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ABSTRACT

Lipid self-organization and lipid-water interfaces have been an increasingly important topic
positioned at the crossroad of physical chemistry and biology. Some neutral lipids can partition
into the biomembrane and play an important biological role. In this study, we have used all-atom
molecular dynamics to dissect the partition, aggregation, flip-flop, and modulation of neutral lipids
including i) menaquinone/menaquinol, ii) ubiquinone/ubiquinol, and iii) triacylglycerol. The
partition of these molecules is driven by the balancing force between headgroup hydrophilicity
and acyl chain hydrophobicity, as well as the lipid shapes. We then discuss the emerging
questions in this area, share our own perspectives, and mention the development of the
CHARMM-GUI membrane modeling platform, which enables further computational investigations
into those questions.
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1. Introduction

Phospholipids are amphiphilic molecules that can pack to form bilayers and multilamellar layers."
Their bilayer-forming properties lay the basis of life that uses the membrane matrix to define cell
boundaries and anchor bio-machineries and signaling pathways. Considerable efforts have been
devoted to study the lipid self-organization process and lipid-water interface,? which form the
foundation for membrane dynamics for lipid raft disruption, lipid droplet formation, drug
sequestration, as well as membrane protein functions.

A special component in biomembranes are neutral lipids, which have received increasing
attention. Neutral lipids can partition into the membranes with examples including cholesterol,
diacylglyceride, triacylglyceride, monogalactosyldiacylglycerol, quinones, and squalene.® They
are also called non-bilayer-forming lipids, because they are unable to assemble into a pure bilayer
by themselves. Non-bilayer-forming lipids also include lipids like phosphatidylethanolamine and
arachidonic acid, which, due to their conical shape, have a negative membrane curvature and
therefore cannot assemble into a pure bilayer.

Neutral lipids play important roles in biology. For example, ubiquinone shuttles electrons for the
respiratory chain in the mitochondria, menaquinone is important for osmotic pressure resistance
in archaea, and triacylglyceride stores energy for animals. Because of their non-bilayer-forming
property, neutral lipids pose a unique challenge to experimental characterizations. Studies have
indicated that ‘fluid lamellar phases’ exist for squalane in the archaea-mimicking membrane.*
Triacylglycerol blisters in the bilayer have long been proposed based on "H-NMR measurement,
optical microscope, and thin-layer chromatography results.® However, the detailed molecular
partition, membrane micro-structure, and modulation exerted by these molecules require more
thorough investigations.
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Figure 1. Molecular structures and simulation system snapshots of menaquinone (MK),
ubiquinone (UQ), and triacylglycerol (TAG) molecules. The oxygen atoms are red, acyl chain of
phospholipids are white, MK tails and TAG tails are purple, and ubiquinol (UQOL) tails are green.

Over the past decade, molecular dynamics (MD) simulation has become an essential tool to study
membrane properties. This is largely due to the improvement of force field parameters, availability



of membrane building protocols and software, as well as the growing power of high-performance
computers. There are several reviews®® for membrane MD simulations. In this Perspective, we
show the structure and properties of neutral lipid-containing membranes using all-atom MD
simulations of three examples, i.e., menaquinone, ubiquinone, and triacylglycerol (Figure 1).
Then, the membrane structures containing these three molecules are dissected and analyzed.
Finally, we discuss the emerging questions in this area with the insights gained from these
simulations, share our own perspectives, and mention the development of the CHARMM-GUI
membrane modeling platform, which enables further computational investigations into those
questions.

