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Abstract
The protein content in human lens membranes is extremely high, increases with age, and is higher
in the nucleus as compared with the cortex, which should strongly affect the organization and
properties of the lipid bilayer portion of intact membranes. To assess these effects, the intact
cortical and nuclear fiber cell plasma membranes isolated from human lenses from 41- to 60-year-
old donors were studied using electron paramagnetic resonance spin-labeling methods. Results
were compared with those obtained for lens lipid membranes prepared from total lipid extracts
from human eyes of the same age group [Mainali,L., Raguz, M., O’Brien, W. J., and Subczynski,
W. K. (2013) Biochim. Biophys. Acta]. Differences were considered to be mainly due to the effect
of membrane proteins. The lipid-bilayer portions of intact membranes were significantly less fluid
than lipid bilayers of lens lipid membranes, prepared without proteins. The intact membranes were
found to contain three distinct lipid environments termed the bulk lipid domain, boundary lipid
domain, and trapped lipid domain. However, the cholesterol bilayer domain, which was detected
in cortical and nuclear lens lipid membranes, was not detected in intact membranes. The relative
amounts of bulk and trapped lipids were evaluated. The amount of lipids in domains uniquely
formed due to the presence of membrane proteins was greater in nuclear membranes than in
cortical membranes. Thus, it is evident that the rigidity of nuclear membranes is greater than that
of cortical membranes. Also the permeability coefficients for oxygen measured in domains of
nuclear membranes were significantly lower than appropriate coefficients measured in cortical
membranes. Relationships between the organization of lipids into lipid domains in fiber cells
plasma membranes and the organization of membrane proteins are discussed.
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1. Introduction
The human eye lens is an avascular organ which is built from thousands of concentric layers
of fiber cells (Beebe, 2003). Lens fiber cells lose their intracellular organelles soon after
they are formed (Bassnett et al., 2011; Rafferty, 1985; Wride, 2011), and the plasma
membrane becomes essentially the only membranous structure of matured fiber cells which
accounts for mostly all lens lipids. Membrane proteins allow communication between tightly
packed layers of fiber cells and active transport of water, ions, and other small molecules
(Dahm et al., 2011; White and Bruzzone, 2000). The lipid bilayer portion of the membrane
determines bulk membrane properties (including diffusion barriers) (Borchman and Yappert,
2010; Subczynski et al., 2012) and also can affect the properties of membrane proteins
(Epand, 2005; Reichow and Gonen, 2009; Tong et al., 2012; Tong et al., 2013).

The four major factors that can significantly affect the organization and properties of the
lipid bilayer portion of the fiber-cell membranes of human lenses are: (1) unusually high
level of saturation (Deeley et al., 2008; Li et al., 1985; Yappert et al., 2003), (2) abundance
of sphingolipids, mainly dihydrosphingomyelin (Borchman et al., 1994; Deeley et al., 2008;
Yappert and Borchman, 2004; Yappert et al., 2003), (3) extremely high cholesterol (Chol)
content (Li et al., 1985, 1987; Rujoi et al., 2003; Zelenka, 1984), and (4) high density of
membrane proteins (Bassnett et al., 2011; Gonen et al., 2004; Kistler and Bullivant, 1980; Li
et al., 1986; Li et al., 1985). The former three factors were investigated and discussed in
many papers and results are summarized in two recent reviews (Borchman and Yappert,
2010; Subczynski et al., 2012). The latter factor is less investigated. Recently, we published
data where we compared properties of lens lipid membranes—i.e., membranes without a
protein component—with those of the lipid bilayer portion of intact membranes isolated
from eyes of the two-year-old porcine (Mainali et al., 2012a). In this manuscript we compare
the organization and properties of lens lipid membranes and intact membranes isolated from
the cortex and nucleus of the human eye lens from 41- to 60-year-old human donors. In
addition, we were able to evaluate the relative amounts of lipids in membrane domains
formed due to the presence of membrane proteins. This age group contains already matured
lens fiber cells with well-separated cortical and nuclear regions. Thus, this work should form
good starting points for further research on lenses from different age groups and on
cataractous lenses.

In earlier works (Mainali et al., 2011b; Mainali et al., 2013c; Raguz et al., 2008, 2009;
Widomska et al., 2007a) we showed that properties of membranes derived from the total
lipids extracted from animal lens cortex and nucleus are mostly determined by the saturating
Chol content. The effect of the phospholipid (PL) composition (which for eye lenses
drastically changes between species, with age, and with location in the lens (Estrada et al.,
2010; Huang et al., 2005; Hughes et al., 2012; Li and So, 1987; Li et al., 1987; Mainali et
al., 2012a, 2013c; Paterson et al., 1997; Raguz et al., 2009; Rujoi et al., 2004; Truscott,
2000; Yappert and Borchman, 2004; Yappert et al., 2003)) on these properties in membranes
saturated with Chol was minor. Those studies were summarized in the review (Subczynski
et al., 2012). In a recent paper (Mainali et al., 2012a), we showed that the organization and
properties of the lipid bilayer portion of intact fiber cell plasma membranes isolated from
cortex and nucleus of porcine eye lenses is strongly affected by the protein content in
membranes. Nuclear membranes, because of the higher protein content (Li et al., 1986; Li et
al., 1985), were more strongly affected.

The organization of the lipid bilayer portion of the fiber cell membrane is capable of
functionally altering the physiological properties of the cell. This is especially true for fiber
cells in which the plasma membrane together with the cytoskeleton is primarily the only
cellular supramolecular structure (Bassnett and Beebe, 1992; Dahm, 1999). It seems that the
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major function of membrane proteins in the eye lens is related to the communication
between tightly packed layers of fiber cells. The lipid bilayer portion of the membrane, in
which these proteins are immersed, would be expected to influence this function. This is
achieved in fiber cell membranes by formation of the boundary and trapped lipid domains
with high diffusion barriers for transport of both polar and hydrophobic small molecules.
High hydrophobicity of the interiors of these domains ensures that that “leaking” of water,
ions, and other small polar and ionic molecules across these domains is minimized, and their
transport is tightly controlled by membrane proteins. High rigidity of these domains, which
reaches almost the rigid limit in the membrane center, ensures high barrier for transport of
small hydrophobic molecules across the plasma membrane and minimal uncontrolled
“leaking” of these molecules.

In the studies reported here we focused on lipid-protein interactions in plasma membranes of
fiber cells isolated from human eye lenses. These studies are a natural continuation of the
recently published work on properties of membranes derived from the total lipids extracted
from human lenses (Mainali et al., 2013c). Four lipid domains were hypothesized to exist in
fiber cell membranes of the human eye lens, namely, the bulk lipid domain, boundary lipid
domain, trapped lipid domain, and cholesterol bilayer domain (CBD)1. We used electron
paramagnetic resonance (EPR) spectroscopy with stearic acid and Chol analog spin labels
(Fig. 1). Conventional (Griffith and Jost, 1976; Kawasaki et al., 2001; Marsh, 2008, 2010)
and saturation recovery (SR) (Ashikawa et al., 1994a; Kawasaki et al., 2001; Subczynski et
al., 1998) EPR spin-labeling approaches were used to discriminate different membrane
domains created in the lipid bilayer by the presence of membrane proteins, but also to assess
membrane properties as a function of depth in domains (Subczynski et al., 2010; Subczynski
et al., 2009).

