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Abstract

The intramembrane proteolysis of the substrate C99 by γ-secretase generates amyloid-beta
(Aβ) peptides, which are believed to be one of the main causes of Alzheimer’s disease (AD).
Inhibition and modulation of γ-secretase are strategies for AD prevention and treatment. Al-
though several experiments have reported the cleavage behavior upon single-point mutations,
changes in the membrane environment, or responses toward inhibitors and modulators, little
is known about the molecular details of the cleavage process. Recent advances in cryo-EM
imaging technology have resolved the 3-dimensional structures of γ-secretase in complex with
its substrates and ligands, providing scientists in the field with a new aspect to understand
the proteolytic process.

The thesis uses molecular dynamics simulations to investigate the dynamics of γ-secretase
in substrate-free, substrate-bound, and ligand-bound forms. Stability and energetic analysis
suggested three main interactions between γ-secretase and its substrate. First, the hydrophobic
patch on the transmembrane domain 6a helix of the presenilin subunit plays an essential
role in the stability of the enzyme-substrate complex and the stability of the active catalytic
site. However, the helical structure can be disturbed when presenilin is placed in a detergent
environment. Second, the enzyme-substrate hybrid β-sheet C-terminal to the substrate scissile
bond is crucial in controlling the water molecules to the cleavage center and is essential
for the formation of a catalytically active geometry. Third, an internal docking site at the
C99-γ-secretase interface inside the membrane environment was identified as the strongest
interacting region. The balance between the interaction at this region and the membrane
distortion induced by a lysine located at the N-terminal juxtamembrane region of C99 can
largely control the length of the released Aβ peptides. Based on this model, a putative binding
mode of a γ-secretase modulator is proposed. The purposed enzyme-substrate-modulator
configuration not only successfully explains the conserved chemical motifs across a wide
range of other modulators but also offers an explanation of how it promotes the secretion
of shorter Aβ peptides. As a continuation of the study on the ternary complex, 19 protein-
protein-stabilizer complexes were studied in silico and the dual-binding mechanism was
suggested.

Notably, the molecular models proposed for the γ-secretase system such as the influence of
lipid environment, the hybrid β-sheet, and membrane hydrophobic mismatch on proteolysis,
are likely transferrable to other membrane-embedded systems and a wide range of other
proteases. The results reported in the thesis not only facilitate the understanding of the
mechanism of AD-causing mutations on γ-secretase and C99 but also open new aspects of
interpreting similar biological processes.
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1. Introduction

Amyloid precursor protein (APP) is a type I transmembrane protein, serving as a cell surface
receptor and a regulator of synapse formation, neural plasticity, antimicrobial activity, and
iron export[1, 2]. Besides its regulatory functions, APP is best known for the pathological role
it plays in the development of Alzheimer’s disease (AD)[1, 3, 4]. APP is first cleaved by either
α-secretase or β-secretase (BACE1) at the extracellular side, producing a soluble N-terminal
product and a membrane-embedded C-terminal product[5, 6, 7, 8]. The C-terminal product
upon BACE1 cleavage with 99 amino acids, called C99, is later recognized and trimmed by
γ-secretase within the lipid bilayer, generating the APP intracellular domain (AICD) and
amyloid-β (Aβ) peptides of different lengths[9]. Species of Aβ peptides are conventionally
named according to the number of amino acids they consist of. For example, Aβ42 contains
42 amino acids and Aβ40 contains 40 amino acids. Major species of Aβ products are Aβ43,
Aβ42, Aβ40 and Aβ38[9]. According to the amyloid hypothesis, longer species of Aβ such
as Aβ42[3, 10] and Aβ43[11, 12], due to their hydrophobic nature, are prone to aggregate
and form amyloid plagues, which are known to be neurotoxic and are associated with neural
degeneration and Alzheimer’s disease[13, 14].

While aging is known to be a factor in the accumulation of amyloid plaques, presumably
because of the diminished Aβ clearance[15] and alternation in BACE1[16] and γ-secretase[17]
activity, a genetic mutation, also called Familial AD (FAD) mutation, can as well cause
early-onset of AD, at the age of 30. FAD mutations are mostly located in the genes of APP
and the catalytic subunits of γ-secretase presenilin (PS), of which many lead to the decrease
in Aβ processivity, i.e. the ability to secrete shorter Aβ products[18, 19]. To reduce the
production of Aβ peptides, PS-targeting γ-secretase inhibitors (GSIs) are developed as a
strategy for AD treatment[20, 21]. However, due to the off-targeting effect, GSI inhibits also
the cleavages of over 130 other substrates[22], including the Notch receptor, which regulates
cell-fate decision[23, 24], and causes severe side effects. Thus, γ-secretase modulators (GSM),
which aims to increase the Aβ processivity without altering the enzymatic activity, have
become a promising therapeutic strategy against AD[25, 26].

In order to come up with a more potent therapeutic strategy to reduce the amount of
longer forms of Aβ peptides, it is of fundamental importance to understand the molecular
details of how they are generated by γ-secretase. Although extensive wet-lab experiments
on γ-secretase investigating their response to mutations and GSM have been reported, the
molecular mechanism of these results remains elusive. By performing molecular dynamics
(MD) simulations in an atomic resolution, we aim to answer the following four questions:
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1. What are the main interactions between γ-secretase and its substrates?

2. Why does γ-secretase cleave C99 in a step of 3 residues?

3. What determines the length of the released Aβ peptides?

4. How do GSMs promote Aβ processivity?

This thesis is split into 10 Chapters and organized as follows:

• An introduction to γ-secretase and Aβ peptides as well as experimental results relevant
to the present thesis are given in Chapter 2.

• In Chapter 3, principles and computational methods used in this thesis will be intro-
duced.

• In Chapter 4, the dynamics of the substrate-free (apo-form) and substrate-bound (holo-
form) γ-secretase and its interaction with C99 are investigated as the foundation for the
following chapters.

• The dynamics of the holo-form presenilin homolog (PSH) within the micelles and bilayer
environment are studied in collaboration with an experimental group (Chapter 5).

• In Chapter 6, the functional role of the β-sheet formed between γ-secretase and its
substrate C-terminal to the catalytic active site is studied using in silico mutation and
Hamiltonian replica-exchange coupled umbrella sampling (HREUS) method.

• To identify the structural discrepancies between different stages along the processive
cleavage, homology modeling is extensively employed to construct all binding poses
along the ϵ49-ζ46-γ43-γ40-γ37 production line and presented in Chapter 7.

• In Chapter 8, a putative binding of a GSM and how it modulates γ-secretase processivity
is reported.

• As a side project during the doctoral research period, a dual-binding mechanism in the
protein-protein stabilization process studied with a mathematical model applied to 19
case studies is presented in Chapter 9.

• The thesis is concluded in Chapter 10 by answering the questions raised in this chapter
and future perspectives of the study of γ-secretase and molecular design.
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2. γ-secretase and Aβ peptides

Generation of Aβ peptides through γ-secretase intramembrane proteolysis is a complicated
process and is believed to be involved in AD pathology. In this chapter, an overview of the
function and structure of γ-secretase as well as its interaction with its substrate and small
molecules is introduced.

2.1. Biological function and subunits of γ-secretase

γ-Secretase is an aspartyl intramembrane protease that cleaves over 130 type-I single-pass
integral membrane proteins[22]. Among several substrates, APP and Notch receptors are the
most studied proteins because of their association with the pathology of AD[27, 4, 28] and
cancer[23, 24], respectively. γ-Secretase is composed of four subunits —Niscastrin (NCT),
presenilin enhancer protein 2 (PEN-2), anterior-pharynx-defective protein 1 (APH-1), and
the catalytic subunit presenilin (PS1 or PS2)[29, 30, 31]. Upon the complexation of the
four proteins, an autocatalytic cleavage[29], splitting PS into an N-terminal fragment (NTF),
containing transmembrane domain (TMD) 1-6, and a C-terminal fragment (CTF), containing
TMD7-9, is required for the complex maturation. The autoproteolysis, as well as substrate
cleavages, are executed via hydrolysis mediated by the two aspartates located on TMD6
and TMD7, respectively[29]. However, PS cannot conduct its function on its own and needs
NCT, PEN-2, and APH-1 to stabilize the topology[32, 33]. In addition, NCT is also suggested
to serve as a filter, avoiding transmembrane peptides with large N-terminal domains from
accessing PS[34]. Two conserved motifs are observed across the PS family. The GXGD motif
on the N-terminus of TMD7 is suggested to be directly involved in catalytic function and
substrate identification [35, 36, 37] whereas the PALP motif on the N-terminus of TMD9 is
suggested to play a critical role in complex stabilization and proteolytic activity[38, 39, 40].

2.2. 3D-Structures of γ-secretase resolved by X-ray crystallagraphy
and cryo-EM

To understand the biological functions and facilitate the development of γ-secretase-targeting
drugs, it is of significant importance to reveal the tertiary structures of NCT, PEN-2, APH-1,
and PS and how they assemble together within the lipid bilayer in both substrate-free (apo)
and substrate-bound (holo) form. However, due to the crystallization complexity of membrane
protein and the large molecular weight, the atomic structure of γ-secretase was for a long
time undetermined despite its important role in AD pathology[41, 42]. In 2013, a series of
presenilin homolog (PSH) structures were crystallized and resolved with an X-ray diffraction
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2.2. 3D-STRUCTURES OF γ-SECRETASE RESOLVED BY X-RAY CRYSTALLAGRAPHY AND CRYO-EM

technique (Figure 2.1A-C), offering the first structural information about PS[43]. As predicted
previously for human PS, PSH contains 9 TMDs and the catalytic aspartates D162 and D220
are located on TMD6 and TMD7, respectively[29, 44, 45]. Two years after, the 3D structure of
a GSI-bound form PSH was also resolved with no significant conformational difference to
the ligand-free PSH (Figure 2.1D)[46]. The GSI L-682,679 located between TMD6 and TMD7
indicated an inhibitory mechanism by the separation of the two catalytic aspartic acids. Note,
tetramerization of PSH was observed in all available structures with TMD3 inserted into
the TMD2-TMD6 gap and the TMD2 and TMD3 are oriented toward the tetrameric interior
(Figure 2.1E). This conformation, however, blocks all possible substrate entries if PSH adopts
the same substrate binding mode as PS1-containing γ-secretase (Figure 2.2G, H), and is likely
not the native state where PSH conducts its biological function.

Figure 2.1.: Structures of PSH resolved with X-ray diffraction. (A) Structure of PSH in P2
space group. (PDBID 4HYC) (B) Structure of PSH in C2221 space group. (PDBID
4HYD) (C) Structure of PSH in C222 space group. (PDBID 4HYG) (D) Structure
of PSH bound with L-682,679. (PDBID 4Y6K) (E) Tetramer conformation of PSH.
(PDBID 4HYC)

With the rapid advances in cryogenic electron microscopy (cryo-EM), structures of large
membrane proteins are gradually resolvable in recent years[47]. However, the first few
attempts to uncover the 3D structure of the γ-secretase complex only yield low resolution
and no converged conformations were reached. The first cyro-EM-based γ-secretase structure
was reported in 2014, showing a horseshoe-shaped transmembrane domain and a large
NCT ectodomain[48, 49, 50, 51, 52]. However, the resolution of the image was too low to
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2.2. 3D-STRUCTURES OF γ-SECRETASE RESOLVED BY X-RAY CRYSTALLAGRAPHY AND CRYO-EM

be deposited in the Protein Data Bank. In 2015, Sun et. al. and Bai et. al. resolved six
3D structures of the human apo-form PS1-containing γ-secretase with an atomic resolution
(Figure 2.2A-F)[53, 54, 55]. These structures were able to distinguish the TMDs from NCT,
PEN-2, APH-1, and the NTF and CTF of PS1 for the first time. However, the C-terminal
part of TMD6, the C-terminal part of TMD2, and the N-terminal part of TMD3 were poorly
resolved without the presence of ligand, indicating their high mobility in the apo-form and
stabilization effect upon ligand binding.

Figure 2.2.: Structures of PS1-containing γ-secretase in apo-form and holo-form. (A) Structure
of the apo-enzyme (PDBID 4UIS). The T4 lysozyme fused to the N-terminal of
PS1 is not shown. (B) Structure of the apo-enzyme (PDBID 5A63). (C) Structure
of the DAPT-bound enzyme with (PDBID 5FN2). The coordinates of DAPT are
not determined. (D) Structure of a helix-bound enzyme (PDBID 5FN3). The
sequence of the bound helix is unknown. (E) Structure of a helix-bound enzyme
(PDBID 5FN4). The sequence of the bound helix is unknown. (F) Structure of
an apo-enzyme (PDBID 5FN5). (G) Structure of the C83-bound enzyme (PDBID
6IYC). (H) Structure of the Notch1-bound enzyme (PDBID 6IDF). Subunits of
γ-secretase are colored green (NCT), yellow (APH-1), magenta (PEN2), and blue
(PS1). The bound peptides are colored in orange and their biological names are
noted next to them.

Four years later, excellent work done by Zhou. et. al.[39] and Yang et. al.[40] revealed
the binding mode of C83, the C-terminal product of APP upon α-secretase cleavage, and
Notch1 to γ-secretase, providing for the first time the structural information about the in-
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2.2. 3D-STRUCTURES OF γ-SECRETASE RESOLVED BY X-RAY CRYSTALLAGRAPHY AND CRYO-EM

teraction between γ-secretase and its substrate (Figure 2.2 G, H). In order to maintain the
enzyme-substrate(E-S) complex without cleavage, the proteolytic activity was impaired by PS1
mutation D385A. In addition, cysteine was introduced in loop1 of PS1-NTF (Q112C), Notch1
(P1728C), and C83 (V24C) to stabilize the E-S complex by disulfide bonds. Importantly, they
revealed a similar docking pose shared by both C83 and Notch1 with a helix-loop-strand con-
formation at the TMD, which largely differed from the previously resolved NMR structures
of APP (PDBID 2LLM)[56] and Notch1 (PDBID 5KZO)[57], and the substrate cleavage site
situated at the loop-strand transition region. Furthermore, a small helix shortly following
TMD6, called TMD6a (L268-E277), is formed and stays in contact with the substrate P1’ and
P3’ residue. The substrate β-strand, called β3, is stabilized by the formation of a hybrid
β-sheet with Y288-S290 from PS1-NTF (β1), R377-L381 from PS1-CTF (β2) and PS1 L432.
These components together form an E-S hybrid β-sheet and are shown to be indispensable
for the enzymatic activity of γ-secretase[39, 40].

Figure 2.3.: Structures of the (A) GSI-bound and (B) GSM-bound γ-secretase complexes.
Color-coding of the γ-secretase subunits is the same as in Figure 2.2. The white
surface area shown in (A) represents the van der Waal surface of TMD6a of PS1.

Recently, the cryo-EM structures of γ-secretase bound with GSI and GSM are also re-
solved[58, 59]. All GSIs consistently bind at the region where the substrate β3 is located,
implicating a catalytically important function this region conducts. Additionally, they all con-
tact with the hydrophobic patch formed by PS1 TMD6a (Figure 2.3A). The GSM-γ-secretase
cryo-EM structure reveals a GSM binding pocket located 25Å away from the catalytic cen-
ter[40]. The binding pocket is formed by loop1 and TMD3 of PS1 and I243 and N243 of NCT
(Figure 2.3B). In particular, a hydrogen bond was found between the GSM and PS1 Y106,
which was reported to play an important role in the binding of a wide range of imidazole-
based GSMs. However, the coordinate of the GSM revealed an overlay with the coordinate of
APP and Notch solved in 2019[39, 40] (Figure 2.2F, G), leaving the modulation mechanism of
GSM obscure.
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2.3. Aβ PEPTIDES SECRETION THROUGH INTERACTIONS BETWEEN C99 AND γ-SECRETASE

The first 3D structure of PS2-containing γ-secretase was solved in 2022 by Guo et. al (Figure
2.4)[59]. Unlike in the PS1-containing isoform, (Figure 2.3A), the electron density of MRK-560
could not be observed in the PS2-containing γ-secretase in the co-incubation experiment,
showing its inhibitory selectivity. Similar to the structures of PSH and the PS1-containing
γ-secretase, TMD2, and TMD6 are too mobile to be determined without the presence of
ligands.

Figure 2.4.: Structures of the PS2-containing γ-secretase complexes. Color-coding of the γ-
secretase subunits is the same as in Figure 2.2.

2.3. Aβ peptides secretion through interactions between C99 and
γ-secretase

After the extracellular domain of APP is shedded by β-secretase[5, 6], the C-terminal product
C99 remains still within the membrane bilayer and is processed by γ-secretase to secrete
Aβ peptides in different length through a series of interactions (Figure 2.5)[9]. Although
the detailed C99-γ-secretase interaction pathway is not yet completely understood, it can be
briefly discussed in three consecutive stages: substrate recognition, substrate positioning, and
processive cleavage.

2.3.1. Substrate Recognition

Because the intramembrane protease γ-secretase and its substrates are integrated into the
membrane environment, the enzyme-substrate (E-S) recognition is restricted to a two-
dimensional space with a little degree of freedom of helix tilting or bending. The NCT
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2.3. Aβ PEPTIDES SECRETION THROUGH INTERACTIONS BETWEEN C99 AND γ-SECRETASE

subunit of γ-secretase at the first stage is suggested to serve as a filter that sterically hinders
substrates with a large ectodomain from interacting with γ-secretase and only the substrates
which are not excluded by NCT can approach γ-secretase and form possible contacts[34].
A comprehensive study using the photo-affinity labeling technique suggests that before
C99 reaches the catalytic center of PS, it binds to several exosites of γ-secretase subunits
with an order of NCT/PEN2 −→ PS1-NTF −→ PS1-NTF/PS1-CTF[60]. A computational work
using coarse grained simulation also suggested PEN2 as a non-selective binder that binds
both substrates and non-substrates of γ-secretase but only substrates can be transferred and
interact with PS-NTF[61].

Figure 2.5.: Schematics of the process of APP processing by β-secretase and γ-secretase inside
the membrane. Eventually, the Aβ products can form the neurotoxic amyloid
aggregates in the solution.
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2.3.2. Substrate Positioning

Although the cryo-EM structures of substrate-bound γ-secretase have already provided great
insight into the E-S interaction[39, 40], the binding pose they revealed did not answer how
substrates are recruited from the γ-secretase exosites to the PS interior. Initially, TMD2-TMD3,
TMD2-TMD6, and TMD6-TMD9 were proposed to serve as the substrate entry through which
the cleavage site can move to the catalytic center[62]. The possibility of the TMD6-TMD9 entry
became implausible after the substrate-bound γ-secretase was resolved in 2019. However,
the other two entries also face structural challenges. If the resolved C83-bound and Notch-
bound cryo-EM structures, with several artificially introduced mutations, reflect the actual
ready-for-cleavage binding mode, substrates need to bring the whole intracellular domain
(more than 50 amino acids in C83 and Notch) over the short loop between TMD2 and TMD3
in order to enter from the TMD2-TMD3 gate or bend the whole extracellular domain (more
than 20 amino acids in C83 and Notch) over PS1 loop1 to enter from the TMD2-TMD6 gate
to end up in the binding position(Figure 2.2 G, H). Both models remain possible due to the
high mobility of loop1 and TMD2 in the apo-form PS1 and PS2 and it is yet unclear whether
the N-terminal and C-terminal domain of TMD2 can unwind and extend the loop1 or the
TMD2-TMD3 loop to facilitate the putative substrate entry sites. Experimental works have
also suggested a two-step substrate positioning[63, 64]. That is, a bending motion also plays a
critical role in the substrate entering in addition to the translational helix movement after the
initial binding. Despite the unclear PS recruitment process, the 3D structures of holo-form
PS1-containing γ-secretase offer an excellent starting point for computational studies and
interpretations of experimental findings[39, 40]. Both C83 and Notch share a highly similar
contact pattern with PS1, including TMD6a hydrophobic patch (substrate P1’, P3’ using the
general nomenclature formulated by Schechter and Berger[65]), hybrid β-sheet (substrate
P1’-P4’), and PS1 internal docking site (substrate P5, P6). The present thesis reports extensive
computational work focusing on these interacting regions and how APP mutations and lipid
environment influence these interactions in Chapter 4, Chapter 5, Chapter 6, and Chapter 7.

2.3.3. Processive Cleavage

After the substrate is positioned to the read-to-cleave binding pose, presumably the binding
pose presented in the holo-form γ-secretase cryo-EM structure (Figure 2.2G), it is cleaved
processively by γ-secretase[66, 67] and the ability of γ-secretase to successively trim the Aβ

peptide is typically termed the processivity. Since this is the most critical step in producing
the AD-related Aβ peptides, many studies have put their focus on how mutations on APP
and γ-secretase influence cleavage in terms of processivity and total activity. An overview
of processive cleavage is depicted in Figure 2.6. The first cut of γ-secretase on C99 usually
occurs at the amide bond between residue 49 and 50 (ϵ49 cleavage), generating Aβ 49 and
AICD 50-99, or at the amide bond between residue 48 and 49 (ϵ48 cleavage), generating
Aβ 48 and AICD 49-99[68, 69]. While the soluble C-terminal product AICD is released to
the intracellular side upon the first cleavage, Aβ49 or Aβ48 is further cleaved into shorter
products. Based on the initial ϵ cleavage, the following cleavages follow two production
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lines, namely the ϵ49-ζ46-γ43-γ40-γ37 one and the ϵ48-ζ45-γ42-γ38 one[70, 67]. Therefore,
the position of the initial cleavage has a substantial influence on the species of Aβ products.
Unfortunately, γ-secretase does not always trim C99 until the end of each production line
and the intermediates can also be secreted to the solution. In the in vitro experiments, AICD,
and Aβ species are commonly identified by mass spectroscopy where molecules with dif-
ferent mass-to-charge ratios (m/z) are identified. Usually, γ-secretase activity is measured
by measuring the amount of AICD or total Aβ products. Note that the activity measured
here depends on not only the efficiency of processive cleavage but also all preceding steps,
including substrate recognition and positioning. On the other hand, γ-secretase processivity
is commonly presented by the ratio between the shorter Aβ species and longer Aβ species,
for example: Aβ40/Aβ43, Aβ38/Aβ42, or (Aβ37+Aβ38+Aβ40)/(Aβ42+Aβ43). Since the
Aβ40 and Aβ42 are the most abundant species, the processivity is also represented by the
Aβ40/Aβ42 ratio[71]. Notably, evidence has suggested that the total activity of γ-secretase
does not always correlate with its processivity.[72]

2.3.4. Effects of mutations on APP and PS1

Typically, the major products of γ-secretase cleavage toward C99 are composed of majorly
Aβ40 (∼80%), Aβ42 (∼10%), and Aβ38 (∼10%) and minorly Aβ37 ( ∼1%) and Aβ43 (∼1%)[9].
However, the composition can be altered by a single-point mutation on PS1 or APP. In
particular, the mutations that lead to the early onset of AD, called FAD mutations, are shown
to predominantly increase the longer, pathogenic peptides Aβ42 and Aβ43, and decrease
the total γ-secretase activity[73, 74, 75, 71]. An overview of the FAD position on APP, PS1,
and PS2 is well-organized on alzforum.org/mutations. Thermoactivity experiment suggests
that while the E-S stability becomes progressively less stable along the processive cleavage
the pathogenic PS1 and APP mutations further destabilize the E-S complex and lead to an
early dissociation of the longer form Aβ peptide[76]. Other data indicate that several FAD
mutations on PS1 can directly destabilize the active site geometry[77, 78]. In comparison to
the mutations on PS, the mechanism of APP is less clear because the same residue might
play different roles at the different phases along the γ-secretase recognition, initial cleavage,
and processive cleavage processes. For instance, the increase in the Aβ42 product can be
induced by directly shifting the initial cleavage from ϵ49 to ϵ48 or inhibiting the β42−→Aβ38
cleavage. The hybrid effect can be best exemplified by APP mutation V44F and I45F[66]. V44F
prefers the ϵ48 cleavage but results in a low Aβ42/Aβ40 ratio presumably by inhibiting the
Aβ45−→Aβ42 cleavage whereas I45F prefers the ϵ49 cleavage but results in a high Aβ42/Aβ40
ratio presumably by inhibiting the Aβ46−→Aβ43 cleavage. Therefore, understanding where
each residue locates and interacts with γ-secrease at each processing step is fundamentally
crucial to interpreting the experimentally measured AICD and Aβ profiles. To date, however,
only the size-limiting S1’-S3’ pocket is a well-accepted structural model that can be used to
explain the cleavage behavior of a wide range of Phenylalanine-containing APP mutants[66].
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Figure 2.6.: Schematic of the processive cleavage of γ-secretase against C99. (A) Two pro-
duction lines with the ϵ49-ζ46-γ43-γ40-γ37 one in the upper row and the ϵ48-
ζ45-γ42-γ38 one in the lower row. (B) The sequence of C99 from N27 to K54
The orange cartoon representations depict the secondary structure of helix, loop,
and β-strand shown in the enzyme-bound form (Figure 2.2G). Two production
lines are drawn upper and lower to the sequence. The cleavage position at each
cleavage is depicted with a black triangle sign.
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2.4. Inhibition and Modulation of γ-Secretase as Therapeutic
Strategies against Alzheimer’s Disease

According to the amyloid hypothesis, aggregation of the longer forms of Aβ peptides is
related to the AD-causing senile plagues[4, 28]. Reducing the generation of longer Aβ

species is therefore believed to be an effective way to cure AD or alleviate AD progress and
small molecules γ-secretase inhibitor (GSI) and γ-secretase modulator (GSM) are designed
to achieve such a goal. Several comprehensive reviews have covered critical progress and
detailed comparison of existing GSI and GSMs. As an introduction[20, 26, 25, 21], only a
selected set of small molecules are discussed in this section.

2.4.1. γ-Secretase Inhibitor

One of the most intuitive ways to reduce the generation of catalytic products is to inhibit
the correspondent protease[79]. At the time of writing this thesis, 3D structures of four GSIs
have been determined, including GSI transition state analog (TSA) L458, non-selective GSI
Semagacestat, Notch-sparing GSI Avagacestat[40], and PS2-Sparing GSI MRK-560[59]. Based
on the structures, all GSIs form hydrophobic contact with the TMD6a and hydrogen bonds
with L432 and/or β2 of PS (Figure 2.3A). Although another non-selective GSI DAPT was also
attempted for imaging (PDBID 5FN2), the electron density was too low to determine its actual
coordinate[55]. TSA inhibitors are the inhibitors that directly mimic the substrate cleavage site
with an uncleavable motif[80, 81]. All γ-secretase TSAs inhibitors contain a transition-state-
mimicking hydroxyl isostere followed by a tripeptide fragment binding at the size-selecting
PS S1’-S2’-S3’ subpockets[66]. It has been shown that the inhibition efficiency depends highly
on the sizes of the amino acids that fit these subpockets. While the binding pose of TSA
overlays perfectly with both the backbone and sidechains of substrate P1-P3’, non-TSA GSIs
do not occupy the catalytic center[58]. However, severe side effects are observed because of the
off-targeting effects of non-selective GSIs[82, 83, 84, 79]. In particular, inhibition of cleavage
of the Notch receptor through non-selective GSIs is known to cause gastrointestinal, immune,
and cutaneous adverse effects[82]. Notch-sparing TSIs such as avagacestat thus offer new
potentials to reduce Aβ secretion with low toxicity[85]. Nonetheless, the structural factors
that differentiate Notch-sparing TSIs from non-selective TSIs still remain elusive, establishing
barriers to their further development. While several small molecule GSIs have been submitted
to clinical trials, none of them has been approved for AD treatment. In particular, clinical
trials on semagacestat and avagacestat were terminated at phase III and phase II, respectively,
due to their increased risk of skin cancer and cognitive worsening[83].
Besides small molecule inhibitors that target the catalytic center, helical peptide inhibitors
(HPI) were also developed to block the substrate from binding to γ-secretase[86, 87]. The
initial design of helical inhibitors makes use of aminoisobutyric acid (Aib), a 310-helix-prone
amino acid[88, 89], and was thought to bind at the initial surface binding site. In the later
competition experiment with TSA-GSI, it became more convincing that HPIs bind to PS1
interior docking site. Furthermore, the inhibitor concatenating HPI with TSA GSI reaches a
sub-nanomolar inhibition concentration (Ki = 0.42 nM) and is competitive with both TSA GSI
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and HPI, suggesting a similar binding mode to the APP-bound cryo-EM structure[86].

2.4.2. γ-Secretase Modulator

With the failure of GSI, other opportunities to reduce the amyloid aggregates are in demand.
Since the longer forms of Aβ peptides are more closely related to the formation of neurotoxic
amyloid plaques[3, 10, 11, 12], enhancing γ-secretase processivity is also considered a
therapeutic strategy against AD. The first generation of GSMs is discovered in early 2001[90].
A subset of nonsteroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen, indomethacin,
and sulindac sulfide impede the secretion of Aβ42 peptide while increasing the Aβ38 form
without interfering with the Notch1 cleavage. However, these compounds suffer from weak
Aβ42 inhibitory potencies (IC50 > 10µM) and poor brain penetration performance[91, 92].
Second-generation GSMs are developed to increase the Aβ42 inhibitory potency and brain
availability. According to the structural similarity, second-generation GSMs can be categorized
into three classes: NSAID-derived carboxylic acid GSMs, imidazole-based GSMs, and natural
product-derived GSMs.

NSAID-derived carboxylic acid GSMs, exemplified by GSM-1, exclusively decrease the Aβ42
peptides without much interfering with the Aβ40 products with a significantly improved cell-
based Aβ42 inhibitory potency (IC50 < 500 nM)[93, 94]. Interestingly, modifying the carboxylic
acid to an ester or amide shows an inverse action on the γ-secretase processivity. That is, the
concentration of Aβ42 is increased whereas the concentration of Aβ38 is decreased. Although
several studies have reported how mutations on APP[95, 96], PS1[97, 96], and PS2[98] respond
to the modulation effect of GSM-1, the binding mode as well as the mechanism of modulation
remain unclear. In contrast, imidazole-based GSMs decrease the concentration of both Aβ42
and Aβ40 (IC50 < 100nM)[99]. Imidazole-based GSM is exemplified by E2012 (Figure 2.3B)
which entered the first clinical trial in 2006 and showed a dose-dependent reduction in Aβ42
and Aβ40 level[100]. The binding pose of E2012 on PS1-containing γ secretase was revealed
by cryo-EM in 2021, where the imidazole group forms a stable hydrogen bond with Y106
of PS1 (Figure 2.3B), paving a promising road for further structure-based drug design[58].
However, the cryo-EM structures of E2012 and C83 show an overlay in their coordinates,
suggesting either E2012 or the substrate needs to undergo conformational adaption along the
processive cleavage[40, 39]. Another unresolved question is the mechanism of the modulation
effect. Surprisingly, the modulation effect of E2012, but not GSM-1 is inversed when K28
of APP is substituted into a negatively charged glutamic acid[101]. Similarly, although no
residues on loop1 of PSH were identified with a similar biophysical property as Y106 of
PS1, E2012 showed a strong modulation effect in PSH whereas GSM-1 did not [46]. Indeed,
distinct allosteric binding sites of GSM-1 and E2012 are suggested by photoaffinity probing
experiments[102]. Taken together, the NSAID-derived and imidazole-based GSMs might have
distinct binding sites and modulate the processivity of γ-secretase with different mechanisms.
Natural product-derived GSMs exhibit a distinct modulation profile where the levels of Aβ42
and Aβ38 are decreased and the levels of Aβ39 and Aβ37 are increased[103]. Nonetheless,
this class of GSM is lack consistent chemical moiety and is not as well studied as GSMs from
the other two classes.
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3. Theory and Methods

In the present dissertation, different computational approaches were implemented to study
the biomolecular systems of interest, including molecular dynamics (MD) simulations, molec-
ular docking homology modeling, and pocket detection techniques. However, since these
computational methods were developed to model real-world behavior of biomolecular sys-
tems, it is of fundamental importance to understand what assumptions are made when
exploiting these methods. In this chapter, the fundamental theories of MD simulations and
several routines and algorithms used in the following chapters are introduced.

3.1. Molecular Dynamics simulation

3.1.1. From quantum mechanism to classical mechanics

In reality, interactions between atoms can be most accurately described by quantum mechanics
(QM). In the scheme of QM, the probability to find a particle at position r⃗ at time t can be
described by the absolute square of its wave function |Ψ(⃗r,t)|2. The time-dependent wave
function obeys the Schrödinger equation

ĤΨ(⃗r, t) = ih̄
∂

∂t
Ψ(⃗r, t) (3.1)

, where Ĥ is the Hamiltonian of the system, i is the imaginary unit, and h̄ is the reduced
Plank constant. However, calculating all atomic interactions from first principle requires
computational resources far beyond the current hardware limit. Since the nuclei are much
heavier than the electrons, in practice, the wave functions of atomic nuclei and electrons
can be treated separately (the Born-Oppenheimer approximation[104]) so that the total wave
function Ψtotal can be expressed as

Ψtotal = ψelectronψnuclear (3.2)

. By approximating that the movement of electrons is much faster than the nuclei, the
time-dependent Schrödinger equation can thus be solved by treating the nuclei as fixed and
the electronic state is only determined by the configuration of the nuclei ψnuclear (⃗r,t) so that
the electron part of the Schrödinger equation can be re-written as

Ĥψelectron (⃗r) = [T̂ + V̂ + Û]ψelectron (3.3)

where Ĥ is the Hamiltonian, composed of T̂ the kinetic energy, V̂ the external field due
to the nuclei, and Û the electron-electron repulsive interaction. While this equation can
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be solved numerically by quantum chemistry methods such as Hartree-Fock[105, 106, 107],
post-Hartree-Fock[108], or density functional theory (DFT[109]) with a selection of basis sets,
pure QM simulation is extremely slow (in a timescale of femtoseconds per day for less than 10
atoms) and is usually used for single-point calculation and geometry optimization. Although
QM calculation combined with molecular mechanics (QM/MM[110]) enables simulation with
a larger system with higher efficiency, one usually reaches a few picoseconds per day even
with GPU-accelerated simulation engines.
Since the majority of molecular interactions of interest, except for catalysis, do not require the
formation or breaking of chemical bonds, it is usually enough to treat the electrons around
an atomic nucleus as a point charge fixed at the center of the atom. With this approximation,
the dynamics of a biomolecular system can be simulated using classical mechanics described
by the Newtonian equation of motion

F⃗i = mi
d2r⃗i

dt2 (3.4)

where F⃗i is an external force action on a particle with mass mi with a Cartesian coordinate
r⃗i. Molecular dynamics (MD) is a computer simulation method that numerically solves the
Newtonian equation of motion (equation 3.4) with interatomic forces described by forcefields
(see Section 3.1.2). By constructing a simulation box, the biomolecules of interest are solvated
in its biological environments such as water solution or lipid environment (see Section 3.1.3).
By iteratively solving the Newtonian equation of motion(see Section 3.1.4), the dynamics of
the particles within the simulation box can be captured.

3.1.2. Force field

In MD simulations, classical approximations are applied and the interactions between atoms
can be described by pair-wise interactions and the energy terms can be expressed as a
functional form of the sum of individual potential energy terms, including the bonded terms
and non-bonded terms

Utotal = Ubonded + Unonbonded (3.5)

. Although the functional forms of the energy terms are slightly different in different MD
engines, they usually adopt a similar form and their parameters are usually inter-transferable.
In the Assisted Model Building with Energy Refinement (AMBER[111]) MD engine [111], the
bonded functional terms are formulated by

Ubonded = Ubond + Uangle + Udihedral

= ∑
r∈bonds

Kr(r − req)
2 + ∑

θ∈angles
Kθ(θ − θeq)

2 + ∑
ϕ∈dihedrals

Vn

2
[1 + cos(nϕ − γ)]

(3.6)

. The first two terms describe the stretching energy of a covalent bond between two atoms
at length r and the bending energy between two covalent bonds between three atoms at
angle θ using harmonic potentials with force constant Kr and Kθ , equilibrium length req and
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equilibrium angle θeq, respectively. The third term describes the potential of the dihedral angle
ϕ between two planes formed by four neighboring atoms. The potential is approximated as a
truncated Fourier series with energy barrier height Vn, phase factor γ, and multiplicity n.
The non-bonded functional terms are formulated by

Unon-bonded = Uelectrostatic + Uvan der Waals

= ∑
i<j

qiqj

ϵRij
+ ∑

i<j
4ϵij

[
(

σij

Rij
)12 − (

σij

Rij
)6
]

(3.7)

. The electrostatic interaction between two particles is described by Coulomb’s law with
particle charges qi, qj, particle distance Rij within a continuum with dielectric constant ϵ.
The Lennard-Jones potential is used as an approximate model to describe the van der Waals
contributions [112] between two particles with a potential well depth ϵij and van der Waals
radius σij. In practice, ϵi and σi are assigned to each atom type, and ϵij and σij can be
calculated as the geometrical mean ϵij = √

ϵiϵj (Berthelot rule), and arithmetic mean σij =
(σi + σj)/2 (Lorentz rule), respectively.

According to the chemical and physical properties of atoms, different atom types are
assigned to each atom with a set of fixed parameters. For example, the oxygen attached
to a carbonyl group is usually assigned as a different atom type than the oxygen attached
to a hydroxyl group. A forcefield is a library that assigns each atom with an atom type
and a set of fixed parameters. Depending on the molecular system of interest, different
forcefields were developed to simulate systems such as water, membrane, ion, DNA, protein,
DNA-protein complex, and intrinsically disordered proteins. In addition to the classical and
atomistic forcefields described by the formalism similar to equation 3.6 and equation 3.7,
polarizable forcefields[113] and coarse-grained models[114, 115] were developed to capture
the polarization effects and large-scale (both in time and space) dynamics, respectively.

3.1.3. Simulation box and periodic boundary condition

To initiate an MD simulation, one usually attempts to prepare an environment that can reflect
real-world circumstances within reasonable computational costs. First, a biomolecule can be
prepared by taking the experimental structure from online databases, ab-initial calculation, or
structural prediction with homology [116] or machine learning[117, 118]. The biomolecule is
then solvated either implicitly by the reaction field or explicitly by solvent molecules such as
water, salt, or lipid molecules. In the case of explicit solvent, periodic boundary condition
(PBC) is often used to simulate a large number of solvent molecules without restricting them
in a confined space (Figure 3.1A). Depending on the shape of the simulation box, usually in a
cubic or truncated octahedron shape, PBC is applied by imaging the simulation box (called a
unit cell in the content of PBC) in each dimension. Under PBC, when a particle approaches
the boundary of the original box, it moves to the neighboring box and is re-imaged into the
original box from its opposite boundary side (Figure 3.1B).

