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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

reliable and biologically meaningful parameters. It is importan
to point out the coexistence of lateral domains in biologica
membranes, which recently became evident as a result of
number of different approache8+9. Additionally, the lateral
diffusion of spin-labeled fatty acids and their derivatives is toc
slow with respect to the EPR CW time scale to average out
differences between the domains. Consequently, this hetero
neous structure of cell membranes results in superimpos
spectra composed of several spectral components of the p
ticular domains. Although translational diffusion is slow with
respect to EPR CW, it should be stressed that under phys
logical conditions the rotational motions of molecules are fas
Generally, to describe the EPR spectra of spin probes, tl
stochastic Liouville equation is usedQ, 11). In a membrane
system where molecular rotational motions are fast with re
spect to the EPR time scale, this approach can be simplifi
(2, 12-14, and the magnetic interaction tensors can be ave
aged over the stochastic rotational motions of the spin-prol
molecules. Subsequently, the spin Hamiltonian with average
tensor components can be used to calculate lineshapes for
spin-probe molecules in membrane segments with a particul
orientation relative to the external magnetic field. The spect
of the randomly oriented cell membrane segments are final
summed to get the inhomogeneously broadened spectra.
very similar approach can be used also to study other biologic
systems 15). In situations where slow molecular rotational
motions occur, a more sophisticated method for solving th
Liouville equation must be applied, as shown for oriente
phospholipid bilayersl). However, in the complex geometry
of tissues or cell suspensions measured at physiologica

Biological membranes have been investigated by vario[Rlevant temperatures, we believe that the fast-motion apprc

techniques allowing the evaluation of different membrariation satisfactorily describes the EPR spectra and that re
characteristics. Electron paramagnetic resonance (EPR) si#i¢ data can be obtained by the application of optimizatic
troscopy based on labeling with nitroxide spin probes (SP) h'&!?thqu- 'There_fore, ba;ed on maximum acceptgble numert
proven to be a powerful method for studying biological menfosts in simulations of nitroxide spectra, we decided to calct
branes {, 2). It can detect alterations induced by biologicallyate lineshapes based on a model which provides data ab
active substances or the involvement of pathological conditioR&lering, dynamics, and polarity at different locations in th
(3-5). The recorded EPR spectra should be simulated to extrggmbrane. We believe that this approach allows a sufficient

reasonable description of the spectra of fatty acid spin prob

1 To whom correspondence should be addressed. E-mail: janez.strancéﬂ@their methyl esters) in ﬂUiq biological me_mbranes at phys
ijs.i. iological temperatures. The time consumption allows the aj
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plication of simulation and automatic optimization via procethoroughly examine the application of two multidimensiona
dures to be performed on a Pentium-processor-based persopdimization algorithms—Simplex and Monte Carlo—with re-
computer. In this way, the automatic parameter optimization spect to the noise amplitude of the EPR spectra, the number
a series of measurements makes comparison between diffepamameters, and numerical correlations typical for broad EP
samples more objective and enables one to track and detgmdctra of biological samples.
small but important changes in biological systems.
The goal of this study is to connect the well-established SPECTRAL SIMULATION
model for the motional-restricted fast-motion approximation
(13) with experimental and theoretical facts about the later@lalculation of the EPR Spectral Lineshape
membra_me het_er_ogenelty "’“.‘d the rigorous optimization OU\When lipophilic spin probes (SP) are introduced into a ce
tines with statistical validation of the extracted parameters . . .
; ) A suspension or tissue, there are several different compartme
(16). We will also discuss the lower sensitivity in character- i . )
A where SP could be located: solution, membrane domains, ou
ization of spectra constructed of a broad spectral component bﬁ’ . .
. . Lo and inner layer of membranes, aggregates in membranes an
least squares from the point of view of the optimization pro-

! : Lo . ) solution, etc. Therefore, the EPR spectrum is a superimpositi
cess. Finally, regarding the optimization routine, we will com-

. . f several spectral components corresponding to different loc
pare the two procedures (Simplex and Monte Carlo) which (90 . b PONENtS corresponaing tc
. o environments or domains, differing in their fluidity character-
not need the calculation of the derivatives of the least squa

res . R . T
. istics due to different lipid—lipid, lipid—protein, and lipid—
function over each spectral parameter. In such cases, the mens . . . .
. LT . carbohydrate interactions. To trace the domains experime
tioned optimization routines are preferred. However, the dg- TS .
o . . ) . ally, temperature variation is usually applied as well a
rivatives can be obtained numerically if they are required (e.gh, .
. ultifrequency EPR.

the Levenberg—Marquardt algorithm@). . - .

