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Abstract 

Presenilin 1 and 2 (PS1 or PS2) are main genetic risk factors of familial Alzheimer’s disease 

(AD) that produce the β-amyloid (Aβ) peptides and also have important stand-alone functions 

related to e.g. calcium signaling. Most work so far has focused on PS1, but humans carry both 

PS1 and PS2, and mutations in both cause AD. Here, we develop a computational model of PS2 

in the membrane to address the question how pathogenic PS2 mutations affect the membrane-

embedded protein. The models are based on cryo-electron microscopy structures of PS1 

translated to PS2, augmented with missing residues and a complete all-atom membrane-water 

system, and equilibrated using three independent 500-ns simulations of molecular dynamics with 

a structure-balanced force field. We show that the 9-transmembrane channel structure is 

substantially controlled by major dynamics in the hydrophilic loop bridging TM6 and TM7, 

which functions as a “plug” in the PS2 membrane channel. TM2, TM6, TM7 and TM9 flexibility 

controls the size of this channel. We find that most pathogenic PS2 mutations significantly 

reduce stability relative to random mutations, using a statistical ANOVA test with all possible 

mutations in the affected sites as a control. The associated loss of compactness may also impair 

calcium affinity. Remarkably, similar properties of the open state are known impair the binding 

of substrates to γ-secretase, and we thus argue that the two mechanisms could be functionally 

related. 

Keywords: Alzheimer’s disease, presenilin 2, mutations, dynamics, membrane 
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Introduction 

Alzheimer’s disease (AD) is the most common form of dementia affecting tens of millions with 

devastating effects on patients, families, communities, and healthcare systems.(Ballard et al., 

2011; Nichols et al., 2019) AD is mostly occurring sporadically, modulated by many risk factors, 

but a small fraction of particularly severe, early-onset cases of familial AD (FAD) are caused by 

mutations in the genes coding for the amyloid precursor protein (APP) or the two similar 

proteins presenilins 1 and 2 (PS1 and PS2).(Levy-Lahad et al., 1995; Ryman et al., 2014) In 

neurons, APP is cleaved by α- or β-secretase resulting in APP-C83 or APP-99.(Bart De Strooper, 

Iwatsubo, & Wolfe, 2012; Vassar et al., 1999) APP-C99 is then cleaved by the multi-subunit 

intramembrane aspartyl protease γ-secretase to produce the infamous β-amyloid peptides (Aβ) of 

different length, depending on the extent of C-terminal trimming.(Bolduc, Montagna, Seghers, 

Wolfe, & Selkoe, 2016; B De Strooper et al., 1998; Takami et al., 2009; Tomita, 2014; Wolfe et 

al., 1999)  

γ-secretase contains either PS1 or PS2 together with the other three subunits.(Holmes, 

Paturi, Selkoe, & Wolfe, 2014; Knappenberger et al., 2004; T. Sato et al., 2007) The nine TM 

helices of PS1 form a porous structure where two catalytic aspartates are located within the 

convex side of the surface of TM6 and TM7.(Bolduc, Montagna, Seghers, et al., 2016; Bart De 

Strooper et al., 2012; Watanabe, Takagi, Tominaga, Tomita, & Iwatsubo, 2010) Activation of the 

enzyme complex requires auto-proteolysis of the intracellular hydrophilic loop bridging TM6 

and TM7 and leads to the formation of N-terminal (NTF, TMs 1–6) and C-terminal fragments 

(CTF, TMs 7–9).(Knappenberger et al., 2004; Tomita, 2014) The NTF and CTF harbor each one 

of the catalytic aspartates,(Wolfe et al., 1999) suggesting that their mutual distance and thus the 

size of the active site could vary to affect cleavage. FAD mutations may impair catalytic activity 

by changing the conformational interaction with γ-secretase substrates.(Chávez-Gutiérrez et al., 

2012; Szaruga et al., 2017)  
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Our previous computational studies of PS1 proteins in membranes have identified 

conformational changes in the catalytic pocket (open, semi-open and closed) with the open state 

causing weaker substrate binding and less retention time and trimming, and thus increased 

Aβ42/Aβ40 ratio, viz. the Fit-Stay-Trim (FIST) mechanism.(Somavarapu & Kepp, 2016a, 2017; 

Tang, Somavarapu, & Kepp, 2018) This terminology of open and closed states relates to the 

active site size, not the N-terminal-C-terminal donor-acceptor fluorophore distance obtained 

from FRET, which measures two different “open” (extended) and “closed” (compressed) 

states(Uemura et al., 2009; Wahlster et al., 2013). An increased Aβ42/Aβ40 ratio is the most 

consistent property of FAD-causing mutations in PS1(Kelleher & Shen, 2017; Sun, Zhou, Yang, 

& Shi, 2016) and PS2(Finckh et al., 2000; Levy-Lahad et al., 1995; Rogaev et al., 1995) 

mutations, and the ratio correlates with the onset of disease if one disregards the very distinct 

G384A mutation next to the catalytic aspartate that destroys activity completely.(Sun, Zhou, et 

al., 2016; Tang & Kepp, 2018). Experimental and theoretical studies indicate that γ-secretase 

modulators cause allosteric changes in PS1 most likely favoring the semi-open active state, 

which increases the proteolytic cleavage of C99 and lowers the Aβ42/40 ratio.(Raven et al., 

2017; Tang et al., 2018). 

The human PS proteins are highly homologous (63% sequence identity) and are involved 

in various biological processes.(Contino et al., 2017; Filadi et al., 2016; Lai et al., 2003a; Lee et 

al., 1996) More than 200 FAD-associated mutations have been reported in PS1, and about 50 in 

PS2.(Ryman et al., 2014) PS2 mutations are less severe (clinical onset 15 years later on average), 

although specific activity is similar, perhaps because the two proteins are expressed differently 

and locate to different parts of the cell.(Filadi et al., 2016; Lai et al., 2003b) The role of PS1/PS2 

has mostly been considered in the context of Aβ production in γ-secretase. However, PS1/PS2 

are known to have functions on their own(Duggan & McCarthy, 2016; Kelleher & Shen, 2017; 

Saura et al., 2004; Tu et al., 2006; Zampese et al., 2011) and by far the largest cause of FAD is 
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mutations in PS1 or PS2, not APP, and not the α-secretases whose hypomorphic variants would 

be expected to increase Aβ production substantially(Kepp, 2017; Shen & Kelleher, 2007).  

Considerations such as these have led to the proposal of a presenilin-alone hypothesis of 

AD.(Saura et al., 2004; Shen & Kelleher, 2007; Walker, Martinez, Brunkan, & Goate, 2005) It is 

of interest in this light to explore the role and impact of mutations on PS1/PS2 outside the γ-

secretase context. Even if this hypothesis is not correct, we need to understand the PS-alone 

functions regardless of their pathogenic role.(Bart De Strooper, 2007) If these functions are 

impaired they could indirectly also affect the association of PS1/PS2 with γ-secretase leading to 

Aβ production. Finally, the fact that humans use both PS1 and PS2 invites investigation, yet so 

far all experimental structural studies, all computational studies, and most cell biology studies 

have focused on PS1, sometimes alone but mostly in the context of γ-secretase. 

The recent revolution in high-resolution cryogenic electron microscopy (cryo-EM) brings 

major new insights into the structure of membrane proteins, including γ-secretase.(Yang et al., 

2019; Zhou et al., 2019) So far, eight cryo-EM structures of human PS1 γ-secretase (PDB ID: 

4UIS, 5A63, 5FN2, 5FN3, 5FN4, 5FN5,)
 
have been solved at different resolution without the 

natural substrate(Bai, Yan, et al., 2015; Bai, Rajendra, Yang, Shi, & Scheres, 2015; Lu et al., 

2014; Sun et al., 2015) and with natural substrate (6IYC and 6IDF) forms.(Yang et al., 2019; 

Zhou et al., 2019) Of these, 5FN2 is complexed with an inhibitor (DAPT) and 5FN5 contains an 

unspecified helix fragment in the binding site. These structures have established the 9TM 

topology of PS1, the relative position of the four subunits, and also the disorder in some PS1 

TMs presumably testifying to functionally important dynamics of PS1 helices TM2, TM3, TM6, 

and TM7. Recent structures of substrate-bound γ-secretase(Yang et al., 2019; Zhou et al., 2019) 

largely confirm previous computational and structural insights into the overall 9TM topology 

and the functional role of TM2 and TM6, which were proposed to act as gate doors for substrate 

entry and control substrate binding site compactness and cleavage.(Bai, Rajendra, et al., 2015; 

Somavarapu & Kepp, 2016a, 2017) However, the new substrate-bound structures also reveal 

Acc
ep

te
d 

M
an

us
cr

ipt



5 
 

changes during substrate binding, most notably a loss of helicity in the substrate TM region and 

the formation of a substrate-PS1 β-sheet that may aid in protein-substrate recognition(Yang et 

al., 2019; Zhou et al., 2019).  