In theory, such box replication would generate an infinite number of atoms through infinite
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Figure 3.1.: Schematics of particle movement, from point A to point B (black arrow), with and
without boundary condition (PBC) when approaching the edge of the simulation
box. (A) Particle from position A reflects from the box boundary when PBC is
not applied. (B) The original unit cell (colored in light blue) is replicated in each
dimension with PBC (transparent blue) and the particle moving from A to B is
re-imaged back to the simulation box without colliding with the boundary.
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replication along each dimension, and the computational cost would increase quadratically
for the non-bonded interactions. To cope with the issue, the Coulomb interaction in equation
3.7 can be split into four terms (The Ewald formula[119]), namely the real space contribution
U(r), reciprocal space contribution U(k), self-energy U(sel f ), and U(dipolar) the polar correction

Uelectrostatic = U(r) + U(k) + U(sel f ) + U(dipolar) (3.8)

U(r) =
1
2

N

∑
i

N

∑
j

∑
n∈Z3

qiqj
er f c(α|⃗rij + n⃗L|
|α|⃗rij + n⃗L|| (3.9)

U(k) =
1

2L3 ∑
k⃗∈K3,k ̸=0

4π

k2 e−k2/4α2 |ρ̂(⃗k)|2 (3.10)

U(sel f ) = − α√
π

∑
i

qi (3.11)

U(dipolar) =
2π

(1 + 2ϵ∞)L3 (∑
i

qiri)
2 (3.12)

where α is the Ewald splitting parameter and L is the periodic box size. Usually, the U(dipolar)

term can be ignored due to the large effective dielectric constant at the large distance ϵ∞

= ∞. Note that the real space contribution U(r) with an error function in equation 3.9 and
the reciprocal space contribution U(k) with a Gaussian function in equation 3.10 decrease
exponentially with the interatomic distance |r⃗ij| (short-range contribution) and the wave
number |⃗k| (long-range contribution). In practice, a cut-off distance (in real space) is chosen
to truncate the short-range electrostatic interaction and the van der Waals interaction (equation
3.7), which also decays with ( 1

r )
6 and a cut-off wave number (in the reciprocal space) is chosen

to truncate the long-range interaction. By using the fast Fourier transformation (FFT) method
on pre-set grid points and a multidimensional piecewise-interpolation approach, particle-
mesh Ewald ) method reduces the complexity of the non-bonded interactions from O(N2) to
O(N ln N)(PME[120].

3.1.4. Integrating the equations of motion

With a biomolecule embedded within a simulation box and the atomic interactions described
by a chosen force field, one can calculate the dynamics of the system by solving the Newtonian
equations of motion (equation 3.4). Typically, this is numerically solved with finite difference
methods such as the Verlet algorithm[121] or the leap-frog algorithm[122].

In the scheme of the Verlet algorithm, the position of particle i with mass mi has a velocity
v⃗i(t) and experiences force F⃗i(t). Its position at time t + ∆t can be Taylor expanded around
time t so that

x⃗(t + ∆t) = x(t) + v⃗i(t)∆t + F⃗i
∆t2

2mi
+O(∆t3) +O(∆t4) (3.13)
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and similarly its position at time t- ∆t can be expressed as

x⃗(t − ∆t) = x(t)− v⃗i(t)∆t + F⃗i
∆t2

2mi
−O(∆t3) +O(∆t4) (3.14)

. By summing up equation 3.13 and equation 3.14, we get

x⃗(t + ∆t) = 2x⃗(t)− x⃗(t − ∆t) + F⃗(t)
∆t2

2mi
+ O(∆t4) (3.15)

(3.16)

where the force can be calculated by taking the derivative of the potential energy function U,
as described in equation 3.5,

F(x) = −∇U(x) (3.17)

. In MD simulations, ∆t is the time step used for trajectory integration. While a small time
step requires a massive amount of steps to reach the same amount of simulation time, a
large time step can lead to system instability and losses the resolution to capture the finest
motion of the system of interest. In other words, the time step is limited by the motion of
the quickest-moving atoms, namely the hydrogens. Typically, a time step of 0.5fs or 1fs is
used for MD simulations. However, applying the SHAKE algorithm and the Hydrogen mass
repartitioning method can be used to increase the time step. The SHAKE algorithm [123]
constraints the bond lengths to the hydrogens and enables a time step of 2fs. Further use
of the hydrogen mass repartitioning method partitions the mass of the heavy atom to the
connecting hydrogens and enables a time step of 4fs[124].

To model the physiological condition, barostats, and thermostats are usually coupled
to the systems to control the pressure and the temperature, respectively, to generate a
canonical ensemble (NPT). A common choice of barostat is the Berendsen barostat[125] by
first calculating the pressure of the system with a Volume V by

P =
1
V

1
3

N

∑
i,j>i

(F⃗ij |⃗ri − r⃗j|+
| p⃗i|2
mi

) (3.18)

where mi and p⃗i are the mass and momentum of a particle, respectively. With a pressure
relaxation constant τP and the isothermal compressibility β, the targeted pressure P0 can
be reached by rescaling the box lengths d (d=V1/3 for a cubic box) and the center of mass
coordinates of each molecule by a scaling factor µ

µ = dnew/dold = [1 − β∆t
τP

(P0 − P)]1/3 (3.19)

. A targeted temperature T0 of the system can as well be controlled by the Berendsen
thermostat[125]in a similar approach by rescaling the velocity

⃗vnew =

√
1 +

∆t
τT

(
T0

T
− 1) · v⃗old (3.20)
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where τT is the temperature relaxation constant.

Although controlling the pressure and temperature using the Berendsen scheme is relatively
simple to implement, such integration will generate deterministic trajectories and is not
convenient for the calculation of statistical observables. Instead, a Langevin thermostat is
a more robust way to control the temperature through a stochastic Langevin equation of
motion[126]

m
d2r⃗i(t)

dt2 = F⃗ − γ
dr⃗i(t)

dt
mi + R⃗(t). (3.21)

The equation of motion, compared to the Newtonian one (equation 3.4), includes two
additional terms: the frictional forces mediated by the collision frequency γ and the Brownian
random force R⃗. The Brownian random force is a delta-correlated stationary Gaussian
process with zero-mean ⟨δR(t)⟩ = 0 and ⟨δRi(t)δRj(t′)⟩ = 2γkBTmδ(t − t′) where kB is the
Boltzmann constant.

3.2. Free Energy Calculation

MD simulation provides a way to understand the dynamics of a given biomolecular system
with an atomistic resolution. With the trajectories generated under physiological conditions,
one can derive several dynamical and thermodynamical properties using statistical mechanics.
An important thermodynamical property of a biomolecular system is the free energy required
to bring a system from one state to the second state. For example, the free energy required
to bring a molecule from a vacuum to a water environment (solvation-free energy), the free
energy required to bring a ligand from an unbound state to a receptor-bound state (binding
free energy), and the free energy required to bring a protein from a close conformation to an
open conformation (conformational free energy). Under the isothermal-isobaric condition
(NPT), the free energy of a certain state with pressure P, volume V, and temperature T, is
usually described in the form of Gibbs free energy

G = H − TS = U + PV − TS (3.22)

where G is the Gibbs free energy, H is the enthalpy, U is the internal energy that can be
directly computed from the force field, and S is the entropy of the system. The Gibbs free
energy, abbreviated as free energy in the following context, as the difference between two
states is usually calculated by end-point methods, alchemical transformation, or biasing MD
simulations. Since only the binding energy was calculated in the present work using end-
point method and the biasing MD simulation, more detailed information about alchemical
transformation is not addressed here.

End-point methods: MMPB/SA and MMGB/SA

In the binding energy calculation, a ligand-receptor pair is considered. The end-point method
appropriately re-evaluates the trajectories generated at the bound state and at the unbound
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3.2. FREE ENERGY CALCULATION

state using the molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) method
and the molecular mechanics generalized Born surface area (MM/GBSA) method[127, 128].
Essentially, the binding free energy in the solvated environment is desired. With this, the
binding free energy difference can be written as

∆Gbind,solv = Gbound,solv − Gunbound,solv = ∆Hbind,solv − T∆Sbind,solv (3.23)

Where Hbind,solv and Sbind,solv are the changes in enthalpy and entropy of the system between
the solvated unbound and bound state, respectively. However, because of the large number of
degrees of freedom of the solvent molecules, the sampling of the solvent-solvent interactions
results in fluctuations (noise) that are often orders of magnitude larger than the desired ligand
binding free energy. To reduce these fluctuations, the mean solvent response based on a
continuum solvent model is considered for each conformation of the trajectory. According to
the thermodynamic cycle shown in Figure 3.2, the change in binding free energy is split into
a change of ligand-receptor interaction energy in the vacuum state ∆Gbind, vacuum, a change in
solvation free energy (∆Gsolv, receptor and ∆Gsolv, ligand) and a change in conformational entropy
∆Sbind, vacuum of the receptor and the ligand. Note, the change in solvation-free energy already
includes entropic contributions of the solvent. While the binding enthalpy change in the
vacuum phase simply relates to the average change in force field energy, calculating the
change in conformational entropy poses a problem. The simulation trajectories are usually
too short to estimate conformational entropy changes directly. Instead, approximate methods
such as normal mode analysis (NMA[129]) and interaction entropy (IE[130]) methods can be
employed.

The solvation-free energy change is typically further split into a polar (electrostatic) and
non-polar (hydrophobic) contribution.

∆Gsolv = Gsolv, npol + Gsolv, pol (3.24)

The non-polar solvation energy ∆Gsolv, npol calculates the energy cost of creating a cavity
with the size of the solute and can be approximated using a linear function of the solvent-
accessible surface area (SASA)

∆Gnpol = γ · SASA (3.25)

. In the MM/PBSA approach the polar solvation free energy change ∆Gsolv, pol is calculated
by numerically solving the Poisson-Boltzmann equation (PB) equation[106], which can be
written in a linearized form

∇ · [ϵ(⃗r)∇ϕ(⃗r)] = −4πρ(⃗r)− 4πλ(⃗r)∑
i

ziciexp(−ziϕ(⃗r)/kBT) (3.26)

where ϵ(⃗r) is the dielectric constant, ϕ(⃗r) is the electrostatic potential, ρ(⃗r) is the solute charge,
λ(⃗r) is the Stern layer masking function. zi is the charge of an ion type with concentration
ci. Essentially, the PB equation calculates how ions are distributed in the solution due to the
charge distribution of the solute and how the corresponding distribution interacts with the
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Figure 3.2.: Thermodynamic cycle in the end-point free-energy calculation methods. The
receptor (R) is colored in blue and the ligand (L) is colored red. Note that in
the end-point approaches the free energy required for the receptor and ligand
conformational changes are not included.
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solute through electrostatic interaction. The change in solvation-free energy can be obtained
by substrating the polar solvation energy in the water state (ϵ=80) with the polar solvation
energy in the vacuum state (ϵ=1), as depicted in Figure 3.2. In the computationally less
demanding MM/GBSA, the PB equation is approximated by a pair-wise generalized Born
(GB) formula[131, 132]

∆Gpol,GB =
1
2 ∑

ij

qiqj

fGB
(

1
ϵin

− 1
ϵout

) (3.27)

fGB =
√
(r2

ij + RiRje−αij) (3.28)

αij = rij/4RiRj (3.29)

where rij is the distance between atom pair i and j with Born Radius Ri and charge qi of atom i.

In practice, MMPB/SA and MMGB/SA can be also used to evaluate the binding free energy
through a single bound-state trajectory, and the unbound state can be generated simply by
assuming no conformational changes occur between the bound state and the unbound state.

3.2.1. Biasing method

Umbrella sampling

Although the end-point methods provide a rapid way to evaluate the binding free energy
without additional sampling efforts, the assumption that the receptor and ligand do not
undergo conformational changes does not hold true in most cases. For example, both the
induced-fit and the conformational selection binding mechanisms require the receptor to
undergo several conformational changes. Alternatively, the binding free energy can also be
derived using the biasing potential to sample the possible states along a certain reaction
coordinate (RC, mathematically denoted as ξ). An RC is a variable or a set of variables that
describe the binding process of the concerning system. In the case of the ligand-receptor pair,
a straight-forward option is to select the center of mass (COM) distance between the ligand
and the receptor binding pocket, as depicted in Figure 3.3A.

Formally, the free energy change associated with the spatial dissociation of the ligand along
the RC is given by the following formula

G(ξ) = G(ξ = ∞) +
∫ ξ

∞
dξ ′ < dG/dξ > (3.30)

where ξ is the value of the RC and <-dG/dξ> is the mean force along the RC. Averaging
is done over all remaining degrees of freedom. The free-energy profile G(ξ) obtained by
taking the integral of the mean force is called the potential of mean force (PMF) along ξ, from
which the binding free energy ∆Gbind can in principle be derived as ∆Gbind = G(ξ=bound)
- G(ξ = unbound = ∞). The PMF profile can be estimated using equilibrium and non-
equilibrium sampling methods. The most common equilibrium sampling method is umbrella
sampling [133] (US) which typically brings the ligand from its associated to the dissociated
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Figure 3.3.: Calculation of potential of mean force (PMF) along a pre-defined reaction coordi-
nate (RC, denoted as ξ). (A) Schematic of a simple ligand binding process where
the RC can be determined by the distance between the center of masses of the
binding pocket and the ligand. (B) Schematic of introducing a biasing potential
by a biasing spring with equilibrium spring length ξeq and spring constant k. (C)
Schematics of umbrella sampling with three umbrella windows (window 0 to
window 2) with spring constant ki and equilibrium spring length ξi in the ith

window. The sampled distributions are collected and converted into the PMF
profile using WHAM. The binding free energy is denoted as the free energy
difference ∆G between the bound form (ξ=ξbound) and the unbound form (ξ=∞).
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3.2. FREE ENERGY CALCULATION

state (or vice versa) by adding a harmonic biasing potential to the force field along the
RC. In MD simulation, one can restrain the RC at a certain value, in this case, distance, by
attaching a harmonic spring with a spring constant k and equilibrium distance ξeq (Figure
3.3B). By generating a set of springs with different ks and ξeqs in different replicas, so-called
windows, along the RC, one can restrict the motion of the biomolecular system within a
certain phase space in each window (Figure 3.3C). In the scheme of umbrella sampling (US),
the conformation of the system is first sampled with ξeq near the ξ of the starting structure,
as depicted as window 0 in Figure 3.3C, and configurations in this window are sampled
until the system is considered equilibrated. Next, the system is sampled in a neighboring
window to guide the RC toward the targeted value. US records the work that is needed
to keep the RC in a certain window by counting the sampled ξ along the biasing process
and iteratively calculates PMF with self-consistent equations such as the weighted histogram
algorithm method (WHAM[134]). WHAM discretizes a continuous free profile into a set
of discrete bins Gj = PMFj=PMF(ξi < ξ ≤ ξi+1) and counts the sampled RC values within
the bin range during the simulation of the ith umbrella ni(ξ j) = ∑ξi<ξ≤ξi+1

1. With this, the
probability distribution in the unbiased simulation, Pj, can be estimated using the reweighting
method

Pj =
∑Nwindows

i=1 ni(ξ j)

∑Nwindows
i=1 Niexp([Gj − Ubias,i(ξ j))]/kBT

(3.31)

, and Gj can be computed as

G(ξ) = G(ξ = ∞) +
∫ ξ

∞
dξ ′ < dG/dξ > (3.32)

Gi = −kBT ln{
Nbins

∑
j=1

Pjexp[Ubias,i(ξ j))]/kBT]} (3.33)

. As shown in equation 3.31 and equation 3.33, WHAM equations contain two unknown
quantities Pj and Gj which can be solved iteratively until Gj of all bins do not differ by more
than a pre-defined tolerance parameter (usually around the scale of 10−5 kcal/mol) between
consecutive iterations and the error of Gj can be estimated by the bootstrapping method [135,
136]. A demonstration of free energy estimation using WHAM from a set of ξ sampled in
the US is shown in Figure 3.3C. In a more general case where one wants to compare the free
energy between two states A and B, the energy difference is usually denoted as ∆∆GA−→B =
∆GA - ∆GB.

Hamiltonian Replica Exchange coupled Umbrella Sampling Method

In the conventional US scheme, one can calculate the energy difference between A and B by
applying biasing potentials to bring the system from state A to state B or vice versa. However,
the calculated PMF profiles by biasing the system from A to B or from B to A can be very
different, known as the convergence problem. Usually, the convergence problem can be solved
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by performing long US simulations (convergence and Sampling in Determining Free Energy
Landscapes for Membrane Protein Association). To circumvent the issue, the Hamiltonian
replica exchange coupled US (HREUS) method has been developed to bias the system in
both directions at the same time[137]. First, the conventional US method is applied to bias
the system into several windows with targeted ξs to prepare the starting conformation for
HREUS. Second, the configuration at each window is simulated for a certain amount of time,
called exchange frequency τex, before a replica exchange trial. For every τex, the neighboring
windows attempt to exchange their configurations with an acceptance probability following
the metropolis’s criterion

Pacc,ij = min(1,
e−β[Ui(r⃗j)+Uj(r⃗i)]

e−β[Ui(r⃗i)+Uj(r⃗j)]
) (3.34)

where β is 1/kBT and Ui (⃗ri) is the energy of the ith replica with the system in the configuration
r⃗i . Essentially, the nominator and denominator in equation 3.34 represent the total energy
before and after the exchange attempt, respectively. This equation favors the attempt if the
attempt results in lower total energy but allows a probability to still allow the exchange with
a certain probability. The HREUS method has been shown to converge the PMF profile faster
than the conventional US sampling method[138].

3.3. Simulation protocol for γ-secretase

Besides Chapter 9, the maain part of the present dissertation is about the MD simulations of
γ-secretase. Therefore, a short section is presented here to describe the simulation protocol
for γ-secretase.

3.3.1. Protonation state of the catalytic center

γ-Secretase is an aspartyl protease that cleaves its substrates with two aspartic acids (Asp)
from the PS subunit. A schematic of aspartyl protease exemplified by β-secretase is depicted
in Figure 3.4. An active geometry is formed by a protonated Asp and an unprotonated
Asp from the protease [139, 140, 141, 142], the substrate scissile bond, and a catalytic water
molecule. Upon the formation of the active geometry, the substrate is cleaved into the
N-terminal and C-terminal products via a series of proton transfer processes.

However, the protonation state of Asp needs to be determined during the simulation box
preparation in a regular MD. Therefore, usually, simulations for both possible protonation
states need to be conducted to understand the influence of the choice of protonation state.
Although no consensus on the choice of protonation state for γ-sectetase has been reached,
it is possible to predict which Asp is more likely to be in the protonated state based on its
microenvironment using the pKa calculation technique[144]. The predicted pKa values for
the catalytic Asp using the available 3D structures of PS homolog, PS1, and PS2 are listed in
Table 3.1. Besides the cryo-EM structure 5FN5, the Asp located on TMD7 is predicted to be
more likely in the protonated state than the Asp on TMD6. Indeed, recent work using pH
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Figure 3.4.: A putative pathway of the hydrolysis reaction in aspartyl protease, exemplified
by β-secretase. The diagram is reproduced from reference [143].)

replica exchange molecular dynamics method has also suggested that D385 of PS1 is more
likely to be protonated than D257[145]. However, both possible protonation states are used in
Chapter 4, Chapter 7, and Chapter 6 to study the influence of the choice of protonation state
on the dynamics of the systems.

In silico mutations

An advantage of computer simulation is that the mutations on the targeted biomolecules
can be introduced relatively easily by direct atom deletion or growing in the structure file.
Protein mutations in the study are performed by deleting all side chain atoms besides the
first carbon, the β carbon in the file, from the old amino acid, and the missing atom from the
new residue are grown automatically using tleap from AmberTools20[111]. However, this in
silico mutation method assumes that the introduced mutation does not alter the folding of the
protein. Therefore, caution needs to be taken when introducing mutations, especially when a
set of mutations is introduced simultaneously to a protein.

Instead of investigating the effects of mutations on γ-secretase, this dissertation focuses
on the mutant points on APP for three major reasons. First, full-length γ-secretase consists
of more than 1500 amino acids and 20 TMDs and how a single point mutation affects the
intramolecular topology, e.g. protein misfolding or trafficking, and intermolecular topology,
e.g. γ-secretase complexion and maturation, requires a simulation timescale that is unfeasible
with the current technique. In contrast, APP contains only 1 TMD with 24 amino acids
(G29-L52), and the influence on its conformational space by a single mutation can be more
efficiently sampled. Secondly, according to the holo-form cryo-EM structure, individual
residues on substrate TMD fit into different substrate binding pockets composed of multiple
residues of γ-secretase. In other words, introducing a single mutation on γ secretase is
not sufficient to alter the overall pocket microenvironment, whereas a single mutation on
the substrate TMD can significantly alter the E-S interaction. Lastly and most importantly
experimental results reporting mutations’ effect on the processivity are conducted with APP
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Table 3.1.: pKa predictions by PORPKA3.1 for published PSH and γ-secretase structures. The
catalytic aspartate residues with higher pKa are more likely to be in the protonated
state and are highlighted in red. The number indicated in the parenthesis show
the catalytic residues on TMD6 and TMD7.

PDBID Enzyme Ligand Prediced pKa (D162, D220)
4HYC PSH None 6.14, 6.35
4HYD PSH None 5.64 , 6.57
4HYG PSH None 5.04, 6.62
4Y6K PSH None 5.63, 7.52

PDBID Enzyme Ligand Prediced pKa (D257, D385)
4UIS PS1 None 3.18, 6.16
5A63 PS1 None 4.42, 6.16
5FN5 PS1 None 4.98, 3.63
5FN4 PS1 Unknown helix 4.70, 4.71
5FN3 PS1 Unknown helix 4.90, 7.13
5FN2 PS1 DAPT 5.13, 9.93
6IYC PS1 C83 6.39, X
6IDF PS1 Notch1 6.21, X
6LR4 PS1 Semagacestat 6.12, 7.94
6LQG PS1 Avagacestat 6.08, 7.22
7V9I PS1 L-685,458 7.11, 8.90
7D8X PS1 L-685,458 and E2012 7.01, 8.69
7Y5T PS1 MRK-560 6.37 , 7.70

PDBID Enzyme Ligand Prediced pKa (D263, D366)
7Y5X PS2 None 4.88 , 6.07
7Y5Z PS2 None 4.10 , 4.76
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mutations. Thus, it is more convenient to computationally investigate those mutations which
have been found to cause significant influence on the activity or the processivity.

3.3.2. Simulation setup

After the simulation box of γ-secretase with or without the ligands is constructed for each
system, MD simulations are conducted following energy minimization, equilibration, and a
production run. The procedures of the energy minimization of equilibrium are listed in Table
3.2).

First, the energy of the system is minimized by using the steepest decent in the first half
and conjugate gradient in the second half of the minimization steps with positional restraints
applied on the proteins and the membrane molecules (Min-1 and Min-2 in Table 3.2 using the
MPI version of the pmemd program in AMBER[111]. Next, the system is equilibrated in 6 steps
with a time step of 2fs with SHAKE algorithm for 400 ps at 303.15K controlled by Langevin
dynamics using the cuda accelerated pmemd of AMBER with positional restraints listed in 3.2
(Eq1-Eq6). The first three equilibration steps are conducted within an isovolumic-isothermal
ensemble (NVT) while the later three steps are conducted within an isobaric-isothermal
ensemble (NPT) with pressure controlled at 1 bar using Berendsen barostat with a relaxation
time of 0.5ps. In addition, the semi-isotropic Berendsen algorithm is applied on the xy plane
to maintain zero surface tension of the membrane layer. The equilibrated system is then
submitted for production run with controlled pressure at 1 bar and zero surface tension with
Berendsen thermostat and 303.15K with Langevin dynamics. A time-step of 4fs was used
with the SHAKE algorithm and the hydrogen mass repartitioning method. Simulation time
and force fields differ from system to system and are specified in each corresponding methods
section. All production runs are carried out by the cuda accelerated pmemd of AMBER with
a non-bonded cutoff of 9 Å.

Table 3.2.: Simulation setup for γ-secretase systems. kprotein and kmembrane are the positional
restraint strength applied on the protein and membrane in a unit of kcal · mol−1 ·
Å−2, respectively.

Name Steps kprotein kmembrane

Energy Miminization
Min-1 20,000 10 2.5
Min-2 50,000 10 2.5

NVT Equilibration
Eq-1 25,000 10 2.5
Eq-2 25,000 5 2.5
Eq-3 25,000 2.5 1

NPT Equilibration
Eq-4 25,000 2.5 1
Eq-5 50,000 0.5 0.1
Eq-6 50,000 0.1 0
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4. Dynamics of wild type γ-secretase

MD simulations allow us to investigate the dynamics of a set of molecules in an atomic
resolution. Starting with either a predicted structure or an experimentally determined
structure, one can investigate the function of the molecules of interest by collecting the
conformational space from conventional MD simulation or implementing advanced sampling
methods combined with statistical mechanics theory to discover rare events or free energy
landscapes along a certain reaction coordinate. Furthermore, by comparing the dynamics of
the wild-type protein and its mutants, one can try to interpret the corresponding experimental
findings and even propose a molecular mechanism of a certain phenotype. In this section,
the dynamics and interactions between γ-secretase and its substrates are studied with MD
simulations. Note, the results from this chapter are mostly taken from our previously
published work[146].

4.1. Introduction

γ-Secretase and APP are relatively large intramembrane proteins and contain over 1500 amino
acids and 770 amino acids, respectively. Surprisingly, a single mutation (FAD mutation) on
either protein can cause an early onset of AD[19, 18]. Many experimental efforts in the past 20
years have focused on conformational changes and the change in enzyme activity as well as
substrate cleavability resulting from these mutations[147, 77, 148, 149, 71]. With the advances
in cryo-EM techniques, 3D structures of γ-secretase in the substrate-free (apo) form[53, 55,
54] and the substrate-bound (holo) form[39, 40, 58, 59] resolved in the past 8 years have
allowed scientists to interpret the experimental findings from a single snapshot. In particular,
many FAD mutations are found to have close contact with their substrates. Although only
the binding poses of C83 and Notch1 are resolved to the date of the dissertation, the highly
overlapped electron density shared by these two substrates suggested a universal binding
mode of γ-secretase substrates. However, since all crystal structures are resolved at cryogenics
temperature (lower than 120K) and solvated in detergent micelles, some also contain artificial
mutations, they might not reflect the real wild-type structure at room temperature within
the lipid bilayer[39, 40]. By assuming that the effects of temperature, lipid environment, and
mutation can be restored after short in silico equilibration, computational methods have been
applied to study the dynamics of γ-secretase by MD simulations.
Before any 3D structure of γ-secretase was available, Somavarapu and Kepp attempted to
build a homology model of PS1 by comparative modeling with the PS homolog structure
as the template[150]. They suggested that the loop between TMD6 and TMD7 (exon9 loop)
serves as a "plug" which controls the access of the substrate entering PS1. However, in-

Reproduction of the published work[146] follows the Elsevier copyright policy.
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consistent with their computational prediction, several structures of γ-secretase resolved by
cyro-EM in the following years failed to identify the coordinates of the exon9 loop, indicating
their high flexibility[53, 55, 54]. But their effort provided structural insight into how PS1
is embedded inside the membrane bilayer. Based on the apo-state structure published in
2015, many computational works have consistently discovered the bending motion of NCT
using an anisotropic network model[151], coarse-grained model[152], and atomic simula-
tions[153, 152]. This bending motion is interpreted as the mechanism of how γ-secretase
excludes intramembrane peptides with a large ectodomain observed in experiments. The
atomistic simulation also captured, for the first time, two geometries at the catalytic center,
namely the open state and the close state in different protonation states[152]. Combining MD
simulations of the apo-form γ-secretase and molecular docking, a fit-stay-trim (FIST) model
is proposed[154]. That is, γ-secretase substrate can only fit into the semi-open state of PS1
and undergo the proteolysis process. Extensive coarse-grained simulations[61] studying the
E-S interaction revealing how substrates bind to the surface of γ-secretase agrees with the
photoaffinity labeling experiment[60] that the substrates have a higher propensity to bind at
PS1-NTF than PS1-CTF. If one compares the structures of apo- and holo-form γ-secretase, a
question arises: how does substrate enter the enzyme and reach its final read-to-cut position?
Hiztenberger and Zacharias performed biasing MD simulations to pull the C99 substrate
into the PS1 active site through three putative gates: TMD2-TMD3 gate, TMD2-TMD6 gate,
and TMD6-TMD9 gate, before the structures of the holo-enzyme have been published and
suggested that the TMD2-TMD3 gate is energetically the most favorable one[62]. This question
remains nonetheless unsolved even after the structure of the holo-enzyme is released because
all three putative entries implicate that the substrate has to overcome either the extracellular
loop (loop 1) or the intracellular loop (loop 2 or exon 9).

Shortly after the release of the C83-bound and Notch1-bound γ-secretase structures[39,
40], Hitzenberger and Zacharias proposed a binding mode of TSA GSI L-685,458[155] which
agreed perfectly with the binding pose later resolved by cryo-EM[58], and pointed out
important residues forming the GSI binding pockets S1’, S2’, and S3’. However, another
computational works exploiting Gaussian accelerated MD (GaMD) technique [156] suggested
that the S2’ pocket resolved by cryo-EM and predicted by Hitzenberger et. al.[155] exists only
when bound by APP mutant I45F and T48P. The same computational group conducted another
work using peptide GaMD (Pep-GaMD)[157], suggesting a tilting motion of the APP substrate
without translational movement and hybrid β-sheet is enough for the processive cleavage
from ϵ49 to ζ46 cleavage. Nonetheless, it is speculative whether the conformational space
sampled with the the large boosting potential (∆Vavg > 100 kcal/mol) can reflect real-world
scenarios. Similar to this, MD simulations conducted with D257 and D385 both unprotonated
revealed that the hybrid β-sheet resolved in the substrate-bound structures is likely just an
artifact of the cryo temperature and is unstable at room temperature[158]. In contrast, our
work using homology modeling[146] and free energy calculation using biasing-exchange MD
simulations (under review) suggested that the hybrid β-sheet should also appear C-terminal
to the catalytic center in both ϵ and ζ cleavages.
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MD simulations were also applied to elucidate the molecular mechanism of GSM. Prior to
the imidazole-based GSM-bound γ-secretase being solved in early 2021[58], several GSM-
binding sites are suggested[159, 151]. Interestingly, efforts combining molecular docking
and machine learning were claimed to correlate significantly with experimental activity even
by targeting an incorrect binding site[160]. How GSM binds together with the substrate,
however, remains elusive even when the GSM-bound structure is resolved[58] because it
overlaps with the structure of the substrate-bound γ-secretase structure[39], implicating either
substrate/GSM needs to deviate from its bind-alone pose or GSM does not bind at the first
cleavage. Combining in silico and in vitro evidence, Petit et. al. suggested a slightly different
binding GSM binding mode while preserving the Y106 hydrogen bonds[161].
In this chapter, the dynamics of the wild type γ-secretase in the apo- and -holo forms are
studied and compared using MD simulations. Upon substrate binding, several regions are
stabilized, including the active site geometry and the stability of TMD2, TMD3, TMD6a,
and the hybrid-β sheet regions. Energetic analysis with the MM/PBSA method reveals the
interaction profile between γ-secretase and its substrate, serving as a foundation for further
computational and experimental studies reported in the following chapters.

4.2. Method and Materials

Two structures of apo-form γ-secretase derived from two different cryo-EM structures are
presented in the study. The first apo-structure is taken from RCSB PDBID 5FN2[55] with
mutation Y256T restored with AmberTools18[162]. The second apo-structure is taken from
RCSB PDBID 6IYC [39]by removing the APP substrate. The APP-bound structure is taken
from RCSB PDBID 6IYC and the Notch1-bound structure is taken from RCSB PDBID 6IDF[40].
To model the correct S3 cleavage pose, the structure is reconstructed as described in Appendix
A. Only the D385-protonated state (D385H) of PS1 is simulated in the apo-system and both
D385H and D257H PS1 are simulated in the holo-systems. For simplicity reasons, only the
result performed under the D385H protonation state in the main text and the results obtained
under the D257-H protonation state is shown in Appendix A. Starting structures of free-form
APP and Notch1 are taken from RCSB PDBID 2LLM[56] and PDBID 5KZ0[57], respectively.
Structures are solvated in POPC membrane (503 POPC molecules for γ-Secretase complexes
and 200 POPC molecules for free-form substrates) with 0.15M potassium chloride through
CHARMMGUI server. Atomic interactions are described by tip3p for water[163], Joung &
Cheatham parameters for monovalent ions, ff14SB for proteins, and lipid17 [164]for POPC
membrane. Energy minimization, equilibration, and NPT production run are performed with
the procedure described in Chapter 3 section 3.3. Each apo-system was simulated for 600ns
3 times and each holo-system was simulated for 600ns 2 times. One 1-microsecond long
simulation was performed for each free-form substrate. All protein stays stable during the
simulation, as indicated by low RMSD values shown in Figure A.2
Residue-wise RMSFs are calculated using the averaged structure across each simulation. The
secondary structure was analyzed using the DSSP[165] method with CPPTRAJ. Secondary
structures of ‘Alpha’, ‘3-10’, and ‘Pi’ are classified as ‘Helix’, and only ‘Anti’ is classified as
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‘β-strand’ in the main text. Water accessibilities of each substrate residue are calculated by
counting the number of waters within 5Å of the side chain 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. Only the last 500 frames of each trajectory, in a total of 100ns, are processed
for energy evaluation. Dielectric constants are set to ϵlipid=2 representing the membrane
region between z=-18.5Å and z=+18.5Å, ϵprotein=1 within the protein interior, and ϵwater=80
otherwise to represent the aqueous environment. Noticing that K28 creates an uneven
membrane thickness, only the substrate TMD is used for the calculation to avoid energy
divergence. Note that this approach approximates the whole membrane region with the
implicit regions and therefore interactions involving water molecules such as the scissile bond
at the catalytic center cannot be precisely calculated. Principle component analysis (PCA) is
conducted by aligning the trajectory to the PS1 component and calculating the covariance
matrix of the whole γ-secretase. Eigenvectors and correspondent eigenvectors are calculated
and visualized using the normal mode wizard plugin in VMD.

4.3. Result

4.3.1. Bending motion of the NCT ectodomain and substrate conformational
change upon E-S complexation

To begin with, the dynamics of the apo-form and holo-form of wt γ-secretase complexes
were studied within the lipid bilayer at room temperature. We first analyzed the collective
motion of the whole complex by performing PCA on the simulation trajectories. Consistent
with the computational and experimental findings conducted previously by other groups,
we observed a concertedly bending motion of the NCT ectodomain component in both apo-
and holo-structures in the top 2 principle component (PC, Figure 4.1A). This bending motion
changes the size of the cavity formed between the NCT ectodomain and the intracellular
domain of γ-secretase and the distance between the NCT ectodomain to the membrane
surface through an exchange between the compact and the open state. While the former
influence was related to the substrate filtering function of NCT, the second influence might
be important for substrate recognition. In our simulations, the extracellular domain of APP
(G13-K28), but not Notch1, remains very close to the membrane surface without γ-secretase
(Figure 4.1B), and the recognition of APP by NCT, thus, requires the NCT ectodomain in the
compact state. However, a comparison between the free-form substrate (Figure 4.1B) and
enzyme-bound substrate (Figure 4.1A) shows that the substrate tilting angle with respect to
the membrane normal is much smaller when substrates are bound to the enzyme. The up-
bending movement upon substrate is likely facilitated by the compact-to-open state transition
of the NCT ectodomain.

As already indicated by the experimentally determined crystal structures[39, 40], the
substrate TMD undergoes a significant change in secondary structure when binding to γ-
sectretase. For simplicity reasons, the general nomenclature of the substrate cleavage site
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Figure 4.1.: Global motion of γ secretase in the apo- and holo-form and the change in the
secondary structure of substrates upon enzyme binding. (A) Up-down bending
motion observed apo- and holo-state γ secretase simulations. Collective motions
are calculated by PCA and the direction and magnitude of PCs are shown with
the gray arrows. (B) TMD of APP and Notch1 tilted in POPC membrane during
the simulations. γ-Secretase components NCT, PEN2, APH-1, and PS1 are colored
in green, magenta, yellow, and dark blue, respectively. APP is colored orange and
Notch1 is colored brown. The upper and lower leaves of the POPC membrane are
indicated by the light blue lines, respectively.
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positions is denoted as formulated by Schechter and Berger[65] (Table 4.1). In the simulation,
the TMD of both Notch1 (Q1733-L1756) and APP (G29-L52) formed in a complete helix in the
free state but adapted to a helix-loop-strand configuration when binding at the interior of
γ-secretase (Figure 4.2A and B). A stable β-strand, called the β3-strand from the literature,
was formed between substrate P1’-P4’. Furthermore, a 310-helix was occasionally formed
during the bound-state simulation in both substrates between the α-helical region and the
loop region (P7-P5). Overall, large conformational changes were observed between the free
state and the enzyme-bound state, especially at the C-terminal half of the substrate TMD.
Indeed, in the following sections and chapters, our data suggested that conformational
changes are necessary for γ-secretase proteolysis.

Table 4.1.: Nomenclature of the substrate position, from P10 to P4’, with respect to the
cleavage site in proteolysis. The cleavage of γ-secretase is executed at the amine
bone between the P1 and P1’ residue and is highlighted with double margins.

P10 P9 P8 P7 P6 P5 P4 P3 P2 P1 P1’ P2’ P3’ P4’
APP V40 I41 A42 T43 V44 I45 V46 I47 T48 L49 V50 M51 L52 K53

Notch1 F1744 V1745 L1746 L1747 F1748 F1749 V1750 G1751 C1752 G1753 V1754 L1755 L1756 S1757

4.3.2. E-S interactions stabilize the γ-secretase catalytic unit PS1

Next, we aimed to see which part of γ-secretase is mostly responsible for substrate binding by
comparing the residue-wise RMSF of each γ-secretase component with and without the pres-
ence of substrate binding. While NCT, PEN2, and APH-1 do not show significant stabilization
effects upon substrate binding (Figure 4.3A-C), the catalytic subunit PS1 shows a dramatic
reduction in flexibility in several distinct regions (Figure 4.4A). The reduction in RMSF can
be best interpreted by the E-S interactions that stabilize different parts of PS1. To gain more
structural and energetic insight into the E-S interaction, residue-wise binding energy decom-
position was performed to quantify the substrate residues interacting with the γ-secretase
(Figure 4.4B). Overall, the N-terminal half of both substrates do not form strong interaction
with the enzyme, which can be also visualized by the little E-S contact from the binding pose
(Figure 4.4C) and the E-S interaction is dominated by the C-terminal half of the substrate TMD.

