) denotes an unspecific band. (C) Quantification
from 3 independent experiments: mean + SD, ***p<0.001, two-tailed unpaired Student’s t test. (D&E)
Generation and nuclear translocation of the NRG1 type III ICD is impaired by the V to L mutation. A
live-cell reporter assay shows reduced generation and translocation of the NRG1 ICD from the V to L
mutant (NRG1 III VL) compared to the wild-type (NRG1 III wt). This effect was particularly pronounced
when shedding was enhanced by BACEI co-expression. Conversely, upon DAPT treatment the signal was
equally reduced with or without BACE1 co-expression, demonstrating the y-secretase dependency of
reduced NRG1 III VL processing. Quantification of luciferase activity was done 24 h after transfection.

FIGURE 6 The schizophrenia-associated Valine to Leucine mutation affects cleavage precision at the y-

site. (A) y-Secretase cleavage of NRG1 type III after A313 is increased by the Valine to Leucine mutation.
Supernatants of HEK293 cells transfected with BACE1 and wild-type (wt) or mutant (VL) NRGI1 type III
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were immunoprecipitated with antibody 10E8 and isolated peptides were analyzed using MALDI-TOF
mass spectrometry. In supernatants from cells expressing wild-type NRG1 type III one major (NRG1-B21;
red arrow) and two minor (NRG1-B20 and -B18; yellow and purple arrow) peptides were observed which
are generated by y-secretase cleavages after L314, A313 and C311, respectively (see also Fig. 1C&D).
Compared to wild-type the Valine to Leucine mutation in NRG1 type III causes an increase in y-secretase
cleavage after A313 (yellow arrow) leading to a higher intensity of the NRG1-B20 peak in the mass
spectrum. (B, C) Semi-quantitative representation of the NRGI1-f profile in (A). The amount of each
individual NRG1-f in the supernatant was determined by normalizing the area under the respective peak
to the total peak area. Cells expressing the V to L mutant of NRG1 type IlII release increased amounts of
the shorter NRG1-f20 peptide whereas the amount of the longer NRGI1-B21 peptide is decreased.
Together this leads to a significant change in the ratio of NRG1-f20 to NRG1-21. Quantification from 4
independent experiments: mean + SD, *p<05.05, two-tailed unpaired Student’s t test.

FIGURE 7 NRGI type III is a substrate for intramembrane proteolysis by SPPL2a and SPPL2b. (A) The
C-terminally truncated NRG1 type III NTF’ is endoproteolysed by SPPL2a and SPPL2b but not by SPP
and SPPL3. HEK293 cells or HEK293 cells stably expressing HA tagged wild-type or catalytically
inactive mutants (DA) of SPPL2a, SPPL2b, SPP, or SPPL3 were transiently transfected with N-terminally
V5 tagged NRGI1 type III (V5-NRG1 type III). Isolated membranes were subjected to Western blot
analysis for protease expression control. Calnexin was used as a loading control. (B) SPPL2a/2b-mediated
N-ICD generation is blocked by (Z-LL), ketone treatment. As described in (A), N-ICD generation was
monitored in cells co-expressing V5-NRG1 type III and wild-type or mutant (DA) SPPL2a/2b. Cells were
treated overnight with 20 pM (Z-LL), ketone or with DMSO as control. Note that N-ICD generation was
blocked by inhibitor treatment. Calnexin was used as loading control. (C) Bafilomycin Al (BafAl)
treatment stabilizes N-ICD. Concomitant treatment with BafAl and (Z-LL), ketone prevents generation
of N-ICD.

FIGURE 8 C-peptide generation by SPPL2a/2b. (A) Schematic overview of the truncated NRG1 type 111
construct used to analyze the SPPL2a/2b-mediated intramembrane proteolysis. Intramembrane proteolysis
by SPPL2a/2b generates a secreted V5 tagged C-peptide and an N-terminal flag tagged N-ICD. (B)
FNRG-NTF-VS5 is cleaved by a (Z-LL), ketone-sensitive endogenous protease activity in HEK293 cells.
FNRG-NTF-V5 was transiently transfected into HEK293 cells. 24 h after transfection cells were treated
overnight with 20 pM (Z-LL), ketone or DMSO and conditioned supernatants were collected and
subjected to anti -V5 immunoprecipitation to detect secreted C-peptides. Levels of full-length FNRG-
NTF-V5 were examined in whole cell lysates and calnexin was used as loading control. Note that inhibitor
treatment blocks C-peptide secretion entirely and FNRG-NTF-V5 accumulates concomitantly. (C&D)
Knockdown of SPPL2a/b but not SPPL3 abolishes C-peptide generation. Western blot and mRNA
analysis confirms efficient knockdown of SPPL2a/b and SPPL3 (lower panel). Note, that upon SPPL3
knockdown SPPL2a is hyperglycolsylated (C) in line with previous findings (19). Quantification from 3
independent experiments: mean + SD, *p<0.05, two-tailed unpaired Student’s t test.

