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ABSTRACT Partitioning and molecular dynamics of 2,2,6,6,-tetramethylpiperedine-1-oxyl (TEMPO) nitroxide radicals in large
unilamellar liposomes (LUV) composed from 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine were investigated by using very
high frequency electron paramagnetic resonance (EPR) spectroscopy. Experiments carried out at a microwave frequency of
94.3 GHz completely resolved the TEMPO EPR spectrum in the aqueous and hydrocarbon phases. An accurate computer
simulation method combined with Levenberg-Marquardt optimization was used to analyze the TEMPO EPR spectra in both
phases. Spectral parameters extracted from the simulations gave the actual partitioning of the TEMPO probe between the LUV
hydrocarbon and aqueous phases and allowed analysis of picosecond rotational dynamics of the probe in the LUV hydrocarbon
phase. In very high frequency EPR experiments, phase transitions in the LUV-TEMPO system were observed as sharp changes
in both partitioning and rotational correlation times of the TEMPO probe. The phase transition temperatures (40.5 + 0.2 and
32.7 = 0.5°C) are in agreement with previously reported differential scanning microcalorimetry data. Spectral line widths were
analyzed by using existing theoretical expressions for motionally narrowed nitroxide spectra. It was found that the motion of the
small, nearly spherical, TEMPO probe can be well described by anisotropic Brownian diffusion in isotropic media and is not

restricted by the much larger hydrocarbon chains existing in ripple structure (P,) or fluid bilayer structure (L,) phases.

INTRODUCTION

The structure and dynamics of membrane lipids and their
relationship to membrane function are important problems in
membrane biophysics. Electron paramagnetic resonance
(EPR) methods have been applied to membrane studies for
over 25 years and have revealed much of what we know
about motion (e.g., Polnaszek et al., 1978; Freed, 1987; Dal-
ton and Miller, 1993), order (Seelig, 1970; Costanzo et al.,
1994; Morimoto et al., 1994; Crepeau et al., 1994), oxygen
permeability (Windrem and Plachy, 1980; Subczynski et al.,
1989), and lipid-protein interactions in model and biological
membranes (e.g., Schreier et al., 1978; Meirovitch et al.,
1984).

Membrane studies by EPR are based on the use of a ver-
satile nitroxide probe. Nitroxides are stable free radicals that
have EPR spectra that are sensitive to the molecular micro-
environment (fluidity, order, polarity, and pH). Several re-
views have described the theory of nitroxide EPR spectral
analysis (Nordio, 1976; Schneider and Freed, 1989) and ap-
plications of nitroxides to membrane studies (Schreier et al.,
1978).

Small nitroxide probes such as 2,2,6,6,-tetramethyl-
piperedine-1-oxyl (TEMPO; molecular weight 156) partition
between the hydrocarbon and aqueous phases of many types
of membranes (Linden et al., 1973; Wu and McConnell,
1975). The different values of the TEMPO g-value (g) and
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hyperfine (A) tensors in these two phases make it possible
to obtain information about the microenviroment of both
phases simultaneously.

To date, nitroxide EPR partitioning studies have been car-
ried out at the X-band (microwave frequency band covering
the range of 8.8-9.5 GHz used for EPR experiments), where
the EPR spectra show a poorly resolved splitting of the high
field (m; = -1) nitrogen hyperfine line; the low field (m;, =
1) and the mid-field (m; = 0) lines show no resolvable split-
ting at all. Such spectra are often analyzed in terms of a
partition parameter f, derived from X-band EPR data (Shim-
shick and McConnell, 1973), which is expressed as the ratio
of the least overlapping intensities of the split high field line
(we use the subscript X to signify the measurements at
X-band). As the nitroxide line width is sensitive to
motion of the probe, the temperature dependence of f is a
combined effect of the partitioning and the changes in the
rotational dynamics of the probe, and interpretation of f; is
complicated.

Polnaszek and co-authors (1978) carefully analyzed vari-
ous factors determining the EPR spectra of spin probes that
partition between the aqueous and lipid phases. One ap-
proach they employed was based on paramagnetic broad-
ening agents. Paramagnetic broadening agents, such as Ni?*
(e.g., Keith and Snipes, 1974) or ferricyanide (e.g., Morse,
1977) are soluble in the aqueous but not in the lipid phase.
The presence of a paramagnetic metal ion in the aqueous
phase at concentrations of 0.1 M results in broadening be-
yond detection of the nitroxide EPR signal from this phase.
The drawback of this approach is that the high concentrations
of paramagnetic metal ions can affect membrane structure
and change the thermodynamic properties of the membrane
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(e.g., Polnaszek et al., 1978, reported a 1°C shift in the tem-
perature of the gel-liquid crystal phase transition when Mg?>*,
which has a radius similar to Ni**, was added to the system).
It was also suggested that temperature variations in the per-
meability of the lipid bilayer to Ni** and/or ferricyanide re-
sulted in some loss of the probe signal from the lipid phase.

In another report, Severcan and Cannistraro (1988) used
specially designed deuterated nitroxides (e.g., Plachy and
Windrem, 1977), which have approximately 10-fold nar-
rower line width compared with nondeuterated nitroxides
(the magnetic moment of the deuterium is much smaller than
that of the proton). In a pilot partitioning study using these
probes, the splitting of all three nitrogen hyperfine lines was
observed. The partitioning coefficients calculated for the
m; = 0 (mid-field line) and the m; = -1 (high field line)
transitions from the same spectra were different, however.
This difference was explained as an effect of molecular mo-
tion on the line width, although the actual molar partitioning
of the probe between the lipid and aqueous phases was not
calculated.

