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Abstract

The results reported here clearly document changes in the properties and the organization of fiber-
cell membrane lipids that occur with age, based on electron paramagnetic resonance (EPR)
analysis of lens membranes of clear lenses from donors of age groups from 0 to 20, 21 to 40, and
61 to 80 years. The physical properties, including profiles of the alkyl chain order, fluidity,
hydrophobicity, and oxygen transport parameter, were investigated using EPR spin-labeling
methods, which also provide an opportunity to discriminate coexisting lipid domains and to
evaluate the relative amounts of lipids in these domains. Fiber-cell membranes were found to
contain three distinct lipid environments: bulk lipid domain, which appears minimally affected by
membrane proteins, and two domains that appear due to the presence of membrane proteins,
namely boundary and trapped lipid domains. In nuclear membranes the amount of boundary and
trapped phospholipids as well as the amount of cholesterol in trapped lipid domains increased with
the donors’ age and was greater than that in cortical membranes. The difference between the
amounts of lipids in domains uniquely formed due to the presence of membrane proteins in
nuclear and cortical membranes increased with the donors’ age. It was also shown that cholesterol
was to a large degree excluded from trapped lipid domains in cortical membranes. It is evident that
the rigidity of nuclear membranes was greater than that of cortical membranes for all age groups.
The amount of lipids in domains of low oxygen permeability, mainly in trapped lipid domains,
were greater in nuclear than cortical membranes and increased with the age of donors. These
results indicate that the nuclear fiber cell plasma membranes were less permeable to oxygen than
cortical membranes and become less permeable to oxygen with age. In clear lenses, age-related
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changes in the lens lipid and protein composition and organization appear to occur in ways that
increase fiber cell plasma membrane resistance to oxygen permeation.
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1. Introduction

Fiber-cells, which form tightly packed layers in the eye lens, lose their organelles soon after
they are formed (Bassnett et al., 2011; Rafferty, 1985; Wride, 2011); the plasma membrane
becomes the only membranous structure of matured fiber-cells. The lipid bilayer portion of
the membrane determines bulk membrane properties (including diffusion barriers)
(Borchman and Yappert, 2010; Subczynski et al., 2012) and can affect the properties of
membrane proteins (Epand, 2005; Gonen et al., 2005; Reichow and Gonen, 2009; Tong et
al., 2012; Tong et al., 2013). Age-related changes in the plasma membranes of human eye
lens fiber-cells are much greater than age related changes in the membranes of other organs
and tissues. Phospholipid (PL) composition changes drastically with age, with the increase
of sphingolipid content (Borchman et al., 1994; Deeley et al., 2008; Yappert and Borchman,
2004; Yappert et al., 2003) and depletion of phosphatidylcholine (Borchman et al., 1994;
Deeley et al., 2008; Yappert and Borchman, 2004; Yappert et al., 2003). The saturation
levels of PL alkyl chains also increase (Deeley et al., 2008; Li et al., 1985; Yappert et al.,
2003). Most characteristic is the increase in cholesterol (Chol) content up to the Chol/PL
ratio of 4 (Li et al., 1985, 1987; Rujoi et al., 2003; Zelenka, 1984; Mainali et al., 2015).
Aged fiber-cell membranes are loaded with integral proteins (Bassnett et al., 2011; Gonen et
al., 2004; Kistler and Bullivant, 1980), the organization of which, including the formation of
domains, arrays, and other structures, also changes with age (Buzhynskyy et al., 2007;
Costello et al., 1989; Dunia et al., 2006; Zampighi et al., 2002). Regardless of these changes,
the lens normally remains transparent. Due to a lack of turnover (Lynnerup et al., 2008),
cells in the center of the nucleus of an adult human lens are as old as the individual, and
membrane proteins that perform several functions in young human lenses likely perform the
same functions in older lenses with altered lipid compositions. Thus, homeostasis of the
fiber-cell plasma membrane and fiber cell itself should be maintained throughout the entire
human life. We believe that the fiber-cell plasma membrane, with its unique structure and
properties, helps to maintain cell homeostasis.

Previously, we have investigated the organization, properties, and dynamics of eye lens lipid
membranes made of total lipids extracted from eyes of different species, donors of different
age, and different regions of the eye lens (Mainali et al., 2012, 2013b; Raguz et al., 2008,
2009; Widomska et al., 2007). These works were summarized in the review (Subczynski et
al., 2012) where we identified the significant functions of Chol specific to the fiber-cell
plasma membrane. In human fiber-cell plasma membranes, Chol not only saturates the bulk
PL bilayer (Mainali et al., 2013b) but also induces formation of immiscible pure cholesterol
bilayer domains (CBDs) within the membrane (Jacob et al., 1999; Mainali et al., 2013b).
The saturating Chol content keeps the bulk physical properties of lens-lipid membranes
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consistent and independent of changes in PL composition. Thus, the CBD helps to maintain
lens membrane homeostasis by providing the buffering capacity for Chol concentration in
the surrounding PL bilayer, keeping it at a constant saturation level. This is especially
significant for human lenses because among mammalian lenses, those from humans have the
longest life span, and changes in lens PL composition with age are most pronounced
(Estrada et al., 2010). Other functions of Chol include the formation of a hydrophobic
barrier and the alteration of membrane lipid rigidity (Subczynski et al., 1994).

Our most recent studies have focused on intact lens membranes isolated from human (Raguz
et al., 2014) and porcine (Mainali et al., 2012) lenses. We hypothesized that we should find
the presence of the four purported lipid domains, namely bulk, boundary, and trapped lipids,
as well as the pure CBD. We were able to confirm the existence of three of them: bulk,
boundary, and trapped lipid domains (Mainali et al., 2012; Raguz et al., 2014). CBDs have
been observed in bilayers containing lipids isolated from fiber cells membranes (Mainali et
al., 2013b), but have not been observed in intact membranes. We also made an effort to
quantitatively evaluate the relative amounts of PLs and Chol in lipid domains in intact
human eye lens membranes (Raguz et al., 2014). All of these measurements were obtained
using samples pooled from about twenty clear lenses.

In the studies reported here, we have extended our work in order to study the properties of
the lipid bilayer portion of the intact fiber-cell plasma membranes of donors in age groups
ranged from 0O to 20, 21 to 40, and 61 to 80 years, which compliment those obtained earlier
from donors of the age group from 41 to 60 years (Raguz et al., 2014). Results were
obtained for cortical and nuclear intact membranes isolated from clear lenses in each age
group, which has allowed us to assess changes in the organization of lipids that occur with
age. The data indicate that the amount of lipids in domains uniquely formed due to the
presence of integral membrane proteins is greater in nuclear membranes than in cortical
membranes and in nuclear membranes increases significantly with age. These studies will
guide future work in which we are planning to assess changes that occur during cataract
formation.