There is no experimental structure of PS2. Even when it comes, molecular dynamics (MD) 

simulations provide important complementary details on the dynamics in more complete atomic 

settings at ambient temperature in the membrane. In this work, we were particularly interested in 

how the presence of the membrane modulates the cryo-EM data, how the structure and dynamics 

of PS2 compare to PS1, and whether the FAD-causing PS2 mutations can be mapped on a 

structure to hint at their possible mode of action outside γ-secretase. Our corresponding previous 

all-atom PS1 structure and dynamics in the explicit water-membrane models(Somavarapu & 

Kepp, 2016b, 2017) produced the same 9TM topology and TM2/TM6 movements that have been 

confirmed experimentally(Bai, Yan, et al., 2015; Zhou et al., 2019), but also revealed the 

importance of auto-cleavage maturation in enabling the multistate nature of the protein and the 

ability of the large hydrophilic maturation loop (HL2) to change secondary structure to have both 

strand and helix segments of functional importance(Somavarapu & Kepp, 2016b). 

This study attempts to understand the PS2 mutations mapped onto a structural-dynamic 

context and provides insight into how PS2 mutations can cause AD by acting on PS2 alone in the 

membrane and changing its channel function; the properties that are pathogenic in this scenario 

(favoring the open conformation state) are interestingly similar to those that we think cause 

increased Aβ42/Aβ40 ratios when acting in the γ-secretase complex, implying that both 

mechanisms may be relevant to disease. 

Computational methods 

Homology modeling of PS2 

Due to lack of an experimental structure of PS2, homology modeling was performed to build the 

starting protein structure used for MD simulation in the membrane. The sequence of PS2 was 

obtained from the UniProtKB database (accession number P49810). BLAST search revealed that 
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PS2 shares ~65% sequence identity (having a query coverage of 94%) with the cryo-EM 

structures of human PS1 in γ-secretase (PDB codes: 5A63B and 5FN2B)(Bai, Yan, et al., 2015; 

Bai, Rajendra, et al., 2015). 5A63 lacks the TM2 region, and both structures also lack the initial 

N-terminal region and the major hydrophilic maturation loop 2 (HL2) bridging the TM6 and 

TM7, which is cleaved in active γ-secretase. Thus to avoid any missing parts in our PS2 model, 

we combined the two structures with our previously developed MD-equilibrated complete model 

of PS1(Somavarapu & Kepp, 2016b, 2017) as templates using Modeller version 9.20.(Webb & 

Sali, 2017). It is noteworthy to mention that the large HL2 of PS2 found to be smaller than PS1, 

which also harbors helix and β-strands in these region like the new cryo-EM structures (PDB: 

6IYC and 6IDF). The PS2 structure covering Glu-77 to Ile-448 was modeled and refined using 

the loop-refinement protocol in Modeller. Based on the discrete optimized protein energy 

(DOPE) scoring function, the best model was selected for further loop and side chain 

optimization using Galaxy Refine(Heo, Park, & Seok, 2013) and the What-IF(Hekkelman et al., 

2010) tools, producing a final PS2 homology model. Because we were interested in the PS2 

alone in the membrane, we studied the protein with intact HL2 (immature state), whereas the 

protein is mature auto-cleaved in the γ-secretase complex. 

The optimized homology model was subjected to stereo-chemical quality control using 

SAVES version 5.0. The overall quality and energy profile of the PS2 model was assessed using 

ProSA-Web,(Wiederstein & Sippl, 2007) as well as ProQ(Wallner & Elofsson, 2003) and 

MolProbity.(Chen et al., 2010) To ensure that all essential details of our model respect the 

experimental structural data, we computed the root mean square deviation (RMSD) between the 

corresponding Cα atom pairs of our model and the experimental cryo-EM structures 5FN2 and 

5A63, using PyMOL. 

All-atom MD simulations of PS2 in a lipid bilayer 

The initial orientation of PS2 within the membrane was generated using the PPM server.(M. A. 

Lomize, Pogozheva, Joo, Mosberg, & Lomize, 2012) The membrane-oriented PS2 model was 

Acc
ep

te
d 

M
an

us
cr

ipt



7 
 

embedded in a homogeneous POPC lipid bilayer using the CHARMM-GUI.(Jo, Kim, Iyer, & 

Im, 2008) The obtained protein-membrane system includes 189 POPC lipid molecules and 

15,530 TIP3P water molecules in a rectangular box size of 90 Å × 90 Å × 90 Å. NaCl was added 

to neutralize the system and additionally to reach a final, physiologically relevant ion 

concentration of 0.15 mol/L, since salt presence may affect protein structure and dynamics.(Y. 

Zhang & Cremer, 2006) We used the structure-balanced CHARMM36m force field specifically 

developed to handle conformational changes in proteins.(Huang et al., 2016) The model was 

equilibrated using the typical six-step CHARMM-GUI protocol. After the equilibration, 500-ns 

production runs were carried out using GROMACS (version 2018.2, gpu version)(Abraham et 

al., 2015) with a 2-femtosecond time step using LINCS algorithm for hydrogen bonds. The van 

der Waals and electrostatic interactions were computed using a Verlet switching function over 

the cutoff range 10–12 Å, chosen large because of the known long-range correlations in PS1 and 

thus presumably also in PS2(Somavarapu & Kepp, 2016b). During the equilibration and 

production phases, semi-isotropic pressure coupling was applied to keep the lipid bilayer in the 

lamellar phase. The Berendsen thermostat(Berendsen, Postma, van Gunsteren, DiNola, & Haak, 

1984) was used during equilibration and the Nose−Hoover thermostat was used for the 

production runs(Martyna, Klein, & Tuckerman, 1992) at 303.15 K. The Parrinello−Rahman 

barostat(Parrinello & Rahman, 1981) was used for production phases in order to keep the 

pressure at 1 bar.  

To account for variations due to ensemble sampling, we performed the study in triplicate, 

using three statistically independent (with randomly seeded velocities) simulations of 500 ns 

each for a total of 1.5 μs of simulation time. It should be noted that other studies have used 

shorter or longer simulation times, but the longer are based on coarse-grained methods that do 

not capture the atomic membrane-protein-water dynamics, which are hydrogen-bond dominated. 

The timescale of the functionally relevant helix tilts are less than 100 ns as they occur multiple 

times on this time scale and produce well sampled distributions if they are flexible(Somavarapu 
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& Kepp, 2017), in accordance with the typical timescale of such movements,(Adcock & 

McCammon, 2006) and that equilibrated ensembles are reached after 100-200 ns. These tilts are 

the relevant properties because they control the catalytic pocket size.(Somavarapu & Kepp, 

2016b) Thus, the emphasis of computer time use should be on more realistic atomic models as 

used here (complete all-atom membrane-water-protein systems with hydrogens present). The 

NTF and CTF loop fragments equilibrate on the same time scale. The slowest motions occur in 

the nicastrin extracellular domain and requires ~100 ns of simulation with several breathing 

modes typically seen during simulation(Somavarapu & Kepp, 2017) consistent with 

experimentally known dynamics of this extracellular domain.(Bolduc, Montagna, Gu, Selkoe, & 

Wolfe, 2016; Shah et al., 2005)  

Trajectory and principal component analysis 

To investigate system stability, the backbone RMSD, the radius of gyration (Rg), solvent 

accessible surface area (SASA) and the Cα-root-mean-square fluctuation (RMSF) were 

calculated using the standard GROMACS built-in tools. Distance profiles and properties of TM 

helices were calculated with the specific modules of GROMACS. Secondary structure during the 

course of simulation was assessed with the timeline viewer of VMD.(Humphrey, Dalke, & 

Schulten, 1996)  

The gmx covar and gmx anaeig utility tools were used to perform the principal component 

analysis (PCA) to explore the dynamic ensemble of PS2. To understand the global motions of 

PS2 within the membrane, porcupine plots were generated using PC1 and PC2 via the 

modevector.py script. Free energy landscape (FEL) analysis was conducted to pinpoint the 

dominant conformation states of the protein-membrane system the using gmx sham module of 

GROMACS. In order to characterize the distinct states of the ensemble in a simple way, the most 

representative structure of PS2 from cluster analysis was obtained for all three simulations using 

the gmx cluster tool with the equilibrated last 300 ns of the trajectories as input, using a cut-off 
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of 0.2 nm.(Daura et al., 1999) The images were rendered using BIOVIA DS Visualizer and 

PyMOL. 