2. Menaquinone condensate in a halobacterial membrane

Menaquinone (MK), also known as vitamin K2, is an isoprenoid compound. In humans, it
contributes to bone and cardiovascular health;'® in halobacteria, it has been hypothesized to carry
electrons and contribute to hyper-osmotic pressure resistance. MK molecules were reported to
be up to 48% of the membrane of Halo. sodomense from whole-cell measurements."! This is an
extremely high amount, given the fact that a similar analogue, ubiquinone, is available in
mitochondria and bacterial membranes at a concentration of 1-5%.'> '* MK has a naphthalene
ring, connected with a typical isoprenyl group, which can vary from 2-8 in biological systems
(Figure 1).
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Figure 2. Menaquinone (MK) distributions and its modulation of membrane properties. (A)
Distributions of structural elements in 0%, 30%, 50% MK8 systems. Note that MK molecules
locate at the membrane midplane (i.e., z=0 along the membrane normal). (B) Membrane bilayer
thickness based on central carbon atom of glycerol backbone in the two leaflets increases with
MK8 concentrations. (C) Membrane area compressibility modulus (Ka), membrane bending
constant (Kc), and water resistance of the membrane with varying concentrations of MK8. (D)
Water permeation potential of mean force (PMF) of 0% and 50% MKS8. The location of MK8 at the
midplane leads to a lowered energy barrier near the midplane. Reproduced from Feng et al.™
Copyright 2021, American Chemical Society.

We conducted an all-atom MD simulation study to investigate the properties of halobacterial
membranes containing varying concentrations (0-50 mol%) of MK8 molecules." The
halobacterial membrane bilayer was modelled with ether-linked phosphoglycerol archaeol
(PGAR) and phosphoethanolamine archaeol (PEAR). At the beginning of the simulations, MK8
molecules were placed with their head groups near the water interface and their tails folded like
PGAR and PEAR. However, after production simulations, MK8 molecules shift to locate at the
membrane midplane regardless of concentrations (10-50%) (Figure 2A). As a result, the
hydrophobic thickness increases with increasing MK8 concentration in the membrane (Figure
2B). This is also corroborated by the fact that the two leaflets are gradually pushed apart with
increasing MK8 concentration, and the two leaflets are well separated in the 50% MK8 system
with no density of PGAR/PEAR acyl chains in the membrane midplane (Figure 2A).

It is of interest to investigate the mechanism of MK8 contributing to hyper-osmotic pressure
resistance and establish a rationale for the necessity of 50% MKS. It is known that bacteria keep
their outer membrane highly impermeable to detergent and drug molecules. A disruption of the
outer membrane lipid packing, for example by antimicrobial peptides or by the appearance of
phospholipids instead of lipopolysaccharides in the outer leaflet of the outer membrane, leads to
lowered bacterial viability. In order to examine whether halobacteria also employ a tightly packed
membrane to block transient water permeation and resist hyper-osmotic pressure, we
characterized the membrane rigidity using three approaches. The membrane defect ratio
calculates the percentage of hydrophobic core of the membrane exposed to water. The deuterium
order parameters (Scd) of the membrane characterize the acyl chain ordering. And the area
compressibility modules (Ka) measures the membrane compressibility. None of them yields a
significant difference between 0% MK8 and 50% MK8 systems (Figure 2C); see also Feng et al'
for the defect and Scd results.

This finding directed us to the next hypothesis that the condensate might help form a water
permeation energy barrier. The potential of mean force (PMF) of water permeation was calculated
by F(z) = —kgTIn(p(z)), where p(z) is the water probability at a position z along the membrane
normal. The PMF of 0% MKS8 has a barrier of nearly 7 kcal/mol at the bilayer midplane, similar to
bilayers composed of more common phospholipids (Figure 2D). In 50% MKS8, the free energy
plateau in the midplane drops to approximately 5 kcal/mol, as MK8 segregates to the midplane
and the barrier associated with the phospholipids tails shifts to approximately z=+9 A (Figure 2D).
Therefore, MK is not likely to promote osmotic resistance by increasing permeation barrier.
Interestingly, the presence of MK would likely increase the bilayer bending constant Kc, according
to the polymer brush model, K, = K,h?./24, where hcc is the hydrophobic thickness. The Kc is 4
times larger in 50% MK8 system than in 0% MK8 (Figure 2C).

The concentration of MK8 is surprisingly high in the halobacterial membrane. We elucidated the
localization of such a high concentration of MK8 in the membrane and the potential acting
mechanism through increasing bending constant Kc.



