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namics of g-secretase with
presenilin 2 compared to presenilin 1†

Budheswar Dehury,a Ning Tang,a Tom L. Blundellb and Kasper P. Kepp *a

Severe early-onset familial Alzheimer's disease (FAD) is caused by more than 200 different mutations in the

genes coding for presenilin, the catalytic subunit of the 4-subunit protease complex g-secretase, which

cleaves the C99 fragment of the amyloid precursor protein (APP) to produce Ab peptides. g-Secretase

exists with either of two homologues, PS1 and PS2. All cryo-electron microscopic structures and

computational work has so far focused on g-secretase with PS1, yet PS2 mutations also cause FAD. A

central question is thus whether there are structural and dynamic differences between PS1 and PS2. To

address this question, we use the cryo-electron microscopic data for PS1 to develop the first structural

and dynamic model of PS2-g-secretase in the catalytically relevant mature membrane-bound state at

ambient temperature, equilibrated by three independent 500 ns molecular dynamics simulations. We

find that the characteristic nicastrin extra-cellular domain breathing mode and major movements in the

cytosolic loop between TM6 and TM7 occur in both PS2- and PS1-g-secretase. The overall structures

and conformational states are similar, suggesting similar catalytic activities. However, at the sequence

level, charge-controlled membrane-anchoring is extracellular for PS1 and intracellular for PS2, which

suggests different subcellular locations. The tilt angles of the TM2, TM6, TM7 and TM9 helices differ in

the two forms of g-secretase, suggesting that the two proteins have somewhat different substrate

processing and channel sizes. Our MD simulations consistently indicated that PS2 retains several water

molecules near the catalytic site at the bilayer, as required for catalysis. The possible reasons for the

differences of PS1 and PS2 are discussed in relation to their location and function.
Introduction

Alzheimer's disease (AD) is the most prevalent chronic neuro-
degenerative disorders, characterized by progressive loss of
memory, cognitive impairment, and personality change; more
than 30 million people globally suffer from the disease.1 The
onset and progression of AD is thought to relate to the forma-
tion of aggregated b-amyloid (Ab) peptides.2–4 Ab is formed by
proteolytic cleavage of the amyloid precursor protein (APP),
a type I membrane protein. Initially, b-secretase cleaves APP to
produce a 99-amino-acid membrane-bound C-terminal frag-
ment (C99).5,6 The C99 transmembrane domain is then cleaved
by the intramembrane-cleaving aspartyl protease g-secretase,
releasing the APP intracellular domain (AICD) and Ab.7 The
processing of C99 starts at the cytoplasmic border at residues 48
or 49 (3-sites) and progresses stepwise by three or four amino
acids towards the N-terminus.8–11 Depending on the initial 3-
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site, Ab peptides of different lengths are generated, most
notably Ab40 and Ab42. Ab42 is highly aggregation-prone,
neurotoxic, and a major component of senile plaques, and
thus considered a possible pathogenic culprit of AD.12–17

More than 200 mutations in the genes coding for the
proteins presenilin 1 and 2 (PS1 and PS2) cause particularly
severe disease inherited within families, known as early-onset
familial AD (FAD).18,19 PS1/PS2 functions as the catalytic
subunit of g-secretase and is thus directly responsible for
producing Ab, but many other substrates are also cleaved by the
enzyme complex, including importantly Notch.20,21 FAD-causing
PS1/PS2 mutations tend to decrease the activity of g-secretase
and at the same time consistently increase the produced Ab42/
Ab40 ratio.22–25 The step-wise C99 cleavage mechanism8,26

explains the variable cleavage products produced, and the
recently published structure of C83 bound to the protein is
consistent with this mechanism.27 It is also not known how the
pathogenic FAD mutations cause disease and produce longer
Ab peptides, although the increased Ab42/Ab40 caused by
mutation correlates with clinical severity and thus implies
a relationship to the disease.25,28–30

Because of the importance of g-secretase and PS1/PS2 to AD,
we need to understand why humans use two types of pre-
senilins. PS2 mutations tend to be clinically milder than PS1
RSC Adv., 2019, 9, 20901–20916 | 20901
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mutations and associate with atypical dementia, dementia with
Lewy bodies, and frontotemporal dementia.22 Unlike mutations
in PS1, PS2 variants display incomplete penetrance, and the
mean age at symptom onset has been stated to be at least 10
years higher.22 From the data set of Ryman et al.,22 we obtain an
average age of onset of 43 and 58 years for PS1 and PS2 carriers,
respectively. From our compiled larger data set,29 we estimate
values of 44 and 62 years. Although the number of conrmed
pathogenic PS2 mutations is small, this strongly suggests that
PS2 variants are less disruptive than PS1 variants.

PS1 (467 aa; 46 kDa) and PS2 (448 aa; 55 kDa) share 66.3%
sequence identity (with a sequence similarity of 71.9%) at the
amino acid level; both harbor the two conserved catalytic
aspartic acid residues, Asp-263 and Asp-366 (PS2 numbering),
and are involved in a variety of biological processes.31–34 PS2 is
located predominantly within the endoplasmic reticulum (ER)
and early Golgi apparatus and is primarily expressed in
neurons, whereas PS1 associates mainly with cell membranes.35

To reach a mature active state, both proteins are proteolytically
autocleaved to generate two chains, the N-terminal and C-
terminal fragments (NTF and CTF).7,36,37

PS1 is considered more important to g-secretase-associated
C99 and Notch cleavage than PS2, because knockout of PS1 in
mice results in an embryonic lethal phenotype and a signicant
decrease in Ab levels.38 Loss of function responsible for this
phenotype has been suggested in two forms, one that empha-
sizes the important physiological role of Ab,39 and another that
emphasizes loss of PS function in relation to other func-
tions.40,41 Knockout of PS2 alone does not change Ab levels and
is viable. Independent of their role in g-secretase activity, pre-
senilins also function as passive Ca2+ leak channels in the
endoplasmic reticulum,42 and accordingly mutations in both
presenilins affect intracellular calcium homeostasis.43–46

Comparative studies of PS1- and PS2-g-secretase activities
indicate higher measured activity of PS1-g-secretase, but the
specic activities of PS1 and PS2 are probably similar once
accounting for the PS-constitution in the complex, which is
more difficult for PS2.47,48 Different g-secretases containing
either PS1 or PS2 associate with distinct sub-cellular compart-
ments,35 and some PS2mutations dramatically change the Ab42/
Ab40 ratios.48,49

