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ABSTRACT: Amyloid f-peptide, the principal component of characteristic Wildtype Active Shifted Active
cerebral plaques of Alzheimer’s disease (AD), is produced through APP

intramembrane proteolysis of the amyloid precursor protein (APP) by y-
secretase. Despite the importance in the pathogenesis of AD, the mechanisms
of intramembrane proteolysis and substrate processing by y-secretase remain
poorly understood. Here, complementary all-atom simulations using a robust

Gaussian accelerated molecular dynamics (GaMD) method and biochemical : D385/l Shifﬂ"ga
experiments were combined to investigate substrate processing of wildtype < JD257

and mutant APP by y-secretase. The GaMD simulations captured \ 7,930

spontaneous activation of p-secretase, with hydrogen bonded -catalytic ”'ea"age//'g

aspartates and water poised for proteolysis of APP at the € cleavage site. PS1 migPso-09 PS1

#1CD49-99

Furthermore, GaMD simulations revealed that familial AD mutations 14SF

and T48P enhanced the initial & cleavage between residues Leu49—ValS0,

while MS1F mutation shifted the & cleavage site to the amide bond between Thr48—Leu49. Detailed analysis of the GaMD
simulations allowed us to identify distinct low-energy conformational states of y-secretase, different secondary structures of the
wildtype and mutant APP substrate, and important active-site subpockets for catalytic function of the enzyme. The simulation
findings were highly consistent with experimental analyses of APP proteolytic products using mass spectrometry and Western
blotting. Taken together, the GaMD simulations and biochemical experiments have enabled us to elucidate the mechanisms of y-
secretase activation and substrate processing, which should facilitate rational computer-aided drug design targeting this functionally
important enzyme.

B INTRODUCTION intracellular domains (AICD49—99 or AICD50—99) (Figure
S1).” These initially formed Af peptides are then trimmed
every 3—4 amino acids through a carboxypeptidase activity of
7-secretase along two pathways, Af48 — AP4S — AP42 —
AB38 and AP49 — AP46 — AP43 — AP40,>° and this
trimming is dictated by three active-site pockets that recognize
substrate residues P1’, P2/, and P3’ (i.e, immediately C-
terminal of the scissile amide bond).'” Mutations in the APP
TM domain associated with early onset familial AD (FAD) can
skew & cleava§e in favor of Af48 (i.e., to the pathological Af342
pathway).'”"" Alternatively, these mutations can be “pathway
switchers”, affecting carboxypeptidase activity to switch from
the AB40 pathway to the AB42 pathway.'’

Little is known about the mechanism by which y-secretase
accomplishes intramembrane proteolysis. A substantial ad-
vance in understanding substrate recognition came recently
with reports of cryoelectron microscopic (cryo-EM) structure
determination of the y-secretase complex bound to the Notch

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by cerebral atrophy, beginning with areas of the
brain involved in learning and memory. Deposition of 42-
residue amyloid f-peptide (Af42) in the form of plaques is a
defining pathological feature of AD and begins many years
before onset of symptoms.’ For these reasons, A#42 has been a
major target for the development of potential therapeutics” as
well as a key biomarker for AD.” Af peptides are derived
through proteolytic processing of the membrane-traversing
amyloid precursor protein (APP), first by fB-secretase outside
the membrane, generating a membrane-bound 99-residue C-
terminal fragment (C99), and then by y-secretase within the
membrane.” y-Secretase is a membrane-embedded aspartyl
protease complex, with presenilin (PS1) as the catalytic
component that carries out intramembrane proteolysis of >90
substrates, including APP and the Notch family of cell-surface
receptors.’ Cleavage of the APP transmembrane (TM) domain
by y-secretase determines the length of Ap peptides, the

proportion of the hydrophobic TM domain retained in the Af Rece.ived: March 12, 2020
product, and therefore the tendency of Af to aggregate into Published: June 4, 2020
plaques.

Proteolysis of the APP TM domain by y-secretase is
complex.® Initial endoproteolysis of C99 at the ¢ site generates
48- or 49-residue A (AP48 or Af49) and corresponding APP
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Table 1. Summary of GaMD Simulations Performed on Different Systems of y-Secretase Bound by the Notch and APP

Substrates

enzyme substrate disulfide bond” Natoms”
D385A (Cryo-EM) notch present 240,021
D38S-protonated notch present 240,358
D257-protonated notch present 240,358
D385A (Cryo-EM) APP present 253,650
wildtype APP present 253,647
wildtype APP absent 241,351
wildtype 14SF APP absent 241,355
wildtype T48P APP absent 241,348
wildtype MS1F APP absent 241,360

“The artificial disulfide bond between the N-terminus of APP and PS1 HLI1 loop
and %o,y are the average and standard deviation of the GaMD boost potential,

AV,

b . . . .
Ntoms 18 the number of atoms in the simulation systems. avg

respectively.

dimension (A%)

141
141
141
141
141
141
141
141
141

simulation (ns) 6y (keal/mol)?

AV, (keal/mol)*

X 124 X 146 300 X 1 12.91 791
X 124 X 146 300 X 3 9.97 6.76
X 124 X 146 300 X 3 10.36 6.46
X 124 X 147 300 X 1 12.53 6.58
X 124 X 147 300 X 3 10.46 6.91
X 124 X 147 2000 x 3 10.4S 6.78
X 124 X 147 1100 x 3 10.30 6.79
X 124 X 147 1400 x 3 10.87 6.87
X 124 X 147 1500 x 3 10.08 7.38

of the y-secretase is kept (“present”) or removed (“absent”).

and APP substrates (Figure S1).'>'* The average resolutions
of the Notch- and APP-bound y-secretase structures were 2.7
and 2.6 A, respectively, although lower resolutions were
obtained for flexible protein regions. The cryo-EM structures
were consistent with expectations from previous studies using
small-molecule probes and mutagenesis. In both structures, the
substrate TM assumed a helical conformation starting from the
extracellular side and was surrounded by TM2, TM3, and TMS
of PS1. The helix ended just before entry into the enzyme
active site, becoming first partially unwound and then fully
extended into a f-strand toward the intracellular side. The
substrate f-strand interacted with an antiparallel f-strand in
the intracellular side of PS1 TM7, which in turn interacted
with another f-strand from the enzyme TMS6. This f-sheet
motif was suggested to be essential for substrate recognition by
the y-secretase.'”'> While a tour de force for the field,
stabilization of the substrate-enzyme complex required (1)
mutation of one of the catalytic aspartates (Asp385) to alanine
in PS1 (inactivating the enzyme) and (2) double cysteine
mutagenesis and disulfide cross-linking between substrate and
presenilin (with the potential for deviation from normal
wildtype interactions).

Computational modeling, especially molecular dynamics
(MD) simulation, has proven useful in understanding the
structural dynamics of y-secretase. Previous studies have
provided valuable insights into the conformational
chan§es,l4_17 enzyme allosteric modulation,'® substrate bind-
ing,1 A719=21 yoater distribution,' S lipid interactions'® and
ligand binding of y-secretase.”” ** In several of these studies, a
putative active conformation was described for the substrate-
free (apo) y-secretase with the two catalytic aspartates moving
to close proximity,'*~'° but none has characterized the enzyme
active state poised for proteolysis with both the water and
peptide substrate. Hence, the dynamic mechanisms of enzyme
activation and substrate processing by y-secretase remained
poorly understood.