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 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
Fifty clear human lenses from donors ranged in age from 41 to 60 years were obtained from
the Lions Eye Bank of Wisconsin. 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 from portions (about twenty
lenses) of the cortical and nuclear tissue based on minor modifications of the method
developed by Bloemendal et al.(Bloemendal et al., 1972)], as reported earlier (Cenedella and
Fleschner, 1992; Chandrasekher and Cenedella, 1995; Lim et al., 2005)]. The cortical and

1The bulk lipid domain in the intact membrane is formed by the lipid bilayer which is not affected by the presence of integral
membrane proteins, with the same (or almost the same) properties as a lipid bilayer membrane formed from the total lipid extract from
the intact membrane. The boundary lipid domain around integral proteins is formed by protein-bound, immobilized phospholipids (a
single lipid layer coating the hydrophobic surface of the protein, regardless of the amount of fluid bulk lipids) (Jost et al., 1973).
However, the exchange rate between boundary and bulk lipids is of the order of magnitude of 107 s−1 or greater (East et al., 1985;
Marsh, 1997; Ryba et al., 1987). The trapped lipid domain, called also the slow oxygen transport (SLOT) domain, is formed by lipids
in contact with two proteins and/or by lipids in contact with proteins and boundary lipids (Ashikawa et al., 1994b). The exchange rate
of lipids between this domain and bulk plus protein-boundary regions is of the order of magnitude of 105 s−1 or smaller (Kawasaki et
al., 2001). The cholesterol bilayer domain (CBD) is a pure cholesterol bilayer immersed in the bulk phospholipid-cholesterol
membrane (phospholipid bilayer saturated with cholesterol, which is in the liquid-ordered phase) (Mason et al., 2003; Raguz et al.,
2011a, b).
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nuclear tissues were homogenized separately, each in 25 mL of buffer A (5 mM Tris HCL, 5
mM EDTA, 5 mM EGTA, pH 8.0). The homogenate was centrifuged (29000 g, 20 min,
4°C). The pellet was washed five times with buffer B (5 mM Tris HCL, 2 mM EDTA, 2 mM
EGTA, pH 8.0) and recovered by centrifugation (29000 g, 20 min, 4°C). 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
resuspended with buffer C (0.1 M borate, pH 9.5) and stored at −20°C.

We also made three separate isolations of cortical and nuclear intact membranes from three
pairs of lenses from three different donors. Because of the limited amount of samples we
were able to use only one spin label (we chose 12-SASL) for each preparation. Results from
these measurements are presented as mean values with standard deviations and are included
in appropriate figure captions and tables.

2.3. Isolation of total lipids from cortical and nuclear fiber cell membranes for analysis of
lipid composition

The total lipids from portions (about thirty lenses) of the cortical or nuclear samples were
extracted separately based on minor modifications of the Folch procedure (Folch et al.,
1957). The tissue samples were gently mashed in a 500 mL Erlenmeyer flask with the pestle
from a tissue homogenizer to which ca. 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 2:1:1 (v/v). The chloroform layer was removed and the
water layer was extracted two more times with chloroform. The chloroform layers were
pooled, dried with MgSO4, filtered, and the solvent was removed. The resultant lipid
samples were used for measurements of properties of lens lipid membranes, which provided
control data for the present studies (Mainali et al., 2013c). Samples from these extractions
were sent to Avanti Polar Lipids (Alabaster, AL) for analysis. The relative retios of lipids for
the cortex and nucleus samples, respectively, were as follows: 1.38 and 2.1 for Chol/PL,
0.22 and 0.21 for PC/PL, 0.59 and 0.61 for SM/PL, 0.08 and 0.06 for PS/PL, and 0.10 and
0.11 for PE/PL. The relative abundance of PL classes (PC, phosphatidylcholine; SM,
sphingomyelin plus dihydrosphingomyelin; PS, phosphatidylserine; PE,
phosphatidylethanolamine) is close to the amount reported in (Deeley et al., 2008).

2.4. Preparation of samples for EPR measurements
In studies of intact membranes we use n-SASLs and ASL (Fig. 1) that allows us to locate the
nitroxide moiety of a spin label at different depths and in different domains in the lipid
bilayer portion of intact fiber cell plasma membranes. Spin-labeling was performed as
described earlier (Ligeza et al., 1998; Mainali et al., 2012a). The film of n-SASL was
prepared on the bottom of a test tube by drying the appropriate amount of spin label in
chloroform (usually ~20 µL of 1 mM solution). Only one type of n-SASL 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-label molecules into
the membranes. To ensure that the maximum amount of supernatant was removed,
membrane suspensions were centrifuged twice using Eppendorf centrifuge (12000g, 20 min,
4°C), and the 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).
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2.5. EPR measurements
To further increase the signal-to-noise ratio, samples in TPX capillaries were centrifuged as
described in (Subczynski et al., 2005). Conventional EPR spectra were recorded with a
Bruker EMX spectrometer equipped with temperature-control accessories. All spectra were
obtained at 37°C with a modulation amplitude of 1.0 G and an incident microwave power of
5.0 mW. To assess fluidity, maximum splitting values were measured for each component
directly from the EPR spectra as indicated in Fig. 2A and B (Mainali et al., 2013c)).
Samples were thoroughly deoxygenated, yielding correct EPR line shapes. Maximum
splitting values were measured within the precision of ±0.25 G for lens lipid membranes and
within the precision of ±0.5 G and ±1.0 G for fluid and immobilized components,
respectively, in intact membranes. To measure hydrophobicity, the z-component of the
hyperfine interaction tensor of the n-SASL, AZ, was determined from the EPR spectra for
samples frozen at −165°C and recorded with a modulation amplitude of 2.0 G and an
incident microwave power of 2.0 mW (see (Subczynski et al., 1994)). Values of 2AZ were
measured within the precision of ±1.0 G.

Spin-lattice relaxation times, T1s, of spin labels were determined by analyzing the SR signal
of the central line obtained by short-pulse SR EPR at X-band for deoxygenated samples
(Kawasaki et al., 2001; Subczynski et al., 1989; Yin and Subczynski, 1996). Accumulations
of the decay signals were carried out with 2048 data points on each decay. 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 mixture of nitrogen and
dry air adjusted with flowmeters [Matheson Gas Products, model 7631H-604]) (Kusumi et
al., 1982; Subczynski et al., 1992) 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 ±5% and ±10% for longer and shorter recovery time
constants when a double-exponential fit was satisfactory.

