
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
11

:1
9:

13
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Side-by-side com
aDepartment of Chemistry, Technical Uni

Lyngby, Denmark. E-mail: kpj@kemi.dtu.dk
bDepartment of Biochemistry, University of C

UK

† Electronic supplementary information
reproduce the present computational wor
are included in the le named “su
representative structures from cluster an
PDB les for all three independent simul

Cite this: RSC Adv., 2020, 10, 31215

Received 27th May 2020
Accepted 15th August 2020

DOI: 10.1039/d0ra04683c

rsc.li/rsc-advances

This journal is © The Royal Society o
parison of Notch- and C83
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and Kasper P. Kepp *a

g-Secretase cleaves the C99 fragment of the amyloid precursor protein, leading to formation of aggregated

b-amyloid peptide central to Alzheimer's disease, and Notch, essential for cell regulation. Recent cryogenic

electron microscopy (cryo-EM) structures indicate major changes upon substrate binding, a b-sheet

recognition motif, and a possible helix unwinding to expose peptide bonds towards nucleophilic attack.

Here we report side-by-side comparison of the 303 K dynamics of the two proteins in realistic

membranes using molecular dynamics simulations. Our ensembles agree with the cryo-EM data (full-

protein Ca-RMSD ¼ 1.62–2.19 �A) but reveal distinct presenilin helix conformation states and thermal b-

strand to coil transitions of C83 and Notch100. We identify distinct 303 K hydrogen bond dynamics and

water accessibility of the catalytic sites. The RKRR motif (1758–1761) contributes significantly to Notch

binding and serves as a “membrane anchor” that prevents Notch displacement. Water that transiently

hydrogen bonds to G1753 and V1754 probably represents the catalytic nucleophile. At 303 K, Notch and

C83 binding induce different conformation states, with Notch mostly present in a closed state with

shorter Asp–Asp distance. This may explain the different outcome of Notch and C99 cleavage, as the

latter is more imprecise with many products. Our identified conformation states may aid efforts to

develop conformation-selective drugs that target C99 and Notch cleavage differently, e.g. Notch-

sparing g-secretase modulators.
Introduction

Alzheimer's disease (AD), the major neurodegenerative disease
that leads to gradual loss of episodic memory, cognition, life
quality and autonomy, affects tens of millions of people
worldwide, yet its biochemical complexity has so far prevented
causal treatment, with only modest delays in disease progres-
sion offered by current drugs on the market.1–3 The consistent
failures of much heralded drug candidates has led to a surge in
fundamental research rethinking the causal mechanisms of
this devastating disease.4–9

Senile plaques in patient brains consisting of aggregated b-
amyloid (Ab) are a central pathological hallmark of AD.10–16 The
Ab peptides are formed by sequential cleavage of b-amyloid
precursor protein (APP), rst by b-secretase which removes the
versity of Denmark, DK-2800 Kongens

; Tel: +45 45252409

ambridge, Tennis Court Road, CB2 1GA,

(ESI) available: The data required to
k and scrutinize details of the analysis
ppinfo.pdf”. Furthermore, the full
alysis are available as three separate
ations. See DOI: 10.1039/d0ra04683c

f Chemistry 2020
ectodomain and produces the C-terminal fragment C99, and
then by the catalytic presenilin (PS) subunit of g-secretase,
which trims C99 to Ab within the membrane.15,17–19 Because of
the slow, consecutive trimming of C99, the released Ab peptides
differ in size.15,20–23 The shorter Ab peptides, notably Ab38 and
Ab40, are probably benign, whereas longer Ab42 and Ab43
peptides are more hydrophobic, aggregation-prone, membrane-
interacting, and toxic to cells.12,24,25 Mutations in the genes
coding for APP, PS1, and PS2 cause early-onset familial AD,
which supports the involvement of Ab.26–29 The most persistent
feature of these mutations is an increase in the Ab42/Ab40 ratio
resulting from C99 cleavage,15 which correlates with the clinical
severity of mutation, implying a clear relationship to
disease.30–33

The g-secretase complex also cleaves the Notch receptor and
thereby initiates one of the most important signalling pathways
in eukaryote cells, central to multiple cell differentiation
processes, embryogenesis, and neuronal function and neuron
death.34–37 Cleavage of Notch by g-secretase occurs in a manner
similar to C99 38 and releases the Notch intracellular domain
(NICD), which plays an important role in learning and
memory.37,39 As for C99, Notch-cleavage can occur at multiple
positions near the intracellular membrane border, but most of
the resulting fragments are rapidly degraded according to the N-
RSC Adv., 2020, 10, 31215–31232 | 31215
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end rule.39,40 A number of studies have reported that atypical
Notch signalling results in neurodevelopment defects, cancer,
and acne inversa.41,42

g-Secretase consists of four subunits: PS1 or PS2, presenilin
enhancer 2 (PEN-2), anterior pharynx defective 1A or 1B (APH-
1A, APH-1B), and nicastrin (NCT).43,44 The catalytic subunit
PS1/PS2 contains nine transmembrane helices (TM) and
harbours the two catalytic aspartate residues (Asp257 in TM6
and Asp385 in TM7), which constitute the active site of g-
secretase.18,45,46

g-Secretase is a primary therapeutic target for AD as it
controls the Ab production: assuming that inhibition of g-sec-
retase activity would lower Ab production and thus be benecial
for AD, a large number of g-secretase inhibitors have been
developed.47–50 Unfortunately, none of them have shown
signicant endpoints, and side effects were observed in some
trials.4 This failure can be due to several reasons: one is that the
amyloid hypothesis is incorrect or should be supplemented, for
example by accounting for metabolic and inammatory path-
ways.6,7,51,52 Another is that Ab is involved in AD but cannot be
reduced to this role indiscriminately as it serves important
functions in the brain.53,54 A third is that the amyloid hypothesis
is correct but that inhibition of g-secretase prevents the
cleavage of substrates such as Notch.55–58 Non-selective g-sec-
retase inhibition may thus in fact contribute to cognitive
decline.59

Realizing these problems and staying with the amyloid
hypothesis, Notch-sparing g-secretase modulators have become
a major research focus.5,60 However, the molecular basis of
selectivity of such g-secretase modulators is not understood,
and this limits their further development.61 Since the dynamic
conformational changes in both enzymes and substrates are
critical to the intramembrane proteolysis and thus, the molec-
ular basis for selective Notch-sparing drugs, a strict comparison
of the normal-temperature dynamics of the wild-type protein–
substrate complexes in a complete membrane is of interest. The
present paper reports such comparative molecular dynamics
simulations (MD) as an effort to aid Notch-sparing drug-design.

This aim is of particular current interest and feasibility since
new structures of g-secretase bound to the shorter C83 analogue
of C99 and Notch-100 have been solved by cryo-electron
microscopy (cryo-EM) in 2019, revealing major changes upon
substrate binding of the two substrates.62,63 The corresponding
dynamics at physiologically relevant temperature on this
structural background are of major interest, since some
potentially important conformational states freeze out in the
cryo-EM samples.64 The cryo-EM structures also necessarily
feature cysteine mutations for cross-linking the substrate and
mutation of a catalytic aspartate to alanine (D385A) to avoid
substrate turnover.