Here, we present the first report of MD computational
modeling of activation of APP-bound p-secretase using the
latest cryo-EM structures of substrate-bound enzyme. The
enzyme and substrate were computationally restored to the
wildtype. Extensive all-atom simulations using a novel and
robust Gaussian accelerated molecular dynamics (GaMD)
method were employed to capture the extremely slow motions
underlying activation of y-secretase for proteolysis of substrate
within the cell membrane (k, in proteoliposomes estimated at

19 h71).»
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GaMD is an enhanced sampling computational technique
that works by adding a harmonic boost épotential to smooth the
biomolecular potential energy surface.”® GaMD greatly reduces
energy barriers and accelerates biomolecular simulations by
orders of magnitude.”” GaMD does not require predefined
collective variables or reaction coordinates. Compared with the
enhanced sampling methods that rely on careful selection of
the collective variables, GaMD is of particular advantage for
studying complex biological processes’® such as enzyme
activation and substrate processing by y-secretase. Moreover,
because the boost potential follows a Gaussian distribution,
biomolecular free energy profiles can be properly recovered
through cumulant expansion to the second order.”® GaMD
builds on the previous accelerated MD (aMD) method,””*
but solves its energetic reweighting problem®" for free energy
calculations of large biomolecules. GaMD has successfully
revealed physical pathways and mechanisms of protein folding
and ligand binding, which are consistent with experiments and
long-time scale conventional MD simulations.”**>** It has also
been applied to characterize protein—g)rotein,%35 protein—
membrane,*® and protein-nucleic acid®”** interactions. There-
fore, GaMD was applied in this study for enhanced sampling of
the y-secretase complex, a well-known slow enzyme.’”*’

Furthermore, the GaMD simulations were highly consistent
with parallel mass spectrometry (MS) and Western blotting
biochemical experiments on the processing of both wildtype
and mutant APP substrates. Remarkably, one of the mutations
(MS1F) in APP shifted the substrate & cleavage site to the
amide bond between residue Thr48—Leu49, while another two
mutations (I4SF and T48P) enhanced the ¢ cleavage between
Leu49—Val50 compared with the wildtype. The GaMD
simulations and biochemical experiments together offered a
deep atomic-level understanding of intramembrane proteolysis
by y-secretase.

B RESULTS

Activation of Computationally Restored Wildtype y-
Secretase Is Captured in GaMD Simulations. Our initial
testing GaMD simulations using the earlier published cryo-EM
structure of Notch-bound y-secretase (Figure S1A)—with
Asp385 computationally restored— showed that Asp257
rather than Asp385 should be protonated in the active site,
as in this case the two aspartates were able to approach each
other for catalysis (Table 1 and Figure S2). Further testing
GaMD simulations using the cryo-EM structure of APP-bound
y-secretase (Figure S1B and Table 1) revealed an active

https://dx.doi.org/10.1021/acscentsci.0c00296
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Inactive

Active site

Figure 1. Conformational changes of the catalytic subunit presenilin (PS1) and APP substrate during activation of the computationally restored
wildtype y-secretase. (A) Comparison of the inactive cryo-EM structure (green) and wildtype active conformation of APP-bound PS1 (red). (B)
The active site poised for proteolysis. Water entered the active site and formed hydrogen bonds with the catalytic aspartates, being ready for
nucleophilic attack on the scissile amide bond between residues Leu49 and ValS0 of APP for ¢ cleavage. (C—F) Conformational changes of (C)
PS1 TM2, (D) PS1 TMéa, (E) the C-terminus of APP, (F) PS1 TM1 and PS1 TM8 during activation of y-secretase. The extracellular end of TM2
moved outward by ~2.5 A in the active PS1 relative to the inactive cryo-EM structure. The PS1 TM6a moved upward by ~2 A compared to the
cryo-EM structure. The C-terminal -strand region of APP moved closer to interact with the PS1 TM6a helix. Residue LeuS2 of APP moved by ~6
A toward nonpolar residues Val272, Leu270, and Ala275 in the enzyme TM6a. The intracellular ends of TM8 and TM1 moved from the cryo-EM

structure by ~4.5 A and ~3.5 A, respectively.

conformation of the PS1 catalytic subunit with computation-
ally restored Asp385, while the enzyme—substrate disulfide
bond was kept (Figure S3 and Movie S1). Building upon these
testing results, we proceeded to remove the artificial enzyme—
substrate disulfide bond to completely restore the wildtype y-
secretase for further simulations (Table 1). During three 2-ys
GaMD enhanced simulations, spontaneous activation of APP-
bound y-secretase was observed starting from its inactive cryo-
EM conformation (Figures 1A and S4A and Movie S2). The
activation was characterized by coordinated hydrogen bonding
interactions between the active-site aspartates, APP, and a
water molecule. Active site Asp257 and Asp385 moved closer
to form a hydrogen bond between the protonated Asp257 and
the carbonyl oxygen in Leu49 of the scissile amide bond in
APP (Figure 1B). The two aspartates were ~7 A apart between
their Cy atoms. Water entered the enzyme active site from the
intracellular side and formed hydrogen bonds with the
aspartates. The hydrogen bonds with the catalytic aspartates
activated the water needed for nucleophilic attack of the
carbonyl carbon of the scissile amide bond in APP. The
distance between the carbonyl carbon of Leu49 and water

971

oxygen was ~3.8 A. This active conformation is well poised for
€ cleavage of the amide bond between residues Leu49 and
ValS0 of APP.

Water molecules entered the active site of y-secretase
through a channel formed by the C-terminal f-strand of APP,
the C-terminal B-strand of PS1 TM7 and the C-terminal loop
region of TM6a, which was open to the intracellular solvent
(Figure SS). The residues comprising this channel are listed in
Table SI. In addition, water molecules visited another pocket
adjacent to the active site. This pocket was located between the
TMS8 and TM9 in PS1 near the protein surface. Since the polar
water molecules cannot diffuse into the hydrophobic lipid
bilayer, they returned to the active site and navigated through
the open channel to the intracellular solvent. This was reflected
in the pathway of the water molecule that formed hydrogen
bonds with catalytic aspartates for activation of the enzyme
(Figure SSB).

RMSFs were calculated from GaMD simulations of the
enzyme—substrate complex (Figure S6). In nicastrin, extrac-
ellular helices a1, a2, a4a, the C-terminal regions of a5, al2,
@17, and TM domain exhibited high fluctuations with ~3 A

https://dx.doi.org/10.1021/acscentsci.0c00296
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Figure 2. Mass spectrometry and Western blotting of the APP intracellular domain (AICD) fragments and GaMD free energy profiles of wildtype
and mutant APP-bound y-secretase. (A—D) The intensity of different AICD fragments detected by mass spectrometry for (A) wildtype (AICD
50—99, expected mass: 6905.6 g/mol, observed mass: 6907.4 g/mol; AICD 49—99, expected mass: 7018.8 g/mol, observed mass: 7019.6 g/mol),
(B) I4SF (AICD 50—99, expected mass: 6905.6 g/mol, observed mass: 6905.4 g/mol; AICD 49—99, expected mass: 7018.8 g/mol, observed mass:
7019.8 g/mol), (C) T48P (AICD 50—99, expected mass: 6905.6 g/mol, observed mass: 6907.4 g/mol; AICD 49—99, expected mass: 7018.8 g/
mol, observed mass: 7041.8 g/mol) and (D) MS1F (AICD 49—-99, expected mass: 7034.8 g/mol, observed mass: 7031.4 g/mol; AICD 48—99,
expected mass: 7135.8 g/mol, observed mass: 7132.2 g/mol) APP substrate as cleaved by y-secretase. (E—G) 2D free energy profiles of the
Asp257:Cy—Asp385:Cy and Asp257:protonated O—Leu49:0 distances calculated from GaMD simulations of (E) wildtype, (F) 14SF, and (G)
T48P APP substrate. (H) 2D free energy profile of the Asp257:Cy—Asp385:Cy and Asp257:protonated O—Thr48:O distances calculated from
GaMD simulations of the MSIF APP substrate. (I) The total amount of AICD species in y-secretase determined in vitro by Western blotting using
anti-Flag antibodies of y-secretase.

