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a b s t r a c t 

Gamma secretase (GS) is an intramembranous enzyme that acts on the amyloid precursor protein and Notch 
inside lipid membranes. The enzyme is responsible for amyloid- 𝛽 propagation, one of the well-known causes of 
Alzheimer’s disease. However, the effects of lipids on GS activity and structural dynamics are unknown. Therefore, 
in this study, we performed coarse-grained molecular dynamics simulations to probe the effects of five individual 
lipids on GS. These lipids included 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl- 
2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-phosphatidylcholine (DOPC), 2-dimyristoyl-sn- 
glycero-3-phosphocholine (DMPC), and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC). These lipids are struc- 
turally characterized by different heads (i.e., NH3 [PE] for POPE vs. NC3 [PC] for POPC), number of double bonds 
(one for POPC vs. two for DOPC), and alkyl tail chain lengths (16:1/18:1 for DOPC vs. 14:0/14:0 for DMPC vs. 
12:0/12:0 for DLPC). This indicates distinct microenvironments and adjustable structural elements for catalytic 
function when GS is embedded. Our results revealed that the presence of more unsaturated bonds in DOPC than 
in POPC resulted in greater GS stability. Moreover, lipids with short alkyl tail chains or with PC heads instead of 
PE heads had improved mobility of the sixth transmembrane helix of GS, which is responsible for the considerable 
active site flexibility and presenilin 1 subunit plasticity. The length of the DMPC alkyl tail chain was between that 
of DOPC and DLPC because the up-down and cross-correlation motions of GS in DMPC was the lowest among the 
three lipids, and GS mobility in DMPC was the lowest among all five lipids. This may be because the alkyl tail 
chain length (i.e., 3. 8 nm thickness of the DMPC bilayer) was suitable for GS embedding, thereby restraining 
more GS motions than that of the long (DOPC) or short lipids (DLPC). Collectively, these results indicated that 
GS activity can be modulated through changes in conformational fluctuations, structural perturbations, molec- 
ular motion, and cross-correlation motion when embedded in different lipids. Exploration of such fundamental 
information can reveal the possible mechanisms by which GS is affected by individual lipid species. 
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. Introduction 

Gamma secretase (GS) is an intramembranous enzyme that acts on
he amyloid precursor protein (APP) and Notch inside lipid membranes
o generate amyloid- 𝛽 (A 𝛽), one of the well-known causes of Alzheimer’s
isease (AD) [1–3] . The enzyme 𝛽-secretase first cleaves APP to liber-
te the APP C-terminal fragment (APP-C99), which is then processed
y GS to create a range of A 𝛽 peptides of varying lengths [ 4 , 5 ]. The
leavage of APP-C99 leads to a major isoform, A 𝛽-40, comprised of 40
mino acids, as well as lesser isoforms such as A 𝛽-38 and A 𝛽-42 [6] . The
bnormal buildup of A 𝛽-42 and A 𝛽-40 has been linked to the produc-
ion of amyloid-plaques in patients with AD brains [ 6 , 7 ]. Considering
his pathogenic effect, GS has been recognized as a special target for

nti-AD treatments. 
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GS consists of four subunits, nicastrin (NCT), presenilin 1 (PS1), pre-
enilin enhancer 2 (PEN-2), and anterior pharynx-defective 1A (APH-
A); all are necessary for full proteolytic activity [8] . PS1 is the cat-
lytic component, consisting of nine transmembrane helices (TM 1–9)
ith two catalytic aspartate residues at TM6 (D257) and TM7 (D385)

9] . TM6 and TM7 are stabilized by PEN-2 and APH-1A [10] . NCT con-
ists of a single transmembrane helix and a sizeable extracellular do-
ain that combine to generate the type-1 transmembrane glycoprotein

11] . Cleavage of substrates by GS is carried out in the middle of the
embrane [3] . Both interactions of GS and substrate, and cleavage or

ecognition of substrates occur within the lipid membrane [12] , where
ipid composition and specific lipids play an important role in the pro-
eolytic activity of GS [13] . Interactions, structural dynamics, and pro-
ease activity of GS are linked to the lipid environment [14] . Variation
2 March 2024 

Ai Communications Co. Ltd. This is an open access article under the CC BY 

https://doi.org/10.1016/j.chphma.2024.03.005
http://www.ScienceDirect.com/science/journal/27725715
https://www.keaipublishing.com/en/journals/chemphysmater/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chphma.2024.03.005&domain=pdf
mailto:chm_aihq@ujn.edu.cn
https://doi.org/10.1016/j.chphma.2024.03.005
http://creativecommons.org/licenses/by/4.0/


A. Sajjad, J. Mei, C. Wang et al. ChemPhysMater 3 (2024) 303–313

Fig. 1. CG structures of lipids, POPE, POPC, DOPC, DMPC, and DLPC. Sn-1 stands for acyl chain A and Sn-2 for acyl chains B. N-H3/C3, PO4, both GL1-GL2 and 
D1A- D1B, and both C1A-C4A and C1B-C4B in the five lipids are displayed in blue, yellow, pink and cyan beads, respectively. 
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n the lipid composition is one of the external factors that alter the pro-
ease activity of the enzyme and is needed for GS integrity and signaling
n nerve cells [15] . Membrane rafts are abundant in 11 different lipid
lasses, including phosphatidylcholine [16] . 

