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Abstract

The physical properties of membranes derived from the total lipid extract of porcine lenses before
and after the addition of cholesterol were investigated using EPR spin-labeling methods.
Conventional EPR spectra and saturation-recovery curves indicate that the spin labels detect a single
homogenous environment in membranes before the addition of cholesterol. After the addition of
cholesterol (when cholesterol-to-phospholipid mole to mole ratio of 1.55-1.80 was achieved), two
domains were detected by the discrimination by oxygen transport method using a cholesterol
analogue spin label. The domains were assigned to a bulk phospholipid-cholesterol bilayer made of
the total lipid mixture and to a cholesterol crystalline domain. Because the phospholipid analogue
spin labels cannot partition into the pure cholesterol crystalline domain, they monitor properties of
the phospholipid-cholesterol domain outside the pure cholesterol crystalline domain. Profiles of the
order parameter, hydrophobicity, and oxygen transport parameter are identical within experimental
error in this domain when measured in the absence and presence of a cholesterol crystalline domain.
This indicates that both domains, the phospholipid-cholesterol bilayer and the pure cholesterol
crystalline domain, can be treated as independent, weakly interacting membrane regions. The upper
limit of the oxygen permeability coefficient across the cholesterol crystalline domain at 35°C had a
calculated value of 42 cm/s, indicating that the cholesterol crystalline domain can significantly reduce
oxygen transport to the lens center. This work was undertaken to better elucidate the major factors
that determine membrane resistance to oxygen transport across the lens lipid membrane, with special
attention paid to the cholesterol crystalline domain.
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1. Introduction

Cholesterol, the most prominent sterol of mammalian cells, is located predominantly in the
plasma membrane, where it comprises 35-45 mol% of the total lipids. However, the cholesterol
level in human fiber cell membranes is extremely high, exhibiting cholesterol-to-phospholipid
mole ratios from 1 to 2 in the cortex of the lens to as high as 3 to 4 in the lens nucleus [1]. This
large difference between the nucleus and the cortex indicates that during aging the cholesterol-
to-phospholipid mole ratio increases [2]. Such a molecular composition of the membrane
ensures its physical and chemical stability; for example, rigidity [3,4] and resistance to
peroxidation [5], respectively. It also favors the formation of rafts, as well as immiscible
cholesterol crystalline domains, within the membrane. Recently, rafts were isolated from fiber
cell membranes of clear lenses of the human eye [6]. However, the authors indicated that the
formation of the raft domains in the eye depends on raft proteins and not the lipid composition.
Cholesterol crystalline domains have been observed within the fiber cell membranes of normal
and cataractous human lenses [7-10]. In model membranes at high cholesterol concentration,
cholesterol also forms immiscible cholesterol crystalline domains within the bulk membrane
[11-17]. Epand et al. [16,18] demonstrated that these cholesterol crystalline domains are in
intimate contact with phospholipids and are not present as morphologically separate structures.
Mason et al. [10] have presented X-ray diffraction evidence that the cholesterol crystalline
domains are part of the membrane bilayer and not physically separate crystals. Cholesterol
crystalline domains are essential for normal functioning of the eye and maintaining lens
transparency to visible light [7-10]. It has also been suggested that they interfere with
cataractogenic aggregation of the soluble lens protein, a-crystallin, at the membrane surface
[19]. Cholesterol crystalline domains have been detected in model and fiber-cell membranes
by X-ray diffraction, differential scanning calorimetry, and MAS NMR [10-13,16]. Because
phospholipid analogue spin labels cannot partition into the pure cholesterol crystalline
domains, the study of cholesterol crystalline domains by EPR spin labeling is hindered.
However, the cholesterol analogue spin labels should partition into both the cholesterol
crystalline and phospholipid-cholesterol domains, allowing both regions to be probed.

Previously, we reported on the physical properties of the lipid bilayer membrane made of the
total lipid extract from the fiber cell plasma membrane of the calf eye lens using different EPR
approaches [4,20]. Our observations suggest that the lipid exchange rates among possible
membrane domains are faster than 10 ns, and/or these domains must be forming and dispersing
rapidly on a time scale shorter than 0.3 ps. Also, immiscible cholesterol crystalline domains
are not detected with cholesterol analogue spin labels. The lipids of these membranes are
strongly immobilized, showing a high order parameter at all depths across the lipid bilayer.
Hydrophobicity and oxygen transport parameter profiles in the lens lipid membranes have a
rectangular shape, with an abrupt change between the C9 and C10 positions, which is
approximately where the steroid-ring structure of cholesterol reaches into the membrane. The
profiles of the oxygen transport parameter indicate that the rigidity barrier, which is more
significant for permeation of non-polar molecules like molecular oxygen, is located in the polar
headgroup and near-surface regions of the lens lipid membrane, to the depth of the ninth carbon.
In the central region of the membrane, oxygen transport is enhanced, significantly exceeding
that in bulk water, which suggests the possibility of lateral transport of molecular oxygen and
other small non-polar molecules along the inner core region of the membrane (referred to as
“hydrophobic channeling™). These results indicate that the high cholesterol content in the total
lipid extract from the fiber cell plasma membrane is responsible for the unique properties of
the membrane and allow us to conclude that the entire membrane is in the liquid-ordered-like
phase.

These previous studies utilized a simple membrane system prepared from the total lipid extract
of the calf eye lens. Because these were young animals (less than six months old) we did not
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expect a significant difference in the composition of the fiber cells between the cortex and
nucleus, so no such fractions was made. This difference becomes important only for older
animals and humans, and manifests itself in changes in phospholipid composition and, more
significantly, in the cholesterol-to-phospholipid mole ratio [21]. In humans, this ratio can
increase from 1 to a value as large as 4 [1,22]. In older cows, this ratio can increase from 0.5
to 2 [23]. It has been reported that the cholesterol-to-phospholipid mole ratio in the total lipid
extract from calf lens membranes is close to 1 [24-27], which makes it unlikely that we were
observing pure cholesterol crystalline domains in these systems.

