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Saturation-recovery (SR) EPR at W-band (94 GHz) to obtain profiles of the membrane fluidity and profiles
of the oxygen transport parameter is demonstrated for lens lipid membranes using phosphatidylcholine
(n-PC), stearic acid (n-SASL), and cholesterol analog (ASL and CSL) spin labels, and compared with results
obtained in parallel experiments at X-band (9.4 GHz). Membranes were derived from the total lipids
extracted from 2-year-old porcine lens cortex and nucleus. Two findings are especially significant. First,
measurements of the spin–lattice relaxation times T1 for n-PCs allowed T1 profiles across the membrane
to be obtained. These profiles reflect local membrane properties differently than profiles of the order
parameter. Profiles obtained at W-band are, however, shifted to longer T1 values compared to those
obtained at X-band. Second, using cholesterol analog spin labels and relaxation agents (hydrophobic oxy-
gen and water-soluble NiEDDA), the cholesterol bilayer domain was discriminated in membranes made
from lipids of the lens nucleus. However, membranes made from cortical lipids show a single homoge-
neous environment. Profiles of the oxygen transport parameter obtained from W-band measurements
are practically identical to those obtained from X-band measurements, and are very similar to those
obtained earlier at X-band for membranes made of 2-year-old bovine cortical and nuclear lens lipids
(M. Raguz, J. Widomska, J. Dillon, E.R. Gaillard, W.K. Subczynski, Biochim. Biophys. Acta 1788 (2009)
2380–2388). Results demonstrate that SR EPR at W-band has the potential to be a powerful tool for
studying samples of small volume, �30 nL, compared with the sample volume of �3 lL at X-band.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The saturation-recovery (SR) EPR method was pioneered at the
National Biomedical EPR Center in Milwaukee [1]. The X-band
(9.4 GHz) SR spectrometer, which is equipped with a loop-gap res-
onator (LGR), has been significantly improved in recent years [2,3].
Other EPR spectrometers built in the EPR Center allow SR measure-
ments at microwave frequencies from 2 to 94 GHz [3,4]. In
previous papers [3–5], we showed that (1) the T1 values of
water-soluble spin labels as well as lipid-type spin labels in mem-
branes depend on microwave frequency (being longest at Q-band
(35 GHz)), and (2) that the effect of collisions between oxygen
and spin-labels on the measured T1 values are independent of fre-
quency at all microwave frequencies.

Recently, we used EPR spin-labeling methods, including the SR
approach, to study organization and dynamics of lens lipid
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membranes from different species (6-month-old calf and pig [6–
8]), from animals of different ages (6-month-old and 2-year-old
cow [6,7,9]), and from different eye regions (cortex and nucleus
of a 2-year-old cow [9]). These membranes are overloaded with
cholesterol, which not only saturates phospholipid bilayers but
also leads to the formation of cholesterol bilayer domains (CBDs)
within the membrane [8,9]. EPR spin-labeling methods provide a
unique opportunity for determining the lateral organization of lens
lipid membranes including coexisting membrane domains [10,11].
They also provide a number of unique approaches for determining
several important membrane properties as a function of bilayer
depth including alkyl chain order [12], hydrophobicity [13], and
oxygen diffusion–concentration product (called the oxygen trans-
port parameter) [14]. In some cases, these properties can be ob-
tained in coexisting membrane domains without the need for
physical separation [10,11]. EPR spin-labeling methods also make
it possible to obtain molecular-level information on the organiza-
tion and dynamics of cholesterol molecules in the CBD as well as
information on physical properties of this domain [15]. This type
of information cannot be obtained by differential scanning
calorimetry (DSC) [16–18], X-ray, or neutron diffraction
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[16,17,19–21] methods, which also have been applied to investi-
gate the lateral organization of lens lipid membranes and intact
lens membranes.

All previous investigations were carried out at X-band using
conventional and SR EPR spectrometers with an LGR that has a
sample volume of 3 lL. To complete all measurements and obtain
detailed profiles, lipids were extracted from 50 to 100 eye lenses. It
is not difficult to obtain these numbers of similar eye 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 eyes from a single donor.

Here, we present results that demonstrate the feasibility of such
measurements. Profiles of lens lipid membrane properties that
were obtained using spin-label EPR at X-band with an LGR with
a sample volume of 3 lL can also be obtained at W-band with
the LGR with a sample volume of 30 nL. Thus, the total amount
of sample can be 100 times smaller at W-band than at X-band. Re-
sults at W-band and X-band include profiles of the membrane flu-
idity and oxygen transport parameter, as well as data on
discrimination of coexisting membrane domains. Additionally, re-
sults are reported about properties of 2-year-old porcine cortical
and nuclear membranes, which complement the published data
describing properties of 2-year-old bovine cortical and nuclear
membranes [9], increasing our knowledge about organization
and dynamics of lens lipid membranes from different species.