The present study reports the computer-simulated dynamics
of wild-type (aer restoring the engineered mutations) C83- and
Notch-100-bound g-secretase in lipid bilayers, evaluated by
triplicate MD simulations at the microsecond time scale. The
topologies and backbone coordinates agree excellently with the
cryo-EM data, but additionally reveal substantial and distinct
thermal conformational dynamics of the regulatory loops and
31216 | RSC Adv., 2020, 10, 31215–31232
PS1 helices crucial for substrate binding, including distinct
lipid binding sites and effects of pathogenic mutations on the
stability of both the C83 and Notch-100 g-secretase complexes.
Most notably, the Notch-bound protein remains consistently in
the closed state with shorter Asp–Asp distance and inferred
more complete cleavage in the wild type. We identify these
differences as those that should be central to any drug design of
Notch-sparring g-secretase modulators for treatment of AD.

Computational methods
Model preparation

This work presents new all-atom simulations of the g-secretase–
Notch complex in a realistic membrane model. Comparison is
made throughout to simulations of the C83 complex adopted
from a previous study of 6IYC at 303 K.64 The present work
followed the exact same protocol in order to enable a strict
comparison of the normal temperature dynamics for the two
substrates. The cryo structure features C83, which binds more
tightly than the natural substrate C99. When the structure came
out, we set out to isolate the possible composition effects of (1)
missing membrane (this membrane protease is only active in
the membrane, the cryo data do not include a full bilayer); (2)
temperature dynamics (the cryo data represent the global
minima, with other modes frozen out); (3) mutation (the protein
is mutated as discussed above, the real protein is wild type); (4)
substrate model (the natural substrate is C99, the cryo substrate
is C83). All effects must be separated out one at the time. We
have systematically studied all these effects to understand the
effect of the various composition approximations.64,65 The
present data represent the missing comparison directly relevant
to the experimental data (but changed to wild type). We have
emphasized direct comparison of experimental 6IYC and 6IDF
for the wild type proteins, avoiding the potential impact of the
C99/C83 modication, which remains theoretical.

Specically, the cryo-EM structure of g-secretase with
Notch100 (6IDF)63 bound was processed using BIOVIA Discovery
Studio Visualizer version 4.5 (BIOVIA DSV). First, the hetero-
atoms including ligands and lipids were removed as they repre-
sent fragmented coordinates of the complex chemical
composition on the sample lm. Both in our previous64 and
present work, the mutations Q112C, D385A (in PS1 of 6IYC and
6IDF), and P1728C (in Notch-100 of 6IDF) were modelled back to
the wild type (WT) residues using themutagenesis protocol of the
PyMOL program.66 The missing side chains of the visible back-
bone residue atoms in the two structures were modelled using
the WHAT-IF web server.67,68 Finally, the structure was checked
for bad contacts and the rened structures were used to prepare
lipid bilayer systems. The catalytic residues in the cryo-EM-
structures 6IYC and 6IDF represent the mutants with one Asp
changed to Ala to avoid substrate turnover during data collection,
and are deprotonated states without a charge relay, as shown
previously.64 All pKa values computed so far both for the experi-
mental structures and for different simulated conformation
states maintain that both aspartates should be deprotonated,
although this may change e.g. upon ion binding.64 We also
emphasize that the prediction method may not account
This journal is © The Royal Society of Chemistry 2020
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accurately for the role of proton charge relays in hydrogen-
bonded systems, which are also inaccessible to experiment at
this point due to the mutation requirement discussed above.

The complete membrane-protein–water systems used for
MD simulation were prepared using the CHARMM-GUI server
(http://www.charmm-gui.org/).69 The two enzyme–substrate
complexes were orientated using the PPM server (http://
opm.phar.umich.edu).70 The POPC lipid membrane dimen-
sions were built based on an XY length of 115 �A for proper
embedding of the complete enzyme–substrate complexes. Both
systems were arranged in rectangular boxes because of the large
NCT subunit, which makes simulation cells with explicit all-
atom lipid and water atoms very large. The length of the Z
axis was dened based on the following parameters: water
thickness 22.5 nm; hydration number (number of water mole-
cules per one lipid molecule) 50; and percent ratio of water/lipid
ratio 50% w/w. The systems were built using the replacement
method with lipid ring penetration checking. Salt strength can
substantially affect the electrostatics and conformational
properties of proteins71–74 and may thus change the
conformation-sensitive of g-secretase dynamics.75 Accordingly,
the systems were converted to a physiological (0.15 M) NaCl
concentration using the Monte Carlo placement method.
Molecular dynamics simulations

The les produced as described above were used as input to the
GROMACS molecular dynamics program version 2018.5.76

Parameters and topology were assigned according to the
CHARMM36m force eld77 and default CHARMM TIP3P water
model,78,79 which was used for simulation as in previous work, to
enable strict comparison.64,65,80–82 The systems were energy mini-
mized for 5000 steps. Subsequently, we pre-equilibrated the
system with two instances of temperature coupling for 25 000
steps each (with a time interval of 1 fs), then two steps of
temperature and pressure coupling with 25 000 steps each (1 fs),
and nally, two 50 000-step equilibrations with a time interval of
2 fs at constant temperature and pressure. In all systems Nose–
Hoover temperature thermostat83 was applied to maintain
temperature with a time constant of 1 ps and the semi-isotropic
Parrinello–Rahman barostat applied to maintain the pressure at
1 bar with a coupling time constant of 5 ps. All bonds to hydrogen
atoms were constrained by the LINCS algorithm.84

In all cases, we used the Verlet cut-off scheme when calcu-
lating the long-range non-bonded interaction energies and the
Particle Mesh Ewald (PME) to calculate the electrostatic
potential energies with periodic boundary conditions. The
parameters used for long-range interactions were a non-bonded
cut-off of 12�A and a force-based switch parameter value of 10�A.
The nal MD production simulations were performed in trip-
licate for both systems, with each triplicate simulation running
for 500 ns with a time-step of 2 fs. The six simulations were
initiated using random velocity seeds to make them statistically
independent (time-uncorrelated). All simulations were per-
formed at a near-physiological temperature of 303.15 K, because
the dynamics of conformation-sensitive membrane proteins are
quite sensitive to temperature.64
This journal is © The Royal Society of Chemistry 2020
Dynamic trajectory analysis

For all six simulated systems, the intrinsic stabilities were
monitored by plotting the backbone root-mean-squared devia-
tions (RMSD) of the structures from their respective starting
congurations, the radius of gyration (Rg), and the solvent
accessible surface area (SASA). In addition, the root-mean-
squared uctuations (RMSF) of the protein Ca atoms, the
secondary structure of the C83, Notch100 and PS1 subunits, and
the conformation states obtained from principal component
analysis (PCA) were analyzed using the nal equilibrated trajec-
tories from 200–500 ns, since the rst part of MD trajectories of
large systems carries artefacts from the start conguration setup.

