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Abstract
γ-Secretase is an intramembrane aspartyl protease that cleaves the C99 fragment of amyloid precursor protein to generate 
extracellular Aβ peptides.  These peptides can oligomerize and aggregate to form amyloid plaques, processes that are widely believed 
to be causal for Alzheimer’s disease.  In spite of this critical function, it remains unknown how γ-secretase recognizes C99 and its 
other substrates, including Notch.  In this study we determined E22-K55 as the minimal C99 fragment that was sufficient and required 
for initial cleavage.  Within this fragment, we identified four determinants: (i) a transferable extracellular determinant that differed 
between C99 and Notch, and which included negative charge in the case of C99, (ii) the amino acid sequence of the C-terminal half 
of the transmembrane helix, (iii) an invariant lysine or arginine at the intracellular membrane border, and (iv) a positive charge cluster 
that included the invariant lysine/arginine.  We demonstrated that the charge clusters of C99 and Notch receptors could directly bind 
phosphatidylinositol 4,5-bisphosphate (PIP2).  The PIP2-binding cluster was required for γ-secretase cleavage, and modulation of 
membrane PIP2 levels strongly affected γ-secretase cleavage levels and the Aβ40/Aβ42 ratio, providing support for the importance of 
the PIP2 interaction in cells.  Together, these studies provide critically needed insight into substrate recognition by γ-secretase.
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Introduction
Alzheimer’s disease (AD) is a devastating neurodegenerative 
disease that is characterized by the progressive formation of 
proteinaceous deposits in the brain, including extracellular 
amyloid plaques and intracellular neurofibrillary tangles[1, 2].  
Extracellular amyloid plaques are mainly composed of amy-
loid peptides (Aβ), which are the product of the proteolytic 
processing of the amyloid precursor protein (APP)[1–3].  APP 
is a type I integral transmembrane protein that is known to be 
processed at three sites via non-amyloidogenic and amyloido-
genic pathways in vivo[3–5].  Non-amyloidogenic processing 
involves initial APP cleavage by α-secretase between K687 
and L688 in the middle of the Aβ luminal region, releasing 

a soluble extracellular fragment of APP (sAPPα) and a rem-
nant membrane-bound 83-residue C-terminal fragment (C83), 
which can be further cleaved by γ-secretase, thereby preclud-
ing Aβ generation.  Alternatively, in the amyloidogenic path-
way, APP is first cleaved by β-secretase within the extracellu-
lar domain, producing a soluble extracellular fragment of APP 
(sAPPβ) and a membrane-bound 99-residue C-terminal frag-
ment (C99) that undergoes subsequent cleavage by γ-secretase 
within the transmembrane region, resulting in the production 
of the 37–42 amino-acid Aβ peptides[4–8].  The proteolytic pro-
cessing of APP is comparable to Notch signaling activation, 
which undergoes similar sequential proteolytic cleavages by 
α-secretase and γ-secretase[9–11].  Given the central role of the 
amyloidogenic pathway in AD, the substrate recognition of 
γ-secretase has been under intense investigation.  A better 
understanding of structure, substrate recognition and poten-
tial substrate interaction mechanisms will likely provide new 
insights into AD pathogenesis and possible therapies.

γ-secretase is an aspartyl protease that consists of four com-
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ponents: presenilin (Ps), anterior pharynx-defective 1 (APH-1), 
nicastrin (NCT), and presenilin enhancer protein 2 (PEN2)[12–14].  
Ps forms the catalytic core[15–17], while the other three accessory 
proteins are involved in the assembly of this protease[18–20].  
Although the atomic structure of human γ-secretase has 
recently been reported[21], the precise roles of these three cofac-
tors are still ambiguous.  While NCT has been proposed to be 
involved in substrate recognition[22], γ-secretase lacking NCT 
remains catalytically active[23].  Recent molecular dynamic sim-
ulation suggest that the APP TMD can directly bind the cata-
lytic PS1 subunit of γ-secretase[24], and mutagenesis suggests 
that the interaction involves three distinct amino acid-binding 
pockets in the active site[25].  Use of genetically inserted pho-
tocrosslinkable amino acids confirmed the catalytic subunit as 
principal substrate binding site and identified its direct inter-
action with C99 TMD residues[26].

To elucidate substrate recognition determinants in living 
cells, we utilized a γ-secretase Epsilon-Cleavage assay to com-
prehensively investigate the cleavage of C99 by γ-secretase in 
cells[27, 28].  From a series of substrate fragments derived from 
C99, we identified E22-K55 as the shortest region of C99 that 
can still be efficiently cut by γ-secretase in the membrane of 
live cells.  We then determined the contribution of each indi-
vidual C99 residue by alanine scanning mutagenesis and of 
secondary structure elements by double proline mutagenesis.  
In combination with an analysis of charge requirements at the 
extra- and intracellular side of C99, we identified key substrate 
determinants, including an unanticipated interaction between 
a conserved cluster of positively charged residues at the intra-
cellular membrane junction and PIP2 in the membrane.