Acquisition of mutation data of PS2 associated with FAD 

Data on mutations of PS2 linked with FAD were collected from The Alzheimer Disease & 

Frontotemporal Dementia Mutation Database (http://www.molgen.ua.ac.be/ADmutations/) and 

the database of Alzforum (https://www.alzforum.org/mutations). Our analysis primarily focused 

on the effect of single-residue substitutions on our complete equilibrated PS2 structure, with a 

total of 46 single-residue non-synonymous substitutions identified.  

 

Annotation of mutational data of PS2 

The possible mutational effects were investigated by using our equilibrated all-atom structures of 

PS2 as input to several structure-based mutation analysis tools, I-Mutant3.0,(Capriotti, Fariselli, 

& Casadio, 2005) SDM2.0,(Pandurangan, Ochoa-Montaño, Ascher, & Blundell, 2017) 

mCSM,(D E Pires, Ascher, & Blundell, 2013) DUET,(Douglas E V Pires, Ascher, & Blundell, 

2014) DynaMut,(Rodrigues, Pires, & Ascher, 2018) and MaestroWeb(Laimer, Hofer, Fritz, 

Wegenkittl, & Lackner, 2015), in all cases using default settings. After computing the effect of 

mutation, the dataset was divided into two sets: clinically confirmed pathogenic and non-

pathogenic mutations. To enable a control group for the properties of the pathogenic mutations, 

we also performed site-specific computational saturation mutagenesis for all sites with reported 

confirmed pathogenic mutants, and compiled the properties of these amino acid changes in 13 

sites. To estimate the impact of mutation, we used I-Mutant3.0(Capriotti et al., 2005; Capriotti, 

Fariselli, Rossi, & Casadio, 2008), SDM(Pandurangan et al., 2017; Worth, Preissner, & Blundell, 

2011), mCSM(D E Pires et al., 2013), and DUET(Douglas E V Pires et al., 2014). The analysis 

of variance (ANOVA) was conducted to establish statistically significant differences between the 

means of pathogenic (15), non-pathogenic (9) and all other mutations in the affected sites (232 

mutations). 
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Results and discussion 

Nine TM architecture of PS2 within a membrane 

Using available homologous cryo-EM structures (5FN2 and 5A63) of PS1 as templates, we 

constructed the human PS2 model shown in Figure 1A. The structural superimposition of our 

proposed PS2 model with 5FN2, 5A63, and our previously reported all-atom PS1 homology 

model(Somavarapu & Kepp, 2016b) displayed Cα-RMSD values of 0.77 Å, 0.78 Å and 0.23 Å, 

respectively. The superposition in Figure S1 shows that our proposed PS2 structure fully 

respects the constraints from experimental PS1 structures. A close fit is seen with the 

experimental structures in TM helices and in HL1. However, a notable difference between the 

PS1 and PS2 structures is seen in the topological arrangement of HL2, where two β-strands 

occur together with a large helix anchoring this loop (Figure 1A). Interestingly, the length of 

each TM differs somewhat in PS1 and PS2. The C-terminal end and the N-terminal end of TM3 

vary somewhat before MD simulation in the membrane (Figure S1). Also, TM9 adopted an 

extended helix conformation indicating its potential plasticity, consistent with its possible role as 

gatekeeper for substrate binding.(C. Sato, Takagi, Tomita, & Iwatsubo, 2008; Tolia, Horré, & De 

Strooper, 2008) The side chains of the catalytic Asp-263 and Asp-366 are consistent with those 

in cryo-EM structure of PS1(Bai, Yan, et al., 2015) with their mutual Cα-distance being 10.2 Å 

(~10.6 Å for 5A63). The stereo-chemical quality of the model assessed through 

Procheck(Laskowski, MacArthur, Moss, Thornton, & IUCr, 1993) had 90.5% residues in the 

most allowed regions, 8.3% in the allowed regions, 0.3% in additionally allowed regions and 

0.9% (only three residues: Lys-146, Glu-280, and Asp-308) in the disallowed region as indicated 

by the corresponding Ramachandran plot. Similarly, the overall quality scores obtained from 

ERRAT(Colovos & Yeates, 1993) and Verify 3D indicate that the modeled structure is realistic 

and a good starting point for MD simulation.  
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Figure 1. (A) The complete 9TM architecture of the homology modeled PS2 based on the cryo-

EM structures of PS1 (PDB ID: 5A63, 5FN3) and a previous complete homology model of PS1. 

The catalytic Asp-263 (TM6) and Asp-366 (TM7) are displayed in spheres. (B) The membrane-

aligned view of the PS2 homology model. (C) Backbone RMSD of the complete PS2-

membrane-water system during three independent 500-ns MD simulations. (D) The distance 

between Cα atoms of Asp-263 and Asp-366 of PS2 during the simulations. (E) The Cα-RMSF 

profile of each amino acid of PS2 during simulation in the lipid bilayer system (black: system 1, 

red: system 2 and green: system 3).  
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Quality control of the equilibrated membrane-protein system  

Prior to MD simulation, the PS2 model was membrane aligned as displayed in Figure 1B and 

embedded in homogenous lipid bilayer. PS2 is an evolved membrane protein functioning either 

alone or inside γ-secretase in membranes, and thus the dynamics of the surrounding lipid bilayer 

and its crosstalk with the protein is of interest. Membrane proteins adopt distinct conformational 

ensembles in membranes and the protein interaction with the phospholipids can contribute 

essentially to protein activity.(Zhuang, Dávila-Contreras, Beaven, Im, & Klauda, 2016; Zhuang, 

Makover, Im, & Klauda, 2014) Specifically, the PS1/PS2-alone functions center on membrane 

channel properties of the proteins which require an understanding of the protein in the actual 

membrane context. 

The dynamic stability was investigated by monitoring backbone RMSD relative to the 

reference structure over the 500 ns of MD as displayed in Figure 1C. The three systems reach 

stable conformational ensembles after 100-150 ns, consistent with expectation from related 

systems;(Somavarapu & Kepp, 2016b, 2017) this justifies the collection of statistics for the last 

300 ns of each trajectory. The systems at equilibrium displayed average RMSD of ~0.6 nm. The 

catalytically relevant distance between the Cα atoms of Asp-263 and Asp-366 are summarized in 

Figure 1D; the distance may affect substrate cleavage.(Sun, Li, & Shi, 2016) It varies between 

10-13 Å, with a small population of loose states where the distance reaches 15 Å. This dynamic 

variation implies both compact and loose active-site conformations, consistent with previous 

findings for PS1.(Somavarapu & Kepp, 2017) We suggest that the flexibility enables water to 

enter the active site as required for proteolysis. The helix-flanked pore topology with variable 

interior space resembles two states of a membrane channel, with indications of both a closed and 

an open structure. The root-mean-square fluctuations of all atoms of PS2 averaged over the 

trajectories are shown in Figure 1E. In all systems, the TMs displayed least fluctuation whereas 
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the loops HL1 and HL2 displayed substantial atomic motions ranging from 0.5 to 1.5 nm; similar 

loop movements have been observed previously for PS1.(Somavarapu & Kepp, 2016b)  

In order to ensure that our protein-membrane system is realistic, we compared our 

simulated bilayers to data from X-ray and NMR experiments, considering temporal and spatial 

averages of deuterium order parameters, the local density of the membranes, the bilayer 

thickness, and the area per lipid (Tables S1-S3). The averaged parameters are in excellent 

agreement with typical experimental values for bilayer structures (Figure 2A-2F). The 

deuterium order parameters and the splitting of values near the lipid head-group closely resemble 

experimental values (Figure 2A,2C,2E).(Zhuang et al., 2016) The density profiles of the 

different groups of lipids are strong indicators of membrane structural changes. The local density 

of the head-group, tail-group, and phosphate across the full lipid bilayer were all close to 

experimental values expected for the bilayer system and similar for all three simulations (Figure 

2B,2D,2F). Finally, the lipid per unit area of ~0.63 resembles that obtained from other 

CHARMM36 simulations and experiments (Figure 2G,2H,2I).(Lyubartsev & Rabinovich, 

2016) The quality control of PS2-membrane system is important because the membrane affect 

protein function. Notably, thinner membranes most likely favor Aβ42 production.(Holmes, Paturi, 

Ye, Wolfe, & Selkoe, 2012) This is in excellent agreement with the FIST model(Somavarapu & 

Kepp, 2017; Tang et al., 2018) because thinner membranes typically pack the protein less well. 

Relevant variations in the local membrane thickness (Figure 2G, 2H, 2I) occur in our 

simulations that enable crosstalk to protein conformations, to be discussed below. 