Several attempts have been made to estimate the rotational
correlation time of spin probes in membranes from X-band
partitioning data and to correlate these estimations with par-
titioning of the probe (Lee et al., 1974; Polnaczek et. al.,
1978; Severcan and Cannistraro, 1988, 1989). Polnaczek and
co-authors (1978) derived the rotational correlation time of
the probe from the spectra taken with Ni** ion present in the
aqueous phase. They showed that the properties of the mem-
brane are changed by the presence of 0.1 M Ni’*. They sug-
gested that the nitroxide probe TEMPO is preferably dis-
tributed near the polar region of the membrane but is in rapid
equilibrium with the nitroxide probe distributed throughout
the membrane. Severcan and Cannistraro (1988, 1989) ob-
tained better resolved spectra using specially synthesized
deuterated probes that permitted the authors to analyze the
data in terms of peak-to-peak line width and peak-to-peak
height. However, their estimates of the rotational correlation
time of the probe in the hydrocarbon region of the membrane
are likely to be inaccurate because the magnetic parameters
of the probe were not measured. Another source of inaccu-
racy comes from errors in estimation of the homogeneous
line width (no computer modeling was done to calculate the
line width). Severcan and Cannistraro also applied the model
of an isotropic Brownian diffusion in isotropic media, which
is not likely to be applicable to the membrane phase.

It is important to measure accurately the rotational motion
of the nitroxide probes in the hydrocarbon region of the mem-
brane. As an example, it was demonstrated by Severcan and
Cannistraro (1988) that the tumbling rate of a small nitroxide
probe in the lipid phase of lecithin liposomes varies with
addition of a-tocopherol. Thus, the EPR dynamics studies
of not only traditionally applied lipid-like EPR probes
(such as doxyl nitroxide labels) but also relatively small ni-
troxide molecules (such as TEMPO) can provide additional
information about membrane organization, rates of motion of
small organic molecules in the membrane phase, and the
effects of other molecules on membrane order.
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In this paper we demonstrate how very high frequency
(VHF; W-band, microwave frequency band covering the
range of 94.0-94.3 GHz used for VHF EPR experiments)
EPR can be applied not only to derive accurate partitioning
data but also to measure the motional parameters of an EPR
probe TEMPO in the lipid phase of 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC). The 10-fold in-
crease in g-value resolution at W-band compared with
X-band allows us to resolve completely the TEMPO spec-
trum in both the aqueous and hydrocarbon environments.
VHF EPR is especially advantageous in studies of fast mo-
lecular motion (Grinberg et al., 1979). The range of detect-
able correlation times at W-band for a typical nitroxide radi-
cal shifts 7-fold toward shorter correlation times (faster
motion). Therefore, compared with X-band, the nitroxide
spectra at W-band are more sensitive to changes in the tum-
bling rate and rotational anisotropy of the probe.

The high resolution W-band spectra we obtained were fit
by an accurate theoretical model that also accounts for dis-
persion contributions to EPR signals observed at 94.3 GHz.
The spin packet envelope function for TEMPO resulting
from unresolved proton superhyperfine and/or inhomogene-
ities of the magnetic field was assumed to be Gaussian. In-
homogeneously broadened spectra were simulated by using
a precision fast convolution algorithm and then optimized by
using a Levenberg-Marquardt method (Smirnov and Belford,
1995). As all three nitrogen hyperfine components in both
environments are resolved at W-band, a unique solution was
obtained with an inhomogeneous lineshape model. Spectral
parameters and parameter uncertainties including Lorentzian
contributions to line width, and intensities were derived di-
rectly from the fitting procedure. This allowed the data to be
analyzed by using an anisotropic fast motion model.

MATERIALS AND METHODS
Preparation of lipid vesicles

Large unilamellar liposomes (LUV) were prepared by modification of the
method of Mayer et al. (1986). Briefly, 2 ml of DPPC in chloroform (50
mg/ml) was pipetted into a 50-ml round bottom flask, and the chloroform
was removed under vacuum (15 mm Hg). The flask containing the dry lipids
was then placed on a vacuum line (5 pm Hg) overnight. Phosphate-buffered
saline (0.15 M NaCl, 5 mM phosphate buffer, pH 7.0), 0.5 ml, was added
to the flask containing the DPPC and swirled in a water bath at 50°C for
several minutes. The suspension of lipids was cooled down to 77 K and then
placed in the 50°C water bath and swirled again. This freeze-thaw step was
repeated 10 times. After the freeze-thaw cycle, the suspension of phospho-
lipids was extruded at 700 lbs/in? through two Nucleopore (Nucleopore
Corp., Pleasanton, CA) filters with a pore size of 0.1 pm by using a 10-ml
extruder (Lipex Biomembranes, Vancouver, British Columbia, Canada)
warmed to 50°C. The extrusion process was repeated 10 times to produce
the final LUVs. The final concentration of DPPC in aqueous media was 200
mg/ml.

TEMPO (Fig. 1; purchased from Molecular Probes, Eugene, OR) was
dissolved in phosphate-buffered saline and added to the LUVs to give a final
concentration of 520 uM.

X-band EPR spectroscopy

A Varian (Palo Alto, CA) E-112 spectrometer was equipped with a Varian
TE,, cavity and a Varian temperature controller (model 906790). The LUV/
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FIGURE 1 Molecular structure of 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) and directions of the magnetic axes (x, y, and z).

TEMPO sample was drawn into a 1-mm internal diameter (i.d.) quartz cap-
illary and subsequently positioned inside the variable temperature dewar
insert. The insert was fixed inside the spectrometer cavity. A miniature
T-type (copper-constantan) thermocouple (Omega Engineering, Stamford,
CT) was attached to the capillary so that its end was just outside the EPR-
sensitive region of the cavity. Temperature was measured with an Omega
Engineering (model 410A1A) digital temperature indicator. Temperature
was stable and reproducible within *+0.2°C; however, because of possible
temperature gradients within the dewar insert (Morse et al., 1985; Rothen-
berger et al., 1993), the accuracy of the temperature over the entire sample
was estimated as +0.5°C. Samples were equilibrated at each temperature
for at least 10 min after the temperature reading stabilized. Then, the spectra
were continuously recorded until no changes were observed. At each tem-
perature, the last recorded spectrum was used for further analyses.

An IBM personal computer with an IBM analog-digital card and a com-
mercial EPR software package (Scientific Software Services, Bloomington,
IL) was used for data acquisition.

