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Abstract
The human ocular lens consists primarily of elongated, static fibers characterized by high stability

and low turnover, which differ dramatically in their composition and properties from other
biological membranes. Cholesterol (Chol) and sphingolipids (SL) are present at high
concentrations, including saturated SLs, such as dihyrosphingomyelin (DHSM). Past molecular
dynamics simulations demonstrated that the presence of DHSM and high Chol concentration
contributes to higher order in lipid membranes. This current study simulated more complex models
of human lens membranes. Models were developed representing physiological compositions in
cataractous lenses aged 74+6 years and in healthy lenses aged 22+4, 41+6, and 6943 years. With
older age, Chol and ceramide concentrations increase and glycerophospholipid concentration
decreases. With cataract, ceramide concentration increases and Chol and glycerophospholipid
concentrations decrease. Surface area per lipid, deuterium order parameters (Scp), sterol tilt angle,
electron density profiles, bilayer thickness, chain interdigitation, two-dimensional radial
distribution functions (2D-RDF), lipid clustering, and hydrogen bonding were calculated for all
simulations. All systems exhibited low surface area per lipid and high bilayer thickness, indicative
of strong vertical packing. Scp parameters suggest similarly, with saturated tails in the hydrophobic
core of the membrane having elevated order. Vertical packing and acyl tail order increased with
both age and cataract condition. Lateral diffusion decreased with age and cataracts, with the older
and cataractous models demonstrating increased long-range structure by the 2D-RDF analysis. In
future work examining the membrane proteins of the lens, these models can serve as a

physiologically accurate representation of the lens lipidome.



1. Introduction

The human ocular lens is comprised of thin, relatively static fibers, and as such, its
properties are controlled by the properties of the lipid membranes of these fibers.[1] The lipid
composition of these fibers differs dramatically from other lipid membranes in humans, in part due
to the need for stability over human lifespan of the lens.[2] These membranes also have higher
than typical protein concentrations, which affect their properties.[3] The membranes of the ocular
lens have a high concentration of cholesterol (Chol) and sphingolipids (SLs).[4] Specifically, there
is an abundance of dihydrosphingomyelins (DHSMs), which are sphingomyelins (SMs) with a
saturated sphingosine backbone.[5] DHSMs are known to be extremely stable lipids and among
mammalian lenses, are only found widely in human lenses.[6] These lipids have been found to
increase order within membranes and exhibit slow degradation. The effect of Chol on the lipid
membrane in its liquid-disordered or -ordered phase is also an increase of order and the reported
separation of the lipid membrane into cholesterol-rich domains (rafts).[7, 8] There is some
evidence to suggest the presence of Chol domains within the ocular lens.[9]

Glycerolphospholipids (GLs) are also present in the human ocular lens, with head groups
primarily consisting of phosphatidylethanolamine (PE), phosphatidylserine (PS), and
phosphatidylcholine (PC).[10] These lipids also differ from typical membrane lipids, however, in
that they are primarily not simple two-tailed acyl lipids. There are two principal forms GLs take
in the human ocular lens, two-tailed plasmanyls and one-tailed ether lysolipids.[11] Plasmanyls
have an ether sn-1 tail and a fatty acid sn-2 tail. Ether lysolipids, hence forth referred to as
lysolipids, have an ether sn-1 tail and an alcohol moiety in the sn-2 position. It is believed that
lysolipids may be the result of selective hydrolysis of the acyl chains of the plasmanyl lipids.[12]

Simplified molecular dynamics (MD) simulations of the human ocular lens have been
performed using Chol, SMs, DHSMs, and GLs, including PCs and PEs.[13] These have shown the
higher order provided by DHSMs as opposed to SMs and the effect on stability by increasing Chol
in the lipid membrane. However, these simplified models fail to account for the variance of the
lens lipidome with respect to changing age and formation of cataracts.

Profound changes occur within the lipid lens as humans age. The fetal ocular lens is
primarily composed of GLs, and with age these GLs diminish while SLs increase.[14] In older
individuals, lysolipids are the only GLs present in appreciable concentrations.[14] SMs and

DHSMs remain relatively constant with age, with ceramides (CERs) and dihydroceramides
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(DHCERSs) increasing. Prior to age 20, these lipids are negligibly present within the human ocular
lens but become the most widely prevalent non-Chol lipids by age 60.[14] CERs are
dephosphorylated SMs, and as such have small head groups, contributing to spontaneous negative
curvature of membranes and may reduce headgroup packing of a membrane.[15] The mechanism
of their formation within the human ocular lens is not entirely known, although it is possible that
they may be present due to oxidation of the SMs and DHSMs within the lens, as they show similar
distributions of tail lengths as SMs and DHSMs.[14] Chol increases with age in healthy lens tissue
until eventually Chol crystals form within the ocular lens due to saturation of the lipid
membranes.[16]

Cataracts are a significant disease of the ocular lens where regions of the lens become
opaque, leading to cloudy vision or blindness. Only small structural changes within the lens such
as a very low concentration of multilamellar bodies (MLBs) are needed to cause serious
cataracts.[17] In nuclear cataracts, there may be no physical barrier to light, and instead,
biochemical changes within the lens may lead to opacity due to scattering.[ 18] These may include
irregular lipid structure, such as undulating membranes, which are likely caused by aggregation of
crystalline proteins.[19] The proteins distribute asymmetrically across the membrane leading to
propensity to nonzero curvature.[20] Cataracts are associated with significant changes in ocular
lens composition, with an increase of CER concentration,[21] as well as a sharp decrease in GL
concentration.[22] In addition, Chol concentration within the membrane decreases, although it is
also suggested that Chol crystals are present in cases of cataracts, indicating that Chol solubility
in cataractous lens membranes may decrease.[23]

By using this information to develop models that more accurately depict the evolving
lipidome of the human ocular lens, MD simulations can be used to understand the effect of lipid
composition changes on membrane structure. In this work, four models of ocular lens composition
in humans at different ages, with and without cataracts, were developed from literature. These
models were then constructed for all-atom simulations using NAMD. This work seeks to extend
previous simulations of lens membranes and identify changes observed with age and cataract in
the properties of lens membranes, including membrane thickness, order parameters,

interdigitation, and radial distribution functions.