According to the geometry of each stabilized PS1 region and their contacts with the
substrate, we highlight three main E-S interactions: the PS1 internal docking site, the TMD6a
hydrophobic patch, and the hybrid β-sheet (Figure 4.4C). The 3 residues at the C-terminal
end of substrate TMD (P1’-P3’) contribute the largest backbone and side chain binding energy.
The backbone contribution of P1’-P3’ comes from the hydrogen-bond network at the hybrid
β-sheet region (Figure 4.4C) and is responsible for the PS1 RMSF reduction at the TMD7
N-terminus and the loop connecting TMD8 and TMD9 (Figure 4.4A). It has been shown
that mutations on PS1 that deliberately disrupt the formation of the hybrid β-sheet impair
the γ-secretase activity. Atomic geometries at the hybrid β-sheet regions in the apo-state,
APP-bound state, and Notch1-bound state are shown in Figure A.5. In Chapter 6 we will
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Figure 4.2.: Change in the secondary structure of substrates upon enzyme binding. (A) Time
series of the substrate secondary structure in the simulations of (from left to right)
free state Notch1, free state APP, enzyme-bound state Notch1, and enzyme-bound
state APP. (B) Average occupation of helical (up, including α-helix, 310-helix,
and π-helix) and β-strand (down, including parallel and anti-parallel strand)
secondary structures of the APP (blue) and Notch (red) TMD over time and
simulation replicas. Occupation of secondary structures of the substrate TMDs
binding to PS1-D257H is shown in Figure A.3A
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Figure 4.3.: Residue-wise flexibility of the γ-secretase non-catalytic subunits calculated by
RMSF. (A) RMSF of NCT. (B) RMSF of PEN2. (C) RMSF of APH-1. RMSF
of the 5FN2-derived apo-form, 6IYC-derived apo-form, APP-bound form, and
Notch1-bound form is colored in gray, black, blue, and red, respectively. Standard
deviations of each RMSF across two simulation trajectories are shown with
transparent shades. Corresponding RMSFs of the holo-form in the PS1-D257H

protonation state are shown in Figure A.3B-D

also discuss how the length and sequence C-terminal to the substrate cleavage site affects the
β-sheet formation and the stability of the active site geometry. On the other hand, the side
chain contributions of P1’-P3’ are mediated by hydrophobic interaction with PS1 TMD6a and
S2’ pocket (Figure (Figure 4.4C) and is responsible for the stabilization effect observed at PS1
TMD6a (Figure 4.4A). The hydrophobic contact with TMD6a is also widely observed in the
structure of all GSI-bound γ-secretase complexes (Figure 2.3A). With collaboration with the
experimental group, we have presented that interruption of TMD6a helix formation of PSH by
introducing mutations or change in lipid environment can lead to a reduction in γ-secretase
activity and weaken the binding of GSI (Chapter 5). The second strongest interacting region
locates at the C-terminal end of the TMD helical domain (side chains of P5 and P6, Figure
4.4B), where 310 helix was observed (Figure 4.2C). P5 and P6 residues of APP and Notch1 are
compactly surrounded by several hydrophobic residues located on TMD2, TMD3, and TMD5
(Figure 4.4C) and this explains the reduction in the flexibility of these TMDs (Figure 4.4A).
Importantly, plenty of residues of PS1 and APP involved in this interaction are reported as
FAD mutations (Table 4.2 and Table 4.3). We note that large and hydrophobic amino acids
at positions P5 and P6 are found not only in APP and Notch1 but also in a wide range of,
although not all, known γ-secretase substrates. We suggest that this interaction is decisive for
the substrate to reside inside the enzyme, especially when trimmed to the short Aβ form,
and will be extensively studied with homology modeling and in silico mutagenesis methods.
Atomic geometries at PS1 internal docking site regions in the apo-state, APP-bound state,
and Notch1-bound state are shown in Figure A.7. Notably, the 310 helix at this position
nicely aligns A42 to the P5’ docking pocket and I41 to the P6’ docking pocket (Figure A.6),
indicating a high possibility that APP can undergo i −→ i+3 processive cleavage through a
translational movement at the helical part.
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Figure 4.4.: Interacions between γ-secretase and its substrates. (A) Residue-wise RMSF of the
catalytic subunit PS1 in the apo- and holo-state. RMSF curves are represented the
same way as in Figure 4.3. Numbers under each line indicate the TMD numbers
each residue locates on. (B) Residue-wise interaction energy of APP (blue) and
Notch1 (red) was analyzed by MM/PBSA. Energy contribution from the backbone
and side chain atoms are plotted in the upper and lower panels, respectively.
Helical, loop, and β-3 domains are determined from the secondary structure
analysis from Figure 4.2B and colored in yellow, gray, and red, respectively.
(C) Schematics of the three E-S interaction sites highlighted in the dissertation,
including the PS1 internal docking site (upper left), the TMD6a hydrophobic
patch (lower left), and the hybrid β-sheet (lower right). The substrate resides
involved in the corresponding interactions written in the parenthesis. PS1 residues
surrounding P5 and P6 are listed in Table 4.2 and their Van der Waals surface
are represented by the white and green surfaces, respectively, in the upper
left highlighting circle. Van der Waals surface of PS1 residues R268-R278 is
represented by the white surface in the lower left highlighting circle. PS1 RMSF
of the holo-state and the substrate binding energy contribution in the PS1-D257H

protonation state are shown in Figure A.3E and F, respectively.
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Table 4.2.: PS1 residues in the proximity of substrate P5 and P6 and their related FAD
mutations reported on alzforum.org.

Residues surrounding substrate P5 Residues surrounding substrate 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

Table 4.3.: FAD mutations around P5 and P6 of APP reported on alzforum.org.
Position P4 P5 P6 P7

APP FAD mutation V46F, V46G, V46I, V46L I45F, F45M, I45T, I45V V44I, V44M T43A, T43I

4.3.3. Open and close geometries at the catalytic center

Upon the association of the substrate with the enzyme interior, the substrate scissile bond
has to be exposed to the catalytic center. The catalytic center of γ-secretase is formed by two
aspartic acids located on TMD6 and TMD7 of the PS subunit (D257 and D385 on PS1 and
D263 and D366 on PS2). As an aspartyl protease, the proteolysis of γ-secretase is executed
via hydrolysis reaction through a chain of the proton transfer process. As depicted in Figure
3.4, the hydrolysis process requires the recruitment of water molecules to the proximity of
the catalytic site and a catalytic hydrogen bond formed between the protonated aspartic acid
and the carbonyl group of the scissile bond. Indeed, in the simulations of the substrate-
bound systems, around one water molecule can access the loop region of the substrate while
most residues at the helical domain are isolated from the water environment (Figure 4.5A).
Furthermore, the catalytic hydrogen bond was found constantly in the APP-bound system
and occasionally in the Notch1-bound system (Figure 4.5B). Interestingly, when no substrate
is present in the γ-secretase active site, the catalytic center exhibited two geometrical states:
a close state and an open state, distinguished by the Cγ-Cγ distance between the catalytic
aspartates (Figure 4.5C, D). The close state, with a Cγ-Cγ distance around 4.5 Å, is stabilized
by the direct hydrogen bond between D257 and D385 whereas the open state, with a Cγ-Cγ

distance around 6.5 Å, is maintained by a water molecule which forms hydrogen bonds with
both aspartic acids. Interestingly, a Cγ-Cγ distance of 6.5 Å was also frequently sampled with
the presence of the substrate (Figure 4.5C and D), indicating that the open state geometry
at the catalytic center is well-capable of accommodating the substrate scissile bond. In our
published work[78], we have shown that the open state is energetically the more favorable
state in both apo- and holo-form γ-secretase and that FAD mutations that skewed the balance
toward the close state or deviate the Cγ-Cγ distance are closely associated with the loss in
enzymatic function. Because the detailed calculation of the free energy landscape along the
close-open state transition and its response to FAD mutations were already reported in the
author’s Master dissertation, they are not repeated in the present chapter.
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Figure 4.5.: Water accessibility and geometry at the catalytic center. (A) Residue-wise water
accessibility of the TMDs of APP (blue) and Notch1 (red). (B) Probability density
of the distance of the catalytic hydrogen bond distance ( the distance between the
protonated aspartate and the carbonyl group of the scissile bond) in APP-bound
(blue) and Notch1-bound (red) simulations. (C) Schematics of the close and open
states in the apo-enzyme and the open state in the holo-enzyme. PS1 is colored in
blue and the substrate is colored in orange. (D) Probability density of the Cγ-Cγ

distance between D257 and D385 sampled the simulations. Distribution curves
are represented the same way as in Figure 4.3. Water accessibility of substrate
TMD, probability densities of the catalytic hydrogen bond and Cγ-Cγ distance
between D257 and D385 in the PS1-D257H protonation state are shown in Figure
A.4A, B, and C, respectively.
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4.4. Discussion

γ-Secretase is an intramembrane protease that cleaves its substrates with a hydrolysis reaction
within the hydrophobic membrane environment. Among many substrates, APP and Notch1
are clinically the most studied substrates because of their roles in Alzheimer’s disease[28, 4]
and cancer[23, 24], respectively. Because of their pathological importance, numerous efforts
have been invested in understanding the biological pathway of γ-secretase proteolysis[9].
However, due to the high molecular weight and high fragility of membrane proteins, the 3D
structure of γ-secretase is difficult to crystallize for X-ray diffraction. With the advances of
cryo-EM technology, 3D structures of the apo- and holo-form γ-secretase were finally resolved
in recent years, providing valuable structural information about the topology of γ-secretase
and how its biological substrates and small molecules bind to it.
In this chapter, we reported the results obtained from free simulations and highlighted several
important findings. Regardless of the presence of the substrate, the up-down bending motion
of the NCT ectodomain was observed. By comparing the topology of the substrates in the
enzyme-free simulations, we speculate that the bending motion plays an essential role in the
initial substrate recognition and adjusting the tilting angle of the substrate. In order to bind
into the interior of γ-secretase and form a catalytically active geometry, the substrates have to
undergo a structural transition from the complete helix to a helix-loop-strand conformation.
In particular, a 310-helix was observed at the C-terminal end of the helical domain, which
rationalizes the use of Aib in HIP design. By looking at the stabilized regions of PS1 and the
residue-wise interaction profiles of APP and Notch1, we identified three main interaction
sites: the TMD6a hydrophobic patch, the hybrid β-sheet, and PS1 internal docking site. These
three interactions constitute the foundation of the present dissertation and will be discussed
in detail in Chapter 5, Chapter 6, and Chapter 7, respectively. Furthermore, we also studied
the geometry of the catalytic center and found two possible states, namely the close and the
open states, distinguished by the distance between the catalytic aspartates. In comparison to
the close state, the open state is thermodynamically the more favorable state in the apo-form
and is compatible with accommodating the substrate scissile bond.
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5. Influence of Membrane Environment on
C83-PSH Interaction

Intramembrane proteases convey their functional roles by cleaving their substrates within
the lipid bilayer. Although the constitution of the lipid environments is known to modulate
the enzyme activity, the underlying mechanism of this modulation remains unclear. Con-
ventionally, experiments on the cleavages of these insoluble proteases are conducted in a
detergent-based environment instead of the biological amphiphilic phospholipid molecules.
In collaboration with our experimental partner, we studied the interactions between the E-S
complex and the micelles/bilayer environment using homology modeling and MD simula-
tions. The computational result suggested that the decrease in APP processivity and activity
of PSH can be linked to the instability of the TMD6a helix in the micelles environment. The
hypothesis is verified by in vitro and in silico experiments. Our data provide an in-depth
molecular insight into how a detergent-based environment can modulate the dynamics of
the membrane-embedded proteins. The work is published as reference [166] with a massive
reduction of experimental part.

5.1. Introduction

Membrane-embedded proteins, also called integral membrane proteins (IMPs), are proteins
residing in the biological membranes and are involved in numerous crucial functions such
as signaling, transporting, and cell adhesion [167, 168]. It is estimated that around 30% of
human proteins are IMPs[167]. Compared to the other types of proteins, their biological
functions and structures are poorly understood, despite the abundance of human genes and
the critical roles they play in our lives. Since IMPs are generally not soluble in aqueous
solution, studying membrane proteins requires the protein to be extracted from their native
membrane environment. Because of the difficulties in carrying the purified proteins into
the reconstituted membrane environment, experiments on IMPs are usually conducted in
detergent-based or mixed lipid-detergent systems[169, 170], although it has been shown
that substituting the membrane environment with detergent can affect the functions and
structures of membrane proteins[171, 172, 76]. To correctly translate the in vitro experimental
result obtained using the detergent-based environment to the natural scenario, it is important
to understand the molecular mechanism of how the change in environmental factors affects
enzyme activity.

Several studies have indicated the the constitution of the lipid environment has a critical
impact on the function of γ-secretase[173, 174, 175, 176, 177]. Although γ-secretase cleaves its
substrate with PS, its catalytic function is only active through the complicated maturation

Reproduction of the published work[166] is licensed under a Creative Commons Attribution 4.0 International
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process with the help of the other three components: NCT, PEN-2, and APH-1[9]. That
is, conformational changes in the other subunit of γ-secretase induced by the change in
lipid constitution can be the cause of the modulation effect. As shown in Figure 2.1 and
Figure 2.2, and Figure 2.4, PSH folds into a tertiary structure as PS without the presence of
other components of γ-secretase. Besides the structural similarity, PSH also cleaves C99 in
a sequential manner starting at the initial ϵ (either ϵ48 or ϵ49) cleavage sites and releasing
similar Aβ species by γ-secretase, making it an attractive model for the intrinsic protease
activity of PS[46]. In collaboration with the experimental partner, we constructed the C83-
bound PSH structure in silico using homology modeling. Experimental data showed that PSH
possesses stronger processivity and activity in the membrane bilayer than in the detergent
micelles. By solvating the constructed E-S complex with these two environments, we studied
the dynamical properties of the complex using MD simulations. In the most promising
homology model, we found an increase in the flexibility of TMD6a when the membrane
bilayer is substituted by detergent micelles. To verify whether the flexibility of TMD6a is
responsible for the enzyme activity, we introduced lysine on TMD6a in silico to disrupt both
the secondary structure and the biophysical property of the hydrophobic patch. In good
agreement with the experiment data, our result suggests that the interactions between TMD6a
and C83 play an important role in substrate stabilization and enzyme activity.

5.2. Methods and Materials

The available PSH structures (PDBID 4HYC, 4HYD, 4HYG[43], and 4Y6K[46]) are crystallized
with several mutations and the removal of the loops between TMD1 and TMD2 and between
TMD6 and TMD7. In addition, as discussed the Chapter 2 and depicted in Figure 2.1, the
tetrameric structure observed in these structures is likely not the natural form where PSH
conducts its biological function. Under the assumption that PSH binds C83 in a similar way as
the PS1-containing γ-secretase, we took the structural information of C83-bound γ-secretase
(PDBID 6IYC[39]) and apo-form PSH (PDBID 4HYG[43]) as templates to generate three
C83-bound PSH models using the SWISS online server[178] and the comparative modeling
program MODELLER[116] based on sequence alignment shown in Figure 5.1. Model 1 was
built by taking only PDB 6IYC as the template as generated by the SWISS online server (Table
5.1). Model 2 was generated by using residues ranging from L7 to D162 and D220 to L292
from chain B of PDB 4HYG and model 1 as templates with the MODELLER multi-template
method (Table 5.1). Model 3 was built by taking all residues resolved in chain B of PDB
4HYG and model 1 with the MODELLER multi-template method (Table 5.1). Similar to the
PS1 template structure, the final holo PSH structure is composed of two fragments with an
N-terminal fragment from L7-R193 and a C-terminal fragment from E210 to A293.

Each C83-bound PSH model was embedded in the bilayer and micelles environments with
tip3p water and 0.15M potassium chloride through the CHARMM-GUI server[179]. The
bilayer environment constitutes 302 POPC molecules (152 in the upper leaf and 150 in the
lower leaf) and the micelle environment constitutes 150 n-dodecyl β-D-maltoside (DDM)
detergent molecules. To further understand how the size of micelles alters the formation of
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micelles and influences the DDM-PSH interaction, a larger micelle consisting of 50% more
DDM molecules (225 DDM in total) is prepared for the best-performing model (model 2).
Lysine mutations M172K, I173K, L175K, and A176K were constructed via AmberTools18
based on model 2 with RMSD (WT vs mutant) < 0.1 Å and embedded in a membrane
bilayer system with 302 POPC molecules using the CHARMM-GUI online server. Because
the forcefield parameters of DDM are not determined in the lipid17 forcefield, the atomic
interaction of POPC, DMM, water, ions, and proteins are all described by the charmm36m
forcefield[180]. Energy minimization, equilibration, and NPT production run are performed
with the procedure described in Chapter 3 section 3.3. Three simulations with 600ns each
were performed for each system, in total 33 NPT trajectories were generated for further
analysis. The non-bonded cutoff was set to 12 Å with a force-based switching distance of 10
Å. D220 was selected to be protonated while D162 was unprotonated according to the pKa
prediction on the existing PSH and PS1 structures by PROPKA3.1 (Table 3.1).

Residue-wise RMSFs are calculated with respect to the averaged structure in each simulation
and residue-wise water accessibilities are calculated by counting the average number of water
molecules within 5 Å of the corresponding residue. The catalytic hydrogen bond is defined
by the distance between the carbonyl group of C83 L49 and the catalytic proton of D220. The
lipid tail order parameter SCH was computed in model 2 in DDM and POPC environments to
show the orientation and the ordering of the concerning CH vector with respect to the protein
principle axis, which was aligned to the lipid normal in the POPC environment. Secondary
structure analysis is conducted using the DSSP method[165].

Table 5.1.: Templates used for the model building of PSH in complex with C83. Residues of
PSH used for model building are indicated. * PSH residues L7-R193 and E210-A293
were modeled based on the template.

Template
6IYC (PS1, C83) 4HYG (Chain B) Model 1

Model 1 all* - -
Model 3 - L7-D162, D220-L292 all
Model 3 - L7-A176, D210-L292 all

Table 5.2.: RMSD values between the available crystal structures (PDB 4HYG and 4Y6K) and
the three different PSH models.

RMSD (Å) 4HYG (Chain B) 4Y6K (Chain B) Model 1 Model 2 Model 3
4HYG (Chain B) 0
4Y6K (Chain B) 0.349 0

Model 1 3.379 3.349 0
Model 2 1.573 1.602 1.355 0
Model 3 1.416 1.513 1.484 0.163 0
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Figure 5.1.: Alignment of PS1 and PSH used for homology modeling based on the TMD
annotations of the available cryo-EM or crystal structures, respectively (PDB
6IYC for PS1 and PDB 4HYG for PSH). Active site motifs including the catalytic
aspartate residues (red) are highlighted in bold. The β2-strands of γ-secretase
and PSH are indicated as orange arrows and residues that were mutated in this
study are highlighted in violet.
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5.3. Result

5.3.1. Structural modeling shows key features and active geometry of
substrate-bound γ-secretase in PSH

Because the biological role of proteins is highly related to how they fold in 3D space, structural
information of a protein is very important to understand how it conducts its function in solu-
tion. Since no holo-state PSH structure has been determined experimentally until the date of
the dissertation, we generated three putative C83-bound PSH structures under the assumption
that C83 binds to PSH in an analogous fashion as in the PS1 homolog (Figure 5.2A). Because
the first model was constructed by only taking the information of the C83-bound PS1[39]
structure, it is structurally largely deviated from the X-ray determined PSH apo-structure[43]
(Table5.1 and Table5.2). The other two models were constructed on the basis of the first model
and the available apo-PSH structure (Table5.1 and Table5.2). With the additional information
from the C83-bound γ-secretase structure, the generated models reproduced key structural
features responsible for substrate binding of γ-secretase, including the bending motion of the
C-terminal of TMD6 (Figure 5.1B-D) and the hybrid β-sheet C-terminal to the active site (Fig-
ure 5.2E). In the γ-secretase structure, TMD6a is stabilized by a hydrogen bond between Y159
on TMD3 and R278 on TMD6a (Figure 5.1C). This structural feature is reconstructed by the
salt bridge between R70 and E181 of PSH in our models (Figure 5.1D). The β3-strand of C83
is stabilized by the β2-strand (A213-G217) and residue Q272 of PSH, forming a hybrid β-sheet.

The structure generated through homology modeling is sensitive to the sequence alignment
strategy and the choice of template. Therefore, it is necessary to verify the generated struc-
tures using experimental tools. It has been shown that the activity of γ-secretase toward C83
is impaired when the β2-strand (R377-L381) is deleted. To verify the reliability of the modeled
structures, the residues located on the putative β2-strand are mutated or deleted, as done
for PS1(Figure 5.1E). With the strong decrease in the enzyme activity in comparison to the
WT enzyme, our data suggest that these residues are indeed critical for the substrate cleav-
age of PSH and likely form into a β2-strand as predicted in our homology models(Figure 5.1F).

5.3.2. DDM micelle destabilizes the catalytic site geometry

To study the environmental influence of PSH conformation and E-S interaction, the con-
structed C83-bound PSH models were embedded in the POPC and DDM micelle environment
(Figure 5.3A-C) and three 0.6µs trajectories were generated with random initial velocity
distribution. Among the homology models, the first model which was created purely with
the γ-secretase template exhibited the highest RMSD whereas most trajectories in models
2 and 3 showed an RMSD of around 3 Å, indicating the instability of model 1. Despite a
lower overall RMSD, TMD6a in model 3 failed to form an interaction with the substrate in
the POPC environment (Figure 5.3G) and showed a relatively high flexibility at TMD4 and
residues C-terminal to TMD6a (Figure 5.3H). Taken together, model 2 showing high stability
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Figure 5.2.: Homology modeling reconstructed key features verified by experiments. (A)
Comparison between the three constructed models in this study. (B) Comparison
between model 2 (blue and orange) and the experimentally determined apo-PSH
structure (light green, PDBID 4HYG). (C) The hydrogen bond between R278
and Y159 resolved in the C83-bound γ-secretase structure (PDBID 6IYC). (D) A
salt bridge formed between R70 and E181 in model 2. (E) Reconstructed hybrid
β-sheet formed by β2-strand (A213, F214, V215) and Q272 or PSH (blue) and
M51-K54 of C83 (orange). (F) Analysis of WT and mutant PSH activity in POPC
environment. GSI L-685,458 is used as the control group. Experiments are done
by the collaboration partner instead of the author of the dissertation. Results
obtained in the DDM environments and the methods and materials used in the
experiments can be found in our published work.

47



5.3. RESULT

and form expected C83-TMD6a contact was considered as the most realistic structure and
was used for the following analysis. In order to avoid bias from the choice of micelle size,
simulations of model 2 embedded in a micelle constituting 25% more DDM molecules (DDM
225, Figure 5.3C). Indeed, dynamics of the C83-bound PSH structure from model 2 showed a
similar stability (Figure 5.3E), substrate water accessibility (Figure 5.4A, catalytic geometry
(Figure 5.4B, C), and PSH RMSF profile (Figure 5.5A). In the following context, only model 2
is used for analysis and is referred to directly without explicit statements.

We next had a closer look at the catalytic center of the E-S complex in different environ-
ments. Consistent with simulations in the holo-state γ-secretase (Figure 4.5A), the substrate
remained dry in the TMD domain (G29-K52) but the residues around the scissile bond are
well solvated with water molecules (Figure 5.4A) with no significant difference between POPC
and DDM environments. In general, the formation of catalytic hydrogen bonds in PSH is
much less frequently formed than in γ-secretase (Figure 4.5B and Figure 5.4B). However,
this hydrogen bond is even less stable when the C83-PSH complex is embedded in DDM
micelles. In contrast, the active site geometry, defined by the Cγ-Cγ distance between D162
and D220 (Figure 5.4C, D) showed high stability in an open-state ( Cγ-Cγ distance around
6.5 Å. An active site geometry with an even larger distance at around 8.2 Å, mediated by
two water molecules between D162 and D220 (Figure 5.4E), was also occasionally sampled
(Figure 5.4C). This indicates that although the ability of PSH to form a catalytic hydrogen
bond might not be as good as in γ-secretase, the catalytic geometry is nevertheless stable in
the POPC environment. In contrast, the DDM micelle might destabilize both the catalytic
hydrogen bond and the active site geometry.

To see how the lipid environment influences PSH cleavage, the cell-free assay was conducted
by our collaboration partner. Interestingly, as seen by the decreased Aβ38 level and the
increase in β42, the processivity of PSH is weakened in the DDM micelles environment
(Figure 5.4F). Furthermore, secretion of Aβ species longer than Aβ42 was observed in the
DDM micelles, indicating an early release of Aβ substrate during the processive cleavage.
To validate whether the decrease in processivity comes from the instability at the active site
geometry, as predicted by MD simulations, the L685,458-based biotinylated affinity ligand
Merck C was used to probe the stability of the catalytic center. Indeed, quantification of
specifically Merck C-bound PSH was markedly less pronounced in the DDM micelles than in
the POPC bilayer.

5.3.3. Increase in flexibility and unwinding of PSH TMD6a helix induced by
detergent-enzyme interaction

With the decrease in processivity and stability of the active site geometry, we next aim to
understand the molecular mechanism of the modulation effect from the lipid environment.
By comparing the RMSF profiles of PSH in different environments, an increase in TMD6a
flexibility is observed in both medium size (with 150 DDM) or larger (with 225) DDM micelles
(Figure 5.2A, B). In our C83-bound PSH models, the TMD6a helix creates a hydrophobic
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Figure 5.3.: Comparison between different homology models using MD simulations. (A)-(C)
Schematic view of the model 2 C83-PSH complex embedded in (A) POPC bilayer,
(B) DDM micelle, and (C) larger DDM micelle. (D)-(F) Structural stability of PSH
calculated by RMSD in POPC (blue), medium-size DDM (red), and large DDM
(yellow) environments using homology (D) model 1, (E) model 2, and (F) model 3.
(G) Structure superposition between the C83-bound PSH from model 2 (PSH in
blue and C83 in orange) and model 3 (PSH in gray and substrate in dark brown).
(H) Residue-wise RMSF of PSH in model 2 (blue) and model 3 (gray). The shaded
areas represent the standard deviation computed across three simulations and
numbers in the plot indicate the residue range of each TMD.
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Figure 5.4.: Water accessibility of C83 in the PSH-bound form and the stability of the PSH
active site geometry. (A) Reisidue-wise water accessibility of C83. The modeled
scissile bond locates between L49 and V50. The shaded areas represent the stan-
dard deviation computed across three simulations. (B) Probability density of the
distance of the catalytic hydrogen bond sampled in different environments. (C)
Probability density of the D162Cγ-D220Cγ distance sampled in different environ-
ments. (D) Schematic of the active site geometry with D162Cγ-D220Cγ distance
of 6.8 Å sampled in the POPC environment. (E) Schematic of the active site
geometry with D162Cγ-D220Cγ distance of 8.2 Å sampled in the DDM environ-
ment. (F) Aβ species generated by PSH in DDM micelles and POPC vesicles at
pH 7.0. Representative mass spectra from four independent biological replicates
are shown. The intensity of the highest peak was set to 100%. (G) Quantitation
of PSH binding by Merck C. Specific binding was defined as the difference of
PSH signals in the absence or presence of L-685,458 after additional subtraction
of unspecific background binding signals. (F) and (G) are not generated by the
dissertation of the author. Methods and materials used in the experiments can be
found in our published work.
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patch formed by residues M172, I173, L175, and A176, in contact with V50 and L52 of C83.
Importantly, this interaction was observed in all substrate-bound and GSI-bound γ-secretase
structures (Figure 2.3A and Figure 4.4C). To gain the intrinsic difference between the micelles
and bilayer, we calculated the lipid order parameters, which indicates how well lipids are
aligned to the principle axis of the protein, and how they interact with PSH. As expected
from its planer geometry (Figure 5.3A), POPC molecules are well aligned with the membrane
normal and TMDs of PSH, as indicated by the high order parameter (Figure 5.5C, D). In
contrast, a much lower order parameter was observed in the DDM-based systems (Figure
5.5C, D), as also expected from its spherical shape (Figure 5.3B, C). In the POPC environment,
TMD6 remained in the stable helix and the hydrophobic patch is in contact with V50 and L52
of C83 in all simulations (Figure 5.6 and Figure 5.5E). We note that the helical conformation is
necessary for residues M172, I173, L175, and A176 to face in the same direction and form
the hydrophobic patch. Nonetheless, TMD6a was unwound in the simulations of DDM-
embedded systems (Figure 5.6). When looking into the structural detail, we observed that
the DDM head groups can insert into the gap between TMD2 and TMD6, forming unspecific
hydrogen bonds with the backbone atoms of TMD6a (Figure 5.5F, G). The insertion of the
lipid molecules is facilitated by its intrinsically low order parameter that enables the DDM
molecules to align perpendicular to PSH TMDs. The hydrogen bond interactions from the
DDM molecules compete with the intramolecular i −→ 3.6 hydrogen bond required for the
formation of α-helix and therefore unwound the TMD6a helix. Collectively, our data suggest
that replacing the POPC bilayer with DDM micelles destabilizes the stability of the TMD6a
helix, an important structural element involved in substrate stabilization.

5.3.4. Lysine mutations in TMD6a lead to helix unwinding and reduced activity

Our computational results suggest that the interactions between PSH TMD6a and C83 are
disrupted in the DDM micelles and might be responsible for the experimentally observed
reduced enzyme activity. Notably, the corresponding hydrophobic patch in the TMD6a of
PS1 (L271, V272, T274, and A275) is also affected by FAD mutations and mutations such as
L271V and T274R were reported to impair the γ-secretase cleavage, supporting the idea that
TMD6a has an important function in substrate cleavage. In order to specifically study and
examine the functional role of TMD6a, we introduced lysine mutations, positively charged
residues, at residues M172, I173, L175, and A176 in the TMD6a hydrophobic patch (Figure
5.5E). These mutations are expected to destruct the apolar characteristic of the TMD6a helix
and weaken the interaction with C83.

Because the TMD6a was found unstable already in the wt PSH in the DDM environment,
we studied the dynamics of the mutated PSH only in the POPC bilayer. In all lysine mutants,
no significant difference was found in the water accessibility to the C83 residues compared to
the wt PSH (Figure 5.7A). However, the catalytic hydrogen bond and the active site geometry
are destabilized in the mutated system (Figure 5.7B, C). In the cases of the L175K and A176K
mutants, the catalytic hydrogen bond was rarely sampled during the simulations. Although a
similar population of catalytic hydrogen bonds was formed in the M172K and I173 mutants,
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Figure 5.5.: Influence of lipid environments on the PSH stability. (A) Residue-wise RMSF of
C83-bound PSH in the POPC (blue), medium-size DDM (red), and large DDM
(yellow) environments. Numbers in the plot indicate the residue range of each
TMD. (B) Zoom-in view of RMSF values of the TMD6a residues. Color codes
are adopted from (A). (C) Structures of POPC and DDM molecules. (D) Lipid
order parameter calculated in the MD simulations. The shaded areas in (A), (B),
and (D) represent the standard deviation computed across three simulations. (E)
Structural snapshot of C83-bound PSH embedded in the POPC bilayer at the end
of the simulation. The zoom-in view shows the hydrophobic contact between
PSH TMD6a and V50 and L52 of C83. (F)-(G) structural snapshots of C83-bound
PSH embedded in the medium-size DDM micelles at 400ns in (F) the first and (G)
the second simulation. The zoom-in views show the atomic interactions between
DDM and the backbone atoms of TMD6a.
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Figure 5.6.: Time-plot of the secondary structure of PSH TMD6a in (top) POPC, (middle)
medium-size DDM, and (bottom) large DDM environments. Results obtained
from three 0.6 µs-long simulations are shown from left to right.
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the active site geometry is destabilized. Interestingly, a D162Cγ-D220Cγ distance of 8.2 Å
sampled in the DDM-based environment (Figure 5.4C) was also found in the M172K and
A176K mutants (Figure 5.7C). As shown by the PSH RMSF plots, TMD6a was destabilized in
all mutants while only smaller effects in other regions were affected in all PSH mutants, in
comparison to WT (Figure 5.7D). To different degrees, at TMD6a helix was found distorted in
at least one simulation of all mutants (Figure 5.8). Overall, our computational works suggest
that introducing lysine mutations at TMD6a hydrophobic patch is able to interfere with
the secondary structure of TMD6 and destabilize the active site geometry. This theoretical
work was also verified by our experimental partner by examining the enzyme activity of
these PSH mutants in vitro. As predicted, the activity of PSH showed a strongly decreased,
nearly abolished cleavage of C99 in all four mutants in both DDM micelles and POPC bilayer
conditions (Figure 5.7E, F). This result supports that TMD6a is indeed important for substrate
cleavage.

5.4. Discussion and outlook

Detergent has been long used in the experimental setup of IMPs because of their high
availability and reproducibility. However, measuring the structures and functions of IMPs
in an environment different from its natural one can be sometimes questionable. Here,
we performed MD simulations and in vitro experiments to study the modulation effects
of the lipid constitution. With a similar C83 and C99 cleavage profile, we demonstrated
PSH as a good surrogate for γ-secretase. This allows us to directly study the proteolytic
activity of γ-secretase catalytic presenilin subunit in the absence of its complex partner. In
close collaboration with the experimental partner, we performed MD simulations to study
the dynamics of the C83-PSH complex in different environments. By assuming a similar
substrate binding mode between PSH and the PS1-containing γ-secretase, we constructed
three homologous C83-bound PSH models with different strategies. The constructed models
include the key features observed in the substrate-bound γ-secretase structures, namely the
TMD6a helix and the hybrid β-sheet. As observed for substrate-bound PS1, our mutational
analysis supports that the hybrid β-sheet also exists in the C83-PSH complex. By stability and
conformational evaluation, we identified the model constructed with structural information
from both holo-PS1 and apo-PSH as the optimal model, with which we performed further
analysis and in silico experiments.

MD simulations revealed that in both POPC bilayer and DDM micelles, C83 obtained a hy-
dration profile in PSH similar to what was observed in PS1. However, the catalytic hydrogen
bond required for the hydrolysis reaction is less frequently formed. Furthermore, the active
site geometry was destabilized in the DDM micelles, and a geometry with a D162Cγ-D220Cγ

distance of 6.8 Å was sampled. This geometry is, however, considered to be incompatible
with catalysis because of the large distance between the unprotonated aspartate residue and
the scissile bond. In the cell-free assay, a decrease in PSH processivity was observed in the
DDM micelles. In addition, the destabilization effect on the active site geometry was also
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Figure 5.7.: MD simulations and in vitro experiments on the PSH mutants M172K, I173K,
L175K, and A176K. (A) Residue-wise water accessibility of C83. The modeled
scissile bond locates between L49 and V50. (B) Probability density of the distance
of the catalytic hydrogen bond sampled in the POPC bilayer. (C) Probability
density of the D162Cγ-D220Cγ distance sampled in POPC bilayer. (D) Residue-
wise RMSFs of WT and PSH mutant in POPC bilayer. The shaded areas in (A)
and (D) represent the standard deviation computed across three simulations.
(E),(F) Analysis of WT and lysine-mutant PSH activity in (E) DDM and (F)
POPC environments. Experimental data in (E)and (F) are not generated by the
dissertation of the author. Methods and materials used in the experiments can be
found in our published work.
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Figure 5.8.: Time-plot of the secondary structure of PSH TMD6a in mutant (top down) M172K,
I173K, L175K, and A176K in POPC bilayer. Results obtained from three 0.6 µs-
long simulations are shown from left to right.
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verified by the TSA-inhibitor-based immunoblot analysis.

Our simulation work suggested that the major discrepancy between the POPC and DDM
environments lies in the lipid order parameter. While POPC is well-aligned with the principle
axis of the enzyme TMDs, DDM molecules can turn a direction perpendicular to the PSH
normal and insert into the gap between TMDs. The insertion of DDM molecules between the
gap between TMD2 and TMD6 attacked the α-helical structure of TMD6a through unspecific
hydrogen bonding and destabilized TMD6a. As suggested by mutagenesis data and several
substrate-bound and GSI-bound structures, the interaction between GSI/substrate and the
TMD6a hydrophobic patch might play a crucial role in both GSI binding and substrate
processing. Therefore, the observed distortion of TMD6a was suspected to be the culprit
of the loss of PSH processivity and active site stability, and aimed to see if lysine mutation
can also influence the function of PSH. Indeed, the instability and unwinding of TMD6a
and the destabilized active site geometry were successfully reproduced in the simulations
when the residues of the TMD6a hydrophobic patch, including M172, I173, L175, and A176,
were mutated into lysines. In agreement with the computational study, the PSH activity was
significantly impaired when lysine is introduced into the hydrophobic patch.

In fact, the active site geometry with two distant catalytic residues, despite never being
observed in the γ-secretase simulation inside the POPC membrane, was also seen in the
available structures of GxGD-type proteases such as the γ-secretase (10.6 Å[53]) or Flak
(12 Å[181]), presumably due to the non-native environment during the sample preparation
procedure. Upon substrate association, the two catalytic aspartates decrease their distance and
approach closer to the initial cleavage sites[39, 40]. Our study showed a direct relationship
between the active site geometry, TMD6a stability, and how they are affected by the change in
environment. As a general implication for intramembrane proteolysis, our data suggest that
a lipid bilayer-mediated stabilization of the active-site geometry might also be observable for
other intramembrane proteases of different catalytic types.

Taken together, in a good correlation between experimental and simulation data, our results
with PSH as a model intramembrane protease highlight an important role of the membrane
lipid environment in providing a stabilized E-S conformation that is crucial for substrate
processing in intramembrane proteolysis. Our data further underscore the key role of the
conformational flexibility of presenilin/PSH TMD6a for substrate interactions and proteolytic
cleavage of presenilin-type proteases. Most importantly, they provide evidence that the lipid
bilayer promotes the formation of a conformationally stable active site geometry, which is of
general importance for an efficient catalytic operation of intramembrane proteases.
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6. Enzyme-Substrate Hybrid β-Sheet Controls
Geometry and Water Access to the
γ-Secretase Active Site

A characteristic[182, 183] of γ-secretase cleavages toward C99 is the 3-residue-wise processive
cleavage. That is, C99 and its C-terminal products are most of the time, except for β42,
cleaved sequentially with an interval of three residues. With the aim to decipher the under-
lying mechanism of the tripeptide trimming, we performed restraint-free and biasing MD
simulations to study how the length of the substrate is correlated with its cleavibiliy. Our
data suggested that the length-sensitive stability of the substrate β3-strand might play an
important role in controlling the water access and the stability of the γ-secretase catalytic
center and is responsible for the tripeptide cleavage. The hypothesis was further supported
by the impaired in vitro γ-secretase activity when proline is introduced to break down the
β3-strand stability. To our knowledge, our work provides the first molecular insight into
the proteolytic role of the E-S hybrid β-sheet and the molecular mechanism of γ-secretase
tripeptide cleavage.

6.1. Introduction

Proteolysis of proteins is an essential biological process that breaks proteins into smaller
polypeptides or amino acids[184]. Typically, the proteases degrade their protein substrate
through hydrolysis with the nucleophilic attack of a catalytic water molecule. Intramembrane
proteases are a particular type of protease that targets the TMD of IMPs and according to their
catalytic mechanism, they can be classified into four groups: metalloprotease, an aspartyl
protease, a serine protease, and glutamyl protease[30]. As the catalytic subunit of γ-secretase,
PS is an aspartyl protease that cleaves its substrate through two catalytic aspartic acids on
TMD6 and TMD7 inside the membrane environment[185, 29] and releases the C-terminal
product of AICD and the N-terminal product Aβ peptides[186]. Interestingly, the cleavage
of PS is executed in a processive fashion[9, 1]. That is, the substrate is cleaved several times
before it is released from the enzyme. According to the tripeptide and tetrapeptide released
from the TMD of the substrate, γ-secretase is suggested to cleave C99 in a step of 3 or 4 (from
Aβ42 to Aβ38) residues[67]. Despite this 3- or 4-residue-wise cleavage observed for more
than a decade ago, no convincing mechanism has been proposed to explain the phenomenon.
Although a computational work using gaussian-accelerated MD simulations was published
during the period of this work, stating their simulation works enabled the elucidation of
the tripeptide trimming mechanism, no specific molecular detail was provided to explain
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the three residue difference between the ϵ49 and ζ46 cleavage[157]. In addition, the model
that tilting of the helical domain and unwinding of the C-terminal helix of the substrate
without the movement of the helical domain is difficult to be generalized to the subsequent
γ-cleavages. Therefore, a more mechanistic picture of γ-secretase tripeptide cleavage that can
be generalized for the subsequent processive cleavages is still in demand.