W-band EPR spectroscopy

The W-band (94 GHz) EPR spectrometer constructed at the University of
Illinois EPR Research Center was described elsewhere (Wang et al., 1994).
The magnetic field was supplied by a Varian XL-200 superconductive mag-
net set to 33,601.8 G. The magnetic field was scanned (within +150 G;
variable offset) with a room temperature air-cooled solenoid coil placed
inside the room temperature bore of the magnet. A Varactor-tuned Gunn
oscillator (ZAX Millimeter Wave Corp., San Dimas, CA) with a 35-mW
power output at 94.3 GHz was used as a microwave source. The cavity was
a cylindrical type TE,, (n = 2 or 3, depending on tuning) resonator fab-
ricated from the machinable ceramic MACOR (Corning Glass, Corning,
NY) with a fired-on gold surface. The quality factor of the unloaded cavity
was 4000. The cavity was fixed inside a brass waveguide block that provided
excellent mechanical and thermal stability. A tunable Shottky diode
(Hughes Aircraft Co., Microwave Products Division, Torrance, CA) with a
low noise preamplifier and bias current supply was used for microwave
detection. Phase-sensitive detection at a magnetic field modulation of 100
kHz was provided by a SR-530 lock-in amplifier (Stanford Research Sys-
tems, Sunnyvale, CA).

The magnetic field was calibrated by using a high precision NMR
teslameter (Metrolab PT 2025, GMW Associates, Redwood City, CA). The
homogeneity of the field over the sample region was estimated to be better
than 20 mG. The microwave frequency was measured with an EIP 578

Biophysical Journal

Volume 68 June 1995

in-line microwave frequency counter (EIP Microwave, San Jose, CA).
Sample temperature was monitored by using two Fluke digital thermometers
(Model 51, Fluke, Palatine, IL) equipped with K-type (aluminum-nickel
alloy) miniature thermocouples fixed inside the upper and lower parts of the
microwave cavity block. For low temperature experiments, nitrogen gas was
passed through a heat exchanger immersed into liquid nitrogen and then
through a foam-insulated line into the bore of the superconductive magnet
to cool the entire cavity assembly. For measurements above room tem-
perature, we used a simple apparatus constructed from an Escort (Ronson
Corp., Somerset, NJ) household hair dryer powered through a Variac (Gen-
eral Radio Company, Concord, MA) autotransformer. Air flow from the hair
dryer was directed into the bore of the magnet to the cavity assembly. By
varying the Variac output voltage, we were able to vary the cavity tem-
perature. The temperature of the air exiting the hair dryer was monitored by
an additional thermocouple. The massive microwave block provided uni-
form temperature throughout the cavity. Temperature was considered stable
when, within the time of the EPR measurement, readings of both ther-
mometers remained the same within +0.1°C. EPR spectra were taken until
both temperature and spectra were stable, and the last spectrum in the set
was used for further analyses.

The LUV/TEMPO sample was drawn into a quartz capillary (i.d. = 0.15
mm, outside diameter = 0.25 mm,; Vitro Dynamics, Rockaway, NJ) that was
placed inside the W-band resonator. The capillary was coaxial to the cavity
and did not decrease significantly the resonator quality factor. To avoid
possible distortion of the narrow EPR signals by the automatic frequency
control system, the automatic frequency control circuit was switched off
(Smirnov et al., 1994) after careful tuning, and the frequency was monitored
with the EIP 578 microwave counter. In this mode, the stability of the
microwave frequency was better than 1 ppm during the time of the meas-
urement (1 min). Other typical spectrometer settings were as follows: modu-
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FIGURE 2 Rigid limit EPR spectra of TEMPO in a 2:1 (v/v) mixture of
oleic acid and canola oil at 9.0 GHz (4, solid line, T = —150°C) and 94.3
GHz (C, solid line, T = -135°C). Corresponding least-squares simulations
are shown in dashed lines and are described in the text. Magnetic parameters
are given in Table 1.
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lation amplitude, 0.1 G; microwave attenuation, 10 dB; scan width, 100.7
G; and number of data points, 2048.

Measurements of magnetic tensors

As stated above, high frequency EPR spectroscopy is advantageous for
studying solvent effects on both g and hyperfine A tensors of nitroxide
radicals (Ondar et al., 1985). The magnetic parameters (g and A tensors) of
TEMPO in lipids were estimated by using a 0.4 mM TEMPO solution in
a mixture (2:1, v/v) of oleic acid (purchased from Aldrich Chemical Co.,
Milwaukee, WI) and canola oil (purchased from a local supermarket). Oleic
acid was chosen to mimic the membrane hydrocarbon region. The oleic acid
alone freezes to a polycrystalline phase; after addition of canola oil to the
oleic acid, the formation of a glass was observed upon freezing.

Components of the magnetic tensors were measured at 94.3 GHz (T =
-135°C), where the TEMPO spectrum is near its rigid limit (Fig. 2C). The
spectrum was simulated by using the HPOW program (Illinois EPR Re-
search Center). Anisotropic line width was adjusted by using the SIMPLEX
optimization procedure as were the canonical components of the g and A
tensors. A nonadjustable 6° angle between the A and g tensors in the x-y
plane (e.g., see Schreier et al., 1978) was included in the simulation. Best
least-squares fit of the data is shown in Fig. 2D.

The value of A is difficult to measure directly from the experimental
94.3-GHz spectrum as the corresponding lines are poorly resolved as a result
of unresolved proton superhyperfine and/or g-strain broadening at this fre-
quency. At lower frequencies (e.g., X-band) g-strain should be negligible.
To check the consistency of the simulation, we measured the rigid limit
spectrum (T = -150°C) for the same TEMPO-lipid/oil system at X-band
(Fig. 2A) and repeated the simulation adjusting only the line widths and the
isotropic g-value; the g-anisotropy and the canonical components of the A
tensor were the same as from the W-band fit. The isotropic g-value was
adjusted over a small range (corresponding to <1 G at X-band) to account
for differences in magnetic field calibration between the two spectrometers.
The result of the fit (Fig. 2B) demonstrates that our simulations at both W-
and X-band are consistent. Full optimization of parameters for the X-band
spectrum improved the residual norm insignificantly (<5%).

Magnetic parameters extracted from the 94.3-GHz spectra (see Table 1)
are compared with those reported for a TEMPO toluene glass (Ondar et al.,
1985) measured at 148 GHz (the magnetic parameter for lipid-like solvents
were not reported by Ondar et al., 1985). Some differences between the
absolute values of the g and A tensors in our work and that of Ondar et al.
can be explained by the slightly different polarity of the solvents as well as
by different calibration of the magnetic fields and a small uncorrected dis-
persion contribution present in the spectra at 148 GHz.

TABLE 1 Magnetic parameters of TEMPO in hydrophobic
solvents

94.3 GHz 148 GHz
g 2.00955 + 5 X 10°5 2.00980 + 7 X 10°
g 2.00632 = 5 X 10° 200622 + 7 X 10
g 2.00240 * 5 X 10°S 2.00220 * 7 X 10°S
@® 2.00609 * 9 X 107 2.00607 * 1.2 X 10°*
. 2.00616 + 4 X 107 200611 * 4 X 10°5
Ay, 6.84 + 050 6.0 = 0.1
Ay, 6.84 = 020 73 % 0.1

Y, 350 + 02 342 + 03
(AY, 162 * 0.6 158 + 0.3
3 16.38 + 0.02 15.5 * 0.2

The 94.3 GHz data are from this work; parameters for TEMPO in 2:1 (v/v)
mixture of oleic acid and canola oil determined by spectral simulation. The
148-GHz data are from Ondar et al. (1985); parameters of TEMPO in tolu-
ene determined from spectrum without simulation.

(8) = (g, + g, + 8)/3; g, and a,,, measured from EPR spectra in fast motion
limit; (A) = (A, + A, + A,)/3. The errors in magnetic parameters are mainly
determined by errors in magnetic field calibration. v, is the magnetogyric
ratio of the free electron.
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RESULTS AND DISCUSSION

ANALYSIS OF EXPERIMENTAL DATA AT 9.0 AND
94.3 GHZ

A typical X-band (9.2 GHz) EPR experimental spectrum for
DPPC LUV/TEMPO is shown in Fig. 3A (T = 37.6°C). The
partition parameter f, at this frequency is usually defined as:

f,=H/(H + P) M

where H and P are as shown in Fig. 3A. It was assumed (e.g.,
Shimshick and McConnell, 1973) that f; is approximately
equal to the fraction of spin label dissolved in the membrane
bilayer.

A high frequency (W-band, 94.3 GHz) EPR spectrum for
the DPPC LUV/TEMPO system at the same temperature
(37.6°C) is shown in Fig. 3B. Three intense lines of approxi-
mately equal peak-to-peak line width (Fig. 3B, spectrum 1)
correspond to the TEMPO molecules in the aqueous envi-
ronment. All three lines of the hydrocarbon TEMPO EPR
spectrum (spectrum 2) are clearly resolved and shifted down
field because of the higher value of g, in the hydrocarbon
phase compared with g, in the aqueous phase.

3190 3200 3210 3220 3230

Spectrum 2

I
I

Spectrum 1
1 1 1

33550 33560 33570 33580 33590 33600

Magnetic Field (G)

FIGURE 3 Experimental EPR spectra at 37.6°C of DPPC LUV and
TEMPO at 9.0 (A) and 94.3 GHz (B). The amplitudes of the split high field
nitrogen hyperfine component in (A) are used to calculate the X-band
(9.0 GHz) partitioning coefficient f, = H/(H + P). In contrast to (A),
the 94.3-GHz experiment (B) completely resolves the spectra arising
from TEMPO molecules in the aqueous phase (spectrum 1) and the
hydrocarbon phase (spectrum 2).
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To obtain rotational motion and partitioning information
from these spectra, we extended our software (Smirnov and
Belford, 1995) to simulate two overlapping nitroxide spectra
in the fast motion limit. A fast convolution algorithm was
used to precisely simulate inhomogeneously broadened ni-
troxide spectra. Unresolved proton superhyperfine structure
was modeled by a Gaussian envelope function. Different iso-
tropic values of g and A, g, and A,, and the Gaussian
envelopes (ABGP_p) were assigned for the aqueous and hy-
drocarbon membrane environments. The dispersion contri-
bution (or microwave phase shift) was assumed to be the
same for both components of the TEMPO signal. This mi-
crowave phase shift was usually present in the VHF EPR
spectra and was different from tuning to tuning and sample
to sample. The baseline was modeled as a linear function.
During least-squares Levenberg-Marquardt optimization,
the following parameters were allowed to vary: isotropic val-
ues of g and A, g, and A, (different for aqueous and hy-
drocarbon membrane phases), the inhomogeneous broaden-
ing parameter AB®  (different for each of the phases),
homogeneous line width AB",_(m,) (different for each of the
nitrogen hyperfine components m; = 1, 0, -1 and for each
of the phases), intensities of the signal in the phospholipid
and aqueous phases, microwave phase shift (or weight of the
dispersion contribution), and the coefficients of the linear
baseline. Small satellite lines usually observable in the spec-
trum because of the small natural abundance of *C isotope
were also included in the simulations of the spectra with a
high signal-to-noise ratio. We also noticed that, when the
experimental amplitude of the satellite >C transitions was
comparable with the standard deviation of the noise, intro-
ducing the satellites into the fitting procedure did not change
the fitting results. The Levenberg-Marquardt algorithm also
allowed us to conveniently fix any of the adjustable param-
eters for least-squares optimization.

All fitting parameters, including Lorentzian and Gaussian
components of the line width, were extracted directly from
the fit. The spectral intensity of TEMPO in the aqueous and
hydrocarbon phases were also obtained directly from the fit.
This further improved the accuracy of calculated partition-
ing. Usually, intensities of the EPR signals are determined
from peak height/line width measurements or after digital
double integration of the spectra. Both methods can be in-
accurate in the case of inhomogeneously broadened lines.
For example, it is known that digital integration of inhomo-
geneously broadened EPR lines is inaccurate because of the
broad wings of the Lorentzian function. The Lorentzian func-
tion integrated over a spectral window of 5 line widths is only
~89% of the integral calculated over a spectral window of
50 line widths; such spectral windows are not always pos-
sible in the experiment. The commonly used estimation of
intensity as a product of line height and line width squared
is valid only for the same ratio of AB®, to AB", (for in-
homogeneously broadened lines) and cannot be used if this
ratio is varied during the experiment (e.g., AB", , is varied
with the temperature).
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Initial simulation parameters are entered by the operator
during the interactive menu dialogue and then the iterations
are started. The iterations are stopped after the value of x* is
improved insignificantly (i.e., by 10~ of the previous value)
for a second time. In most cases, the algorithm converged in
only five to seven iterations. The estimates of parameter un-
certainties were calculated in a standard manner (given as
68% confidence intervals) with a covariance matrix (Press et
al., 1986; Halpern et al., 1993). In EPR partitioning experi-
ments, the spectra gradually change with the temperature.
Therefore, the spectra can be processed in sequence; the best
fit for one spectrum can be used as a first approximation for
the next spectrum. Most of the W-band spectra were pro-
cessed in such a sequential automatic mode without any in-
tervention from the operator.

Fig. 4 demonstrates the ability of the fitting procedure to
extract the aqueous (C) and the hydrocarbon (B) spectra
from the experimental spectrum (A) taken at T = 38.3°C,
which is below the main phase transition of the DPPC LUV.
The residual (Fig. 4D), which is the difference between the
experimental spectrum and the simulation, shows no sys-
tematic deviation between the experiment and the fit. The
standard deviation of the residual corresponds to that of spec-
trometer noise. After fitting, the hydrocarbon and aqueous
phase spectra were simulated by using all best-fit parameters
except the microwave phase shift, which was set to zero (Fig.
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FIGURE 4 Experimental and simulated 94.3-GHz EPR spectrum of
DPPC LUV and TEMPO at 38.3°C (below the main phase transition). Simu-
lated and experimental spectra are essentially identical (4). (D) is the re-
sidual. The simulated EPR spectra of the TEMPO probe in the hydrocarbon
(B) and aqueous (C) phases are shown after correction for the microwave
phase shift observed at 94.3 GHz.
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4, B and C). The spectrum shown in Fig. 5A was taken at T
= 42.8°C, which is above the main phase transition; the
spectra in Fig. 5, B, C, and D, were defined as in Fig. 4.

We paid special attention to the uniqueness of the fit. The
iterations were started from different initial parameter values
(e.g., different AB®,_ and AB", (m) to insure that the global
x* minimum was achieved. It was found that the high spectral
resolution achieved at 94.3 GHz provided a stable solution;
all iterations converged to the global minimum (for a further
discussion of fitting well resolved inhomogeneously broad-
ened lines, see Halpern et al., 1993, and Smirnov and Bel-
ford, 1995). When the same simulation approach was applied
to X-band spectra, we found that the solution was not unique
using our model. An example of an X-band spectrum taken
at 43°C is shown in Fig. 6. Although the residual (Fig. 6D)
reveals no systematic deviations between the fit and experi-
ment, the extracted TEMPO aqueous signal (Fig. 6C) is in
disagreement with motion narrowing theory (the high field
line is the narrowest). We also found other minima that de-
scribed the experimental spectrum quite well (within 0.5%
of X%....), including one with almost equal nitrogen hyperfine
components of the TEMPO aqueous signal. This demon-
strates that good resolution between the spectral lines as ob-
tained for the DPPC/TEMPO system at W-band is an im-
portant condition for the uniqueness of the fit.

i
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FIGURE 5 Experimental and simulated 94.3-GHz EPR spectra of DPPC
LUV and TEMPO at 42.8°C (above the main phase transition). Simulated
and experimental spectra are essentially identical (A). The residual (D)
shows no systematic deviations of the fit from the experimental spectrum.
The simulated EPR spectra of the TEMPO probe in the hydrocarbon (B) and
aqueous (C) phases are shown after correction for the microwave phase
shift.
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FIGURE 6 Experimental and one of the best-fit simulated 9.0-GHz (X-
band) EPR spectra of DPPC LUV and TEMPO at 43.8°C (above the main
phase transition). Simulated and experimental spectra are essentially iden-
tical (A). The residual (D) shows no systematic deviations of the fit from
the experimental spectrum. The spectra in the hydrocarbon phase and aque-
ous phases are shown as (B) and (C), respectively. Because at this frequency
the fit is not unique, this particular solution gives the wrong spectrum of
TEMPO in the aqueous phase (C).

Partitioning of TEMPO between the hydrocarbon
and aqueous phases

W-band (94.3 GHz) spectra from TEMPO partitioned be-
tween both hydrocarbon and aqueous membrane phases were
collected between 20°C and 50°C. Intensities of the TEMPO
signal from the hydrocarbon (/(H)) and the aqueous (I(P))
phases were obtained directly from the fit, and their ratios
fw = I(H)/I(P) are shown in Fig. 7 (filled circles). Error bars
correspond to 68% confidence intervals. The parameter f;,
gives the actual molar partitioning of the probe and is not
derived from the relative intensities of the nitrogen hyperfine
components as is parameter f, (Eq. 1).

The f;, data show two abrupt transitions. The first tran-
sition at T = 40.5°C corresponds to a ripple structure (Pg)-
fluid bilayer structure (L,) phase transition, and the tem-
perature we measured is in agreement with other EPR studies
(Shimshick and McConnell, 1973; Wang et al., 1993). The
second transition at T = 32.7°C corresponds to the gel struc-
ture (Lg)-ripple structure (P,) phase transition (or pretran-
sition). The temperature of this phase transition has been
verified previously by diverse physical techniques, e.g., see
Chen and Sturtevant (1981). The observed temperature of the
Ly-P, phase transition (32.7°C) from the W-band data is
close to the temperature obtained from calorimetric data
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FIGURE 7 Temperature dependence of the TEMPO partitioning param-
eter fy (O) calculated from X-band data compared with f,, (@) derived by
computer simulations from W-band spectra.

(midpoint T = 34.8°C, (Chen and Sturtevant, 1981)) and
X-band EPR data (midpoint T ~34°C, Wang et al., 1993;
some differences in the reported pretransition temperature
could be explained by different LUV preparation proce-
dures). According to the W-band data (parameter f,,), the
changes in the TEMPO partitioning at the pretransition occur
within a temperature interval of 0.6°C, which is much
smaller than was previously reported (at least 2°C; Wang et
al., 1993).

Although the W-band spectra were collected between
20°C and 50°C, we were unable, at the current signal-to-
noise ratio, to extract that part of the spectrum corresponding
to the hydrocarbon environment at T < 30°C (below 30°C,
the estimated uncertainties in intensity and line width were
between 50 and 100%). This indicates a change in the
TEMPO spectrum arising from the phospholipid phase most
likely because of a further decrease of the TEMPO tumbling
rate in the phospholipid environment.

For comparison, we collected X-band spectra from the
same system (using a larger sample) at X-band and measured
the parameter f; (Eq. 1). The temperature dependence of fy
observed in our X-band experiments (Fig. 7, open circles) is
very similar to data from the literature (Shimshick and Mc-
Connell, 1973). Below the (Pg)-(L,) phase transition at ap-
proximately 40.5°C, the parameter f, undergoes a gradual
change and then, after a second transition occurring at 29°C
< T < 30°C, stabilizes at the value f; ~0.05. The second
transition is hardly noticeable on the f; versus T plot and is
much broader than the main phase transition.

Our data show that the high spectral resolution obtained
at 94.3 GHz simplifies measurement of the partitioning even
for nondeuterated probes such as TEMPO, for which inter-
pretation of the X-band data is complicated by effects of
rotational motion on the probe signal arising from the hy-

Biophysical Journal

Volume 68 June 1995

drocarbon phase, as was also pointed out by Severcan and
Cannistraro, (1988, 1989).

Spectral subtraction is an alternative approach to obtain
the molar partition coefficients. Wang and co-authors (1993)
used this technique to measure TEMPO partitioning in DPPC
liposome aqueous dispersions at X-band. The method is
based on recording high field nitrogen hyperfine components
(m; = -1) of EPR spectra from a TEMPO aqueous solution
and a TEMPO-labeled DPPC dispersion in separate experi-
ments. These spectra were subtracted from each other to
yield the component of the TEMPO EPR spectrum in the
lipid phase. As the intensity of the TEMPO signal in the
aqueous phase of the DPPC dispersion is not known a priori,
it has to be adjusted before the spectral subtraction , as does
the field position in some cases (e.g., if the g-value was not
measured with enough accuracy). Unfortunately, Wang et al.
did not describe any criteria for such adjustments. One pos-
sibility was that the subtraction was done to obtain a look-
alike TEMPO phospholipid signal, which may lead to some
uncontrolled errors.

The method of spectral fitting described here uses the
standard least-squares criterium for fitting both aqueous and
phospholipid TEMPO signals and therefore seems to be more
accurate than spectral subtraction. Moreover, the use of the
Levenberg-Marquardt algorithm allowed us to estimate the
parameter errors for the W-band experiment; as described in
the previous section, at X-band, the fitting solution may not
be unique. When the number of fitting parameters at X-band
was reduced (e.g., for aqueous TEMPO signal, the unre-
solved proton superhyperfine and the tumbling rate can be
measured from a separate experiment), a unique fitting so-
lution may be obtained. This will be discussed further in the
next section.

Overall, the high resolution studies of EPR probe parti-
tioning in the lipid dispersions at 95 GHz may be advanta-
geous inasmuch as, compared with X-band, a separate set of
data for the aqueous nitroxide signal is not required.

Rotational diffusion of TEMPO in the
hydrocarbon phase

The phospholipids that comprise the DPPC LUV at tem-
peratures above the pretransition are microscopically ordered
whereas the whole sample is macroscopically disordered.
The EPR spectra in such systems (referred to as microscopi-
cally ordered but macroscopically disordered) for some ni-
troxide spin labels were discussed by Meirovitch and Freed
(1980a,b), Meirovitch et al. (1984), and Ge and Freed (1993).
Using well-oriented and low water content (2-15 wt%) bi-
layers, Meirovitch and Freed (1980a,b) have shown that per-
deuterated TEMPONE (2,2',6,6'-tetramethyl-4-piperidine-
1-oxyl; a nitroxide probe similar to the TEMPO used in this
work) exhibits a small but nonnegligible ordering in the fluid
hydrocarbon phase of the phospholipid bilayer (L,).
Microscopic ordering of the nitroxide probe is likely to
depend upon the probe location relative to the hydrocarbon
chain. Polnaszek et al. (1978) suggested that TEMPO dis-
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tributes throughout DPPC membranes and diffuses rapidly
within the membrane in the fluid phase. In the presence of
paramagnetic broadening agents, they also observed a dis-
appearance of approximately 75% of the signal expected for
TEMPO in the lipid phase and concluded that most of this
radical is located very close to the aqueous phase (i.e., in the
polar head region). At high water concentrations (80 wt% in
this work), water molecules may significantly penetrate into
the fluid membrane bilayer and introduce additional disorder
within the polar head group compared with a low water con-
tent membrane studied by Meirovitch and Freed (1980a,b).
Therefore, one may expect that ordering effects on the
TEMPO spectrum in the L, phase are likely to be small.

The ordering effect for a fast tumbling nitroxide will alter
the spectrum by (1) introducing additional inhomogeneous
broadening (most likely to be different for different nitrogen
hyperfine components), (2) altering the symmetry of the
lines, and (3) altering the observed homogeneous line width
from those corresponding to nonrestricted motion. The
94.3-GHz spectra were checked for these specific effects. No
additional inhomogeneous broadening was observed. As is
shown in Figs. 4 and 5, the data can be fitted to an inho-
mogeneous lineshape model with the same Gaussian width
for all three nitrogen hyperfine components; the residuals
revealed no systematic deviations between the experiment
and the fit. Also, it was found that the ratios of Gaussian line
widths corresponding to the TEMPO lipid signal to those
arising from the aqueous phase were approximately 0.92.
This value is in agreement with the ratio of the corresponding
nitrogen hyperfine constants, 0.925 (the main origin of
TEMPO inhomogeneous width is unresolved proton supe-
rhyperfine, which, as well as nitrogen hyperfine, should scale
approximately with polarity of the microenvironment). Al-
though the spectra shown in Figs. 5 and 6 are not symmetric,
the asymmetry is explained not by the ordering effect but by
the presence of a dispersion contribution that was found to
be the same for both lipid and aqueous signals.

The temperature variation of the homogeneous (Lorent-
zian) peak-to-peak line widths corresponding to the TEMPO
W-band spectrum in the hydrocarbon phase is shown in Fig.
8. Line widths of all three nitrogen hyperfine components
(listed according to nuclear quantum number m,) undergo
abrupt changes at the temperatures corresponding to the
Lg-Pg and Py-L, phase transitions. Fig. 8 shows that below
the Lg-P, phase transition temperature the motion of the
probe falls into an intermediate region (i.e., cannot be con-
sidered within the fast motion limit) whereas at temperatures
above this phase transition the fast motion limit can be
applied.

In the fast tumbling limit, the homogeneous line width
(T,™) of an individual hyperfine line is given (e.g., Nordio
1976) by:

T, 'm)=A+Bm + Cmp? (@)

where m, is the z component of the nitrogen nuclear spin
quantum number, and A, B, and C are line width parameters
that can be expressed in terms of spectral densities or mag-
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FIGURE 8 Temperature dependence of the homogeneous (Lorentzian)
peak-to-peak line width for spectra of TEMPO in the hydrocarbon phase
extracted from 94.3 GHz (W-band) experiments. Nitrogen hyperfine com-
ponents are numbered according nuclear quantum number m;.

netic parameters and a rotational diffusion tensor (Freed,
1964). Recently, the theoretical expressions for motionally
narrowed nitroxide line widths and fully anisotropic Brown-
ian diffusion have been modified appropriately for the high
field case (Budil et al., 1993). We have used theoretical re-
sults from Budil et al. (1993) to analyze the rotational motion
of TEMPO in the membrane phase of the DPPC LUVs.

Line width parameters A and B were determined from the
experimental spectra at T > 32.5°C and are shown in Fig. 9.
At 94.3 GHz, the relative uncertainties in C were found to
be much larger than for A or B (the contributions from A and
B dominate the overall line width); therefore C was excluded
from our analysis. Both A and B parameters undergo a sharp
change at the temperature corresponding to the L,-Pj phase
transition, which is an indication of a change in mobility of
the probe between the Ly and P phases.

As was shown by Budil et al. (1993), the A/B ratio is a key
constraint in determining rotational anisotropy from VHF
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FIGURE 9 Fast motional line width parameters (A and B) for TEMPO in

the hydrocarbon phase of DPPC LUV measured at 94.3 GHz as a function
of temperature.
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EPR data. When nonsecular spectral densities are neglected
but secular/pseudosecular reduced spectral densities are re-
tained, then the A, B, and C spectral parameters are propor-
tional to the rotational correlation time 7. Therefore the ratio
A/B is a constant and is related to the anisotropy of the ro-
tational diffusion tensor by the allowed value equation
(AVE):

Py = ap, + B, 3)

where p, = R,/R,, p, = R//R,; R, are the principal values of
the diffusion tensor R, and constants « and f3 are the func-
tions of A/B ratio, principal values of g- and A-tensors, and
the magnetic field as described by Budil et al. (1993).

A plot of parameter A versus B in the temperature range
32.5°C < T < 51.0°C is shown in Fig. 10. One group of
experimental data points (with smaller A and B values) cor-
responds to temperatures above the main phase transition.
Another group (with larger A and B values) corresponds to
the ripple structure phase of the membrane. Although the two
groups of data points are separated, they fall on the same
straight line. The slope of the line is A/B = 2.27 = 0.1 with
the intersect A’ = 0.43 = 0.09 G. In our experiments, the
main contribution to A’ was broadening from molecular oxy-
gen that was not removed from the sample. This broadening
is proportional to the average oxygen permeability of the
DPPCliposomes P = D X S, where D is the oxygen diffusion
coefficient and S is the oxygen solubility. Windrem and
Plachy (1980) have studied how the coefficient P is affected
by temperature and/or probe position in the DPPC lipid bi-
layer using perdeuterated di(z-butyl)nitroxide. They found
that, at T ~50°C (above the main phase transition), 1.4 X
10 cm™? s < P <24 X 10 cm™ s, depending on the
position of the spin label on the carbon chain. This interval
corresponds to a range of 0.25-0.44 G for line width broad-
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FIGURE 10 A versus B line width parameters measured at 94.2 GHz for
TEMPO in the hydrocarbon phase of DPPC LUV over the temperature range
33-51°C. The solid line is the least-squares fit with slope A/B = 2.27 * 0.1
and intersect A’ = 0.43 = 0.09 G.

Biophysical Journal

Volume 68 June 1995

ening 8(AB, ) when expressed as peak-to-peak line width.
These values bracket the non-zero intersect A’ observed from
our A-B plot.

Oxygen permeability of the DPPC liposomes is likely to
be temperature dependent and so would be the contribution
from oxygen broadening to A’. According to data reported
by Windrem and Plachy (1980), the variation in P (and cor-
responding 8(A’(T)) between 42°C and 51°Cis less than 10%
and therefore in our analysis A'(T) can be considered to be
constant at temperatures above the main phase transition. We
anticipate the same small variations for A'(T) in the tem-
perature interval 32.5-40.0°C (ripple structure phase). We
also found that the slope of the straight line in Fig. 10 does
not change when only the points above the P-L, phase tran-
sition are taken into account. All this suggests that within the
accuracy of our experiment the ratio A/B is constant for both
ripple structure and fluid bilayer structure phases. (Other ex-
planations are possible but less likely. The best approach
would be to deoxygenate the LUV/TEMPO sample for these
studies. We are currently working on a technique for de-
oxygenation of aqueous samples in 0.15-mm i.d. capillaries.)
Therefore, the linear constraint imposed by the AVE equa-
tion remains the same for both P and L, phases.