Materials and methods
Cell culture
Adherent HTL wildtype (WT) or PS deletion cells were 
routinely cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Invitrogen™ Life Technologies) supplemented with 
10% (v/v) fetal bovine serum (FBs) (Invitrogen™ Life Tech-
nologies) at 37 °C under humidified 5% CO2 atmosphere.  HTL 
cells were split at 5000 cells per well in a 24-well plate one day 
before transfection.

Cloning
All mutants were generated by site direced mutagenesis and 
confirmed using DNA sequencing.

γ-Secretase Epsilon-Cleavage assay
We used the same cell-based γ-secretase Epsilon-Cleavage 
assay as before[28].  Briefly, we generated fusion constructs con-
sisting of C99, T4 lysozyme (T4L), and the transcriptional acti-
vator rTA (C99-T4L-rTA).  Endogenous γ-secretase was used 
in this assay, and 20 ng C99-T4L-rTA, 5 ng phRG-tk Renilla, 
40 ng pBSK mock plasmid were co-transfected into HTL cells 
using X-tremeGENE 9 Reagent (1 µg DNA:3 µL reagent)[27].  
After one day of growth, cells were harvested and lysed for 
luciferase detection.  Relative activity was presented in arbi-
trary units using WT as 100.  The red dashed line indicated the 

level of WT activity.  Some activities were too low to show and 
marked as less than 5.

AlphaLISA assay
AlphaLISA assay was conducted as described previ-
ously[28].  HTL cells were transfected with 320 ng DNA using 
X-tremeGENE 9 Reagent (1 µg DNA:3 µL reagent).  Media 
supernatants were collected the following day for Aβ42/Aβ40 
detection.  Briefly, 5 µL reaction samples were incubated at 
23 °C with 5 µL AlphaLISA Aβ1–40/42 Acceptor beads and bioti-
nylated anti-Aβ antibody for 1 h.  After another 30-min incu-
bation with 10 µL AlphaLISA Aβ1–40/42 donor beads in the dark 
at 23 °C, the samples were read in 384-well plates using an 
Envision-Alpha Reader (PerkinElmer).

Liposome preparation and AlphaScreen assay
Lipids were purchased from Avanti Polar Lipids, Inc.  In 
preparation of liposome, lipids dissolved in chloroform were 
mixed at desired composition and ratio, and the mixture was 
dried under nitrogen to a thin film.  For AlphaScreen use, the 
dried lipid film was resuspended in 10 mmol/L Tris pH 7.4 to 
give a final concentration of 20 mmol/L.  After gently shaking 
for 1 h, the lipid suspension was sonicated in a bath sonicator 
for 5 min to form liposomes.

Luminescence proximity Alphascreen (PerkinElmer) assays 
were performed for determining the polybasic region-PIP2 
interaction with a hexahistidine detection kit.  100 nmol/L of 
the polybasic region-containing peptides and 15 µmol/L bioti-
nylated liposome were incubated with 5 µg/mL Streptavidin-
coated Donor beads and 5 µg/mL Nickel-chelate Acceptor 
beads in a buffer of 10 mmol/L Tris, pH 7.4, and 0.1 mg/mL 
bovine serum albumin for 1.5 h in the dark at room tempera-
ture.  Thus, the donor and acceptor beads were brought into 
proximity by the interaction between PIP2 and polybasic pep-
tide.  When excited by a laser beam of 680 nm, the photosen-
sitizer in the donor beads converts ambient oxygen into short-
lived singlet oxygen that can transfer energy to the thioxene 
derivatives in the acceptor beads, which then release photons 
of 520–620 nm as the binding signal.  For the competition 
assays, untagged polybasic peptides were added at increasing 
concentrations while His6-tagged Ni-Acceptor bead-bound 
peptides were kept at a constant concentration (100 nmol/L).  
The IC50 values were obtained from curve fitting to the com-
petitive inhibitor model using GraphPad Prism.

PIP2 modulations and Aβ analyses
To modulate cellular PIP2 levels, DMSO (control), 10 µmol/L 
edelfosine (the PLC inhibitor) and 15 µmol/L m-3M3FBS (the 
PLC activator) were added to the culture medium during 
DNA transfection, respectively.  After one day treatment, HTL 
cells or supernatant were harvested for γ-secretase Epsilon-
Cleavage assay or AlphaLISA assay.

Protein isolation and Western blot analysis
HTL PS deleted cells were transfected with the same amount 
of DNA as for γ-secretase Epsilon-Cleavage assays, by 
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X-tremeGENE 9 Reagent for substrate expression quantifica-
tion.  Cells were harvested and lysed in the following day.  
Western blot analysis was carried out using primary anti-
bodies against FLAG tag (Sigma-Aldrich A8592), or β-actin 
(Abcam Ab6276).  The β-actin level was used as the internal 
control.