Recent topologies of g-secretase obtained from cryo-electron
microscopy (cryo-EM)50–52 have enabled the study of the struc-
ture and dynamics of g-secretase at the atomic scale using
molecular dynamics (MD) simulations.32,53–57 Six cryo-EM
structures of human g-secretase without substrate bound are
reported in the Protein Data Bank (PDB) with PDB codes 4UI2,
5A63, 5FN2, 5FN3, 5FN4, and 5FN5,50,51,58 and two new struc-
tures are reported with models of C99 (C83) (ref. 27) and
Notch.59 These structures provide the overall subunit topology
but miss many important details (loops and parts of helices)
and notably the membrane environment at ambient tempera-
ture where these complexes feature in vivo. They all contain PS1
together with the three other subunits nicastrin (NCT), anterior
pharynx-defective 1A (APH-1A), and presenilin enhancer 2 (PEN-
2).34 NCT represents a type-1 transmembrane glycoprotein
formed by a single TM in its C-terminal region and a large N-
20902 | RSC Adv., 2019, 9, 20901–20916
terminal extracellular domain. This domain is presumed to
play a key role in selectively controlling entry of bulky substrates
into the active site of PS1.60

All-atom and coarse-grained MD simulations have provided
precise structural and dynamical insight into disease-related
human proteins and their mutants,61–65 including PS1 and g-
secretase.32,54,56,57,66 Although necessarily building on (and
reproducing) the experimental cryo-EM data, the computational
PS1 models have greater atomic precision (they are at innite
atomic resolution). These models reveal the impact of the
membrane (which is not seen in the cryo-EM but substantially
affects protein conformation), the auto-cleavage of the large
hydrophilic loop (not in the cryo-EM, but required for activity),
and detailed TM helix movements that are elusive in cryo-EM;
they directly probe the conformational dynamics of PS1-g-sec-
retase contributing to substrate processing and Ab produc-
tion.53,55,57 The three plausible different conformational states of
g-secretase, i.e. open, semi-open, and closed states, are gov-
erned by distinct tilt angles of the gate helices 2 and 6 and large
movements of the NCT extracellular domain (ECD) and the
hydrophilic loops that affect the compactness of the binding
site, the associated affinity, retention time, and extent of trim-
ming of C99 and the resulting Ab42/Ab40 ratio, viz. the Fit-Stay-
Trim (FIST) mechanism of g-secretase cleavage.57,67,68

Despite PS2 being associated with FAD, almost all work has
so far focused on PS1, and neither experimental nor theoretical
structures are available for PS2. We asked the question whether
PS2 structure and dynamics inside g-secretase are different
from those of PS1-g-secretase. In the absence of experimental
structures of PS2, we assumed that the general structure and
topology, due to the high sequence identity, are similar to that
for PS1. We merged a three-dimensional homology model of
PS2 based on our previous all-atom PS1model,56,57with the cryo-
EM structure of the human g-secretase (5A63 and 5FN2) as
template, with all missing parts added, to produce a complete
(except the elusive N-terminal part of PS1/2) atomic model of
PS2-g-secretase fully consistent with currently known structural
information. To understand the structure and dynamics of
complete PS2-g-secretase, we employed all-atom MD simula-
tions of the full mature auto-cleaved multimeric structure of the
enzyme complex in a realistic membrane model at ambient
temperature where thermal disorder effects on the membrane-
protein system can be assessed as a complement to the low-
temperature cryo-EM data.

Computational methods
Model of all-atom PS2 subunit

Despite the improvements in resolution of structures obtained
from cryo-EM, a three-dimensional structure of PS2 has not
been determined yet. We developed our model based on the
amino acid sequence of PS2 from the UniProtKB database (ID:
P49810). BLASTp and DELTA-BLAST search against protein
structures in the PDB suggested the cryo-EM structures of g-
secretase (5A63 and 5FN2) as the most suitable templates. The
cryo-EM structures of g-secretase miss important regions such
as the C-terminal residue segments of length 11 and 21 in
This journal is © The Royal Society of Chemistry 2019
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nicastrin and APH1, whereas the PEN2 structure is completely
available. The catalytic subunit PS1 lacks several features, most
notably the large cytosolic hydrophilic loop region whose
autocleavage is required to obtain the mature active state. Thus,
the activity driven by maturation is arguably not deducible from
the static cryo-EM structures. TM2 situated close to the catalytic
site and the extracellular hydrophilic loop 1 are also absent in
the highest-resolution structure (5A63).51

We used a multi-template strategy to ensure the best
possible coverage and avoid bias in our model built from
Modeller version 9.20,69 by considering PS1 from 5FN2 and
5A63 and our previously established fully MD-equilibrated all-
atom PS1 model. This model was constructed on the basis of
a range of homology modeling programs; it includes HL2 and
accounts for the high-resolution features of all PS helices TM1–
TM9, which is not the case for individual cryo-EM structures.56,57

PS2 has a substantially shorter HL2, making its modeling and
equilibration more straightforward than HL2 of PS1. The nal
PS2 structure spanned from Glu-77 to Ile-448, as templates are
unavailable for the N-terminal loop. Since template-based
methods may produce errors when the template proteins are
not similar enough to the target protein, we further employed
ab initio structure renement as implemented in Galaxy
Rene.70 The model structure with the smallest Ca-RMSD
compared to the structural homologs was used and further
validated by SAVES version 5.0, ProSA-Web,71 Molprobity,72 and
ProQ73 model validation servers. Based on the model validation
statistics (compared to experimental PS1 in Table S1†), our
model was an appropriate basis for construction of the
complete multi-subunit model of PS2-g-secretase.
Development of complete mature PS2-g-secretase model

The developed model is essentially complete as it includes all
atoms of 5A63 and 5FN2, except the elusive 1–70 residue N-
terminal of PS1 which has no template and is far from the
catalytic site. Thus, the model is as complete as that of our
previous model of PS1-g-secretase.57 The model of PS2-g-secre-
tase was developed upon structural superposition and coordi-
nate transfer of each subunit using PyMOL version 2.0. Our nal
complete model displayed a Ca-RMSD of 0.194 Å, 0.172 Å, and
0.123 Å respectively vs. that of 5A63, 5FN2 and our previously
reported complete model of PS1-g-secretase, respectively,
showing that our models respect all the signicant features of
the experimental cryo-EM data while at the same time adding
many new features to them. Upon MD simulation, this model is
importantly directly comparable to our previously simulated
model of PS1-g-secretase.57

We produced the mature model of PS2 from the optimized
non-mature structure by cleaving the peptide bond between Ala-
297 and Met-298 followed by addition of one oxygen atom and
two hydrogen atoms to the CO and NH groups of Ala-297 and
Met-298, respectively, using BIOVIA Discovery Studio Visualizer
version 4.5. Cleavage of the peptide bond resulted in an N-
terminal fragment (NTF: 77–297) and a C-terminal fragment
(298–448) as a model of mature PS2. This state is additionally
trimmed by �10 residues in vivo leaving a mixture of matured
This journal is © The Royal Society of Chemistry 2019
isoforms whose relative prevalence is unknown and will
certainly affect loop dynamics much less than the initial auto-
cleavage. This loop maturation produces two chains with major
disorder required for catalytic activity, which are completely
absent in the cryo-EM structures, but fortunately straightfor-
wardly explored by MD. Bad contacts were removed using
BIOVIA DSV before merging the mature model with the
membrane-solvent system.
All-atom MD simulations of PS2-g-secretase within the
membrane

g-Secretase is a membrane protein complex, but the available
experimental structures do not describe the protein in the
context of the cell membrane. Hence, to produce a realistic
structural model of the protein complex in the membrane, the
complete model was oriented using the PPM (position protein
in membrane) server.74 This membrane-aligned model was then
embedded into a membrane–solvent bilayer system using the
membrane builder tool of the CHARMM-GUI web server.75 A
homogeneous POPC lipid (302 lipids) bilayer was generated
around the protein in a periodic rectangular simulation box by
maintaining a water thickness of 20 Å (46 105 water molecules)
above and below the protein complex. Then the system was
supplemented with salt ions to a formal concentration of 0.15M
NaCl (146 Na+ and 126 Cl� ions) using Monte Carlo randomi-
zation. The model was subjected to extensive quality control
against experimental facts as discussed in the results and
discussion section.

