
Abstract. The results of development of pulsed electron ± elec-The results of development of pulsed electron ± elec-

tron double resonance (PELDOR)method and its applicationstron double resonance (PELDOR)method and its applications

in structural studies are generalised and described systemati-in structural studies are generalised and described systemati-

cally. The foundations of the theory of the method are out-cally. The foundations of the theory of the method are out-

lined, some methodological features and applications arelined, some methodological features and applications are
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and peptide ±membrane complexes. The attention is focussedand peptide ±membrane complexes. The attention is focussed

on radical systems that form upon self-assembly of nanosizedon radical systems that form upon self-assembly of nanosized

complexes (in particular, peptide complexes), spatial effects,complexes (in particular, peptide complexes), spatial effects,

and radical pairs in photolysis and photosynthesis. The posi-and radical pairs in photolysis and photosynthesis. The posi-

tion of PELDOR among other structural EPR techniques istion of PELDOR among other structural EPR techniques is

analysed. The bibliography includes 157 referencesanalysed. The bibliography includes 157 references..

I. Introduction

One of the key problems in structural chemistry is to measure

interatomic distances or distances between atomic groups in

molecules as well as intermolecular distances in various molec-

ular systems. X-Ray crystallography is the main classical

method for these investigations. However, growth of crystals

and structure determination from X-ray analysis data is still a

complicated task. In addition, single crystals of biomacromo-

lecules and their complexes may not either exhibit catalytic

properties or be biologically active. Therefore, NMR and EPR

spectroscopies or other spectroscopic methods of investigation

of disordered samples are more useful for obtaining structural

information in the liquid phase or in frozen solutions, i.e.,

under the conditions that are more appropriate for simulation

of biological systems rather than single crystals. Valuable

information on the structure and behaviour of nucleic acids,

proteins and protein complexes can be obtained using recently

developed computational methods of classical molecular

dynamics (MD). An important step forward that offers new

prospects for structural studies byEPR spectroscopywasmade

using pulsed methods, in particular, the pulsed electron ±

electron double resonance (PELDOR) technique. This review

generalises on a systematic basis the results obtained in

PELDOR studies of some structural problems.

Continuous wave EPR spectroscopy is widely used in

studies of the structure and dynamics of paramagnetic centres,

especially, spin labels in various biomacromolecules. However,

there are significant limitations on the studies of weak mag-

netic dipolar interactions. Nevertheless, research on just these

interactions can give structural information on the systems

containing paramagnetic particles arranged at distances (r) of

the order of 1 nm and longer. The dipolar interactions are

proportional to 1/r3, which makes a contribution of about 0.3

mT to the EPR linewidth at a distance of 2 nm. This contribu-

tion to the EPR linewidth in randomly oriented samples is

much smaller than the contributions from other inhomoge-

neous line broadenings, e.g., anisotropic hyperfine broadening

or the g-factor anisotropy. Obtaining reliable data on dipolar

interactions at distances r5 1.5 nm against the background

from other sources of line broadening using continuous wave

EPR spectroscopy is a very complicated task. Therefore, at

present dipolar interactions are studied using pulsed EPR

methods that allow one to exclude the inhomogeneous broad-

ening due to all other mechanisms except the dipolar inter-

actions. The electron spin echo (ESE) technique 1 makes it

possible to obtain information on dipolar interactions by

studying the kinetics of ESE signal decay at variable time

delays between microwave pulses. This pulsed method was

developed and successfully used in the 1970 ± 1990s for dis-

tance determination and investigations of the spatial distribu-

tion of radicals in irradiated substances and other systems.2 ± 4

However, some limitations exist on the ESE technique. The

minimum measurable interparticle distance is about 3 nm (or

the maximum spin concentration is about 1019 cm73), being

determined by the minimummeasurable phase relaxation time

(Tf)min, which is in turn related to the dead time of a pulsed
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EPR spectrometer. If the nearest environment of the particle

includes magnetic nuclei, the ESE signal decay is modulated at

the frequency of anisotropic hyperfine coupling with these

nuclei (so-called Electron Spin Echo Envelope Modulation

effects, or ESEEM).5 This modulation complicates the analysis

of the decay kinetics because now the parameters (frequencies)

of dipolar interaction cannot unambiguously be determined.

Often it appears that these limitations preclude extraction of

reliable information on dipolar interaction using the simplest

pulsed ESE technique to almost the same extent as in the case

of continuous wave EPR spectroscopy.

These problems were eliminated after the development,6 by

researchers from the Institute of Chemical Kinetics and

Combustion, Siberian Branch of the Russian Academy of

Sciences (Novosibirsk, Russain Federation), of two-frequency

pulsed ESE version for the determination of distances between

paramagnetic centres based on the data onmagnetic spin ± spin

dipole interactions.7 This pulsed method was called PELDOR

by analogy with the commonly accepted abbreviation ELDOR

(Electron Double Resonance) for two-frequency continuous

wave EPR spectroscopy. Some researchers prefer the abbrevi-

ation DEER (Double Electron Electron Resonance), but in

this case some problems arise due to difficulties in operation

with computer search systems. The PELDORpulse sequence is

shown in Fig. 1.

Theoretical analysis of pulsed EPR experiments is per-

formed using two types of spins called the A- and B-spins

(Fig. 2 a). In conventional ESE spectroscopy only the A-spins

(at echo signal frequency nA) change their orientation upon

application of the p/2 and p pulses that are responsible for the

appearance of the echo signal. In the two-frequency method

the B-spins are affected by the p pump pulses applied at the

frequency nB at instant t=T during the time interval t between
the first and second pulses applied at the detection frequency

nA (see Fig. 1 a).

The pulse acting on the B-spins changes their z-projection

and, as a result, the localmagnetic field at theA-spins (Fig. 2 b).

The magnitude of these changes is determined by magnetic

dipolar interaction between the A- and B-spins. As a result, the

change in the local magnetic field at the A-spins leads to

additional defocussing of the A-spins when the magnetisation

vector precesses in the xy plane after application of the first p/2
pulse. This in turn changes the amplitude of the echo signal

V(t) compared to its amplitude in the absence of the pulsed

pump of the B-spins. The effect depends on the time delay (T )

of the pump pulse after the first p/2 pulse at the frequency nA
(see Fig. 1 a). Experiments are carried out at constant interval

t= t0. The two-frequency pulsed technique is suitable for

studying the decay kinetics of the ESE signal amplitude

normalised to the signal amplitude in the absence of pumping

V(T )=
V�T; t0�
V�t0�

,

as function of the time interval T. Since the time interval t
between the p/2 and p pulses has a constant duration, it is

possible to eliminate the masking effects of dynamic and

relaxation processes typical of the kineticsV�t� in conventional
two-pulse ESE from the decay kinetics of the echo signal and to

obtain the changes in the echo signal due to dipolar inter-

actions only. It should be emphasised that, in contrast to

conventional ESE spectroscopy, the PELDOR technique has

a zero dead time and the minimum T value is only determined

by the duration of the pump pulse (this pulse can be applied

prior to applying the first pulse at the frequency nA at instant

t=7T 0, see Fig. 1 a). Note that NMR spectroscopy uses a

similar method of investigation of dipolar nuclear interac-

tions.8, 9

A PELDOR version 10 with three excitation pulses applied

at the frequency nA (see Fig. 1 b) is also available. In this case
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Figure 1. Pulse sequences used in PELDOR method.

(a) Three-pulse PELDOR technique. The spin echo signal V(t) appears
after application of the p/2 and p pulses at the frequency nA . The pumping

p-pulse applied at instant T at the frequency nB changes the echo signal

amplitude. These changes are detected as the PELDOR signal V(T ).

(b) Four-pulse PELDOR technique. The echo signal is induced by

applying three pulses (p/2, p, p) at the frequency nA . Changes in the echo

signal (PELDOR effect) appear after application of the pumping p pulse at
the frequency nB during the time interval from t to t+ t1 .
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Figure 2. EPR spectrum the shape of which is described by the function

g(n), and dipolar interaction between spins A and B.

Spectral regions excited by the pulses A and B (spins A and B, respectively)

(a). The local field at the spin A site changes fromDH(+) to DH(7) as the

spin B changes its orientation upon application of the pumping p pulse at

the frequency nB (b).
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(four-pulse PELDOR) the first two pulses form the echo signal

at the instant 2t and the additional (third) pulse applied at the

instant 2t+ t1 refocusses the magnetisation, thus creating the

echo signal at the instant 2t+2t1 . The pump pulse at the

frequency nB is applied between the second and third pulses

that are applied at the frequency nA (see Fig. 1 b). The depend-

ence of the amplitude of the refocussed echo V(T ) on the

position of the pump pulse on the time scale in the interval from

t to t+ t1 is measured. Similarly to the three-pulse PELDOR

version, information on dipolar interaction can be extracted by

analysing the decay kinetics V(T ), which can be detected as a

function symmetrical with respect to the instant t=2t+2t1.
The four-pulse PELDOR technique is characterised by zero

dead time.

Early PELDOR studies were followed by elaboration of

efficient single-frequency, zero-dead-time pulsed EPR techni-

ques.11, 12 A so-called (2+1) ESE technique 13 whose exper-

imental design is similar to that of the PELDOR experiments

should be pointed out. However, the (2+1) ESE approach is of

limited use owing to the need for applying an additional (+1)

microwave pulse at the operating frequency of the spectro-

meter; this pulse is incoherent with the two main pulses that

form the ESE signal. The single-frequency methods have their

advantages and drawbacks compared to the PELDOR techni-

que. Detailed consideration of these issues goes beyond the

scope of this review, although we will dwell on some points in

the text below. Undoubtedly, the PELDOR technique is the

simplest method of applied research and analysis of results

obtained. Researchers face difficulties only in practical imple-

mentation of the design of spectrometers with two sources of

microwave radiation. Recently, these problems have been

successfully solved in commercially available Bruker E 580

and E 680 EPR spectrometers (Germany) which become more

and more popular instruments.

A number of reviews of the pioneering PELDOR studies

are available.14 ± 20 The authors of more recent reviews either

briefly outline the PELDOR among the bunch of other EPR

techniques 21, 22 or put emphasis on particular methodological

issues and applications.23, 24

The PELDOR technique is a version of high-resolution

pulsed EPR spectroscopy. The theory of the phenomenon and

the experimental design have been elaborated quite well and

the necessary equipment is now commercially available. There-

fore, the PELDOR finds an increasing number of applications

in chemistry, biology and related fields of research. In this

review we generalise the results obtained in this field of

chemical radiospectroscopy up to the end of the year 2007.

II. Theoretical foundations of the PELDOR
technique

In this Section wewill consider some theoretical results that are

necessary when analysing the kinetics of PELDOR signal

decays using various models of spatial organisation of spin

systems.

Since the available spectrometers permit efficient investi-

gations of spin pairs only with interparticle distances of at least

1 ± 1.5 nm, theoretical analysis is usually performed assuming

that the magnetic dipole interaction between A-spins and

B-spins is much weaker that the frequency difference between

the corresponding pulses DnAB . This interaction is also

assumed to be weak compared to the amplitude of microwave

pulses and therefore it is thought that both components of the

dipolar doublet are excited to the same extent. The amplitudes

and durations of microwave pulses are such that the effect of

the excitation pulses on the B-spins and that of the pump pulse

on the A-spins can be ignored. These assumptions are valid in

most cases of theoretical analysis of PELDOR experiments.

1. Spatially oriented pairs
It is assumed that the spin ± lattice relaxation time T1 of the

spin system is much longer than the phase relaxation time Tf

and that the interval t between pulses is much shorter than Tf.

In this case both spin ± lattice and phase relaxation of the spins

of paramagnetic centres can be ignored and the PELDOR

signal has the form 6, 7

V�T � � V�0� 1ÿ pb�1ÿ cos�DT ��� �, (1)

where V(0) is the echo signal in the absence of pumping and pb
is the probability of changes in the orientation of the B spin

under the action of the pumping pulse or the extent of

excitation of the spectrum at the frequency nB ,

D � oD�1ÿ 3 cos2 y� � J, (2a)

oD � 2pnD �
g2�h
r3AB

. (2b)

Here y is the angle between the direction of external magnetic

field and the vector r, J is the constant of exchange interaction,

g is the gyromagnetic ratio for electron spin, �h is the Planck

constant and rAB is the distance between the A-spins and

B-spins. The lower limit of D measurements is determined by

the rate of phase relaxation 1/Tf . Since V(0)* exp(72t/Tf)

and T4t, the minimum experimentally measurable value

Dmin is Dmin& 1/Tf . Relationship (1) contains information

necessary for analysis of the PELDOR data for the simplest

oriented systems, e.g., pairs of paramagnetic centres in single

crystals.1, 5 The decay kinetics of the signal V(T ) for polyor-

iented systems can be derived by appropriately averaging

expression (1).

2. Randomly distributed paramagnetic centres
In this case the PELDOR signal decay can be calculated using

the Markov method 6, 14, 25, 26 assuming the all B-spins act on

the A-spins independently. Then the decay V(T ) is given by

V�T � � V�0�
*Y

j

1ÿ pb 1ÿ cos�DjT �
� �ÿ �+

r; y

, (3)

where the subscript j refers to the B-spins and the angular

brackets denote the averaging over the angle and over the

distances between spins of the centres under study. In this case

we assume a random particle distribution over the whole

volume. The averaging using expression (3) gives an exponen-

tial decay V(T ) in the form

V�T � � V�0� exp ÿ 8p2

9
���
3
p g2�hpbCT

 !
� (4)

� V�0� exp ÿ2pbDo1=2T
ÿ �

,

where Do1/2=8.261013C cm3 s71 is the dipolar linewidth

andC is the concentration of paramagnetic centres. This result

for PELDOR is in exact correspondence with the expression

for the ESE signal decay due to dipolar interaction in the case

of randomly distributed particles.1, 3
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3. Randomly oriented pairs
If the interacting centres in pairs are at the same distance

(r=const), the function describing the kinetics of PELDOR

signal decay can be derived with ease by averaging expression

(1) over the angle y only. The result is as follows:7, 14, 15

V�T � � V�0� 1ÿ pb�1ÿ F�T ��f g, (5)

F�T � � p�c2 � s2�
6oDT

" #1=2
cos �oD � J �Tÿ arctg

�
s

c

�� �
, (6)

where c and s are the Fresnel integrals

c �
�v
0

cos

�
p
2
x2
�
dx,

s �
�v
0

sin

�
p
2
x2
�
dx, (7)

v �
�
6oDT

p

�1=2

.

Relation (5) shows oscillations of the PELDOR signal

decay at the frequency oD+ J (Fig. 3 a) due to the dipolar

and exchange (J> 0) interactions in randomly oriented sys-

tems. Note that in the case of negative exchange interaction

(J<0) the time dependence of the signal is significantly

distorted compared to the case J>0 (Fig. 3 b). For instance,

at J=7oD, oscillations are observed at the frequency

*3oD . One should keep in mind that the kinetics of the

PELDOR signal decay V(T ) can directly be analysed only at

J>0, because calculations showed that at J<0 the function

V(T ) has a number of harmonics depending on the J/oD ratio

(see Fig. 3 b). This means that analysis of the signal in the time

domain can only lead to significant errors when estimating the

distances in the presence of nonzero exchange interaction.

Generally, Fourier analysis of the kinetics V(T ) (i.e., the

frequency spectrum in the form of the so-called dipolar Pake

doublet) makes it possible to extract information not only on

the magnitude of the parametersoD and J, but also on the sign

of J.27 Indeed, with allowance for axial anisotropy of dipolar

interaction the dipolar splitting of the lines in the doublet

corresponds to the frequencies

ok � j2oD7Jj,

o\= joD+ Jj.
Note that in most cases the Fourier analysis is to a great extent

simplified because the PELDOR technique permits distance

measurements at r>1.5 ± 2.0 nm (see below), where, with rare

exception, the exchange interaction is weak,28 J & 0 and the

dipolar spectrum allows one to obtainok=2oD ando\=oD

(Fig. 4) immediately.

