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An internal docking site stabilizes substrate binding
to g-secretase: Analysis by molecular dynamics
simulations
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ABSTRACT Amyloid precursor protein (APP) is cleaved and processed sequentially by g-secretase yielding amyloid b (Ab)
peptides of different lengths. Longer Ab peptides are associated with the formation of neurotoxic plaques related to Alzheimer’s
disease. Based on the APP substrate-bound structure of g-secretase, we investigated the enzyme-substrate interaction using
molecular dynamics simulations and generated model structures that represent the sequentially cleaved intermediates during
the processing reaction. The simulations indicated an internal docking site providing strong enzyme-substrate packing interac-
tion. In the enzyme-substrate complex, it is located close to the region where the helical conformation of the substrate is inter-
rupted and continues toward the active site in an extended conformation. The internal docking site consists of two non-polar
pockets that are preferentially filled by large hydrophobic or aromatic substrate side chains to stabilize binding. Placement of
smaller residues such as glycine can trigger a shift in the cleavage pattern during the simulations or results in destabilization
of substrate binding. The reduced packing by smaller residues also influences the hydration of the active site and the formation
of a catalytically active state. The simulations on processed substrate intermediates and a substrate G33I mutation offer an
explanation of the experimentally observed relative increase of short Ab fragment production for this mutation. In addition,
studies on a substrate K28A mutation indicate that the internal docking site opposes the tendency of substrate dissociation
due to a hydrophobic mismatch at the membrane boundary caused by K28 during processing and substrate movement toward
the enzyme active site. The proposed internal docking site could also be useful for the specific design of new g-secretase
modulators.
SIGNIFICANCE Proteolytic processing of amyloid precursor protein (APP) by g-secretase is an important process
involved in Alzheimer’s disease (AD). The sequential cleavage of the substrate along a binding channel depends on the
balance between attractive and repulsive forces that determine the stability of the enzyme-substrate complex. Many
familial AD mutations in APP can alter this equilibrium. Molecular dynamics simulations have been employed to identify an
interaction region in the presenilin-1 subunit of g-secretase where the substrate conformation switches from a helical to an
extended conformation. This internal docking site provides strong substrate-enzyme attraction if filled with large hydro-
phobicand can effectively oppose dissociation. Simulations on substrate mutations support the model and explain the
effect of several mutations on substrate processivity.
INTRODUCTION

g-Secretase is an intramembrane protease that cleaves over
140 type-I membrane peptides. The catalytic center involves
two aspartic acid residues located on transmembrane
domain (TMD) 6 and 7 of the catalytic subunit presenilin
(PS1 or PS2) (1–3). Among the known substrates, the amy-
loid precursor protein (APP) is the most studied substrate
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because of its potential involvement in the pathology of Alz-
heimer’s disease (AD) (4). According to the amyloid hy-
pothesis, the cerebral plaques composed of amyloid b

(Ab) are the neurotoxic substance, inducing neuro-inflam-
mation that eventually leads to cell death (5,6). Prior to
the g-secretase cleavage, the extracellular domain of APP
is first shed by the soluble protease b-secretase to produce
a transmembrane peptide termed APP CTFb or C99 (7).
C99 is subsequently recognized and cleaved in its TMD
by g-secretase, releasing N-terminal Ab peptides and the
C-terminal APP intracellular domain (AICD) (8–11). The
major Ab peptides contain between 37 (Ab37) and 43
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The g-secretase internal docking site
(Ab43) amino acids. The longer Ab peptides, such as Ab42
and Ab43, are predominantly generated in cases of familial
AD (FAD) due to mutations in PS1 or APP (12,13), and are
highly aggregation prone and deposited in plaques (14,15).

Secretion of Ab follows mainly two production lines
starting by cleaving the amide bond between L49 and V50
(ε49) or between T48 and L49 (ε48) (8). After the initial
cleavage, g-secretase trims Ab peptides in a three-residue
stepwise proteolysis, following the sequence Ab49-Ab46-
Ab43-Ab40-Ab37 or Ab48-Ab45-Ab42-Ab38 (16). In
addition, Ab38 can also be derived from Ab43, generating
the VVIAT peptide (17). Modulators (GSM) and inhibitors
(GSI) specific to desired substrates of g-secretase are of sig-
nificant medical interest because the latter compounds espe-
cially can selectively enhance the Ab processivity and may
reduce generation of long Ab, which can form toxic aggre-
gates (18–20).

To understand how APP is cleaved into Ab peptides,
biochemical photo-crosslinking assays have been used to
study the process of C99 recruitment (21). In addition, sub-
strate-based chemical probes have been employed to under-
stand how C99 binds to g-secretase (22–26). According to
these studies, following interactions with exosites in the ni-
castrin (NCT) and presenilin enhancer-2 (PEN-2) subunits
of g-secretase, C99 binds to the g-secretase exosite in the
N-terminal fragment of PS1 (PS1-NTF) before it reaches
the catalytic center between PS1-NTF and PS1-CTF (21).
It has also been found that FAD mutations in APP and
PS1 weaken the binding between g-secretase and Ab inter-
mediates (17,27). Moreover, PS1 FAD mutants mis-position
the C99 cleavage site domain by altering the interactions be-
tween substrate and enzyme (21,28). However, despite the
extensive research on PS1 mutations, Ab variants and
AICD species (29–35), and binding of modulators and in-
hibitors (36–38), the molecular mechanism of how FAD
mutations and GSMs modulate the generation of secreted
Ab species is still not completely resolved and fully
understood.

The first three-dimensional (3D) structures of substrate-
bound g-secretase complexes were solved in early 2019
(39,40). These structures show in molecular detail how
C83 (a shortened C99), and Notch, another g-secretase sub-
strate regulating cell differentiation, bind to g-secretase
(39,40). Both substrates are bound in a very similar fashion
in the space between TMD2 and TMD3 of PS1 (Fig. 1 A). In
addition, both substrates adopt the same helix-loop-strand
secondary structure profile. The cleavage site is located at
the connection between the loop domain and the extended
strand domain, which was predicted and later confirmed
as a binding site of transition state analogs (TSAs)
(41,42). Notably, several FAD mutations are found at the
connection between the helical and loop segment of the
Ab substrate (over 12 FAD mutations were found within
A42–V46; Fig. S1 A and B). The b strand at the C-terminal
side of the substrate scissile bond, termed b3, is stabilized
by forming a b sheet with b1, b2 strands and L432 of PS1
(Fig. 1 A, right panel). The disruption of the hybrid b sheet
has been shown to reduce the secretion of AICD, suggesting
its crucial role in g-secretase proteolysis (39,40).

Another characteristic interaction feature shared by the
two substrates is a hydrophobic well-packed contact between
substrate residues P5, P6 (measured relative to the initial
cleavage site) and the TMD2–TMD5 of PS1 around the tran-
sition between the substrate loop segment and the helical part
(Fig. 1 A, left panel). Interestingly, in contrast to the helical
part of the bound substrate, the cryoelectron microscopy
(cryo-EM) density of this substrate region is very well
defined for the g-secretase-substrate complexes (39,40).

