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A method by which it is possible to characterize the membranes
of biological samples on the basis of the EPR spectral lineshape
simulation of membrane-dissolved nitroxide spin probes is de-
scribed. The presented simulation procedure allows the determi-
nation of the heterogeneous structure of biological membranes and
fluidity characteristics of individual membrane domains. The
method can deal with isotropic and anisotropic orientations of
nitroxides introduced into the biological samples described by
restricted fast motion with a correlation time between 0.01 and 10
ns. The linewidths of the Lorentzian lineshapes are calculated in a
restricted fast-motion approximation. In the special case of sam-
ples with high concentrations of nitroxides or in the presence of
paramagnetic ions, the lineshapes are calculated directly from the
exchange-coupled Bloch equations. The parameters describing or-
dering, relaxation, polarity, and the portions of the individual
spectral components are extracted by optimizing the simulated
spectra to the experimental spectrum with either a Simplex or a
Monte Carlo algorithm. To improve the algorithm’s efficiency, a
new way of characterizing the goodness of fits is introduced. The
new criterion is based on the standard least-squares function, but
with special weighting of the partial sums. Its benefits are con-
firmed with membrane spectral simulation. Two classes of exam-
ples—simulation and optimizations of synthetic spectra to evalu-
ate the accuracy of the optimization algorithms and simulation
and optimization of EPR spectra of nitroxides in liposome suspen-
sions in the presence of a broadening agent and in human leuko-
cytes are shown. © 2000 Academic Press

Key Words: membranes; nitroxides; EPR; simulations; spin
exchange.

INTRODUCTION

Biological membranes have been investigated by va
techniques allowing the evaluation of different membr
characteristics. Electron paramagnetic resonance (EPR)
troscopy based on labeling with nitroxide spin probes (SP
proven to be a powerful method for studying biological m
branes (1, 2). It can detect alterations induced by biologica
active substances or the involvement of pathological condi
(3–5). The recorded EPR spectra should be simulated to e
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reliable and biologically meaningful parameters. It is impor
to point out the coexistence of lateral domains in biolog
membranes, which recently became evident as a resul
number of different approaches (6–9). Additionally, the latera
diffusion of spin-labeled fatty acids and their derivatives is
slow with respect to the EPR CW time scale to average ou
differences between the domains. Consequently, this hete
neous structure of cell membranes results in superimp
spectra composed of several spectral components of th
ticular domains. Although translational diffusion is slow w
respect to EPR CW, it should be stressed that under ph
logical conditions the rotational motions of molecules are

Generally, to describe the EPR spectra of spin probes
stochastic Liouville equation is used (10, 11). In a membran
system where molecular rotational motions are fast with
spect to the EPR time scale, this approach can be simp
(2, 12–14), and the magnetic interaction tensors can be a
aged over the stochastic rotational motions of the spin-p
molecules. Subsequently, the spin Hamiltonian with aver
tensor components can be used to calculate lineshapes
spin-probe molecules in membrane segments with a part
orientation relative to the external magnetic field. The spe
of the randomly oriented cell membrane segments are fi
summed to get the inhomogeneously broadened spect
very similar approach can be used also to study other biolo
systems (15). In situations where slow molecular rotatio
motions occur, a more sophisticated method for solving
Liouville equation must be applied, as shown for orien
phospholipid bilayers (16). However, in the complex geome
of tissues or cell suspensions measured at physiolog
relevant temperatures, we believe that the fast-motion ap
imation satisfactorily describes the EPR spectra and tha
able data can be obtained by the application of optimiza
methods. Therefore, based on maximum acceptable num
costs in simulations of nitroxide spectra, we decided to ca
late lineshapes based on a model which provides data
ordering, dynamics, and polarity at different locations in
membrane. We believe that this approach allows a suffici
reasonable description of the spectra of fatty acid spin pr
(or their methyl esters) in fluid biological membranes at p
iological temperatures. The time consumption allows the
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255CHARACTERIZATION OF MEMBRANES BY EPR SPECTRAL SIMULATION
plication of simulation and automatic optimization via pro
dures to be performed on a Pentium-processor-based pe
computer. In this way, the automatic parameter optimizatio
a series of measurements makes comparison between di
samples more objective and enables one to track and
small but important changes in biological systems.

The goal of this study is to connect the well-establis
model for the motional-restricted fast-motion approxima
(13) with experimental and theoretical facts about the la
membrane heterogeneity and the rigorous optimization
tines with statistical validation of the extracted parame
(16). We will also discuss the lower sensitivity in charac
ization of spectra constructed of a broad spectral compone
least squares from the point of view of the optimization
cess. Finally, regarding the optimization routine, we will co
pare the two procedures (Simplex and Monte Carlo) whic
not need the calculation of the derivatives of the least sq
function over each spectral parameter. In such cases, the
tioned optimization routines are preferred. However, the
rivatives can be obtained numerically if they are required (
the Levenberg–Marquardt algorithm) (16).