In the present study, we have utilized the lipid extracts of fiber cell plasma membranes from
young (less than six months old) pigs. This has allowed us to compare the behavior of the
membranes from different species (e.g., young pig and calf). In addition, we have investigated
the effects of an immiscible cholesterol crystalline domain on the physical properties of the
membrane by adding excess cholesterol to the total lipid extract. It has been reported that the
cholesterol-to-phospholipid mole ratio in the total lipid extract from young pig lens membranes
is approximately 0.55-0.80 [28,29]. Because both the cholesterol-to-phospholipid mole ratio
and the phospholipid profile change with age, the effect of varying cholesterol concentrations
can be exclusively monitored by the addition of cholesterol to young lens lipid extracts. The
major phospholipids in this extract are PC (29%), PE (34%), PS (11%), and sphingolipids
(21%, from which 85.6% is sphingomyelin and 14.4% is dihydrosphingomyelin) [30-32].
Palmitate is the most abundant acyl chain of both sphingomyelin (30.6%) and
dihydrosphingomyelin (41.6%) [31].

The saturation-recovery EPR discrimination by oxygen transport (DOT) method has been
applied to detect and characterize the pure cholesterol crystalline domain within the bulk
phospholipid-cholesterol membrane made of pig lens lipids in the present study. This method
has already been successfully used for detection and characterization of coexisting membrane
domains [33-36] (see section 2.5 for more details). In these studies, the phospholipid-type spin
labels, 1-palmitoyl-2-(n-doxylstearoyl)phosphatidylcholine (n-PC,n=5, 7, 10, 12, 14, or 16)),
n-doxylstearic acid spin label (n-SASL, n = 9), and tempocholine-1-palmitoyl-2-
oleoylphosphatidic acid ester (T-PC), as well as the cholesterol analogues, androstane spin
label (ASL) and cholestane spin label (CSL) were utilized. Because of the overall similarity
of the molecular structures of these spin labels with phospholipids and cholesterol they should
to a certain degree approximate the distribution of phospholipid and cholesterol molecules
between membrane domains, as well as cholesterol-phospholipid and cholesterol-cholesterol
interactions in the membrane [35,37,38,39]. Figure 1 is a schematic drawing of the lens-fiber-
cell-derived membrane emphasizing the distribution and positions of the lipid spin labels in
the membrane domains. The phospholipid-type spin labels should partition only into the bulk
phospholipid-cholesterol domain. Thus, profiles of the order parameter, hydrophobicity, and
oxygen transport parameter obtained with the use of these spin labels should describe only
properties of the bulk phospholipid-cholesterol domain, without “contamination” from the
cholesterol crystalline domain. The cholesterol analogues should distribute between both
domains. Thus, only ASL and CSL can detect and discriminate both coexisting domains. The
major focus of this current work is to establish a methodological basis to detect of cholesterol
crystalline domains and to obtain physical properties of the bulk phospholipid-cholesterol
membrane in the absence and presence of cholesterol crystalline domains.

2. Materials and methods
2.1. Materials

Phospholipid spin labels n-PC (n =5, 7, 10, 12, 14, or 16), T-PC, and cholesterol were obtained
from Avanti Polar Lipids, Inc. (Alabaster, AL). 9-SASL, ASL, and CSL were purchased from
Molecular Probes (Eugene, OR). Other chemicals, of at least reagent grade, were purchased
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from Sigma-Aldrich (St. Louis, MO). Chemical structures of spin labels are presented in Fig.
2.

2.2. Isolation of lipids

The total lipids from the fiber cell plasma membrane of the pig eye lens were extracted based
on minor modifications of the Folch procedure [32,40]. Fresh pig eyes from animals less than
six months old were obtained on the day of slaughter from Pork King Packing Company
(Marengo, IL). The eyes were dissected and the lenses from ~50 eyes were pooled together.
The lenses were gently mashed in a 500 mL Erlenmeyer flask with the pestle from a tissue
homogenizer to which ~200 mL of methanol/chloroform (2:1 v:v) mixture was added, and the
slurry was stirred for 30 minutes. The sample was distributed to corex centrifuge tubes and
centrifuged at 5000 rpm for 30 minutes. The supernatants were poured into a separatory funnel,
and water and methanol were added so that the final ratio of methanol/chloroform/water was
1:2:1 (v:v). The chloroform layer was removed and the water layer was extracted two more
times with chloroform. All of the chloroform layers were pooled, dried with MgSQy, filtered,
and the solvent was removed. The resultant lipid sample was a soft, white solid stored at —20°
C.

2.3. Preparation of lipid bilayer membranes

The membranes used in this work were multilameller dispersions (multilamellar liposomes)

made of the total lipid extract from fiber cell plasma membranes of pig eye lenses or the mixture
of pig lipids with cholesterol (with the final cholesterol-to-phospholipid mole ratio of ~1.55—-
1.80) containing 1 mol% spin label. The membranes were prepared by the following method
[4,12]: Chloroform solutions of lipids and spin label were mixed (containing ~0.5 x 10> mol
of total lipids—for brevity we assumed the average molecular weight of phospholipids in the
total lipid extract from eye lens to be 1000 Da and the cholesterol-to-phospholipid mole ratio
to be in the range of 0.55-0.80 [26,27]), the chloroform evaporated with a stream of nitrogen
gas, and the lipid film on the bottom of the test tube thoroughly dried under reduced pressure
(about 0.1 mmHg) for 12 h. A buffer solution (0.25 mL of 10 mM PIPES and 150 mM NacCl,
pH 7.0) was added to the dried lipids at 40°C and vortexed vigorously. The buffer used for the
study of samples with 9-SASL was 0.1 M borate at pH 9.5. A rather high pH was chosen in

this case to ensure that all SASL probe carboxyl groups were ionized in the membranes [41].