2. Materials and Methods

2.1. Materials

Doxylstearic acid spin labels (n-SASL, n=5, 7,9, 12, or 16) and androstane spin label
(ASL) (see Fig. 1 in (Raguz et al., 2014) for their structure) were purchased from Molecular
Probes (Eugene, OR). Other chemicals of at least reagent grade were purchased from Sigma-
Aldrich (St. Louis, MO).

2.2. Isolation of intact membranes from cortical and nuclear fiber cell membranes

Twenty clear human lenses from donors in each of three groups, ranging in age from 0 to 20
(average age of 17.5 years, 4 female, 16 male, and all Caucasian donors), 21 to 40 (average
age of 30.8 years, 4 female, 16 male, 18 Caucasian, and 2 African American donors), and 61
to 80 years (average age of 67.4 years, 6 female, 14 male, 19 Caucasian, and 1 African
American donor), were obtained from the Lions Eye Bank of Wisconsin. Separately, seven
pairs of clear lenses from donors of different ages (all male and all Caucasian) were also
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obtained from the same Eye Bank and were used for single donor and single lens
measurements. Lenses were removed in situ from refrigerated bodies within an average time
frame of nine hours postmortem. All of the lenses were stored at —80°C until intact
membrane isolations were performed. Lenses were examined using a binocular microscope
and were evaluated for color and opacities to determine the presence or absence of
cataractous changes. Usually lenses were accumulated over four months, intact membrane
isolations were then performed. The cortical and nuclear regions of these lenses were
separated based on differences in tissue consistency (Estrada and Yappert, 2004; Rujoi et al.,
2003). Cortical and nuclear intact membranes were isolated based on minor modifications of
the method developed by Bloemendal et al. (1972), as reported earlier (Cenedella and
Fleschner, 1992; Chandrasekher and Cenedella, 1995; Lim et al., 2005). Each time special
care was taken to produce a uniform suspension by repeatedly aspirating the solution
through a syringe fitted with an 18-gauge needle. Finally, the pellet was washed and re-
suspended with buffer (0.1 M borate, pH 9.5) and stored at —20°C. The same preparation
procedures were used for isolation of cortical and nuclear intact membranes from three pairs
of lenses from three different donors and for isolation of cortical and nuclear intact
membranes from left and right eye lenses from four different donors.

2.3. Preparation of samples for EPR measurements

Spin labeling of intact membranes using n-SASLs and ASL was performed as described
earlier (Ligeza et al., 1998; Mainali et al., 2012). The film of n-SASL was prepared on the
bottom of a test tube by drying the appropriate amount of spin label in chloroform (to
achieve the molar ratio of spin label: total lipids of 1:100 in each sample). Only one type of
spin label was present in each sample. Intact membrane suspensions (~0.2 mL) were added
to the test tubes and shaken for about two hours at room temperature. Control measurements
demonstrated that this incubation time was sufficient to incorporate nearly all of the spin
labeled molecules into the membranes. Spin labeled membrane suspensions were
centrifuged twice using an Eppendorf centrifuge (16,000 g, 20 min, 4°C), and each time the
excess of supernatant was removed. The final loose pellet was transferred to a 0.6 mm i.d.
capillary made of gas-permeable methylpentene polymer (TPX) and used for EPR
measurements (Subczynski et al., 2005).

2.4. EPR measurements

Conventional EPR spectra were recorded with a Bruker EMX spectrometer equipped with
temperature-control accessories. All spectra were obtained at 37°C. Details of measurements
were the same as those described earlier (Mainali et al., 2012; Raguz et al., 2014). Samples
were thoroughly deoxygenated, yielding correct EPR line shapes. Maximum splitting values
were measured within the precision of £0.5 G and +1.0 G for fluid and immobilized
components, respectively, in intact membranes. Values of 2A7, determined from the EPR
spectra for samples frozen at —165°C, were measured within the precision of +1.0 G.

Saturation-recovery (SR) EPR signals were obtained at X-band on a home-built
spectrometer and loop-gap resonator, as previously described (Yin and Subczynski, 1996).
The central-field hyperfine line, which is the most intense, was observed. Spin-lattice
relaxation times, TS, of spin labels were determined by analyzing the SR signal for
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deoxygenated samples (Kawasaki et al., 2001; Subczynski et al., 1989; Yin and Subczynski,
1996). For measurements of the oxygen transport parameter (OTP), the sample was
equilibrated with the same gas that was used for temperature control (i.e., a controlled air/
nitrogen mixture adjusted with flowmeters [Matheson Gas Products, model 7631H-604])
(Kusumi et al., 1982; Subczynski et al., 1992a), and SR signals were recorded. SR signals
were fitted by single- or double-exponential functions. The uncertainties in the
measurements of decay time from the fits were usually less than 0.05%, whereas the decay
times determined from sample to sample were within a precision of £3% when a single-
exponential fit was satisfactory and within a precision of £5% and £10% for longer and
shorter recovery time constants when a double-exponential fit was satisfactory.

2.5. Distribution of PLs (% of total PLs) and Chol (% of total Chol) between domains in
intact membranes

3. Results

Based on the EPR spectrum of the PL analog 12-SASL, which is a superposition of spectra
coming from bulk PLs and from boundary plus trapped PLs, relative amounts of PLs in
these domains were evaluated. The relative distribution of Chol was investigated based on
the distribution of a Chol analog spin label, ASL. Similar evaluations, as for 12-SASL, were
performed based on conventional EPR spectra of ASL in intact membranes. The precision of
these evaluations was better than 5%, because a 5% change in the contribution of each
component decreased the goodness of the fit. These procedures were successfully applied to
intact human membranes pooled from approximately 20 clear lenses obtained from 41- to
60-year-old donors Raguz et al. (2014) and are described in detail in Sect. 3.3. Here, we
applied these procedures for cortical and nuclear intact membranes isolated from a pool of
20 clear human lenses in each of three different age groups (0-20, 21-40, and 61-80 years
old), intact membranes isolated from a pool of two lenses from single donors, and intact
membranes separately isolated from left and right eye lenses of single donors. We compared
results with those obtained previously from lenses of 41-to 60-year-old donors.