; - The procedure for spectral calculation can be divided int
It should be stressed that the experimental conditions Sho!ﬂ%dee arts:
impose the incorporation of hydrophobic SP into membranes a{ parts:
small local molar concentrations in order to study the mem- First, the distribution of paramagnetic centers over the re
brane domains primarily. However, experiments have beenant field is calculated numerically for each spectral compc
performed where these conditions are not met: for examptent. The distribution originates from the random distributior
using a high concentration of SP, or SP with a low membranefthe orientations of the particular membrane segments. Hel
water partition coefficient, or using additional paramagnetan axially symmetric distribution of membrane normal vector
ion complexes. In these situations, it is necessary to apply #tw®und the external magnetic field axis is assumed. Due
procedure for the treatment of additional spectral componen@pid restricted motion in the lipid phase, the resultant effectiv
which are not membrane spectra. These spectral componestsies of the interaction tensors of the spin Hamiltonian can &
are characterized by the exchange frequencies, which descdbscribed with the order parame&(13). In the experimental
the spin—exchange interaction between paramagnetic mdlame, these effective valuegg{’, g<", Af", A" are still
cules (7,18. Two examples of spin—exchange broadenetkpendent on the angi® between the magnetic field direction
spectra can be simulated by our approach. The firstincludes #mal the local membrane normal vector, which approximate
spin—exchange interaction between spin-probe moleculesjncides with the motional-averaged direction of the SP mo
which is important especially when spin probes form aggrecule. The angular distribution of the membrane normal ve
gates in the agueous solution or when the overloading of ttees dP(©)/dO relative to the external magnetic field as well
membrane with SP is obtained. The overloading of heteroges the resonant field depender;€0) on the angle® should
neous biological samples can be a useful method for studyibg taken into account in order to calculate the appropria
the asymmetric properties of membran&8)( In such cases, powderlike resonant field distributiodP,,(B,)/dB, for the
the spectral component broadened by the SP—-SP spin exchahgge hyperfine components of the spectva € 1, 0, —1),
must be superimposed on the membrane spectra. The sedgpital for nitroxides:
example, which is important in experimental approaches to

gain additional information about the system, is the application x .

of paramagnetic broadening agents ANiFe’", Cr’*, etc.), mD(;"éB’):J sin(®)d®, [1]
which are used to distinguish between the contributions of r o {(©)/d®

different compartments in the cell suspension to the total EPR o

spectrum 20). The spectral component, which is broadened B,(0) = ho — MﬁA (©) 2]
due to the paramagnetic agent-SP spin exchange should be ' regd®(0)

considered.

To gain a reliable characterization of the membrane spectidle resonant field distribution has a resolution of typically
components and their parameters, we provide an improved24 points per sweep width and is calculated from the S
least-squares criterion based on a weighted sum scheme. afigular (directional) distribution within an ensemble of 2000-
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5000 spins. The assumed axial symmetry of the angular dighereM represents the nuclear spin projection numbér=
tribution dP(®)/d® appears in fibers or in the case of cellular-1, 0, or 1 for nitrogen) andlV represents additional broad-
aggregation and precipitation. It also includes spherical symring due to unresolved hydrogen superhyperfine structure, t
metry for any randomly directed spherical and nonspherigalesence of any minor paramagnetic impurities, external fie
particles, as in suspensions. The resonant field distributibaonhomogeneities, modulation effects, etc. The coeffici@nts
defined by Egs. [1] and [2] has one singularity for each vall® andC are derived using a motional narrowing approxima
of M. They originate in the zero derivative®,/d® when the tion valid for correlation times in the range T < 7, < 10°®
normal vector is perpendicular to the magnetic fi#d= 7/2) s (26).
and the weighting sine is equal to 1. As a consequence, thé\ large broadening effect due to spin exchange from spir
problem can appear in the numerical derivation of a convolprobe aggregates is treated differently. In this case, the lin
tion integral which should be calculated in the final step. W&hape is no longer Lorentzian but is calculated from exchang
solve this problem in the sense of the Stieltjes integed) ( coupled Bloch equationsl7, 18. As in other rotational
with proper normalization. Close to the singular points, we uggoblems, the complex magnetizatign = M, + i, is
series expansion, which is accurate enough. introduced. Considering a typical EPR CW experiment witl
It should be stressed that both magnetic tensgrardA) slow sweep, we can assume that relaxation maintains const
change with the environment of SP moleculé&8,(22, since magnetization in the rotating coordinate frame. The effect c
the neighboring electric fields influence the electron densitiyge exchange interaction between spins can be incorporat
distribution. For the spin-probe Tempo in various solvents, theto the steady-state Bloch equations by introducing a ter
hyperfine constant changes by 0.25 mT whereag ttenstant which changes thdl,th spin state of the examined multiplet
changes from 2.0061 to 2.0056, which is equivalent to “a4” interacting with theM,th state of the other multiplet “2”,
resonant field change of 0.08 mT. Therefore, the changes in
both constants are in the same range. Even across the mem- 1
brane the polarity varies, as was shown for the doxyl group <T2(|\/|1) +i(B - Bml))gml = 2 Wun(gm, — 9my)
attached to different positions on the acyl chaig®)( The M1 M2
latter indicates that the polarity correction factor should be = —iByl,, [4]
fitted for each domain since the average spin-probe position in
the membrane can depend on individual domain CharaCteU\ﬁiereBMi
tics. Numerically, it is difficult to calculate accurate correct|on§vM1M2 — W°* are the exchange coupling constants (in ou