Results
E22-K55 is the minimum region of C99 that is required for 
γ-secretase recognition and cleavage in living cells
C99 is the transmembrane C-terminal β-secretase cleavage 
product of APP, which undergoes subsequent cleavage by 
γ-secretase to release amyloid-forming Aβ peptides[29, 30].  
The latter cleavage event occurs within the transmembrane 
region and proceeds by successive removal of tripeptide 
units[8].  In spite of the importance of this cleavage event, it 
remains unclear how C99 is recognized by γ-secretase and 
which region of the C99 substrate is necessary and sufficient 
for γ-secretase recognition and initial cleavage in living cells.  
Since C83, the product of α-cleavage in the non-amyloidogenic 
pathway, is also recognized and cleaved by γ-secretase[30], the 
N-terminal 16 residues of C99 do not seem to be required for 
substrate recognition.

To define the minimum substrate of γ-secretase, we first uti-
lized the highly selective γ-secretase Epsilon-Cleavage assay to 
investigate the in-cell cleavage of C99 by γ-secretase[28].  In this 
assay, the C-terminus of C99 was fused to the transcriptional 
transactivator rTA as well as T4 lysozyme (T4L), whose rigid 
structure increases the stability of the fusion protein.  Cleav-
age by γ-secretase releases T4L-rTA from the cell membrane to 
allow its transfer into the nucleus where it activates a lucifer-
ase reporter gene (Figure 1A).

We generated a series of truncated C99 fusion constructs by 
sequentially removing residues from the N- and C-terminal 
flanking regions of the C99 transmembrane helix.  Deletions 
from the C-terminal cytoplasmic region identified Aβ(1-59) as 
shortest N-terminal fragment that maintained a similar cleav-
age level as WT C99 (Figure 1C).  Since the C-terminally fused 
T4L-rTA may affect γ-secretase’s accessibility to C-terminally 
truncated C99 fragments, this fragment is sufficient for 
γ-secretase cleavage, but not all C-terminal residues of the 59 
amino acid fragment may necessarily be required for cleav-
age by γ-secretase.  To clarify the exact C-terminal boundary, 
we, therefore, determined the amount of the major extracel-
lular C99 cleavage product, Aβ40, for each of the non-fused 
truncated C99 proteins.  Aβ40 levels were quantified by a com-
mercial AlphaLISA assay, in which simultaneous interaction 
of Aβ40 with two different antibodies generates a luminescence 
proximity-based binding signal (Figure 1B).  This assay iden-
tified K55 as the C-terminal border of the minimum region 
required for efficient cleavage by γ-secretase (Figure 1D).  We 
also validated the expression levels of some key truncations 
(Figure 1C, insert).  In spite of some variation in expression, 
the cleavage efficiency did not correlate with protein expres-
sion, supporting that differences in cleavage activity primarily 
reflect differences in substrate recognition and preference.

sequential deletions of the N-terminal extracellular region 
of either full-length C99 or the Aβ59 fragment identified in 
Figure 1C demonstrated that the first 21 amino acids are not 
required for maintaining a similar cleavage level as full-length 
C99 in the Epsilon-Cleavage assay (Figure 2).  Deletion of cer-
tain parts of the N-terminus increased the cleavage efficiency, 
which is consistent with γ-secretase’s preference for substrates 
with a short extracellular domain[31] and a previous report 
that identified the L17-A21 region containing inhibiting activ-
ity of γ-secretase[32].   since all truncated N-termini are freely 
accessible in this assay (only the C-terminus of C99 is fused 
to T4L-rTA), E22 defines the minimal N-terminal amino acid 
region required for efficient cleavage by γ-secretase (Figure 
2).  Note that the AlphaLIsA assay cannot be used to define 
the minimal N-terminal region as this assay depends on anti-
body recognition of the V18-E22 epitope of Aβs.  The dramati-
cally decreased cleavage efficiency of fragments lacking the 
N-terminal 22 residues of C99 was not caused by changes in 
protein expression as seen in immunoblot of the D1, E22 and 
D23 constructs (Figure 2, insert).  Together, these results iden-
tify E22-K55 as the shortest region of C99 that is necessary and 
sufficient for substrate recognition and γ-secretase cleavage in 
living cells.