In these studies, phospholipid- and cholesterol-analog spin la-
bels (see Fig. 2 in Ref. [8] for structures and approximate localiza-
tion in the lipid bilayer) are incorporated in the membrane with
the nitroxide moiety, which gives rise to the observed EPR signal
at specific depths and in specific membrane domains. These spin
labels have molecular structures that are similar to parent phos-
pholipids or cholesterol and therefore are expected to be similarly
Fig. 1. Schematic drawing of the cortical lens lipid membrane which is formed by
phospholipid bilayer saturated with cholesterol (PCD) (A), and the nuclear lens lipid
membrane with the pure cholesterol bilayer domain (CBD) in the bulk PCD (B).
distributed across different membrane domains and to exhibit sim-
ilar dynamics. Fig. 1 is a schematic drawing showing structures of
eye-lens lipid membranes: membranes that are close to saturation
with cholesterol (Fig. 1A, lens lipid membranes from young ani-
mals and from lens cortex) and membranes that are overloaded
with cholesterol (Fig. 1B, nuclear lens lipid membranes where bulk
phospholipid–cholesterol domain (PCD) coexists with an immisci-
ble pure cholesterol bilayer domain (CBD)). The phospholipid-type
spin labels are expected to partition only into the bulk PCD. Thus,
profiles obtained with the use of these spin labels should describe
only properties of the PCD, without ‘‘contamination’’ from the CBD.
The cholesterol-type spin labels should distribute between both
domains and can detect and discriminate the PCD and the CBD
(we direct readers to Ref. [11] for more details).
2. Materials and methods

2.1. Materials

One-palmitoyl-2-(n-doxylstearoyl)phosphatidylcholine spin la-
bels (n-PC, n = 5, 7, 10, 12, 14, or 16), tempocholine-1-palmitoyl-
2-oleoylphosphatidic acid ester (T-PC), and cholesterol were
obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). 9-doxylste-
aric acid spin label (9-SASL) and cholesterol analogs, androstane
spin label (ASL) and cholestane spin label (CSL) 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 the total lipids from the cortical and nuclear fiber-cell
membranes of the porcine eye lenses

Fresh porcine eyes from 2-year-old animals were obtained on
the day of slaughter from Johnsonville Sausage, LLC (Watertown,
WI). The eyes were dissected, and the lenses from about 100 eyes
collected. Each lens was frozen on a block of dry ice, and when
hardened, the nucleus was removed with cork borer. Each of the
ca. 1 mm ends of the bored-out nucleus was sliced off with a razor
blade and discarded. This method has been described previously
[22]. The total lipids either from the nuclear plugs or from the cor-
tex samples were extracted separately based on minor modifica-
tions of the Folch procedure [23]. 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 min.
The sample was distributed to Corex centrifuge tubes obtained
from Corning Inc. (Corning, NY) and centrifuged at 5000 rpm for
30 min. The supernatants were poured into a separatory funnel,
and water and methanol were added so that the final ratio of meth-
anol/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 soft, white solids. They were stored at �20 �C.
2.3. Preparation of lipid bilayer membranes

The membranes used in this work were multilamellar disper-
sions (multilamellar liposomes) made either from the lipid extract
from eye-lens cortex or from the nucleus containing 1 mol% spin
label. The membranes were prepared as described earlier [9]. Mul-
tilamellar liposomes are preferred in EPR investigations because
the loose pellet after centrifugation contains a high amount of
membranes (�20% lipids w/w), which significantly increases the
signal-to-noise ratio.
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2.4. EPR measurements

The membranes were centrifuged briefly, and the loose pellet
was used for EPR measurements. For EPR measurements at X-band,
samples were transferred to a capillary made from the gas-perme-
able methylpentene polymer known as TPX (i.d. 0.6 mm) [24].
Samples were equilibrated directly in the resonator with nitrogen
or a mixture of nitrogen and air adjusted with a flowmeter
(Matheson Gas Products, Model No. 7631 H-604) [24,25]. The same
gas was used for temperature control. Conventional EPR spectra
were obtained with a Bruker EMX X-band spectrometer with tem-
perature control accessories. The X-band SR EPR spectrometer used
in these studies has been described previously [2,3].

At W-band, samples were equilibrated with either nitrogen or
air at room temperature outside the resonator, transferred to a
quartz capillary (i.d. 0.15 mm), and positioned in the resonator of
the W-band spectrometer, which is equipped with a tempera-
ture-control system. Spectrometer and LGR used for W-band mea-
surements, including its SR capabilities, were described earlier
[4,26].