of both tensors for s_mall radicals even in. a vaculg, 9. ‘model they are approximated to be independeM pandM.,),
Therefore, the polarity effects are taken into account eMPIf is the microwave magnetic field amplitude, atig is the

cally in the simplest possible way. We use a linear correctify jjibrium magnetization. The system of equations is solve

factor (polarity correction factqng andp,) Wh,iCh acts on t_h? numerically for the imaginary part of the complex magnetiza
trace of tensors and characterizes the polarity of the individyg, (absorption mode).

components. The third part of the EPR spectral calculation include:

The second part of the EI_DR spectral Iinesh_ape CalcuI""tiorl:i?‘nvolution of the resonant field distribution with the Lorent-
to calculate the relaxation timés, or the linewidths 1T, for zian absorption liné(B — B,: T,(M)) for all three lines in the

the fast-motional regime, which has been proved conveniegbtectra (foM = 1, 0, —1):

for small molecules such as lipophilic SP like spin-labeled fatty Y

acids or their estersl). The linewidths for spin probes in

oriented systems such as liquid crystal systems can be calcu- _ . dPu(B))

lated by considering the anisotropic rotational relaxation times I(B) = X H(B = B To(M)) dB, dB|. [l
(2). According to our experience with membrane spectra com-

posed of several spectral components, the influence of tg.e thi lution includ the order of onlv 100 points
anisotropic rotational relaxation on the fit becomes snid). ince this convolution Incildes on the order of only point:
the method of calculation is not so important in the sense of tt

This enables us to describe the rotational dynamics within d ing ti Eith FET-based calculati
particular domain with one effective empirical correlation tim 1apsed processing ime. Liher an -based caiculation

7.. We therefore calculate the Lorentzian linewidths frd2)( irect sums can be used.
in order to characterize the relative amplitudes of the hyperfi
components,

are the resonant fields of thd;th resonant lines,

M

ﬂ%proved Least-Squares Criterion as a Measure
of Goodness of Fit

1 For optimization of the spectral parameters based on cor
.= A(r, A, g) + B(1, A, g) M parison between experimental and simulated spectra, one |

2 to decide about the function describing the goodness of fit. |
+ C(1e A, Q) M2+ W, [3] many studies, this function was chosen to be yhéunction,
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sensitive to narrow peaks (change B in Fig. 1). Therefore w
1 assume that the 1-typg® is a better choice to optimize the

parameters describing the membrane spectra.

— t
l_l / X =17, X, =7 Optimization of EPR Spectral Parameters

] In simulations of the EPR spectra of nitroxide spin probe

& incorporated into the lipid bilayers of biological membranes ir
X2 =8 X?- =14 [T a sample of a cell suspension or tissue, the main problem is t
T 3 O
?

large number of parameters which should be fitted. Due f
membrane heterogeneity, the spectrum is a superposition
Xf) =5, le =11 spectra from several domains which are characterized by d
ferent sets of parameters. These are order pararSeteta-
tional correlation timer,, correction factorsp, and p, for
experimental memem  simulated magnetic tensorg and A due to the polarity of the nitroxide
FIG. 1. Demonstration of the sensitivity of the 1-typ@ function com environment, additional broadeniNy, and the fraction of the
pared with the 0-type? function; the thin and the thick lines represent smalindividual domaind. To obtain the optimal parameters which
segments of the experimental and the simulated spectra, respectively; one poiraracterize the individual domain, we use a multidimension
(labeled with an arrow) is changed from the left to the right picture. Optimization routine based on the minimization of the im-
proved x* function with island-length weighting. In our opti

mization routine, we deal with linear Simplex and nonlinea
which is basically the sum of the squared residuals betweglpnte Carlo algorithms.