From Eqn (6) it follows that the amplitude of the

PELDOR signal oscillations in polyoriented systems decreases

with an increase in T and dipolar frequency oD . An important

reason for damping of oscillations also consists in spread of the

distances rAB between paramagnetic centres. Figure 5 shows

that even small spread drAB/rAB& 0.1 leads to strong damping

of oscillations (they almost disappear at drAB/rAB=0.25).

Thus, a simple Fourier analysis of the signal V(T ) in order to

determine the r and J values is incomplete. In the text below we

will return to the analysis of the decay kinetics of the PELDOR

signal, which also contains important information on the

distance distribution function in pairs.

A nonparametric method of determination of the average

distance between spins in a pair of paramagnetic centres with a

broad distance distribution was also proposed.29 It is based on

determination of position of the first minimum of the deriva-

tive of the PELDOR signal with respect to time T. The method

requires a relatively high accuracy of signal measurements and

provides the possibility of fast evaluation of the average

distance without imposing any limitations on the distribution

function.

1

2

3

V(T ) (rel.u.) a

nD/(J+ nD)

1

2

3

V(T ) (rel.u.) b

0 0.5 1.0 1.5 2.0 2.5 nDT

1

2

3
4

5

Figure 3. PELDOR signal decay oscillations due to dipole ± dipole and

exchange interactions for randomly oriented pairs at constant spin ± spin

distance: J>0 (a), J<0 at J/nD ratio of 70.1 (1), 70.2 (2), 70.5 (3),

71.0 (4) and71.5 (5) (b).

o\

2ok

0

Figure 4. Dipolar Pake doublet at J=0.
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4. Intramolecular and intermolecular dipolar interactions
In complex real systems, such as samples containing radical

pairs, clusters or aggregates of paramagnetic particles, there

are two types of dipolar interactions. There are the interaction

between paramagnetic centres within the same element and the

interaction between paramagnetic centres localised within

different elements. Assuming that these interactions are inde-

pendent and denoting the PELDOR signal decays due to these

contributions as V(T )intra and V(T )inter, respectively, the over-

all function describing the decay of the signal V(T ) has the

form

V(T )=V(T )intraV(T )inter .

This makes it possible to separate the dipolar contributions in

complex systems. For instance, in the case of frozen solutions

of biradicals the intra-pair dipolar contribution V(T )intra is

described by expressions (5) ± (7), while the inter-pair interac-

tion, V(T )inter, is described by relation (4). The contributions

can be separated by measuring the signal V(T ) at different

concentrations of radical pairs, aggregates or clusters.18, 30

Taking into account expression (4), a simple extraction of the

exponential component, as is most often done, seems to be

quite dangerous procedure. Here, one should know with

certainty that there are no spatial inhomogeneity effects (see

below) or other complicating factors (e.g., the shortest distance

between the A- and B-spins 31), which cannot be described by

the simple exponential expression (4). In this case, problems

(namely, the appearance of false maxima) can also arise in

reconstructing the pair distribution function from V(T ).

5. PELDOR signal decay for groups comprising N spins
It is not infrequent that the interparticle distances in a group of

particles aremuch shorter than the distances between groups as

in, e.g., radical pairs formed during photolysis or radiolysis of

solids. In these cases analysis of the PELDOR signal decay

enables evaluation of the geometric parameters of such groups

and the number of paramagnetic centres in the group.14, 15, 32 In

the simplest case we can assume that the system under study

consists of identical groups containingN particles each. Ignor-

ing possible positional and orientational correlations of par-

ticles in the groups, the PELDOR signal decay due to dipolar

interactions within the group is given by

V(T)intra=V(0)[17pbh17cos(DT )ir, y]N71, (8)

where h:::ir, y denotes the averaging over the angle and spin ±

spin distances in the group.

The averaging (8) leads to a fast decay V(T )intra at short

times T4T � corresponding to dipole spin ± spin interaction

with the effective spin ± spin separation (reff) in the group,

where

T � � r3eff
g2�h

. (9)

From expression (8) it follows that the functionV(T )intra tends

to its limiting value Vp at times T5T � (Fig. 6 a); here to a

good approximation one has hcos�DT �i � 0. The limiting

value Vp equals 32

Vp �
�
1ÿ pb

�Nÿ1
� 1ÿ Nÿ 1� �pb. (10)

The approximate equality on the right side is valid at

Npb<1. From expression (10) it follows that if the Vp and pb
values are known from the experiment, one can estimate the

number, N , of spins in the group (Fig. 6 b).

If there exists a distribution over the number (N ) of

particles in groups, which is described by the function F(N ),

the PELDOR technique makes it possible to evaluate the

moments of the distribution function over the number of

particles or to determine the effective N value, Neff, in the

group.32 In this case, not only the dependence Vp(pb), but also

the dependence Vp(pa) or N=N(pa) is studied, where pa is the

probability of spin excitation at the frequency nA . Specific

methods for analysis of PELDOR experimental data for

evaluating the moments of the distribution function F(N )

were elaborated.33, 34

6. Interparticle distance distribution function for
paramagnetic species
Methods of calculations of the distance distribution function in

radical pairs from PELDOR data have been elaborated quite

recently 29, 35 ± 38 and immediately found wide application in

0 5 10 15 nDT
70.4

70.2

0

0.2

0.4

0.6

0.8

1.0

V(nDT )

4 3 2 1

Figure 5. Effect of the spread of spin ± spin distances (drAB/rAB) on

PELDOR signal decay.

drAB/rAB=0 (1), 0.1 (2), 0.15 (3), 0.25 (4).

V(T )intra

T * T

Vp

Vp

pb

b

a

Figure 6. N-Spin PELDOR signal decay for randomly oriented pairs

(distances in pairs are not fixed) assuming no correlations between spin ±

spin distances in pairs (a) and the dependence of the limiting decay value

(Vp) on the excitation probability pb (b).
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practice. Now we will consider one method in more detail. The

problem, in essence, is to solve an inverse ill-posed problem

using Tikhonov's regularisation techniques.39 One should keep

in mind that the instability of the solution to the inverse

problem is retained.

The distribution function over distances between spin

labels in groups (aggregates) is determined using the decay

Vintra(T ). We will denote the distance distribution function of

spin labels as F(r)=dn(r)/dr, where dn(r) is the proportion of

pairs of spin labels in the aggregate, for which the distance

between labels in the pair is in the range from r to r+dr. The

form of the function F(r) will be determined by comparing the

experimental dependences of Vintra with the dependences

calculated for aggregates containing N spin labels (Vcalc). We

will use the known dependence of the PELDOR signal for

randomly oriented pairs of spin labels [Eqns (5) ± (7)] assuming

that at most one pair of labels in each aggregate contributes to

the signal. This approach is valid at rather small amplitudes of

the pump pulse pb , when the pulse excites only a small

proportion of N spin labels and the excitation probability of

two or more spin labels can be neglected. The relation for the

normalised PELDOR signal averaged over the angle y (J=0)

in expression (8) has the form

V�T � � 1ÿ �Nÿ 1�pb�1ÿ h f �r;T �ir�, (11)

where

f �r;T � �
�
cos

�
g2�h
r3

h
1ÿ 3 cos2�y�

i
T

��
y
. (12)

The function hf �r;T �i in expression (11) has the meaning

of distance-averaged relation (12). For a continuous distance

distribution between spin labels in aggregates the decay

kinetics (11) can be written as follows:

V�T � � Vp � �1ÿ Vp�
�r2
r1

F�r�f �r;T �dr, (13)

where

Vp=17(N71)pb ,

and F(r) is the distance distribution function between spin

labels in aggregates. The integration limits r1 and r2 in relation

(13) confine the physically reasonable range of distances

between spin labels. By dividing the interval from r1 to r2 into

a series of discrete values rk and replacing the integral in

expression (13) by the sum, we get the equation for the

experimental set of Tz values

V�Tz� � Vp � �1ÿVp�
X
k

F�rk�drk
" �rk �drk

rk

f �r;Tz�
dr

drk

#
. (14)

From relation (14) one can determine the distribution

function F(rk) and theVp value by comparing the experimental

dependence of Vintra with the calculated dependence V(Tz). To

solve this problem, it is convenient to re-write relation (14) as

follows:

Vcalc � 1ÿ Vz

V0

�
X
k

F�rk��1ÿ Vp�
"
1ÿ

�rk �drk

rk

f �r;Tz�
dr

drk

#
drk �

�
X
k

Xk

"
1ÿ

�rk �drk

rk

f �r;Tz�
dr

drk

#
, (15)

where

Xk=(17Vp)F(rk)drk .

Now expression (15) represents a system of linear equations

with the unknown parameters Xk. The values�rk � drk

rk

f �r;Tz�
dr

drk

can be numerically calculated using relation (12) for a set of

experimental values Tz. In accordance with expression (15)

now the Vcalc value should be compared with the experimental

valueVe=17Vintra . TheXk values thus obtained allow one to

determine both the form of the function F(r) and the Vp value,

i.e., the number N, because from the normalisation of the

function F(r) to unity one has

X
k

Xk � 1ÿ Vp .

The distribution function was determined using Tikho-

nov's regularisation technique for ill-posed problems 39 whose

applicability to analysis of the PELDOR data was studied

recently.38 The procedure included variation of the Xk values

under constraint condition Xk5 0 and numerical minimisa-

tion of the functionalM:

M � Rÿ lO,

R �
Xn
z� 1

h
V�Tz�calc ÿ V�Tz�e

i2
,

O �
Xm
k� 1

X 2
k .

Here n is the number of experimental time points Tz, m is the

number of distance points rk and l5 0 is Tikhonov's regular-

isation parameter.39 The regularisation parameter l affects the
extent of smoothness of the resultant dependence F(r). At small

l, the solution is unstable towards small deviations of the

experimental values Vintra , i.e., the function F(r) executes

random large-amplitude oscillations with respect to the stable

solution. At large l, the solution becomes too smooth and there

is a risk of losing characteristic details of the distribution;

besides, here one gets a poorer description of the experimental

data. Having determined the function F(r) using the methods

listed above, one should make sure whether it correctly

describes the experimental PELDOR signal decays.

The aforesaid is a brief outline of the approach to determi-

nation of the function F(r), which was used in our recent

studies.36, 40 ± 45 Programs for reconstruction of the function

F(r) from PELDOR data (for detailed description, see Ref. 46)

are also popular. We believe that solution to the ill-posed

inverse problem requires particularly critical evaluation of

possible systematic and random errors in the experiment.

7. Orientation selectivity in the PELDOR technique
The pulses A and B act in different narrow frequency intervals

of the EPR spectrum. The relatively large anisotropy of

magnetic-resonance parameters of EPR of iminoxyl radicals

causes excitation of only that region of the EPR spectrum,

which corresponds to radicals with particular orientation

relative to external magnetic field. Now we are concerned

with orientation selectivity in PELDOR spectroscopy. Radi-

cals with different spatial orientations are to different extent
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excited by the pulses responsible for the formation of the spin

echo signal and by the pumping pulse.

If radical pairs have a particular orientation relative to one

another, there exists a correlation between the values of the

parameters V(0), pb and D in Eqn (1), which should correctly

be taken into account.14, 47 If the geometry of a pair of para-

magnetic centres is fixed but the whole sample is disordered,

the values being averaged are unambiguously determined by

the orientation of external magnetic field in the system of

coordinates related to the pair.14 Such a frame of reference can

be specified using six parameters, namely, three Euler angles

(they describe rotation from the molecular axes of one spin

label to the molecular axes of the other label) and three

components of the vector rAB connecting these labels. The

PELDOR signal given by relation (1) is averaged over all

possible orientations of external magnetic field H0 in this

molecular system of coordinates. Here, it is convenient to use

the difference between the echo signal amplitudes without the

pumping pulse, V(0), and with the pumping pulse, V(T )

Vd T� � � V�0� ÿ V�T �h iO; g�n� ,

where O and g(n) denote the averaging of Vd(T ) over the

orientations of external magnetic field and over the inhomoge-

neous contour of the EPR line of each radical in the pair. The

result of such averaging 27 is as follows:

Vd T� � � A

�1
0

x cos y� �
�
1ÿcos oD 1ÿ3 cos2 yÿ �� J

� �
T

� 	�
d cos y,

whereA is the normalising factor and y is the angle between the
direction of external magnetic field and the vector connecting

the spins in the pair. Compared to expressions (5)7(7), all

information on the mutual orientation of radicals is contained

in the function x cos y� �, which was called the geometric form-

factor.27 This function also depends on the parameters of the

microwave pulses.

The corresponding analytical expression and examples of

the form-factor calculations for iminoxyl radicals in the

X-band can be found in Ref. 27.

The results obtained in Ref. 27 were extended 48 to the case

of microwave pulses of finite amplitude, where the dipolar

splitting in the spectrum can be comparable in magnitude or

even be higher than alternating magnetic fields affecting the

system. It was shown that obtaining a rather large amplitude of

PELDOR signal modulation requires that the pumping pulse

should excite both components of the Pake doublet for the

B spin.

Orientation selectivity in PELDOR technique was first

reported in an X-band study of iminoxyl radical pairs (see

biradical 2 in Table 1 in Section IV.1).47 However, it should be

noted that orientation selectivity is weak in the X-band. High-

frequency (high-field) studies offer new great prospects for

experimental investigations of mutual orientation of para-

magnetic centres. In this case a high resolution of the EPR

spectrum with respect to the g-factor enables PELDOR

measurements by exciting EPR lines with preset values gxx ,

gyy , gzz by applying pulses at the frequencies nA and nB and

obtaining reliable data on mutual orientation of radicals in

pairs. Detailed information on orientation selectivity was

recently obtained in the 95 (W-band),49 ± 51 180 (Refs 52 ± 54)

and 360 GHz.49 These new experimental results favoured

further development of the theory and methods of analysis of

orientation selectivity in PELDOR.50, 51

At the end of this Section, we will formulate the following

order of analysis of PELDOR experimental data based on the

available theoretical concepts.

1. Separation of the contributions V(T )inter and V(T )intra
from the initial decay kinetics of the signal V(T ).

2. Drawing conclusions on specific features of spatial

distribution of paramagnetic particles based on the V(T )inter
pattern.

3. The kinetics V(T )intra permit identification of aggre-

gates, determination of the number of particles in the aggre-

gates or specific features of the statistics of particles in groups,

evaluation of distances from the Fourier analysis of V(T )intra
and calculations of the distance distribution function F(r).

Usually these data serve as a basis for conclusions about

the structure of radical pairs or aggregates. Reliability of the

results obtained can be checked using quantum chemical

computational methods, e.g., the molecular dynamics meth-

ods.

III. Methodological features of the PELDOR
technique

1. EPR spectrometer for PELDOR experiments

We do our PELDOR investigations using a pulsed EPR

spectrometer described in detail elsewhere.55 The spectrometer

operates in the frequency range 8 ± 10 GHz at a pulse power of

*1 kW and a minimum pulse duration of 20 ns. The pump

source is a magnetron operating on the self-excitation mode at

a fixed frequency of 9400 MHz. The maximum output micro-

wave power is 5 kW at pulse durations between 15 and 40 ns.

The pulse sequence, pulse durations, intervals between the

pulses and the repetition frequency are specified by a pro-

grammer.

At present, X-band (8 ± 10 GHz) PELDOR spectrometers

are most widely used, although spectrometers operating at

record high frequencies to 360 GHz have been designed

recently.49 With allowance for increasing popularity of

PELDOR technique the company Bruker BioSpin MRI

GmbH (Germany) produced a series of pulsed EPR spectrom-

eters equipped with accessories for PELDOR spectroscopy

and operating in the X-, Q- and W-bands.56 ± 58 A model E 580

X-band spectrometer for four-pulse PELDOR experiments

uses almost 1 kW (amplified) microwave pulses of duration

to 8 ns and the possible frequency difference is Dn=
nA7nB=800 MHz. The sensitivity and temporal resolution

of the instrument can be illustrated by the fact that a 1079 W

signal can be detected 1078 s after application of microwave

power of several kW in a single pulse.

The pulsed EPR spectrometer for PELDORmeasurements

operates at two frequencies (nA and nB) applied to the sample

under study. Two types of cavities are used, a monomodal

cavity with low Q-factor, which allows simultaneous two-

frequency excitation, and a bimodal cavity with two compart-

ments that can be separately excited at the frequencies nA and

nB . In this case the sample to be studied is placed in the

common fragment of the cavity.

