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Molecular Dynamics Analysis of Cardiolipin and
Monolysocardiolipin on Bilayer Properties
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ABSTRACT The mitochondrial lipid cardiolipin (CL) contributes to the spatial protein organization and morphological character
of the inner mitochondrial membrane. Monolysocardiolipin (MLCL), an intermediate species in the CL remodeling pathway, is
enriched in the multisystem disease Barth syndrome. Despite the medical relevance of MLCL, a detailed molecular description
that elucidates the structural and dynamic differences between CL and MLCL has not been conducted. To this end, we per-
formed comparative atomistic molecular dynamics studies on bilayers consisting of pure CL or MLCL to elucidate similarities
and differences in their molecular and bulk bilayer properties. We describe differential headgroup dynamics and hydrogen
bonding patterns between the CL variants and show an increased cohesiveness of MLCL’s solvent interfacial region, which
may have implications for protein interactions. Finally, using the coarse-grained Martini model, we show that substitution of
MLCL for CL in bilayers mimicking mitochondrial composition induces drastic differences in bilayer mechanical properties
and curvature-dependent partitioning behavior. Together, the results of this work reveal differences between CL and MLCL
at the molecular and mesoscopic levels that may underpin the pathomechanisms of defects in cardiolipin remodeling.
INTRODUCTION
Cardiolipin (CL) is an unusual phospholipid with a head-
group consisting of two phosphatidic acid moieties bridged
by a central glycerol and four acyl chain tails. In eukaryotes,
CL localizes predominantly to the inner mitochondrial
membrane (IMM) to a concentration of up to 20 mol%
(1). CL plays a role in many organellar functions and has
been shown to bind to a variety of mitochondrial proteins
(2). Two important roles of CL involve maintaining the
highly curved morphology of mitochondrial cristae (3,4)
and aiding the assembly of respiratory supercomplexes (5).

Under certain physiological conditions, CL can assume a
negative spontaneous curvature that results from an inverted
conical geometry because of a small headgroup size relative
to the large volume occupancy of its four acyl chains. In pro-
karyotic cell membranes, this leads to enrichment of CL at
the highly curved polar regions and fission sites of rod-like
bacteria (6–8). The ionization state of the two phosphate
moieties of CL has been a debated topic. Recent studies
suggest that CL is doubly deprotonated at physiological
pH and carries a charge of �2 (9–12), though other litera-
ture indicates circumstances in which CL can carry a �1
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charge (13–16). The tuning of CL’s charge state will affect
the headgroup charge repulsion and modulate molecular ge-
ometry. Indeed, the phase behavior and intrinsic curvature
of CL depend on both pH and ionic concentration (17–23).

After the de novo biosynthesis of nascent CL within the
IMM, the lipid undergoes a remodeling process to yield
the mature CL fatty acid composition, consisting of four
unsaturated hydrocarbon chains (24). CL is first deacylated
by a CL-specific phospholipase (25,26) that cleaves an acyl
chain from a headgroup glycerol, rendering the triacyl spe-
cies monolysocardiolipin (MLCL) with a hydroxyl group at
the site of cleavage (Fig. 1). Multiple enzymes have been
identified that catalyze the reacylation of MLCL. Most
MLCL remodeling is driven by tafazzin, an MLCL transa-
cylase encoded by the nuclear X-linked TAZ gene. TAZ
deficiency causes accumulation of MLCL and abnormal
fatty acid profiles of tetraacyl CL, which results in aberrant
IMM morphology and disruption of the assembly and
spatial organization of IMM protein complexes (3,4). In
humans, mutations in the TAZ gene lead to Barth syndrome,
a multisystem disorder that clinically presents with cardio-
myopathy, skeletal muscle weakness, growth retardation,
and possibly death in young males (27).

CL-containing bilayers have been well-characterized
through a variety of biophysical studies, yielding informa-
tion about ionization states, polymorphic phase behaviors,

mailto:eric.may@uconn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2018.04.001&domain=pdf
https://doi.org/10.1016/j.bpj.2018.04.001


FIGURE 1 Structures of TOCL and MLCL. Hydrogen bond acceptors are colored (pink: ester oxygens, blue: phosphate oxygens, green: central hydroxyl,

red: lyso hydroxyl of MLCL). MLCL is partitioned into the native (N) side with full acyl chain complement, and the lyso side (L) at which the sn-2 acyl chain

is lysed. To see this figure in color, go online.
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and lipid-protein interactions. In contrast, there is a relative
dearth of experimental studies on the structural and dynamic
properties of MLCL despite its clinical relevance. It has
been shown that MLCL can modulate the activity of the
apoptotic factor tBid (28) in a different manner than CL,
and that MLCL-containing bilayers have a stronger prefer-
ence for lamellar phases than those containing CL (29).
Computational studies have also focused on the more prom-
inent CL species. A number of computational molecular
modeling and molecular dynamics (MD) studies have
explored the structural and dynamic properties of tetraacyl
CLs (30–35), whereas to our knowledge only a single
MD study has interrogated the physical characteristics of
MLCL using a coarse-grained (CG) model to investigate
the polymorphic phase behavior in homogeneous lipid
systems (36).