2.4. Conventional and saturation-recovery EPR

The membranes were centrifuged briefly, and the loose pellet (about 20% lipids, w/w) was
used for EPR measurements. The sample was placed in a 0.6 mm i.d. capillary made of gas-
permeable methylpentene polymer, TPX, and the capillary was placed inside the EPR dewar
insert. It was then equilibrated with the same gas that was used for the temperature control (i.e.,
a controlled mixture of nitrogen and dry air adjusted with flowmeters [Matheson Gas Products
model 7631H-604]) [42,43].

Conventional EPR spectra were obtained with an X-band Bruker EMX spectrometer with
temperature-control accessories. Modulation amplitude of 0.5 or 1.0 G and an incident
microwave power of 5.0 mW were used for measurement at the temperature range 15-45°C.
To measure the hydrophobicity profiles across the membrane, the z-component of the hyperfine
interaction tensor of the n-PC or 9-SASL, Az, was determined from the EPR spectra for samples
frozen at —163°C, and recorded with modulation amplitude of 2 G and an incident microwave
power of 2 mW [44].

The spin-lattice relaxation times (T1s) of the spin labels were determined by analyzing the
saturation-recovery signal of the central line obtained by short-pulse saturation-recovery EPR
at X-band [34,45,46]. A relatively low level of observing power (8 uW, with the loop-gap
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resonator delivering an Hy field of 3.6 x 107> gauss) was used. Accumulations of the decay
signals were carried out with 2048 data points on each decay. For further detail and explanation,
see Ref. [4].

2.5. The DOT approach

The bimolecular collision rate between oxygen and the free radical nitroxide moiety of spin
label placed at specific locations in the membrane was evaluated in terms of an oxygen transport
parameter (W(x)). W(x) was defined as

W(x)=T, " (air,x) — T~ (N2,), (1)

where the T1s are the spin-lattice relaxation times of the nitroxide in samples equilibrated with
atmospheric air and nitrogen, respectively [45,47]. W(X) is proportional to the product of the
local translational diffusion coefficient D(x) and the local concentration C(x) of oxygen at a
"depth" x in a lipid bilayer that is equilibrated in the atmospheric air:

W(x)=AD(x)C(x), A=8mpry, 2)

where rq (about 4.5 A) is the interaction distance between oxygen and the nitroxide radical
spin-label [48,49], and p is the probability that an observable event occurs when a collision
does occur and is very close to 1 [42,50,51].

When located in two different membrane domains, the spin label alone most often cannot
differentiate between these domains, giving very similar (indistinguishable) conventional EPR
spectra and similar T, values. However, even small differences in lipid packing in these
domains will affect oxygen partitioning and oxygen diffusion, which can be easily detected by
observing the different T1s from spin labels in these two locations in the presence of oxygen.
In membranes equilibrated with air and consisting of two lipid environments with different
oxygen transport rates—fast oxygen transport (FOT) domain and slow oxygen transport
(SLOT) domain—the saturation-recovery signal is a simple double-exponential curve with
time constants of T1 ~X(air, FOT) and T; ~X(air, SLOT) [33,34].

W(FOT)=T, ! (air,FOT) — T, "' (N,,FOT) 3)

W(SLOT)=T, ! (air,SLOT) — T}, '(N,,SLOT) 4)

Here "x" from Eqg. 1 is changed to the two-membrane domain, FOT and SLOT, and the depth
fixed (the same spin label is distributed between the FOT and SLOT domains). W(FOT) and
W(SLOT) are oxygen transport parameters in each domain and represents the collision rate in
samples equilibrated with air. For further detail and explanation of the DOT method, see Ref.
[36].

2.6. Calculation of the membrane oxygen permeability coefficient

Knowledge of the profiles of the oxygen transport parameter (oxygen diffusion-concentration
product) make it possible to calculate a significant membrane characteristic, namely the oxygen
permeability coefficient across the membrane, Py, which connects the oxygen flux across the
lipid bilayer with the difference in oxygen concentration in water on each side of the bilayer.
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The method of calculation for Py, is based on the procedure developed by Subczynski et al.
[45]. The procedure for this calculation is explained in details in earlier papers [20,52].

3. Results and discussion

3.1. Saturation-recovery measurements and evaluation of the oxygen transport parameter

Saturation-recovery measurements were carried out, as described by us earlier [4],
systematically as a function of the partial pressure of oxygen, the location of spin labels in the
membrane, and within the temperature range of 15-45°C for the membrane made of pig lens
lipids with no cholesterol added. The recovery curves were fitted by single and double
exponentials and compared. No substantial improvement in the fitting was observed when the
number of exponentials was increased from one, suggesting that these recovery curves can be
analyzed as single exponentials. The decay time constants were determined within an accuracy
of £3%. These observations indicate the presence of a single homogenous membrane when
averaged over 0.3 ps (the shortest recovery time observed here, see also Ref. [34] for more
detail).

Theoretically in these membranes, three lipid environments can be expected: the bulk lipid
region, the raft domain, and the cholesterol crystalline domain. Based on the observations
described above, coexisting raft and bulk lipid domains are not observed with phospholipids-
type spin labels, and the existence of the cholesterol crystalline domain is not detected with
cholesterol-type spin labels. It is important to note that in membranes loaded with cholesterol
all lipids should be in the liquid-ordered phase (see Ref. [53]). These conditions exist in the
pig fiber cell plasma membrane where the cholesterol-to-phospholipid mole ratio is
approximately 0.55-0.80 [28,29].

