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Abstract

The presence of integral membrane proteins induces the formation of distinct domains in the lipid 

bilayer portion of biological membranes. Qualitative application of both continuous wave (CW) 

and saturation recovery (SR) electron paramagnetic resonance (EPR) spin-labeling methods 

allowed discrimination of the bulk, boundary, and trapped lipid domains. A recently developed 

method, which is based on the CW EPR spectra of phospholipid (PL) and cholesterol (Chol) 

analog spin labels, allows evaluation of the relative amount of PLs (% of total PLs) in the 

boundary plus trapped lipid domain and the relative amount of Chol (% of total Chol) in the 

trapped lipid domain [M. Raguz, L. Mainali, W. J. O’Brien, and W. K. Subczynski (2015), Exp. 
Eye Res., 140:179–186]. Here, a new method is presented that, based on SR EPR spin-labeling, 

allows quantitative evaluation of the relative amounts of PLs and Chol in the trapped lipid domain 

of intact membranes. This new method complements the existing one, allowing acquisition of 

more detailed information about the distribution of lipids between domains in intact membranes. 

The methodological transition of the SR EPR spin-labeling approach from qualitative to 

quantitative is demonstrated. The abilities of this method are illustrated for intact cortical and 

nuclear fiber cell plasma membranes from porcine eye lenses. Statistical analysis (Student’s t-test) 

of the data allowed determination of the separations of mean values above which differences can 

be treated as statistically significant (P ≤ 0.05) and can be attributed to sources other than 

preparation/technique.
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1. Introduction

During the last 35 years, the National Biomedical EPR Center at the Medical College of 

Wisconsin has been using and developing saturation recovery (SR) electron paramagnetic 

resonance (EPR) techniques. (The methodology and theory of SR was reviewed in [1–4].) In 

particular, these techniques have been used in studies of model and biological membranes. 

Introduction of the loop-gap resonator (LGR) [5] into an SR EPR spectrometer in 1986 [6] 

provided many benefits in comparison with the cylindrical bimodal cavity resonator, which 
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consisted of two crossed TE112 modes [7]. The relatively low resonator quality factors, Q, 

and high efficiency parameters, Λ, of the LGRs were found to be highly advantageous. For 

model and biological membrane studies, the main benefits coming from the use of the LGR 

are small sample volume and short spectrometer dead time. Capabilities of the X-band SR 

EPR spectrometers equipped with the LGR allowed development of T1-sensitive oximetry 

methods, including the absolute T1 method [7–9], which have been used intensively in 

studies of model and biological membranes. The absolute T1 oximetry method allowed 

measurements of the local oxygen diffusion-concentration product at the membrane depth of 

the nitroxide moiety of the lipid spin label. These measurements allowed evaluation of the 

membrane permeability coefficient for oxygen [9]. The T1 values of spin-labeled lipids (for 

deoxygenated samples) provide a relative measure of membrane fluidity that complements 

order-parameter analysis [10, 11].

The development of the T1-sensitive SR EPR method, named “discrimination by oxygen 

transport (DOT) [12],” was a break-through in studies of the lateral organization of lipid 

bilayer membranes. This method is based on the fact that even small differences in lipid 

packing in coexisting domains or phases affect oxygen partitioning and oxygen diffusion, 

which can be easily detected by observing the different T1s from spin labels in these two 

locations in the presence of oxygen. SR signals in the presence of oxygen can be fitted only 

by a double-exponential function. The spin label alone most often cannot differentiate 

between these domains, giving very similar (indistinguishable) continuous wave (CW) EPR 

spectra and similar T1 values. The DOT approach allowed discrimination of membrane 

domains and membrane phases induced by the presence of Chol [13–15] as well as domains 

in dimyristoylphosphatidylcholine (DMPC) membranes reconstituted with 

bacteriorhodopsin [12]. The DOT approach was also applied to study the organization of the 

influenza viral membrane where protein-rich raft and bulk domains were discriminated and 

the lipid exchange rates between these domains were estimated [16].

In intact biological membranes that are dense with integral membrane proteins and have a 

high Chol content, four purported lipid domains are expected, namely bulk, boundary, and 

trapped lipids as well as the pure Chol bilayer domain (CBD) (Fig. 1A). In the plasma 

membranes of fiber cells from human and porcine eye lenses, which are dense in integral 

membrane proteins and have a high Chol content, we were able to discriminate only three of 

these domains using CW and SR EPR [17–19]. The CBD was not discriminated; even so, 

this domain was clearly seen in lens lipid membranes prepared from the total lipid extracted 

from eye lenses [19, 20]. Problems with discriminating the CBD can be related to the fact 

that properties of Chol-analog spin labels in the CBD are similar to those of Chol-analog 

spin labels in the surrounding PL bilayer. (See [14] for additional detail.)

Using CW EPR and PL- and Chol-analog spin labels, we were able to discriminate bulk 

lipids from the boundary plus trapped lipid domain in intact fiber cell plasma membranes 

from the eye lenses [17–19]. Surprisingly, even in the deoxygenated samples, SR signals 

coming from PL- and Chol-analog spin labels can be fitted only by a double-exponential 

function with two T1 values, indicating that spin labels are located in two distinct 

environments [17, 18]. In deoxygenated samples, T1 depends primarily on the rate of motion 

of the nitroxide moiety within the lipid bilayer [1, 10, 11, 21]. Thus, these two T1s 
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discriminate and characterize two lipid environments in intact membranes with different 

membrane fluidity. PL-analog spin labels with a short T1 were assigned to a location in the 

rapid exchange bulk/boundary lipid domain, and those with a long T1 were assigned to a 

location in the trapped lipid domain [17, 18] (Fig. 1B). Because Chol and Chol-analog spin 

labels are substantially excluded from the boundary lipids [22, 23], the Chol-analog spin 

label with a short T1 is assigned to a location in the rapid exchange bulk/CBD lipid domain 

and that with a longer T1 is assigned to a location in the trapped lipid domain (Fig. 1B).

