BIOCHEMISTRY

PNAS

Check for
updates

Modulation of amyloid precursor protein cleavage by
y-secretase activating protein through phase separation

Chen Jin?, Jiaoni Wang®
Yigong Shi (fg—2)> e

, Yumeng Wang?®

, Bojun Jia®, Xuefei Guo?, Guanghui Yangb, Peng Xu, Paul Greengard®, Rui Zhou®", and

Contributed by Yigong Shi; received December 9, 2021; accepted February 17, 2022; reviewed by Yueming Li, Gang Yu, and Mingjie Zhang

Aberrant cleavage of amyloid precursor protein (APP) by y-secretase is closely associ-
ated with Alzheimer’s disease (AD). y-secretase activating protein (GSAP) specifically
promotes y-secretase—mediated cleavage of APP. However, the undetlying mechanism
remains enigmatic. Here, we demonstrate that the 16-kDa C-terminal fragment of
GSAP (GSAP-16K) undergoes phase separation in vitro and forms puncta-like conden-
sates in cells. GSAP-16K exerts dual modulation on y-secretase cleavage; GSAP-16K in
dilute phase increases APP—C-terminal 99-residue fragment (C99) cleavage toward pre-
ferred production of B-amyloid peptide 42 (AB42), but GSAP-16K condensates reduce
APP-C99 cleavage through substrate sequestration. Notably, the AB42/AB40 ratio is
markedly elevated with increasing concentrations of GSAP-16K. GSAP-16K stably
associates with APP-C99 through specific sequence elements. These findings mechanis-
tically explain GSAP-mediated modulation of y-secretase activity that may have ramifi-
cations on the development of potential therapeutics.
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Alzheimer’s disease (AD), affecting over 40 million patients worldwide, is charac-
terized by amyloid plaques in patient brain (1-4). Amyloid plaques are aggregates
of B-amyloid peptides (APs), the cleavage products of the amyloid precursor pro-
tein (APP) (5). APP is first cleaved by f-secretase to generate a C-terminal
99-residue fragment (C99), which is subsequently processed by y-secretase to gen-
erate the amyloid precursor protein intracellular domain (AICD) and AP of vary-
ing lengths (6-8). The intramembrane protease y-secretase comprises APH-1,
nicastrin, Pen-2, and the catalytic component presenilin (PS1/PS2) (9, 10).
Reducing AP production through y-secretase inhibition represents an attractive
therapeutic strategy for AD treatment (11, 12). However, substrate-selective inhi-
bition of y-secretase is complicated by its broad range of substrates (13, 14). One
strategy to overcome this hurdle is to identify new protein targets that only regu-
late APP cleavage.

y-secretase activating protein (GSAP) was identified as a specific activator of APP
cleavage (15, 16). The expression levels of GSAP appear to correlate with the suscepti-
bility and severity of AD, presenting GSAP as a potential target for AD treatment
(16-18). Increased GSAP levels are found in the brains of deceased AD patients (19).
Decreased expression of GSAP led to reduced AP production in an AD mouse model
(20) and in cells (16, 21, 22). In cells, the 98-kDa GSAP protein is rapidly processed
into a 16-kDa C-terminal fragment (known as GSAP-16K) (16).

GSAP-16K was found to associate with both y-secretase and APP-C99 in cell
extracts (16). Although GSAP-16K directly binds AICD (23), there is no evidence for
direct interactions between GSAP-16K and y-secretase. Nonetheless, it is postulated
that GSAP-16K might activate y-secretase by inducing conformational changes in the
catalytic component of PS1 (16, 21). However, this hypothesis fails to explain why
such changes have no impact on other substrates of y-secretase. At present, the mecha-
nism by which GSAP-16K modulates y-secretase remains largely unknown.

In this study, we demonstrate that GSAP-16K undergoes liquid-liquid phase
separation (LLPS) to form puncta-like condensates/droplets in vitro and in cells.
GSAP-16K in dilute phase stimulates the protease activity of y-secretase by deliver-
ing the substrate APP-C99. Notably, the specific interaction between GSAP-16K
and APP-C99 vastly favors the production of Ap42 but not AP40. In its droplet/
condensate form, GSAP-16K sequesters APP-C99, making it inaccessible to
y-secretase and thus, decreasing the protease activity. Together, as a result of phase
separation, increasing concentrations of GSAP-16K lead to a bell-shaped curve of
y-secretase activity but steadily increasing AB42/AP40 ratios.
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Significance

y-secretase activating protein
(GSAP) has emerged as a key
regulator of y-secretase. In cells,
GSAP exists primarily in the form
of a 16-kDa fragment known as
GSAP-16K. In this study, we report
the finding that GSAP-16K
undergoes phase separation

in vitro and in cells. Importantly,
the outcome of GSAP-16K phase
separation directly regulates the
protease activity of human
y-secretase. Through direct
interaction with the substrate
amyloid precursor protein-C-
terminal 99-residue fragment,
GSAP-16K in dilute phase favors
the production of p-amyloid
peptide 42 (Ap42) but not Ap40.
These observations not only
explain how GSAP activates
y-secretase but also identify their
interaction as a target of potential
therapeutic intervention.
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Results