The molecular scale differences between tetraacyl and
triacyl CL species may impact bulk bilayer properties,
which may give rise to different morphological characteris-
tics of bilayers with differing CL-MLCL ratios. However,
the molecular scale properties are yet to be thoroughly
investigated. To study the local effects arising from molec-
ular differences between CL and MLCL, we performed
atomistic MD simulations on bilayers composed purely of
tetraoleoylcardiolipin (TOCL) or trioleoylmonolysocardio-
lipin (hereby used synonymously with MLCL). We describe
the headgroup orientation and acyl chain ordering resulting
from tail number asymmetry. The orientation and hydrogen
(H)-bonding partners of the lyso hydroxyl group are quanti-
fied. We characterize differences in headgroup cohesion be-
tween the species and suggest a mechanism that could
explain the effects of MLCL on protein-lipid interactions.
To study larger-scale bilayer mechanical properties, we
performed CG-MD on heterogeneous bilayers mimicking
the composition of the IMM, implementing a previously
described buckling protocol (35) to examine trends in
critical buckling pressure and curvature-based lipid
segregation.
METHODS

All-atom simulations

Atomistic MD simulations were performed using the GROMACS 5 pack-

age (37) and the CHARMM36 force field (38). Initially, a solvated bilayer

consisting of 50 TOCL (�2e charge) molecules per leaflet was generated

using the CHARMM-GUI input generator (39). The bilayer was solvated

with 8482 water molecules, and 200 sodium ions were added to neutralize

the total system charge. The TOCL system was used as the basis to generate

the initial MLCL system. This was accomplished by replacing one sn-2

chain in each TOCL molecule by a hydroxyl group, as depicted in Fig. 1.

The topology file was modified to accommodate the chain deletion, and

the parameters chosen for the new hydroxyl group matched that of the cen-

tral glycerol hydroxyl. A GROMACS-compatible topology file (.itp) for

MLCL is included in the Supporting Materials and Methods.

Energy minimization and equilibration steps were performed according

to the CHARMM-GUI guidelines, with steepest-descent minimization for

5000 steps followed by canonical ensemble equilibration for 50 ps with a

timestep of 1 fs, followed by isothermal-isobaric ensemble equilibration

with position restraints on the headgroup phosphorus atoms for 325 ps at

a timestep of 2 fs, with semiisotropic pressure coupling accomplished using

the Berendsen barostat. Both TOCL and MLCL bilayers were equilibrated

using the same protocol.

Unrestrained MD simulations were run for 500 ns for both bilayers

using a timestep of 2 fs. Temperature was maintained at 303 K using a

Nose-Hoover thermostat (40,41) with a coupling time constant of 1 ps. A

semiisotropic pressure coupling scheme was implemented using the

Parrinello-Rahman barostat (42) with a coupling constant of 5 ps. Bilayer

compressibility was set to 4.5 � 10�5 bar�1, and the reference pressures

both in the bilayer plane (X-Y) and normal (Z) to the bilayer were set to

1 bar to generate a zero-surface-tension ensemble. Van der Waals interac-

tions were cut off at 1.2 nm, with the interactions modified using the

force-switch method between 1.0 and 1.2 nm. Long-range electrostatics
Biophysical Journal 114, 2116–2127, May 8, 2018 2117
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were calculated using the particle mesh Ewald (PME) method, with a

real-space cutoff of 1.2 nm. The first 200 ns of unrestrained MD was

considered further equilibration, leaving 300 ns for production MD to be

analyzed. Bilayers were visually inspected using VMD 1.9 (43). Analyses

of simulations were performed using a combination of GROMACS tools

and in-house MATLAB (The MathWorks, Natick, MA) scripts. Acyl chain

order parameters were calculated with the following equation:

SCH ¼ 3

2

�
cos2 q

�� 1

2
; (1)

in which q for a given acyl carbon is defined as the angle between the

bilayer normal and the vector originating at the acyl carbon and terminating

at the acyl hydrogen.

Interdigitation of monolayer acyl chains was calculated by integrating

the dimensionless overlap parameter rov (44),

rovðzÞ ¼ 4 � rtðzÞ � rbðzÞ
ðrtðzÞ þ rbðzÞÞ2

(2)

and

lov ¼
ZLz

0

rovðzÞdz; (3)

where rt and rb are the acyl densities along the z coordinate of the top and

bottom leaflets respectively. Integrating the overlap parameter (Eq. 3) over

the box z dimension (Lz) yields an interdigitation length, lov, which charac-

terizes the extent of interleaflet interdigitation.

Lateral pressure profiles (LPPs) were calculated using GROMACS-LS

(45), a modified version of GROMACS 4.5.5. The calculation of the

LPPs are based on 100 ns of simulation data, with a save rate for position

and velocities every 5 ps. Although the simulations were run using PME,

GROMACS-LS does not permit PME and electrostatics must be calculated

with a straight cutoff. The recommended cutoff for GROMACS-LS is

2.2 nm (45), but we found that a cutoff of 3.2 nm was necessary to observe

convergence. Further discussion of GROMACS-LS parameter choices and

convergence is presented in the Supporting Materials and Methods and

Figs. S1–S3.

The output parameters of GROMACS-LS are the components of

the stress tensor, s, as a function of the z dimension (bilayer normal).

The lateral and normal components of the pressure profile are

PL ¼ �0:5� ðsxx þ syyÞ and PN ¼ � szz, respectively, and the LPP is

given by the difference in these components, pðzÞ ¼ PLðzÞ� PNðzÞ. The
first moment of p(z) links the LPP to the bending modulus (kc) and sponta-

neous curvature (c0):

kcc0 ¼
ZN

0

z � pðzÞdz; (4)

where the bilayer is centered at z ¼ 0.

All reported error estimates are standard errors, calculated using block

averaging. For each observable, appropriate block lengths were determined

by scanning a range of block sizes and observing the effect of block size on

estimated error.
Bilayer defect analysis

The hydrophobic core accessibility was analyzed in the atomistic simula-

tions by a method similar to Vamparys et al. (46). The simulation box
2118 Biophysical Journal 114, 2116–2127, May 8, 2018
was divided into square grids with a grid spacing of 0.5 Å. The occupancy

of each grid voxel was determined by first projecting the volume occupancy

of the bilayer atoms, calculated with the volmap tool in VMD, onto the grid.