The design of the cavity for PELDOR spectroscopy should

allow for production of rather large microwave field strength

(H1) in the sample to rotate the magnetisation vector and to

excite as large region of the EPR spectrum as possible (rotation

after application of a 10-ns p/2 pulse requires the amplitude

H1=1 mT). This is achieved by using specific cavity design

that allows the field H1 to be concentrated in the sample at

relatively low Q-factor. A review of various versions of cavity

design is available in the literature.59 In our studies we use a
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bimodal cavity, which is schematically shown along with a

Dewar vessel and a sample in Fig. 7. In this cavity two TE102

modes are overlapped at a right angle; the design of the cavity is

similar to that proposed for double resonance experiments in

continuous wave EPR spectroscopy.60 Both cavities are tuned

using quartz or Teflon rods introduced into the corresponding

compartment. Frequency isolation between the cavities oper-

ating at the frequencies nA and nB is 20 dB at nA=9.4 GHz,

nA7nB=100 MHz, and Q-factors QA=220 and QB=150.

To carry out variable-temperature experiments, the Dewar

vessel can be replaced by a gas stream tube.

The concentration sensitivity of the PELDOR spectro-

meters matches that of pulsed EPR spectrometers. Compared

to the continuous wave spectrometers (sensitivity of BruÈ cker

c.w. EPR spectrometers is 1010 ± 1011 spins per sample), the

sensitivity of the PELDOR spectrometers is 1 ± 2 orders of

magnitude lower, especially for broad EPR spectra, where

pulses excite only a certain region of the spectrum under study.

At the same time one should keep in mind that the PELDOR

effect is proportional to the extent of excitation of the spectrum

by the B pulse, i.e., to the pb value.

PELDOR measurements are limited to the time interval

0 ± t. In this interval, the echo signal decay due to phase

relaxation should not be large. The loss of the echo signal

intensity due to phase relaxation limits the initial amplitude of

the PELDOR signal. There is a number of methods for partial

compensation of these losses. The sensitivity can be improved

by reducing, e.g., phase relaxation by decreasing the concen-

tration of paramagnetic centres (CR), because Tf* 1/CR . Yet

another approach is based on reduction of the phase relaxation

by reduction of the nuclear spin diffusion. This is achieved by

replacing protons by deuterons and by using solvents contain-

ing no mobile rotating groups (e.g., CH3 ) to shorten the phase

relaxation.61 Owing to spectral diffusion the phase relaxation

can be temperature dependent, especially for type T1 sam-

ples.1, 3 Therefore, usually the most reliable method of exten-

sion of Tf is to carry out measurements at maximum possible

low (cryogenic) temperatures. The sensitivity can also be

improved using the temporal factor, namely, elongation of

the signal acquisition time, but in this case the situation is

governed by the stability of the spectrometer over time.

The sensitivity is to some extent improved in four-pulse

PELDOR experiments where the change in the interval T

occurs at a constant value of the time interval between the

pumping pulse and the third p observer pulse (see Fig. 1 b).62

2. Determination of the parameter pb
Analysis of the kinetics of PELDOR signal decays requires

determination of the parameter pb , which is related to the angle

of rotation of the B-spin magnetisation after application of the

pumping pulse. If the linewidth is small compared to the

pumping pulse amplitude (H1), all spins rotate by the same

angle and the pb value is given by

pb � sin2
gH1tp

2
, (16)

where tp is the duration of the pumping pulse (experimental

parameter). For a broad EPR line relation (16) should be

averaged over the line form-factor g(n). The parameter pb for a

rectangular pulse can be calculated as follows: 1, 63

pb �
��1
ÿ1

o2
1g�n�

o2
1 � 4p2�nB ÿ n�2 sin

2

�
tp
2

�������������������������������������
o2

1 � 4p2�nB ÿ n�2
q �

dn , (17)

where o1 � gH1 and nB is the frequency at which the pumping

pulse is applied. Thus, the parameter pb can be calculated with

known experimental parameters.

However, an experimental method of determination of the

parameter pb seems to be more reliable. For instance, this can

be done using the experimental exponential decay V(T ) for

uniformly distributed particles if their concentration is known

[see relation (4)]. This is particularly convenient in the case of

solutions of stable radicals. The pb value can also be deter-

mined using relation (10) for radical pairs withN=2. In some

experiments one should also know the parameter pa , which is

calculated or experimentally determined by the same methods

as those employed to determine the parameter pb .

3. Range of distances measured by the PELDOR technique
We can evaluate the range of distances r to be measured from

PELDOR signal decay oscillations. The lowest dipolar fre-

quency (oD) is determined by the longest time interval tmax

between the echo excitation pulses applied at the frequency nA ,

at which the signal can still be detected by the two-pulse ESE

technique. This time matches the phase relaxation time (Tf)

and is determined by the concentrations of electron and

nuclear spins, the temperature and by other properties of the

spin system. For organic matrices an unavoidable reason for

phase relaxation (even at liquid helium temperature) is spectral

diffusion in the system of electron spins, which is due to spin

diffusion in the system of nuclear spins (protons of the

matrix);1 in this case the decay of the spin echo signal obeys

the law exp[7(t/Tf)3]. Usually, for organic matrices one has

Tf& tmax& 5 ms. Assuming that detection of one half-period

of oscillations of the V(T ) decay requires that condition

oDtmax= p be valid, we get for rmax from relations (2)

rmax �
g2�h
p

tmax

 !1=3

.

The estimate of the upper bound of distances thus obtained is

rmax& 8 nm at tmax& 5 ms.
If the bandwidth of the receiving channel is rather broad,

the minimum value (rmin) or the maximum dipole width is

2

3

1

Figure 7. Measuring cell in PELDOR experiments.

Sample (1), quartzDewar vessel (2), andTE102 bimodal cavity tuned to the

frequencies nA and nB (3).

494 Yu D Tsvetkov, A DMilov, A GMaryasov



determined by the amplitude of the microwave field (H1) at the

sample at the frequency nB . This amplitude should be suffi-

ciently large to excite both lines of the Pake dipolar doublet

with a splitting of 2oD (see Fig. 4). In this case one has

2oD= gH1 and for the pumping p pulse one gets gH1tp= p,
where tp is the duration of the pulse applied at the frequency

nB . For rmin, one gets

rmin � 2
g2�h
p

tp

 !1=3

,

which gives rmin& 1.8 nm at tp& 30 ns. Thus, the range of

distances to be measured using the PELDOR signal decay

oscillations spans from 1.8 to 8 nm. Experiments and more

detailed calculations with allowance for pulse durations shift

the lower bound to *1.5 nm and the upper bound to

7.0 ± 7.5 nm.40, 48

Limitations in two-frequency (nA and nB) PELDOR spec-

troscopy are due to the EPR linewidth, the frequency differ-

ence DnAB and the duration, tp , of microwave pulses. In the

frequency domain rectangular pulses should not overlap (this

means that DnAB<D and DnABtp�1, where D is the effective

width of the EPR spectrum). For iminoxyl radicals one has

D � 300 MHz and if experiments are carried out at

DnAB& 100 MHz and tp � 40 ns, the conditions mentioned

above are met. However, this imposes significant limitations

on the investigations of narrow EPR spectra and on the short-

pulse PELDOR studies. Useful tips concerning PELDOR

experimental design and processing of results obtained are

available from reviews.23, 24

IV. Applications of the PELDOR technique

1. Iminoxyl biradicals and polyradicals

Iminoxyl biradicals appeared to be convenient model systems

for experimental check of most theoretical concepts developed

for the PELDOR technique. Usually, experiments were carried

out using linear molecular structures containing two piper-

idine, pyrrolidine, pyrroline or 3-imidazoline terminal radical

fragments. Detailed consideration of the molecular structures

and properties of this type of biradicals determined by con-

tinuous wave EPR spectroscopy were reported in mono-

graphs.28, 64, 65 In the text below we will present the results

obtained in PELDOR studies of these compounds. The struc-

ture of the iminoxyl biradicals studied by the PELDOR

technique and the results of measurements of the distances

(R) between the NO fragments in these systems are listed in

Table 1.

Modulation of PELDOR signal decay by dipolar interac-

tions was first detected in the experiments with frozen glassy

solutions of type 1 iminoxyl biradicals (see Table 1, Fig. 8).7

The distance between the unpaired electrons was determined

either by direct measurement of the modulation period of the

PELDOR signal decay or from its Fourier-transformed spec-

trum. The biradical with R=H was chosen as test system in

the pioneering field-step PELDOR study.66

Calculations of the pair distribution functions of the

biradicals 1 and 16 (Fig. 9) were reported.40 In contrast to

conventional techniques, the functions F(r) were calculated

with allowance for the pulse durations in the PELDOR experi-

ments. This improved the reliability of the determination of the

distribution function F(r) and allowed the numerical value and

sign of the exchange integral J to be calculated for the

biradicals in which the NO fragments are separated by less

than 2 nm (see Table 1). Two conformations of biradical 16

with similar distances (1.62 and 1.70 nm) were found. Note

that earlier the exchange integral (J=11.0 MHz) was deter-

mined with certainty only for biradical 15 with effective

conjugation in the bridge.67 Probably, biradicals 5 and 9 are

also characterised by nonzero exchange integral, but no data

on exchange in these systems are available at the moment.

Seemingly, the ester groups in the structure of many iminoxyl

biradicals preclude effective exchange interaction.

Iminoxyl biradical 2 appeared to be the most popular. The

distance between the NO fragments was determined from the

Fourier-transformed spectra of three-pulse 47, 68 and four-

pulse 10 PELDOR data. (Note that in the latter case biradical

2 was used to test the first proposed four-pulse PELDOR

technique.) The average distance measured by different

authors is 1.97� 0.07 nm (see Table 1), being consistent with

the results of calculations using molecular models.68 It is

assumed that biradical 2 adopts a certain possible conforma-

tion, which is then stabilised under the experimental conditions

0.6

0.8

1.0

V(T ) (rel.u.)

V(T ) (rel.u.)

0.4

0.6

0.8

1.0

0 0.4 0.8 T /ms

a

b

Figure 8. PELDOR signal decays for biradicals 1 (see Table 1).8

R=H (a), Me (b).
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F(r) /nm71
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1

2

Figure 9. Distance distribution function F(r) of biradicals 16 (1) and 1

(R=H) (2).40

Curve 2 is shifted by 10 nm71.
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Table 1. Iminoxyl biradicals and polyradicals studied by the PELDOR method.

Radical Structure R /nm (J /MHz) Ref.

1 1.9� 0.16 7

1.94� 0.02 66

1.99� 0.06 40

(0.7� 0.4)

R=H, Me.

2 1.97 47

1.97� 0.03 67

1.94� 0.05 10

1.98� 0.07 68

3 n=8 2.04� 0.07 68

n=12 2.48� 0.13 68

n=14 2.71� 0.19 68

n=20 3.28� 0.44 68

4 1.54� 0.02 69

5 1.72� 0.03 69

6 2.20� 0.07 69

7 see a 32

8 see a 32

9 2.57� 0.14 69

10 2.83� 0.05 12

2.92� 0.04 67
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Table 1 (continued).

Radical Structure R /nm (J /MHz) Ref.

11 3.63� 0.10 12

12 4.92� 0.20 12

5.00� 0.40 62

13 7.44� 0.82 62

14 n=1 1.54� 0.03 67

n=2 1.97� 0.03 67

15 2.40� 0.04 67

(11.0� 0.3)

16 1.62� 0.04 40

1.70� 0.04 40

(1.4� 0.5)

17 n=2 2.37� 0.10 70

n=3 2.67� 0.17 70

n=4 2.94� 0.10 70

n=5 3.23� 0.14 70

n=6 3.45� 0.11 70

18 3.40 (1.0) b 71

19 (see c) 3.30 (4.0) b 71

20 (see c) 3.30 (4.0) b 71
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(glassy matrix, 80 K), because the lines in the Fourier-trans-

formed spectrum were rather narrow (*3 ± 4 MHz).

In studies 67, 68 iminoxyl radicals were used as a `ruler' for

comparing the PELDOR-measured and calculated distances

between spin labels and for evaluating the limiting distances

that can be determined by the PELDOR technique based on

experimental data. The distances were varied by varying the

size of the bridging group linking the radical fragments. For

instance, biradicals 3 with (CH2)n aliphatic bridges were

studied.68 Measurements were carried out at 80 K with the

biradical samples dissolved in polystyrene matrix. Despite the

fact that the experimental Fourier-transformed spectra were

rather broad, their maxima were successively shifted towards

the low-frequency region with an increase in the chain length.

The distances thus determined varied from 2.04 nm (n=8) to

3.28 nm (n=20).68 Chain elongation by one CH2 unit causes

the distance between the NO fragments in biradical 3 to

increase by about 0.1 nm. In these experiments the linewidths

in the Fourier-transformed spectra were determined by the set

of conformations of the aliphatic polymer chain. It was

established that the distances determined in study 68 with

inclusion of conformational statistics assuming a fully

stretched conformation of the aliphatic chain are in agreement

with the results of force-field calculations. Note that biradical 3

seems to be an exception, because no modulation beats in the

PELDOR signal decay were detected for structurally similar

biradicals 7 and 8.32 We believe this is due to a broad set of

conformations (enhanced flexibility) of the aliphatic bridge in

these two biradicals.

In more recent studies the linker between the NO frag-

ments was chosen to be as conformationally rigid as possible.

For instance, iminoxyl biradicals 14 and 15 were thoroughly

studied in frozen deuterated toluene solutions by the X- and

S-band PELDOR techniques (at 9.7 and 2.1 GHz, respec-

tively).67 This enabled unambiguous assignment of the lines

in the Fourier-transformed spectrum to dipolar or hyperfine

coupling whose signals are detected in the same frequency

region. Lines at the frequencies corresponding to n\ and nk
were detected in the X- and S-bands for all biradicals, but only

for biradical 14 it was found that n\= 2 nk. Calculations for
this biradical allowed the numerical value and sign of the

exchange integral to be determined (J=+11.0 MHz).

Noteworthy is yet another result obtained in the study.67

No modulation of the PELDOR signal decay was detected in

both the X- and S-bands for a biradical that is structurally

similar to radical 15 but has one benzene ring in the bridging

group. The authors believed that the reason is strong exchange

interaction in this biradical (evaluation of the exchange inte-

gral from the EPR spectral data gives jJ j=73 MHz), which

leads to a spin state of the system that is described by two

bound states (triplet and singlet) rather than two weakly

interacting doublet states, as is typical of biradicals with weak

exchange (J& 0) that contribute to PELDOR.

Attempts to determine the upper bound of distances that

can be measured by the PELDOR technique were reported in

studies 12, 62 of biradicals with a rigid structure specified by

sequences of triple bonds and benzene rings (biradicals 9 ± 13).

The longest distance (7.44� 0.82 nm) between the unpaired

electrons was determined 62 for solutions of biradical 13 in

deutero-o-terphenyl at 50 K. The distance in biradical 12 was

determined 12, 62 with a high accuracy; it equals 5.0� 0.4 nm.

The inter-spin distance in this radical (5.10� 0.12 nm)was also

determined using yet another pulsed method, namely, the

single frequency technique for refocusing (SIFTER).12 Theo-

retical calculations for biradical 12 gave the distance

5.23 ± 5.15 nm. Note that correlations between the results of

MD calculations of linear conjugated structure and the

PELDOR-measured distances between the NO fragments of

terminal radicals were also found for other shorter but `rigid'

biradicals 4 ± 6, 9, 10 (see Refs 12, 67, 69).

The distance distribution function F(r) contains valuable

information on the set of possible conformations of the

biradical under study; these are the spin-label conformations

including those of the chains connecting the iminoxyl radical to

the molecular skeleton, conformations of the iminoxyl radical

itself and conformations of the molecular chain. Evaluation of

the actual size and flexibility of the molecular skeleton of the

biradical requires that the possible values of all these confor-

mational contributions be preliminarily estimated by the MD

method and compared with the data of PELDOR measure-

ments. This was done for biradicals 10 ± 13 that simulate

p-phenylenethynylene 72 oligomers and for a series of bispep-

tide biradicals 17.70 Both types of `rigid' molecular systems can

be used as `building blocks' for various nanostructures. The

Table 1 (continued).