The collective motions of the protein–membrane–water
systems were analysed by extracting the top principal compo-
nents (PCs) using the GROMACS utility toolkits applied to the
main-chain atoms, and MODE-TASK.85 We performed singular
value decomposition PCA on alpha carbons (1355 atoms for C83
and 1363 for Notch100) for both systems, and the trajectories
were prepared by removing periodicity and water molecules.
The lipid binding occupancy was determined using VMD.86 The
water molecules accessing the catalytic residues within 5�A were
identied. To understand the water hydrogen-bond dynamics
in the catalytic site, we computed the number of hydrogen bond
forming amino acids. RMSD-based clustering was performed
using the cluster analysis method implemented in Gromacs,87

with a cut-off of 0.2 nm.
The membrane parameters, including deuterium order

parameters and the densities of the membrane components,
were analysed over the full trajectories using gmx order and gmx
density modules of GROMACS. We were specically interested
in assuring the realism of the protein–membrane system and
the lipid membrane and thus computed the density prole of
the POPC head, tail, and phosphate groups as well as the TIP3P
water. The membrane area, area per lipid and membrane
thickness were calculated using the FATSLiM program.88
Binding free energies

The binding free energies of the substrate-bound g-secretase–
complexes were calculated using the molecular mechanics/
Poisson–Boltzmann surface area (MM/PBSA) method.89 We
employed the g_mmpbsa program90 to compute the DGbind of
each complex using 500 snapshots obtained from the last 300
ns trajectories at equal interval of time. The free energy of
binding involves the components described in eqn (1):

G ¼ Gbond + Gele + GvdW + Gpol + Gnpol � TS (1)

Gbond is the sum of the bond, angle, and dihedral energies; Gele

and GvdW are the electrostatic and van der Waals energies,
whereas Gpol and Gnpol represent the polar and nonpolar contri-
butions to the solvation energy. The congurational entropy (TS)
was not included, as is oen the case, because of the computa-
tional costs involved and because we were mainly interested in
observed energetic differences in binding on a residue-basis,
rather than estimating true binding free energies.
RSC Adv., 2020, 10, 31215–31232 | 31217
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Computing stability effects (DDGMUT) of pathogenic PS1
mutations

In order to evaluate whether the structural differences between
the bound substrates have any probable energy effects of
signicance, we computed the pathogenic non-synonymous
mutations of the TM region of PS1, following the procedure
previously described.91 Specically, we computed the change in
folding free energy (DDGMUT, measured in kcal mol�1) upon
mutation using the four well-known structure-based methods I-
Mutant 3.0,92 FoldX 5.0,93 POPMUSIC 2.1,94 and mCSM.95 We
computed DDGMUT both for the two experimental structures
(6IYC and 6IDF converted into wild type, both otherwise
unchanged) and for the representative structures obtained from
clustering analysis of our three independent simulations for
each protein–substrate complex. In case of I-Mutant, the
DDGMUT were computed using the default parameters. FoldX
calculations were carried out using the repair function with and
the average DDGMUT were based on ve runs. Since the methods
use different sign conventions, for comparison in the main
paper, we used a common sign convention of DDGMUT > 0 being
destabilizing; all results reported follow this convention.
Results and discussion
Normal-temperature dynamics in a lipid bilayer

The all-atom MD simulations reported in the present work
supplement the cryo-EM data: while maintaining closely the
experimental structural coordinates, the simulated structures
represent the wild-type systems, not the cysteine mutant and in
Fig. 1 Simulated g-secretase models bound to C83 and Notch100 withi
g-secretase–Notch100. The subunits nicastrin (green), PS1 (blue), APH1-
are coloured differently. The small spheres represent the head groups
substrates are shown below the structures (acc: accessibility and hyd: hyd
and Notch100. The images were generated using ENDScript2.0.

31218 | RSC Adv., 2020, 10, 31215–31232
particular the catalytic D385A mutation, which is likely to affect
the substrate binding dynamics. The cryo data represent
a rapidly frozen samplemainly in the global conformation state,
withminor conformations with fast time scales frozen out. Even
if partly accounted for during image processing and model
building, the dynamics are more meaningfully discussed at
physiological temperature.64,96,97 The membrane also plays an
important role in the protein–substrate dynamics98 that
increases at physiological temperature,64 and this needs to be
assessed beyond the mixed chemical composition of the
experimental cryo sample. Since the substrate dynamics are the
key to understand C99 and Notch processing and thus, the
molecular basis for selective Notch-sparing drugs, a strict
comparison of the normal-temperature dynamics of the wild-
type protein–substrate complexes in a complete membrane is
of interest.

The studied g-secretase–C83 and g-secretase–Notch
complexes, shown in Fig. 1A and B respectively, were simulated
each in triplicate for 1

2 ms, for a total of 3 ms. A detailed
comparison of the 303 K-temperature dynamics of the TM
substrate domains (sequences in Fig. 1 below the structures) is
of particular interest. Whereas large loop motions and major
conformational changes (e.g. partial unfolding events) occur on
longer time scales, the helix–helix interactions that control the
catalytic pocket and substrate processing occur on the 100 ns
time scale,99 as conrmed by repeated transitions and broad
helix tilt angle distributions and Asp–Asp distances on these
time scales.65,81 According to the FIST (Fit–Stay–Trim) model,
these helix motions convert between the open substrate-
n a lipid bilayer. (A) Wild-type g-secretase–C83 complex. (B) Wild-type
A (magenta), PEN2 (yellow), and the substrates C83/Notch100 (orange)
of the POPC molecules. The trans-membrane sequences of the two
rophobicity). The arrows show the position of the cleavage sites in C83

This journal is © The Royal Society of Chemistry 2020
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binding site (weak “grabbing” by the “st”) giving imprecise
and reduced substrate cleavage, releasing longer toxic Ab, and
the semi-open state (with tighter “grabbing”) that ts substrates
better and gives more precise and extensive cleavage, and thus
shorter Ab.60,65,80,91,100

To capture these effects as accurately as possible, we simu-
late the systems with all atoms including hydrogens, since the
helix–helix side chain interactions are dominated by hydrogen
encounters in the hydrophobic, salt bridge, and hydrogen bond
interactions. Coarse-grained models at longer time scales
importantly assess overall topological dynamics but do not
capture these interaction energies and thus cannot describe the
substrate binding dynamics accurately without hydrogens
present. Thus, for our specic purpose, explicit all-atom
Fig. 2 Dynamical stability and comparison of experimental and simulated
Notch100 simulations relative to the initial structure. Blue, purple and c
orange, and green lines represent simulation 1, 2, and 3 for g-secretase–
(C) Experimental g-secretase–C83 (6IYC, green) compared to structure
secretase–Notch100 (6IDF, green) compared to simulation 1 (blue), 2 (p

This journal is © The Royal Society of Chemistry 2020
dynamics at 500 ns are the relevant trade-off between system
compositional precision and sampling extent.