3. Ubiquinone partition in a mitochondria inner membrane

Ubiquinone (UQ), a commonly known antioxidant, serves a critical role in the electron transfer
chain in mitochondrial membranes. It is a fat soluble lipid consisting of a benzoquinone head and
isoprenoid tail of variable lengths in different organisms (Figure 1).'® UQ carries electrons in the
electron transfer chain and therefore can switch to its reduced form, ubiquinol (UQOL). Besides
its important role in electron transfer chain and ATP synthesis, UQ has been reported to influence

membrane properties.'® Therefore, UQ may possess some biological functions that are still yet to
be explored.
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Figure 3. Ubiquinone (UQ) and ubiquinol (UQOL) density profiles, flipflop, and membrane
pressure profiles. Headgroup distributions of 5% (A) UQ and (B) UQOL with varying isoprenoid
units (2, 8, 10), and of phosphatidylethanolamine (PE) headgroups along the membrane normal.
(C) Time evolution of the number count of UQ headgroups in each leaflet of the UQ10 system.
(D) Torque density of each leaflet every 500 ns. The error bar represents the standard error
calculated with a block size of 5 (i.e., 100 ns). (E) Lateral pressure profile every 500 ns for the



UQ10 system shows the gradual balancing of the pressure profile in the upper and lower leaflets.
Grey area shows the standard error with a block size of 5 (i.e., 100 ns).

Previous MD simulation studies used pure or mixed lipid bilayers to explore the localization of
UQ."" In this study, we built six asymmetric systems in a more complex mitochondrial inner
membrane including phosphatidylcholine (PC), phosphatidylethanolamine (PE), and cardiolipin
(CL) (see Table S1 for lipid composition) by adding 5 mol% (28 molecules) UQ or UQOL with tails
of 2, 8, 10 isoprenoid units, respectively, using CHARMM-GUI Membrane Builder.**** The
simulation temperature was set to 310.15 K and 0.15 M NaCl ions were included in each system.
Each MD simulation was performed for 1.5 ps (see Supporting Information for simulation details).

The head group distributions along the membrane normal show that UQ has a strong tendency
to stay at the membrane-water interface around 15 A away from the midplane (Figure 3A). The
majority of UQOL stays with phospholipid acyl chains at around z=+11 A, but some localize in the
membrane midplane (Figure 3B). The locations of UQ and UQOL are consistent with
experimental data showing that UQOL head group is more immersed in the membrane and the
relative headgroup depth in a membrane has no significant dependence on the number of
isoprenoid units.?®> From a biochemical perspective, it is hypothesized that the location of UQ
potentially facilitates reaction in Complex | and Complex Il as UQ locates close to the binding
sites.” The location of UQOL in the midplane may promote electron transfer as it is distributed
more uniformly across the membrane.

Interestingly, there is an asymmetric distribution of UQ/UQOL after simulation, with more UQ or
UQOL in the upper leaflet (ratio of 1:1.35) (Figures 3A and 3B). UQs flipflop from the lower leaflet
to the upper leaflet reaching an equilibrium during the first 500 ns, and then the UQ distribution in
each leaflet keeps fluctuating for the rest of the simulation (Figure 3C). This correlates with a
decrease in torque density in the first 500 ns, which does not change significantly after that
(Figure 3D). Due to the limitation of our simulation time, the standard errors are unsurprisingly
high, but we observe an equilibrium in torque density after 500 ns, which matches UQ flipflop
equilibrium in the time series. The lateral pressure profile shows the pressure minimum matches
the region of polar-nonpolar interface around z=+18 A, whereas the positive repulsive pressure
locates around z=-10 A and 11 A for each leaflet, respectively (Figure 3E). The slight difference
of the peak location in the two leaflets may be due to the higher concentration of inverted conical
lipids such as PE and CL in the inner leaflet. Previous experiment has shown that inverted conical
lipids push the lateral pressure closer to the bilayer midplane.?® The high distribution of PE and
CL in the inner leaflet also increases the lateral pressure to the bilayer midplane. Therefore, a
pressure gradient exists towards the upper leaflet, which results in UQ/UQOL flipflop and
eventually leads to the asymmetric distribution of UQ/UQOL. We also observed a lowered peak
in lateral pressure profiles around z=-10 A and a higher peak around z=11 A after 1 ys (Figure
3E). Similar function was also found in cholesterol (CHOL), which flipflops to relax surface tension
and results in a decrease in the torque density.?” Therefore, the small amount of UQ flipflop may
also adjust the lateral pressure.