It should be stressed that the experimental conditions s
impose the incorporation of hydrophobic SP into membran
small local molar concentrations in order to study the m
brane domains primarily. However, experiments have
performed where these conditions are not met: for exam
using a high concentration of SP, or SP with a low membr
water partition coefficient, or using additional paramagn
ion complexes. In these situations, it is necessary to app
procedure for the treatment of additional spectral compon
which are not membrane spectra. These spectral compo
are characterized by the exchange frequencies, which de
the spin–exchange interaction between paramagnetic
cules (17, 18). Two examples of spin–exchange broade
spectra can be simulated by our approach. The first include
spin–exchange interaction between spin-probe molec
which is important especially when spin probes form ag
gates in the aqueous solution or when the overloading o
membrane with SP is obtained. The overloading of heter
neous biological samples can be a useful method for stu
the asymmetric properties of membranes (19). In such case
he spectral component broadened by the SP–SP spin exc
ust be superimposed on the membrane spectra. The s
xample, which is important in experimental approache
ain additional information about the system, is the applica
f paramagnetic broadening agents (Ni21, Fe31, Cr31, etc.),

which are used to distinguish between the contribution
different compartments in the cell suspension to the total
spectrum (20). The spectral component, which is broade
due to the paramagnetic agent–SP spin exchange sho
considered.

To gain a reliable characterization of the membrane spe
components and their parameters, we provide an impr
least-squares criterion based on a weighted sum schem
-
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thoroughly examine the application of two multidimensio
optimization algorithms—Simplex and Monte Carlo—with
spect to the noise amplitude of the EPR spectra, the num
parameters, and numerical correlations typical for broad
spectra of biological samples.

SPECTRAL SIMULATION

Calculation of the EPR Spectral Lineshape

When lipophilic spin probes (SP) are introduced into a
suspension or tissue, there are several different compart
where SP could be located: solution, membrane domains,
and inner layer of membranes, aggregates in membranes
solution, etc. Therefore, the EPR spectrum is a superimpo
of several spectral components corresponding to different
environments or domains, differing in their fluidity charac
istics due to different lipid–lipid, lipid–protein, and lipid
carbohydrate interactions. To trace the domains experi
tally, temperature variation is usually applied as well
multifrequency EPR.

The procedure for spectral calculation can be divided
three parts:

First, the distribution of paramagnetic centers over the
onant field is calculated numerically for each spectral com
nent. The distribution originates from the random distribu
of the orientations of the particular membrane segments.
an axially symmetric distribution of membrane normal vec
around the external magnetic field axis is assumed. Du
rapid restricted motion in the lipid phase, the resultant effe
values of the interaction tensors of the spin Hamiltonian ca
described with the order parameterS (13). In the experimenta
frame, these effective values (gi

eff, g'
eff, Ai

eff, A'
eff) are still

dependent on the angleQ between the magnetic field directi
and the local membrane normal vector, which approxima
coincides with the motional-averaged direction of the SP
ecule. The angular distribution of the membrane normal
tors dP(Q)/dQ relative to the external magnetic field as w
as the resonant field dependenceBr(Q) on the angleQ should
be taken into account in order to calculate the approp
powderlike resonant field distributiondPM(Br)/dBr for the
three hyperfine components of the spectra (M 5 1, 0, 21),
typical for nitroxides:

dPM~Br!

dBr
5 E

0

p dP~Q!/dQ

dBr~Q!/dQ
sin~Q!dQ, [1]

Br~Q! 5
\v 2 MAeff~Q!

mBgeff~Q!
. [2]

The resonant field distribution has a resolution of typic
1024 points per sweep width and is calculated from the
angular (directional) distribution within an ensemble of 20
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256 ŠTRANCAR, ŠENTJURC, AND SCHARA
5000 spins. The assumed axial symmetry of the angula
tribution dP(Q)/dQ appears in fibers or in the case of cellu
aggregation and precipitation. It also includes spherical
metry for any randomly directed spherical and nonsphe
particles, as in suspensions. The resonant field distrib
defined by Eqs. [1] and [2] has one singularity for each v
of M. They originate in the zero derivativesdBr/dQ when the

ormal vector is perpendicular to the magnetic field (Q 5 p/2)
and the weighting sine is equal to 1. As a consequence
problem can appear in the numerical derivation of a conv
tion integral which should be calculated in the final step.
solve this problem in the sense of the Stieltjes integral21)