GSAP-16K Undergoes LLPS In Vitro. To investigate the modula-
tion of y-secretase by GSAP-16K, we sought to express and
purify GSAP-16K. As previously observed (23, 24), recombi-
nant GSAP-16K exhibits a strong tendency to self-associate
into inclusion bodies in Escherichia coli. To break up the self-
association, we purified GSAP-16K in the presence of the
detergent empigen (24). With Fos-Choline-12 (FC12) in the
buffer, the gel filtration peak for GSAP-16K is symmetric (87
Appendix, Fig. S14), suggesting monodispersity. Notably, once
the detergent FC12 is removed, the purified GSAP-16K is
prone to aggregation and precipitation. It is likely that GSAP-
16K oligomerizes in the aggregated and/or precipitated states.
The purified GSAP-16K protein displays clear features of
a-helices as judged by circular dichroism (CD) measurements
over a range of temperatures (S/ Appendix, Fig. S1B). Analysis
of the CD spectra reveals a melting temperature of about 80 °C
for GSAP-16K (SI Appendix, Fig. S1C). Consistent with these
analyses, GSAP-16K contains a stable structural core that is
resistant to limited proteolysis (S Appendix, Fig. S1D).

During the process of characterizing recombinant GSAP-
16K, we serendipitously discovered its phase separation. To sys-
tematically investigate this phenomenon, we conjugated the
purified GSAP-16K protein to the fluorescent dye Alexa647. In
the presence of 10% polyethylene glycol (PEG) of varying
molecular mass, the solution state of the labeled GSAP-16K at
10 pM concentration was examined using a laser scanning con-
focal microscope (Fig. 14). Under the condition of no PEG or
low—molecular mass PEG, GSAP-16K appeared to form liquid
droplets, which occupy less than 0.1% of the total area. In con-
trast, the presence of PEG8000 allowed formation of more
prominent liquid droplets that occupy about 1.8% of the total
area (Fig. 14 and SI Appendix, Fig. S2A).

Protein concentration and ionic strength are known to influ-
ence LLPS (25, 26). We examined the ability of GSAP-16K
over five different concentrations to form droplets under five
distinct ionic strengths as measured by NaCl concentration
(Fig. 1B). Consistent with previous knowledge (26), high con-
centrations of GSAP-16K (equal to or above 20 pM) and low
concentrations of NaCl (equal to or below 150 mM) engender
formation of obvious droplets that occupy at least 7.1% of the
total area (Fig. 1B and SI Appendix, Fig. S2B). In contrast,
lower concentrations of GSAP-16K (equal to or below 10 pM)
or higher concentrations of NaCl (equal to or above 300 mM)
give rise to droplets that occupy no more than 1.5% of the
total area (Fig. 1B and SI Appendix, Fig. S2B). These results
demonstrate that formation of the GSAP-16K droplets is sus-
ceptible to high ionic strength (equal to or above 300 mM
NaCl).

The fluidic nature of these droplets is demonstrated by the
fusion of two droplets into a larger one over the course of 60
min (Fig. 1C and Movie S1). We further examined the fluidity
of the droplets by observing fluorescence recovery after photo-
bleaching (FRAP). Immediately after photobleaching (0 min),
the fluorescence signal of the GSAP-16K droplet was reduced
to about 20% of its original value prior to photobleaching (Fig.
1D). The signal recovered steadily, reaching about 55% of the
original value after 15 min. Notably, the rates of fusion and
fluorescence recovery of the GSAP-16K droplets are slower
than those of classic LLPS, where such processes usually occur
within several minutes (27-31).

All above experiments were performed in the presence of
PEG8000 because high-molecular mass PEG is known to

20of 9 https://doi.org/10.1073/pnas.2122292119

facilitate LLPS (26, 32). In the absence of PEG8000, GSAP-
16K also undergoes LLPS, except that the area occupied by the
droplets is less than 2% of the total area (Fig. 1£ and S/
Appendix, Fig. S2C). Compared with those in the presence of
PEGB8000, the size and number of these droplets are more sus-
ceptible to high ionic strength. With 300 mM NaCl, the drop-
lets formed by 40 pM GSAP-16K occupy less than 0.05% of
the total area (Fig. 1E and SI Appendix, Fig. S2C).

GSAP-16K Forms Puncta-Like Condensates/Droplets in Cells.
To investigate whether GSAP-16K also undergoes LLPS in
cells, we generated two HEK293FT cell lines, one stably
expressing GSAP-16K with an N-terminal GFP (GFP-GSAP-
16K) and the other expressing GFP alone. The two cell lines
were validated by amplifying the specific sequences from geno-
mic DNA (8 Appendix, Fig. S3A4) and immunoblotting the cell
lysates with an ant-GFP monoclonal antibody (S Appendix,
Fig. S3B). Puncta-like condensates and droplets were observed
in the cells that stably expressed GFP-GSAP-16K but not GFP
alone (SI Appendix, Fig. S3C). Statistical analysis reveals the
presence of puncta in 24 + 3% of all cells. Each cell contains
~33 + 14 puncta-like condensates, which occupy 15 + 5% of
the total cellular area (S Appendix, Fig. S3D).