The methods described above allow only a qualitative description of the lateral organization 

of fiber cell plasma membranes. The recently developed method, which is based on the 

deconvolution of CW EPR spectra of PL- and Chol-analog spin labels, allows evaluation of 

the relative amounts of PLs in the bulk lipid domain and in the boundary plus trapped lipid 

domain and Chol in the bulk lipid domain plus CBD and in the trapped lipid domain [24]. 

Here, a method is presented based on the SR EPR spin labeling that allows quantitative 

evaluation of the amount of PLs in the rapid exchange bulk/boundary lipid domain and in 

the trapped lipid domain and Chol in the rapid exchange bulk/CBD lipid domain and in the 

trapped lipid domain of intact membranes. Thus, this method complements the existing one, 

allowing more detailed information about the distribution of lipids between domains to be 

obtained. Because the majority of our research focuses on eye lenses, method is illustrated 

for intact fiber cell plasma membranes from porcine eye lenses. (See Fig. 1 for additional 

explanation.)

2. Materials and Methods

2.1. Materials

Doxylstearic acid spin label (12-SASL) and spin-labeled Chol analog (androstane spin label 

[ASL]) 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 and spin labeling of intact membranes

These procedures used here are the same as those described previously [24]. Cortical and 

nuclear intact membranes were isolated separately from the tissue of eight porcine lenses 

from two-year-old animals. As discussed previously, spin-labeled membrane suspensions 

were transferred to a 0.6 mm i.d. capillary made of gas-permeable methylpentene polymer 

(TPX) and used for SR EPR measurements [25].

2.3. SR measurements

To further increase the signal-to-noise ratio, samples in TPX capillaries were centrifuged as 

described in [25]. Samples were thoroughly deoxygenated directly in the resonator with 

nitrogen, which was also used for temperature control. All measurements were carried out at 

37°C. SR EPR signals were obtained at X-band on a home-built spectrometer with the LGR. 

The basic microwave circuit is a simplified version of that described in [26].

Two major hardware improvements were made on the apparatus used to acquire the data 

presented in this paper. The coil driver amplifier used to perform on/off-line EPR field 
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jumping in the signal differencing mode was replaced, and the pump arm in the SR bridge 

was upgraded. The PIN switch used to create the pump pulses in the pump arm was replaced 

with a higher isolation model. The previous PIN switch unit (American Microwave 

Frederick, MD), model SW-2184-1A, was replaced with a Kratos Defense and Security 

Solutions, Inc. (Syosset, NY), model F9114A. The new unit exhibits a very clean switching 

characteristic with less than 100 mV of video leakage in the output. The unit also switches 

very quickly and has off-to-on and onto-off transition times of less than 2 ns. The switch 

isolation of the F9114A in the off mode is 85 dB, which is 20 dB better than the previous 

switch. In order to provide more saturating pump power to the sample, the pump arm power 

amplifier was replaced with a new power amplifier. The new amplifier is a Ciao Wireless, 

Inc. (Camarillo, CA), model CA810-4413-1. The amplifier has a +33 dBm output at the 1 

dB gain compression point. It is configured in the system to provide +30 dBm (1 W) at the 

coaxial input to the LGR at a pump attenuator setting of 0 dB. The pump arm in the SR 

system is now capable of delivering a pulse width as narrow as 10 ns at a 1 W power level to 

the LGR. The availability of this level of pump power ensures saturation of the sample with 

the narrow pump pulse widths needed to detect the faster components present in 

multiexponential signals.

On/off-line field differencing is a strategy used to improve the baseline of SR signals. In this 

operational mode, on-line EPR SR signals are averaged, and then the average of an equal 

number of off-line signals is subtracted from the on-line signal average. On- and off-line 

field jumping can be provided by the main magnet field control system, or through a set of 

modulation coils also used for the EPR setup. The modulation coil jumping is faster, 

reducing the total runtime of the experiment. However, due to limitations of the field 

modulation amplifier in the system, the coil jumps previously were limited to less than 15 G. 

The new amplifier can provide up to ±3 amperes for 34 G peak-to-peak field modulation 

amplitude at the sample for larger jumps. The current-sense feedback in the amplifier results 

in a faster response time through the coil. (The field jumps can occur in less than 200 μs at 

the full 34 G amplitude.) The field amplitude is sufficient to jump completely off the low 

field line of the nitroxide in a downfield direction to ensure full subtraction of instrumental 

artifacts from magnetic resonance. New software allows use of the computer to set the 

square wave field modulation amplitude. The field jumping is synchronized in the software 

with the bi-phase modulation of the pump microwaves. The phase modulation in the pump 

arm is used to suppress the free induction decay (FID) component in the resultant pulse 

signal. When these improvements were implemented in the SR system, it was found that the 

receiver dead time after the pump pulse was reduced to 100 ns from the previous value of 

300 ns. This is the receiver delay or blanking time required to protect the receiver from the 

effects of the saturating pump pulse. This reduction greatly aids data analysis of signals with 

double-exponential content, particularly when fitting signals containing faster components.