Identification of individual amino acids and secondary structure 
elements for γ-secretase cleavage
After determining the minimal C99 region that still functions 
as efficient γ-secretase substrate, we next performed a com-
plete C99 alanine scan to identify individual residues that are 
important for cleavage.  Consistent with our previous analysis 
of known familial AD-linked APP mutations[28], identified 
residues were clustered in the C-terminal half of the C99 trans-
membrane (TM) domain (residues 41–53), among which K53 
at the TM boundary was most critical (Figure 3A), consistent 
with a previous study[28].  In addition, mutation of Q98 also led 
to a strong decrease in cleavage, which, as in the case of C99 
K53A, was not caused by changes in protein expression (Fig-
ure 3A insert).  The Q98A mutation result was unexpected as 
deletion of the C-terminal cytoplasmic region including Q98 
did not affect cleavage (Figure 1C and 1D).  We therefore also 
tested different constructs with synonymous changes in the 
Q98A codon, yet all of them maintained the same low-level 
cleavage efficiency (data not shown).  We do not understand 
the mechanism by which Q98A decreases cleavage efficiency, 
yet fragments lacking Q98 are cleaved with efficiency near or 
higher than WT C99.

To further analyze the cleavage profile, we tested whether 
secondary structure elements of C99 affect γ-secretase cleav-
age.  Specifically, we designed a complete “double proline 
scan mutagenesis”, in which consecutive pairs of C99 amino 
acids were replaced with prolines to introduce kinks, which 
destabilize α-helices and β-strands.  As shown in Figure 3B, 
most of the proline-proline mutations within the identified 
minimal region of C99 (E22-K55) led to substantial decreases 
in cleavage.  Notably, this region contains two predicted heli-
ces, the TM helix and a short N-terminal helix.  In contrast, 
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Figure 1.  Defining the C99 minimum boundary for γ-secretase cleavage.  (A) An overall view of the γ-secretase Epsilon-Cleavage assay.  Once C99-
T4L-rTA hybrid protein is cleaved by endogenous γ-secretase, Aβ peptides are released into the culture medium, and the AICD-T4L-rTA hybrid protein is 
translocated into the nucleus, where it binds tetO and activates luc transcription to generate a luciferase signal as measurement of total C99 cleavage.  
(B) An overall view of the AlphaLISA assay.  The biotinylated anti-Aβ antibody binds to Streptavidin-coated donor beads, and AlphaLISA acceptor beads 
are directly conjugated to the anti-Aβ antibody.  The presence of Aβ peptides brings the two beads into close proximity to generate a light emission 
signal as measurement of secreted Aβ levels.  (C and D) Defining the C-termini of the minimum substrate by γ-secretase Epsilon-Cleavage assay (C) 
and AlphaLISA assay (D).  Cartoon illustration of the C-terminally truncated C99 fragments (right side) and their cleavage efficiencies (left side).  The 
numbers in the cartoon illustration indicate the last residue in each construct.  The inlet panel of C shows relative protein expression of some critical 
boundary constructs, with corresponding construct numbers marked on top of each lane.  Aβ55, which contains first 55 amino acids of C99, is the 
shortest substrate among these C99 C-terminal truncations that retained similar activity as wild-type.  Error bars=SEM, n=3, P-values (two-tailed 
Student’s t-test versus WT): *P<0.05; **P<0.01, ***P<0.001.
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residues outside of the minimal C99 γ-secretase recognition 
fragment were relatively insensitive to double proline replace-
ments (Figure 3B; immunoblots of critical double proline 
mutant constructs are shown underneath the respective activ-
ity bars).  Together, these data validate E22-K55 as minimum 
γ-secretase substrate and indicate that secondary structure and 
individual C-terminal residues of this fragment are important 
γ-secretase substrate determinants.

N-terminal negative charge is important for C99 recognition by 
γ-secretase in living cells
While individual C-terminal residues in the E22-K55 fragment 
of C99, especially the positively charged K53, are critical for 
γ-secretase cleavage, the continuous deletion of N-terminal 
residues also led to an elimination of C99 cleavage (Figure 2).  

To understand this requirement, we introduced random muta-
tions into the N-terminal portion of the minimal region.  Muta-
tions that removed both negative charges at the N-terminus 
of the minimal fragment abolished its cleavage by γ-secretase 
(Figure 4A).  This suggested that charge, rather than a specific 
amino acid, may be responsible for the requirement for cleav-
age, supporting the substrate diversity of γ-secretase.  The 
extracellular region of C99 contains a total of six negatively 
charged residues including E22 and D23 (Figure 4B, marked 
in red).  We speculate that if the charge would indeed be the 
key feature for the requirement of E22 and D23 in the mini-
mal fragment for γ-secretase cleavage, then their requirement 
might be overcome by negative charges N-terminal to the min-
imum fragment.  When we mutated E22 and D23 to alanine 
in the context of C99 (Figure 4C), cleavage efficiency was only 
subtly affected.  However, when we mutated these two resi-
dues together with the other four negatively charged residues 
in the extracellular domain of C99 (D1, E3, D7, and E11), or 
in the context of C83 (Figure 4D), which lacks the N-terminal 
four negatively charged residues, cleavage activity was greatly 
reduced.  Moreover, when we mutated these residues one by 
one, cleavage efficiency gradually decreased with decreased 
charge (Figure 4C).  Together, these data strongly suggest that 
negative charge on the extracellular side of C99, rather than 
any specific amino acid position, is important for γ-secretase 
recognition.  This observation further suggests that the nega-
tively charged extracellular side of C99 may form electrostatic 
interactions with a positively charged surface of γ-secretase, 
such as the cluster of positively charged residues on the extra-
cellular membrane side of γ-secretase identified in the cryo-
EM structure of human γ-secretase[21] (Figure 4E).