The interaction region contributes significantly to sub-
strate binding since designed helical substrate-derived in-
hibitors of g-secretase that include residues beyond the
helical part (but not reaching beyond the active site to
form a b sheet), termed D-13, inhibit much more strongly
to PS1 than just the helical segment of the substrate (D-10
(25)). In the following we term the contact site, distinct
from the active site, the PS1 internal docking site to distin-
guish it from the previously mentioned external exosite (21).
In a recent inhibitor design study, the helix-loop-strand
feature of the C83 and Notch1 substrates was adopted by
connecting a helical peptide inhibitor (HPI) and a TSA
motif with a u-aminoalkanoyl linker. The resulting inhibitor
achieved a very low (subnanomolar) half maximal inhibi-
tory concentration (IC50) potency, fivefold more potent
than the TSA alone, suggesting it binds both at the PS1 in-
ternal docking site and at the active site (26).

In the present study, we used molecular dynamics (MD)
and homology modeling approaches to investigate the
non-polar contact between the substrate helical domain
and the PS1 internal docking site and how APP mutations
attenuate or promote the E-S stability. We constructed 23
substrate-bound g-secretase complex variants by intro-
ducing APP mutations and modeling shorter Ab peptides
in silico and studied the MD in a 1-palmitoyl-2-oleoyl-glyc-
ero-3-phosphocholine (POPC) lipid bilayer.

The simulations indicate that the packing at the internal
docking site is an essential element for stabilizing the heli-
cal domain of the substrate. Moreover, occupying the cavity
between PS1 TMD3–TMD5 prevents excessive water mol-
ecules from disturbing the catalytic geometry. We modeled
the putative binding poses of C99, Ab49, Ab46, Ab43, and
Ab40, and identified competing forces that determine
whether the Ab peptide stays or leaves g-secretase.

As the substrate is trimmed shorter, the membrane-
anchoring residue K28, which also interacts with the NCT
domain (43), pulls down the peripheral lipid molecules as
the helical part of the substrate proceeds to the next cleavage
pose. It attenuates the local membrane thickness, and im-
poses a force to pull the substrate out of the binding channel.
The binding of especially hydrophobic residues at the inter-
nal docking site stabilizes binding and substrate processing.
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FIGURE 1 Cryo-EM structure of substrate-

bound g-secretase and APP cleavage sites. (A) Su-

perposition of the Notch1-bound (PDB: 6IDF) and

C83-bound (PDB: 6IYC) g-secretase structures

resolved by cryo-EM (39,40) with g-secretase

cartoon model colored in gray and the catalytic

subunit PS1 in dark blue (from PDB: 6IDF) or light

blue (from PDB: 6IDF). The backbone RMSD of

PS1, including L73-T291 and E376-I467, between

two structures is 0.85 Å. Substrates are shown in

red (C83) and orange (Notch1). (Left zoom-in)

The PS1 internal docking site with V44-I45 of

C83 (red) and F1748-F1749 of Notch1 (orange)

aligned. (Right zoom-in) The hybrid b sheet

formed downstream of the substrate cleavage site.

(B) Sequence of APP and its consecutive cleavage

sites targeted by g-secretase. The two production

lines are depicted above and below the APP

sequence. The yellow cartoon representation in

the background indicates the range of the helix-

loop-strand conformation of the APP TMD in the

bound state. To see this figure in color, go online.

Chen and Zacharias
To further verify the model, we simulated the Ab40-g-
secretase complexes with the Ab37/Ab38-promoting APP
mutation K28A (44,45) and G33I (46,47), which presum-
ably weakens the membrane up-pulling force (meaning in
the following toward the extracellular region) and enhances
the substrate-binding affinity, respectively. Our model pro-
vides a molecular explanation of how mutations around
V44 and I45 may alter the ε-cleavage and how APP muta-
tions at K28 and G33 facilitate the secretion of shorter Ab
products. We offer a framework to elucidate how Ab pep-
tides are bound, trimmed, processed, and secreted by g-sec-
retase, and anticipate that our work will facilitate the
structure-based design of more potent GSMs.
MATERIALS AND METHODS

Starting structures representing the unbound state of g-secretase are gener-

ated by removing the ligand from the DAPT-bound (PDB: 5FN2 (48)) and

C83-bound (PDB: 6IYC (40)) structures. In the Notch1-bound g-secretase

structure (PDB: 6IDF (39)) the substrate is slightly shifted compared with

the arrangement in the C83-bound structure. Hence, simulations starting

from the Notch1-bound g-secretase structure (PDB: 6IDF (39)) could not

successfully restore the hydrogen bond between the catalytic aspartate and

G1753 (Fig. S2) that corresponds to the initial cleavage site. We recon-

structed the Notch1-bound complex that can form the catalytic geometry

at the expected substrate residue using the C83-bound g-secretase complex

as the template (PDB: 6IYC) and appropriate Notch1 substrate alignment

(Table 1) with the MODELLER comparative modeling software (49). The

artificially introduced D385A from the C83-bound structure (PDB: 6IYC)

was restored using Ambertools18 (50). Residues between T291 and R377

of PS1 are not resolved in the g-secretase structures and were not included

in the simulations. Simulation boxes are prepared using CHARMM-GUI

(51) and PPM online servers (52) and solvated with 500 POPC and TIP3P

water molecules (53) and 0.15 M KCl salt. All simulations were performed

using the Amber18 package and the ff14SB (54) force field for the proteins

and the lipid17 (55) force field for the membrane lipids.

For the enzyme-substrate complexes, two different protonation states of

the active site with either the D257 or D385 protonated were considered.
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Start structures for g-secretase in complex with the C99-Ab49-Ab46-

Ab43-Ab40-Ab37 substrates representing consecutive cleavages are con-

structed using MODELLER comparative modeling (with the last frame

of the simulation at the prior cleavage binding pose and solvated in simu-

lation boxes as described above). The total number of atoms for each simu-

lation system is listed in Table 2.