The spin–lattice relaxation times, T1s, of the spin-labels were
measured using SR capabilities of X-band, and W-band EPR spec-
trometers. They were determined by analyzing the SR signal of
the central line (X-band) and the low-field line (W-band) obtained
by short-pulse SR EPR. At W-band, the low-field hyperfine line is
most intense, while at X-band, the central line is most intense
(Fig. 2). For lipid spin labels in membrane suspensions, the pulse
duration was 0.3–1 ls. For these samples, motion of spin labels
was sufficiently slow that the nitrogen nuclear relaxation times
were shorter than the electron T1 values; resulting in strong cou-
pling of the three hyperfine lines (see also Section 2.3 in Ref. [5]).
2.5. SR data acquisition and processing

Typically, 106 decays were averaged, half of which were off-line
and differenced for baseline correction, with 2048 (X-band) and
1024 (W-band) data points per decay. Sampling intervals
Fig. 2. Panel of representative EPR spectra of phospholipid-type spin labels in
cortical lens lipid membranes. Spectra were recorded at W-band and X-band at
25 �C. gxx, gyy, and gzz are indicated to show effect of a high magnetic field on the
position of these components at W-band.
depended on sample, temperature, oxygen tension, and microwave
frequency, and were from 1 to 40 ns. Total accumulation times
were about 2–5 min. Recovery curves were fitted by single, double,
and triple exponentials, and compared. Fits were based on a
damped linear least-squares method, which utilizes the Gauss–
Newton minimization procedure and includes a scalar factor. This
factor helps to ‘‘damp’’ the process toward the minimum and as-
sures convergence in the iterative steps. The damped least-squares
method has proven successful for fitting exponential decay curves
[27] and EPR spectra [28].

The major criteria for the quality of the fit of the SR signals are
the residual (the experimental signal minus the fitted curve) and
the standard deviation. If substantial improvement in the fitting
is not observed when the number of exponentials is increased from
one, the SR signal can be analyzed as a single exponential. This is
often the case for samples equilibrated with nitrogen (see Sec-
tion 3.2). For samples containing membrane domains and in the
presence of relaxation agents (oxygen or NiEDDA), fitting the
experimental data to a single-exponential mode is often unsatis-
factory, while a double-exponential fit can be excellent (good
residual and smaller standard deviation; see Section 3.4), which
is consistent with the existence of two immiscible domains. Addi-
tional criteria for the quality of a fit are the pre-exponential coeffi-
cient for the second component (negligible for a single-exponential
fit and significant [�5% or larger] for a double-exponential fit), the
standard deviation of T1 for the second component (when this va-
lue is much larger than for the first component, it is a sign that a
single-exponential fit is satisfactory; when values are comparable,
a double-exponential fit can be satisfactory), and the consistency of
the fit for different recording conditions such as number of points
and time increment.

Results indicated that for all of the recovery curves obtained in
this work for phospholipid-type spin labels, no substantial
improvement in the fitting was observed when the number of
exponentials was above one, establishing that recovery curves
can be analyzed as single exponentials. For cholesterol-type spin
labels in the nucleus membrane and in the presence of relaxation
agents (for ASL in the presence of oxygen and for CSL in the pres-
ence of NiEDDA) only the double exponential fit was satisfactory.
Decay time constants were determined with accuracy better than
±3%. Although, the sensitivity in terms of number of spins required
for good SR signals increases markedly with increase in microwave
frequency, the concentration sensitivity of SR of spin-labels has
been found to be substantially independent of microwave fre-
quency (see Ref. [5] where the concept of SR concentration sensi-
tivity is discussed, and also see captions to Figs. 4 and 7).
3. Results and discussion

3.1. Conventional EPR spectra

In Fig. 2, EPR spectra of selected spin labels obtained at W- and
X-band for cortical lens lipid membranes are presented. Shapes of
spectra indicate that phospholipid bilayers of these membranes
contain high (saturating) amounts of cholesterol. This is clearly
seen for the high-field component of the spectrum of 16-PC, both
at X- and W-band. The shape of this line is similar to the shape
of the high field component of 7- or 10-PC in membranes without
cholesterol (data not shown). The anisotropic rotational motion of
n-PC or n-SASL gives rise to the unique features of the EPR spectra
at X-band that allow calculation of the order parameter of the alkyl
chain using spectral parameter (A|| and A\) measured directly from
the spectra (Fig. 2) and Eq. (1) [12,29]:

S ¼ 0:5407ðA0k � A0?Þ=a0; where a0 ¼ ðA0k þ 2A0?Þ=3: ð1Þ



Fig. 3. Profiles of the molecular order parameter at 25 �C obtained with n-PC and 9-
SASL across cortical and nuclear porcine lens lipid membranes. Approximate
locations of nitroxide moieties of the spin labels are indicated by arrows.
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The order parameter is a measure of the amplitude of the wob-
bling motion of the segment of the alkyl chain to which the nitrox-
ide moiety is attached. Increase in order parameter indicates that
the angle of the cone, responsible for the wobbling motion of the
alkyl chain, decreases. Moreover, as the spin label is moved from
the bilayer surface to the membrane interior, deviations in the al-
kyl chain segment direction from the bilayer normal accumulate.
Thus, ordering of the alkyl chain close to the membrane surface
(induced, for example, by contact with the plate-like portion of
cholesterol), also causes an apparent ordering of the distal frag-
ment of the alkyl chain [2]. Although the order parameter indicates
an amplitude of wobbling motion of alkyl chains in the lipid bi-
Fig. 4. Representative SR signals with fitted curves and the residuals (the experimental
lipids. Signals were recorded at X-band (A and B) and at W-band (C and D) at 25 �C for sa
and 50% nitrogen (B), and with 100% air (D). SR signals for 5-PC were satisfactorily fitt
oxygen at X-band with time constants of, 4.90 ± 0.01 ls (A), and 2.56 ± 0.01 ls (B) and at
criterion for the quality of a fit is the residual, indicating that single exponential fits for
value and the available pump power cannot saturate the signal. Both factors contribut
Additional criteria for the quality of single and double-exponential fits are explained in
layer, the change in the order parameter is most often described
as a change in spin-label mobility, and thus as a change in
membrane fluidity. This easy approach cannot be applied to ana-
lyze the EPR spectra at W-band. Only with some restrictions can
the ordering potential and rotational diffusion coefficient be ob-
tained by computer simulation of W-band EPR spectra [30–33].
These simulations were not performed here.

In Fig. 3, profiles of the order parameter calculated from EPR
spectra of phospholipid spin labels recorded at X-band for cortical
and nuclear membranes are presented. Because of the localization
of phospholipid-type spin labels in the PCD; these profiles reflect
properties of this domain in cortical and nuclear membranes. Pro-
files are practically identical and very similar to the profiles across
PCDs of other lens lipid membranes [8,9]. Since the phospholipid
composition of the cortical and nuclear regions of the eye lens dif-
fer significantly [34–37], these results support our hypothesis [8,9]
that properties of lens lipid membranes, because of saturation with
cholesterol, are very similar independently of differences in
phospholipid composition.
3.2. T1 measurements and profiles of membrane fluidity

Fig. 4 shows representative SR signals of 5-PC in nuclear lens li-
pid membranes recorded at 25 �C at X-band and W-band. Measure-
ments performed for deoxygenated samples at X-band and W-
band indicate that the SR signals from 5-PC (Fig. 4A and C) and
from all other phospholipid-type spin labels are satisfactorily fit
to a single exponential function. SR measurements were carried
out systematically as a function of the location of the nitroxide
moiety of spin labels at different depths in the membrane. The
unique distribution of the phospholipid-type spin labels (n-PC
and 9-SASL) in lens lipid membranes and their exclusive
signal minus the fitted curve) for 5-PC in membranes made of nuclear porcine lens
mples equilibrated with 100% nitrogen gas (A and C), with a gas mixture of 50% air

ed to a single exponential function in both the absence and presence of molecular
W-band with time constants of, 6.00 ± 0.01 ls (C), and 1.92 ± 0.02 ls (D). The major
all signals are excellent. Equilibration with 100% air significantly shortened the T1

e to the lower signal-to-noise ratio at D (accumulation time was kept the same).
Section 2.5 and Ref. [10].
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localization only in the PCD ensure that profiles of membrane
properties obtained with these spin labels describe only properties
of the PCD without contamination from the CBD (see Fig. 1B and
Ref. [8]).