RMSF (Figure S6A). The TM6 and Helix-8 of APH1 were also domain, TM6, and TM6a were flexible with ~2.5—3 A RMSF.
flexible during the simulations. In PS1, TM2 extracellular Through structural clustering of GaMD simulation snapshots
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(see Methods), the top cluster was obtained as the
representative wildtype active conformation of the enzyme.
Relative to the cryo-EM structure, the extracellular end of TM2
moved outward by 2.5 + 0.5 A (Figure 1C), and TM6a moved
upward by 2.0 + 0.3 A (Figure 1D). Conformational changes
of these domains involved a significant number of PS1 FAD
mutation sites, including GInl127, Argl28, Ser132, Pro264,
Pro267, Arg269, Leu271, Val272, Glu273, and Thr274 (www.
alzforum.org). Interestingly, His131 from TM2 and Cys263
from TM6a flipped their side chains. The N-terminal helix
region of APP moved outward by 10.0 + 2.0 A during enzyme
activation (Figure 1A), while the C-terminal f-strand of APP
moved by 6.0 + 1.0 A to interact with the PS1 TM6a helix. In
the process, APP residue Leu52 made new contacts with
residues Val272 and Ala275 in TM6a of PS1 (Figure 1E). The
movement was consistent with the previous finding that TM6a
undergoes large conformational change upon substrate binding
and plays a key role in activation of the enzyme." In addition,
the intracellular ends of TM8 and TM1 moved by 4.5 + 0.8 A
and 3.5 + 0.5 A, respectively (Figure 1F). Residues Ser104,
Phel0S, and Tyrl06 in the N-terminal region of PS1 HLI1
changed into a helical conformation during enzyme activation
(Figure S7B,F). In summary, we have captured activation of
computationally restored wildtype y-secretase bound by
wildtype APP in the GaMD simulations.

GaMD Simulations Correlated with Biochemical
Experiments on Cleavage of Wildtype and Mutant
APP. MS experiments were carried out to analyze AICD
species (AICD49-99 and AICDS0-99) generated in
proteolysis of the wildtype APP and three mutants (I4SF,
T48P, and MS1F) by y-secretase assay (Figure 2A—D). For
the wildtype APP, the MALDI-TOF analysis showed the
presence of both AICD species, but the AICD50—99 species
had relatively higher intensity than the AICD49—99 species
(Figure 2A). The difference in the amount of AICD fragments
suggested that the y-secretase preferred e cleavage between
Leu49-ValS0 to the cleavage between Thr48—Leu49 in the
wildtype APP, as has been previously reported.'” Such
experimental data correlated well with GaMD simulations
with the wildtype APP substrate, during which the activated
enzyme was poised to cleave wildtype APP between Leu49—
ValsSo (Figure 1B).

During activation, the wildtype APP-bound y-secretase also
sampled “inhibited” and “intermediate” low-energy states as
identified from the GaMD reweighted free energy profile
(Figure 2E). In the inhibited state, the catalytic aspartates
moved very close to each other, with only ~4 A distance
between the Cy atoms, while the substrate was ~6 A away
from the active site. This conformation could not accom-
modate water between the aspartates to form hydrogen bonds.
A similar inhibited state of the enzyme was also observed in the
dipeptidic inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT)-bound cryo-EM structure
(PDB: 5FN2)*' (Figure S8). With the enzyme active site in
the inhibited state, APP substrate moved away from the
catalytic aspartates in the GaMD simulations. The carbonyl
oxygen in Leu49 of APP was ~6 A from the protonated oxygen
of Asp257 (Figure 2E). In the intermediate state, while the Cy
atoms of the catalytic aspartates were ~6 A apart, being similar
to the active conformation, the catalytic Asp257 was still ~7 A
away from the target carbonyl oxygen of Leu49 in the APP
substrate (Figure 2E). The intermediate state adopted by y-
secretase may reflect its flexibility during activation and
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substrate processing and the well-known slow kinetics of the
enzyme.

For the I4SF and T48P mutants of APP substrate, the MS
analysis showed a decreased amount of the AICD49—99
species from proteolysis of both mutants compared with the
wildtype substrate, and AICD50—99 was the predominant
AICD product (Figure 2B,C). Thus, & cleavage between
Leu49—Val50 was even more preferred for these two mutants
than for the wildtype substrate. These results are consistent
with recent findings that these two FAD mutations act as
“pathway switchers” to increase the Af42/ApB40 ratio, rather
than shifting the & cleavage site toward formation of A48 and
the Af342 pathway.'’ In parallel with the experiments, further
GaMD simulations were performed on y-secretase bound by
the I45F and T48P mutant APP substrates. The I45F mutant
substrate-bound y-secretase became activated during 1.1 us
GaMD simulations (Figure S4B). A low-energy conformation
was observed in the I4SF active state for which the distance
between the Cy atoms of Asp257 and Asp38S was ~7 A, while
the Leu49 carbonyl oxygen and Asp2S57 protonated oxygen
formed a hydrogen bond with ~3 A distance (Figure 2F). The
boost potential was 10.30 + 6.79 kcal/mol in the GaMD
simulations of the I4SF mutant substrate-bound enzyme,
which was comparable to that of the wildtype system (10.45 +
6.78 kcal/mol) (Table 1). However, the I145F mutant APP
substrate-bound y-secretase was activated within a shorter
simulation time compared with the wildtype APP substrate-
bound enzyme, with higher probability of conformations for
the e cleavage between Leu49—ValS0 in APP (Figure S4A,B).
The simulation findings agreed well with the experimental
data. Analysis of AICD products by MALDI mass spectrometry
revealed a higher peak intensity of AICDS50—99 than
AICD49-99 for the I4SF mutant APP compared with the
wildtype APP (Figure 2A,B). Another low-energy conforma-
tion of I45F APP substrate-bound enzyme was observed in the
inhibited state (Figure 2F), being similar to the inhibitor
DAPT-bound structure of y-secretase (PDB: SEN2).*'

For the T48P mutant APP substrate-bound y-secretase,
activation was observed during one of three 1.5 ys GaMD
simulations (Figure S4C). Low-energy conformations were
identified from the free energy profile in the active, inhibited,
and intermediate states (Figure 2G). In the T48P active state,
the catalytic aspartates were positioned ~7 A apart (Cy to Cy),
and the substrate Leu49 carbonyl oxygen aligned with the
protonated oxygen of Asp257 to form a hydrogen bond. The
boost potential was 10.87 + 6.87 kcal/mol, which was also
comparable to that of wildtype APP simulations (Table 1).
The T48P mutant APP substrate-bound y-secretase transi-
tioned into the active state within a shorter simulation time
compared to the wildtype system (Figure S4A,C). The T48P
APP substrate mutant had a higher probability than the
wildtype APP substrate of aligning the aspartates and water
with the scissile amide bond between Leu49—ValS0 in APP.
This computational finding was again consistent with MALDI
mass spectrometric analysis of AICD products: AICDS0—99
intensity is higher than AICD49—99 for the T48P mutant
substrate compared to that of the wildtype system (Figure
2A,C). The observed inhibited state (Figure 2G) was similar to
that seen in the wildtype and I4SF systems (Figure 2E,F) as
well as the inhibitor DAPT-bound cryo-EM structure of y-
secretase (PDB: SFN2).*' In the T48P intermediate state, the
Cy atoms of the catalytic aspartates were ~6 A apart, while the
Leu49 carbonyl oxygen of APP substrate and the protonated
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Figure 3. Conformational changes of the catalytic subunit presenilin (PS1) and APP in the shifted active (MS1F) states of y-secretase compared
with the active (wildtype) state. (A) Overview of the active (red) and shifted active (blue) conformations of APP-bound PS1. (B) The extracellular
end of the PS1 TM2 moved outward by ~5.5 A in the shifted active (MS1F) conformation relative to the active (wildtype) structure. Residues
Thr124, Val125, Gly126, and GIn127 in this region lost the helical conformation in the shifted active state. (C) The active site poised to attack the
scissile amide bond between residues Leu49 and ValS0 in the active state (red) and between residues Thr48 and Leu49 in the shifted active state
(blue) of APP for ¢ cleavage. Side chain flipping of the APP Thr48 residue led to formation of a hydrogen bond between its carbonyl oxygen and
the PS1 Asp257 protonated oxygen. Residue Leu49 initially facing the center of two aspartates flipped to the other side with a downward
movement of ~4 A. (D) The N-terminus of PS1 TM6 moved toward the active site by ~4 A and the TM6a helix tilted by ~60°. (E) The f-strand
at the C-terminus of APP substrate deformed to a turn as it moved away from TM6a in PS1. The APP LeuS2 interacting with nonpolar residues in
PS1 TM6a in the active conformation flipped its side chain and moved in the opposite direction by ~6 A. (F) The intracellular ends of TM1 and
TMS8 moved by ~2.5 A and ~2.5 A in PSI, respectively.