In a first step, each simulation system was minimized with maximal

70,000 steps with 10 kcal$mol�1 Å�2 positional restraint on protein using

the MPI version of the pmemd program in Amber18 (50), followed by

equilibration with gradually releasing positional restraint, from 10 to

0.1 kcal$mol�1 Å�2 on protein and 2.5 to 0 kcal$mol�1 Å�2 on membrane,

for 400 ps at 303.15 K using the Cuda version of pmemd. The equilibrated

systems are submitted to 600-ns production runs at a temperature of

303.15 K using the Langevin thermostat (56) and a pressure of 1 bar by Be-

rendsen barostat (57). Employing the hydrogen mass repartitioning method

(58) allowed a time step of 4 fs. For each of the unbound structures, three

simulation (600 ns each) were performed. Also, in the case of the model

with substrate placement at the ε48 cleavage site (D385 protonated), one pro-

duction simulations was conducted. For all other cases (Table 1), two inde-

pendent trajectories (with different starting velocities) are generated and

both possible protonation states of D257 or D385 are considered. Hence,

four simulations are conducted in each E-S complex. Cutoff distances of

9 Å and 12 Å for non-bonded interactions were tested on the C99-bound

structure and exhibit similar root-mean-square fluctuations (RMSFs), root-

mean-square deviation (RMSD) versus time, catalytic hydrogen bond forma-

tion, and similar substrate secondary structure during the simulations

(Fig. S3, see also Figs. S4 and S5) and we used a real space cutoff of 9 Å

for all simulations. In total, 52 trajectories were generated. The RMSD versus

time for all simulations of g-secretase, PS1, and the substrates are shown in

Figs. S4 and S5 to illustrate the stability of the simulations.

Secondary structure was analyzed using the DSSP method (59) with

cpptraj (60). Secondary structures of Alpha, 3-10, and Pi are classified as

Helix and only Anti is classified as b strand in the main text. Water acces-

sibilities of each substrate residue are calculated by counting the number of

waters within 5 Å of the sidechain of the corresponding residue. The mean

binding energy of the substrate is computed using the molecular mechanics

energies combined with the Poisson-Boltzmann and surface area continuum

solvation (MM/PBSA) method (61). Only the last 500 frames of each tra-

jectory, in total 100 ns, are submitted for the energy evaluation. Dielectric

constants are set to εlipid ¼ 2 representing the membrane region between

z ¼ �18.5Å and z ¼ þ18.5Å, εprotein ¼ 1 within the protein interior, and

εwater ¼ 80 otherwise to represent the aqueous environment. Noticing that



TABLE 1 Residues of g-secretase substrate with the corresponding cleavage position denoted by the subscript

Notch1 C99
ε49 C99

ε48 Ab49z46 Ab46g43 Ab43g40 Ab40g37

P22 A1732 K28* N27 G25 E22 F19 K16

P21 Q1733 G29 K28* S26 D23 F20 L17

P20 L1734 A30 G29 N27 V24 A21 V18

P19 H1735 I31 A30 K28* G25 E22 F19

P18 F1736 I32 I31 G29 S26 D23 F20

P17 M1737 G33 I32 A30 N27 V24 A21

P16 Y1738 L34 G33 I31 K28* G25 E22

P15 V1739 M35 L34 I32 G29 S26 D23

P14 A1740 V36 M35 G33 A30 N27 V24

P13 A1741 G37 V36 L34 I31 K28* G25

P12 A1742 G38 G37 M35 I32 G29 S26

P11 A1743 V39 G38 V36 G33 A30 N27

P10 F1744 V40 V39 G37 L34 I31 K28*

P9 V1745 I41 V40 G38 M35 I32 G29

P8 L1746 A42 I41 V39 V36 G33 A30

P7 L1747 T43 A42 V40 G37 L34 I31

P6# F1748# V44# T43# I41# G38# M35# I32#

P5# F1749# I45# V44# A42# V39# V36# G33#

P4 V1750 V46 I45 T43 V40 G37 L34

P3 G1751 I47 V46 V44 I41 G38 M35

P2 C1752 T48 I47 I45 A42 V39 V36

P1 G1753 L49 T48 V46 T43 V40 G37

P10 V1754 V50 L49 I47 V44 I41 G38

P20 L1755 M51 V50 T48 I45 A42 V39

P30 L1756 L52 M51 L49 V46 T43 V40

The membrane-anchoring residue K28 is marked with an asterisk (*), P5 and P6 are marked with a hash symbol (#).

The g-secretase internal docking site
K28 creates an uneven membrane thickness, only the substrate TMDs are

taken for calculation to avoid energy divergence (62). Note that this

approach approximates the whole membrane region with the implicit re-

gions and therefore interactions involving water molecules, such as the scis-

sile bond at the catalytic center, cannot be precisely calculated.
RESULTS

PS1 internal docking site is stabilized by
substrate binding

As a first step, we compared the dynamics of g-secretasewith
and without the C99 or Notch (Notch1) substrates using MD
simulations. To execute the intramembrane proteolysis, either
D257 or D385 of PS1 needs to be protonated. In a previous
publication, we identified D385 as the more likely protonated
TABLE 2 Conducted simulations in the study

aApo (5FN2) aApo (6IYC)

Protonation D385H D385H

Atom # 284,455 292,134

C99
ε49,I45G C99

ε49,GG

Protonation D257H,D385H D385H

Atom # 293,736 293,727

Ab46g43 Ab43g40

Protonation D257H,D385H D257H,D385H

Atom # 287,745 259,525

Each system is simulated for 600 ns twice with the same initial structure but di
aThree simulations of the each apo-formg-secretasewith initial structures taken fr
bOnly one trajectory with D385-protonated PS1 was simulated and analyzed in
Asp residue based on a higher predicted pKA than D257 (33).
Nevertheless, because of the uncertainty concerning the pro-
tonation state, most of our simulations are performed employ-
ing both the D385-protonated and the D257-protonated states
of PS1. In the main text, results on the D385-protonated com-
plexes are presented, and the results using the D257-proton-
ated complex are provided in the supporting material (or
discussed explicitly for comparison). The labeling of C99 res-
idues is adapted to the Ab numbering. During the simulations,
the catalytic hydrogen bond, characterized by the distance be-
tween the protonated aspartate in PS1and the substrate scissile
bond, was observed in both complexes (Figs. 2 A and S6 A).
Since the strongand covalent hydrogenbond that formsduring
catalysis with donor-acceptor distances of 2.2–2.5Å (63) is
not accessible during classical MD simulations (requires
Notch1S3 C99
ε49 C99

ε49,V44G

D257H,D385H D257H,D385H D257H,D385H

300,408 293,748 293,739

bC99
ε48-1

bC99
ε48-2 Ab49z46

D385H D385H D257H,D385H

301,518 294,453 293,523

Ab40g37 Ab40g37,G33I Ab40g37,K28A

D257H,D385H D257H,D385H D257H,D385H

305,198 305,210 305,255

fferent randomly generated initial velocity.

omPDB 5FN2 and PDB 6IYC are performedwith theD385-protonated PS1.

each of the C99
ε48-bound g-secretase complexes.
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FIGURE 2 MD simulations of unbound g-secretase and bound to C99 and Notch substrates. (A) Probability density distribution of the catalytic hydrogen

bond distance. (B) Residue-wise root-mean-square fluctuation (RMSF) of the g-secretase catalytic subunit PS1. The unbound g-secretase starting structures

were used based on PDB 6IYC (gray). (C) View into the PS1 internal docking site in the unbound form (left), C99-bound (middle), and Notch-bound (right)

g-secretase complexes. PS1 is shown in blue cartoon representation, C99 in gray, and Notch in orange. The sub-pocket formed between TMD2 and TMD3 is

shown as green surface, and the sub-pocket formed by TMD3-TMD5 and TMD7 is indicated as light gray surface. All residues defining these two pockets are

listed in Table 2. Water molecules are shown in van derWaals (vdw)þ bond representation. V44, I45, and the backbone of L49 of C99 and F1748, F1749, and

the backbone of G1753 of Notch are shown in the licorice representation. The catalytic hydrogen bond is indicated as red dashed line between the substrate

scissile bond and the protonated aspartic acid. (D) Secondary structure analysis of C99 (black) and Notch (orange) in g-secretase bound form (solid line) and

unbound (mostly helical) form (embedded in a membrane, transparent line). Helical and b strand occupancies are calculated as averages over the whole

trajectories. To see this figure in color, go online.