The lipid headgroups and membrane thickness are can influence the structure and activity 

of membrane proteins(A. L. Lomize, Pogozheva, Lomize, & Mosberg, 2006). In γ-secretase, the 

lipid composition affects the biological activity of PS1(Holmes et al., 2012). A membrane 

composed solely of phosphatidylcholine lipids retains full activity of γ-secretase; however, other 

homogeneous membranes reduce cleavage activity. In our simulations of PS2, we observe 

changes in the tilt angles of TMs (most importantly TM2, TM3, TM7 and TM9) that correlate 
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with variations in membrane thickness (Figure S2), and the membrane thickness affects the 

position of the catalytic aspartates within the POPC lipid bilayer (Figure S3).  

 

Figure 2. Properties of POPC lipid bilayer viz. lipid order parameter, density of the membrane, 

and area per lipid profile during the 500-ns MD simulation. The figure shows the deuterium 

order parameters of the POPC membrane (A: System 1, C: System 2 and E: System 3), the 

density profiles of lipid head groups, tail groups, phosphate, and water (B: System 1, D: System 
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2 and F: System 3), and the average area per lipid of each system in the lipid bilayer (G: System 

1, H: System 2 and I: System 3). 

 

Prominent conformation states and channel morphology of PS2 

The major conformations of PS2 within the membrane were analyzed using PCA of the last 300 

ns of each system. Figure S4A shows the eigenvalues of first two eigenvectors and the 

projection of the movements of main-chain atoms over the phase space. Figure S4B shows 

eigenvectors 1 and 2 plotted against each other. For a globular protein, the PS2 is distinctly 

variable in its conformational space, in agreement with the RMSF analysis. Replicate 1 (black) 

represents a more compact conformational ensemble, with Replicate 2 (red) being similar in 

structure but with slightly more variation. In contrast, Replicate 3 represents the most variable 

ensemble as displayed by PCA. Importantly, this variation is in line with a more variable active 

site space of PS2 (Figure 1D), suggesting that Replicate 3 represents a distinct open state.  

In order to understand the global ensembles in detail, porcupine plots depicting the major 

movements were produced as shown in Figure 3. Figure 3A-C show the major movements 

according to eigenvector 1 of the PCA for the three simulations, whereas Figure 3D-F show the 

same movements for eigenvector 2, with longer cones representing larger movements. Consistent 

with the RMSF analysis, most TMs are rigid whereas HL1 and HL2 display important bending 

motions. However, an unusual and very significant motion is evident in the C-terminal of TM2 

displaying an outward-inwards movement relative to the center of the protein, particularly 

evident in Figure 3C, 3E, and 3F. TM2 is known to be disordered in some PS1-γ-secretase cryo-

EM structures,(Bai, Yan, et al., 2015; Bai, Rajendra, et al., 2015) probably because of similar 

movements in PS1 as we identify for PS2 (the cryo-EM show an average electron density map 

with disorder and does not reveal the motion obtained here from MD). Similar TM2 movements 

where seen in the ensemble of PS1(Somavarapu & Kepp, 2016b). Immature PS2 has less 

movement of TM6 than immature PS1. In contrast, PS2 displays very large movements in the 
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CTF and in particular TM9 (Figure 3). PS2 has a much smaller HL2 than PS1 by ~25 residues to 

sequence gaps relative to PS1 in this area, and this shorter loop probably forces stronger in-

membrane movements of the CTF. The conserved PAL motif adjacent to TM9 is critical for the 

catalytic activity of γ-secretase and the extended helical segment of TM9 greatly affects the outer 

part of the channel.  

Although disputed,(Shilling, Mak, Kang, & Foskett, 2012) many studies suggest that 

PS1/PS2 modify calcium homeostasis(Begley, Duan, Chan, Duff, & Mattson, 1999; Brunello et 

al., 2009; Das, Tchedre, & Mueller, 2012; LaFerla, 2002; Leissring et al., 2000; Nelson et al., 

2011; Tu et al., 2006; Zatti et al., 2006; H. Zhang, Sun, Herreman, De Strooper, & 

Bezprozvanny, 2010), perhaps by acting as calcium leak channels,(Guo et al., 1996; Honarnejad 

& Herms, 2012; LaFerla, 2002; Saura et al., 2004; Tu et al., 2006), which is notable since 

calcium dyshomeostasis is a hallmark of AD.(Guo et al., 1996; Khachaturian, 1987; Mattson, 

2010) Calcium transport is very structure, pH- and context dependent, which perhaps partly 

explains why results can differ between studies(Shilling et al., 2012). Calcium leak activity of 

cysteine point mutations indicate that TM7 and TM9 are important for calcium transport(Nelson 

et al., 2011). A recent study suggests that PS2 but not PS1 causes calcium leakage, which may 

reconcile the disagreement (Greotti et al., 2019). 

PS2 has a notable channel morphology with the pore surrounded primarily by TM2, TM3, 

TM5, TM6, and TM7, with TM1, TM4, TM8, and TM9 constituting the outside flanking of this 

pore (Figure S5). This topology is in good agreement with the structure of the PS1 homolog 

from 2013 discovering such pore structure.(Li et al., 2013) However, in the 2013 structure, TM6 

was not part of the pore, because the whole topology was looser. Since the structural homology 

is very high for the two proteins, the presence of the membrane in our structure rather than the 

crystal environment of the experimental PS1 homolog most likely enforces the more compact 

PS2 (Figure S5). Movements in HL1, TM2, TM9, and the PALP motif change the size of the 

pore and directly affect water accessibility and thereby, we presume, the dehydration and affinity 
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of ions such as calcium within the PS2 channel, as summarized in Figure S6-S8. Since this pore 

size also affects the Asp-Asp distance we predict the two features to potentially be related in a 

biological function. 

 

Conformational states of PS2  

To further understand the TM topology, the two most representative snapshot structures obtained 

from cluster analysis of the equilibrated trajectories (200-500 ns) are shown in Figure 4A-4C. 

These structures superimpose well with the original homology model of PS2, which is very 

similar to the experimental PS1 structure without membrane (Figure S5), but show increased 

compactness of the pore due to TM2 and TM9 inward movements once the membrane is present. 

TM9 directly controls how flanked the channel is within the membrane consistent with its known 

dynamic features(Kong, Chang, Xia, & Wong, 2015; Somavarapu & Kepp, 2016b) (Figure 

S5B). Figure 4D-4F displays the free energy landscapes of PS2 with dark color indicating lower 

energy and more conformation sampling. Replicate 3 displays two low-energy basins whereas 

replicate 1 and 2 has a broader, more typical one-state protein basin. The first two are similar to 

those seen for immature PS1, and they differ markedly from the multistate landscapes caused by 

HL2 auto-proteolysis, which produces the NTF and CTF.(Somavarapu & Kepp, 2016b)  
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Figure 3. Porcupine plots displaying the dominant motions (eigenvectors EV1 and EV2) from 

principal component analysis of PS2 using the last 300 ns of three independent MD simulations. 

(A) The movement of EV1 of system 1. (B) The movement EV1 of system 2. (C) The movement 

EV1 of system 3. (D) The movement of EV2 of system 1. (E) The movement EV2 of system 2. 

(F) The movement EV2 of system 3. The cone sizes represent the strength of the movement. The 

most prominent changes are in HL1 and HL2, TM2, and TM9. 

Acc
ep

te
d 

M
an

us
cr

ipt



19 
 

 

Figure 4. Superimposed views of two representative structures of PS2 from the three different 

simulations in the POPC lipid bilayer. (A) Pair-wise structural superposition of the two most 

representative structures of PS2 from simulation 1. (B) Superposition of the two most 

representative structures from simulation 2. (C) Superposition of the two most representative 

structures from simulation 3. (D) The free energy landscape as a function of PC1 and PC2 for 

simulation 1. (E) Same as (D) for simulation 2. (F) Same as (D) for simulation 3.  

 

To understand the helical structural changes in more detail, we extracted snapshots at a 

difference of 100 ns as shown in Figure S9 showing the overall changes in secondary structure 

at different times. Most TMs retained their helical properties; however one residue in TM9 

changed to coil in simulations 2 and 3. Notably, the large HL2 where maturation occurs features 

a substantial helix segment which is unusual for a loop and has not been observed 

experimentally. However, this result is fully consistent with previous MD simulations of PS1 and 

various NMR data that support a helix segment in HL2.(Knappenberger et al., 2004) 

Furthermore, our finding of a moderately stable structural helix segment in HL2 immediately 
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suggests that this part of the protein, which is cleaved by the enzyme itself in mature γ-secretase, 

is inherently helical once being cleaved, as is the case also for other TM substrates of γ-secretase. 