experimental and model spectra weighted by the standardsjmiex algorithm. The Simplex is one of the deterministic
d_ewauon of the experlmer_nal points. After opFlmlgatlon of OUf athods (gradient, Powell, Levenberg-Marquardt, etc.), whic
fitting procedure, we realized that theé function is @ good | have approximately the same computational costs relative
criterion for optimizing spectra with sharp lines, typical fogoyer stochastic methods (Monte Carlo, genetic algorithm
solutions, but it seems to be less sensitive for broader speela the other hand they all have the same disadvantage
typical of spin-labeled membranes. Therefore we introduced @Gnvergence to thé local minimum of instead of to the

) s . .

improved x° function (Eq. [6]), where the residuals argyona minimum, which is not the case with stochastic methoc

summed in “islands” (in further text, the quotation marks wilf, 2§. The methods which use the derivatives are somewh
be omitted), spanned between the two neighboring crossingg,fye effective but a bit slower. In general, the effect of th

the experimental and simulated spectra, weighted by & pBwWeghtimization routine strongly depends on the phase space ch

of the individual island lengthd s... The O-type B = 0)iS  ,qteristics, so the appropriateness of the method cannot
gquwalent to the sta_ndan@f. F_lnally, the sum over all islands predicted. We chose the Simplex (amoeba) algorithm due to
is performed and weighted with the number of all the polts simplicity, robustness, and the lack of a need for any parti

in the whole spectrum, in order to decrease the numbers {8y atives ofy? over any optimizing paramete®, 29.
numerical calculations: The optimization routine was explored by applying it to &

known synthetic spectrum at different starting parameters ai
Ny — Vi) 2) amplitudes of noise. To present the noise effect, we sketch t
exp si . [6]

X () =% 2| Nigand? 2 minima on a two-dimensional cross section gf over the

island i=1 plane of two parametegs, andp, (Fig. 2). The construction of

the surfaces in Fig. 2 is based on many calculationg afoss
The standard deviationr is accessed numerically from thesections (some of them are discussed further under Results :
experimental points of those parts where simulated spectiscussion) and Simplex-based optimizations. It can be se
derivatives are close to zero (usually at both ends of tlieat low noise sharpens the minima (Fig. 2A). In contrast, hig
spectrum). It is very tedious to demonstrate the differenc@ise broadens the minima (Fig. 2B); consequently small
between the 0- and 1-type qf on the spectrum with 1024 local minima almost disappear. As such, the number of minirr
points. Therefore we will present the benefits of the improves reduced and the possibility of finding the global and not th
x> on a small segment of a spectrum. What we would like focal minima increases. As a result, fitting the spectra with lo
show is the change ig® if a small perturbation of the spectranoise (high signal-to-noise ratio) requires better starting cot
is introduced. We compare the sensitivity of the two typeg®of ditions than fitting the spectra with a higher noise level (lowe
function to changes in simulated spectra (Fig. 1). It can be seggnal-to-noise ratio). It is also obvious that too high nois
that the 1-typey® is more sensitive in detecting broader peakgvels could prevent the extraction of the parameters with tr
(change A in Fig. 1), whereas the O-tygéis relatively more required accuracy. Finally, it is strongly recommended that tr

0_2
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B

FIG. 2. Schematic presentation of a two-dimensional cross sectiyi ofier the plane of two parameteps andp,; the demonstration of the suspected
noise effect on the shape of the minima in tffefunction: (A) lower noise amplitude of 5%; (B) higher noise amplitude of 10%.

optimization be restarted with completely different startingasic idea is to change an arbitrary parameter (state) and acc

conditions to see if two distant minima exist. the change according to the Boltzmann probability law, whicl
We programmed the Simplex algorithm in a common wagilows getting out of the local minima with some final proba-

constructed from four linear transformationsroft 1 sets of bility. With an appropriate response function (cooling wher

parameters, whera is the number of parameter27. The lowering the energy of the state), it is possible to achieve tt

transformations of sets are repeated ugfilfor the best set global minimum.

does not change significantly between two transformations. The standard Monte Carlo scheme consists of three tasks
Monte Carlo algorithm. The second algorithm we used iseach step47). First, an arbitrary parameter must be choser

the nonlinear stochastic Monte Carlo procedure. The algoritiFhe parameter is then arbitrarily changed and a géwealcu

is known from thermodynamic and quantum simulations. THated. Then the decision to accept the correction proceeds in t

TABLE 1
Comparison between the Convergence of Fitted Spectrum to Spectrum A (Fluid Ordered)
and to Spectrum B (Fluid Disordered) after Two Restarts

T° we Average relative
s (ns) (G) pa° Py° error'