3.1. Conventional EPR

Figure 1 shows representative EPR spectra of 12-SASL coming from cortical (A) and
nuclear (B) intact membranes isolated from the youngest investigated age group of 0- to 20-
year-old donors. These spectra are compared with those that came from cortical (C) and
nuclear (D) intact membranes from the oldest group, 61- to 80-year-old donors. All spectra
show the presence of the strongly (component 1) and the weakly (component 2)
immobilized component. The small, sharp component 3 comes from the very small amount
of free 12-SASL remaining in the buffer. This component does not interfere with our
measurements of the maximum splitting in strongly and weakly immobilized components,
and can be subtracted from the superimposed EPR spectrum if necessary. Based on the
qualitative analysis of spectra presented in Fig. 1, two major conclusions can be made. The
amount of the strongly immobilized component (component 1) was greater in nuclear
membranes than in cortical membranes in both age groups. It is also clear that the amount of
strongly immobilized component was greater in membranes from the oldest donors (61-80
years old) compared to donors from 0-20 years of age. As indicated in Mainali et al., (2012)
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and Raguz et al., (2014), the weakly immobilized component comes from bulk lipids and the
strongly immobilized component from boundary plus trapped lipids. The results from the
quantitative evaluation of the amount of PLs in the identified membrane domains are
presented in Sect. 3.3.

EPR spectra coming from the Chol analog spin label ASL are shown in Fig. 2. Spectra from
cortical (A) and nuclear (B) intact membranes isolated from the youngest investigated age
group of 0- to 20-year-old donors are compared with those coming from cortical (C) and
nuclear (D) intact membranes from the oldest group of 61- to 80-year-old donors. These
spectra show distribution of Chol molecules between membrane domains. EPR spectrum of
ASL coming from cortical membranes shows only the weakly immobilized component
(component 2). This phenomenon was repeatedly observed in porcine intact membranes
(Mainali et al., 2012) and in human intact membranes from donors of age groups of 0-20
(Fig. 2A), 21-40 (spectra not shown), and 41-60 (Raguz et al., 2014). EPR spectrum from
cortical membranes of 61- to 80-year-old donors contains both weakly (component 2) and
strongly (component 1) immobilized components (Fig. 2C). As shown in Fig. 2B and D,
spectra from nuclear membranes of 0—20 and 61-80 year old donors are superimposed
spectra from weakly and strongly immobilized components. Similar superimposed spectra
were observed for nuclear membranes of 21-40 year old donors (spectra not shown) and 41—
60 year old donors (Raguz et al., 2014). As indicated in Raguz et al. (2014), the weakly
immobilized component came from ASL located in bulk lipids and in the CBD, while the
strongly immobilized component came from ASL located in trapped lipids. Although we
were unable to identify the CBD in intact membranes, (Mainali et al., 2012; Raguz et al.,
2014) the conventional EPR spectra coming from Chol analog spin labels in the CBD and in
the surrounding PL bilayer saturated with Chol were practically identical (Raguz et al.,
2011a, b). Additionally, we should note that Chol molecules, as well as ASL, were
substantially excluded from boundary lipids (Bieri and Wallach, 1975; Warren et al., 1975).
Qualitative analysis of these spectra allows us to indicate that in cortical membranes the
amount of Chol in trapped lipids was negligible (undetectable using conventional EPR
approach) up to a certain donor age (~60 years). We can also conclude that the amount of
Chol in nuclear membranes increases with age (see quantitative analysis in Sect. 3.3).

3.2. Saturation-recovery EPR

As indicated by residuals (the experimental signal minus the fitted curve) SR EPR signals
from all spin labels used in the studies of intact lens membranes and obtained for
deoxygenated samples can be successfully fitted only to the double-exponential functions.
This observation indicates that spin labels are located in a minimum of two environments
(membrane domains) with different fluidities in which the rotational motion of spin labels is
significantly different. In deoxygenated samples, the rotational motion is the major factor
that affects the spin-lattice relaxation rate (T;~1) of spin labels (Mailer et al., 2005; Robinson
etal., 1994), and two values of T; 1 extracted from the double exponential SR signals
characterize spin label motion in two different domains. However, when the exchange rate
of lipids (spin labels) between coexisting domains is greater than the T;~1, we measure an
averaged T;~1, and domains cannot be discriminated using SR approach. This is the case for
the coexisting bulk and boundary domains for which the exchange rate of lipids is ~107 s71
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(Ryba et al., 1987; Ashikawa et al., 1994). The spin-lattice relaxation times for lipid spin
labels in membranes lie between 1 and 10 ps (T;~ between 10° and 106 s71), and the SR
approach recognizes these two domains as one, the bulk plus boundary domain.

SR signals from 12-SASL in Fig. 3 are good examples that show the abilities of the SR
approach. Signals that come from cortical and nuclear membranes of 0-20 year old donors
are presented in Fig. 3A and B, and those coming from 61-80 year old donors are presented
in Fig. 3C and D. As indicated by residuals, for all signals fitting the experimental data to
single-exponential modes were unsatisfactory, while double-exponential fits were excellent
(additional criteria for the goodness of a single-exponential or a double-exponential fit are
described in Subczynski et al., (2007)). The fast relaxation rate component was assigned to
the bulk plus boundary lipids and the slow relaxation rate to the trapped lipids. Details for
this assignment were described in Raguz et al. (2014).

Similarly, SR signals from Chol analog ASL were successfully fitted only by double
exponentials (Fig. 4). Components in SR signals observed for all samples were assigned to
ASL located in the boundary plus the CBD averaged environment (fast relaxation rate) and
ASL located in trapped lipids (slow relaxation rate) (see also explanation in Sect. 3.1 and in
Raguz et al. (2014)).

3.3. Distribution of PLs and Chol between domains in intact membranes from donors of
different age groups

As follows from our paper (Raguz et al., 2014), 12-SASL (PL analogue spin label) is the
best spin label to show the distribution of PLs between membrane domains discriminated in
intact membranes. Conventional EPR spectra of 12-SASL (Fig. 1), which are the
superposition of the spectrum coming from bulk PLs (weakly immobilized component) and
the spectrum coming from boundary plus trapped PLs (strongly immobilized component),
can be deconvoluted, giving the contribution of each component to the superimposed
spectra. This procedure is shown in Fig. 5A for EPR spectrum of 12-SASL in nuclear intact
membranes from clear human lenses of 61 to 80 year old donors. The EPR spectrum of 12-
SASL in nuclear intact membranes (a) and the EPR spectrum of 12-SASL in nuclear lens
lipid membranes (b) ((b) is a bulk component in spectrum (a)) are experimental spectra. The
spectrum (c) is also the experimental spectrum of 12-SASL in the nuclear lens lipid
membrane obtained at decreased temperature to get the spectrum with the same maximum
splitting as that for the strongly immobilized component in spectrum (a) (value taken from
Fig. 7D). The spectrum (c) should approximate the spectrum coming from the boundary plus
trapped PLs with the motion decreased to almost rigid limit conditions. The spectrum (a) can
be successfully reproduced by adding 44% of spectrum (b) and 56% of spectrum (c), where
100% of spectrum (b) and (c) indicates spectra with the same intensity (the same surface
under the absorption curve). Similar procedures were performed for cortical and nuclear
membranes isolated from a pool of 20 clear human lenses in each of three different age
groups (0-20, 21-40, and 61-80 years old), membranes isolated from a pool of 2 lenses
from single donors, and membranes separately isolated from left and right eye lenses of
single donors.
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The relative distribution of Chol was indicated by the distribution of Chol analog, ASL.
Similar evaluations, as illustrated in Fig, 5A can be performed based on conventional EPR
spectra of ASL in intact membranes (Fig. 2). The procedure is shown in Fig. 5B for EPR
spectrum of ASL in nuclear intact membranes from clear human lenses of 61 to 80 year old
donors. The assignment of the weakly immobilized component to Chol in the bulk domain
and the strongly immobilized component to Chol in the trapped lipid domain is explained in
Sect. 3.1