With the TEMPO magnetic parameters measured at 94.3
GHz (Table 1) and A/B = 2.27 (Fig. 10), the following AVE
for TEMPO in the DPPC hydrocarbon phase was obtained:

p, = 0.165p, + 1.604 (4)

Equation 4 is not consistent with the isotropic rotational dif-
fusion of TEMPO in the hydrocarbon phase and is only con-
sistent when the diffusion tensor is axially symmetric (when
px=p, = p, and p, = 1, then p, = 1.92) or is fully aniso-
tropic. One AVE equation cannot be used for the full de-
termination of the diffusion tensor as it contains only one
linear constraint for p, and p,. One way to set another con-
straint for p, and p, is to use 1%,O substituted nitroxides (Kow-
ert, 1981) or another EPR frequency (Budil et al., 1993). We
have attempted to extract T, data from our 9.0-GHz experi-
ment. As was discussed above, the fit of the low resolution
9.0-GHz spectra with all parameters adjusted as in the
94.3-GHz experiment was not unique (e.g., see Fig. 6). One
possibility to reduce the number of adjustable parameters is
to assume that at 9.0 GHz the line widths for all three nitrogen
hyperfine components corresponding to the TEMPO signal
in the aqueous phase are the same (at X-band and room tem-
perature the line width contribution from the rotational mo-
tion of the TEMPO in water is negligible compared with
broadening from unresolved proton superhyperfine and oxy-
gen). With this model, the line widths for TEMPO in the
membrane phase were extracted from the experimental spec-
tra (Fig. 11). Fig. 11 demonstrates that at 9.0 GHz the overall
changes in T, !(m,) are rather small; only the high field com-
ponent undergoes measurable changes. The average value
for T,”'(m; = 0) is 0.425 G, which is close to the intersect
A" =0.43 * 0.09 G measured from the W-band experiment.
Overall, the accuracy of T, (m,) extracted from the 9.0-GHz
data seems to be insufficient to derive line width parameters
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FIGURE 11 Temperature dependence of the homogeneous (Lorentzian)
peak-to-peak line width for spectra of TEMPO in the hydrocarbon phase
extarcted from 9.0-GHz (X-band) experiments. Nitrogen hyperfine com-
ponents are numbered according to the nuclear quantum number m;. In
least-squares simulations the same line widths were assumed for all three
nitrogen hyperfine components corresponding to the TEMPO signal in the
aqueous phase (see text). The estimates of errors are approximately 10%.

for TEMPO at this frequency. The accuracy at 9.0 GHz could
be significantly improved by applying specially designed
deuterated nitroxides (e.g., see Seversan and Cannistraro,
1988, 1989). Unfortunately, at this moment, these nitroxides
are not available to the authors.

Budil et al. (1993) determined the full diffusion tensor for
the perdeuterated TEMPONE (2,2',6,6-tetramethyl-4-pip-
eridine-1-nitroxide) nitroxyl radical in toluene-d, using data
from 9.5 and 250 GHz (p, = 1.8 = 0.2, p, = 1.5 * 0.3). The
molecular structure of the TEMPONE probe is very similar
to the TEMPO used in our work (it differs only by one ketone
oxygen on position 3 of the piperidine ring). If we assume
that TEMPO has a similar but slightly larger rotation anisot-
ropy, p, = 1.86 and p, = 1.54, these values will satisfy Eq.
4. Although we cannot determine the full diffusion tensor
from the data obtained at one EPR frequency (W-band, 94.2
GHz), our data, including anisotropy parameters p, and p,,
seems to be consistent with the full anisotropic Brownian
diffusion model developed in Budil et al. (1993). Within the
accuracy of our experiment at 94.3 GHz, we cannot see any
measurable deviation from the isotropic Brownian diffusion
model for the rotational diffusion of the TEMPO within the
phospholipids (P and L, phases). This also suggests that if
in our experiment some ordering of the TEMPO in the lipid
phase did exist, then its effect on the EPR spectra is small.

We have chosen the anisotropy parameters p, = 1.86 and
py = 1.54 to derive the TEMPO rotational correlation time
T using the 7 definition given for a fully anisotropic case
by Budil et al. (1993). Values of 7, were calculated from the
spectral parameter B, which is not affected by possible small
variations in A’'(T). The plot of 7, versus T and the least-
squares fit for 7, versus T is shown in Fig. 12. An abrupt
decrease in 7 between 40 and 41°C (corresponding to the
main phase transition temperature) indicates an increase in
the membrane fluidity at temperatures above the main phase
transition of approximately a factor of two.
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FIGURE 12 Temperature dependence of rotational correlation time 7,
calculated from the line width parameter B. The chosen anisotropy param-
eters py, = 1.86 and p, = 1.54 satisfy the AVE calculated for A/B = 2.27.
The solid line is the least-squares fit of the data points assuming different
membrane fluidities for the ripple structure and the fluid bilayer structure
phases of the LUVs.

The results presented here demonstrate the advantages of
VHF EPR in dynamic studies of nitroxide probes partitioning
between aqueous and hydrocarbon phases. Unique informa-
tion about the rotational diffusion tensor can be obtained
together with accurate partitioning data. Within the accuracy
of our experiment, for the motion of the TEMPO in the lipid
phase, we cannot see any measurable deviations from the
isotropic Brownian diffusion model. We anticipate that the
use of our simulation and EPR partitioning data at various,
but preferably >50 GHz, EPR frequencies will provide a set
of AVE equations necessary for the full determination of the
rotational diffusion tensor of the probe molecule in the mem-
brane hydrocarbon phase. This information may be also help-
ful to further determine whether ordering of TEMPO can be
always neglected in partitioning experiments or whether it
must be included, and the degree to which ordering occurs.
As some nitroxide radical probes can mimic drugs and other
biologically important molecules, it is of interest to look at
the dynamics of these probes in liposome membranes and to
determine the effects of different substances on these dy-
namics. It appears that VHF EPR can be very helpful in
providing such information. '
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