2.6. Calculation of the membrane permeability coefficient for oxygen
Knowledge of the profiles of the OTP makes it possible to calculate a significant membrane
characteristic—namely, the permeability coefficient for oxygen across the membrane. This
method is based on the work of Subczynski et al. (Subczynski et al., 1989), and calculations
for this method are explained in detail in our earlier papers (Subczynski et al., 1991;
Widomska et al., 2007a). In the presented research the profiles of the OTP were obtained
with n-SASL only across the hydrocarbon region of the lipid bilayer portion of the intact
membranes and calculated values of the membrane permeability coefficient for oxygen
characterize permeability properties of this membrane portion. The precision of this
evaluation is ±30% (see sect. 3.1 in (Widomska et al., 2007b)).

3. Results
3.1. Parameters obtained from EPR spectra and SR signals

Figure 2A and B shows representative conventional EPR spectra for 5- and 12-SASL in
cortical intact membranes. Because of the overlapping of spectra coming from n-SASLs in
different membrane domains, we used the maximum splitting as a convenient spectral
parameter which reports membrane fluidity at a certain depth in the membrane. This
additionally allows discrimination of membrane domains as indicated in spectrum of 12-
SASL which clearly shows one weakly immobilized component (2) and one strongly
immobilized component (1). A very small amount of n-SASL remains free in the
surrounding buffer (component 3 in Fig. 2A and B). This component does not interfere with
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measurements of maximum splitting of spectra coming from spin labels in the lipid
environment of intact membranes (components 1 and 2 in Figs. 2A and B).

For fast anisotropic motion the maximum splitting is directly related to the order parameter
(Hubbell and McConnell, 1968) that indicates the amplitude of the wobbling motion of the
appropriate segment of the alkyl chain of n-SASL (Kusumi et al., 1986). These conditions
are fulfilled for the spectral component with smaller values of the maximum splitting. The
maximum splitting values of the second component are much larger and are close to those
for rigid limit conditions. At these conditions, the maximum splitting includes contribution
of both the order and rotational mobility of the appropriate segment of the alkyl chain of n-
SASL (Budil et al., 1996; Schreier et al., 1978).

Another, more straightforward way of displaying membrane fluidity is through profiles of

the spin-lattice relaxation rate ( ) obtained from SR EPR measurements of n-SASLs in
deoxygenated samples. The spin-lattice relaxation rate depends primarily on the rotational
motion of the nitroxide moiety within the lipid bilayer (Mailer et al., 2005; Robinson et al.,

1994), hence,  can be used as a convenient quantitative measure of membrane fluidity
(Mainali et al., 2011a; Mainali et al., 2013a). The fluidity in this display reflects rate of
motions of the nitroxide moiety rigidly attached to the Cn carbon atom of the alkyl chain,
and thus, the rate of motions of this fragment of the alkyl chain.

Representative SR signals are shown in Fig. 3 for cortical intact membranes for
phospholipid and cholesterol analog spin labels. As can be seen, the SR signal of 7-SASL
(Fig. 3A) is successfully fit only with double exponential functions, both in the absence and
presence of oxygen. This indicates that this spin label is located in two environments with
different fluidities and different OTPs. SR signals from other n-SASLs applied for intact
cortical and nuclear membranes can be fitted satisfactory only with two exponentials in both
the presence of oxygen and in its absence (signals not shown). Thus, two lipid environments
are detected, with different fluidities and different OTPs at all depths in the lipid bilayer
portion of the intact membranes.

The above approaches describe membrane organization and fluidity reporting directly on the
motion and order of PL alkyl chains. Membrane fluidity can also be reported on the motion
of molecular oxygen within the membrane. In this method the observed parameter is the
spin-lattice relaxation time of lipid spin labels (measured as shown in Fig. 3), and the
measured value is the bimolecular collision rate between molecular oxygen and the nitroxide
moiety of spin labels (Subczynski et al., 2007). The method is extremely sensitive to
changes in the local oxygen diffusion-concentration product (around the nitroxide moiety),
which is expressed as the OTP (Kusumi et al., 1982). To obtain profiles of the OTP, spin
lattice relaxation times for n-SASLs have to be measured for deoxygenated samples and for
samples equilibrated with air at indicated temperature (see detailed description in
(Subczynski et al., 2007)).

SR signals from ASL in the absence and presence of oxygen in cortical (Fig. 3B) and
nuclear membranes (data not shown) were satisfactory fitted only to double exponential
curves. Therefore, ASL, similarly to n-SASLs, can also discriminate two lipid environments
with different fluidity and different values of the OTP.

Figure 2 contains also representative EPR spectra of 5-SASL (C) and 12-SASL (D) in a
frozen solution of cortical intact membranes and shows the method of measuring 2AZ
values. Smaller 2AZ values indicate higher hydrophobicity. Thus, smaller 2AZ value from
the spectrum of 12-SASL compared with that of 5-SASL indicates that the membrane
interior is more hydrophobic than the region close to the membrane surface. In the profiles
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of membrane hydrophobicity (see Sect. 3.5), 2AZ values are plotted as a function of the
position of the nitroxide moiety of the spin label within the lipid bilayer. For brevity, we
relate the local hydrophobicity as observed by 2AZ to the hydrophobicity (or ε) of the bulk
organic solvent by referring to Fig. 2 in (Subczynski et al., 1994).

ASL is a spin-labeled cholesterol analog (Fig. 1) that should determine the distribution and
properties of cholesterol in intact membranes. ASL, when incorporated into cortical intact
membranes yields one-component EPR spectrum (component 2 in Fig. 2G) and when
incorporated into nuclear membranes, two-component spectrum (components 1 and 2 in Fig.
2H). The spectrum from cortical intact membranes is practically identical to spectra from
cortical and nuclear lens lipid membranes indicating that ASL cannot discriminate any lipid
domain formed by the presence of integral proteins (showing only component 2). However,
when the amount of proteins increases in nuclear intact membranes, the strongly
immobilized component in the EPR spectrum is clearly present (component 1 in Fig. 2H).
Similarly, in porcine intact membranes (Mainali et al., 2012a), ASL gives one-component
EPR spectrum in cortical membranes (identical to induces formation of boundary lipids,
which ASL cannot discriminate (but see Discussion). those in the cortical porcine lens lipid
membrane) and twocomponent spectrum in nuclear membranes (one similar to those in the
nuclear porcine lens lipid membrane and one coming from very rigid environment). We
hypothesize that in nuclear intact membranes the immobilized component is formed by ASL
molecules trapped within aggregates of proteins that saturate the membrane. In cortical
membranes, the amount of membrane proteins is significantly smaller and, thus, mainly