Below, we discuss in detail the similarities and differences of
C83 and Notch100 dynamics, with emphasis on substrate
secondary structure, the conformations of the catalytic aspar-
tates and the size of the active site, the dynamics of regulatory
hydrophilic loop 1 (HL1) and the substrate recruiting PALmotif.
This analysis may serve as a normal-temperature membrane-
specic picture of the dynamics of substrate binding as
a supplement to the cryo-EM data, which may hopefully aid the
understanding of the relative binding affinity of the two
substrates to g-secretase, which we consider central to any
development of effective Notch-sparing g-secretase-based
therapies.
structures. (A) Backbone Ca-RMSD of triplicate g-secretase–C83 and
yan lines represent simulation 1, 2, and 3 for g-secretase–C83. Black,
Notch100. (B) RMSD of g-secretase–C83 and g-secretase–Notch100.
s for simulation 1 (blue), 2 (purple), and 3 (cyan). (D) Experimental g-
urple), and 3 (cyan).

RSC Adv., 2020, 10, 31215–31232 | 31219
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In order to test the realism of the overall simulated
membrane-embedded g-secretase–substrate systems, we
computed the membrane order parameters, the density prole
of the POPC bilayer, and the membrane thickness and area per
lipid (Fig. S1†). The calculated order parameters are in agree-
ment with the experimental101 and MD-simulated102,103 data for
POPC membrane systems. Specically, the computed Sn1
parameters displayed a minimum at the third carbon position
and an extreme at carbons 5–6, and then a downward shi
along the palmitoyl chain. We also observed a double-bump
structure with a dip at the carbon 10 position in Sn2 parame-
ters, which is also seen experimentally.101 As expected we
observed a slight deviation in the Scd for unsaturated double
bonds in the sn-2 oleoyl tail, probably due to the incorrect
prediction by the gmx tool. In addition, we also observed
slightly larger area per lipid as compared to pure bilayers,103,104

which may be due to the number of lipids used in our study and
the very large g-secretase complex interacting with the lipids via
many discrete TM residues. Except for these minor variations,
the data in Fig. S1† show that the lipid bilayer model provides
a realistic basis for estimating the impact of the membrane on
the substrate binding dynamics on the background of the
experimental cryo-EM structures.

The conformational stability of the membrane-embedded
proteins was evaluated by computing the backbone RMSD
(Fig. 2), Rg, and SASA relative to the starting structure of each
simulation (see ESI text and Fig. S2–S4†). These data indicate
that each system attained equilibrium, with excellent agree-
ment between the computed and experimental backbone atom
coordinates of the transmembrane domains.
Dynamics of substrate-bound g-secretase subunits

To identify differences in the structural dynamics, we computed
the residue-wise Ca RMSF of each subunit of the g-secretase–
substrate complexes averaged over each trajectory of the three
triplicate simulations (Fig. S5†). The RMSF of NCT-ECD in g-
secretase–C83 displayed several high peaks as expected and
discussed above, whereas the region Phe240–Glu245, which
interacts with the extracellular part of C83, displayed small
uctuations (1.3–1.6 �A). NCT-ECD motions are important
because they likely affect the dynamic stability of g-secretase–Ab
assemblies and thereby modulate Ab length,105 and some g-
secretase modulators tend to bind at the extracellular interface
between NCT and PS1.106 The dynamics of Ser241 and Ile242 in
the proximity of NCT interacting with Lys12 of C83 (corre-
sponding to Lys699 in APP) were explored by measuring the
minimum distance between these residues (Fig. S6†). The
substantial thermal uctuations should be viewed in the light
that the C83 structure has some missing residues and cross-
-linking of PS1 (Q112C) to the C83 (V8C) might affect this
region. Some g-secretase modulators are reported to bind in
TM1 and HL1 of PS1 close to NCT (Fig. S6†), which interacts
with the TM of APP.105,107 The binding induces a conformational
change in PS1.108 Unlike PS1 fAD mutations, g-secretase
modulators probably increase the stability of the g-secretase–Ab
31220 | RSC Adv., 2020, 10, 31215–31232
complex and decrease the premature dissociation of Ab, which
results in additional trimming of the substrate.109

In g-secretase–C83, the hydrophilic loop 2 (HL2) and the
extended PS1–TM6a uctuations were larger than in g-secre-
tase–Notch100, i.e. these dynamics are markedly different. In
contrast, the dynamics of the hydrophilic extracellular loop HL1
involved in substrate gating110 was relatively similar for both
enzyme–substrate complexes, although it represents the
binding sites of some g-secretase modulators.111 Nevertheless,
we expect a selective drug to engage the two enzyme–substrate
complexes differently, as discussed below.

In PS1, we generally observed large movements of TM2,
TM6a and TM9, consistent with previous ndings.65,80,112

Tominaga and co-workers found that the distance between TM6
and TM7 relate to Ab42 production.113 In both systems, the CTF
of PS1 uctuated less than the NTF. This is probably because
a large part of C83 TM is surrounded by the cavity formed by
TM2, TM3, and TM5 of the NTF. The TMs of both substrates are
relatively inexible because the membrane dampens their
motions. However, the extracellular N-terminal of Notch100
(positioned outside the membrane), which harbours a small
helix, is more exible than C83, in agreement with NMR data for
the free substrates.114,115 In contrast, the Ca-RMSF values for the
catalytic Asp257 and Asp385 and the PAL (Pro433–Leu435)
motif indicate that the C83-complex is distinctly more exible
than the Notch100-complex, which could be relevant for dis-
tinguishing the two modes of substrate recruitment and
binding. We note that the C83 N-terminal region has ve
missing residues (D694–698N), but since they are located in the
extracellular space and highly exible,65 this is unlikely to
impact the local substrate TM dynamics. As compared to the
apo form (5FN2), the four sub-units of g-secretase-substrate
bound conformations displayed similar trends in RMSF with
a few exceptions in the loop regions bridging the TM helices.116
Multi-state ensembles of C83 and Notch100–g-secretase
complexes

To characterize the overall conformational states and capture
the coupled motions, we employed PCA (for details see Mate-
rials and methods section†). As shown in Fig. S7,† PC1, PC2 and
PC3 represent most of essential motions of the enzyme–
substrate complexes. The trace values of the co-variance matrix
of C83 systems were 28.55, 28.29 and 36.11 nm2 whereas for the
Notch100 it was 38.27, 25.18 and 38.19 nm2 indicating multi-
state behaviour of both systems. As shown from the projected
PCs (Fig. S8 and S9†), both protein complexes are clearly multi-
state systems with at least three major conformational states.
One state is caused by the NCT breathing mode and another by
the absence of the maturation loop HL2 that releases the PS1-
TM movements required for substrate processing, which is
not possible in the immature state with an intact HL2, before
autoproteolysis (all proteins studied here are in the mature
form with N-terminal and C-terminal PS1).112