The spin-lattice relaxation times, T1s, of spin labels were determined by analyzing the SR 

signals of the most intensive central line obtained by short-pulse (300 ns) experiments [9, 

16, 27]. Typically, 105–106 decays were acquired with 2,048 data points on each decay and a 

20 ns time increment. The total accumulation time was about 1 min. SR signals were fitted 

by single- and double-exponential functions. In the data presented in this paper, double (but 

not single) exponential fits were always required with decay times greater than 2 μs. The 
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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 ±5% 

and ±10% for longer and shorter recovery time constants. When necessary, the CW EPR 

spectra were recorded with a Bruker EMX spectrometer equipped with temperature-control 

accessories.

2.4. Statistical analysis

The Student’s t-test was used to determine the significance of experimental differences. P ≤ 

0.05 was considered to be statistically significant.

3. Results and Discussion

Figure 1 shows a schematic drawing of the intact porcine cortical and nuclear membranes 

illustrating the presence of the purported lipid domains induced by high Chol content and 

the presence of integral membrane proteins. This figure is a guideline, providing a clear 

understanding of the present experimental results and our interpretation of the data. The bulk 

lipid domain is formed by the part of the lipid bilayer that is not affected by the presence of 

integral membrane proteins, and it has 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 membrane proteins is formed by protein-bound, 

immobilized PLs [28], and the exchange rate between boundary and bulk lipids is of the 

order of magnitude of 107 s−1 or greater [29–31]. The trapped lipid domain is formed by 

lipids in contact with two proteins and/or by lipids in contact with proteins and boundary 

lipids [12]. The exchange rate with other domains is of the order of magnitude of 105 s−1 or 

less [16]. The CBD is a highly fluid pure Chol bilayer immersed in the bulk lipids [14, 32, 

33]. Figure 1 in Ref. [24] depicts chemical structures of the spin labels used in these 

experiments and their approximate locations and orientations in the lipid bilayer.

3.1. Optimization of spectrometer parameters

Two main spectrometer parameters can significantly affect SR measurements, the pump 

power and the observing power. This is especially significant when two-component SR 

signals are observed giving two T1 values and two pre-exponential coefficient values in one 

experiment. First, the pump power must be high enough to saturate both signals; it really 

must be a saturating power. Second, the observing power should be small enough that it will 

not induce an artifactual shortening of both T1s. These optimizations were performed for 

both samples, namely for cortical and nuclear intact fiber cell plasma membranes from 

porcine eye lenses, and for both spin labels, namely 12-SASL and ASL.

To ensure that we are using a saturating pump power, SR signals were recorded as a function 

of increasing pump power. In Fig. 2, the amplitude of the SR signal is plotted as a function 

of the pump power, indicating that a pump power greater than +27 dBm and +24 dBm for 

12-SASL and ASL, respectively, substantially saturates the SR signal. To ensure that both 

components of the SR signals (with different T1 values) are saturated, we also plotted the 

pre-exponential coefficients of both SR signals, which were obtained after fitting 

experimental signals to double exponentials as a function of the pump power. Results for 12-
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SASL (Fig. 3A) and ASL (Fig. 3B) indicate that the available pump power is high enough to 

saturate both components with shorter and longer T1s for both spin labels. During these 

experiments, all other spectrometer parameters and recording parameters were kept constant 

(the observing power was set to −12 dBm and the number of points removed before final 

fitting was set to 30) to ensure that only the effects of pump power were evaluated. Figures 2 

and 3 present the results obtained for nuclear membranes. Similar plots were also obtained 

for cortical membranes (data not shown), confirming that, for these samples too, the 

available pump power is high enough to saturate both components in the SR signals from 

12-SASL and ASL. In further experiments, we used the maximal available pump power, 

namely +30 dBm (1 W). Before the implementation of the improvements in the SR system, 

the available pump power was half of that, namely 0.5 W. To ensure that we can compare 

previous T1 measurements with new measurements, we performed T1 measurements at full 

available pump power (1 W) and at half pump power (0.5 W). Data for cortical and nuclear 

fiber cell membranes and for both spin labels are listed in the Table 1. As expected, the 

pump power did not affect the measured T1 values.

In similar experiments, we established that the observing power of −12 dBm is low enough 

that it does not affect the measured T1 values. Figure 4 presents the results for both spin 

labels (12-SASL and ASL in intact nuclear fiber cell plasma membranes from porcine eye 

lenses), which indicate that, for a wide range of observing power (from −20 up to −8 dBm), 

the T1 values of both components of the SR signals measured at the saturating pump power 

(+30 dBm) are constant. We chose a rather high observing power of −12 dBm to increase the 

signal-to-noise ratio. The observed independencies of T1 on observing power are 

characteristic of broad spin-label signals with short T2 values. Similar results were obtained 

for 12-SASL and ASL in intact cortical fiber cell plasma membranes from porcine eye 

lenses, indicating that the T1s do not change in the wide range of observing power (from −20 

to −8 dBm) for these samples either.