These puncta-like condensates and droplets display clear fea-
tures of fluidity. Within the HEK293FT cell, two small drop-
lets formed by GFP-GSAP-16K were fused into a larger droplet
within 10 s (Fig. 24 and Movie S2). The droplet fusion in cells
is at least two orders of magnitude faster than that in solution
(Fig. 10). The highly mobile nature of these small GFP-GSAP-
16K droplets in cells makes the FRAP experiment technically
challenging. Nonetheless, we succeeded in photobleaching a
few slightly larger droplets. Within the course of about 30 s,
the averaged fluorescence signal of the photobleached droplet
had been recovered from 17 to 33% of the original value (Fig.
2B).

Next, we examined whether endogenous GSAP also under-
goes LLPS in cells. Once translated, the full-length GSAP is
processed to yield GSAP-16K within 2 h (16). Using an
anti-GSAP-16K antibody, we stained cortical cells from a post-
natal day 0 (PO) mouse (Fig. 2C). The cells were also stained
by Hoechst33258 for nuclei and by an anti-Tujl antibody for
their neuronal origin (Fig. 2C). Consistent with a previous
study (16), GSAP-16K is localized exclusively in the cytoplasm.
Puncta-like condensates and small droplets are clearly seen
among the diffuse staining pattern of endogenous GSAP-16K
(Fig. 2C). In contrast, immunostaining of the cortical cells
using an antibody against the N terminus of GSAP results in a
mostly diffuse staining pattern (S/ Appendix, Fig. S3E). Com-
pared with cells stained by the antibody against the C terminus
of GSAP, the average number of puncta-like condensates in
cells stained by the antibody against the N terminus of GSAP
is at least 10-fold less (SI Appendix, Fig. S3F). Therefore,
GSAP-16K, rather than the full-length GSAP, makes a pre-
dominant contribution to puncta formation in mouse cortical
neuron cells.

Incorporation of AICD into GSAP-16K Condensates/Droplets.
GSAP-16K was reported to associate with AICD in vitro and
in cells (16, 23). Because GSAP-16K undergoes LLPS, we
examined whether AICD could be incorporated into these con-
densates/droplets. GSAP-16K (SI Appendix, Fig. S1A) and
AICD with an N-terminal GST (GST-AICD) (SI Appendix,
Fig. S4A) were individually purified to homogeneity and
labeled with the fluorescent dyes Alexa647 and Alexa488,
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Fig. 1. GSAP-16K undergoes LLPS in vitro. (A) Recombinant GSAP-16K protein forms droplets preferentially in the presence of high-molecular mass PEG.
GSAP-16K at 10 pM was incubated with 10% (wt/vol) PEG of varying molecular mass. All images in this study were taken using a confocal laser scanning
microscope unless otherwise stated. (B) Higher concentrations of GSAP-16K and lower ionic strengths favor droplet formation. Five concentrations of GSAP-
16 were evaluated for droplet formation under five distinct ionic strengths in the presence of 10% (wt/vol) PEG8000. (C) Fusion of two neighboring GSAP-16K
droplets. GSAP-16K at 10 pM was monitored in the presence of 10% PEG 8000. (D) The GSAP-16K droplets show FRAP. Four temporal snapshots of a repre-
sentative GSAP-16K droplet are shown in Left. Quantitative analysis, averaged for the results of FRAP on three different droplets, is shown in Right. Error bar:
SD. (E) Formation of GSAP-16K puncta-like condensates and droplets in the absence of PEG. Three concentrations of GSAP-16K were evaluated for LLPS

under four distinct ionic strengths in the absence of PEG.

respectively. Labeled GST-AICD at varying concentrations was
incubated with 40 pM labeled GSAP-16K for an hour and ana-
lyzed using confocal microscopy (Fig. 3A4). In all cases, the tar-
get proteins form puncta-like condensates/droplets (Fig. 34,
first two columns). With increasing GST-AICD concentrations,
the puncta-like condensates/droplets occupy increasing percen-
tages of the total area (S/ Appendix, Fig. S4B). Remarkably, for
nearly all droplets, the fluorescence signals of GST-AICD coin-
cide with those of GSAP-16K (Fig. 34, third column). This
finding is further validated by a line scan of the image of
Alexa488-labeled GST-AICD and Alexa647-labeled GSAP-
16K (S Appendix, Fig. S4C). GST-AICD alone produced no
such condensates/droplets (Fig. 34, fourth column).