Spectrum A
Original set 0.60 0.60 1.60 1.000 1.000000 0
Starting set 0.45 0.80 1.20 0.950 0.999900 0.22
Optimized set (0-typg?, noise 5%) 0.61 0.43 1.73 1.004 1.000004 0.04
Optimized set (1-typg?, noise 5%) 0.60 0.64 1.54 0.996 0.999996 0.02
Optimized set (0-typg?, noise 10%) 0.56 0.89 1.49 0.971 1.000034 0.13
Optimized set (1-typg?, noise 10%) 0.60 0.76 1.47 1.012 0.999985 0.06

Spectrum B
Original set 0.30 0.50 1.10 1.050 1.000000 0
Starting set 0.40 0.70 0.80 0.980 1.000100 0.27
Optimized set (0-typg?, noise 5%) 0.29 0.52 0.96 1.049 0.999991 0.04
Optimized set (1-typg?, noise 5%) 0.31 0.70 0.89 1.037 1.000006 0.07
Optimized set (0-typg?, noise 10%) 0.32 1.14 0.62 1.055 1.000011 0.15
Optimized set (1-typg?, noise 10%) 0.28 0.60 1.01 1.023 1.000089 0.09

Note.Original, starting, and optimized parameters are presented together with the average of the relative errors of all parameters; comparisdawéemads
0-type and 1-type’® for noise amplitudes of 5 and 10%.

® Order parameter.

® Rotation correlation time.

¢ Additional broadening.

¢ Polarity correction factor on the trace of hyperfine coupling temsor

¢ Polarity correction factor on the trace of spin-magnetic field coupling tegisor

"Relative errors are calculated relative to the original values of the parameters except for papametere 100% error means absolute change of i
the parameter.
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spectrum A

spectrum A

2 P .
%", optimization
5% noise level

original spectrum
starting spectrum

original spectrum
optimized spectrum

spectrum B spectrum B

x, optimization
5% noise level

original spectrum
starting spectrum

original spectrum
optimized spectrum

[ N RIS IS RS RS S IV R R NN DU T
3360 3380 3400 3420 3440 3460 3480 3380 3400 3420 3440 3460 3480

B [G] B[G]

FIG. 3. Optimization of spectra A and B with the starting spectra (starting sets of parameters from Tables 1) on the left and optimized spectra on t
(best fits with 1-typey® and 0-typey” for spectra A and B, respectively).

following way: It is always accepted if the neyt is lower than wherel describes the “heat” transfer from the environment to th
the previous one. It is also accepted if an arbitrary numb&ystem” or vice versa in a single step andepresents the rate of
between 0 and 1 is lower than the Boltzmann factgslow) cooling of the system independent of the enexgy. (f the
exp(— x*/T) (Metropolis criterion). Finally, if the new correc temperature of the system were too low, the probability of gettin
tion is accepted, the “temperatur€”is corrected according to out of a minimum would also be too low. This could happen if the
the cooling function, which is defined by the temperaturgystem cooled down too fast (too higi). On the other hand, for

change in one accepted step, too slow cooling, the convergence of the algorithm would take to
long (w approaches 0). So the compromise is accepted when f
dT=A(}*—-T) — T, [7]1 values of approximately 0.1 for and 0.003 forw were used.
spectrum C spectrum C

+*, optimization
5% noise level

original spectrum ——- original spectrum
starting spectrum optimized spectrum

L L Lo
3360 3380 3400 3420 3440 3460 3480 3380 3400 3420 3440 3460 3480

B[G] B [G]

FIG. 4. Optimization of spectrum C with the two starting spectra (A and B with starting sets of parameters 2 and 3 from Table 2, respectively) on t
and optimized spectra on the right (best fits with 1-tydg
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TABLE 2
Original and Different Starting Parameter Sets for the Two-Membrane-Domain Spectrum C
and the Corresponding Averaged Relative Errors

Domain 1 Domain 2
Te w Te W Average relative
Spectrum C S (ns) (G) Pa Py d; S (ns) (G) Pa Py errof’
Original set 0.60 0.60 1.60 1.00 1.00000 0.40 0.30 0.50 1.10 1.05 1.00000 0
Starting set 1 0.45 0.80 1.20 0.95 0.99990 0.55 0.40 0.70 0.80 0.98 1.00010 0.26
Starting set 2 0.70 0.40 1.20 0.95 0.99990 0.55 0.25 0.70 0.80 0.98 1.00010 0.23
Starting set 3 0.64 0.50 1.40 0.98 0.99995 0.48 0.34 0.40 1.00 1.03 1.00005 0.11

® For description of the parameters, see Table 1.

® Relative errors are calculated relative to the original values of the parameters except for papgnvettere 100% error means an absolute change of 10
in the parameter.