3.2. Order and fluidity of phospholipid alkyl chains
3.2.1. Conventional EPR—Figure 4A and B shows profiles of the maximum splitting
values obtained, as indicated in Fig. 2A and B, from n-SASL located at different depths in
different membrane domains in cortical and nuclear intact membranes. Larger values
indicate smaller fluidity and greater order of alkyl chains. EPR spectra of 12- and 16-SASL
clearly show one weakly and one strongly immobilized component. However, the outermost
peaks in the EPR spectra of 5-, 7-, and 9-SASL in both cortical and nuclear intact
membranes cannot discriminate these components because their positions are very close to
each other and only maximum splitting of the strongly immobilized component can be
measured. In each membrane, profiles across two domains are presented: one across a more
fluid domain and the other across a very rigid domain. Comparison of these profiles with
those obtained across cortical and nuclear lens lipid membranes (Fig. 4C and D) indicates
that profiles across more fluid domains are very similar to those of lens lipid membranes.
We assigned this domain as a bulk lipid domain, which appears to be not affected by the
presence of membrane proteins. This domain can be discriminated using conventional EPR
spectra only with 12- and 16-SASL. The remaining profile of strongly immobilized lipids,
formed as a result of the interaction of lipids with membrane proteins, was assigned to the
boundary plus trapped lipid domain (see also Sect. 3.1 in (Mainali et al., 2012a)). Maximum
splitting values in EPR spectra from membranes reconstituted with monomers or aggregates
of integral membrane proteins containing boundary lipids and/or trapped lipids (Ashikawa et
al., 1994a; Kawasaki et al., 2001; Marsh et al., 1982) are similar to those from intact
membranes.

Maximum splitting values measured for 12- and 16-SASL in the most immobilized lipid
domain are close to the rigid limit values for these spin labels (compare values in Fig. 4 with
those in Fig. 7, remembering that the rigid limit value is the 2AZ value). Thus, the alkyl
chains in this domain are practically immobile in the membrane center. The bell-shaped
profiles of membrane fluidity in these domains are inverted as compared to profiles in bulk
lipids. All of these indicate that alkyl chains are strongly immobilized by the contact with
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membrane proteins. Interestingly, membrane fluidity in the bulk domain increases toward
the membrane center while, in the remaining domains, the membrane fluidity decreases
toward the membrane center.

3.2.2. Saturation-recovery EPR—Fluidity profiles (  versus depth in the membrane)
obtained based on SR measurements for deoxygenated samples (see Fig. 3) are presented in
Fig. 5A and B showing that one lipid domain in cortical and nuclear intact membranes has
high fluidity and the other very low fluidity. The high fluidity profiles observed for cortical
and nuclear intact membranes were similar to those obtained for human lens lipid
membranes (also superimposed in Fig. 5) and were assigned to the bulk plus boundary
lipids. Remaining profiles with the low spin-lattice relaxation rate were assigned to the
trapped lipids. The bulk plus boundary domain and the trapped lipid domain can be
discriminated with this method by all n-SASLs giving additional information about
dynamics of alkyl chain of PLs in each domain without their physical separation.

The exchange rate between boundary and bulk lipids is of the order of magnitude of 107 s−1

or greater (East et al., 1985; Marsh, 1997; Ryba et al., 1987). This was the reason why
boundary lipids were discriminated by the conventional EPR (Knowles et al., 1979; Marsh
et al., 1982) (with the time window of the method from 100 ps to 10 ns) and not by the SR
method of the discrimination by oxygen transport (Ashikawa et al., 1994a) (with the time
window from 100 ns to 100 µs). Because the spin-lattice relaxation times of lipid spin labels
in membranes are from 1 to 10 µs, the bulk and boundary domains cannot be discriminated
by these measurements.

Three conclusions can be drawn from profiles in Fig. 5. (1) Alkyl chains are very immobile

in the trapped lipids.  for n-SASLs in this domain are close to those in gel-phase
membranes (Subczynski et al., 1990; Subczynski et al., 1989, 1991), indicating that
membrane dynamics is suppressed to the level of gel-phase. (2) The lipid exchange rate
between discriminated domains have to be smaller than the smallest spin-lattice relaxation
rate of spin labels, which is 0.2×106 s−1 for the trapped domain (but see Sect. 3.3). (3) The
alkyl chains in the trapped lipid domain are less mobile in the nucleus than in the cortex.

3.3. Membrane fluidity reported in terms of translational diffusion of molecular oxygen
Profiles of the OTP across cortical and nuclear fiber cell plasma membranes (Fig. 6A and B)
also show that two domains can be discriminated. Because of the fast exchange rate of lipids
between bulk and boundary domains, profiles with higher OTP were assigned to the bulk
plus boundary domain (see (Ashikawa et al., 1994a) and discussion in Sect. 3.2.2).
Comparison of these profiles with those presented for cortical and nuclear lens lipid
membranes (profiles superimposed in Fig. 6) indicates that the effect of boundary lipids on
the OTP is significantly greater in nucleus than in cortex. Values of the OTP in the center of
the bulk plus boundary domain of the cortical and nuclear intact membrane are about 25%
and 55% smaller than those in the center of the cortical and nuclear lens lipid membranes.
Additionally, values of the OTP in the center of the nuclear intact membrane (Fig. 6B) are
about 45% smaller than those in the cortical intact membrane (Fig. 6A). The presence of
membrane proteins changes the shape of the profile to bell-shaped, with a gradual increase
in the OTP from the membrane surface to its center. These bell-shaped profiles contrast with
the rectangular profiles in lens lipid membranes with the ~3 times abrupt increase of the
OTP between C9 and C10 positions on the alkyl chains. All of these changes are greater in
nuclear membranes, in agreement with the greater amount of membrane proteins in the lens
nucleus than in the lens cortex (Li et al., 1986; Li et al., 1985).
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The remaining profiles in cortical (Fig. 6A) and nuclear (Fig. 6B) membranes were assigned
to trapped lipids. The OTP values in this domain are extremely low, significantly lower than
OTP values in the CBD (see superimposed profiles in Fig. 6), and comparable to those in
gel-phase membranes (Subczynski et al., 1989). They are ~10 times lower than in water and
~20 times lower than in the center of the bulk plus boundary domain. This is in agreement
with the extremely low mobility of alkyl chains in that domain indicated by profiles of the

maximum splitting (Fig. 4) and by profiles of the  (Fig. 5). We should note that profiles
of the maximum splitting show averaged properties of the boundary and trapped lipid

domains while profiles of the  as well as profiles of the OTP reflect properties of the
pure trapped lipid domain.

3.4. Discrimination of membrane domains using the cholesterol-analog spin label
The discrimination by oxygen transport method using ASL was applied here to show if the
CBD, which was discriminated in lens lipid membranes (Mainali et al., 2013c), can be also
detected in intact membranes. Spin-lattice relaxation rates of ASL (see Fig. 3B for their
measurements) are included into profiles in Fig. 5. As a Chol analog, ASL can be located in
all four purported domains in intact membranes, namely in bulk, boundary, and trapped
lipids, as well as in the CBD. Due to the high exchange rate of lipids between boundary and
bulk lipids (see Sect. 3.2.2) ASL cannot discriminate between these domains. Additionally,

 of ASL in the bulk domain and in the CBD are similar (almost equal) (Raguz et al.,
2011a, b). Thus, the high relaxation rate component in the ASL SR signal describes
averaged mobility of Chol in these three domains (bulk, boundary, and CBD). The
remaining slow relaxation rate component describes mobility of Chol in the trapped lipid
domain. Since the nitroxide moiety is rigidly attached to the rigid ring structure of Chol in
ASL (see Fig. 1), it senses membrane fluidity differently than n-SASLs. The latter describes
segmental motion of alkyl chains while the former describes the motion of the whole rigid
ring structure of Chol, which is located in the upper part of the hydrocarbon chains (to the
depth of the C9). This is most likely the reason that ASL shows a bigger difference in
fluidity between discriminated domains. Nevertheless, it is beneficial to monitor membrane
fluidity sensed by PL and Chol analog spin labels.