All-atom MD simulations were performed using GROMACS
gpu version 2018.2.76 We used the recently developed
CHARMM36m force eld, which was developed for good
structure balance between secondary and disordered structure77

with TIP3P78 as an explicit water model. Langevin dynamics
with a collision frequency of 1 ps�1 was applied at a temperature
of 303.15 K, and system pressure was kept at 1 bar using the
Berendsen barostat and a relaxation time of 0.5 ps. By applying
the SHAKE algorithm the system was propagated with 2.0
femtosecond time steps. The Verlet cut-off scheme was used to
treat non-bonded interactions with a large cut-off for Coulomb
and Lennard–Jones interactions of 0.12 nm to ensure accurate
long-range energetics as conformational changes in the protein
occur on long length scales.57 Long-range electrostatic interac-
tions were estimated using the Particle-Mesh Ewald (PME)
method.79 The Lennard–Jones potential was truncated using
a shi function between 0.9 and 1.2 nm. Full electrostatic
interactions were evaluated between 0 and 1.2 nm using the
Particle Mesh Ewald (PME) approach. The neighbor lists were
updated every 20 steps and all bonds involving hydrogen atoms
were constrained using the Linear Constraint Solver (LINCS)
algorithm. Steepest descent minimization of the protein-lipid-
solvent system was followed by six-step position-restrained
equilibration for 500 ps to relax the atomic positions, with
two steps in a canonical (NVT) ensemble and four steps within
the isothermal–isobaric (NPT) ensemble. Finally, 500 ns of
production simulations were carried out with a 2 fs time step
RSC Adv., 2019, 9, 20901–20916 | 20903
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with an NPT ensemble using the Nose–Hoover thermostat and
Parrinello–Rahman barostat at 303.15 K and 1 atm, respectively.

In terms of simulation time and strategy, the helix tilts and
loop movements have characteristic time scales of 1–100 ns (ref.
80 and 81) and the latter are well sampled only beyond 100 ns.
In addition, we know from previous work that the rst 200 ns
are required to reach dynamic stability of the ensemble at
physiologically relevant temperature.57 The relative helix
movements of PS2 dene the active site space, substrate
binding affinity, the extent of cleavage, and thus the Ab42/Ab40
ratio, and are thus the central modes of the system from
a catalytic and medicinal perspective.57 To get these dynamics
accurate, we require all-atom descriptions (including helix
hydrogens) with a structure-balanced force eld and explicit
water in a complete membrane-water system to ensure best
possible realism at the tradeoff of very long (microsecond)
simulations routinely done using coarse-grained models. Con-
rming the expected timescale of these modes,81 we see many
helix tilt events and resulting broad tilt angle distributions, thus
making 500 ns a necessary and sufficient time scale of simula-
tion. This shows that we have an optimal balance between
model realism and sampling requirements. To account for the
stochastics of the simulations, we performed three independent
simulations of the same system starting with different initial
velocity seeds. All computations were performed using the high-
performance computing facility at the Technical University of
Denmark. In order to ensure adequate comparison with PS1-g-
secretase we also performed two seeded MD simulations of 500
ns each for PS1-g-secretase using the exact same parameters as
described above for PS2-g-secretase.

Analysis of MD trajectories

The trajectories of the three simulations were analyzed using
built-in GROMACS tools. Membrane properties including
deuterium order parameters of the acyl chains, the density of
the membrane environment, the area per lipid head group, and
the bilayer thickness were computed using GridMATMD82 and
FATSLiM.83 From the trajectories, coordinates were saved every
20 ps, yielding 25 000 structural snapshots from each simula-
tion. The root-mean-square deviation (RMSD) for backbone
heavy atoms (i.e. N, Ca and carbonyl C atoms), root-mean-
square uctuation (RMSF) for Ca atoms, and radius of gyra-
tion (Rg) were computed using the gmx rmsdist, gmx rmsf and
gmx gyrate tools, respectively. Visualization of MD trajectories
was conducted using VMD version 1.9.3,84 and structural
interpretations were performed with PyMOL and BIOVIA DSV.

Principal component analysis

Principal component analysis (PCA) was employed to identify
the large-scale collective motions of atoms. We performed PCA
of the last 300 ns of each simulation, to avoid artifacts from the
rst equilibration process up to 200 ns. A covariance matrix was
constructed to capture the degree of collinearity of atomic
motions for each pair of atoms using the gmx covar tool.
Subsequently, each matrix was diagonalized to generate a diag-
onal matrix of eigenvalues using gmx anaeig. The eigenvectors
20904 | RSC Adv., 2019, 9, 20901–20916
(EV) dene collective motions, and the values of the vectors
indicate how much the corresponding atoms participate in the
motion. The associated eigenvalue reects the total motility
associated with an eigenvector. Usually most of the motion in
the system is described by relatively few EVs.
Clustering and free energy landscape (FEL) analysis

To analyze the most frequently visited conformations of PS2-g-
secretase, we performed ensemble-average clustering analysis85

using the gmx cluster tool with a cut-off of 0.2 nm. The last 300
ns of each simulation were used in the clustering analysis, as
these parts represent stable conformational ensembles. In
addition, the Jarvis-Patrick algorithm (https://pypi.org/project/
jarvispatrick/) was also used for comparison. The RMSD cutoff
used to determine the number of nearest neighbors for the
Jarvis-Patrick algorithm was 0.2 nm, and the algorithm was run
for 10 000 iterations. Snapshots that had at least three identical
nearest neighbors were assigned to the same cluster. We per-
formed FEL analysis of the last 300 ns of each system using the
gmx sham module of GROMACS and OriginPro 2019. The FEL
represents a mapping of all possible conformations adopted by
the protein during simulation, together with their correspond-
ing free energy estimated from the logarithm of their relative
persistence in time. The FEL was based on the radius of gyration
(Rg, PC1) and the root-mean-square deviation (PC2) that reects
conformational variability and was conducted for both PS2-g-
secretase and PS2 alone. We extracted a representative snapshot
using get_timestamp.py script from the low-energy region of the
FEL plot and compared with the top ranked cluster structure.
Results and discussion
Sequence differences and 9 TM topology of PS1 and PS2