From this finding, we predict that the HL2 loop can enter the catalytic site in the protease 

complex in the identified helix form and thus undergo auto-cleavage to produce the NTF and 

CTF similar to that of other substrates. If the active site is occupied or too compact, or if HL2 is 

prevented from bending into the active site, such maturation will not occur. Interestingly, we 

observed major structural transitions in the auto-proteolysis loop HL2 from strand to turn/coil 

and coil to strand in two replicates, testifying to substantial structural plasticity of this loop 

(Figure S9 and S10). Recent cryo-EM studies have shown the importance of minor β-strand-

forming regions in defining substrate recognition.(Yang et al., 2019; Zhou et al., 2019)  

The RMSD of the TM helices were computed as shown in Figure 5A. The helices are very 

stable except TM2, TM6, and TM9, consistent with the general analysis above. The looser state 

of replicate 3 (green) is largely due to changes in these helices, notably TM2. The persistence of 

each TM helix is shown in Figure 5B. We observed loss of helicity in TM9 suggesting that this 

helix is effectively two helices separated by a kink. This kink is not seen in the experimental 

2013 structure(Li et al., 2013) but it features in the 2015 cryo-EM structure of the PS1-γ-

secretase complex and is embedded in APH1-A.(Bai, Yan, et al., 2015) As seen from Figure S5, 

the kink is inwards and dynamic such that it opens and closes access to the pore of PS2. 

Cysteine-scanning mutagenesis(C. Sato et al., 2008; Tolia et al., 2008; J. Wang et al., 2006) and 

recent structural studies of PS1(Yang et al., 2019; Zhou et al., 2019) show the role of TM9 and 

the C-terminal PALP motif in the catalytic pore and in guiding substrates to the catalytic site. 

Leu-416 of the PALP motif forms contacts with residues from TM6, TM8, and TM9. Upon 

rearrangement of TM9 and the PALP motif, we observed that the cytoplasmic side of TM6 

moved toward TM9, leading to a gate-opening movement involving TM2, TM9, and TM6, 

consistent with their larger RMSD (Figure 5A). The catalytic Asp-366 is partially exposed in the 

more open conformation enabling access of water as required for catalysis in the enzyme 
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complex. In PS2, it resembles a more open channel structure that is more solvent-accessible and 

is suggested to have lower affinity for calcium.  

 

Figure 5. (A) The backbone RMSD of the nine TM helices of PS2 during the last 300 ns of the 

three independent simulations. (B) The dynamic persistence of helicity measured for the nine 

TM helices of PS2, with an unusual major loss of helicity seen in the middle of TM9.  
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In the complete enzymatic complex, the NCT/APH-1 subunits and PEN-2 tighten the 

relative loose PS TM6/TM7/TM9 intramembrane cavity and rearrange the PALP motif of TM9 

to the proximity of the catalytic center, thus activating the γ-secretase complex. (C. Sato et al., 

2008) The present study is limited to presenilin 2 alone in lipid bilayer, for the purpose of 

understanding the protein alone in relation to its alone-functions. 

 

TM tilt angles in PS2 correlate with channel pore size 

The cryo-EM structures of the PS1-γ-secretase complex (5FN5, 5FN4, 5FN3, 5A63, and 

5FN2)(Bai, Yan, et al., 2015; Lu et al., 2014) including those with natural single-pass TM 

substrates (6IYC and 6IDF)(Yang et al., 2019; Zhou et al., 2019) all reveal distinct disorder in 

the electron density maps of the PS1 helices, which is largely rationalized by specific dynamic 

motions observed in MD simulations, with most dynamics occurring in TM2, TM3, TM6, and 

TM9.(Somavarapu & Kepp, 2016b, 2017) These structures were obtained in frozen ice at cryo-

temperatures and without the presence of a membrane. The topology is very similar in our 

membrane-simulated structures at ambient temperature, and thus we can argue that the thermal 

disorder and membrane has little effect on the topology, as expected. While membrane 

composition has a definite role in the allosteric modulation of the enzyme complex, the 

membrane packing already leads to a somewhat more compact channel and active site in PS2 

alone, which is also partly due to the shorter HL2 relative to PS1 which focuses TM6 and TM7 

in the membrane; we also note that the present simulation represents the immature state with 

intact HL2. The impact of maturation leads to a looser TM2/TM6 gate as seen by the only direct 

comparison of mature and immature PS1 in the literature.(Somavarapu & Kepp, 2016b)  

Recent studies have shown that the TM helix tilt angle distribution is shown correlates well 

with the catalytic aspartate residues in PS1. Small TM6 tilt angle values (< 20°) tend to associate 

with smaller distances between the catalytic aspartates (≤ 6.0 Å), while with larger TM6 tilt 

angles have larger Asp-Asp distances.(Aguayo-Ortiz, Chávez-García, Straub, & Dominguez, 
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2017; Aguayo-Ortiz, Straub, & Dominguez, 2018) In this study, we computed the tilt angle 

distribution of the TMs of PS2 and observed a wide distribution for TM2, TM3, TM7 and TM9 

(Figure S11), which fits well with distributions of PS1 from available γ-secretase structures. 

Like PS1, the wide tilt angle distribution of TM2 and TM3 confirms the high mobility of these 

helices associated with the plasticity of PS2. These helices tend to move closer together upon the 

formation of the active site(Takeo, Watanabe, Tomita, & Iwatsubo, 2012). The variable 

movements of these TM helices contribute to the large variation in the distance between the 

catalytic aspartates which causes imprecise or “sloppy” cleavage by the intramembrane protease. 

The rhomboid and site-2 proteases which represents distinct types of intramembrane proteases 

have been implicated in substrate-gating/selection mechanisms (Ha, Akiyama, & Xue, 2013; 

Hizukuri et al., 2014). Thus, a common mechanism may be assumed where the extracellular 

region of the intramembrane proteases is involved in the substrate-gating machinery. The 

cytosolic fragment of TM6 displayed high flexibility during all our simulations. Tominga and 

co-workers(Iwatsubo, Takagi-Niidome, Tominaga, Cai, & Tomita, 2016) have shown that 

alterations in the distance between the cytosolic sides of TM6 and TM7 correlate with Aβ42 

production. Comparatively large RMSF values (Figure 1E) and highly conserved helicity 

observed in TM2 and TM6 (Figure 5B) support the existence of a cooperative motion also in 

PS2 from our simulations. 

 

Lipid binding sites in PS2 

The presenilins hydrolyze substrates within the hydrophobic environment of the lipid bilayer at 

the active site (Asp-263 and Asp-366 of PS2). The crystal structures of rhomboid protease(Y. 

Wang, Zhang, & Ha, 2006) and site 2 protease(Feng et al., 2007) have revealed how pores or 

cavities allow water to reach the catalytic residues. We expect that the active site of PS2 also 

accesses water molecules in the membrane-embedded cavities. To understand such interactions, 

we compiled the hydrogen bonds between lipids and PS2 for the three independent simulation 
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systems (Figure S12) comprised of 2500 frames. The PS2 systems displayed variable trends in 

hydrogen-bond participation with POPC lipids due to the changes in conformation states 

described above. The lipid binding sites in PS2 (Table S4) in the three simulations were very 

diverse in nature. Most of the POPC molecules were able to freely travel around the bilayer, but 

some lipids were held in place by interactions with PS2 for long duration (Table S4) indicating 

their preference for PS2. Upon inspection of the structural ensembles obtained from cluster 

analysis, we found that only a few lipids interacted with the substrate recruiting domains i.e., 

TM2, TM6, and TM9. In contrast, accumulation of lipids near TM4 suggests that this region may 

play a role in accessibility to PS2 via the lipid bilayer. 

 

Structural effects of FAD-associated PS2 mutations  

Disease-associated mutations in PS1 and PS2 are known to increase the ratio of long vs. short Aβ 

peptides, notably the Aβ42/Aβ40 ratio, in a way that correlates with clinical severity of the 

mutation.(Sun, Zhou, et al., 2016; Tang & Kepp, 2018) An important question is whether this 

increased Aβ42/Aβ40 ratio is directly related to pathogenesis (via pathogenic Aβ oligomers) as 

implied by the amyloid hypothesis(Selkoe & Hardy, 2016) or a side-effect of impaired PS 

function, as implied by the presenilin hypothesis.(Kelleher & Shen, 2017; Saura et al., 2004; 

Shen & Kelleher, 2007) In order to understand the effect of mutation on PS2 alone rather than 

inside the protein complex, we used our representative structures from cluster analysis of the 

three independent simulations as input to map all single-amino-acid mutations and assess their 

impact on the stability of protein (Tables S5-S6). Altogether 39 AD-associated mutations in 

PS2, shown in Figure 6, were studied by structure-based computational prediction tools (out of 

49 identified, three are frameshift mutations and seven could not be mapped to our PS2 structure 

as they locate to the elusive N-terminal). Of these 39 mutations, T122P (located in HL1), N141I 

(in TM2), and M239 (in TM5) are prominent pathogenic mutations consistently reported in more 

than one family.  