Values of the OTP are obtained directly from SR measurements as an effect of oxygen on
the components of the SR signal and are straightforward connected with components of the
SR signal obtained without oxygen (Fig. 3B). Thus, the extremely low value of the OTP

measured from the effect of oxygen on the slower value of the  of ASL should be
assigned to the trapped lipid domain. The remaining value comes from ASL in the bulk,
boundary, and CBD. Presently, we have not been able to discriminate the CBD. Fitting the
SR signals to three components and getting reasonable data is always a challenging problem.
We hope that with the bigger sample and by using different experimental conditions, we will
be able to overcome this problem.

Values of the OTP measured with ASL in more and less fluid domains of cortical and
nuclear membranes are included into profiles in Fig. 6. Values measured in more fluid
domain of cortical and nuclear membranes are significantly larger than those measured with
n-SASLs at C10 positions (the nitroxide moiety of ASL is located at the depth of C10 in the
membrane (Widomska et al., 2007a)), although they are still considerably smaller than those
measured with ASL in lens lipids (Fig. 3B in (Mainali et al., 2013c)). The second value of
the OTP measured with ASL is extremely low and falls into the profile across the trapped
lipid domain. Although ASL discriminate the CBD in cortical and nuclear lens lipid
membranes (Mainali et al., 2011b; Mainali et al., 2012a, 2013c; Raguz et al., 2008, 2009),
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we have not yet been able to discriminate the CBD in intact membranes (Mainali et al.,
2012a).

3.5. Hydrophobicity of membrane interior
Figure 7A and B shows hydrophobicity profiles across the lipid bilayer portion of intact
cortical and nuclear lens membranes. Both profiles indicate the existence of a high
hydrophobic barrier in intact lens membranes. The 2AZ values in the center of both
membranes (positions of 12- and 16-SASL) indicate that hydrophobicity in this region can
be compared to that of N-butylamine and 1-decanol (ε = 6–8). Fig. 7 contains also
superimposed profiles from cortical and nuclear lens lipid membranes, which allow
concluding that the presence of proteins changes a rectangular hydrophobicity profile to one
that is bell-shaped. The center of intact membranes becomes less hydrophobic than that of
lens lipid membranes. The effect of membrane proteins on hydrophobicity profiles close to
the membrane surface is rather negligible. Hence, the hydrophobicity of the membrane
center is lowered by the presence of membrane proteins, although this is still a considerably
high hydrophobic barrier, which ensures that the transport of water, ions, and other small
polar and ionic molecules is tightly controlled by membrane proteins. Because 2AZ values
were measured for a frozen membrane suspension (see Fig. 2C and D and Sect. 2.5), the
EPR spectrum is the superposition of individual spectra from all domains reporting averaged
membrane hydrophobicity.

3.6. Permeability of oxygen across membrane domains
Based on profiles of the OTP across the bulk plus boundary domain and trapped lipid
domain in intact cortical and nuclear membranes presented in Figs. 6A and B, and procedure
described in Sect. 2.6, permeability coefficients for oxygen across these domains were
evaluated. They are listed in the Table 1 together with values obtained for lipid domains in
cortical and nuclear lens lipid membranes. This allows us to elucidate only the effect of
proteins on oxygen transport across domains, because the effect of the high Chol content is
already included in the permeability of lens lipid membranes. The high protein content in
fiber cell plasma membranes strongly decreases the oxygen permeability across the lipid
bilayer portion of these membranes. The permeability of the bulk plus boundary domain in
the cortical and nuclear membrane is, respectively, 13 and 25% lower than across the bulk
lipids in cortical and nuclear lens lipid membranes. The permeability of the bulk plus
boundary domain in the nuclear membrane is 23% lower than that across the bulk plus
boundary domain in the cortical membrane. This indicates that the contribution of boundary
lipids to the permeability property is greater in nuclear membranes. Similarly, permeability
of trapped lipids in the nuclear membrane is about 50% smaller that that in the cortical
membrane. This can be explained also by the greater rigidity of trapped lipids in the nuclear
membrane (but see Sect. 3.7). The permeability for oxygen across this domain is not only
smaller than across the CBD (see Table 1) but even smaller than across gel-phase
membranes (Subczynski et al., 1989).

3.7. Amount of lipids in lipid domains
In the paper on intact porcine eye lens membranes, we showed that the effect of membrane
proteins on the lipid bilayer portion of the membrane is greater in nucleus than in cortex
(Mainali et al., 2012a). Here, for human lenses, we made an attempt to evaluate relative
amounts of lipids in the domains discriminated in intact membranes.

Based on the EPR spectrum of 12-SASL (PL analog spin label), which is the superposition
of the spectrum coming from bulk PLs and the spectrum coming from boundary plus
trapped PLs, we evaluated the relative amount of the bulk PLs. Based on the SR EPR signal
of 12-SASL, that is the superposition of the signal coming from bulk plus boundary PLs and
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from trapped PLs, we were able to assess the relative amount of trapped PLs. Figure 2B, E,
and F illustrates the procedure for the evaluation of the amount of PLs in the bulk domain.
The EPR spectrum of 12-SASL in cortical intact membranes (A) and the EPR spectrum of
12-SASL in cortical 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
cortical 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. 4). 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 63% of spectrum (B) and 37%
of spectrum (C), where 100% of spectrum (B) and (C) indicates spectra with the same
intensity (the same surface under the absorption curve). Thus, in cortical membranes the
amount of PLs in domains uniquely formed due to the presence of membrane proteins
accounts for 37% of total PLs. A similar procedure was performed for nuclear membranes
indicating that the relative abundant of PLs in domains formed due to the presence of
membrane proteins is 46%, thus significantly greater than in cortical membranes. The
precision of this estimation is better than 5%, because a 5% change in the contribution of
each component decreases the goodness of the fit.

Figure 8 illustrates the procedure for the evaluation of the amount of PLs in the bulk plus
boundary domain and in the trapped domain which is based on the SR measurements. The
SR signal of 12-SASL in intact membranes (A) can be successfully simulated by the double
exponential curve, indicating that spin labels are located in two environments with different
fluidity. As described in Sect. 3.2.2, we assigned the signal with the shorter T1 (signal (B))
as coming from bulk plus boundary PLs and with longer T1 (signal (C)) as coming from
trapped PLs. The contribution of each component to the experimental signal is given by the
pre-exponential factor obtained from the fitting program. Because the SR signal is recorded
with the delay (in our case 2.2 µs), after the end of the saturating pulse, we have to
extrapolate back the exponentials for each component to get actual ratio of their pre-
exponential coefficients. This procedure is also illustrated in Fig. 8. Pre-exponential
coefficients for 12-SASL in cortical and nuclear membranes indicate that the abundance of
trapped PLs in these membranes is, respectively, 36 and 51%. All of these data describing
distribution of PLs between membrane domains are included in Table 2.