Figure 6 summarizes the quantitative evaluations of the relative amounts of PLs and Chol in
lipid domains of intact human eye lens membranes as a function of the age of donors.
Results are presented for cortical and nuclear membranes isolated from a pool of 20 clear
human lenses in each of three different age groups (0-20, 21-40, and 61-80 years old)
investigated in the presented work. Recently published results for the age group of 41 to 60-
year old donors are also included in Fig. 6. Based on conventional EPR spectra of 12-SASL
(PL analog spin label), such as those presented in Fig. 1 and on the procedure description in
Fig. 5A, we evaluated the amount of PLs in domains formed due to the presence of integral
membrane proteins, namely in boundary plus trapped lipid domains (Fig. 6A). The amount
of PLs in boundary plus trapped lipid domains increased with age from 36% (0- to 20-year-
old donors) to 56% (61- to 80-year-old donors) for nuclear membranes and from 28% (0- to
20-year-old donors) to 37% (41- to 60-year-old donors) and 35% (61- to 80-year-old donors)
for cortical membranes. The amount of PLs in boundary and trapped lipid domains was
greater in nuclear than in cortical membranes for all age groups, and this difference
increased with age.

Figure 6 also contains quantitative data about the distribution of Chol between membrane
domains which were obtained with the Chol analog spin label ASL. As indicated in Sect.
3.1, conventional EPR spectra of ASL discriminated ASL located in the bulk domain (and
the CBD - purported domain which was not yet identified in intact membranes) and in the
trapped lipid domain. Chol and ASL were substantially excluded from the boundary lipid
domain. Results presented in Fig. 6B were based on conventional EPR spectra of ASL (as
those presented in Fig. 2) and on the procedure description in Fig. 5B. They showed almost
four fold increase of Chol content in trapped lipids in nuclear membranes between the
youngest and the oldest investigated age group. Surprisingly, this approach did not detect
Chol in trapped lipids in cortical membranes. A small amount (~5% from total Chol) was
detected only for the oldest age group (61- to 80-year-old donors).

To finish all measurements with all steraic acid and Chol analog spin labels and using the
existing X-band EPR spin-labeling approaches, we prepared samples (cortical and nuclear
intact membranes) from ~20 pooled lenses. In addition to the methodological benefits
(handling the sample, good signal-to-noise ratio), mixing the samples from 20 lenses
enabled us to obtain averaged information about the organization of lipids in membranes
from different age groups. Most significantly, it allowed the assessment of a major tendency
for organizational changes that occurs with age. However, only one pool of membranes for
each age group was studied in the present work, thus statistical variability could not be
measured. To ensure that the changes we observed with pooled lenses were age-dependent,
we performed measurements with single donor and single lens samples. Because of the
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limited amount of membranes isolated from these lenses and the use of the X-band
spectrometer with a loop-gap resonator that has a sample volume of 3 L, we limited our
measurements only to two spin labels. We chose 12-SASL and ASL which not only allowed
us to confirm validity of the data about amounts of PLs and Chol in domains uniquely
formed due to the presence of membrane proteins but also strengthened major conclusions
about the changes in the amount of these lipids occurring with age, the number one risk
factor associated with cataract. The data obtained are included as appropriate points in Fig.
6. These points are condensed within two donor age groups, from 15- to 27-year-old donors
and from 53- to 67-year-old donors which allowed confirming major tendencies in
organizational changes of intact cortical and nuclear membranes that occur with age as
observed for pooled samples. Statistical analysis was performed and statistically significant
differences were evaluated.

The quantitative data (mean values and standard deviations) of the relative amounts of PLs
and Chol in lipid domains in intact lens membranes uniquely formed to the presence of
membrane proteins obtained for different preparations of cortical and nuclear membranes
from pairs of eye lenses from three different donors and eight lenses from four different
donors are presented in Table 1. Measurements for single donor and single lens samples
allowed us to determine P values using Student’s t-test for differences between amounts of
lipids in domains in lenses of old and young donors. These P values are included in Table 1.
Statistically significant differences were confirmed. Thus our conclusions made based on the
measurements from one pool (twenty lenses) of membranes for each age group remains. In
nuclear membranes the amount of lipids in domains created due to the presence of
membrane proteins at the donor age of 60.5 was greater than that at age of 20.6 (P < 0.001
for PL and P < 0.001 for Chol). In cortical membranes the amount of lipids in domains
created due to the presence of membrane proteins at the donor age of 60.5 was greater than
that at age of 20.6 with P = 0.41 for PL and P = 0.04 for Chol. We can conclude that these
changes in cortical membranes were minimal, however, for Chol statistically significant.
The data also indicate that at the donor age of 20.6 the amount of lipids in these domains in
nuclear membranes was greater that that in cortical membranes (P = 0.054 for PL and P <
0.001 for Chol). At the donor age of 60.5 this difference was significantly greater (P < 0.001
for PL and P < 0.001 for Chol). The data presented in the Table 1 also confirmed that the
increase of this difference with age of donor was statistically significant (P < 0.001 for PL
and P < 0.001 for Chol).

3.4. Profiles of physical properties across domains in intact membranes

EPR spin-labeling methods provide a number of unique approaches for determining several
important membrane properties as a function of bilayer depth. They include parameters that
describe order and rotational motion of alkyl chains as well as parameters that describe bulk
membrane properties, such as diffusion-concentration products for oxygen and
hydrophobicity. These properties can be obtained for homogenous membranes and, in some
cases, for coexisting membrane domains or coexisting membrane phases, without the need
for their physical separation. In these studies, PL- and Chol analog spin labels were
incorporated into the membrane with the nitroxide moiety, which gives rise to the observed
EPR signal, at specific depths and in specific membrane domains. The physical/chemical
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properties of the microenvironment in the immediate vicinity of the nitroxide were then
characterized using EPR spectroscopic methods.