ith proper normalization. Close to the singular points, we
eries expansion, which is accurate enough.
It should be stressed that both magnetic tensors (g andA)

change with the environment of SP molecules (13, 22), since
he neighboring electric fields influence the electron de
istribution. For the spin-probe Tempo in various solvents
yperfine constant changes by 0.25 mT whereas theg constan

changes from 2.0061 to 2.0056, which is equivalent
resonant field change of 0.08 mT. Therefore, the chang
both constants are in the same range. Even across the
brane the polarity varies, as was shown for the doxyl g
attached to different positions on the acyl chains (22). The
atter indicates that the polarity correction factor should
tted for each domain since the average spin-probe positi
he membrane can depend on individual domain charac
ics. Numerically, it is difficult to calculate accurate correcti
f both tensors for small radicals even in a vacuum (23, 24).
herefore, the polarity effects are taken into account em
ally in the simplest possible way. We use a linear correc
actor (polarity correction factorpg andpA) which acts on th
race of tensors and characterizes the polarity of the indiv
omponents.
The second part of the EPR spectral lineshape calculat

o calculate the relaxation timesT2 or the linewidths 1/T2 for
he fast-motional regime, which has been proved conve
or small molecules such as lipophilic SP like spin-labeled
cids or their esters (13). The linewidths for spin probes
riented systems such as liquid crystal systems can be

ated by considering the anisotropic rotational relaxation t
2). According to our experience with membrane spectra c

posed of several spectral components, the influence o
anisotropic rotational relaxation on the fit becomes small25).

his enables us to describe the rotational dynamics with
articular domain with one effective empirical correlation t

tc. We therefore calculate the Lorentzian linewidths from26)
n order to characterize the relative amplitudes of the hype
omponents,

1

T2
5 A~tc, A , g! 1 B~tc, A , g! M

1 C~tc, A , g! M 2 1 W, [3]
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whereM represents the nuclear spin projection number (M 5
21, 0, or 1 for nitrogen) andW represents additional broa
ening due to unresolved hydrogen superhyperfine structur
presence of any minor paramagnetic impurities, external
nonhomogeneities, modulation effects, etc. The coefficienA,
B, andC are derived using a motional narrowing approxi
tion valid for correlation times in the range 10211 , tc , 1028

s (26).
A large broadening effect due to spin exchange from s

robe aggregates is treated differently. In this case, the
hape is no longer Lorentzian but is calculated from excha
oupled Bloch equations (17, 18). As in other rotationa

problems, the complex magnetization; 5 }x 1 i} y is
introduced. Considering a typical EPR CW experiment
slow sweep, we can assume that relaxation maintains co
magnetization in the rotating coordinate frame. The effe
the exchange interaction between spins can be incorpo
into the steady-state Bloch equations by introducing a
which changes theM 1th spin state of the examined multip
“1” interacting with theM 2th state of the other multiplet “2

S 1

T2~M1!
1 i ~B 2 BM1!D;M1 2 O

M1ÞM2

WM1M2~;M2 2 ;M1!

5 2iB1}0, [4]

whereBMi are the resonant fields of theMi th resonant lines
WM1M2 5 Wexc are the exchange coupling constants (in
model they are approximated to be independent ofM 1 andM 2),
B1 is the microwave magnetic field amplitude, and}0 is the
equilibrium magnetization. The system of equations is so
numerically for the imaginary part of the complex magnet
tion (absorption mode).

The third part of the EPR spectral calculation inclu
convolution of the resonant field distribution with the Lore
zian absorption lineI (B 2 Br; T2(M)) for all three lines in th
spectra (forM 5 1, 0, 21):

I ~B! 5 O
M

FE I ~B 2 Br;T2~M!!
dPM~Br!

dBr
dBrG . [5]

Since this convolution includes on the order of only 100 po
the method of calculation is not so important in the sense o
elapsed processing time. Either an FFT-based calculati
direct sums can be used.