2. Methods
2.1. Model compositions

Models were developed for healthy and cataractous lenses based on the phospholipid
headgroup distributions found by Huang and Estrada.[11, 22] From this data, healthy lenses were
modeled at three ages: 2244, 4146, and 69+3 years. Cataractous lenses were modeled for ages
74+6. Tail lengths and saturations were determined from the results of Deeley, simplifying to only
consider lipids with over 5% concentration in the lens.[24] From the results of Mainali, Chol/PL
ratios were used to determine the Chol concentration,[16, 23, 25] and the results of Hughes were
used to find the concentrations of CER and DHCER for healthy lenses.[14] For cataractous lenses,
the results of Tao and Cotlier were used to find CER and DHCER concentrations.[21] Together,
these results give the models shown in Table 1. The structures of the 10 lipids selected for the
models are shown in Figure 1. These models balance head group concentration, tail length, and
relative abundance for lipids with composition at least 5%. Membrane hydration was selected to
give at least 30 water per cholesterol and 40 per all other lipids. All systems had leaflets with
symmetric compositions.

Table 1. Membrane model lipid amounts per leaflet with the lipid fraction shown in parenthesis.

System Young Adult Middle-Aged Older-Aged Cataractous
(Y) ™M) () ©)
Lipid Healthy Healthy Healthy Cataractous
Age=22+4 4146 69+3 74+6
Chol 45(0.474) 64 (0.552) 65 (0.565) 32 (0.390)
DOPEP 9 (0.095) 6 (0.052) 6 (0.052) -
OPEL 11 (0.116) 8 (0.069) 7 (0.061) 5(0.061)
SOPS 5(0.053) - - -
PSM 5(0.053) 6 (0.052) 5(0.043) 5(0.061)
DHPSM 12 (0.126) 15 (0.129) 10 (0.087) 9(0.11)
DHNSM 8 (0.084) 12 (0.103) 6 (0.052) 6 (0.073)
CER160 - - 5(0.043) 7 (0.085)
DHC160 - 5(0.043) 6 (0.052) 11 (0.134)
DHC241 - - 5(0.043) 7 (0.085)
Water (total) 6650 7752 7820 5904
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Figure 1. The 10 lipids present in the 4 models simulated within this work.
2.2. System setup and simulations

Systems were simulated at a temperature of 37°C and a pressure of 1 atm for a time of 750
ns. Neutralizing K* ions were used in the young system to maintain charge neutrality with the
negatively charged PS head groups. A hydration number between 34 and 36 was used relative to
all lipids for each system to ensure adequate hydration. Simulations verified the total water region

to be greater in thickness than the bilayer, suggesting that this was sufficient. The CHARMM-GUI



Membrane Builder was used to generate three replicas per model and equilibration was performed
using a six-step process in NAMD.[26-29] Each replica was randomly generated with a distinct
initial configuration. Figure 2 shows visualizations of one replica of each of the four models, at
the end of the simulated trajectory. Force field parameters for dihydrosphingolipids (DHSMs and
DHCERSs) were produced from the existing parameters in the CHARMM?36 force field for their
standard SL counterparts (SMs and CERs).[30, 31] The parameters and topology for the plasmanyl
lipid, DOPEP, was made by combining the existing force fields for the standard acyl lipid, DOPE,
and ether lipid, DOPEE.[32] The topology and parameters for the lysolipid, OPEL, was made by
replacing the sn-2 tail of the force field for DOPEE with the alcohol group from the glycerol model.
Snapshots were produced using Visual Molecular Dynamics (VMD).[33]




Figure 2. Snapshots from the first replicates of each of the four models. Red indicates Chol, blue
SM, green GL, orange CER. (a) Young adult model, (b) middle-aged model, (c) old-aged model,

(d) cataractous model. Waters are omitted for clarity.

2.3. Analysis

Analysis was performed on the final 250 ns of each model with results averaged across
replicates. Analyses performed include surface area per lipid (SA/lip), compressibility, component
area per lipid, deuterium order parameters (Scp), sterol tilt angle, electron density profiles (EDPs),
bilayer thickness, interdigitation, two-dimensional radial distribution functions (2D RDFs), mean-
square displacement (MSD), lipid clustering, and hydrogen bonding (H bonding). These were run
using CHARMM, Python, VMD, and C. All errors were computed by standard error from the
mean of the three replicates for each system.

SA/lip was calculated by calculating box area and dividing by number of lipids per leaflet.
The area compressibility modulus (K,) was calculated by taking the time-averaged variance in

SA/lip using the expression

(1)

N0'<2A)
where kg is Boltzmann’s constant, T is temperature, (A) is the average surface area of the
membrane, N is the number of lipids per leaflet, and 0<2A> is the variance in total surface area.