As was indicated in Section 3.1, the order parameter describes the
amplitude of the wobbling motion. We proposed earlier [11] that T1

measured in deoxygenated samples can be used as a convenient
measure of membrane fluidity. This parameter depends primarily
on the rate of rotational motion of the nitroxide moiety within the
lipid bilayer [38,39]. Thus, T1 can be used as a convenient quantita-
tive measure of membrane fluidity, indicating the motion of
phospholipid alkyl chains (or nitroxide free-radical moieties at-
tached to those chains). We showed earlier that T1 can reveal choles-
terol-induced changes in membrane fluidity that cannot be
differentiated by profiles of the order parameter [2]. We found that
both the order parameter and T1 indicated that cholesterol has a
rigidifying effect on alkyl chains that reach to the depth occupied
by the rigid steroid-ring structure. At deeper locations, cholesterol
also causes an increase of the order parameter (see Section 3.1).
However, T1 values measured in the presence of cholesterol are
shorter, which indicates a greater rate of motion of nitroxide moie-
Fig. 5. Profiles of the electron spin–lattice relaxation time, T1, for n-PC spin labels at 25
and at W-band (B). Approximate locations of nitroxide moieties of spin labels are indica

Fig. 6. Profiles of the oxygen transport parameter (oxygen diffusion-concentration pr
membranes obtained at X-band (A) and W-band (B). Dotted lines indicate the oxygen
moieties of spin labels are indicated by arrows. Points obtained for phospholipid-type s
labels are indicated as ., J, and s. Two arrows for ASL and CSL indicate locations of these
nitroxide moieties of ASL and CSL in the PCD and the CBD).
ties attached to alkyl chains. This confirms the uniqueness and use-
fulness of the fluidity profiles obtained from T1 measurements.

In Fig. 5, the fluidity profiles (T1 versus depth in the membrane)
for the PCD of cortical and nuclear membranes obtained at X- and
W-band are presented. As expected, membrane fluidity increases
toward the membrane center. The profiles for the cortical and nu-
clear lens lipid membranes cannot be distinguished when mea-
sured either at X- or W-band. Profiles obtained at W-band are
shifted to the longer values of T1, which is in agreement with our
earlier results on the effect of microwave frequency on measured
T1 values [4,5]. These profiles characterize dynamic properties of
the alkyl chain that change gradually with membrane depth. Pro-
files of hydrophobicity (determined by the extent of water pene-
tration into the membrane [14,25]) and the oxygen transport
parameter (membrane fluidity that reports on translational diffu-
sion of molecular oxygen [6–9,14,40]) show abrupt change be-
tween C9 and C10 positions in the presence of saturating amount
of cholesterol (see also Section 3.3 and Fig. 6). The spin–lattice
relaxation time of the phospholipid-type spin labels is a conve-
nient measure of membrane fluidity that can be easily obtained
at W-band. Profiles of the membrane fluidity obtained at X- and
�C across cortical and nuclear porcine lens lipid membranes recorded at X-band (A)
ted by arrows.

oduct) at 25 �C across certain domains in cortical and nuclear porcine lens lipid
transport parameter in the aqueous phase. Approximate localizations of nitroxide
pin labels are indicated as j and d, and points obtained for cholesterol-type spin
spin labels in the PCD and the CBD (see Ref. [9] for information about the location of
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W-band contain the same information about membrane dynamics.
We discussed similarities and differences of information that can
be extracted from the order parameter profiles and fluidity profiles
(T1 versus depth in the membrane) earlier [11].
3.3. The oxygen transport parameter and profiles of the oxygen
transport parameter

The rate of bimolecular collision between the nitroxide moiety
of a lipid-type spin label placed at a specific location in the mem-
brane and molecular oxygen is a useful metric of membrane fluid-
ity that reports on translational diffusion of oxygen molecules [14].
This rate can be expressed in terms of the oxygen transport param-
eter defined by the following equation:

WðxÞ ¼ T�1
1 ðair;xÞ � T�1

1 ðN2; xÞ � DðxÞCðxÞ; ð2Þ

where T1 values are the spin–lattice relaxation times of the nitrox-
ide in samples equilibrated with atmospheric oxygen and nitrogen,
respectively. W(x) is proportional to the product of the local trans-
lational diffusion coefficient D(x) and the local concentration C(x) of
oxygen at a ‘‘depth’’ x in the lipid bilayer that is in equilibrium with
atmospheric oxygen at normal atmospheric pressure. The oxygen
transport parameter was used to characterize the three-dimen-
sional dynamic structure of lipid bilayer membranes giving unique
information about lateral organization and depth dependent prop-
erties [10,40–42]. We applied this method to study the properties
of lens lipid membranes from different species, from animals at dif-
ferent ages, and from different eye regions [6–9]. All of these SR
measurements, including detailed profiles of the oxygen transport
parameter, were performed at X-band using the LGR with a sample
volume of �3 lL. The results of our recent papers [3–5] allowed us
to conclude that the oxygen transport parameter is independent of
microwave frequency from 2 to 94 GHz. Thus, profiles of the oxygen
transport parameter are obtained at W-band using the LGR with a
sample volume of �30 nL, which is 100 times smaller than the sam-
ple volume used at X-band, and are identical to profiles obtained at
X-band.