Improved Least-Squares Criterion as a Measure
of Goodness of Fit

For optimization of the spectral parameters based on
parison between experimental and simulated spectra, on
to decide about the function describing the goodness of fi
many studies, this function was chosen to be thex2 function,
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257CHARACTERIZATION OF MEMBRANES BY EPR SPECTRAL SIMULATION
which is basically the sum of the squared residuals bet
experimental and model spectra weighted by the stan
deviation of the experimental points. After optimization of
fitting procedure, we realized that thex2 function is a goo
riterion for optimizing spectra with sharp lines, typical
olutions, but it seems to be less sensitive for broader sp
ypical of spin-labeled membranes. Therefore we introduce
mproved x2 function (Eq. [6]), where the residuals a
ummed in “islands” (in further text, the quotation marks
e omitted), spanned between the two neighboring crossin

he experimental and simulated spectra, weighted by a pob
of the individual island lengthsl island. The 0-type (b 5 0) is

quivalent to the standardx2. Finally, the sum over all island
is performed and weighted with the number of all the poinN
in the whole spectrum, in order to decrease the numbe
numerical calculations:

x ~b!
2 5

1

N O
island

S ~l island!
b O

i51

l island ~ yexp 2 ysim! 2

s 2 D . [6]

The standard deviations is accessed numerically from t
experimental points of those parts where simulated spe
derivatives are close to zero (usually at both ends of
spectrum). It is very tedious to demonstrate the differe
between the 0- and 1-type ofx2 on the spectrum with 102
points. Therefore we will present the benefits of the impro
x2 on a small segment of a spectrum. What we would lik
show is the change inx2 if a small perturbation of the spec
is introduced. We compare the sensitivity of the two types ox2

function to changes in simulated spectra (Fig. 1). It can be
that the 1-typex2 is more sensitive in detecting broader pe
(change A in Fig. 1), whereas the 0-typex2 is relatively more

FIG. 1. Demonstration of the sensitivity of the 1-typex2 function com-
ared with the 0-typex2 function; the thin and the thick lines represent sm
egments of the experimental and the simulated spectra, respectively; on
labeled with an arrow) is changed from the left to the right picture.
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sensitive to narrow peaks (change B in Fig. 1). Therefor
assume that the 1-typex2 is a better choice to optimize t
parameters describing the membrane spectra.

Optimization of EPR Spectral Parameters

In simulations of the EPR spectra of nitroxide spin pro
incorporated into the lipid bilayers of biological membrane
a sample of a cell suspension or tissue, the main problem
large number of parameters which should be fitted. Du
membrane heterogeneity, the spectrum is a superpositi
spectra from several domains which are characterized b
ferent sets of parameters. These are order parameterS, rota-
tional correlation timetc, correction factorspg and pA for

agnetic tensorsg andA due to the polarity of the nitroxid
nvironment, additional broadeningW, and the fraction of th

ndividual domaind. To obtain the optimal parameters wh
haracterize the individual domain, we use a multidimens
ptimization routine based on the minimization of the
rovedx2 function with island-length weighting. In our op-

mization routine, we deal with linear Simplex and nonlin
Monte Carlo algorithms.

Simplex algorithm. The Simplex is one of the determinis
methods (gradient, Powell, Levenberg–Marquardt, etc.), w
all have approximately the same computational costs relat
slower stochastic methods (Monte Carlo, genetic algorit
On the other hand, they all have the same disadvanta
convergence to the local minimum ofx2 instead of to th
global minimum, which is not the case with stochastic meth
(27, 28). The methods which use the derivatives are some
more effective but a bit slower. In general, the effect of
optimization routine strongly depends on the phase space
acteristics, so the appropriateness of the method cann
predicted. We chose the Simplex (amoeba) algorithm due
simplicity, robustness, and the lack of a need for any pa
derivatives ofx2 over any optimizing parameter (27, 29).

The optimization routine was explored by applying it t
known synthetic spectrum at different starting parameters
amplitudes of noise. To present the noise effect, we sketc
minima on a two-dimensional cross section ofx2 over the
plane of two parametersp1 andp2 (Fig. 2).The construction o
the surfaces in Fig. 2 is based on many calculations ofx2 cross
sections (some of them are discussed further under Resul
Discussion) and Simplex-based optimizations. It can be
that low noise sharpens the minima (Fig. 2A). In contrast,
noise broadens the minima (Fig. 2B); consequently sm
local minima almost disappear. As such, the number of mi
is reduced and the possibility of finding the global and no
local minima increases. As a result, fitting the spectra with
noise (high signal-to-noise ratio) requires better starting
ditions than fitting the spectra with a higher noise level (lo
signal-to-noise ratio). It is also obvious that too high n
levels could prevent the extraction of the parameters with
required accuracy. Finally, it is strongly recommended tha
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258 ŠTRANCAR, ŠENTJURC, AND SCHARA
optimization be restarted with completely different star
conditions to see if two distant minima exist.

We programmed the Simplex algorithm in a common
constructed from four linear transformations ofn 1 1 sets o
parameters, wheren is the number of parameters (27). The
ransformations of sets are repeated untilx2 for the best se
does not change significantly between two transformation

Monte Carlo algorithm. The second algorithm we used
the nonlinear stochastic Monte Carlo procedure. The algo
is known from thermodynamic and quantum simulations.

TAB
Comparison between the Convergence of Fi

and to Spectrum B (Fluid D

Sa

tc
b

(ns)

Spe

Original set 0.60 0.60
Starting set 0.45 0.80
Optimized set (0-typex2, noise 5%) 0.61 0.43
Optimized set (1-typex2, noise 5%) 0.60 0.64
Optimized set (0-typex2, noise 10%) 0.56 0.89
Optimized set (1-typex2, noise 10%) 0.60 0.76

Spe

Original set 0.30 0.50
Starting set 0.40 0.70
Optimized set (0-typex2, noise 5%) 0.29 0.52
Optimized set (1-typex2, noise 5%) 0.31 0.70
Optimized set (0-typex2, noise 10%) 0.32 1.14
Optimized set (1-typex2, noise 10%) 0.28 0.60

Note.Original, starting, and optimized parameters are presented toget
-type and 1-typex2 for noise amplitudes of 5 and 10%.

a Order parameter.
b Rotation correlation time.
c Additional broadening.
d Polarity correction factor on the trace of hyperfine coupling tensorA.
e Polarity correction factor on the trace of spin-magnetic field couplin
f Relative errors are calculated relative to the original values of the pa

the parameter.

FIG. 2. Schematic presentation of a two-dimensional cross sectionx2

noise effect on the shape of the minima in thex2 function: (A) lower noise
y

m
e

basic idea is to change an arbitrary parameter (state) and
the change according to the Boltzmann probability law, w
allows getting out of the local minima with some final pro
bility. With an appropriate response function (cooling w
lowering the energy of the state), it is possible to achieve
global minimum.

The standard Monte Carlo scheme consists of three ta
each step (27). First, an arbitrary parameter must be cho

he parameter is then arbitrarily changed and a newx2 calcu-
lated. Then the decision to accept the correction proceeds

1
Spectrum to Spectrum A (Fluid Ordered)

rdered) after Two Restarts

Wc

(G) pA
d pg

e

Average relative
error f

m A

1.60 1.000 1.000000 0
1.20 0.950 0.999900 0.22

1.73 1.004 1.000004 0.04
1.54 0.996 0.999996 0.02
1.49 0.971 1.000034 0.13
1.47 1.012 0.999985 0.06

m B

1.10 1.050 1.000000 0
0.80 0.980 1.000100 0.27

0.96 1.049 0.999991 0.04
0.89 1.037 1.000006 0.07
0.62 1.055 1.000011 0.15
1.01 1.023 1.000089 0.09

with the average of the relative errors of all parameters; comparison is mtween

nsorg.
eters except for parameterpg, where 100% error means absolute change of 1024 in

r the plane of two parametersp1 andp2; the demonstration of the suspec
plitude of 5%; (B) higher noise amplitude of 10%.
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259CHARACTERIZATION OF MEMBRANES BY EPR SPECTRAL SIMULATION
following way: It is always accepted if the newx2 is lower than
the previous one. It is also accepted if an arbitrary num
between 0 and 1 is lower than the Boltzmann fa
exp(2x 2/T) (Metropolis criterion). Finally, if the new corre-
tion is accepted, the “temperature”T is corrected according
the cooling function, which is defined by the tempera
change in one accepted step,

dT 5 l~x 2 2 T! 2 vT, [7]

FIG. 3. Optimization of spectra A and B with the starting spectra (st
(best fits with 1-typex2 and 0-typex2 for spectra A and B, respectively).

FIG. 4. Optimization of spectrum C with the two starting spectra (A
and optimized spectra on the right (best fits with 1-typex2).
er
r

e

wherel describes the “heat” transfer from the environment to
“system” or vice versa in a single step andv represents the rate
(slow) cooling of the system independent of the energy (x2). If the
temperature of the system were too low, the probability of ge
out of a minimum would also be too low. This could happen if
system cooled down too fast (too highv). On the other hand, fo
too slow cooling, the convergence of the algorithm would take
long (v approaches 0). So the compromise is accepted whe
values of approximately 0.1 forl and 0.003 forv were used.

g sets of parameters from Tables 1) on the left and optimized spectra

B with starting sets of parameters 2 and 3 from Table 2, respectively)
artin
and
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We know that in our optimization procedures some pa
eters are less sensitive than others. Therefore, to reduc
number of steps, we add a “sensitivity table” in which
probabilities of choosing an arbitrary parameter during the
steps are presented. The sensitivity table is calculated
beginning of the algorithm and recalculated every time
correction is accepted. The probabilityP(ai) of each paramet

i is estimated from the alteration ofx2, when the particula
arameterai is changed, divided by the amplitude of t

(parameter) changeDai , and finally normalized to the sum
all probabilities of choosing the arbitrary parameter:

P~ai! 5
Dx 2~ai!/Dai

¥ i~Dx 2~ai!/Dai!
,

Dx 2~ai! 5 x 2~ai 1 Dai! 2 x 2~ai!. [8]

TAB
Original and Different Starting Parameter Se

and the Corresponding

Spectrum Ca

Domain 1

S
tc

(ns)
W
(G) pA pg d

Original set 0.60 0.60 1.60 1.00 1.00000
Starting set 1 0.45 0.80 1.20 0.95 0.99990
Starting set 2 0.70 0.40 1.20 0.95 0.99990
Starting set 3 0.64 0.50 1.40 0.98 0.99995

a For description of the parameters, see Table 1.
b Relative errors are calculated relative to the original values of the pa

in the parameter.

FIG. 5. Comparison between averaged relative errors after optimiza
between 0-type and 1-typex2 for noise amplitudes of 5 and 10%.
-
the

C
the
y

RESULTS AND DISCUSSION

Optimization of Simulated Spectra with the Simplex
Algorithm

Synthetic spectra. The best way to study the sensitivity
the optimization routines is to fit a spectrum with kno
parameters (simulated spectrum). Only in such a case
complete agreement between calculated and fitted spec
achieved (no systematic errors). In this study, we wante
compare the sensitivity of the Simplex procedure base
minimization of two different types ofx2 function and to tes
the accuracy of convergence with respect to the signal-to-
ratio. In our discussion, “convergence” means the decrea
the differences between fitted and known parameters.

We introduce three different types of synthetic spectra

2
for the Two-Membrane-Domain Spectrum C
eraged Relative Errors

Domain 2

Average relative
errorbS

tc

(ns)
W
(G) pA pg

40 0.30 0.50 1.10 1.05 1.00000 0
.55 0.40 0.70 0.80 0.98 1.00010 0.2
.55 0.25 0.70 0.80 0.98 1.00010 0.2
.48 0.34 0.40 1.00 1.03 1.00005 0.1
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known parameters. The first two are one-domain spectra
resenting fluid-ordered membrane vesicles (spectrum A
fluid-disordered membrane vesicles (spectrum B). The t
two-domain spectrum (spectrum C), a superimposition of s
tra A and B, resembles a realistic membrane spectrum.

First, we checked the convergence of the optimization u
spectrum A at different noise amplitudes. The starting pa
eter set is shown in Table 1. We observed that with low n
amplitudes (up to 1.9%) the optimization fails to conve

TABLE 3
Fitted Parameters of the EPR Spectrum of MeFASL(10,3) in the
embranes of Human Leukocytes (See Fig. 6 Legend) with the

tandard Deviations Calculated from the Covariance Matrix

arametera Domain 1 Domain 2 Domain 3

S 0.686 0.05 0.376 0.03 0.156 0.02
tc

b (ns) 0.86 0.6 0.96 0.5 1.66 0.5
Wb (G) 1.66 0.6 0.96 0.5 0.56 0.3
pA 1.006 0.02 1.026 0.01 0.926 0.01
pg 0.999856 0.00005 0.999886 0.00002 1.000136 0.00003
d 0.386 0.08 0.346 0.9 0.286 0.03

a For description of the parameters, see Table 1.
b Rotational correlation times and additional broadening of the same d

are usually highly anticorrelated with a correlation coefficient between290
and265% (determined from covariance matrix analysis).

FIG. 6. EPR spectrum of the spin-labeled methyl ester of 5-doxylp
undamaged leukocytes was spin-labeled by the MeFASL(10,3). One mil
10 nmol of spin probe, which was prepared as a thin film on the walls o
capillary, and the spectrum was measured on an ESP 300 Bruker EPR C
and 1-typex2 optimized spectra with three spectral components (domai

eFASL(10,3) is also presented.
p-
nd
d,
c-

g
-

e
e

because the minimum inx2 is too sharp (Fig. 2A) and cou
easily be missed with the Simplex procedure. At high n
levels the convergence is less efficient since noise broade
shape of the minimum (Fig. 2B). Consequently, there exis
optimal value of noise amplitude where the convergenc
most effective. Therefore, in subsequent analyses, we ch
the convergence at two different noise amplitudes, 5 and

In the second stage, we compare the optimization of 0
1-typex2 functions at 5 and 10% noise amplitudes. In Ta
1 and 2 the sets of parameters of the introductory spe
starting conditions, and optimized spectra are presente
gether with the averaged relative errors. The relative error
calculated as the differences between the optimized and
inal parameters divided by the original parameters (in the
of pg, it is divided by 1024 instead of 1 for the sake
sensitivity). On the basis of the results presented in Table
can conclude that it is better to fit and optimize the spect
fluid-ordered membranes (spectrum A, Fig. 3) with the 1-
x2 rather than with the 0-typex2 for both noise amplitudes. F
the spectra of more fluid-disordered membranes (spectru
Fig. 3), the optimization based on 0-typex2 is better than th
optimization with 1-typex2 only at 5% noise.

The optimization procedure for a more complex spec
(spectrum C, Fig. 4) was tested for reproducibility of
Simplex algorithm procedure with different starting conditi
(Table 2). It can be seen from Figs. 4 and 5 and Table 2 th

in

itate (MeFASL(10,3)) in the membrane of human leukocytes. The sus
r of cell suspension (107 cell/ml) was incubated for 15 min at room temperature
e glass tube. The suspension was centrifuged at 300g, the pellet was put in a gla
spectrometer at room temperature. The thin and the thick lines represental
, respectively, with the parameters presented in Table 3. The structura
alm
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f th
W
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get a good fit for multidomain spectra the starting approx
tion should not deviate much more than 20% from the orig
values (on average). Again, better agreement with the ori
spectrum was achieved with the optimization procedure b
on the 1-typex2 than with that based on the 0-typex2.

Real membrane spectra.To test the 1-typex2-based Sim-
plex optimization on complex experimental spectra, two
amples are presented:

1. The EPR spectrum of the methyl ester of 5-doxyl
mitic acid in human leukocyte membranes is presented in

TABLE 4
Fitted Parameters of the EPR Spectrum of Tempyl Benzoate in

he DPPC–Cholesterol Liposomes in the Presence of the Paramag-
etic Broadening Agent (CrOx) (See Fig. 7 Legend) with the
tandard Deviations Calculated from the Covariance Matrix

Parametera Domain 1b Domain 2b

tc (ns) 0.76 0.1 0.86 0.3
Wexc (G) 8.16 0.3 1.66 0.4
pA 1.116 0.01 1.046 0.04
pg 0.999906 0.00005 1.000006 0.00005
d 0.966 0.01 0.046 0.01

a For description of the parameters, see Table 1.
b In both domains, the angular distribution of the nitroxide group of the

probes is isotropic (order parametersS1,2 3 0).

FIG. 7. EPR spectrum of Tempyl benzoate (TBZ) in the membrane o
ratio of 2:1 in phosphate buffer saline. The liposome suspension was
containing 4.8 mg of lipids was incubated for 15 min at room temperatu
glass tube. The labeled suspension was mixed with 60 mM K3(Cr(C2O4)3) an
EPR CW spectrometer at room temperature. The thin and the thick line
(domains), respectively, with the parameters presented in Table 4. The
-
l
al
ed

-

l-
ig.

6 together with the structural formula of the spin probe and
best fit. A good fit is obtained if the spectrum is fitted a
superposition of three spectra by successive optimizations
the Simplex algorithm. The parameters of all the spe
components, as well as the standard deviations that are
lated from the covariance matrix diagonal elements, are
sented in Table 3.

2. The dipalmitoylphosphatidylcholine–cholesterol li
somes were labeled with Tempylbenzoate. The broade
agent chromium oxalate (K3(Cr(C2O4)3)) was added into th
aqueous phase. In Fig. 7 the EPR spectrum and the corres
ing fit obtained by the successive optimizations are pres
together with the structural formula of the spin probe. For
spin probe used, it is typical that its nitroxide group alm
freely tumbles above the membrane surface. Consequ
when the chromium oxalate is present in the water com
ment of the liposome suspension, strong spin-exchange o
between the nitroxide group and the chromium complex a
typical spin-exchange-broadened spectrum appears. A go
was obtained by the superposition of two spectra corresp
ing to regions: in one the spin probe is easily accessible t
broadening agent (spin-exchange-broadened compo
whereas in the other it is not (pure isotropic component).
optimized parameters and the standard deviations that
calculated from the covariance matrix diagonal element
presented in Table 4.
n

liposomes made from dipalmitoylphospatidylcholine and cholesterol wi
epared by the thin-film method. One hundred microliters of liposome
with 10 nmol of spin probe, which was prepared as a thin film on the w
ut in a glass capillary, and the spectrum was measured on an ESP 300
present experimental and 1-typex2 optimized spectra with two spectral compone
uctural formula of TBZ is also presented.
f the t
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263CHARACTERIZATION OF MEMBRANES BY EPR SPECTRAL SIMULATION
To conclude, the most valuable parameters are the
parametersSi , weightsdi (i.e., portions of spin probes in
certain domain in the membrane), and polarity correctionspA,i