Radical Structure R /nm (J /MHz) Ref.

21 (see c) 2.50 (4.0) b 71

3.40 (4.0) b

22 2.20 (5.0) b 71

(see c) (ortho)

3.30 (4.0) b

(meta)

3.80 (3.0) b

(para)

Note.Hex stands for n-hexyl. a Broad conformational distribution. b The half-witdth of the distance distribution function is given in parentheses.

c
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R
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MeMe

Me
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O

R R
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authors of study 72 believe that the computational technique

they have proposed can be used for estimating the flexibility of

molecules and oligomers used in the design of molecular

nanostructures with preset properties.

Molecular stranded-helical blocks built of bispeptide

monomers labelled with pyrroline radicals at both ends were

studied.70 The number of monomers can sequentially be

increased using a specific synthetic procedure. The structures

of such spin-labelled blocks 17 with n=4±8 are presented in

Table 1. In contrast to other biradicals listed in Table 1, which,

as rule, are soluble only in organic solvents, biradicals 17 are

water soluble. Aqueous solutions of biradicals 17 were studied

at 80 K in a buffer containing glycerol added for the glass

transition to occur. The decay kinetics of four-pulse PELDOR

signals were analysed using the Fourier-transformed spectra

and calculations of the distance distribution function. The

distances between NO fragments in these compounds and the

corresponding distribution functions F(r) (Fig. 10) were deter-

mined. The average distance increases from 2.37 nm (n=4) to

3.46 nm (n=8), i.e., each additional unit in the structure of the

linker connecting two radicals makes a contribution of

0.27 nm to the average distance. Noteworthy is that the scatter

of distances (standard deviation) increases as the chain length

increases from 0.18 nm (n=4) to 0.58 nm (n=8). This

parameter characterises the molecular flexibility of a given

structure. The results obtained are by and large in agreement

with the results of MD calculations.

An example of broad distributions over conformations and

mutual spatial orientations is provided by spin-labelled [2]cat-

enanes 23.73 Structurally, these supramolecular systems repre-

sent threaded rings. The rings are rather large; they are built of

molecular groups that almost do not interact with one another.

Once spin labels are introduced, the problem of mutual

orientation of the rings becomes equivalent to the problem of

determination of the distance distribution function for pair of

labels, which can be solved using the PELDOR technique.

Calculations of a model function F(r) that allows for

equiprobable mutual arrangement of spin labels in a model

chain comprised of two rings with the effective radius reff were

reported.73 The calculated function F(r) was then compared

with the PELDOR experimental data obtained in frozen

solutions of [2]catenanes in three solvents (chloroform, o-ter-

phenyl and 2-methyltetrahydrofuran) at 15 K. Correspond-

ence between the experimental function F(r) and the results

obtained using the theoretical model proposed was found only

for the data obtained in chloroform.73 In other solvents the

authors observed either aggregation of [2]catenanes (in 2-meth-

yltetrahydrofuran) or a significant ring geometry distortion,

which is likely due to the nonlinear conformation of the alkyl

fragment of the macrochain in o-terphenyl. The calculated reff
values are similar to the experimental data for the solutions in

chloroform, i.e., for this solvent all relative positions of spin

labels are possible and, therefore, the rings freely move relative

to each other. The simplest model used by the authors of

Ref. 73 gives a quite correct description of the properties of

molecules a few nanometre in size and can also be useful for

analysis of large supramolecular systems.

As mentioned above, the number,N, of particles in a group

of spins is an important parameter which can be determined by

the PELDOR technique. Here the term `groups' covers molec-

ular aggregates, clusters and other spatially localised systems in

which the distances between paramagnetic particles do not
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Figure 10. Distance distribution function F(r) of biradicals 17.70

n=4 (1), 5 (2), 6 (3), 7 (4), 8 (5).
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vary or vary only slightly. In the simplest case these are dimers,

trimers, tetramers and other molecular aggregates that are

typical of complex biological structures. Most often, structural

studies of such systems involve not only distance measure-

ments, but also determination of the number of particles in

aggregates.

Aggregates with identical structure can be characterised by

a number of preferred distances. The kinetics of the PELDOR

signal decay are sensitive to the total number N of radical

centres in the aggregate or, generally, to the distribution

functions F(N ) over the number of particles in the aggre-

gate.32 ± 34 The number of particles in aggregates has been

determined since the pioneering PELDOR studies. The pair

distribution (N=2) was determined 32 for radicals that are

formed as a result of sensitised photoionisation of frozen

naphthalene solutions in decalin. Even if the distance distribu-

tion for pairs of paramagnetic centres is rather broad, as in this

case, the pair distribution can be determined with certainty

from the characteristic fast PELDOR signal decay at short

times T; this distinguishes this situation from the exponential

decay observed for radicals with random spatial distribution.

The most definite results were obtained recently in a

PELDOR study of model iminoxyl polyradicals (specially

synthesised bi-, tri- and tetraradicals).71 The aim of that study

was to experimentally evaluate the method with respect to

accuracy of theoretical calculations that serve the basis for the

determination of the number of particles in a group of spins for

N=2, 3 and 4 and to determine the pair distribution functions

for these polyradicals. The structures of the compounds inves-

tigated are shown in Table 1 (structures 18 ± 22). Modulated

four-pulse PELDORdecays (Fig. 11) were studied. Two decay

parameters were determined experimentally; these are the

limiting signal amplitude Vp after normalisation to the expo-

nential decay due to dipolar intermolecular interactions and

the probability of excitation of the spectrum by the pumping

pulse pb . The last-mentioned parameter (pb=0.43 and 0.12

for the pumping pulse durations of 12 and 92 ns, respectively)

was determined from the PELDOR signal decay for the model

biradicals 2, 14 and 15 assuming N=2. The parameter N was

calculated using relation (10). With an accuracy of about 5%

the experimentalN values were found to be 2.1 for biradicals 18

and 19, 3.0 for triradicals 20 and 21 and 3.9 for tetraradical 22

(see Table 1); this is in excellent agreement with the expectedN

values for these polyradicals. Experimental pb values can

depend on the mutual orientation of iminoxyl labels in poly-

radicals (orientation selectivity); therefore, this will affect theN

values determined from relation (10). Calculations 71 of the

excitation probabilities pb using the signal decay data for

biradical 19 and triradical 20 showed no or very weak depend-

ence; therefore, one can to a first approximation consider that

there is no spatial correlation between the orientations of spin

labels.

The distance distribution for polyradicals has some specific

features. If the functions F(r) of biradicals 18 and 19 and

symmetric triradical 20 have only one maximum each, the

spectrum of distances obtained for triradical 21 (see Fig. 11 d )
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Figure 11. Four-pulse PELDOR signal decays and corresponding pair distribution functions calculated from these decays (see insets) for biradicals 18 (a)

and 19 (b) and triradicals 20 (c) and 21 (d ) (see Table 1).71
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exhibits two lines with a 2 : 1 intensity ratio owing to non-

equivalent positions of spin labels. The function F(r) of

tetraradical 22 has three maxima corresponding to three

possible distances in a rectangle whose vertices are occupied

by spin labels. The distances in these polyradicals and the

results of molecular modelling (figures in parentheses, shown

for comparison) are listed in Table 1.

The orientation selectivity in biradical 11 and triradical 20

(see Table 1) was studied by W-band four-pulse PELDOR

technique.50 The PELDOR spectra and the modulation depth

were studied at six points of the EPR spectrum, which

corresponded to the hyperfine coupling constants (HFC) A\

andAk of anisotropic iminoxyl triplet. The corresponding lines

are resolved in the W-band. Experiments involved measure-

ments of the frequencies nA and nB and variation of the

constant magnetic field H0 . The results obtained showed that

the spin labels have no fixed relative orientations owing to

hindered rotation, but their motion is correlated. These con-

clusions were confirmed by MD calculations.

2. Spin-labelled biomacromolecules and systems
Elaboration of site-directed spin labelling (SDSL) methods

offered a new field of application of EPR spectroscopy in

biochemistry and biophysics. The case in point is the determi-

nation of elements of the secondary and tertiary structure of

membrane proteins (including the effect of themedium on their

fragments), investigation of the orientations and motion of

particular fragments of protein molecules under physiological

conditions, determination of conformational transitions in the

course of functioning of protein ±membrane systems and

many other applications.

As rule, these investigations are carried out by conven-

tional continuous wave EPR spectroscopy. They are system-

atically reviewed in a book series Biological Magnetic

Resonance edited by L Berliner (a total of 22 issues were

published to the year 2007). In the text below we will only

dwell on the studies concerned with applications of the

PELDOR technique. Pioneering studies in this field were

reviewed in Volumes 14 and 21 of this book series.74, 75

Elaboration of efficient methods of SDSL for biologically

valuable compounds was the key step, which in essence

predetermined the possibility of setting and carrying out these

investigations. Methods to solution of this problem for nucleic

acids and oligonucleotides were considered in a review.74

Among the most popular methods, mention may be made of

a widely used spin labelling (using radical-substituted thiosul-

fonate) via the sulfhydryl group of cysteine residue of the

protein molecule following reaction (18).76 ± 79

The synthesis is carried out either by introducing a label

into the known position of cysteine in the protein or upon

replacement of a particular base in the oligonucleotide struc-

ture by cysteine.

Yet another widely used SDSL method is to carry out a

Sonogashira reaction in the course of automated solid-phase

[on a porous glass (PG)] synthesis of oligonucleotides; here the

iodine atom in the uridine fragment of nucleotide is replaced by

a radical containing a triple bond [e.g., using 2,2,5,5-tetra-

methylpyrrolin-1-yloxy-3-acetylene, TPA) (reaction (19)].80

This label has a restricted conformational mobility, which

improves the accuracy of distance determination by the

PELDOR technique. In most cases, the labels add to either

the b-C atom of the peptide chain through the Cb7S bond or

to the uridine residue of the oligonucleotide (examples follow).

(It should be noted that sometimes the labels are denoted by the

same abbreviations as the reactants used to attach the labels,

i.e., TPA, TEMPO, etc., but in some cases these abbreviations

are followed by the `suffix' `SL', which stands for `spin label-

ling'.)

In these cases the N7O group and the amino acid or

nucleotide residue of the biomolecule under study are sepa-
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rated by at least 5 ± 7 bonds (labels MTS, MSL, IASL, SAT,

TPA), which significantly influences the interpretation of the

results of distance measurements by EPR spectroscopic meth-

ods. The exceptions are two labels, namely, TOAC (it replaces

theAib residue in the peptide chain) and TEMPO (it adds toN-

or C-terminal groups of the protein).

Conformational flexibity of the linker connecting the

protein and label makes the design of molecular structures

based on EPR measurements more ambiguous. The problem

becomes particularly severe when interpreting data for short

distances (1.0 ± 2.0 nm) comparable with the size of the linker.

An attempt to allow for conformational and structural effects

in distance calculations from the data on dipolar interactions

obtained by continuous wave and pulsed EPR spectroscopy

was reported.81 Themost widely used computational approach

involves measurements of distances between the Cb-atoms

using molecular models of spin-labelled proteins (Ca are

atoms of the protein chain). However, in this case the differ-

ence between the results of theoretical calculations and exper-

imental data can be as high as 0.6 nm. It was shown that the

best correlation (R2=0.8) between the EPR measured dis-

tances and their calculated values (deviation of about 0.3 nm)

is attained if the initial determination of possible conforma-

tional space for the labels in the model calculations (Monte

Carlo simulations) is followed by MD calculations of the

lowest-lying conformers.81 It is these conformers for which

the distance between spin labels is calculated. Yet another

advantage of this approach consists in evaluation of possible

spectrum of distances, which appears due to the scatter of

conformers with respect to distances and dynamic mobility.

a. Nucleic acids
Structural information on DNA and RNA is necessary to gain

a better insight into the mechanism of transfer of genetic

information and on the catalytic properties of these key

biomacromolecules. The use of the PELDOR technique for

structural studies is based on the known SDSL procedures for

particular nucleotide residues.76 ± 80 A detailed description of

application of the Sonogashira method for preparation of

labelled DNA and RNA was reported recently.82

One of the pioneering studies 83 concerned a self-comple-

mentary RNA1 containing the IASL labels introduced into

uridine residues (U) of the duplex:

50GCUGAUAUCAGC30

30CGACUAUAGUCG50.

Measurements in frozen RNA1 aqueous solutions at 20 K

gave a distance between spin labels of 3.5� 0.2 nm. No

modulation of PELDOR signal decay by spin-labelled RNA2

was detected, which was attributed to aggregation of RNA2

duplexes.

DNA 84 and RNA85 duplexes were studied in more detail.

The distances between the TPA spin labels introduced into

20-deoxyuridine (U0) fragments of DNA duplex helices follow-

ing reaction (19) were determined by four-pulse PELDOR

technique. The labels were introduced into the U0 residues
localised in five different positions of the duplex oligonucleo-

tides in such a fashion that the shortest distance corresponded

to the DNA(1) sequence while the longest distance corre-

sponded to the DNA(5) sequence (spin-labelled residues U0

are given in bold):

DNA(1) 30GCGAU0ACATGCG50

50CGCTAU0GTACGC30,

DNA(5) 30GCU0GACTATATAGTCAGC50

50CGACTGATATATCAGU0CG30.

Experiments were carried out with frozen (35 K) aqueous

buffer solutions of duplexes containing 20% of ethylene glycol

for the glass transition to occur. The distances between spin

labels (1.92, 2.33, 3.47, 4.48 and 5.25 nm) were determined

from the frequencies of Fourier-transformed spectra derived

from corresponding PELDOR signal decays with an accuracy

of 5%.Molecular dynamics calculations of various conformers

of the duplex gave the following best approximation of the

same distances: 1.96, 2.14, 3.30, 4.33 and 5.24 nm, respectively;

this was treated as substantiation of the B-conformation of the

helix for the duplexes frozen in aqueous solutions.

Six RNA duplexes containing TPA-labelled adenosine,

uridine and cytidine residues were studied.86 Deep modulation

of the PELDOR signal decays enabled highly accurate deter-

mination of the distances in the duplexes, which vary from

1.93� 0.12 to 3.87� 0.13 nmdepending on the number of base

pairs between the labels. Comparison of the results obtained in

study 86 with the data of distance measurements in DNA84

showed that at the same number of base pairs between spin

labels in DNA and RNA the distances between helices in the

duplex are different. For instance, at 10 base pairs the distance

in DNA was 4.48� 0.5 nm 84 (cf. 3.87� 0.13 nm in RNA 86).

The difference lying beyond the error of measurements was

attributed to two various conformations, namely, type-A helix

for RNA and a more stretched type-B helix for DNA. The

results obtainedwere in good agreement with the results ofMD

distance calculations (correlation coefficient is 0.976,

Fig. 12).86 The authors of study 86 believed that the DNA and

RNA duplexes retain their conformations in frozen (40 K)

aqueous-phosphate buffer solutions with ethylene glycol addi-

tive (20%).

An original method of introduction of spin labels into

polynucleotides was proposed.87 MTS-Type labels were intro-

duced into phosphothioate groups introduced into specified

(fixed) positions between nucleotides of the DNA or RNA

duplex chains rather than the desired nucleotide. In this case

the label can be attached to any position of the modified
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Figure 12. Correlation between spin label (TPA±TPA) distances in the

RNA and DNA duplexes measured by the PELDOR method and

obtained from molecular dynamics calculations.86

The base pair number was varied from 1 to 10; data for RNA (1) and

DNA (2).
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polynucleotide in order to carry out distance measurements.

After formation of duplexes from polynucleotides labelled at

different positions one can determine the distances for a broad

spectrum of radical pairs. Using the samples thus prepared

(measurements were carried out at 50 K using frozen aqueous

solutions of DNA duplexes), eight distances between spin

labels were determined by the PELDOR method from the

positions of maxima of the pair distribution function. The

minimum and maximum distances are respectively 2.56 and

3.88 nm for the DNA with the CS nucleotide sequence.

Comparison 87 of the results of distance measurements with

those of calculations performed using the NMR spectroscopy

data that allow for possible conformations of the DNA in

question revealed an excellent correlation (R2=0.98) between

them. It was suggested that this procedure for introduction of

spin labels can be widely used in structural studies of DNA and

RNA complexes with proteins.