To obtain the oxygen transport parameter, in principle, two saturation-recovery measurements
should be performed: one with the sample equilibrated with nitrogen and the other with air (see
Eqg. (1)). However, to increase the accuracy, saturation-recovery measurements were carried
out systematically as a function of the partial pressure of oxygen in the equilibrating gas mixture
(% air) up to 50% air, and extrapolation to 100% air was performed to obtain the oxygen
transport parameter (see Eq. (1)). This process is required because accurate observation of
saturation recovery becomes increasingly difficult as the oxygen partial pressure is increased
due to fast relaxations. A minimum of three decay measurements were performed for each
point in the plot with accuracy of the evaluation of W(x) better than £10% (see Ref. [4] for
more details).

As expected, the cholesterol crystalline domain is not formed in the membrane made of pig
lens lipids, presumably because the cholesterol content is too low. Cholesterol crystalline
domains have been observed in model phosphatidylcholine or sphingomyelin membranes only
when the cholesterol content exceeded 50 or 67 mol%, respectively [12,54,55]. The values of
the oxygen transport parameter obtained with ASL are identical within experimental error to
values obtained with 10-PC (data not shown). This confirms that the bulky, rigid steroid-ring
structure of cholesterol reaches into the membrane to the depth of the ninth carbon because the
nitroxide fragment of ASL is located just below the steroid-ring structure (see Fig. 1 and Fig
2). The values of the oxygen transport parameter obtained with CSL are similar to those
obtained with 5-PC and T-PC (data not shown). This is in agreement with the localization of
the nitroxide moiety of CSL in the polar headgroup region (see section 3.5 for discussion).

3.2. Discrimination of the cholesterol crystalline domain within the bulk membrane

The native cholesterol concentration in the total lipid extract from the pig eye lens membranes
was low, with the cholesterol-to-phospholipid mole ratio of 0.55-0.8 [28,29]. In order to induce
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conditions favoring formation of cholesterol crystalline domain, we added additional
cholesterol to the chloroform solution of the total lipid extract to achieve the final cholesterol-
to-phospholipid mole ratio of 1.55-1.8. At a similar cholesterol-to-phospholipid mole ratio
cholesterol crystalline domains have been observed in other model membranes [11-17].
Restrictions for the distribution of lipid spin labels in these membranes, indicated in Fig. 1,
show that only spin-labeled cholesterol analogues can discriminate these domains.
Phospholipid spin labels, which should not partition into the cholesterol crystalline domain,
cannot discriminate these domains. Indeed, after addition of the excess cholesterol, saturation-
recovery signals for n-PCs, 9-SASL, and T-PC were single-exponential signals, both in the
absence and presence of oxygen indicating, additionally, that the bulk phospholipids-
cholesterol domain is homogenous. Surprisingly, CSL did not detect two environments but
instead also showed single-exponential saturation-recovery signals. Only ASL in samples
equilibrated with the air/nitrogen mixture showed two-exponential saturation-recovery signals
(Fig. 3 and Fig 4), which indicated the presence of two environments. We assigned them to
the bulk phospholipid-cholesterol bilayer and the pure cholesterol crystalline domain. This
assignment was based on expected similarities between T; values and oxygen transport
parameter values detected in membranes made of pig lens lipids and in the bulk phospholipid-
cholesterol domain in membranes after the addition of cholesterol. Shorter T values and greater
oxygen transport parameter values detected after the addition of cholesterol were close to those
detected before for lens lipids and allowed us to conclude that the domain with the greater
oxygen transport parameter value is the bulk phospholipid-cholesterol domain. The remaining
values were assigned as those characterizing the pure cholesterol crystalline domain (see also
Fig. 3 and Fig 4). We have assumed that the cholesterol crystalline domain is embedded in the
bulk phospholipids-cholesterol bilayer. However, the possibility that part of the cholesterol
crystals may be free in solution cannot be excluded using the current EPR methods.

Our results are an excellent illustration of the advantages and limitations of the DOT method.
To detect membrane domains, lipid spin labels (CSL and ASL, but not n-PC, 9-SASL and T-
PC, Fig. 1) have to be distributed between these domains. When located in two different
membrane domains, the spin label alone most often cannot differentiate between domains,
giving very similar T4 values. For example, the saturation-recovery data for ASL presented in
Fig. 4 show that in the absence of oxygen the single exponential decay is observed, indicating
that T4 values in both environments are very similar. In membranes equilibrated with air and
consisting of two lipid environments with different oxygen transport rates, the fast oxygen
transport (FOT) domain and the slow oxygen transport (SLOT) domain, the saturation-
recovery signal should be a double-exponential curve with time constants of Ty(air, FOT) and
T (air, SLOT). This s the case with ASL, which shows double-exponential saturation-recovery
signals for sample equilibrated with the air/nitrogen mixture (Fig. 3 and Fig 4). CSL cannot
distinguish these domains, probably because collision rates between oxygen and the nitroxide
moiety of CSL located in the polar headgroup region are similar in these two domains.

We would also like to add, that in model DMPC and POPC membranes with a cholesterol-to-
phospholipid mole ratio of 2:1, the DOT method with ASL (but not with CSL) distinguished
two coexisting domains (Raguz and Subczynski, unpublished data). When the cholesterol-to-
phospholipid mole ratio was 1:1 or slightly lower, the saturation-recovery signal for ASL was
a single-exponential demonstrating that at this low cholesterol concentration, ASL indicates a
single homogenous environment. We will not discuss here EPR data for membranes containing
less than 50 mol% cholesterol where coexisting liquid-ordered and liquid-disordered domains
are expected; please see our recent paper [33]. Also, in membranes made from calf lens lipids
with a cholesterol-to-phospholipid mole ratio is close to 1, ASL indicated a single homogenous
environment [4]. However, the DOT method with ASL distinguished two coexisting domains
(Raguz and Subczynski, unpublished data) in membranes prepared with a sufficient amount

of cholesterol addedto the total lipid extract to achieve cholesterol-to-phospholipid mole ratios
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of 1.5:1, 2:1, and 3:1. In domains created at a high cholesterol content (cholesterol crystalline
domains), the values of the oxygen transport parameter measured with ASL were similar,
indicating that the properties of these domains should be similar as well. These oxygen transport
parameter values were, however, significantly lower than those observed for the second
domain, the bulk phospholipids-cholesterol domain. These findings support our conclusion
that the new domain, observed with ASL in the membrane made from pig lens lipids after the
addition of excess cholesterol, is a cholesterol crystalline domain.