The extracellular domains of Notch and C99 are differently 
recognized by γ-secretase
The N-terminal negatively charged residues in C99 are not 
conserved across γ-secretase substrates, such as the family of 
Notch receptors (Figure 5A).  We, therefore, investigated the 
general application of the N-terminal charge model by ana-
lyzing the cleavage efficiency of Notch fragments consisting 
of the TM domain and flanking regions (Notch1 [1721-1767], 
Notch2 [1666-1710], Notch3 [1629-1675], and Notch4 [1432-
1481]; Figure 5A).  While the Notch1, Notch2 and Notch3 frag-
ments all have negatively charged residues in their N-terminal, 
extracellular regions, replacement of these residues with non-
charged alanine had no obvious impact on Notch cleavage 
by γ-secretase (Figure 5B).  Additionally, Notch4 completely 
lacks negatively charged residues in the N-terminal fragment 
(Figure 5A), yet in a domain swap experiment, its extracel-
lular N-terminal sequence can functionally replace the C99 
extracellular domain, which otherwise is absolutely required 
for γ-secretase cleavage (Figure 5C).  These results, together 
with the fact that the C99 extracellular domain can be replaced 
with that from Notch1 without losing activity[31], indicates that 
negative charge in the extracellular domain of Notch is not 
required for γ-secretase cleavage, but that Notch contains a 
transferable, alternative extracellular γ-secretase recognition 

Figure 2.  Defining the N-terminal minimum boundary for γ-secretase 
cleavage.  Defining the N-termini of the minimum substrate by the 
γ-secretase Epsilon-Cleavage assay based on C99 (A) and Aβ59 (B) hybrid 
proteins.  Cartoon illustration of N-terminal C99 truncations (left side) 
and their cleavage efficiencies (right side).  The numbers in the cartoon 
illustration indicate the first residue in each construct.  The inlet panels 
show relative protein expression of some critical boundary constructs, 
with corresponding construct numbers marked on top of each lane.  Aβ 
peptide (E22-K55) is the minimum substrate of γ-secretase that retains a 
close to normal cleavage level.  Error bars=SEM, n=3, P-values (two-tailed 
Student’s t-test versus WT): *P<0.05; **P<0.01, ***P<0.001.
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motif.  N-terminal truncation analysis of Notch1 [1721-1767] 
indicates that the first 6 residues are dispensable for this func-
tion (Figure 5D).  Together, these data support that negative 
charge in the extracellular domain is not universally required 
for γ-secretase substrates, but plays a significant role in the 
recognition of the C99 fragment of APP.

C99 and Notch1 polybasic regions bind PIP2 and are important 
for recognition by γ-secretase
The single most important residue for C99 γ-secretase sub-
strate recognition is K53[28] (Figure 3A).  Replacement of K53 
by non-charged or negatively charged residues but not against 
arginine greatly decreased C99 cleavage[28] (Figure 6B).  Impor-
tantly, a lysine or arginine residue at the position correspond-
ing to C99 K53 (ie, directly following the last amino acid of the 
TM domain), is strictly conserved in all known 69 γ-secretase 
substrates, and has been shown to be important for substrate 
recognition of both C99 and each of the four human Notch 

receptors[28].  A positively charged residue at the TM junction, 
therefore, is likely a universal requirement for γ-secretase sub-
strates, and this residue has been proposed to interact with the 
negatively charged catalytic center of the presenilin subunit of 
γ-secretase[28].  We noticed that this basic residue is followed 
by one or several positively charged residues in γ-secretase 
substrates, including human APP and Notch receptors, to 
form a polybasic region of unknown function that is located 
close to the cytoplasmic layer of the membrane (Figure 6A).  
Our alanine scanning mutagenesis demonstrated a more than 
four-fold cleavage decrease for C99 K53A, but only subtle 
changes for alanine replacements of the other two residues 
of the polybasic region, K54 and K55 (Figure 3A).  However, 
double-replacement of C99 K54/K55 with either alanine or 
glutamate resulted in greater cleavage defects than K53A 
(Figure 6B), consistent with a functional role of the C-terminal 
charge cluster in γ-secretase recognition.  Similarly, replace-
ment of the positively charged cluster C-terminal to the critical 