Component surface area per lipid was calculated by constructing 2D Voronoi cells in the
plane of the membrane for the C2, C21, C31 atoms for GLs, the C2S, C1F, and C4S atoms for
SLs, and the O3 atom for Chol.[34] Summing the polygon areas for each lipid and averaging gave
the surface area per each component in the system. Scp was calculated by the formula

Scp = | cos20 —-) )
where 6 is the angle between the C-H bond and the bilayer normal. For carbons with multiple
hydrogens, the average of all C-H bond directions was calculated. Sterol tilt angle was calculated
by determining the angle between the vector defined by C3 and C17 of cholesterol and the bilayer
normal. For the lysolipid OPEL, which lacks the C21 atom, only the C2 and C31 atoms were used.

EDPs were calculated by first reorienting the box so that the center of the bilayer was set
to Z=0. Using slabs of 0.2 A in width, electron density was calculated for each height Z above and

below the center. Densities were then grouped according to lipid and by functionalities. Three



thicknesses were calculated using the EDPs. Overall bilayer distance (D) was calculated as the
distance between the two points where the water density was half its maximum. Headgroup-to-
headgroup distance (Duy) was calculated as the distance between the two peaks in total density,
corresponding to the electron-dense phosphate headgroup region. Hydrophobic distance (2Dc) was
calculated as the distance between the two points where the density of the hydrocarbon tails was
at half its maximum. Interdigitation for each lipid was also calculated from density profiles,

according to the following length parameter defined by Das et al.[35]

_ rtL pt(2)pp(2)
fov =1, 4 (pe(2)+pp(2))° dz )

where /o, 1s the interdigitation parameter, p; is the density of the lipid in the top leaflet, ps is the
density of the lipid in the bottom leaflet, and L is the length of the overlap region (50 A was used
here).

2D-RDFs for self-interactions were calculated using the phosphate group of phospholipids,
the alcohol headgroup of ceramides and the alcohol headgroup of cholesterol. The radial step used
was 0.1 A. For pairwise RDFs between phospholipids and ceramides, the same headgroups were
used. For pairwise interactions involving cholesterol, the alcohol headgroup of cholesterol and the
second methyl group of the lipid tail of the non-cholesterol lipid were used. This was chosen
because it was the methyl group closest to the average horizontal plane occupied by the
cholesterol’s alcohol moiety. Mean-square displacement was calculated using average head group
position, with a reset frequency of 5 ns to smooth the data. Due to lateral movement of each leaflet,
position was measured relative to the center of mass of each leaflet. Displacement was then
calculated as the change in this relative position of an individual lipid.

Lipid clustering was calculated using the DBSCAN algorithm[36] with headgroup-specific
cutoff distances of 6.24 A for PLs, 4.6 A for CER, and 5.75 A for Chol, as determined from the
first peak of the radial distribution functions. For dissimilar lipids, an averaging of the headgroup
size was utilized. Clusters were defined as three or more lipids meeting these cutoff distances
within a given frame. Both intra- and intermolecular hydrogen (H) bonds were considered. H
bonds were any pair with a donor-acceptor distance of less than 2.4 A with a donor-acceptor angle

greater than 150°.



3. Results

3.1. Surface Area per Lipid (SA/lip) and Compressibility

SA/lip was used as a metric for equilibration. Beginning with SA/lip between 42 and 44
A2, all systems equilibrated to SA/lip between 39 and 40 A? within approximately 250 ns (Figure
S1). SA/lip was relatively stable after this point, with the cataractous replicates showing the
slowest equilibration. Two of these replicates continued to show diminishing SA/lip beyond 300
ns in the 750 ns simulations (Figure S1j-k). However, there was no indication of a trend within the
final 250 ns (used for analysis) within these replicates. In the young adult system, an apparent
decreasing trend was seen in the final 250 ns, so an additional 250 ns of simulation was performed
which ended the apparent trend (Figure S1a). The final 250 ns of the 1000 ns simulation was used
for analysis of this replicate.

The middle-aged and older-aged models showed a decrease in SA/lip from the young adult
model, as expected due to increased Chol concentration (Table 2). The middle-aged and older-
aged models were expected to show similar areas due to similar Chol compositions, which matches
observed results. With cataract, SA/lip was slightly higher than in the middle-aged and older-aged
systems. However, this model was characterized by a significant decrease in Chol concentration
from the healthy systems and would be expected to significantly increase in SA/lip. Thus, the
minimal change in SA/lip, coupled with the slower equilibration of the cataractous replicates,
suggest that the cataractous membranes have a greater degree of order and rigidity. The additional
concentration of CER lipids is likely the cause of the decrease in SA/lip due to the ability of CER
lipids to pack well. Across replicates, there was very strong consistency.

The area compressibility modulus showed very rigid membrane systems. Pure PL systems
typically have moduli less than 1 N/m.[37] Systems with Chol often have higher area
compressibility moduli due to better packing in the hydrophobic core.[38] A similar result is seen
in systems with high CER concentrations. This is consistent with the results observed here, as all
four models show high compressibility moduli. The young adult system has a modulus
significantly lower than the other three, but this is still in a more ordered rigid state than the liquid-
disorodered state that typically see compressibility moduli around 0.3 N/m [37] (Table 2). The

middle-aged, older-aged, and cataractous systems all showed similar area compressibility moduli



and these measurements had a wide degree of variation between replicates. The values are
consistent with similar systems containing GLs, SMs, Chol, and CER.[39]
Table 2. Overall SA/lip and area compressibility modulus for all systems. Y=young, M=middle

aged, O=old and C=cataractous,

Y M ) C
SA/lip (A?) 39.72+0.05 38.95+0.06 39.14+0.02 39.340.1
K, (N/m) 1.3+0.1 2.5+0.4 2.3+0.2 2.5+0.2

3.2. Component Surface Area per Lipid

Surface area per lipid was seen to be consistent for each lipid between the healthy models.
For each lipid, the cataractous models showed a decrease in component surface area, consistent
with the results for overall SA/lip (Table 3). DOPEP showed the highest surface area per lipid,
followed by SOPS. All SMs and CERs showed similar areas per lipid regardless of head type and
tail length. The one-tailed ether lipid maintained a significantly lower surface area of 39 A2. Chol
maintained a surface area between 25-30 A2, on the lower end of the expected Chol surface area
per lipid.[13] This indicates a greater degree of vertical structure in the lipid membranes as
compared to typical Chol-containing membranes.