Each X,Y grid position was then scanned from the top down until an occu-

pied voxel was reached. The X,Y grid position was then assigned as either

headgroup (if the first occupied grid encountered was a headgroup atom) or

tail (if an acyl carbon). The headgroups included linking glycerols and all

carbons bonded to oxygen, including the ester carbon that begins the acyl

chains (see Fig. 1). This allowed us to construct a two-dimensional (2D)

map indicating if the first grid box contacted would be occupied by the

headgroup or tail. From this we could determine the fraction of the bilayer

surface allowing access to acyl chains. To then discriminate small gaps in

the headgroup coverage from larger ‘‘defects,’’ each grid point assigned

as tail on the 2D surface was treated as the centerpoint of a spherical probe

with a specific radius. If the grid point and all neighboring grid points

within this radius were classified as tails, those grid points were then

assigned as defects. In this way, only hydrophobic patches with sizes and

shapes that could accommodate the spherical probe were classified as

true defects.
CG simulations

CG simulations were conducted in GROMACS 5 using the Martini force

field (47). A heterogeneous bilayer consisting of palmitoyloleoylphospha-

tidylcholine (POPC), palmitoyloleoylphosphatidylethanolamine (POPE),

and TOCL was generated using the CHARMM-GUI Martini bilayer gener-

ator (48). To generate a model for MLCL, a single sn-2 connected chain was

removed from the TOCL model. The glycerol bead type that was connected

to the deleted tail was changed from Na to P1, matching the form that

represents other lysolipids in the Martini lipid repository. The Martini

representation of the TOCL headgroup consists of a central glycerol bead

connected on both sides by a phosphate bead followed by two glycerol

beads, each with one acyl chain attached (the ‘‘sn-2’’ equivalent chain

attached to the glycerol bead proximal to the phosphate, and the ‘‘sn-1’’

equivalent chain attached to the terminal glycerol bead). To generate

MLCL, the sn-2 chain on one side was removed and the attached glycerol

bead type converted to a P1 polarity level, which matches other lysolipids

found in the Martini lipid repository.

The original Martini parametrization of CL (taken from (30)) contains

several harmonic angle potentials at the headgroup level, with three-atom

angle combinations of phosphate-central glycerol-phosphate (PGP, 105�),
central glycerol-phosphate-proximal glycerol (GPG, 110�), and phos-

phate-proximal glycerol-distal glycerol (PGG, 120�). We assumed the

only angle potential that could be affected by removal of an acyl chain to

be the PGG angle. Therefore, we ran equilibrium simulations of our CG

systems both with and without the PGG potential and assessed the effect

of the angle potential on interphosphate distances and headgroup tilt. We

found no significant differences arising from removal of the potential

(Fig. S4) and thus decided to keep the PGG potential for our CG model

of MLCL. A GROMACS-compatible topology file (.itp) describing the

Martini MLCL model is included in Supporting Materials and Methods.

CG simulations were run with a timestep of 30 fs. Lennard-Jones

interactions were shifted to 0 at a cutoff of 1.1 nm using the potential-

shift-Verlet implementation. Electrostatics were shifted to 0 at the same

cutoff using the reaction field method. Temperature coupling was accom-

plished using the v-rescale thermostat, with a reference temperature of

303 K and a time constant of 1 ps. The Parinello-Rahman barostat was

used to maintain constant pressure with a time constant of 12 ps. Reported

simulations times are multiplied by 4 as per Martini convention (47).
CG buckling protocol

To examine mechanical stability and curvature-based partitioning of

MLCL-containing CG bilayers, we applied a previously described
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methodology (35). Briefly, a bilayer consisting of 40% POPC, 40% POPE,

and 20%MLCL is generated with dimensions of 30 nm � 10 nm in the XY

(bilayer) plane. The specific lipid concentrations were chosen to allow for

direct comparison to our previous study involving TOCL. Systems were

fully solvated (>15,000 water beads in every simulation) and 324 sodium

ions were added to the TOCL and MLCL-containing systems to neutralize

the total charge. Lateral pressure in the long dimension is incrementally

increased by 1 bar every 9 ms while the short lateral dimension is kept con-

stant and the normal direction pressure maintained at 1 bar. At a certain

applied lateral pressure, the bilayer adopts a highly curved buckled state

to relieve the strain from the applied pressure. This 1-bar increment is

then simulated again at 0.1-bar increments for 36 ms each to allow finer-

tuned inspection of the buckling process. The extent of bilayer buckling

was quantified by calculating the lateral compressional strain:

g ¼ ðLo � LÞ
Lo

; (5)

in which L is the length of the simulation box in the dimension of applied

pressure and Lo is the original box length at 1 bar. Snapshots from the buck-

ling process are then extracted and simulated in the canonical ensemble,

allowing the box size to be fixed and control the curvature. The system is

simulated at fixed curvatures for 9 ms. To determine the extent of curva-

ture-based partitioning, the concentration of lipid constituents within

each monolayer are then calculated as a function of the local curvature envi-

ronment. The calculation of curvature is described in our previous work

(35). Briefly, the headgroup coordinates of each monolayer are separately

fit to a cubic smoothing spline function, and the curvature (C) at any point

along the curve direction (y) is given by

CðyÞ ¼ f 00ðyÞ
�
1þ f 0ðyÞ2�32

; (6)

where f0 and f00 are the first and second derivative of the monolayer height

function with respect to the Y-dimension, respectively; C has units of

inverse distance.
RESULTS AND DISCUSSION

Headgroup geometry

We begin with an investigation of the structural and
dynamic molecular properties of MLCL in comparison to
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CL in homogeneous bilayers. The interphosphate distance
has been used previously as a measure of the compactness
of the CL central glycerol and has been used to parametrize
the Martini CG CL model (30,36). Fig. 2 A shows the inter-
phosphorus atom distance distribution. The profiles are very
similar, with MLCL displaying a slight shift toward shorter
interphosphate distances.