These results, together with the observation that GSAP-16K
alone also forms droplets in vitro (Fig. 1), strongly suggest that
GST-AICD is incorporated into the condensates/droplets through
its interaction with GSAP-16K. To rule out the possibility that
this process is mediated by GST rather than AICD, we performed
a set of control experiments (Fig. 3B). In this case, GST and
GSAP-16K were labeled with Alexa488 and Alexa647, respectively.
These labeled proteins were similarly incubated and analyzed using
confocal microscopy (Fig. 3B). GST fails to be incorporated into
the GSAP-16K condensates/droplets (Fig. 3B).

In the above experiments (Fig. 34), GSAP-16K was kept under
the condition in which condensates/droplets can hardly be formed

PNAS 2022 Vol.119 No.12 2122292119

prior to incubation with GST-AICD. We examined whether
GST-AICD can be incorporated into GSAP-16K droplets that
have already formed. GST-AICD protein was added to a solution
of preformed GSAP-16K droplets. Time-resolved imaging reveals
that GST-AICD could indeed gradually diffuse into the pre-
formed droplets (Fig. 3C). The condensates are not evenly distrib-
uted, which may explain the uneven recruitment and distribution

of GST-AICD (Fig. 30).

Dual Modulation on Ap42 Production by GSAP-16K. GSAP-
16K was shown to activate y-secretase activity by enhancing
production of both AP40 and AP42 (16, 21). Our finding of
concentration-dependent LLPS for GSAP-16K, together with
direct interaction between GSAP-16K and AICD (16, 23),
hints at a molecular mechanism for the regulation of APP-C99
cleavage by GSAP-16K. To uncover details of this mechanism,
we systematically investigated APP cleavage by y-secretase using
the Amplified luminescent proximity homogeneous assay-
linked immunosorbent assay (AlphalISA) assay (33). In the
reaction mixture, the substrate APP-C99 was supplied at a final
concentration of 1 pM, ~50-fold higher than that of the
enzyme Y-secretase. The reaction was allowed to proceed for
4 h at 37 °C. AICD, generated by wild-type (WT) y-secretase,
can be detected by western blots (SI Appendix, Fig. S5A).
The y-secretase inhibitor 1685,458 specifically inhibits the
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Fig. 2. GSAP-16K forms puncta-like condensates and droplets in cells. (A) GSAP-16K droplets display clear features of fluidity. GFP-GSAP-16K forms puncta-
like condensates and droplets in HEK293FT cells (Left). The fluidic nature is shown by the fusion of two neighboring droplets over 10 s (Right). (B) FRAP of the
GFP-GSAP-16K droplets in HEK293FT cells. Three temporal snapshots of a droplet are shown (Upper). Quantitative analysis, averaged for the results of FRAP
on three different droplets, is shown (Lower). Error bar: SD. (C) Endogenous GSAP forms puncta-like condensates and droplets in the mouse neuronal cells.
Shown here are immunofluorescence images of endogenous GSAP in the primary mouse neuronal cells. Anti-Tuj1 (B-Ill-Tubulin) was used as a neuronal
marker. Green, Tuj1; red, GSAP. Puncta-like condensates and droplets are indicated by orange arrows. Blue, nucleus.

production of AICD (S Appendix, Fig. S5). Under these condi-
tions, less than 5% of APP-C99 could be cleaved by y-secretase
(ST Appendix, Fig. S5A).

With increasing concentrations from 0 to 4.5 pM, GSAP-
16K exhibits dual modulation on the production of Ap42 (Fig.
4A). In the absence of GSAP-16K, the concentration of Ap42
reached 259 + 8 pg/mL. With increasing concentrations of
GSAP-16K up to 3 pM, the production of AP42 steadily
increases, peaking at 1,321 + 255 pg/mL (Fig. 44). At GSAP-
16K concentrations higher than 3 pM, AP42 production

A GSAP-16K GST-AICD Merge GST-AICD only B

GSAP-16K

decreases precipitously, reaching a low level of about 364 + 63
pg/mL at 4.5 pM GSAP-16K.

In contrast to AP42, the production of AB40 remains nearly
unchanged in the concentration range of 0 to 3 pM GSAP-
16K (Fig. 4B). AP40 production decreases markedly beyond 3
MM GSAP-16K and reached a basal value of 195 + 43 pg/mL
at 4.5 pM GSAP-16K (Fig. 4B). Similar to AB42 production
(Fig. 44), the combined production of AP42 and AP40 displays
a bell-shaped curve with respect to the total concentration of
GSAP-16K, increasing in the range from 0 to 3 pM and
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Fig. 3. AICD is incorporated into the GSAP-16K droplets in vitro. (A) GST-AICD colocalizes with the GSAP-16K puncta-like condensates and droplets in vitro.
Alexa488-labeled GST-AICD at the indicated concentrations was incubated with 40 pM Alexa647-labeled GSAP-16K in the absence of PEG for 1 h (first three
columns). The white arrow indicates the position of line scans (refer to S/ Appendix, Fig. S4C). GST-AICD alone fails to form condensates/droplets (fourth col-
umn). (B) GST does not colocalize with GSAP-16K puncta-like condensates and droplets. (C) AICD can be incorporated into preformed GSAP-16K conden-
sates/droplets. Shown here are temporal snapshots of AICD incorporation into preformed GSAP-16K droplets. The first snapshot (0 min) was taken less
than 1 min after adding 5 pM AICD to the preformed GSAP-16K droplets.