Chen and Zacharias
expensive quantum mechanical calculations), a moderate
hydrogen bond with donor-acceptor distances of 2.5–3.2Å
(effective O-H distance of 1.5–2.2Å) stabilized by electro-
static interaction (63) is considered as an indicator of a produc-
tive catalytic geometry.

The calculated RMSF profiles obtained from the compar-
ative simulations indicate that substrate binding affects the
flexibility pattern of enzyme and substrate (Fig. 2 B). The re-
gions with significant changes in RMSF are mostly solvent
accessible in the substrate-free (Apo) state and can be
roughly assigned to two PS1 regions (Fig. 2 C). The first
reduction in flexibility includes the residues at the C terminus
of PS1-NTF, N terminus of TMD7, and the loop connecting
TMD8 and TMD9, which respectively correspond to b1, b2,
and the LPALmotif that form a sheet with the b3 strand of the
2334 Biophysical Journal 121, 2330–2344, June 21, 2022
substrate b3 (Fig. S7). The hybrid b sheet has been suggested
as crucial element for g-secretase with as-yet unknown
mechanism (39,40). This region surrounds the enzyme active
site and is not at the focus of the current study.

Another spatially distinct region with reduced RMSF
upon substrate binding covers the residues from the C-ter-
minal part of TMD2 to the N-terminal part of TMD5. Res-
idues within this regime are mostly hydrophobic and in
close contact with the P6 and P5 residues of the substrate,
namely V44 and I45 of C99, and F1748 and F1749 of
Notch-1 (Fig. 2 C; Tables 1 and 3). Higher RMSF differ-
ences in these two regions were also found in the simula-
tions starting from another Apo-state cryo-EM structure
with PDB 5FN2 (Fig. S8). Pocket detection on the Apo-state
simulation with the program Mdpocket (64) shows that this



TABLE 3 PS1 residues surrounding substrates P5 and P6 in the Ab49-Ab46-Ab43-Ab40-Ab37 production line and their related FAD

mutations

Residues surrounding P5 Residues surrounding P6

PS1 residues S169, S170, L173, I213, L226, I229, M233, L286, I287, L383, I387 M146, L150, I162, W165

Related FAD mutations S169P, DS169, S170F, L173W, I213L, I229F, M233T, M233L, L286V M146L, L150P, W165G

The g-secretase internal docking site
region is also connected to the active site (Fig. S9 A and B).
The volume of the pocket cleft fluctuates around a mean
volume of �900 5 400 Å3 (Fig. S9 C) in the Apo-state.
Furthermore, a large ratio of apolar/polar surface area
(�380 Å2/60 Å2) indicates a preference toward non-polar
or hydrophobic contacts (Fig. S9 D and E).

Note that several residues involved in this hydrophobic
contact are reported FAD hotspots (https://alzforum.org),
many of which are shown to increase the Ab42/Ab40 ratio
and decrease the g-secretase activity (Table 3; Fig. S1) (31).
Likewise, residues near V44 and I45 of C99, including
T43–V46, are known to have a direct impact on the ε-cleav-
age site (35,65). The information gives us a hint that the
interaction around this region might be another critical
E-S interaction, in addition to the hybrid b sheet C terminal
to the substrate scissile bond.

Compared with the simulations of the unbound form of
the substrates (embedded in the membrane), C99 and Notch
undergo a significant conformational change from a full a
helix into a helix-loop-strand conformation when bound at
the PS1 binding channel (Fig. 2 D). The TMDs of C99
and Notch are composed of mostly hydrophobic residues.
However, the N-terminal side of TMDs are rich in helix-de-
stabilizing residues such as proline, glycine, serine, and
asparagine, and the C-terminal side is capped by positively
charged amino acid such as lysine and arginine. As ex-
pected, the b strand was formed and stayed firmly across
substrates P10 to P30, especially on P20, when binding to
g-secretase. During the MD simulations, the conformation
of C99 residues T43 to I45 turn into a 310 helix in the second
half of the trajectory (Fig. S10). In this conformation A42
points in the same direction as I45, hence allowing it in prin-
ciple to proceed to the next cleavage pose by pure transla-
tional movement along the channel between TMD2 and
TMD3 of PS1 (Fig. S11). Unwinding P8 and the 310 helix
forming between P5 and P7 were also observed in the
Notch-bound structure (Fig. S10). It is worth noting that
A42 and I45 are substituted into helix-forming (especially
310 helix (66–69)) a-aminoisobutyric acids (Aibs) in design
of the g-secretase HPI, suggesting that HPI binds similarly
to the helical domain of C99/Notch (22,26).

By substituting the explicit solvent with the implicit
membrane continuum, we calculated the binding energy
contribution of each residue on the substrate separately for
backbone and side chains (see section ‘‘materials and
methods’’ and Fig. S12). The strongest backbone interacting
residues are P10–P30, which form hydrogen bonds in the
post-cleavage site hybrid b sheet. The contribution from
sidechains in both substrates come predominantly from
the C-terminal half of substrate TMDs. In the case of C99,
residues on the N-terminal side of V44 and I45 contribute
overall less to the interaction with the enzyme compared
with C-terminal residues of the substrate. In particular,
residues V44 and I45 in close contact with PS1 TMD2–
TMD5 and TMD7 serve to anchor the substrate at the inter-
nal docking site. A similar trend was also observed in the
Notch-bound complex, with F1748 and F1749 together
contributing a binding energy around �6 kcal/mol. Similar
results were obtained when the protonated aspartate was
switched from D385 to D257 of PS1 (Fig. S5).
Modeling the ε48 binding pose of C99

Besides the dominant ε49 cleavage, g-secretase can alterna-
tively also cleave C99 at the amide bond between T48 and
L49, generating a C-terminal peptide (AICD51) and N-ter-
minal Ab48. The ε48 cleavage is the first cleavage of the
production line producing the plaque-forming Ab42 (17).
Hence, it is of both biological and pathological interest to
distinguish the structural difference between the ε49 and
ε48 binding pose. We modeled two C99-g-secretase puta-
tive binding models at the ε48 cleavage using comparative
modeling with two different sequence alignment strategies
(Fig. 3 A) The first model is generated by shifting the whole
sequence by one residue toward the C-terminal side
(C99