To determine if the acyl chain asymmetry of MLCL
causes changes to the headgroup orientation, we calculated
the angle between the phosphorous-phosphorous vector (P)
and the bilayer normal, pointing into the membrane (Fig. 2
B). We defined the directionality of the P vector as initiating
from the PN phosphorus (native side) and terminating at the
PL phosphorus (lyso side); thus, an angle less than 90� indi-
cates the lyso side tilts down into the membrane, and
conversely, an obtuse angle indicates the lyso side tilts out
of the membrane toward the solvent. The tilt angle definition
and an example of a lipid with an obtuse tilt angle is pre-
sented in Fig. 2 C. As TOCL lacks a lyso side, the ‘‘lyso’’
phosphorous was assigned to be on the side from which
an acyl chain was cleaved when converting to MLCL. As
expected, the TOCL angle distribution was found to be sym-
metric around 90� (mean¼ 90.1� 5 0.1�, jskewj ¼ 0.01). In
contrast, the MLCL distribution was shifted toward obtuse
angles (mean ¼ 98.1� 5 0.2�, jskewj ¼ 0.12), indicating
the lyso side phosphate orients away from the hydrophobic
core of the bilayer.
Lyso OH characterization

We next examined the behavior of the lyso hydroxyl group
of MLCL and its interactions with proximal molecular com-
ponents. Replacing a fatty-acid group with a hydroxyl group
has several potential implications. First, the small hydroxyl
group of MLCL has less steric bulk than the acyl chain of
TOCL, which may allow for greater local conformational
flexibility. Second, the polar hydroxyl group may tend to
orient itself more toward the polar headgroup region rather
θ

up Tilt (degees)
90 120 150 180
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istance between phosphorus atoms is given. (B) Headgroup tilt measured as
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than the hydrophobic core. Third, the addition of an addi-
tional hydrogen bond donor has potential implications for
altering the intermolecular H-bonding network, which
may result in changes to the structure and dynamics of the
lipid, as the only H-bond donor in TOCL is the central glyc-
erol hydroxyl. To determine the orientational preference of
the hydroxyl group, we calculated the angle between the
glycerol C-O bond vector (pointing from C to O) and the in-
ward-pointing bilayer normal for both the sn-1 and sn-2
glycerol carbons on the lyso and native sides of TOCL
and MLCL. A typical TOCL sn-1 C-O bond points sharply
into the bilayer at an average angle of around 30� (Fig. 3 A),
whereas a typical TOCL sn-2 C-O bond extends into the
bilayer at an average angle of 60� (Fig. 3 B). The native
side of MLCL displays a nearly identical distribution to
that of TOCL for both sn-1 and sn-2 bonds. On the lyso
side, the sn-1 angle is slightly shifted to higher angles, point-
ing less directly down into the membrane. As expected, the
lyso hydroxyl (Fig. 3 B, yellow line) does not maintain a
similar angle distribution to its counterpart ester bond on
the native side. Instead, the distribution is very broad, re-
flecting an increase in rotational freedom of the significantly
smaller hydroxyl group, and is centered around 100�, point-
ing toward the water-headgroup interface of the associated
monolayer.

We determined the hydrogen bonding partners of the lyso
hydroxyl group using the gmx hbond program. The results
are displayed in Table 1 and are separated into self (intramo-
lecular) and nonself (intermolecular) interactions. 25 5
4.1% of the lyso hydroxyl groups formed intramolecular
hydrogen bonds, primarily with the oxygens of the adjacent
TABLE 1 Hydrogen Bond Partners of Lyso OH

H-Bond Acceptor Self Nonself Total

lyso OH N/A 3.3 5 0.2% 3.3 5 0.2%

Central OH 0.9 5 0.2% 0.4 5 0.2% 1.3 5 0.3%

PO4N 0.9 5 0.9% 7.1 5 1.7% 8.0 5 1.9%

PO4L 20 5 4% 10.4 5 3.2% 30.4 5 5.1%

ester O 3.2 5 0.1% 6.9 5 0.2% 10.1 5 0.2%

Water N/A 31.4 5 0.2% 31.4 5 0.2%

Total 25.0 5 4.1% 59.5 5 3.6% 84.5 5 5.5%

SEs were estimated using block averaging.
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phosphate group, with smaller contributions from the link-
ing ester groups. 28.1 5 3.6% of lyso hydroxyl groups
were found to create intermolecular hydrogen bonds with
other MLCL molecules. A majority (17.5 5 3.6%) of these
H-bonds were formed with phosphate oxygens. The
asymmetry between bonding to nonself PO4N and PO4L
(7.15 1.7% to 10.45 3.2%) may be caused by headgroup
tilting (Fig. 2 B), which positions the P04L groups closer to
the water interface. Hydrogen bonds to water compose 31.4
5 0.2% of lyso hydroxyl H-bonds. In sum, MLCL lyso OH
groups participated (as donors) in intra- and intermolecular
H-bonds 84.5 5 5.5% of the time.

Only 13.4% 5 0.3 of the lyso hydroxyl hydrogen bonds
were satisfied by H-bond acceptors at the lyso glycerol level
(ester oxygens and other lyso OH groups), whereas the rest
of the hydrogen bond acceptors are geometrically above the
glycerol. The hydroxyl group must then point out of the
membrane to access those hydrogen bond donors, which
provides a plausible explanation for both the tilted head-
group (Fig. 2 B) and shifted angle distribution (Fig. 3 B).
An example of a tilted headgroup with intramolecular
H-bond between the lyso hydroxyl hydrogen and lyso phos-
phate oxygen is presented in Fig. 2 C.
Acyl chains

In addition to characterizing the MLCL headgroup struc-
ture, we performed analyses of the acyl chains. We focused
not only on similarities and differences between TOCL
and MLCL, but also on the asymmetry between the native
and lyso sides of MLCL. To gain insight into the structure
and flexibility of the sn-1 and sn-2 acyl chains, we calcu-
lated acyl chain order parameters (SCH, see Eq. 1), which
measures the orientational mobility of C-H bonds at
different positions along the acyl chain. We found that the
SCH values of MLCL chains on the native side of the mem-
brane reveal a depth-dependent pattern similar to those of
TOCL, but with an overall decrease in order throughout
the chain (Fig. 4).