4 0of 9 https://doi.org/10.1073/pnas.2122292119 pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122292119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122292119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122292119/-/DCSupplemental

A AB42 production
20004

f 15004

e

=L

o 1000]

<

o ns ns

o 5001 ﬂ ﬂ’;‘

(=3

0 05 1 2 3 35 4 45

GSAP-16K concentration (M)

O

Combined production of AB42 and AR40

2500

T
2000 £

ns

1500

ns

1000

LT

"0 05 1 3 3 35 4 45
GSAP-16K concentration (uM)

Combined production (pg/ml

AB40 production

1500
%\ ns =
B 10004 ns
=
o
&
< > - ey
IRIRIRIEIRIRINT
0 05 1 2 3 35 4 45
GSAP-16K concentration (uM)
D
Ratio of AR42 over AB40
8_
o
-oé g === _T_
o
<t
[«o}
< 4
<t
o ns
< 21 ﬂ
cﬂﬂ |
0 05 1 2 3 35 4 45

GSAP-16K concentration (uM)

Fig. 4. Dual modulation of AB42 production by GSAP-16K. (A) GSAP-16K exhibits dual modulation on Ap42 production. Ap42 production peaks in the pres-
ence of 3 pM GSAP-16K. One-way ANOVA was used to analyze the statistical significance compared with that in the absence of GSAP-16K. If not specified,
one-way ANOVA was applied for statistical analysis. (B) AB40 production decreases in the presence of 3 pM or more GSAP-16K. (C) The combined production
of Ap42 and AB40 exhibits a bell-shaped curve with respect to the total concentration of GSAP-16K. (D) The Ap42/AB40 ratio is elevated proportionally in the
GSAP-16K concentration range of 0 to 3 pM. Ap40 and Ap42 were quantified using the AlphaLISA kit (33). Each experiment was independently repeated three
times. Error bar: SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: no significant.

decreasing in the range from 3 to 4.5 pM (Fig. 4C). Most nota-
bly, as a result of the observed modulation on the production
of AB42 and AP40, the AP42/AP40 ratio increases almost line-
arly within the increasing concentration range of 0 to 3 pM
GSAP-16K and levels off in the range 3 to 4.5 pM (Fig. 4D).

LLPS of GSAP-16K Governs Dual Modulation. GSAP-16K at 3
MM concentration marks a turning point for its dual modula-
tion on AP42 production (Fig. 44) or the combined produc-
tion of AP42 and AP40 (Fig. 40). LLPS of GSAP-16K likely
constitutes the underlying mechanism for the observed dual
modulation. To investigate this scenario, we first examined the
reaction mixture under a confocal microscope (SI Appendix,
Fig. S6A). The puncta-like condensates/droplets appear a bit
amorphous, which might be related to the detergents and lipids
in the assay system. With increasing concentrations of GSAP-
16K, the percentages of the area occupied by condensates/drop-
lets steadily increase (SI Appendix, Fig. S6B). Alexa647-labeled
GSAP-16K and Alexa488-labeled APP-C99 colocalize in these
puncta-like condensates/droplets (S Appendix, Fig. S6A). This
is also validated by line scans of the images of Alexa647-labeled
GSAP-16K, Alexa488-labeled APP-C99, and blue fluorescence
protein (BFP)—tagged y-secretase (SI Appendix, Fig. S6C).

We next centrifuged the reaction mixture and used western
blots to examine the target proteins in the supernatant (Fig.
5A) and in the pellet (Fig. 5B). The pellet contains conden-
sates/droplets. These experiments were repeated three times,
allowing quantification of the target protein amount (Fig. 5
C-F). In the total concentration range of 0.5 to 4.5 pM, the
amount of GSAP-16K in the supernatant (GSAP-16K in the
dilute phase) increases steadily up to 3 pM but decreases
sharply afterward (Fig. 5 4 and C). In contrast, GSAP-16K in
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the pellet begins to significantly accumulate at 2 pM and
steadily increases afterward (Fig. 5 Band D).

The amount of the substrate APP-C99 in the supernatant
(APP-C99 in dilute phase) gradually decreases with increasing
amounts of GSAP-16K (Fig. 5F). Compared with that in the
absence of GSAP-16K, the amount of APP-C99 in dilute phase
is reduced by ~82.4% in the presence of 4.5 pM GSAP-16K.
In contrast, the amount of APP-C99 in the pellet steadily
increases (Fig. 5F), approximately proportional to the amount
of GSAP-16K in the pellet. Because APP-C99 remains barely
detectable in the pellet in the absence of GSAP-16K, it is safe
to conclude that APP-C99 was brought into the condensates
by GSAP-16K.