The relative distribution of Chol is indicated by the distribution of Chol analog, ASL (Fig.
1). We performed similar evaluations, as illustrated in Fig. 2B, E, and F, based on
conventional EPR spectra of ASL in intact cortical and nuclear membranes (Fig.2G and H).
Because EPR spectra of ASL coming from bulk lipids and from CBD are similar (Mainali et
al., 2012b; Raguz et al., 2011a, b), the only explanation of these results is that in cortical
membranes ASL is located only in bulk lipids and CBDs (see also Discussion). This data
also suggests that the amount of ASL in trapped lipids is negligible (not detectable by
conventional EPR). However, based on the analysis of the SR signals from ASL (Fig. 3B)
and using the same procedure as illustrated in Fig. 8, we evaluated the relative amount of
Chol (ASL) in the cortical trapped domain as 23%. The amount of Chol in trapped lipids in
nuclear membranes is ~50% (as deduced from the conventional EPR spectra of ASL (Fig.
2H)) and 46% (as deduced from the SR measurements). All of these data dealing with the
distribution of Chol are included in Table 3. All these approaches indicated that the relative
amount of lipids (PLs and Chol) in domains formed due to the presence of membrane
proteins is greater in nuclear membranes as compared with cortical membranes.
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4. Discussion
Figure 9 is a schematic drawing that illustrates the presence of the four purported lipid
domains in intact fiber cell membranes of the human eye lens. In the described research, we
were able to confirm existence of the three of them, namely bulk, boundary, and trapped
lipid domains. However, we have not been able to discriminate the CBD, which was easily
discriminated in cortical and nuclear lens lipid membranes (Mainali et al., 2013c). In the
presented research, we also made effort to quantitatively evaluate the relative amounts of
PLs and Chol in lipid domains in intact human eye lens membranes (Tables 2 and 3). Based
on conventional EPR spectra of 12-SASL, we showed that lipid domains formed due to the
presence of membrane proteins, namely boundary and trapped lipid domains, account,
respectively, for 37 and 46% of total PLs in cortical and nuclear membranes. SR EPR
measurements with 12-SASL, which discriminate trapped PLs from bulk plus boundary PLs,
indicate that trapped PLs account, respectively, for 36 and 51% of total PLs in cortical and
nuclear membranes. Conventional EPR spectra of ASL indicate virtually total exclusion of
Chol from lipid domains formed due to the presence of membrane proteins in cortical intact
membranes. However, in nuclear membranes, about 50% of Chol is located in the protein
induced lipid domains. This phenomenon was repeatedly observed in lenses from different
species (Mainali et al., 2012a) and in human lenses from donors of different ages (from 0- to
20-year-old and from 21- to 40-year-old donors, data not shown). This surprising result can
be partly explained with the assumption that in intact fiber cell membranes of the human eye
lens Chol and ASL are substantially excluded from the boundary lipids around integral
proteins. The exclusion of these molecules from boundary layers was observed using
different techniques and for different systems including erythrocyte membrane (Aloni et al.,
1977; Bieri and Wallach, 1975), high density lipoprotein recombinants (Dergunov et al.,
1997; Massey et al., 1984; Tall and Lange, 1978), or sarcoplasmic reticulum ATPase
(Warren et al., 1975). Thus, our assumption, which is already incorporated in Fig. 9, seems
reasonable. SR EPR with ASL showed that the trapped lipid domain accounts, respectively,
for 23% and 45% of total Chol in cortical and nuclear membranes. It is significant that all
these different EPR approaches show the same tendency in changes in the amounts of lipids
in membrane domains. All these new approaches will allow quantitatively evaluate changes
in the organization of lipids in intact fiber cell membranes occurring with age and with
cataract formation.

Formation of boundary and/or trapped lipids is likely induced by aquaporin-0 (AQP0) and
connexins (Cx46 and Cx50) (Gonen et al., 2005; Reichow and Gonen, 2009), the most
abundant proteins in the human lens fiber cell membrane (Bassnett et al., 2011). These
proteins belong to two major classes of fiber cell integral transmembrane proteins that
perform the communication between fiber cells. AQP0, which belongs to the water transport
family of integral channel proteins, controls transport of water and some neutral solutes, but
not ions (Agre, 2004). The second class belongs to 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)), which form gap
junctions between lens fiber cells (Mathias et al., 2010). Exchange of ions and small
metabolites (glucose, amino acids) between lens cells depend on these gap junctions
(Mathias et al., 2010). These proteins form ordered two-dimensional arrays in fiber cell
membranes (Buzhynskyy et al., 2007; Buzhynskyy et al., 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. Interestingly, the density/distribution of these proteins varies as a
function of fiber depth (age) (Kuszak et al., 2004) and the ordered arrays of AQP0 are
enriched in the nucleus (Costello et al., 1989). This is consistent with our current data, which
show that the amount of trapped lipids and the extent of lipid rigidity are greater in the
nucleus than in the cortex. Both the amount of protein and the packing of protein in
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membranes might be important in modifying the observed physical properties of lipid
bilayer and the distribution of lipids between membrane domains.

The unexpected distribution of Chol in the cortical fiber cell membranes can, to a certain
degree, be also explained by the data presented by Lo and co-authors (Biswas et al., 2009;
Biswas et al., 2010; Biswas and Lo, 2007), showing that the significant structural
remodeling of gap junctions takes place during fiber cell development and maturation. Gap
junctions are selectively localized within the specialized interlocking membrane domains
between lens fibers called “ball-and-sockets” (Biswas et al., 2010). 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 (Biswas et al., 2009; Biswas and
Lo, 2007). This explains why in cortical membranes the relative amount of Chol trapped
between membrane proteins is small (close to zero when measured using conventional EPR
and as small as 23% when measured using SR EPR). In nuclear membranes, which are
enriched in ordered arrays of AQP0, amounts of trapped lipids, including trapped Chol is
greater (Table 2).

Data presented in Table 1 indicate that for all membrane domains discriminated with EPR
spin-labeling methods in human intact cortical and nuclear fiber cell membranes, the
permeability for oxygen is significantly lower than across water layers of the same thickness
as these domains. This effect is mainly due to the presence of membrane proteins and
formation of boundary and trapped lipid domains. Permeability of cortical and nuclear lens
lipid membranes (membranes without proteins) is comparable to those across water layers of
the same thickness (Table 2 in (Mainali et al., 2013c)). Permeability of the bulk plus
boundary domain in cortical and nuclear membranes is, respectively, 30 and 43% smaller
than across water layers of the same thickness as the domain. This difference is much
greater for trapped lipids in cortical and nuclear membranes, which show permeability,
respectively, 5.6 and 11 times smaller than across water layers of the same thickness.
Because trapped lipids in cortical and nuclear membranes account, respectively, for 36 and
51% of total lipids (data for SR measurements with 12-SASL taken from Table 2), their
contribution to the formation of the barrier to oxygen transport is substantial, especially in
the lens nucleus. The results reported here complement our studies on the oxygen
permeability across lens lipid membranes summarized in the Review (Subczynski et al.,
2012) and across intact fiber cell plasma membranes isolated from porcine eyes (Mainali et
al., 2012a).