We know that in our optimization procedures some param- RESULTS AND DISCUSSION
eters are less sensitive than others. Therefore, to reduce the
number of steps, we add a “sensitivity table” in which thgyytimization of Simulated Spectra with the Simplex
probabilities of choosing an arbitrary parameter during the MC Algorithm
steps are presented. The sensitivity table is calculated at the
beginning of the algorithm and recalculated every time any Synthetic spectra. The best way to study the sensitivity of
correction is accepted. The probabilRya;) of each parameter the optimization routines is to fit a spectrum with known
a; is estimated from the alteration gf, when the particular parameters (simulated spectrum). Only in such a case c
parametera; is changed, divided by the amplitude of thisomplete agreement between calculated and fitted spectra
(parameter) changaa;, and finally normalized to the sum ofachieved (no systematic errors). In this study, we wanted

all probabilities of choosing the arbitrary parameter: compare the sensitivity of the Simplex procedure based ¢
minimization of two different types of” function and to test

Ax%(a)/Aa, the accuracy of convergence with respect to the signal-to-noi
P(a) = m, ratio. In our discussion, “convergence” means the decrease

REX A ' the differences between fitted and known parameters.
Ax¥(a) = x%(a + Aa) — x¥(a). [8] We introduce three different types of synthetic spectra wit

spectrum C
03

02 +

0.1 +

averaged relative error

START 5%, 10%, 5%, 10%, START 5%, 10%, 5%, 10%, START 5%, 10%, 5%, 10%,
1 O-type O-type l-type l-type 2 O-type O-type I1-type 1-type 3 O-type O-type l-type I-type

FIG. 5. Comparison between averaged relative errors after optimization of fits with spectrum C at different starting conditions with one restart;rcom
between 0-type and 1-typg for noise amplitudes of 5 and 10%.
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experimental spectrum

O, N0 simulated spectrum

CH3(CHz)10 {CHz)3COOCH;

1. domain

2. domain

3. domain

L : 1 . I . 1 ) | ) 1 ) I )
3360 3380 3400 3420 3440 3460 3480

B [G]

FIG. 6. EPR spectrum of the spin-labeled methyl ester of 5-doxylpalmitate (MeFASL(10,3)) in the membrane of human leukocytes. The suspen
undamaged leukocytes was spin-labeled by the MeFASL(10,3). One milliliter of cell suspensicgl{0l) was incubated for 15 min at room temperature with
10 nmol of spin probe, which was prepared as a thin film on the walls of the glass tube. The suspension was centrifugethatf@dieét was put in a glass
capillary, and the spectrum was measured on an ESP 300 Bruker EPR CW spectrometer at room temperature. The thin and the thick lines repregant ex
and 1-typey® optimized spectra with three spectral components (domains), respectively, with the parameters presented in Table 3. The structural for
MeFASL(10,3) is also presented.

known parameters. The first two are one-domain spectra réggcause the minimum ig® is too sharp (Fig. 2A) and could
resenting fluid-ordered membrane vesicles (spectrum A) aedsily be missed with the Simplex procedure. At high nois
fluid-disordered membrane vesicles (spectrum B). The thildyels the convergence is less efficient since noise broadens
two-domain spectrum (spectrum C), a superimposition of spestrape of the minimum (Fig. 2B). Consequently, there exists
tra A and B, resembles a realistic membrane spectrum.  optimal value of noise amplitude where the convergence
First, we checked the convergence of the optimization usingost effective. Therefore, in subsequent analyses, we check
spectrum A at different noise amplitudes. The starting parafire convergence at two different noise amplitudes, 5 and 10
eter set is shown in Table 1. We observed that with low noise|n the second stage, we compare the optimization of 0- ar
amplitudes (up to 1.9%) the optimization fails to convergg-type 5 functions at 5 and 10% noise amplitudes. In Table
1 and 2 the sets of parameters of the introductory spect
starting conditions, and optimized spectra are presented |

TABLE 3
Fitted Parameters of the EPR Spectrum of MeFASL(10,3) in the
Membranes of Human Leukocytes (See Fig. 6 Legend) with the
Standard Deviations Calculated from the Covariance Matrix

gether with the averaged relative errors. The relative errors a
calculated as the differences between the optimized and ori
inal parameters divided by the original parameters (in the ca
of p,, it is divided by 10* instead of 1 for the sake of

sensitivity). On the basis of the results presented in Table 1, v

Parametér Domain 1 Domain 2 Domain 3
can conclude that it is better to fit and optimize the spectra «
S 0.68+0.05 0.37+0.03 0.15+0.02 fluid-ordered membranes (spectrum A, Fig. 3) with the 1-typ
o ((rg)) 2'2f g'g g'gf 8'2 égf g'g ¥? rather than with the 0-typg? for both noise amplitudes. For
DA 100+ 0.02 102+ 0.01 0.92+ 001 the spectra of more fluid-disordered membranes (spectrum
Py 0.99985+ 0.00005 0.99988 0.00002 1.00013 0.00003 Fig. 3), the optimization based on O-typéis better than the
d 0.38+ 0.08 0.34+ 0.9 0.28+0.03 optimization with 1-typey® only at 5% noise.