Porcupine plots based on PC1 (Fig. 3) and PC2 (Fig. S10†)
quantify these differences, most notably the NCT-ECD inward-
outward breathing mode, which probably is responsible for
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Main atomic dynamics of g-secretase–C83 and Notch100 complexes. (A–C) The movement of NCT (green), PS1 (cyan), APH1-A (purple),
PEN2 (yellow), and C83 (tint grey) of g-secretase–C83 for simulation 1 (A), 2, (B), and 3 (C). (D–F) The movement of the NCT, PS1, APH1-A, PEN2,
and Notch100 (tint grey) of g-secretase–Notch100 for simulation 1 (D), 2, (E), and 3 (F). The red arrows represent the direction and amplitude of
motion. The TM domains in PS1 are marked 1, 2, 3, 4, 5, 6, 6a, 7, 8 and 9.
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the now well-established role of NCT in substrate recogni-
tion.65,117 The dynamic conformational behaviour of NCT-ECD
observed in our study is in agreement with the MD studies of
apo-form g-secretases.116,118 We observed differential exibility
in PEN2 (Fig. 3C and F) as compared to the other subunits. Bai
et al.75 reported that g-secretase can exist in different confor-
mational states with respect to the distance between catalytic
aspartates and the relative position of PS1 and PEN-2. We also
observed tilting of APH-1A, in agreement with the cryo-EM
structures (Fig. 3A, D, E and F). In contrast, the TM segments
of PS1, which are positioned close to PEN-2 and APH-1A, dis-
played stable interactions during most of the simulation time.
PEN-2 and APH-1A are likely to substantially aid PS1 stabiliza-
tion and activation.119 Kaiser–Meyer–Olkein (KMO) indices and
cosine contents of the rst PCs ranged from 0.72 to 1 indicating
This journal is © The Royal Society of Chemistry 2020
acceptable local sampling, while the squared cosine content
(0.58, 0.58, 0.86 for PC1 in C83 and 0.71, 0.64 and 0.70 for PC1
in Notch100 for the three independent simulations) indicates
good local convergence within the subspace dened by the
original experimental structures; we note that this does not
imply global ergodic sampling but only good local sampling
around the experimental states.

Fig. 4 shows the main representative structures obtained
from clustering analysis of each simulation, compared to the
experimental cryo structures as in Fig. 2C and D, but zooming in
on the catalytic PS1 subunits. Fig. S11† shows the correspond-
ing analysis for the complete trans-membrane region of the full
protein–substrate complexes, documenting the very good
agreement with the experimental topologies (shown in green).
Careful comparison of the 303 K structures of the two
RSC Adv., 2020, 10, 31215–31232 | 31221
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Fig. 4 Comparison of 303 K-simulated PS1 and experimental cryo-EM structures. (A) Superimposed view of simulated and experimental (6IYC)
structures of g-secretase–C83. (B–D) Ensemble-representative simulated PS1–C83 structures. (E) Zoomed-in view of the catalytic residues in
the three simulated structures of 6IYC (catalytic and PAL residues are shown as sticks). (F) Superimposed view of simulated and experimental
(6IDF) g-secretase–Notch100. (G–I) Ensemble-representative simulated PS1–Notch100 structures. (J) Zoomed-in view of the catalytic residues
in the three simulated structures of 6IDF. Blue, purple and cyan represent simulation 1, 2, and 3 (deep salmon color represents the substrates); the
experimental structures are shown in green.
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complexes indicate differences in the b1 (along with TM6a) and
b2 strand (connected with TM7) (most notable in simulation 1,
Fig. 4B), which may affect differential binding and subsequent
cleavage of the substrates. In one simulation of both g-secre-
tase–C83 (simulation 2, Fig. 4C) and g-secretase–Notch100
(simulation 1, Fig. 4G) we observed complete loss of the three b-
strands in PS1 and the substrates. Bound Notch100 (Fig. 4J)
displayed more structural variation than C83 (Fig. 4E) but we
saw some loss of b3-strand in both C83 (Fig. 4C) and Notch100
(Fig. 4G).
Different dynamical sizes of Notch- and C83-bound catalytic
pockets

In order to understand the differential membrane dynamics of
the two enzyme–substrate complexes, we monitored the
distance between the Ca of Asp257 and Asp385, which denes
the open (large Ca–Ca distance) and compact (least Ca–Ca
distance) conformation states of the catalytic pocket that
control substrate cleavage pathways according to the FIST
model (Fig. 5A–D). The Asp–Asp distance (�11.5�A averaged over
the three simulation systems) for the C83-complex (experi-
mental 6IYC: 10.6 �A) is slightly higher than for the Notch100
conformation (�10.1 �A averaged over the three simulations;
experimental 6IDF: 10.4 �A). Both the temperature and the
31222 | RSC Adv., 2020, 10, 31215–31232
membrane expand the protein in the membrane, explaining the
difference between the cryo-EM and simulated data (simulated
cooled structures look similar to the experimental cryo struc-
tures).64 We note that the distances agree well with our previous
MD studies of full-length C99 inside g-secretase with
a complete, matured HL2 present,65 i.e. the C83–C99 difference
and presence of HL2 do not affect this important distance
directly, but probably affect overall substrate affinity.

We also monitored minimum-distance (using gmx mindist)
between the terminal residues of HL1 (Ser104–Glu123 in g-
secretase–C83 and Notch100 complexes) at the membrane
interface of TM1 and TM2 of PS1 (Fig. 5E and F). The separation
was much larger in the Notch100 complex than in C83–g-sec-
retase consistently for all three independent simulations.
Similarly, the end-to-end separation of the PAL motif (Pro433–
Ala434–Leu435) was measured as the minimum distance
between Pro433 and Leu435 in PS1. We observed a clear
difference in its extension in g-secretase–C83 and g-secretase–
Notch100 (Fig. 5G and H), mainly caused by a changed
conformation of Leu432. Mutation of this residue may affect
PAL motif and abolishes the activity of the enzyme.62,63 The
residue forms a strong backbone hydrogen bond with the Notch
and C83 b-strand, which probably contributes to the role of the
PAL motif in substrate recognition.120
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Dynamics of the catalytic Asp257–Asp385, large hydrophilic loop 1 (HL1) and PAL motif. Left panel: g-secretase–C83 complex and right
panel: g-secretase–Notch100 complex. (A) Orientation and Ca–Ca distance between the catalytic aspartates in g-secretase–C83 compared to
the experimental 6IYC. (B) Orientation and Ca–Ca distance between the aspartates in g-secretase–Notch100 compared to 6IDF (blue: simu-
lation 1, purple: simulation 2 and cyan: simulation 3). (C) Dynamics of the Ca–Ca distance between Asp257 and Asp385 in g-Secretase–C83. (D)
Dynamics of the Ca–Ca distance between Asp257 and Asp385 in g-secretase–Notch100. The magenta line displays the experimental distance.
(E) Minimum distance between the terminal residues of HL1 in g-secretase–C83. (F) Minimum distance between the terminal residues of HL1 in
g-secretase–Notch100. (G) Minimum distance between the terminal PAL residues (Pro433 and Leu435) in g-secretase–C83. (H) Minimum
distance between Pro433 and Leu435 in g-secretase–Notch100.
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The dynamic variation in the distance between the catalytic
aspartates and the cleavage sites of the substrates are relevant
to the cleavage mechanism of C83 and Notch100. These vari-
ations are portrayed in Fig. 6. 3-Cleavage occurs either at
Thr719–Leu720 (associated with the Ab48 pathway) or at
Leu720–Val721 (Ab49 pathway). We observed major differences
in the distance between the catalytic Asp257 and these
cleavage sites of C83, whereas Asp385 was generally relatively
xated with respect to the cleavage sites. The imprecise
cleavage resulting in two pathways i.e., Ab49 or Ab48 requires
a relatively open and dynamic substrate pocket, according to
the FIST model.60,80,121 Asp385 is closer to the cleavage site at
V1754 in the Notch100-complex (Fig. 6; average distance below
�5 �A).
This journal is © The Royal Society of Chemistry 2020
Hydrogen bond dynamics, water accessibility, and lipid
binding