TEMPO spin labels were successively introduced 88 into

uridine residues of DNA duplexes in such a fashion that the

labels were separated by 9, 12, 15, 18 or 21 pairs of bases:

50GCU CGU CAU GGU CCU CAT TGT ACT AGC

CGA GCA GTA CCA GGAGTAACA TGAUCG50.

Five doubly spin-labelled duplexes were synthesised and frozen

(77 K). DNA solutions in D2O and deuterated ethylene glycol

were studied. Samples prepared in optimum manner for the

X-band spectrometer (sufficiently high signal-to-noise ratio,

long relaxation time Tf& 8 ms) contained the DNA duplex

(12.561076 mol litre71) in 50% solution of deuterated ethyl-

ene glycol in D2O.

Detection of the PELDOR signal decay was followed by

analysing the distance distribution function F(r) calculated

usng Tikhonov's regularisation method. Six distances between

the spin labels in the range 2.8 ± 6.8 nm were determined. The

most interesting were the results obtained for mixtures of the

spin-labelled duplexes (Fig. 13). It was established 88 that for a

mixture of two different duplexes deconvolution of the com-

plex function F(r) using a Gaussian distribution function for

each duplex allows one to quite accurately determine the

average distance in each duplex and the concentration of each

duplex in the mixture. However, analysis of the functions F(r)

of mixtures containing a larger number of duplexes becomes

difficult, which is due to both errors and ambiguity in the

solution to the ill-posed problem of reconstruction of F(r) from

the kinetics V(T ) and to possible transformations occurring

under the action of, e.g., stacking interactions in a complex

mixture that change the spatial arrangement ofDNAduplexes.

Nevertheless, this study first demonstrates an analytical

approach involving the PELDOR technique.

b. Peptides
Structural properties of peptides provide valuable information

for understanding of biophysical functions of peptide ±mem-

brane systems. An important type of peptides are peptaibols,

which exhibit antibiotic activity. They form ion channels in

bacterial membranes, which causes degradation of membranes

and eventually the death of cell structures. Information on the

structure and properties of peptaibols and their aggregates is

necessary for the design of efficient antibiotics.

Methods of synthesis of spin-labelled peptaibols were

developed at the laboratories headed by C Toniolo (Padova,

Italy) and T Ovchinnikova (Moscow, Russia). Spin-labelled

peptaibols trichogin (T, 11 amino acid residues in the chain;

n=11), trichogin dimer (DT, n=22), alamethicin (A, n=19)

and zervamicin (Z, n=15) used in our studies were synthesised

in these laboratories. [All glutamine residues of native alame-

thicin were replaced bymethyl glutamate residues, Glu(OMe).]

These peptides are built of amino acid residues, among which

an important role is played by the a-aminoisobutyric acid (Aib)

residue, and have chains of different length n and different N-

and C-terminal groups. In contrast to trichogin and alamethi-

cin that were labelled with TOAC in chain (instead of Aib

residue), zervamicin was labelled with TEMPO at the N- and

C-terminal atoms (TZT):

FmocAib
1

GlyLeuAib
4

GlyGlyLeuAib
8

GlyIleLeuOMe (TF)

OctAibGlyLeuAibGlyGlyLeuAibGlyIleLeuOMe (TO)

TEMPO7TrpIleGlnAibIleThrAibLeuAibHypGln. (TZT)

.AibHypAibPro7TEMPO

AcAib
1

ProAibAlaAibAlaGlu(OMe)Aib
8

ValAibGly. (A)

.LeuAibProValAib
16

AibGlu(OMe)Glu(OMe)Phl

AcAib
1

GlyLeuAibGlyGlyLeuAibGluIleLeuAibGly. (DT)

.LeuAibGlyGlyLeuAib
19

GlyIleLeuOMe

Glassy frozen polar and nonpolar solutions were inves-

tigated by X-band EPR spectroscopy at 77 K. It is convenient

to study peptide conformations in dilute solutions in polar

solvents (alcohols, etc.) where the peptides are in free mono-

molecular state. In nonpolar solvents (toluene, decalin, etc.),

self-aggregation of peptides occurs usually; this offers pros-

pects for investigations of the structure and properties of

peptide supramolecular aggregates, which is important for
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Figure 13. Results of investigations of spin-labelled duplex mixtures.88

PELDOR signal decay kinetics for a mixture of duplexes with distances

2.8 and 4.1 nm taken in a 3 : 1 ratio (a) and for the same duplexes taken in a

1 : 3 ratio (b); distance distribution functions F (r) for these mixtures and

corresponding Gaussian curves simulating the distance distribution (c, d ).
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undestanding of their biological activity. Of course, this prob-

lem can be solved using X-ray analysis data for peptide

crystals, but the approach involving studies of peptides in

media, which simulate the hydrophobic part of the cell bilayer,

seems to be more interesting. Unlike crystals, the molecular

environment and packing of peptide molecules in supramolec-

ular aggregates will be governed by solvent molecules rather

than the peptide molecules themselves.

Trichogin. In polar solvents both continuous wave EPR

spectra and data on the kinetics of PELDOR signal decay

indicate a statistically uniform distribution of trichogin mole-

cules in frozen glassy solutions. A Vintra(T ) decay component

modulated by dipolar interaction was detected for doubly

labelled peptides. The distance between spin labels in the

doubly labelled trichogins TF-1,8 and TO-1,8 in

CHCl3 ±DMSO mixture determined from the modulation

period is 1.97 nm. This distance is sensitive to solvent polarity

and for TO-1,8 it varied from 1.97 to 2.18 nm upon transition

from methanol to ethanol (Refs 18, 30, 89). The proportion of

molecules in this conformation (helix type 27 or 310) is about

30%. Other molecules show a broad distribution of distances

between spin labels. Unfortunately, the distance distribution

function was not calculated in the early studies.30, 89 The

assignment of the TOAC- labelled peptides to a particular

conformation was based on the distances between labels

calculated in Refs 30, 45, 90 and 91.

The type of the helix depends on many structural factors

including geometric parameters of the amino acid residues in

peptide, intra- and intermolecular hydrogen bonds and the

medium polarity. All singly labelled trichogins in polar sol-

vents showed exponential PELDOR signal decays, which

indicated a uniform distribution of spin labels. Transition to

nonpolar solvents qualitatively changes the situation, the

change being related to peptide aggregation in the nonpolar

medium.92

In nonpolar media a fast PELDOR signal decay in the

initial period is followed by a slow decay modulated by dipolar

interaction (Fig. 14, curves 1, 2). The addition of a polar

solvent (ethanol) to the samples (solutions of TF-4 and TO-1

in chloroform ± toluene mixture) causes qualitative changes in

the signal decay, which becomes exponential (Fig. 14, curves 3

and 4), thus indicating decomposition of aggregates. Having

selected Vintra from the overall decay V(T ) and determined the

Vp value for these samples, it was found that the number of spin

labels in the aggregate is N=4� 0.3. The distribution func-

tion, F(r), of distance between spin labels gives the value

r=2.35 nm for aggregates in the singly spin-labelled peptides

TF-4 and r=2.60 nm for TO-1 (Fig. 15).

The possible conformation of trichogins in these aggregates

was studied 93 using aggregates formed from unlabelled pep-

tide to which doubly labelled TO-1,8 (10%) was added in a

chloroform ± toluene mixture. This made it possible to select

intramolecular dipole interaction in a single aggregate. The

intramolecular distance between spin labels determined from

experimentally detected PELDOR signal oscillations is

r=1.57 nm, which corresponds to the 310-helical conforma-

tion. The results obtained appeared to be consistent with the

molecular model of an aggregate (Fig. 16). Helical peptide

molecules in the 310-conformation form tetrameric structures
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Figure 14. PELDOR signal decay obtained for spin-labelled trichogins

TF-4 and TO-1 dissolved in a chloroform ± toluene mixture (1, 2), and

changes in the decays obtained for the same mixture upon the addition of

ethanol (3, 4).92

Measured in the X-band at 77 K.
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Figure 15. Distance distribution functions F (r) of TO-1 (1) and TF-4 (2)

trichogin aggregates formed in nonpolar media.
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Figure 16. Structure of trichogin aggregates formed in nonpolar media.92

The trichogin molecules in the 310-conformation form a tetramer. Arrows

denote the spin labels in the peptide positions 1 (arrows 1, 2) and 4 (arrows

3, 4).
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with polar groups oriented towards the centre of aggregates.

The positions of the TOAC spin labels are shown in Fig. 16 by

arrows. These results demonstrated for the first time the

potential of the PELDOR technique in structural studies of

biopolymer aggregates.

Aggregation of singly and doubly labelled trichogins in

various solvents of low polarity was studied 94 and the aggre-

gation mechanism was investigated 95 by continuous wave

EPR spectroscopy. The EPR spectra of monomers and aggre-

gates of the doubly labelled peptide TO-1,8 (solutions in

chloroform at 20 8C) were separated and the dependence of

the proportion of monomeric peptide molecules on the peptide

concentration in the solution in the range 561076 ±

761074 mol litre71 was obtained. A kinetic scheme of aggre-

gation was proposed, which includes two stages, namely,

dimerisation of peptide molecules and subsequent aggregation

of dimers into tetramers. The equilibrium constants for both

reaction stages were evaluated and it was shown that at peptide

concentrations higher than 1075 mol litre71 most peptide

molecules are present in solution in the aggregated forms.

The concentration dependence of parameters of dipole ± di-

pole interactions between spin labels in frozen glassy solutions

of aggregates formed from singly labelled trichogin analogues

was studied 95 by the PELDOR technique. It was shown that

the number of molecules in aggregates and the frequency and

amplitude of the PELDOR signal oscillations due to dipole

interactions between spin labels in aggregates are independent

of the peptide concentration in the range 561074 ±

861073 mol litre71. Aggregation of spin-labelled trichogins

in solutions of different polarity at room temperature was

thoroughly studied by analysing dipole line broadening in

continuous wave EPR spectra.96

Trichogin dimer. Changes in the distance distribution

function obtained for the doubly spin-labelled peptide

DT-1,19 in a methanol ± toluene mixture (Fig. 17) can serve

as an example of the effect of the medium polarity on the

monomer ± aggregate transition.36, 97 In pure methanol, oscil-

lations of the PELDOR signal decay were weak and a poorly

resolved doublet function F(r) had the total width of nearly

2 nm. The addition of toluene was followed by an increase in

the amplitude of oscillations and the function F(r) had two

pronounced maxima corresponding to the distances 2.8 and

3.2 nm (a- and 310-conformations). In pure toluene the

PELDOR signal decay is strongly modulated and the main

maximum corresponds to the a-conformation, which indicates

the formation of trichogin aggregates.

The study 36 of aggregation of singly spin-labelled peptides

DT-1 showed, based on the Vp value, that N& 2 and the

distance between the spin labels is 3.4 nm; this implies an

antiparallel orientation of molecules in the aggregate. When

constructing a model, one should take into attention the dipole

moment of the peptide helix. In particular, the estimated total

dipole moment of the a-helix in DT-1 equals 77.0 D and

aligned to the helix axis. The distance between a-helices
(0.8 nm) is determined by steric factors only. The structural

model for DT-1 peptide aggregates is shown in Fig. 18.

The study 36 seems to be one of the first attempts to detect

the effect of selectivity in relative orientation of spin labels in

the biradical structure. The function F(r) was calculated for

different mutual orientations of NO fragments in the peptide

DT-1,19. Comparison with experimental data showed the lack

of correlation between the orientations. Drawing definite

conclusions requires investigations in the high-frequency

region, because it is still unclear to which extent is the function

F(r) sensitive to orientation selectivity effects in the X-band.

Zervamicin. Aggregation of singly labelled zervamicin ZT

in toluene ±methanol mixtures was studied in detail.98 As for

other peptaibols, an increase in the content of methanol in the

mixture causes decomposition of aggregates present in solution

in pure toluene. Unlike trichogin the PELDOR signal decays

Vintra of zervamicin in the mixtures containing 8.5%± 16% of

methanol show no oscillations, but a fast decay followed by

attainment of a constant limiting value Vp is detected in the

initial portion (at 50 ± 200 ns). These decay kinetics are char-

acteristic of spin groups characterised by some types of

distribution over distance and over the number of particles in

the group. In this case one can estimate the distance between

spins in the group from the initial decay using relation (11). It

was found that this distance depends on the composition of the

mixture and varies between 2.5 and 3.5 nm. The N value

calculated from relation (12) also depends on the composition

of the mixture. Analysis showed that, depending on the

composition of the mixture, the aggregated state with

Nmax=2 contains at least 44%±67% of ZT molecules. Thus,

at present there is lack of structural information for construct-

ing a particular molecular model for this aggregate.

The distance distribution function for doubly labelled

peptide TZT (Fig. 19) in frozen methanol solutions and in

frozen methanol ± toluene and methanol ± chloroform mix-

tures was obtained.45 The main maximum of the function F(r)

is at r=3.3 nm, the position being only slightly dependent on

the composition of the mixture. The halfwidth of the function

F(r) decreases from 0.3 for pure methanol to 0.15 nm for the

mixtures. This can be explained by a decrease in the number of

possible conformations of terminal groups of the TEMPO-

labelled peptide TZT in the mixtures of low polarity compared

tomethanol. Molecular dynamics calculations showed that the

main conformation of TZT molecule is a mixed a/310-helical
conformation, which is in agreement with NMR spectroscopy

data. As the hydrophobicity of the medium is increased by

adding toluene or chloroform to the methanol solution, the

distribution function F(r) shows the appearance of weak addi-

tional lines corresponding to the distance 4.2 nm and a more

stretched 27-conformation of the TZT helix.
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Figure 17. Changes in the distance distribution function F(r) of doubly

spin-labelled peptide DT-1,19 upon a change in the medium polarity.36, 97

Toluene (1); toluene ±methanol mixtures containing 10% (2) and 20% (3)

of MeOH and neat methanol (4).
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Alamethicin. Despite the fact that alamethicin seems to be

the best studied peptide among peptaibols that form cell

channels, detailed studies of the (i) mechanism of self-aggrega-

tion in membrane media and (ii) structure of membrane

channels have not been reported for this compound as yet.

Spin-labelled alamethicins A-1, A-8, A-16 were investi-

gated 42, 44 by continuous wave EPR spectroscopy and

PELDOR technique, alamethicin A-16 being studied in most

detail. PELDOR spectroscopy data for solutions in chloro-

form±methanol (1 : 1) mixture at different peptide concentra-

tions (1073 ± 1074 mol litre71) showed that the equilibrium is

completely shifted towards free alamethicin molecules (expo-

nential PELDOR signal decay was observed). Solutions of the

same concentrations in the chloroform ± toluene mixture

showed decays typical of peptide aggregation, that is, a fast

initial decay to T& 200 ns and a long oscillating `tail' at

2004T4 1500 ns. The Vintra decay kinetics for all three

spin-labelled peptides are shown in Fig. 20 a; in Fig. 20 b we

present the pair distribution functions F(r) for these peptides.

Calculations of these functions with allowance for the duration

of the microwave pulses 40, 48 led to quite unexpected results.

All three functions have similar shapes and nearly the same
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Figure 18. Structural model for trichogin DT-1 dimer aggregates:36

molecules with antiparallel orientation and a label ± label distance in the

dimer of 3.4 nm (a); view along the axes of the a-helices, the centres of the
two helices are separated by about 0.8 nm (b).
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Figure 19. The distance distribution function F (r) of doubly spin-labelled

zervamicin in different media.45

Methanol (1), methanol ± toluene (1 : 1) (2), methanol ± toluene (3 : 7) (3)

and methanol ±chloroform (1 : 1) (4).

506 Yu D Tsvetkov, A DMilov, A GMaryasov



parameters, namely, the main sharp maximum of the distribu-

tion is at 3.18 (A-1), 3.24 (A-8) and 3.06 nm (A-16), the broad

maximum being in the region 7 nm. About 30% of the spin

labels are at the short distances and the remaining species

(70%) are in the region 7 nm. From analysis of the function

F(r) it follows thatN5 6.Noteworthy is that the kinetics of the

PELDOR signal decay calculated using the functions F(r) for

N=6 and N=8 almost coincide.