Fig. 4 shows representative saturation-recovery curves of 5-PC
in nuclear lens lipid membranes recorded for samples equilibrated
with 50% and 100% air. At both microwave frequencies (X-band
and W-band), the saturation recovery signals from 5-PC (Fig. 4B
and D) and from other phospholipid-type spin labels were satisfac-
torily fit to a single exponential function also in the presence of
oxygen. Saturation-recovery measurements at X- and W-band, car-
ried out systematically as a function of the location of spin labels in
the membrane for samples in the presence and absence of oxygen,
yielded profiles of the oxygen transport parameter across the PCD
of cortical and nuclear lens lipid membranes. These profiles are
shown in Fig. 6.

Major conclusions which can be made based on profiles ob-
tained at X-band (Fig. 6A) are as follows. Profiles across the PCD
of cortical and nuclear lens lipid membranes of the 2-year-old
pig are identical. They are practically identical with profiles across
the PCD of cortical and nuclear lens lipid membranes of the 2-year-
old cow [9] and across lens lipid membranes of young, 6-month-
old cow and pig [6,8]. This confirms our earlier statement that
profiles of lens lipid membrane properties across membranes sat-
urated with cholesterol cannot be distinguished and are indepen-
dent of the membrane phospholipid composition. The oxygen
transport parameter in the PCD of cortical and nuclear lens lipid
membranes measured from the membrane surface to the depth
of the ninth carbon (this is the depth to which the rigid steroid ring
structure of the cholesterol is immersed into the bilayer) is as low
as in gel phase membranes. The oxygen transport parameter in
membrane centers (between 10th carbons) is as high as in fluid
phase membranes without cholesterol. The most interesting fea-
ture of these profiles is that this very large change of the oxygen
transport parameter occurs within one C–C bond distance between
C9 and C10. The most significant result of these measurements is
that profiles of the oxygen transport parameter obtained at
W-band (Fig. 6B) are substantially identical to those obtained at
X-band (Fig. 6A). Thus, conclusions based on measurements
at X-band can also be made based on oxygen transport parameter
profiles obtained at W-band, which confirms usefulness of the
W-band in our future measurements.
3.4. Discrimination of membrane domains

In an analogy to the oxygen transport parameter defined in Eq.
(1), the relaxation agent accessibility parameter, P(x), for a water
soluble relaxation agent NiEDDA was defined by Eq. (3):

PðxÞ ¼ T�1
1 ð20 mM NiEDDA;xÞ � T�1

1 ðNo NiEDDA;xÞ ð3Þ

Greater P(x) values indicate a greater extent of NiEDDA penetra-
tion into the membrane. Accessibility measurements should be
performed using deoxygenated samples. 20 mM is the NiEDDA
concentration in buffer used for liposome preparations [15].

Collisions with molecular oxygen (Eq. (2)), which can be quite
different in different domains, form the basis of the discrimination
by oxygen transport (DOT) method [10,41,42]. Measurement of
collisions with the water-soluble, paramagnetic nickel complex,
NiEDDA (Eq. (3)), which penetrates differently into different mem-
brane domains, also allows discrimination between domains. Both
methods are used here to detect and characterize coexisting do-
mains in lens lipid membranes using SR at X-band and W-band.

Figs. 7 and 8 form the basis for determining whether or not the
CBD is formed within the nuclear lens lipid membranes. For these
measurements, we used cholesterol analog spin labels ASL and CSL,
which partition into PCD and CBD (Fig. 1B), and are able to discrim-
inate coexisting domains using oxygen or NiEDDA as relaxation
agents. Fig. 7 describes experiments with the hydrophobic relaxa-
tion agent oxygen, showing SR signals for ASL in nuclear lens lipid
membranes equilibrated with nitrogen and 50% (X-band) or 100%
(W-band) air. The single-exponential fit is satisfactory for deoxy-
genated samples in the nuclear membranes. However, in the pres-
ence of oxygen, for the nuclear membrane the SR signal for ASL was
a double-exponential. The shorter time constant in the nuclear
membrane was similar to the time constant obtained in the corti-
cal membrane (data not shown), and this SR signal were assigned
to the bulk PCD. The longer time constant in the nuclear membrane
was assigned to the CBD (see also Refs. [8,9]). All SR signals ob-
tained with CSL for membranes in the presence of oxygen were sin-
gle exponentials (data not shown)). Because CSL and cholesterol
should partition similarly into the PCD and the CBD (see paragraph
below), we conclude that the collision rate between oxygen and
the nitroxide moiety of CSL is the same in the PCD and CBD.