Despite a great insight on how γ-secretase targets the substrate at the ϵ49 site was provided
through the lately resolved C83-bound structure[39], how C99 or C83 moves toward its next
cleavage binding pose is left unknown. In light of the high structural similarity between
the C83-bound[39] and the Notch1-bound[40] structures, it is reasonable to assume that
other substrates of γ-secretase might also bind to the enzyme in a similar binding pose,
including Aβ peptides. Under this assumption, we proposed a general processing model
for the processive cleavage process, as exemplified by the Aβ49 −→ Aβ46 process (Figure
6.1). According to the results obtained from Chapter 4, the helical domain is embedded in
a dry environment while the loop and β3-strand are solvated by water molecules (Figure
4.5A). Upon the ϵ49 cleavage on C99, the C-terminal soluble product AICD is released to
the intracellular side and the N-terminal product Aβ49, carrying the negatively charged
carboxylic acid group at the C-terminus, remains in the membrane bilayer for the next
cleavage. If the position of the catalytic residues D257 and D385 are restricted within a
certain space, the helical of the substrate domain needs to unwind at the C-terminal part to
expose the next scissile bond to the catalytic center by either translational, bending, or tilting
movement. Inevitably, the other amine bond such as the ones between T48-L49 and between
I47-T48 would also be exposed to the cleavage site along the movement, causing unspecific
ζ48 and ζ47 cleavage, respectively. However, only the ζ46 cleavage between V46 and I47
was observed following the ϵ49 cleavage in experiments. This implies a length-sensitive
criterion must be fulfilled to control the accurate 3-residue cleaving profile. Therefore, we
investigated how the length of the substrate influences the proteolysis of γ-secretase without
the knowledge of the exact binding mode of the shorter Aβ peptides by truncating APP into
shorter peptides.

In this chapter, we performed restraint-free and biasing MD simulations to investigate how
the catalytic geometry responds to the substrate in different lengths. In total, nine different
substrates (WT and 8 mutants, sequences shown in Table 6.1) derived from C99 were chosen
in this study. In the restraint-free simulation, a dramatic decrease in the formation of a
catalytically active geometry, termed "active geometry" in the following context, was found
when only one or two residues are present C-terminal to the scissile bond. Using the statistics
and structural analysis, we suspected that the stability of the active geometry is closely related
to the formation of substrate β3-strand and the water accessibility to the catalytic center.
From the dissociated pathway of β3-strand observed in the Aβ52 and Aβ51 simulations, we
choose the reaction coordinate for biasing MD using replica-exchange Hamiltonian sampling
coupled umbrella sampling (HREUS) method to sample the structural response toward the
association and dissociation of the hybrid β-sheet near the catalytic site. The biasing MD
showed a clear correlation between the formation of the active site geometry, catalytic site
water accessibility, and the formation of the substrate β3-strand. With the wild-type sequence,
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Figure 6.1.: Schematic view of a general C99 processive cleavage exemplified by the Aβ49
−→ Aβ46 process. The position of the protein-water interface is suggested by our
previous result (Figure 4.5A. The substrate is colored in orange and β2 and L432
of PS1 are colored blue. The catalytic aspartic acids are represented by the scissors
symbol with the putative scissile bond shown in the dashed line. A green circle
and red cross indicate whether the putative scissile bond can be cleaved. A red
minus sign and a blue plus sign indicate the negatively charged Aβ C-terminus
and the positively charged AICD N-terminus, respectively.
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the association binding free energy of the β3-strand showed a an anticorrelation with the
length of the substrate. Importantly, a substrate with only two residues beyond the scissile
bond is incapable of forming an active geometry even if biasing potential was implemented
to force the association. A similar trend was found when proline (Pro) or phenylalanine
(Phe) was introduced at the substrate P2’ position. In good agreement with the in vitro
experiment, we confirmed that distortion on the E-S hybrid β-sheet is indispensable for the
cleavage of γ-secretase. Moreover, we found that the D385-protonated state is more capable
of stabilizing the hybrid β-sheet while the D257-protonated state is more capable of recruiting
water molecules towards the conserved GxGD motif near the catalytic center.

Table 6.1.: Sequence of the substrates present in this chapter. The * start indicates the scissile
bond (ϵ cleavage site) modeled in the present study.

Substrate Sequence
APP ...NKGAIIGLMVGGVVIATVIVITL*VMLKK...
APPM51P ...NKGAIIGLMVGGVVIATVIVITL*VPLKK...
APPL52P ...NKGAIIGLMVGGVVIATVIVITL*VMPKK...
Aβ53 ...NKGAIIGLMVGGVVIATVIVITL*VMLK-COO−

Aβ52 ...NKGAIIGLMVGGVVIATVIVITL*VML-COO−

Aβ52V50F ...NKGAIIGLMVGGVVIATVIVITL*VFL-COO−

Aβ52M1F ...NKGAIIGLMVGGVVIATVIVITL*FML-COO−

Aβ51 ...NKGAIIGLMVGGVVIATVIVITL*VM-COO−

Aβ50 ...NKGAIIGLMVGGVVIATVIVITL*V-COO−

6.2. Methods and Materials

All substrate-bound γ-secretase structures in this chapter are constructed based on the C83-
bound cryo-EM structure (PDBID 6IYC)[39]. First, the cryo-EM structure was pre-processed
as described in Chapter 3 section 3.3 and embedded with 503 POPC membrane and 0.15M
potassium chloride through the CHARMM-GUI [187, 179] server to generate the WT system.
To get rid of the bias of the placement of lipid and water environments, all mutated substrates
are constructed directly by substrate truncation and mutation on the WT systems. With
both PS1-D385H and PS1-D257H being investigated, in total 18 systems are constructed for
simulations and listed in Table 6.1. Energy minimization, equilibration, and production run
were performed as described in Chapter 3 section 3.3. Two unrestrained 600 ns trajectories
are generated for the APP, Aβ53, Aβ51, and Aβ50 systems in both protonation states and
four unrestrained 600 ns trajectories are generated for the Aβ52 system because of its higher
diversity in statistics. Atomic interactions were described by the amber14SB force field for the
proteins, the tip3p for the water, and lipid17 for the POPC molecules.

To sample the β3 association pathway, HREUS was implemented. Furthermore, to sample
a reasonable association/dissociation pathway, the chosen reaction coordinate (RC) should
sample the similar configuration states as what was sampled in the restraint-free simulations.
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With the knowledge of the dissociated β3 state sampled in the restraint-free simulations,
the Cα-Cα distance of PS1 L418 and substrate P2’ are chosen as the reaction coordinate
to capture the dissociation and re-association path. With the low RMSF observed in L418
in restraint-free APP-bound simulations (Supplementary Figure 5.5A), it is reasonable to
introduce positional restraint of 10 kcal·mol−1·Å−2 on the L418 Cα atom to make sure that
the measured RC relies totally on the movement of substrate P2’. In addition, a positional
restraint of 10 kcal·mol−1·Å−2 was applied on PS1 K380 to avoid the β2 distortion observed
in the dissociated simulations. Following the energy minimization and equilibration protocol
used in the restraint-free simulations, each system was first simulated for 10 ns with harmonic
distance restraint forcing the formation of the catalytic hydrogen bond, namely d1, at 2.2 Å,
and the Cα-Cα distance between PS1 K380 and L432 was kept at 12Å to avoid β3 dissociation
at a constant temperature of 303.15 K and the constant pressure of 1 bar. The structure is then
sequentially submitted to regular US protocol ranging from RC = 8.0 Å to RC = 17.0 Å with
an interval of 0.6 Å to prepare the starting structure for the following HREUS sampling. The
structure is sampled for 3 ns in each window, in total 16 windows are prepared with 48 ns
NVT simulations. A force constant k = 6 kcal·mol−1·Å−2 was applied on RC = 8.0, 8.6, 9.2, 9.8,
16.4, and 17.0Å and a force constant k = 8 kcal·mol−1·Å−2 was applied on RC = 10.4, 11.0, 11.6,
14.6, 15.2, 15.8Å. A stronger force constant k = 10 kcal·mol−1·Å−2 was applied on RC = 12.2,
12.8, 13.4, 14.0Å to sample the processes around the higher free energy barrier. The generated
structures in different RC windows were together submitted to the HREUS protocol using
pmemd.cuda.mpi of the Amber18 program [188]. Exchanges between the neighboring replica
were attempted every 10ps, and in total, 60ns of NVT sampling was carried out. The first 20
ns of the HREUS trajectory was considered as the equilibrium process between the windows
and only the later 40 ns were taken for the following analysis. The potential of mean force
(PMF) profiles was calculated with the weighted histogram analysis method (WHAM[134])
[134] with error bars showing the standard deviation across the PMF curves calculated using
data collected from 20ns-50ns, 20ns-55ns, and 20ns-60ns. Features such as water number, β3
fraction, active geometry fraction, and K380-L432 distance are binned into 9 intervals equally
spread between RC = 8.0Å and RC = 17.0Å with error bars showing the standard errors.
The sampled RC and convergence of PMF are shown in FigureB.1, FigureB.2, FigureB.3, and
FigureB.4. ∆∆Gres is taken from the PMF value at RC = 16Å to describe the free energy
difference between the associated and dissociated state if the global PMF minimal falls in the
regime with RC < 11Å and zero otherwise.

To better illustrate the quantities related to the geometry at the active site, the fraction
of active site geometry and β3 formation, and the number of water molecules around the
catalytic site are measured in both restraint-free and HREUS simulations. Geometry is only
considered as a catalytically active one when a catalytic hydrogen bond is formed between
the scissile carbonyl and the protonated aspartic acid (depicted as d1 < 2.5Å in Figure 6.2)
and the distance between the unprotonated aspartic acid is not too far away from the scissile
carbonyl so that the proton transfer is still achievable (depicted as d2 < 5.6Å in Figure 6.2).
During the simulations of the APP-bound complex, P1’-P4’, namely V50-K53, occasionally
turned into an anti-parallel β-strand conformation (Figure 6.3). Compared to substrate P1’

62



6.2. METHODS AND MATERIALS

and P4’, P2’ and P3’ formed more stable hydrogen bonds with PS1 and stayed more steadily
in the β-strand conformation in the APP-bound complex (Figure 6.3 and Figure B.5). The
completeness of β3 is thus computed by taking the average β-strand occupation fraction
of P2’ and P3’ calculated by the DSSP method, namely β3 = [β(P2’)+β(P3’)]/2. Since Aβ51
does not have P3’ residue, only the β-strand occupation fraction of P3’ is taken into account,
namely β3 = β(M51). A water molecule is considered being around the catalytic center if
any atom of that water is within 5Å of any atom from D257 or D385. The Cα-Cα distance
between L432 and K380 is measured to indicate the width of the gap between L432 and β2.
The fraction of an active geometry and β3-strand formation are calculated by averaging the
quantities measured every 1 ns in each 600ns restraint-free simulation and every 50 ps in each
40ns HREUS simulation.

Figure 6.2.: (A) 2D distribution contour map with the distance of the catalytic hydrogen
bond (d2) as the x-axis and vs. the distance between the substrate carbonyl
and the Cγ of the deprotonated aspartate (d2) in a 600ns trajectory. Black dots
indicate the examples of one active geometry and two inactive geometries. The
2 dashed lines represent the 2 distance-based criteria d1 = 2.5 Å and d2 = 5.6 Å
and separate the active conformations (lower left) from the inactive states (rest).
The color scale represents the distribution density. (B) Conformation of an active
geometry fulfilling both distance-based criteria. (C) Conformation of an inactive
geometry with a large d2 (> 5.6Å) filled with more than one water molecule. (D)
Conformation of an inactive geometry without the catalytic hydrogen bond (d1 <
2.5 Å).

63



6.3. RESULT

6.3. Result

6.3.1. Stability of the active geometry is sensitive to substrate length

Processive cleavage of γ-secretase toward C99 APP C-terminal fragment typically follows
the Aβ49-Aβ46-Aβ43-Aβ40 or Aβ48-Aβ45-Aβ42-Aβ38 production lines, starting from the
ϵ49 and ϵ48 cleavage sites [9]. Although the successive tripeptide cleavages have been char-
acterized for more than a decade ago[67, 66], the molecular mechanism remains unclear.
To investigate how the number of residues following the substrate scissile bond influences
the active site dynamics and the substrate flexibility and cleavability, we generated sev-
eral substrate-bound γ-secretase models in silico with the substrate being either APP or
C-terminally shortened variants. The resulting shortened substrates are termed (in Aβ

numbering) Aβ53, Aβ52, Aβ51, or Aβ50, by truncating APP after K53, L52, M51, and V50,
respectively (Table 6.1). Structural data from X-ray and neutron diffraction show that one of
the Asp residues in aspartate proteases is protonated and the second one is unprotonated[139,
140, 141, 142]. However, no consensus has been reached on which Asp of PS1 is more likely
to be protonated. Computational work with either D257 protonated[156, 157, 153], D385
protonated[78], or both unprotonated in PS1[189] has so far been conducted. Nevertheless,
since this issue is not completely resolved, for the present study we always considered
both possible PS1 protonation states, termed PS1-D257H and PS1-D385H, which may also
give important insights into the influence of the selected protonation state. In total five
models with wild-type (WT) substrate sequences were constructed and the dynamics were
studied by multiple MD simulations in each case. Snapshots of the hybrid β-sheet cluster
and the active site of each E-S complex after 600 ns simulation time are shown in Figure 6.4A-E.

In good agreement with our expectation, visual inspection at the catalytic center in each
simulation already indicates that substrates with less than two residues C-terminal to the
scissile bond, namely Aβ51 and Aβ50, cannot form a stable active geometry with the catalytic
aspartic acids (Figure 6.4A-E). From the structural information, we observed that the position
where the scissile bond was located in the APP, Aβ53, and Aβ52 was replaced by a water
molecule. Note, the active site geometries observed in the Aβ51-bound and Aβ50-bound
complexes correspond perfectly with the open state we have observed in Chapter 4.5C. That
is, the catalytic hydrogen bond was out-competed by the water molecules coming from
the C-terminal side. Indeed, excessive water molecules were found in the vicinity of the
catalytic center when the substrate is truncated too short (shorter than Aβ52. From the
structural information shown in Figure 6.4A-E, there are two factors leading to the high
water accessibility at the catalytic site. First, in the longer substrates, the formation of hybrid
β-sheet is efficiently blocking water molecules from access to the active site by the hydrogen
bonds between substrate β3 and L432 and K380 of PS1 (Figure 6.4A-C). Second, when the
substrate is trimmed shorter, the negatively charged carboxylic acid is also brought closer
to D257 and D385 of PS1, increasing the overall polarity of the catalytic center. In fact, the
water molecules recruited from the carboxylic side of the substrate can also out-compete the
hydrogen bonds at the hybrid β-sheet and cause the dissociation of the substrate β3-strand.
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Figure 6.3.: Secondary structures over time calculated by DSSP method in APP and its
truncated variants binding to D385H γ-secretase. Each 600ns-long simulation is
shown with the sampled fraction of active geometry written in the parenthesis.
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Figure 6.4.: Snapshots of hybrid β-strand of each E-S complex after 600ns simulation. (A)-
(E) Detailed structure at the post-cleavage site region of γ-secretase in complex
with (A) APP and (B)-(E) its truncated variants. PS1 D257, D385, and backbone
atoms involved in the hydrogen network are shown in licorice representation
with substrate-PS1 hydrogen bonds (red dashed lines) including L49-D257/D385,
V50-G382, M51-L432, and L52-K380. Water within 5Å of L49-L52 of the substrate
is shown in stick-ball representation. (F) Snapshot of the water-dwelling cavity
formed by the GxGD motif (white van der Waals surface) in D257-protonated
PS1. Waters within 5Å of D257 or D385 are shown in ball-stick representation.
In each enzyme-substrate complex, D385H-PS1 is shown in blue in the left panel,
D257H-PS1 is shown in red in the right panel, and substrates are shown in orange.
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In addition to the effects related to the substrate length, we also observed that more water
molecules were attracted to the unprotonated aspartic acid. However, in the PS1-D385H state,
D257 is surrounded by hydrophobic residues such the TMD6a hydrophobic patch can only a
few water molecules can approach the catalytic center. In contrast, the GxGD motif at the
N-terminus of TMD7 compose of a small cavity for water to accommodate (Figure 6.4F).

Figure 6.5.: Statistics obtained from the restraint-free simulations. (A) Fraction of sampled
states that form an active site geometry compatible with cleavage. (B) Fraction
of sampled states that form a hydrogen-bonded β3-strand. Formation of β3-
strand is not applicable in the Aβ51 substrate. (See Methods and Materials)
(C) Number of water molecules around the catalytic center in five different γ-
secretase holo complexes (separate sets of simulations were performed for active
site protonation states, color-coded red (D257H) or blue (D385H). (D) Distribution
of water residence time around the catalytic center when substrate binds to (top)
PS1-D385H or (bottom) PS1-D257H . Histogram is binned with a width of 5 Å. The
fraction of β3-strand is not applicable for Aβ50 (see Methods and Materials).

To more quantitatively describe the substrate length influence on active geometry, β3-
strand stability, and catalytic site water accessibility, we performed statistics across multiple
simulations in both PS1 protonation states. As shown in Figure 6.5A, we observed that the
fraction of the active geometry formed in the simulations decreases for the C-terminally
truncated substrate variants. Furthermore, simulations with PS1-D385H are statistically
more prone to form an active geometry compared to those with D257H. In the case of a
WT substrate, the active geometry is found in over 99% of the sampled conformations in
both protonation states. While the fraction decreases to 53% for the bound Aβ52 case with
PS1-D385H and drops to 10% in the case of PS1-D257H. For an even shorter substrate, the
active geometry at the catalytic center can barely be found. This result indicates a strong
coupling between the number of residues C-terminal of the cleavage site and the stability of
the active site geometry ready for cleavage. Similar to the active geometry formation fraction,
the fraction of the β3-strand decreases as the substrate gets shorter and is no longer stable
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in Aβ51 and Aβ50. (Figure 6.5B). Interestingly, in both formations of active geometry and
substrate β3-strand, we can clearly observe the initiation starting only when more than three
residues are present C-terminal to the cleavage site. To see whether the instability of these
two features is caused by the attack of the incoming water molecules, we also counted the
number of water molecules found within 5Å of either D257 or D385. As shown in Figure 6.5C,
on average around one water molecule can be reached the catalytic site in the APP-bound
and Aβ53-bound complexes. In contrast, more than three water molecules are found around
at the catalytic center in the Aβ52-, Aβ51- and Aβ50- bound complexes. Importantly, we
observed that the water molecules around the catalytic site are trapped for a significantly
longer period for APP and Aβ53 substrates, whereas shorter substrates like Aβ51 and Aβ50
usually result in a water residence times shorter than 10 ns (Figure 6.5D). Since the hydrolysis
reaction of γ-secretase requires electron transfer between the enzyme, substrate, and the
catalytic water molecule (Figure 3.4), a sufficiently long enough residence time is considered
also necessary for the catalysis. Taken together, our structural data and simulation statistics
not only reproduced the length-sensitive stability of the active geometry but also correlate is
with the formation of the substrate β3-strand and the catalytic site water accessibility.

6.3.2. Sampling the β3-strand association/dissociation by Hamiltonian replica
exchange simulations

Our multiple MD simulations with different substrates and protonation states indicate a strong
coupling between the formation of an active geometry, the substrate β3-strand formation,
and the water distribution around the active site. However, how these features depend on
each other is not totally clear due to the limited phase space sampled in the restraint-free
simulations. For instance, the dissociated state and the associated state of the substrate
β3-strand are rarely sampled in the simulations of APP-bound and Aβ51-bound, respectively.
To investigate how active site water distribution and formation of an active geometry respond
to the association and dissociation β3, umbrella sampling (US) coupled with Hamiltonian
replica exchange between the US windows (HREUS) was applied to the APP-, Aβ53-, Aβ52-
and Aβ51-bound complexes. It allows us to sample the intermediates along the β3-strand
association and dissociation processes and to extract associated free energy changes. Among
several potential reaction coordinates (RC), the Cα-Cα distance between PS1 L418 on TMD8
and substrate M51 was found to correlate well with the β3-strand dissociation event (Figure
6.6A) and provides a straightforward pathway of the β3-strand dissociation without severely
distorting the rest of the substrate (Figure 6.6B, C). In the restraint-free simulations, this
selected RC distance is below 10 Å when the β3-strand is formed and hydrogen bonds to
the hybrid β-sheet with the PS1 β-strands. An RC distance above 13 Å indicates β3-strand
dissociation from the PS1 β-strands (Figure 6.6A). To cover the entire β3-strand association
and dissociation pathways, the chosen RC is sampled between 8 Å and 17 Å (see Methods and
Materials). However, the enforced dissociation/association along the RC without additional
restraints resulted in a distortion of the enzyme β2-strand (in test simulations). To avoid such
distortion, positional restraints were required on K380 of PS1, keeping PS1 in a ready-to-bind
conformation, and on L418 in a stable geometry so that only the substrate strand is moving
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while the RC is increased. It is important to note that such restraint is expected to artificially
stabilize the β3-strand associated state but the bias is present in all cases and hence should
still allow us to obtain qualitative insight into the effect of shortening the C-terminus of the
substrate. From the sampled configurations, the potential of mean force (PMF) profiles of
γ-secretase complexes are calculated along the predefined RC using the weight histogram
analysis method (WHAM). The free energy difference required to bring the β3 away from
the hybrid β-sheet region derived from the calculated PMF curve in the restrained system is
denoted as ∆∆Gres, as depicted in (Figure 6.7A). In addition, we also analyzed the fraction
of sampled active geometry, β3-strand formation rate, and the amount of water near the
catalytic center denoted as water accessibility along the RC. For simplicity and clarity, we
focus in the following on the binding processes with the PS1-D385H complex, and results for
the PS1-D257H complex are illustrated in Chapter B (unless they deviate from the results for
the PS1-D385H complexes).

Figure 6.6.: Selection of reaction coordinate (RC) for HREUS setup inspired by the dissociation
even sampled from the restraint-free MD simulations. (A) Correlation between the
β3-strand formation and the Cα-Cα distance between L418 of PS1 and substrate
M51 in each MD run. Data points are averaged for every 5ns. (B) Structure of
the APP-bound γ-secretase in a dissociated state. L418 of PS1 can substrate M51
are highlighted with yellow van der Waals beads. (C) Cartoon schematics of the
HREUS sampling strategy along the reaction coordinate (RC) implemented in the
study.

Comparison of the WT and truncated substrates shows a clear trend of decreasing free
energy differences between β3-associated (RC = 9-11 Å) and dissociated states (RC = 15-16 Å)
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in the order ∆∆Gres,APP > ∆∆Gres,Aβ53 > ∆∆Gres,Aβ52 > ∆∆Gres,Aβ51, regardless of the chosen
PS1 protonation state (Figure 6.7 and Figure B.6A). According to the change in the fraction
of sampled active geometry and β3-strand formation rate, and the amount of water near
the catalytic center, the conformations sampled along the RC can be roughly split into three
regimes. These are the dissociated regime (regime I, RC > 16Å), transition regime (regime II,
12Å ≤ RC ≤ 16Å), and associated regime (regime III, RC < 12Å) (Figure 6.7B, representative
snapshots of the E-S complex in each regime are shown in Figure 6.8). In the dissociated
regime (regime I), β3-association and the active geometry are barely formed and around
five water molecules can be found at the active site periphery in all complexes (Figure 6.7B).
As the substrate is gradually approaching to form the hybrid β-sheet cluster (in regime II),
β3-association and the active geometry begin to form, and neighboring water molecules are
forced out of the active site region. In the associated regime (regime III), both the active
geometry and β3-strand are frequently formed with only a few water molecules present
around the catalytic site, except for the Aβ51 complex. A similar binding process is also
observed in the case of the PS1-D257H complex, however, in this case, a few more water
molecules are recruited into the catalytic center and the calculated binding affinity is weaker
(Figure B.6A, B). Interestingly, we observed that the initiation of the PMF gradient and the β3
association also correlate with the substrate length (Figure B.6A). While M51 and L52 start to
turn into the β-strand conformation at RC > 15Å in the APP substrate, this process started at
RC 14.5Å and RC 13.5Å in Aβ53 and Aβ52, respectively (Figure B.6B). The earlier stages of
PMF gradient and β3 association suggest that although the substrate residues C-terminal to
L52 are not directly involved in β3-formation, they might indirectly facilitate the association
process.

We next sought to understand how the formation of the β3-strand, active geometry, and
water accessibility is influenced when M51 of the β3-strand is brought closer to the gap
between β2 and L432 of PS1. We found that the hydrogen bond between L432 of PS1 and V50
of APP and the hydrogen bond between K380 of PS1 and M51 of APP might play important
roles in this process. In the dissociated state (regime I), these two hydrogen bonds are not
formed and the gap between β2 and L432 of PS1 is relatively flexible, indicated by the
Cα-Cα distance between L432 and K380 fluctuating within 10 Å to 14 Å (Figure 6.8A-D).
This creates a gateway for water from the cytosolic side to access the catalytic center and
perturbs the active site geometry. In this regime, a water-bridging hydrogen bonding network
between D257 and D385 was found in all E-S complexes, which is a thermodynamically
favorable state of the active site geometry that we have previously described for the apo-form
γ-secretase (Figure 6.8 A-D and Figure 4.5B).In the transition state (regime II) M51 and L52
of APP can occasionally form a hydrogen bond with PS1 L432 and K380 on β2, respectively.
The hydrogen bonds between the β3-strand and PS1 can efficiently block the water from
accessing the catalytic center. When the β3-strand is brought to form a complete hybrid
β-sheet cluster with PS1 (regime III), both hydrogen bonds are firmly formed and the Cα-Cα

distance between L432 and K380 of PS1 is confined to 11 Å (Figure 6.8A-C), except for Aβ51
(Figure 6.8D). The firm hydrogen bonds on both sides of the β3-strand prevent additional
water molecules from the intracellular side to access the catalytic center and in turn strongly
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Figure 6.7.: Hamiltonian Replica exchange MD along the β3-strand association pathway in
APP and its truncated variants binding to γ-secretase-PS1-D385H. (A) Potential-
of-mean-force (PMF) profiles were calculated with the HREUS method along the
substrate β3-strand association reaction of APP and its truncated substrates. (B)
Fraction of sampled states that form an active site geometry compatible with
cleavage (red), β3-strand (black), and the number of water molecules around the
catalytic center (blue), along the sampling pathway.

stabilize the active geometry (Figure 6.8A-C). The closing of the gap between β2 and L432 of
PS1 during the association process was also found in the PS1-D257H sampling (Figure B.6C).
Note that a Cα-Cα distance of around 11 Å between L432 and K380 was sampled as well in
all resolved γ-secretase structures when GSI or substrate forms hydrogen bonds with K380
and L432 of PS1 (Table 2).

Taken together, the free energy calculations on γ-secretase in complex with APP and the
truncated variants allow us to understand the functional role of the hybrid β-sheet and how
substrate length and PS1 protonation state influence the active site geometry. Our result
shows that the formation of a sufficiently stable hybrid β-sheet is essential for the shaping of
a stable active geometry and for limiting the number of water molecules at the catalytic center
by forming hydrogen bonds with L432 and K380 of PS1. In particular, the Aβ51 substrate
does not form a stable β3-strand and coupled to this, also no active geometry at the catalytic
site (Figure B.6B). Agreeing with the unrestrained MD simulations, HREUS simulations also
indicate that PS1-D257H is more capable of water retention around the catalytic center while
PS1-D385H binds the substrate β3 more strongly.

6.3.3. APP M51P and L52P mutations decrease γ-secretase cleavage efficiency

In the previous sections, we have demonstrated the essential role of a stable β3-strand in
forming a catalytically competent active site geometry of γ-secretase. To further verify this
hypothesis, we next sought to see whether specifically disrupting the formation of a stable
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Figure 6.8.: Gap width between L432 and β2 during the β3-strand association pathway in APP
and its truncated variants binding to γ-secretase-PS1-D385H. Distribution of the
gap width between L432 and β2 along the association pathway and representative
snapshots in (left) regime I, (middle) regime II, and (right) regime III when (A)
APP, (B) Aβ53, (C) Aβ52, or (D) Aβ51 binds to γ-secretase-PS1-D385H. The
gap width between L432 and β2 is indicated by the Cα-Cα distance between
L432 and K380. The black arrows point to the RC that corresponds to the PMF
minimum. Three regimes are distinguished by the transparent dashed lines with
regime I corresponding to the dissociated regime, regime II the transition regime,
and regime III forming the associated regime. The atomic positions of L49 to
L52 (from up to down) of the substrates are shown additionally in the licorice
representation.
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Table 6.2.: Cα-Cα distances between PS1 K380 and L432 in the available cryo-EM structures. *
Residue K380 is not resolved in PDBID 5FN5 and PDBID 4UIS.

PDBID Ligand Hydrogen bond with PS1 K380Cα-L432Cα distance (Å)
4UIS none n.a. n.a.*
5A63 none n.a. 11.27

5FN2 DAPT
(not resolved)

n.a. 8.42

5FN3 Unknown helix No 5.09
5FN4 Unknown helix No 11.13
5FN5 none n.a. n.a.*
6IYC C83 L432, K380 11.24
6IDF Notch1 L432, K380 11.07
6LQG Avagacestat No 12.11
6LR4 Semagacestat L432, K380 10.68
7C91 L-685,458 L432, K380 11.20

7D8X L-685,458
E2012

L432, K380 11.11

7Y5T MRK-150 L432 12.10

hybrid β-sheet by substrate mutations may also influence γ-secretase cleavage. The amino
acid proline can be used to disrupt hydrogen bonding in a β-sheet and we designed two
APP substrate mutations M51P and L52P in silico. Similar to the free energy simulations
on the bound wild-type (WT) substrate, the β3-association/dissociation was studied using
the HREUS simulations in the APPM51P- and APPL52P- γ-secretase complexes (see Methods).
In comparison to the WT APP-bound complex, both substitutions lead to a decrease in
∆∆Gres with the trend ∆∆Gres,APP » ∆∆Gres,APP−L52P > ∆∆Gres,APP−M51P (Figure 6.9A). In
the APPM51P-bound γ-secretase complex, both protonation states exhibit relatively flat PMF
profiles (Figure 6.9B) and Figure B.7 compared to the WT APP substrate (Figure 6.7C and
Figure B.6). In particular, the energy minimum no longer falls in the associated regime when
APPM51P binds to PS1-D257H (Figure B.7A). In contrast, the L52P mutant shows a qualitatively
similar (but reduced) PMF profile compared to WT (Figure 6.9B). Although the secondary
structure of P51 and L52 in the APPM51P substrate can still stay in the β-strand conformations
in the associated phase, the water molecules at the catalytic site are not effectively drained
out as β3-strand is brought to form the hybrid β-sheet segment (Figure 6.9C). Figure 6.9D, E
show that APPM51P fails to close the gap between L432 and β2 in the associated state (regime
III). Despite hydrogen bond formation between L52 of APPM51P and K380 of PS1, the lack of
a stable hydrogen bond between P51 of APPM51P and L432 of PS1 provides a water-accessible
channel that consequently leads to a failure in forming a catalytically active geometry. In
contrast, APPL52P is able to close the gap between L432 and β2 by forming a stable hydrogen
bond with PS1 L432 and a weak hydrogen bond with K380 (Figure 6.9E). This prevents the
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water molecules from perturbing the active geometry and in the most thermodynamically
favorable state (RC = 9 Å), the active geometry was found in more than 90% of the sampled
configurations (Figure 6.9C).

To prove our theoretical predictions, proline mutations were introduced at positions M51
and L52 of a C99-based recombinant C100-His6 substrate[190], and their cleavability by
γ-secretase was assessed by incubation with a purified γ-secretase complex composed of PS1,
NCT, PEN-2, and APH-1[191]. Indeed, compared to the WT substrate the proline mutants
were less efficiently cleaved by γ-secretase, as judged from the decreased levels of AICD and
Aβ products (6.10A, B). Remarkably, as predicted the M51P mutation very strongly inhibited
γ-secretase cleavage, while the L52P mutation was much better tolerated. In accordance
with previous data[192], L52P was majorly cleaved after T48 (ϵ48) (Fgirue 6.10C) which can
also be explained by the largely decreased β3-strand association binding free energy in our
simulations (Figure 6.9A). The P2’ position is more sensitive to substitution compared to P3’.
The cleavage site shift of the L52P mutant to ϵ48 places proline to the P4’ position, resulting
in a more favorable hybrid β-sheet formation. This explains why mutation L52P is efficiently
cleaved at the ϵ48 site but M51P cleavage by γ-secretase is dramatically reduced. Importantly,
a significant drop in cleavage efficiency was observed also in the shorter Aβ peptides when
Pro is placed at the P2’ position such as T48P for the ζ46 cleavage[193]. This strongly suggests
that the β3-PS1-hybrid β-sheet is also indispensable in the subsequent cleavage of shorter Aβ

peptides.

6.3.4. Simulations explain why P1’−→F enhances while P2’−→ F mutation weakens
the formation of the catalytically active geometry

Since the major products from C99 during γ-secretase sequential trimming follow either the
Aβ49-Aβ46-Aβ43-Aβ40 or the Aβ48-Aβ45-Aβ42 product line, the initial endoproteolytic
cleavage at the ϵ49 or ϵ48 sites largely controls also the final products. Among many C99
mutations altering the final Aβ42/Aβ40 ratio, the size of the initial substrate P2’ position
was suggested to have a direct impact on the ϵ-cleavage site since it needs to fit into a
proposed size-limiting S2’ pocket in PS1, which is particularly problematic for bulky aromatic
amino acids[66]. While ϵ49 cleavage is impaired for the C99 M51F mutant, ϵ48 cleavage
is impaired in the V50F mutant. Furthermore, the conventional production lines can be
altered by introducing large Phe residues at other substrate positions, e.g. T48F and I45F,
hypothetically the P2’ residue for the APPL52 and γ43 and cleavage, respectively[66, 156, 193]
(putative cleavages inhibited by Phe are listed in Table 6.3.

In order to better mimic a general substrate-binding scenario for the subsequent cleavage
poses, we used the Aβ52 system, where three residues are present beyond the scissile bond
at the ϵ49 cleavage pose, as a model. Phe was introduced in silico in the Aβ52-bound
γ-secretase complex at substrate positions P1’ or P2’, generating Aβ52V50F- and Aβ52M51F-
bound complexes to represent general P1’−→F and P2’−→F models, respectively. The β3-strand
association processes of these two complexes were sampled using the HREUS method.
While the free energy difference ∆∆Gres was increased in the V50F mutant, it is significantly
decreased in the M51F mutant (Figure 6.11A). The PMF profile of β3 association of the V50F
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Figure 6.9.: Effect of APP substrate mutations M51P and L52P on binding to γ-secretase-PS1-
D385H and APP catalysis (A) The free energy difference between the bound state
and unbound state of substrate β3-strand. The protonation state of PS1 is color-
coded in red (D257H) and blue (D385H). (B) PMF profiles were calculated with
the HREUS method along the substrate β3-strand association reaction coordinate
of APP with mutation M51P or L52P. (C) Fraction of sampled states that form an
active site geometry compatible with cleavage (red), β3-strand (black), and the
number of water molecules around the catalytic center (blue), vs. the association
reaction coordinate. (D) The change in the gap width between L432 and β2 along
the sampling pathway and the representative snapshots when APPM51P (upper
panel) and APPL52P (lower panel) bind to γ-secretase. The atomic representations
are shown in the same way as in Figure 6.2.
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Figure 6.10.: Experimental verification on the cleavage efficiency of γ-secretase toward APP
mutation M51P and L52P. (A)-(B)Analysis of WT and mutant C100-His6 cleavage
by γ-secretase after overnight incubation at 37 ◦C by immunoblotting for (A)
AICD (Penta-His) and (B) Aβ products (C) MALDI-TOF mass spectrometry
analysis species of generated AICD species generated from WT (left) and mutant
(right) C100-His6 substrates. The intensity of the highest peak was set to 100%.

Table 6.3.: Putative inhibited cleavages in Phe mutations.
Mutation Putative impaired cleavage Reference

M51F ϵ49 [66, 156]
V50F ϵ48 [66]
T48F ζ46 [66]
I47F ζ45 [66]
I45F ζ43 [66, 193]
V44F ζ42 [66]
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mutant is very similar to the WT and a flat free energy profile with the PMF minimum shifted
toward dissociation is observed (Figure 6.7C, Figure 6.11B). In the Aβ52V50F association
process, water exclusion and β-strand formation are more completely executed than for WT
(Figure 5C), and the gap between L432 and β2 is efficiently closed by the hydrogen bonds
between PS1 and the substrate (Figure 6.11D, E). In contrast, Aβ52M51F fails to prevent water
molecules from reaching the catalytic center, and the active geometry is barely formed (Figure
56.11C). Although Aβ52M51F is more capable of closing the gap between L432 and β2 than
the other two impaired substrates Aβ51 and APPM51P in the associated state, the gap is
nonetheless not tight enough to drain out the water molecules (Figure 6.11D, E). Structural
comparison between WT Aβ52 and the M51F mutant in the associated state shows that
PS1 L432 deviated by around 4Å away from its original position to create enough space to
accommodate substrate F51 (Figure B.8), supporting the idea of the “size-limiting” PS1 S2’
pocket suggested by previous work. The same effects of Aβ52V50F and Aβ52M51F were also
found when forming the PS1-D257H γ-secretase complex (Figure B.9).

In Table 6.4, we list the residues of PS1 with a minimal residue-residue distance lower than
5Å from substrate P2’ in our simulations. We note that these contacting residues are fully
consistent with the S2’ pocket described by the cryo-EM structures, inhibitor-bound model but
the alternative S2’ pocket Bhattarai et al. indicated using the Gaussian accelerated molecular
dynamics approach was not sampled[157]. Taken together, our results offer explanations
in molecular detail why substrates with a large Phe at P2’ position shift the ϵ-cleavage site
positions. The large side chain at P2’ not only weakens the binding free energy of the hybrid
β-sheet with PS1 but also expands the gap between L432 and β2 which results in water
leakage to the catalytic center and destabilizes the active geometry. Our computational work
also shows that mutating P1’ can increase the binding affinity of the substrate β3-strand,
forming a more stable hybrid β-sheet with PS1 and a more stable active geometry. These
findings agree with and nicely explain the experimental result that the ϵ49/ϵ48 ratio is
increased in the C99 V50F mutation and decreased in the M51F as well as how γ-secretase
skips cleavages when Phe is placed at the P2’ position in other processive cleavage steps.

6.4. Discussion and outlook

The reason of why γ-secretase cleaves the C99 substrate in steps of at least three residues
remains largely elusive. In our recent computational work, we have related the three-residue-
wise cleavage with the putative translational movement of the substrate 310-helix at the PS1
internal docking site[146]. In this study, we used a combination of molecular simulations and
biochemical experiments to elucidate the role of the β-strand cluster and water distribution
for forming catalytically active geometries at the active site of γ-secretase. Despite its stability
being called in question by computational work performed by Mehra et al[189], the hybrid
β-sheet C-terminal to the ϵ-cleavage sites, which consists of β1, β2, and β3, and PS1 L432
were shown to be critical for γ-secretase proteolysis[39, 58]. Our simulations indicate that β3
and consequently also the catalytically active geometry can only be stably formed when at
least three substrate residues are present C-terminally of the scissile bond. The free energy
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Table 6.4.: PS1 residues found in within 5Å of any atom of substrate P2’ using the last frame
of the window with RC= 9.8Å in HREUS simulations.