Figure 7 shows profiles across domains in intact human lens membranes from donors of
different age groups obtained using EPR spin-labeling methods. Profiles describing order
and rotational motion of alkyl chains are presented in Fig. 7A and B. Profiles describing
bulk membrane properties, such as diffusion-concentration products for oxygen and
hydrophabicity, are presented in Fig. 7C and D. Figure 7A, B, and C contain profiles across
coexisting membrane domains.

3.4.1. Maximum splitting (alkyl chain order and fluidity)—The maximum splitting
is a convenient spectral parameter that reports membrane fluidity at a certain depth when
EPR spectra coming from n-SASLSs in different membrane domains are overlapped (Fig.
7A). Smaller maximum-splitting values indicate greater membrane fluidity. This display
additionally allowed discrimination of membrane domains as indicated by data of 12- and
16-SASL which clearly show weakly and strongly immobilized components. Profiles across
more fluid domains were very similar to those of lens lipid membranes (Mainali et al.,
2013b) and were assigned to bulk lipid domains, which were not affected by membrane
integral proteins. Remaining profiles of strongly immobilized lipids, formed as a result of
their interaction with integral membrane proteins, were assigned to boundary plus trapped
lipid domains (see Mainali et al. (2012); Raguz et al., (2014) for more details).

The presence of proteins in intact membranes induced formation of a new lipid domain that
is manifested by the presence of the strongly immobilized signal in EPR spectra of n-SASLs
(component 1 in Fig. 1) in addition to the weekly immobilized signal typical for 12- and 16-
SASL in lens lipid membranes (component 2 in Fig. 1). Maximum splitting values measured
for 12- and 16-SASL in the most immobilized lipid domain were close to the rigid limit
values for these spin labels (compare values in Fig. 7A with those in Fig. 7D, remembering
that the rigid limit value is the 2Az value). Thus, the alkyl chains in these domains were
practically immobile in the membrane center. The bell-shaped profiles of membrane fluidity
in these domains were inverted as compared to profiles in bulk lipids. All of these indicate
that alkyl chains were strongly immobilized by the contact with membrane proteins.
Interestingly, membrane fluidity in the bulk domain increased toward the membrane center
while, in the remaining domains, the membrane fluidity decreased toward the membrane
center. These features were observed in cortical and nuclear membranes in all investigated
age groups. This display of membrane fluidity shows no differences between age groups.
Values measured in bulk lipids were the same, which is in agreement with data for lens lipid
membranes and additionally confirms that profiles of membrane fluidity do not depend on
PL composition when membranes are saturated with Chol (Subczynski et al., 2012). For all
age groups, profiles across boundary plus trapped lipid domains in the cortical membranes
were nearly the same as profiles in the nuclear membranes, within the limit of the
experimental uncertainty.

3.4.2. Spin-lattice relaxation rate (alkyl chain fluidity)—The spin-lattice relaxation
rate (T;~1), obtained from SR EPR of n-SASLs in deoxygenated samples (Fig. 3) depends
primarily on the rotational motion of the nitroxide moiety within the lipid bilayer (Mailer et
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al., 2005; Robinson et al., 1994). Hence, T ;71 can be used as a convenient quantitative
measure of membrane fluidity (Mainali et al., 2011a; Mainali et al., 2013a). The fluidity in
this display (Fig. 7B) reflects the rate of motion of this fragment of the alkyl chain of the PL
to which the nitroxide moiety is rigidly attached. High fluidity profiles were assigned to PLs
in the bulk plus boundary domain (the lipid exchange rate between these domains is faster
than T;~1). Remaining profiles with low T;~1 were assigned to trapped lipids (see (Raguz et
al., 2014) for more details). The bulk plus boundary domain and the trapped lipid domain
can be discriminated with this method by all n-SASLSs, giving additional information about
depth dependence dynamics of alkyl chains of PLs in each domain without their physical
separation. As indicated by points for T;~1 obtained from SR EPR of ASL in deoxygenated
samples (Fig. 4), also ASL can discriminate these domains (Fig. 7B).

Based on the data presented in Fig. 7B profiles, two conclusions can be drawn that are valid
for all investigated age groups. (1) Alkyl chains are very immobile in the trapped lipids, and
membrane dynamics are suppressed in these domains to the level of gel-phase. (2) Because
the trapped lipid domain was discriminated from the bulk plus boundary domains using the
Ty-sensitive method, the lipid exchange rate between discriminated domains has to be
smaller than the smallest spin-lattice relaxation rate of spin labels, which is 0.2x10° s™1 for
the trapped lipids.

3.4.3. Oxygen transport parameter (membrane fluidity)—Membrane fluidity can
not only be studied by measuring the maximum splitting or the spin-lattice relaxation rate,
each of which reflect the order and/or dynamics of alkyl chains, but also by monitoring the
motion of molecular oxygen within the membrane. In this SR EPR method, the measured
value is the bimolecular collision rate between oxygen and the nitroxide moiety of spin
labels expressed as the OTP (Kusumi et al., 1982; Subczynski et al., 2007). This method is
extremely sensitive to changes in the local oxygen diffusion-concentration product around
the nitroxide moiety. SR signals obtained in the presence of oxygen for all spin labels in
cortical and nuclear membranes can be fitted satisfactory only with double-exponential
functions (data not shown). This indicates that spin labels are located in two environments
with different fluidity (as indicated in Sect. 3.2) but also with different OTP. Profiles with
higher OTP (Fig. 7C) were assigned to the bulk plus boundary domain (see (Ashikawa et al.,
1994)), and remaining profiles were assigned to trapped lipids. Based on profiles of the OTP
across membrane domains, and using procedures described in Subczynski et al. (1989),
permeability coefficients for oxygen across these domains can be evaluated. Because the
OTP was measured only in the hydrocarbon region of the lipid bilayer portion of the intact
membranes, the permeability coefficients for oxygen (Py) were estimated only across the
hydrocarbon regions of the discriminated domains and are collected in Table 2.

Values of the OTP obtained with the Chol analog spin label, ASL, were included into
profiles in Fig. 7C at appropriate depth. ASL also discriminates two domains in intact
membranes, giving two values of the OTP. Values measured in more fluid domains were
significantly larger than those measured with n-SASL, although they were still considerably
smaller than those measured with ASL in lens lipid membranes (Mainali et al., 2013b). The
reasonable explanation for this is that ASL is excluded from boundary lipids, and the OTP is
not affected by the boundary lipid domain, as in the case of n-SASLs. Values measured in
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less fluid domains fall into profiles across trapped lipid domains. Results presented in Sect.
3.2 ensure that these values described oxygen movement within the trapped lipids and not
within the CBD. Although ASL discriminates the CBD in cortical and nuclear lens lipid
membranes (Mainali et al., 2011b; Mainali et al., 2012, 2013b; Raguz et al., 2008, 2009), we
have not yet been able to discriminate the CBD in intact membranes (Mainali et al., 2012).