When comparing the native MLCL sn-1 to TOLC sn-1
(Fig. 4 A) or comparing the sn-2 chains between MLCL
and TOCL (Fig. 4 B), SCH follows a similar pattern of
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decreasing order from the headgroup-proximal end toward
the bilayer center. Although the magnitudes of the order
parameters are uniformly reduced comparing TOCL to
native-side MLCL, the lyso side sn-1 chain of MLCL
differs significantly from the other trends. The lyso side
sn-1 chain of MLCL displays increased ordering in head-
group-proximal chain positions compared to the native-
side chain of MLCL, more closely matching the level
of order in TOCL. We attribute this difference to the head-
group tilt shown in Fig. 2 B. As the lyso side of the head-
group tilts out of the headgroup plane, it pulls the acyl
chains more into the hydrophilic interfacial region. This
may cause the interface-proximal acyl chain components
on the lyso side to adopt a more rigid conformation to
keep the chain oriented toward the hydrophobic core of
the bilayer.

Taken together, the H-bonding, chain order parameters,
and MLCL headgroup geometry are likely related. When
the lyso OH forms H-bonds between the central glycerol
or phosphates, as it does 38.4% of the time, these interac-
tions may cause the lyso side of MLCL to be pulled
toward the solvent phase. The enthalpic gain from these
additional H-bonds may compensate for increased chain
ordering in the lyso side chain compared to the native-
side chains in MLCL (Fig. 4 A). These analyses suggest
a possible mechanism by which the presence of MLCL
could disrupt lipid-lipid and lipid-protein interactions.
Namely, the presence of the lyso OH group could disrupt
the H-bonding patterns observed between TOCL and
PC or PE lipids. Furthermore, the CL phosphates are
known to mediate specific ionic contacts with IMM-
proteins, which may be diminished/disrupted in the pres-
ence of high MLCL concentrations because the phosphate
TABLE 2 Geometric Properties of MLCL and TOCL

Area per Lipid (Å2) Area per Acyl Chain (Å2) Hyd

TOCL 129.0 5 0.3 32.2 5 0.1

MLCL 109.0 5 0.2 36.3 5 0.1

Area per lipid is calculated by dividing the average bilayer area by the number of

TOCL and three for MLCL. Hydrophobic thickness is the average distance betw

estimated using block averaging.
oxygens become partially occupied with H-bonds to the
lyso OH groups.
Molecular packing geometry

To understand the molecular shape characteristics of MLCL
and TOCL we considered both measurements based upon
the bulk membrane properties and molecular scale analyses.
We calculated the area per headgroup for both bilayers to
determine to what extent this geometric parameter modu-
lated molecular shape (Table 2). The area per lipid of
TOCL was found to be 129.0 5 0.3 Å2, in good agreement
with the experimental value of 129.8 Å2 determined by Pan
et al. using small-angle x-ray and neutron scattering (49).
The area per lipid of MLCL was 109.0 5 0.2 Å2, a reduc-
tion of 15.5%. Although the area per lipid arises from the
properties of both the headgroup and tails, we have calcu-
lated the average area per acyl chain, which shows MLCL
chains occupy a greater area than TOCL (36.3 Å2 5 0.1
vs. 32.2 Å2 5 0.1). However, the increase in area/tail in
MLCL (13%) is not sufficient to compensate for the reduc-
tion in number of tails (25%) for the molecular shape of
MLCL to be equivalent to TOCL. The increased area/tail
in MLCL is caused by MLCL chains splaying to a greater
extent than those of TOCL. The chain splay was analyzed
directly by calculating the splay angle, measured between
the vector connecting the central glycerol carbon with the
terminal acyl chain carbon and the bilayer normal vector.
From the splay angles, the splay distance was determined
(as the projection of the splay vector onto the X-Y plane,
Fig. S5). The average splay distance was increased in
MLCL (9.6 5 0.1 Å) compared to TOCL (9.1 5 0.1 Å)
by 5.5%. Because the tails in MLCL are sampling wider
rophobic Thickness (Å) Interdigitation (Å) c0 (1/Å)

30.9 5 0.1 5.49 5 0.03 �0.0012 5 0.003

28.3 5 0.1 6.54 5 0.04 0.020 5 0.004

lipids per leaflet. Area per acyl chain is the area per lipid divided by four for

een the first carbon in the acyl chains between leaflets. Standard errors were
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angle distribution, this results in a reduced hydrophobic
thickness compared to TOCL (28.3 5 0.1 to 30.9 5
0.1 Å), measured as the distance between the average posi-
tion of the ester carbons at the start of the acyl chains in each
leaflet.

The increase in area per chain in MLCL is consistent with
a decreased density of monolayer chain atoms. This
decreased density may generate ‘‘hydrophobic gaps’’ at
the interface of the monolayers, allowing for increased
interdigitation between the lipid monolayers for MLCL.
We calculated the extent of interdigitation for both bilayers
(see Methods) and found that the lov increased by 18% from
TOCL toMLCL (5.495 0.03 Å and 6.545 0.04 Å, respec-
tively), indicating increased acyl interdigitation in the
MLCL bilayer. The increased interdigitation presumably
factors into the decreased hydrophobic thickness in MLCL
as well.