® For description of the parameters, see Table 1.

® Rotational correlation times and additional broadening of the same dom
are usually highly anticorrelated with a correlation coefficient betwe80

and —65% (determined from covariance matrix analysis).

The optimization procedure for a more complex spectrur
glsrpectrum C, Fig. 4) was tested for reproducibility of the
Simplex algorithm procedure with different starting conditions
(Table 2). It can be seen from Figs. 4 and 5 and Table 2 that
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FIG. 7. EPR spectrum of Tempyl benzoate (TBZ) in the membrane of the liposomes made from dipalmitoylphospatidylcholine and cholesterol with th
ratio of 2:1 in phosphate buffer saline. The liposome suspension was prepared by the thin-film method. One hundred microliters of liposome su:
containing 4.8 mg of lipids was incubated for 15 min at room temperature with 10 nmol of spin probe, which was prepared as a thin film on the walls
glass tube. The labeled suspension was mixed with 60 m{HKC,0,);) and put in a glass capillary, and the spectrum was measured on an ESP 300 Brt
EPR CW spectrometer at room temperature. The thin and the thick lines represent experimental ang bytipgzed spectra with two spectral components
(domains), respectively, with the parameters presented in Table 4. The structural formula of TBZ is also presented.

get a good fit for multidomain spectra the starting approximé&-together with the structural formula of the spin probe and th
tion should not deviate much more than 20% from the originakst fit. A good fit is obtained if the spectrum is fitted as ¢
values (on average). Again, better agreement with the origisiperposition of three spectra by successive optimizations wi
spectrum was achieved with the optimization procedure baskeé Simplex algorithm. The parameters of all the spectr:
on the 1-typey’ than with that based on the O-typé. components, as well as the standard deviations that are cal
Real membrane spectraTo test the 1-type>-based Sim lated from the covariance matrix diagonal elements, are pr
plex optimization on complex experimental spectra, two esented in Table 3.
amples are presented: 2. The dipalmitoylphosphatidylcholine—cholesterol lipo-
mes were labeled with Tempylbenzoate. The broadenil
ent chromium oxalate Cr(C,0,);)) was added into the
ueous phase. In Fig. 7 the EPR spectrum and the correspo
ing fit obtained by the successive optimizations are present

Fitted Parameters of the EPR Spectrum of Tempyl Benzoate in together with the structural formula of the spin probe. For th

the DPPC-Cholesterol Liposomes in the Presence of the Paramag- Spin probe used, it is typical that its nitroxide group almos
netic Broadening Agent (CrOx) (See Fig. 7 Legend) with the freely tumbles above the membrane surface. Consequent

1. The EPR spectrum of the methyl ester of 5-doxy|paz;—O
mitic acid in human leukocyte membranes is presented in Fg

TABLE 4

Standard Deviations Calculated from the Covariance Matrix when the chromium oxalate is present in the water compat

ment of the liposome suspension, strong spin-exchange occ
Parametér Domain T Domain 2 between the nitroxide group and the chromium complex and
v (n9) 07+ 01 0.8+ 0.3 typical splln—exchange—broaden_gd spectrum appears. A good
W (G) 81+03 16+ 04 was obtained by the superposition of two spectra correspon
Pa 1.11+ 0.01 1.04+ 0.04 ing to regions: in one the spin probe is easily accessible to tl
Py 0.99990+ 0.00005 1.0000@& 0.00005 broadening agent (spin-exchange-broadened componel
d 0.96x0.01 0.04+ 0.01 whereas in the other it is not (pure isotropic component). Th

“ For description of the parameters, see Table 1. optimized parameters am_j the stantjard_ deviations that we
> In both domains, the angular distribution of the nitroxide group of the sp@lculated .from the covariance matrix diagonal elements a
probes is isotropic (order paramet&s, — 0). presented in Table 4.
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FIG. 8. Averaged relative errors after Monte Carlo optimization of fitted spectrum to spectrum A for different starting conditions and parameter sets fo
amplitudes 5 and 10%\ is the average number of steps in the optimization procedure obtained from 10 individual optimizations. Groups of three para
were fitted: (A)S-pa—Pg, (B) S—7-W, (C) W—pa—pgy, and (D) 7Ppa—Py-

To conclude, the most valuable parameters are the ordbeoad minima, which indicates numerical correlation betwee
parametersS;, weightsd; (i.e., portions of spin probes in ather. andW (also derived by covariance matrix analysis). This
certain domain in the membrane), and polarity correctipns could also explain why these two parameters are less sensit
andp,;, as can be seen from Table 3. The linewidth parametexsd less accurate.

T.; andW, are highly anticorrelated and therefore less reliable. It should be pointed out that the use of the Monte Carls
optimization routine is not limited to one-domain spectra
Optimization of Simulated Spectra with the Monte Carlo ~ Which was the case in the above consideration for the sake

Algorithm simplicity. It is, however, rather limited with respect to the

~ degrees of freedom (number of parameters) and by the pre

In the second part of our work, the Monte Carlo algorithrance of high correlations between some parameters. The co
for optimization of the parameters of a one-domain spectryfiiting time, which should not exceed some ten minutes for or
(spectrum A, Fig. 3) was examined at different noise amplptimization in order to try different starting conditions, limits
tudes and under different starting conditions. The results Wef number of parameters to 10 while working with Monte
compared with those obtained with the Simplex routine basegio. In the case of multidomain spectra, spectroscopis
on 1-typex” optimization. should set up the experiment in a way which allows thi

We allow the variation of three parameters for one-domafiytraction of the parameters step by step, in small groups
spectra, with the remaining two parameters being locked to jgee to six parameters.

known values. The two parameteBsand p, by which the

position of the lines is influenced generally converge well to

their original values whereas with, W, andp, the conver CONCLUSIONS

gence is not so good, as indicated by the large uncertainty bars

of the differences between fitted and original parameters (Fig.On the basis of the simulation of different types of syntheti
8), especially at the higher noise amplitude. To better undepectra under different starting conditions and signal-to-nois
stand the optimization, four two-parameter cross sectiong ofratios, it was shown that better fits are obtained when a ne
were calculated and presented in Fig. 9. From the cross seey of characterizing the goodness of fit with “island-length
tions, it can be seen that ti®-p, (Fig. 9C) cross section weighted” y* (1-type x°) is used instead of the standard least
exhibits a very sharp minimum, which means that the paramsguars criterion.

etersS andp, are not correlated with respect to the improved Taking this into account, two examples of real spectra c
least-squared criterion. On the other hand,th&V, S-7., and nitroxide spin probes in membranes were fitted. The EP
S-W cross sections (Figs. 9D, 9B, and 9A, respectively) hagpectrum of nitroxide in human leukocytes is fitted well as
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FIG. 9. Four two-parameter cross sections of the 1-typdunction through the phase space: BJW, (B) S-r., (C) S-pa, (D) 7~W; x? of the fits to
spectrum A with 5% noise amplitude.

superposition of spectra with different fluidity characteristicsion and optimization was prepared (EPRSIM Version 2.6
In the other example, where the spectrum of nitroxide i{80), which is routinely used in our biophysical laboratory. It
liposome membranes in the presence of paramagnetic broallbws 1024-point EPR spectral simulations with up to five
ening agents is presented, the experimental spectrum is veglectral components and optimization of all spectral param
described by the simulation if the spin-exchange interactiotess by two described optimization routines. With this methoc
between spin probes and paramagnetic ions are taken iitts no longer a problem to resolve two to three membran
account. Comparing the two optimization routines, Simplekomains with different fluidity characteristics in a fast motiona
and Monte Carlo, we can conclude that the Simplex can begime (10™=10? s) in addition to one isotropic component
very successful if the starting point is not too far from th&om the solution and the isotropic aggregates located either
original parameters, whereas the Monte Carlo is limited tbe solution or at the membrane surfaces.

approximately 10 parameters because of the complexity of the

phase space. Both optimization procedures showed problems, ACKNOWLEDGMENT

with two parameters describing the linewidths @nd W)

while other parameters converged very fast (confirmed also bghe work was carried out with Fhe financial support of the Ministry of
the covariance matrix analysis). Therefore it would be adyig¢'ence and Technology of Slovenia.

able to measure one of the linewidth parameters independently
and to approach the optimal combination of fitted parameters
by successive optimizations in groups of five to eight paramy Marsh, Electron spin resonance: Spin labels, in “Membrane

eters with the others fixed. Spectroscopy” (E. Grell, Ed.), pp. 51-142, Springer-Verlag, Berlin
On the basis of this study, a program for lineshape simula- (1981).
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