To obtain a more reliable N value, the EPR lineshapes of

these peptides in chloroform± toluene mixture were studied at

room temperature.44 The parameterN can be determined from

the correlation times of rotational mobility by approximating

the rotational motion of a radical by the motion of a spherical

particle in a liquid of known viscosity.99 The N value thus

estimated is N& 6.8� 2.5. Thus, one can state that the system

under study is characterised by 6 4N4 9.

ESEEM experiments also showed that the observed mod-

ulation of the PELDOR signal decay is due to dipolar

interactions of the unpaired electrons in alamethicin aggre-

gates rather than hyperfine or hyperfine and quadrupole

couplings between electrons and surrounding nuclei.44

Based on the results obtained, the following model for

alamethicin aggregate was proposed. Two aligned tetramers

containing four alamethicin molecules each form a linear

system obeying the `head-to-tail' pattern (Fig. 21 a). To verify

the model proposed, relevant MD calculations were carried

out. From experimental data it follows that the minimum

peptide ± peptide interaction energy is attained at a distance of

3.3 nm for those molecular conformations in which the g-ester
groups in positions 7, 8 and 19 in both peptides interact as

dipoles with antiparallel orientations, thus forming seven polar

clusters along the alamethicin aggregate. Figure 21 b shows

that the histograms of the distribution over the number of

different distances for the model proposed are in qualitative

agreement with the experimental functions F(r) for the labelled

peptides A-1, A-8 and A-16 (Fig. 20 b).

Thus, the proposed supramolecular structure based on the

PELDOR data can serve a basis for the design of

peptide ±membrane complexes that govern the biological

function of alamethicin.

Alanine peptides. A study of peptides based on a repeating

sequence (AAAAK)nA (n=4, 7) was reported.100 Various
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Figure 20. Normalised PELDOR signal decays for glassy frozen solutions

of spin-labelled alamethicins A-1, A-8, A-16 in a chloroform± toluene

(1 : 1) mixture at 77 K (a) and the respective distance distribution

functions F(r) calculated from these data (b).44

Alamethicin A-1 (1), alamethicin A-8 (2) and alamethicin A-16 (3).
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Figure 21. Structure of alamethicin aggregate.44 Arrows point to certain possible distances between pairs of spin labels (a) and the distribution over the

number of possible distances between pairs of spin labels (histograms) in labelled alamethicin aggregates (b).
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alanine residues were replaced by cysteine residues to which the

MTS and SAT spin labels were attached.

Dipolar couplings were studied by analysing the lineshape

in the X-band EPR spectra and by the four-pulse PELDOR

technique (measurements were carried out at 50 K in frozen

aqueous solutions). The results obtained were compared with

the results of MD calculations performed assuming the

a-structure of the peptide helix. Eight peptides with n=4 and

one peptide with n=7 were studied in detail. This allowed the

authors of Ref. 100 to compare the EPR and PELDORdata in

the borderline region of distance measurements (1.5 ± 2 nm).

The main conclusion drawn is that reliable results for this

borderline region in the presence of conformation distance

distribution can only be obtained in combined continuous

wave EPR spectroscopy (lineshape analysis)/PELDOR stud-

ies. When analysing PELDOR data, a correction should be

applied to allow for the durations of the pulses applied at the

frequencies nA and nB and for the frequency differences

between the pulses (DnAB).100 The lower bound of PELDOR

measurements is nearly 1.6 nm and the upper bound for

continuous wave EPR measurements is in the range

1.5 ± 1.7 nm.

The main errors in measurements in the borderline region

are due to the exchange coupling and inhomogeneous EPR line

broadening. It was also found that the distances determined

using the SAT labels are shorter than those determined using

the MTS labels, the difference going beyond the limits of

measuring error. No explanation for this effect was given. By

and large the distances measured by continuous wave EPR

spectroscopy and PELDOR technique for the alanine peptides

studied span the range from 1.07 to 4.61 nm.

c. Bionanosystems
After the development of SDSL methods and pulsed EPR

techniques to study the properties and spatial organisation of

spin-labelled systems (examples are given in the text above)

investigations of complex nanosized biological systems became

one of the most important fields of application of the

PELDOR method.

In this connection mention may be made of a study on the

determination of distances between amino acid residues in the

sodium-proline transporter (symporter) PutP of Escherichia

coli (E. coli ).101 This membrane ± protein complex utilises the

electrochemical gradient of Na+ ions to drive various sub-

strates (water, ions, sugars, amino acids, vitamins, etc.) across

the membrane. Spin labels were attached to cysteine residues

within polyoligomer loops in periplasm and cytoplasm of cell

membranes (Fig. 22). Singly and doubly spin-labelled samples

(mutants) were prepared and their continuous wave EPR

spectra and dipolar interactions (using four-pulse PELDOR

technique) studied. Analysis of the continuous wave EPR

spectra of the doubly labelled mutants only showed that the

spin labels are separated by distances longer than 1.8 nm. At

the same time analysis of the PELDOR signal decays of the

mutants allowed the distances shown in Fig. 22 to be deter-

mined. The shape of the pair distribution function for the

distances between labels was assessed. The authors 101 sug-

gested that rapid decrease in this function at r>2.2 nm

indicates a broad distribution of conformers in the poly-

oligomer loop (i.e., a high flexibility of the loop regions

studied).

The samples showed non-exponential PELDOR signal

decays. This seems to be related to the spatial distribution of

the spin labels on the outer and inner membrane surfaces (see

below). The distances between the spin-labelled residues point

to their localisation on the surface, namely, only one of the four

labels is localised in the loop region in periplasm, whereas the

other three spin labels are localised on the other membrane

surface.101

More recently, the same group of researchers studied102 the

dependence of dimerisation of the Na+/H+-antiporter of

E. coli on the pH value using singly spin-labelled nucleotides

that can form dimers.102 The study involved the determination

of the (i) distance between the interacting nucleotides (4.4 nm)

acting as dimers and (ii) distance distribution function F(r) and

its changes depending on the pH value of the medium. The

PELDOR data were used as a basis for correction of the

molecular model and mechanism of biological action of this

antiporter.102

Interesting results were obtained in studies of weak (non-

covalent) protein ± protein interactions for MTS-labelled

human von Willebrand factor A domain (vWF-A) from

factor B contained in the complement.103 This complex weak-

ens the cell ± cell interactions between the surface proteins and

plays an important role in regulation of inner immune system.

To increase the phase relaxation time, frozen solutions of

vWF-A in D2O were used. It was shown that modulation of

the PELDOR signal decay is detected at times *6 ms, which
corresponds to an inter-spin distance of 6.15� 0.14 nm (tri-

molecular protein aggregate). Thus trimerisation of vWF-A in

aqueous solutions can be considered established.

Considerable literature is devoted to comparison of the

continuous wave and pulsed EPR techniques used for distance

determination. In particular, changes in the conformations of

polypeptide fragments in the course of receptor-catalysed

activation of G-protein were investigated by continuous wave

EPR spectroscopy and PELDOR technique.104 The PELDOR

methodwas used in combination with SDSL to study protein ±

protein interactions in cytoplasmic domain of erythrocyte

membranes 105 and the structure of fibrial protein, cardiac

troponin.106

Efficient use of three EPR techniques in different ranges of

distances was reported.107 These are the method based on

measurements of the double-quantum transition intensities

(used for distance determination in the range 0.7 ± 0.8 nm),

analysis of EPR linewidths (in the distance range

0.85 ± 2.0 nm) and PELDOR technique (distance range

0.18 ± 2.4 nm). Studies were carried out with human carboxy-

anhydrase II containing MTS-labelled cysteine residues.
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Figure 22. Structural model for E. coli sodium/proline transporter PutP;

shown are the structural elements containing spin labels.101

Shown are the label ± label distances determined by the four-pulse PEL-

DOR method.
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A study of myosin, a protein participating in muscle

contraction in higher organisms, was reported.108 Spin labels

were introduced into the region called gap, where, as is

assumed,molecular conformations and, therefore, the distance

between the spin labels (`open ± closed' transition gap) change

during the muscle contraction. Investigations were carried out

using continuous wave EPR spectroscopy (linewidths were

studied) and the PELDOR technique. The spin labels at

distances 1.4 ± 1.5 nm were identified by the former and those

separated by 2.2 ± 2.5 nm, by the latter method. It was estab-

lished 108 that the average distance (2.2 ± 2.5 nm) remains

unchanged, within the limits of experimental error, on going

from the closed to the open state of the gap, but the position of

maximum of the distance distribution function changes by

*3%. Similar changes were also found in an EPR study of the

spin labels localised at a distance of about 1.5 nm. Conforma-

tional changes of these two types of labels localised in the

myosin gap were also observed in the interaction between the

F-actin and myosin and in phosphorylation of myosin.24 Both

these processes are associated with the functioning of muscular

system.

Magnetic dipole interactions in spin-labelled b-subunits of

protein complexes of F0F1-ATP synthetase were studied. It

was shown that correct description of the dipole interactions

between spin labels can be obtained using two structural

models for these complexes with separated and bound sub-

units.109

Under certain conditions the concentrations of free radi-

cals formed in the course of redox reactions and stabilised in

biological systems are sufficiently high for PELDORmeasure-

ments. As a result, there is no need for introducing spin labels.

The PELDOR technique was used to determine the distance

between two neutral flavin radicals (r=2.61� 0.08 nm) in the

enzyme that acts as augmenter of liver regeneration.110 In this

case the width of the EPR spectrum is about 3 mT. This makes

it possible to have a frequency difference between the detection

pulse and the pumping pulse as high as 78.4 MHz, which is at

least comparable with the experiments with iminoxyl labels.

For one class of ribonucleotide reductases (RNR, enzymes

catalysing the oxidaton of nucleotides) the role of the active

complex is played by centres containing antiferromagnetic iron

and tyrosyl radicals. The RNR molecule is comprised of four

protein subunits, of which two contain this type of centres. The

distance between radicals tyrosyl localised in two different

RNR subunits of E. coli and mouse was determined by the

PELDOR technique.111, 112 Measurements were carried out in

the X- (9 GHz) and Q-bands (34 GHz) at 30 K. The key

experimental data 112 are shown in Fig. 23. The spectrum of

tyrosyl radicals is rather broad (doublet with a splitting of

about 2 mT, see Fig. 23 a) and the pump pulse and the

detection pulse do not overlap (nA ± nB=60 MHz). The

kinetics of PELDOR signal decay is typical of A-spin pair

(see Fig. 23 b) and its Fourier transformation in the frequency

domain gives a sharp peak at 1.39� 0.05 MHz, which corre-

sponds to r=3.25� 0.05 nm (see Fig. 23 c). To ensure that

modulation of the PELDOR signal decays is a result of

electron ± electron dipolar coupling rather than electron ± nu-

clear interaction (ESEEM effects), the authors of this review

performed measurements for RNR subunits containing one

tyrosyl radical; no modulation was detected in this case. The

results obtained are in good agreement with crystallographic

data on the distances between tyrosyl radicals in the RNR of

E. coli.111 At the same time the results 112 are an important step

in studies of RNR in animals, for which crystallographic data

are unavailable at the moment.

Amutant of human ubiquitin in which the Ser20 andGly35

bases were replaced by MTS-labelled cysteine (Fig. 24) was

studied 113 by the PELDOR and single-frequency double

quantum coherence (DQC) 12 techniques. The aim of that

study was to compare the two methods of distance determi-

nation in spin-labelled proteins. It was found that the distances

measured by these methods are very similar, namely, r=3.55

(PELDOR) and r=3.58 nm (DQC). The distance distribution

functions differ in that the function plotted using the DQC

data has a peak in the region 1.5 nm, which corresponds to the

proton modulation frequencies in the X-band. Comparison 113

showed that the DQC technique is more sensitive than

PELDOR. However, DQC experiments (excitation of the

whole EPR spectrum by a six-pulse train) can face problems

due to nuclear modulation (ESEEM) and the need for meeting

more severe requirements for the pulse train parameters

compared to PELDOR. By and large, PELDOR appeared to

be more efficient in studies of short distances (to r& 1.5 nm)

while DQCwasmore appropriate formeasuring long distances

(r>2 nm). Effeicient combined use of the DQC and
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Figure 23. Results of measurements of distances between tyrosyl radicals

using EPR spectroscopy.112

Shown are the EPR spectrum points excited by the pumping pulse (P) and

echo pulse (D) (a), PELDOR signal decay [dashed line denotes the results

of calculations using the F(r) function] (b) and the distance distribution

function F(r) (c).
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PELDOR techniques for distance determination in a wide

range (1.4 ± 7.0 nm) was demonstrated 114, 115 in structural

studies of spin-labelled complex protein complexes and

micelles.

Other examples of applications of the PELDOR technique

(usually, in combination with lineshape analysis in EPR

spectroscopy of spin labels) in studies of the structure and

dynamics of biomacromolecules and their complexes can be

found in reviews 22 ± 24, 116, 117 and recent publications.118 ± 121

Analysis of the literature on the title subject shows that

investigations of large biocomplexes have become one of the

most important and efficient applications of pulsed EPR

spectroscopy.

3. Spatial distribution of paramagnetic particles. Spin-
labelled polymers and peptide ±membrane complexes
PELDOR spectroscopy makes it possible not only to obtain

data on distances in radical pairs or complexes, but also to

study the spatial configuration of spin systems. Unfortunately,

these possibilities are still of limited use among researchers

abroad.

Information on the geometry of spatial distribution of

paramagnetic centres can be extracted from the law that

describes the kinetics of exponential PELDOR signal decay.

For instance, a simple exponential decay

V(T )=V(0) exp(7apbT q) (20)

with q=1 is characteristic of the volume averaging of expres-

sion (3). Averaging over any specified spatial configuration

with randomly distributed particles is possible. For instance,

the exponent, q, equals 2/3 for a planar case and 1/3 for linear

distribution (see Refs 26 and 122). In contrast to the ESE

method in the case of PELDOR the decay V(T ) is not masked

by other relaxation mechanisms. This allows spatial effects to

be studied.

An exponential decay with q=1 is observed for particles

uniformly distributed over the volume. Since in this case one

has

a=Do1/2=AC,

where C is the spin concentration, the logarithm of the signal

decay rate normalised to concentration is linearly related to the

change in the interval T, as shown in Fig. 25 for frozen glassy

solutions of a stable 2,2,6,6-tetramethyl-4-oxopiperidin-1-

yloxyl radical.31 This situation is typical of homogeneous

glassy solutions of paramagnetic centres.

An unexpected result was obtained in the kinetic studies of

the decay V(T ) in solutions of spin-labelled polymers poly(4-

vinylpyridine) (P-4VP) with different extent of labelling

( b=0.06 and 0.09, b is the ratio of the number of labels in

the macromolecule to the degree of polymerisation).123 The

structure of a labelled repeating unit of the polymer is as

follows:

It was found that the PELDOR signal decay is described by

relation (20) with q=1/3, which corresponds to a linear spatial

distribution of spin labels. This was explained in the frame-

work of a model that assumes mutual repulsion between

charged groups of the polymer. Here, one can expect a linear

configuration of polymer chains in contrast to globular struc-

ture of neutral groups. Linear character of the structure in

these experiments was also confirmed by analysis of the

concentration dependence of the exponent a in expression (20).

Unlike the dependence a*C (uniform distribution of particles

over the volume) the result obtained for the polymer in

question was a*C 2. This law is characteristic of a spatial

distribution of particles for which the kinetics of the PELDOR

signal decay should be calculated with allowance for the
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Figure 24. Structure of human ubiquitin.113

The distance (3.55 nm) between spin labels in the Ser20 and Gly35 bases

determined by the PELDOR method is arrowed.
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Figure 25. Experimental normalised PELDOR signal decay plotted vs.

concentration of 2,2,6,6-tetramethyl-4-oxopiperidin-1-yloxyl radicals in

frozen water ± glycerol solutions (30% H2O).31

Radical concentration /cm71: 1.761017 (1), 461017 (2), 661017 (3),

961017 (4) and 1.461018 (5).
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shortest approach distance r0 assuming that r0 exceeds the sum

of the van der Waals radii of particles.