Notably, the youngest models had a lower Chol surface area per lipid than the other healthy
models. A possible explanation is the decreased Chol concentration in the youngest models,
allowing for stronger interactions of Chol with other molecules, diminishing the area occupied by
Chol. Applying this reasoning to the cataractous system can also explain the further diminished
surface area of Chol in those models, where Chol concentration is lowest. This is consistent with
the observation of Chol reaching saturation in cataractous lenses, as it is possible that further Chol
concentration within the cataractous models would not stabilize the system but rather result in
separate domains.

Table 3. SA/lip for each component in all systems in A2,

Y M o) C
Chol 28.0+£0.2 29.8+0.1 30.0+0.1 26.4+0.5
DOPEP 58.4+0.1 58.7£0.5 58.8+0.6 -
OPEL 39.2+0.3 39.4+0.2 38.7+£0.2 36.5+£0.5
SOPS 55.2+0.2 - - -
PSM 50.5+0.4 51.9+0.5 51.5+0.4 47.9+0.5
DHPSM 51.4+£0.4 52.0+0.1 52.5+0.4 49.4+0.6
DHNSM 52.5+0.6 52.0+0.5 51.3+0.8 49.1+0.5
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CER160 - - 51.5+0.8 47.5£1.2
DHC160 - 51.1+0.5 52.6+0.8 48.8+0.4
DHC241 - - 52.5+0.4 49.1+0.2

3.3. Deuterium Order Parameters (Scp)

The deuterium order parameters of saturated lipid tails show a very high degree of order.
In the hydrophobic core of the membrane, order parameters exceed 0.4, with the highest values
achieved by the cataractous models (Figure 3). Across most lipids, order parameters increase with
increasing age. As expected, the DHSMs and DHCERs show high order in the saturated C4 and
CS5 positions of the sphingosine backbone (Figure 3c-d), whereas SMs and CERs are characterized
by a steep drop in this location where the unsaturation is present (Figure 3b). In carbons close to
the headgroup on the sphingosine tail, higher order is observed in the unsaturated lipids, while the
saturated lipids show a sharp decrease in order parameter near the headgroup. This may correspond
to the double bond separating behavior of the carbons above and below the double bond, stabilizing
headgroup interactions, while the free movement of the DHSMs and DHCERs allows for greater
flexibility and a lack of stability among the carbons adjacent to the headgroup. In addition, the
carbons adjacent to the headgroup are most stable in the models with lowest age, suggesting that
the increased GL composition allows for greater headgroup stabilization by intermolecular
interactions (likely hydrogen bonds).

All lipid tails are 18 carbons or shorter with the exception of the fatty acid tails of DHNSM
and DHC241 (Figure 1). Both have a nervonic acid (24:1 A15) tail. The unsaturation results in a
strong drop in order parameter at the position of unsaturation (Figure 3c). Beyond the unsaturation,
there is no strong increase in order parameter toward the center of the membrane. By the terminal
methyl group, it increases slightly, but after this point, the order parameter approaches 0. This
would suggest free rotation with no preferential orientation. Since the 24-carbon tail is longer than
other tails present, it can lend itself to several possible configurations. One possibility is a hooked
conformation, where the lipid tail bends at the centerline, folding on itself at the middle of the
membrane, while another is a straight configuration, where the lipid interdigitates with the other
leaflet. The decrease in order parameter suggests that the former likely is the better descriptor of
the lipid orientation, since there is no evidence of order (see Section 3.6). Strong interdigitation

would result in a high degree of order among the later carbons on the nervonic acid tails.
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Unsaturated SLs show the expected dip in order parameter at the points of unsaturation,
C4 and C5, while the saturated SLs (DHSM and DHCER) show an increase in order parameter to
near that of the hydrophobic core. This suggests that the region is not limited by interactions with

the unsaturated SLs and high order can be achieved despite potential neighboring with less ordered

lipids.
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Figure 3. Selected plots of order parameter for particular lipids, including (a) the one tail of

OPEL (sn-1), (b) the sphingosine tail of PSM, (c) the 24-carbon fatty acid tail of DHNSM, and
(d) both tails of DHC160.

3.4. Sterol Tilt Angle

The sterol tilt angle gives a measure of vertical stability of the lipids in the membrane, as
with the deuterium order parameters. The median sterol tilt angle of 9.0° for the cataractous system
indicates sterols in very vertical orientation, with the median tilt angle of 10.7° in the young healthy
system indicating a lower, but still high level of verticality (Figure 4). In addition to having a

higher average tilt angle, the young-aged model also has a more skewed right distribution of tilt

angles.
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Of note is that the very similar tilt angle distributions of the middle-aged and older-aged
healthy models may suggest similar levels of sterol vertical organization in the membrane. Given
the similar lipid distribution, this is perhaps unsurprising, as Chol is known to pack more deeply
in the hydrophobic region of the membrane. The major change between the middle-aged and older
systems is a replacement of SM lipids with CER lipids, which affects only headgroups. Thus,
unless a significant change in stability occurred from changing headgroup interactions, it would

be expected that the Chol packing and distribution would be similar between the two models.
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Figure 4. The distributions of Chol tilt angles for all four models.