oxygen of Asp257 were ~7 A apart (Figure 2G). The I45F and and the protonated oxygen of the PS1 Asp257 (Figure S4E). A

T48P mutant APP substrate-bound y-secretase showed a distinct low-energy state was identified for the “shifted”
similar structural flexibility as the wildtype system in the conformation in the free energy profile of the M51F APP
RMSFs calculated from GaMD simulations (Figure S6A). In system (Figure 2H). In the shifted state, the Cy atoms of the
both systems, extracellular helices al, a2, a4a, the C-terminal catalytic aspartates were ~7 A apart, and the carbonyl oxygen

regions of a5, @12, @17, and TM domain of nicastrin exhibited of APP substrate Thr48 and protonated oxygen of PS1 Asp257
high fluctuations. The TM6 and helix-8 of APH-1, and the formed a hydrogen bond with ~3 A distance. Moreover, in one
TM2 extracellular domain, TM6, and TM6a of PS1 were also of the three GaMD simulations, the & cleavage site of MSIF
flexible during the GaMD simulations (Figure S6C,D). mutant APP was further shifted to the amide bond between

Shifted ¢ Cleavage Site of APP in the M51F Mutant. Ile47—Thr48. The distance between the carbonyl oxygen of
MS analysis of AICD products from the MSIF mutant system APP substrate residue Ile47 and the protonated oxygen of PS1
revealed AICD49—99 as the major product, suggesting that the Asp257 became ~3 A (Figure S9). The Cy atoms of the
predominant & cleavage site of MS1F APP was between catalytic aspartates were ~7 A apart. This observation was
residues Thr48—Leu49 (Figure 2D). A low level of AICD48— consistent with the low level of AICD48—99 fragment detected
99 was also detected, revealing that the MSIF APP substrate by MS of AICD products of the MSIF APP mutant (Figure
was cleaved to a limited degree between Ile47—Thr48 (Figure 2D).

2D). This was consistent with previous studies that a Phe In addition to the MS experiments, the effect of APP
residue is not tolerated in the P2’ position of substrate or mutations was investigated by detecting the total amount of
transition-state analogue inhibitors of y-secretase.'”** Thus, Flag-tagged AICD species in in vitro y-secretase assays by
MS1F mutation of the APP substrate shifted the & cleavage site Western blotting using anti-Flag antibodies (Figure 2I). The
from Leu49-ValS0 to Thr48-Leu49. Such a shift of & cleavage AICD production increased substantially for the MS1F mutant
was consistently observed in 1.5 ys GaMD simulations of the substrate compared to wildtype APP substrate, although we
MSI1F mutant APP substrate bound to y-secretase (Figure S4D note that this increase was not apparent in a previous study.'’

and Movie S3). The protonated oxygen of PS1 Asp257 was In contrast, £ proteolysis of the I45F and T48P mutants
hydrogen bonded to the carbonyl oxygen of Thr48, and the showed no drastic change in the total AICD level compared

activated water molecule targeted the scissile amide bond with wildtype APP substrate (Figure 2I). This was highly
between Thr48 and Leu49 in the MS1F APP mutant for & consistent with the GaMD simulations. In the systems with
cleavage. In comparison, residue Thr48 in the wildtype APP wildtype, I45F and T48P mutant APP substrate, the low-
maintained a distance of ~8—9 A between its carbonyl oxygen energy inhibited state was observed in the free energy profiles
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Figure 4. Time courses of the APP secondary structures in the (A) wildtype, (B) I4SF, (C) T48P, and (D) MSIF forms as bound to y-secretase
calculated from their representative GaMD simulations. Results of the other simulations are plotted in Figures S8 and S9.

of y-secretase, but not for the MS1F mutant system (Figure
2E—H). Relative to the active low-energy minimum, the PMF
free energy value of the inhibited state was 0.19, 0.29, and 1.80
kcal/mol for the wildtype, T48P and I4SF APP systems,
respectively. However, it is important to note that the GaMD
simulations and free energy profiles were still not converged,
especially for the T48P and MSIF mutant systems, similarly
for populations of the different enzyme conformational states.
Nevertheless, the relative population probability of the
inhibited to the active state could be estimated according to
the Boltzmann distribution of the PMF values as roughly 0.74,
0.62, and 0.0S for the wildtype, T48P, and I4SF APP systems,
respectively.

Structural clustering was performed on GaMD simulations
of MS1F APP-bound y-secretase, and the top cluster was
identified as the shifted conformational state of the enzyme.
Compared with the wildtype active conformation (Figure 3A),
the extracellular end of TM2 in PS1 moved outward by 5.5 +
0.5 A (Figure 3B). The helix involving residues Thr124,
Vall25, Gly126, and GInl127 became disordered in this region
(Figure 3B). The APP substrate moved downward by 4.0 + 0.5
A in the substrate binding channel of the enzyme (Figure
3A,C). In comparison, the catalytic aspartates and flanking
regions of TM6 and TM7 moved less than APP (Figure 3C,E).
Upon shifting of the & cleavage site, local rearrangements of
APP residues were required to establish the coordinated

975

hydrogen bonding interactions at the active site (Figure 3C
and Movie S3). Side chain flipping of the APP Thr48 residue
led to formation of a hydrogen bond between its carbonyl
oxygen and the PS1 Asp257 protonated oxygen (Figure S4D).
Residue Leu49 initially facing the activated water between
these catalytic aspartates flipped the side chain and moved
downward by 4.0 + 0.5 A. The PS1 TM6 helix in the MS1F
shifted state moved toward the active site by 4.0 + 0.6 A
relative to the wildtype active conformation (Figure 3A).
Moreover, the TM6a helix tilted by 60° + S° and 6.0 + 1.0 A
distance relative to the wildtype active conformation (Figure
3A,D). Meanwhile, the f-strand at the C-terminus of APP
deformed to a turn as it moved away from the TM6a helix.
APP LeuS52, interacting with the nonpolar residues of TM6a in
the wildtype active conformation, flipped its side chain and
moved away from these residues by 6.0 + 0.6 A (Figure 3E).
The intracellular domains of TM1 and TMS8 in the MS51F
shifted state moved by 2.5 + 0.3 A compared with the wildtype
active conformation (Figure 3F). PS1 FAD mutation sites
Ala79, Val82, 1le83, Met84, Leu8S, Pro88, Leu424, and Ala426
from TMI1 and TM8 showed similar movements of their side
chains. In addition, RMSF of the M51F mutant APP-bound y-
secretase calculated from GaMD simulations showed higher
flexibility in TM2, TM6, and TM6a regions of PS1 (Figure
S6B). This extra flexibility is consistent with the ability of the
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MSIF mutant system to readjust the positioning of the
substrate in the active site in shifting the & cleavage site.