3.3. How are the properties of the bulk membrane affected by the presence of the cholesterol
crystalline domain?

The distribution of phospholipid spin labels in membranes containing cholesterol crystalline
domains (Fig. 1) presented unique opportunities to compare properties of the bulk
phospholipid-cholesterol domain in the presence and absence of the cholesterol crystalline
domain. Figure 5 shows the profiles of the order parameter obtained in membranes made of
pig lens lipids before and after the addition of cholesterol at 15 and 35°C. The profiles in the
absence and presence of the cholesterol crystalline domain are practically the same at 15°C.
Interestingly, at 35°C the values of the order parameter measured in the membrane center are
the same for both membranes; however, the difference between profiles increases with a
decrease of depth in the membrane, showing that the bulk phospholipids-cholesterol bilayer is
more ordered when cholesterol is added. The increase of the order parameter at the 5-PC
position caused by the presence of the cholesterol crystalline domain is equivalent to the change
caused by the decrease of temperature by 10°C. A weak dependence of the order parameter on
temperature was observed, which is in agreement with similar measurements in calf lens
membranes [4]. Thisis in contrast to the strong dependence observed for the pure phospholipids
membranes. The structural order determined by the static measure of the trans/gauche rotomer
ratio in the hydrocarbon chains with the special attention paid to the role of cholesterol has
been evaluated by other groups for lens lipid membranes from human [57,58,59], bovine [7],
guinea pig [60], and rabbit [61].

Figure 6 shows hydrophobicity profiles (2Az, zcomponent of the nitroxide hyperfine structure)
across the bulk phospholipid-cholesterol membrane in the absence and presence of the
cholesterol crystalline domain. Smaller 2Az values indicate higher hydrophobicity [44]. In both
membranes, the hydrophobicity profiles show a similar rectangular shape, with an abrupt
increase of hydrophobicity between C9 and C10. However, 2Az values in the membrane center
(positions of 10-, 12-, 14-, and 16-PC) indicate that in the presence of the cholesterol crystalline
domain the center of the bulk phospholipid-cholesterol membrane is significantly less
hydrophobic than in its absence. The hydrophobicity in this region decreases from the level of
hexane (e = 2) to the level between dipropylamine and ethyl acetate (¢ = 2-6). A similar effect
is observed close to the membrane surface (5- and 7-PC positions) where hydrophobicity
decreases below the level of methanol (¢ = 35). These interesting findings are in agreement
with our earlier observation [39] that cholesterol causes a significant increase in the
hydrophobicity of the lipid bilayer center when its concentration increases up to ~30 mol%.
This is then followed by a moderate decrease of hydrophobicity when the cholesterol
concentration increases further to 50 mol%. Addition of cholesterol (from 0 to 50 mol%)
monotonically decreases membrane hydrophobicity in the region close to the membrane
surface. These similarities can explain the effect of the cholesterol crystalline domain on the
hydrophobicity of the bulk phospholipid-cholesterol membrane as a result of the saturation of
this phospholipid bilayer with cholesterol. The initial lipid extract from the pig eye lens had
cholesterol content of 35-45 mol% [28,29], and only after the addition of excess cholesterol
did the phospholipid bilayer become saturated with cholesterol to its final threshold solubility
50-60 mol% [12,54,55,56]. Interestingly, the hydrophobicity profile across the membrane
made of the total lipid extract from the calf lens, for which cholesterol-to-phospholipid mole
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ratio is close to 1, is very similar to that across the membrane made of pig lens lipids after the
addition of cholesterol [4]. It indicates that the calf lens membrane is more saturated with
cholesterol than the pig lens membrane.

The profiles of the oxygen transport parameter for the bulk phospholipid-cholesterol membrane
in the absence and presence of the cholesterol crystalline domain obtained at 15, 25, and 35°
C are presented in Fig. 7. All profiles have a rectangular shape with an abrupt increase of the
oxygen transport parameter between the C9 and C10 positions. This abrupt increase is as large
as 2-3 times, and the overall change of the oxygen transport parameter across the membrane
becomes as large as 5-7 times. The oxygen transport parameter from the membrane surface to
the depth of the ninth carbon is as low as in gel-phase PC membranes, and at locations deeper
than the tenth carbon, as high as in fluid-phase membranes [35,45,47,52]. Profiles for the bulk
phospholipid-cholesterol membrane in the absence and presence of the cholesterol crystalline
domain are practically identical. They are also very similar to those for the membrane made
of calf lens lipids and for the liquid-ordered-phase membrane made from the equimolar mixture
of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and cholesterol [4] and DMPC and
cholesterol [35]. These similarities are in fact supportive of the hypothesis that the physical
properties of the bulk phospholipid-cholesterol membrane are a result of the saturation of this
phospholipid bilayer with cholesterol (see also Ref. [4] for more detail). It should be noted that
the oxygen transport parameter is a useful monitor of membrane properties that report on
translational diffusion of small molecules. However, the molecular structural properties
measured using the trans/gauche rotomer ratio in the hydrocarbon chains depend on lipid
composition and lipid saturation [3,58,62].