Acc
ep

te
d 

M
an

us
cr

ipt



25 
 

 

 

 

Figure 6. (A) Distribution of mutations associated AD in PS2 (Blue: pathogenic and Green: 

Non-pathogenic). (B) Box-whisker plot displaying the distribution of the ΔΔG (change in the 

folding free energy) upon pathogenic, non-pathogenic and all other site-specific mutations 

computed by DUET, I-Mutant, mCSM, and SDM.  

 

In order to assess method dependencies of our results, four structure-based mutation 

methods (DUET, I-Mutant, mCSM, and SDM) were used to calculate the folding stability free 

energy change ΔΔG caused by pathogenic mutation (the difference in stability of the mutant and 

wild type protein) using all possible mutations in the variable sites as a control set. The three 

ensembles obtained from cluster analysis of the equilibrated trajectories were used as input 

(Figure 6). The ΔΔG of pathogenic mutations distribute significantly differently from the set of 

all possible mutations in all the variable sites, with significantly different means as visualized in 

Figure 6. Despite their known uncertainties,(Kepp, 2014, 2015; Khan & Vihinen, 2010) the 

methods clearly show that protein stability is reduced in most mutations and more importantly, 

since this is expected for a typical mutation(Tokuriki, Stricher, Schymkowitz, Serrano, & 

Tawfik, 2007), significantly more so in the confirmed pathogenic mutations relative to the 

control set, as shown from the ANOVA summarized in Table 1. Except for the method SDM, all 
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methods displayed significantly larger loss of stability for pathogenic mutations at the 95% 

confidence level (p<0.05). Thus, we conclude that AD-causing mutations in membrane-bound 

PS2 protein significantly reduce the fold stability of the membrane protein, which in turn is 

expected to affect the helix packing and overall conformational integrity of the protein.  

 

Table 1 The results of ANOVA of four different investigated methods listed in the rightmost 

column, applied to the average value of ΔΔG the three different ensembles of PS2 obtained from 

clustering analysis of the last 300 ns MD of three seeds.  The groups used for ANOVA include 

confirmed pathogenic (15 mutations), non-pathogenic (9 mutations) and all other mutations in 

the affected sites (232 mutations). 

Mutation comparisons 
Mean 

Difference  

95% 

Lower 

95% 

Upper 
p-value Method 

Pathogenic -All else 0.276742 0.047085 0.5064 0.013251 I-mutant 

Pathogenic - Non Pathogenic 0.564519 0.201055 0.927982 0.000826 I-mutant 

Pathogenic - All else 0.398417 0.144423 0.65241 0.000719 mCSM 

Pathogenic - Non Pathogenic 0.597852 0.195873 0.99983 0.001467 mCSM 

Pathogenic - All else 0.161762 -0.22047 0.543997 0.581003 SDM 

Pathogenic - Non Pathogenic 0.719259 0.114322 1.324197 0.014825 SDM 

Pathogenic - All else 0.470881 0.175443 0.766319 0.000573 DUET 

Pathogenic - Non Pathogenic 0.786067 0.318497 1.253636 0.000254 DUET 

 

 

Conclusions 

This study describes the first attempt at understanding the FAD-causing PS2 mutations in a 

complete structural-dynamic context. Most notably, we provide a complete model of the intact 

(non-mature) PS2 protein in a lipid bilayer and show that PS2 mutations mapped to this 

structural model tend to increase chemical properties that are likely to favor an open 

“pathogenic” conformation, where the Asp-Asp distance is on average larger and the pore less 
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compact. A more open state might be assumed to increase membrane channel permeability, but 

for ions such as calcium where dehydration is a requirement for efficient membrane transport, an 

opening would most likely counteract dehydration and membrane transport of calcium. Our 

computational analysis indicates that calcium leakage in PS2(Greotti et al., 2019), which may 

not occur to the same extent in PS1(Shilling et al., 2012), could potentially be impaired by the 

same chemical properties and conformation states that also cause looser substrate binding, less 

activity, and higher Aβ42/40 ratios in the γ-secretase complex. In PS2, major dynamics are seen 

for TM2, TM6, TM7 and TM9, with the dynamic role of TM9 being larger than for PS1, which 

could relate to ion flux through the membrane(Nelson et al., 2011). Thus, if the presenilin 

hypothesis is correct, the increased ratio correlating to disease severity would be a confounding 

effect of the real pathogenic mechanism of presenilin membrane channel function. However, it is 

also possible that both mechanisms are relevant to disease, perhaps even in combination in a 

system that controls divalent metal transport across neuron and organelle membranes. We expect 

that our structures and dynamics of PS2 will forego experimental determination of this protein’s 

structure and further add the membrane-protein dynamics to the picture. Thus, the residues of 

PS2 that we conclude are membrane exposed are in some cases likely to be sensitive to whether 

the membrane is there or not. This is true for a subset of the surface residues of PS2 that are 

horizontally exposed to the POPC bilayer in our model (Figure 1).  
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 Table S1. Thickness of the POPC membrane averaged over 500 ns MD of the PS2-membrane system. 

System Membrane  Lower leaflet Upper leaflet 

Simulation 1 3.918 ± 0.068 nm 3.914 ± 0.068 nm 3.922 ± 0.073 nm  

Simulation 2 3.947 ± 0.068 nm 3.951 ± 0.071 nm 3.943 ± 0.073 nm 

Simulation 3 3.973 ± 0.074 nm 3.935 ± 0.076 nm 3.939 ± 0.076 nm 

Table S2. Computed area per lipid of the POPC membrane, averaged over 500 ns of MD simulation. 

System Membrane  Lower leaflet Upper leaflet 

Simulation 1 0.628 ± 0.011 nm
2
 0.627 ± 0.014 nm

2
 0.627 ± 0.014 nm

2
 

Simulation 2 0.623 ± 0.011 nm
2
 0.617 ± 0.014 nm

2
 0.630 ± 0.013 nm

2
 

Simulation 3 0.627 ± 0.012 nm
2
 0.629 ± 0.014 nm

2
 0.624 ± 0.014 nm

2
 

Table S3. Area of the POPC membrane averaged over 500 ns of MD simulation. 

System Membrane  Lower leaflet Upper leaflet 

Simulation 1 59.361 ± 1.019 nm
2
 59.762 ± 1.284 nm

2
 58.960 ± 1.290 nm

2
 

Simulation 2 58.919 ± 1.060 nm
2
 58.586 ± 1.317 nm

2
 59.251 ± 1.218 nm

2
 

Simulation 3 59.226 ± 1.161 nm
2
 59.764 ± 1.348 nm

2
 58.689 ± 1.310 nm

2
 

Table S4. Occupancy of hydrogen bonds between amino acid residues of the PS2 and POPC lipids of the membrane 

during 500 ns of MD simulation computed using 2500 frames from each trajectory (only residue pairs showing 

occupancy >10% are displayed in the Table).  

Simulation 1 Simulation 2 Simulation 3 

Donor Acceptor Occupancy Donor Acceptor Occupancy Donor Acceptor Occupancy 

SER108-Side POPC454-Side 11.70% LYS86-Side POPC556-Side 19.36% TYR165-Side POPC618-Side 10.38% 

ARG163-Side POPC544-Side 29.30% TYR83-Main POPC552-Side 35.65% TYR185-Side POPC461-Side 36.41% 

LYS161-Side POPC545-Side 15.69% LYS86-Side POPC606-Side 33.53% ARG110-Side POPC451-Side 12.53% 

LYS107-Side POPC451-Side 24.51% LYS166-Side POPC547-Side 16.93% LYS86-Side POPC557-Side 13.37% 

TYR195-Side POPC454-Side 17.09% ARG163-Side POPC590-Side 28.06% LYS161-Side POPC545-Side 15.85% 

ARG134-Side POPC450-Side 28.06% LYS271-Side POPC553-Side 11.54% ARG358-Side POPC557-Side 20.56% 

TYR185-Side POPC461-Side 15.25% GLY84-Main POPC552-Side 13.77% LYS86-Side POPC550-Side 11.82% 

GLN118-Side POPC465-Side 13.21% ARG163-Side POPC544-Side 11.26% LYS107-Side POPC451-Side 16.73% 

HSD220-Side POPC547-Side 10.58% TYR185-Side POPC461-Side 18.04% TYR201-Side POPC461-Side 16.09% 

LYS86-Side POPC550-Side 15.37% ASP200-Main POPC449-Side 16.53% ARG275-Side POPC560-Side 10.58% 

LEU225-Main POPC556-Side 11.42% LYS161-Side POPC554-Side 29.22% SER130-Side POPC455-Side 16.57% 