The amount of GSAP-16K in dilute phase roughly correlates
with AP42 production, both displaying a bell-shaped curve
(Figs. 44 and 5C). An explanation is that, GSAP-16K in dilute
phase delivers APP-C99 to the active site of Yy-secretase
for increased production of AP42, and GSAP-16K in the
condensates sequesters APP-C99, making it inaccessible to
Y-secretase.

This explanation is based on the assumption that y-secretase
should remain in the supernatant and not be incorporated into
these condensates/droplets. This is indeed true, as Pen-2, one
of the y-secretase components, remains entirely in the superna-
tant at the end of the reaction (Fig. 54). In addition, the
marked reduction of APP-C99 in dilute phase in the presence
of higher concentrations of GSAP-16K is not mainly due to
proteolytic consumption because only a very small fraction of
the substrate had been cleaved by y-secretase (S Appendix, Fig.
S5A4). Consistent with this analysis, similar results were
obtained when WT y-secretase was replaced by the catalytic
mutant PS1-D385A (SI Appendix, Fig. S7).
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Shown here are results of western blots of GSAP-16K, Pen-2, and APP-C99 in the supernatant of the reaction mixture. Following 4 h of y-secretase cleavage,
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both GSAP-16K and APP-C99 in the pellet grow with increasing total concentrations of GSAP-16K. Shown here are results of western blots of GSAP-16K and
APP-C99 in the pellet of the reaction mixture. (C) The amount of GSAP-16K in dilute phase displays a bell-shaped curve with respect to the total GSAP-16K
concentration range of 0 to 4.5 uM. Shown here (and in D-F) are the averaged results of three independent experiments. Error bar: SD. (D) The amount of
GSAP-16K in the pellet increases steadily in the presence of increasing concentrations of GSAP-16K. (F) The amount of APP-C99 in dilute phase steadily
decreases with increasing total concentrations of GSAP-16K. (F) The amount of APP-C99 in the pellet grows steadily with increasing total concentrations of

GSAP-16K. *P < 0.05; **P < 0.01; ****P < 0.0001; ns: no significant.

A Working Model of y-Secretase Modulation by GSAP-16K.
Our experiments reveal dual modulation on AB42 production
by GSAP-16K. GSAP-16K in dilute phase enhances the proteo-
lytic production of AP42, whereas formation of the GSAP-16K
condensates suppresses AB42 production by sequestering the
substrate APP-C99 in the condensates. LLPS—the molecular
basis of the dual modulation—strictly depends on physical
interactions between GSAP-16K and AICD (16, 23). To better
understand the mechanism, we examined various fragments of
AICD and identified a nine-residue fragment (residues 730 to
738; GST-APP 730 to 738) that interacts with GSAP-16K.
Similar efforts led to the identification of a 25-residue fragment
(residues 734 to 758; His-GSAP-16K 734 to 758) of GSAP-
16K that binds AICD.

Using purified recombinant proteins, we show that GST-
APP 730 to 738 forms a stable complex with His-GSAP-16K
734 to 758 on gel filtration (Fig. 6A4). Using western blots, we
demonstrate that Flag-tagged GST-APP 730 to 738 and His-
tagged GSAP-16K 734 to 758 are both expressed in cells and
stably interact with each other (87 Appendix, Fig. S84). Con-
firming specific interactions, deletion of 25 residues in GSAP-
16K (GSAP-16K A734 to 758) results in disruption of the
interaction and colocalization between APP-C99 and GSAP-
16K (SI Appendix, Fig. S8 Band O).

Notably, the AICD fragment responsible for binding GSAP-
16K is located only five residues downstream of the APP-C99
sequence that forms the induced P-strand (34) (Fig. 6B). The
induced B-strand guides the substrate into the active site of PS1, an
essential step in y-secretase cleavage (14, 34-36). In the cryo-elec-
tron microscopy (cryo-EM) structure of y-secretase bound to an
APP-C99 fragment, the sequences downstream of the induced
p-strand lack defined structure, indicating high flexibility (34). This
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analysis suggests that GSAP-16K may facilitate recruitment of APP-
C99 into the active site of PS1 by promoting formation of the
induced P-strand through direct interaction with its downstream
sequences (Fig. 6C).

In this working model, GSAP-16K in dilute phase uses
its 25-residue fragment to interact with the 9-residue AICD
fragment of APP-C99 (Fig. 6C). This interaction presumably
facilitates formation of the induced B-strand, thus assisting
recruitment of APP-C99 into y-secretase in a defined fashion
and consequently, enhancing AP42 production. However, at
higher concentrations, GSAP-16K forms puncta-like conden-
sates and droplets, which trap the substrate APP-C99 away
from y-secretase, thus suppressing cleavage of APP-C99 (Fig.

60).