Changes in Secondary Structures of APP Substrate
Mutants. Changes in secondary structures of the wildtype and
mutant APP substrate in y-secretase were monitored during
the GaMD simulations (Figures 4, S10, and S11). Secondary
structures of APP substrate in the active conformations of the
wildtype, I4SF and T48P mutant systems and the shifted active
conformation of the MSIF mutant system were compared
using their top ranked structural clusters obtained from the
corresponding simulations (Figure S12). For wildtype APP
substrate, residues Gly29 to Val46 formed a helical
conformation throughout the simulations except between
residues 42 and 43 (Figure 4A). Residues Asn27—Lys28
fluctuated between turn and coil conformations during last
~700 ns for activation, whereas Ile47—Leu49 fluctuated
between helix and turn conformations throughout the
simulation. The N-terminal region of APP substrate was very
flexible and sampled turn and coil conformations. The C-
terminal residues LeuS2 to LysSS primarily maintained an
antiparallel p-sheet conformation. Residues Val50—Met51,
immediately after the Leu49—Val50 ¢ cleavage site, formed a
turn for a number of times that exposed this APP scissile amide
bond to the enzyme aspartates and coordinated water for
proteolysis.

The I45F and T48P mutants of APP substrate, which
maintained & cleavage between Leu49—ValS0, showed similar
secondary structures as the wildtype substrate, although unique
features were also observed in each mutant. Both mutant
substrates formed turns at residues ValS0—MetS1 despite
fluctuations (Figure 4B,C) and adopted a f3-sheet conforma-
tion at the C-terminus during simulations. However, only
residues Ile31—Val46 formed a helix in the I45F mutant, with
~2-3 residues toward the N-terminus losing the helical
conformation (Figure 4B). The N-terminal region of I4SF
mutant APP substrate was thus more flexible than the wildtype
substrate and bent over the HL1 loop of PS1 (Figures S7C,F
and S13). For the I4SF APP mutant substrate, multiple
hydrogen bonds were formed between the N-terminal residues
of APP and PS1 HL1. Residue GIn112 in the PS1 HL1 loop—
mutated to Cysl12 in the cryo-EM structure to generate a
disulfide bond and restored in our simulation—formed three
hydrogen bonds with residues Ser26, Asn27, and Lys28 of the
APP N-terminus (Figure S13A). Two of these hydrogen bonds
involved backbone atoms. In addition, the backbone N atom of
Ile114 in PS1 HL1 formed a hydrogen bond with the
backbone O atom of Lys28 of APP. These hydrogen bonds
contributed to a parallel j-sheet between the PS1 HL1 and
APP N-terminus as reflected in the secondary structure plots
(Figures 4B, S10, S13A). In contrast, the N-terminal loop of
wildtype APP was observed flexible without bending over the
PS1 HL1 (Figure S7B,F). For the T48P mutant APP, residues
Gly29—Ala42 formed a helical conformation, whereas residues
Thr43—1Ile47 fluctuated between the a-helix, 3-10 helix, and
turn conformations (Figure 4C). Residues Ser104, Phel0S,
Tyr106, and Thr107 of the PS1 HL1 loop formed a helix in the
T48P active conformation, similar to what was observed in the
wildtype active state (Figure S7D,F).

For the MS1F mutant APP, residues Ala30-Val46 formed a
helical conformation during the GaMD simulations (Figure
4D). A longer turn appeared starting from residue Leu49 to
LeuS2 in MSIF APP during the simulations (Figures 4D, 3E,
and S12). In comparison, a turn was formed for only residues
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Val50—MetS1 in the wildtype APP that exposed the Leu49—
Val50 scissile amide bond for € cleavage (Figures 4A and S12).
The shift of this turn correlated with the shift of the & cleavage
site. The C-terminal f-strand became shorter in the MSIF
APP substrate mutant (Figure 4D) and even completely
disappeared in the representative MSIF shifted active
conformational state (Figures S12 and 3E). As the MSIF
mutant APP substrate moved downward relative to PS1, its N-
terminus formed more interactions with PS1 HLI1 (Figure
S7E,F). The backbone O and N atoms of Gly111 in HL1 often
formed hydrogen bonds with the backbone atoms N of Glu22
and O of Phe20 in the APP substrate, respectively (Figure
S7E,F and S12B). These hydrogen bonds resulted in a parallel
p-sheet conformation (Figure 4D). The N-terminus of the
T48P mutant APP was also found in proximity with the PS1
HL1 loop (Figure S7D,F). The PS1 HL1 loop—with high
flexibility and multiple interactions with APP substrate—make
it one of the most important regions of PS1 in the context of
enzymatic function and Alzheimer’s disease pathogenesis.*”**
The PS1 HL1 has a large number of FAD mutation sites,
including Phel0S, Glyl11, Leull3, TyrllS, and GInl27.
Hence, our simulation findings were consistent with the
literature regarding the importance of the HL1 loop.

The C-terminus of APP substrate-bound to the active
wildtype conformation moved toward PS1 TM6a region by ~6
A during enzyme activation (Figure 1E). The C-terminus of
APP maintained f-sheet conformations with the N-terminus of
PS1 TM7 throughout the simulations. Hence, with the
movement of C-terminus of APP, the N-terminus of PS1
TM7 also moved along by ~6 A (Figure S14). In contrast,
I4SF and T48P mutant APPs maintained the J-sheet
conformations with the N-terminus of PS1 TM7 without the
movement of the C-terminus. MSIF mutant APP lost its
interaction with the PS1 TM7 and hence losing the f-sheet
conformations (Figures 4D and 3E).

Comparison of the S1’, S2’, and S3’ Active-Site
Subpockets in the Wildtype and Mutant APP Substrate-
Bound y-Secretase. Representative active conformations of
PS1 were identified as the top ranked structural clusters from
the GaMD simulations of the wildtype, I14SF, and T48P
mutant systems and the shifted active conformation from the
MSIF system simulations. These conformations were aligned
and compared for the enzyme active-site S1’, S2’, and S3’
subpockets that were occupied by APP substrate residues P1’,
P2, and P3’, respectively'’ (Figure 5). In the active wildtype
conformation, the S1’ subpocket occupied by P1’ residue
(Val50) constituted residues mostly from TM6 and TM6a as
listed in Table S2. The S3’ subpocket occupied by P3’ residue
(LeuS2) constituted residues mostly from TM6a and the C-
terminus of PSI-NTF. The S1’ and S3’ subpockets were
located on the same side with respect to APP (Figure SA). In
contrast, the S2" subpocket occupied by P2’ residue (MetS1)
constituted residues mostly from TM8, TM8—TMO9 loop, and
the f-strand region of TM7 (Table S2).

In the I4SF and T48P active conformations (Figure SA,—C),
the S1’ and S3’ subpockets occupied by the P1’ (Val50) and
P3’ (LeuS2) residues, respectively, embodied the same S1’ and
S3’ subpockets of the wildtype active conformation. The S2’
pocket occupied by P2’ (MetS1) of the [4SF and T48P mutant
APP substrate comprised residues from TM8, the TM8—TM9
loop, the p-strand region of TM7 and part of TM1. Notably,
both the S1’ and S2’ subpockets involved the PAL motif
(P433—A434—-1435) in the TM9 N-terminal region that is
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A Active (wildtype) B Active (145F)

Figure S. (A—D) Comparison of the locations of APP substrate
residues P1’, P2/, and P3’ in the (A) wildtype active, (B) I4SF active,
(C) T48P active, and (D) shifted active MS1F APP substrate-bound
conformations of y-secretase. (E) Comparison of the corresponding
PS1 active-site S1’, S2’, and S3’ pockets in these different
conformational states of y-secretase.

considered important for substrate binding."’ This $2’
subpocket occupied by the APP mutants was located on the
same side of substrate but ~4 A above the extended S2’
subpocket in the wildtype active conformation.