4. Triacylglyceride lens in ER and pure POPC membranes

Triacylglyceride, or triacylglycerol (TAG), is a neutral lipid consisting of a glycerol headgroup and
three fatty acid chains (Figure 1). They serve as the main component of animal fat and are a
primary energy store for humans. An excess of TAG in the human body, a condition known as
hypertriglyceridemia, can be an indicator for weight-related diseases.?® When concentrated in lipid
bilayers, TAG molecules display unique properties by forming aggregates in the hydrophobic
region. This leads to TAG’s significant roles in the genesis and constituency of lipid droplets in



the endoplasmic reticulum (ER).? Additionally, the formation of these blister-like clusters in
membrane bilayers are particularly prominent in malignant cells such as cancer cells.*
Understanding the structure and dynamics of TAG aggregates could provide new insights into the
treatment of diseases related to hypertriglyceridemia.
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Figure 4. Triacylglyceride (TAG) visualization, density profiles, and clustering analysis of TAG
condensates. (A-C) Visualizations of water oxygens (blue), cholesterol (CHOL, red), and TAG
headgroups (yellow) in an endoplasmic reticulum (ER) membrane with 40% TAG at 0.3 us, 1.25
us, and 1.59 us. (D-F) Density profiles from 1-1.3 us of the phospholipid headgroups (phosphorus
atoms) and TAG headgroups (oxygen atoms) in the ER membrane and pure POPC membrane
with 30% (D), 40% (E), and 60% (F) TAG, respectively. (G-H) Timeseries of the number of clusters
(G) and size of the largest cluster (H) in the ER membrane with 30%, 40%, and 60% TAG. (I)
Time evolution of CHOL positions along the membrane normal in the 60% TAG-ER system.
CHOLs that enter the hydrophobic space with TAG are highlighted in color, while the remaining
ones are in gray.

We performed MD simulations to visualize and analyze the aggregation of TAG under different
membrane conditions. TAG systems of various concentrations (1-60%) were built with pure POPC
or ER lipid composition (Table $2)*' using CHARMM-GUI Membrane Builder.?>%* The simulation
temperature was set to 310.15 K and 0.15 M NaCl solution was used. MD simulations were
performed for 1.4-3.8 ps for different systems (see Supporting Information for simulation details).



Substantial TAG aggregation starts to appear at 40% or higher TAG concentrations in POPC
membranes and at 30% or higher TAG concentrations in ER membranes within 2-us simulations.
Three phases are generally observed in each of the aggregated systems: (1) descent of small
TAG clusters into the hydrophobic region, (2) lens condensation through further aggregation of
those small clusters, and (3) the formation of a system-spanning sheet, distinctly separated from
the inner and outer leaflets (Figure 4A-C). As the TAG concentration was increased, the amount
of time required to reach each phase decreased. Additionally, this process occurs faster in ER
membranes than in POPC membranes, likely due to POPC membrane being slightly more rigid
than ER (i.e., area compressibility modulus (ka) is 325+55 dyn/cm for POPC and 264134 dyn/cm
for ER).*" This is also similar to the finding from tunable coarse-grain simulations that, when
membrane rigidity increases, TAG clusters are more planar with high anisotropy.*2