3.4. Oxygen permeability across the bulk phospholipids-cholesterol membrane

To analyze the oxygen transport across the membrane made of pig lens lipids, we constructed
Fig. 8 in which W(x)™1, a measure of resistance to oxygen permeation, is plotted as a function
of the distance from the membrane center. W(x) ™1 is the reciprocal of the oxygen transport
parameter and values were taken from the profile presented in Fig. 7 for 35°C. It can be seen
that in the bulk phospholipid-cholesterol membrane, in both the absence and presence of the
cholesterol crystalline domain, a rather high permeability barrier for oxygen transport is located
in the polar headgroup region and in the hydrocarbon region to the depth of the ninth carbon,
which is approximately where the rigid steroid-ring structure of cholesterol reaches into the
membrane [63]. The resistance to oxygen permeation in this region is much higher than the
resistance in the water phase, as indicated by the broken line in Fig. 8. However, resistance to
oxygen permeation in the membrane center decreases by a factors of 5 to 7 and becomes much
less than the resistance in the water phase. Although profiles of the resistance in both
membranes are very similar, the steepness of the profile obtained in the presence of the
cholesterol crystalline domain is significantly greater. The greater steepness indicates that the
vertical fluctuations of all membrane components are decreased and the rigid plate-like portion
of all cholesterol molecules are aligned at the same depth of the ninth carbon in the alkyl chains
[4]. Similar observations were also made when profiles of the resistance to oxygen transport
in membranes made of calf lens lipids and equimolar mixture of POPC and cholesterol were
compared [20]. At physiological temperatures the steepness was greater for POPC/cholesterol
membranes containing a single phospholipid, as compared with phospholipid mixture in lens
lipid membranes, indicating greater alignment of cholesterol molecules in single phospholipid
membranes.

The oxygen permeability coefficient, Py, across the membrane made of pig lens lipids was
estimated at 15, 25, and 35°C and compared with that estimated at 15, 25, 35, and 40°C for the
membrane in which the cholesterol crystalline domain was induced. Py, values are presented
in Table 1. At all temperatures, the Py, for membrane in the absence and presence of the

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Raguz et al.

Page 10

cholesterol crystalline domain is practically the same. The Py, obtained for the calf lens
membrane [20] for the same temperature range is only slightly greater than that obtained for
the pig lens membrane in the present work. When compared with the oxygen permeability
coefficient across a water layer of the same thickness as the membrane, the oxygen permeability
coefficient for the lens lipid membrane (pig and calf) was found to be significantly smaller
only at 15 and 25°C (2.5 and 1.5 times, respectively). However, this difference decreases at
35°C and at 40°C (Table 1).

In Fig. 9, the temperature dependence of the oxygen permeability coefficient is plotted for two
membrane regions; the region from the membrane surface to the depth of the ninth carbon
where the major resistance to oxygen permeation is located and for the membrane center
between the tenth carbons in each leaflet where oxygen transport is enhanced. To compare
permeability properties of certain membrane regions with those of water, we displayed the data
as a ratio of oxygen permeability across the appropriate membrane region (P’\) to that across
the water layer of the same thickness (P’\y). We observed that the center of the pig lens lipid
membrane both in the absence and presence of the cholesterol crystalline domain can serves
as a channel for oxygen transport with much higher oxygen permeability than water. To escape
from this channel, oxygen must diffuse across high barriers with low oxygen permeability
existing at both sides of the membrane. These observations most likely indicate that the
presence of cholesterol crystalline domains does not affect the formation and properties of the
hydrophobic channels in the bulk phospholipid-cholesterol domain of the lens membranes.

3.5. Can the EPR spin-labeling method characterize the cholesterol crystalline domain
coexisting with the bulk membrane?

As indicated in Fig. 1, only the spin-labeled cholesterol analogues ASL and CSL can probe
the pure cholesterol crystalline domain created within the bulk pig lens lipid membrane. The
ASL showed the double-exponential saturation-recovery signal, indicating the presence of two
coexisting domains and giving the values of the local oxygen transport parameter (around the
nitroxide moiety of ASL) in these domains. The saturation-recovery signal of CSL is a one-
exponential decay, indicating that the oxygen transport parameter around the nitroxide
fragment of this spin label should be similar in both the bulk phospholipid-cholesterol domain
and the cholesterol crystalline domain. In Fig. 10, the values of the oxygen transport parameter
for ASL and CSL obtained in the coexisting bulk phospholipid-cholesterol and cholesterol
crystalline domains are displayed as a function of temperature and compared with those
obtained in the lens lipid membrane before the addition of excess cholesterol. These data
indicate that in the wide range of temperatures, values monitored by ASL in the cholesterol
crystalline domain are 2 to 5 times smaller than values monitored by ASL in the bulk
phosphatidylcholine-cholesterol bilayer before and after the addition of cholesterol. There is
a weaker dependence of the oxygen transport parameter on temperature in the cholesterol
crystalline domain than in the bulk phospholipid-cholesterol domain; thus, the differences
between permeability properties of the bulk phospholipid-cholesterol domain and the
cholesterol crystalline domain are more pronounced at higher temperatures. The increase of
the oxygen transport parameter in the bulk phospholipid-cholesterol domain after the addition
of cholesterol may be the result of better alignment of cholesterol molecules at high cholesterol
concentrations. As indicated above, CSL monitors the same oxygen transport parameter value
in the bulk phospholipids-cholesterol and cholesterol crystalline domains, and the values in
the bulk phospholipid-cholesterol domain are nearly identical in the absence and presence of
the cholesterol crystalline domain.