Figure 3.  Validation of minimum substrate.  (A) Scanning alanine mutagenesis experiments.  The TM domain and a C-terminal portion of the TM domain 
plus the TM boundary residue (amino acids 41-53) are highlighted by green and blue boxes, respectively; K53 and Q98 are marked by red stars.  The 
relative protein expression levels of C99 WT, K53A and Q98A are shown by western blot in the inlet panel.  (B) Scanning double proline mutagenesis 
experiments.  The minimum region (E22-K55) required for efficient γ-secretase cleavage was marked by an orange box.  Top: Predicted secondary 
structure (predicted by PSIPRED Protein Sequence Analysis)[40].  The relative protein expression levels of C99 WT and some crucial mutations are shown 
at the corresponding positions.  Error bars=SEM, n=3, P-values (two-tailed Student’s t-test versus WT): *P<0.05; **P<0.01, ***P<0.001.
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R1758 of Notch1 abolished cleavage by γ-secretase (Figure 6B, 
right panel).  Together, these data suggest that substrate recog-

nition of γ-secretase probably involves the whole C-terminal 
polybasic region, but unlike the critical first basic residue, the 

Figure 4.  N-terminal positive charge recognition model.  (A) Cartoon illustration of the truncated C99 N-terminal mutations (left panel) and cleavage 
measurement by Epsilon-Cleavage assay of these substrates (right panel).  Mutations that completely remove N-terminal negative charge by 
replacement with Gly or Ser are indicated by a red star.  (B) N-terminal sequences of C99 and C83 with secretase cleavage sites and transmembrane 
domain are highlighted.  Red letters indicate the N-terminal negatively charged residues.  (C) Stepwise reduction of N-terminal negative charges by 
alanine mutagenesis.  Cleavage was measured by the Epsilon-Cleavage assay.  The relative protein expression is shown under each bar.  (D) N-terminal 
negative charge study on C83.  The red star indictes the construct in which N-terminal negative charge residues were replaced by GS amino acids.  The 
relative protein expression is shown underneath.  (E) Charge distribution of human γ-secretase (PDB code: 5A63) and cartoon illustration of a possible 
orientation of the APP minimum substrate.  Negatively and positively charged residues are labeled with red and blue, respectively (see charge potential 
color code at bottom).  PS1 catalytic aspartates are presented with green dots.  Potential charge interaction areas are encircled with dashed lines.  Error 
bars=SEM, n=3, P-values (two-tailed Student’s t-test versus WT): *P<0.05; **P<0.01, ***P<0.001.
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other basic residues in this region likely contribute indirectly 
to promoting substrate binding.

Given the position of the polybasic region at the cytoplasmic 

layer of the membrane, we speculated that it might anchor to 
components of the plasma membrane to correctly orientate 
C99 for cleavage (see the model in Figure 6C).  Since PIP2 

Figure 5.  The N-terminal negative charge is not required for Notch cleavage by γ-secretase.  (A) Sequence alignment of a subset of γ-secretase 
substrates (human C99 and human Notch family).  Shown are TM regions together with flanking N-terminal luminal and C-terminal cytoplasmic regions 
(C99 [17-61], Notch1 [1721-1767], Notch2 [1666-1710], Notch3 [1629-1675], Notch4 [1432-1481]).  Negatively and positively charged residues 
are highlighted by red and blue letters, respectively.  (B) Abolishment of Notch1/2/3 N-terminal negative charge by alanine mutagenesis.  (C) Cartoon 
illustration of C99, C99ΔN, and the C99 hybrid protein, in which the N-terminus is replaced by that of Notch4 [1432-1447] (left).  Cleavage efficiencies 
of these constructs measured by Epsilon-Cleavage assay are shown on the right.  (D) Defining the minimum substrate N-terminus for Notch1 by 
γ-secretase Epsilon-Cleavage assay in living cells.  Cartoon illustration of the Notch1 N-terminal truncations (left) and the corresponding cleavage 
efficiencies (right).  Error bars=SEM, n=3, P-values (two-tailed Student’s t-test versus WT): *P<0.05; **P<0.01, ***P<0.001.
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is the most abundant plasma membrane lipid that carries 
multiple negatively charged phosphates[33], we developed an 
AlphaScreen assay to test whether the polybasic regions of 
C99 and Notch1 can interact selectively with PIP2-containing 
liposomes.  Specifically, we prepared liposomes with different 
ratios of PIP2 and the single phosphate group-containing phos-
pholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) spiked with 1% biotin-labeled 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE) to enable liposomes 
to bind streptavidin-coated Alphascreen donor beads (Fig-
ure 7A).  C99 (KKKQYTSIH) and Notch1 (RKRRRQHGQL) 
peptides containing the polybasic regions were synthesized 
with C-terminal His6 tags for immobilization on AlphaScreen 
nickel-chelated acceptor beads.  The interaction between 

peptides and liposomes induces proximity between donor 
and acceptor beads that leads to a singlet oxygen-mediated 
energy transfer that can be measured as light emission at 680 
nm (Figure 7A).  Liposomes that lacked PIP2 did not show 
any interaction with the C99 and Notch1 polybasic peptides 
while increasing concentrations of PIP2 up to 4% PIP2 yielded 
increasingly stronger binding signals (Figure 7B), which is 
in the close range to typical plasma membrane PIP2 levels of 
1%–3% of total lipid[34].  To estimate the strength of this inter-
action, we performed homologous competition assays with 
non-tagged C99 and Notch1 peptides to determine IC50 values 
of ~1.9 µmol/L (C99) and ~130 nmol/L (Notch1) for the inter-
action with liposomes spiked with 4% PIP2 (Figure 7C).