As the TAG percentage increases, pronounced differences in its density profile within a specific
timeframe emerge. For 30% TAG, during 1-1.3 s, the TAG headgroups are symmetrically
distributed with most of them locating right below the phospholipid headgroups (Figure 4D). In
40% TAG, most of the TAGs have entered the hydrophobic space and formed an asymmetric
lens, distorting the leaflets and pushing the phospholipid headgroups away from the hydrophobic
region in a minor asymmetric manner (Figure 4E). It is evident that the ER system has progressed
further in its aggregation than the POPC system with a more pronounced magnitude and normality
of TAG distribution. In 60% TAG, the sheet has formed, and symmetry has been restored with
the phospholipid heads uniformly pushed approximately 20 A away from their starting positions
(Figure 4F). Furthermore, the main aggregate has begun to hollow out in the center along the
membrane normal and uniformly widen. Figures 4A-C can be viewed as the molecular
visualization reflecting the density distributions in Figures 4D-F.

To quantify this aggregate process, based on a radial distance function of TAGs (Figure S1), a
TAG interaction cutoff distance of 10 A was used. Furthermore, the minimum number of
interacting TAG molecules to be considered a cluster was set to 3. In Figure 4G, the number of
clusters in each system decreases as the small clusters begin to aggregate into a larger cluster.
This correlates with the initial increase of largest cluster sizes (Figure 4H), which corresponds to
the Ostwald ripening phenomenon. In the simulation of 60% TAG in the ER membrane, we also
observed that 4 CHOL molecules out of the 20 CHOL pool migrated into the TAG condensate
(Figure 4C and 4l), indicating that, as TAG extract themselves from the bilayer to form the lens,
CHOLs can also be wrapped inside.

5. Perspective discussion

The tugging force between hydrophilicity and hydrophobicity plays a pivotal role in molecular
partition in a membrane. For non-bilayer-forming lipids, it is known that charge distributions in
headgroups and cross-section area match between the headgroup and acyl chain are important.
DAG and TAG both have small, noncharged headgroups and large acyl chain regions, which
makes them unable to form a stable bilayer by themselves. For isoprenoids, UQ with a benzene
ring has the headgroup located near the lipid-water interface, MK with a naphthalene ring has the
headgroup located at the midplane, squalene without a polar head locates at the midplane, while
a gemcitabine-squalene conjugate has the large hydrophilic gemcitabine head exposed to water
and squalene tail residing in the membrane.®® This indicates the importance of hydrophilicity of
headgroups. Another line of research is on alkanes, which mainly locate at the membrane
hydrophobic region.** From TAG, DAG, to isoprenoids, to alkanes, they constitute a spectrum of
neutral hydrophobic compounds that cannot form a bilayer by themselves and the majority of
them aggregate at the membrane midplane.

From a force field point of view, Teixeira and Arantes simulated 3 mol% MK9 in a mixed
membrane of DLPC and DLPE, and found that MK9 headgroup locates at the lipid-water



interface.' Their MK9 parameterization has more polar carbonyl groups and a smaller van der
Waals radius for hydrogen atoms than the CHARMMS36 FF. Campomanes et al found that the
CHARMMB36 parameters for TAG and DAG molecules were too hydrophilic at the glycerol-ester
region and re-parameterized the charges.®® This agrees with our finding that, with the current
CHARMMBS36, TAG starts to aggregate at a much higher concentration than the ones reported in
experiments. Therefore, we note that the non-bonded parameters can impact the simulations
results and a careful treatment of the force field parameters will further pave the road of the
development in this field.

Besides the localization of the neutral lipids, the next key question is their modulation of
membrane properties. This question has practical interest since these molecules can be
employed to establish more stable liposomes for drug delivery. UQ has been shown to contribute
to membrane rigidity of POPC bilayers and reduce membrane leakage.'® Squalane is found to
contribute to the permeation of large noncharged organic dyes, but block the permeation of
protons.* MK, after forming a thick condensate in the membrane, does not alter the membrane
rigidity or chain order significantly because it forms a separate phase. One caveat is that the
modulation effects have been found to be dependent on lipid types. For example, UQ has a
fluidizing effect on POPE membrane,* in contrast to its rigidifying effect on POPC, due to the
negative curvature of PE lipids. For even more complicated biological membranes such as
plasma, ER, and mitochondrial membranes, it would be important to use MD simulations to
dissect how the neutral lipids influence the membranes. The CHARMM-GUI website has
extensively modelled important biological membrane systems and provide 18 models of these
systems (https://www.charmm-gui.org/docs/archive/biomembrane). Currently UQ, MK, TAG,
DAG lipids are all available in CHARMM-GUI Membrane Builder.?>?* We plan to provide the
modified DAG/TAG parameters based on Campomanes et al.*®