Discussion

AP42 originates from AP48, and AP48 is due to the endopepti-
dase activity of y-secretase on APP-C99 (37). Similarly, APp40
originates from AP49. Neither AB48 nor AP49 interacts with
GSAP-16K. Therefore, dual modulation of AB42 production is
achieved through the first cleavage of APP-C99 by y-secretase.
Why does GSAP-16K binding to APP-C99 preferentially facilitate
the production of A48 but not AP49? One likely answer is that,
due to steric hindrance, binding by GSAP-16K favors formation
of the induced f-strand by residues 721 to 724 as opposed to resi-
dues 722 to 725 of APP-C99. This arrangement, which generates
AP48, leaves one extra amino acid between the induced p-strand
and the GSAP-16K binding fragment. Another possibility is that
GSAP-16K may induce conformational changes in PS1 that, in
turn, facilitate AP48 production (21). However, this possibility
suffers from the unanswered question of why such changes in PS1
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would have no impact on the cleavage of other substrates of
y-secretase. In addition, despite repeated efforts, we have been
unable to detect direct interactions between GSAP-16K and
Y-secretase.

Due to their fluidity and mobile nature, the condensates/
droplets of GSAP-16K and APP-C99 may serve as a dynamic
protein pool for the regulation of the availability of APP-C99
for y-secretase cleavage. Consistent with this analysis, GSAP
was shown to regulate APP trafficking (38). In live cells, APP
vesicles can be classified into mobile and immobile particles;
GSAP knockdown reduces immobile APP vesicles (38).

LLPS requires a critical concentration. The amounts of
GSAP-16K in the pellet remain relatively low at or below 1
MM GSAP-16K but sharply increase at or above 2 pM GSAP-
16K (Fig. 5D). In the patient brain, the level of GSAP expres-
sion was found to be elevated, and GSAP-16K existed in an
aggregated state (17, 19). These observations suggest that aggre-
gated GSAP-16K as a result of elevated concentrations may
contribute to the pathological state of AD (39, 40). In fact,
GSAP in mouse neuronal cells readily formed puncta-like con-
densates (Fig. 2C). The spatiotemporal and biphasic regulation
of GSAP-16K in human may contribute to the development
of AD.

PNAS 2022 Vol.119 No.12 2122292119

The expression levels of GSAP were found to correlate with
AD susceptibility (17). This observation is consistent with our
finding that increased GSAP concentrations result in an ele-
vated AB42/AB40 ratio, which is thought to contribute to AD
genesis. At GSAP-16K concentrations higher than 3 pM, the
combined production of AP42 and AP40 is markedly decreased
in the in vitro cleavage assay (Fig. 40), but the AP42/AB40
ratio remains high (Fig. 4D). Intriguingly, the vast majority of
AD-derived mutations in PS1 result in reduction of y-secretase
activity but elevation of the AP42/AB40 ratio (33). Despite
these tantalizing clues, the GSAP-16K concentration in patient
brain remains to be determined.

Abnormal protein aggregation is a recurring theme in neuro-
degenerative diseases (39, 41). In addition to amyloid plaques,
neurofibrillary tangles constitute another hallmark of AD. The
primary constituent of neurofibrillary tangles is the hyperphos-
phorylated Tau protein (42, 43). Tau forms droplets in vitro
and in vivo to initiate protein aggregation (44—46). In addition
to Tau, FUS (47-49), TDP-43 (50), hnRNPA1 (51, 52),
C9orf72 (53), and a-synuclein (54), each implicated in a neu-
rodegenerative disease, undergo LLPS (55). Our finding of
LLPS by GSAP-16K and its dual modulation on y-secretase

activity represents an important expansion on the biological
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impact of LLPS and suggests potential strategies for reducing
APB42/AP40 ratios in AD patients.

LLPS is mediated by the multivalency of biomolecules of
two types, either with modular domains or with intrinsically
disordered regions (56). GSAP-16K likely contains both struc-
tural core domains (S/ Appendix, Fig. S1) and intrinsically
disordered sequences as predicted by the online software Meta-
Disorder (https://predictprotein.org). Additional study is
needed to assess what sequence elements of GSAP-16K mediate
the LLPS.

Inhibition of y-secretase activity toward APP cleavage repre-
sents an attractive strategy for AD intervention. Small-molecule
inhibitors and modulators have been developed to target
y-secretase. Unfortunately, none of these inhibitors have dem-
onstrated cognitive improvements in clinical trials, largely due
to side effects associated with cleavage inhibition of substrates
other than APP (57-59). These failed efforts force scientists to
look for protein targets that specifically regulate APP cleavage
by y-secretase. Along this line, several proteins have been iden-
tified to specifically regulate Af production; these include
GSAP-16K (16), Hif-1a (60), IFITM3 (61), and SERP1 (62).
Our study constitutes a clearly documented example of how
such proteins may mechanistically regulate y-secretase activity.
Because GSAP-16K enhances the AB42/AB40 ratio through its
interaction with APP-C99, breaking up this interaction via
small molecules may markedly reduce the AP42/AB40 ratio,
presumably reducing formation of the P-amyloid plaques in
patients. Such molecules should only modulate APP cleavage
and have little impact on other substrates of y-secretase.