Organization of membrane proteins is a significant factor that determines the organization
and properties of the lipid bilayer portion of fiber-cell membranes of human lenses. We
would like to add some comments on how the unique lipid composition of these membranes,
which includes a high content of saturated sphingolipids (Byrdwell and Borchman, 1997;
Byrdwell et al., 1994; Huang et al., 2005) and only traces of polyunsaturated fatty acids
(Broekhuyse and Soeting, 1976; Zelenka, 1978), may contribute to the lipid-protein
interactions. The flexible saturated alkyl chains can fit easier to the protein surface than
unsaturated alkyl chains with a rigid cis double bond, which introduce a bend of 30° at that
bond. The high level of saturation ensures the highest packing density of membrane
components. The tightly packed chains preserve their randomly bended structures, but they
become “glued” to the surface of transmembrane proteins, which minimized their thermal
motion. Thus, the rigidity of the lipid bilayer portion of fiber cell membranes is achieved
mainly by decreased dynamics of alkyl chains, and not by their ordering. With that
explanation, our results are not in contrast with those presented by Sato et al. (Sato et al.,
1996) and Zhang et al.(Zhang et al., 1999), which showed that the structural order
determined by the static measure of the trans/gauche rotamer ratio in the hydrocarbon
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chains of bovine and human lens membranes is not affected by the presence of intrinsic and
extrinsic lens proteins. These static and dynamic descriptions of membrane properties
complement each other, concluding that at the high protein concentration alkyl chains of
PLs fill up the space between proteins accepting all necessary bending structures, although
their motion is frozen by the tight protein packing.

The studies reported here were carried out at X-band EPR spectrometers with a loop-gap
resonator that has a sample volume of 3 µL. To complete all measurements and obtain
detailed profiles, samples were isolated from about 20 lenses and pooled. It is not difficult to
obtain these numbers of similar lenses (age is the major criterion) from a meat-packing
plant. Human lenses however are more precious and more difficult to obtain in these
numbers from eye banks. A more serious problem is that human lenses can be different not
only because of age, but also because of varying health history of the donor. The best
solution of this problem will be to perform all measurements on samples prepared from one
or two lenses from a single donor. Recently, we demonstrated the feasibility of such
measurements, showing that profiles of membrane properties can be obtained at W-band
with the loop-gap resonator with a sample volume of 30 nL (Mainali et al., 2013b; Mainali
et al., 2011b). Thus, theoretically, the total amount of sample can be 100 times smaller at W-
band than at X-band. However, handling of the sample with the present design, especially
equilibration with nitrogen and air has to be performed outside the resonator for much larger
(about 3 µL) sample volume. We are now in the process of overcoming these problems.
Presently, we were able to make three repetitions of our experiments with three different
preparations of cortical and nuclear membranes from three pairs of lenses from different
donors, but only for one experimental point (one spin label). We chose 12-SASL which not
only allowed us to confirm validity of appropriate points in profiles of membrane properties
(data included in captions of Figs. 4–7), but also confirm validity of the data about amounts
of PLs in domains uniquely formed due to the presence of membrane proteins (data included
into Table 2). However information unique to an individual lens is muted when data
averaging and pooling samples is required. We believe that all of these new methods, which
allow for the quantification of lipid domains in intact fiber cell membranes, combined with
the measurements of samples from a single donor, have the potential to be a powerful
approach for studying changes in fiber cell membranes occurring with age and with cataract
formation.
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• Organization of lipids in fiber cell plasma membranes from human lenses was
studied.

• Relative amounts of phospholipids and cholesterol in membrane domains were
evaluated.

• The relationship between the organization of lipids and proteins is discussed.
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Fig. 1.
Chemical structures of stearic acid- (n-SASLs) and Chol-analog spin labels (ASL) together
with the structure of Chol (CHOL), palmitoyl sphingomyelin (SM), and palmitoyl
dihydrosphingomyelin (DHSM) (the most abundant lipids in human lens membranes).
Approximate locations of these molecules across the lipid bilayer membrane are illustrated.
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Fig. 2.
Representative EPR spectra of 5-SASL (A, C) and 12-SASL (B, D) from cortical intact
membranes. Spectra (A) and (B) were recorded at 37°C. The measured values used to
evaluate maximum splitting are indicated. Spectra (C) and (D) were recorded at −165°C to
cancel motional effects. The measured 2AZ value is indicated. EPR spectra of ASL from
cortical (G) and nuclear (H) intact membranes, recorded at 37°C. 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. In this figure arrows 1–3
represent spectra from strongly immobilized, weakly immobilized, and water components,
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respectively. The procedure for the evaluation of the relative amount of PLs in the bulk
domain is illustrated (spectra B, E, F). The experimental EPR spectrum of 12-SASL in the
cortical intact membranes (B, solid line) can be simulated (B, dotted line) by adding 63% of
spectrum (E) and 37% of spectrum (F). Here (E) is the EPR spectrum of 12-SASL in cortical
lens lipid membranes obtained at 37°C and (F) is the EPR spectrum of 12-SASL in cortical
lens lipid membranes obtained at −10 °C (this spectrum has the same maximum splitting as
the strongly immobilized component in spectrum (B)).
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Fig. 3.
Representative SR signals with fitted curves and residuals (the experimental signal minus
the fitted curve) for 7-SASL (A) and ASL (B) from cortical intact membranes. Signals were
recorded at 37°C for deoxygenated samples (equilibrated with 100% nitrogen) and
equilibrated at 37°C with an air/nitrogen gas mixture. For deoxygenated samples the SR
signals can be satisfactorily fitted with only a double-exponential function: for 7-SASL, with
time constants of 6.18 ± 0.43 µs and 2.82 ± 0.11 µs, and for ASL, with time constants of
4.80 ± 0.39 µs and 1.89 ± 0.07 µs. The first residual is for single- and the second residual for
double-exponential fits. The SR signal in the presence of molecular oxygen can be fitted
satisfactorily only with a double-exponential function: for 7-SASL, with time constants of
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3.11 ± 0.17 µs and 1.44 ± 0.06 µs, and for ASL, with time constants of 4.47 ± 0.31 µs and
0.98 ± 0.05 µs. The third residual is for single- and the fourth residual for double-
exponential fits.
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Fig. 4.
Profiles of the maximum splitting obtained with n-SASLs at 37°C for (A) cortical intact
membranes and (B) nuclear intact membranes. Profiles are reported for bulk lipids and for
boundary plus trapped lipids. For comparison, profiles of the maximum splitting for (C)
cortical lens lipid membranes and (D) nuclear lens lipid membrane are included. Values for
lens lipid membranes were taken from measurements reported in Mainali et al., 2013b,
where different displays, namely profiles of the order parameter, were presented. Maximum
splitting (mean values and standard deviations) obtained with 12-SASL from three different
preparations of membranes from eyes of three different donors are 58.81 G ± 2.0 G for bulk
lipids and 51.58 G ±1.33 G for boundary plus trapped lipids in cortex and 60.05 G ±2.68 G
for bulk lipids and 51.61 G ±1.51 G for boundary plus trapped lipids in nucleus.
Approximate localizations of the nitroxide moieties of spin labels are indicated by arrows.
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Fig. 5.