4 out of 20 CHOL molecules migrate into the TAG lens and stay in the aggregate during the 1.54-
us simulation of 60% TAG-ER system. Though CHOL in the lipid droplet is usually stored in an
ester form, a minor amount of free CHOL is also present in the droplet surface.*® CHOL is also
shown to influence TAG absorption into the membranes.*® It would be of interest to study the
phase behavior and molecular behavior of TAG-CHOL-phospholipid ternary mixtures.*® In such a
case, the CHOL concentration in the simulation should be much higher to examine the partition
of CHOL into TAG aggregate. Esterified CHOL, cholesteryl esters (CE), has been studied in
simulation and found to mainly locate in the lipid droplet core.*® The concept of studying mixtures
of neutral lipids in bilayers can also be extended to other molecules such as squalene-MK-
archaeal membrane and UQ-CHOL-phospholipids.

The molecular condensates formed by these molecules lead to an increased membrane
thickness, but it remains unclear how protein will be impacted by the changes. From our study of
50% MKS8 with archaerhodopsin-3, a GPCR protein, the protein stays folded under heightened
hydrophobic mismatch tension.™ The hydrophobic core of «-helix transmembrane proteins is
fairly strong regarding unfolding. However, it is not clear how the hydrophobic mismatch might
dysfunction membrane proteins such as photocycle of archaerhodopsin, ion conductance and
gating of ion channels, and transporting configuration of transporters. For example, squalene
accumulation in yeast membranes has been found to be detrimental to cells,*® though the
molecular mechanism underlying such toxicity is unknown. On the other hand, proteins such as
seipin assist TAG aggregate formation,*' which was recently reviewed by Kim et al.*? Therefore,
studying these molecular condensates with key proteins that are associated in biological activities
is an ongoing important topic.

An interesting observation from our UQ study in a mitochondrial inner membrane is that UQ
flipflops to help release the membrane tension between the upper and lower leaflets. The fact that
UQ headgroup is localized in the membrane-water region but the whole lipid is also hydrophobic
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enough to flip-flop in the membrane is an interesting property and renders it a membrane tension
adjuster. Given the high curvature of cristae in the mitochondria inner membrane, UQ might play
a role in adjusting the local membrane pressure. This clearly indicates that a membrane is a
dynamic system that uses neutral lipids to constantly release stress in the bilayer.

Research on these neutral lipids can also extend to drug molecules, indicating how they might
interact with and modulate the membranes. One important category of drugs are anesthetics.
Increasing literature has pointed to their membrane-mediated acting mechanism in addition to
direct binding to ion channels.*® They could disrupt lipid rafts, lower phase transition temperatures,
and modulate lateral pressure profiles of lipid bilayers. Another category is probe dyes such as
Laurdan. How they behave in a complex membrane containing these neutral lipids is still
unknown. The CHOL-TAG aggregate indicates that the neutral lipid aggregate may also absorb
probe dyes, interfering with the measurement.

Much of these exciting topics await more studies by various experiments and computational
simulations. Adding to the computational modeling arsenal, CHARMM-GUI Membrane Builder
currently provides more than 600 lipid types in bacterial, mammalian, yeast, archaea, plant etc.,
and smoothly connect with all the mainstream simulation software packages.?*?* % With
continuous development and more simulation studies into different neutral lipids in various
membranes with/without proteins, our understanding of molecular condensates in the membrane
will be much more illuminated.

Supporting Information
Supplementary Tables S1-S4, supplementary Figure S1, and simulation analysis methods.
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