Materials and Methods

Molecular Cloning. The GSAP-16K complementary DNA (cDNA) was a gift from
the laboratory of Paul Greengard (16). GSAP-16K cDNA was subcloned into
pET21b for recombinant expression and the pLUIMGFP vector for stable cell line
generation. For the in vitro fusion assay, the cDNA sequences for AICD (residues
721 to 770) with an N-terminal GST and a C-terminal Myc tag were subcloned
into the pQlink expression vector. The ¢cDNA for PS1-NTF with an N-terminal BFP
was subcloned into the pMlink vector to generate BFP-PST-containing y-secre-
tase (36).

Protein Expression and Purification. All constructs in pET21b were
expressed in E. coli BL21 (DE3). APP-C99 and y-secretase were expressed and
purified as described (36).

Microscopy. A NIKON AT RMP microscope was used for imaging. The images
were analyzed using NIS-Elements AR Analysis and NIS-Elements Viewer 5.21.

In Vitro LLPS/Condensates Formation Assay. The GSAP-16K protein was
labeled using the fluorescent dye Alexa647 carboxylic acid (succinimidyl ester)
(ThermoFisher). After removal of the free dye, the labeled GSAP-16K was incu-
bated in an assay buffer at room temperature for 1 h before imaging. The Alexa
labeling efficiency is nearly 1%.

FRAP. In FRAP experiments in solution, the selected droplets were bleached
using a 638-nm laser pulse, and the recovery was recorded for 15 min after
bleaching. For FRAP experiments in cells, the puncta-like droplets were bleached
using a 488-nm laser pulse, and the recovery was recorded for 30 s.

Cell Culture and Generation of Stable Cell Lines. To generate a cell line
that stably expresses GFP or GFP-GSAP-16K, the specific pLIMGFP vector and
two helper plasmids (pCMV-VSVG and psPAX2) were transfected into HEK293FT
cells for lentivirus generation. Puromycin-resistant cells were selected as the sta-
ble cell line.

Immunofluorescence Staining. The cortical neuronal cells from a PO C57Bl/
6J mouse were fixed. Following incubation with anti-GSAP antibodies (Abcam;
ab106630 against C-terminal sequences of GSAP or Novus Biologicals; NBP1-
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78400 against N-terminal sequences of GSAP) and anti-B-Tubulin (Tuj1) antibod-
ies, the neuronal cells were incubated with goat anti-rabbit antibodies and goat
anti-mouse antibodies. The cells were then washed using phosphate buffered
saline (PBS) and stained using the dye Hoechst 33258 before imaging
by microscope.

In Vitro y-Secretase Cleavage Assay. The assay was performed as described
(33). The reaction mixture was centrifuged at 12,000 x g for 1 h to separate the
droplets/condensates from the supernatant.

Western Blots. Protein samples resolved by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) were transferred to a polyvinylidene fluo-
ride (PVDF) membrane using the semidry transfer method. The membrane was
blocked prior to incubation with the primary and secondary antibodies. The
chemiluminescence reagent (ThermoFisher) was used to visualize the results.

Quantification and Statistical Analysis. Statistical analysis was carried out
using Excel, GraphPad Prism, ImageJ, and NIS-Elements AR Analysis. Data are
presented as the mean =+ SD.

Comigration Assay. GST-APP 730 to 738 and His8-tagged GSAP-16K 734 to
758 were cotransformed into E. coli (DH5a) and cultured at 37 °C until OD (opti-
cal density) = 0.8 at 600 nm. The cell culture was shifted to 20 °C, and 200 mM
isopropyl-beta-D-thiogalactopyranoside was added to the culture at a final con-
centration of 200 pM. Following overnight culture, the cells were harvested and
resuspended in the buffer 25 mM Trizma base, pH 8.0, 150 mM NaCl, and 1
mM phenylmethylsulfonyl fluoride. For purification, the supernatant after centri-
fugation (13,000 x g, 1 h) was first loaded on the Ni-NTA column. The eluate
from the nickel nitrilotriacetic acid column was applied to the glutathione
sepharose 4B resin (GS4B) column. GST-APP 730 to 738 alone was purified by
the GS4B column, and His8-GSAP-16K 734 to 758 alone was purified by the
Ni-NTA column. The final elution was applied to gel filtration. The fractions were
detected by western blot.

€D Spectra. GSAP-16K concentration was adjusted to 0.2 mg/mL. The CD spec-
tra were collected in a 1-mm cuvette under the wavelength from 195 to 260 nm
on a Chirascan Plus (Applied Photophysics) spectropolarimeter. The temperature
range was set from 25 °C to 94 °C, with a step size of 3 °C. The data were proc-
essed by Pro-Data Viewer.

Limited Proteolysis. GSAP-16K at 0.25 mg/mL was digested with varying con-
centrations of Proteinase K or V8 Protease. For each protease, threefold serial
dilution was used to generate a concentration gradient. The reactions were car-
ried out for 10 min at room temperature and stopped by the addition of 10 mM
PMSF. An aliquot of each reaction was analyzed by SDS-PAGE.

Data Availability. All study data are included in the article and/or supporting
information.
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