The values of the oxygen transport parameter obtained at 35°C for ASL and CSL are displayed
with the profile of the oxygen transport parameter across the bulk phospholipid-cholesterol
domain coexisting with the cholesterol crystalline domain (Fig. 11). The nitroxide moiety of
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ASL is located at the same depth as the nitroxide moiety of 10-PC which is 9.0 A from the
membrane center. To more accurately estimate the position of the nitroxide moiety of CSL,
we assume that the vertical separation of the nitroxide moieties of ASL and CSL is the same
as the distance between the oxygen atom and the carbon atom C20, the first carbon atom in the
isooctyl chain, in the cholesterol molecule. This distance, obtained using molecular modeling
techniques, was provided to us by Dr. Marta Pasenkiewicz-Gierula, and equals 11.3 A. Thus,
the nitroxide moiety of CSL is located 20.3 A from the membrane center, which is in agreement
with the average position of the —OH group of cholesterol in different model membranes
[64-66]. Positions of the nitroxide fragments of ASL and CSL in the cholesterol crystalline
domain are shifted toward the membrane center, as compared to their positions in the bulk
phospholipid-cholesterol bilayer, and are evaluated based on the thicknesses of the pure
cholesterol crystalline bilayer of 34 A from X-ray diffraction measurements [10,11]. Vertical
separations of nitroxide moieties of ASL and CSL in both membranes are the same. Values of
the oxygen transport parameter obtained with ASL and CSL for the cholesterol crystalline
domain allowed us to draw an approximate profile of the oxygen transport parameter across
this domain.

Based on the profile of the oxygen transport parameter across the cholesterol crystalline domain
(Fig. 11), the oxygen permeability coefficient for this domain was also evaluated for 15, 25,
35, and 40°C and the calculated values are presented in Table 2. Oxygen permeation across
the cholesterol crystalline domain is significantly lower than that across the bulk phospholipid-
cholesterol domain and water. Interestingly, this difference is greater at higher temperatures.
At physiological temperatures, oxygen permeation across the cholesterol crystalline domain
is about 30% less efficient than that across the bulk lens lipid membrane and two times less
efficient than that across the water layer of the same thickness. These data strongly suggest
that the rigid cholesterol crystalline domain can be a barrier to oxygen transport, which should
help to maintain low oxygen concentration in the eye lens interior. This conclusion is supported
by the fact that oxygen transport parameter values were measured outside the most rigid regions
of the layer of cholesterol rings (see Fig. 1 and Fig 2) and, thus, the evaluation gives the upper
limit of the oxygen permeability coefficient. Our findings should be especially significant for
understanding oxygen transport and distribution in the aged lens and in the lens nucleus where
the cholesterol crystalline domain can occupy as much as 50% of the fiber cell membrane. It
is important to note that oxygen concentration in the lens is very low, reaching a value close
to zero in the lens core [67]. Any increase in oxygen concentration is thought to be responsible
for cataract formation; this could follow any type of oxidative stress which is known to
contribute to caractogenesis by perturbing the structure of lens fiber cell membranes, disrupting
the function of intrinsic proteins, and promoting the aggregation of cytosolic proteins
(crystallines) [68].

4. Concluding remarks

Observations from conventional and saturation-recovery EPR measurements on membranes
from pig lens lipids suggest that these membranes form a single homogenous environment on
a time scale longer than 0.3 ps. In addition, the immiscible cholesterol crystalline domain is
not detected with the cholesterol analogue spin labels. However, the cholesterol crystalline
domain can be induced by the addition of excess cholesterol to the extracted lipid mixture. The
unique composition of these immiscible domains and the unique distribution of lipid spin labels
allow extensive information about the physical properties of the bulk phospholipid-cholesterol
domain to be obtained; however, information about the cholesterol crystalline domain is
limited.

The properties of the bulk phospholipid-cholesterol domain can be monitored with
phospholipid analogue spin labels by measuring the alkyl chain order parameter and exhibit a
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high rigidity that decreases gradually toward the membrane center. Interestingly, when
membrane properties are measured by monitoring movement and/or concentration of small
molecules like molecular oxygen or water, the properties appear to change abruptly between
C9 and C10 showing low membrane fluidity and hydrophobicity to the depth of the ninth
carbon and high membrane fluidity and hydrophobicity in the membrane center.

The bulk physical properties of membranes saturated with cholesterol, i.e., a cholesterol-to-
phospholipid ratio close to 1, are mainly determined by the presence of the saturating amount
of cholesterol and are practically independent of their phospholipid composition. This is based
on our previous investigations on calf lens membrane lipid extracts [4,20] and pig lens lipid
extracts in the present work, as well as on saturated and unsaturated PC membranes [4,20,35,
36,44]. Based on these investigations, we hypothesize that the cholesterol crystalline domain
provides buffering capacity for cholesterol concentration in the surrounding phospholipid
bilayer, keeping it at a constant saturating level and thus keeping physical properties of the
membrane consistent and independent of changes in the phospholipid composition.

In one of our previous studies [20], we inferred that this domain could form a barrier to oxygen
transport based on the close packing of the rigid steroid rings in the cholesterol crystalline
domain. In our present work, we provided values of the oxygen transport parameter measured
in the cholesterol crystalline domain and values of the oxygen permeability coefficient across
the cholesterol crystalline domain. Our evaluation provides the upper limit of the oxygen
permeability coefficient across this domain.

The cholesterol concentration in the lens membrane increases with age and is much higher in
the lens nucleus than in the lens cortex. This present study provides important fundamental
information about topographical and age-related differences in cholesterol-membrane
interactions in the eye lens that should increase our understanding of the role that cholesterol
plays in the lens.
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Fig. 1.

Schematic drawing of the cholesterol crystalline domain in the lens lipid membrane enriched
in cholesterol. The bulk phospholipid-cholesterol and the cholesterol crystalline domains are
indicated. The distribution and approximate localization of lipid spin labels in these domains
is also shown. Phospholipid spin labels, 5-, 10-, 16-, T-PC and 9-SASL, are located only in
the bulk phospholipid-cholesterol domain, while spin-labeled cholesterol analogue, ASL and
CSL, are distributed between both domains. The nitroxide moieties of spin label are indicated
as black dots.
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Fig. 2.

Chemical structures of spin labels used in this work. Chemical structures of cholesterol and
POPC molecules are included to illustrate approximate localization of these molecules and
their nitroxide moieties across the membrane.
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Fig. 3.