ARG134-Side POPC479-Side 42.51% ARG163-Side POPC548-Side 32.34% ARG284-Side POPC549-Side 10.14% 

TRP221-Side POPC551-Side 19.04% LYS245-Side POPC452-Side 14.41% ARG163-Side POPC565-Side 18.88% 

LYS166-Side POPC548-Side 15.45% ASN386-Side POPC456-Side 27.11% LYS410-Side POPC553-Side 11.70% 

LYS245-Side POPC452-Side 23.91% LYS82-Side POPC552-Side 20.20% ARG134-Side POPC450-Side 12.10% 

TYR83-Side POPC543-Side 17.49% LYS86-Side POPC550-Side 12.77% TYR262-Side POPC560-Side 13.93% 

LYS86-Side POPC559-Side 18.44% LYS271-Side POPC566-Side 16.01% TRP221-Side POPC571-Side 22.00% 

LYS161-Side POPC560-Side 35.77% SER130-Side POPC464-Side 32.89% LYS245-Side POPC452-Side 43.15% 

TYR83-Main POPC552-Side 25.87% GLY132-Main POPC464-Side 11.74% TYR162-Side POPC580-Side 13.13% 

ARG163-Side POPC590-Side 12.26% TYR246-Side POPC452-Side 27.43% ARG163-Side POPC570-Side 20.28% 
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TYR201-Main POPC468-Side 11.42% VAL131-Main POPC464-Side 23.91% TYR246-Side POPC452-Side 44.87% 

TRP385-Side POPC478-Side 10.74% TYR121-Side POPC457-Side 15.45% HSD220-Side POPC571-Side 21.28% 

TYR162-Side POPC544-Side 17.17% THR203-Side POPC449-Side 17.92% LYS82-Side POPC552-Side 14.37% 

TYR246-Side POPC452-Side 20.36% TYR121-Main POPC465-Side 19.72% LYS161-Side POPC584-Side 14.09% 

SER130-Side POPC494-Side 12.50% ARG358-Side POPC556-Side 20.00% LYS86-Side POPC568-Side 20.80% 

LYS411-Side POPC567-Side 12.26% ARG134-Side POPC450-Side 48.18% LYS410-Side POPC569-Side 24.99% 

GLU351-Main POPC548-Side 13.69% LYS107-Side POPC451-Side 32.89% ARG163-Side POPC578-Side 10.38% 

TYR185-Side POPC468-Side 11.50% CYS164-Main POPC544-Side 11.50% LYS193-Side POPC461-Side 11.94% 

LYS271-Side POPC569-Side 18.20% GLN118-Main POPC452-Side 21.24% LEU225-Main POPC574-Side 16.57% 

LYS411-Side POPC569-Side 10.62% TRP385-Side POPC451-Side 31.66% TYR165-Side POPC564-Side 21.72% 

TYR347-Side POPC560-Side 16.25% TYR160-Side POPC584-Side 10.18% TYR195-Side POPC451-Side 10.86% 

ARG163-Side POPC592-Side 18.76% ARG435-Side POPC456-Side 39.32% ARG163-Side POPC564-Side 23.99% 

LYS107-Side POPC454-Side 17.72% TYR195-Side POPC489-Side 26.51% LYS166-Main POPC548-Side 10.98% 

   LYS306-Main POPC556-Side 26.63%    

   LEU225-Main POPC563-Side 12.65%    

   ARG358-Main POPC577-Side 28.02%    

   ARG134-Side POPC460-Side 17.25%    

   CYS269-Main POPC555-Side 10.62%    

   TYR162-Side POPC570-Side 12.38%    

   TYR185-Side POPC536-Side 15.97%    

 

Table S5. Effect of mutation on the stability of PS2 predicted by I-Mutant 3.0.  

Mutant 
Simulation 1 

 

Simulation 2 

 

Simulation 3 

 

 
RSA ΔΔG(kcal/mol) RSA ΔΔG(kcal/mol) RSA ΔΔG(kcal/mol) 

K82R 46.7 0.11 62.2 0.22 17.5 -0.31 

A85V 56.3 -0.04 59 0.09 25.4 0.24 

V101M 31.9 -1.23 28 -1.31 21.5 -1.33 

T122P 1.4 -0.75 10.8 -1.13 35.3 -0.53 

T122R 1.4 -0.41 10.8 -0.83 35.3 -0.22 

P123L 60.6 -0.18 33.8 -0.33 13.4 -0.15 

E126K 104.2 -0.36 83.6 -0.46 92.7 -0.2 

S130L 49.5 0.06 48.6 0.13 46.1 0.13 

V139M 52 -0.91 49.4 -0.81 43.6 -1.09 

N141I 0.7 0.79 10.2 0.66 6.1 0.54 

N141Y 0.7 -0.18 10.2 -0.24 6.1 -0.35 

L143H 52.4 -2.12 52.4 -1.99 48.1 -2.05 

V148I 54.7 -0.7 42.3 -0.76 57.9 -0.86 

K161R 38.9 -0.6 79.2 -0.28 44.7 -0.59 

R163H 81.2 -1.17 65.5 -1.28 72.5 -1.29 

H169N 14.8 -1.32 32.4 -0.91 19.8 -1.19 

M174V 25 -0.35 37.5 -0.3 52 -0.2 

S175C 28.2 -0.66 44.4 -0.61 23 -0.67 

G212V 10.2 -0.19 5.1 -0.07 25.4 0 

V214L 64.4 -0.42 46.8 -0.3 63.1 -0.49 

Q228L 9.5 0.12 24.1 0.23 11.2 0.02 
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Y231C 8.4 -1.31 15.9 -1.26 16.4 -1.11 

I235F 9.2 -1.13 7 -1.23 9.2 -1.03 

A237V 0 -0.57 0.9 -0.59 1.8 -0.57 

L238F 0 -1.37 4.9 -1.36 8.2 -1.32 

L238P 0 -2.03 4.9 -2.01 8.2 -1.99 

M239I 30 -0.98 18.5 -0.91 34 -0.89 

M239V 30 -0.95 18.5 -0.84 34 -0.86 

A252T 3.6 -0.88 1.8 -1.02 1.8 -1.11 

A258T 0 -1.6 52.6 -1.06 29.9 -1.36 

T301M 2.9 -0.37 6.5 -0.33 44.7 -0.23 

P334A 25.4 -1.31 65.5 -1.28 45.8 -1.18 

P334R 25.4 -0.87 65.5 -0.95 45.8 -0.91 

P348L 49.3 -0.19 99.4 -0.5 62.7 -0.23 

A377V 0 0.08 0.9 0.24 0.9 -0.54 

V393M 56.6 -0.98 29.3 -0.77 57.9 -0.75 

T421M 52.2 -0.28 17.3 -0.55 49 -0.17 

T430M 40.4 -0.28 43.3 -0.28 12.3 -0.31 

D439A 72.2 -0.1 55.5 -0.16 43.7 0.1 

* Red represents pathogenic and green represents non-pathogenic mutations.  

RSA: Relative solvent accessibility of the mutated site.  

 

Table S6. Assessment of mutation effects on PS2 using MCSM, SDM, and DUET (Pathogenic: Red and Non-

pathogenic: Green). 

Mutation 

Simulation 1 Simulation 2 Simulation 3 
 

RSA 

(%) 

mCSM 

predicted 
ΔΔG 

SDM 

predicted 
ΔΔG 

DUET 

predicted 
ΔΔG 

RSA 

(%) 

mCSM 

predicted 
ΔΔG 

SDM 

predicted 
ΔΔG 

DUET 

predicted 
ΔΔG 

RSA 

(%) 