Substrate S2’ in PS1-D257H S3’ in PS1-D257H

APP L85,V379,K380,L381,G382,L418,T421,
L422,L425,A431,L432,P433,A434

V82,L85,F86,V261,V379,K380,L381,G382,
D385,L418,T421,L422,L425,K430,

A431,L432,P433,A434

APPM51P
D257,V261,L268,V272,L381,G382,
T421,L425,A431,L432,P433,A434

V379,K380,L381,G382,D385,T421,L422,
L425,A431,L432,P433,A434

APPL52P

V261,V272,I287,V379,K380,L381,G382,
L418,T421,L422,L425,K430,A431,

L432,P433,A434

V379,K380,L381,G382,D385,T421,L422,
L425,A431,L432,P433,A434

Aβ53 L85,V379,K380,L381,G382,D385,F386,Y389,L418,T421,
L422,L425,A431, L432,P433,A434

L85,V261,I287,V379,K380,L381,G382,
D385,Y389,L418,T421,L422,L425,K430,

A431,L432,P433,A434

Aβ52
L85,V261,V272,V379,K380,L381,D385,

Y389,L418,T421,L422,L425,K430,
A431,L432,P433,A434

L85,V261,V379,K380,L381,G382,D385,
L418,T421,L422,L425,K430,A431,L432,

P433,A434

Aβ52V50F
L85,I287,V379,K380,L381,G382,L418,

T421,L422,L425,A431,L432,P433, A434

L85,V261,V379,K380,L381,G382,D385,
L418,T421,L422,L425,K430,A431,L432,P433,

A434

Aβ52M51F
H81,L85,R377,V379,K380,L381,G382,

L422,L425,L432,A434
H81,L85,V379,K380,L381,G382,T421,

L422,L425,A431,L432,P433,A434

Aβ51
L85,V272,K380,L381,G382,D385,L418

,T421,L422,L425,A431,L432,P433,
A434

L85,Q276,K380,L381,G382,D385,Y389,
L418,T421,L422,L425,A431,L432,A434
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Figure 6.11.: Free energy calculations and unrestrained simulations on V50F and M51F sub-
stitutions in the Aβ52 substrate bound to γ-secretase-PS1-D385H. (A) The free
energy difference between the bound state and unbound state of substrate β3-
strand. The protonation state of PS1 is color-coded in red (D257H) and blue
(D385H). (B) PMF profiles were calculated with the HREUS method along the
substrate 3-strand association reaction coordinate (RC) of Aβ52 with mutation
V50F or M51F. (C) Fraction of sampled states that form an active site geometry
compatible with cleavage (red), β3-strand (black), and the number of water
molecules around the catalytic center (blue), vs. RC. (D) The change in the gap
width between L432 and β2 along the sampling pathway and the representative
snapshots when Aβ52 mutants V50F (upper panel) and M51F (lower panel) bind
to γ-secretase. The atomic representations are shown in the same way as in
Figure 6.8.
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profiles show for the longer substrates a strong β3 association affinity that diminishes for
substrates with only 1 or 2 residues C-terminal of the scissile bond. Hence, this result offers a
direct explanation of why γ-secretase cleaves APP in steps of three residues[39, 40].

Our simulations allow us also to draw a picture of the molecular details of the catalytic
process: In the association process, the gap between β2 and L432 of PS1 serves as the
bottleneck that recognizes and recruits the substrate P2’ residue into the PS1 S2’ sub-site,
whereas β3 serves as a bottle plug which prevents redundant water molecules from flowing
into the catalytic site. Before the β3 association, more than five water molecules from the
intracellular side can access the catalytic center through the gap between β2 and PS1 L432
and prevent hydrolysis by disturbing the topology at the catalytic center. Upon association,
β3 is attracted to the gap between β2 and PS1 L432 mediated by VDW interaction and drains
the water from the catalytic center. In the associated regime, β3 zips up the gap between β2
and L432 by forming hydrogen bonds with them, and only less than two water molecules are
trapped at the cleavage site allowing the formation of a stable catalytically active geometry.

Figure 6.12.: Schematics of the APP mutations effect on ϵ49/ϵ48 cleavage ratio according
to our simulation model. The ϵ49 cleavability of (A) WT, (B) M51P, (C) L52P,
(D) V50F, and (E) M51F APP are shown according to our computational results.
The cleavability at the ϵ48 cleavage site is conjectured by assuming the same
binding pose as in the ϵ49 cleavage with one residue shift. The hypothetical
cleavability of substrates at either the ϵ49 or ϵ48 cleavage is indicated with the
green circle (unaffected), yellow triangle (weakened), and red cross (inhibited).
The PS1 S2’ pocket is indicated in blue and APP is represented in orange. The
γ-secretase catalysis is represented by black scissors and water molecules are
shown with blue circles. The ϵ49/ϵ48 ratios shown in the bottom panel are
predicted according to our model. Conformation of the β3-strand is depicted
based on the residue-wise secondary structure calculation shown in Figure B.10.

By assuming that the binding pose of the ϵ48 cleavage is structurally similar to the
ϵ49 cleavage, our simulation model is able to explain the shift in ϵ49/ϵ48 ratio observed
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experimentally, as illustrated in Figure 6.12. In WT APP, M51 fits into the PS1 S2’ pocket and
the hybrid β-sheet can efficiently control limited water access to the catalytic center (Figure
6.12A). Introducing a Pro to either the substrate P2’ or P3’ positions weakens the hybrid
β3-sheet stability (Figure 6.12B, C). Placing a Phe at the substrate P2’ position expands the
gap between PS1 K380 and L432 because of the limited size of the PS1 S2’ pocket (Figure
6.12B, C). In the M51P mutant, the hydrogen bond between substrate P2’ and PS1 L432 is
lost and this creates a water-accessible gateway. In the case of the L52P mutant, the substrate
β3-strand is shortened and the binding affinity is weaker than for the WT case, nevertheless,
the simulations indicate that the active geometry was still sampled when the hybrid β-sheet
is formed. However, the problem of weak β3-strand binding affinity of the L52P mutant can
be circumvented by adopting the binding pose for the ϵ48 cleavage (Figure 6.12C). Indeed,
consistent with our model, ϵ48 cleavage in the L52P mutant was observed in our cell-free
assay as a sole ϵ-cleavage event. Exclusive or strongly preferred cleavage, respectively, at T48,
has also been observed in previous experimental studies[193, 61]. Moreover, also consistent
with our model, the M51P substrate mutation caused a very strong drop in total activity in
our assay. In contrast to the Pro mutations, the M51F mutant does not alter the β3-strand
stability but expands the gap between the substrate and PS1 residue L432 and fails to block the
water from accessing the catalytic center when associated in the ϵ49 cleavage pose although
energetically unfavorable, leading to a decrease in the ϵ49/ϵ48 ratio[66, 156] (Figure 6.12E).
Along these lines, the V50F mutation should also suffer from water leakage through the same
mechanism and should fail to form a stable active geometry when binding in the ϵ48 cleavage
pose, hence, it should lead to an increase in the ϵ49/ϵ48 ratio which has been observed
experimentally [66] (Figure 6.12D). It is important to add that our simulation-derived model
can also explain the observed effect of Pro and Phe substitutions on several subsequent
APP substrate cleavages. This includes the inhibition of the ζ46 cleavage (Aβ49 −→ Aβ46)
by T48F[157, 193] and T48P, the observed inhibition of the γ43 cleavage (Aβ46 −→Aβ43) by
I45F[66, 193], and the inhibition of γ40 cleavage (Aβ43 −→Aβ40) by A42F (Supplementary
Figure S19), suggesting that the hybrid β-sheet conformation, especially at the P2’ position of
the substrate, is also indispensable for the cleavage of shorter Aβ peptides. Our study also
gives important insights into the influence of the protonation states of the active site residues
D257 and D385 in PS1. While qualitatively similar results were obtained for both protonation
states in support of the role of the hybrid-β-sheet, differences in active geometry, water
recruitment, and β3 association strength were observed. While the hydrophobic surface of
TMD6a in contact with V50 and L52 of C99 makes the proximity of D257 more hydrophobic,
the GxGD motif in TMD7 allows water to dwell in the cavity in the vicinity of D385. In
the simulations, the D257-protonated PS1 on average recruited more water molecules to the
catalytic center than the D385-protonated state. Meanwhile, in all the studied E-S complexes,
D385-protonated PS1 binds substrate β3 more firmly at the β-sheet region and traps the
limited water molecules longer around the catalytic center. Taking into account that the
peptide hydrolysis results in the net proton transfer from the protonated aspartate to the
unprotonated, the functional discrepancies between two protonation states might suggest that
γ-secretase captures the substrate in the D385H protonation state and releases the product
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when the proton is transferred to D257. This could be the subject of a future simulation study
that allows the sampling of different protonation states during MD simulations. Our work
provides mechanistic insight into how the hybrid β-sheet facilitates γ-secretase proteolysis by
excluding water from the catalytic site and the fundamental reason for three-residue-wise
cleavage on C99. Notably, an enzyme-substrate β-sheet and the size-dependent modulation
near the catalytic center are also found in rhomboid, an intramembrane serine protease[194],
and the other wide range of proteases [195] (Figure B.11). It is of broader interest for further
work to examine if the formation E-S hybrid β-strand is a necessary factor in intramembrane
proteolysis using both computational and experimental methods.
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7. An internal docking site stabilizes substrate
binding to γ-secretase: Analysis by
Molecular Dynamics Simulations

Amyloid precursor protein (APP) is cleaved and processed sequentially by γ-secretase yielding
amyloid β-peptides (Aβ) of different lengths. Longer Aβ peptides are associated with
the formation of neurotoxic plaques related to Alzheimer’s disease. Based on the APP
substrate-bound structure of γ-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 interaction. In the
enzyme-substrate complex, it is located close to the region where the helical conformation of
the substrate is interrupted and continues towards 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. The placement
of smaller residues such as glycine can trigger a shift in the cleavage pattern during the
simulations or result in the 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
Aβ fragments production with 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 towards the enzyme active site. The proposed internal docking
site could also be useful for the specific design of new γ-secretase modulators. The work
presented in this chapter are reproduced from our published work[146].

7.1. Introduction

γ-Secretase is an intramembrane protease that cleaves over 140 type-I membrane peptides[22].
The catalytic center involves two aspartic acid residues located on transmembrane domains
6 and 7 of the catalytic subunit presenilin (PS1 or PS2)[29, 196, 22]. Among the known
substrates the amyloid precursor protein (APP) is the most studied substrate because of its
potential involvement in the pathology of Alzheimer’s disease (AD)[27, 73]. According to the
amyloid hypothesis, the cerebral plaques composed of amyloid β (Aβ) are the neurotoxic
substance inducing neuro-inflammation that eventually leads to cell death[4, 28]. Prior to

Reproduction of the published work[146] follows the Elsevier copyright policy.
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the γ-secretase cleavage, the extracellular domain of APP is first shedded by the soluble
protease β-secretase to produce a transmembrane peptide termed APP CTFβ or C99[6]. C99 is
subsequently recognized and cleaved in its transmembrane domain by γ-secretase, releasing
N-terminal Aβ peptides and the C-terminal APP intracellular domain (AICD)[197, 198, 199,
200]. The major Aβ peptides contain between 37 (Aβ37) and 43 (Aβ43) amino acids[9]. The
longer Aβ peptides such as Aβ42 and Aβ43 are predominantly generated in case of familial
AD (FAD) due to mutations in PS1 or APP, and are highly aggregation-prone and deposited
in plaques[18, 19, 73, 201]. Secretion of Aβ follows mainly two production lines starting by
cleaving the amide bond between L49-V50 (ϵ49) or between T48-L49 (ϵ48). After the initial
cleavage, γ-secretase trims Aβ peptides in a three residue-stepwise proteolysis, following the
sequence: Aβ49-Aβ46-Aβ43-Aβ40-Aβ37 or Aβ48-Aβ45-Aβ42-Aβ38[67]. In addition, Aβ38
can also be derived from Aβ43, generating the VVIAT peptide[67]. Modulators (GSM) and
inhibitors (GSI) specific to desired substrates of γ-secretase are of significant medical interest
because especially the latter compounds can selectively enhance the Aβ processivity and may
reduce the generation of long Aβ that can form toxic aggregates[202, 21]. To understand
how APP is cleaved into Aβ peptides, biochemical photo-crosslinking assays have been used
to study the process of C99 recruitment[60]. In addition, substrate-based chemical probes
have been employed to understand how C99 binds to γ-secretase[203, 204, 86, 87]. According
to these studies, following interactions with exosites in the nicastrin (NCT) and presenilin
enhancer-2 (PEN-2) subunits of γ-secretase, C99 binds to the γ-secretase exosite in the N-
terminal fragment of PS1 (PS1-NTF) before it reaches the catalytic center between PS1-NTF
and PS1-CTF. It has also been found that FAD mutations in APP and PS1 weaken the binding
between γ-secretase and Aβ intermediates[76]. Moreover, PS1 FAD mutants misposition
the C99 cleavage site domain by altering the interactions between substrate and enzyme.
However, despite extensive research on PS1 mutations[77, 192, 71, 205, 78, 148, 193], Aβ

variants and AICD species, and binding of modulators and inhibitors, molecular mechanism
of how FAD mutations and GSMs modulate the generation of secreted Aβ species is still
not completely resolved and fully understood[206, 207, 102]. The first three-dimensional
(3D) structures of substrate-bound γ-secretase complexes were solved in early 2019[39, 40].
These structures show in molecular detail how C83 (a shortened C99), and Notch, another
γ-secretase substrate regulating cell differentiation, bind to γ-secretase. Both substrates are
bound in a very similar fashion in the space between TMD2 and TMD3 of PS1 (Figure 1A).
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 (TSA)[155, 58]. Notably, several FAD mutations are found at the connection between
the helical and loop segment of the Aβ substrate (over 12 FAD mutations were found within
A42-V46, Table 4.3). The β-strand at the C-terminal side of the substrate scissile bond, termed
β3, is stabilized by forming a β-sheet with β1, β2-strands and L432 of PS1 (Figure 1A right
panel). The disruption of the hybrid β-sheet has been shown to reduce the secretion of AICD,
suggesting its crucial role in γ-secretase proteolysis. Another characteristic interaction feature
shared by the two substrates is a hydrophobic well-packed contact between substrate residues

84



7.1. INTRODUCTION

P5, P6 (measured relative to the initial cleavage site) and the TMD2-TMD5 of PS1 around
the transition between the substrate loop segment and the helical part (Figure 1A left panel).
Interestingly, in contrast to the helical part of the bound substrate, the Cryo-EM density of
this substrate region is very well defined for the γ-secretase–substrate complexes[155, 58].
The interaction region contributes significantly to substrate binding since designed helical
substrate-derived inhibitors of γ-secretase that include residues beyond the helical part (but
not reaching beyond the active site to form a β-sheet), termed D-13, inhibit PS1 much more
strongly than just the helical segment of the substrate (D-10)[208]. In the following, we term
the contact site, distinct from the active site, the PS1 internal docking site to distinguish it
from the previously mentioned external exosite[60]. 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 ω-aminoalkanoyl linker[86]. The
resulting inhibitor achieved a very low subnanomolar IC50 potency, five-fold more potent
than the TSA alone, suggesting it binds both at the PS1 internal docking site and at the
active site[209, 204, 86, 203]. 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 γ-secretase complex variants
by introducing APP mutations and modeling shorter Aβ peptides in silico and studied the
molecular dynamics in a POPC lipid bilayer. The simulations indicate that the packing at the
internal docking site is an essential element for stabilizing the helical domain of the substrate.
Moreover, occupying the cavity between PS1 TMD3-TMD5 prevents excessive water molecules
from disturbing the catalytic geometry. We modeled the putative binding poses of C99, Aβ49,
Aβ46, Aβ43, and Aβ40, and identified competing forces that determine the Aβ peptide
to stay or leave γ-secretase. As the substrate is trimmed shorter, the membrane-anchoring
residue K28 which also interacts with the NCT domain[210] 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 imposes a force to pull the substrate out of the binding
channel. The binding of especially hydrophobic residues at the internal docking site stabilizes
binding and substrate processing.

To further verify the model, we simulated the Ab40-γ-secretase complexes with the
Ab37/Ab38-promoting APP mutation K28A [211, 212] and G33I [147, 213], which presumably
weakens the membrane up-pulling force (meaning in the following toward the extracellular
region) and enhances the substrate-binding affinity, respectively. Our model provides a
molecular explanation of how mutations around V44 and I45 may alter the ϵ-cleavage and
how APP mutations at K28 and G33 facilitate the secretion of shorter Abproducts. We offer a
framework to elucidate how Ab peptides are bound, trimmed, processed, and secreted by
γ-secretase, and anticipate that our work will facilitate the structure-based design of more
potent GSMs

85



7.2. METHODS AND MATERIALS

7.2. Methods and Materials

Because this chapter is focusing on the processivity of the Aβ substrates, we termed the
APP substrate C99 in this chapter for better consistency with Figure 2.5. Simulations for the
C99-bound γ-secretase complex are described as in Chapter 4 section 3.3. For the enzyme-
substrate complexes, two different protonation states of the active site with either the D257 or
D385 protonated were considered. Start structures for γ-secretase in complex with the C99-
Aβ49-Aβ46-Aβ43-Aβ40-Aβ37 substrates representing consecutive cleavages are constructed
using MODELLER [116]comparative modeling using the last frame of the simulation at the
prior cleavage binding pose as the template. The aligned sequences are shown in Table
7.1. The modeled Aβ-bound structures solvated in simulation boxes the same way as the
C99-bound γ-secretase complex described in Chapter 4. Secondary structure analysis, water
accessibilities, and binding free energy by MM/PBSA method followed the same procedure
as described in Chapter 4

7.3. Results

7.3.1. Weakening the interaction at PS1 internal docking site leads to
re-adjustment of substrate helical interface

In Chapter 4, we observed that the hydrophobic interaction between the PS1 internal docking
site between substrate P5, P6 contributes a substantial E-S interaction (Figure 4.4A) and
stabilizes TMD2-TMD5 of PS1 (Figure 4.4B) in the C99-bound and Notch1-bound simulations.
When no substrate is presented at the internal docking site, this region is filled with water
molecules and the water is excluded from the region when hydrophobic residues are placed
in it (Figure A.7). In this chapter, we will focus on how the E-S interactions at the internal
docking site are affected when smaller and less hydrophobic amino acids are placed inside
the hydrophobic cavities.

Presumably, along the consecutive trimming process, C99 needs to move “downward”
(from the extracellular towards the intracellular side of PS1) in order to expose the upstream
scissile bonds to the catalytic center. Our simulations suggest 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 (Figure A.6).

However, sequence alignment along the Aβ49-Aβ46-Aβ43-Aβ40-Aβ37 production line
shows that for this process sometimes small residues such as A42, G38, and G33 are placed
in the internal docking site (see Table 7.1). According to our observation in the C99-bound
and Notch1-bound complex 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 (corresponding to the ϵ48, ϵ45, and ϵ44 cleavages, respectively)[214]. To study these
scenarios, we introduced in silico glycine substitutions of V44 or/and I45 on C99 to generate
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Table 7.1.: Residues of γ-secretase substrate at the certain cleavage pose denoted by the
subscript. The membrane-anchoring residue K28 is highlighted in blue, P5 and P6
are highlighted in green.

Position C99ϵ49 C99ϵ48 Aβ49ζ46 Aβ46γ43 Aβ43γ40 Aβ43γ37

P22 K28 N27 G25 E22 F19 K16
P21 G29 K28 S26 D23 F20 L17
P20 A30 G29 N27 V24 A21 V18
P19 I31 A30 K28 G25 E22 F19
P18 I32 I31 G29 S26 D23 F20
P17 G33 I32 A30 N27 V24 A21
P16 L34 G33 I31 K28 G25 E22
P15 M35 L34 I32 G29 S26 D23
P14 V36 M35 G33 A30 N27 V24
P13 G37 V36 L34 I31 K28 G25
P12 G38 G37 M35 I32 G29 S26
P11 V39 G38 V36 G33 A30 N27
P10 V40 V39 G37 L34 I31 K28
P9 I41 V40 G38 M35 I32 G29
P8 A42 I41 V39 V36 G33 A30
P7 T43 A42 V40 G37 L34 I31
P6 V44 T43 I41 G38 M35 I32
P5 I45 V44 A42 V39 V36 G33
P4 V46 I45 T43 V40 G37 L34
P3 I47 V46 V44 I41 G38 M35
P2 T48 I47 I45 A42 V39 V36
P1 L49 T48 V46 T43 V40 G37

P1’ V50 L49 I47 V44 I41 G38
P2’ M51 V50 T48 I45 A42 V39
P3’ L52 M51 L49 V46 T43 V40
P4’ K53 L52 V50 I47 V44 I41
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the complexes of C99V44G, C99I45G, and C99GG with γ-secretase and study the effect in MD
simulations. Snapshots at the internal docking site of the mutants are shown in Figure 7.1A.

Among the three C99 mutants, only C99V44G was able to largely preserve the formation of
the catalytic hydrogen bond (Figure 7.1B) and fluctuated the least (Figure 7.1C). In contrast,
I45G and V44G-I45G mutants formed less frequent catalytic hydrogen bonds (Figure 7.1B) and
showed respectively mildly and largely more fluctuations at around V44-V46 of the substrates
(Figure 7.1C). 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 (Figure
7.1D). As depicted in Figure 7.1C, in fact, in the simulations of substrate-free γ-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-TMD5 (Shown as the white
surface of Figure 7.1A). 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 (Figure 2C, Figure 7.1A and Figure C.2A). However, when the water-blocking
I45 is mutated to glycine, contributing a binding energy of only ∼ -0.61 kcal/mol, the cavity
is again filled with water (Figure 7.1A and Figure C.2A). In case of the double substitution of
V44G and I45G, the substrate helical domain rotates counterclockwise and V46 and I47 move
into the PS1 internal docking site in one of the simulations (Figure C.3 and Video S2 from our
published work). We note that none of the C99 glycine mutants perturbed the post-cleavage
site hybrid β-sheet but they all altered the local helicity around V44-V46 (Figure C.2B). 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-TMD5 (similar results were
observed with the D257H protonation state with dissociation of the post-cleavage site hybrid
β-strand observed in the I45G mutant Figure C.4-C.5).

7.3.2. Modeling the ϵ48 binding pose of C99

Besides the dominant ϵ49 cleavage, γ-secretase can cleave C99 alternatively also at the amide
bond between T48 and L49, generating a C-terminal peptide (AICD 51-99) and N-terminal
According to the processive cleavage process of γ-secretase (Figure 2.6), Aβ48. The ϵ48
cleavage is the first cleavage of the production line producing the plaque-forming Aβ42.
Hence, it is both of biological and pathological interest to distinguish the structural difference
between the ϵ49 and ϵ48 binding pose. We modeled two C99-γ-secretase putative binding
models at the ϵ48 cleavage using comparative modeling with two different sequence alignment
strategies (Figure 7.2A) The first model is generated by shifting the whole sequence by one
residue toward the C-terminal side (C99ϵ48−1), whereas the second model keeps V44 and I45
at the same position and exposes the scissile bond by inserting an alignment gap between I45
and V46 (C99ϵ48−2).

During the MD simulations of both reconstructed models, the catalytic hydrogen bond
between the protonated aspartate and the carbonyl group of C99 T48 was found in over 90%
of the trajectory frames, except for the first few nanoseconds while the systems were still
considered undergoing the equilibration (Figure 7.2B). In addition, the β-strand conformation
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Figure 7.1.: 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 γ-secretase complexes (representation same as in Figure 2C). (B)
Probability density of the catalytic hydrogen bond distance during simulations.
(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 γ-secretase.
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Figure 7.2.: MD-simulations of γ-secretase in complex with C99 shifted for cleavage at ϵ48
site. (A) Sequence alignments of the two models termed C99ϵ48-1 (orange), and
C99ϵ48-2 (dark blue) relative to the residue positions in C99ϵ49 (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 C99ϵ49 (black), C99ϵ48-1 (orange), C99ϵ48-2
(dark blue) bound to γ-secretase complexes. (D) RMSF of the substrates. (E) View
(from the extracellular side) into the PS1 internal docking site of the two models
C99ϵ48-1 (upper) and C99ϵ48-2 (lower). (representation same as in Figure 2C)
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is preserved at position P2’ and P3’ (Figure 7.2C). Despite the formed catalytic hydrogen bond,
larger fluctuations were observed around substrate V44-V46 (Figure 7.2D), 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 ∼ 100ns (Figure C.6 and Video S1 from our published work).
As shown in the evolution of the secondary structure, the rotation was facilitated by the
unwinding of the helix between T43-I45 (Figure 7.2C, Figure C.2). In contrast, V44 and I45
stayed firmly in the PS1 internal docking site in the second reconstructed complex C99ϵ48−2.
Consistent with the C99ϵ49 complex, residues T43-I45 exhibit a 310-helix while A42 being
slightly disordered (Figure 7.2C, Figure C.1). Notably, while V46 stays mostly in the ‘Turn’
and ‘Bend’ conformation, calculated by the DSSP method, in the C99ϵ49 complex (Figure
4.2A), it is classified 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 (Figure
C.1).
Importantly, our simulation result suggests that the V44 and I45 are recognized by the PS1
internal docking site and sterically allow both a cleavage at ϵ49 or ϵ48 position (a complete
shift of the entire substrate sequence is sterically not required!). Even in the model with
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 (Figure 7.2E). Hence, which
ϵ-cleavage is executed depends mainly on the conformation of the residues of V46-T48.
This explains why mutations on residues remotely N-terminal to V44 such as A21-D23 and
K28-A30 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, some APP
mutations around this region such as T43I, V44A, and V44F have been shown to decrease the
ϵ49/ϵ48 cleavage propensity, while other mutations such as I45F increase it.

7.3.3. Local hydrophobic mismatch induced by K28 in Aβn-γ-secretase binding
complexes.

The substrate processing by PS1 in γ-secretase leads to a consecutive cleavage typically along
the Aβ49-Aβ46-Aβ43-Aβ40-Aβ37 production line. It leads to the placement of substrate
residues of different sizes into the internal docking site (see Table 7.1). In addition, the
stepwise cleavage requires the movement of the substrate toward the interior of the enzyme
and toward the cytosolic side of the cell. The N-terminal side of the C99 substrate includes a
K28 residue that is considered a membrane-anchoring residue for the substrate[211]. K28 was
also shown to interact with residue 241 on the NCT domain of γ-secretase[210]. Mutation of
K28 to a negatively charged residue or neutral residue enhances the processivity of cleavage
leading to a relative increase of shorter secreted Aβ products[210, 211, 147, 101]. 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 Aβn-γ-secretase complex models
using the known full substrate complex as a template for shifting the substrate sequence (See
Method and Schematics in Figure 7.3A). Each product is named by its sequence length and
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cleavage site. For instance, Aβ49ζ46 stands for the docking pose of Aβ49 with V46 placed at
the catalytic active site and ready for the ζ46 cleavage (Figure C.7).
In case of the simulations of the complexes with bound Aβ49ζ46, Aβ46γ43, Aβ43γ40 models
the corresponding P5 and P6 residues (Table 7.1) all remained at the initial placement in the
PS1 internal docking site (Figure C.7). However, in the case of the model for the last cleavage
pose Aβ40γ37 the residues P5 and P6 dissociated from the internal docking site during the
simulations (Figure 7.3B and Video S3 from our published work). It is likely that besides the
stabilization interaction at the PS1 internal docking site, the K28 anchor plays a role during
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 Aβn-γ-secretase complex
at the juxtamembrane region. The electron density of a lipid bilayer shows typically two
peaks at around z=+18.5Å and z=-18.5Å, representing the choline groups of POPC of the two
membrane leaves. The K28 and the P6 residues are not always staying at the same position
on the z-axis relative to the center of the membrane for the different Aβ-bound complexes
(Figure 7.3C). In the case of the Aβ49ζ46, Aβ46γ43, Aβ43γ40 models, the K28 moved deeper
into the membrane as the substrate proceeds towards the shorter cleavage poses (Figure
7.3A, with residues at the internal docking site staying in place). Only in the case of the
Aβ40γ37 complex residue P6 moved towards the exterior membrane side (Figure 7.3B). The
time plot along the simulations shows that K28 of Aβ40 quickly approached the membrane
upper leaf within the first 20ns followed by the “pulling-up” motion of P6 (Figure C.8). K28,
carrying a positive charge, interacts with the negatively charged lipid phosphate groups and
alters the peripheral membrane thickness (Figure 7.3A). With the strongest deformation close
to K28, the membrane adapts slowly to its average thickness and reaches its equilibrium
at the radial distance of 22.5Å away from K28 on the xy plane, denoted as ρxy,K28 (Figure
7.3A,D). According to the mattress model, a hydrophobic mismatch in an uneven membrane
may induce an elastic deformation-free energy against the membrane deformation[215]. We
estimated the mismatch amplitude by fitting the curves with a simple function zPOPC=α e−βρ

cos(γρ) + z(ρ=∞), with α the mismatch amplitude, β the radial decaying rate, γ the membrane
curvature, and z(ρ=∞) the equilibrium height of the membrane upper leaf (Figure C.9). In the
first two cleavages, namely C99ϵ49 and Aβ49ζ46, K28 stayed above the upper membrane leaf,
inducing a positive mismatch which promotes the substrate to move downward towards the
next binding pose (α ∼ +3 Å, Figure 7.3A and Figure 7.4A). When proceeding to the Aβ46γ43

binding pose, K28 stayed at a similar height as the membrane extracellular surface (α ∼ 0 Å,
Figure 7.4B). However, K28 no longer matches the average membrane height and creates a
negative mismatch in the Aβ43γ40 and Aβ40γ37 docking poses, hence, the substrates, in this
case, experience a membrane up-pulling force (α ∼ -4.75 Å, Figure 7.3A, Figure 7.4C).
On the C-terminal side of the TMD helix are P5 and P6 residues sitting in the PS1 internal
docking site (Figure C.7). Residue-wise binding energy analysis shows that the strongest
binding affinity from the substrate helical domain is contributed by these two residues and
their binding strengths correlate with their size and hydrophobicity (Figure C.10A, S21C).
Notably, when a small residue is placed at position P5, such as A42 from the Aβ49ζ46 binding
pose or G33 from the Aβ40γ37 binding pose, larger fluctuations were observed in the substrate
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TMD, in particularly around P5 (Figure C.11A). In contrast, when a small residue is placed at
P6, such as G38 from the Aβ46γ43 binding pose, only a mild increase in the fluctuation of
substrate TMD was observed (Figure C.11A). 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 (Figure 7.1C). 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 Aβ40γ37

is due to an imbalance between the two competing forces. For example, in the case of Aβ43γ40

residue M35 and V36 placed in the internal docking site contribute calculated binding energy
of -6.5 ± 0.7 kcal/mol, whereas residues G33 and I32 placed in the internal docking site
for Aβ40γ37 contribute only -2.8 ± 0.4 kcal/mol (Figure C.10C). 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
(Figure 7.3B). On the other hand, although G38 and V39 of Aβ46γ43 contribute a relatively
weak binding energy at the internal docking site (-4.05 ± 0.4 kcal/mol, Figure C.10C), the
absence of the hydrophobic mismatch makes Aβ46 stays steadily with the enzyme. ( Figure
7.3D and Video S3 from our published work) 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 towards the intracellular side and residues around K28 are thus surrounded
by water molecules (Figure S22B). The water molecules weaken the intramolecular hydrogen
bonds required in helix formation and the helical 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 (Figure S22B-C, time evolution of the secondary structures are
shown in Figure C.12). Notably, substrate P2-P5 are more exposed to water molecules in the
Aβ40γ37 docking pose than other Aβ docking poses, agreeing with the C99I45G simulation
where a glycine was also present at the P5 position (Figure C.11B). 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 vanished (Figure 7.3E). As a result of the local
hydrophobic mismatch, P5 P6 binding energies and trend of catalytic hydrogen bond were
similarly reproduced in the D257-protonated PS1 complexes, except that the substrate was
pulled out from the internal docking site in both the Aβ43γ40 and Aβ40γ37 docking poses
(Figure C.7, Figure C.13-C.16).

7.3.4. APP mutations K28A and G33I stabilize substrate binding and catalytic
geometry of Aβ40

In the study of putative Aβn-γ-secretase complexes within the lipid bilayer, we observed
a pair of competing forces that characterizes the decisive factors of γ-secretase holding or
releasing the substrate, the membrane up-pulling force toward the extracellular membrane
surface and the E-S stabilization force at the PS1 internal docking site. This model provides a
straightforward way to explain why certain APP mutations on K28[211, 212] and G33[147,
213] generate shorter Aβ products. It is due to reducing the membrane-anchoring feature
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Figure 7.3.: Comparative modeling and simulations of Aβn-γ-secretase complexes. (A)
Schematic views of the modeling workflow and the top views (from the ex-
tracellular domain) of the binding poses of C99ϵ49 (black), Aβ49ζ46 (orange),
Aβ46γ43 (blue), Aβ43γ40 (magenta), and Aβ40γ37 (green). Membrane anchoring
residue K28 of each substrate is shown explicitly in the licorice representation.
Zoom-in views of the C99ϵ49 (upper) and Aβ40γ37 (lower) show how the po-
sition of K28 influences the local distribution of the POPC phosphate groups
with radial distance from K28 on the xy plane denoted by ρxy,K28. (B) View into
the PS1 internal docking site in the Aβ40γ37-bound γ-secretase. (representation
same as in Figure A.7) (C) Distribution of the membrane electron density (left),
membrane-anchoring residue K28 (middle), and substrate P6 (right) along the
z-axis in different Aβn-γ-secretase complexes. (D) The average z-axis of the POPC
phosphate on the extracellular side is distributed along the radial distance ρxy,K28.
(E) Probability density of the catalytic hydrogen bond distance.
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Figure 7.4.: Figure 7.4: Illustration of the membrane elastic force induced by local hydrophobic
mismatch based on the mattress model. (A) Positive mismatch as observed
in C99ϵ49 and Aβ49ζ46 substrate bound poses is induced when the substrate
protrudes the membrane bilayer. The membrane elastic potential trying to restore
the optimal membrane thickness causes a force pushing the substrate towards the
PS1 active site (termed “down pushing force”). (B) No hydrophobic mismatch
was observed in the Aβ46γ43 binding pose (elastic potential is zero or close to
zero). (C) Negative mismatch observed in the Aβ43γ40 and Aβ40γ37 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.
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at position K28 and/or enhancing the E-S binding affinity at the internal docking site. To
verify the hypothesis, simulations of Aβ40-γ-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 stable I32 placement in the PS1
internal docking site (Figure 7.5A-C and Video S4 from our published work). Notably, in the
K28A mutant, water was observed accessing the pocket between TMD3-TMD5, similarly as
was seen in the C99 I45G mutant at the ϵ49 cleavage pose (Figure 7.1A). G33I, in contrast,
is expected to have a reverse influence compared to I45G in C99. Indeed, the introduced
isoleucine with a larger hydrophobic side chain fills the pocket and prevents further water
access (Figure 7.5B). In this case, side chains of P5 and P6 together contributed ∆EI32+∆EI33=
-8.2 ± 0.6 kcal/mol of E-S binding energy, around 5.4 kcal/mol stronger than estimated for
the wild-type Aβ40 binding (Figure C.10B,C). Indeed, the more favorable binding energy at
the PS1 internal docking site allowed in this case K28 to move deeper into the membrane
and to maintain and balance a much more negative hydrophobic mismatch. (α ∼ -12.7Å,
Figure 7.5D, Figure C.9, Figure C.17). Mutation K28A, on the other hand, alleviates the
difference between the local and global membrane thickness (α ∼ +1.02, Figure 7.5D, Figure
C.9) 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 -2 kcal/mol more favorable than the wild-type Aβ40 mainly because of the
enhanced interaction of I32 (Figure C.9B,C). Although less pronounced the same findings
were also observed in the corresponding simulations with the D257-protonated γ-secretase
complexes (Figure C.14-C.15 and Figure C.18-C.19).

7.4. Discussion and outlook

Intramembrane proteases (IMPs) are involved in several cell signaling pathways and a variety
of diseases[216, 217, 218, 219, 220]. γ-Secretase is an intramembrane aspartate protease
cleaving its substrates within the lipid bilayer with the catalytic subunit presenilin. Once the
APP substrate is bound to PS1 γ-secretase, Aβ peptides are sequentially produced and can
dissociate. Longer products such as Aβ42 and Aβ43 are prone to aggregate into AD-related
fibrils. Several FAD mutations located on PS1 and APP are found to decrease γ-secretase
activity and promote the secretion of longer Aβ peptides. We have previously suggested that
PS1 mutations located on TMD6, TMD7, and TMD9 can directly influence the ability of the
enzyme to recruit the scissile bond to the catalytic center by free-energy calculation[78]. Other
groups have reported that mutations on PS1 and APP are consistently destabilizing the E-S
complexes and, thus, tend to release longer Aβ peptides rather than bringing them to the
next cleavage site[221, 76, 222]. Since Aβ42 and Aβ43 are respectively generated from the
Aβ48-Aβ45-Aβ42-Aβ38 and Aβ49-Aβ46-Aβ43-Aβ40-Aβ37 productions lines, understanding
how γ-secretase decides the first cleavage site and releases Aβ peptide at the certain step are
of great biological and therapeutic 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
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Figure 7.5.: Influence of the APP mutations G33I and K28A on the Aβ40γ37 binding pose. (A)
Probability density of the catalytic hydrogen bond distance. (B) Top-view at the
PS1 internal docking site of Aβ40γ37,G33I- (left) and Aβ40γ37,K28A- (right) bound γ-
secretase complexes. Atomic representation is described similarly as in Figure A.7.
(C) Distribution of the membrane-anchoring residue K28 (middle) and substrate
P6 (right) along the z-axis. (D) The average z-axis of the POPC phosphate on the
extracellular side is distributed along the radial distance ρxy,K/A28.
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region interacts strongly with the C-terminus of the substrate helical segment. In support of
the critical role of the internal docking site, cross-linking experiments with the substituted
cysteine accessibility method (SCAM) demonstrated that the pocket undergoes conformational
changes in FAD-linked PS1 mutations and upon the binding of GSM-1. Furthermore, the
photo-affinity labeling experiment showed that V44 is the strongest binding residue of C99.
Compared to the substrate-free γ-secretase, we find that the water access to this pocket from
the intracellular side is blocked upon substrate binding. During the simulations, the substrate
P5-P7 residues situated at the C-terminus of the helical domain frequently adopted a 3-10
helix geometry, which well aligns the upstream i+3 residues to the same interface. Hence,
only a translational movement toward the next i+3 cleavage pose is required during substrate
processing (and no substrate rotation). The simulations on readjusted APP substrates 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 to
V50). During the modeling of the docking poses following the initial cleavage, we identified
the gradual change in membrane thickness centered at the APP membrane-anchoring residue
K28 to oppose the substrate movement towards the PS1 active site. K28 interacts with the
membrane but in addition also with other residues in the PS1 and nicastrin subunits[210].
While the docking pose of Aβ46γ43 induced the least membrane hydrophobic mismatch in
POPC membrane, the positive mismatch was observed in the C99ϵ49 and Aβ49ζ46 complexes,
and negative mismatches were observed in Aβ43γ40- and Aβ40γ37-bound complexes. The
positive hydrophobic mismatch is beneficial for substrate processing because it causes a
force to promote further substrate processing, whereas a negative mismatch promotes the
release of the substrate to the extracellular space. Unlike Aβ43γ40 having large hydrophobic
residues M35 and V36 located in the PS1 internal docking site, Aβ40γ37 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 the membrane and γ-secretase provides a useful explanation of 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 membrane phosphate can induce
an even stronger hydrophobic mismatch around K28 and have been shown to decrease the
processivity[212]. 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 Aβ33 and Aβ34[211, 212, 223]. Furthermore, mutating G33 to larger
amino acids such as G33A and G33I, which in our model enhance the enzyme binding force,
also promote the Aβ40−→Aβ37 processing in experiments[147, 213]. Among these mutations,
we simulated the two well-reported mutations K28A and G33I, which address the balance
between the forces in two different ways. Both mutations indeed stabilized the E-S geometry
such that the correct formation of a stable catalytic geometry at the active site became possible.
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To sum up, our work provides a mechanistic explanation of how the balance between the
interaction at the proposed PS1 internal docking site and a negative hydrophobic mismatch
at the substrate juxtamembrane domain plays an important role in the processivity of Aβ.
Furthermore, our simulations suggest that the PS1 internal docking site, spatially distinct
from the catalytic center (but forming a FAD hot spot), is an essential element for substrate
positioning 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 Aβ species can be modulated by enhancing the
binding affinity at the PS1 internal docking site and weakening the hydrophobic mismatch.
Our model paves a way for not only explaining how mutations on APP or PS1 alter the
ϵ49/ϵ48 or Aβ43/Aβ40 ratio but also provides a potential target site for the development of
small molecules that promote the secretion of shorter Aβ peptides.
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8. A Putative Binding Mode of γ-Secretase
Modulator at the Aβ-γ-Secretase Interface
Attenuates Membrane Negative
Hydrophobic Mismatch

The intramembrane protease γ-secretase has been a drug target to cure Alzheimer’s disease
by inhibiting the secretion of plaque-forming Amyloid-β (Aβ) peptides. However, inhibitors
that impair the cleavage activity of γ-secretase suffer from severe side effects because of their
off-targeting nature. As an alternative, γ-secretase modulators (GSM) are designed to reduce
the generation of toxic peptides by enhancing the cleavage processivity without impairing
the enzyme activity. We performed MD simulations with an experimentally determined
GSM binding mode with and without the presence of Aβ43 peptide to study the interactions
between enzyme, substrate, GSM, and lipid. Our result suggests that the binding of imidazole-
based GSM E2012 can attenuate the membrane distortion caused by processive cleavage of
γ-secretase through helix unwinding and direct interaction with the Aβ substrate. The critical
interactions contributed by the fluorophenyl and 2-piperidine moieties explain the functions
of the preserved hydrogen acceptor and the aromatic ring preserved also in many other
imidazole-based GSMs.