It is evident from the pair-wise sequence alignment (Fig. S1†)
that PS1 and PS2 share least similarity at their N-terminals and
the large cytosolic hydrophilic loop regions connecting TM6
and TM7. Furthermore, in PS1 we observe a strongly negatively
charged DEEED motif (residues 66–70) at the N-terminal, just
before the conserved residues begin, signifying the extracellular
membrane interface. This segment is very different and much
less charged in PS2 (PPGLE). We speculate that this difference
will facilitate the xation of PS1 in a cell membrane with this
motif functioning as an anchor on the extracellular side of the
membrane, whereas PS2 lacks this feature, possibly because it is
not required to be oriented towards the extracellular environ-
ment. PS2 is known to localize more towards the intracellular
compartments.35 We also note that the cytosolic C-terminal of
the NTF of PS1/PS2 is not strongly anchored by charge, whereas
the N-terminal of the CTF is in both proteins (EDPEER and
EEEEER in PS1 and PS2, respectively). We suspect that these
differences are functionally important and will affect the rela-
tive conformational exibility of TM1 and TM7. The �67%
identity indicates that the proteins share the same 9 TM
topology with the conserved catalytic residues numbered Asp-
263 (TM6) and Asp-366 (TM7) in PS2 (257 and 385 in PS1).
This journal is © The Royal Society of Chemistry 2019
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Quality control of PS2 model

Due to the gaps in the alignment, all single-template
approaches failed to deliver a good-quality protein model.
Therefore, a multiple-template approach was employed as
described in the Methods section, yielding a PS2 model with
very good scores with respect to the template structures in all
validation servers as listed in Table S1†. The F and J angles in
the Ramachandran plot were in more than 98% cases associ-
ated with the allowed regions indicating a very good model †.
The non-bonded interactions analyzed using ERRAT had 80.4%
matches with those of highly rened structures. Similarly, the
MolProbity analysis revealed the absence of bad backbone
bonds and angles and Cb deviations. The ProSA-webserver
calculated the overall quality score (z-score) of the model to be
�3.45, which is within the range of experimentally determined
crystal structures of the same size.71 Other validation servers
also presented high validation scores compared to the template
cryo-EM structures (Table S1†). The hydrophilic loop 1 (residues
Glu-114–Ile-173, HL1) connecting the TM1 and TM2 towards the
extracellular space was found to superpose well, but the long
hydrophilic loop 2 (Glu-279–Glu-355, HL2) between TM6 and
TM7 differed somewhat in terms of orientation. The large loop
also harbors an a-helical segment (307–324), a feature observed
in our previous model of PS1.56 This would be difficult to
observe in the cryo-EM structures but is likely a real feature
supported by NMR and other studies.86 Inspection of TM9
reveals two helical segments (TM9a and TM9b) caused by a kink
at the C-terminal, which reorients the CTF of PS2 towards APH-
1A. Our simulations thus indicate that TM9 is less stable and
can engage in conformational changes, consistent with its role
in initial substrate binding to PS1.87,88

Pair-wise structural superimposition of the Ca atoms of the
template structures andmodeled structure revealed an RMSD of
0.70, 0.97, and 0.84 Å for 5A63, 5FN2 and the homology model
of PS1, testifying to the establishment of an accurate PS2 model
(Fig. 1). The side chains of the catalytic residues superpose well
with those of the high-resolution cryo-EM structures of PS1,
with the distance between the Ca atoms of Asp-263 and Asp-366
being �10.2 Å, slightly less than the 10.6 Å measured for 5A63.

Our complete structure of PS2-g-secretase (Fig. S3†) upon
structural superposition has an RMSD of 0.19 and 0.17 Å,
respectively, vs. 5A63 and 5FN2 (and 0.12 Å vs. our all-atom PS1
g-secretase model). The nal, membrane-boundmature form of
full PS2-g-secretase model (including hydrogen atoms at pH 7)
(Fig. 2A) was subject to three independently seeded all-atomMD
simulation in the complete membrane-solvent system shown in
Fig. 2B, simulated for 0.5 ms in each of the three simulations.
Quality control of the full membrane-g-secretase model

The lipid composition of the membrane is likely to affect the
conformation and proteolytic activity of g-secretase, as this
process occurs in the middle of themembrane,89,90whichmakes
our study an important complement to the cryo-EM data
measured without the presence of a membrane. At ambient
temperature, the thermal disorder of the complete membrane-
protein system is much larger than at cryo-EM temperatures.
This journal is © The Royal Society of Chemistry 2019
The interplay between the structure and function of membrane
proteins and membrane lipid dynamics is well known.32,53 The
lipid membrane thickness affects the cleavage pattern of C99
with thicker membranes favoring production of Ab40 and
thinner membranes favoring Ab42 production.91 Increasing the
number of carbons in the lipid chain can increase the activity of
g-secretase and reduce the Ab42/Ab40 ratio.92 These ndings
follow the FIST model56,57,67 asserting that g-secretase contains
an open and a semi-open state, and that membrane packing
increases tting, retention time, and trimming of C99, leading
to shorter Ab peptides. Pathogenic PS1 and PS2 mutations
disfavor the membrane-packed protein state and favor the open
state with shorter retention time and reduced trimming leading
to longer Ab42/Ab40 ratios, which correlate with disease
severity.29 In contrast, g-secretase modulators favor the more
compact semi-open conformation by contributing their binding
affinity to the stability and lifetime of the ternary complex
(modulator-C99-g-secretase), reducing the Ab42/Ab40 ratio.67

The properties of a lipid bilayer are adequately described by
the acyl chain order parameters, the area per lipid, and the
bilayer thickness, and were thus computed as shown in Fig. S4
and S5.† The deuterium order parameter is central to quantify
the structural orientation and exibility of lipids in bilayers. The
calculated deuterium order parameters per atom for carbon
tails of the POPC membrane (sn1 and sn2 chains) and the
splitting of the values near the head group are in excellent
agreement with typical experimental values,93 as expected from
the previous validation of CHARMM36m.94 The density of the
head-group, tail-group and phosphate across the POPC lipid
bilayer (along the z-axis) attained very typical values testifying to
the realism and structural integrity of our membrane-protein
model, with no undesired conformational changes occurring
in the membrane (Fig. S4†). The density prole of headgroups
exhibits a slight increase on the lower-leaet. It is likely that
polarization of the upper portions of the acyl chains by the
water-headgroup interface may cause this effect, as NCT
protects the membrane on the extracellular side. This asym-
metry requires an all-atom description of the dynamics of both
protein andmembrane to be uncovered and thus does not show
up in cruder (coarse-grained) models. The average area per lipid
calculated using FATSLIM ranged from 59.1 Å2 to 60.4 Å2 for the
three simulations (Fig. S5†). The surface area per lipid for POPC
was slightly lower than seen in some other MD studies (64–65
Å2);95 such�5 Å2 variations are expected and are most likely due
to differences in the water-lipid force eld interaction parame-
ters, as seen for POPS and phosphatidylcholine simulations.96