mCSM 

predicted 
ΔΔG 

SDM 

predicted 
ΔΔG 

DUET 

predicted 
ΔΔG 

K82R 60.9 -0.282 -0.01 -0.012 70.4 -0.163 0.05 0.117 15.4 -0.79 -0.79 -0.675 

A85V 82.2 -0.279 -0.12 0.033 82.6 -0.271 -0.12 -0.043 21.3 -0.241 -0.12 -0.068 

V101M 41.1 -0.488 0.16 -0.21 40 -0.369 0.16 -0.085 31 -0.408 0.16 -0.126 

T122P 2.5 -0.409 -1.5 -0.396 13.9 -0.471 -0.89 -0.343 50.5 -0.472 0.12 -0.181 

T122R 2.5 -0.225 -1.09 -0.298 13.9 -0.357 -0.64 -0.293 50.5 -0.286 -0.87 -0.302 

P123L 57.7 -0.286 1.88 0.412 28.2 -0.288 -0.58 -0.097 2.3 -0.631 -0.78 -0.511 

E126K 110.6 0.575 -0.04 0.892 82.8 0.573 -0.16 0.87 101.3 0.675 -0.04 0.988 

S130L 66.4 -0.229 0.12 -0.046 65.7 -0.158 0.12 0.028 49.7 -0.204 0.04 -0.041 

V139M 68.4 -0.342 0.16 -0.057 64.5 -0.359 0.16 -0.075 58.6 -0.37 0.16 -0.086 

N141I 2.1 -0.486 1.21 0.164 15.1 0.045 0.29 0.44 9.9 0.318 -0.32 0.538 

N141Y 2.1 -0.621 0.21 -0.468 15.1 -0.187 0.36 -0.025 9.9 -0.012 -0.55 -0.171 

L143H 70 -0.632 -0.6 -0.576 70.8 -0.582 -0.98 -0.631 66.8 -0.722 -0.98 -0.764 

V148I 73 -0.535 0.35 -0.056 57.6 -0.571 0.35 -0.094 78.4 -0.474 0.35 0.008 

K161R 39.8 -0.418 0.43 0 75.3 -0.137 0.26 0.252 45.1 -0.508 0.26 -0.122 

R163H 83.6 -0.968 0.14 -0.933 63.9 -0.95 0.3 -0.886 68.2 -1.35 0.14 -1.328 

H169N 19.4 -0.989 -0.58 -0.933 39.9 -0.905 -0.58 -0.85 21.9 -0.566 -0.92 -0.571 

M174V 32.9 -1.282 -0.15 -0.836 47.1 -0.977 -0.15 -0.508 65.7 -0.858 -0.15 -0.381 

S175C 36.3 -0.153 1.01 0.37 56.8 -0.187 0.5 0.213 34.5 -0.211 0.5 0.189 

G212V 19.5 0.601 0.72 1.16 6.5 0.582 -0.75 0.834 52.1 0.196 0.72 0.771 
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V214L 85.5 -0.301 0.68 0.263 63.2 -0.3 0.68 0.264 83.4 -0.241 0.68 0.325 

Q228L 9.5 0.47 0.34 0.886 26.6 0.508 -0.23 0.779 12.1 0.576 0.34 0.988 

Y231C 9.6 -1.544 -1.55 -1.589 17.4 -0.945 -0.74 -0.816 19.6 -1.137 -0.28 -0.929 

I235F 11.2 -1.741 -0.82 -1.805 8.5 -1.44 -0.86 -1.534 11.4 -1.417 -0.86 -1.513 

A237V 0 -0.885 -1.14 -0.813 1.6 -0.789 -0.85 -0.632 2.3 -0.466 -0.85 -0.281 

L238F 0.2 -1.655 -1.31 -1.886 6.4 -1.402 -1.18 -1.604 11.6 -1.433 -1.14 -1.621 

L238P 0.2 -1.442 -4.14 -2.088 6.4 -1.186 -4.31 -1.851 11.6 -1.227 -2.75 -1.588 

M239I 38.2 -1.073 0.11 -0.546 20.6 -1.049 0.11 -0.52 39.7 -1.053 0.11 -0.524 

M239V 38.2 -1.452 -0.15 -1.019 20.6 -1.474 -0.15 -1.042 39.7 -1.406 -0.15 -0.969 

A252T 1.5 -1.518 -2.85 -1.735 1 -1.264 -2.82 -1.462 2 -0.878 -2.82 -1.056 

A258T 0 -1.707 -3.21 -1.993 69.1 -0.757 -1.53 -0.665 33.3 -0.89 -1.53 -0.807 

T301M 3 -0.202 -0.68 -0.398 8.8 -0.27 -0.47 -0.332 24.3 -0.752 0.58 -0.531 

P334A 29.2 -0.582 -0.36 -0.343 69.5 -0.442 -0.36 -0.194 46.5 -1.055 1.51 -0.307 

P334R 29.2 -0.011 -0.67 0.132 69.5 -0.03 -0.67 0.114 46.5 -0.262 1.77 0.322 

P348L 58.3 -0.258 -0.58 -0.065 94.8 -0.507 0.78 -0.004 75.8 -0.382 -0.58 -0.182 

A377V 0 -0.404 -1.14 -0.288 0.2 -0.396 -0.85 -0.205 0.6 -0.632 -0.84 -0.458 

V393M 77.8 -0.343 0.16 -0.058 40.1 0.036 0.16 0.334 81.4 -0.307 0.16 -0.02 

T421M 71.5 -0.059 1.19 0.42 23.2 -0.034 0.47 0.263 60.8 -0.041 1.19 0.438 

T430M 47 0.158 1.19 0.631 55 0.161 1.19 0.634 11.3 0.25 0.55 0.568 

D439A 84.3 -0.329 1.41 0.313 64.2 -0.61 1.48 0.047 47.1 0.244 1.24 0.84 
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Figure S1. (A) Structural superimposition of modeled PS2 (green) with PS1 from cryo-EM structure 

5A63 (cyan). (B) Structural superposition of homology modeled PS2 (green) and the cryo-EM structure 

5FN2 (cyan). (C) Structural superposition of homology modeled PS2 (pink) and the complete homology 

model of PS1 developed by us (lime green). (D) Top view of the structural superimposed homology 

models of PS1 and PS2. The intracellular large hydrophilic loop harbors two important beta-strands in 

PS2, whereas PS1 holds three strands. The images were generated using PyMOL.  
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Figure S2. (A) The simulated distributions of TMs projected onto the membrane thickness and tilt angle 

of TMs in PS2. (B) The simulated distributions of TMs projected onto the Asp263-Asp366 distance and 

tilt angles of TMs. The last 300 ns of three seeds were used for calculation. 
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Figure S3. (A) Simulated distributions of membrane thickness with respect to Asp-Asp distance in PS2. 

(B) Simulated distributions of TMs projected onto membrane thickness and tilt angle over the last 300 ns 

of PS2. 
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Figure S4. PCA from the last 300 ns trajectory of the three independent simulations of PS2 in pure POPC 

lipid bilayer. (A) The movement of main-chain atoms of PS2 on the basis of eigenvalues. (B) The 2-

dimesional projection of movements along the EV1 and EV2 in phase space (Black: System 1, Red: 

System 2 and Green: System 3). 

 

Figure S5. (A) The solid ribbon view of the superimposition of modeled PS2 before MD (cyan) with the 

cluster representative of PS2 (obtained after MD). (B) The helical structural superposition of homology-

modeled PS2 (cyan) and the cluster representative structures of PS2 (Red: System 1, Magenta: System 2 

Acc
ep

te
d 

M
an

us
cr

ipt



50 
 

and Yellow: System 3). The catalytic residues are shown in spheres. The images were generated using 

PyMOL. 

 

Figure S6. The average Cα-distance profile of the hydrophilic loop 1 (HL1) of PS2 during 500 ns MD 

simulation. (B) The average Cα-distance profile of the PALP motif of PS2 during MD simulation (Black: 

Simulation 1, Red: Simulation 2 and Green: Simulation 3). 

 

Figure S7. The proposed ion conductance channel displaying the plausible calcium leakage route in PS2, 

based on the structural superposition with PS1 channel. (A) The computed channel of PS2 obtained using 

MOLEonline web server where only the representative structure of simulation 2 displayed this channel. 

(B)  The electrostatic surface representation of PS2, displaying the probable route dispensable for Ca
2+

 

leak activity. The probable root proposed is based available literature on PS1. The amino acid residues of 

TM6, TM7, TM8 and TM9 involved in this pathway have been shown in stick representation. (C) The top 

view of close and open conformation of PALP motif forming the channel pore in the three representative 

structures of PS2 obtained from clustering (Green: Simulation 1, Cyan: Simulation 2 and Magenta: 

Simulation 3).  
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Figure S8. The orientation of catalytic aspartates and PALP motif (shown in stick representation) in PS2 

obtained from cluster representative of the three seeded simulation. (A) Cluster-representative structure 

from  simulation 1; (B) Cluster-representative structure from simulation 1; (C) Cluster-representative 

structure from simulation 3. 
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Figure S9. Solid ribbon representation of PS2 structures extracted from MD trajectories at different times 

from the three independent 500-ns simulations.  

 

 

Figure S10. Evolution of secondary structure elements of PS2 over the time scale of 500 ns of MD. (A) 

Simulation 1. (B) Simulation 2. (C) Simulation 3. Purple color represents helix structure, which is 

interestingly seen to a variable extent also in the large HL2, consistent with a helical motif being auto-

cleaved during maturation of this loop.  

Figure S11. Distribution of tilt angles for TM helices of PS2 (during the last 300 ns time) computed using 

gmx helixorient program of GROMACS. 
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Figure S12. Number of hydrogen bonds formed between lipids (POPC) and PS2 during all-atom MD 

simulation in the lipid bilayer (Black: Simulation 1, Red: Simulation 2 and Green: Simulation 3). 
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