8.1. Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disease characterized by memory
loss, poor judgment, and impaired daily-life activity[224]. Based on the statistics from the
world health organization (WHO), there are currently more than 55 million people living
with dementia of which 60-70% of the cases are in the form of AD[225]. According to the
amyloid hypothesis, the overproduced Aβ peptides in the brain initiate a cascade of events
that leads to the formation of senile plaques and causes neural inflammation and oxidation[3,
4]. Aβ peptides are generated upon consecutive cleavages of amyloid precursor protein
(APP) by the soluble protease β-secretase (BACE1) and intramembrane protease γ-secretase[5,
6, 7, 8]. The C-terminal product of APP upon the initial cleavage of BACE1 contains 99
residues, termed C99, and remains in the membrane bilayer. C99 is later recognized by γ-
secretase inside the membrane environment and cleaved into the C-terminal product amyloid
intracellular domain (AICD) and the N-terminal product Aβ peptides inside the catalytic
subunit presenilin (PS)[226, 197, 199, 200]. Importantly, γ-secretase cleaves C99 in a successive
way, following either the Aβ49−→Aβ46−→A43−→Aβ40−→Aβ37 or Aβ48−→Aβ45−→A42−→Aβ38
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production line[66, 67, 69, 226]. However, the γ-secretase does not always process C99 until
the end of each production line and Aβ peptide has the probability to escape from the
enzyme during the successive cleavage process, leading to a secretion of Aβ peptides in
different lengths[226, 9]. The ability of γ-secretase to produce the shorter peptide, called
processivity, is usually characterized by the Aβ37/Aβ40 or Aβ42/Aβ38 ratio. Among all
Aβ products, the Aβ40 is the major species, followed by Aβ43, Aβ42, Aβ38, and Aβ37[9].
Due to the hydrophobic nature of the longer species, Aβ42 and Aβ43 are more prone to form
aggregations than the shorter peptides[3, 10, 11, 12]. Although inhibitors against BACE1
and γ-secretase were developed to lower the level of longer Aβ peptides, none of these have
been FAD-approved for clinical use in AD treatment[20, 21, 82, 83, 84, 79]. In particular,
non-selective γ-secretase inhibitors (GSI) such as Semagacestat (LY450,139) can increase the
risk for skin cancer because of the inhibition of Notch1 signaling[227]. To alleviate the
off-targeting effects of GSI, γ-secretase modulators (GSM) are proposed as an alternative to
increasing the processivity of γ-secretase without changing its total activity[25, 26].

Despite its potential therapeutic application, the underlying mechanism of how GSM
modulates the processivity of γ-secretase against C99 and Aβ peptides remains unclear.
Several attempts have been reached to understand the binding sites and the conformational
changes of PS upon the binding of GSMs[99, 102, 93, 98, 229, 230, 231, 232, 233, 228].
Also, computational approaches have been implemented to understand the structure-activity
relationship (SAR) to the measured effective Aβ42 inhibition potency (EC50)[160]. The exact
binding mode of an imidazole-based GSM E2012 was confirmed only recently by cryo-EM
technique together with transition state analog (TSA) GSI L458[58]. The structure of E2012
revealed an allosteric site located at the extracellular surface of PS1 and indicated a hydrogen
bond with PS1 Y106, which was found to be critical for the binding of E2012 by several
studies[161, 98, 233, 234]. Nonetheless, the location of E2012 determined by the cryo-EM
structure partially overlaps with the APP-bound structure[39], indicating a possibility that
APP may undergo a conformational change when coexisting with GSM. A recent work
combining comprehensive experimental and computational work suggests another binding
mode for a similar imidazole-based GSM (GSM III)[161] slightly differently from the cryo-
EM resolved position but similar to what was proposed for another imidazole-based GSM
(ST2038)[98]. Despite different binding modes of GSM being proposed, it is suggested
that GSMs conduct their mode of action through active site allosteric modulation[102] and
enhancing the enzyme-substrate (E-S) interaction[161].

It has been suggested that GSMs such as GSM-1 and E2012 mainly affect γ-secretase
proteolysis at the later stage along the processive cleavage process and have little impact on
initial cleavage[192], it is therefore of more mechanistic interest how GSM binds to the E-S
complex when C99 is trimmed into the shorter Aβ peptides. Our previous computational
work suggests that the release of Aβ peptides can be facilitated by a local hydrophobic
mismatch induced by the C99 anchoring residues K28 at the γ40 and γ37 cleavages[146].
Interestingly, while C99 mutant K28R shows a positive modulation response against E2012,
an inverse modulation, e.g. an increase in longer Aβ species was observed in the E2012
treatment toward K28E mutant, implying an ionic interaction between K28 and GSM[101].
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Figure 8.1.: Structural overlap between the cryo-EM structures of the E2012-bound (PDBID
7D8X, cyan E2012 and brown PS1) and APP-bound (PDBID 6IYC, gray APP and
blue PS1) γ-secretase. (A) Side view of the structural overlap. (B) Top view of the
structural overlap.

By comparing the size of the E2012 binding pocket determined in the cryo-EM structure
between the binding modes of C99 and different Aβ substrates from our previous work[146],
we suggest that this E2012 can bind into the Aβ49-bound, Aβ46-bound, and Aβ43-bound γ-
secretase complex without deviating from its binding position. Consistent with our previous
observation, our study using molecular dynamics (MD) reveals that the Aβ43-γ-secretase can
induce a negative hydrophobic mismatch at the lipid-substrate interface that was suggested
to facilitate substrate release[146]. We identified a putative binding mode of E2012 that
attenuates the negative hydrophobic mismatch by two mechanisms. First, the binding of
E2012 unwinds the helix of Aβ43 around residue K28, making K28 capable of forming ionic
interaction with its upstream such as D23 or S26. Second, E2012 can also be directly from
ionic interaction with K28 with the fluorophenyl and the 2-piperidine fragments. These two
mechanisms of E2012 neutralize the electrostatic potential of K28 and are expected to reduce
the membrane up-pulling force and extend the enzyme residence of short Aβ peptides.

8.2. Methods

The pocket size distribution of each E-S complex is calculated based on the simulation trajec-
tories generated in our previous work[146] through the following analysis processes. First,
each trajectory was aligned to the E2012-bound cryo-EM structure (PDBID 7D8X[58]) by mini-
mizing the RMSD between PS1-NTF, as depicted in Figure 8.1A, B, and Figure 8.2A-D). Then,
an E2012 binding pocket was defined by the volume constructed by probes placed within 5 Å
of E2012 by Fpocket[235] (Figure D.1). During the simulations, the volume of the binding

102



8.2. METHODS

pocket in each simulation was calculated as the sum of the total available volume evaluated
by MD pocket[236]. A volume of 346.192 Å was calculated for E2012 at the conformation
revealed by cryo-EM using Sanjeevini online server[237].
The E2012-bound γ-secretase structure was taken from the RCSB protein data bank PDBID
7D8X and neural capping groups were added at the C-terminus of PS1-NTF (after T291) and
the N-terminus of PS1-CTF (before R377) by AmberTools22[AMBER22]. The Aβ43-bound
complex from our previous homology work was used as a starting structure of the current
study for a longer simulation time (1 µs) and a different lipid force field lipid21[164] instead
of lipid17). The Aβ43-E2012-γ-secretase ternary structure was constructed by docking E2012
at the putative GSM binding site of the Aβ43-bound homology using Autodock vina[238].
The geometry of E2012 was optimized three a three-step optimization. The first 3D structure
of E2012 was generated with Openbabel[239] and optimized using Avogadro[240] with the
MMFF94 forcefield[241] until the energy difference dE is smaller than 10−3 kJ/mol. Secondly,
geometry optimization was carried out using the BP86 functional and def2-SVP, def2/J, and
D3BJ basis sets under the resolution of identity (RI) approximation[242] with TIGHTSCF SCF
convergence criteria in ORCA[243]. Lastly, the geometry is optimized with B3LYP functional
and def2-TZVP basis sets with near SCF convergence criteria in ORCA[243]. The chosen
docking pose adopts an orientation similar to the cryo-EM structure resolved E2012 and
forms a hydrogen bond with PS1 Y106. Simulation boxes are prepared using CHARMM-
GUI[179] and PPM online servers[187] and solvated with 500 POPC molecules, TIP3P water
molecules[163], and 0.15 M KCl salt. All simulations were performed using the Amber20
package[111] and the ff14SB force field[163] for the proteins, and the lipid21 force field[164]
for the membrane lipids. Charges of E2012 were calculated with Hatree-Fock single point
calculation with 6-34+G(d,p) basis sets and AUTOAUX (Automatic Generation of Auxiliary
Basis Sets [244]) under RIJDX approximation[245] using ORCA[243]. The calculated wave
functions were analyzed by Multiwfn[246] to generate point charges on each atom. Finally,
atom types and forcefield parameters were generated using GAFF2[103] and antechamber.
The catalytic aspartic acid D385 is protonated and D257 is unprotonated based on a recent
pKa calculation[145].
MD simulations were performed through an energy minimization, equilibration, and pro-
duction run process. First, the energy of each simulation box was minimized with maximal
70,000 steps with 10 kcal · mol−1 · A −2 positional restraint on protein using the MPI version
of the pmemd program in Amber20[111], followed by equilibration with gradually releasing
positional restraint, from 10 to 0.1 kcal · mol−1 · A −2 on protein and 2.5 to 0 kcal · mol−1 · A
−2 on the membrane, for 400 ps at 303.15 K using the cuda version of pmemd[AMBER22].
The equilibrated systems are submitted for 1µs production run at a temperature of 303.15 K
using the Langevin thermostat[126] and a pressure of 1 bar by Berendsen barostat[125]. A
time step of 4 fs was allowed with the SHAKE algorithm [123] hydrogen mass repartition-
ing[124]. A cut-off distance of 9 Å was chosen for the non-bonded interaction based on our
previous calculation[146]. In total, 3 trajectories for the E2012-only system and 5 trajectories
for Aβ43-bound and Aβ43-E2012-bound systems were generated. RMSD of PS1 along the
simulation time is shown in Figure D.2 to ensure protein stability and the secondary structure
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is calculated using the DSSP algorithm [165]. Hydrophobic mismatch amplitude is estimated
by fitting the phosphate distribution in the z-axis along the radial distance from substrate K28
or E2012 in the E2012-bound complex, denoted as ρxy,K28 or ρxy,E2012, with a function zPOPC=
αe−βρcos(γ ρ) + zPOPC(ρ = ∞), with α the mismatch amplitude, β the radial decaying rate,
and γ the membrane curvature. zPOPC(ρ = ∞) describes the equilibrium membrane height of
the membrane upper leaf.

8.3. Results

In silico pocket detection reveals GSM-compatible binding pockets in Aβ-bound
γ-secretase complex

The mode of action of a molecule can be usually explained by its binding pose toward its
biological target. However, because of the substantial overlap between the cryo-EM structures
of the APP-bound and the E2012-bound γ-secretase (Figure 8.1A, B)[58, 39], how E2012
binds to E-S complex remains under debate. Under the assumption that Aβ peptides bind to
γ-secretase in a similar manner as APP and Notch1, we have previously modeled the binding
mode of Aβ peptides at different stages along the ϵ49-ζ46-γ43-γ40-γ37 production line[146].
Interestingly, no or little steric overlap was observed when aligning the E2012-bound structure
with the constructed Aβ homologies (Figure 8.2A-D).

Next, we measured the volume of the putative GSM binding pocket by placing probes 5 Å
around the resolved E2012 structure (see Methods) to evaluate how well the GSM binding
pocket can remain during the simulations. In the substrate-free simulations, the size of
the pocket was found larger than the size of E2012 in 67% of the simulated configuration
(Figure 8.2). However, this pocket was occupied when C99 or Aβ40 bound to γ-secretase
and E2012 can only fit the putative binding pocket in 35% of the simulation (Figure 8.2).
Interestingly, in the binding mode of Aβ49, Aβ46, and Aβ43 binding modes, more than 65%
of the sampled conformations are E2012-compatible (Figure 8.2). In particular, the volume
of the binding pocket in the Aβ46-bound and Aβ43-bound γ-secretase showed even more
suitable for accommodating E2012 than in the substrate-free form. This indicates a probability
that E2012 might not bind directly at the C99-bound form but rather in the later stage of the
processive cleavage and be released after the γ37 (Aβ40 −→ Aβ37) cleavage. This provides us
an opportunity to investigate the dynamics of a potential substrate-GSM-γ-secretase ternary
complex inside the lipid bilayer and to understand how GSM improves the cleavage toward
shorter Aβ peptides.

Binding of E2012 at PS1 is not stable without substrate or γ-secretase inhibitor

E2012 is an imidazole-based GSM containing four ring segments: an arylimidazol ring, a
methoxyphenyl ring, a 2-piperidine ring, and a fluorophenyl ring. The first two rings are a
conserved moiety preserved in many other GSMs and form contact with several residues of
γ-secretase (Figure 8.3A). The arylimidazol group is located in the vicinity of PS1 Y106, which
plays a decisive role in the binding of E2012 and other imidazole-based GSM[161, 98, 233, 234],
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Figure 8.2.: Evaluation of the putative GSM binding pocket in the apo-form and substrate-
bound γ-secretase simulations from our previous work. (A)-(D) Superposition of
cryo-EM structure 7D8X (PS1 in brown helices and E2012 in licorice representation)
and the constructed (A) Aβ49-bound, (B) Aβ46-bound, (C) Aβ43-bound, and
(D) Aβ40-bound γ-secretase homologies from our previous work (PS1 shown in
blue). Subscripts show the corresponding cleavage site for each substrate. (E) The
volume of the putative binding pocket was measured during MD simulations from
our previous work (see Methods and Material). The volume of E2012 (346.192 Å3)
is indicated by the black dashed line.
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Figure 8.3.: Dynamics of E2012 in the γ-secretase bound state revealed by cryo-EM and MD
simulations. (A) Interaction diagram of the cryo-EM resolved structure. The
diagram is generated via LigPlus[247]. (B) Snapshots of the structure of E2012
surrounded by Y106, F177, and Y240 of PS1 in the MD simulation. A water
molecule was recruited between TMD1, TMD3, and TMD6 of PS1 The hydrogen
bond between PS1 Y106 and E2012 arylimidazol and the hydrogen between
PS1 Y106 and the recruited water molecule is indicated by the dashed red line.
Hydrogen atoms of E2012 are hidden for better visualization.

and the methoxyphenyl group might form π-π interaction with F177 on TMD3 and Y240
on TMD5 of PS1, which was also reported to interact with E2012[161]. In contrast, the third
and the fourth rings are usually modified in the development of other imidazole-based GSM
and form only little contact with γ-secretase (Figure 8.3A). Notably, E2012 was only resolved
with the presence of TSA GSI in the cyro-EM structure[58]. Furthermore, the photo-affinity
labeling experiment has suggested that the binding of E2012 is improved by the coexistence of
TSA GSI[98]. These findings together indicate an allosteric modulation between the active site
and the GSM-binding site. To study the dynamics of E2012 without the modulation of TSA
GSI, we performed three MD simulations starting with randomly assigned initial velocity
distribution and studying its interaction with γ-secretase.

Surprisingly, I242 of NCT moved away from E2012 in the first few nanoseconds of all
simulations (Figure D.3A). This leads to water leakage from the extracellular domain to the
cavity between TMD1, TMD3, and TMD5 of PS1 and interferes with the hydrogen bond
between E2012 and PS1 Y106 (Figure 8.3B and Figure D.3A). The hydrogen bond can be
restored if E2012 stayed inside the binding pocket when the recruited water molecule left Y106.
Nonetheless, E2012 was completely dissociated from γ-secretase in one of the simulations,
indicated by a large root-mean-square-deviation value (Figure D.3C). The dissociation was
initiated by the broken E2012-Y106 hydrogen bond mediated by a water molecule coming
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from the extracellular side, leading to a slight deviation of Y106 (Figure D.4A, B). Without the
hydrogen bond, E2012 resided for around 40ns before it completely left the binding cavity,
and the GSM-binding cavity was filled with water molecules. (Figure D.4C, D). Notably, upon
the dissociation of E2012, F177, and Y240 rotated toward the GSM-binding cavity and Y106
returned to its original position where it recognized E2012 and formed a hydrogen bond with
the water molecules inside the GSM-binding cavity (Figure D.42, D).

While the arylimidazol ring and the methoxyphenyl ring of E2012 were mostly confined in
the GSM-binding pocket during the simulation, the 2-piperidine ring and the fluorophenyl
ring of E2012 did not form any specific interaction with γ-secretase and adopted several con-
formations (Figure D.5). E2012 was embedded inside the membrane environment throughout
all simulations, even when it was dissociated from γ-secretase (Figure D.6A, B). We note
that no specific interactions between E2012 and the lipid phosphate were identified and
the membrane thickness at the E2012 periphery remained at the same thickness as the bulk
membrane environment (see Methods, Figure D.6C, and Table 8.1).

Table 8.1.: Mismatch amplitude α calculated by fitting the membrane curve to zPOPC=
αeβρcos(γ ρ) + zPOPC(ρ = ∞) (see Methods). Fitting of membrane curves is shown
in Figure D.8.

Model run 1 run 2 run 3 run 4 run 5
E2012-bound complex 1.33Å -1.3Å 1.66Å - -
Aβ43-bound complex -5.97Å -6.14Å -6.31Å -6.79Å -5.63Å

E2012-Aβ43-bound -2.24Å 0.937Å -0.99Å -3.77Å -1.09Å

Aβ43-bound γ-secretase induces negative hydrophobic mismatch

In Figure 8.2D we have demonstrated that E2012 can fit into the GSM-binding pocket when
Aβ49, Aβ46, or Aβ43 is associated at the substrate binding site by pocket size analysis.
Since the cleavage of Aβ49 and Aβ46 are usually not measured in the experiment and the
secretion of Aβ43 is suggested as a pathogenic Aβ species in AD-causing amyloid plaques[11,
12], it is of biological and therapeutic importance to understanding how Aβ43 is released
from γ-secretase and how GSM reduces its production. According to our previous work,
the balance between E-S interaction mostly stabilized at the PS1 internal docking site and
the membrane-pulling force induced by hydrophobic mismatch were suggested to be the
dominant factors determining whether an Aβ peptide is to be released or to be delivered to
the next cleavage[146]. Therefore, monitoring whether the binding of E2012 can skew the
balance might provide a mechanistic explanation of its mode of action.

As a consistency check with a newly published lipid force field (lipid21[164]), we took
the Aβ43-bound γ-secretase homology from the previous work[146] and performed MD
simulations (5 replicas * 1µs). The simulations show a consistent secondary structure across
five replicas (Figure 8.4A and the time-evolution of the secondary structure are depicted in
Figure D.9A). A β-strand was formed C-terminal to the scissile bond (I41-T43) of Aβ43 and
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stabilized by the hydrogen bonds formed with K380, G382, and L432 of PS1, similar to the β3-
strand resolved in the APP-bound cryo-EM structure[39]. Furthermore, The catalytic hydrogen
bond was observed between substrate V40 and PS1 D385 in most sampled configurations
(Figure D.10A). Notably, the breaking of the hydrogen bond coincided with the deformation of
β-strand conformation (Figure D.10A and Figure D.9A). When the hydrogen bonds between
PS1 L432 and Aβ43 A42 are dissociated, water molecules can reach the active site and disrupt
the catalytic hydrogen bond (Figure D.10B). Residues between A21 to D23 and residues
between N27 to G37 formed into a helical conformation (Figure 8.4A). In particular, M35, V36,
and G37 resided in the internal docking site and occasionally turned into a 310 helix, which we
have suggested an essential feature for the γ-secretase tripeptide mechanism[146]. Importantly,
the hydrophobic mismatch induced by the ionic interaction between lipid phosphate and
substrate K28 ( Figure 8.4C, D) was reproduced in all simulations with a similar mismatch
amplitude α = -5.77Å (see Methods and Material, Figure D.8B, and Table 8.1). According to
the mattress model[215], the negative mismatch induced at the substrate-membrane interface
induces an elastic up-pulling force on the substrate anchoring residue K28.

GSM E2012 induces helical unwinding and attenuates the negative hydrophobic
mismatch

As we have observed in the E2012-bound simulations, the fluorophenyl and the 2-piperidine
fragments of E2012 are very flexible and showed no specific interactions with γ-secretase.
Nonetheless, modifications at this segment are closely related to the modulation potency,
usually denoted as the Aβ42 EC50 value[25]. This indicates that besides γ-secretase, E2012
potentially also interacts either with the Aβ substrate or its environment. When looking at
the simulation of Aβ43-bound γ-secretase, we observed that the GSM-binding site was filled
with water molecules and formed a hydrogen bond with PS1 Y106 (Figure D.12), resembling
a water distribution highly similar to what was observed in the E2012-dissociated simulation
(Figure D.5D). Therefore, we performed molecular docking to dock E2012 at the GSM-binding
site (Figure D.13A, B). The docking pose preserves the same orientation of the cryo-EM
resolved structure and does not collide with the Aβ43 substrate. Next, we conducted MD
simulations to study the dynamics of the Aβ43-E2012-γ-secretase ternary structure inside the
membrane bilayer.

Unlike the consistent outcome in the Aβ43-bound complex simulation, simulations of
Aβ43-E2012-γ-secretase system showed a diverged result, depending on the binding mode
of E2012. The binding of E2012 largely deviated from the docked pose in three out of five
simulations (Figure D.14A). The conformations of the ternary complex at the end of each
simulation are shown in Figure D.15 (sim1 to sim4) and Figure 8.5B, C (sim5). Interestingly,
in the simulations where E2012 did not deviate from the initial docking pose (sim3 and
sim5), the β-strand conformation C-terminal to the scissile bond was destroyed (Figure 8.5A
and time-evolution of secondary structure is depicted in Figure D.8B). Consistent with the
observation in the Aβ43 bound simulations, the catalytic hydrogen bond was also broken with
the disrupted β-strand conformation (Figure D.14B). In contrast, E2012 relocated to a docking
pose similar to what was revealed in the cryo-EM structure in the other three simulations
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Figure 8.4.: Dynamics of Aβ43-bound γ-secretase revealed by MD simulations. (A) Averaged
secondary structure of Aβ43 residues analyzed using the DSSP method. Time-
evolution of the secondary structure in each simulation is depicted in Figure
D.8A (B) Hybrid β-sheet between Aβ43 and PS1. Hydrogen bonds are indicated
with the red dashed lines. (C) Hydrophobic mismatch induced by the ionic
interaction between lipid phosphate and K28 of Aβ43. The radial distance between
a phosphate group and Aβ43 K28 is projected on the x-y plane and denoted
as ρxy,K28. (D) Z-axis of the phosphate groups at the upper leaf as a function
of ρxy,K28 in five independent 1µs simulations. Convergence is guaranteed as
depicted in Figure D.11.
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Figure 8.5.: Dynamics of E2012-Aβ43-γ-secretase ternary complex revealed by MD simula-
tions. (A) Averaged secondary structure of Aβ43 residues analyzed using the
DSSP method. Time-evolution of the secondary structure in each simulation is de-
picted in Figure D.8B (B) Side view of an E2012-Aβ43-γ-secretase ternary complex
in side the membrane environment. (C) Top view of an E2012-Aβ43-γ-secretase
ternary complex around substrate K28. E2012 is sandwiched by the choline group
from a POPC lipid and K28. Hydrogen bonds and π-cation interactions are indi-
cated with the red dashed lines. (D) Z-axis of the phosphate groups at the upper
leaf as a function of ρxy,K28 in five independent 1µs simulations. Convergence is
guaranteed as depicted in Figure D.17.
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(Figure D.15A, B, D), and the β-strand and catalytic hydrogen bond were constantly formed
(Figure D.14B). Besides one simulation (run 4) showing a similar helical domain as in the
GSM-free simulation, the helical part of N27-G29 was unwound in the other four simulations.
We note that the unwinding of the helix around this location enables K28 to reach upward
and form ionic interaction with its upstream amino acids such as D23 (Figure D.15B) and S26
(Figure D.15C).

Next, we analyzed the interactions between E2012, γ-secretase, and Aβ43 substrate. In
contrast to the E2012-only simulations, the hydrogen bond between E2012 and Y106 was
formed stably in the majority of the sampled configurations (Figure D.14C). Notably, the
fluorophenyl and 2-piperidine fragments, which were found mobile and non-interacting in
the substrate-free simulation, were stabilized in one binding mode (sim5, depicted in Figure
8.5B, C). The amine group of K28 occasionally interacted with E2012 through a hydrogen bond
with the 2-piperidine ring and a cation-π interaction with the fluorophenyl ring. Interestingly,
the choline group of a POPC molecule on the other side of E2012 also formed a cation-π
interaction with the fluorophenyl ring. When K28 was pulled by the 2-piperidine ring of
E2012, I242 of NCT also moved down to the close vicinity of K28 (Figure D.16A ), which
was not observed when E2012 was not bound (Figure D.16B) or in the other binding modes
(Figure D.15A-D).

Lastly, we measured whether the membrane is distorted when both E2012 and Aβ43 are
bound to γ-secretase. Surprisingly, three out of five simulations were found to attenuate
the local hydrophobic mismatch that was found in the Aβ43-bound simulation (Figure 8.5D
and Table 8.1). This indicates that the membrane pulling force observed in the Aβ43-bound
γ-secretase simulations was eliminated in the presence of E2012. Although different binding
modes were discovered, the interaction between K28 and E2012 or other resides was observed
in all simulations where the hydrophobic mismatch was alleviated. For example the K28-D23
interaction in sim2 (Figure D.15B), the K28-S26 interaction in sim3 (Figure D.15C), and the
K28-E2012 interaction in sim5 (Figure 8.5C). These interactions neutralize the positive electric
potential surface (EPS) around K28 and weaken the electrostatic attraction of the lipid head
groups. By contrast, hydrophobic mismatch remained in sim1 and sim4 where K28 still
interacted with the membrane phosphates.

8.4. Discussion

Rather than inhibiting the proteolysis activity of γ-secretase, GSM was designed to reduce the
long Aβ species by increasing the cleavage processivity[192]. Although it has been speculated
that GSMs promote the generation of short Aβ peptides by increasing the E-S interaction and
prolonging its residence time inside γ-secretase[248], no structural data has been provided
to explain its mode of action. Thus, uncovering the binding mode of GSM is important not
only for the understanding of the mechanism of γ-secretase modulation but also for further
structure-based drug development. In this study, we combine computational approaches
to study how the imidazole-based GSM E2012 can bind to the substrate-bound γ-secretase
complex and study its dynamics inside the membrane environment with computational
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approaches.
Using the pocket detection technique, we identified that the putative GSM binding pocket

was most of the time available for E2012 binding in the Aβ49-bound, Aβ46-bound, and
Aβ43-bound complexes. Among these three substrates, Aβ43-bound is considered the most
relevant species because it is the longest Aβ species in which the modulation effect upon
GSM binding can be detected[249, 161]. Therefore, we set up simulations for the E2012-bound,
Aβ43-bound, and E2012-Aβ43-bound γ-secretase and compare their dynamics. In the E2012-
bound complex, we found that the hydrogen bond between E2012 and PS1 Y106 was not
stable because of water molecules flowing through the gap between E2012 and NCT I242,
which was suggested to interact with the juxtamembrane domain of APP[210], and no specific
interaction was identified between γ-secretase and the 2-piperidine ring and the fluorophenyl
ring of E2012. When E2012 was dissociated from PS1, the GSM-binding pocket was filled
with water molecules. When only Aβ43 was placed inside γ-secretase, a rigid β-strand
C-terminal to the target scissile bond and stable catalytic hydrogen bond were observed.
Interestingly, when the β-strand is slightly dissociated from PS1, water molecules from the
intracellular domain can access the catalytic center through the gap between Aβ43 and L432
of PS1, indicating the critical role of the β-stand in stabilizing the catalytic site geometry.
In consistence with our previous work, the negatively charged membrane phosphates were
attracted by the positive EPS of the substrate K28, through which the membrane became
thinner than its bulk environment[146]. The membrane-thinning effect around K28, termed
negative hydrophobic mismatch, can contribute to an up-pulling force on the Aβ43 peptide
and facilitate the product release[146]. Importantly, the hydrophobic mismatch was alleviated
when both E2012 and β43 bind simultaneously at the γ-secretase GSM binding site. The
reduction in membrane distortion was highly associated with the ionic interaction with K28
facilitated by E2012. First, the binding of E2012 induced a helical unwinding around K28 and
enabled K28 to interact with the upstream residues of Aβ43 such as D23 and S26. Second, the
2-piperidine moiety can directly form a hydrogen bond with K28 and the fluorophenyl ring
can shield the interaction between K28 and lipid phosphate by forming π-cation interaction
with both sides. Note, the π-cation interaction from lysine has been also observed in a wide
range of protein-protein and protein-ligand structures[250, 251, 252, 253]. The attenuation
effect of K28-lipid interaction also explains why NCT mutation I242E, which locates in close
proximity to E2012 binding site, increases the γ-secretase processivity[210] and why an inverse
modulation effect was found in APP mutation K28E[101]. Although the fluorophenyl and
2-piperidine moieties are largely modified in the development of other imidazole-based GSM,
the hydrogen acceptor in the 2-piperidine ring and the aromatic ring in the fluorophenyl ring
are highly conserved across many other potent GSMs[25].

To our knowledge, this is the first study presenting the molecular mechanism of how GSM
binds and modulates the interaction between short Aβ peptide and γ-secretase. However, this
chapter only presents the preliminary result of the E2012 binding mode with low consistency
in MD simulations, more efforts are still required to determine a realistic GSM binding mode.
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9. What makes a good protein-protein
interaction stabilizer: Analysis and
Application of the Dual-Binding Mechanism

Protein-protein interactions (PPI) are essential for many biological processes including signal
transduction, immune reactions and many diseases. Inhibition of protein-protein interactions
by drug-like compounds is the most common basis for therapeutic approaches. However,
due to the large and flat interface of most protein-protein complexes, it is often difficult to
find compounds that bind specifically to a partner and inhibit binding. However, complex
formation often results in new pockets at the interface, and binding of complex stabilizing
compounds to such cavities is an alternative but so far much less explored strategy. In many
cases, selective PPI stabilization is as desirable as inhibition for treatment of diseases. Herein,
we employ molecular dynamics simulation and pocket detection techniques to investigate
18 known stabilizers and associated protein complexes. For most cases, we find that a dual-
binding mechanism, meaning a similar interaction strength of the stabilizer to each protein
partner, is an important prerequisite for effective stabilization. A few stabilizers follow an
allosteric mechanism by stabilizing the bound structure of a protein partner and/or increase
the PPI indirectly. On a large set of 226 protein-protein complexes, we find in > 75% of the
cases interface cavities suitable for binding of drug-like compounds. Based on the analysis we
propose a computational workflow to identify potential compounds that exploit new cavities
formed at protein-protein interfaces and optimize the dual-binding mechanism and apply
it to 5 protein-protein complexes. Our study demonstrates a great potential for in silico PPI
stabilizers discovery that can be helpful in a wide range of therapeutic applications.

9.1. Introduction

Protein-protein (PP) complex formation plays a fundamental role in the majority of biological
processes such as cell fate[254], immune reactions, and signal transduction[255, 256], and
is involved in many human diseases[182, 183], offering substantial therapeutic potentials
for modern drug design[182, 257, 258]. Approaches to protein-protein interaction (PPI)
modulation are typically inhibition[259] but more recently also stabilization[260, 261, 262]
of interactions. PPIs can be inhibited by allosteric effects (involving binding of compounds
not necessarily at the interface) or by targeting the protein-protein interface directly such
that protein partners can not form a complex. However, the design of PPI inhibitors suffers
from the general feature of a typically flat and large buried interface area (> 1500Å[263, 264]
), and also often hydrophobic[264] surface, which is frequently considered as ‘undruggable’
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for small molecules[265, 266]. Larger peptide-based inhibitors[267] can be adopted as a
promising strategy with low toxicity and indeed several peptides have been approved as
clinical drugs[268]. In particular, cyclic peptides with pre-defined conformation and good
cell permeability have received increasing attention in PPI inhibitor design[269, 270, 271] and
using in silico ‘hot-spots’ matching with cyclic peptides has been proposed for rapid rational
design[272].
For many diseases, the promotion or stabilization can be more helpful than the inhibition of
PPIs. Such stabilization can be achieved by small organic molecules through allosteric (not at
the interface) or a direct interface binding mechanism[262]. The former mechanism describes
the allosteric regulation of one protein partner upon stabilizer binding which increases the
binding affinity to another binding partner while the later mechanism describes the direct
binding of the stabilizer at the PPI interface with a potentially druggable cavity for small
molecules[273, 274]. With several advantages compared to PPI inhibitors stabilization of PPI
has become an emerging field in recent years. Zarzycka et. al.[275] and Andrei et. al.[261]
surveyed the available protein-protein-stabilizer complexes and discussed different groups of
stabilizers according to the stabilized PPI type and the origin of the stabilizers, respectively.
So far only a few drug design efforts have been directed toward stabilizer design. For example,
fragment-based drug discovery was used for the design of the adapter protein 14-3-3 with
p65-derived protein[276], the tumor suppressor protein p53[277], oncogenic transcription
factors TAZ[277], and estrogen receptor-derived peptide[278]. Sijbesma et. al. performed
structure-based virtual screening over nearly 6 million compounds from the Molport database
and tested 13 compounds in vitro, among which 2 are validated as potent stabilizers[279]. Tang
et. al. combined molecular dynamics (MD) and molecular docking technique to investigate
22 14-3-3 protein-peptide-stabilizer complexes and concluded that a simulation time of 20-
50ns combined with molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) and
generalized-Born surface area (MM/GBSA) methods are useful to identify stabilizers from
decoys[280].
With the rapid advance in protein structure prediction[281, 117], protein-protein docking[115,
282, 283], and protein complex structure prediction[118], the prediction of potential PPI
stabilizers from merely the knowledge of just protein sequences can be a promising route at
relatively low cost. To achieve such a goal, it is of fundamental importance to understand the
functional mechanisms of the existing stabilizers.
In the first part of the present study, we discuss the theory of PPI stabilization and emphasize
the importance of a dual-binding mechanism. Next, we analyze existing PP complexes with
bound stabilizers using MD simulations combined with the calculation of interaction-free
energies between protein partners and the stabilizer. We use the term stabilizer-induced PPI
for complexes that do not form without a stabilizer (Figure 9.2A) whereas stabilizer-enhanced
PPI includes those that form complexes already without stabilizers (Figure 9.2B). We find that
the more potent stabilizers in most cases distribute the calculated interaction evenly between
both protein partners regardless of the total binding free energy between the PP complex and
the stabilizer. This follows the expectation based on a mathematical model for the equilibrium
binding state whereas less potent stabilizers tend to bind more strongly to one protein than the
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other. However, a few compounds mediate the stabilization through an allosteric mechanism
by indirectly increasing the PP affinity (4 out of 18 cases). In addition, indirect positive but
also negative (destabilization) effects on the direct protein partner interaction were observed.
Importantly, we show that 80% of the stabilizer-binding pockets can be detected in silico by
direct computational probing of the PP complex (without stabilizer) crystal structure. Those
pockets hidden in the PP complex structure can be revealed by running short MD simulations
and subsequent pocket detection. We showed that the dual-binding mechanism can be useful
to identify potential PPI stabilizers. Based on the model, we propose a protocol for PPI
stabilizer discovery combining pocket probing, molecular docking, and MD simulation. We
also check a large set of known PP complexes for druggable pockets and find for 75% of the
cases interface cavities useful for stabilizer binding and apply the suggested protocol to a
subset of 5 PP complexes. It indicates promising results that could be implemented in the
structure-based drug design of PPI stabilizers.