X- and W-band oxygen transport parameter values for ASL and
CSL have been used to draw the approximate profile of the oxygen
transport parameter across the CBD coexisting with the bulk PCD
in the nuclear membranes (Fig. 6). Values of the oxygen transport
parameter in the CBD are very low, five times smaller than in water
and ten times smaller than in center of the PCD. Also, oxygen trans-
port parameter values for ASL and CSL obtained at X- and W-band
in the PCD have been added to the profile across the PCD obtained
with phospholipid-type spin labels in cortical and nuclear mem-
branes (Fig. 6). These data confirm assignment of the results for
SR measurements with ASL in nuclear membranes. They also con-
firm that the nitroxide moiety of ASL is located in the PCD at a
depth that is similar to the nitroxide moiety of 10-PC, and that
the nitroxide moiety of CSL is located in the polar headgroup re-



Fig. 7. Representative SR signals with fitted curves and the residuals (the experimental signal minus the fitted curve) for ASL in membranes made of nuclear porcine lens
lipids. Signals were recorded at X-band (A and B) and at W-band (C and D) at 25 �C for samples equilibrated with 100% nitrogen gas (A and C), with a gas mixture of 50% air
and 50% nitrogen (B), and with 100% air (D). SR signals in nuclear membranes were satisfactorily fitted to a single exponential function in the absence of molecular oxygen at
X-band with time constants of 3.91 ± 0.01 ls (A) and at W-band with time constants of 4.10 ± 0.01 ls (C). The SR signal in the presence of molecular oxygen can be fitted
satisfactorily with a double exponential curve in the nuclear membrane at X-band with time constants of 2.32 ± 0.31 ls and 0.70 ± 0.01 ls (B) and at W-band with time
constants of 1.67 ± 0.28 ls and 0.41 ± 0.02 ls (D) (compare the upper residual for single and lower residual for double exponential fit in B and D). Equilibration with 100% air
significantly shortened the T1 value and the available pump power cannot saturate the signal. Both factors are the reason for the worse signal-to-noise ratio at D
(accumulation time was kept the same).
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gion. See Refs. [8,9] for more detail about locations of nitroxide
moieties of ASL and CSL in PCD and CBD.

Fig. 8 describes X-band and W-band experiments with the
water soluble relaxation agent NiEDDA, showing SR signals for
CSL in deoxygenated nuclear lens lipid membranes in the absence
and presence of 20 mM NiEDDA in the buffer. The single-exponen-
tial fit was satisfactory for samples in the absence of NiEDDA. In
the presence of NiEDDA CSL also showed the single SR signal for
the cortical membranes (data not shown). However, for the nuclear
membrane the SR signal was a double-exponential. The longer
time constant in the nuclear membrane was similar to the time
constant obtained in the cortical membrane, and these SR signals
were assigned to the bulk PCD. The shorter time constant in the
nuclear membrane was assigned to the CBD (see also Ref. [15]).
The nitroxide moiety of CSL is more exposed to collisions with
water soluble NiEDDA when CSL is located in the CBD and the nitr-
oxide moiety is not protected by the umbrella effect of phospho-
lipid headgroups, as in the PCD (Fig. 1B). These measurements
also confirmed that CSL partitions into PCD and CBD. All SR signals
obtained with ASL for membranes in the presence of NiEDDA were
single exponentials (data not shown), which is in agreement with
the fact that NiEDDA practically does not penetrate to the depth
at which the nitroxide moiety of the ASL is located, both in the
PCD and the CBD [15].

The NiEDDA accessibility parameter values (see Eq. (3)) ob-
tained at X- and W-band for cortical membranes (PCD) were
0.30 ls�1 and 0.28 ls�1, respectively. The NiEDDA accessibility
parameter values obtained at X- and W-band for PCDs of nuclear
membranes were 0.36 ls�1 and 0.34 ls�1, and for the CBDs of nu-
clear membranes, 1.43 ls�1 and 1.24 ls�1, respectively. We note
that the NiEDDA accessibility parameter value obtained in the
CBD (which is the immiscible pure cholesterol bilayer) of the nu-
clear membrane is very similar to the value of 1.30 ls�1 obtained
in the CBD in a simple POPS/cholesterol model membrane oversat-
urated with cholesterol [15].