For the MS1F APP mutant, the presence of a bulky residue
Phe at the P2’ position induced local rearrangements and
shifted the & cleavage site. With the shift, Leu49, Val50, and
Phe51 became the new P1’, P2’, and P3’ residues, respectively.
The new P1’ residue occupied a distinct subpocket near to the
S1’ subpocket in the wildtype active conformation (Figure
SAD,E). In contrast, the new P2’ residue occupied a new
subpocket in the space between the S1’ and S3’ subpockets of
the wildtype active conformation of PS1. The new P3’ residue
occupied the same extended pocket as S2’ subpocket in the
I4SF active and T48P active conformations (Figure SB,C,E).
Hence, the new subpocket occupied by the P3’ residue (FS1)
is termed “shifted S3’ subpocket” here and also involved the
PAL motif (Figure SD,E). Moreover, the L52 (P4’) and K53
(PS’) residues in the MSIF shifted active conformation
occupied what were the S2’ and S3’ subpockets in the wildtype
active conformation of PS1, respectively (Figure SD,E).

The location of the S2’ subpocket differed among the active
conformations of the wildtype active, I4SF active, and T48P
active conformations. As the C-terminus of I45F and T48P
mutant APP moved by ~6 A compared with the wildtype APP
(Figure S14), the P2’ residue (MetS1) of these mutants
occupied a different S2’ subpocket (Figure S). Because of the
shift in the & cleavage site, the C-terminus of MS1F mutant
APP lost interactions with the N-terminus of PS1 TM7 and
PS1 TMéa. This resulted in large conformational tilting of PS1
TM6a helix in the MSIF shifted conformation (Figure 3).
Therefore, the conformational changes and molecular inter-
actions of the APP with the y-secretase provided important
insights into the mechanisms of activation and substrate
processing by the enzyme.

B DISCUSSION

The PS1-containing y-secretase complex is a founding member
of intramembrane-cleaving proteases (I-CLiPs) which carry
out hydrolysis of substrate TM domains within the hydro-

A Inactive (Cryo-EM) B

Active (Wildtype) C

Shifted Active (M51F)

—

PS1 y
#AICD49-99

Figure 6. Summary of the (A) inactive cryo-EM, (B) active (wildtype), and (C) shifted active (MS1F) conformational states of the APP substrate-
bound y-secretase. Distinct AICD products were generated from the wildtype and MSIF mutant APP. The complementary simulations and
experiments have revealed mechanisms of the y-secretase activation and its & cleavage of the APP substrate.
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phobic environment of the lipid bilayer.** I-CLiPs also include
the S2P metalloproteases, rhomboid serine proteases, and
presenilin-like aspartyl proteases. Although microbial repre-
sentatives of each of these other I-CLiP classes have been
crystallized for high-resolution structure determination,*’~>°
visualizing the active state and elucidating the molecular
mechanism of intramembrane proteolysis has been challenging.
Only very recently has a rhomboid protease been studied
through time-resolved X-ray crystallography to reveal how this
serine protease hydrolyzes transmembrane substrates.”’ Most
recently, structures of the y-secretase complex bound to Notch
and APP substrates have been reported, providing critical
insights into substrate recognition of y-secretase.'”'” Never-
theless, mutations in the enzyme and substrate needed for
stabilization of the substrate—enzyme complex precluded
visualization of the active protease and raised the possibility
of unnatural substrate interactions.

Using the latest cryo-EM structures, we have, for the first
time, developed an all-atom MD model for activation of the
APP substrate-bound y-secretase poised for intramembrane
proteolysis that is in excellent agreement with mass
spectrometry and Western blotting biochemical experiments.
Extensive simulations using a novel GaMD enhanced sampling
method have captured spontaneous activation of y-secretase in
the presence of APP and water (Figure 6). The catalytic
aspartates moved into close proximity, similar to previous
simulation findings,"*™'° although these studies were per-
formed without the APP substrate bound to the y-secretase
active site. Previous studies suggested a putative active
conformation of the apo y-secretase but was unable to fully
characterize the enzyme activation involving additional
coordinated hydrogen bond interactions with the substrate.
In the GaMD simulations, water molecules entered the active
site, one of which coordinated with the two aspartates (Figure
6B and Movies S1 and S2). Moreover, Asp257 formed a
hydrogen bond with the carbonyl oxygen of the scissile amide
bond between APP residues Leu49—ValS0. The activated
water molecule was poised for nucleophilic attack on the
backbone carbon atom of this activated Leu49—Val50 amide
bond. While a number of regions of nicastrin, Aph-1, and Pen-
2 displayed flexibility during simulations of the activated
enzyme—substrate complex, the PS1 TM6a was the most
noteworthy, as this region interacted directly with substrate
near the cleavage site and appeared to play a role in enzyme
activation. The wildtype enzyme—substrate complex addition-
ally sampled the inhibited and intermediate conformational
states, the former closely resembling the conformation of the
DAPT inhibitor-bound y-secretase.*’ The current ~2-us
GaMD simulation of y-secretase with wildtype APP captured
the enzyme activation for € cleavage of APP between Leu49—
Val50. The € cleavage of wildtype APP between Thr48—Leu49
with lower probability, as detected by MS, would likely require
a longer simulation time and more sufficient sampling.

GaMD simulations on I4SF and T48P APP substrate-bound
y-secretase revealed faster activation of PS1 for proteolysis at
the & cleavage site between Leu49—Val50 with these two FAD
mutations compared to the complex with wildtype APP
substrate. These observations were consistent with MS analysis
of AICD proteolytic products: the two FAD mutant substrates
were cleaved by y-secretase with a greater AICDS50-99/
AICD49-99 ratio than was the wildtype substrate. Moreover,
the MS1F mutation resulted in dramatic conformational
changes of APP (Figure 6C and Movie S3), setting up &
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cleavage between Thr48—Leu49. These results were entirely
consistent with the known incompatibility of Phe in the P2’
position.'” MS experimental results also showed the major
AICD product generated by y-secretase from the MS1F mutant
APP substrate was due to cleavage between Thr48—Leu49.
Little or no cleavage occurred between Leu49—ValS0. In
addition, Western blotting revealed a substantial increase in the
total AICD production in the in vitro y-secretase assay for the
MSIF mutant APP substrate compared to the wildtype APP
substrate. In contrast, I45F and T48P mutant APP-bound y-
secretase showed a similar amount of AICD production as the
wildtype APP bound p-secretase. This was in exceptional
agreement with the GaMD simulation: the low-energy
inhibited state was observed in the free energy profiles of the
wildtype, I4SF and T48P mutant APP bound y-secretase, but
absent in the MSIF mutant APP system. These strong
correlations between the GaMD simulations and biochemical
experiments provided substantial validity to our dynamic
model of y-secretase. However, the GaMD simulations and
calculated free energy profiles were still not converged,
especially for the T48P and MSIF mutant systems. It is
exceedingly difficult to accomplish converged simulations on
large and complex biomolecules such as y-secretase even with
GaMD enhanced sampling. Nevertheless, relatively low-energy
conformational states could be still identified from the GaMD
free energy profiles, e.g., the active, intermediate, and inhibited
for the T48P APP system (Figure 2G). The same low-energy
conformational states were also identified in the free energy
profile calculated from GaMD simulations of the wildtype APP
system (Figure 2E) and two of those states from simulations of
the I4SF APP system (Figure 2F).