The large reduction in total tail cross-sectional area may
drastically change the shape of MLCL relative to TOCL, if
the cross-sectional headgroup area is unchanged. This
assumption is supported by the similar interphosphate dis-
tances shown in Fig. 2 A; however, the headgroup tilting
(Fig. 2 B) would contradict a constant headgroup area
assumption. We can estimate the effect of lipid tilt on head-
group area by treating the headgroup as a disk and calcu-
lating the projected area of the tilted disk onto a flat
plane, where Aproj ¼ Aflat � cos(q�90�), where q is the
tilt angle. Based upon the probability distributions of q

(Fig. 2 B), TOCL has an Aproj ¼ 0.837 � Aflat and MLCL
has an Aproj ¼ 0.733 � Aflat. Under the assumption that
TOCL and MLCL have the same Aflat, which is supported
by the similar interphosphate distance distributions (Fig. 2
A), the projected area of the MLCL is decreased by 12.5%
compared to the projected headgroup area of TOCL.
Although the tilting of MLCL does have a substantial effect
on reducing the lipid headgroup area, the loss of an acyl
chain has a more significant effect on altering the molecular
geometry of MLCL (15.5% reduction in tail area vs. 12.5%
reduction in headgroup area). Therefore, the reduction in
tail area in MLCL is not fully compensated for by head-
group tilting, which we predict will result in a shifting of
the MLCL molecular geometry toward a more cylindrical
shape than TOCL.
LPPs

To assess the stress within the bilayers and estimate the
sign of the spontaneous curvature, we calculated the LPPs
for the MLCL and TOCL bilayers using GROMACS-LS
(45). Fig. 5 presents the LPPs of the TOCL and MLCL
bilayers, symmetrized about the bilayer center (z ¼ 0).
Moving from the bulk solvent toward the bilayer center,
both LPPs display a moderate positive pressure peak (I)
attributed to the repulsion in the headgroups, with the
MLCL peak occurring at slightly lower z-position (closer
2122 Biophysical Journal 114, 2116–2127, May 8, 2018
to bilayer center) because of the difference in bilayer thick-
ness. A large negative peak (II) is seen in both bilayers,
indicative of the lipid-water interfacial tension, followed
by another positive peak (III) closer to the center of the
bilayer, which is typical of unsaturated lipids and has been
demonstrated to align with the location of the acyl chain
double bound (45). The negative interfacial tension peak
(II) and positive double-bond peak (III) of MLCL are both
smaller in magnitude than that of TOCL, indicating that
the monolayers experience less lateral stress in those re-
gions. In addition, the TOCL LPP has a positive peak at
the bilayer center (IV) that MLCL lacks. This difference
in lateral pressure can be rationalized in terms of the respec-
tive lipid geometries: the inverted conical shape of TOCL
would lead to larger stresses at the tip of its acyl chains,
whereas the cylindrical MLCL lacks such strain. The
increased interdigitation in MLCL is consistent with the
slightly negative pressure at the bilayer center as it promotes
association of the two monolayer acyl chains.

The first moment of the LPP is equal to the product of the
monolayer bending modulus (kc) and spontaneous curvature
(c0) according to Eq. 4. From our LPPs we calculated kcc0 to
be �1.2 � 10�21 5 3 � 10�21 J/nm for TOCL and 20.4 �
10�21 5 4 �10�21 J/nm for MLCL. The bending modulus
will always be positive and therefore the sign of co is nega-
tive for TOCL and positive for MLCL. co cannot be deter-
mined without a confident estimate of the kc, and we
caution that the obtained values of the first moment of the
LPPs were highly dependent on the electrostatic cutoff
used for analysis (see Fig. S3). However, the bending
modulus of TOCL has been measured experimentally (49)
to be �10�19 J, and if we assume this value of kc for both
TOCL and MLCL, we can estimate the value c0. With this
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assumption of kc, we obtain c0s of �1.20 � 10�3 Å�1 and
2.0 � 10�2 Å�1 for TOCL and MLCL, respectively. Our
observed c0 of TOCL is consistent within error with exper-
imental measurements of TOCL in the absence of divalent
cations (50). It is clear that removal of an acyl chain shifts
the spontaneous curvature from a moderate negative value
to a highly positive value. We note that the transition from
small negative intrinsic curvature to high positive intrinsic
curvature has also been observed when comparing sponta-
neous curvatures of phosphatidic acid and lysophosphatidic
acid (51).
Lipid diffusion

We next investigated the spatial dynamics of MLCL to
determine if the reduction in acyl chain numbers of
MLCL increases lateral mobility. To this end, we calculated
the 2D mean-squared displacement of both species at a
range of lag times (Fig. S6) and extracted the diffusion
coefficients from the slope of the curve using the equation
MSD ¼ 2dDt, where d is the dimensionality (two in our
case), D is the diffusion coefficient, and t is the time lag.
The lateral diffusion coefficient of TOCL was found to be
4.0 5 0.01 � 10�8 cm2/s, and the diffusion coefficient of
MLCL was 3.8 5 0.1 � 10�8 cm2/s.

The assumption that lateral diffusion would increase with
fewer acyl chains appears to be incorrect. The incorrectness
of this assumption may be due to several factors. First, the
increased hydrogen bonding capacity of the MLCL head-
group may bridge adjacent lipids, creating temporary net-
works with decreased motions. Second, we observe tighter
packing of MLCL headgroups seen through reduced area
per headgroup and greater interdigitation (Table 2). The
increased interdigitation and tighter headgroup packing
may lead to more drag on the lipids. It should be noted
that artifacts due to periodic box size can impact observed
diffusion rates, an effect that requires very large system
sizes to fully dissipate (52,53). However, this effect likely
impacts observed diffusion rates to the same extent for
both systems, and therefore the observed decreased mobility
of MLCL should be valid for larger system sizes as well.
Acyl chain accessibility

Area per lipid calculations indicate that the headgroups of
MLCL pack tighter than those of TOCL. We reasoned that
this tighter packing may lead to increased cohesion of the
headgroup region and decreased accessibility of solvent to
acyl chains. Such an effect may have an important effect
on membrane-protein interactions. For example, Vanni
et al. (54) showed through a combination of experimental
techniques and MD simulations that the binding of the
amphipathic packing lipid sensor (APLS) protein is
dependent on the formation of ‘‘defects’’ in the headgroups
of bilayers that expose the hydrophobic interior. To examine
this possibility, we constructed 2D surface maps of our bila-
yers and assigned the surface as either headgroup or acyl
chain, based upon the first atom that was encountered as a
probe descended from above the bilayer (Fig. 6 A). A simple
measurement of headgroup integrity is the fraction of the
surface map that shows exposed acyl chain, Fexp (Fig. 6
B). We find that TOCL consistently displayed a larger Fexp
(0.365 5 0.003) than MLCL (0.306 5 0.003).