ε48-1), whereas the second model keeps V44 and I45
at the same position and exposes the scissile bond by insert-
ing an alignment gap between I45 and V46 (C99

ε48-2).
During the MD simulations of both reconstructed models,

the catalytic hydrogen bond between the protonated aspar-
tate and the carbonyl group of C99 T48 was found in over
90% of the trajectory frames, except for the first few nano-
seconds while the systems were still considered undergoing
the equilibration (Fig. 3 B). In addition, the b strand confor-
mation is preserved at position P20 and P30 (Fig. 3 C).
Despite the formed catalytic hydrogen bond, larger fluctua-
tions were observed around substrate V44–V46 (Fig. 3 D)
and a rotational substrate motion at the internal docking
site was observed in the first reconstructed complex
C99ε48-1. With the T43 rotated out of its starting position,
the internal docking site was again filled up with V44 and
I45 after �100 ns (Fig. S13; Video S1). As shown in the
evolution of the secondary structure, the rotation was facil-
itated by the unwinding of the helix between T43 and I45
(Figs. 3 C and S10). In contrast, V44 and I45 stayed firmly
in the PS1 internal docking site in the second reconstructed
Biophysical Journal 121, 2330–2344, June 21, 2022 2335
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FIGURE 3 MD simulations of g-secretase in

complex with C99 shifted for cleavage at ε48

site. (A) Sequence alignments of the two models

termed C99
ε48-1 (orange), and C99

ε48-2 (dark

blue) relative to the residue positions in C99
ε49

(black). Membrane-anchoring residues K28, K53,

and K54 are marked in blue and residues residing

in the hydrophobic pockets are marked in green.

(B) Sampled probability density of the catalytic

hydrogen bond distance in the MD simulation.

(C) Secondary structure analysis of simulation on

C99
ε49 (black), C99ε48-1 (orange), C99

ε48-2 (dark

blue) bound to g-secretase complexes. (D) RMSF

of the substrates. (E) View (from the extracellular

side) into the PS1 internal docking site of the two

models C99
ε48-1 (upper) and C99

ε48-2 (lower)

(representation same as in Fig. 2 C). To see this

figure in color, go online.
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complex C99ε48-2. Consistent with the C99ε49 complex,
residues T43–I45 exhibit a 310 helix while A42 was slightly
disordered (Figs. 3 C and S10). Notably, while V46 stays
mostly in the turn-and-bend conformation, calculated by
the DSSP method (59), in the C99ε49 complex, it is classi-
fied into the none state in the C99ε48 complex, where the
peptide bond is stretched so that the carbonyl group of
T48 can be exposed to the catalytic aspartates (Fig. S10).

Importantly, our simulation result suggests that theV44 and
I45 are recognized by the PS1 internal docking site and steri-
cally allow both a cleavage at ε49 or ε48 position (a complete
shift of the entire substrate sequence is sterically not required).
Even themodelwith T43 intentionally placed in the P6 pocket
of the internal docking site resulted in a rapid readjustment
with V44 and I45 bound to the P5, P6 binding sites (Fig. 3
E). Hence, which ε-cleavage is executed depends mainly on
the conformation of the residues of V46–T48 (30,35,70).
This explains whymutations on residues remotely N terminal
to V44 such as A21–D23 (30) and K28–A30 (71) do not alter
the ε-cleavage preference. However, the docking pose present
in the study might be altered when residues around V44 and
I45 are mutated. Indeed, although some APP mutations
around this region, such as T43I, V44A, and V44F, have
been shown todecrease the ε49/ε48 cleavagepropensity, other
mutations such as I45F increase it (30,35,70).
Weakening the interaction at PS1 internal docking
site leads to readjustment of substrate helical
interface

Presumably, along the consecutive trimming process, C99
needs to move ‘‘downward’’ (from the extracellular toward
2336 Biophysical Journal 121, 2330–2344, June 21, 2022
the intracellular side of PS1) in order to expose the upstream
scissile bonds to the catalytic center. Our simulations sug-
gest that, due to the 310 helix formed within residues T43–
I45, a translational movement without altering the substrate
orientation is sufficient for the substrate proceeding to the
next cleavage binding pose.

However, sequence alignment along the Ab49-Ab46-
Ab43-Ab40-Ab37 production line shows that, for this pro-
cess, small residues such asA42,G38, andG33 are sometimes
placed in the internal docking site (see Table 1). According to
our hypothesis, such small residues may fail to stabilize the
substrate at the PS1 internal docking site. Indeed, in support
of our model, the experimental double mutation V44G-I45G
on C99 was shown to significantly decrease the substrate
cleavability and skewing the ε-cleavage site to generate longer
AICD such as AICD49-99, AICD46-99, and AICD45-99
(65). To study these scenarios, we introduced in silico glycine
substitutions of V44 or/and I45 on C99 to generate the com-
plexes of C99V44G, C99I45G, and C99GG with g-secretase
and study the effect in MD simulations (Fig. 4 A).

Among the three C99 mutants, only C99V44G was able to
largely preserve formation of the catalytic hydrogen bond
(Fig. 4 B) and fluctuated the least (Fig. 4 C). In contrast,
I45G and V44G-I45G mutants formed less frequent cata-
lytic hydrogen bond (Fig. 4 B) and showed respectively
mildly and largely more fluctuations at around V44–V46
of the substrates (Fig. 4 C). By computing the residue-
wise water accessibility, we found that while I41–I47
remain in a dry environment in C99V44G and C99wt models,
they are more exposed to the aqueous environment in the
case of bound I45G and double-glycine substrate variants
(Fig. 4 D).



FIGURE 4 Glycine mutations at the internal

docking site disturb the E-S interaction. (A)

Top-view at the PS1 internal docking site of

C99V44G (left), C99I45G (middle), and C99GG
bound g-secretase complexes (representation

same as in Fig. 2 C). (B) Probability density of

the catalytic hydrogen bond distance during simu-

lations. (C) RMSF of the substrate TMD and (D)

residue-wise water accessibility of C99wt (black),

C99V44G (orange), C99I45G (blue), and C99GG
(brown) during simulations in complex with g-sec-

retase. To see this figure in color, go online.