The active-site S1’, S2’, and S3' subpockets were visualized
in the wildtype active, I4SF active, T48P active, and MS1F
shifted active conformations of PS1 obtained from GaMD
simulations. The protein residues (Figure 5 and Table S2)
found in the S1’ and S3’ subpockets of the active wildtype,
145F, and T48P conformations were the same as those
identified in a recent computational study by Hitzenberger
et.al.”* However, the S2’ pocket of the wildtype active PS1 was
identified in a distinct location that shifted by ~4 A toward the
APP C-terminus from the previously described S2’ pocket.”*
The subpocket described by Hitzenberger et al,** on the other
hand, appeared to be the S2’ pocket in the I4SF and T48P
active conformations and the shifted S3’ subpocket for the
MS1F APP (Figure SE). Shift of the S2’ subpocket from the
wildtype active conformation to the I45F and T48P active
conformations resulted from the simultaneous movements of
the APP C-terminus and PS1 TM7 N-terminus toward the PS1
TMé6a in order to maintain the f-sheet structure of this domain
in the GaMD simulations (Figure S14). In comparison, the
I4SF and T48P APP-bound y-secretase appeared to sample a
smaller conformational space than the WT APP-bound enzyme
in their free energy profiles as shown in Figure 2, suggesting
that the mutant complexes underwent lower fluctuations with
reduced conformational flexibility compared to the WT.
Therefore, the GaMD simulations revealed a newly identified
S2’ subpocket for wildtype APP, while the previously described
2" subpocket™ was used as the S2” for I45F and T48P APP as
well as the shifted S3 for the MS1F APP (Figure S).

In summary, we have combined all-atom GaMD simulations
with MS and Western blotting experiments to probe the
mechanisms of y-secretase activation and its € cleavage of the
wildtype and mutant APP substrates. Extensive GaMD
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simulations using the latest cryo-EM structures of y-secretase
have captured spontaneous activation of the enzyme, for which
the active-site Asp385 has been restored and the artificial
enzyme—substrate disulfide bond has been removed. The
active conformation is characterized by water-bridged hydro-
gen bonds between the two catalytic aspartates, one of which
formed another hydrogen bond with the carbonyl oxygen of
the target scissile amide bond for the & cleavage of APP. Free
energy calculations of the GaMD simulations also allowed us
to identify distinct intermediate, inhibited, and shifted active
conformational states of y-secretase. The simulations predicted
€ cleavage preferences of the wildtype and three mutants of
APP that were highly consistent with MS and Western blotting
experimental findings of the AICD species. The validated
GaMD simulations were then used to interpret the
experimental data at an atomistic level. Remarkably, the
MSI1F mutation shifted the & cleavage site of APP from the
amide bond between Leu49—ValS0 to the Thr48—Leu49
bond, generating predominantly the AICD49—99 fragment
instead of the AICD50—99 as detected by MS. Finally, the
GaMD simulations have systematically revealed the active-site
S1’, S§2, and S3’ subpockets of y-secretase that interact with
the P1’, P2, and P3’ residues in the wildtype and mutant APP.
This provides an in-depth picture of the € proteolytic cleavage
of different APP substrates by y-secretase. The GaMD method
is apparently very well suited for the study of this extremely
slow-acting membrane protease complex. In order to fully
understand the functional mechanisms of y-secretase, further
simulation and experimental studies have been planned on the
tripeptidase activity of the enzyme and effects of other FAD
mutations in both the APP substrate and y-secretase. These
studies are expected to greatly facilitate rational drug design
targeting y-secretase for the AD therapeutic treatments.

B MATERIALS AND METHODS

Cloning. All mutations in C100 FLAG were introduced by
site-directed mutagenesis (QuickChange Lightning Site
Directed Mutagenesis kit, Agilent) in pET 22b vector. All
constructs were verified by sequencing by ACGT.

C100-FLAG Substrate Purification. Escherichia coli BL21
cells were grown in LB media until the ODgy, reached 0.6.
Cells were induced with 0.5 mM IPTG and were grown post
induction for 4 h. The cells were then pelleted by
centrifugation and resuspended in 50 mM HEPES pH 8, 1%
Triton X-100. The cells were lysed by a French press, and the
lysate was incubated with anti-FLAG M2-agarose beads from
SIGMA. Bound substrates were then eluted from the beads
with 100 mM glycine pH 2.5, 0.25% NP-40 detergent and then
neutralized with Tris HCI prior to being stored at —80 °C.

y-Secretase Expression and Purification. y-Secretase
was expressed in HEK 395SF cells by transfection with
PMLINK vector containing all four components (presenilin-
1, Pen-2, Aph-1, nicastrin) of y-secretase complex (provided by
Yigong Shi). For transfection, HEK 39SF cells were grown in
unsupplemented Freestyle 293 media (Life Technologies,
12338-018) until the cell density reached 2 X 10° cells/mL.
150 pg of vector was mixed with 450 ug of 25 kDa linear
polyethylemimines (PEI) and incubated for 30 min at room
temperature. The DNA—PEI mixtures were added to HEK
cells, and cells were grown for 60 h. The cells were harvested,
and y-secretase was purified as described previously.'’

In Vitro y-Secretase Assay and Detection of AICD
Species. y-Secretase purification and assays were carried out
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as described previously.'® Briefly, 30 nM purified y-secretase
was dissolved into total brain lipid extract (Avanti) in S0 mM
HEPES pH 7.0, 150 mM NaCl, 0.25% CHAPSO. The
detergent/lipid/enzyme solution was mixed with SM-2
biobeads (Bio-Rad) for 2 h at 4 °C to remove the detergent.
After removal of the bio beads, the proteoliposome solution
was mixed with 3 mM recombinant C100 substrates to initiate
the cleavage reaction. The reaction was carried out for 16 h at
37 °C. After 16 h, AICD-Flag products were isolated by
immunoprecipitation with anti-FLAG M2 beads (SIGMA) in
10 mM MES pH 6.5, 10 mM NaCl, 0.05% DDM detergent
overnight at 4 °C. AICD products were then eluted from the
anti-FLAG beads with acetonitrile/water (1:1) with 0.1%
trifluoroacetic acid. The elutes were run on a Bruker MALDI-
TOF mass spectrometer.

Western Blotting. Samples from y-secretase assays were
run on 4—12% bis-tris gel and transferred into PVDEF
membrane. The membrane was treated with 5% dry milk in
PBS Tween-20 for 1 h at ambient temperature. The membrane
was then incubated with the anti-Flag M2 antibodies at 4 °C
overnight. The membrane was washed three times with PBS
Tween-20 and was incubated with antimouse secondary
antibodies for 1 h. The membrane was washed and imaged
for chemiluminescence.

Gaussian Accelerated Molecular Dynamics (GaMD).
GaMD is an enhanced sampling technique, in which a
harmonic boost potential is added to smooth the potential
energy surface and reduce the system energy barriers.”® GaMD
is able to accelerate biomolecular simulations by orders of
magnitude.””*> GaMD does not need predefined collective
variables. Moreover, because GaMD boost potential follows a
Gaussian distribution, biomolecular free energy profiles can be
propetly recovered through cumulant expansion to the second
order.”® GaMD has successfully overcome the energetic
reweighting problem in free energy calculations that was
encountered in the previous accelerated molecular dynamics
(aMD) method®”" for free energy calculations of large
molecules. GaMD has been implemented in widely used
software packages including AMBER,**** NAMD,** and
GENESIS.” A brief summary of GaMD is provided here.