In order to characterize the POPC membrane integrity, we
computed its thickness over the total simulation time (Fig. S5†).
A thicker bilayer region in simulations 2 and 3 relative to
simulation 1 testies to the dynamics of the membrane-protein
system, although overall structural integrity is maintained
throughout the simulations. These variations in membrane
thickness show that the membrane dynamics may affect the
conformational states of g-secretase, and thereby, as found
previously, also its activity.91 Our results again t well with the
FIST model that emphasizes the overall compactness of the
RSC Adv., 2019, 9, 20901–20916 | 20905
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Fig. 1 (A) The 9 TM architecture of PS2 modelled using cryo-EM structures of PS1-g-secretase (PDB ID: 5A63, 5FN3) and our previously
established homology model of PS1.56 (B) The rotated top view of the homology model of PS2. The small loop connecting TM1 and TM2 and the
large cytosolic loop connecting TM6 and TM7 are colored magenta and cyan, respectively. (C) Structural superimposition of PS2 (green) with
cryo-EM structure of PS1 from 5A63 (magenta/pink). (D) Structural superposition of modelled PS2 (green) and the cryo-EM structure 5FN2
(magenta/pink). The images were generated using PyMOL.
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conformation state rather than local interactions with catalytic
residues in determining the cleavage pattern.

To assess further the quality of our simulated structures, the
overall Ca-RMSD between the cryo-EM structure of PS1-g-sec-
retase (5FN2) and PS-2-g-secretase is below �3.5 Å, whereas the
average Ca-RMSD (3.32 Å, 3.30 Å and 3.1 Å respectively) of our
three representative PS2-g-secretase structures are within the
thermal uctuation range (Fig. S6A†). Similarly, the structural
superimposition of the MD simulated representative of PS2
with 5FN2 PS1 revealed Ca-RMSD of 2.78 Å, 1.69 Å and 1.97 Å,
where TMs superpose well with each other except for TM2. The
TM2, implicated in substrate recruitment displayed notable
changes in orientation in C-terminal region, indicates its
20906 | RSC Adv., 2019, 9, 20901–20916
plasticity and disorder nature like that of PS1 (Fig. S6B†). In
other words, as evidenced from Fig. S6†, the representative
snapshots from the simulation respect all the constraints of the
experimental cry-EM structures, which are mainly due to the TM
helices, but in addition contain the missing membrane envi-
ronment and the loop residues that are invisible in the cryo-EM
data.
Essential dynamics of PS2-g-secretase

In the analysis we emphasize the functionally important
movement of TM helices in PS2 and the dynamics of the loops,
known to have characteristic life times of typically 10–100 ns
and thus accessible to MD simulations aer equilibration at the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) Membrane-aligned schematic view of PS2-g-secretase. (B) Complete mature PS2-g-secretase in the POPC lipid bilayer system with
bilayer structure shown.
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100 ns timescale.80,81 In PS1-g-secretase these movements
control the space near the catalytic aspartates and thus plau-
sibly the retention time and trimming of C99;57 the maturation
of the HL2 is directly required for activity and produces the
multi-state nature of the protein, not seen in the immature
form.56 To ensure that we capture these dynamics well, we
performed three independent 500 ns simulations. For all
simulations, the backbone RMSD relative to the initial positions
(Fig. 3A) display a stable prole aer 100–200 ns indicating
a general equilibrium state at this time, and thus collecting
statistics for the last 300 ns of each of the triplicate simulations
is meaningful.
Fig. 3 Dynamic stability of mature PS2-g-secretase during three 500 ns
(RMSD) of the backbone atoms of PS2-g-secretase. (B) The compactness
500 ns time. (C) The solvent accessible surface area (SASA) of the three P
Asp-263 and Asp-366. Black lines represent simulation 1, red lines repre

This journal is © The Royal Society of Chemistry 2019
Rg varies within the narrow range of 4.15–4.35 nm (Fig. 3B).
The solvent accessible surface area (SASA) was also relatively
constant aer 200 ns indicating small changes in overall fold
structure during simulation (Fig. 3C); however, a very inter-
esting increase in exposure was seen for simulation 3 (green),
relating to a loose conformation state to be discussed further
below. This increased exposure is probably catalytically impor-
tant as it also increases the average distance between the two
catalytic aspartates (Fig. 3D), with the exposed green simulation
showing the largest catalytic pocket. Finally, as a test of the
integrity of the overall complex, the RMSDs of the individual
subunits of PS2-g-secretase i.e., NCT, PS2, APH1, and PEN2,
MD simulations in the membrane. (A) The root-mean squared deviation
of the trajectories estimated by the mean of radius of gyration (Rg) over
S2-g-secretase systems. (D) The minimum Ca-distance of the catalytic
sent simulation 2, and green represents simulation 3.

RSC Adv., 2019, 9, 20901–20916 | 20907
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displayed stable trends aer 200 ns, indicating that each
subunit remained stable within the lipid bilayer system
(Fig. S7†).

The corresponding Ca-root mean square uctuations (RMSF)
of all the subunits are shown in Fig. 4. The NCT movements
near residue 600 (Fig. 4A) have been consistently seen in all
previous simulations and relate to a large motion of the ECD.
Importantly, we clearly see that the catalytic subunit PS2
(Fig. 4B) is much more dynamic than other subunits (Fig. 4A, C
and D). HL2 connecting TM6 and TM7 is very exible, and this
is largely due to maturation that has produced the NTF and CTF
as shown before for PS1, and it correlates with motions in TM2,
TM6, and TM7.56 Variations in these helices are expected to
affect Ab42 production.56,92,97 HL1 connecting the TM1 and TM2
is less exible than HL2 (Fig. 4B). Substrate binding to HL1 is
indispensable for both 3- and g-cleavage, whereas binding to
the C-terminal of PS1 hampers cleavage.98 During the simula-
tions, the RMSF of the catalytic aspartates is 0.17–0.28 nm
(average 0.22 nm) and 0.12–0.15 nm (average 0.14 nm),
respectively, for the Asp-263 and Asp-366, suggesting that the
latter catalytic aspartate is much more restricted in its move-
ment, which could be of catalytic relevance.

In order to understand the dynamics of mature PS2 within g-
secretase in the membrane in more complete detail, PCA was
performed on the three systems.57 The global motions described
by the rst two EVs of all three simulations differ, with the third
simulation behaving particularly differently (Fig. S8†). All three
trajectories reach distinct minima with small energy barriers.
The eigenvalues of simulation 3 indicate large conformational
changes from a predominantly loose state to a more compact
state. Porcupine plots of PC1 and PC2 (Fig. 5) quantify the
Fig. 4 The Ca-root-mean-squared fluctuations (RMSF) of the four subun
all-atom MD simulation in lipid bilayer. (A) The RMSF profile of NCT. (B
secretase. (D) RMSF analysis of PEN2 subunit during last 300 ns of MD. B
green represents simulation 3.