Profiles of  (the spin-lattice relaxation rate) obtained with n-SASLs at 37°C for (A)
cortical and (B) nuclear intact membranes. Profiles are reported for bulk plus boundary

lipids and for trapped lipids.  (mean values and standard deviations) obtained with 12-
SASL from three different preparations of membranes from eyes of three different donors
are 0.56 ±0.34 µs−1 for bulk plus boundary lipids and 0.20 ±0.03 µs−1 for trapped lipids in
cortex and are 0.64 ±0.24 µs−1 for bulk plus boundary lipids and 0.21 ±0.02 µs−1 for trapped

lipids in nucleus. Values of  obtained with ASL in domains of cortical and nuclear
membranes are also included. Superimposed are profiles for cortical (A) and nuclear (B)
lens lipid membranes (broken lines drawn based on data presented in (Mainali et al.,
2013b)). Approximate localizations of the nitroxide moieties of spin labels are indicated by
arrows.
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Fig. 6.
Profiles of the OTP obtained with n-SASLs at 37°C for (A) cortical and (B) nuclear intact
membranes. Profiles are reported for bulk plus boundary lipids and for trapped lipids. OTP
(mean values and standard deviations) obtained with 12-SASL from three different
preparations of membranes from eyes of three different donors are 1.84 ±0.65 µs−1 for bulk
plus boundary lipids and 0.31 ±0.12 µs−1 for trapped lipids in cortex and are 1.61 ±0.60 µs−1

for bulk plus boundary lipids and 0.22 ±0.12 µs−1 for trapped lipids in nucleus. Values
obtained with ASL in domains of cortical and nuclear membranes are also included.
Superimposed are profiles for cortical (A) and nuclear (B) lens lipid membranes (broken
(bulk domain) and dotted (CBD) lines drawn based on data presented in (Mainali et al.,
2013b)). Approximate localizations of the nitroxide moieties of spin labels are indicated by
arrows.
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Fig. 7.
Profiles of hydrophobicity (2AZ) obtained with n-SASLs for (A) cortical and (B) nuclear
intact membranes. Profiles represent averaged values from bulk, boundary, and trapped
lipids. 2AZ (mean values and standard deviations) obtained with 12-SASL from three
different preparations of membranes from eyes of three different donors are 65.24 ±0.73 G
for cortical membranes and are 65 ±0.80 G for nuclear membranes. Superimposed are
profiles for cortical (A) and nuclear (B) lens lipid membranes (broken lines drawn based on
data presented in (Mainali et al., 2013b)). Approximate localizations of the nitroxide
moieties of spin labels are indicated by arrows.
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Fig. 8.
The illustration of the procedure for the evaluation of the relative amount of PLs in the
trapped domain. The SR EPR signal of 12-SASL in the deoxygenated cortical intact
membrane obtained at 37°C (A). This signal can be successfully fitted with only a double-
exponential function with time constants of 6.1 ± 0.20 µs (B) and 2.53 ± 0.04 µs (C). The
residual (the experimental signal minus fitted curves), shown in the bottom, indicates the
goodness of the fit. The contribution of each component to the experimental signal is given
by the pre-exponential coefficients obtained from the fitting program. Because the SR signal
is recorded with the delay (in our case 2.2 µs) after the end of the saturating pulse, we have
to extrapolate back the exponentials for (B) and (C) components to get actual ratio of their
pre-exponential coefficients.
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Fig. 9.
Schematic drawing of the lens intact membrane. Purported lipid domains induced by the
high Chol content and the presence of integral membrane proteins are indicated. Note that
Chol is excluded from boundary lipids.
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Table 1

Permeability coefficients for oxygen (PM) across the hydrocarbon region of domains in human intact and lens
lipid membranes at 37 °C

PM(cm/s)

Cortical intact membranes (bulk + boundary lipids) 66.3 ±20

Nuclear intact membranes (bulk + boundary lipids) 53.8 ±16

Cortical intact membranes (trapped lipids) 16.8 ±5.0

Nuclear intact membranes (trapped lipids) 8.5 ±2.5

Water layera 94.4 ±28

Cortical lens lipid membranes (bulk lipids)b 76.5 ±23

Nuclear lens lipid membranes (bulk lipids)b 71.2 ±21

Cortical lens lipid membranes (CBD)c 40 ±12

Nuclear lens lipid membranes (CBD)c 32 ±9.6

Water layer of the same thickness as the CBDc 89 ±27

a
The thickness of the water layer is the same as the hydrocarbon region.

b
PM was calculated based on oxygen transport parameter profiles presented in Mainali et al., 2013c.

c
Data taken from Mainali et al., 2013c.
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Table 2

Distribution of PLs (% of total PLs) between domains in human intact lens membranes

Conventional EPR
(12-SASL)

Bulk
Lipids

Boundary + Trapped
Lipids

Cortex 63 ±5
(65.5 ±5.5)a

37 ±5
(34.5 ±5.5)a

Nucleus 54 ±5
(51.5 ±6.5)a

46 ±5
(48.5 ±6.5)a

SR EPR
(12-SASL)

Bulk + Boundary Lipids Trapped
Lipids

Cortex 64 ±6.4
(48 ±20)a

36 ±1.8
(52 ±20)a

Nucleus 49 ±4.9
(29 ±17)a

51 ±2.6
(71 ±17)a

a
Data (mean values and standard deviations) obtained for three different preparations of cortical and nuclear membranes from eyes of three

different donors. Averages were significantly different with P values determined by Student’s t-test: P = 0.018 for conventional EPR data and P =
0.274 for SR EPR data.

Student’s t-test results for. Limited amounts of samples and low signal-to-noise ratio strongly affected accuracy of SR EPR measurements
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Table 3

Distribution of Chol (% of total Chol) between domains in human intact lens membranes

Conventional EPR
(ASL)

Bulk Lipids + CBDa Trapped
Lipids

Cortex 100 ±5 0 ±5

Nucleus 50 ±5 50 ±5

SR EPR
(ASL)

Bulk Lipids + CBDa Trapped
Lipids

Cortex 77 ±7.7 23 ±1.2

Nucleus 54 ±5.4 46 ±2.3

a
Chol and ASL is substantially excluded from boundary lipid domain
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