andpg,i , as can be seen from Table 3. The linewidth param
tc,i andWi are highly anticorrelated and therefore less relia

ptimization of Simulated Spectra with the Monte Carlo
Algorithm

In the second part of our work, the Monte Carlo algori
or optimization of the parameters of a one-domain spec
spectrum A, Fig. 3) was examined at different noise am
udes and under different starting conditions. The results
ompared with those obtained with the Simplex routine b
n 1-typex2 optimization.
We allow the variation of three parameters for one-dom

spectra, with the remaining two parameters being locked t
known values. The two parametersS and pA by which the
position of the lines is influenced generally converge we
their original values whereas withtc, W, andpg the conver-

ence is not so good, as indicated by the large uncertainty
f the differences between fitted and original parameters
), especially at the higher noise amplitude. To better un
tand the optimization, four two-parameter cross sectionsx2

were calculated and presented in Fig. 9. From the cross
tions, it can be seen that theS–pA (Fig. 9C) cross sectio
exhibits a very sharp minimum, which means that the pa
etersS andpA are not correlated with respect to the impro
least-squared criterion. On the other hand, thetc–W, S–t c, and
S–W cross sections (Figs. 9D, 9B, and 9A, respectively) h

FIG. 8. Averaged relative errors after Monte Carlo optimization of fitte
amplitudes 5 and 10%.N is the average number of steps in the optimizat
were fitted: (A)S–pA–pg, (B) S–t c–W, (C) W–pA–pg, and (D)tc–pA–pg.
er
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broad minima, which indicates numerical correlation betw
thetc andW (also derived by covariance matrix analysis). T
ould also explain why these two parameters are less sen
nd less accurate.
It should be pointed out that the use of the Monte C

ptimization routine is not limited to one-domain spec
hich was the case in the above consideration for the sa
implicity. It is, however, rather limited with respect to
egrees of freedom (number of parameters) and by the
nce of high correlations between some parameters. The
uting time, which should not exceed some ten minutes fo
ptimization in order to try different starting conditions, lim

he number of parameters to 10 while working with Mo
arlo. In the case of multidomain spectra, spectrosco
hould set up the experiment in a way which allows
xtraction of the parameters step by step, in small grou

hree to six parameters.

CONCLUSIONS

On the basis of the simulation of different types of synth
spectra under different starting conditions and signal-to-n
ratios, it was shown that better fits are obtained when a
way of characterizing the goodness of fit with “island-len
weighted”x2 (1-typex2) is used instead of the standard le
squars criterion.

Taking this into account, two examples of real spectr
nitroxide spin probes in membranes were fitted. The
spectrum of nitroxide in human leukocytes is fitted well a

pectrum to spectrum A for different starting conditions and parameter sese
procedure obtained from 10 individual optimizations. Groups of three p
d s
ion
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264 ŠTRANCAR, ŠENTJURC, AND SCHARA
superposition of spectra with different fluidity characteris
In the other example, where the spectrum of nitroxide
liposome membranes in the presence of paramagnetic b
ening agents is presented, the experimental spectrum is
described by the simulation if the spin-exchange interac
between spin probes and paramagnetic ions are taken
account. Comparing the two optimization routines, Sim
and Monte Carlo, we can conclude that the Simplex ca
very successful if the starting point is not too far from
original parameters, whereas the Monte Carlo is limite
approximately 10 parameters because of the complexity o
phase space. Both optimization procedures showed prob
with two parameters describing the linewidths (tc and W)
while other parameters converged very fast (confirmed als
the covariance matrix analysis). Therefore it would be ad
able to measure one of the linewidth parameters independ
and to approach the optimal combination of fitted param
by successive optimizations in groups of five to eight pa
eters with the others fixed.

On the basis of this study, a program for lineshape sim

FIG. 9. Four two-parameter cross sections of the 1-typex2 function thro
pectrum A with 5% noise amplitude.
.
n
ad-
ell
s

nto
x
e

o
he

s,

by
s-
tly
rs
-

a-

tion and optimization was prepared (EPRSIM Version
(30), which is routinely used in our biophysical laboratory

llows 1024-point EPR spectral simulations with up to
pectral components and optimization of all spectral par
ers by two described optimization routines. With this met
t is no longer a problem to resolve two to three memb
omains with different fluidity characteristics in a fast motio
egime (10211–1028 s) in addition to one isotropic compone

from the solution and the isotropic aggregates located eith
the solution or at the membrane surfaces.
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