Representative saturation-recovery signals at 35°C with fitted curves and the residuals (the
experimental signal minus the fitted curve) of ASL in the membrane made of lens lipids after
the addition of excess cholesterol obtained in the absence and presence of oxygen.
Experimental data were fitted to single exponentials with time constants 2.50 + 0.006 s (top)
and 0.58 + 0.34 ps (bottom) (two upper residuals). The major criterion for the goodness of a
fit is the residual, indicating that a single exponential fit for a top signal is excellent. However,
as shown by the residual, the fit of the bottom signal is unsatisfactory. The fit of the bottom
signal to a double exponentials with time constants 1.21 + 0.14 psand 0.46 £ 0.02 ps is excellent
(lower residual). This double-exponential fit is consistent with the presence of two immiscible
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domains with different oxygen transport rate. Additional criteria for the goodness of a single
and double exponential fit are explained in Ref. [34].

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Raguz et al.

-

S
v
=
F
i

T1

Page 20

AIR (%)

Fig. 4.

T, 1 for ASL at 35°C in the membrane made of lens lipids before (A) and after the addition of
excess cholesterol (A ,m) plotted as % air in the equilibrating gas mixture. Experimental points
showed a linear dependence up to 50% air, and extrapolation to 100% air is performed to
indicate a way of calculating oxygen transport parameters. W(0) is the oxygen transport
parameter measured for the sample before addition of cholesterol. W(C,FOT) and W(C,SLOT)
are oxygen transport parameters in the FOT (bulk phospholipid-cholesterol) domain and in the
SLOT (cholesterol crystalline) domain obtained for the sample after addition of cholesterol
from the double exponential saturation-recovery signals.
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Fig. 5.

Profiles of the molecular order parameter for membranes made of lens lipids before and after
the addition of excess cholesterol (order parameter is plotted in a log scale as a function of
nitroxide position (n) along the alkyl chain in spin labels) at 15°C (upper curves) and 35°C
(lower curves).
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Hydrophobicity profiles (2Az) across membranes made of lens lipids before (A) and after the
addition of excess cholesterol (B). Upward changes indicate increases in hydrophobicity.
2Az for 16-PC in the aqueous phase was calculated from the isotropic hyperfine constant of
the nitroxide spin-label as shown in [39]. Approximate localizations of nitroxide moieties of

spin labels are indicated by arrows.
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Fig. 7.

Profiles of the oxygen transport parameter across membranes made of lens lipids before (A)
and after the addition of excess cholesterol (B). The broken line indicates the oxygen transport
parameter in the aqueous phase. It does not change significantly because temperature
dependences of oxygen diffusion and concentration are opposite. Approximate localizations
of nitroxide moieties of spin labels are indicated by arrows.
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Fig. 8.

W(x) L is plotted as a function of the distance from the center of the membranes made of lens
lipids before (A) and after the addition of excess cholesterol (B) at 35°C to show the oxygen
permeability barriers. The value of the W(water)™1, the resistance to oxygen permeation in
aqueous phase, is also indicated as a broken line.
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Fig. 9.

Oxygen permeability coefficient across the certain membrane region (P’\(EPR)) relative to
that across a water layer of the same thickness as the membrane region (P’w(EPR)), i.e.,
P’Mm(EPR)/P’\w(EPR), for lens lipids before and after the addition of excess cholesterol is
plotted as a function of temperature. Both P’\4(EPR) and P’\y(EPR) were obtained by the EPR
method. Two lower curves show values for the membrane region from the membrane surface
to the depth of the ninth carbon (measurements with T-, 5-, 7-PC, and 9-SASL), and two upper
curves show the values for the membrane region between the tenth carbons in each membrane
leaflet (measurements with 10-, 12-, 14-, and 16-PC). LL-lens lipids, CHOL-cholesterol.
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Fig. 10.

TEMPERATURE (°C)

Oxygen transport parameters obtained with ASL and CSL in membranes made of lens lipids
before and after the addition of excess cholesterol plotted as a function of temperature. LL-
lens lipids, CHOL-cholesterol, BPCD-bulk phospholipid-cholesterol domain, CCD-
cholesterol crystalline domain

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Raguz et al.

(us™

Page 27

5. LENS LIPIDS + CHOLESTEROL
HYDROCARBON PHASE

HEADGROUP REGION

AQUEQUS PHASE
HEADGROUP REGION

AQUEOUS PHASE

Fig. 11.

Profiles of the oxygen transport parameter across membrane domains in the membrane made
of lens lipids after the addition of excess cholesterol obtained at 35°C. The profile in the bulk
phospholipid-cholesterol domain (taken from Fig. 7B) with points obtained with cholesterol
analogue spin labels CSL (A ) and ASL (m) located in the bulk phospholipid-cholesterol
domain (taken from Fig. 10) is indicated as the solid line. The profile in the cholesterol
crystalline domain obtained with cholesterol analogue spin labels CSL (A) and ASL (o) located
in the cholesterol crystalline domain (values taken from Fig. 10) is indicated as the broken line
(see section 3.5 for details).
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Oxygen permeability coefficients across the lens lipid membrane (bulk phospholipid-cholesterol domain) and across
water layer of the same thickness as the membrane

Oxygen permeability coefficient (cm/s)

15°C 25°C 35°C 40°C
Before the addition of 17.9 38.3 65.1 ND?
cholesterol
After the addition of 19.2 33.6 57.2 725
cholesterol
Across the water layer 41.3 54.6 69.3 78.8

@Not deffined
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Table 2

Oxygen permeability coefficients across the cholesterol crystalline domain and across water layer of the same thickness

as the cholesterol crystalline domain

Oxygen permeability coefficient (cm/s)

15°C 25°C 35°C
Across the cholesterol 13.3 26.4 425
domain
Across the water layer 51.2 67.7 85.9
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