20908 | RSC Adv., 2019, 9, 20901–20916
features of the top-two EVs of the three ensembles. As expected,
HL2 of PS2 and PSEN-2 displayed movements, as does the C-
terminal part of APH1 (Fig. 5 and S7†). PEN2 plays a crucial
role in endo-proteolysis and stabilization of the resulting NTF
and CTF.99–101 TM3 and TM7 of PS2 also display tilt movements
that are small compared to loop movements but catalytically
important (see below). NCT movements are important as
a gatekeeper of substrate entry into the PS1 catalytic site.55,102

Large movements of NCT–ECD relative to the membrane are
also evident in PS2 (Fig. 5), providing a rationale for the gate-
keeping dynamics also in PS2, not surprising considering the
structural homology of the extracellular parts of the proteins.
Free energy landscape of conformation states of PS2-g-
secretase

The FELs sampled by equilibrated trajectory of the last 300 ns
are shown in Fig. 6 for the full PS2-g-secretase complexes for the
three simulations (Fig. 6A, B and 6C) and for the corresponding
PS2 subunit alone (Fig. 6D, E and F). The overall shapes of the
FELs indicate that the main motions are similar in the simu-
lated ensembles. However, simulation 3 had a distinctly
different lowest minima compared to the other two simulations.
Comparing these FELs to those for PS2 alone (Fig. 6D–F)
suggests that the difference is not primarily due to the PS2
subunit, but largely to NCT. However, a substantially more
variable free energy landscape is evident for Simulation 3 (the
loose state) and largely due to PS2 dynamic variability (Fig. 6D).
These ndings are supported by PCA analysis (Fig. S9 and S10†)
and quantify at high atomic precision a similar multistate
tendency of PS2-g-secretase as seen for PS1-g-secretase
its of PS2-g-secretase obtained using the last 300 ns trajectories from
) Ca-RMSF profile of PS2. (C) RMSF of the APH1A subunit of PS2 g-
lack lines represent simulation 1, red lines represent simulation 2, and

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Porcupine plot depicting the dominant motions in PS2-g-secretase obtained from the first two eigenvectors (EV1 and EV2) by PCA. (A)
The movement of EV1 of simulation 1 (B). EV1 of simulation 2. (C) EV1 of simulation 3. (D) EV2 of simulation 1 (E) EV2 of simulation 2. (F) EV2 of
simulation 3. Red needles show the direction (arrows) and amplitude of motion (the length). The different subunits are colored (Nicastrin: green;
PS2-NTF: cyan; PS2-CTF: magenta; APH1: mellow; PEN2: tint wheat).
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involving NCT,103 but additionally an important PS2 dynamics
that produce catalytically important differences, discussed
below. Fluorescence lifetime imaging microscopy indicates that
g-secretase undergoes major conformational changes in the cell
membrane,103–105 and our all-atom simulations in the
membrane (which is absent in the cryo-EM structures)
complement with the atomic contributions of the membrane to
the NCT conformation states.

To analyze the most persistent conformations of PS2 g-sec-
retase, we considered the representative structures obtained
from clustering analysis of each of the three simulations
(Fig. S11†). The representative structure of a cluster has the
smallest average RMSD distance to all other snapshot (time
point) structures of the cluster. In simulation 1, cluster 1
included 63.2% of all conformations and cluster 2 included
21.8% of all conformations out of a total of 43 clusters. From
simulation 2, 83 clusters were obtained with cluster 1
comprising 69.1% and cluster 2 comprising 17.1% of all
conformations. Simulation 3 yielded 175 clusters; cluster 1
This journal is © The Royal Society of Chemistry 2019
included 61.7% and cluster 2 19.8% of all conformations. The
alternative Jarvis–Patrick algorithm produced the representa-
tive structures in Fig. S12.† As summarized in Fig. 7A–C, the top-
ranked cluster contained >80% of the snapshots of the three
systems. We aligned the TM helices of each representative
cluster based on the Ca-atoms (Fig. 7D). The resulting RMSD
values (2.17, 2.31 and 2.74 Å) show that the representative
modeled ensemble structures are in very good agreement with
experimental cryo-EM data of 5FN2 (resolution of 4.2 Å). The
horse-shoe shaped architecture of PS2-g-secretase and the TM
helices of the four subunits are displayed in Fig. 7D. The size of
the catalytic pocket, which determines the t of the substrates,
is of particular interest and can be compared directly with the
cryo-EM structures of g-secretase (5A63) where the membrane is
absent.51 The Ca-distance between the catalytic Asp-263 and
Asp-366 in the two-top ranked cluster structures was computed
as 13.5 Å (cluster 1, simulation 1), 12.5 Å (cluster 2, simulation
1), 12.1 Å (cluster 1, simulation 2), 12.4 Å (cluster 2, simulation
2), 13.9 Å (cluster 1, simulation 3), and 13.8 Å (cluster 2,
RSC Adv., 2019, 9, 20901–20916 | 20909
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Fig. 6 Free energy landscapes of the three simulations of PS2-g-secretase and PS2 alone in the membrane as a function PC1 and PC2. The
colored scale to the right defines the relative free energy, with dark blue being deep minima. (A) FEL profile of complete PS2-g-secretase
obtained from Simulation 1. (B) FEL profile of PS2-g-secretase obtained from Simulation 2. (C) FEL profile of PS2-g-secretase obtained from
Simulation 3. (D) FEL profile of the PS2 subunit extracted from the full complex from Simulation 1. (E) FEL profile of PS2 from Simulation 2. (F) FEL
profile of PS2 from Simulation 3.
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simulation 3). The intramembrane proteases may have an in-
built “sloppy cleavage” yielding a broad prole of cleavage
products, and a variable catalytic pocket size could cause this
(Fig. 3D). While NCT movements dene conformations
controlling substrate entry, the distance between the catalytic
aspartates (ranging from �0.8 to 1.6 nm with an average
distance of 1.32 � 0.08, 1.17 � 0.05 and 1.34 � 0.10 nm,
respectively for the three simulations) denes these catalytically
relevant states of PS2-g-secretase (Fig. S13A†). Similarly, in case
of PS1 g-secretase (Fig. S13B†) the average distance ranges from
1.19 � 0.09 nm (simulation 1) to 1.02 � 0.03 nm (simulation 2);
thus PS2 is somewhat more open than PS1 and implying
a slightly different biding affinity and specic activity for a given
substrate.

The nicastrin ECD is comprised of two discrete lobes, the
large lobe and the small lobe (Fig. S12 and S14†). The inde-
pendent motions of these lobes relative to PS2 were evaluated
from the average distances and the angle between amino acids
located in the large lobe, the small lobe, and the active site of
PS2 as summarized in Fig. S14.† The distance between the
catalytic Asp263 (PS2), Val328 (large lobe) and Leu121 (small
lobe) displayed distinct variations (see Table S2†). The distance
between V328 and Asp263 displayed short-lived uctuations but
more distinct global movement than the Leu121-Asp263
distance. The angle formed by Val328, Leu121, and Asp263
20910 | RSC Adv., 2019, 9, 20901–20916
changed distinctly with movements of PS2 relative to the large
lobe, but not so much the small lobe, implying that the large
lobe-PS2 relative movement is decoupled from the movement of
the small lobe. The small distance between the small lobe and
the PS2 active site related to minor uctuations in the nicastrin
ECD.