How g-secretase enables access of nucleophilic water within the
lipid bilayer remains an open question that largely depends on
the room-temperature hydrogen-bond dynamics. The close
encounter of Asp385 to the substrate discussed above suggests
that this residue can possibly hydrogen bond and engage in
proton transfer with the substrate directly or via a catalytic water
molecule, since a short distance is required for proton trans-
fer.116 The mechanism of g-secretase probably involves a critical
formation of an initial hydrogen-bond or full proton transfer
between the catalytic water molecule and the aspartate to
enhance water's nucleophilicity,122 and aer establishment of
the tetrahedral intermediate, we can expect the proton to be
RSC Adv., 2020, 10, 31215–31232 | 31223
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Fig. 6 Simulated minimum distances between catalytic Asp257/Asp385 and cleavage sites of C83 and Notch100. Left panels: average distances
between the catalytic residues of PS1 and cleavage sites in C83 (Leu720–Val721 giving the Ab49 pathway and Thr719–Leu720 giving the Ab48
pathway). Right panel: average distances between the catalytic residues and cleavage sites of Notch100 (Gly1753 and Val1754).
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relayed back to the N-terminus of the newly formed cleavage
product.123,124

In order to understand the thermal dynamics of these
hydrogen bonds in more detail, we measured the dynamics of
hydrogen bonds and compared them for the pairs NCT–C83/
Notch100, PS1–C83/PS1–Notch100, POPC–PS1, C83/Notch100–
POPC, catalytic Aspartates (Asp257/Asp385)–water (TIP3) as
highlighted in Fig. 7 and S12.† The hydrogen bonds between
POPC lipids and the substrates (C83 and Notch100) displayed
substantial dynamics, which average only to the most stable
conformation in the cryo-EM data (Fig. S12†).

We computed the water-mediated hydrogen-bond dynamics
in both systems: the C83 complex displayed more water inter-
action than Notch100 in the same regions, which may affect
substrate selectivity. In particular, by computing the water
molecules within 5 �A of the Asp257/Asp385 residues (average
numbers/frame in Fig. S13†), we found that more water mole-
cules access the two catalytic residues in the C83 complex than
in the Notch100 complex. The surrounding residues within 5�A
(Fig. S14†) indicated substantial differences in hydrogen
bonding to water molecules. We propose that the different
water accessibility could be an important determinant of the
relative affinity (selectivity) of the two substrates, of relevance to
developing modulators. In both complexes, we also observed
that Asp257 forms more hydrogen bonds with water as
compared to Asp385. In addition, the solvent exposed residues
Leu721 (of C83), Gly1753 and Val1754 (of Notch100) interacted
31224 | RSC Adv., 2020, 10, 31215–31232
considerably with water, with the space available for these
hydrogen bonds being more restricted in the Notch complex.
Supporting this analysis is also the SASA of each of these resi-
dues in both systems during the last 300 ns (Fig. S15 and S16†).

Hydrogen bonds mediated by the POPC lipid head-groups
were analyzed by measuring the retention time to specic
head groups (Fig. S17 and S18†). Many stable POPC lipid
binding regions around hydrophobic TM helices were clearly
visible (Fig. S17†). Some residues of the NCT ECD and the
substrate interface displayed lipid binding. Some lipids bound
between the TM domains of NCT and near APH-1A (mostly
aromatic residues) were very far from the active site. However,
in PS1, the substrate-binding cavity formed by TM2, TM3, and
TM5 of g-secretase–C83 possesses a lipid binding site
(Fig. S18†), interestingly close to many residues known to be
mutated in early-onset familial AD.32 The main lipid binding
sites near the substrate-binding pocket reside at HL1, TM2,
TM6, TM6a and TM9,21,125 which supports the hypothesis that
membrane dynamics plays a major role in substrate recognition
and cleavage. The residues binding to POPC lipids (Table S2†) is
in congruence with several previous MD studies by other
research groups.116,118,126
Specic interactions of C83 and Notch 100 with g-secretase

With the similarities and differences in molecular recognition
of C83 and Notch100 by g-secretase in mind, we computed the
intermolecular contacts of the ensembles and measured the
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Important hydrogen bond dynamics of NCT ECD and PS1 interacting with C83 and Notch100. A: NCT, B: presenilin 1 and E: C83 or
Notch100. The residues of C83 and Notch100 are numbered according to their position in corresponding substrates.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
11

:1
9:

13
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
hydrogen bond pairs for each trajectory (Fig. 7–9). The impor-
tant hydrogen bonds and electrostatic contacts are summarized
in Tables S3 and S4†. Glu280, which is located in the loop
connecting TM6a and the strand b1, interacted consistently
with the positively charged triplet lysine anchor motif (Lys724–
Lys726) of the C83 complex (Table S3†). The mutation of this
Fig. 8 Interactions between NCT, PS1 and C83 obtained from ensemble
Simulation 3 (NCT: green; PS: blue; and C83: salmon). The hydrogen-bo
residues interacting with substrate are green, while PS1 is blue and C83 r
format.