9.2. Methods and Materials

In this study, in total 23 protein complex structures are used from the RCSB PDB database,
including 18 RLS complexes and 5 RL complexes (Table 9.1). Due to missing side chains and
short backbone segments in some proteins (and some mutated residues), the comparative
modeling software MODELLER[116], was used with the wild-type sequences listed in Table
9.1. This includes the restoration of the mutations N755S in PDBID 3bbr, T686A in PDBID
3b6q, L22Q, T51D, V52I in the ligand of PDBID 3o98, S13A, T30D, V31I in the ligand of
PDBID 3m50 and 3m51, C6S in PDBID 3u15, and L9E and 3vbg. The RL complexes of set
A and set B are generated by stripping the stabilizers from the corresponding RLS complex.
Because of the high structural similarity, A1-a, A2-a, and A3-a were taken to represent the
RL complexes of A1, A2, and A3, respectively. Besides the 14-3-3 and its ligands, where the
terminal residues are as well interacting with each other and the stabilizers, the N-terminus
and C-terminus are capped with neutral capping group ACE and NME with Ambertools
20[111], respectively. To maintain the conformations of the complex, two calcium ions are
kept in the S100A4 homodimer and CaM/CaMBD2a complex, four glutamic acids are kept in
the iGluR2 homodimer, and a zinc ion is kept in the CK1α/CRL4. Also, disulfide bonds in
PD1L/PD1L and lambda-6A/lambda-6A complexes are preserved.
Each system was solvated in a box 12.5 Å extended from the nearest atom of the solute with
OPC 4-point water molecules and 0.15M sodium chloride. The protonation state of the stabiliz-
ers is determined with openbabel [239] under pH=7.4. The atomic interactions are described
by the ff19SB forcefield[284] for protein, OPC forcefield[285] for water, TIP4PEW[286] force-
field for ions, and GAFF2[103] for the stabilizers. The same procedure was also implemented
to prepare the MD simulation of the 5 example complexes from protein docking benchmark
dataset 5.0. 5 replicas of 50ns trajectories of each RL and RLS complex and 5 replicas of
200ns long trajectories of each RS complex and receptor-only system of PDBID 3m51, 2o98,
4mdk, and 1kkq are generated with MD simulation with the CUDA-accelerated version of
PMEMD from AMBER20 package with randomly assigned initial velocities. Each simulation
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box underwent the minimization process of maximal 3,5000 steps and was equilibrated
for 75ps under constant volume and 225ps under constant pressure. Gradually decreasing
positional restraints on protein atoms are applied during the minimization and equilibrium
processes. The temperature was kept at 310K using a Langevin thermostat and the pressure
was kept at 1 bar with a Berendsen barostat. The non-bonded cut-off distance was set to
9 Å and the simulation was integrated with a timestep of 2ps with the SHAKE algorithm.
Interface residues are defined by the residue within 5 Å of the partner protein calculated
using VMD-PYTHON. RMSD and iRMSD are calculated with the starting structure as the
reference. RMSF, RMSD, and iRMSD are calculated using CPPTRAJ. The last 30ns, in a total
of 75 frames, of each 50ns simulation in the RL and RLS simulation are taken to calculate
the binding free energies between receptor, ligand, and stabilizer using molecular mechanics
coupled with generalized-Born surface area (MM/GBSA) method with the internal dielectric
constant of 1 and external dielectric constant of 80. The effective Born radii are calculated with
the GBOBCII model (igb=5) in ref [287]. Pocket detection was performed with Fpocket4.0 on
the crystal structure of the RL complexes in set C. Each pocket consists of polar and apolar
probes, as shown in Figure 5C in red and gray spheres, respectively. An atom and a pocket
probe are considered in contact if the distance between the atom and the pocket probe is
smaller than the sum of their radii with the radii of atoms set to H:1.2 Å, C:1.7 Å, N:1.55 Å,
O:1.52 Å, F:1.47 Å, B:1.92 Å, P:1.8 Å, S:1.8 Å, Cl:0.2Å . Ligand coverage fraction is calculated
as Nligand∩Npocket

Npocket
. Where Nligand ∩ Npocket is the number of ligand atoms contacting the pocket

probes, as illustrated in Figure E.1 The dynamics of the stabilizer binding pocket are analyzed
using MDtraj by first creating probes within 2Å from the known stabilizers, as shown in
Figure E.2.

Re-evaluation of the 13 compounds performed by Sigbesma et. al [279] was generated with
Openbabel[239] and docked with Autodock vina[238]. The docking procedure was performed
on the 3D structure from PDB 5F74. The preparation of 5* 50ns trajectories and the binding
energy calculation were performed with the same procedure as mentioned above.

Considering many stabilizers in the present study possess molecular weights between 375
Dalton and 425 Dalton, and LogP between 2 and 4.5 ( Figure E.3), we fetched 122,847,475
compounds fulfilling such molecular properties from the ZINC20 database[288] with standard
highest reactivity. We further eliminated compounds with complex structures, which might
c<use difficulties for force field parameterization, by filtering the compounds with BertzCT
complexity[289]> 700 using RDkit[290], leading to 15,072.167, from which we randomly
selected 1 million compounds to perform molecular docking with AutoDock-GPU[291].

9.3. Results and Discussion

Stabilization of PPI through the Dual-binding Mechanism

Arguably, the aim of a potent PPI stabilizer is to increase the formation of the RLS ternary
complex. In the case where R and L do not interact, e.g. stabilizer-induced PPI, the system is
similar to the bivalent scaffold discussed by Yang and Hlavacek[292] (Figure 9.2A). With the
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Figure 9.1.: Theoretical model of the dual binding mechanism. (A) Schematics of stabilizer-
induced PPI where two non-interacting or weakly-interacting proteins R and
L are stabilized by the presence of a stabilizer S. (B) Schematics of stabilizer-
enhanced PPI where the interaction between a native RL complex is enhanced by
the presence of a stabilizer S. (C) Schematics of the theoretical model according
to Eq. 1. [R0] and [L0] are set to 1µM and the cooperative factor ϕ is set to 1
(non-cooperative binding). Schematics from left to right represent the ternary
complexation with no stabilizer, optimal stabilizer, and over-saturated stabilizer.
(D) The theoretical dependency of the effective dissociation constant KRL,e f f =

[R0][L0]/ [RLSopt] with different set of (∆∆GRS, ∆∆GLS). The gray dashed line
shows the boundary between millimolar and micromolar ranges of KRL,e f f .

total concentration of receptor [R0], ligand [L0], and stabilizer [S0], the formation of the RLS
complex [RLS] at the equilibrium state can be formulated as

[RLS] =
C −

√
C2 − 4[R0][L0]

2
(9.1)

where
C ≡ [R0] + [L0] + ([S f ] + KRS)([S f ] + KLS)/(ϕ[S f ]). (9.2)

ϕ is the cooperative factor, [S f ] indicates the concentration of the unbound stabilizer, and
KRS and KLS are the dissociation equilibrium constants of the RS and LS complex, respectively.
Eq. 1 describes that the RLS complex cannot be efficiently formed when [S0] is too high
because of the saturation of the individual RS and LS complexes and there exists an optimal
concentration of the total stabilizer, [Sopt

0 ] =
√

KRSKLS, that maximizes the RLS formation to
[RLSopt] (Figure 9.2C).

With the relation KD = e∆∆G/(RT), where KD is the dissociation equilibrium constant and
∆∆G is the Gibbs binding free energy, kB is Boltzmann constant, T is the temperature, we
can study the how [RLSopt] changes with ∆∆GRS and ∆∆GLS according to Eq. 1. In the case
where ∆∆GRS < ∆∆GLS, e.g. the stabilizer binds more strongly to the receptor, enhancing
both ∆∆GRS and ∆∆GLS by a small amount improves the effective dissociation equilibrium
constant KRL,e f f = [R0][L0]/ [RLSopt] much more efficiently than enhancing ∆∆GRS alone.
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Name (R/L) PDBID (RLS) Stabilizer PDBID (RL) TM-score[293, 294]* R residue L residue
Set A. Stabilizer-Induced PPI with 2 stabilizers

A1 14-3-3/PMA2
(a) 3m50[295] Epibestatin

0.9960 9-240 926-956
(b) 3m51[295] Pyrrolidone1

A2 PD-1L/PD-1L
(a) 5j89[296] BMS-202

0.9641 18-134 18-134
(b) 5j8o[296] BMS-8

A3 BRD4/BRD4
(a) 5ad3[297] Compound 6

0.9634 42-168 42-168
(b) 5ad2[297] Compuond 2

Set B. Other Stabilizer-Induced PPI
B1 14-3-3/ChREBP 6ygj[279] Compound 3 4-232 117-136
B2 14-3-3/H+-ATPase 2o98[298] Fusicoccin 2-241 905-956
B3 CK1α/CRL4 5fqd[299] Lenalidomide 47-436 14-303
B4 Cdc34/Ubiquitin 1α 4mdk[300] CC0651 3-184 3-74
B5 PPARα/SMRT 1kkq [301] GW6471 200-269 682-700
B6 MDM4/MDM4 3u15[302] 2x RO-2443 26-107 26-107
B7 MDM2/MDM2 3vbg[302] 2x RO-2443 26-109 26-109
Set C. Stabilizer-enhanced PPI
C1 TTR/TTR 3tct[303] 2x Tafamidis 4tlt[304] 0.9912 11-125 11-125
C2 S100A4/S100A4 3ko0[305] 4x Trifluoperazine 3cga[306] 0.9331 2-94 2-94
C3 iGluR2/iGluR2 3bbr[307] (R,R)-2a 3b6q[308] 0.7748 390-775 390-775
C4 lambda-6A/lambda-6A 6mg5[309] Coumarin 6mg4[309] 0.9867 1-214 1-214
C5 CaM/CaMBD2-a 4j9z[310] 2x NS309 4j9y[310] 0.9790 395-491 2-147

Table 9.1.: Protein-protein complexes stabilized by bound compounds investigated in the
present study.
Note: R residue and L residue indicate the residue number of the receptor and
the ligand taken in this study, respectively. *TM-scores in set A are calculated
between the RL conformations between the two crystal structures and TM-scores
in set C are calculated between the RL conformations from the RL and RLS crystal
structures.

This indicates that the protein that binds weaker to the stabilizer, namely max{∆∆GRS,
∆∆GLS}, plays a more decisive role in determining the stabilization efficiency (Figure 9.2D).
Hence, a dual-binding activity is effective for a stabilizer to efficiently induce RLS complex
formation. At the extreme case where ∆∆GRS is strong enough that all receptors are in the
stabilizer-bound form, it is apparent that the formation of RLS depends solely on ligand-
stabilizer interaction. Note, the dual-binding mechanism is one mechanism to stabilize PPI,
other allosteric mechanisms are discussed in the next paragraphs.

Investigation of known PP complexes with bound stabilizer

In the present study, we investigate 18 stabilizers binding to 15 different PPIs using MD
simulations and pocket detection techniques. An overview of our data set is listed in Table
9.1 and visualized in Figure 9.1.

A stabilized PPI contains a receptor protein (R), a ligand protein (L, typically the smaller
protein partner), and a stabilizer (S) and is abbreviated as an RLS complex. Similarly, a
PPI without a stabilizer is abbreviated as an RL complex. The 15 PPIs with available three-
dimensional (3D) structures are split into 3 data sets. Set A contains 3 stabilizer-induced
PPIs where the stabilization effect of two stabilizers on the same R-L pair are experimentally

118



9.3. RESULTS AND DISCUSSION

Figure 9.2.: 3D structures of the RLS ternary complexes investigated in the present study. The
receptor and ligand are labeled blue and red, respectively. The corresponding
PDBIDs of are listed in Table 9.1. The locations of stabilizers are encircled by
black dashed lines. Set A (top row) contains 6 RLS complexes with common
RL partners binding to a more potent stabilizer (left) and a less potent stabilizer
(right). Set B (middle rows) contains 7 RLS complexes with only one stabilizer
without an available RL structure. Set C (bottom row) contains 5 RLS complexes
with the 3D structures of the RL complexes available (transparent gray).
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measured and co-crystallized, were chosen to investigate how the experimentally measured
stabilization efficiency is correlated with the structural, dynamical, and thermodynamic
properties of the RLS complex. Set B is formed by additional 7 stabilizer-induced PPIs
(structure known in complex with one stabilizer) and 5 stabilizer-enhanced PPIs in set C (for
which 3D structures also in the absence of stabilizer are known). In example A1, the complex
between 14-3-3 and the C-terminal of PMA2 can be induced by the dipeptide Epibestatin
and (A1-a, KRL,e f f = 1.8µM) and Pyrrolidone 1 (A1-b, KRL,e f f = 80µM)[298]. In example A2,
the dimerization of the weakly dimerizing protein immunologic regulators programmed
death 1 (PD-1) ligand (PD-L1, melting temperature Tm = 35.4◦C) are enhanced by small
molecules BMS-202 (A2-a, Tm = 48.4◦C) and BMS-8 (A2-b, Tm = 44.8◦C)[299]. Similarly, the
dimerization of bromodomain-containing protein 4 (BRD4) can be also induced by small
triazolopyridazine-containing molecules compound 6 (A3-a, pKRL,e f f = 8.1) and compound 6
(A3-b, pKRL,e f f = 7.2)[300] in example A3. Notably, although the different binding poses of
the stabilizers in A1 and A2 are observed, the RL complexes adopt similar conformations
upon stabilizer binding, as indicated by the high TM-scores in Table 9.1.

We first calculated the buried surface area (BSA) of RS and LS of the studied 18 RLS
complexes (for a quick estimation of contacts between stabilizers and proteins, Figure 9.3A).
For most stabilizers, a similar BSA is shared with both protein partners indicating a similar
number of contacts between the stabilizer and both proteins (Table 9.2). However, surprisingly,
although A2-a and A3-a are more potent stabilizers than A2-b and A3-b, respectively, they
form less BSA with R and L. Furthermore, we observed four stabilizers in A1-b, B2, B4, and
B5 having only a little or no contact with the ligand, which violates the requirement for the
dual-binding mechanism discussed above.
To estimate the binding free energy more accurately, we perform MD simulations and
calculated the interaction free energies ∆∆GRS, ∆∆GLS, and the total interaction free energy
between the protein partners and the stabilizer ∆∆G(RL)S (Table 9.2 and Figure 9.3A) using
the MMGBSA (Molecular Mechanics Generalized Born surface area) endpoint method (see
Methods section). Indeed, a comparison between the more potent and less potent stabilizers
in set A shows that the weaker stabilizer-binding partner, namely max{∆∆GRS, ∆∆GLS}, has
a stronger binding affinity to the more potent stabilizers than to the less potent stabilizers. It
agrees with the theoretical model described in Eq.1, despite weaker total stabilizer interaction
free energy ∆∆G(RL)S (Table 9.2, Figure 9.3B).
However, stabilizers in complexes A1-b, B2, B4, and B5 do not follow this rule and bind to the
ligand-protein partner with calculated interaction free energies ∆∆GLS less than -5 kcal/mol,
which is the minimum binding free energy required to induce a PPI complex with KRL,e f f at
a µM level at [R0] = [L0] = 1 µM, according to the theoretical model (Figure 9.2D), implicating
another possible PPI-inducing mechanism (Table 9.2, Figure 9.3B).
In order to understand how these four stabilizers induce the RLS complexation without
bivalent binding to both protein partners, we removed the ligand proteins and performed
200ns MD simulations with (R+S) and without stabilizers (R-only). We found that the
interface residues of the receptors, e.g. the residues in contact with the ligand protein in
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the RLS complexes, remain stable only in the presence of stabilizers but become much more
mobile when the stabilizers are removed, indicated by increased interface root-mean-square
deviation (iRMSD, Figure 9.3C-D). Hence, in these cases, the stabilizers bind to one protein
partner (receptor) and stabilize the bound conformation, and in turn, allosterically stabilize
PP complex formation.

We next calculated the direct interaction between receptor and ligand with the stabilizer
(∆∆GS

RL) and without (∆∆GRL) the stabilizer (see Methods). Figure 9.3E shows that the
calculated RL interaction is weakened in most stabilizer-induced PPIs when the stabilizers
are removed but is stronger or similar in most stabilizer-enhanced PPIs without stabilizers. In
order to understand this effect, we performed residue-wise energy decomposition analysis on
the RL complexes simulations and identified the favorable RL contacts (indicated by negative
binding energies), and unfavorable RL contacts (indicated by positive binding energies, Figure
E.4-E.5). Interestingly, the unfavorable RL contacts in the stabilizer-induced PPI complexes
are often formed by the residues responsible for stabilizer binding (Figure E.4, and Figure
E.5).
Thus, in addition to the dual-binding mechanism, stabilizers can also contribute to a more
favorable binding by shielding the unfavorable RL interactions. This may explain why the
conformations of receptor and ligand in set A tend to form a similar conformation upon
stabilizer binding where favorable RL contacts and druggable pockets near the unfavorable
RL contacts can be formed simultaneously (Table 9.2). When stabilizers are removed from
these RL(S) complexes, these unfavorable contacts are exposed to their binding partner
causing interface distortions. Such an effect was observed in complexes A3, B6, and B7 within
50ns simulations (Figure 9.3F, Figure E.6, and Figure E.7). In contrast, the interfaces of the
stabilizer-enhanced PPIs remained stable without stabilizers (Figure E.8). The binding of
these stabilizers involves many favorable RL contacts (Figure 9.3G and Figure E.9) and is
therefore more likely to disturb the direct RL interactions.

MD simulations reveal hidden stabilizer-binding pockets

In order to discover potential PPI stabilizers in the scheme of structure-based drug design
(SBDD), it is crucial to identify useful potential ligand-binding pockets. Structural comparison
has shown that PPI stabilizers can bind into an interface pocket of an RL complex without
deforming the conformation (Table 9.1), offering an opportunity for virtual screening. We
used Fpocket4.0[235] to probe druggable pockets of the natural RL complexes and detected
at least 10 pockets in each RL complex (Figure 9.4A). Although the dual-binding mechanism
already excludes the non-interface pockets, performing virtual screening through all possible
interface pockets is still computationally expensive, and, therefore, a reliable approach to
rank the interface pockets is desired to narrow down the sampling phase space. To examine
whether the scores provided by Fpocket, e.g. drug score and pocket score, can accurately
distinguish the stabilizer-binding pocket from other interface pockets, we calculated the ligand
coverage fraction of each pocket (see Methods). Besides the C4 complex, all stabilizer-binding
pockets are fully or partially detectable from the RL complex and well ranked by both pocket
score and drug score, indicating that it is a reliable approach to identify potential stabilizer-
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Figure 9.3.: Binding free energy and interface stability calculations with MD simulations. (A)
Buried surface area between ligand and stabilizer BSALS and between receptor
and stabilizer BSARS from the RLS crystal structures listed in Table9.1. (B) Binding
free energy between receptor and stabilizer (dark blue) and between ligand and
stabilizer (dark red). (C) Interface root-mean-square deviation (iRMSD) of the
receptor in the stabilizer-bound form (top) and the receptor-only form (bottom).
Five different colors indicate five independent simulations. (D) Schematics of the
allosteric effect of PPI stabilizer exemplified with B2 receptor with the stabilizer
(left) and without the stabilizer (right). The receptor of the crystal structure is
shown in transparent and the last frame of the 200ns MD simulation is shown
in solid representation. PPI stabilizer is shown in CPK representation and the
movement of the receptor-ligand binding interface is indicated by the black arrows.
(E) Binding free energy between receptor and ligand in the stabilizer-bound form
(yellow) and the stabilizer-free form (purple). (F) Schematic of stabilizer shielding
the unfavorable RL contacts of stabilizer-induced PPIs. (G) Schematic of stabilizer
shielding the favorable RL contacts of stabilizer-enhanced PPIs. Data are shown as
rolling averages over every 2 ns with standard deviation indicated by the shaded
area.
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PDBID BSALS/BSARS ∆∆GRS (kcal/mol) ∆∆GLS (kcal/mol) |∆∆GRS - ∆∆GLS|(kcal/mol) ∆∆G(RL)S (kcal/mol)
Set A. Stabilizer-Induced PPI with 2 stabilizers

A1
(a) 3m50 0.98 -6.27 ± 1.61 -8.43 ± 3.97 4.54 ± 3.36 -17.16 ± 3.52
(b) 3m51 0.24 -17.45 ± 1.7 0.11 ± 0.57 17.56 ± 2.22 -24.46 ± 2.5

A2
(a) 5j89 0.81 -23.68 ± 2.06 -23.79 ± 0.66 1.78 ± 1.07 -54.89 ± 2.59
(b) 5j8o 0.79 -35.16 ± 0.97 -21.08 ± 0.52 14.08 ± 0.79 -62.58 ± 1.53

A3
(a) 5ad3 1.18 -29.64 ± 0.87 -27.95 ± 2.01 2.3 ± 1.2 -61.94 ± 2.93
(b) 5ad2 1.08 -25.93 ± 2.02 -28.7 ± 2.65 3.77 ± 2.97 -58.47 ± 3.24

Set B. Other Stabilizer-Induced PPI
B1 6ygj 0.63 -43.03 ± 11.45 -12.93 ± 3.94 30.11 ± 15.11 -87.96 ± 4.4
B2 2o98 0.3 -50.51 ± 0.78 -4.35 ± 0.34 46.16 ± 0.72 -64.26 ± 2.36
B3 5fqd 0.42 -35.9 ± 1.43 -7.33 ± 0.24 28.57 ± 1.47 -48.65 ± 1.53
B4 4mdk 0 -37.84 ± 3.22 -2.66 ± 1.67 35.18 ± 3.51 -45.46 ± 3.68
B5 1kkq 0 -62.43 ± 3.84 -2.17 ± 0.75 60.26 ± 4.31 -66.32 ± 3.73
B6 3u15 1.04 -41.06 ± 0.54 -41.25 ± 0.6 0.78 ± 0.59 -93.54 ± 0.72
B7 3vbg 1.11 -40.61 ± 1.99 -41.84 ± 0.95 2.19 ± 1.79 -93.43 ± 2.25
Set C. Stabilizer-enhanced PPI
C1 3tct 1.08 -29.84 ± 1.67 -26.53 ± 3.12 3.31 ± 2.7 -61.82 ± 2.93
C2 3ko0 1.34 -47.25 ± 3.22 -47.39 ± 6.29 8.81 ± 3.35 -104.13 ± 3.42
C3 3bbr 1.02 -21.14 ± 1.79 -20.29 ± 1.41 1.77 ± 1.57 -53.64 ± 2.43
C4 6mg5 0.96 -17.93 ± 0.86 -18.61 ± 0.61 1.25 ± 0.26 -44.36 ± 1.06
C5 4j9z 1.17 -8.79 ± 1.12 -30.69 ± 1.2 21.9 ± 2.16 -42.76 ± 0.65

Table 9.2.: Calculation of mean interaction energies in RL and RLS complexes.
Note: Buried surface area and interaction free energy were calculated with the
MMGBSA endpoint method. The more potent stabilizers in set A are highlighted
in grey. The calculated interaction free energies of the weaker interaction with the
stabilizer are shown in bold font. The error shows the standard deviation of five
values obtained from five independent simulations.
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Figure 9.4.: Interface pocket detection and discovery with MD simulations. (A) A schematic
of the pockets revealed by Fpocket from the C2 RL complex (PDBID: 3cga). (B)
Correlation of the ligand coverage fraction and the scores provided by Fpocket. (C)
Distribution of volume of the stabilizer-binding pocket in set C in MD simulations.
(D) Distribution of volume of the stabilizer-binding pocket in sets A and B in
MD simulations in the stabilizer-bound state (RLS complex, yellow) and the
stabilizer-free state (RL complex, purple). The volume of ligands is calculated
from http://www.scfbio-iitd.res.in/Sanjeevini/Molecular-volume-calculator.php.
and shown with transparent lines.

binding pockets based solely on the RL structure (Figure 9.4B). Further use of MDpocket to
track the dynamics of stabilizer-binding pockets from the simulation (see Methods) reveals
that all pockets exhibit a breathing motion with a considerable range of volume sampled
in the simulations (Figure 9.4C and time series shown in Figure E.10). Importantly, the
stabilizer-binding pocket hidden in the RL crystal structure of the C4 complex occasionally
expands to a volume large enough to accommodate the stabilizer with a rapid fluctuation in
pocket volume (Figure 9.4C and Figure E.10). Although the volume of the stabilizer-binding
pocket remained in some cases of the stabilizer-induced PPI complexes when the stabilizers
are removed from the RLS complexes, many of them exhibited a decreased pocket size smaller
than the ligand volume (Figure 9.4D). Furthermore, the stabilizer-binding pocket became
completely undetectable at the distorted RL interface such as in A3, B6, and B7 (Figure
E.6, Figure E.7, Figure E.11, and Figure E.12). Note, interface distortion and RL complex
dissociation are expected in all stabilizer-induced PPI if simulations were extended to much
longer (e.g. microsecond) timescales due to the only weakly interacting nature.
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Application of the Dual-Binding Mechanism to the In Silico Identification of PPI
Stabilizers

Our systematic study on 18 PPI stabilizers reveals PPI stabilization mechanisms and the
dynamics of the stabilizer-binding pockets. In particular, the dual-binding mechanism derived
from the starting theoretical model and supported by experimental results shows that the
binding affinity between the stabilizer and the weakly interacting protein partner plays a
decisive role in the RLS complexation process. Hence, it may provide a better ranking than
the conventional structure-based drug design (SBDD) workflow which usually only considers
the total calculated interaction energy between the compound and the target of interest.
We tested the dual-binding ranking approach on the 14-3-3/ChREBP complex with 13
compounds preselected by Sigbesma et. al.[279] through a virtual screening approach ( Figure
E.13A). We performed molecular docking, MD simulations, and MM/GBSA calculations to
check the dual-binding mechanism of these compounds (see Method, Figure E.13B). For all
compounds, a stronger calculated interaction with the receptor compared to the ligand was
observed (Figure 9.5A). According to the proposed dual-binding mechanism, the interaction
of the compound and the weaker ligand partner plays then a more decisive role in stabilization
efficiency. Indeed, an improvement in ranking performance (compared to the experiment)
was found when the compounds are ranked using the binding affinity to the ligand instead
of the receptor or vs. total binding energy (Figure 9.5A).
To this end, we propose an in silico protocol adapted for PPI stabilizers discovery (Figure
9.5B). A 3D structure of the desired RL pair needs to be available, e.g. experimental structure
or based on protein-protein complex modeling. Next, Fpocket can be used to probe and rank
druggable pockets at the PPI interface. One can further assess the stability of the pocket or
explore hidden pockets by performing MD simulations. Once a suitable binding pocket is
identified, virtual screening can be conducted with molecular docking programs to screen
through a large chemical database (e.g. following the protocol described in the Methods
section). Compounds with high docking scores can then be submitted to MD simulation
to study the binding stability and interaction free energy. At this step, it is important
to check if the compound-protein interaction is of similar magnitude with both protein
partners (desired to optimize the stabilizing effect according to the dual binding mechanism).
Finally, compounds that fit the criteria can be submitted to experimental validation and lead
optimization.
As a demonstration, we implemented the protocol to a subset of protein docking benchmark

set 5.0[311], which contains 226 high-quality protein complexes. Pocket detection revealed
that among 226 tested complexes, 223 complexes (98.7%) have at least one pocket consisting
of 5 atoms from each side of the interface, 173 complexes (76.5%) have at least 10 atoms
from each side of the interface, and 57 complexes (25.2%) have at least 20 atoms from each
side of the interface ( Figure E.14A-B). We further extracted the best-scored interface pockets
composed of at least 5 atoms from each protein and several pockets were identified with
pocket scores and drug scores higher than the stabilizer-binding pocket in the present study
(Figure 9.4B, Figure E.14C-D).
Among these pockets, we chose 5 interface pockets with high drug scores, including PDBID
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Figure 9.5.: Application of the dual-binding mechanism to PPI stabilizer discovery. (A)
Reranking of 13 potential 13-4-4/ChREBP stabilizers using total binding energy
(left, ∆∆G(RL)S), binding energy to the receptor (middle, ∆∆GRS), and binding
energy to the ligand (middle, ∆∆GLS). Compounds B3 and C3 are the most
potent stabilizers with EC50 values of 0.7µM and 45µM[279], respectively. (B)
In silico stabilizer discovery workflow. Brown boxes show the PPI structure
collection. The blue boxes indicate the pocket detection phase and the orange
boxes point to in silico binding free energy evaluation with molecular docking
and MD simulations. (C) Structures of 5 PPI complexes with potential stabilizer
pockets (receptor proteins in blue and ligands proteins in the red cartoon). The
pocket is defined by the Van der Waals sphere at the interface with the red and
gray spheres representing the polar and apolar pocket probes. (E) The population
of the docking score of the 1 million compounds screened through the 5 example
PPI complexes. (F) Binding free energy difference |∆∆GLS-∆∆GRS| and the
weaker stabilizer-binding energy max{∆∆GRS,∆∆GLS} of the ten ligands with the
best docking score at each PP interface. The numerical value of ∆∆GRS, ∆∆GLS,
|∆∆GLS-∆∆GRS| ,and ∆∆G(RL)S are listed in Supplementary Table E.1-E.5
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1AK4, 1Y64, 2GAF, 3H11, and 4FZA, for virtual screening (Figure 9.5C). We performed
molecular docking on these five interface pockets with 1 million compounds selected from
the ZINC20 database[288] (See Method). Besides the pocket predicted with the poorest
drug score (score = 0.812, PDBID 3H11), all pockets can accommodate over 75% of the
screening compounds with a docking score over -6 kcal/mol, indicating good druggability
preselected with drug scores (Figure 9.5D). The top-ranked 10 docked compounds of each
protein complex and their docking score are listed in Figure E.15-E.19 and were submitted
to MD simulation for interaction free energy calculation (Supplementary Table E.1-E.5). As
demonstrated in the present study, an ideal PPI stabilizer usually possesses a strong binding
affinity to the weaker stabilizer-binding partner, indicated by a low max{∆∆GRS,∆∆GLS},
and a similar binding affinity to both proteins, indicated by a low |∆∆GRS-∆∆GLS|. Among
the 50 selected compounds, 34 compounds (68%) possess a max{∆∆GRS,∆∆GLS} lower than
-15 kcal/mol and a |∆∆GRS-∆∆GLS| smaller than 10 kcal/mol (Figure 9.5E). In particular,
the best three compounds at the PP interface of 4FZA (compound 5, compound 8, and
compound 9, Supplementary Table E.5) all exhibited a max{∆∆GRS,∆∆GLS} lower than
-24 kcal/mol and |∆∆GRS-∆∆GLS| smaller than 4 kcal/mol, are expected to be promising
stabilizers. Together with the dual-binding mechanism of stabilizers, our results provide not
only a prediction of potential PPI stabilizers but also a guide for further lead optimization, for
example, by improving the RS interaction of compound 3 in PDBID 1AK4 or by improving the
LS interaction of compound 4 in PDBID 3H11 (Supplementary Table E.1 and Supplementary
Table E.4).

Discussion

To facilitate the development of PPI stabilizer discovery, it is essential to understand how
these compounds stabilize PP complexes. In the present study, we have case-studied the
binding behavior of 18 stabilizers on their corresponding PP complexes using MD simulations,
binding free energy calculations, and pocket detection techniques. Stabilizers can facilitate
PPI complex formation through the dual-binding mechanism and/or through conformational
stabilization of the bound receptor (or ligand) structure. The more common optimal dual-
binding mechanism requires the stabilizer to interact approximately equally with the protein
partners. The effective stabilization depends predominantly on the partner that binds weaker
to the stabilizer. Furthermore, stabilizers can shield the unfavorable contacts between a
non-interacting RL pair while not affecting the favorable contacts. We also found that a
fraction of stabilizers that do not fulfill the dual-binding mechanism may also support PPI
complexation by stabilizing the interface of one protein to a conformation ready for partner
protein binding. The latter more complex allosteric mechanism could in principle be detected
by extensive MD simulations of a protein partner in the presence and absence of the stabilizer.
However, the result of such simulations can be sensitive to force field artifacts and due to the
computational demand, it may not be useful for investigating many compounds. Hence, in
practical design efforts, it might be most promising to focus on identifying putative stabilizer
compounds that follow the dual-binding mechanism.
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Indeed, our analysis of the stabilizer-binding pockets in experimental structures without
stabilizers demonstrated that most stabilizer-binding pockets can be readily detected. Those
pockets hidden in the RL complexes show up in short MD simulations. Furthermore, interface
pockets that can accommodate ligands allowing stabilization by the dual-binding mechanism
could be detected in the majority of cases in a large set of known PP complex structures.
Based on our analysis we demonstrated that the dual-binding mechanism can be useful to
identify potent stabilizers and propose a protocol for PPI stabilizer discovery. We applied the
protocol to 5 test cases which can suggest potential PPI stabilizers for five protein-protein
complexes. Combining the pocket-scoring technique and dual-binding criteria, our SBDD
workflow can efficiently identify druggable interface pockets and estimate the stabilizing
efficiency in silico.
Ideally, with the advances in structural prediction and protein-protein docking techniques, one
can design molecules that induce the complexation of selected proteins. For a given interaction
geometry our protocol could also be useful for the identification of such compounds that
induce a PPI or support a very weak association. Our work is the first computational study
systematically characterizing the binding behavior across different kinds of PPI stabilizers.
We anticipate our study to facilitate future developments for the discovery of PPI stabilizers.
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Conclusion and Outlook

Understanding the mechanism of how neurotoxic Aβ peptides are generated from the cleavage
of γ-secretase is essential for the cure of Alzheimer’s disease and for understanding the
mechanism of intramembrane proteolysis. Combining MD simulations, homology modeling,
pocket detection, and molecular docking techniques, we attempted to decipher how single
point mutations on C99 or Aβ peptides affect the enzyme-substrate interaction and provide a
molecular hypothesis for the experimentally observed phenotype.

Starting by comparing the dynamics of γ-secretase between the substrate-bound and
substrate-free states in Chapter 4, three main interacting sites of PS1 were identified, namely
the TMD6a hydrophobic patch, the hybrid β-sheet, and the internal docking site. By either
collaborating with experimental partners or comparing with the previously reported literature,
the findings reported in each chapter are strongly supported by sufficient experimental
evidence. In Chapter 5, we reported on the interaction at the TMD6a hydrophobic patch that
was observed in the interactions of all GSI-bound or substrate-bound γ-secretase structures
using the PSH model in membrane bilayer and detergent micelle environments. Both the
catalytic active site and the stability of TMD6a were mildly disrupted by the detergent
molecules and severely disrupted by the lysine mutations on TMD6a in MD simulations and
validated by in vitro cleavage assay.
In Chapter 6 we studied how the length of a substrate determines its cleavability by γ-secretase
by gradually truncating the C-terminal residues of C99. We observed that the stability of the
catalytic active site and the β3-strand of the substrate are highly correlated to each other and
both started to deform partially when only 3 residues are present C-terminal to the active
site and deform completely if less. With the use of the HREMD advanced sampling method,
we concluded that the E-S hybrid β-sheet is essential to maintain the stability of the catalytic
center by controlling the water access and is only sufficiently rigid with at least 3 amino acids.
The molecular model not only explains the long-observed γ-secretase tripeptide cleavage but
also explains why substrates with Phe and Pro at position P2’ can not be cleaved.
In Chapter 4, we identified that E-S interaction at the PS1 internal docking site contributes
the most to the substrate stabilization effect and continued the study in Chapter 7. As
K28 is gradually brought into the membrane bilayer, the lipid was distorted because of the
electrostatic interaction between the phospholipid headgroup and Aβ K28. The interaction
induces a positive mismatch at the ϵ49 and ζ46 cleavage and a negative hydrophobic mismatch
at the γ40 and γ37 cleavage. The balance between the hydrophobic mismatch and the E-S
interaction is suggested to largely determine the length of the released Aβ products. The
model also explains how γ37 cleavage is promoted by increasing the E-S interaction by APP
mutation G33I or eliminating the negative mismatch by APP mutation K28A.
Using the Aβ-bound models we prepared in Chapter 7, we found that the GSM-binding
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site suggested by the cryo-EM structure is exclusively available during the simulation of
the Aβ49, Aβ46, and Aβ43 bound form and studied the modulation mechanism of an
imidazole-based GSM E2012 in Chapter 8. Our preliminary result suggests a binding mode
that elucidates both the functions of the conserved pharmacophores of the design of GSM as
well as the mechanism of the enhanced processivity. As an associated project to the study of
the GSM-Aβ-γ-secretase ternary complex, we investigated 19 PPI complexes stabilized by
small molecules and demonstrated the fundamental requirement both from the theoretical
mathematical model and from a real-world case study in Chapter 9. We reported that a
druggable pocket can be usually found at a protein-protein interface and a dual-binding
mechanism is an important requirement for many stabilizers.

The results obtained from each chapter are likely to be investigated deeper as part of
additional stand-alone projects. First, based on the structural differences of PSH in different
membrane environments in Chapter 5, it is worth investigating to study the dynamics of other
membrane-embedded enzymes that also exhibit membrane-dependent activities. Second, we
used the HREUS method to examine the functional role of the E-S hybrid β-sheet between
γ-secretase and its substrates in Chapter 6). The findings that β-sheet controls the water access
to the active site and the active site stability directly raise a question if the hybrid β-sheet,
which is already widely found in multiple E-S complexes, is a universal requirement for also
other proteases and can be validated by either in vitro or in sicilo proline mutations on the
E-S hybrid β-sheet region. Third, in Chapter 7, we have qualitatively characterized how the
balance between the "lipid pulling force" and "E-S interaction" decides whether the peptide
product is to stay with the protease or to be released. In principle, the shortening of the
substrate length is expected to occur also in other intramembrane proteolysis processes and
therefore the hydrophobic mismatch between the cleavage product and the membrane bilayer
is also expected to be a driving force for product release. Although computational studies
have been done on studying the free energy profile of insertion of amino acid in membrane
bilayer[312] and how the length of lipid modulates the conformation of KALP peptdies[313],
no work has been published to quantitatively report how hydrophobic mismatch can facilitate
the product release in intramembrane proteolysis. Fourth, the putative binding mode of E2012
we suggested in Chapter 8 can successfully elucidate the functions of the consistent chemical
motifs in multiple imidazole-based GSMs. Hence, it might be very useful to investigate
whether other imidazole-based GSM can also adopt a similar binding mode and correlate
their binding free energies to their in vitro potency (Aβ42 IC50). Lastly, the dual-binding
mechanism we deduced from the existing PPI stabilizers in Chapter 9 paves a promising
way for future computational drug design by targeting the interface pocket. In principle, the
stabilizer discovery pipeline can also be applied to enhance the interactions between two
arbitrary biomolecules other than proteins such as DNAs, RNAs, and polysaccharides.

Overall, our study provides important insights into the molecular mechanism of intramem-
brane proteolysis by γ-secretase and the role of key interacting sites in substrate recognition
and cleavage. Our findings also have implications for the development of therapeutic strate-
gies for Alzheimer’s disease by targeting γ-secretase processivity and for the design of PPI
stabilizers.
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A. Supplementary Information for Chapter 4:
Dynamics of wild type γ-secretase

A.1. Reconstruction of the Notch1-bound form

When taking the Notch1-bound cryo-EM structure (PDBID 6IDF) as the initial structure for
simulation, the hydrogen bond was found between the protonated D385 and V1754 (Figure
A.1A, B). However, it has been reported that only the amine bond between G1753 and V1754
is cleaved by γ-secretase and the hydrogen bond sampled in our simulation indicates that the
cleavage is executed at the wrong site. This can be due to the wrong assignment of amino
acid from the cryo-EM density or the artifact from the experiment and in either case a new
Notch1-bound model needs to be reconstructed. Since F1748 and F1749 are not only well
resolved from the cyro-EM density, their positions are located at the hydrophobic cavity
which we termed the "internal docking site". Therefore, we considered that in the natural
scenario, these two phenylalanines should stay in the same position but the loop domain
needs to be elongated so that the experimentally determined scissile bond, between G1753 and
V1754, can be exposed to the catalytic center. Therefore, we performed homology modeling
by inserting a sequence gap at the Notch1 loop position between G1751 and C1752 (Table
A.1 with MODELLER. The new structure allowed us to sample the more realistic catalytic
hydrogen bond (Figure 4.5B) and is therefore taken for the computational study.