FIGURE 9 Identification of the intramembranous cleavage sites of SPPL2a and b. (A) To isolate C-
peptides for mass spectrometric analysis, epitope tags of the truncated (amino acids 2 to 114) NRGI type
IIT construct described in Fig. 7 were inverted and an Alanine-Proline motif was added to the flag tag at
the C-terminus to prevent degradation of C-peptides by carboxypeptidase activity. The resulting V5-
IIINRG-NTF-Flag was transfected into HEK293 cells and cells were treated as described in Fig. 7.
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Regulated intramembrane proteolysis of NRG1 type III

Conditioned supernatants were subjected to anti-flag IP and immunoprecipitates were analyzed by
MALDI-TOF mass spectrometry. One major (red arrow) and three minor peaks corresponding to V5-
IIINRG-NTF-Flag-derived peptides were observed in cells treated with DMSO but not upon (Z-LL),
ketone treatment. (B) List of identified peptides and comparison of observed peptide mass to calculated
mass. Italic letters indicate the flag tag, [M+H]" a singly charged peptide. (C) Schematic overview of the
SPPL2a/2b cleavage sites within the N-terminal TMD of NRG1 type IIl. The N-terminal TMD (magenta)
and flanking stretches are shown and the (Z-LL), ketone-sensitive cleavages are indicated by grey arrows.

FIGURE 10 Comparison of the intramembrane cleavage sites of y-secretase and SPPL2a/2b substrates.
The sequences of SPPL2a/2b and y-secretase substrates are shown on the left and right, respectively, and
TMDs are indicated. Major cleavage sites are marked by big arrows and smaller arrows denote the most
frequent minor cleavage sites. Multiple less prominent sites in several substrates were omitted for clarity.
The y- and ¢-like cleavage sites of the y-secretase are indicated by green and blue arrows, respectively. A
partially conserved Valine residue at the P1° position of the e-like cleavage site is underlined. Asterisk
denotes the schizophrenia-associated mutation in the TMD of NRGI that affects cleavage by y-secretase.
The indicated cleavage sites are according to: TNFa (16), TfR1 (36), FVenv (Voss et al., unpublished
data), APP (53,58), APLP2 (59), Notchl (46,60,61), ErbB4 (62-64), CD44 (65,66), NRG1 (28,29).
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Fig. 1; Fleck et al.
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Fig. 2; Fleck et al.
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Fig. 3; Fleck et al.
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Fig. 4; Fleck et al.
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Fig. 5; Fleck et al.
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Fig. 6; Fleck et al.
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Fig. 7; Fleck et al.
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Fig. 8; Fleck et al.
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Fig. 9; Fleck et al.
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Fig. 10; Fleck et al.

SPPL2a/2b y-secretase
__N-ICD C-peptide B-peptide ICD
- i > <—| I—P
[
NRG1 type llI
JAY n ¥
N- EKICIRRIIN XA A A I XS AANSRVDKIF ....................YQ TKK..-C

TNFa
(R IASAF SFLIVAGATTLFCLLHFGV I ¢j{e) Wl

APP ‘
(e NUGATIGLMVGGVVIATVIVI LVMLI Q..-C

<
<
<=
<=
=
- L

TfR1
(Ml 3de YGTIAVIVFFLIGFMIGYLGY M:{ealdis

APLP2
N-..SLSSINAeARARAZ U0V AREIAYLIFRKRO..-C

I-
<l
< gl
=

‘ FVenv ! Notch1 Jr ‘

Y y

N-.CATSSHEAAW VIR AV AMBRAARAAIS WY T TSR .. -C N-.LPSQIRzIRNAYF-V-V-V.Y inpgveleepARRKRR.. -C
Cytosol Lumen

ErbB4
YMN6):7.\: T PLIAAGVIGGLFILVIVGLTFAVYV il e

< g
. -

CD44

I
I
I
I
I
I
I
I
I
I
I
I
I
I

¢ .
I
I
I
I
I
I
I
I
I
I
: (Mo WL TLASTLALALTLAVCIAVIE) W

<l
< g

Lumen Cytosol


http://www.jbc.org/

[ ]
The Journal of
Biological Chemistry

AFFINITY SITES

3 v T =
LSO .."32‘;:'-7\: = “‘:}_‘R%
Molecular Bases of Disease: . MOLECULAR BAGLS
Proteolytic processing of Neuregulin 1 type OF DISEASE
I11 by three intramembrane cleaving
proteases NEUROBIOLOGY

Daniel Fleck, Matthias Voss, Ben
Brankatschk, Camilla Giudici, Heike Hampel,
Benjamin Schwenk, Dieter Edbauer, Akio
Fukumori, Harald Steiner, Elisabeth
Kremmer, Martina Haug-K réeper, Moritz J.
Rossner, Regina Fluhrer, Michael Willem and

Christian Haass
J. Biol. Chem. published online November 16, 2015

Access the most updated version of this article at doi: 10.1074/jbc.M115.697995
Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
* When this article is cited
« When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 0 references, 0 of which can be accessed free at
http://www.jbc.org/content/early/2015/11/16/jbc.M115.697995.full.html#ref-list-1

GTOZ *L BgUIBISQ UO %eU101|q1g eILSZ - UBUOUBN | WNJIUSZ Z}OUW RH P /61079 [:Mma//:dy woay papeojumod


http://affinity.jbc.org/
http://moldisease.jbc.org
http://neuro.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M115.697995
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;M115.697995v1&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/early/2015/11/16/jbc.M115.697995
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=early/2015/11/16/jbc&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/early/2015/11/16/jbc.M115.697995
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/early/2015/11/16/jbc.M115.697995.full.html#ref-list-1
http://www.jbc.org/