This journal is © The Royal Society of Chemistry 2020
residue (E280A) has been observed in hundreds of early-onset
AD patients; we suggest its mechanism of action is to disturb
the anchor motif and thereby increase the mobility of the
substrate, creating looser “grabbing” that enhances the impre-
cise cleavage leading to less activity and relatively longer Ab
according to the FIST model. Strong electrostatic charge
-representative cluster structures. (A) Simulation 1. (B) Simulation 2. (C)
nds (shown in magenta dotted lines) are displayed for clarity. The NCT
esidues are orange. The interacting residues are shown in ball and stick

RSC Adv., 2020, 10, 31215–31232 | 31225
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Fig. 9 Intermolecular contacts between NCT, PS1 and Notch100 obtained from the top-ranked cluster. (A) Simulation 1. (B) Simulation 2. (C)
Simulation 3. The hydrogen bonds (shown in magenta dotted lines) are displayed for clarity. The NCT residues interacting with substrate are
labelled green, while PS1 is blue and Notch100 residues are orange. The interacting residues are shown in ball and stick format.
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interactions may aid the positioning of the substrates.127 Apart
from the NCT interface contacts, we also observed hydrogen-
bonds between TM6a or the HL2 loop and C-terminal end of
C83. The tri-lysine anchor of C83 resides just C-terminal to the
initial (3) cleavage site aer Thr719, and the catalytic pocket of
g-secretase is enriched with negatively charged residues. Poly-
basic regions C-terminal to the TM helix are common to most g-
secretase substrates and are conserved in both C83 and the
Notch family.128

In the Notch100 complex, the TM helix (residues 1734–1750)
interacted with TMs of PS1 via several van der Waals interac-
tions (Table S4†). Gly1753 at the C-terminal of the Notch100 TM
helix formed a hydrogen bond with Gly384 in the GXGDmotif of
PS1 (Fig. 9); the absence of side chains in Gly384 probably is an
important feature of proteolytic activity of g-secretase, possibly
due to water co-localization: the AD-associated mutation G384A
exhibits a 90% loss of activity and a 170-fold higher Ab42/Ab40
ratio compared to wild-type g-secretase in an in vitro assay,32

which we suggest could easily be due to loss of a co-localized
water involved in the water hydrogen bond network discussed
above.

Leu432 of PS1, which precedes the PAL motif (Pro433–
Ala434–Leu435), formed backbone hydrogen bonds with
Notch100 (Table S4†). This observation is consistent with the
reported role of the PAL motif in substrate recognition.120 The
primary cleavage site for Notch100 is located between Gly1753
and Val1754, which also formed hydrogen bonds with the
GXGD motif of PS1 (notably with Gly382 and Gly384), and thus
perhaps important for substrate binding and for orienting the
scissile peptide bonds towards the active site. Finally, we note
that we consistently observed a strong hydrogen bond between
the catalytic Asp385 and Leu1755 close to cleavage site
(Val1754). Altogether, several amino acids from PS1 interact
31226 | RSC Adv., 2020, 10, 31215–31232
differently with the TM helices of C83 and Notch100. A direct
interaction between NCT ECD and C83 (Fig. 8) provide a possi-
bility that this part of NCT affects the stability of the enzyme–
substrate complex which in turn would modulate the Ab length,
according to the FIST model80,121 and experimental evidence.105

To understand the energetic difference in substrate recog-
nition, we computed the binding free energy for both
complexes, using the equilibrated snapshots from the last 300
ns, with the MM/PBSA approach (Table S5†). We found that the
energetic contributions from different components of Notch
and C83 were similar in nature. The free-energy decomposition
analysis (Fig. S19†) indicated that the contributing residues are
generally identical in all the replicates with only minor devia-
tions. The positively charged motif (RKRR 1758–1761) of
Notch100 contributed signicantly to overall binding (average
of �75.2, �74.9, and �72.3 kJ mol�1 for the three simulations)
supporting its role as a “membrane anchor” of Notch. The
positive charged residues at the C-terminus of the TM region of
the Notch family are fully conserved indicating the important
function of this anchoring.
TM-helix conformations of g-secretase-substrate complexes

As the last part of our analysis, to understand the differences in
recognition of the substrates, we measured the deviation in tilt
angles of TMs (Fig. 10 and Table S6†) and secondary structure
changes (Fig. S20–S22†). Substantial structural rearrangements
were observed in the substrate-binding regions of PS1 that are
likely to be induced by differential substrate binding (Fig. 4 and
S11†). Our computed tilt angle distributions of TM helices in
PS1 (Fig. 10 and Table S6†) showed marked differences, most
importantly in TM2, TM5, TM6, and TM6a. Not only the varia-
tion in tilt angles but also the prevalent tilt angle of each TM
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Distribution of tilt angles of transmembrane domains (TMs) of PS1 and C83 and Notch100. The tilt angles were computed using the Ca
coordinates of the TMs. (A) Tilt angles in g-secretase–C83. (B) Tilt angles in g-secretase–Notch100.
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helix varied between the ensembles; we expect the cryo-EM data
to reect an average of these motions. These differences along
with Ca–Ca distance of catalytic pairs dene the open (large Ca–
Ca distance) and compact states (small Ca–Ca distance) that
control the pathways and extent of cleavage according to the
FIST model.65,80 TM2, TM6, and TM9 are involved in initial
substrate binding.129

As seen from Fig. 4 and S11,† we observed a complete loss of
three-stranded b-sheet (formed by PS1 and C83) in one
Fig. 11 Computed stability effects (DDGMUT, kcal mol�1) for 149 pathogen
median is shown as a white dot inside the violin plot. (A and D) Computed
and (D) mCSM. (E–H) Linear correlation between DDGMUT of the 149 m
POPMUSIC and (H) mCSM.

This journal is © The Royal Society of Chemistry 2020
simulation (simulation 2) and a partial loss of one b-strand
(extended towards TM7) in another simulation (simulation 3).
For b1 extended from TM6a of PS1, we observed the same
residues forming b-sheet in only two conformations, while in
the second replica, it was converted to a turn. We also observed
loss of b-strand in the Notch100 complex simulations. The
structural ensembles analyzed using VMD (Fig. S21–S22†)
indicated that the b-strands disappear at different time points
and oen converted to coil. The b-sheet is probably favoured at
ic PS1 mutations of substrate-bound g-secretase (6IYC and 6IDF). The
DDGMUT for 6IYC and 6IDF using (A) I-Mutant, (B) FoldX, (C) POPMUSIC
utations for 6IYC and 6IDF computed using (E) I-Mutant, (F) FoldX, (G)

RSC Adv., 2020, 10, 31215–31232 | 31227

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04683c


Table 1 Statistics of the simulationsa

Complexes MD systems RMSD (nm) Rg (nm) SASA (nm2)

RMSF (nm) Distance (nm)

Nicastrin PS1 APH1-A PEN2
C83/
Notch100 Asp–Asp

g-Secretase–C83 1 0.28 (0.02) 4.03 (0.02) 604.6 (6.40) 0.14 (0.05) 0.12 (0.04) 0.13 (0.03) 0.13 (0.02) 0.11 (0.03) 1.15 (0.02)
2 0.31 (0.03) 4.01 (0.02) 609.8 (5.46) 0.14 (0.05) 0.11 (0.04) 0.12 (0.03) 0.12 (0.03) 0.14 (0.04) 1.15 (0.04)
3 0.30 (0.03) 3.99 (0.02) 613.2 (7.24) 0.15 (0.06) 0.13 (0.03) 0.13 (0.04) 0.18 (0.05) 0.12 (0.02) 1.14 (0.03)

g-Secretase–
Notch100

1 0.30 (0.05) 3.97 (0.02) 613.5 (7.48) 0.17 (0.06) 0.10 (0.03) 0.13 (0.04) 0.16 (0.05) 0.16 (0.09) 1.00 (0.02)
2 0.28 (0.02) 3.95 (0.02) 611.7 (4.29) 0.13 (0.04) 0.10 (0.03) 0.12 (0.03) 0.13 (0.04) 0.14 (0.05) 1.01 (0.02)
3 0.30 (0.03) 3.94 (0.04) 621.0 (7.05) 0.15 (0.05) 0.15 (0.04) 0.13 (0.04) 0.22 (0.05) 0.21 (0.09) 1.02 (0.02)

a Values within parenthesis represent the standard deviations.
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cryogenic temperature, both from thermodynamic consider-
ations and from actual cold vs. hot simulations.64