The g-secretase internal docking site
As depicted in Fig. 2 C, in fact, in the simulations of sub-
strate-free g-secretase, the PS1 internal docking site is filled
up with water molecules coming from the intracellular side
of the membrane, in particular in the cavity between TMD3
and TMD5. When C99V44G or C99wt binds to the
PS1 interior, the water-filling cavity is occupied by C99
I45 sidechain with a calculated binding energy contribution
of � �4.95 kcal/mol (Figs. 2 C, 4 A, and S14 A). However,
when the water-blocking I45 is mutated to glycine, contrib-
uting a binding energy of only � �0.61 kcal/mol, the cavity
is again filled with water (Figs. 4 A and S14 A). In the case of
the double substitution of V44G and I45G, the substrate he-
lical domain rotates counterclockwise and V46 and I47
move into the PS1 internal docking site in one of the simu-
lations (Fig. S15; Video S2). We note that none of the C99
glycine mutants perturbed the post-cleavage site hybrid b

sheet (Fig. 2 C), but they all altered the local helicity around
V44–V46 (Figs. S14 B and S10). The C99I45G and C99GG
variants enrich the helical occupation on V46, by which V46
is drawn spatially closer to the water-filling cavity formed
between TMD3 and TMD5 (similar results were observed
with the D257H protonation state with a dissociation of
the post-cleavage site hybrid b strand observed in the
I45G mutant; Figs. S16 and S17).
Local hydrophobic mismatch induced by K28 in
Abn-g-secretase binding complexes

The substrate processing by PS1 in g-secretase leads to a
consecutive cleavage typically along the Ab49-Ab46-
Ab43-Ab40-Ab37 production line. It leads to the placement
of substrate residues of different sizes into the internal dock-
ing site (see Table 1). In addition, the stepwise cleavage re-
quires movement of the substrate toward the interior of the
enzyme and toward the cytosolic side of the cell. On the
N-terminal side at the entrance to the substrate-binding
channel of PS1, the C99 substrate includes a K28 residue
that is considered a membrane-anchoring residue for the
substrate (44). K28 was also shown to interact with residue
241 on the NCT domain of g-secretase (43). Mutation of
K28 to a negatively charged residue or neutral residue en-
hances processivity of cleavage, leading to a relative in-
crease of shorter secreted Ab products (43,44,46,72). It is
of interest to investigate the dynamics of the intermediate
states that have to form during substrate processing and
how binding to the internal docking site correlates with
the movement of the K28 anchor residue. We consecutively
constructed Abn-g-secretase complex models using the
known full substrate complex as template for shifting the
substrate sequence (see section ‘‘materials and methods’’
and the schematics in Fig. 5 A). Each product is named by
its sequence length and cleavage site. For instance,
Ab49z46 stands for the docking pose of Ab49 with V46
placed at the catalytic active site and ready for the z46
cleavage (Fig. S18).

In the case of the simulations of the complexes with
bound Ab49z46, Ab46g43, Ab43g40 models the corre-
sponding P5 and P6 residues (Table 1) all remaining at
the initial placement in the PS1 internal docking site
(Fig. S18). However, in model for the last cleavage pose
Ab40g37 the residues P5 and P6 dissociated from the inter-
nal docking site during the simulations (Fig. 5 B; Video S3).
Biophysical Journal 121, 2330–2344, June 21, 2022 2337



FIGURE 5 Comparative modeling and simulations of Abn-g-secretase complexes. (A) Schematic views of the modeling workflow and the top views (from

the extracellular domain) of the binding poses of C99
ε49 (black), Ab49z46 (orange), Ab46g43 (blue), Ab43g40 (magenta), and Ab40g37 (green). Membrane-

anchoring residue K28 of each substrate is shown explicitly in the licorice representation. Zoom-in views of the C99
ε49 (upper) and Ab40g37 (lower) show

how the position of K28 influences the local distribution of the POPC phosphate groups with radial distance from K28 on the xy plane denoted by rxy,K28. (B)

View into the PS1 internal docking site in the Ab40g37-bound g-secretase (representation same as in Fig. 2 C) (C). Distribution of the membrane electron

density (left), membrane-anchoring residue K28 (middle), and substrate P6 (right) along the z axis in different Abn-g-secretase complexes. (D) Average z

axis of the POPC phosphate on the extracellular side distributed along the radial distance rxy,K28. (E) Probability density of the catalytic hydrogen bond

distance. To see this figure in color, go online.
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It is likely that, besides the stabilization interaction at the
PS1 internal docking site, the K28 anchor plays a role dur-
ing this dissociation process.

To study the influence of the membrane-anchoring effect
of K28, we analyzed the dynamics of the lipid molecules as
well as the Abn-g-secretase complex at the juxtamembrane
region. The electron density of a lipid bilayer typically
shows two peaks at around z ¼ þ18.5Å and z ¼ �18.5Å,
representing the choline groups of POPC of the two mem-
brane leaves. The K28 and the P6 residues do not always
stay at the same position on z axis relative to the center of
the membrane for the different Ab-bound complexes
(Fig. 5 C). In the case of the Ab49z46, Ab46g43, Ab43g40
models, the K28 moved deeper into the membrane as the
substrate proceeds toward the shorter cleavage poses
(Fig. 5 A, with residues at the internal docking site staying
in place). Only in the case of the Ab40g37 complex residue
P6 moved toward the exterior membrane side (Fig. 5 B). The
time plot along the simulations shows that K28 of Ab40
quickly approached the membrane upper leaf within the first
20ns followed by the pulling-up motion of P6 (Fig. S19).
K28, carrying a positive charge, interacts with the nega-
tively charged lipid phosphate groups and alters the periph-
eral membrane thickness (Fig. 5 A). With the strongest
deformation close to K28, the membrane adapts slowly to
2338 Biophysical Journal 121, 2330–2344, June 21, 2022
its average thickness and reaches its equilibrium at the radial
distance of 22.5 Å away from K28 on the xy plane, denoted
as rxy,K28 (Fig. 5 A andD). According to the mattress model,
a hydrophobic mismatch in an uneven membrane may
induce an elastic deformation free energy against the mem-
brane deformation (73). We estimated the mismatch ampli-
tude by fitting the curves with a simple function zPOPC ¼ a

e�br cos(gr)þ z(r¼N), with a the mismatch amplitude, b
the radial decaying rate, g the membrane curvature, and
z(r ¼ N) the equilibrium height of the membrane upper
leaf (Fig. S20). In the first two cleavages, namely C99

ε49

and Ab49z46, K28 stayed above the upper membrane leaf,
inducing a positive mismatch, which promotes the substrate
to move downward toward the next binding pose (a�þ3 Å;
Figs. 5 A and 6 A). When proceeding to the Ab46g43 binding
pose, K28 stayed at a similar height to the membrane extra-
cellular surface (a� 0 Å; Fig. 6 B). However, K28 no longer
matches the average membrane height and creates a nega-
tive mismatch in the Ab43g40 and Ab40g37 docking poses;
hence, the substrates in this case experience a membrane
up-pulling force (a � �4.75 Å; Figs. 5 A and 6 C).