3.5. Electron Density Profiles (EDPs), Bilayer Thickness

The averaged electron density shows a maximum peak near 24 A in all models (Figure 5).
This corresponds to the location of the phosphate group within the GP and SM lipids. Another
peak appears around 20 A corresponding to the CER headgroups and glycerol backbones. As
expected, for older-age models and cataractous models with lesser phospholipid and greater CER
concentration, the peak at 20 A increases in relative size. In the youngest models, it appears merely
as an inflection point (Figure 6a). Around 10 A another peak appears, corresponding to the
maximum of the hydrophobic core (Figure 6). This peak manifests due to the high Chol
concentration, which packs tightly within the membrane, leading to a dip between the maximum

from the headgroups and the maximum from the hydrophobic core. The 10 A peak is greatest for
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the middle- and older-aged healthy systems, which have the greatest concentration of Chol. It is
smallest in the cataractous systems, which have the lowest Chol concentration.

At the centerline, there is a strong decrease in electron density to about 60% of the baseline
water value and 50% of the maximum value. Such a drop is characteristic of highly ordered
membranes. Whereas a more randomly ordered membrane will have many chains crossing the
bilayer centerline, a more tightly packed membrane will begin to form a gap between the leaflets
as it enters a liquid-ordered or liquid-crystalline phase. For these systems, the density does not get
very near zero because of the presence of the 24-carbon tailed SM and tail interdigitation (see

Section 3.6).
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Figure 5. A comparison of the total EDPs of the four systems surveyed.
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Figure 6. EDPs for the (a) young adult, (b) middle-aged, (c) older-aged, and (d) cataractous
models with water density and hydrocarbon density shown.

The thickness was observed to be highest in the cataractous system, followed by the young-
aged healthy system, with similar values in the middle- and older-aged systems (Table 4). The
cataractous system showing the greatest thicknesses is consistent with the high degree of vertical
order in the cataractous models. Very rigid lipids lead to tight packing and elongated lipids,
creating greater thickness. The young-aged system, which demonstrated a lower degree of vertical
order nonetheless demonstrated higher thicknesses solely due to possessing, on average, larger
lipids. The higher concentration of GLs with PE headgroups led to a higher thickness despite a
lower degree of vertical order, especially when coupled with the absence of small CER lipids that
were present in the middle- and older-aged systems. All three calculated thicknesses demonstrated
similar behavior.

Table 4. Membrane thicknesses for all systems in A. Dun is headgroup-to-headgroup distance, Dg

is overall bilayer distance, and 2Dc is the hydrophobic core thickness.

Y M o) C
Dun 46.73+0.18 46.20+0.12 46.27+0.07 47.87+0.07
Ds 43.29+0.10 41.39+0.05 40.98+0.03 44.66+0.13
2Dc 35.54+0.03 35.11+£0.03 35.11+£0.03 36.55+0.05
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3.6. Interdigitation and Terminal Methyl Distribution

The 24-carbon acyl tail of the DHNSM lipid was expected to interdigitate with the other
leaflet. Of interest was whether it remained straight and entered into hydrophobic interactions with
the acyl tails of the opposing leaflet or if it kinked to have a random coil movement in the
interleaflet space. Figure 7 shows highlighted DHNSM lipids, some of which maintain verticality
and interdigitate, while the majority hook in the interleaflet space. Evidence suggests that the hook,
or kinked, conformation was more prevalent. This would lead to a comparatively disordered
membrane center, allowing for better movement and transport within this layer compared to the
well-packed bulk. In addition, the prevalence of the hooked conformation tails is consistent with
the observation of a decrease in electron density at the bilayer center. This also suggests that the
center of the bilayer will take a more fluid phase compared to the highly ordered hydrophobic core
consisting of mostly saturated lipids and cholesterol, as seen in the deuterium order parameters for

the 24-carbon acyl tails.

Figure 7. A snapshot of the upper leaflet of the first young adult model replicate with the DHNSM
lipids highlighted. Some show the interdigitating behavior while others show the hook

conformation at the interleaflet interface.

The interdigitation parameter given by Eq. (3) was calculated for all constituent
components. In general, smaller lipids demonstrated less interdigitation (Table 5). The parameter
gives an estimate on the average length of interdigitation, with the 24-carbon tailed lipids by far
having the highest values for interdigitation across all systems. This was followed by the GL lipids,
likely due to the 18-carbon tails compared to the 16-carbon tails of the other SM and CER lipids.
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Chol also showed comparable interdigitation to the CER lipids, likely due to Chol’s ability to
penetrate deeper into the bilayer due to a lack of a strongly polar headgroup. For the same reason

CER was able to interdigitate to a greater extent than SM among the 16-carbon tailed SLs.

Interdigitation was relatively consistent between the three healthy systems, but a significant
drop in interdigitation was observed in the cataractous system. The high degree of verticality in
the cataractous membranes may result in less tail space available to penetrate. In addition, the tight
packing may cause more difficulty for the lipid tails to penetrate the other bilayer resulting in a

greater degree of bunching of excess tails within the interleaflet region in the cataractous system.

Table 5. Interdigitation parameters for each of the components in each system.

Y M (0] C
Chol (A) 2.67+0.05 2.41+0.03 2.54+0.03 2.36+0.03
DOPEP (A) 3.56+0.05 3.82+0.06 3.74+0.07 -
OPEL (A) 3.43+0.04 3.35+0.04 3.4440.03 3.0+0.1
SOPS (A) 4.04+0.05 - - -
PSM (A) 1.96+0.02 1.88+0.05 1.96+0.02 1.66+0.03
DHPSM (A) 2.14+0.02 1.98+0.03 2.03+0.03 1.9+0.01
DHNSM (A) 7.63+0.07 7.76+0.09 7.8+0.1 6.6+0.2
CER160 (A) - - 1.94+0.04 2.02+0.04
DHC160 (A) - 2.18+0.01 2.08+0.06 1.9+0.03
DHC241 (A) - - 7.26+0.04 6.6+0.04

The average vertical location of the terminal methyl of the 24-carbon tails of the DHNSM
and DHC241 were tracked over the trajectories where Z<0 corresponds to the terminal methyl
group crossing the bilayer center (Figure 8). In all the models, the average position of the terminal
methyl group of these lipids is across the bilayer center. This indicates that there is some level of
interdigitation between the leaflets. However, due to the decreases observed in the electron density
and the order parameters at the bilayer center, it is possible that the interleaflet space consists of a
more fluid mixture of the 24-carbon tails, rather than true interdigitation between the leaflets. The
middle-aged and older-aged models show the longest distance across the bilayer center, which is
consistent with the calculated interdigitation parameters. In addition, there is not an obvious trend
in the average position in the young, middle, and older aged models, with fluctuations up and down
as individual lipids changed their conformations in the replicates. There is a decreasing trend in

the cataractous model over the simulation trajectories which may be indicative of a slower
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timescale of conformational changes in this model. It is possible that this increased timescale for
interdigitation may be responsible for the lower measurement of the interdigitation parameter for
the cataractous model. Over the last 250 ns of the cataractous models, the average position appears

stable, which may suggest approach to an equilibrium distribution of tail conformations.

Y DHNSM M DHNSM O DHNSM

1] 200 400 600 200 400 60O 1] 200 400 600
Time (ns) Time (ns) Time (ns)
O DHC2#1 C DHNSM C DHC241

(=]
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(=]
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Figure 8. Average terminal methyl position for the 24-carbon tailed lipids, DHNSM and
DHC241, for each of the four models. Z=0 is defined as the bilayer center with Z<0

corresponding to the tail penetrating to the opposing leaflet.

3.7. 2D Diffusion and Mean Square Displacement (MSD)

Lateral diffusion of the lipids in the bilayer was assessed via MSD calculations. It should
be noted that the diffusion constants are not what is measured experimentally due to periodic
boundaries and hydrodynamic effects,[40, 41] but our calculations can be used to compare between
different ocular lens models. Diffusion calculations were relatively consistent between replicates
and showed linear behavior for times beyond 5 ns. Diffusivities were calculated for each lipid,
although past research has shown that diffusivities can be off by an order of magnitude or more in
small simulations. Due to the periodic boundary conditions, self-interactions can occur, leading to

inaccuracies in measurement of membrane properties. However, given the consistency between
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replicates, it is reasonable to compare the results between the models presented here. The youngest-
aged models demonstrated the greatest lateral lipid diffusion, with a Chol diffusivity of 6.91x10~°
cm?/s (Figure 9). The middle-aged and older-aged healthy models showed similar diffusivities,
with a slightly greater Chol diffusivity in the older-aged model. Finally, the cataractous model
showed the lowest diffusivity, with roughly half of the older-aged models and a quarter of the
youngest-aged models. This result is consistent with results suggesting higher order within the
cataractous and older-aged models, as a greater degree of structure would result in less mobility

within the bilayer.
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Figure 9. Mean-squared displacement plots in the 2D profile of the membrane for Chol in each of

the systems.

On very short timescales, a pattern of anomalous diffusion was observed. This
phenomenon is associated with a non-linear dependence between MSD and time. Within
approximately the first 5 ns, diffusion on the order of between 0.22 and 0.32 was observed in all
replicates (Figure S2). This is possibly indicative of a transition period from molecular ballistic
motion to normal diffusion. A transition from anomalous subdiffusion to normal diffusion in
protein-free membranes has been noted by other authors, although on longer timescales than
observed here of up to hundreds of nanoseconds.[42] In addition, the authors found that high
concentrations of Chol could lead to anomalous diffusion on the order of 100 ns, which is not seen

here despite the presence of Chol in high concentrations.[43] Within these simulations, the short
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timescale displacements are likely due to the rattling of lipids within a cage formed by their

neighbors. Thus, they are representative of molecular motion rather than a diffusive process.

3.8. Lipid Clustering and 2D Radial Distribution Functions (2D RDFs)

2D RDFs for Chol-Chol self-interactions were used to assess equilibration of the lateral
structure of the membrane systems. These were chosen, as Chol was the most abundant lipid.
Convergence of the RDFs was determined by comparisons between blocks of 5 ns at the end of
the trajectories and across replicates of a given model (Figure S3). All individual replicates showed
convergence within 750 ns, with stabilization of the RDFs within the final 250 ns or earlier. Some
small deviations were observed, but these diminished along the simulation trajectory. All healthy
models also showed strong consistency across replicates, with similar convergence in number of
peaks and peak heights (Figure S3a-1). However, weaker convergence was seen in the cataractous
models, where peak height varied more significantly between the replicates (Figure S3j-1). Despite
this discrepancy, number of peaks was roughly constant between the cataractous replicates, as was
location of peaks. In addition, the cataractous system showed the weakest convergence of the
RDFs within each replicate. This may be indicative of a slower timescale of equilibration for the
cataractous system. However, despite larger deviations in the RDFs for the cataractous model, the
final 250 ns of each of the three replicates shows greater stability and similarity to the other
replicates than earlier RDFs from these trajectories. For example, the lightest gray curves of Figure
S3j-1 show greater differences than the red curves, corresponding to the last 250 ns of each
replicate.

For the Chol RDFs, significant long-range structure was seen in all systems (Figure 10a).
The youngest system showed three peaks, with potentially a fourth one. Similar results were seen
for the middle-aged and older-aged systems as well, with the peak distance slightly larger for these
systems. The cataractous system demonstrated the greatest long-range structure, with five well-
defined peaks and a shorter distance between peaks. This suggest greater regularity in the
organization of the cataractous system than the others, which may be consistent with previous
results on greater structure and crystallinity within the cataractous system.

In the SM RDFs, only two peaks were well defined, with distances of 6.2 A and 8.7 A
(Figure 10d). This result matches previous work which found two peaks, corresponding to two

different interactions between SM headgroups at approximately the same distances. Quickly after
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the second peak, the RDF went to 1 in all models, suggesting no longer-range structure, or overlap
of conformations due to the distinct interaction conformations.

In the PE RDFs, again only two peaks were well defined, located at 6.2 A and 7.5 A (Figure
10b). Given their proximity, overlap made them difficult to distinguish in some models, and low
numbers of PE lipids made the RDFs noisy in some replicates. No longer range structure was
observed. Similarly, the PS lipids only present in the young adult models were not present in a
sufficiently significant concentration for clear behavior (Figure 10c). Qualitatively, two peaks
appear to be present, comparably to the PE RDFs.

The CER RDFs showed even more fluctuation due to small number of CER lipids in the
simulations (Figure 10e). Only one very narrow peak was observed, and it was found at 4.6 A.
This suggests a stronger binding interaction that is less susceptible to fluctuations. A lack of long-

range structure may simply be a consequence of low number of CER lipids.
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Figure 10. 2D-RDFs for self-interactions for each of the major headgroups present in the models,
with (a) Chol, (b) PE, (c¢) PS, (d) SM, (e) CER.

Pairwise RDFs between Chol and the other lipid groups show long-range structure for all
pairings (Figure 11). The distance between peaks is consistent across the four models, with shorter

distances observed in the cataractous system. This is indicative of denser lateral packing of lipids
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in the cataractous system. As with the self-interaction RDFs, the cataractous system also showed
preservation of structure for the longest distances, with up to 4 observed peaks in the RDFs.

The SM and CER pairwise interactions with Chol show a smoothing of the first peak into
an earlier appearing subpeak and the main peak (Figure 11c-d). This is likely due to the reference
group on the SM and CER lipids being on the sphingosine backbone. Thus, rotational orientation
of the lipid would lead to a loss of symmetry regarding interactions with its neighbors. This may
be causing the broadening of the peaks. Choosing a group below the headgroup and glycerol
backbone was necessary to compute the 2D RDFs due to Chol having an equilibrium position

deeper in the membrane than the other lipids.
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Figure 11. Pairwise RDFs between Chol and (a) PE, (b) PS, (c) SM, and (d) CER.

Clustering analyses showed that the composition of lipid clusters was roughly equal to the
bulk composition of the membrane (Figure 12). CERs were underrepresented in clusters compared
to their fraction of the membrane lipids. The neighbors of CER were determined by a smaller
cutoff distance, although this distance was determined by the interaction length for CER from the

RDFs. For clusters defined as 3 lipids or more, approximated 80% of lipids were in clusters at any
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time frame, with the percentage in clusters decreasing in each age group (Table S1). More lipids
were in clusters in the youngest age system compared to the middle- and older-aged systems, and
the cataractous system showed the least clustering, although all were within 73-83% of lipids. This
mirrors the increasing CER concentration, which may be indicative that the presence of ceramides
may reduce the tendency to form clusters, as determined by headgroup interactions. It is possible
this is due to the tendency of CER to position deeper in the membrane core due to its smaller
headgroup. The size of clusters followed an approximately exponential pattern, with clusters of
size 3 comprising around 20% of clusters and with only about one-third of clusters having 7 lipids
or more (Figure S4). Larger clusters (more than 10 lipids) also had compositions reflective of the

bulk membrane composition.

1
' N - . B W | =cerieo
0.9
os m N DHC241
' DHC160
o7 | W 0 []
c 06 = PSM
2 DHNSM
S 0.5
204 DHPSM
03 m SOPS
0.2 DOPEP
01 OPEL
0 CHL1
Q ) Q ) Q ) Q )
st & BN s o
A N o’ © S

Figure 12. Distribution of lipids comparing compositions of the overall membrane to cluster

compositions for each model.

3.9. Hydrogen Bonding (H bonding)

Hydrogen bonding was observed at similar levels in the middle-aged, older, and
cataractous systems (Table 6). However, the young healthy model showed significantly higher
levels of hydrogen bonding, particularly in the glycerophospholipids (OPEL, DOPEP, SOPS).
This is likely due to the presence of the negatively charged PS lipid, only present in the youngest
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system. Per lipid, SOPS engaged in 1.25+0.02 hydrogen bonds with other lipids. This high level
of hydrogen bonding led to increases of around 50% in the number of hydrogen bonds formed in
OPEL and DOPEP in the young system as compared to the other three systems. However, there
was no notable change in the hydrogen bonding of the SMs and CERs between the systems. These
lipids showed much more variation between replicates, leading to greater uncertainty in the
number of hydrogen bonds. Typically, these lipids maintained between 0.4 and 0.7 hydrogen bonds
per lipid across all replicates, with uncertainties up to around 0.05. Cholesterol engaged in little

hydrogen bonding, with around 0.2 hydrogen bonds per lipid in all systems.

Table 6. Interlipid hydrogen bonds for each constituent lipid in each system.

Y M (0] C
Chol 0.237+0.005 0.220+0.002 0.188+0.005 0.274+0.02
DOPEP 1.02+0.02 0.696+0.004 0.67+0.03 -
OPEL 0.86+0.01 0.56+0.01 0.52+0.02 0.474+0.01
SOPS 1.25+0.02 - - -
PSM 0.7+0.04 0.62+0.02 0.56+0.05 0.71+0.07
DHPSM 0.734+0.07 0.65+0.02 0.59+0.03 0.69+0.04
DHNSM 0.63+0.05 0.62+0.06 0.74+0.02 0.65+0.04
CER160 - - 0.38+0.07 0.620.1
DHC160 - 0.554+0.03 0.51+0.03 0.56+0.02
DHC241 - - 0.46+0.06 0.59+0.03
4. Discussion

For studying ocular lens membranes, the low surface-area per lipid results suggest a very
tightly packed membrane, characteristic of high-Chol concentration. All systems demonstrated
high order, as characterized by narrow tilt angle distribution, high order parameter, and high
compressibility modulus. Together, these observations indicate that all the models are within the
liquid-ordered phase, where some lipids may be individually below their gel phase transition point,
but the irregularity introduced by the Chol prevents crystallization. These quantitative observations
underscore the importance of long timescale simulations to elucidate membrane behavior and
overcome energy barriers in reaching the equilibrium state. Slight inconsistencies between the
cataractous model replicates in this work may be a result of very slowly equilibrating systems due
to high order and low lateral mobility. This model demonstrated the slowest equilibration in all

metrics examined. While all performed analyses indicated uniformity over the period of analysis,
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it is possible that systems were trapped in a local, but not global, energy minimum but since on the
microsecond timescale these systems equilibrated these are likely stable states/configurations at
least at this currently obtainable timescale. This is especially true of the older-aged and cataractous

systems, which showed the highest degree of order and membrane rigidity.

Simulations of similar systems were previously conducted by Adams et al. to emulate
human and bovine ocular lenses.[13] These systems contained five distinct lipids: Chol, DOPE,
DPPC, NSM, and DHNSM. Of particular interest to this work were the systems of
DOPE:NSM:Chol and DOPE:DHNSM:Chol, as DOPE is the diacyl counterpart to DOPEP and
OPEL. General trends held between the systems examined in this study and the Chol:PE systems
of Adams et al. [13]

A major result demonstrated by Adams et al. [13] was the significant effect of Chol in
determining membrane properties. Control systems without Chol showed different phase behavior
and markedly more fluidity than systems with Chol. Chol was associated with higher order
parameter and greater Dy . This work expands on that result by examining systems with varying
concentrations of Chol. Experimental results suggest that the ocular lens becomes stiffer and more
rigid with both increased age and the presence of cataracts (whether that is causal or
correlative).[44] Naively, it might follow that an increase in the Chol concentration in the ocular
lens drives the physiological changes. However, as noted in the introduction, studies suggest that
the Chol concentration within the ocular lens membranes decreases with the presence of cataracts
likely due to a decrease in solubility of Chol.[23] The models produced in this study ignore any
precipitated Chol, and the cataractous system was studied with a decreased concentration of Chol.
As noted previously, the cataractous system nonetheless demonstrated the highest order and

rigidity, matching experimental results.

A possible explanation for how the cataractous system maintains a high degree of order
despite a decrease in Chol is the sharp increase in CER and DHCER lipids. These lipids share
features with Chol, such as only possessing an alcohol headgroup as opposed to a large
phosphatidyl headgroup. CERs are significantly larger in the plane of the membrane with two tails
but possess a similar ability to sit deeper within the hydrophobic core as compared to
phospholipids. Thus, they have some functional similarities to Chol, and this may play a part in

the observed increase in order in the cataractous system. Another possible cause is the decrease in
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GLs. With almost all non-Chol lipids being SLs in the cataractous system, it is possible that wider
networks of sphingosine interactions can form, contributing to membrane stability. However,
significant increases were not observed in hydrogen bonds between healthy and cataractous

systems, nor were significant changes in clustering phenomena.

5. Conclusion

Limited simulations had been performed studying the unique membrane compositions of
ocular lens membranes. Lipid bilayers containing Chol, lysolipids, ether lipids, SM, DHSM, CER,
and DHCER were analyzed, with compositions representing various age groups and the presence
of cataracts. With increasing age group, an increase in membrane stiffness and order, both vertical
and lateral, was observed. In addition, the cataractous models showed the highest degree of order
and stiffness of all systems. These results match existing experimental evidence and suggest the
ability of ceramides to increase order by efficient packing in a similar manner to Chol. The
accuracy of the simulations to observed behavior suggest that these models may be an appropriate
starting point for more complex simulations that consider the high density of membrane proteins

within the ocular lens environment.

Given the high concentration of protein within the ocular lens membranes, future work can
build on these findings by studying simulations of lens membranes that incorporate lens proteins.
Little preferential clustering was observed within this study but favored protein-lipid interactions
could drive the occurrence of a non-homogeneous distribution of lipids within the bilayer. These
in turn could lead to deviations in membrane properties compared to those found here for pure
lipid simulations. In addition, studies could be done to further understand the roles of unique lipids

within the bilayer, including the lysolipids and plasmany]l lipids.
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