It has been suggested that the transmembrane substrate
helix of intramembrane proteases unwinds during binding to
enable the catalytic aspartates to access the peptide bonds,130

and solution NMR chemical shis indicate that this is also the
case for cleavage of C99.131 Such a mechanism requires helix-
destabilizing residues to partially unzip during substrate
binding. The recent cryo-EM structure has been claimed to
show such a partial unwinding within the Notch-TMD.63 b-
strands in TM6 and TM7 of PS1, which were observed in our
previous MD simulations of apo-g-secretase,80,112 indicate
a possible role of b-strands in g-secretase PS1 physiological
temperature dynamics. The evolution of secondary structure for
each trajectory (Fig. S21 and S22†) clearly indicates that C83 and
Notch100 display consistent partial helix–coil transitions,
which could be consistent with such partial unwinding events,
and the cryo-EM structures probably feature an extended helix
because it is a cooled average of these dynamic motions that we
observe here.
Effect of pathogenic PS1 mutations on the stability of the
enzyme–substrate complexes

Several studies have shown that PS1 mutations that cause
familial AD tend to increase the Ab42/Ab40 ratio, which corre-
lates with clinical severity of the mutation.32,100 According to the
amyloid hypothesis, an increased Ab42/Ab40 ratio may be path-
ogenic, whereas the presenilin hypothesis implies that the
mutations cause disease by loss of other functions of presenilin,
which could include Notch processing.132,133 To put the struc-
tural differences discussed above into energy context, we esti-
mated the effect on the folding stability DDGMUT of the enzyme–
substrate complexes caused by 149 PS1 mutations both using
the experimental 6IYC and 6IDF structures (aer converting to
wild type with no other changes made) and our simulated
structures in the membrane for each substrate. In order to
account for method variations, we compared four methods: I-
Mutant, FoldX, POPMUSIC and mCSM.

The results, summarized in Fig. 11, suggest that pathogenic
mutations consistently destabilize the enzyme–substrate
complexes both with C83 and Notch bound. These results are
31228 | RSC Adv., 2020, 10, 31215–31232
largely similar for the experimental and computed structures,
with some local differences (Fig. S23–S25†) and are consistent
with kinetic data that indicate that pathogenic mutations
destabilize g-secretase–APP/Abn interactions.106 Thus, we
conclude that any destabilizing effect of PS1 mutation on the
C83/C99 complex is likely to have a similar effect on the stability
of the Notch complex. Interestingly, a few exceptions, shown as
outliers in Fig. 11, indicate that not all mutations affect the two
substrate-bound proteins similarly, indicating again that local
variations may be of interest to selective targeting of the two
enzyme–substrate complexes. Most AD-causing mutations in
PS1 and APP cluster at the interface between the enzyme and
substrate, supporting the idea that altered substrate binding
and processing contribute to AD.

Conclusions

Previous studies have revealed that substrate binding changes
the g-secretase structure both in the cryo data75,134 and during
normal temperature dynamics.65,80 These changes are markedly
inuenced by the membrane,65,116,126 and more at normal
temperature than at cryo temperature.64 AD-associated PS1
mutations are likely to destabilize g-secretase–substrate
complexes, thereby favoring a more open bound state with
lower activity and cleavage precision, leading to production of
longer Abs, which could underly pathogenesis.80,106,121 Notch-
sparing modulators of g-secretase should contribute their
binding affinity to stabilize the ternary complexes, favoring the
compact innocent conformation state leading to high process-
ing of C99 without impairing the Notch cleavage notably.60 For
these reasons, a detailed comparative study of the dynamics
that distinguish these substrates in a membrane model at
physiological temperature is of major interest. Some main
features of this comparison are summarized in Table 1. Our MD
simulations are in agreement with and complement the cryo-
EM data, considering the average experimental resolution of
�2.6 �A,62,63 and more importantly provide the dynamics in the
context of the 303 K interactions with the lipidmolecules, which
contribute to the substrate binding dynamics.

We consistently observed b-strand formation in several
solvent-exposed parts of PS1, in agreement with previous
studies.80,112 Cryo-EM data have also recently supported the
This journal is © The Royal Society of Chemistry 2020
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presence of b-strand formation in PS1.63 However, at physio-
logical temperature, the recognition sheet formation seems to
weaker than at cryo temperature, as we nd that temperature
destabilizes it, consistent with our ndings for the C83-
complex.64

We nd that the RKRR motif (1758–1761) contributes
signicantly to Notch binding and serves as a “membrane
anchor”, which restricts the displacement of Notch toward the
extracellular side of the membrane. We nd that some water
molecules can transiently hydrogen bond to G1753 and V1754
at physiological temperature (but not at cryo temperature);
these water molecules probably represent the catalytic nucleo-
philes. We also found that the span of HL1 at the membrane
interface of TM1 and TM2 of PS1 is larger in the Notch100
complex than in C83–g-secretase in all three independent
simulations, indicating a likely hotspot for binding selective
modulators. Similarly, the extension of the PAL motif (Pro433–
Ala434–Leu435) differed in the two enzyme–substrate
complexes because of a change in the conformation of Leu432.

At physiologically relevant temperature, Notch and C83
binding induces different conformation states not seen in the
cryo-EM data: one state is more open and the other is more
compact. Notch is mostly represented by the more closed state,
as best dened by the catalytically important Asp–Asp distances
(Table 1). These ndings can explain the different outcome of
cleaving Notch and C99 by g-secretase, specically, the more
imprecise cleavage of C99 22 in a more open state leading to
more diverse cleavage products.135 To put these structural
differences into a more relevant context, we computed the
stability effect of 149 PS1 mutations using four different
computational methods, to account for method variation. The
methods consistently indicate that the mutations destabilize
both the Notch and C83 complexes. However, a few mutations
affect the complexes differently (Fig. 11), illustrating local
variations in the substrate-bound structures.

We suspect that any selective targeting of C99 over Notch will
require an emphasis on these different conformation states
rather than the average densities seen at cryo temperature, and
thus our structural dynamic insights could aid the development
of selective drugs targeting C99 cleavage over Notch cleavage,
i.e. “Notch-sparing” g-secretase modulators that specically
modulate C99 cleavage by g-secretase without interfering with
normal healthy processing of Notch.136
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