Figure A.1.: Catalytic hydrogen bonds from the simulation starting with the Notch1-bound
γ-secretase structure determined by cryo-EM (PDBID 6IDF). (A) Schematic of the
hydrogen bond sampled in the simulation. (B) Time-plot of the distances between
the catalytic proton of D385 (D385@HD2) to the carbonyl group of G1753 (solid)
and V1754 (dashed).
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A.2. SUPPLEMENTARY FIGURES

Table A.1.: Sequence alignment strategy used to reconstruct a more realistic Notch1-bound
γ-secretase structure. The target scissile bond is indicated by the double lines
between two residues.

P10 P9 P8 P7 P6 P5 P4 P3 P2 P1 P1’ P2’ P3’
Notch1-old V1745 L1746 L1747 F1748 F1749 V1750 G1751 C1752 G1753 V1754 L1755 L1756 S1757
Notch1-new V1745 L1746 L1747 F1748 F1749 V1750 G1751 - C1752 G1753 V1754 L1755 L1756

A.2. Supplementary Figures

Figure A.2.: RMSD of proteins in POPC membrane. Proteins are color-coded by black (γ-
secretase), blue (PS1) and orange (Substrate, APP, or Notch1). Opaque and
transparent curves represent RMSD from the first and the second simulations.
In addition, the RMSD of substrate TMDs is calculated in the substrate-only
simulations to show their stability.
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A.2. SUPPLEMENTARY FIGURES

Figure A.3.: Change in the secondary structure of APP and Notch1 and γ-secretase subunits
upon substrate binding and the binding energy analysis of substrate TMD. (A)
Average occupation of helical (up) and β-strand (down) state of substrates over
time and simulation replicas. (B) RMSF of NCT. (C) RMSF of PEN2. (D) RMSF of
APH-1. (E) RMSF of PS1. (F) Residue-wise interaction energy of substrate TMD
contributed by backbone (up) and side chain (down) atoms. Helical, loop, and
β-3 domains are determined from the secondary structure analysis from (A).
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A.2. SUPPLEMENTARY FIGURES

Figure A.4.: Water accessibility and geometry at the catalytic center. (A) Residue-wise water
accessibility of the TMDs of APP (blue) and Notch1 (red). (B) Probability density
of the distance of the catalytic hydrogen bond distance in APP-bound (blue) and
Notch1-bound (red) simulations. (C) Probability density of the Cγ-Cγ distance
between D257 and D385 sampled the simulations.

Figure A.5.: Schematics of the hybrid β-strand region in the (A) apo-state, (B) APP-bound
state, and (C) Notch-1 bound state. PS1 is colored blue, APP is colored gray and
Notch-1 is colored orange. The color codes are designed for comparison with
Chapter 7 and are not consistent with Chapter 4.
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A.2. SUPPLEMENTARY FIGURES

Figure A.6.: Top view at the PS1 internal docking site at the C99ϵ49 binding pose with A42 and
I41 well aligned to the PS1 internal docking site.. The color-codes are designed
for comparison with Chapter 7 and is not inconsistent with Chapter 4.

Figure A.7.: View into the PS1 internal docking site in the unbound-form (A), C99-bound
(B), and Notch-bound (C) γ-secretase complexes. PS1 is shown in blue cartoon
representation, C99 in grey, and Notch in orange. The sub-pocket formed
between TMD2 and TMD3 is shown as a green surface, and the sub-pocket
formed by TMD3-TMD5 and TMD7 is indicated as a light grey surface. All
residues defining these two pockets are listed in Table 4.2. Water molecules
are shown in the vdw+bond representation. P5, P6, and the backbone of P1 of
C99 and Notch are shown in the licorice representation. The catalytic hydrogen
bond is indicated as a red dashed line between the substrate scissile bond and
the protonated aspartic acid. The color-codes are designed for comparison with
Chapter 7 and is not inconsistent with Chapter 4.
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B. Supplementary Information for Chapter 6:
Enzyme-Substrate Hybrid β-Sheet Controls
Geometry and Water Access to the
γ-Secretase Active Site

B.1. Supplementary Figures

Figure B.1.: The sampled RC distance during the 60 ns H-REMD simulation (from top to
bottom) APP, APPM51P, APPL52P, Aβ53, Aβ52, Aβ52V50F, Aβ52M51F and Aβ51
binding to γ-secretase-PS1-D385H (left) and γ-secretase-PS1-D257H (right).
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B.1. SUPPLEMENTARY FIGURES

Figure B.2.: The sampled RC distance during the 60 ns H-REMD simulation (from top to
bottom) ofAβ52, Aβ52V50F, Aβ52M51F and Aβ51 binding to γ-secretase-PS1-
D385H (left) and γ-secretase-PS1-D257H (right).
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B.1. SUPPLEMENTARY FIGURES

Figure B.3.: Convergence of PMF profiles along the H-REMD protocol (from top to bottom)
of APP, APPM51P, APPL52P, and Aβ53 binding to γ-secretase-PS1-D385H (left)
and γ-secretase-PS1-D257H (right).
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B.1. SUPPLEMENTARY FIGURES

Figure B.4.: Convergence of PMF profiles along the H-REMD protocol (from top to bottom)
of Aβ52, Aβ52V50F, Aβ52M51F and Aβ51 binding to γ-secretase-PS1-D385H (left)
and γ-secretase-PS1-D257H (right).
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B.1. SUPPLEMENTARY FIGURES

Figure B.5.: Secondary structures over time calculated by DSSP method in APP and its
truncated variants binding to D257H γ-secretase. Each 600ns-long simulation is
shown with the sampled fraction of active geometry written in the parenthesis.
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B.1. SUPPLEMENTARY FIGURES

Figure B.6.: Hamiltonian Replica exchange MD along the β3-strand association pathway in
APP and its truncated variants binding to γ-secretase-PS1-D257H . (A) Potential-of-
mean-force (PMF) profiles calculated with the HREUS method along the substrate
β3-strand association reaction of APP and its truncated substrates. (B) Fraction of
sampled states that form an active site geometry compatible with cleavage (red),
β3-strand (black), and the number of water molecules around the catalytic center
(blue), along the sampling pathway. (C) The change in the gap width between
L432 and β2, indicated by the Cα-Cα distance between L432 and K380, along
the sampling pathway. The black arrows point to the RC that corresponds to the
PMF minimum. Three regimes are distinguished by the transparent dashed lines
with regime I corresponding to the dissociated regime, regime II the transition
regime, and regime III forming the associated regime.
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B.1. SUPPLEMENTARY FIGURES

Figure B.7.: Hamiltonian Replica exchange MD along the β3-strand association pathway in
APP mutants M51P (left) and L52P (right) binding to γ-secretase-PS1-D257H.
(A) Potential-of-mean-force (PMF) profiles calculated with the HREUS method
along the substrate β3-strand association reaction of APP mutants. (B) Fraction of
sampled states that form an active site geometry compatible with cleavage (red),
β3-strand (black), and the number of water molecules around the catalytic center
(blue), along the sampling pathway. (C) The change in the gap width between
L432 and β2, indicated by the Cα-Cα distance between L432 and K380, along
the sampling pathway. The black arrows point to the RC that corresponds to the
PMF minimum. Three regimes are distinguished by the black dashed lines with
regime I corresponding to the dissociated regime, regime II the transition regime,
and regime III forming the associated regime.
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B.1. SUPPLEMENTARY FIGURES

Figure B.8.: The effect of M51F mutant in the associated state (RC = 9.2Å). The overlap of
snapshot shows the conformations of PS1 when binding to WT Aβ52 (light blue
and red) and when binding to the M51F mutant (dark blue and orange). The large
Phe sidechain of the M51F mutant causes a 4Å deviation of PS1 L432 (measured
by the Cα atoms), and creates an entry for water access to the active site.
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B.1. SUPPLEMENTARY FIGURES

Figure B.9.: Hamiltonian Replica exchange MD along the β3-strand association pathway in
Aβ52 mutants V50F (left) and M51F (right) binding to γ-secretase-PS1-D257H . (A)
Potential-of-mean-force (PMF) profiles were calculated with the HREUS method
along the substrate β3-strand association reaction of Aβ52 mutants V50F (left)
and M51F (right). (B) Fraction of sampled states that form an active site geometry
compatible with cleavage (red), β3-strand (black), and the number of water
molecules around the catalytic center (blue), along the sampling pathway. (C) The
change in the gap width between L432 and β2, indicated by the Cα-Cα distance
between L432 and K380, along the sampling pathway. The black arrows point to
the RC that corresponds to the PMF minimum. Three regimes are distinguished
by the transparent dashed lines with regime I corresponding to the dissociated
regime, regime II the transition regime, and regime III forming the associated
regime.
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B.1. SUPPLEMENTARY FIGURES

Figure B.10.: β-strand fraction of P1’ to P4’ residues when binding to D385H γ-secretase
identified by DSSP in the HREUS simulations. (A) Schematic of the locations of
P1 (cyan), P1’ (yellow), P2’ (blue), P3’ (red), and P4’ (yellow) of wild type APP
(orange) binding to γ-secretase (blue). (B)-(F) The fraction of frames sampled
in the β-strand conformation of P1’-P4’ of (B) wildtype APP, (C) APPM51P (D)
APPL52P (E) Aβ52V50F, and (F) Aβ52M51F in the HREUS simulations. Phase I
(left, dissociated state), Phase II (middle, transition state), and Phase III (right,
associated state) are separated with black dashed lines. The color of curves
corresponds to the color coding in (A).

Figure B.11.: Examples of enzyme-substrate β-sheets formed in other proteases. (A) Intramem-
brane protease GlpG protease (PDBID 6PJA) (B) Lon-like protease MtaLonC.
(PDBID 7EUX) (C) HIV-1 protease (PDBID 3D3T) (D) Granzyme M (PDBID
2ZGJ) (E) SARS-CoV main protease (PDBID 2Q6G) (F) Tobacco Etch Virus Pro-
tease (PDBID 1LVB). The enzymes are colored in blue and the substrates are
colored in orange.
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C. Supplementary Information for Chapter 7:
An internal docking site stabilizes substrate
binding to γ-secretase: Analysis by
Molecular Dynamics Simulations

C.1. Supplementary Figures

Figure C.1.: Evolution of the secondary structure of the substrates in time. (From left to right)
C99ϵ48−1, C99ϵ48−2, C99V44G, C99I45G, C99GG.
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C.1. SUPPLEMENTARY FIGURES

Figure C.2.: Analysis of the (A) residue-wise binding energy decomposition and (B) sec-
ondary structures in the V44G (orange), I45G (dark blue), and V44G+I45G (GG,
brown) mutated complexes in comparison to the wildtype C99 (black) with
D385-protonated PS1.
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C.1. SUPPLEMENTARY FIGURES

Figure C.3.: Rotation of the C99 helical domain observed in one of the C99GG simulation.
Snapshots of the rotational movement at (A) 5ns, (B) 450ns, and (C) 550ns. PS1
is shown in blue and C99GG is shown in brown. (D) The center-of-mass (COM)-
COM distance between V46 of C99 and W165 of PS1 along each 600ns simulation
of C99ϵ49 (black and gray), C99ϵ48−1 (orange), and C99ϵ48−2 (darkblue) binding
to γ-secretase. The representative time frames of C99GG are circled and shown in
(A)-(C).
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C.1. SUPPLEMENTARY FIGURES

Figure C.4.: Glycine mutations at the internal docking site disturb the E-S interaction with
D257-protonated PS1. (A) Top-view at the PS1 internal docking site of C99V44G
bound γ-secretase complex. (B) Top-view at the PS1 internal docking site C99I45G
bound γ-secretase complex with a zoom-in view shows the dissociated β-strand.
Atomic representations are similar as described in Figure A.7. (C) Probability
density of the catalytic hydrogen bond distance, (D) RMSF of the substrate TMD,
and (E) secondary structure analysis. of C99wt (black), C99V44G (orange), and
C99I45G (dark blue) in γ-secretase bound form.
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C.1. SUPPLEMENTARY FIGURES

Figure C.5.: Analysis of the (A) residue-wise binding energy decomposition and (B) secondary
structures in the V44G (orange) and I45G (dark blue) mutated complexes in
comparison to the wildtype C99 (black) with D257-protonated PS1.
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C.1. SUPPLEMENTARY FIGURES

Figure C.6.: Rotation of the C99 helical domain observed in theC99ϵ48−1 simulation. Snapshots
of the rotational movement at (A) 30ns, (B) 100ns, and (C) 140ns. PS1 is shown in
blue and C99 is shown in orange. (D) The center-of-mass (COM)-COM distance
between V44 of C99 and W165 of PS1 along each 600ns simulation of C99ϵ49 (black
and gray), C99ϵ48−1 (orange), and C99ϵ48−2 (darkblue) binding to γ-secretase.
The representative time frames ofC99ϵ48−1 are circled and shown in (A)-(C). The
animated process is shown in Video S1 from our published work.

182



C.1. SUPPLEMENTARY FIGURES

Figure C.7.: Top view of different Aβ peptides binding to the PS1 internal docking site with
(left) D385-protonated or (right) D257-protonated. From top to bottom: Aβ49ζ46,
Aβ46γ43, Aβ43γ40. Atomic representations are similar as described in Figure A.7.
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C.1. SUPPLEMENTARY FIGURES

Figure C.8.: Z-axis position of substrate (A) K28 and (B) P6 in complex with γ-secretase with
D385-protonated along the simulation time. Two replicas are represented by
solid and transparent lines in the same color. The averaged phosphate groups
are located at z=18Å plane (see Figure 5D in the main text).
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C.1. SUPPLEMENTARY FIGURES

Figure C.9.: Fitting the membrane thickness distributed alone the radial distance on the
xy plane from K/A28 of substrates with D385-protonated PS1.(A) Fitting the
hydrophobic mismatch profile with hydrophobic mismatch amplitude α, radial
decaying rate β, and harmonic oscillation γ. (B) Comparison of the hydrophobic
mismatch amplitude α calculated from (A) in different Aβ-bound γ-secretase
structures.
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C.1. SUPPLEMENTARY FIGURES

Figure C.10.: Binding energy between different Aβ substrates and γ-secretase with the D385-
protonated PS1. (A) Residue-wise binding energy decomposition between
γ-secretase and C99ϵ49 (black), Aβ49ζ46 (orange), Aβ46γ43 (dark blue), Aβ43γ40

(magenta), Aβ40γ37 (green). Backbone (top) and sidechain (bottom) contri-
butions are averaged through two replicas. (B) Residue-wise binding energy
decomposition between γ-secretase and Aβ40γ37 with wild-type (solid) G33I
(brown), and K28A (yellow) mutated sequences. Backbone (top) and sidechain
(bottom) contributions are averaged through two replicas. (C) Summation of
substrate P5 and P6 sidechain binding energy contribution. The corresponding
amino acids at P6 and P5 are annotated at top of each bar.

186



C.1. SUPPLEMENTARY FIGURES

Figure C.11.: Properties of Aβ substrate bound with D385-protonated γ-secretase. (A) RMSF
of the substrate TMD. (B) Residue-wise water accessibility. (C) Secondary
structure analysis of C99 and Aβ peptides.
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C.1. SUPPLEMENTARY FIGURES

Figure C.12.: Evolution of the secondary structure of the substrates in time. From left to right:
(Top) Aβ49ζ46, Aβ46γ43, Aβ43γ40, (Bottom) Aβ40γ37, Aβ40γ37,G33I , Aβ40γ37,K28A.
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C.1. SUPPLEMENTARY FIGURES

Figure C.13.: Comparative modeling and simulations of Aβn-γ-secretase complexes with
D257-protonated PS1. (A) Probability density of the catalytic hydrogen bond
distance. (B) Distribution of the membrane electron density (left), membrane-
anchoring residue K28 (middle), and substrate P6 (right) along the z-axis in
different Aβn-γ-secretase complexes. (C) The average z-axis of the POPC
phosphate on the extracellular side is distributed along the radial distance
ρxy,K28. (D) View into the PS1 internal docking site in the Aβ40γ37-bound γ-
secretase. (representation same as in Figure A.7)
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C.1. SUPPLEMENTARY FIGURES

Figure C.14.: Binding energy between different substrates and γ-secretase with the D257-
protonated PS1. (A) Residue-wise binding energy decomposition between
γ-secretase and C99ϵ49 (black), Aβ49ζ46 (orange), Aβ46γ43 (dark blue), Aβ43γ40

(magenta), Aβ40γ37 (green). Backbone (top) and sidechain (bottom) contri-
butions are averaged through two replicas. (B) Residue-wise binding energy
decomposition between γ-secretase and Aβ40γ37 with wild-type (solid) G33I
(brown), and K28A (yellow) mutated sequences. Backbone (top) and sidechain
(bottom) contributions are averaged through two replicas. (C) Summation of
substrate P5 and P6 sidechain binding energy contribution. The corresponding
amino acids at P6 and P5 are annotated at top of each bar.
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C.1. SUPPLEMENTARY FIGURES

Figure C.15.: Fitting the membrane thickness distributed alone the radial distance on the
xy plane from K/A28 of substrates with D257-protonated PS1. (A) Fitting the
hydrophobic mismatch profile with hydrophobic mismatch amplitude α, radial
decaying rate β, and harmonic oscillation γ. (B) Comparison of the hydrophobic
mismatch amplitude α calculated from (A) in different Aβ-bound γ-secretase
structures.
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C.1. SUPPLEMENTARY FIGURES

Figure C.16.: Z-axis position of substrate (A) K28 and (B) P6 in complex with γ-secretase with
D257-protonated along the simulation time. Two replicas are represented by
solid and transparent lines in the same color. The averaged phosphate groups
are located at z=18Å plane (see Figure S23C).

Figure C.17.: Z-axis position of substrate (A) K28 and (B) I32 in complex with γ-secretase with
D385-protonated along the simulation time. Two replicas are represented by
solid and transparent lines in the same color. The averaged phosphate groups
are located at z=18Å plane (see Figure 7C from the main text).
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C.1. SUPPLEMENTARY FIGURES

Figure C.18.: Influence of the APP mutations G33I and K28A on the Aβ40γ37 binding pose
with D257-protonated PS1. (A) Probability density of the catalytic hydrogen
bond distance. (C) Distribution of the substrate K/A28 (middle) and substrate
P6 (right) along the z-axis in different Aβn-γ-secretase complexes. (D) The
average z-axis of the POPC phosphate on the extracellular side is distributed
along the radial distance ρxy,K28.

Figure C.19.: Z-axis position of substrate (A) K28 and (B) P6 in complex with γ-secretase with
D257-protonated along the simulation time. Two replicas are represented by
solid and transparent lines in the same color. The averaged phosphate groups
are located at z=18Å plane (see Figure S23C).
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D. Supplementary Information for Chapter 8:
A Putative Binding Mode of γ-Secretase
Modulator at the Aβ-Membrane Interface
Attenuates Negative Hydrophobic
Mismatch

D.1. Supplementary Figures

Figure D.1.: Probes placed 5 Å around the GSM binding site for pocket analysis during MD
simulations (see Methods and Materials). Schematics show the location of the
probes in the APP-bound (gray), Aβ49-bound (orange), Aβ46-bound (magenta),
Aβ43-bound, and Aβ40-bound forms of γ-secretase.
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D.1. SUPPLEMENTARY FIGURES

Figure D.2.: Stability assessment of PS1 in terms of root-mean-square deviation (RMSD) in
the (A) E2012-bound, (B) Aβ43-bound, and (C) E2012-Aβ43-bound γ-secretase.
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D.1. SUPPLEMENTARY FIGURES

Figure D.3.: Dynamics and stability of E2012 during three 1µs simulations. (A) Time evolution
of the center-of-mass distance between E2012 and I242 of NCT. (B) Time evolution
of the hydrogen bond distance between the E2012 and PS1 Y106. (C) Time
evolution of the RMSD of E2012 against the starting structure.
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D.1. SUPPLEMENTARY FIGURES

Figure D.4.: Dissociation pathway in the second simulation of E2012-bound γ-secretase. (A)
Snapshot of the associated state at t = 850ns. (B) Snapshot of the associated state
with the Y106 slightly deviated away from E2012 and formed a hydrogen bond
with a water molecule at t = 900ns. (C) Snapshot of the dissociated state with
Y106 moved back and formed a hydrogen bond with another water molecule in
the GSM-binding site at t=950ns. (D) Snapshot of the dissociated state where
F177 and Y240 moved toward the GSM-binding site. at t=1000ns (end of the
simulation).

Figure D.5.: Different conformations sampled in the first simulation of E2012-bound γ-
secretase complex. Conformations E2012 are shown for every 10ns between
0ns to 1000ns and color-coded according to their simulation time (from red at
0ns to blue at 1000ns).
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D.1. SUPPLEMENTARY FIGURES

Figure D.6.: Relative location of E2012 and interaction with the POPC membrane. (A) Snap-
shot of the simulation when E2012 was associated with PS1. (B) Snapshot of
the simulation when E2012 was dissociated from PS1. Phosphate groups of the
POPC membrane are shown with the licorice representation and the hydrophobic
tails are shown with gray lines. PS1 is shown as the blue helices and E2012 is
shown in the gray licorice representation. (C) Membrane thickness fluctuation
is represented by the z-axis of the phosphate groups as a function of the radial
distance on the xy plane away from the center of mass of E2012. Data shown
are the average phosphate height in each simulation with a 1ns data collection
interval and the standard deviations are shown with the shaded area.
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D.1. SUPPLEMENTARY FIGURES

Figure D.7.: Convergence check of the membrane curvature in each E2012-bound γ-secretase
simulation with an time increment of 100ns.
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D.1. SUPPLEMENTARY FIGURES

Figure D.8.: Membrane curvatures in the (A) E2012-bound, (B) Aβ43-bound, and (C) E2012-
Aβ43-bound γ-secretase simulations fitted to the function zPOPC= αe−βρcos(γ ρ)
+ zPOPC(ρ = ∞). The mismatch amplitude α is especially shown to indicate the
mismatch amplitude.
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D.1. SUPPLEMENTARY FIGURES

Figure D.9.: Secondary structure along simulations time during the simulation of (A) Aβ43-
bound and (B) E2012-Aβ43-bound γ-secretase analyzed using the DSSP method.
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D.1. SUPPLEMENTARY FIGURES

Figure D.10.: Dynamics of the catalytic hydrogen bond in the Aβ43-bound γ-secretase sim-
ulations. (A) Time evolution of the catalytic hydrogen bond formed between
Aβ43 V40 and the protonated D385 of PS1. (B) Geometry at the hybrid β-strand
area with the disrupted catalytic hydrogen bond because of the water molecules
coming from the intracellular side. Aβ43 substrate is colored in light blue and
PS1 in dark blue. Hydrogen bonds between Aβ43 and PS1 are indicated with
the red dashed lines.
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D.1. SUPPLEMENTARY FIGURES

Figure D.11.: Convergence check of the membrane curvature in each Aβ43-bound γ-secretase
simulation with an time increment of 100ns.
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D.1. SUPPLEMENTARY FIGURES

Figure D.12.: Water recruited into the GSM-binding site during the simulation of β43-bound
γ-secetase simulation.

Figure D.13.: Starting structure of the E2012-Aβ43-bound γ-secretase simulation generated
by molecular docking in the (A) side-view and (B) top-view. Carbons of the
experimentally determined docking pose (PDBID: 7D8X) are shown with the
cyan licorice representation and carbons of the docked E2012 generated by
Autodock vina is shown with the gray representation.
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D.1. SUPPLEMENTARY FIGURES

Figure D.14.: Dynamics and stability in the E2012-Aβ43-bound γ-secretase simulations. (A)
Time evolution of the catalytic hydrogen bond between Aβ43 V40 and the
protonated D385 of PS1. (B) Time evolution of RMSD in five simulations against
the starting structure generated by molecular docking. (C) Time evolution of
the distance between the hydrogen bond formed between E2012 and PS1 Y106.
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D.1. SUPPLEMENTARY FIGURES

Figure D.15.: Snapshots of the binding poses in revealed in the last frame of the first four
runs of the E2012-Aβ43-bound γ-secretase simulations. (A) Binding pose in
run1. (B) Binding pose in run2. (C) Binding pose in run3. (D) Binding pose in
run4. The substrate is depicted in light blue. D23 and S26 of Aβ43, Y106 of PS1,
and E2012 are shown with the gray carbons. K28 of Aβ43 is shown in with the
cyan carbons.
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D.1. SUPPLEMENTARY FIGURES

Figure D.16.: Influence of the binding of E2012 in the interaction between lipid phosphate
and K28 of Aβ43. (A) The E2012-Aβ43-γ-secretase ternary complex in the
membrane bilayer with the zoom-in view in the right panel. E2012, stabilized
by a hydrogen bond with PS1 Y106, sat between K28 and POPC and formed a
hydrogen bond with K28 and cation-π interactions with POPC and K28. (B) The
Aβ43-bound γ-secretase with the zoom-in view in the right panel. K28 of β43
formed ionic interaction with the lipid phosphate group. Hydrogen bonds and
ionic interactions are shown in red dashed lines and the cation-π interactions
are shown in the gray dashed lines. I242 of NCT is shown in the green licorice
representation. Carbons of POPC, PS1 Y106, and E2012 are shown in gray and
the carbons of K28 are shown in cyan. All hydrogen atoms are hidden.
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D.1. SUPPLEMENTARY FIGURES

Figure D.17.: Convergence check of the membrane curvature in each E2012-Aβ43-bound
γ-secretase simulation with an time increment of 100ns.
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E. Supplementary Information for Chapter 9:
What makes a good protein-protein
interaction stabilizer: Analysis and
Application of the Dual-Binding Mechanism

E.1. Supplementary Figures

Figure E.1.: An illustration of the best-scored (pocket score) pocket detected from the C2 RL
complex (PDBID: 3cga) using Fpocket with a ligand coverage fraction of 60%.
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E.1. SUPPLEMENTARY FIGURES

Figure E.2.: An illustration of the probes generated with 2Å around the ligand coordinates
with TTR complex (PDBID 3tct).

Figure E.3.: Population of the molecular weight and LogP of the stabilizers present in this
study. The grey area indicates the range of molecular weight and LogP used to
for virtual screening.
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E.1. SUPPLEMENTARY FIGURES

Figure E.4.: Residue-wise RL binding energy decomposition in set A complexes. The black
dots represent the residues within 5Å of the stabilizer.
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E.1. SUPPLEMENTARY FIGURES

Figure E.5.: Residue-wise RL binding energy decomposition in set B complexes. The black
dots represent the residues within 5Å of the stabilizer.
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E.1. SUPPLEMENTARY FIGURES

Figure E.6.: Interface RMSD (iRMSD) of the complexes in set A. Simulations without the
stabilizers are shown in the left panel and simulations with the stabilizers are
shown in the right panels. Five different colors represent five individual simula-
tions. Data are shown as rolling averages over every 1 ns with standard deviation
indicated by the shaded area.

Ligand ∆∆GRS (kcal/mol) ∆∆GLS (kcal/mol) |∆∆GRS - ∆∆GLS|(kcal/mol) ∆∆G(RL)S (kcal/mol)

1 -11.11 ± 1.34 -26.75 ± 2.2 15.65 ± 3.42 -39.19 ± 0.73
2 -24.4 ± 1.69 -19.03 ± 2.95 5.9 ± 3.57 -50.71 ± 3.13
3 -15.2 ± 4.04 -33.21 ± 1.68 18.01 ± 5.5 -58.41 ± 4.53
4 -17.77 ± 1.92 -23.67 ± 2.85 5.89 ± 3.27 -43.5 ± 3.52
5 -13.25 ± 3.04 -24.68 ± 1.93 11.44 ± 3.36 -41.48 ± 5.14
6 -15.78 ± 3.91 -22.8 ± 3.17 8.39 ± 4.96 -45.41 ± 4.35
7 -18.77 ± 1.17 -24.76 ± 4.28 6.0 ± 3.87 -43.9 ± 7.04
8 -27.49 ± 2.97 -13.28 ± 3.22 14.22 ± 5.19 -45.91 ± 4.11
9 -20.41 ± 2.88 -20.8 ± 3.07 4.8 ± 3.38 -45.99 ± 2.46
10 -11.48 ± 6.29 -26.48 ± 5.41 17.13 ± 8.21 -36.31 ± 2.42

Table E.1.: Binding free energy of the 10 ligands binding to the interface PDBID 1AK4.
Structures of the ligands are shown in Figure E.15. The binding affinity between
the compound and the more weakly bound protein is emphasized with bold font.
The 3 compounds with the lowest max{∆∆GRS,∆∆GLS} are expected to be the
most promising stabilizers and are highlighted in gray.
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E.1. SUPPLEMENTARY FIGURES

Figure E.7.: Interface RMSD (iRMSD) of the complexes in set B. Simulations without the stabi-
lizers are shown in the left panel and simulations with the stabilizers are shown
in the right panel. Five different colors represent five individual simulations. Data
are shown as rolling averages over every 1 ns with standard deviation indicated
by the shaded area.
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E.1. SUPPLEMENTARY FIGURES

Figure E.8.: Interface RMSD (iRMSD) of the complexes in set C. Simulations without the
stabilizers are shown in the left panel and simulations with the stabilizers are
shown in the right panel. Five different colors represent five individual simula-
tions. Data are shown as rolling averages over every 1 ns with standard deviation
indicated by the shaded area.
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E.1. SUPPLEMENTARY FIGURES

Figure E.9.: Residue-wise RL binding energy decomposition in set C complexes. The black
dots represent the residues within 5Å of the stabilizer.
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E.1. SUPPLEMENTARY FIGURES

Figure E.10.: Time-evolution of the stabilizer-binding pocket volume in set C complexes
without stabilizers. Data from five individual simulations are color-coded the
same way as in Figure E.9. Data are shown as rolling averages over every 1 ns
with standard deviation indicated by the shaded area.
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E.1. SUPPLEMENTARY FIGURES

Figure E.11.: Time-evolution of the stabilizer-binding pocket volume in set A complexes
without stabilizers. Data from five individual simulations are color-coded the
same way as in Figure E.6. Data are shown as rolling averages over every 1 ns
with standard deviation indicated by the shaded area.
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E.1. SUPPLEMENTARY FIGURES

Figure E.12.: Time-evolution of the stabilizer-binding pocket volume in set B complexes
without stabilizers. Data from five individual simulations are color-coded the
same way as in Supplementary Figure E.7. Data are shown as rolling averages
over every 1 ns with standard deviation indicated by the shaded area.
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E.1. SUPPLEMENTARY FIGURES

Figure E.13.: MD simulations with preselected compounds binding to 14-3-3/ChREBP com-
plex. (A) Chemical structures of the 13 compounds investigated. (B) Docking
pose of AMP and the 13 compounds.

Ligand ∆∆GRS (kcal/mol) ∆∆GLS (kcal/mol) |∆∆GRS - ∆∆GLS|(kcal/mol) ∆∆G(RL)S (kcal/mol)
1 -14.37 ± 1.93 -21.05 ± 2.67 6.68 ± 2.83 -44.04 ± 5.05
2 -15.23 ± 2.31 -20.31 ± 2.15 5.08 ± 3.06 -39.07 ± 3.37
3 -20.17 ± 3.41 -18.7 ± 7.02 6.11 ± 4.62 -45.67 ± 8.23
4 -20.59 ± 3.11 -16.75 ± 1.88 4.28 ± 3.1 -45.99 ± 3.92
5 -19.63 ± 2.91 -21.36 ± 3.92 4.66 ± 3.32 -46.68 ± 2.41
6 -22.95 ± 3.68 -21.33 ± 3.39 5.7 ± 2.98 -55.41 ± 3.49
7 -20.45 ± 1.8 -26.34 ± 5.44 5.9 ± 3.88 -57.03 ± 7.17
8 -22.84 ± 2.23 -19.06 ± 2.57 4.23 ± 3.43 -47.07 ± 2.46
9 -22.91 ± 2.73 -20.97 ± 2.96 4.05 ± 3.36 -53.1 ± 3.57
10 -26.74 ± 6.37 -10.94 ± 2.53 15.8 ± 8.64 -45.17 ± 5.68

Table E.2.: Binding free energy of the 10 ligands binding to the interface of PDBID 1Y64. The
structures of the ligands are shown in Figure E.16.The binding affinity between the
compound and the more weakly bound protein is emphasized with bold font. The
3 compounds with the lowest max{∆∆GRS,∆∆GLS} are expected to be the most
promising stabilizers and are highlighted in gray.
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E.1. SUPPLEMENTARY FIGURES

Figure E.14.: Pocket detection with Fpocket on the 226 PPI complexes from protein binding
data set 5.0. (A) Survival curve of number of complexes with at least one pocket
in contact with at least N atoms from each protein. (B) Histogram of the number
of complexes with interface pocket maximally contacting N atom from each
protein. (C) Survival curve of the number of complexes with maximum pocket
score (blue) or drug score (red). (D) Histogram of the number of complexes
with maximum pocket score (blue) or drug score (red). (C) and (D) consider
only pockets contacting at least 5 atoms from each side of the protein-protein
complex.
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E.1. SUPPLEMENTARY FIGURES

Figure E.15.: The best-docked 10 ligands to PDBID 1AK4 from virtual screening. The docking
score is shown in a unit of kcal/mol.

Figure E.16.: The best-docked 10 ligands to PDBID 1Y64 from virtual screening. The docking
score is shown in a unit of kcal/mol.
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E.1. SUPPLEMENTARY FIGURES

Figure E.17.: The best-docked 10 ligands to PDBID 2GAF from virtual screening. The docking
score is shown in a unit of kcal/mol.

Ligand ∆∆GRS (kcal/mol) ∆∆GLS (kcal/mol) |∆∆GRS - ∆∆GLS|(kcal/mol) ∆∆G(RL)S (kcal/mol)
1 -42.45 ± 5.45 -13.7 ± 6.18 28.75 ± 7.68 -67.99 ± 11.8
2 -26.7 ± 4.5 -17.63 ± 1.86 9.07 ± 5.33 -51.99 ± 2.79
3 -20.28 ± 4.76 -27.79 ± 4.31 8.69 ± 6.96 -50.1 ± 1.49
4 -30.76 ± 3.7 -19.89 ± 2.26 10.89 ± 5.6 -56.84 ± 3.32
5 -29.24 ± 3.9 -24.56 ± 3.42 7.54 ± 2.65 -60.16 ± 6.78
6 -31.96 ± 3.02 -22.51 ± 2.6 9.45 ± 5.29 -60.84 ± 4.49
7 -31.59 ± 2.57 -22.07 ± 3.36 9.52 ± 5.4 -63.33 ± 4.81
8 -30.9 ± 5.24 -20.59 ± 3.35 10.31 ± 7.51 -56.93 ± 4.51
9 -27.68 ± 4.06 -21.54 ± 1.82 6.79 ± 4.44 -55.31 ± 4.56
10 -27.11 ± 4.78 -21.79 ± 3.82 7.78 ± 1.91 -57.1 ± 6.32

Table E.3.: Binding free energy of the 10 ligands binding to the interface of PDBID 2GAF. The
structures of the ligands are shown in Figure E.17. The binding affinity between
the compound and the more weakly bound protein is emphasized with bold font.
The 3 compounds with the lowest max{∆∆GRS,∆∆GLS} are expected to be the
most promising stabilizers and are highlighted in gray.
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E.1. SUPPLEMENTARY FIGURES

Figure E.18.: The best-docked 10 ligands to PDBID 3H11 from virtual screening. The docking
score is shown in a unit of kcal/mol.

Ligand ∆∆GRS (kcal/mol) ∆∆GLS (kcal/mol) |∆∆GRS - ∆∆GLS|(kcal/mol) ∆∆G(RL)S (kcal/mol)

1 -20.95 ± 4.48 -26.44 ± 2.24 5.49 ± 6.51 -50.62 ± 2.8
2 -22.39 ± 1.68 -25.49 ± 4.41 5.09 ± 3.27 -54.93 ± 4.55
3 -14.98 ± 2.07 -27.6 ± 2.4 12.62 ± 3.3 -48.89 ± 2.68
4 -24.25 ± 2.9 -29.86 ± 2.29 5.93 ± 3.34 -66.44 ± 5.65
5 -16.45 ± 2.66 -16.94 ± 3.69 4.22 ± 4.31 -42.73 ± 2.03
6 -40.25 ± 13.28 -27.84 ± 2.7 14.49 ± 11.44 -92.08 ± 14.15
7 -18.57 ± 4.29 -27.75 ± 0.94 9.17 ± 4.51 -55.27 ± 5.81
8 -22.57 ± 3.7 -21.23 ± 1.49 2.49 ± 1.72 -43.76 ± 4.42
9 -22.88 ± 6.16 -23.25 ± 4.85 10.24 ± 2.72 -54.42 ± 3.44
10 -20.72 ± 0.82 -20.32 ± 3.81 3.44 ± 2.46 -45.76 ± 4.39

Table E.4.: Binding free energy of the 10 ligands binding to the interface of PDBID 3H11. The
structures of the ligands are shown in Figure E.18. The binding affinity between
the compound and the more weakly bound protein is emphasized with bold font.
The 3 compounds with the lowest max{∆∆GRS,∆∆GLS} are expected to be the
most promising stabilizers and are highlighted in gray.
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E.1. SUPPLEMENTARY FIGURES

Figure E.19.: The best-docked 10 ligands to PDBID 4FZA from virtual screening. The docking
score is shown in a unit of kcal/mol.

Ligand ∆∆GRS (kcal/mol) ∆∆GLS (kcal/mol) |∆∆GRS - ∆∆GLS|(kcal/mol) ∆∆G(RL)S (kcal/mol)
1 -17.0 ± 3.98 -28.95 ± 2.56 11.95 ± 5.2 -60.3 ± 6.6
2 -23.23 ± 9.39 -26.16 ± 2.28 8.18 ± 4.26 -53.9 ± 13.63
3 -20.91 ± 1.48 -23.36 ± 1.78 2.81 ± 1.65 -47.8 ± 2.73
4 -16.59 ± 3.09 -18.98 ± 3.79 2.41 ± 1.66 -40.9 ± 7.28
5 -24.63 ± 1.53 -24.61 ± 0.96 1.73 ± 1.1 -55.47 ± 1.2
6 -23.49 ± 4.4 -22.02 ± 3.36 5.49 ± 3.74 -55.59 ± 4.39
7 -16.44 ± 3.16 -30.32 ± 2.4 13.88 ± 3.24 -42.95 ± 7.69
8 -25.84 ± 4.15 -28.66 ± 2.8 3.63 ± 3.46 -60.94 ± 6.97
9 -25.47 ± 2.02 -26.72 ± 2.6 1.51 ± 1.31 -63.62 ± 6.45
10 -23.62 ± 1.98 -21.83 ± 1.66 2.41 ± 1.58 -57.46 ± 3.16

Table E.5.: Binding free energy of the 10 ligands binding to the interface of PDBID 4FZA. The
structures of the ligands are shown in Figure E.19. The binding affinity between
the compound and the more weakly bound protein is emphasized with bold font.
The 3 compounds with the lowest max{∆∆GRS,∆∆GLS} are expected to be the
most promising stabilizers and are highlighted in gray.
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