3.4.4. 2Az values (membrane hydrophobicity)—Figure 7D shows hydrophobicity
profiles across the lipid bilayer portion of intact lens membranes. In these profiles, 2A2
values (z-component of the hyperfine-interaction tensor) are plotted as a function of
membrane depth. Smaller 2A> values indicate higher hydrophobicity. The local
hydrophobicity, as observed by 2A7, can be related to the hydrophobicity (or &) of an
organic solvent (Subczynski et al., 1994). All profiles in Fig. 7D indicate the existence of a
high hydrophobic barrier in the center of intact membranes with hydrophobicity comparable
to that of N-butylamine and 1-decanol (¢ = 6-8), which ensures that the transport of water,
ions, and other small polar and ionic molecules is tightly controlled by membrane proteins.

The presence of proteins changes rectangular hydrophobicity profiles, as observed for lens
lipid membranes (Mainali et al., 2012, 2013b; Raguz et al., 2008, 2009; Widomska et al.,
2007), to bell-shaped profiles. The center of intact membranes becomes less hydrophaobic
than the center of lens lipid membranes. Although, it still forms a considerably high
hydrophobic barrier to protect uncontrolled leakage of small polar molecules across fiber
cell plasma membranes. The effect of membrane proteins on hydrophobicity profiles close
to the membrane surface was rather negligible. Because 2A; values were measured for
frozen membrane suspensions, the EPR spectrum is the superposition of individual spectra
from all domains reporting averaged membrane hydrophobicity.

4. Discussion

The main goal of this research was to better understand the role of the lipid bilayer portion
of the fiber-cell plasma membranes in maintaining lens transparency during the aging
process. The lens is avascular, and because of that nutrients, including oxygen, must come to
the lens interior through the diffusion process. To reach the lens center nutrients must pass
thousands of fiber cell membranes, which form the only supramolecular structures of
matured fiber cells (Beebe, 2003). There is a major difference between the transport of
oxygen and other nutrients (which are mainly water soluble small molecular weight
compounds) to the lens interior. Transport of water, ions, and other small polar and ionic
molecules across fiber cell membranes (from fiber cell to fiber cell) is tightly controlled by
membrane proteins. The most abundant integral transmembrane proteins in human lens fiber
cell membranes which regulate communication between fiber cells are aquaporin-0 (AQPO)
and connexins (Cx46 and Cx50) (Bassnett et al., 2011; Gonen et al., 2005; Reichow and
Gonen, 2009). AQPO belongs to the water transport family of integral channel proteins
controling transport of water and some neutral solutes but not ions (Agre, 2004). Connexins,
Cx46 and Cx50 (with Cx46 found mainly in the cortex and outer nuclear layers, and Cx50
found mainly in the nuclear core (Chung et al., 2007; Tenbroek et al., 1992; White et al.,
1998)), form gap junctions between lens fiber cells and control the exchange of ions and
small metabolites (glucose, amino acids) between lens cells (Mathias et al., 2010). Our
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results indicate that for human clear lenses the lipid bilayer portion of fiber cell membranes
forms a highly hydrophobic barrier in both cortical and nuclear membranes for all
investigated age groups (Fig. 7D). We can conclude that the changes in the lipid
composition that take place during the aging of fiber cells do not affect the membrane
proteins’ tight control of the transport of polar molecules from cell to cell, helping to
maintain the cell and lens homeostasis.

Human eye-lens membranes are loaded with membrane integral proteins. Our results and
published biochemical data suggest that both, the amount of protein and the packing of
protein in membranes may be important in modifying the observed physical properties of the
lipid bilayer and the distribution of lipids between membrane domains. Formation of
boundary and/or trapped lipids is likely induced by the most abundant proteins in the human
lens fiber cell membrane, namely AQPO and connexins. These proteins form ordered two-
dimensional arrays in fiber cell membranes (Buzhynskyy et al., 2007, 2011; Costello et al.,
1989; Dunia et al., 2006; Gonen et al., 2004; Zampighi et al., 2002) and lipids can be
trapped within these protein-dense structures. The density/distribution of these proteins
varies with fiber cell age (Kuszak et al., 2004). For example the ordered arrays of AQPO are
enriched in the nucleus (Costello et al., 1989). These published data are in agreement with
the results presented here which show that the amount of trapped lipids increased with the
age of donor and is greater in the nucleus than in the cortex. The unexpected distribution of
Chol between domains in cortical membranes which we observed can, to a certain degree,
be explained not only by Chol substantial exclusion from boundary lipids (Bieri and
Wallach, 1975; Warren et al., 1975), but also by the significant structural remodeling of gap
junctions that takes place during fiber cell development and maturation (Biswas et al., 2009,
2010; Biswas and Lo, 2007). The newly formed gap junction channels in the superficial
young fiber cells are continuously clustered, forming large Chol-rich loosely-packed gap
junction plagues. In the matured inner cortical fibers they are transformed into Chol-free
tightly-packed clusters. This observation suggests that in cortical membranes the amount of
Chol in trapped lipid domains is low; close to zero as observed using conventional EPR
approach.

To maintain lens transparency oxygen concentration in the lens should be very low, reaching
a value close to zero in the lens nucleus (Eaton, 1991; Harding, 1991; McNulty et al., 2004).
Factors that can cause cataract formation, including age (Bron et al., 2000; Truscott, 2005),
hyperbaric oxygen treatment (Borchman et al., 2000; Freel et al., 2003; Huang et al., 2006;
Huang et al., 2008; Palmquist et al., 1984), and vitrectomy (Chung et al., 2001; Harocopos
et al., 2004; Hsuan et al., 2001), are directly related to the increased oxygen concentration
within the lens interior. Thus, understanding the processes that control oxygen transport,
concentration, and distribution in the lens are very important. Oxygen consumption is
necessary to maintain a low oxygen concentration inside the eye lens; otherwise the
concentration of oxygen would be equal to that outside the lens (Beebe et al., 2014;
Siegfried et al., 2010). Mitochondrial respiration occurring in the outer layers of cortical
fiber cells (not yet mature and containing organelles, including mitochondria) accounts for
approximately 90% of oxygen consumption by the lens (McNulty et al., 2004), ensuring a
low oxygen concentration in the lens nucleus. A high barrier to oxygen permeation located
at the fiber-cell plasma membrane should help to keep oxygen concentration within the eye
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lens at a very low level. This is especially important for the lens nucleus. A high barrier to
oxygen permeation can help lower oxygen partial pressure in this region to below that in the
cortex if a system to remove oxygen from the nucleus exists. This system should depend on
non-mitochondrial oxygen consumption and be formed by ascorbate- (Eaton, 1991,
McNulty et al., 2004) or glutathione-dependent oxygen consumption reactions (Beebe et al.,
2011). High barriers to oxygen transport formed by the membranes of nuclear fiber cells can
help to maintain a low oxygen partial pressure in the lens nucleus even at a very low oxygen
consumption rate. It should be stressed that oxygen must pass through thousands of fiber-
cell membranes on its way from the lens surface to its center, and a very small oxygen
concentration difference across each membrane can significantly contribute to the oxygen
concentration gradient across the eye lens.