Consider a system with N atoms at positions

r= {;1, - g\,} When the system potential V(;) is lower

than a reference energy E, the modified potential V*(?) of the
system is calculated as

V) = V() + AV(r)

L |SME- v, Vo) <E
AV(r) =32

0, V(r) 2 E (1)
where k is the harmonic force constant. The two adjustable
parameters E and k are automatically determined based on
three enhanced sampling principles.”® The reference energy
needs to be set in the following range:

1
Vi + —

Vmax <EZ min
k

)

where V.. and V,; are the system minimum and maximum
potential energies. To ensure that eq 2 is valid, & has to satisfy:

k< Let us define k = ko%, then 0 < ky < 1.

min

max min m:
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The standard deviation of AV needs to be small enough (i.e.,
narrow distribution) to ensure proper energetic reweighting:’

oav = k(E = V) oy < 0, where V. and oy are the average
and standard deviation of the system potential energies, o5y is
the standard deviation of AV with 6, as a user-specified upper
limit (e.g,, 10ksT) for proper reweighting. When E is set to the

lower bound E = V_,,, k, can be calculated as

oy V. ..— V..
k, = min(1.0, k}) = min|1.0, —2.-2& __min
Oy Vmax - V;vg (3)

Alternatively, when the threshold energy E is set to its upper

bound E=V, + 1/k, E=V_, + %, ko is set to
00 | Viax — Vani
kO:k(/)/E(l__O] max min
Oy V;vg ~ Vmin (4)
if kg is found to be between 0 and 1. Otherwise, k, is calculated
using eq 3.

Similar to aMD, GaMD provides schemes to add only the
total potential boost AV}, only dihedral potential boost AV,
or the dual potential boost (both AV, and AVp,). The dual-
boost simulation generally provides higher acceleration than
the other two types of simulations.”> The simulation
parameters comprise of the threshold energy E for applying
boost potential and the effective harmonic force constants, kgp
and kgp for the total and dihedral potential boost, respectively.

Energetic Reweighting of GaMD Simulations. To
calculate the potential of mean force (PMF)*° from GaMD
simulations, the probability distribution along a reaction
coordinate is written as p*(A). Given the boost potential

AV(;) of each frame, p*(A) can be reweighted to recover the
canonical ensemble distribution, p(A), as

<eﬁAV(f)>j

-, ] =
M (AN, (s)

where M is the number of bins, § = kyT and (e” AV(:)>j is the

p(4) =p*(4) 1., M

ensemble-averaged Boltzmann factor of AV (r) for simulation
frames found in the jth bin. The ensemble-averaged
reweighting factor can be approximated using cumulant
expansion:

N 0 ﬁk
<eﬁAV(r)> - eXP{Z ECk}
k=1

(6)
where the first two cumulants are given by
C, = (AV),
C, = (AV?) = (AV) = o] (7)

The boost potential obtained from GaMD simulations usually
follows near-Gaussian distribution. Cumulant expansion to the
second order thus provides a §00d approximation for
computing the reweighting factor.””** The reweighted free
energy F(A) = —kgT In p(A) is calculated as

2 ﬂk
F(A) = F*(A) — ) “—~C.+E
kz Che (8)

where F* (A) = —kgT In p*(A) is the modified free energy
obtained from GaMD simulation and F is a constant.
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System Setup. The earlier published cryo-EM structure of
y-secretase bound by Notch (PDB: 6IDF)'* was used for
initial GaMD simulations. This system was used to optimize
our simulation protocol, especially the protonation state of
aspartates in the active site, which were assumed to be the
same as y-secretase processed various substrates. Another cryo-
EM structure of y-secretase bound by APP (PDB: 6IYC)"? was
used to perform further GaMD simulations as per the
optimized protocol. For the wildtype enzyme, residue
Asp38S that was mutated to Ala at the active site in the
cryo-EM structure was restored for setting up the simulation
system. Similarly, the disulfide bond between Cys112 of PS1-
Q112C and Cys24 of APP-V24C were removed, and the
wildtype residues were restored for simulation setup. Five
unresolved residues at the N-terminus of APP substrate C83
were added through homology modeling using SWISS-
MODEL.”” All chain termini were capped with neutral groups,
ie, the acetyl group (ACE) for the N-terminus and methyl
amide group (CT3) for C terminus. Protein residues were set
to the standard CHARMM protonation states at neutral pH
with the psfgen plugin in VMD.’® Then the complex was
embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) bilayer with all overlapping lipid molecules
removed using the Membrane plugin in VMD*® (Figure S1).
The system charges were then neutralized at 0.15 M NaCl
using the Solvate plugin in VMD.’® Periodic boundary
conditions were applied on the simulation systems. The
simulation systems of y-secretase bound by APP are
summarized in Table 1.

For APP mutant simulations systems, isoleucine, threoni-
ne,and methionine were mutated to phenylalanine, proline,
and phenylalanine computationally at the 29th, 32nd, and 35th
residue of APP substrate, respectively. These corresponded to
I4SF, T48P, and MS1F mutations as per the numbering based
on C99, the substrate that was cleaved to Ap, although the
actual substrate in the model was C83.

Simulation Protocol. The CHARMM36 parameter set’”
was used for the protein and POPC lipids. Initial energy
minimization and thermalization of the y-secretase complex
followed the same protocol as used in the previous GaMD
simulations of membrane proteins.’>®° The simulation
proceeded with equilibration of lipid tails. With all the other
atoms fixed, the lipid tails were energy minimized for 1000
steps using the conjugate gradient algorithm and melted with
constant number, volume, and temperature (NVT) run for 0.5
ns at 310 K. Each system was further equilibrated using
constant number, pressure, and temperature (NPT) run at 1
atm and 310 K for 10 ns with 5 kcal (mol A?)™" harmonic
position restraints applied to the protein. Further equilibration
of the systems was performed using an NPT run at 1 atm and
310 K for 0.5 ns with all atoms unrestrained. Conventional MD
simulation was performed on each system for 10 ns at 1 atm
pressure and 310 K with a constant ratio constraint applied on
the lipid bilayer in the X—Y plane. The GaMD simulations
were carried out using AMBER 18.”*°” Dual-boost GaMD
simulations were performed to study the substrate-bound y-
secretase complex (Table 1). In the GaMD simulations, the
threshold energy E for adding boost potential was set to the
lower bound, i.e., E = V,,,..>** The simulations included 50 ns
equilibration after adding the boost potential and then multiple
independent production runs lasting 1—2 ys with randomized
initial atomic velocities. GaMD production simulation frames
were saved every 0.2 ps for analysis.
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Simulation Analysis. The VMD>® and CPPTRAJ®" tools
were used for trajectory analysis. In particular, distance was
calculated between the Cy atoms of catalytic aspartate residues.
Hydrogen bond distance was calculated between donor
protonated oxygen atom of PS1 Asp257 and the acceptor
carbonyl oxygen atom of APP substrate residue Leu49, Thr48,
or Ile47. Root-mean-square fluctuations (RMSFs) were
calculated for the protein residues, averaged over three
independent GaMD simulations and color coded for schematic
representation of each complex system. The CPPTRAJ was
used to calculate the Protein secondary structure plots. The
PyReweighting toolkit’* was applied to reweight GaMD
simulations for free energy calculations by combining all
simulation trajectories for each system. A bin size of 1 A was
used for the PMF calculation of distances. The cutoft was set
to 500 frames in each bin for calculating the 2D PMF profiles.
Protein snapshots were taken every 1 ps for structural
clustering. Clustering was performed on the GaMD
simulations of wildtype, 14SF, T48P, and MS1F mutant APP
bound y-secretase based on the RMSD of PS1 using
hierarchical agglomerative algorithm in CPPTRAJ®" generating
~10 representative structural clusters for each system. The top
structural cluster was identified as the representative active
(wildtype) and shifted active conformational states of the
wildtype and MSIF mutant APP bound y-secretase systems,
respectively. The top structural cluster was also identified as
the active (I4SF and T48P) conformational state of the I4SF
and T48P mutant APP bound y-secretase.
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