Lipids are different in fatty-acid (FA) chain length, level, position,
nd type of unsaturation, and lipid polar head group type [ 17 , 18 ], and
hus provide them different functions [17] . For example, free FAs and
nsaturated FAs induce the assembly of amyloid and tau filaments in
itro [19] . Saturated and trans fats resulted in blood–brain barrier dys-
unction and A 𝛽 aggregation, and were strongly associated with the
isk of AD; hence, they should be eliminated from diets and substi-
uted with unsaturated fats if possible [20] . The compounds 1-palmitoyl-
-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-
n-glycero-3-phosphoethanolamine (POPE) resemble the naturally oc-
urring phospholipids, which commonly contain saturated sn-1 and un-
aturated sn-2 acyl chains, and allow the formation of a bilayer [21] .
OPC, 1,2-dipalmitoyl-sn-phosphatidylcholine (DOPC), and POPE are
he most widely used single species lipid bilayers for simulation [22] ,
nd can also interact with other lipids, such as cholesterol [23] , to
orm a hybrid lipid model based on their simple structure and availabil-
ty [15] . POPC, DOPC, and 1,2-dilauroyl-sn-glycero-3-phosphocholine
DLPC) have the same hydrophilic head group (choline), whereas POPE
nd 2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) have different
ead groups (ethanolamine) [24] . POPC and POPE have palmitoyl and
leoyl, whereas DOPC has dioleoyl [25] . The oleoyl tail contains one
ouble (unsaturated) C= C bond, whereas the palmitoyl tail remains fully
aturated (Fig. S1) [25] . 

The nature of the lipid head group, membrane thickness, and lipid
ixture composition are all important factors in protein structure and

ctivity [ 26 , 27 ]. This is also true for GS, as different lipids have varying
ffects on the biological activity of the PS1 component in the GS com-
lex [15] . The thickness, lipid polar head groups, FA chain, and protein
osition within the lipid bilayer all affect membrane protein activity, as
he lipid membrane provides stability to GS active sites, a favorable en-
ironment for GS activity [28] , thereby promoting intramembrane pro-
eolysis [29] . The composition of membranes has a significant impact on
he specification and modification of GS enzymatic behavior [12] . The
oncentration of lipid composition will regulate enzymatic activity of
S [ 30 , 31 ]. DOPC and POPC differ in the lipid tails whereas POPC and
OPE have similar lipid tails but different heads (NC3 vs. NH3 ). How-
ver, the effects and roles of lipid membranes in GS activity and dynam-
cs remain unexplored [ 12 , 32 ]. To develop a complete understanding
f the cleavage process and mechanism of GS activity, it is necessary to
haracterize the effects of the lipid type on the conformational ensemble
nd dynamics of the GS complex. 

Most studies on the effect of lipids on GS function have focused on
holesterol owing to its high concentration in the membrane [ 12 , 33 ]. In
his study, we investigated the effect of specific lipids on the dynamics of
S activity using molecular dynamics (MD) simulations, in which POPE,
OPC, DOPC, DMPC, and DLPC were employed separately ( Fig. 1 ). 
 

304
. Modeling and computational methods 

.1. Model preparation 

The cryogenic-electron microscopy structure of GS (PDB ID: 5FN2)
34] was employed as the initial three-dimensional coordinate model
o establish our MD simulations in an assortment of lipid environments.

e choose GS models (5FN2) without intracellular loops (289 to 377
esidues) of the PS1 because this loop is highly moveable, hydrophilic,
nd has an extended length oriented toward the cytoplasm [ 2 , 35 , 36 ].
ntracellular loop residues contact the TM6 and TM7 of PS1 [2] , and
S is functionally non active and immature in the presence of this loop
37] . GS becomes functionally active when this loop detaches from PS1,
nd PS1 subsequently matures and associates within the membrane with
hree other transmembrane proteins [ 37 , 38 ]. Keep et al. also chose the
S model to analyze the mature and immature PS1 in their simulation
odel [35] . The Orientation of Proteins in Membranes server was used

o obtain the GS model associated with lipid membranes [39] . 

.2. Simulation method 

We used coarse-grained (CG) models to elucidate the conformational
ehavior of GS in five different lipid bilayers. The GS model was em-
edded in lipid membranes using CHARMM-GUI Martini bilayer maker
40] , and MARTINI v2.2 force field [41] . Each system contained a GS
omplex, lipids, water beads, and Cl− and Na+ ions at a concentration
f 0.15 M to mimic physiological conditions. The pressure was set to
.0 bar using semi-isotropic Berendsen coupling, and the temperature
as set to 303 K using V-rescale coupling. An NPT pre-equilibrium sim-
lation was performed in which the position of the beads was restrained.
ach system was run for 5 μs using GROMACS 5.1.5 software [42] . Nor-
al mode analysis (NMA) was performed using coarse-grained simula-

ions (cgNMA) [43] . Notably, relatively short MD simulations were suffi-
ient (20 ns CG simulation for the subunit) to provide improved agree-
ent with the experimentally observed conformational changes [43] .
oarse-grained models globally describe similar properties of subunit
omains (84% similarity), and these properties are in good agreement
ith both the X-ray data and previous studies [44] . 

.3. Analysis methods 

The MD simulations were analyzed using built-in GROMACS tools
nd MD analysis libraries [45] . For clustering analysis, a C 𝛼 (BB)
oot-mean-square deviation (RMSD) was used to obtain stable con-
ormational RMSD plots [35] . For area per lipid (APL), we used the
mx_analyze tool. For the bilayer thickness, we used the gmx_density
ools. For the order parameters, Python do-order-gmx5.py was used. Im-
ges were generated used VMD v1.9.2. [46] . 