Results presented in Table 2 indicate that for all membrane domains in cortical and nuclear
fiber cell membranes, the permeability for oxygen was significantly lower than across water
layers of the same thickness as these domains. Comparison of these data with oxygen
permeability coefficients across lens lipid membranes (Mainali et al., 2013b) allowed us to
conclude that the lowering effect was mainly due to the presence of membrane proteins and
formation of boundary and trapped lipid domains. Interestingly, for all investigated age
groups, the oxygen permeability coefficient across the bulk plus boundary domain was
always smaller (in average by 30%) in nuclear membranes than in cortical. This difference
was even greater for trapped lipids where the oxygen permeability coefficient across trapped
lipids in nuclear membranes was in average smaller by 45%, compared to that in cortical
membranes. Permeability of the trapped lipid domain in cortical and nuclear membranes was
~4.7 and ~8.5 times smaller, respectively, than the permeability across water layers of the
same thickness as the domain. Thus, the trapped lipid domain formed a major membrane
barrier for oxygen transport into the lens center, and this barrier was significantly greater in
the lens nucleus. However, for all investigated age groups, values of the Py, measured for
corresponding membrane domains do not change significantly with age.

The effective oxygen permeability coefficient across the lipid bilayer portion of the fiber cell
plasma membrane is, in the first approximation, equal to the weighted sum of oxygen
permeability coefficients evaluated for each lipid domain. The weight for each domain is
proportional to the surface area occupied by the domain and to the total surface occupied by
the lipid bilayer portion of the membrane. Values of the oxygen permeability coefficients
across domains are listed in Table 2 and the relative amount of lipids (PLs and Chol), which
determines the surface of the domain, is presented in Fig. 6. Our approaches indicate that the
relative amounts of boundary and trapped PLs and trapped Chol in nuclear membranes
increased significantly when the donor age increased (from the group of 0- to 20-year-old
donors to the group of 61- to 80-year-old donors). The amount of lipids in those domains in
cortical membranes did not change significantly with age. The combination of results
presented in Table 2 and Fig. 6 allowed us to conclude that the high barrier to oxygen
permeation into the lens center was formed by trapped lipids in the lipid bilayer portion of
nuclear fiber cell membranes, and this barrier increased with the human age. In cortical fiber
cell membranes barriers formed by the lipid bilayer domains were significantly lower than in
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nuclear fiber cells and did not change with age, although these barriers were still
considerably greater than across a water layer of the same thickness as domains.

Proteins are nearly impermeable to oxygen (Altenbach et al., 1994; Subczynski et al.,
1992b). Thus, the total effective oxygen permeability coefficient across the intact fiber cell
plasma membrane is equal to the oxygen permeability coefficient evaluated for the lipid
bilayer portion of the membrane, multiplied by the factor proportional to the surface area of
the lipid bilayer portion, divided by the surface area of the entire membrane. Because the
protein content in human lens membranes is extremely high (Bassnett et al., 2011; Gonen et
al., 2004; Kistler and Bullivant, 1980; Li et al., 1986; Li et al., 1985), it should significantly
increase the total barrier properties of fiber cell intact membranes as compared with the
barrier created only by the lipid bilayer portion of the membrane. The protein content
increases with age (Bassnett et al., 2011; Gonen et al., 2004; Kistler and Bullivant, 1980)
and is higher in the nucleus compared to content in the cortex (Li et al., 1986; Li et al.,
1985), thus, the total barrier properties of fiber cell intact membranes are greater in aged
fiber cells and in nuclear membranes than in cortical membranes. Our data strongly suggest
that fiber cell plasma membranes form significant barriers to oxygen transport. Additionally,
the data indicate that with age, the fiber cell plasma membrane becomes less permeable to
oxygen. In clear lenses age-related changes in the lens lipid and protein composition and
organization are orchestrated in a way that increases the fiber cell plasma membrane’s
resistance to oxygen permeation helping to maintain lens transparency and protecting
against cataract formation.
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Representative EPR spectra of 12-SASL from cortical (A,C) and nuclear (B,D) intact
membranes from clear human lenses of 0 to 20 (A,B) and 61 to 80 (C,D) year old donors.
Spectra were recorded at 37°C. Arrows 1-3 represent spectra from strongly immobilized,
weakly immobilized, and water components, respectively. The positions of certain peaks
were evaluated with a high level of precision by monitoring them at 10 times higher receiver
gain and, when necessary, a higher modulation amplitude.
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Representative EPR spectra of ASL from cortical (A,C) and nuclear (B,D) intact membranes
from clear human lenses of 0 to 20 (A,B) and 61 to 80 (C,D) year old donors. Spectra were
recorded at 37°C. Arrows 1 and 2 represent spectra from strongly immobilized and weakly
immobilized components, respectively. The positions of certain peaks were evaluated with a

high level of precision by monitoring them at 10 times higher receiver gain and, when

necessary, a higher modulation amplitude.
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Fig. 3.