The cluster analysis displayed three different states in this
regard: compact, semi-compact, and loose (Fig. S15†), mainly
differing by the relative positions of TM6 and TM7 harboring
the catalytic aspartates and the PEN2/PS1 positioning. These
states are distinct from the major conformation states of PS1-g-
secretase dened by the NCT movement that we also see.103 The
additional conformation states that we identify relate speci-
cally to the size of the catalytic PS2 pocket, and thus to substrate
retention and trimming, as described by the FIST model, where
the “st” represents the PS1/PS2 subunit, and a stronger grab by
the compact state increases stay time and trimming of the
substrate to shorter Ab.57,67
TM helix tilts and catalytic pocket size is dynamically
correlated in PS2-g-secretase

To specically understand the PS2 dynamics and its impact on
the catalytic pocket, we calculated the helical properties of each
TM of PS2-g-secretase (Fig. S16†). A well-oriented stable helix
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Jarvis-Patrick clustering analysis of trajectories of PS2 g-secretase using 1500 structures as input. (A) Distribution of cluster sizes from
simulation 1. (B) Same for simulation 2. (C) Same for simulation 3. (D) Structural superimposition of all helices of the four subunits of PS2 g-
secretase (the top-ranked cluster obtained using the Jarvis-Patrick algorithm) exhibiting very similar structural diversity (Nicastrin: green, PS2:
NTF: cyan, CTF: magenta, APH1-A: yellow and PEN2: tint grey). (E) Superimposed top view of the horse-shoe-shaped architecture of PS2-g-
secretase with its four discrete subunit components (green: simulation 1, blue: simulation 2, pink: simulation 3, yellow: representative low energy
state conformation (from FEL) of simulation 1, cyan: low energy state conformation (from FEL) of simulation 2, and grey: low energy state
conformation (from FEL) of simulation 3).
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was observed for all the TMs, except TM9 (Fig. S16†), which
displayed loss of helicity for one residue. The conformational
change in TM9 helix (due the presence of kink at the C-terminal
end) potentially contributes to the larger gate opening driven by
the movements of TM2 and TM6, which is consistent with
results from cysteine-scanning mutagenesis.87,88 TM9 of PS1 was
previously found to be highly mobile.87 The exibility of TM9 is
attributed to the highly conserved PAL motif (Pro-414-Ala-415-
Leu-416 using PS2 numbering). The strong association
between the cytoplasmic end of TM9 and TM6 has been spec-
ulated to guide the substrate into the catalytic pocket, since
mutation of Pro-433 in the PAL motif of PS1 results in structural
rearrangement within the catalytic site.87

As the most important helix dynamics in our ensembles in
the membrane, we observed variation in tilt angles in TM6 and
TM7 (with average tilt of 8.2 � 2.5�, 8.9 � 1.9�, and 16.6 � 7.9�

for TM6 and 12.3� 4.0�, 10.2� 2.1� and 14.4� 5.7� for TM7) for
the three simulations of PS2-g-secretase (Fig. 8A). In order to
explore the correlation between the TM orientation and catalytic
pocket size, we analyzed the last 15 000 snapshot structures for
each simulation by projecting the Asp–Asp distance on the helix
tilt angle of all TMs of PS1 and PS2 (Fig. 8, S17 and S18†). This
analysis shows that the concerted TM6 and TM7 tilting
This journal is © The Royal Society of Chemistry 2019
correlates strongly with the Asp–Asp distance and thus, the size
of the catalytic pocket (Fig. 8B).

Several studies of PS1-g-secretase have indicated a concerted
motion of TMs regulating the transition between active and
inactive states,55–57,106 as directly rationalized by the Asp–Asp
distances. The identied changes in tilt angles of TM2, TM6,
TM7, and TM9 are consistent with but also explain the results of
various experimental data.103,107,108 In particular, the high
disorder of TM2, TM6, and TM7 in the cryo-EM data without
membrane51 is consistent with our membrane simulations at
ambient temperature and are seen to be due to two-state
behavior of the helix tilt angles of TM6 and TM7 (Fig. 8A).
Whereas our simulated PS1 (ref. 57) also shows two-state
behavior for TM2, PS2 does not. TM2-TM6 arguably act as
gate doors for substrate entry,51,56,108 with door opening
controlled by correlated helix tilts that affect the catalytic pocket
size and thus probably substrate affinity, retention, and trim-
ming, as implied by the FIST model.57,67 Fig. 8A reveals that
whereas TM2 motion is dampened in PS2 relative to PS1, TM9
tilting is more prevalent, possibly affecting the sloppiness of
cleavage in the two homologues.

We hypothesized that the dynamics of HL1 may affect the
TM dynamics of PS2. To investigate this, we plotted the average
tilt angles of the TMs of PS2 against the average Ca distance to
RSC Adv., 2019, 9, 20901–20916 | 20911
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Fig. 8 (A) Distribution of tilt angles for each TM helix of PS2 g-secretase. (B) Distribution of snapshots projected onto the distance between the
catalytic Asp-263 and Asp-366 and tilt angles of each TM helix of PS2 for the three independent simulations. The colored scale defines the
relative populations of each state.
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HL1 for all snapshots of the three simulations (Fig. S19†). The
two-state behavior of TM3, TM6, TM7 and TM9 indicates their
participation in a controlled mechanism that drives active site
space. HL1 is also very exible and the distance to TM6, TM7,
and TM9 is strongly correlated with the TM tilt of these PS2
helices in the loose conformation state represented by simula-
tion 3 (Fig. S19†).

Intramembrane proteolysis requires an adequate number of
water molecules to perform the actual nucleophilic attack on
the peptide bond and stabilize putative transition states, and
possibly to help unwinding the substrate TM helix. In order to
investigate if any water can afford such roles, we computed the
average number of hydrogen bonds between the catalytic resi-
dues and water molecules from the last 300 ns trajectories of
each simulation, averaged over all 15 000 sampling frames
(Fig. S20†). We nd a consistent number (average of 11) of
hydrogen bonds in the ensembles indicating that PS2 catalytic
residues have access to adequate amount of water despite being
20912 | RSC Adv., 2019, 9, 20901–20916
in a lipid bilayer environment. Since two catalytic aspartates of
PS2 are at the bottom of the cavity on the intracellular side, they
are somewhat exposed to the aqueous environment
(Fig. S21A†). One snapshot portraying the typical distribution of
water molecules within 4 Å of Asp-263 and Asp-366 of PS2 is
depicted in Fig. S21B.† Our simulations thus provide an all-
atom rationale for the access of catalytic water to this intra-
membrane protease and shows that our overall membrane-
protein water system accounts for this important feature;
high-resolution bulk water molecules (and membrane) are not
available in the cryo-EM data, thus making MD simulations an
important complement to understand the water dynamics of
the total system.