𝑆CD = 1 ∕ ( ⟨3co s2 𝜃⟩ − 1) , (1)
2 
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𝑆⟩ = ( 1 
𝑁 

)
∗ Σ

(
𝑆𝑖 

)
, (2)

𝑃 𝐿 =
⟨ 

2 𝑥𝑦 
𝑁 

⟩ 

. (3)

The formulas for SCD , ⟨S ⟩, and APL calculations are provided in
qs. (1) –(3) respectively. The SCD is the deuterium order parameter;
 1/2 ( < 3 cos2 𝜃 > − 1) was computed for consecutive bonds, and 𝜃 is

he angle between the direction of the bond and the bilayer normal.
erfect order with the bilayer normal is indicated by SCD = 1, perfect
nti-order by SCD =− 0.5, and a random orientation by SCD = 0. The x and
 in Eq. (3) are the length and width of the lipid membrane plane, and
 is the total number of phospholipid molecules in the lipid membrane
f the system. The average order parameter ⟨S ⟩ for two lipid tails and
eads can be calculated by averaging the individual order parameter
alues ( Si ) obtained for each tail and head of a specific lipid. 

.4. DynOmics ENM server 

Perturbation Response Scanning (PRS) [47] allows for the quanti-
ative assessment of the influence and sensitivity of each residue with
espect to each other. The results are described by N × N heat maps
for a protein with N residues). The row and column averages provided
nformation on the propensity of a given residue to act as a sensor or
ffector, as explained in detail in the text. The DynOmics ENM server
 47 , 48 ], was employed to compute the bimolecular system dynamics
y uploading the structure coordinate models of GS in the presence
f DOPC, DMPC, and DLPC to the Anisotropic Network Model (ANM)
erver [47] . Cross correlations motion was represented by Cij = ⟨ΔRi .
Rj ⟩/ [ ⟨( ΔRi )2 ⟩ ⟨( ΔRj )2 ⟩]1/2 . The Cij quantifies the correlation between

he fluctuations in groups Ci = ΔRi and Cj = ΔRj , and it is defined as the
ross-correlation between their displacements ( ⟨ΔRi . ΔRj ⟩) normalized
y the product of their individual displacements. The Cij values range
rom –1 to 1, where –1 indicates fully anti-correlated movements (op-
osite direction motions) and 1 represents fully correlated movements
in the same direction) [49] . 

. Results and discussion 

Owing to the diverse composition and force field parameterization
f a neuronal membranes, it remains challenging to construct a real-
stic model for membrane protein simulations. We used simplified ap-
roaches and homogeneous rather than heterogeneous lipid bilayers for
he simulations. Heterogeneous lipid bilayers usually contain increased
ipid species including cholesterol [2] . Oversimplification is a risk factor
ut may have several advantages. This can greatly reduce the compli-
ations associated with force field parameterization and testing against
xperimental data. This allowed each component of the membrane pro-
ein system to be treated rigorously and provided a well-defined system
hat facilitated a clarified data interpretation. 

.1. RMSDs and root mean square fluctuations (RMSF) of 𝛾-secretase in 

OPC, POPC, POPE, DMPC, and DLPC 

The conformational profiles obtained at the beginning and end of the
imulation are shown in Fig. 2 (a). In terms of RMSD, Fig. 2 (b) shows
hat each system reached equilibrium within the “5-μs ” simulation, es-
ecially within the last 1 μs. To identify differences in structural dy-
amics and fluctuations, we computed the residue-wise RMSF of GS
n the presence of DOPC, POPC, POPE, DMPC, and DLPC, as shown in
ig. 2 (c). Several residues with large RMSFs were observed in GS. For
xample, F190 (0.66 nm), V490 (NCT, 0.60 nm), and G1230 (PEN-2,
.99 nm) in POPE have high values, resembling those in DOPC, where
190 (0.66 nm) and V490 (0.62 nm) were almost kept unchanged ex-
ept G1230 (0.66 nm), with a small decrease. Similar to DOPC, F190
305
0.8 nm) and G1230 (0.99 nm) of GS fluctuated strongly in POPC. This
hange occurred at I250 (NCT, 0.90 nm) in POPC, which replaced the
490 in POPE. In both DLPC and DMPC lipids, F190 (0.7 vs. 0.6 nm)
nd G1230 (0.99 vs. 1.1 nm) were still flexible and susceptible residues,
imilar to those in POPE. In addition, large RMSF fluctuations were ob-
erved for F600 (NCT, 1.0 nm) and I700 (PS1, 1.0 nm) in DLPC and I700
PS1, 1.0 nm) in DMPC, reflecting the different effects of the two lipids
n GS. Taken together, the NCT region had more residues with larger
uctuations than those of the other regions, especially residue F600 in
OPC (0.75 nm), DOPC (0.84 nm), and DLPC (1.10 nm). From DLPC to
OPC, both sn-1 and sn-2 acyl chains increased in length (three to four
eads, Fig. 1 ). From DOPC to POPC, the two unsaturated sn-1 and sn-2
cyl chains in DOPC became saturated sn-1 and unsaturated sn-2 acyl
hains in POPC, respectively, However, the lengths of the two chains
ere the same in the two lipids (Fig. S1). Based on this information,
e concluded that the NCT region, especially the residue F600, is fixed
radually as the two acyl chains increase in length and become satu-
ated. The previous data calculated for the residue in POPC (0.80 nm)
50] , were consistent with the present data. Even in a hybrid system with
0% cholesterol and 90% POPC and 50% cholesterol and 50% POPC,
igh RMSF values (0.60 vs. 0.75 nm) in the NCT region residues were
till observed [ 33 , 50 ], indicating that the NCT region is flexible. Re-
arkably, in all systems, G1230 in PEN-2 was the most flexible residue

nd exhibited high fluctuation values. Notably, the G1230 fluctuations
n the five lipids differed depending on the type of lipid. 