In the present study, we were able to discriminate and charac-
terize the immiscible CBD within the bulk phospholipid–choles-
terol membrane of the eye lens nucleus. This was possible
because of the application of the SR EPR discrimination method
with the use of hydrophobic oxygen and water-soluble NiEDDA
relaxation agents. This method has already been successfully used
at X-band for detection and characterization of coexisting domains
in membranes [8,9,15,40–42]. Here, Figs. 7 and 8 contain SR data
obtained in parallel experiments at X- and W-band, showing that
coexisting membrane domains can be discriminated and charac-
terized through SR experiments at W-band. We conclude that the
SR EPR discrimination method is independent of microwave fre-
quency for both hydrophobic oxygen and water-soluble NiEDDA
relaxation agents. The significant, and positive, difference between
experiments at X- and W-band is that the sample volume at W-
band is about 100 times smaller than at X-band. This conclusion
is summarized in Fig. 6B where profiles of the oxygen transport



Fig. 8. Representative SR signals with fitted curves and the residuals (the experimental signal minus the fitted curve) for CSL in membranes made of nuclear porcine lens
lipids. Signals were recorded at X-band (A and B) and at W-band (C and D) at 25 �C for samples equilibrated with 100% nitrogen gas without (A and C) and in the presence of
20 mM NiEDDA in the buffer (B and D). SR signals in nuclear membranes were satisfactorily fitted to a single exponential function in the absence of NiEDDA at X-band with
time constants of 4.36 ± 0.01 ls (A) and at W-band with time constants of 5.50 ± 0.01 ls (C). The SR signal in the presence of NiEDDA can be fitted satisfactorily with a double
exponential curve in the nuclear membrane at X-band with time constants of 1.7 ± 0.2 ls and 0.6 ± 0.02 ls (B) and at W-band with time constants of 1.93 ± 0.2 ls and
0.71 ± 0.02 ls (D) (compare the upper residual for single and lower residual for double exponential fit in B and D).
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parameter in coexisting domains (PCD and CBD) are drawn based
on SR EPR measurements at W-band with an LGR with a sample
volume of 30 nL.
4. Conclusions

New capabilities in measurement of the spin–lattice
relaxation time and oxygen transport parameter using SR EPR
at W-band have been demonstrated in biological samples,
namely, lens lipid membranes isolated from the cortical and nu-
clear region of the 2-year-old porcine eye. Results demonstrate
that SR EPR and spin-label oximetry at W-band have the poten-
tial to be powerful tools for studying samples of small volume,
�30 nL. Such capability could be essential to obtaining detailed
T1 profiles across lens lipid membranes derived from human
eyes from a single donor.

We also demonstrated that SR EPR discrimination methods with
the use of either molecular oxygen or NiEDDA as relaxation agents,
which were developed and successfully used at X-band to distin-
guish and characterize coexisting membrane domains, can also
be used without restriction at W-band. Other benefits, including
longer values of T1, a new technique for canceling free induction
decay signals, a higher resonator efficiency parameter, a low reso-
nator Q, and the ability to use high observing power in SR EPR mea-
surements, were previously discussed [5].

New results which include profiles across cortical and nuclear
lens lipid membranes derived from eye lenses of a 2-year-old pig
complement our studies on organization and dynamics of lens lipid
membranes from different species and different eye lens regions
[6–9]. Profiles across cortical and nuclear porcine and bovine lens
lipid membranes were similar [9]. These profiles were also similar
to those for membranes derived from 6-month-old calf and pig
lens lipids [6,8] although in nuclear lens lipid membranes the
CBD was discriminated.

The data presented here support of our hypothesis that the high
cholesterol content keeps the bulk physical properties of the mem-
brane relatively constant even with age-related changes in
phospholipid composition. Properties of cortical and nuclear lens
lipid membranes from the 2-year-old porcine eye (profiles of the
order parameter, fluidity, and the oxygen transport parameter)
are very similar. Thus, independently of differences in lens lipid
composition (phospholipid composition of cortical and nuclear
membranes differ significantly, which also reflects age-related
changes), properties of membranes are very similar. The presence
of the CBD ensures that the surrounding phospholipid bilayer is
saturated with cholesterol. These data provide improved under-
standing of the function of cholesterol and CBD in eye lens
membranes.

We also would like to stress the significance of the discrimina-
tion of the CBD in lens lipid membranes that are observed using the
SR EPR spin-labeling methods. In a recent paper [15], we indicated
that the structures detected by EPR spin-labeling methods in mod-
el membranes when the cholesterol content exceeds the choles-
terol solubility threshold, are pure cholesterol bilayer domains
(CBDs). These structures are different from those observed using
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differential scanning calorimetry [16–18] and X-ray or neutron dif-
fraction [19–21]. These papers report structures exhibiting the
same properties as those found in one of three previously charac-
terized triclinic crystal structures (formed without phospholipids)
depending on the state of hydration and temperature.
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