3.2. Optimization of recording conditions

Optimal recording conditions for SR signals depend on the problem that must be solved. If 

the SR signals have one component (experimental data are fitted to a single exponential), the 

most reliable results are obtained by using long-pulse widths on the order of T1s [7]. These 

conditions ensure maximal saturation of the signal and minimal contribution of alternate 

relaxation pathways. Although use of long pump pulses maximizes the SR signal amplitude, 

it should be noted that it is not required for correct T1 measurements. If the SR signals have 

two components, short-pulse experiments are preferred [9, 16, 27]. This condition minimizes 

the cross-relaxation between components but does not affect obtained T1 values. Short-pulse 

experiments were performed to discriminate membrane domains. These experiments were 

qualitative but allowed determination of relevant T1 values in short-pulse experiments. Not 

too much attention was paid to the pre-exponential coefficients in double-exponential SR 

signals.

The present SR approach is based on the pre-exponential coefficient measurements for both 

components in the SR signals (see Sect. 3.4), and these pre-exponential coefficients must be 

estimated just after the end of the saturating pulse. To increase the accuracy of these 
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measurements, the delay time—which allows safe recording of the SR signal after the 

saturating pump pulse—must be as short as possible. The SR spectrometer improvements 

described in Sect. 2.3 allowed the receiver delay time to be decreased to 100 ns. However, 

additional points must be removed from the dataset post-acquisition to ensure a reliable fit 

for data containing double exponentials. Thus, the strategy in recording the SR signals is to 

begin recording just after the receiver delay time, with all 2048 points in the dataset. A 

double-exponential fit is performed on the initial dataset and the results of the fit recorded. 

The beginning points of the dataset are then removed, and the resultant dataset is again fit 

for two exponentials. The results of the second fit are recorded again, several more points 

are removed from the dataset, the data fit is repeated, and the results are compared to those 

of the previous fits. This process is repeated, removing, fitting, and comparing with the 

previous fit results until the T1 values obtained from the fitting of both components in the set 

converge to constant values independent of further point removal. This optimization was 

performed for both spin labels. Data presented in Fig. 5 include measurements for nuclear 

membranes. It was found that reliable fits were obtained with the removal of typically 30 

points from the beginning of the 2048 dataset. Similar measurements were performed for 

cortical membranes with similar conclusions (data not shown). Of course, the number of 

points that should be removed depends on the time increment between points. In all 

measurements reported in this paper, a sample interval of 20 ns was used, and fits were 

performed with the removal of 30 points from the beginning of the dataset.

For studies with model membranes, T1s vary from 1 to 10 μs, and the correlation times of 

the spin labels located at different depths are in the range of 1–25 ns [10, 11]. For all of 

these cases, we observed single exponential SR signals. For these rates of motion, the spin 

label nuclear relaxation time is of the order of 100 ns [1]. Both processes contribute to the 

spectral diffusion because they transfer saturation to different regions of the spectrum [34, 

35]. Because the characteristic times of these processes are two to three orders of magnitude 

faster than T1s of membrane-located spin labels, these processes should be completed during 

the saturating pump pulse (300 ns) and during the delay time after the end of the saturating 

pump pulse (700 ns). They should not contribute significantly to the SR signal. Our control 

experiments, to a certain degree of confidence, allow us to extend these assumptions also to 

measurements with biological membranes at 37°C. However, data presented in Fig. 5 

indicate that other processes exist which artificially shortened T1s at the beginning of the 

recorded SR signal (before the 30 beginning points are removed). These processes can be 

related to additional, yet undefined, relaxations characterizing investigated systems (see 

Sect. 3.3).

3.3. In intact membranes, SR signals from 12-SASL and ASL can be fitted with only double 
exponentials

All lipid spin labels that can be incorporated into the intact cortical and nuclear fiber cell 

plasma membranes (n-PC and ASL) of human and animal eye lenses show two-component 

SR signals (can be fitted by a double exponential function) [17, 18]. In further measurements 

based on the deconvolution of CW EPR spectra for the evaluation of amounts of lipids in 

membrane domains, we selected 12-SASL (to quantify PLs) and ASL (to quantify Chol) 

[24].
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Representative SR signals for PL- (12-SASL) and Chol-analog (ASL) spin labels in intact 

nuclear fiber cell membranes are shown in Fig. 6. Both SR signals are successfully fit only 

with double-exponential functions. SR signals from 12-SASL and ASL applied to intact 

cortical membranes can also be fitted satisfactory with only two exponentials (signals not 

shown). This indicates that two lipid environments with different fluidities are detected in 

the lipid bilayer portion of the intact fiber cell plasma membranes, both with 12-SASL and 

ASL. It should be noted once more that all experiments were performed for deoxygenated 

samples.

The PL-analog spin label (12-SASL) can be located in the bulk, boundary, and trapped lipid 

domains. However, when the exchange rate of lipids (spin labels) between coexisting 

domains is greater than the T1
−1, we measure an averaged T1

−1, and domains cannot be 

discriminated using the SR approach. This is the case for bulk and boundary lipid domains 

that cannot be discriminated using the SR spin-labeling method. The lipid exchange rate 

between these domains is too fast (107 s−1 or greater [29–31]) when compared with the spin-

lattice relaxation rate of lipid spin labels in membranes between 105 and 106 s−1 (T1 from 1 

to 10 μs). Thus, the SR EPR approach with 12-SASL can discriminate the rapid exchange 

bulk/boundary lipid domain from the trapped lipid domain. The CW EPR approach with 12-

SASL can discriminate the bulk lipid domain from the boundary plus trapped lipid domain 

[17, 18, 24]. Thus, both approaches complement each other.

The Chol-analog spin label (ASL), in principle, can be located in all purported lipid domains 

of intact fiber cell plasma membranes. Here too, some restrictions should be applied. 

Because Chol molecules (and Chol-analog spin labels) are substantially excluded from the 

boundary lipids [22, 23], this domain would not be considered as a place where ASL (and 

Chol molecules) would be located. The spin-lattice relaxation time alone also cannot 

discriminate between the bulk domain and the CBD because the fluidity of these domains 

(dynamics of Chol molecules [14, 33]) is similar, giving similar T1 values of ASL. Thus, the 

SR EPR approach with ASL can discriminate only the rapid exchange bulk/CBD lipid 

domain from the trapped lipid domain. Because ASL is not located in the boundary domain, 

the CW EPR approach with ASL also discriminates Chol located in the same domains, 

namely the rapid exchange bulk/CBD lipid domain from the trapped lipid domain [17, 18, 

24].

The statement that SR signals from 12-SASL and ASL can be fitted only with double 

exponentials in intact membranes is only true when the optimized spectrometer parameters 

and recording conditions are used (see Sects. 3.1 and 3.2). As indicated at the end of Sect.

3.2 (also see Fig. 5), other processes shortened measured two T1 values. They ended after 

about 700 ns (delay time of 100 ns plus time of 30 removed points – 600 ns) when measured 

T1s converge to constant values independent of further point removal. Thus, these two T1s 

are real characteristics of the investigated system and should characterize relaxation 

processes of the spin labels after the end of the saturating pulse (independent of the number 

of points cut). Thus, these two T1 values can be fixed, allowing SR signals to be fit to three 

exponentials just after the end of the delay time. We did so for both 12-SASL and ASL with 

only the five first points removed. (The beginning of the recording always contains some 

unpredictable processes connected with switches.) Results for nuclear fiber cell membranes 
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are presented in Fig. 7. As shown by the residual and standard deviations of T1 values for the 

third exponential, the fits are very good. Also, their contributions to SR signals (at the 

moment of the recording, 200 ns after the end of the saturating pulse) are about 10%. As 

expected, the characteristic decay time of the third exponential is much shorter than 

measured T1s for 12-SASL and ASL. The short values of these T1s suggest the presence of 

paramagnetic metal ions (relaxation agents) bound to integral membrane proteins, which can 

shorten relaxation times of spin labels in their close proximity. In preparing the intact 

membranes, we did not control the presence (or absence) of paramagnetic metal ions. We 

will refrain from further discussing the possible mechanisms of these processes; however, 

we could reliably fit our data to three exponentials. We will return to this problem in our 

future works, by controlling the presence of paramagnetic metal ions in intact membranes 

or/and by the comparing results with those obtained for appropriate model systems.

3.4. Pre-exponential coefficients

By fitting the SR signal of a certain spin label to the double-exponential curve, three 

parameters can be extracted, namely two rate constants and the ratio of the pre-exponential 

coefficients of both fractions of the spin labels located in different environments. In our case 

(deoxygenated samples without any other relaxation agents), these two rate constants 

describe pure spin-lattice relaxation processes for spin label fractions in both discriminated 

environments (by spin-lattice relaxation times, T1s, or spin-lattice relaxation rates, T1
−1s). 

These parameters are a good description of the properties (fluidities) of discriminated 

domains and are used in many SR EPR spin labeling approaches applied to membrane 

research [36, 37]. We refer to all of these approaches as qualitative SR EPR approaches. 

They give significant information about the lateral organization of model and biological 

membranes as well as about the changes of membrane properties with membrane depth [12, 

13]. In some restricted conditions, information about the size of the discriminated domains 

can be obtained [16]. However, quantification of these domains with only those parameters 

is not possible.

The contribution of each component to the experimental SR EPR signal is given by the pre-

exponential coefficients obtained from the fitting program. The new SR EPR approach is 

based on the analysis of pre-exponential coefficients form the foundation of the quantitative 
SR EPR that we developed here and are using to quantify the amounts of lipids in domains 

discriminated in intact fiber cell plasma membranes of eye lenses. Based on the SR EPR 

signal of 12-SASL (Fig. 6A), we evaluated the relative amounts of PLs in the rapid exchange 

bulk/boundary lipid domain and in the trapped lipid domain. The relative distribution of 

Chol is indicated by the distribution of a Chol-analog spin label ASL. The SR EPR signal of 

ASL in nuclear fiber cell membranes is shown in Fig. 6B. Using ASL, we evaluated the 

relative amounts of Chol in the rapid exchange bulk/CBD lipid domain and in the trapped 

lipid domain.

To evaluate the relative amounts of lipids in distinct membrane domains, corrections of the 

ratios of pre-exponential coefficients obtained from fitting the SR signals to the double-

exponential curves have to be performed. Because the SR signal was recorded with a delay 

after the end of the saturating pulse (coming from the spectrometer setup [Sect. 2.3.] and 
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from removing the beginning of the recorded SR signal [Sect. 3.2.]), the exponentials for 

each component have to be extrapolated back to get the actual ratio of their pre-exponential 

coefficients just after the end of the saturating pulse. As discussed in Sect. 3.1, both 

components were saturated. This procedure is illustrated in Fig. 6A for 12-SASL and in Fig. 

6B for ASL.

The deconvolution of CW EPR spectra of 12-SASL and ASL in intact porcine fiber cell 

membranes into their components were performed earlier [24]. Component spectra for ASL 

come from bulk lipids plus purported CBD (fast motion spectrum) and trapped lipids (very 

slow motion spectrum). The same assignment was for the short and the long T1 component 

of the SR signal. Thus, the transformation of the SR data to the final amounts of ASL (Chol) 

in discriminated environments is straightforward because components of absorption spectra 

(T0/B0 in Fig. 8B) and components of SR signals (T/B in Fig. 6B) are coming from the same 

environments. Components of CW spectrum for 12-SASL are coming from bulk lipids (fast 

motion spectrum) and boundary plus trapped lipids (very slow motion spectrum with 

overlapping (not distinguished) components from boundary and trapped lipids). However, 

the assignment for the short and the long T1 component of the SR signal is different. The 

short T1 component is assigned to 12-SASL located in the rapid exchange bulk/boundary 

lipid domain and the long T1 component to 12-SASL located in trapped lipids. Because we 

do not know proportions of the bulk and boundary lipids in the rapid exchange bulk/

boundary lipid domain discriminated by SR method we can make only evaluations of the 

amount of 12-SASL (PLs) for two extreme cases assuming that only bulk lipids or only 

boundary lipids are present in the discriminated domain. In the former case the ratio of 

T0/B0, as indicated in Fig. 8A, can be used. In the latter case both components (boundary 

lipids and trapped lipids) exhibit similar absorption spectra with the ratio of amplitude equal 

to 1. In that case the ratio of pre-exponential coefficients gives directly the ratio of amounts 

of PLs in discriminated domains. The true values should lie between these two evaluations 

indicated in black and red in Fig. 8A.

3.5. Amounts of PLs (% of total PLs) and Chol (% of total Chol) in lipid domains of intact 
membranes

With all these optimizations (described in Sects. 3.1. and 3.2.) and corrections (described in 

Sect. 3.4.), we finally were able to evaluate the relative amounts of both PL (from 12-SASL 

data) and Chol (from ASL data) in discriminated domains. The results are expressed as the 

% of total PLs (Fig. 9A) and the % of total Chol (Fig. 9B) for PL and Chol, respectively, in 

trapped lipid domains of porcine cortical and nuclear fiber cell plasma membranes. To 

perform the statistical analysis, results were obtained for independently isolated cortical and 

nuclear membranes from eight porcine lenses. Isolation was performed separately for each 

lens. We assume that the sample-to-sample differences due to the animals’ age (two years 

old) and the environmental conditions in which they were raised are minimal, because they 

all were obtained from the same meat factory. Thus, the scattering of data (indicated in Fig. 

9 as separate points) can be attributed only to preparation/technique-related changes.

Mean values and standard deviations (indicated in Fig. 9 by bars) for measured amounts of 

PLs and Chol in trapped lipid domains of intact cortical and nuclear fiber cell plasma 
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membranes from porcine eye lenses are presented in Figs. 9A and 9B, respectively. 

Statistical analysis (Student’s t-test) of the data allowed determination of the separations of 

mean values above which differences can be treated as statistically significant (P ≤ 0.05) and 

can be attributed to sources other than preparation/technique. The amounts of PLs in trapped 

domains have to be separated by 3.45% in cortical membranes and 3.33% in nuclear 

membranes, and the amounts of Chol in trapped domains by 3.45% in cortical membranes 

and 3.33% in nuclear membranes to be considered statistically significant. These separations 

are indicated by broken lines in Fig. 9. It can be immediately seen that differences between 

cortical and nuclear membranes are statistically significant. This makes sense because 

membranes of the lens nucleus contain more integral membrane proteins and because, in 

aged fiber cells, these proteins form aggregates and arrays that should enhance the amounts 

of trapped lipids. Also, the presence of the purported CBD in nuclear fiber cell porcine 

membranes and its absence in cortical porcine membranes (see [19]) can explain the greater 

relative amount of PL than Chol in trapped lipid domains. Some amount of Chol molecules 

in nuclear membranes should form CBDs, decreasing the relative amount of Chol in other 

domains.

For human single lenses, we are not able to separate sample-to-sample changes coming from 

preparation/technique factors from those connected with health history of donors. All 

preparation and measurement procedures are the same for porcine and human lenses and we 

assumed that scattering of the data coming from preparation/technical factors should be the 

same. Because of that the differences defined for porcine lenses will be used for comparison 

of amounts of lipids in domains in human lens membranes prepared from eyes of single 

lens. Greater separations will indicate that differences were statistically significant with (P ≤ 

0.05) and that they do not come from preparation/technique sources.

4. Concluding Remarks

We would like to comment about future directions in the development of the T1-sensitive SR 

EPR spin-labeling approaches at the National Biomedical EPR Center. It was shown that T1s 

of lipid-type spin labels in membranes increase when the microwave frequency increases 

from 2 to 35 GHz [38]. The T1s measured at W-band (94 GHz), however, were shorter than 

when measured at Q-band (35 GHz) [39, 40], which is an anomalous result requiring further 

research. It is concluded that the longest T1 values generally will be found at Q-band, noting 

that long values are advantageous for measurements using T1-sensitive EPR techniques, 

although W-band has its own advantages over other frequencies. The new capabilities in 

measuring T1 values using SR EPR at Q- and W-band have been demonstrated in model 

membranes with the use of PL- and Chol-analog spin labels and compared with results 

obtained earlier at X-band [10, 40–42].

First, T1-sensitive SR EPR spin-labeling approaches at Q- and W-band have the potential to 

be a powerful tool for studying small-volume samples (reported sample volumes at Q- and 

W-band range from 30 to 150 nL, compared with typical LGR sample volumes of 3 μL at X-

band). Other beneficial factors include a higher resonator efficiency parameter Λ (the Λ is 

between 10 and 20 for Q- and W-band LGRs) and low resonator quality factor Q. (The LGR 

with a water sample has a loaded Q factor of approximately 100.) One significant 
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consequence of high Λ and low resonator Q is that the dead time between the end of the 

pulse and the start of data collection can be reduced because there is less stored energy in the 

resonator when the pulse ends. Shortening the dead time is crucial for discriminating 

membrane domains and should allow for the discrimination of domains with high lipid 

exchange rates. Also, the accuracy of the measurements of the contribution of each pre-

exponential coefficient to the recorded SR signal amplitude should be significantly 

improved.

Very significant, especially for the transition of the qualitative SR to the quantitative, is a 

new technique for canceling FID contamination, which was introduced for Q-band SR [38] 

and has been extended to W-band [39]. As practiced in this laboratory, at X-band, the pump 

and observing powers are derived from the same source, and signals are a superposition of 

FID and SR responses. The technique of 180° pump-phase modulation, which modulates the 

signal of the FID response but not that of the SR response, permits separation of the 

superimposed signals. In Q- and W-band spectrometers, the pump and observing powers are 

derived from separate synthesizers. The synthesizers are phase-locked, but the pump 

synthesizer is offset from the observe by a small frequency difference, typically 1 kHz. A 

benefit of this method is that the two frequencies are well within the spin packet width but 

cannot drift with respect to each other. With the pump and observed frequencies separated 

by this difference, FID signals are effectively averaged away, leaving only the SR signal.

In the present paper, we wanted to achieve two major goals. First, we wanted to develop a 

new SR EPR spin-labeling method for the quantification of membrane domains in intact 

membranes. Second, we wanted to indicate separations of the amounts above which 

differences can be treated as statistically significant (P ≤ 0.05) and are due to sources other 

than preparation/technique. We think that we successfully achieved both of these goals, 

illustrating the abilities of the method for intact fiber cell plasma membranes isolated from 

single porcine eye lenses. The individual (single donor or single lens) experimental approach 

is critical for investigating properties of human lenses, because the health history of the 

donor is a major factor in data analysis. Also, for this type of study, it is necessary to 

separate age/cataract-related changes from preparation/technique-related changes. In the 

future, we will use this method to compare the amounts of lipids in domains in human lens 

membranes prepared from the eyes of single donors and from single lenses.
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Fig. 1. 
(A) Schematic drawing of the intact porcine cortical and nuclear membranes. Purported lipid 

domains induced by the high Chol content and the presence of integral membrane proteins 

(mainly connexins [Cx] and aquaporins [AQPO]) are indicated. Phospholipid spin label 12-

SASL is distributed between bulk lipids, boundary lipids and trapped lipids; while Chol 

analog ASL is distributed between bulk and trapped lipids. (It can be also located in the 

CBD.) Note that Chol as well as ASL are excluded from boundary lipids. The nitroxide 

moieties of spin labels are indicated by black dots. (B) Lipid environments that can be 

discriminated using the SR EPR spin-labeling method.
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Fig. 2. 
Plot of the amplitude of the recorded SR EPR signal versus pump power for 12-SASL and 

ASL in nuclear fiber cell plasma membranes from porcine eye lenses.
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Fig. 3. 
Plot of pre-exponential coefficients (% of the total SR signal amplitude) versus pump power 

for each component of the recorded SR signal of 12-SASL and ASL in nuclear fiber cell 

plasma membranes from porcine eye lenses.
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Fig. 4. 
Plot of T1 values versus observing power for each component of the recorded SR signal of 

12-SASL and ASL in nuclear fiber cell plasma membranes from porcine eye lenses. As was 

emphasized by Percival and Hyde [43], in SR experiments the condition γe
2B1

2T1T2 ≪ 1 

should be satisfactory. Otherwise, T1 will be decreased from its true value. Here, γe is the 

gyromagnetic ratio for the electron, and B1 is the amplitude of the observed microwave 

magnetic field. Data reported here satisfy this condition for the wide range of observing 

power (from −20 up to −8 dBm). In further experiments, we chose −12 dBm as an observing 

power.
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Fig. 5. 
Plot of T1 values obtained from fitting the recorded SR signal to the double-exponential 

function versus the number of points removed at the beginning of the recorded signal before 

running the fitting program. Data obtained for 12-SASL and ASL in nuclear fiber cell 

plasma membranes from porcine eye lenses. Reliable fits to two exponential functions were 

obtained by removing 30 points or more from the beginning of the recorded signal. Data 

presented in this figure indicate that in the investigated systems, other relaxation processes 

exist that shortened the two measured T1 values. These processes ended after about 700 ns, 

when the measured T1s converged to constant values.
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Fig. 6. 
Representative SR signals of 12-SASL and ASL in deoxygenated nuclear fiber cell plasma 

membranes from porcine eye lenses recorded with 30 points removed from the beginning of 

the dataset (a). These signals can be successfully fitted with only a double-exponential 

function with time constants of 6.15 ± 0.30 μs (b) and 2.44 ± 0.47 μs (c) for 12-SASL and 

with time constants of 6.86 ± 0.2 μs (b) and 2.25 ± 0.12 μs (c) for ASL. The residual, shown 

at 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 an instrumental delay (in this case 0.1 μs) 

after the end of the saturating pulse and because of the delay in the applying the fitting 

program (in our case 0.6 μs), the exponentials for (b) and (c) components have to be 

extrapolated back (in our case 0.7 μs) to get the actual ratio of their pre-exponential 

coefficients T/B. In Fig. 6A, (c) signal coming from the bulk plus boundary PLs and (b) 

signal coming from the trapped PLs is presented. In Fig. 6B, (c) signal coming from the bulk 

plus CBD Chol and (b) signal coming from the trapped Chol is presented.
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Fig. 7. 
SR signals with fitted curves and residuals (the experimental signal minus the fitted curve) 

for 12-SASL and ASL in deoxygenated nuclear fiber cell plasma membranes from porcine 

eye lenses. Signals were fitted successfully with a triple-exponential function with only five 

points removed at the beginning of the dataset and two time constants taken from Fig. 6 and 

fixed (6.15 μs and 2.44 μs for 12-SASL and 6.86 μs and 2.25 μs for ASL). The third-time 

constant obtained from the fitting program was 0.25 ± 0.03 μs for 12-SASL and 0.33 ± 0.04 

μs for ASL. The contributions of the third component to the experimental signal given by the 

pre-exponential coefficient were 14.3% and 8.8% for 12-SASL and ASL, respectively. The 

residual, shown at the bottom, indicates the goodness of the fit. The inserts show the courses 

of the three fitted curves during the first 1 μs of the SR signal. The contribution of the fast, 

third component to the analysis of the data (after 0.7 μs) can be neglected.

Mainali et al. Page 21

Appl Magn Reson. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
EPR absorption spectra of 12-SASL and ASL in deoxygenated nuclear fiber cell plasma 

membranes from porcine eye lenses. In Fig. 8A, the solid line shows the spectrum coming 

from 12-SASL in the bulk lipid domain and the dotted line shows the spectrum coming from 

12-SASL in the boundary plus trapped lipid domain. In Fig. 8B, the solid line shows the 

spectrum coming from ASL in the bulk plus CBD and the dotted line shows the spectrum 

coming from ASL in the trapped lipid domain. In both cases, spectra were recorded for the 

same spin label amounts (concentration) in both environments. (The areas under both 

absorption spectra are the same.) The ratio of amplitudes of absorption EPR spectra from the 

same spin label amounts T0/B0 is used for the correction of data obtained from SR as the 

ratio of pre-exponential coefficients T/B. With that correction (based on Figs. 6A and 8A), 

the amount of PLs in the trapped lipid domain (% of total PLs) equals {(TB0/BT0)/(1+ 

TB0/BT0)}(100%). Similarly (based on Figs. 6B and 8B), the amount of Chol in the trapped 

lipid domain (% of total Chol) equals {(TB0/BT0)/(1+ TB0/BT0)}(100%). In SR 

experiments, a saturating microwave pump pulse located at the field position of maximum 

intensity in the EPR absorption spectrum (ON) saturates the spin system and, thus, the EPR 

absorption signal amplitude is zero. The recovery of the signal to the Boltzmann equilibrium 

is detected at the same field position with a low observing power. Positions of the on- and 

off-line field jumping points, used to improve the baseline of the SR signals, are indicated as 

ON and OFF.
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Fig. 9. 
Amounts of PLs (A, % of total PLs) and Chol (B, % of total Chol) in the trapped lipid 

domain uniquely formed due to the presence of membrane proteins in intact cortical (open 

symbols) and nuclear (filled symbols) lens membranes obtained separately from eight 

porcine lens. Mean values (Mean) and standard deviations (SD) for each group are indicated 

as solid lines and bars, respectively. Broken lines indicate the interval around mean values 

outside of which the differences between means are statistically significant (P ≤ 0.05). These 

results were obtained based on the analysis of SR signals for 12-SASL and ASL as indicated 

in Figs. 6A and 6B, respectively. Transformation of the data from the ratio of pre-

exponential coefficients to the ratio of amounts of PLs and Chol was performed as described 

in Figs. 8A and 8B, respectively. In A, results in black are evaluated with the assumption 

that short T1 component in the SR signal of 12-SASL is coming exclusively from bulk lipids 

and results in rad are evaluated with the assumption that the short T1 component is coming 

exclusively from boundary lipids.
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Table 1

T1s (means and standard deviations) obtained with double exponential fits of SR signals for 12-SASL and 

ASL in porcine lens cortical and nuclear membranes.

Pump power T1 (12-SASL) T1 (ASL)

Cortex Cortex

1 W 5.15 ± 0.62 μs 3.0 ± 0.51 μs 5.23±0.38 μs 2.20±0.10 μs

0.5 W 5.25 ± 0.68 μs 3.1 ± 0.47 μs 5.16±0.40 μs 2.23±0.10 μs

Nucleus Nucleus

1 W 6.15 ± 0.30 μs 2.44 ± 0.47 μs 6.86±0.20 μs 2.25±0.12 μs

0.5 W 5.96 ± 0.21 μs 2.20 ± 0.24μs 6.68±0.21 μs 2.0±0.09 μs
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