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Structure and elasticity of mitochondrial membranes: a molecular dynamics simulation study

Mitochondria are known as the powerhouse of the cell because they produce energy in the form of ATP. They also have other crucial functions such as regulating apoptosis, calcium homeostasis, and reactive oxygen species production. To carry out these diverse functions, mitochondria adopt specific structures and frequently undergo dynamic shape changes, indicating that their mechanical properties play an essential role in their functions. To gain a detailed understanding at the molecular level of the structure and mechanical properties of mitochondria, we carry out atomistic molecular dynamics simulations for three inner mitochondrial membrane and three outer mitochondrial membrane models. These models take into account variations in cardiolipin and cholesterol concentrations, as well as the symmetry/asymmetry between the two leaflets. Our simulations allow us to calculate various structural quantities and the bending, twist, and tilt elastic moduli of the membrane models. Our results indicate that the structure of the inner and outer mitochondrial membranes is quite similar and does not depend much on the variation in lipid compositions. However, the bending modulus of the membranes increases with increasing concentrations of cardiolipin or cholesterol, but decreases with membrane asymmetry. Notably, we found that the dipole potential of the membrane increases with increasing cardiolipin concentration. Finally, possible roles of cardiolipin in regulating ion and proton currents and maintaining the cristate are discussed in some details.

I. INTRODUCTION

Mitochondria are cellular organelles found in most eukaryotic cells. One of the essential roles of mitochondria is to generate cellular energy in the form of adenosine triphosphate (ATP) through oxidative phosphorylation [START_REF] Mcbride | Mitochondria: More than just a powerhouse[END_REF][START_REF] Paradies | Role of cardiolipin in mitochondrial function and dynamics in health and disease: Molecular and pharmacological aspects[END_REF]. They are also responsible for various fundamental cellular functions, including calcium signaling, apoptosis, maintenance of reactive oxygen species (ROS), and metabolic regulation [START_REF] Zorov | Mitochondrial reactive oxygen species (ros) and ros-induced ros release[END_REF][START_REF] Droge | Free radicals in the physiological control of cell function[END_REF]. To perform these functions properly, mitochondria frequently undergo dynamic shape changes during the mitochondrial fission and fusion events, such as separating or merging [START_REF] Liu | Mitochondrial fission and fusion: A dynamic role in aging and potential target for age-related disease[END_REF]. Mitochondria are also responsive to mechanical stimuli by changing their shapes and functions. For example, it has been observed that the elongation of mitochondria under mechanical strain can result in the release of excess cytochrome c [START_REF] Wu | Mitochondrial oxidative stress causes mitochondrial fragmentation via differential modulation of mitochondrial fission-fusion proteins[END_REF][START_REF] Helle | Mechanical force induces mitochondrial fission[END_REF]. The increase in cytochrome c causes a decline of mitochondria membrane potential and increases the ROS production [START_REF] Chapman | Cyclic mechanical strain increases reactive oxygen species production in pulmonary epithelial cells[END_REF][START_REF] Bartolak-Suki | Regulation of mitochondrial structure and dynamics by the cytoskeleton and mechanical factors[END_REF] which in turn, trigger apoptosis and cell death. Furthemore, mitochondria also undergo deformation which happens, for examples, within narrow axonal spaces in neurons to avoid clashing and entangling with each other [START_REF] Misgeld | Mitostasis in neurons: Maintaining mitochondria in an extended cellular architecture[END_REF][START_REF] Rinholm | Movement and structure of mitochondria in oligodendrocytes and their myelin sheaths[END_REF], during the cell migration through narrow microfabricated channels [START_REF] Feng | A toolbox for organelle mechanobiology research-current needs and challenges[END_REF], during the cardiac mechanical cycle [START_REF] Rog-Zielinska | Mitochondrial deformation during the cardiac mechanical cycle[END_REF], or exposure to osmotic pressure [START_REF] Javadov | Different approaches to modeling analysis of mitochondrial swelling[END_REF]. Moreover, the inner mitochondrial is highly folded to form curved structures called cristae to increase the capacity of the mitochondrion to synthesize ATP. All these features indicate that mechanical properties of mitochondria are essential for their function and survival [START_REF] Liu | Mitochondrial fission and fusion: A dynamic role in aging and potential target for age-related disease[END_REF][START_REF] Wu | Mitochondrial oxidative stress causes mitochondrial fragmentation via differential modulation of mitochondrial fission-fusion proteins[END_REF][START_REF] Helle | Mechanical force induces mitochondrial fission[END_REF].

The experimental study of mitochondrial mechanics is very challenging. To date, only limited methods are available to mechanically perturb mitochondria for studying their mechanical properties [START_REF] Helle | Mechanical force induces mitochondrial fission[END_REF][START_REF] Wang | Membrane deformability and membrane tension of single isolated mitochondria[END_REF][START_REF] Song | Light-inducible deformation of mitochondria in live cells[END_REF][START_REF] Komaragiri | Mechanical characterization of isolated mitochondria under conditions of oxidative stress[END_REF]. The atomic force microscopy (AFM) technique has been used to apply pressure to deform mitochondria, allowing the study of the mechanical force-induced mitochondrial fission [START_REF] Helle | Mechanical force induces mitochondrial fission[END_REF]. A micropipette aspiration assay was used to study the effects of osmotic pressure or pH on the deformability of the mitochondrial membrane [START_REF] Wang | Membrane deformability and membrane tension of single isolated mitochondria[END_REF][START_REF] Schiaffarino | Mitochondrial membrane models built from native lipid extracts: Interfacial and transport properties[END_REF]. Another method involves using motile bacteria to move throughout the host cells to collide and deform mitochondria, but this method is uncontrollable and unpredictable [START_REF] Helle | Mechanical force induces mitochondrial fission[END_REF]. Song et al. have proposed an optogenetic approach to deform mitochondria via light-induced recruitment of molecular motors onto mitochondria [START_REF] Song | Light-inducible deformation of mitochondria in live cells[END_REF]. Recently, Komaragiri et al. developed a microfluidic technology capable of determining the mechanical properties of individual mitochondria. This method has been applied to study the mechanism by which mitochondria respond to the presence of oxidative stress [START_REF] Komaragiri | Mechanical characterization of isolated mitochondria under conditions of oxidative stress[END_REF].

From the theoretical side, several mathematical models and continuum mechanic simulations have been developed to study mitochondrial mechanics [START_REF] Javadov | Different approaches to modeling analysis of mitochondrial swelling[END_REF][START_REF] Komaragiri | Mechanical characterization of isolated mitochondria under conditions of oxidative stress[END_REF][START_REF] Urchin | Elastic-mathematical theory of cells and mitochondria in swelling process[END_REF][START_REF]Cell swelling by osmosis: A variational ap-proach[END_REF][START_REF] Lehrenfeld | Mass conservative reduced order modeling of free boundary cell swelling problem[END_REF][START_REF] Mori | Mathematical properties of pump-leak models of cell volume control and electrolyte balance[END_REF][START_REF] Alimohamadi | Modeling membrane curvature generation due to membrane-protein interactions[END_REF][START_REF] Tu | Elastic theory of membranes[END_REF][START_REF] Campelo | Helfrich model of membrane bending: from gibbs theory of liquid interfaces to membranes as thick anisotropic elastic layers[END_REF][START_REF] Khmelinskii | On the effects of mechanical stress of biological membranes in modeling of swelling dynamics of biological systems[END_REF]. Urchin developed an elastic-mathematical theory to calculate the Young's modulus and stresses of cells and mitochondria during the swelling process [START_REF] Urchin | Elastic-mathematical theory of cells and mitochondria in swelling process[END_REF]. Theoretical models based on the Euler-Lagrange equation have been developed to describe the mechanical properties, including bending and stretching of cell and mitochondrial membranes [START_REF]Cell swelling by osmosis: A variational ap-proach[END_REF][START_REF] Lehrenfeld | Mass conservative reduced order modeling of free boundary cell swelling problem[END_REF][START_REF] Mori | Mathematical properties of pump-leak models of cell volume control and electrolyte balance[END_REF][START_REF] Alimohamadi | Modeling membrane curvature generation due to membrane-protein interactions[END_REF][START_REF] Tu | Elastic theory of membranes[END_REF][START_REF] Campelo | Helfrich model of membrane bending: from gibbs theory of liquid interfaces to membranes as thick anisotropic elastic layers[END_REF][START_REF] Khmelinskii | On the effects of mechanical stress of biological membranes in modeling of swelling dynamics of biological systems[END_REF]. Various kinetic models for simulation and prediction of in-vivo mitochondrial swelling have been proposed, which contribute to our understanding of the mechanisms of metabolic and functional changes in the cell under physiological and pathological conditions [START_REF] Javadov | Different approaches to modeling analysis of mitochondrial swelling[END_REF]. Hydrodynamic simulations using the finite element method have also been performed to estimate the mechanical properties of suspended mitochondria [START_REF] Komaragiri | Mechanical characterization of isolated mitochondria under conditions of oxidative stress[END_REF]. Finally, several molecular dynamics (MD) simulations have been carried out to study various aspects of mitochondria [START_REF] Skulj | Molecular dynamics simulations of the elusive matrix-open state of mitochondrial adp/atp carrier[END_REF][START_REF] Oliveira | Examining the effect of charged lipids on mitochondrial outer membrane dynamics using atomistic simulations[END_REF][START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF][START_REF] Pezeshkian | Backmapping triangulated surfaces to coarse-grained membrane models[END_REF]. For example, Skulj et al. carried out an MD simulation of the elusive matrix-open state of the mitochondrial ADP/ATP carrier [START_REF] Skulj | Molecular dynamics simulations of the elusive matrix-open state of mitochondrial adp/atp carrier[END_REF]. Atomistic simulations have been used to study the effects of charged lipids on mitochondrial outer membrane dynamics, showing that the overall effect of the accurate lipid composition on the water-membrane interface should not be ignored [START_REF] Oliveira | Examining the effect of charged lipids on mitochondrial outer membrane dynamics using atomistic simulations[END_REF]. Wilson et al. studied the cardiolipin-dependence properties of mitochondrial membranes by atomistic MD simulations, showing that changes in cardiolipin concentration result in minor changes in the structural properties of the membranes, but the lipid diffusion is significantly affected [START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF]. Recently, Pezeshkian et al. carried out large-scale coarse-grained MD simulations of an entire mitochondrion with a realistic size and shape, opening the way to whole-cell simulations at the molecular level [START_REF] Pezeshkian | Backmapping triangulated surfaces to coarse-grained membrane models[END_REF].

The use of a continuum membrane model can provide valuable insights into general membrane bending and deformation behaviour. However, they do not capture the molecular-level interactions and structural features of lipids, therefore these models might not account for complex phenomena, such as lipid phase transitions, lateral phase separation, or the formation of lipid domains, which can have a significant impact on membrane elasticity. To study the elasticity of mitochondrial membranes comprehensively, especially when considering the influence of lipid composition and molecular details, the molecular dynamics simulation approach may be more appropriate. However, to the best of our knowledge, no molecular dynamics simulations have been specifically aimed at studying the elasticity of mitochondrial membranes. This serves as our primary motivation for launching a molecular dynamics simulation study of various mitochondrial membrane models, encompassing both inner and outer mitochondrial membranes. For this purpose, we construct three atomistic computational models of the inner mitochondrial membrane (IMM) and three of the outer mitochondrial membrane (OMM) models based on previous theoretical and experimental data [START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF][START_REF] Pezeshkian | Backmapping triangulated surfaces to coarse-grained membrane models[END_REF][START_REF] Horvath | Lipids of mitochondria[END_REF][START_REF] Armstrong | Lipidomics: Methods and Protocols[END_REF]. For each membrane model, a long all-atom simulation of 2 microseconds is carried out to ensure adequate sampling. This is crucial because it has been demonstrated that the formation of lipid clusters has a significant impact on the elasticity of mitochondrial membranes. Given that lipid cluster formation is a slow process, conducting lengthy simulations becomes essential to verify the cluster formation. The MD simulations enable us to calculate various structural quantities and elastic moduli of the membrane models. Our findings allow us to examine the effects of specific lipids, such as cardiolipin and cholesterol, as well as the impact of symmetry/asymmetry on the structure and elasticity of the OMM and IMM models.

II. METHODOLOGY

A. Mitochondrial membrane models

The IMM and OMM contain a variety of phospholipids such as phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), cardiolipin (CL) and cholesterol [START_REF] Horvath | Lipids of mitochondria[END_REF]. It has been shown that the concentration of CL is higher in IMM, ∼ 5 -20%, and lower in OMM, ∼ 0 -2 % [START_REF] Daum | Import of lipids into mitochondria[END_REF][START_REF] Hovius | Phospholipid asymmetry of the outer membrane of rat liver mitochondria: Evidence for the presence of cardiolipin on the outside of the outer membrane[END_REF][START_REF] Anton | Phospholipid composition of highly purified mitochondrial outer membranes of rat liver and neurospora crassa. is cardiolipin present in the mitochondrial outer membrane?[END_REF][START_REF] Michael | The lipid composition of mitochondrial outer and inner membranes from the brains of goldfish acclimated at 5 and 30c[END_REF][START_REF] Colbeau | Enzymac characterization and lipid composition of rat liver subcellular membranes[END_REF][START_REF] Comte | Lipid composition and protein profiles of outer and inner membranes from pig heart mitochondria. comparison with microsomes[END_REF]. Currently, there are no accurate in-silico mitochondrial membrane models that take into account all lipid compositions. Most of MD simulation studies have been conducted using models with 2-4 lipid components. In this work, we will not develop new models, but instead, employ various models developed from previous work [START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF][START_REF] Pezeshkian | Backmapping triangulated surfaces to coarse-grained membrane models[END_REF], and focus on their structural property and elasticity.

The first two OMM models, called O1 and O2, consist of three lipid components including: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,3-Bis-[1,2-di-(9,12-octadecadienoyl)sn-glycero-3-phospho]-sn-glycero (CL) lipids.

The concentration of CL is 0 % in O1 and 2 % in O2, and the lipid ratio POPC:DOPE=2:1 is the same for both models.

The third OMM model, O3, contains POPC, 1-stearoyl-2-arachidonoylsn-glycero-3-phosphoinositol (SAPI), 1-stearoyl2arachidonoyl-sn-glycero-3-phosphoethanolamine (SAPE) lipids and cholesterol (CHL) with the lipid ratios (POPC:SAPE:SAPI:CHL)=(55:20:20:5) for the inner leaflet, and (POPC:SAPE:SAPI:CHL)=(50:40:0:5) for the outer leaflet [START_REF] Pezeshkian | Backmapping triangulated surfaces to coarse-grained membrane models[END_REF].

The first two IMM models, I1 and I2, have the same DOPE and POPC lipid compositions as the O1 and O2, but the CL concentration is 7 % in I1, and 15 % in I2. The third IMM model, called I3, consisting of POPC, CL, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and SAPI lipids.

The lipid ratios are (POPC:POPE:SAPI:CL)=(30:30:10:30) for the inner leaflet, and (POPC:POPE:SAPI:CL)=(50:40:0:10) for the outer leaflet [START_REF] Pezeshkian | Backmapping triangulated surfaces to coarse-grained membrane models[END_REF]. We should note that the lipid compositions of the O3 and I3 models are taken from experiments [START_REF] Horvath | Lipids of mitochondria[END_REF][START_REF] Armstrong | Lipidomics: Methods and Protocols[END_REF]. The O1, O2, I1, and I2 models allow us to study the differences in the structure and elasticity of the inner and outer membranes due to the differences in their CL concentrations. Each membrane model consists of 600 lipids. The details of lipid compositions of all mitochondrial membrane models are listed in Table I. 

B. Molecular dynamics simulations

Given the numbers of lipids listed in Tab.I, we use the Membrane Builder in CHARMM-GUI platform [START_REF] Jeffery | Charmm-gui membrane builder for mixed bilayers and its application to yeast membranes[END_REF] to build the membranes. The all-atom CHARMM36 force field [START_REF] Huang | Charmm36m:an improved force field for folded and intrinsically disordered proteins[END_REF] and the TIP3P water model are used to model the lipids and solvent, respectively. The sideview and top-view of the built membranes are shown in Fig. 1. The initial dimensions of the primary cell are (L x , L y , L z ) = (14, 14, 8) nm, containing around 80000 membrane atoms, 138000 water atoms. Sodium cations and chloride anions are added to neutralize the systems. Starting from each initial structure, an equilibrium MD simulation is carried out for 100 ns, followed by a production run for 2000 ns in the NPT ensemble with the pressure P = 1 bar and temperature T = 303 K. The GROMACS simulation package [START_REF] Lindahl | Gromacs 3.0: A package for molecular simulation and trajectory analysis[END_REF] is used for the simulation. The semi-isotropic Parrinello-Rahman barostat [START_REF] Parrinello | Polymorphic transitions in single crystals: A new molecular dynamics method[END_REF] and the Nose-Hoover thermostat [START_REF] Nose | A molecular dynamics method for simulations in the canonical ensemble[END_REF][START_REF] Hoover | Canonical dynamics: Equilibrium phasespace distributions[END_REF] are used to maintain the pressure and temperature of the system at the desired values. The equations of motion are integrated using the leapfrog algorithm with a time step of 2 fs. The electrostatic interactions are calculated using the particle mesh Ewald method and a cutoff of 1.2 nm [START_REF] Darden | Particle mesh Ewald: An N•log(N) method for Ewald sums in large systems[END_REF]. The van der Waals interaction used force switched to zero from 1.0 to 1.2 nm. The nonbonded pair lists are updated every 5 fs. The data is saved for every 50 ps for subsequent analyses.

C. Data analysis

The area per lipid

The area per lipid (A L ) was estimated by calculating the projection of the average area per lipid phosphate head group on the xy-plane of the membrane. In this study, we applied the GridMAT-MD program [START_REF] Allen | Gridmat-md: A grid-based membrane analysis tool for use with molecular dynamics[END_REF] to compute the A L . The detail of algorithm is described in the work of W. J. Allen et al [START_REF] Allen | Gridmat-md: A grid-based membrane analysis tool for use with molecular dynamics[END_REF].

The acyl chain order parameter

The order parameter is defined as a measure of the orientation mobility of the C-H bond:

S CD = 1 2 3cos 2 θ -1 , (1) 
where θ is the angle between the bilayer normal z-axis and a C-H bond vector along an acyl tail of a lipid. The brackets ... represent the temporal and molecular ensemble averages [START_REF] Vermeer | Acyl chain order parameter profiles in phospholipid bilayers: Computation from molecular dynamics simulations and comparison with h-2 nmr experiments[END_REF].

The membrane dipole potential

The dipole potential profile ψ(z) of a membrane is calculated from the charge density ρ(z) via Poisson's equation:

d 2 ψ(z) dz 2 = - ρ(z) ǫ 0 , (2) 
where ǫ 0 is the permittivity constant. The periodic boundary condition used in the simulation implies that: ψ(0) = ψ(L z ). By choosing ψ(0) = 0, the dipole potential of the membrane is calculated as [START_REF] Gurtovenko | Calculation of the electrostatic potential of lipid bilayers from molecular dynamics simulations: Methodological issues[END_REF]:

ψ(z) = - 1 ǫ 0 z 0 (z -t)ρ(t)dt + z ǫ 0 L L 0 (L -t)ρ(t)dt. (3)
Analytical steps connecting Eqs. 2 to 3 is provided in Supplementary Information. In our work, the simulation box was divided into 500 slabs (0.016 nm) along the zdirection, and the charge density ρ(z) can be calculated by counting the number of charges in each slab.

Elastic modulus

The elastic moduli of mitochondrial membranes are estimated by employing the method of Levine et al. [START_REF] Levine | Determination of biomembrane bending moduli in fully atomistic simulations[END_REF][START_REF] Watson | Thermal fluctuations in shape, thickness, and molecular orientation in lipid bilayer[END_REF][START_REF] Watson | Determining biomembrane bending rigidities from simulations of modest size[END_REF]. It is useful to summarise the main aspects of the method here. The orientation of each lipid molecule is described by a unit vector n α with α = 1 and 2 denoting the lipids belonging to the outer and inner leaflets, respectively. For the POPC, POPE, DOPE, SAPI and SAPE lipids n α points from the midpoint between the phosphorus (P) and glycerol (C2) atoms of the head group to the midpoint between the two terminal methyl carbons of the two lipid tails. Each CL lipid has four acyl tails, thus we assign two unit vectors to each CL lipid. The first unit vector points from the midpoint between the phosphate atom P1 and glycerol C32 to the midpoint between the two terminal methyl carbons of two lipid tails sn-1 and sn-2. The second unit vector points from the midpoint between the phosphate atom P3 and glycerol C18 to the midpoint between the two terminal methyl carbons of two lipid tails sn-3 and sn-4. For each cholesterol molecule, the unit vector directs from C3 to C17 atoms. The unit vector of a representative lipid DOPE and a CL is shown in Fig. 2. The vectors of the other lipids are shown in Fig. S2. The projection of n α on the xy plane of the membrane is denoted as u α r (r), (r = r(x, y)). Let u α q (q) be the Fourier transformed of u α r (r). The orientation vector of the bilayer is then defined as u q (q) = [u 1 q (q)u 2 q (q)]/2, whose longitudinal component is u q = 1/q[q.u q ] and transverse component is u ⊥ q = 1/q[q × u q )].ẑ . It has been shown that [START_REF] Levine | Determination of biomembrane bending moduli in fully atomistic simulations[END_REF][START_REF] Watson | Thermal fluctuations in shape, thickness, and molecular orientation in lipid bilayer[END_REF][START_REF] Watson | Determining biomembrane bending rigidities from simulations of modest size[END_REF] 

|u q | 2 = k B T K c q 2 , |u ⊥ q | 2 = k B T K θ + K tw q 2 , ( 4 
)
where T is temperature, k B is Boltzmann's constant, K c , K θ and K tw are the bilayer bending, lipid tilt and twist moduli, respectively. The angular bracket • • • denotes a time and ensemble average over all lipid and cholesterol molecules, which is directly obtained from the MD trajectory. We have implemented this method and used it to calculate elastic moduli of healthy membrane, cancer membranes [START_REF] Nguyen | Elastic moduli of normal and cancer cell membranes revealed by molecular dynamics simulations[END_REF] and Alzheimer's disease membranes [START_REF] Mai | Structure and elasticity of healthy and alzheimer's disease cell membranes revealed by molecular dynamics simulations[END_REF].

Membrane curvature

The curvature of the membrane can be described by the free-energy derivative of each leaflet at the planar curvature. It can be calculated from the pressure along the membrane normal, p(z) = p L (z) -p N (z), where p L (z) and p N (z) are the lateral and normal components of the pressure tensor, respectively. We used the local stress tensor method developed by Arroyo and colleagues [START_REF] Ollila | 3d pressure field in lipid membranes and membrane-protein complexes[END_REF][START_REF] Vanegas | Importance of force decomposition for local stress calculations in biomembrane molecular simulations[END_REF][START_REF] Torres-Sanchez | Examining the mechanical equilibrium of microscopic stresses in molecular simulations[END_REF] to calculate the pressure tensor. The method was implemented in the GROMACS simulation package and named as GROMACS-LS. The covariant central force decomposition CCFD method [START_REF] Torres-Sanchez | Examining the mechanical equilibrium of microscopic stresses in molecular simulations[END_REF] is used to decompose multi-body potential forces. The leaflet free energy derivative at planar curvature can be defined by the first moment of the pressure profile [START_REF] Park | How tolerant are membrane simulations with mismatch in area per lipid between leaflets?[END_REF][START_REF] Patel | Influence of ganglioside gm1 concentration on lipid clustering and membrane properties and curvature[END_REF]:

F ′ (0) = d F dR -1 R -1 =0 = - ∞ -∞ dzzp(z) (5) 
where the bar means that the free energy is expressed per unit lipid area. Nonvanishing F ′ (0) implies that the membrane is not energetically stable, so it would bend toward a preferred curvature.

III. RESULTS

In the following, we present the structural and elastic properties of three OMM models (O1, O2, and O3) and three IMM models (I1, I2, and I3). All results are obtained using 2000 ns trajectories. The error bars are calculated by using the block average method with five time blocks, each consisting of 400 ns. To understand the lipid packing in membranes, we calculate the area per phosphate head group of a lipid, A L , which is the average area occupied by individual phosphate head groups in the membrane. The average results of the inner and outer leaflets of each membrane model are listed in Tab.II. The time evolution of A L is shown in Fig. S3 for all membrane models. As expected for symmetric membranes, the A L value for the OMM models O1 and O2 is similar between the outer and inner leaflets. The A L value remains almost unchanged, at ∼ 62 Å2 , with increasing CL concentrations from 0% (O1) to 2 % (O2). For the OMM O3 model, the lipid compositions in the inner and outer leaflets are different (120 SAPE lipids in the outer leaflet, and 60 SAPE, 60 SAPI lipids in the inner leaflet), but the total number of lipids in both leaflets is the same, thus there is no major difference in A L in both leaflets. The lipids in O3 are more packed, with A L ∼ 60 Å2 compared to O1 and O2 with A L ∼ 62 Å2 . This is partly due to the presence of 5% cholesterol in O3 which is absent in O1 and O2. At such low concentrations, cholesterol can insert itself between the fatty acid tails of the phospholipid molecules in the membrane, increasing the lipid packing.

For the IMM models, the value of A L is the same between the outer and inner leaflets for I1, I2, and I3. The value of A L slightly increases with increasing CL concentration from 7% in I1 to 15% in I2, which is consistent with the results of Wilson et al. [START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF]. Surprisingly, although the lipid composition of I3 differs significantly from that of I1 and I2, all A L values are very similar. Compared to the O1 and O2 models, the presence of 7% CL in I1 does not result in changes in lipid packing, and the presence of 15% CL only slightly increases A L by approximately 2% compared to 0% CL in O1. To investigate finer packing differences, we assessed the lipid packing defects in all membrane models. This analysis is especially valuable for discerning the effects induced by conical lipids, such as CL. The packing defects were quantified using a recently developed method by Wildermuth et al. [START_REF] Wildermuth | Effect of membrane lipid packing on stable binding of the alps peptide[END_REF], which identifies areas on the lipid membrane surface where the topmost atom is nonpolar. As an example, the resulting defect maps of the snapshot at 2000 ns, depicted in Fig. 3 for OMM and IMM models, indicate the polar region (blue color) comprising all atoms in the lipid head groups and atoms up to the carbon below the carbonyl group, while the nonpolar region (yellow color) includes all atoms below the second carbon in the lipid tail. Our observations reveal that both the size and the number of individual defects (yellow color) on the membranes increase with rising CL concentration, ranging from 0% (O1) to 15% (I2). To explain this, we note that the CL molecule consists of two phosphatidic acids linked together by a short glycerol bridge, resulting in a conical shape with a larger cross-sectional area in the nonpolar tail relative to the polar head [see Fig. 2]. Con-sequently, the extended tails of CL lipids exert a repulsive force on neighboring lipids, leading to the formation of empty areas (defects) on the membrane surface around smaller head groups. As a consequence, a higher concentration of CL correlates with an increased occurrence of defects. The I3 membrane, with a high CL concentration, exhibits larger defects. On the other hand, the O3 membrane is less defected because it lacks CL lipids and contains cholesterol, which increases lipid packing. We also calculate the membrane defect ratio, which is defined as the fraction of the total defect area with respect to the total membrane area, and the results averaged over the last 100 ns are (0.09, 0.10,0.03) for (O1, O2,O3) membranes, and (0.17,0.22,0.24) for (I1,I2,I3) membranes [Fig. S5]. It should be noted that a nearly invariant area per lipid [Tab.II] coexists with large differences in packing defects [Fig. 3]. This discrepancy could arise because, by definition, the area per lipid is a global metric, while the defect ratio is a local metric.

Overall, our results demonstrate that the average lipid packing is not significantly influenced by the concentration of CL. However, there is a notable increase in local lipid packing defects with rising CL concentration. The presence of cholesterol enhances lipid packing and consequently reduces the occurrence of packing defects. Next, we investigate the structure of the membranes by analyzing their charge distribution and thickness. To this end, we calculate the electron density profiles of the membranes, potassium ions, and chloride ions in all the considered models along the z-direction. The results are shown in Fig. 4. Overall, the electron density profiles of all OMM models [Fig. 4(A)] and IMM models [Fig. 4(D)] are very similar and display four major features of different molecular components, including the terminal methyl group of lipid tails (z ∼ 4.0 nm), the methylene chains (z ∼ 3.5 nm and 4.5 nm), the phospholipid head groups (z ∼ 2.5 nm and 5.5 nm), and the zwitterionic groups (z ∼ 1.0 nm and 7.0 nm). This suggests that the differences in lipid compositions have a minimal impact on the electron density profiles of the membranes. We should mention that the calculated peak electron densities for the phospholipid head groups of all membranes (water is not included) are approximately 300 electrons/nm 3 , which is in qualitative agreement with previous MD simulation studies using different all-atom force fields [START_REF] Siu | Biomolecular simulations of membranes: Physical properties from different force fields[END_REF][START_REF] Klauda | Update of the charmm all-atom additive force field for lipids: Validation on six lipid types[END_REF], coarse-grained force field [START_REF] Orsi | Physical properties of mixed bilayers containing lamellar and nonlamellar lipids: insights from coarse-grained molecular dynamics simulations[END_REF], and X-ray scattering experiments [START_REF] Liu | Diffuse scattering provides material parameters and electron density profiles of biomembranes[END_REF][START_REF] Kucerka | Lipid bilayer structure determined by the simultaneous analysis of neutron and x-ray scattering data[END_REF]. The membrane thickness, which is defined as the distance between two peaks located at the phospholipid head groups of the electron density profile, is approximately 4.0 nm for all models [see Tab. II].

B. Electron density and membrane thickness

Looking at the electron density profiles of the positively charged potassium ions in the OMM models O1, O2 [Fig. 4(B)] and the IMM models I1, I2 [Fig. 4(E)], we observe that the peaks near the position of the phosphate head groups (z ∼ 2.5 nm and 5.5 nm) of the membranes increase with increasing CL concentration. For instance, the highest peak of profile is 5.7 e nm -3 in the I2 (15% CL) model, but only 2 e nm -3 in the O2 (2% CL) model. This is because each CL lipid has two negatively charged phosphate groups, so an increase in CL concentration results in a more negatively charged membrane surface, which promotes the binding of positively charged ions.

Due to the asymmetric lipid compositions of the inner and outer leaflets, the potassium density in the O3 and I3 membranes exhibits an asymmetrical profile, with high density on the inner leaflet side and low density on the outer leaflet side. This is because the inner leaflet of O3 contains the SAPI lipids, which are absent in the outer leaflet, and the inner leaflet of I3 contains more negatively charged phosphate groups, which come from CL (90 CL lipids) than the outer leaflet (30 CL lipids).

The density profiles of the negatively charged choline ions are similar for the OMM and IMM models [Figs. 4(C),(F)]. This is because each CL lipid, like the DOPE and POPC lipids, has only one positively charged zwitterionic head group, therefore an increase in CL concentration in O1 and O2 or I1 and I2 compensates for the decrease in DOPE and POPC concentrations, resulting in slight difference in the positively charged membrane surface and the binding of negatively charged ions. Similarly, each SAPI has a positively charged inositol group, and each SAPE lipid has a positively charged ethanolamine group, thus although the lipid compositions in O3 or I3 are different from those in O1, O2 or I1, I2, the total number of the positively charged groups on the membrane surface is similar, resulting in similar binding affinity of the negatively charged chloride ions.

Overall, our findings indicate that the membrane electron density profile of the OMM (O1, O2, O3) and IMM (I1, I2, I6) are quite similar, but the potassium ion profile is higher in the INM models than in the OMM models, and this is mainly due to the contribution of the CL lipid. The chloride ion profile does not vary much between the IMM and OMM models. To investigate the influence of lipid composition on the flexibility of carbon tails, we calculate the order parameters for carbon atoms of the acyl chain tails of each lipid type using Eq.1. There are 17 order parameters in all tails of DOPE and CL lipids. For POPC and POPE, there are 15 order parameters in tail sn-1 and 17 in tail sn-2. For SAPI and SAPE lipids, there are 17 order parameters in tail sn-1 and 19 in tail sn-2. However, it is not possible to compute the order parameter for the first carbon atom as it lacks neighbouring atoms from which the local molecular axis is computed. Fig. 5 displays the order parameters for all lipid types in the OMM models. As observed, the DOPE lipids in O1 and O2 exhibit very similar ordering in both tails sn-1 and sn-2, indicating that the addition of 2% of CL in O2 does not affect the ordering of the main lipid component, DOPE. The POPE lipids are more ordered in O3 than in O2, presumably because the presence of cholesterol in O3 enhances the ordering of lipids. The order parameters of the SAPE and SAPI lipids in O3 are very similar. It is worth mentioning that the SAPI and SAPE lipids consist of a stearoyl tail (sn-1) with no double bonds (saturated fatty acid) and an arachidonoyl tail (sn-2) with four double bonds (polyunsaturated fatty acid). As a consequence, the order parameters of the sn-1 tail do not show kinks, similar to the sn-1 tail of the POPE lipid. In contrast, the sn-2 tail exhibits four kinks, which disrupt the regular packing of the acyl chains in the lipid bilayer, leading to a less ordered and more fluid-like region around the double bonds. The CL lipid has four acyl chains attached to the positions 1 and 3 of the glycerol backbone. For simplicity, the order parameters of the sn-1 or sn-2 tail shown in Fig. 5 are actually averaged over the two sn-1 or sn-2 tails. As each tail has two double bonds, located at the 11th and 14th carbon-carbon positions, the order parameters are low at these positions.

Fig. 6 displays the order parameters for all lipid types in the IMM models. The order parameters of the DOPE lipid or POPC lipid are very similar between I1, I2, O1, and O2 [Fig. 5] . This suggests that the increase of the CL lipid concentration up to 15% (I2) still does not significantly affect the ordering of DOPE or POPC lipids in these membranes. The POPE lipid is only present in the I3 membrane, and its behaviour is quite similar to that of the DOPE lipid. The ordering of the SAPI and CL lipids in the IMM membrane is not significantly different from those in the OMM membranes.

Finally, we note that the POPC lipid is slightly more ordered than the DOPE and POPE lipids in all models. This is because POPC has a saturated fatty acid tail, which makes it more rigid, and a choline head group, which can interact strongly with water molecules. Comparing the DOPE with the POPE lipids, we observe that DOPE lipid in OMM models (O1 or O2) or in IMM models (I1 or I2) is slightly less ordered than the POPE lipid in I3 model. This is because DOPE has two unsaturated fatty acid tails, which introduce kinks into the membrane structure and prevent tight packing of the lipid molecules. In contrast, POPE has a saturated fatty acid tail, which makes it more rigid and ordered. The SAPI and SAPE lipids in the O3 or I3 are less ordered than the DOPE, POPC and POPE due to their highly unsaturated arachidonoyl chains that disrupt the tight packing of the tails and reduce their order.

Overall, the order of each lipid type is not significantly different between membranes, whether it is the OMM or IMM models. This indicates that an increase in the CL concentration in the IMM does not enhance the order of lipids. Furthermore, the presence of cholesterol, SAPI, and SAPE lipids also does not cause significant changes in membrane ordering. The charge density profiles of the OMM models O1, O2, and O3 are shown in Fig. 7(A). Overall, the profiles exhibit three main peaks contributed by different charge components, including the positively charged terminal methyl groups in the lipid tails (z ∼ 4.0 nm), the negatively charged phosphate groups (z ∼ 2 nm and 6 nm), and the positively zwitterionic groups (z ∼ 1 nm and 6.5 nm). Because each CL lipid has two negatively charged phosphate groups, an increase of 2% of CL in O2 slightly increases its negative peak compared to O1. In contrast, due to the reduced number of DOPE and POPC lipids in O2 [Tab.I], its positive peak contributed by the zwitterionic groups is lower than in O1. The O3 model exhibits an asymmetric charge density profile. The positive peak in the outer leaflet (z ∼ 6.5 nm) is higher than that in the inner leaflet (z ∼ 1.5 nm) because the outer leaflet contains a larger number of SAPE lipids compared to the inner leaflet. In contrast, the negative peak in the inner leaflet (z ∼ 2 nm), contributed by POPC, SAPE and SAPI lipids, is higher than that in the outer leaflet (z ∼ 6 nm), which is contributed by only POPC and SAPE lipids. The dipole potentials of O1, O2, and O3 are calculated from their charge densities and shown in Fig. 7(B). As seen, the increase in negatively charged profiles from O1 to O2 and O3 results in a more negative dipole potential, with a potential depth of ∼ -0.2 V for O1, -0.3 V for O2 and -0.7 V for O3. We note that these values are in the experimental estimation range of -0.2 to -1 V [START_REF] Wang | Implications of the membrane dipole potential[END_REF]. Again, the dipole potential of O1 and O2 are symmetric while the potential of O3 is asymmetric.

D. Membrane dipole potential

For the IMM models I1 and I2, the charge density profiles behave similarly to those of the OMM models, but with stronger negative peaks at z 2 nm and 6 nm and weaker positive peaks at z ∼ 1.5 nm and 6.5 nm as shown in Fig. 7(C). This is because of the decreased DOPE and POPC concentrations, which leads to the reduction of positively charged zwitterionic groups (see Tab. I), and the increased CL concentration that raises the number of negatively charged phosphate groups. The IMM model I3 shows an asymmetric charged profile with a very deep negatively charged peak at z ∼ 2 nm in the inner leaflet, which is primarily contributed by the negatively charged phosphate groups of POPC, POPE, CL and SAPI lipids. In contrast, the lower negatively charged peak at z ∼ 6 nm in the outer leaflet is due to the smaller number of CL and the absence of SAPI lipids in this leaflet. Consequently, the dipole potentials of the I1, I2, and I3 membranes are more negative than those of the OMM models O1, O2, and O3, with the potential depth of ∼ -0.6 V for I1, -1.0 V for I2, and -1.6 V for I3.

Overall, our results indicate that the dipole potential of the mitochondrial membranes increases as the concentration of CL rises. This shows that, the IMM exhibits a more negative dipole potential than the OMM.

E. Membrane elastic properties

From the simulation trajectory, we calculate the orientation vectors u α r , [Fig. 2], of all lipid and cholesterol molecules. The power spectra as a function of the wavelength q are calculated from Eq.4. The spectra obtained over 2000 ns are shown in Fig. 8 for three OMM models. The data of the IMM models are similar, and not shown here. As seen, the spectra |u q | 2 (weighted by q 2 ) are almost constant with q < 1.5 nm -1 or equivalently r > 2π/q ≈ 4.2 nm [Figs. 8(A,B,C)]. In this plateau re- Only data in the range 0 < q < 1.5 nm -1 are used for the fit of the longitudinal curves, and 0 < q < 3.5 nm -1 for the transverse curves. The spectra are averaged over 2000 ns trajectories.

gion the theoretical prediction for K c , Eq.4, is valid. This allows us to extract the bending constant K c by fitting the data to a straight line [Figs. 8(A,B,C)]. Note that the plateau region extends over the distances r > 4.2 nm, which is much smaller than the length of the simulation box of 14 nm. Therefore, the results of K c are wellconverged with system size.

To obtain the tilt, K θ , and twist, K tw , moduli, we fit the power spectra shown in Figs. 8(D,E,F) to the theoretical prediction curve, Eq.4. Here, only data within 0 < q < 3.5 nm -1 are used for the fit. The elastic moduli of all membrane models at 303 K are listed in Tab.III.

With the presence of 2 % CL concentration in O2, the bending modulus of O2 is 14.43 × 10 -20 J, which is approximately 6% higher than that of O1 without CL. The tilt modulus, K θ , of both models is very similar, with the difference being almost within the error bars. The twist modulus, K tw , of O2 is slightly higher than that of O1. This suggests that the CL lipids tend to make the membrane stiffer. The O3 membrane has a larger bending modulus (15.09 × 10 -20 J) and a tilt modulus (0.21 × 10 -20 J), but a similar twist modulus compared to those of O1 and O2. To explain this, we note from Tab. I that O3 does not contain the DOPE and POPE Model Kc (10 -20 J) K θ (10 -20 J/nm 2 ) Ktw (10 III. The bending (Kc), tilt (K θ ) and twist (Ktw) elastic moduli of the OMM models (O1, O2, and O3) and IMM models (I1, I2, and I3). Results are calculated using Eq.4. The error bars are obtained using the block averaging method with five data blocks, each 400 ns long.

lipids, but contains only POPC with a lower number of POPC (330 lipids) than that of O1 and O2 (392 lipids), but O3 contains the SAPI and SAPE lipids as well as cholesterol (5%). It is known that the POPC lipid is generally considered to be more rigid and ordered than the POPE and DOPE lipids because POPC has a saturated fatty acid tail, which makes it more rigid, and a choline head group that can interact strongly with water molecules and other charged molecules. Therefore, the increase in the bending modulus of O3 is likely due to the presence of cholesterol, which is well-known to affect the stiffness of lipid membranes.

For the IMM models, we observed that increasing the CL concentration from 7% (I1) to 15% (I2) leads to an increase in all three moduli: 9% in K c , 60% in K θ , and 11% in K tw . However, even though the I3 membrane has a higher number of CL lipids (120 lipids) compared to I2 (90 CL lipids) and also contains the stiffer POPE lipid instead of the DOPE lipid in I2, the bending modulus of I3 is smaller, 14.29 × 10 -20 J compared to 16.75 × 10 -20 J of I2. To explain this qualitatively, we calculate the pressure profile along the membrane normal p(z) (see Method) and the results are shown in Fig. 9 for the I2 and I3 models. As seen, the pressure profile of I2 is symmetric, whereas that of I3 is asymmetric, with a noticeable peak shift at z ∼ 2.5 nm, located at the negatively charged phosphate groups. This is because the inner leaflet of I3 contains more CL than the outer leaflet, and each CL has two negatively charged phosphate groups. To characterize the membrane curvature, we calculate the free energy derivative of the I2 and I3 membranes using Eq.5 and obtain F ′ (0) = -0.01 and -0.03 kcal/mol/ Å for I2 and I3, respectively. These values indicate that the I3 membrane is energetically more unstable, preferring to be bent and thus having a smaller bending modulus compared to I2.

Overall, the results indicate that CL lipids increase membrane stiffness in both OMM and IMM models. The presence of cholesterol in the OMM increases the bending and tilt moduli of the membrane. The other lipids DOPE, POPC, and POPE contribute differently to the elasticity of the membranes, depending on their concentrations.

IV. DISCUSSION

While the MD simulation technique for lipid membranes is well-established, it is important to note that the results can be influenced by the choice of computational membrane models. In real mammalian cells, the mitochondrial membranes consist mainly of phospholipids, including PC, PE, PS, CL, and cholesterol. These phospholipids are distributed asymmetrically across the lipid leaflets. Additionally, the membranes have a high protein to phospholipid ratio, with approximately 25% proteins in the OMM and 60% proteins in the IMM [START_REF] Daum | Lipids of mitochondria[END_REF]. Our membrane models include the major lipid components PC, PE, CL, and cholesterol, but we did not include PS due to its low abundance. We considered both symmetric and asymmetric membrane models, but our models lack proteins. Nevertheless, our simulations provide insights into the effects of CL, cholesterol, and membrane asymmetry on the structure and elasticity of the membranes, which we discuss in the following.

In a previous study, Wilson et al. investigated the effect of CL concentration on the structure and dynamics of mitochondrial membranes using various membrane models consisting of PO/PE/CL lipids [START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF]. The authors found that changes in CL concentration had minimal effect on membrane structure but significantly impacted lipid diffusion. In our work, we use the same lipid mole fractions as the models of Wilson et al. to construct our models O1, O2, I1, and I2. We use the same CHARMM36 force field, but our simulations are longer, running for 2 µs compared to 0.9-1 µs simulations of Wilson et al. Our simulations also show that changes in CL concentration has minimal effect on various structural quantities such as area per lipid, membrane thickness, density profile, and lipid order parameters. This finding is consistent with previous MD simulation studies by Wilson et al. [START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF], Rog et al. [START_REF] Rog | Role of cardiolipins in the inner mitochondrial membrane: Insight gained through atom-scale simulations[END_REF], Poyry et al. [START_REF] Poyry | Mitochondrial membranes with mono-and divalent salt: Changes induced by salt ions on structure and dynamics[END_REF], and experimental data of Khalifat et al. [START_REF] Khalifat | Lipid packing variations induced by ph in cardiolipin-containing bilayers: the driving force for the cristae-like shape instability[END_REF] for CL concentrations of up to 11%. Our simulations show that at 15% CL concentration, the lipid area increased in model I2 [Table II], which is consistent with results of Wilson et al. at the same CL concentration.

Overall, our results and previous studies suggest that over-expression of CL lipids in the IMM is not a major factor causing structural differences between the OMM and IMM, at least when the CL concentration is below 15%. We also find that membrane symmetry/asymmetry does not significantly affect membrane structure, as evidenced by the similarity in structure between our O3 and I3 models, which have a different lipid composition and asymmetry but a similar lipid packing. In a recent study, Oliveira et al. used atomistic MD simulations on five OMM membrane models composed of four lipid components (POPC, POPE, PI, and PS lipids) with different lipid ratios and showed that complex membrane compositions have relatively minor effects on membrane structural properties [START_REF] Oliveira | Examining the effect of charged lipids on mitochondrial outer membrane dynamics using atomistic simulations[END_REF]. The area per lipid values of their models fell within the range of 61.2-62.1 Å2 , which is similar to our values of 60.2-62.2 Å2 [see Table II].

Taken together, all of the aforementioned results suggest that computational mitochondrial models composed of several common lipids are likely sufficient for capturing the essential structural properties of mitochondrial membranes. Several studies have investigated the [START_REF] Sennato | Evidence of domain formation in cardiolipin-glycerophospholipid mixed monolayers. a thermodynamic and afm study[END_REF]. However, a recent experiment by Boscia et al. showed no domain formation in membranes with a mixture of CL/DMPC (20% CL) [START_REF] Boscia | X-ray structure, thermodynamics, elastic properties and md simulations of cardiolipin/dimyristoylphosphatidylcholine mixed membranes[END_REF]. From the theoretical side, MD simulations using MARTINI coarsegrained lipid models by Boscia et al. did not observe domain formation in CL/DMPC membranes. Atomistic MD simulations by Wilson et al. also did not observe domain formation in DOPE/POPC/CL membranes (15% CL) [START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF]. The authors attributed this to the simulation time being too short (0.9 -1 µs) to observe domain formation. Our simulations, which are longer (2 µs) and use different lipid components (DOPE/POPC/CL with the I2 model and POPC/POPE/SAPI/CL with the O3 model), also do not observe domain formation. Indeed, the distribution of lipid types in the I2 and O3 membranes in the final snapshots of the 2000 ns trajectories exhited in Fig. 10 shows that lipids do not form particular domains. Moreover, we observe that CL lipids do not concentrate in specific regions. A recent experimental study by Beltran-Heredia et al. with PC/CL membranes showed that CL molecules aggregate into clusters at the curved regions of the membrane [START_REF] Beltran-Heredia | Membrane curvature induces cardiolipin sorting[END_REF]. This result is consistent with the simulation results of Boyd et al., which also showed that CL locally concentrates at the curved regions of the membrane [START_REF] Boyd | Buckling under pressure curvature based lipid segregation and stability modulation in cardiolipin-containing bilayers[END_REF]. As seen from the snapshots shown in Fig. 10, and from small values of the free energy derivative at planar curvature of the I2 (-0.01 kcal/mol/ Å) and I3 (-0.03 kcal/mol/ Å) membranes, it turns out that our membranes are rather flat and do not drive CL lipids into specific regions.

Regarding the role of CL, Wilson et al. showed that increasing the concentration of CL in membranes significantly increases the lateral diffusion of lipids [START_REF] Wilson | Cardiolipin-dependent properties of model mitochondrial membranes from molecular simulations[END_REF]. In our simulations using the same models, we have uncovered a new role for CL, that is, the concentration of CL affects the dipole potential of the membrane. Specifically, the dipole potential becomes stronger with increasing CL concentration. This also implies that the IMM has a stronger dipole potential than the OMM [see Fig. 7]. While it has long been understood that the IMM has a higher dipole potential than the OMM due to its high concentration of electrochemically active components and resultant proton gradient, our research suggests that the presence of CL may also contribute to this difference. The OMM, on the other hand, is relatively permeable and lacks the concentration of electrochemically active components, leading to a lower dipole potential. Our finding suggests that CL may play a role in providing the IMM with a suitable dipole potential to tightly regulate the flux rate of protons and ions across the membrane during cellular energy production. This argument is supported by recent study showing that the transmembrane potential is critical for regulating the mitochondrial membrane proton conductance [START_REF] Rupprecht | Role of the transmembrane potential in the membrane proton leak[END_REF]. However, the full mechanism remains to be determined, In general, our simulation results show that the mechanical properties of the OMM and IMM membranes are different, but not significantly different. However, there are not many experimental data on the elastic moduli of mitochondrial membranes, and especially no experimental results for membranes with lipid compositions like those in our models, so it is difficult to quantify the simulation results. Recently, Schiaffarino et al. measured the bending modulus of the IMM and OMM of giant unilamellar vesicles (GUV) from porcine heart using the micropipette aspiration method and obtained K c = 2.32 × 10 -20 J for the IMM and K c = 3.23 × 10 -20 J for the OMM [START_REF] Schiaffarino | Mitochondrial membrane models built from native lipid extracts: Interfacial and transport properties[END_REF]. These values are about 4-5 times smaller than our simulation values. The difference can be attributed to three main reasons: first, the composition and ratio of lipids in OMM and IMM in the experiment are different from those in our OMM and IMM models. Second, our membranes are flat, whereas the GUVs in the experiment are curved. The curvature of the membrane can affect its bending modulus because a curved membrane has curvature stresses that help deform it, thus the bending modulus of a curved membrane is generally smaller than that of a planar counterpart. Third, there are uncertainties in both calculation and experiment. As discussed by Nagle et al. [START_REF] Nagle | What are the true values of the bending modulus of simple lipid bilayers?[END_REF], values obtained in different labs and with different measuring techniques typically differ by as much as a factor of two for the same lipid at the same temperature. There are still unexplained differences in the experimental values of the bending modulus. From the simulation side, force fields are not perfect and were not aimed to represent a specific experimental systems, thus a comparison between simulation results and experimental counterparts is not straightforward. Nevertheless, both experiment and our simulation show no significant difference between OMM and IMM. Both are essentially liquid and deformable, which may be a characteristic that provides mitochondrial membranes with mechanical stability and softness adequate for easy deformation to perform functions.

Another important result from our simulation study shows that the bending modulus increases with the concentration of CL (as shown in the results of the membranes O1, O2, I1, and I3 in Table III). This result is qualitatively consistent with experimental findings that membranes containing only CL [START_REF] Pan | Structural and mechanical properties of cardiolipin lipid bilayers determined using neutron spin echo, small angle neutron and x-ray scattering, and molecular dynamics simulations[END_REF] or CL/PC mixed membranes [START_REF] Boscia | X-ray structure, thermodynamics, elastic properties and md simulations of cardiolipin/dimyristoylphosphatidylcholine mixed membranes[END_REF] have a higher bending modulus than membranes containing only PC. This means that CL tends to make the membrane stiffer. However, it may seem counterintuitive that the IMM has a wrinkled shape with highly curved cristae despite containing a higher concentration of CL. From a physics perspective, a lipid membrane with a large bending modulus will be more resistant to returning to its original state when bent than a membrane with a lower bending modulus. In this context, we can see that while CL is highly concentrated in the curved regions of the IMM such as cristae [START_REF] Beltran-Heredia | Membrane curvature induces cardiolipin sorting[END_REF][START_REF] Boyd | Buckling under pressure curvature based lipid segregation and stability modulation in cardiolipin-containing bilayers[END_REF], the increase in concentration can increase the bending modulus, which can help maintain the curvature of those regions. The maintenance of the curved structure of the mitochondrial cristae is crucial for stabilizing protein complexes necessary for respiration, oxidative phosphorylation, and ATP synthesis [START_REF] Mitchell | Coupling of phosphorylation to electron and hydrogen transfer by a chemi-osmotic type of mechanis[END_REF][START_REF] Almendro-Vedia | Nonequilibrium fluctuations of lipid membranes by the rotating motor protein f1f0-atp synthase[END_REF].

One might assume that the IMM is stiffer than the OMM due to the high concentration of CL in the IMM compared to the low concentration in the OMM. However, the experimental study by Schiaffarino et al. on GUVs of native OMM and IMM extracts from porcine heart shows that the IMM membrane is softer than the OMM membrane [START_REF] Schiaffarino | Mitochondrial membrane models built from native lipid extracts: Interfacial and transport properties[END_REF]. Although our OMM O3 model does not contain CL, it contains 5% cholesterol, which increases the bending modulus of O3. The effect of cholesterol on membrane stiffening has been well understood. In the experiment of Schiaffarino et al., the OMM and IMM membranes contained 16.7% and 10.3% cholesterol, respectively. Therefore, the softer nature of the IMM membrane observed in the study of Schiaffarino et al. may be due to the relatively lower amount of cholesterol present in the IMM compared to the OMM. Thus, the role of CL in contributing to the increased rigidity of IMM could be similar to the role of cholesterol in contributing to the increased rigidity of OMM. Nevertheless, it is important to note that interpreting the softness/stiffness of a membrane requires careful consideration. This is because the bending energy of a membrane depends not only on the bending modulus but also on the spontaneous curvature of the membrane, as described by the Helfrich-Canham function [START_REF] Canham | The minimum energy of bending as a possible explanation of the biconcave shape of the human red blood cell[END_REF][START_REF] Helfrich | Elastic properties of lipid bilayers: Theory and possible experiments[END_REF]: E = K c (H -H 0 ) 2 dA, where K c represents the bending modulus, H represents the local mean curvature, H 0 represents the spontaneous curvature, and dA represents the element of membrane area. As the IMM contains highly curved regions, its bending energy can still be significant, making it more deformable.

Finally, an interesting result is that the bending modulus of the I3 membrane (containing 19% CL) is smaller than that of the I1 (7% CL) and I2 (15% CL) membranes [Tab. III]. Additionally, I3 contains POPE, while I1 and I2 contain DOPE. We know that in general, a membrane containing DOPE is more fluid and softer than a membrane containing POPE. But why does I3 contain both CL and POPE, yet its K c is still smaller than that of I1 and I2? To explain this, we note that I3 is an asymmetric membrane, with different lipid compositions in the inner and outer leaflets [Tab. I]. This asymmetry causes differences lateral pressure between the two leaflets, which creates asymmetric curvature stresses that could lead to greater membrane bending and a smaller bending modulus.

V. CONCLUSIONS

We perform MD simulations using six lipid membrane models that mimic mitochondrial membranes. The first type of model is symmetric, where the OMM and IMM models differ only in their CL concentrations. Two OMM models have 0% and 2% CL concentrations, while two IMM models have 7% and 15% CL concentrations. The second type of model is asymmetric, where a major difference is that one OMM model contains cholesterol, and one IMM model has different CL concentrations between the inner and outer leaflets. These models allow us to investigate the effects of CL, cholesterol, and symmetric/asymmetric properties on the structure and elasticity of OMM and IMM models.

Simulation results show that membrane structure, including lipid packing, thickness, and lipid order, is nearly independent of the membrane models. This suggests that the structure of OMM and IMM is not significantly different. However, the results showed that the dipole potential of the IMM is stronger than that of the OMM due to the higher CL concentration in IMM. The strength of the dipole potential may be necessary for IMM to tightly regulate ion and proton fluxes, allowing ROS production, and function of the respiratory chain complexes. This could be one of the roles of CL, explaining why its concentration is higher in IMM than in OMM.

Our results demonstrate that an increase in CL concentration leads to an increase in the bending modulus of the IMM membrane. This is important for maintaining the curved structure, such as cristae, necessary for proper IMM function. Furthermore, while the OMM has a lower concentration of CL, it contains cholesterol, which contributes to an increase in its stiffness. As a result, the stiffness of the OMM and IMM are not significantly different.

In summary, simulation results suggest two roles of CL in IMM: regulating ion and proton fluxes by increasing the dipole potential and maintaining the curved state of cristae by increasing the bending modulus.

Supporting Information:

The derivation of the dipole potential equation, the description of the orientation vectors of all lipids, the time evolution of the area per lipid, and the description of the membrane defect ratio.

Figure 1 .

 1 Figure 1. The initial structure of the OMM (left panels) and IMM (right panels) models built by CHARMM-GUI. Color coding is DOPE (blue), POPC (orange), CL (green), POPE (red), and SAPI (white), SAPE (yellow) and cholesterol (black). Water molecules are shown in ice-blue.

Figure 2 .

 2 Figure 2. Molecular structure of CL and DOPE lipids used to construct the membranes in this study. The orientation of DOPE lipid is described by a unit vector n α , while two unit vectors are needed for a CL molecule. The projection of the orientation vector on the xy plane of the membrane is denoted as u α r .

Figure 3 .

 3 Figure 3. Lipid packing defects (yellow) for the OMM membrane models O1, O2, O3, and IMM membrane models I1, I2, I3. The green box indicates the periodic boundary condition cell. Shown are results of the snapshot at 2000 ns for each system.

Figure 4 .

 4 Figure 4. Electron density of the lipid membrane, the potassium ions, and the chloride ions along the z direction of all mitochondrial models.

Figure 5 .

 5 Figure 5. The order parameters of two tails sn-1 (left panels) and sn-2 (right panels) of five lipid types DOPE, POPC, SAPE, SAPI and CL of the O1 (black), O2 (red) and O3 (blue) membranes. Carbon atom numbers increase in the direction of the tail termini. Shown are results averaged over snapshots of the 2000 ns trajectories. The error bars are obtained by utilizing the block averaging method with 5 blocks, each consisting of 400 ns.

Figure 6 .

 6 Figure 6. The order parameters of two tails sn-1 (left panels) and sn-2 (right panels) of five lipid types DOPE, POPC, POPE, SAPI and CL of the I1 (black), I2 (red) and I3 (blue) membranes. Carbon atom numbers increase in the direction of the tail termini. Shown are results averaged over snapshots of the 2000 ns trajectories. The error bars are obtained by utilizing the block averaging method with 5 blocks, each consisting of 400 ns.

Figure 7 .

 7 Figure 7. Charge density (upper panels) and dipole potential (lower panels) along z-direction of all mitochondrial models. The error bars in the charge density are obtained by utilizing the block averaging method with 5 blocks, each consisting of 400 ns.

Figure 8 .

 8 Figure 8. Power spectra of the longitudinal (weighted by q 2 ) (left panels) and transverse (right panels) components of the lipid orientation vectors. Shown are results of the OMM models O1 (A, D), O2 (B, E), and O3 model (C,F). The best fits of the data to Eq.4 are shown by the red lines. Only data in the range 0 < q < 1.5 nm -1 are used for the fit of the longitudinal curves, and 0 < q < 3.5 nm -1 for the transverse curves. The spectra are averaged over 2000 ns trajectories.

Figure 9 .

 9 Figure 9. Pressure profile along the z direction of the IMM I2 (black) and I3 (red) models. Shown are average results obtained from the last 500 ns of trajectories.

Figure 10 .

 10 Figure 10. Snapshots from the final frame of the 2000 ns trajectory of the I2 model (A) and I3 model (B). Color coding is DOPE (blue), POPC (orange), CL (green), POPE (red), and SAPI (white)
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