The TMs of PS1 and PS2 differ in length, but their overall
structures are similar to each other. The catalytic residues
located on the convex side of the TM horseshoe in PS1 and PS2
superpose well with each other. The structural conservation of
residues in the catalytic pocket (Ile-259, Tyr-262, Val-267, Gly-
This journal is © The Royal Society of Chemistry 2019
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363, Phe-369), the GxGD motif (Gly-363-Leu-364-Gly-365-Asp-
366), and the PAL motif (Pro-414-Ala-415-Leu-416) motif
suggests that PS2 exhibits similar cleavage activity as PS1-g-
secretase,51 as also seen.47 However, the shi of two-state
behavior from TM2 to TM9 may change the details of
substrate cleavage and its specicity to substrates. Furthermore,
the mature HL2 of the two homologs adopts different confor-
mation which we suggest could lead to differential preferences
for various substrates, but these implications need to be tested
further in future experiments.

Conclusions

g-Secretase harboring either PS1 or PS2 catalytic subunits is
directed toward different sub-cellular compartments, and the
distinct lipid environments and substrates encountered may
suggest differences in the two types of g-secretase. PS2 plays
a pivotal role in various physiological functions associated with
AD including calcium homeostasis, innate immunity, and
notch signaling, and mutations in both PS1 and PS2 can lead to
AD. Accordingly, a structural-dynamic comparison of PS1 and
PS2 is of substantial interest.

We describe here the rst structure of PS2-g-secretase
developed from available experimental and computational data
for PS1-g-secretase. The model is essentially complete, except
the elusive N-terminal part of PS2, and respects all experimental
constraints from the cryo-EM data, bot complements these data
with all-atom dynamics in a complete explicit membrane-
mimicking POPC lipid bilayer system surrounded by explicit
water at ambient temperature. We gauge the similarities and
differences between the homologs in terms of structure and
molecular dynamics using a range of structural and dynamical
comparisons.

Both PS1 and PS2 share the 9 TM architecture also aer
simulation in the membrane, with structures in very good
agreement with the experimental cryo-EM data. Sequence-wise,
PS1 and PS2 differ substantially at the N-terminus and in the
large cytosolic hydrophilic loop connecting TM6 and TM7,
which we suggest drives their different locations within the cell.
Global conformational analysis reveals signicant variation in
the helix tilt angles, which are well-sampled on the time scale,
as seen from the broad distributions of Fig. 8. The relatively fast
correlated helix tilts of TM2, TM3, TM6, TM7, and TM9 control
the distance between the catalytic aspartates, and are thus the
most important modes in terms of substrate binding, retention
and cleavage (the FIST model). As these are well-sampled,
maximal realism using explicit all-atom hydrogens and
structure-balanced force elds should be prioritized vs. very
long simulations with less realistic models. TM6 and TM7 has
two-state behavior in both homologs, enforced by two very
similar free energy minima in the membrane-protein-water
system. The different helix tilts lead to different space
between the catalytic aspartates. In PS2, TM9 specically has
two-state behavior not seen in PS1, whereas PS2 has less two-
state behavior of TM2 than observed for PS1.56,57 This vari-
ability is enforced by maturation of HL2, required for activity.
The shi in dynamic variability from TM2 to TM9 in PS2 vs. PS1
This journal is © The Royal Society of Chemistry 2019
may affect substrate specicity. The similar structure in the
catalytic pocket implies similar specic activities of the
enzymes, although PS2 is slightly more open.

Like other intramembrane-cleaving proteases such as site-2
protease109 and rhomboids,110 our simulations reveal the pres-
ence of water-rich areas within the bilayer of PS2 close to the
catalytic aspartates, thus providing a structural-dynamic basis
for the assess of nucleophilic catalytic water molecules to the
intramembrane active site; such water molecules cannot be
accurately inferred from the cryo-EM data at current resolution.

Our simulations consistently suggest that correlated
motions of several TM helices drive the transitions between
various conformations states of both PS1- and PS2-g-secretase
and thereby determine the Asp–Asp distance and size of the
catalytic pocket. Thus, our simulations provide an atomic basis
for the membrane-protein dynamics at ambient temperature,
which is partly indicated by the disorder in the cryo-EM data,
but adds substantial detail and clarications to these data,
specically the previously unknown PS1-PS2 differences. One
important question is why fewer mutations in PS2 cause FAD as
compared to PS1. Since the proteins are expected to have similar
catalytic prociency, we propose that the difference in clinical
importance relates to the different location, expression levels,
and substrate specicity induced by the TM2/TM9 differences
rather than specic activities per se.
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87 A. Tolia, K. Horré and B. De Strooper, J. Biol. Chem., 2008,
283, 19793–19803.

88 C. Sato, S. Takagi, T. Tomita and T. Iwatsubo, J. Neurosci.,
2008, 28, 6264–6271.

89 P. Osenkowski, W. Ye, R. Wang, M. S. Wolfe and
D. J. Selkoe, J. Biol. Chem., 2008, 283, 22529–22540.

90 T. Hartmann, J. Kuchenbecker and M. O. W. Grimm, J.
Neurochem., 2007, 103(Suppl), 159–170.

91 O. Holmes, S. Paturi, W. Ye, M. S. Wolfe and D. J. Selkoe,
Biochemistry, 2012, 51, 3565–3575.

92 T. Iwatsubo, S. Takagi-Niidome, A. Tominaga, T. Cai and
T. Tomita, J. Neurosci., 2016, 36, 1362–1372.

93 N. Kučerka, M.-P. Nieh and J. Katsaras, Biochim. Biophys.
Acta, Biomembr., 2011, 1808, 2761–2771.

94 J. B. Klauda, R. M. Venable, J. A. Freites, J. W. O'Connor,
D. J. Tobias, C. Mondragon-Ramirez, I. Vorobyov,
A. D. MacKerell and R. W. Pastor, J. Phys. Chem. B, 2010,
114, 7830–7843.

95 X. Zhuang, E. M. Dávila-Contreras, A. H. Beaven, W. Im and
J. B. Klauda, Biochim. Biophys. Acta, Biomembr., 2016, 1858,
3093–3104.

96 G. Shahane, W. Ding, M. Palaiokostas and M. Orsi, J. Mol.
Model., 2019, 25, 76.

97 X. Bai, E. Rajendra, G. Yang, Y. Shi and S. H. Scheres, Elife,
2015, 4, 551–560.

98 S. Takagi-Niidome, T. Sasaki, S. Osawa, T. Sato,
K. Morishima, T. Cai, T. Iwatsubo and T. Tomita, J.
Neurosci., 2015, 35, 2646–2656.

99 C. Hu, J. Xu, L. Zeng, T. Li, M. Z. Cui and X. Xu, J. Alzheimer's
Dis., 2017, 56, 1263–1269.
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