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Abstract

Mitochondrial metabolic function is affected by the morphology and protein organization of the 

mitochondrial inner membrane. Cardiolipin (CL) is a unique tetra-acyl lipid that is involved in the 

maintenance of the highly curved shape of the mitochondrial inner membrane as well as spatial 

organization of the proteins necessary for respiration and oxidative phosphorylation. Cardiolipin 

has been suggested to self-organize into lipid domains due to its inverted conical molecular 

geometry, though the driving forces for this organization are not fully understood. In this work, we 

use coarse-grained molecular dynamics simulations to study the mechanical properties and lipid 

dynamics in heterogeneous bilayers both with and without CL, as a function of membrane 

curvature. We find that incorporation of CL increases bilayer deformability and that CL becomes 

highly enriched in regions of high negative curvature. We further show that another mitochondrial 

inverted conical lipid, phosphatidylethanolamine (PE), does not partition or increase the 

deformability of the membrane in a significant manner. Therefore, CL appears to possess some 

unique characteristics that cannot be inferred simply from molecular geometry considerations.
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INTRODUCTION

The mitochondrion is a double-membraned, energy generating organelle found in 

eukaryotes. The mitochondrial outer membrane provides an encompassing envelope with 

protein pores to control material flux into and out of the organelle. The inner membrane is 

the site of eukaryotic cellular respiration. It contains morphologically distinct domains: the 

flat inner boundary membrane, which maintains close proximity to the outer membrane, and 

the highly curved cristae membrane, which houses the oxidative phosphorylation machinery, 

as well as other protein complexes.1,2 The inner boundary membrane and cristae are 

contiguous membranes that are separated by highly curved tubular structures called cristae 

junctions. The morphology of the inner membrane allows for localization of the proton-

motive force-generating machinery in close proximity to the proton-motive force-utilizing 

ATP synthase, and alteration of inner membrane morphology has been shown to affect 

metabolic function.3,4 Furthermore, the inner membrane can adjust its shape to account for 

ADP levels and oxidative stressors,5–7 effecting respiratory regulation through 

morphological changes. Thus, the mitochondrion must maintain inner membrane 

superstructure and protein organization within that superstructure, while being able to sense 

and respond to changing cellular conditions. Inner membrane morphology is maintained by 

several proteins, chief among them the MICOS complex, which maintains the cristae 

junction,8–10 and ATP synthase in the cristae. ATP synthase forms rows of dimers along 

curved regions of the cristae, imposing positive curvature on the matrix-facing leaflet.11–13 

Additional proteins affecting morphology include the apoptotic factor tBID14 as well as 

mitofilin.15

Cardiolipin (CL) is a lipid-enriched in the inner membrane that also plays a role in 

morphology maintenance. CL is composed of two phosphatidyl groups joined by a central 

glycerol (Figure 1A). Recent experiments indicate that the two ionizable phosphates are both 

deprotonated at physiological pH,16–19 imparting a headgroup charge of −2, though other 

studies have suggested circumstances in which CL would carry a −1 charge.20–23 Under 

certain conditions, the effective size of the CL headgroup can be small relative to the volume 
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occupied by its four acyl-chains. Lipids that have this molecular shape are referred to as 

having an inverted conical geometry, and these types of lipids will aggregate into inverse 

hexagonal (HII) phases. CL aids in assembly and stability of the respiratory complex24 and 

may affect inner membrane morphology in two ways. First, CL-containing bilayers are 

prone to adopt highly curved and nonbilayer structures in the presence of high ionic salt 

concentrations (particularly calcium) or low pH.25–32 A pair of studies have shown that 

cristae-like invaginations can be induced by directing a flow of protons at giant unilamellar 

vesicles containing CL, and that this effect is CL-dependent.33,34 Second, CL specifically 

binds or interacts with many mitochondrial proteins,35,36 and the partitioning of CL to 

regions of the inner membrane may influence the spatial organization of the proteins. This 

influence has been demonstrated by depletion of native CL by mutation of cardiolipin 

synthase or the CL-remodeling protein tafazzin in drosophila cells, which leads to disruption 

of the network of ATP synthase dimer rows and aberrant inner membrane 

superstructures.37,38

CL-dependent protein organization implies that CL can self-organize in an otherwise 

homogeneously distributed bilayer. CL-enriched domains have been observed in bacterial 

cell membranes via specific staining with the fluorescent dye Nonyl Acridine Orange 

(NAO).39–41 These domains occur at the poles and fission sites of rod-like bacteria. The 

proposed mechanism of CL enrichment is lipid geometry-mediated: CL’s inverted conical 

shape minimizes curvature frustration in negatively curved regions of bilayers.

Curvature-driven partitioning has been explored in recent years for pure lipid systems42–46 

as well as membrane embedded proteins,47–49 though CL has yet to be examined in this 

context. Molecular dynamics (MD) simulations have been used in several of the curvature-

based partitioning studies and provide a powerful means to examine the molecular 

underpinnings of macromolecular behavior. Previous MD studies involving CL containing 

bilayers have been performed at both all-atom and coarse-grained modeling levels. One such 

study involved examination of how the number of acyl chains affects the phase behavior of 

homogeneous CL systems.50 Many other studies have examined the equilibrium structural 

properties of cardiolipin-containing bilayers in low curvature/flat geometries.51–55 No large-

scale organization of CL has been demonstrated in these studies, although Dahlberg and 

Maliniak have shown very localized headgroup clustering in their work on coarse-grained 

CL-containing bilayers.54 In this work we have extended our understanding of CL-

containing bilayers through coarse-grained (CG) MD simulations of highly curved systems. 

We assess the curvature-dependent mechanical properties and enrichment dynamics of CL in 

these highly curved (buckled) heterogeneous bilayers and demonstrate that CL has unique 

properties in its ability to promote curved phases and to laterally segregate to regions of high 

negative curvature. These observations are enabled by a curvature mapping analysis, where 

we show CL has a much stronger curvature-based segregation propensity than another 

inverted conical lipid, phosphatidylethanolamine (PE).

METHODS

Simulations were performed using the coarse-grained MARTINI 2.2 force-field with 

nonpolarizable water56 and implemented using the GROMACS 5 software package.57 A 
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time step of 30 fs was found to be stable and used for all simulations. According to 

convention, reported simulation times are scaled by a factor of 4 to approximate 

experimental diffusion rates.56 Nonbonded interactions were calculated following the 

suggested parameters by de Jong and co-workers,58 where the Lennard-Jones interactions 

are shifted to zero at the cutoff distance of 1.1 nm using the potential-shift-Verlet modifier. 

Electrostatics were calculated with a relative dielectric constant of εr = 15 and the potential 

and forces were shifted to zero at the cutoff of 1.1 nm using the reaction field method. 

Temperature was maintained at 303 K using the v-rescale algorithm with a time constant of 

1 ps. Solvent and lipids were coupled separately. Partitioning behavior of select bilayers was 

also assessed at 280, 320, and 350 K (see Figure S1).

Anisotropic pressure coupling was maintained using the Parinello–Rahman method59,60 with 

a time constant of 12 ps. In each system, pressure coupling was turned off in the short lateral 

dimension (X), fixing the box size in that dimension. To generate the initial buckled 

membranes, pressure in the membrane normal dimension (Z) was maintained at 1 bar, while 

pressure in the long lateral dimension (Y) was incrementally increased starting from 1 bar. 

In other simulations, frames were extracted from along the buckling trajectory and simulated 

in the NVT ensemble, to perform simulations at constant compressional strain (γ), which is 

a proxy for constant curvature simulations.

All simulations were carried out on the local UCONN high performance computing cluster 

(hornet). Simulations were run on compute nodes containing 24 Intel Haswell CPUs. Typical 

simulations would utilize 96 cores per job and would run at a rate of approximately 52 μs/

day. Nodes in the cluster are connected with a high-speed, low-latency FDR infiniband 

network.

System Setups

All bilayer systems were generated using the CHARMM-GUI Martini Maker.61 The system 

dimensions were 10 nm by 30 nm in the X and Y directions (bilayer plane), respectively, and 

30 nm in the Z direction (bilayer normal). To mimic mitochondrial membrane composition, 

bilayers were composed of 40% palmitoyl-oleoyl-phosphatidylcholine (POPC), 40% 

palmitoyl-oleoyl-phosphatidylethanolamine (POPE), and 20% tetraoleoyl cardiolipin (CL) 

to represent the IM or 50% POPC and 50% POPE with no CL to represent the outer 

membrane (OM). The effect of net headgroup charge on CL was investigated by performing 

simulations when the headgroup was both singly deprotonated (−1 charge, CL−1) and doubly 

deprotonated (−2, CL−2). In the CL−1 model, the headgroup charge was asymmetrically 

distributed on the phosphate beads, such that one phosphate carried a −1 charge and the 

other phosphate was neutral. In additional bilayer simulations, the concentration of POPC 

was increased to 80%, and the remaining fraction was composed of either POPE (PC/PE 

(4:1)) or CL−1 (PC/CL (4:1)). A full list of the bilayer systems studied including the 

compositions and total lipid count can be found in Table 1; all percentages indicate the mol 

%. Sodium ions were added to neutralize system charge. All systems were energy 

minimized and equilibrated as suggested by CHARMM-GUI, which involved energy 

minimization followed by five rounds of restrained MD, in which restraints on lipid 
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headgroup beads were successively lowered, and the time step was incrementally increased 

starting from 2 fs.

Data Analysis

Simulations were analyzed using GROMACS Tools and custom scripts written in MATLAB 

2016. The extent of bilayer compression was quantified by the compressional strain γ,

(1)

in which Ly,0 is the original box length in the dimension of compression (Y) and Ly,i is the 

current box length.62 Monolayer curvatures were calculated by extracting the lipid 

headgroup coordinates from individual leaflets in the Y (buckling) and Z (normal) 

directions. The monolayer Y–Z coordinates were fit by a series of cubic smoothing spline 

functions (see Figure S2). First and second spatial derivatives along the curve were 

calculated from the spline-fits and the pointwise curvature, C(y), was calculated from

(2)

where f′ and f″ are the first and second derivative of the monolayer height function with 

respect to the Y-dimension, respectively; C has units of inverse distance. The sign of 

curvature for the top leaflet was inverted to match the convention of curvature sign for a 

lipid monolayer. This approach allowed us to characterize lipid concentration with respect to 

curvature, since we can readily assign a local curvature to each lipid, based upon the 

headgroup position. These head-groups were then binned according to curvature, and 

relative concentrations at each curvature were calculated.

Ion binding calculations were performed using the gmx mindist tool in GROMACS, with the 

default cutoff value of 0.6 nm. Molecular packing was examined by considering several 

geometric properties of PE and CL lipids in nonbuckled states. The tail splay and the tail 

extension were measured by calculating the distance in the lateral (xy) plane (splay) or 

normal (z) direction (extension) between a reference bead in the headgroup and the terminal 

bead of the lipid chains. The phosphate bead was chosen as a reference for PE, and the 

central glycerol bead was chosen for CL. The area/headgroup was also computed by taking 

the simulation box dimensions and dividing by half the total number of head groups. CL was 

considered as having two head groups in this calculation.

RESULTS

To investigate the curvature-dependent properties of cardiolipin containing bilayers, we 

initially laterally compressed bilayers to generate buckled morphologies (Figure 1B). This 

was done to accomplish two goals: first to characterize the effect of CL on buckling 

propensity, and second to develop a system to study the dynamics of mitochondrial lipids in 
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a curved environment. Table 1 describes the bilayer composition for each simulation. We 

focus first on bilayers mimicking mitochondrial compositions, PC/PE (1:1) is an equimolar 

binary system of PC and PE without CL and serves as an OM approximation, while our IM 

systems (inner membrane) refer to ternary systems containing 20% CL carrying either a −1 

(IM−1) or −2 (IM−2) charge. We also examine two other binary systems (PC/PE (4:1), 

PC/CL (4:1)), which have a dominant composition of PC and a minor component of either 

CL−1 or PE, to evaluate differences between the inverted conical lipids PE and CL in the 

same background lipid environment. A CG representation of CL is shown in Figure 1A, and 

a schematic of the buckling procedure is presented in Figure 1B.

Effect of Bilayer Composition on Buckling Transition

Bilayer buckling was induced by applying pressure along the long axis (Y) in the plane of 

the bilayer, while fixing the box size in the short dimension (X). Pressure in the bilayer 

normal direction (Z) was maintained at 1 bar, while lateral pressure was initiated at 1 bar and 

increased in increments of 1 bar every 12 μs. In each simulation, lateral compression yielded 

a single buckle in the simulation box along the axis of compression (Figure 1B) All 

simulations reached a maximum compressional strain of roughly γ ≈ 0.6 (Figure 2) and 

displayed geometrically similar buckles. Once buckling occurred, application of greater 

lateral pressure did not result in further compressional strain. With pressure increments of 1 

bar, transitions from flat to buckled states occurred rapidly at critical pressure differences 

(Figure 2B) and did not sample stable intermediate states between flat and strongly buckled 

states. Notably, CL-containing bilayers required lower pressures to induce buckling. The 

IM−1 bilayer buckled at 4 bar of applied pressure, the IM−2 bilayer at 5 bar, while the PC/PE 

(1:1) bilayer a required a 6 bar Y-pressure to buckle.

Molecular geometry theory predicts that the introduction of inverted conical lipids, like CL, 

leads to destabilization of bilayer integrity and a preference for curved environments. The 

destabilization energy is attributed to a curvature frustration, which is caused by a mismatch 

between the spontaneous curvature of a given lipid species and the actual monolayer 

curvature. The difference in behavior between charged CL variants can be explained in terms 

of headgroup electrostatics: charge repulsion at the level of the headgroup is increased in 

CL−2, increasing the effective headgroup area and imparting a more cylindrical lipid 

geometry, decreasing the curvature frustration. Our findings are in agreement with the 

experimental work of Nichols-Smith et al., who suggested that CL-containing bilayers have 

a propensity to create folds,63 and the computational work of Dahlberg and Maliniak,54 who 

showed that introduction of CL to PC and PE bilayers decreases the bending modulus, with 

CL−1 having a greater effect than CL−2.

Stability Modulation of Intermediate Curvatures

We next focused simulations near the buckling transition pressure difference to observe 

whether the system displayed the ability to maintain intermediate curvature states or if the 

system undergoes an abrupt buckling deformation once a critical pressure difference has 

been exceeded. For each bilayer, we repeated the previous compression procedure, though 

now using a finer pressure increment and longer simulation times to ensure intermediate 

states were not artifacts of insufficient sampling times. The pressure was increased in 
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increments of 0.1 bar, along the previously discovered buckling ranges (3.1 to 3.9 bar, 4.1 to 

4.9 bar, and 5.1 to 5.9 bar for IM−1, IM−2, and PC/PE (1:1) respectively). Each simulation at 

a given pressure was run for 36 μs, resulting in 324 μs of sampling for each system. IM−1 

and IM−2 bilayers displayed plastic behavior in response to 0.1 bar pressure increases 

(Figure 3A–B), indicating these systems could be stable in intermediate curvature states in a 

precise pressure range. These intermediate states display greater curvature fluctuations 

compared to the stable flat or buckled states. For example, in the IM−1 bilayer system, the 

average standard deviation of γ (σγ) at pressures between 3.1 and 3.6 bar (calculated for 

each pressure, then averaged) was 0.064, whereas the stable unbuckled (3 bar) and fully 

buckled (4 bar) states displayed σγ values of 0.028 and 0.020, respectively.

In contrast to the malleable CL-containing bilayers, the PC/PE (1:1) bilayer did not show 

any tendency to sample intermediate curvatures and displayed a two-state characteristic 

(Figure 3C). For the PC/PE (1:1) system, as the buckling transition point is approached the 

bilayer remains relatively flat, exhibiting γ < 0.2 between 5.1 and 5.3 bar. The simulation at 

5.4 bar appears to be at (or very near) the critical buckling pressure, as the system jumps to 

the buckled state (γ ≈ 0.6) and then returns to the flat state within the same simulation. 

Stable buckled configurations were observed for pressures of 5.5 bar and above.

While a reduced bending modulus in CL-containing bilayers suggests they are more pliable 

than CL-lacking bilayers,54 one might still expect a CL-lacking bilayer to sample 

intermediately curved morphologies. Instead, in our systems only the IM−1 and IM−2 

bilayers can tune the extent of curvature in response to pressure, whereas the PC/PE (1:1) 

bilayer samples only two states. One possibility is that a larger system size may allow for 

CL-lacking bilayers to bend more moderately in response to applied pressures, but we note 

that our compression dimension (30 nm) is roughly equivalent to the diameter of cristae 

tubules,64 so our simulations approximate the relevant biological system size magnitudes. 

These results indicate that CL not only enhances the ability of the mitochondrial IM to 

assume curvature that is consistent with cristae geometry, but also that CL allows bilayers to 

respond to more moderate physical stimuli, including the presence of curvature-inducing 

proteins. We note that, while a lateral applied pressure difference may not have a consistent 

physiological counterpart, it has been shown that exposure of retinal ganglion cells to 

elevated hydrostatic pressures leads to morphological changes in the mitochondrial which 

may be related to optic nerve impairment in glaucoma patients.65 Our observed curvature 

tuning capabilities of CL-containing bilayers may have significant implications for 

understanding the importance of CL in generating and maintaining curved morphologies in 

the mitochondria.

Curvature-Based Lipid Partitioning

We next examined lipid dynamics and clustering in the context of curved bilayers. To 

enforce a constant curvature environment for bilayers of different compositions, we 

extracted system configurations along the buckling transition corresponding to specific γ 
values. We then initiated new simulations in which we fix the box size (NVT) to control the 

extent of buckling, example configurations at various γ-values are shown in Figure 4A. In 

these fixed γ simulations, we were able to assign a curvature to each headgroup position, 
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from derivatives of the spline fit function (eq 2) for each monolayer. This curvature mapping 

approach is illustrated in Figure 4B and Figure S2. The distribution of headgroup curvatures 

is dependent on the degree of buckling, but is generally characterized by a large peak at 

moderate positive curvature and a broad shoulder extending into the negative curvatures 

regions (Figure 5A). Asymmetry between positive and negative curvatures is a consequence 

of bilayer shape: every invagination with negative curvature has a corresponding patch of 

positive curvature in the opposite leaflet with a larger radius of curvature.

The lipid probability distributions for the IM−1 system at γ = 0.3 are shown in Figure 5A, 

where each distribution is normalized. This analysis allowed us to observe that CL−1 is 

enriched in the negative curvature regions and is suppressed in the positive regions (red 

curve), whereas PC has the opposite features of accumulating in positive curvatures and 

reducing in negative curvatures (green curve). Interestingly, PE does not show any curvature 

dependence, as the PE distribution (blue curve) matches that of the entire bilayer (black 

curve). To normalize for the asymmetric distribution of headgroup curvatures, we performed 

an additional analysis by calculating the relative fractional lipid concentration at different 

curvatures. Figure 5B presents the relative lipid fractions with respect to curvature for the 

IM−1 bilayer at γ = 0.3. Consistent with our visual inspections and the probability 

distributions (Figure 5A), this analysis again illustrates that CL−1 migrates to regions of 

negative curvature and depletes within positive curvature regions. PC shows an opposing 

trend, enriching at positive curvature and decreasing at negative curvature. This analysis also 

shows that PE is effectively insensitive to curvature variation in this system, showing only 

slight depletion at the highest negative curvatures. The IM−2 bilayer showed similar 

partitioning behavior to IM−1 (Figure 6), although the effect was less dramatic, especially at 

high γ values. An interesting feature of the lipid fraction analysis is that at zero curvature, 

we recover the bulk lipid factions for all species. The lipid fractions versus curvatures for all 

systems described in Table 1 for γ values ranging from 0.05 to 0.45 are presented in Figure 

S3–S7.

We next addressed the degree to which CL self-associated (to form pure CL nanodomains) 

within regions of negative curvature. To analyze this, we subdivided the IM−1 system at γ = 

0.3 into 10 regions based upon monolayer curvature. In each of these regions we computed 

the bulk fraction of CL, and also computed a local fraction of CL around each CL molecule. 

The local fractions were determined by considering the six nearest neighbors around each 

CL. At all curvatures, the local CL fraction matches the bulk fraction, and therefore CL is 

well-mixed and does not form self-associating clusters (Figure 5C).

Another analysis we performed was to track the lipid composition in regions of different 

curvatures as a function of compressional strain (γ). To reduce the dimensionality, we 

characterize membrane sections as negatively curved (C < −0.05 nm−1), neutral (−0.05 nm−1 

≤ C ≤ 0.05 nm−1) or positively curved (C > 0.05 nm−1). This coarse partitioning results in 

similar sampling statistics for the three curvature regions, due to the nonlinearity in the 

curvature-probability curve (Figure 5A). Accumulation of CL at negative curvatures was 

apparent at membrane strains as low as γ = 0.05 (Figure 7C), which has a mean unsigned 

curvature of 0.07 nm−1. Increasing γ enhanced lipid segregation at both positive and 

negative curvatures for both PC (Figure 7A) and CL−1 (Figure 7C) lipids. PE concentration 
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was consistently unaffected by γ for IM−1 (Figure 7B) and IM−2 (Figure S8). The flat 

segments of every bilayer had fractional compositions equivalent to the bulk bilayer 

concentrations, a trend that was also independent of γ. The lipid fractions as a function of 

compressional strain for all other systems described in Table 1 are presented in Figures S8–

S11.

The differential partitioning behavior of CL and PE cannot be explained simply by 

molecular geometry or a propensity for formation of inverted hexagonal phases (HII). PE is a 

highly inverted conical lipid with a more negative spontaneous curvature than CL66 and CG 

simulations have predicted similar bending moduli for pure PE and CL−2 bilayers.54 An 

explanation for the lack of PE accumulation in negatively curved regions could be that PE is 

outcompeted for negative curvature positions by CL. To investigate whether PE does have a 

propensity for negatively curved regions, we examined curvature partitioning in binary 

systems at γ = 0.30. We simulated binary lipid bilayers containing compositions of 80/20 

PC/CL−1 and 80/20 PC/PE, to compare PE and CL−1 partitioning behavior in a background 

of PC lipids. As in the ternary bilayer systems, CL was found to be highly enriched within 

high negative curvature regions (Figure 8). In the absence of CL, PE showed a slight 

propensity for negative curvature, but even at the most negative curvatures, the enrichment 

was modest, increasing to a lipid fraction of 0.3 in a system with an overall 0.2 PE fraction. 

Stated another way, in the highest negative curvature regions, PE shows a 50% increase in 

concentration, while the CL−1 concentration increases by 150% over the bulk fraction. Our 

results regarding PE clustering is relatively consistent with a previous study examining 

DPPC/DOPE in a hemifusion system by CG-MD. In that work, 80% enrichment of DOPE 

was observed in the most negatively curved regions.67

Charge Effects

An interesting and perhaps unexpected finding is that CL−1 and CL−2 show similar 

partitioning behavior (see Figures S3 and S4), despite an expected difference in charge 

repulsion between head groups and resultant change in molecular geometry. A possible 

explanation for the lack of significant difference between CL−1 and CL−2 is that sodium ions 

have stronger binding to the IM−2 bilayer than the IM−1 bilayer, and provide more screening 

of the headgroup charges. We have examined the ion binding for γ = 0.30 and observe that 

the number of bound ions to IM−2 is more than double that of IM−1, and the surface charge 

density of the two systems are comparable. IM−1 has 100 ± 5.2 bound counterions and a 

surface charge density of −0.11 e/nm2, while IM−2 has 225 ± 7.4 bound counterions and a 

surface charge density of −0.17 e/nm2). In the absence of counterions, the surface charge 

density for the two systems would be approximately −0.27 e/nm2 for IM−1 and −0.54 e/nm2 

for IM−2.

DISCUSSION

The motivations for conducting this study are numerous. The determination of mechanical 

properties of bilayers from molecular simulations have been a field of intense investigation 

for many years,68–71 including approaches that induce buckling to determine these 

properties.62,72,73 Understanding these properties in multicomponent systems, and 
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particularly how concentration gradients may couple to curvature variations remains an area 

of open inquiry. In our approach, we are able to correlate curvature and concentration fields, 

which may provide an important advance for developing more refined theories on 

concentration effects on membrane properties.

Beyond the interesting and complex questions that arise in purely physical lipid bilayer 

systems, curved membrane environments can be used to model a number of biologically and 

physiologically relevant conditions as well. In this work, we have analyzed the effect of CL 

on bilayer buckling tendencies separately from partitioning behavior of CL in curved 

bilayers. However, the in-organello implications of these effects may be synergistic. A 

feedback-loop maybe at play, where CL partitioning can stabilize negative curvatures, which 

in turn may recruit more CL, which further stabilizes or increases the degree of curvature. 

Additionally, the role of curvature mediating proteins, such as ATP synthase dimers, likely 

contributes to this effect as well.12,74 ATP synthase dimers organization in mitochondrial is 

affected by depletion of CL,38 which may indicate its role to nucleate regions of high 

curvature, which promotes accumulation of CL, which facilitates further induction of 

curvature and more recruitment of ATP synthase dimers. The accumulation of these 

curvature-inducing proteins may relate to our simulations as a physical analogue to the 

pressure differential used to generate curved bilayers in silico.

Of particular interest is understanding mitochondrial morphology and how aberrant cristae 

morphology and protein organization may be the result of lipidic modifications.38 Other 

circumstances found in healthy mitochondria can also be examined in curved bilayers. For 

example, the transverse distribution of inner membrane CL has been shown to be 

asymmetric, with significantly more CL in the matrix-facing leaflet than the IMS-facing 

leaflet.75 The impact of this asymmetry in both buckling propensity and partitioning ability 

is well suited for the current approach and will be an avenue of future study. Another unique 

characteristic of the inner membrane is its extremely high protein density, and while some 

work has been done on the effect of dense protein concentrations on lipid diffusion in flat 

bilayers,76 we can extend these studies into curvature environments that more closely mimic 

the mitochondrial inner membrane.

Further work will be required to understand what are the driving forces, beyond molecular 

geometry/curvature matching, to induce lipid partitioning. As illustrated in our comparisons 

between PE and CL lipids, it is clear that equilibrium molecular packing considerations 

cannot predict the portioning properties. However, it is possible that when the bilayers are 

under an applied stress (nonzero surface tension), the lipid components could have a 

differential response to the applied stress. We have examined three molecular properties of 

PE and CL−1, in the background of 80% PC lipids. We calculated the lipid tail splay, tail 

extension, and mean headgroup area as a function of increasing applied lateral pressure 

(Figure S12). We only considered simulations in which the bilayer has not buckled. We find 

that CL−1 shows a greater response to applied pressure in that it both increases the tail splay 

and has a more dramatic reduction in headgroup area compared to the PE system. Taken 

together, this could imply that CL−1 is adopting a more inverted conical (negative curvature 

preferring) geometry. This could relate to a more negative spontaneous curvature, which in 

the Helfrich theory77 of membrane bending contributes quadratically toward the total 
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bending energy, whereas the bending modulus only has a linear relationship with the 

bending energy.

In general, the extent of lipid partitioning arises from opposing forces of the energetic 

benefit of curvature matching and the demixing entropic cost. A theoretical model suggests 

these contributions are of the same order of magnitude.78 Huang and colleagues proposed 

that the energetic bonus of curvature matching for a single lipid at physiological curvatures 

is on the order of 1% of kBT, indicating that curvature preference alone is insufficient for 

significant partitioning at the cellular scale.79 Instead, clustering of self-interactive lipids is a 

prerequisite for significant curvature sensing, and that the aggregate cluster is then targeted 

to curved regions, as partitioning larger membrane components comes at a reduced entropic 

cost. For CL, short-range attractive forces (mediated by positive counterions) would be 

counterbalanced by long-range repulsive electrostatics, dictating cluster size. This view is 

supported by the observation that CL-localization to bacterial cell poles has a minimum 

concentration threshold.41

Our simulations, however, show CL accumulation at negative curvature, even without 

nanodomain formation (Figure 5C). The physical basis for this partitioning in the absence of 

thermodynamic benefits from clustering, as well as the differential behavior of PE and CL, 

are not yet understood and will require further analysis. However, we can speculate on a few 

factors that may be driving this partition effect. As suggested by Huang, partitioning a larger 

species comes at less entropic cost, and therefore the intrinsic larger size of CL relative to 

PE could play a role in the differential portioning characteristics. If we imagine there are a 

given number of sites available in the highly curved regions, CL would occupy two of these 

sites, while PE would only occupy one. The configurational entropy can be idealized as a 

product of the curved region multiplicity and the flat region multiplicity. Requiring fewer, 

larger CL lipids in the curved region to achieve a given lipid fraction (above the bulk lipid 

fraction), allows for a greater number of CL to be available to the flat region. Having a 

greater number of the minor component lipid in the larger flat region would have a 

multiplicative (entropic) benefit.

A final consideration is that we are generating curved phases that have zero Gaussian 

curvature (the product of the principal curvatures). Cristae morphology is highly varied, but 

our model approximates common cristae shapes having zero Gaussian curvature, such as 

tubular cristae and lamellar cristae with curved ridges. Membrane shapes exhibiting 

significant Gaussian curvature are possible in regions of the inner membrane, such as where 

tubular cristae junctions merge the cristae to the flat IBM. A possible driving force for our 

observed partitioning behavior is that CL has a preference for zero Gaussian curvature, 

possibly due to an asymmetric molecular geometry, whereas PE may have a stronger 

preference nonzero Gaussian curvature phases, such as the inner leaflet of highly curved 

vesicles. Such a preference could then impact membrane constituent organization between 

morphologically distinct domains with similar magnitudes of principal curvatures.
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CONCLUSIONS

In this work we have examined the curvature-based partitioning of lipids, including 

cardiolipin, in mixed bilayer systems. From these studies, we have been able to draw several 

conclusions:

i. The presence of CL reduces the pressure difference required to generate buckled 

bilayers.

ii. CL containing bilayers can sample a range of curvature states near the buckling 

transition pressure difference. This stands in contrast to PC/PE systems, which 

behave in a two-state fashion, adopting only flat or highly buckled states. This 

result is suggestive that the presence of CL creates bilayers that are more 

“tunable”, possibly in response to curvature inducing proteins, and can sample a 

greater range of morphologies.

iii. CL accumulates in regions of negative curvature, while PE (which is also an 

inverted conical lipid), displays a much weaker propensity to aggregate in 

regions of negative curvature.

Understanding why CL has these unique properties may provide key insights into 

understanding mitochondrial organization and why disease states characterized by altered 

concentrations of CL and its variants lead to aberrant mitochondrial morphologies.
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Figure 1. 
Coarse-grained representation of mitochondrial-mimicking membranes. (A) MARTINI 

representation of CL; blue = central glycerol, red = phosphate, pink = glycerol, cyan = acyl 

chains. Beads are not drawn to scale. (B) Side view of the transition from flat to buckled 

bilayer. Colored beads are the lipids in the main simulation cell, while the gray beads 

represent lipids in the neighboring periodic images.
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Figure 2. 
Pressure-induced buckling of mitochondrial membrane mimetic bilayers. (A) The 

compressional strain (γ) is plotted against the Y-dimension pressure. Each data point 

represents an averaging of the final 6 μs of a 12 μs simulation. (B) Time course of a buckling 

event for IM−1 system, which undergoes a buckling transition at the threshold lateral 

pressure of Py = 4 bar. (C) Snapshot of fully buckled state for IM−1. Head group beads are 

colored according to blue = PE phosphate, red = CL−1 central glycerol, green = PC 

phosphate; blue box represents the main simulation cell.
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Figure 3. 
Compressional strain (γ) vs lateral pressure near the buckling transition point. The IM−1 

(A), IM−2 (B), and PC/PE (1:1) (C) systems were evaluated by running 36 μs simulations at 

each pressure in 0.1 bar increments. The dashed red lines indicate points at which the 

pressure was incremented.
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Figure 4. 
Buckling and curvature mapping. (A) Depiction of bilayers as a function of induced strain 

(γ). (B) Snapshot of the mapping of bilayer curvature onto the lipid headgroup positions for 

a γ = 0.3 system.

Boyd et al. Page 20

Langmuir. Author manuscript; available in PMC 2018 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Curvature characterization in buckled bilayers; all data are shown for the IM−1 system at γ = 

0.3. (A) Probability distributions of curvatures. Each distribution is normalized by the 

amount of each lipid type, such that the sum of probabilities for all curves equals one. (B) 

Lipid fractions as a function of curvature for the same system shown in panel A; the dashed 

line represents the bulk fraction of PC and PE (40%), and the dotted line represents the bulk 

fraction of CL−1 (20%). (C) Clustering analysis for CL−1. The system was subdivided based 

upon curvature, and the bulk fraction of CL−1 is compared with the percentage of CL nearest 

neighbors around each CL molecule. The solid line represents the well-mixed case (no 

clustering), where the local concentration matches the bulk concentration.
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Figure 6. 
Curvature-based lipid partitioning comparison between ternary systems containing CL 

carrying either a −1 or −2 charge. The IM−1 systems are shown in the left column and IM−2 

systems are shown on the right column. The partitioning curves are shown at three different 

compressional strain states (γ = 0.1, 0.25, 0.4).

Boyd et al. Page 22

Langmuir. Author manuscript; available in PMC 2018 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Lipid fractions as a function of compressional strain (curvature) for the IM−1 system. The 

lipid fraction of PC (A), PE (B) and CL−1 (C) are shown. The legend in B applies to all 

panels. The curvature regions were defined as follows: negative: C < −0.05; neutral: 0.05 ≤ 

C ≤ 0.05; positive: C > 0.05, where curvature units are nm−1.
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Figure 8. 
Curvature-mediated partitioning of inverted conical lipids in binary bilayer systems. The 

curvature-based lipid factions are presented for PC/CL−1 (4:1) (solid) and PC/PE (4:1) 

(dashed) systems.

Boyd et al. Page 24

Langmuir. Author manuscript; available in PMC 2018 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Boyd et al. Page 25

Ta
b

le
 1

L
ip

id
 C

om
po

si
tio

n 
of

 S
im

ul
at

ed
 B

ila
ye

rs

sy
st

em
 n

am
e

%
 P

C
%

 P
E

%
 C

L
−1

%
C

L
−2

# 
of

 li
pi

ds

PC
/P

E
 (

1:
1)

50
50

0
0

94
8

PC
/P

E
 (

4:
1)

80
20

0
0

93
0

PC
/C

L
 (

4:
1)

80
0

20
0

75
0

IM
−

1
40

40
20

0
81

0

IM
−

2
40

40
0

20
81

0

Langmuir. Author manuscript; available in PMC 2018 July 11.


	Abstract
	Graphical abstract
	INTRODUCTION
	METHODS
	System Setups
	Data Analysis

	RESULTS
	Effect of Bilayer Composition on Buckling Transition
	Stability Modulation of Intermediate Curvatures
	Curvature-Based Lipid Partitioning
	Charge Effects

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1