Calculations using experimental data for P-4VP gave

r0=13.5 nm, which substantiated the hypothesis of linear

structure of the polymer under the experimental conditions.

Note that the laws of the kinetics of PELDOR signal decay for

charged radical ions were studied in detail 31 using the classical

Debye ±HuÈ ckel theory and Monte Carlo calculations of the

decay V(T ).

The spatial distribution of spin labels can even be more

complex. An example is provided by the results of calculations

of the kinetics of PELDOR signal decay for the spin labels

localised on the cell membrane or within the membrane.

Dipolar relaxation of spin labels in frozen glassy solutions of

spin-labelled trichogin TO-4 in cell membranes ofMicrococcus

Luteus bacteria was studied experimentally at T=77 K.124

The results obtained were interpreted using a model which

assumes localisation of paramagnetic centres either in a layer

of thickness d of a sphere with the external radius R+ d or on

the outer and inner surfaces of the sphere (Fig. 26 a). This

geometry simulates two types of dipolar interactions between

paramagnetic centres localised within membrane or on the

surface of cells or vesicles. The results of calculations of the

exponent q in relation (20) for R=500 nm (average size of

Micrococcus Luteus bacteria) are shown in Fig. 26 b. Similar

calculations for other R values in the range from 250 to

1500 nm and for an ideal planar case (R=?) gave the curves

that almost matched the dependences 1 and 2 in Fig. 26 b

obtained for R=500 nm. The horizontal straight line 3

corresponds to the experimental value q=0.71� 0.012

obtained in studies of the system in question. The line crosses

both theoretical curves 1 and 2. The intersection points give the

d values for the corresponding model for distribution of spin

labels in the membrane.

The intersection of line 3 with the theoretical curve 1 at

d& 2.4 nmmeans that experimental data do not contradict the

localisation of spin labels within the layer of the specified

thickness. This may indicate that the spin labels are on the

outer surface of the membrane (membrane thickness is about

60 nm); here, the surface should have a loose structure such

that the spin labels are actually localised within a layer

2.4� 0.2 nm thick. Accordig to the model considered, the

intersection of the straight line 3 with curve 2 (see Fig. 26 b)

corresponds to localisation of spin labels on both sides of the

membrane. The solution corresponding to the intersection at

d=1.5 nm has no physical meaning, because in this case the

membrane thickness (*1.5� 0.2 nm) is too small. The second

intersection corresponds to a distance of 7.0� 0.3 nm between

the surfaces on which the spin labels are localised. This

numerical value is consistent with modern concepts of mem-

brane structure.

Thus, comparison of experimental and theoretical data

shows that the spin-labelled peptides studied are mainly

localised near the membrane surface. Two types of peptide

localisation are possible, within a loose layer about 2.4 nm

thick on one surface of the membrane or on both sides of the

membrane (here, the layers containing the spin labels are

separated by a distance of nearly 7 nm). The average distance

between spin labels was estimated at 4.5 ± 10 nm depending on

the model. Similar results were obtained in studies of spatial

distribution of spin-labelled trichogin analogues in artificial

membranes.

A PELDOR study of intramolecular and intermolecular

dipole ± dipole interactions between spin labels in spin-labelled

trichogin analogues (TF-4, TF-1, TO-1,8) in dipalmitoylphos-

phatidylcholine (DPPC) multilamellar membranes frozen to

77 K was reported.125 For the singly labelled peptides, the

experimentally observed V(T ) decay kinetics studied at the

peptide : lipid (P : L) mole ratios of 1 : 300, 1 : 250 and 1 : 82

correspond to a nonuniform spatial distribution of trichogin

molecules and reflect a nearly planar character of their

distribution in the multilamellar DPPC layers. For the doubly

labelled trichogin analogue, the function of distance distribu-

tion between spin labels in the trichogin molecule was

obtained. The function has two main maxima at distances of

1.25 and 1.75 nm. The first maximum corresponds to the

a-helical structure of the trichogin analogue while the second

maximum corresponds to a structure that combines a 310-helix

and a more extended conformation of the trichogin analogue.

Similar results were obtained in studies of trichogins TO-4

and TO-1,8 in egg phosphatidylcholine (ePC) multilamellar

membranes.43 It was found that the addition of cholesterol to

ePC causes the local concentrations of trichogin molecules to

increase considerably without formation of compact aggre-

gates.

Thus, peptide aggregation was observed neither in natural

nor in artificial membranes.43, 124, 125 Therefore, a problem of

aggregation conditions posed. It was solved in a study 126

carried out by the PELDOR and ESEEM methods.5 First of

all, it was established that trichogin aggregates in the DPPC

membrane are formed at high relative concentrations of the

peptide. Similarly to study,126 at P : L<*1 : 100 the peptide

molecules are not aggregated and arranged parallel to the

membrane surface. An increase in the peptide mole fraction to

P : L=1 : 20 causes the formation of aggregates with N=2
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Figure 26. Scheme illustrating the calculations of the parameter q as

function of arrangement of paramagnetic centres in a spherical membrane

of radius R (d is the thickness of the sphere) (a) and calculated q(d ) values

for paramagnetic centres locatedwithin the sphere (1) and on the inner and

outer surfaces of the sphere (2) (b). (Line 3 corresponds to the exper-

imental 124 value q=0.71.)
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and the corresponding distance distribution function has a

maximum at 3.5 nm and a width of 1.4 nm (Fig. 27). Here, the

peptide molecules are oriented normal to the membrane sur-

face. Aggregation of alamethicin A-16 in ePC vesicles at

relatively high P : L ratios was observed in a more recent

study.127

It should be noted that the ESEEM study 126 seems to be

the first one in which the peptide orientation relative to the

membrane surface was studied in detail. In these experiments

the supramolecular structure of the membrane ± peptide sys-

tem was determined using the ESEEM effect due to the

interaction between the peptide spin label and protons (deuter-

ons) of water molecules present in the surface layer of the

membrane. Earlier, a test experiment aimed at determining the

interaction between water and spin labels of membrane lipids

localised at different distances along the lipid chain was

reported for this system.128 Based on the results obtained, the

distances to the surface were determined for three spin-labelled

peptides in which the spin labels were introduced near the

C-terminus (TF-8), N-terminus (TO-1, TF-1) and between

them (TO-4, TF-4), which eventually allowed the peptide

position in the membrane to be determined.

4. Radical ± ion and ion ± ion pairs
Until recently only a few PELDOR studies of paramagnetic

ions were reported.129 ± 136 They are of interest not only from

the standpoint of the design of artificial supramolecular

ensembles with preset properties, but also for the synthesis of

metal-containing proteins and membrane complexes with

paramagnetic ions. In most cases such systems possess specific

paramagnetic properties that are due to the presence of metal

ions. Owing to the g-factor anisotropy their EPR spectra are

observed in a wider range compared to the EPR spectra of

radicals. Therefore, carrying out pulsed experiment requires

the allowance for mutual positions of the detection pulse and

the pumping pulse in the EPR spectrum (so-called orientation

selectivity in PELDOR). Usually, paramagnetic ions cause the

phase relaxation time and the spin ± lattice relaxation time to

shorten; as a consequence, measurements should be performed

at as low temperatures as possible. When the PELDOR

technique is used to obtain structural information on ionic

clusters, the spin states of particular metal ions in the cluster

should be taken into account.

The simplest system comprises a complex of a paramag-

netic ion and iminoxyl radical, e.g., complex 24 of hexacoordi-

nate Cu2+ ion with ligands containing two iminoxyl

radicals.129

The X-band EPR spectrum of this complex exhibits a

conventional triplet with g& 2.003 and a broad (width about

55 mT) anisotropic line of Cu2+ ion (S=1/2) with gz=2.258.

The system was excited by 32-ns pulses (measurements were

carried out at 15 K) according to various modes. If the

pumping pulse was centred at the maximum of the spectral

line, the detection pulse excited the spins of Cu2+ ions at the

frequencies shifted by 200 or 1465 MHz relative to the fre-

quency at which the pumping pulse was applied. In this case

analysis of the PELDOR signal decay oscillations gave the

distances r( NO
.
_Cu2+)=2.43 and 2.46 nm, respectively.

In conventional experiments involving both excitation and

pumping within the contour of the EPR line of iminoxyl

radical, analysis of the PELDOR modulation data gave

r( NO
.
_ NO

.
)=5.2 nm. The results obtained experimen-

tally were confirmed in quantum chemical calculations.

The distance between a pair of copper ions in azurin dimer

formed due to the interaction between cysteine residues on the

surface of a protein complex was estimated at 2.6 nm.130

However, it was concluded that, owing to orientation selectiv-

ity, the results obtained depend on the mutual orientation of

the g-tensors of Cu2+ ions in the dimer and on the conditions

of spectrum excitation at the frequencies nA and nB (i.e., on the

DnAB value).

An attempt to detect orientation selectivity in a study of

polyproline peptide containing (PHGGGW)Cu2+ terminal

fragments was reported.131 X-Band measurements carried out

at four values of the magnetic field strength revealed no

differences in the PELDOR signal decays predicted by

theory.27 The authors of that study believed that either the

g-tensor of Cu2+ ions is oriented relative to the vector

connecting two ions in such a manner that orientation selec-

tivity disappears (this is predicted by theory) 27 or the effect was

not detected owing to dynamic flexibility of the peptide

molecule. This is still a moot question, which requires further

investigations.

The distances between Cu2+ ions in transferrin and lacto-

ferrin were estimated (Fe3+ ion pairs were replaced by Cu2+

ions).132 These polypeptides bind iron ions and are their

carriers. Replacement of iron ions by other ions does not
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Figure 27. The distance distribution function F (r) of spin-labelled tricho-

gin TF-1 aggregates in DPPC membranes.126
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change the structures of the complexes.133 Owing to the

g-factor anisotropy and HFC both complexes have broad

(*3 mT) X-band EPR lines in the region g& 2.0. The distance

between Cu2+ ions evaluated from the PELDOR signal decay

data is 4.16� 0.06 nm for transferrin and 4.26� 0. 06 nm for

lactoferrin. These distances are 2%±3% shorter than the

corresponding distances in crystals; this can indicate a small

difference between the molecular conformations in frozen

solutions and crystals.132

The distance between [4Fe74S]+ cluster (ground-state

spin S=1/2) and hydroxyethylidene thiamine pyrophosphate

radicals (intermediates of the catalytic cycle of oxidation

involving pyruvate ferredoxin oxidoreductase) was determined

by the PELDOR technique.134 The result obtained,

r=3.3 nm, corresponds to magnetic dipole interaction

between the B-cluster and radical (the system contains at least

three types of clusters, namely, A, B and C).

The PELDOR technique was used to determine the dis-

tance between the centre of the [NiFe] cluster and the

[3Fe74S]+ cluster in the structure of hydrogenase, an enzyme

which catalyses heterolytic decomposition of hydrogen

(H2 > H++H7).135 The molecular structure of this enzyme

has been studied in detail by X-ray analysis and magnetic-

resonance methods and is therefore of interest for PELDOR

studies. However, the simplest analysis of the PELDOR data

(three- and four-pulse PELDOR experiments at 5 K) based on

the approximation of point dipoles localised at the cluster

centres gave incorrect results. The authors of study 136 believed

that the results obtained should be interpreted with allowance

for spin ± spin interactions in the cluster [3Fe74S]+. The

PELDOR signal decays in these complexmononuclear systems

were calculated with inclusion of the interaction between the

spin states in the cluster.136

Interpretation of PELDOR data for systems containing

paramagnetic ions or ions and ionic clusters with S>1/2 is

difficult. An attempt to measure the Mo_Fe distance in a

cluster containing Mo5+ and Fe3+ ions in sulfite oxidase

failed.137 NoPELDORmodulationwas detected in the system;

this was explained by a broad distribution of distances between

pairs and by the presence of various conformers in the frozen

aqueous buffer.

Dipole ± dipole interactions between paramagnetic par-

ticles with S>1/2 were analysed theoretically.138 Analytical

relations were derived for the interacting spins S=1 and

S=1/2. In this case the effects of zero-field splitting, Zeeman

energy and temperature on the lineshape of the Pake dipolar

doublet can be calculated. It seems that further analysis will

enable calculations of effects in PELDOR experiments for

systems with any spin.

Undoubtedly, experimental and theoretical difficulties will

not prevent the PELDOR technique from finding increasing

application in studies of ion ± ion and ion ± radical systems that

are of particular interest in biochemical physics and biocatal-

ysis.

5. Radical pairs formed in photolysis
In many important physicochemical processes paramagnetic

centres form pairs. For instance, solid-phase photolysis causes

the formation of an electron that is trapped by an acceptor or

medium at some distance from the `parent' ion. In such systems

the distance between paramagnetic centres can be described by

the function F(r). If the distribution function F(r) is rather

broad, no oscillations of PELDOR signal decay are observed.

Nevertheless, information on the distribution of radical pairs

can be obtained by analysing the PELDOR signal decay.

The pioneering PELDOR study 6 was devoted to inves-

tigations of pairs of hydrogen or deuterium atoms and hydro-

quinone radicals stabilised in glassy hydroquinone solutions in

8M aqueous sulfuric acid or D2SO4 . In this system para-

magnetic centres are formed from hydroquinone Ar(OH)2
upon photoionisation

Ar(OH)2+H2O(H3O+) Ar(OH)�2
.
+H

.
+OH7(H2O).

The observed distance distribution is governed by two

factors, (i) the free path length of an electron prior to trapping

by H3O+ ion and (ii) diffusion path length of hydrogen atoms

until trapping in the matrix. Hydrogen atoms were treated as

A-spins; the pumping pulses were applied at the frequency

equal to the EPR spectrum of hydroquinone radical ions

Ar(OH)�2 treated as B-spins (see inset in Fig. 28). It was

established that the signal decay of hydrogen atoms depends

on the concentration of hydroquinone radical ions. This points

to dipole ± dipole interactions between hydrogen atoms and

not only the `parent' hydroquinone radicals, but also radicals

that are uniformly distributed over the matrix; in other words,

the signal decay can be represented as the product V(T )=

VintraVinter . The dipole±dipole pair interaction, which is gov-

erned by the term Vintra , was determined by analysing the

dependence of the V(T ) signal amplitude on the concentration

of hydroquinone radicals. The function F(r) was calculated

from Eqns (11) and (12) using an approximate representation

of the function F(r) as a step function. The distribution

function thus obtained has a maximum at 4.5 nm (see

Fig. 28). Integration of the function F(r) gives that for 63%

of radical pairs the distances are shorter than 8.5 nm while for

the remaining pairs the distances are in the range from 8.5 to

10 nm. In the latter case establishment of the actual shape of

the distribution function is difficult because these radical pairs

make a negligible contribution to the PELDOR signal decay.

Exposure of hydrocarbon solutions of aromatic com-

pounds to UV light at 77 K causes the formation of trapped

solvent radicals. The corresponding mechanism of formation

involves absorption of two photons by the aromatic molecules

and energy (or charge) transfer from the aromatic molecule to

the surrounding hydrocarbon molecules followed by radical

decomposition.139 A study 32 of the spatial distribution of

hydrocarbon radicals trapped in these systems showed that

photolysis (l>290 nm) of glassy naphthalene solutions in

decalin at 77 K produces radicals whose EPR spectrum
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Figure 28. Pair distribution function calculated from PELDOR data for

UV-irradiated frozen hydroquinone solutions.6

Inset: EPR spectrum of paramagnetic centres formed in this system:

hydroquinone radicals, B-spins (1) and hydrogen atoms, A-spins (2).
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exhibits six nonequidistant lines. This spectrum appears from

radicals that are formed upon abstraction of a hydrogen atom

from decalin molecule. Fast PELDOR signal decay at low

concentrations of decalinyl radicals is followed by attainment

of the limiting valueVp characteristic of the cluster distribution

of radicals. The dependence of Vp on the parameter pb
determining the extent of excitation of the EPR spectrum of

decalinyl radical was studied.32 The position of the pumping

pulses in the EPR spectrum was varied, but their amplitudes

and durations remained constant. It was found that Vp is a

linear function of pb and the slope of the straight line remains

constant in the course of photolysis, being independent of the

concentration of radicals. Calculations of the parameter N

from the slope of the straight line using expression (12) gave

N=1.85� 0.2. Thus, it was established that low-temperature

sensitised photolysis of decalin produces decalin radicals that

are stabilised in the form of pairs. The boundary value of the

distance between radicals in pairs estimated from the time

T *=40 ns using expression (11) is r=2.5 nm.

6. Radical pairs in photosynthetic systems
Photosynthesis is one of the most important physicochemical

processes of solar energy conversion into electrochemical

energy, which is necessary for functioning of living organisms.

In most cases photochemical processes (energy, electron or

proton transfer) involve radical ions and radicals. Information

on distances between these paramagnetic centres is of consid-

erable interest for photosynthesis research. The vast majority

of studies on PELDOR applications were carried out using the

photosystem II (PSII) shown in Scheme 1.
Scheme 1

A component of PSII is a primary electron donor P680, a

chlorophyll a dimer characterised by absorption maximum at

680 nm. Light-induced excitation of P680 initiates a series of

electron transfer processes in PSII. The primary acceptor in

electron transfer from P680 via an intermediate acceptor

pheophytin (Phe) is quinone QA and the secondary acceptor

is quinone QB . The sequence of light-induced redox reactions

in PSII is completed by water splitting and formation of

oxygen. It should be noted that transfer of an electron is

followed by the formation of a number of paramagnetic centres

detected by EPR spectroscopy. These centres, along with the

systems that simulate the structure and particular properties of

the reaction centre of PSII, have been studied by various

methods of chemical radiospectroscopy.140, 141 In the case

where it is possible to detect radical pairs, the PELDOR or

single-frequency pulsed methods are used.

The PSII system has two redox centres based on tyrosine

residues (Tyr), which act as secondary electron donors. One of

them is tyrosine Z (denoted as YZ); at room temperature the

oxidised Y�Z has a short lifetime and can hardly be detected by

EPR spectroscopy. The other is tyrosine D (denoted as YD);

the oxidised Y�D is stable in the dark and can be detected by

EPR spectroscopy. The EPR spectrum of Y�D is a narrow single

line with g& 2. In addition, PSII contains a number of redox-

active complexes, namely, cytochrome b559, chlorophyll Z

(ChlZ), and the manganese cluster Mn4 with Ca2+ ions. This

cluster is the key component in the complex of the reaction

centre, which oxidises water to oxygen.

The oxygen-evolving and the Ca-depleted PSII systems

were studded.142 Depending on the oxidation state of the

manganese cluster in PSII, five states (S07S4) of this species

are distinguished. At low temperatures, the S2 state of PSII

exhibits the EPR spectrum of Y�D and a well-known multiplet

spectrum of the manganese cluster with a g-factor of 1.96 and

full spectral width of about 20 mT. The S2 state of the

Ca-depleted PSII exhibits the so-called modified EPR spec-

trum of the manganese cluster with a larger width, larger

number of lines and smaller hyperfine splitting compared to

the spectrum of the oxygen-evolving PSII. In addition to the

EPR spectrum of Y�D, Ca-depleted PSII also exhibits an EPR

spectrum of unknown nature. The EPR spectrum of the S3
state spans a much wider range compared to the spectrum of

Y�D.
The fact that the EPR spectra of the S3 state of the

tetraatomic manganese cluster and Y�D cation are different

made it possible to use the PELDOR technique for measuring

the dipolar coupling between these species.142 The pumping

pulse was applied to the Y�D spins and the spin echo signal was

formed from the S3 state of theMn4 cluster. Figure 29 presents

the modulated PELDOR signal decays obtained 142 for the

systems mentioned above. Points denote experimental data

and solid lines denote the results of calculations using the fitted

parameters of dipolar coupling. The distance between theQA QB

Phe

P680

TyrZ TyrD

Mn4

Ca2+ Ca2+

1/2H2O 1/4O2+H+

Cytb559 Cytb559
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Figure 29. Modulated PELDOR signal decays of pairs of paramagnetic

centres in the PSII photosystem.142

Oxygen-releasing system PSII containing the Mn4 cluster in the S2 state

(1), Ca-depteled system PSII containing the Mn4 cluster in the S2 state (2)

and Ca-depteled system PSII containing theMn4 cluster in the S3 state (3).

Points denote experimental data and solid lines denote the results of

calculations.
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manganese cluster (S2 state) and Y�D determined from these

data is 2.7 nm (Table 2) in both systems, the oxygen-evolving

PSII and the Ca-depleted PSII. The distance between the spins

responsible for the EPR spectrum of the S3 state of the

Ca-depleted PSII and the tyrosine radicals Y�D is 3.0 nm.

Comparison of the results obtained (3.0 nm) with other data

made it possible to suggest 142 the nature of the EPR spectrum

of the S3 state of PSII.

PELDOR data for the S0 state of the manganese cluster are

available.143 It is believed that different values of distances

between the Y�D cation and theMn4 cluster are due to different

oxidation and spin states of the cluster. Structural information

on paramagnetic centres in PSII obtained recently by other

pulsed EPR spectroscopy techniques was also reviewed.143

Difficulties in the experiments with radical pairs in photo-

systems consist in that the EPR spectra of different centres

overlap and the frequencies nA and nB should be chosen as to

ensure selective pulsed microwave excitation of particular

centres. This was done for the X-band EPR experiments with

YD , ChlZ and QA centres.144, 145 The results of measurements

are shown in Table 2 which also lists the results of other

PELDOR distance measurements 146, 147 for PSII.

The reaction centres of photosystems are localised within

specific chloroplast membrane structures called thylakoids. It

is assumed that the donor fragment of PSII is localised on the

opposite sides of thylakoid membrane. The orientation of the

reaction centre relative to themembrane surface was studied by

pulsed EPR methods (in particular, the PELDOR techni-

que).148 To this end, a synthetic Mylar sheet was coated with

PSII and a sample oriented relative to the external magnetic

field H0 was studied. Namely, the orientation dependence of

the PELDOR spectra of a radical pair comprised of tyrosine

centreY�D and themanganese clusterMn (S2 state) was studied.

It was found that the angle between the vector connecting the

two centres and the normal to the surface of the thylakoid

membrane is 110� 28; these are the first PELDOR orientation

measurements for PSII.

Radical pairs can also artificially be produced by introduc-

ing, e.g., spin labelling of the peptide chain of a protein in the

reaction centre containing a stabilised radical or radical ion of

the photosystem. This approach was used in the PELDOR

studies 149 of the structure of the protein component of the

light-harvesting complex LHCIIb, which contains chlorophyll

a/b and is present in both photosystems. Spin labels were

introduced pairwise into various positions in the protein

structure. The distances between these positions (Fig. 30) and

the distribution functions for all distances between pairs were

determined. All the functions F(r) related to position 3 near the

N-terminus of the polypeptide (3 ± 160, 3 ± 52, 3 ± 106)

appeared to be bimodal. This indicates that the domain near

the N-terminus, involved in light flux regulation in the photo-

system, has two conformation distances. It is assumed that

these two conformers correspond to two different photosys-

tems, namely, PSI and PSII.149

A spin label was introduced into cysteine residue in

position 156 of the subunit of a protein complex in the photo-

synthetic reaction centre isolated from Rhodobacter sphaer-

oides R26 bacteria.150 The distance between the spin label and

the primary acceptor QÿA
.
(semiquinone radical ion) deter-

mined by the four-pulse PELDOR technique is

3.05� 0.05 nm. This distance is shortened by 0.2 nm upon

phototransfer of an electron and stabilisation of QÿB
.
. The

effect is not related to possible orientation selectivity in this

system.147 It is believed 150, 151 that the approach can be used to

detect conformational changes occurring in the course of

phototransfer reactions in photosystems.

Short-lived radical pairs P�865Q
ÿ
A (P865 is bacteriochloro-

phyll a) produced by a laser pulse in frozen solutions of

reaction centres in photosynthetic bacteria Rb. sphaer-

oides 49, 51 were studied by W-band EPR spectroscopy at 95

GHz. In this spectral region the EPR spectra of the radical ions

are only partially overlapped, which enables measurements

with detection at the frequency nA and pumping at the

frequency nB in different regions of both EPR spectra corre-

sponding to gxx , gyy , gzz for Q
ÿ
A and P�865. This allows selective

experiments to be carried out and not only the distance in the

pair but also the orientation of the pair to be determined. One

of the key questions answered by the authors of the studies

cited is how does the orientation of the vector R connecting the

pair P8657QA change after transfer of an electron and for-

mation of P�865Q
ÿ
A . The orientation and modulus of this vector

prior to reaction is known from X-ray structural data. Based

Table 2. Distances between paramagnetic centres in PSII determined by
the PELDOR method.

Pair of centres Distance /nm Ref.

YD7Mn4(S2) 2.71� 0.02 142

YD7Mn4(S0) 3.4 143

QA7ChlZ 3.40� 0.10 144

YD7ChlZ 2.95� 0.05 145

QA7YZ 3.40� 0.10 146

QA7Cytb559 4.00� 0.30 147

a
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Figure 30. Distances between five spin labels in positions 3, 52, 106, 160

and 229 in the protein light-harvesting complex LHCIIb (A ±E are helical

domains) measured by the PELDORmethod (a), and three out of six pair

distance distribution functions between the positions 3 ± 52, 3 ± 160 and

3 ± 106 calculated from the PELDOR data (b).149
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on the results of PELDOR measurements, the modulus of the

vector R is 2.84 nm and its orientation changes by 12.58. It is
important that the experimental design and procedure for

calculations of structural parameters in the orientation-selec-

tive PELDOR experiments were reported in detail.49, 51

7. Spatial distribution of radicals upon radiolysis; radical
clusters
Owing to spatial localisation of the absorption and transfer of

the energy of hard radiation (a-, b- and g-rays, nuclear fission
products) the intermediate reaction products (ions, electrons,

atoms, radicals) are also spatially localised within tracks and

spurs. Such radical tracks were studied in detail by the ESE

method (see, e.g., reviews 3, 4).

Asmentioned above, analysis of the PELDOR signal decay

allows a fixed number of spins in a group of paramagnetic

particles to be determined as in the case of, e.g., formation of

aggregates having a particular structure. Of course, if a

distribution over the number of spins in a group exists, the

method described above gives only the effective number of

spins in the group.14, 15 The PELDOR technique was used 33, 34

to obtain information on the statistics of the number of spins in

groups for g-irradiated cyclohexane, polyethylene and a num-

ber of organic acids.

Cyclohexyl radicals in crystalline cyclohexane g-irradiated
at 77 K were studied.33 The pattern of the PELDOR signal

decay in this system is similar to that of biradicals with a broad

distance distribution. A fast decay in the initial portion is

followed by attainment of the limiting value Vp at times of the

order of 0.5 ms. The dependence of the limiting decayVp on the

parameters pa and pb was studied. Unlike the available pair

distribution data obtained for biradicals and radicals that

appear during sensitised photolysis it was found that the

average value of the parameter N depends on the probability

(extent), pa , of excitation of the spectrum by the pulses applied

at the detection frequency. Figure 31 presents this dependence

for cyclohexyl radicals (curve 1) and, as a test, the results

obtained for iminoxyl biradicals 12 (see Table 1). In the latter

case it was found that within the limits of experimental error

the parameterNeff is independent of the parameter pa and equal

to 2.2 (see Fig. 31, curve 2).

It was assumed that the dependence of Neff on pa for

cyclohexyl radicals in g-irradiated cyclohexane is due to the

presence of groups containing different number of radicals.

Analysis of the dependence of Vp on pa using methods

developed in Ref. 33 permitted the following conclusions

about the distribution function over the number of radicals in

the group. Most radicals (75%±90%) are distributed uni-

formly or form pairs, while the remaining 10%±25% of

radicals form groups containing from three to several tens of

radicals. The characteristic group size determined from the

initial PELDOR signal decay is *2.5 nm, which corresponds

to a local concentration of about 1020 cm73. So high local

concentrations of groups cannot be detected by the two-pulse

ESE technique owing to the dead time of the ESE spectro-

meter. Thus, the PELDORmethod makes it possible to obtain

much more detailed information on spatial distribution of

radicals in g-irradiated systems compared to the ESE

approach.

Similar results were obtained in a study 34 of alkyl radicals

appeared during g-radiolysis of polyethylene and some organic

acids. As in the case of irradiated cyclohexane, the PELDOR

signal decay in polyethylene is fast at short times and then

reaches the limiting value Vp , which depends on pa and pb . By

analysing these dependences one can determine Neff and the

first and second moments of the distribution function over the

number of radicals in the group (data for polyethylene are as

follows: K1=2.4 and K2 4 6). Analysis 34 showed that alkyl

radicals formed in low-temperature radiolysis of polyethylene

are distributed in groups with an average number of radicals of

2.4 and a characteristic group size, r, of4 2.5 nm.

A PELDOR study of the spatial distribution of radicals in

hydratedDNA irradiated with heavy (100-MeV 40Ar) ions was

reported.152 Under these conditions, two types of radicals, that

is, the charged radical anions and radical cations localised on

DNA bases and neutral radicals localised on carbon atoms are

mainly stabilised in DNA at 77 K. The total width of the EPR

spectrum was *4 mT. The four-pulse PELDOR technique

was used to study three types of samples irradiated with doses

of 1.7, 15 and 50 kGy. The dependence of the PELDOR signal

decay on the spectrum excitation probability pb was measured.

The pb values were determined from relation (17) using the

experimental EPR spectrum and the parameters of the micro-

wave pulse. Experimentally, different pb values in the range

0.179 ± 0.015 were obtained by varying the amplitudes of the

pumping pulses. It was found that the decay kinetics in the

whole initial portion of times to 1.6 ms can be represented by

the exponential function

V(T )* exp(7kpbCT ),

where C is the concentration of radicals in the cluster. The

kinetics of the PELDOR signal decay in the irradiated samples

are plotted vs. pb in Fig. 32.

Experimental results were analysed 152 using a simplest

model, which assumes that DNA radicals are distributed over

clusters of the same volume but the number of radicals differs

from one cluster to another. In this case, irrespective of the

irradiation dose, the average cluster radius is 6.8 nm and the

number of radicals in it is N=17.7� 0.7; in turn, this means

that clusters do not overlap at such doses. The results obtained

also make it possible to estimate an important physical

parameter of this kind of radiation, namely, the linear energy

transfer (LET). The estimates appeared to be similar to the

LET value measured by other physical methods. Unfortu-

nately, the effect of the parameter pa on the kinetics of

PELDOR signal decay was not analysed;152 this precludes

evaluation of possible statistics of the distribution over the

number of radicals in the cluster.

1.0 0.95 0.9 17pa
1

3

5

Neff

1
2

Figure 31. Effective number of particles (Neff) plotted vs. excitation

probability (pa) of the spectrum by the pulses applied at the frequency nA
for cyclohexyl radicals (1) and iminoxyl biradicals 12 (2).33
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Radical clusters were also found in polymeric systems. The

cluster distribution of radicals in ionically capped poly(styr-

ene)-poly(isoprene) diblock copolymers was studied.19, 153, 154

Polymers (ionomers) form clusters with surface charged

groups. An ionic compound, namely, a potassium salt of

4-carboxy-substituted compound TEMPO was used as a spin

label. The distances between labels (label concentration was

equal to two labels per cluster) on the cluster surface (2.2 nm)

and the inter-cluster distance (6.6 nm) were determined from

the decay kinetics of the four-pulse PELDOR signal. The

former distance is independent of the polymer chain length

(molecular mass) and the latter distance varies in the range

4.5 ± 8.0 nm depending on the topology of the copolymer. The

results obtained were explained using the data obtained by

other methods and a model that describes electrostatic clus-

ter ± cluster interactions and interactions between clusters and

the poly(styrene)-poly(isoprene) diblock copolymer interface.

V. Conclusion

The material presented in this review clearly demonstrates that

at present pulsed EPR spectroscopy finds new fields of

application for measuring distances between paramagnetic

centres, determining spatial orientation of radical pairs and

studying the effects of spatial distribution. These data are

complementary to traditional structural parameters, such as

the hyperfine coupling constants and g-tensor. Among pulsed

methods of EPR spectroscopy, the two-frequency PELDOR

technique is the most efficient. