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Abstract

Purpose/Aim—The goal of this study is to reveal how age-related changes in phospholipid (PL)
composition in the fiber cell plasma membranes of the human eye lens affect the cholesterol
(Chol) content at which Chol bilayer domains (CBDs) and Chol crystals start to form.

Materials and Methods—Saturation-recovery electron paramagnetic resonance with spin-
labeled cholesterol analogs and differential scanning calorimetry were used to determine the Chol
contents at which CBDs and cholesterol crystals, respectively, start to form in in membranes made
of the major PL constituents of the plasma membrane of the human eye lens fiber cells. To
preserve compositional homogeneity throughout the membrane suspension, the lipid multilamellar
dispersions investigated in this work were prepared using a rapid solvent exchange method. The
cholesterol content changed from 0 to 75 mol%.

Results—The saturation recovery electron paramagnetic resonance results show that CBDs start
to form at 33, 50, 46, and 48 mol% Chol in the phosphatidylethanolamine, phosphatidylcholine,
phosphatidylserine, and sphingomyelin bilayers, respectively. The differential scanning
calorimetry results show that Chol crystals start to form at 50, 66, 70, and 66 mol% Chol in the
phosphatidylethanolamine, phosphatidylcholine, phosphatidylserine, and sphingomyelin bilayers,
respectively.

Conclusions—These results, as well those of our previous studies, indicate that the formation of
CBDs precedes the formation of Chol crystals in all of the studied systems, and the appearance of
each depends on the type of PL forming the bilayer. These findings contribute to a better
understanding of the molecular mechanisms involved in the regulation of Chol-dependent
processes in eye lens fiber cell membranes.
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1. Introduction

The major function of the eye lens (together with the cornea) is to focus light on the retina,
and to do this the lens must be transparent. In our opinion, three major features of the fiber
cell plasma membrane of the human eye lens can affect the transparency: (1) drastic changes
in the phospholipid (PL) composition that occur with age and are not observed in
membranes of other tissues and organs 1-5; (2) extremely high cholesterol (Chol) content,
which also is not observed in membranes of other tissues and organs,6-° and (3) a lack of
protein turnover and the lack of their transport from the old (nucleus) to the more recently
synthetized (cortex) regions and vice versa1011, These characteristics developed during
biological evolution to perfect eye lens function.

The lack of the turnover of integral membrane proteins implies that the same proteins that
performed certain functions just after their synthesis (during embryogenesis) should perform
these same functions as the aging process takes place. However, this seemingly conflicts
with the drastic changes in PL composition that occur during aging, which should affect the
functioning of integral membrane proteins 1215, We investigated and discussed this issue in
our previous works, which showed that the physical properties of the lipid bilayer of the eye
lens membranes are independent of the changes in the PL composition, but only when the
membranes are saturated with Chol.16:17 Such a state is only possible when the membrane
possesses a Chol reservoir in the form of pure cholesterol bilayer domains (CBDs) and is
oversaturated with Chol. CBDs ensure Chol saturation of the lipid bilayer in which they are
embedded and act as a buffer, releasing and incorporating Chol molecules 17:18,

The concept of the formation of the pure Chol bilayer immersed into Chol/PL membrane
oversaturated with Chol was first proposed by Jacob et al. 19 based on small angle X-ray
diffraction measurements of oriented multilamellar membrane samples. These
measurements indicated the presence of Chol domains in the membrane with a unit cell
periodicity of 34.0 A. The same 34 A pattern was observed in pseudo-bilayers of Chol in
Chol crystals 20. This suggested that in the Chol saturated multilamellar membrane, multiple
closely associated ordered Chol layers were formed. Such a picture was not easily
reconciled with packing of the thicker phospholipid bilayers but was consistent with phase
separation into Chol crystals (for more discussion see 21). Ziblat et al. 22 attempted to
overcome this dilemma by exploring the molecular structure of single layers of lipid bilayers
using grazing incidence X-ray diffraction. Diffraction from single bilayers was interpreted in
terms of mixed layers of Chol/PLs, Chol as single bilayers, and Chol crystals. The
experimental approach of that work and interpretation of the results are in accord with our
investigations of CBDs. As was the case of our study, during sample preparation in Ref. 22
lipids were always in contact with water which protected the system from artefactual
formation of Chol crystals. The film deposition method used in Ref. 19 faced this problem
(see more discussion below and in Discussion section).
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Because the Chol saturation level can be different for each PL, the balance between the PL
composition and Chol content in fiber cell membranes is important for the functioning of the
membrane and the whole fiber cell, and for lens homeostasis 16:18. This balance determines
the conditions at which the PL bilayer is saturated with Chol. As discussed previously, to a
large extent, CBDs ensure these conditions 17:18,

The relevant literature provides values for the cholesterol solubility thresholds (CSTs), i.e.,
the maximum amount of Chol accommodated in the PL bilayer, above which Chol
precipitates in the form of crystals 23-28, The data show that CSTs depend on the type of PL
forming the bilayer 23.24.27.28: however, for a given PL bilayer, the CST values indicated in
the literature vary. This is mainly due to the way in which samples are prepared. Using the
widely applied film deposition method, artefactual Chol crystals are formed as the
chloroform solution of the Chol/PL mixture dries 23. These crystals do not dissolve in the
buffer rehydrating the mixture, and this crystalized fraction of Chol is not incorporated into
the sample; in effect, the real Chol/PL molar ratio in the bilayer is smaller than the Chol/PL
mixing ratio. The rapid solvent exchange method, which was applied in this study, is free
from these shortcomings 2. In some instances, the bilayer CST values prepared using these
two methods differ significantly. For example, the CSTs for phosphatidylcholine (PC)
bilayers established using the film deposition and rapid exchange methods are ~50 mol% 2°
and ~66 mol% 23, respectively. An even larger discrepancy occurs for the phosphatidylserine
(PS) bilayers for which the CSTs established using the two methods are ~33 mol% 27 and
~73 mol% 28, respectively. When the value of the Chol content is higher than that of the
CST, Chol crystals are formed outside the bilayer.

The phase diagram published in our previous paper 2% shows the upper limits of Chol
concentration (content) that can be accommodated within each phase of the
dimyristoylphosphatidylcholine (DMPC) bilayer. At 27°C, the DMPC bilayer can
accommodate ~6 mol% of Chol in the liquid-disordered phase (/). Above this
concentration, a liquid-ordered phase (/) is formed with a Chol concentration of ~33 mol%.
Thus, at Chol/PL mixing ratios from ~6 mol% up to ~33 mol%, both /y and /, phases
coexist. At ~33 mol% Chol, the whole DMPC/Chol bilayer is in the liquid ordered phase,
and at 50 mol% Chol, the DMPC bilayer is saturated with Chol; thus, 50 mol% Chol is the
Chol saturation limit for the DMPC bilayer. Above this Chol concentration, excess Chol
forms pure CBDs supported by the bulk membrane (DMPC saturated with Chol at ~50 mol
%). Above 50 mol% Chol, the /, phase becomes the structured £, phase. The next limit,
observed at ~66 mol% Chol, is the CST and specifies the total Chol content in the DMPC
bilayer that can be dissolved in and supported by the bilayer (in the form of CBDs). Above
this limit, a new phase is formed, namely Chol crystals.

In the present study, we evaluated the Chol saturation limits and CSTs for the bilayers
comprising the major PL constituents of the fiber cell plasma membrane of the human eye
lens, i.e., for PC, phosphatidylethanolamine (PE), PS, and sphingomyelin (SM). Because the
major fatty acids in the fiber cell membranes of human eye lenses are palmitic (16:0, P) and
oleic (18:1-cis, 0) #8:7:29 \we used PC, PE, PS with two acyl chains (POPC, POPE, POPS),
and egg SM that contains 86% palmitoyl SM (PSM). The present results confirm that,
similar to the DMPC bilayer 21, formation of CBDs precedes formation of Chol crystals in
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the POPC, POPE, POPS, and SM bilayers. Also, this study confirms that the values of the
Chol saturation limits and CSTs depend on the types of PL forming the bilayer. These
factors suggest that the balance between PL composition and Chol content in fiber cell
membranes can regulate Chol-dependent processes in these membranes, and as a result,
influence fiber cell and lens homeostasis.

2. Materials and Methods
2.1. Materials

PLs and Chol were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). They include
one-palmitoy-2-oleoyl-sr-glycero-3-phosphatidylcholine (POPC), one-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), one-palmitoy-2-oleoyl-sn-glycero-3-
phosphatidylserine (POPS), and egg sphingomyelin (SM). Spin labels, cholesterol analogue
androstane spin label (ASL), and cholesterol analog cholestane spin label (CSL) were
obtained from Molecular Probes (Eugene, OR). Other necessary chemicals (of at least
reagent grade) were purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Preparation of samples for EPR and DSC measurements

The Chol/PL membranes (dispersions of PLs and Chol in 10 mM PIPES and 150 mM NacCl,
pH 7.0) were prepared using the rapid solvent exchange method 23:30.31, The apparatus
(described in detail in Ref. 31) was built in our lab with the help of Dr. Jeffrey T. Buboltz
(Univ Wisconsin Platteville, Platteville, W1, USA). For electron paramagnetic resonance
(EPR) measurements, the membranes contained 1 mol% of spin labels added to the
chloroform mixture of PL and Chol. To increase the signal-to-noise ratio, membrane
suspensions were centrifuged for 15 min. at 12000 g and 4°C. The loose pellets, containing
~20% lipids (w/w), were put into a gas-permeable capillary, and EPR measurements were
performed as described in Ref. 21, Capillaries with a 0.6 mm i.d. and made from the gas
permeable methylpentene polymer (TPX) were used. For differential scanning calorimetry
(DSC) measurements, the membranes did not contain spin labels. To obtain a sample of the
appropriate Chol/PL ratio for each investigated PL, the amount of cholesterol was kept
constant (3 mg/mL for POPE and POPC, 10 mg/mL for SM and POPS), and the amount of
PL was adjusted.

2.3. Saturation recovery EPR measurements

The 735 of the spin labels were determined by analyzing the saturation recovery (SR) signal
of the central line obtained by short-pulse SR EPR at X-band with the use of a loop-gap
resonator 3233, The home-build SR spectrometer described previously in Ref. 34 (also see
the review on SR by Hyde 3°) received two major hardware improvements. Now, the pump
arm delivers a 1 W pulse to the loop-gap resonator. Also, the receiver dead time (after the
saturating pump pulse) was decreased from 300 ns to 100 ns. These improvements were
needed to detect and analyze SR signals containing fast components. To measure 77s at
different oxygen partial pressures (0% air, 30% air, or 50% air), the sample was equilibrated
with the same gas that was used for temperature control (i.e., a controlled mixture of
nitrogen and dry air adjusted with flow meters [Matheson Gas Products, model 7631H-604])
36, To measure the NiIEDDA accessibility parameter, a 20 mM NiEDDA was present in the
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buffer, and samples were thoroughly deoxygenated 37. All EPR measurements were
performed at 37°C. Typically, 105-10° decays were acquired with 2048 data points on each
decay. Sampling intervals were 4 ns, 5 ns, 10 ns, or 20 ns depending on oxygen tension. The
total accumulation time was typically 2-5 min. SR signals were fitted by single- or double-
exponential functions. When the single exponential fit was satisfactory, the decay time
constant could be evaluated with a precision of £3%. When the double exponential fit was
necessary and satisfactory, the decay times were usually evaluated with a precision of £12%
and +20% for longer and shorter recovery time constants, respectively. The presented work
demonstrates that the use of relaxation agents (molecular oxygen or NiIEDDA) is an
excellent way to clearly discriminate and characterize two coexisting domains (phases) in
lipid bilayers.

2.4. DSC measurements

DSC measurements were performed using a Nano DSC with platinum capillary cells
obtained from TA Instruments, Inc. (Wood Dale, IL). The volume of the capillary cell of the
instrument was 0.3 mL. The Nano DSCRun operating system software was used to acquire
the data, and the NanoAnalyze software from TA instruments was used to analyze the data.
All measurements were made at the constant scan rate of 1°C/min. The heat of transition of
monohydrate Chol crystals (pure and contaminated by PLs) to anhydrous form was
evaluated from the areas under the heating scan including all appropriate peaks and
shoulders. The area under the heating scans was estimated using the integration baseline
function (i.e., sigmoidal baseline) available on NanoAnalyze software. First, the integration
region was selected. After that, pre- and post- baseline regions were adjusted to get the
sigmoid curve baseline and the heat of transition was estimated. The precision of this
evaluation was less than £25%.

3. Results

3.1. Discrimination of CBDs

SR EPR spectroscopy was used to discriminate CBDs in the Chol/PL bilayers. Because the
CBD is a pure Chol bilayer, it can only be discriminated from the surrounding bulk Chol-
saturated PL bilayer by using Chol analog spin labels, ASL and CSL (see Fig. 1 for their
structures), as discussed in our previous studies 37:38, ASL, with a nitroxide moiety located
close to the bilayer center, needs molecular oxygen for discrimination. The discrimination is
possible because the local oxygen transport parameter in the CBD is much smaller than in
the bulk bilayer 3739, Consequently, the oxygen-induced shortening of the relaxation time of
ASL is also much smaller in the CBD than in the bulk bilayer. As a result, the SR signal of
ASL can be fitted with two exponents, each arising from one of the two environments, the
CBD and the bulk bilayer.

The opposite situation occurs in the case of CSL. The nitroxide moiety of CSL is located at
the water/bilayer interface and is accessible to collisions with the water-soluble relaxation
agent NiEDDA. This accessibility is significantly smaller when CSL is located in the bulk
bilayer, because the PL polar head groups shield the nitroxide moiety, than when CSL is
located in the CBD, where NiEDDA has practically free access to the CSL nitroxide moiety.
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Thus, the shortening of the relaxation time of CSL is much smaller in the bulk bilayer than
in the CBD 37. The double exponential SR signal indicates that, indeed, CSL is located in
two environments, the CBD and the bulk bilayer.

Qualitatively discriminating SR EPR measurements were performed for the POPC, POPE,
POPS, and SM bilayers. Their representative SR signals are presented in Fig. 2. When the
Chol content is high enough (it can be different for different PLs), both ASL in the presence
of molecular oxygen and CSL in the presence of the water-soluble relaxation agent NIEDDA
indicate the existence of CBDs in all investigated membranes.

3.2. Discrimination of Chol crystals

DSC is a convenient method to indicate the formation of Chol crystals. To avoid the
artefactual formation of the anhydrous Chol crystals, all preparations were made using the
rapid solvent exchange method 21:23.30_ First, to better characterize the system, pure Chol
samples were prepared using this method. In the absence of PLs, Chol formed only hydrated
Chol crystals with the characteristic transition doublet peaks at 94°C and 96°C during the
first heating scan, indicating a transition from the hydrated to anhydrous form (Fig. 3, scan
1). The ratio of the heights of the doublet peaks in hydrated Chol crystals changed with Chol
concentration in the chloroform used for preparations. At a low Chol concentration, the
broader peak at 94°C disappeared (Fig. 3, scan 2). When we used the film deposition
method, we observed two characteristic peaks, one at ~40°C and the second at ~71°C (Fig.
3, scan 3). Based on the data from the literature we assigned the first peak to the transition
between two different forms of anhydrous Chol crystals and the second peak to the transition
of Chol crystals from the monohydrate to anhydrous form. In our preparations the buffer was
added directly on the top of the film of dry Chol (to follow the same procedure in which
liposomes were formed). In the basic paper 49 pure Chol was first dissolved in hot acetic
acid and then the solution was allowed to slow cool to form anhydrous Chol crystals. On the
first DSC heating scan, these crystals showed a transition between two different forms of
anhydrous Chol crystals at 37°C. Monohydrate Chol crystals were obtained from
recrystallization from 95% ethanol and they showed, on the first DSC heating scan, a
transition from the monohydrated to anhydrous form at 86°C.

The first heating scans for suspensions of the POPC, POPE, POPS, and SM bilayers with
different Chol contents are presented in Fig. 4. When Chol contents in the PL suspensions
are above those of the CSTs, clear peaks are observed at 96°C, indicating the presence of
Chol crystals in the suspensions. In the case of POPC (Fig. 4A) and SM (Fig. 4C), this peak
is accompanied by a broad shoulder at lower temperatures. We think that peaks at 96°C are
coming from pure Chol crystals, not contaminated by the presence of PLs. The broad
shoulders are coming from Chol crystals containing PL impurities. Similar broad transitions
of monohydrate Chol crystals to anhydrous form were observed earlier, when crystals were
obtained in the presence of PLs 2441, In the case of PE (Fig. 4B), the additional peak
observed at ~60°C indicates the transition of the PE bilayer from the lamellar to hexagonal
phase 42. This transition disappears when the Chol content is above ~50 mol%.
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3.3.  Amount of Chol in CBDs

As explained in Sect. 3.1, when the Chol content in a Chol/PL bilayer is above the Chol
saturation limit, the SR signal of the spin label in the presence of relaxation agents has two
components: one from the spin label located in the CBD and one from the spin label located
in the bulk bilayer. SR EPR is a solid qualitative method able to show the presence of CBDs
in investigated membrane. The fractional contribution from the CBD to the SR signal
should, in principle, provide clear-cut information about the amount of Chol associated with
CBDs. However, this is true only in the case of spin labels with long spin-lattice relaxation
times, when the pump power is really the saturating power (see Ref. 43 for more
explanations). Relaxation agents (molecular oxygen and NiEDDA) significantly shorten 774
making it impossible to saturate the SR signals. Because of that, the contribution of each
component to the SR signal is not a robust parameter providing information about the
amount of Chol associated with CBDs, but it is assumed to be proportional to the amount of
Chol giving the particular signal. Here, the relative content of Chol in CBDs is specified by
the normalized pre-exponential coefficients obtained from fitting a double exponential
function to the experimental SR signals. This evaluation can be performed for bilayers with
different Chol/PL molar ratios. The results for both Chol analogs in each the POPC, POPE,
POPS, and SM hilayers were used to construct Fig. 5. It should be noted that the results
contain information about the amount of Chol in all CBDs, not in individual CBDs.

3.4. Amount of Chol in Chol crystals

Fig. 4 qualitatively illustrates that the range of the Chol contents at which Chol crystals form
in membrane suspensions depends on the type of PL forming these membranes. The excess
enthalpy values obtained from the areas under the heating scans, including the peak at 96°C
and the shoulder (see Sect. 2.4), are proportional to the amount of Chol associated with all
forms of Chol crystals produced in the PL suspensions. Fig. 5 was constructed using the
amount of Chol in Chol crystals for a given sample determined from the area under the
heating scans.

3.5. Chol content at which CBDs and Chol crystals start to form

Our final goal was to use the SR and DSC measurements to evaluate the Chol contents at
which CBDs and Chol crystals start to form in the PC, PE, PS, and SM bilayers. To do this,
we plotted the values of the Chol contents in CBDs and Chol crystals as a function of the
Chol/PL mixing ratio; see Fig. 5. Extrapolating the data obtained at different Chol/PL
mixing ratios to the “zero” amount of Chol in CBDs or in Chol crystals gives the Chol
content value (mixing ratio) at which these structures begin to form. These procedures for
the POPC, POPE, POPS, and SM bilayers are presented in Fig. 5, and the evaluated values
of Chol contents at which CBDs and Chol crystals start to form are presented in Table 1.

4. Discussion

During aging, the PL composition of the fiber cells plasma membranes of the human eye
lens changes drastically 1:5. In mature fiber cells, about 2/3 (66%) of PLs are SMs and ~80%
of them are dihydro-SMs 2. In young cells, SM constitutes only ~33 mol% of PLs 14,
These drastic, age-related changes in lipid composition certainly impair homeostasis of the
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fiber cell membranes and lens as a whole. Thus, it is no surprise that during evolution, a
special mechanism was designed to counteract this impairment. We suppose that this
mechanism involves permanent saturation of the fiber cell membranes with Chol which
ensure that the physical properties of the membrane do not change with the PL composition
16,17.44.45 To ensure saturation with Chol, fiber cell plasma membranes have to be
oversaturated with Chol to the level that pure CBDs are present, because CBDs provide the

buffering capacities for Chol in the surrounding PL bilayer, ensuring its saturation with Chol
18

In this study, we evaluated the Chol contents at which CBDs and Chol crystals start to form
in bilayers comprising the major PLs of the fiber cell plasma membrane, i.e., POPE, POPC,
POPS, and SM (Table 1). The values of the CSTs (Table 1) are in line with data from the
literature 232428 and indicate that the CSTs are different for different PLs. To the best of
our knowledge the first evaluation of the Chol content at which CBDs start to form in PL
bilayers was attempted by Ziblat et al. 22. The value which they obtained for the DPPC
bilayer is very close to that obtained by us in the present work for the POPC bilayer and
earlier for the DMPC bilayer 2. Small differences in the values of Chol content arise
probably from different temperatures at which experiments were performed, 7°C in Ref. 22
and 37°C in this study. Moreover, in Ziblat et al. 22, the DPPC-Chol bilayer contained an
additional 10 mol% of POPC. A greater difference in the values of Chol content in the case
of the SM bilayers can be explained by differences in the interpretation of the results by us
and by Ziblat et al. 22 (see the paragraph below). When evaluating the Chol saturation limits
both groups determined the Chol content at which CBDs start to form by extrapolation of
the intensity of the signals coming from CBDs to zero.

We would like to stress that when investigating bilayers saturated and oversaturated with
Chol, the manner in which the liposomes are prepared is crucial. As discussed in the
Introduction section, when the film deposition method is used, artefactual Chol crystals form
as the chloroform solution of the Chol/PL mixtures dries (see also Fig. 3). To avoid this, we
prepared the liposomes using the rapid solvent exchange method. Use of this method
revealed that the formation of CBDs precedes formation of Chol crystals in all the
investigated Chol/PL bilayers. Also, this method showed that the Chol contents at which
CBDs and Chol crystals start to form are very similar for the POPC, POPS, and SM bilayers
but differ significantly from that of the POPE bilayer (Table 1). This difference might result
from different ability of PL head groups to interact with one another at the bilayer/water
interface. Whereas the POPC bilayer has only hydrogen bond (H-bond) acceptor groups, the
POPS, POPE, and SM bilayers have both H-bond donor and acceptor groups, so they are
potentially able to make inter-lipid H-bonds at the bilayer/water interface. However, POPS
has a net negative electrostatic charge, so the POPS head groups repel one another and H-
bonds practically do not form. Thus, both the POPS and POPC bilayers can accommodate a
significant amount of Chol before it becomes saturated with Chol. The H-bonds donor
groups of a SM molecule are below the phosphate group, so they are not easily accessible to
acceptor groups of other SM molecules and inter-lipid H-bonds are not frequent in contrast
to SM-Chol H-bonds that are numerous 46. Thus, Chol can accommodate easily in the SM
bilayer. PE has an amine group that forms strong hydrogen bonds with the neighboring
phosphate groups; besides, the PE head group has a smaller size than those of the other three
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phospholipids 47 so packing of lipids in this bilayer is dense and the bilayer is not able to
accommodate as much Chol as the other bilayers. These differences in the abilities of Chol
accommodation give a certain “freedom” to the organism to regulate the amount of
membrane Chol at which CBDs and Chol crystals form, by using mixtures of these PLs. For
fiber cell plasma membranes in the human eye lens, the apparent tendency is that as an
individual gets older, CBDs and, in particular, Chol crystals begin forming at higher Chol
contents; this is due to the increase in the proportion of SM/PE in the membrane.

Assuming that the Chol content values at which CBDs and Chol crystals start to form in PL
mixtures are the weighted sums of the individual Chol content values for each PL, with the
weight equal to the mol% of the PL in the mixture, a phase diagram can be created as shown
in Fig. 6. This diagram indicates the regions in which CBDs are embedded into the
surrounding mixed PL bilayer saturated with Chol and forming a structured 48 (or dispersed
49) liquid ordered phase. The reasons why the CBD cannot be considered as a separate phase
is discussed in detail in Ref. 21 This diagram also shows the region in which Chol crystals
(which now form a new phase) coexist with the structured liquid ordered phase. This phase
diagram clearly shows boundaries and their dependences on PL compositions. For fiber cell
plasma membranes of the human eye lens, only one PL, namely PE, can decrease the Chol
content at which CBDs and Chol crystals start to form. The literature data shows that the
amount of PE in fiber cell membranes decreases with age and in the deeper located fiber cell
layersl4. As a result, the proportion of SM/PE increases, shifting formation of CBDs and
Chol crystals to higher Chol contents. Data from this new investigation, as well as
previously published data 2, indicate that the balance between the PL composition and the
Chol content forms a mechanism of regulation for Chol-dependent processes in fiber cell
plasma membranes of the human eye lens, and this mechanism has yet to be investigated in
detail.

The presented phase diagram (Fig. 6) is valid for PLs with saturated acyl chains or with one
mono-cis-unsaturated chain. Data from the literature 051 and our own observations 52
indicate that the presence of polyunsaturated acyl chains in PLs, as well as the peroxidation
of these chains, decreases the Chol content at which CBDs and Chol crystals start to form.
These dependences are schematically illustrated in Fig. 7 and can be used as the universal
guideline for investigations of Chol-dependent processes in membranes with different PL
compositions, different degrees of acyl chain unsaturation, and under different levels of
oxidative stress.

5. Conclusions

In this study, we demonstrated that the formation of CBDs precedes the formation of Chol
crystals in membranes comprising the major PLs of the fiber cell plasma membrane of the
human eye lens, including glycerophospholipids and sphingolipids. We believe this finding
is also valid for other PL membranes loaded and overloaded with Chol. We also
demonstrated that the Chol contents at which CBDs and Chol crystals start to form depend
on the type of PL forming the bulk bilayer. Based on these findings, we proposed a phase
diagram for mixtures of PLs and Chol that indicates the phase boundaries and regions of PL
and Chol concentrations at which CBDs and Chol crystals are formed. In the Discussion, we
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also indicated that factors such as polyunsaturation and peroxidation of PL acyl chains can
strongly decrease the Chol contents at which CBDs and Chol crystals start to form. All these
findings contribute to a better understanding of the molecular mechanisms that are involved

in

the regulation of Chol-dependent processes in membranes.
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Figurel.
Chemical structures of Chol analog spin labels used in this work: ASL and CSL. Chemical

structures of four major PLs of fiber cell plasma membranes of the human eye lens. POPC,
POPS, PSM, and POPE were used in the presented investigation. These structures indicate
the approximate locations of the molecules and Chol analogs across the PL bilayer
membrane. We used egg SM, a natural phospholipid that contains 86% palmitoyl SM
(PSM).
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Figure2.
Representative SR signals with fitted curves and residuals (the experimental signal minus the

fitted curve) for ASL (A, C, E, G) and CSL (B, D, F, H) in Chol/POPC membranes with a
Chol/POPC mixing ratio of 1.5 (A, B), Chol/POPE membranes with a Chol/POPE mixing
ratio of 0.65 (C, D), Chol/SM membranes with a Chol/SM mixing ratio of 1.25 (E, F), and
Chol/POPS membranes with a Chol/POPS mixing ratio of 1.25 (G, H). Signals were
recorded at 37°C for samples equilibrated with 100% nitrogen, with a gas mixture of 50%
air and 50% nitrogen (A, C, E, G) and in the presence of NIEDDA (B, D, F, H). SR signals
were satisfactorily fitted to a single-exponential function in the absence of molecular oxygen
with time constants of 3.05 £ 0.004 ps (A), 2.42 + 0.001 ps (C), 2.76 + 0.003 ps (E), 2.53
+0.003 ps (G), 2.74 £ 0.003 ps (B), 3.07 £ 0.005 ps (D), 3.64 + 0.003 s (F), 2.86 + 0.003
us (H) (the upper residuals are for a single-exponential fit). SR signals in the presence of
molecular oxygen can be fitted satisfactorily with a double-exponential curve for ASL with
time constants of 1.09 £ 0.02 s and 0.43 + 0.006 s (A), 0.77 £ 0.06 us and 0.44 + 0.005 s
(C), 1.11 £ 0.12 ps and 0.45 £ 0.01 ps (E), 1.06 + 0.11 ps and 0.44 + 0.006 ps (G) (middle
residuals are for single-exponential fits and lower residuals are for double-exponential fits).
SRs signal in the presence of NiEDDA can be fitted satisfactorily with a double-exponential
curve for CSL with time constants of 0.79 £ 0.03 ps and 0.53 + 0.03 ps (B), 0.92 + 0.02 us
and 0.42 + 0.04 ps (D), 1.34 £ 0.04 ps and 0.80 + 0.07 ps (F), 1.49 £ 0.007 ps and 0.40

+ 0.006 ps (H) (middle residuals are for single-exponential fits and lower residuals are for
double-exponential fits).

Curr Eye Res. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mainali et al.

>
b —
S 1
Q.
©
5 A
®
Q 2
T
(2]
o
S N i 3
w

20 40 60 80 100

Temperature (°C)

Figure 3.
The first DSC heating scans of the dispersion of Chol crystals prepared using the rapid

solvent exchange method (scans 1 and 2) and the film deposition method (scan 3). The
concentration of Chol in chloroform was 25 mg/ml (scan 1) and 1 mg/ml (scan 2).
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Plot of the pre-exponential coefficient of the CBD component in the SR signal obtained
from measurements with ASL (H) and CSL (@), and the excess enthalpy value (area under
the peak) at ~96°C plotted as a function of cholesterol content (Chol/PL molar ratio) (A) in
PL suspension. Pre-exponential coefficients were measured for samples equilibrated with
50% air (ASL) and in the presence of 20 mM NIiEDDA (CSL). Vertical solid and broken

lines indicate the Chol saturation limit and the CST in the PL membrane.
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0 Mol % of (PC,PS,SM) 100
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Figure 6.
Hypothetical fluid phase diagram for mixtures of the most abundant lens PLs (PS, PC, PE,

and SM) and Chol. It is assumed that the Chol saturation limit (thin line) and the CST (thick
line) for the phospholipid mixture are the weighted sums of the Chol saturation limits and
CSTs for individual PLs with a weight equal to the mole fraction of the individual PLs in the
mixture. The white area indicates the portion of the phase diagram where PL bilayers can
accommodate Chol, forming the liquid disordered (/) phase, coexisting liquid disordered
and liquid ordered (/4 + /) phases, and the liquid ordered (/,) phase. At Chol contents
greater than the Chol saturation limit (light gray area), CBDs start to form, and the liquid
ordered phase becomes a structured liquid ordered phase. At Chol contents greater than the
CST (dark gray area), a new phase, namely Chol crystals (CHCs) are formed in equilibrium
with the structured liquid ordered phase. The phase diagram presented here differs
significantly from the hypothetical phase diagram we presented eight years ago [18]. The
previous one was based only on the literature CST data obtained mainly for liposomes
prepared using the film deposition method with artefactual Chol crystals formed during
preparation (see the Introduction for more explanation). Also, at that time the data were not
yet available to indicate Chol contents at which CBDs start to form.
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Figure 7.
Hypothetical pathways leading to the formation of CBDs and Chol crystals. Factors

decreasing the Chol content at which CBDs and Chol crystals start to form are indicated. In
saturated PC membranes (and in monounsaturated models of human eye lens lipid
membranes), CBDs were observed at Chol contents exceeding ~50 mol%, and Chol crystals
started to form at ~66 mol% Chol (A). In the freshly formed polyunsaturated membranes
(made of dilinoleoylphosphatidylcholine), CBDs were observed at ~37 mol% (B). After
three days of autoxidation, Chol crystals, in addition to CBDs, were formed in this
membrane suspension (C).
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Chol contents at which CBDs (Chol saturation limit) and Chol crystals (CST) start to form

Table 1.

Phospholipid
POPE

POPC

POPS

SM

Chol saturation limit (mol%)
33
50
46
48

CST (mol%)
50
66
70
66
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