.2. The tilt angles of the TM6 and TM7 in PS1 ( 𝛾-secretase) 

PS1 is the catalytic component of GS and contains nine TM; two cat-
lytic Asp (D) residues are located at TM6 (D257) and TM7 (D385) [51] .
M6 and TM7 exhibit conformational changes in the substrate-bound
otion [52] , correlating with A 𝛽42 production and the tilt angles of
M2 and TM9 [50] . The wide tilt angle of TM values conforms to high
obility, which is also associated with PS1 subunit plasticity [50] . Mo-

ility of TM2 and TM6 is associated with the active site’s flexibility [53] ,
nd TM2 is a gateway [54] , for substrate entry through TM2 and TM6.
hus, TM6 and TM7 were chosen as models for the following discussion
n lipid effects. 

Rodrigo Aguayo-Ortiz et al. calculated the tilt angles of GS in POPC
nd compared them with available experimental values, in which varia-
ion in tilt angles of 20° ± 2° and 15° ± 2° were reported experimentally
or TM6 and TM7, respectively, indicating that TM6/TM7 have high mo-
ility in POPC [50] . Our prediction for TM6 and TM7 in the presence of
he POPC membrane ( Fig. 3 ) was 18° ± 2° and 16° ± 2°, respectively, con-
istent with the experimental results. The tilt angle of TM6 in POPE was
redicted as 17° ± 2°, 15° ± 2° in DOPC, 16° ± 2° in DLPC, and 15° ± 2° in
MPC and were also measured and shown in Figs. 3 (a1)–(e1). Likewise,

ilt angles for TM7 in the presence of POPC (17° ± 2°), POPE (16° ± 2°),
OPC (15° ± 2), DLPC (16° ± 2), and DMPC (15° ± 2) were predicted and
isplayed in Figs. 3 (a2)–(e2). These data revealed the following rank-
ng of tilt angles for TM6: POPC > POPE > DLPC > DOPC = DMPC. The
anking of POPC > POPE > DLPC > DOPC = DMPC was also observed
or TM7. This analysis provides insight into the effects of lipids on the
ilt angles of TM6 and TM7. The two rankings were almost the same,
ndicating that the POPC environment provided the highest mobility,
hereas DOPC and DMPC provided the lowest mobility. This analysis

ndicates that GS is highly stable. When comparing the structures of
OPC and POPE, both have the same tails (1-palmitoyl-2-oleoyl, PO)
ut different lipid heads (phosphocholine [PC] for POPC and phospho-
thanolamine [PE] for POPE; Fig. S1), which could be the source of the
bove-mentioned observations. DOPC is responsible for the low mobility
f TM6/TM7 because it has two unsaturated sn-1 and sn-2 acyl chains. In
MPC GS showed low mobility due to the short lipid tail (1,2-dilauroyl
DM], 14:0) among the three except DLPC. The DLPC is responsible for
he high mobility due to the mismatch condition. 
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Fig. 2. (a) GS structures after simulation (5000 ns) in POPE (gray beads), POPC (white beads), DOPC (red beads), DMPC (orange beads), and DLPC (ochre beads), 
where the beads are only those of phosphate (PO4 

3− ) head groups with the acyl beads ignored and the ‘dist’ variable represents the thickness of the lipid bilayer. 
Four components NCT, APH-1A, PS1, and PEN-2 of GS are displayed in blue, green, cyan, and yellow beads, respectively. (b) RMSD and (c) RMSF of the whole GS 
in POPE, POPC, DOPC, DMPC, and DLPC, respectively. 

Fig. 3. (a) The tilt angle ranges of the TM6 in POPC (a1), POPE (b1), DOPC (c1), DLPC (d1), and DMPC (e1). (b) The tilt angles of TM7 in POPC (a2), POPE (b2), 
DOPC (c2), DLPC (d2), and DMPC (e2). Black bar ranges obtained from available experimental TM6/TM7 structure of GS [50] . (c) TM6 and TM7 of GS are displayed 
in red and blue, respectively. 

306
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Fig. 4. Cumulative squared overlap plots for the rotation displacement of helices TM6 and TM7 around their own axis in POPE, POPC, DOPC, DMPC, and DLPC. 
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.3. Cumulative squared overlaps of TM6 and TM7 

We also analyzed the TM6 and TM7 mobilities of GS using TMM@
55] , by employing a tilt vector of the cumulative squared overlap. The
ilt vector is the cross product between the bundle rotation of the dis-
lacement and the helix axis: 

𝑖 =
(
𝑑𝑒𝑖 

)
, 

here ei is the normal mode vector of mode i and d is the displacement
ector (tilt of the individual helix). Thus, pi is interpreted as the con-
ribution of mode i to the motion described by d . For each helix, the
alculation of the cumulative overlap of one given displacement vector
nd all the modes yields a curve that increases from 0 to 1 ( y axis) when
omputed over all the modes ( x axis). The modes were ranked accord-
ng to their increasing frequencies. Frequency is inversely proportional
o amplitude [55] . TM6 reaches an asymptotic behavior for fewer modes
han that of the plot of another helix of TM7 ( Fig. 4 ), indicating that TM6
s more mobile than TM7 is in any of these lipids, including POPC, as
bserved by Rodrigo et al. [50] . The mobile TM6 will be involved in the
tructural modifications accompanying the transport of an ion through a
ight TM bundle [55] . Therefore, we compared the cumulative squared
verlap motion of the TM6 around its individual axis in POPE, POPC,
OPC, DLPC, and DMPC systems ( Fig. 4 ). The results show that fewer

han 1240 modes are sufficient to describe 60% of the rotation of TM6
n POPE. Sixty percent of the rotation of TM6 in POPC, DOPC, DMPC,
nd DLPC can be described by 1396, 880, 1160, and 1192 modes, re-
pectively, indicating that POPC has the most modes and DOPC has the
east. Most modes in POPC indicate that TM6 can undergo the least am-
litude displacements and high frequency, whereas the least modes in
OPC contribute to the highest amplitude displacement and low fre-
uency. The tilt angle results mentioned above indicate that the mo-
ilities of TM6 in both DOPC and DLPC are almost the same, whereas
he results from the cumulative squared overlap motion provide more
etails than that of the tilt angle results, indicating that the mobility
f TM6 in DOPC is lower than that in DLPC. In addition, both present
ilt angle and cumulative squared overlap show that GS (TM6/TM7) is
ore mobile in POPC than in POPE, as observed by Hui Wen et al. for

he higher adenosine A2a receptor loop motions in POPC than in POPE
23] . With the same tails (PO) but different lipid heads (PC for POPC
nd PE for POPE, Fig. S1), higher mobility of TM6 in POPC than in POPE
307
ndicates that the PC head would be more favorable to mobility of a pro-
ein (such as GS and adenosine A2a receptor) than the PE head, pointing
o a direction for future lipid choice. Surprisingly, with the same chain
ength as POPC, DOPC resulted in the lowest TM6 mobility, which is
pposite to that of POPC. More double bonds (C4 and C9 sites, Fig. S1)
n DOPC than in POPC and being closer to the PC head of the double
onds would be responsible for the opposite effect. 

.4. Properties of lipid bilayer 

To explain the effects of lipids on GS, we calculated the electron
ensity profiles, APL [56] , and order parameters. Lipids affect the con-
ormation of GS, as this process occurs in the middle of the membrane
31] . 

.4.1. Electron density profiles (EDP) 

Lipid density profiles demonstrated the characteristic common fea-
ure of a bilayer structure, where lipid molecules aggregate to bury their
ydrophobic tails in the interior and expose their hydrophilic heads to
he water layer. The z = 0 position represents the center of the bilayer
n each system ( Fig. 5 ). The negative z region represents the proxi-
al leaflet in the system [57] . This profile maintains the key charac-

eristics of a typical bilayer system. The black, red, and blue double
rrows represent the distances between the midpoints of the volume
robability profiles of water, lipids, and GS, respectively. The EDPs for
he lipids POPE (900 kg/m3 ), POPC (872 kg/m3 ), DOPC (970 kg/m3 ),
MPC (870 kg/m3 ), and DLPC (878 kg/m3 ) are shown in Figs. 5 (a)–

e), in which the EDP of DMPC is the lowest. Moreover, the water EDP
n each lipid system, POPE (990 kg/m3 ), POPC (1000 kg/m3 ), DOPC
997 kg/m3 ), DMPC (1010 kg/m3 ), and DLPC (990 kg/m3 ) highlights
he EDP exception in DMPC, where water molecules are compressed
elative to their regular EDP (1000 kg/m3 ). Considering the special and
nique density profiles of the DMPC system, the presence of GS also
ncreased rather than decreased the heights of the density peaks of the
MPC tails ( Fig. 5 (d)). Notably, adding the GS protein to the system

hins rather than thickens the bilayer and results in a shallow center,
nlike the other lipids. The addition of GS was opposite to that of the
uman glycine receptor (TM23-GlyR) in DPPC bilayers [58] , indicating
he different effects of the two proteins. The exception in DMPC could
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Fig. 5. Time-averaged electron density profile (EDP) of GS/lipid/water in GS-lipid system. Lipid = POPE (a), POPC (b), DOPC (c), DMPC (d), and DLPC (e). Black, 
red, and blue double arrow indicate the midpoints of the volume probability profile of water, lipids, and GS molecules in the EDP (i.e., the z -axis). 
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ccount for the low mobility of TM6 in the lipid, although the length of
he alkyl chain of the lipid is between that of POPC and DLPC. 

In contrast, the GS EDP values also changed depending on the lipid
ype. A comparison of the GS EDPs in different lipids can provide
nformation about the stability and interaction of GS in each lipid.
ig. 5 shows that the ranking of GS EDPs in various lipids was DOPC
310 kg/m3 ) > POPC (300 kg/m3 ) > POPE (290 kg/m3 ) > DMPC
230 kg/m3 ) > DLPC (178 kg/m3 ), consistent with the alkyl chain length
nd chain rigidity. The ranking of DOPC > DMPC > DLPC depends on
he alkyl chain length, whereas that of DOPC > POPC is dependent on a
igh number of double bonds that are responsible for high rigidity and
onsequent thickness. Likewise, a PC head with more alkyl groups than
 PE head results in greater rigidity of POPC than POPE. In addition, the
resent GS EDP in POPC is in good agreement with previously reported
esults for POPC (300 kg/m3 ) [ 53 , 61 ]. 

Based on the ranking of EDP, GS had the highest EDP in DOPC, indi-
ating that GS was the most stable GS in DOPC. By comparing the struc-
ures of POPC and DOPC, they had identical heads and same-atom tails.
n contrast, DOPC had two unsaturated sn-1 and sn-2 acyl chains (Fig.
1), which could be the cause of the above-mentioned observations. The
aturated lipid tails in POPE, POPC, DMPC, and DLPC were responsible
or the low GS EDP. The highest GS EDP in DOPC also suggested the
trongest interaction between GS and DOPC lipids. Conversely, the low
S EDP in DLPC suggests a weak interaction between GS and DLPC

ipids, resulting in a less stable complex. 

.4.2. Bilayer thickness 

The stability of a protein in a membrane depends on a variety of fac-
ors, including membrane thickness. We tested whether the GS model
nd the long-range interaction treatments affected POPE, POPC, DOPC,
MPC, and DLPC. Bilayer thickness values (dist.) determined in the
resent work ( Fig. 6 ) were 4.8 nm, 4.5 nm, 4.3 nm, 3.8 nm, and 3.4 nm
or POPE, POPC, DOPC, DMPC, and DLPC, respectively, a gradually de-
reasing trend (see definition for dist in Fig. 2 ). These results are consis-
ent with previously determined values for POPE (4.8 nm) [2] , (POPC
.4 nm) [50] , DOPC (4.2 nm), DMPC (4.0 nm) [59] , and DLPC (3.5 nm)
59] . Given this ranking, it can be inferred that DLPC has the thinnest
nd POPE has the thickest lipid bilayer. A large bilayer thickness may
rovide a stable environment for the proteins embedded within it. This
308
s because the thick membrane can offer a large hydrophobic environ-
ent that can protect the protein from external factors [60] . Addition-

lly, the extra space in the thick membrane can allow the protein to
djust its conformation, leading to increased stability [59] . The lipid
hickness is of biological significance as production of A 𝛽40 increased
n thick membranes and A 𝛽42 production increased in thin membranes
uring APP hydrolysis [13] . Correspondingly, lipids with long carbon
hains increase GS activity and reduce the A 𝛽(42):A 𝛽(40) ratio [12] . 

.4.3. Lipid order parameters 

The SCD quantifies the orientation and ordering of phospholipid tails
nd heads relative to the bilayer normal [61] . The SCD and Mean ⟨SCD ⟩
rder parameter was computed using Eqs. (1) and (2) (detailed in Meth-
ds) [62] . Figs. 7 (a)− (e) show SCD for specific beads in POPE, POPC,
OPC, DMPC. and DLPC bilayers. Beads closer to the phosphate head
roup (e.g., PO4 :0.61) exhibited a high SCD , indicating restricted motion
nd more ordered beads. The lowest SCD (ca − 0.20) occurred for beads
loser to the PO4 . NH3 , and NC3 head group. Major differences were
bserved for the GL1 SCD beads between POPE (− 0.20) and in other
ipids (0.30–0.60), indicating the less ordered head groups, including
L1, due to the flexible NH3 bead in POPE relative to the NC3 bean in

he other four lipids. Moreover, the low SCD of the GL1 beads in POPE
uggests greater flexibility at the start of the sn-1 chain than in POPC.
he C1A beads in POPC had the lowest SCD (− 0.2). Therefore, SCD dif-
erences in the head groups distinguished lipid behavior ( Fig. 7 (a), (b)).
he mean ⟨SCD ⟩ values from all the beads in POPE, POPC, DOPC/DMPC,
nd DLPC were 0.26, 0.31, 0.50, and 0.43, respectively, suggesting that
OPC/DMPC had a more ordered and stable lipid bilayer environment

or GS. The available result (0.45) from Gapsys et al. [63] , for mean
SCD ⟩ of DMPC is also consistent with our result (0.50), indirectly indi-
ating the reliability of the mean ⟨SCD ⟩ predicted for other lipids. 

.5. Functional dependence of the GS on the chain length 

Owing to the decreasing chain length of DOPC (16:1/18:1), DMPC
14:0/14:0), and DLPC (12:0/12:0), the GS sensor and effector in the ab-
ence and presence of DOPC, DLPC, and DMPC are listed in Table 1 and
hown in Fig. 8 . The most influential sensor and effector residues are
hown in red spheres in Fig. 8 (a). Sensor residues are defined by their
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Fig. 6. Coarse-grained membrane thickness values of five lipids. 

Fig. 7. Local order parameter ( SCD ) of beads for Sn-1 (C/D x A, x = 1, 2…) and Sn-2 (C/D y B, y = 1, 2…) chain with respect to the bilayer normal. Results obtained 
for the CG lipid beads are marked with red ball. Data are over both tails and head group for POPE (a), POPC (b), DOPC (c), DMPC (d), and DLPC (e). 
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igh sensitivity to stressors, which is frequently reflected in consider-
ble changes in local conformation. Effectors are distinguished by their
bility to efficiently transfer perturbations or associated information to
ther sites and are frequently situated near sensors but in a densely
acked environment to reduce structural change dissipation or informa-

ion loss. t  

309
The GS sensor residues in the water system were identified as K261,
314, V380, T505, G595 (in the GS NCT subunit), V745, W765, A975 (in
he GS PS1 subunit), and L1076 (in the GS APH-1A subunit) ( Figs. 8 (a)
nd S1), indicating that NCT is the major region for sensor residues to
ocate, followed by the PS1 subunit. The effector residues were indeed
hose residues (V256, T280, A339, and D458 in the NCT subunit) situ-
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Fig. 8. (a) Strongest perturbation-response sensor residue (S1)–(S4) and effector residue (E1)–(E4) sites in the brightest red color; (S1)–(S4) denote the GS sen- 
sor residues in water, DOPC, DMPC, and DLPC, respectively; and (E1)–(E4) denote the GS effector residues in water, DOPC, DMPC, and DLPC, respectively (b). 
Perturbation values of sensor residues in NCT (a1), PS1 (b1), APH-1A (c1), and PEN-2 (d1). 
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ted near the sensor residues ( Table 1 ) for GS in the water system. V256
s the neighbor of D257, one of the two catalytic aspartate residues at
M6 (D257) and TM7 (D385) [9] ; therefore, the effector role of V256
ay indicate the importance for GS catalysis at D257. For the three

ipids, the special role of V256 as an effector residue was also observed
nly in DMPC, indicating that DMPC is a special lipid associated with
S catalysis. 

Similar to the surrounding water, there were also additional residues
n the NCT subunit playing sensor and effector roles in the three lipid
urroundings, indicating that NCT is a special and dominant subunit
or GS stress and has the strongest ability to efficiently transfer per-
urbations. This indicates that the GS has different sensor residues and
s responsive to the surrounding environment during GS regulation. In
articular, the residues in the range of 260–618 in the NCT subunit had
310
he largest perturbation values ( > 0.6) on the sensor and effectors, sig-
ificantly larger than the average value (0.040–0.046), indicating major
ontributions of the residues in this range to the perturbation Fig. 8 (b).
urthermore, the strongest PRS maps were observed in the range of 260–
18, shown by the brightest colors (scale on the right), confirming the
ominant contribution of the NCT subunit (Fig. S2) to the perturbation.

The NCT subunit residue value in water was 0.039, less than those in
he three lipids DOPC (0.042), DMPC (0.040), and DLPC (0.046), indi-
ating that all three lipids are favorable for the perturbation of residues
n the NCT. Moreover, the shorter the alkyl chain, the larger the pertur-
ation. In addition, these average values in the NCT were also higher
han those in the PS1, APH-1A, and PEN-2 subunits in the counterpart
ipid, confirming that the NCT subunit is the leading region for the effi-
ient transfer of perturbations in GS. Notably, the smallest perturbation
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Fig. 9. (a) Molecular motions of GS driven by the ANM slow modes and presented as changed colors in the absence of lipid (a1) and the presence of DOPC (b1), 
DLPC (c1), and DMPC (d1), respectively. (b) Cross-correlations between GS residue motions in the absence (a2) and presence of DOPC (b2), DMPC (c2) and DLPC 
(d2), respectively. Red and blue blocks refer to correlated and anti-correlated GS motions, which are enhanced in the presence of three different lipids. 

Table 1 

GS sensor and effector residues in water, DOPC, DMPC, and DLPC, respectively. 

System GS subunit Sensor residues Effector residues 

Water NCT 
PS1 
APH-1A 

K261, L314, V380, T505, 
G595 
V745, W765, A975 
L1076 

V256, T280, G339, D458 
NA 
NA 

DOPC NCT 
PS1 
APH-1A 

P262, A315, S404, N506, 
E613 
E744, Q799, L973 
NA 

T280, G339, S426, D458 
F746, A852, P990 
NA 

DMPC NCT 
PS1 
APH-1A 

T266, A316, E402, 
D588, E610 
V772 
NA 

V256, S426, D458, A625 
NA 
NA 

DLPC NCT 
PS1 
APH-1A 

P262, T319, E402, T505, 
E595 
V752, L755, E760 
NA 

T280, T319, E402, A625 
V753 
NA 

v  

a  

r  

o

3

 

b  

m  

o  

t  

[  

r  

o  

c  

c  

t  

o  

g  

M  

s  

o  

m  

t  

r  

w  

p  

T  

c  

s  

t  

D  

s  

s  

(  

i  

l  

w  

o
 

(  

a  

i  

t  

i  

b  

p  

i  

c  

s
S  

i  

c  

w  

s  

(
 

f  

c  

h  
alues of residues in PS1, APH-1A, and PEN-2 subunits observed were
ll in DMPC Figs. 8 (b2)–(d2), a lipid with a middle-length alkyl chain,
ather than in DLPC with the shortest alkyl chain length. This result
ffers a modulation of the lipid type. 

.6. Molecular motion and cross-correlations motion 

Proteins move and interact to achieve their function, and GS exhibits
ending and twisting motions [49] . This bending and twisting motion
ay be affected by lipids. Up-down motion is the principal movement

f the NCT part of GS [48] , and accounts for the majority (23%) of
he overall GS motion because the NCT is the largest part of the GS
50] . Cross-correlation motion shows the collective motion of residues
elative to one another. An analysis of the slowest and softest modes
f a molecular dynamics simulation trajectory can reveal large-scale
ollective motions that are most easily accessible to the system. Cross-
orrelation analysis provided insights into cooperative movements be-
ween different GS parts in the absence of a membrane and presence
f DOPC, DLPC, and DMPC ( Figs. 9 (a)(b)). We mainly focused on the
roove closing and opening spaces and bending and twisting motions.
oreover, we took these motions in water and DOPC as examples, as
311
hown in Figs. S3(a)(b). Fig. 9 reveals that the greater the closing and
pening spaces (distance between specific residues), the greater the
olecular motion. The specific residues selected for distance calcula-

ion were E333 (in NCT) and D257 (PS1), and the locations of these
esidues are shown in Fig. S4. E333 in the NCT is close to the GS groove,
hich has been proposed [64] , to function as a substrate recruitment
ocket. The D257 residue is one of two key catalytic residue in PS1 [53] .
herefore, their distances from different surroundings indicate different
losing and opening spaces. As shown in Fig. 9 (a1), the distance is the
hortest (44 Å) and far less than that in the three lipids, indicating that
he lipids will increase the closing and opening space. In the presence of
OPC (65 Å), DLPC (60 Å), and DMPC (58 Å), the closing and opening

paces gradually decrease (65 Å → 60 Å → 58 Å), indicating that the
hort lipids (DLPC and DMPC) disfavor the extracellular groove motion
 Figs. 9 (c1)(d1)). The up-down motion of the NCT extracellular domain
n POPC was also observed by Aguayo-Ortiz et al. [50] , and the col-
ective motion in the presence of phosphatidylcholine (PC) measured
as 65 Å, larger than that in the absences of lipids, consistent with our
bservation in the presence of the DOPC lipid. 

The positive and negative limits of cross-correlation are 1 and − 1
 Figs. 9 (a2)–(d2)), where the highly correlated regions are colored red,
nd the moderately correlated or anti-correlated regions are blue, show-
ng the strength of motions. In the absence of the membrane ( Fig. 9 (a2)),
he correlated regions are colored slightly red and slightly blue, indicat-
ng that the inter- and intra-subunits are significantly weak, and the
ending and twisting motions (shown in Fig. S3) become slow. In the
resence of DOPC, DMPC, and DLPC, all correlated regions were deeper
n color than that in water, indicating stronger intra- and inter-subunit
ouplings of GS in these lipids than that in water ( Figs. 9 (a2)–(d2)). The
trongest cross-correlation was for those residues in the range V256–
649 from the NCT subunit, showing a superior red color, correspond-
ng to the strongest perturbation response in Fig. 8 (a1). A superior cross-
orrelation for residues in the range of D800–K900 from the PS1 subunit
as observed with a superior red color. Moreover, Lee et al. [49] ob-

erved the strongest correlation in the PC bilayer for the NCT subunit
residues V250–S650), which corresponds with the present results. 

In the presence of DMPC and DLPC, a less superior red and blue color
or NCT than that for DOPC was observed, indicating that the cross-
orrelation motion decreases as the alkyl tail gradually shortens. DOPC
as two unsaturated tails, each containing a cis-double bond, which
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ntroduces a kink into the fatty acid chain. This DOPC kink disrupts
he packing of lipid tails and causes the membrane to be more flexible
nd fluid than DMPC and DLPC do. DMPC and DLPC contain saturated
ails that can be packed together tightly and in an ordered manner. The
ight packing increased the order and rigidity of the two membranes
nd reduced the molecular motion and cross-correlation of the embed-
ed GS. These changes in motion, cross-correlation, up-down, twisting,
nd bending motions for GS, especially for its NCT subunit, depend on
he lipid type, suggesting that the lipid composition could be a criti-
al parameter to modulate NCT conformation and consequently the GS
nzyme function. 

. Conclusions 

In this study, we used CG dynamic simulations to inspect the activity
nd structural dynamic effects of POPE, POPC, DOPC, DMPC, and DLPC
n GS. The results show that the tilt angles of TM6/TM7 are in the order
f POPC > POPE > DLPC > DOPC = DMPC, indicating that the POPC
nvironment provides the highest mobility, whereas DOPC and DMPC
rovide the least mobility. Both POPC and POPE have long acyl chains
nd an unsaturated double bond, but different heads (NC3 vs. NH3 ).
he difference between POPC and DOPC lies in the different number of
nsaturated double bonds (1 vs. 2). DLPC has the shortest acyl chains
12:0/12:0), and DMPC has acyl chain lengths (14:0/14:0) between that
f POPC and DLPC. Moreover, the lengths of the two acyl chains (three
eads in each chain) in the beads for both DMPC and DLPC were the
ame ( Fig. 1 ) but differed in atom number. Thus, TM6/TM7 mobility is
ot only dependent on the length of the two lipid acyl chains but also on
he difference in length between the two lipid acyl chains, as well as on
he bead type. The cumulative squared overlap motion offers additional
etails about TM6/TM7 mobility and suggests the effect of the head and
ouble bonds on the mobility of TM6/TM7. 

In addition to the head effect, investigation of the effect of lipid
cyl chain length revealed that there were greater up-down and cross-
orrelation motions in the three lipid environments (DOPC, DMPC,
nd DLPC) than in the presence of water. Notably, these motions
id not decrease as the lipid alkyl chain length decreased, that is,
OPC > DMPC > DLPC, but in DOPC > DLPC > DMPC, indicating mod-
lation of the choice of lipid type. Simply, the change in lipid composi-
ion could be a critical parameter in modulating the NCT conformation
nd, consequently, GS enzyme function. For example, the allosteric ef-
ect of the NCT conformation affects the sensor and effector residues re-
ponsible for binding to substrates. DMPC has an alkyl tail chain length
etween that of DOPC and DLPC and therefore results in the lowest GS
obility among all five lipids. This may be because of the suitable thick-
ess of the lipid for GS to embed, thereby restraining more GS motion
han that of long lipids (DOPC) or short lipids (DLPC). 

Additionally, the interaction between GS and different lipids was
lso revealed, in which the presence of GS resulted in improved
rder and stability of lipids with short alkyl tail chains, such as
OPC/DMPC. The EDF ranking obtained for various lipids showed

hat GS stability decreased as the lipid chain length decreased
DOPC > POPC > POPE > DMPC > DLPC). The information revealed
n the present study offers key structural insights into various lipids for
S function, thereby opening a new avenue for pinpointing the impor-

ance of lipids as promising therapeutic strategies for AD. Moreover, dif-
erent lipid environments provide allosteric pathways that enable the
argeting of alternative GS sites to modulate activity through confor-
ational fluctuations, structural perturbations, molecular motion, and

ross-correlation motion. 
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