Although a useful first indicator, total exposure of chains
does not take into account the geometry of gaps in the head-
group. A gap may only be relevant for protein binding if it is
large enough for the protein to sense. Indeed, Vanni and col-
leagues show that binding of APLS is dependent upon the
insertion of aromatic side chains, and that a gap of sufficient
size must be present for insertion (they estimate a defect
area of at least 0.2 nm2 for the insertion of phenylalanine).
To examine our surface maps for the presence of biologi-
cally relevant (larger) defects, at each acyl-exposed grid
point, we examined the surrounding grid points in a given
probe radius. If all surrounding grid points also had acyl
chain exposure, the entire probed region was assigned as a
defect (Fig. 6 A, red). The corresponding membrane frac-
tions are presented in Fig. 6 C for a range of probe radii.
As with total acyl exposure, the MLCL bilayer surface
exposed fewer defects than the TOCL bilayer for all
measured probe radii. For larger probe radii, the difference
between the two bilayers grows larger. Fig. 6 D presents the
percent decrease in defect exposure from the TOCL to
MLCL bilayers. As the probe radius increases, the differ-
ence between them grows. We estimate that a relevant probe
size for protein side-chain insertion is a radius of 2.5 Å (area
of 0.196 nm2), at which the MLCL bilayer displays 47.9%
fewer defects than TOCL. Thus, moderate differences in
headgroup coverage can result in drastic differences in the
presentation of defects on scales relevant to protein binding.

CL binds several peripheral proteins in addition to over
60 integral proteins (2). MLCL clearly provides a higher
barrier than TOCL for such proteins attempting to interact
with the hydrophobic interior of the bilayer. However, not
all peripheral proteins interact with membranes via defect
sensing. To our knowledge, the only comparative study of
protein binding examining both CL and MLCL was with
the apoptotic factor tBid, in which the affinity of the protein
was greater for MLCL than for CL (28). This suggests that
tBid-bilayer interactions may be headgroup-dependent
rather than hydrophobic, in which case the modified head-
group dynamics or orientation may play a role in differential
CL binding.
Mechanical properties

The membrane properties studied to this point have been
molecular in scale, but the molecular differences between
TOCL and MLCL may also manifest at larger length scales.
In a recent study (35), we subjected bilayers containing CL
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to applied external pressures to induce buckling in a CG
(Martini (47)) model. The buckling procedure provided
insight into the mechanical properties of these bilayers
and provided a platform for studying curvature-based
demixing tendencies of the component lipids. To assess
the effect of MLCL on these properties, we repeated our
previous procedure, replacing TOCL with MLCL in a
bilayer containing 40% POPC, 40% POPE, and 20% CL,
which serves as a simplified model for the IMM. For refer-
ence, we also present data from a bilayer lacking CL, con-
sisting of 50% POPC and 50% POPE. Fig. 7 A shows the
effect of applied pressure on box compression, quantified
A B

POPC:POPE:MLCL
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by the compressional strain g, described in Eq. 5.
The changes in g in the 4–6 bar range indicate buckling
events, in which buckled bilayers have g > 0.5. The
TOCL-containing bilayer buckled at a lower pressure than
the MLCL bilayer, indicating it is more susceptible to shape
deformations from applied pressures.

The 1-bar pressure increments in Fig. 7 A led to
complete buckling events; none of the simulations persist
in an intermediately buckled state. To determine if stable
intermediates are present along the buckling pathway, we
performed simulations in 0.1-bar pressure increments along
the previously determined buckling pathway (Fig. 7 B).
FIGURE 7 Buckling of CG bilayers. (A) The

response of bilayers to induced lateral pressure is

shown. g ¼ 0 corresponds to a flat bilayer and g �
0.6 to a maximally compressed bilayer. (B–D)

Time courses of smaller incremental (0.1-bar) pres-

sure increases are presented. Each pressure incre-

ment was run for 36 ms. The colors of the trends in

(B–D) are consistent with the colors in (A) and there-

fore indicate the bilayer composition. Data for

POPC:POPE and POPC:POPE:TOCL were previ-

ously reported in (35) and are reproduced here for

comparison to MLCL-containing bilayers. To see

this figure in color, go online.
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We previously observed that TOCL-containing bilayers
sampled intermediately buckled states, whereas we now
find the MLCL-containing bilayer behaves in a two-state
fashion, only sampling the completely flat and completely
buckled states. For both buckling procedures, the MLCL-
bilayer closely mimicked the properties of the POPC/
POPE bilayer.

Bilayer deformability is crucial to maintaining the high-
ly curved cristae membrane. A more rigid bilayer accrues
a larger energetic penalty when forced into curved
morphologies. The more brittle nature of the MLCL-
containing bilayer may partially explain the abnormal
morphologies commonly seen in tafazzin-deficient
mitochondria. Further, the mitochondrion regulates its
morphology and can rapidly effect changes in cristae
structure to modulate metabolic rates (55,56). Our data
indicate that MLCL-containing bilayers are insensitive
to small applied pressure changes. Although lateral pres-
sure is used here as a computational tool and pressure
changes of this magnitude are unlikely to be experienced
in vivo, these observations may reveal important differ-
ences between MLCL and TOCL in modulating bilayer
curvature in response to cellular stimuli. Supporting this
idea, a 31P NMR study on CL phase behavior showed
that although tetraacyl CL undergoes a lamellar (La) to in-
verted hexagonal phase (HII) transition under high-salt
conditions, MLCL is restricted to the lamellar phase under
similar conditions (29). The effect of monovalent salt
likely causes a reduction in the headgroup area through
direct binding and electrostatic screening. The shape of
MLCL should be more cylindrical than TOCL, and there-
fore a greater reduction in the headgroup area would be
required to induce an La to HII conversion. Furthermore,
the orientation of the MLCL headgroup, with the
phosphates adopting positions out of the bilayer-water
A B