On the C-terminal side of the TMD helix are P5 and P6
residues sitting in the PS1 internal docking site (Fig. S18).
Residue-wise binding energy analysis shows that the stron-
gest binding affinity from the substrate helical domain are



FIGURE 6 Illustration of the membrane elastic

force induced by local hydrophobic mismatch

based on the mattress model (73). (A) Positive

mismatch as observed in C99
ε49 and Ab49z46 sub-

strate-bound poses is induced when the substrate

protrudes through the membrane bilayer. The

membrane elastic potential trying to restore the

optimal membrane thickness causes a force push-

ing the substrate toward the PS1 active site (termed

‘‘down-pushing force’’). (B) No hydrophobic

mismatch was observed in the Ab46g43-binding

pose (elastic potential is zero or close to zero).

(C) Negative mismatch observed in the Ab43g40
and Ab40g37 substrate-bound cases is induced when the substrate tends to contract the membrane bilayer. The membrane elastic potential keeping the

membrane thickness causes an ‘‘up-pulling’’ force on the substrate. To see this figure in color, go online.

The g-secretase internal docking site
contributed by these two residues, and their binding
strengths correlate with their size and hydrophobicity
(Fig. S21 A and C). Notably, when a small residue is placed
at position P5, such as A42 from the Ab49z46 binding pose
or G33 from the Ab40g37 binding pose, larger fluctuations
were observed in the substrate TMD, in particularly around
P5 (Fig. S22 A). In contrast, when a small residue is placed
at P6, such as G38 from the Ab46g43 binding pose, only a
slight increase in the fluctuation of substrate TMD was
observed (Fig. S22 A). We note that the different effects
upon placing a small residue at substrate P5 or P6 display
a consistent behavior as observed in the simulations with
C99 mutants V44G and/or I45G (Fig. 4 C).

With the negative hydrophobic mismatch inducing an
up-pulling force at the juxtamembrane region and the
weak helical binding force at the PS1 internal docking
site, we hypothesize that the P6 movement observed for
Ab40g37 is due to an imbalance between the two competing
forces. For example, in the case of Ab43g40 residue, M35
and V36 placed in the internal docking site contribute a
calculated binding energy of �6.55 0.7 kcal/mol, whereas
residues G33 and I32 placed in the internal docking site for
Ab40g37 contribute only �2.85 0.4 kcal/mol (Fig. S21 C).
In the latter case, this small interaction energy cannot
outbalance the hydrophobic mismatch, and the residues
moved out of the pocket even though they experience a
similar membrane mismatch amplitude (Fig. 5 B). On the
other hand, although G38 and V39 of Ab46g43 contribute
a relatively weak binding energy at the internal docking
site (�4.05 5 0.4 kcal/mol; Fig. S21 C), the absence of
the hydrophobic mismatch makes Ab46 stay steadily with
the enzyme (Fig. 5 D; Video S3).

The gradual movement of the K28 during processing has
also an effect on the helicity and water accessibility of the
substrate TMD. With the local POPC molecules adjusting
their positions to match K28, the local water-membrane
interface moved toward the intracellular side, and residues
around K28 are thus surrounded by water molecules
(Fig. S22 B). The water molecules weaken the intramolecu-
lar hydrogen bonds required in helix formation, and the he-
lical part of the substrate becomes shorter and shorter along
the processive cleavage with residues at the N-terminal side
of K28 turning into disordered conformations (Fig. S22 B
and C, time evolution of the secondary structures are shown
in Fig. S23). Notably, substrates P2–P5 are more exposed to
water molecules in the Ab40g37 docking pose than other
Ab docking poses, agreeing with the C99I45G simulation
where a glycine was also present at the P5 position
(Fig. S22 B). The catalytic hydrogen bonds are stable in
the first two cleavage poses, while they are seldom formed
in the later three complexes, although still not totally van-
ished (Fig. 5 E). As a result of the local hydrophobic
mismatch, P5 and P6 binding energies and the trend of cat-
alytic hydrogen bonds along the consecutive binding pro-
cess were similarly reproduced in the D257-protonated
PS1 complexes, except that the substrate was pulled out
from the internal docking site in both the Ab43g40 and
Ab40g37 docking poses (Figs. S18, S24–S27).
APP mutations K28A and G33I stabilize substrate
binding and catalytic geometry of Ab40

In the study of putative Abn-g-secretase complexes within
the lipid bilayer, we observed a pair of competing forces
that characterizes the decisive factors of g-secretase holding
or releasing the substrate, the membrane up-pulling force to-
ward the extracellular membrane surface, and the E-S stabi-
lization force at the PS1 internal docking site. This model
provides a straightforward way to explain why certain
APP mutations on K28 (44,45) and G33 (46,47) generate
shorter Ab products. It is due to reducing the membrane-
anchoring feature at position K28 and/or enhancing the
E-S binding affinity at the internal docking site. To verify
the hypothesis, simulations of Ab40-g-secretase complexes
with APP mutations K28A and G33I were conducted and
analyzed.

Both APP mutations G33I and K28A result in an
increased fraction of sampled catalytic geometries and sta-
ble I32 placement in the PS1 internal docking site (Fig. 7
A–C; Video S4). Notably, in the K28A mutant, water was
observed accessing the pocket between TMD3 and TMD5,
similarly to what was seen in the C99 I45G mutant at the
Biophysical Journal 121, 2330–2344, June 21, 2022 2339



FIGURE 7 Influence of the APP mutations G33I and K28A on the Ab40g37 binding pose. (A) Probability density of the catalytic hydrogen bond distance.

(B) Top-view at the PS1 internal docking site of Ab40g37,G33I-bound (left) and Ab40g37,K28A-bound (right) g-secretase complexes. Atomic representation is

the same as in Fig. 2 C. (C) Distribution of the membrane-anchoring residue K28 (middle) and substrate P6 (right) along the z axis. (D) Average z axis of the

POPC phosphate on the extracellular side distributed along the radial distance rxy,K/A28. To see this figure in color, go online.
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ε49 cleavage pose (Fig. 4 A). G33I, in contrast, is expected
to have a reverse influence compared with I45G in C99.
Indeed, the introduced isoleucine with a larger hydrophobic
side chain fills the pocket and prevents further water access
(Fig. 7 B). In this case, side chains of P5 and P6 together
contributed DEI32 þ DEI33 ¼ �8.2 5 0.6 kcal/mol of E-S
binding energy, around 5.4 kcal/mol stronger than estimated
for the wild-type Ab40 binding (Fig. S21 B and C).