Representative SR signals with fitted curves and residuals (the experimental signal minus
the fitted curve) of 12-SASL from cortical (A.C) and nuclear (B,D) intact membranes from
clear human lenses of 0 to 20 (A,B) and 61 to 80 (C,D) year old donors. Signals were
recorded at 37°C for deoxygenated samples (equilibrated with 100% nitrogen). The SR
signals can be satisfactorily fitted with only a double-exponential function with time
constants of 4.27 £ 0.70 us and 1.90 + 0.60 ps (A), 6.0 £ 0.8 us and 2.41 + 0.1 us (B), 7.22 =
0.60 us and 2.59 + 0.10 ps (C), and 6.22 = 0.80 ps and 2.35 £ 0.5 ps (D). The first residuals
are for single- and the second residuals for double-exponential fits.
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Rgpresentative SR signals with fitted curves and residuals (the experimental signal minus
the fitted curve) of ASL from cortical (A.C) and nuclear (B,D) intact membranes from clear
human lenses of 0 to 20 (A,B) and 61 to 80 (C,D) year old donors.. Signals were recorded at
37°C for deoxygenated samples (equilibrated with 100% nitrogen). The SR signals can be
satisfactorily fitted with only a double-exponential function with time constants of 4.03 £
0.20 ps and 1.56 £ 0.10 ps (A), 3.81 + 0.30 ps and 1.23 £ 0.10 s (B), 4.66 + 0.50 ps and
1.40 £ 0.10 ps (C), and 6.43 + 0.30 ps and 2.18 £ 0.10 ps (D). The first residuals are for
single- and the second residuals for double-exponential fits.
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(A?) The procedure for the evaluation of the relative amount of PLs in domains in the lipid
bilayer portion of intact membrane is illustrated based on the EPR spectrum of 12-SASL in
nuclear membranes from clear human lenses of 61 to 80 year old donors. The EPR spectrum
of 12-SASL in the nuclear intact membranes obtained at 37°C (a — solid line). The EPR
spectrum of 12-SASL in nuclear lens lipid membranes obtained at 37°C (b). The EPR
spectrum of 12-SASL in nuclear lens lipid membranes obtained at —10°C (c) (this spectrum
has the same maximum splitting as the strongly immobilized component in spectrum (a)).
The dotted spectrum (a) was obtained by adding 44% of spectrum (b) and 56% of spectrum
(c). Arrows 1-3 represent spectra from strongly immobilized, weakly immobilized, and
water components, respectively. (B) The procedure for the evaluation of the relative amount
of Chol in domains in the lipid bilayer portion of intact membrane is illustrated based on the
EPR spectrum of ASL in nuclear membranes from clear human lenses of 61 to 80 year old
donors. The EPR spectrum of ASL in the nuclear intact membranes obtained at 37°C (a’ —
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solid line). The EPR spectrum of ASL in nuclear lens lipid membranes obtained at 37°C (b
7). The EPR spectrum of ASL in nuclear lens lipid membranes obtained at —13°C (c’) (this
spectrum has the same maximum splitting as the strongly immobilized component in
spectrum (a)). The dotted spectrum (a’) was obtained by adding 40% of spectrum (b’) and
60% of spectrum (c’). Arrows 1 and 2 represent spectra from strongly immobilized and
weakly immobilized components, respectively.
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Fig. 6.

Amounts of PLs (A, % of total PLs) and Chol (B, % of total Chol) in domains uniquely
formed due to the presence of membrane proteins in human intact cortical (
(—) lens membranes. Data were obtained for samples from pools of ~20 clear lenses from
donors of three age groups (0 — 20, 21 — 40, and 61 — 80). Data for the age group 41 — 60
were taken from our recent publication (Raguz et al., 2014). A — results obtained based on
conventional (CW) EPR spectra of 12-SASL (as indicated in Fig. 5A). B — results obtained
based on conventional (CW) EPR spectra of ASL (as indicated in Fig. 5B). Data obtained
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for single donors (@, O) and single lenses (@, O) right and (@, O) left eye lens of the same
donor) are included. Filled symbols are for nuclear and open for cortical membranes.
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Fig. 7.
Profiles of the maximum splitting (A), T;~1 (the spin-lattice relaxation rate) (B), OTP (C),

and hydrophobicity (2Az7) (D) across domains in intact cortical and nuclear fiber-cell plasma
membranes. Profiles were obtained for samples from pools of ~20 clear lenses from donors
of three age groups (0 — 20 years, 21 — 40 years, and 61 — 80 years). Profiles for the age
group 41 — 60 years were taken from our recent publication (Raguz et al., 2014), except
those in (B) for which T; 1 values were evaluated again based on the same procedure as for
other age groups.
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Table 1

Amounts of PLs (% of total PLs) and Chol (% of total Chol) in domains uniquely formed due to the presence
of membrane proteins in human intact lens membranes from single donor and single lens preparations. Mean
values and standard deviations for donors grouped around the average age of 20.6 (age group from 15 to 27)
and 60.5 (age group from 53 to 67) years (see Fig. 6 for individual data) are presented.

Boundary + Trapped PLs Trapped Chol
Average age (years) 20.6 60.5 20.6 60.5
Nucleus 35.6+3.0 523+23 21.8+3.42 | 465+6.4
Cortex 30.2+5.6 31.0+5.2 0+52 6.2+53
Nucleus -Cortex 54+42 21.3+54 21.8+34 | 403+52

aPrecision of the individual measurement instead of the standard deviation is indicated.

P values determined by Student’s t test indicated that; in nuclear membranes the amount of boundary + trapped PLs at the donor age of 60.5 was
greater than that at age of 20.6 with P < 0.001 and in cortical membranes with P = 0.4, in nuclear membranes the amount of trapped Chol at the
donor age of 60.5 was greater than that at age of 20.6 with P < 0.001 and in cortical membranes with P = 0.04, at the donor age of 20.6 the amount
of boundary + trapped PLs was greater in nuclear than in cortical membranes with P = 0.054 and the amount of trapped Chol with P = 0.001, at the
donor age of 60.5 the amount of boundary + trapped PLs was greater in nuclear than in cortical membranes with P < 0.001 and the amount of Chol
with P < 0.001, the difference of boundary + trapped PLs between nuclear and cortical membranes increases with the age (between average donor
age of 20.6 and 60.5) with P < 0.001 and the difference of trapped Chol with P < 0.001.
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Table 2

Permeability coefficients for oxygen, Py, (cm/s), across the hydrocarbon region of domains in human intact
membranes of different age groups at 37 °C

| Age Group

| 0-21 21-40 | 41-60P | 61-80

Cortical intact membranes (bulk + boundary lipids) | 76 g+23C | 79.8+24 | 66.3+20 | 73.2+22

Nuclear intact membranes (bulk + boundary lipids) | 51.7+15 45.0+13 | 53.8+16 | 50.7+15
Cortical intact membranes (trapped lipids) 19.1+6 23.1+7 16.8 +5.0 | 23.2+7
Nuclear intact membranes (trapped lipids) 12.8+4 10.2+3 85+25 13.9+4

Water layerd 94.4+28 | 94.4+28 | 94.4428 | 94.4+28

aThe thickness of the water layer is the same as the hydrocarbon region.
bData taken from Raguz et al., 2014.

P\ was determined as the mean of the maximal and the minimal evaluation, which takes the uncertainty of the location of the spin label nitroxide
group into account (Subczynski et al., 1989; Widomska et al., 2007b). Mean values + differences between mean values and maximal (minimal)
evaluations are indicated.
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