While the above experiments demonstrated that the poly-

Figure 6.  The C-terminal polybasic regions of γ-secretase substrates are important for cleavage.  (A) Sequence alignment of a subset of γ-secretase 
substrates (human C99 and human Notch family).  C-terminal polybasic regions are marked by the red outline.  (B) Mutational analysis of the positively 
charged conserved membrane junction sites (K53 of C99 or R1758 of Notch1) and the polybasic regions (K54-K55 of C99 and K1759-R1762 of 
Notch1) C-terminal to the junction site.  (C) Schematic diagram of a PIP2-binding model of the substrate C-terminal polybasic regions.  Error bars=SEM, 
n=3, P-values (two-tailed Student’s t-test versus WT): *P<0.05; **P<0.01, ***P<0.001.
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basic regions of C99 and Notch can bind PIP2 with high affin-
ity and are required for cleavage by γ-secretase, it is not clear 
whether PIP2-binding is important for γ-secretase recognition 

in cells.  We therefore modulated cellular PIP2 levels in HTL 
cells treated with either DMSO (control), the PLC pathway 
inhibitor edelfosine (EDEL), which increases PIP2 levels[35], 

Figure 7.  Modulations of PIP2 levels correlate with C99 cleavage levels.  (A) Schematic of the AlphaScreen Assay.  Biotinylated liposome binds to 
Streptavidin-coated donor beads, and the nickel chelated acceptor beads bind to His-tagged peptide.  The interaction between His-tagged peptides 
and biotinylated liposome brings the two beads into close proximity to generate a light emission signal.  (B) Validation of PIP2 binding by C99 polybasic 
peptide.  The PIP2 lipid content varies from 0 to 10%.  Underneath is the sequence of His-tagged C99 polybasic peptide.  (C) Competition assay of C99/
Notch1 polybasic peptides in presence of 4% PIP2.  The IC50 values were obtained from curve fitting using the GraphPad Prism competitive inhibitor 
model.  (D) Modulations of PIP2 levels by the PLC pathway inhibitor edelfosine (EDEL) and the PLC activator m-3M3FBS (M3M) led to changes in total 
C99 cleavage.  Cleavage was measured by the Epsilon-Cleavage assay.  (E) Modulations of PIP2 levels affect Aβ40 levels and Aβ40/Aβ42 cleavage ratios 
as determined by AlphaLISA assay.  Absolute concentrations were calculated using a previous calibration graph.  Error bars=SEM, n=3, P-values (two-tailed 
Student’s t-test versus WT): *P<0.05; **P<0.01, ***P<0.001.
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or the PLC pathway activator m-3M3FBS (M3M), which 
decreases cellular PIP2 levels[35].  PIP2 upregulation by edel-
fosine treatment resulted in increased C99 cleavage, while 
activation of PLC by m-3M3FBS treatment led to a slightly 
lower level of C99 cleavage (Figure 7D).  Using AlphaLISA 
assays, we further tested the levels of the cleavage products 
Aβ40 and Aβ42.  While edelfosine treatment had only a small 
effect on the generation of Aβ42, it dramatically increased Aβ40 
levels, leading to a strikingly reduced Aβ42/Aβ40 ratio.  Con-
versely, the M3M treatment caused an about 30% increase of 
the Aβ42/Aβ40 ratio (Figure 7E).  Together, these data provide 
strong support for an interaction of γ-secretase substrates with 
plasma membrane PIP2 and an important role of this interac-
tion for substrate recognition and cleavage site specificity.

Discussion
In this study, we used the well-established γ-secretase Epsilon-
Cleavage assay to investigate the initial cleavage of C99 by 
γ-secretase in living cells.  Together with an AlphaLISA 
assay, we defined E22-K55 as the minimal C99-derived frag-
ment that is required for γ-secretase initial cleavage in living 
cells.  By further investigating the luminal and cytoplasmic 
regions flanking the TM domain of the minimum substrate, 
we obtained insight into the function of the N-terminal nega-
tive charge-rich region and the C-terminal polybasic region, 
which play important roles in substrate recognition.  The 
minimum APP substrate we identified in living cells is differ-
ent from the minimum APP fragments that can be cleaved by 
γ-secretase in cell-free conditions.  It was shown that the APP 
transmembrane domain itself is recognized and efficiently 
cleaved by γ-secretase using a synthetic peptide incubated 
with crude CHAPSO extracted γ-secretase[36].  In addition, Aβ 
peptides such as Aβ48, Aβ49, and even Aβ42 can also be cleaved 
by γ-secretase in vitro[37– 39].  In contrast, our results show that 
in cell cleavage of APP by γ-secretase requires the N-terminal 
domain negatively charged residues and the C-terminal posi-
tively charged domain embedded in the APP fragment of E22-
K55.

Given the keen interest in developing drugs for the treat-
ment of Alzheimer’s disease, the mechanism of APP sub-
strate recognition is under intense investigation.  Although 
the near-atomic structure of human γ-secretase has recently 
been revealed[21], the mechanism of substrate recognition has 
remained elusive.  While NCT was believed to function as a 
substrate receptor that recognizes the N-terminus of C99[22], 
our results demonstrate that the N-terminal 21 amino acids 
of C99 are not required for γ-secretase cleavage[23].  In con-
trast, we have found that the redundant negatively charged 
residues residing in the N-terminal luminal region of C99 
are important for substrate recognition.  While these are not 
conserved within the Notch family, they are clearly impor-
tant in facilitating interactions between C99 and γ-secretase.  
Our previous work has established the basic residue K53 at 
the TM junction as a key determinant involved in substrate 
recognition, possibly by directly interacting with the catalytic 
pocket of γ-secretase[28].  In addition, we have demonstrated 

in this study that not only the basic junction residue but also 
the whole C-terminal polybasic region including K54 and K55 
critically contributes to substrate recognition mediated by 
electrostatic PIP2 binding.  Thus the negative charges in the 
extracellular side and the positive charges in the intracellular 
side of C99 are both required for γ-secretase cleavage.

The asymmetric charge distribution that is required for 
efficient C99 cleavage most likely aids in correctly orientat-
ing the membrane-bound substrate and enzyme through 
complementary electrostatic interactions.  We speculate that 
correct substrate orientation would facilitate subsequent 
interaction between the K53 residue of C99, which resides 
just C-terminal to the initial (ε) γ-secretase cleavage site, and 
the catalytic pocket of γ-secretase, which is enriched with 
negatively charged residues.  several lines of evidence are in 
support of this model.  First, the N-terminal residues 1-21 and 
the C-terminal residues 56-99 are not required for substrate 
recognition as truncated C99 lacking these two portions can 
still be recognized and cleaved by γ-secretase.  Second, nega-
tively charged residues in the N-terminus of both the mini-
mum substrate and C83 are sensitive to mutations that change 
their  charge properties (Figure 4A), yet they can be function-
ally replaced with negatively charged amino acids N-terminal 
to C83.  Third, stepwise removal of the six negative charges 
in the N-terminus of full-length C99 causes corresponding 
stepwise decreases in C99 cleavage.  Fourth, polybasic regions 
C-terminal to their TM helix are globally found in γ-secretase 
substrates[28] and are conserved in both C99 and the members 
of the Notch family.  While the basic residue closest to the TM 
helix is a key determinant of substrate cleavage, the other resi-
dues of the polybasic region have a subtle sensitivity to indi-
vidual alanine mutations, but are highly sensitive to mutations 
that remove their positive charges.  Fifth, peptides encom-
passing the C-terminal polybasic region specifically interact 
with liposomes that contain high physiological levels of PIP2, 
and, strikingly, pharmacological modulation of cellular PIP2 
can affect both C99 cleavage efficiency as well as the cleavage 
selectivity.  While Aβ42 levels were either subtly affected in 
our study or moderately decreased in a previous study[35], Aβ40 
levels and the Aβ40/Aβ42 ratio dramatically increased upon 
treatment with EDEL, in support of the importance of the PIP2 
interaction for C99 recognition and cleavage by γ-secretase in 
cells.

In summary, our study reported here describes a framework 
for substrate recognition by γ-secretase.  For C99, we have 
identified a 34 amino acid region consisting of the 24 amino 
acid TM helix, seven N-terminal and three C-terminal resi-
dues, as being required and sufficient for recognition.  Both 
the negatively charged residues N-terminal to the TMD and 
the positively charged cluster C-terminal to the TMD allow 
C99 to fit into the γ-secretase catalytic site by electrostatic 
interactions, which may include clustering in PIP2-rich sub-
domains of the membrane through direct PIP2 binding of the 
polybasic region (K53-K55) of C99.  This positioning through 
long-range electrostatic interactions provides an environment 
for a subsequent residue-specific interaction of C99 K53 that 
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likely involves the negatively charged catalytic pocket given 
the proximity of K53 to the initial γ-secretase cleavage site.
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