Indeed, the more favorable binding energy at the PS1 in-
ternal docking site in this case allowed K28 to move deeper
into the membrane and to maintain and balance a much
more negative hydrophobic mismatch (a approximately
�12.7Å; Figs. 7 D, S20, and S28). Mutation K28A, on the
other hand, alleviates the difference between the local and
global membrane thickness (a � þ1.02; Figs. 7 D and
S12) and, thus, mitigates the elastic potential stored in the
membrane layer. With the G33 and I32 remaining in contact
with the PS1 internal docking site, the local binding energy
was observed to be approximately 2 kcal/mol more favor-
able than the wild-type Ab40, mainly because of the
enhanced interaction of I32 (Fig. S20 B and C). Although
less pronounced, the same findings were also observed in
the corresponding simulations with the D257-protonated
g-secretase complexes (Figs. S25, S26, S29, and S30).
DISCUSSION

Intramembrane proteases are involved in several cell
signaling pathways and a variety of diseases (74–78). g-Sec-
2340 Biophysical Journal 121, 2330–2344, June 21, 2022
retase is an intramembrane aspartate protease cleaving its
substrates within the lipid bilayer with the catalytic subunit
presenilin. Once a APP substrate is bound to PS1 g-secre-
tase, Ab peptides are sequentially produced and can disso-
ciate. Longer products, such as Ab42 and Ab43, are prone
to aggregate into AD-related fibrils. Several FAD mutations
located on PS1 and APP are found to decrease g-secretase
activity and promote the secretion of longer Ab peptides.

We have previously suggested that PS1 mutations located
on TMD6, TMD7, and TMD9 can directly influence the
ability of the enzyme recruiting the scissile bond to the cat-
alytic center by free-energy calculation (33). Other groups
have reported that mutations on PS1 and APP consistently
destabilize the E-S complexes and, thus, tend to release
longer Ab peptides rather than bringing it to the next cleav-
age site (17,27,79). Since Ab42 and Ab43 are respectively
generated from the Ab48-Ab45-Ab42-Ab38 and Ab49-
Ab46-Ab43-Ab40-Ab37 production lines, understanding
how g-secretase decides the first cleavage site and releases
Ab peptide at a certain step are of great biological and ther-
apeutic interest.

In the present study, we investigate the role of an internal
docking site PS1 that shows a well-packed interaction with
substrate residues P5 and P6 shared by both C99 and Notch1
(Table 1). Our simulations indicate that this region interacts
strongly with the C terminus of the substrate helical
segment. In support of the critical role of the internal dock-
ing site, cross-linking experiments with the substituted
cysteine accessibility method (SCAM) demonstrated that



The g-secretase internal docking site
the pocket undergoes conformational changes in FAD-
linked PS1 mutations and upon the binding of GSM-1
(80). Furthermore, a photo-affinity labeling experiment
showed that V44 is the strongest binding residue of C99
(21). Compared with the substrate-free g-secretase, we
find that the water access to this pocket from the intracel-
lular side is blocked upon substrate binding.

During the simulations, the substrate P5–P7 residues sit-
uated at the C terminus of the helical domain frequently
adopted a 3-10 helix geometry, which well aligns the up-
stream i þ 3 residues to the same interface. Hence, only a
translational movement toward the next i þ 3 cleavage
pose is required during substrate processing (and no sub-
strate rotation). The simulations on readjusted APP sub-
strates support the view that both ε49 and ε48 cleavages
are possible with the placement of V44 and I45 in the PS1
internal docking site (the cleavage then depends on the
conformation between V46 and V50).

During the modeling of the docking poses following the
initial cleavage, we identified the gradual change in mem-
brane thickness centered at the APP membrane-anchoring
residue K28 to oppose the substrate movement toward the
PS1 active site. K28 interacts with the membrane but, in
addition, also with other residues in the PS1 and nicastrin
subunits (43). While the docking pose of Ab46g43 induced
the least membrane hydrophobic mismatch in POPC
membrane, positive mismatch was observed in the C99

ε49

and Ab49z46 complexes, and negative mismatches were
observed in Ab43g40- and Ab40g37-bound complexes. The
positive hydrophobic mismatch is beneficial for substrate
processing because it causes a force to promote further sub-
strate processing, whereas negative mismatch promotes
release of the substrate to the extracellular space. Unlike
Ab43g40 having large hydrophobic residues M35 and V36
located in the PS1 internal docking site, Ab40g37 with I32
and G33 in the internal docking site is indeed dragged out
of the enzyme during simulations and the catalytic geometry
at the active site was hardly formed. This indicates that the
E-S interaction at the PS1 internal docking site on the one
hand and the membrane up-pulling force caused by negative
hydrophobic mismatch on the other hand are two critical
factors determining whether the substrate can proceed to
the next cleavage position. Our tug-of-war model between
membrane and g-secretase provides a useful explanation
on why many mutations around K28 and G33 have an
impact on C99 processivity. Indeed, mutations G29K and
A30K, which both interact more strongly with the mem-
brane phosphate, can induce an even stronger hydrophobic
mismatch around K28 and have been shown to decrease
the processivity (45). On the contrary, K28E, which repels
the membrane phosphate groups, might further push the
substrate to the next cleavage steps. Indeed, this mutation
and K28A, K28Q, and K28L, which all alleviate the K28-
lipid interaction, are found to produce even shorter peptides,
such as Ab33 and Ab34 (44,45,72). Furthermore, mutating
G33 to larger amino acids, such as G33A and G33I, which in
our model enhance the enzyme binding force, also promote
the Ab40/Ab37 processing in experiments (46,47).
Among these mutations, we simulated the two well-reported
mutations K28A and G33I, which address the balance be-
tween the forces in two different ways. Both mutations
indeed stabilized the E-S geometry such that correct forma-
tion of a stable catalytic geometry at the active site became
possible.

Interestingly, the results obtained for these two APP mu-
tations suggest a new strategy on how the APP processivity
could potentially be enhanced by ligands that can modulate
the membrane thickness or enhance the Ab40-g-secretase
interaction. Using the Ab40-bound g-secretase and a pocket
search program (Fpocket (81)) we found three potential
ligand docking pockets, namely D1, D2, and D3, at the
Ab40-g-secretase interface (Fig. S31). While D1 and D2
located at the extracellular membrane could potentially
modulate the membrane dynamics or enhance the E-S inter-
action at the juxta-membrane domain, D3 located at the
PS1 internal docking site might allow stronger binding of
the Ab peptides to the PS1 internal docking site. Note
that D1 is close to the binding pocket of E2012, an
Ab37- and Ab38-promoting GSM, recently resolved by
Yang et al. (42).

To sum up, our work provides a mechanistic explanation
of how the balance between the interaction at the proposed
PS1 internal docking site and negative hydrophobic
mismatch at the substrate juxtamembrane domain plays an
important role for the processivity of Ab. Furthermore,
our simulations suggest that the PS1 internal docking site,
spatially distinct from the catalytic center (but forming an
FAD hot spot), is an essential element for substrate posi-
tioning and stabilization. The local hydrophobic mismatch
induced by APP K28, on the other hand, imposes a force
on the substrate against the substrate binding. Based on
this model, we successfully demonstrated how Ab species
can be modulated by enhancing the binding affinity at the
PS1 internal docking site and weakening the hydrophobic
mismatch. Our model not only paves a way for explaining
how mutations on APP or PS1 alter the ε49/ε48 or Ab43/
Ab40 ratio but also provides a potential target site for the
development of small molecules that promote the secretion
of shorter Ab peptides.
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