C

D

interface plane, may result in less sensitivity to ionic
screening.
Curvature-based partitioning

Our analysis of bilayer buckling is a valuable tool to study
curvature-dependent lipid sorting, as buckled membranes
contain regions of both positive and negative curvature. Pre-
viously we have shown that TOCL partitions strongly to
regions of negative curvature (35). We extracted frames
from the buckling trajectories of the systems containing
40% POPC, 40% POPE, and 20% TOCL/MLCL and simu-
lated them without pressure coupling, fixing the box size
and therefore the extent of curvature. The simulations
were run for 9 ms, and the concentrations of lipids at positive
and negative curvature (C) were determined. Fig. 8 displays
a visual representation of the TOCL/MLCL partitioning in a
buckled bilayer, as well as quantification of the concentra-
tions of TOCL and MLCL in different curvature regimes.
The bilayer snapshots in Fig. 8 A, illustrate the strong
partitioning of TOCL to negative curvature regions, whereas
MLCL does not exhibit the same degree of partitioning.
Curvature-based lipid partitioning is determined in nega-
tive-curvature regions (C < �0.05 nm�1, Fig. 8 B), in flat
regions (0.05 nm�1 > C > �0.05 nm�1, Fig. 8 C), and pos-
itive-curvature regions (C > 0.05 nm�1, Fig. 8 D). MLCL
partitioning to regions of negative curvature is greatly
reduced at all buckling magnitudes (Fig. 8 B), and depletion
of MLCL is reduced at regions of positive curvature
(Fig. 8 D) when compared to TOCL. We observe that
the fraction of TOCL or MLCL in the flat regions
(Fig. 8 C) match the bulk concentration of 20% for both
systems.

Molecular geometry is the main determinant of lipid spon-
taneous curvature; therefore, reduction of curvature-based
FIGURE 8 Curvature-driven segregation of

TOCL and MLCL. (A) Snapshots from the final

frame of the fixed-box g¼ 0.30 simulation illustrate

partitioning propensities. TOCL and MLCL head-

groups are colored red, POPC headgroups are

colored green, POPE headgroups are colored blue,

and all tail beads are colored gray. The compositions

of the bilayers contain 40% POPC, 40% POPE, and

20% TOCL (top) or 20% MLCL (bottom). (B–D)

Concentrations of TOCL and MLCL in bilayers

fixed at compression levels ranging from g ¼ 0.05

to g ¼ 0.45 are given. (B) Concentrations in regions

of high negative curvature (C < �0.05 nm�1),

(C) concentrations in regions with low curvature

(C > �0.05 nm�1, C < 0.05 nm�1), and (D) con-

centrations in regions of high positive curvature

(C > 0.05 nm�1) are shown on the bottom. The

dotted line is a reference to the bulk concentration

(20%) of TOCL/MLCL in these bilayers. Error

bars represent block-averaging-based standard er-

rors. To see this figure in color, go online.
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partitioning in our CG system suggests that MLCL is more
cylindrical than TOCL, in agreement with calculations
from the atomistic simulations. Furthermore, we do not
believe these are model-dependent observations, as the
molecular geometry is well-preserved in the CG model.
The lipid-headgroup-tilt distributions are highly similar be-
tween the atomistic and CG models for both TOCL and
MLCL (Fig. S4). Membrane bending energetics depend on
both the pliability (bending modulus) and spontaneous
curvature of the lipid bilayer constituents, so both aspects
examined in these CG simulations may play a role in differ-
ential mitochondrial morphology.

The effects of MLCL on cristae curvature may also go
beyond simple bending energetics. A variety of proteins
shape the IMM, including ATP synthase, which self-orga-
nizes into rows of dimers along the cristae tips where re-
gions of high curvature are apparent (57). This
organization is disrupted in tafazzin-deficient mitochondria
(4). CL may be essential in maintaining these dimer rows,
in which case the impact of MLCL extends to disrupting
curvature-generating proteins. Alternatively, the organiza-
tion of ATP synthase may depend on preexisting curved
morphologies which are maintained by CL.
CONCLUSIONS

In summary, we performed MD simulations on multiple
scales to elucidate molecular- and bulk-scale similarities
and differences between TOCL and MLCL. Through
atomistic simulations, we characterized differences in
headgroup tilt, acyl chain dynamics, and solvent accessi-
bility to the hydrophobic bilayer core, and determined
the orientation and H-bonding partners of the lyso hydroxyl
group of MLCL. The potential implications of these
molecular-scale effects may include disruption of specific
lipid-lipid patterning and direct lipid-protein interactions.
Molecular geometry analysis was performed on the atom-
istic simulations, which suggested that the molecular shape
of MLCL is more cylindrical than the inverted-conical
shape of TOCL. However, the change in the molecular
geometry of MLCL may be slighter than what would be
predicted based solely on the loss of an acyl chain. The
headgroup tilting of MLCL results in a smaller headgroup
area and partially compensates for the tail-area reduction
from the acyl chain reduction. Nonetheless, the effect of
replacing TOCL with MLCL is profound, as we observed
in CG simulations. The CG simulations showed that
MLCL-containing bilayers are more resistant to shape
changes upon applied lateral pressure, and that in buckled
bilayers MLCL showed reduced partitioning to regions of
negative curvature. The differences in the molecular and
bilayer-scale properties of MLCL compared to TOCL
may be important factors in presentation of aberrant mito-
chondrial morphologies associated with disease states such
as Barth syndrome.
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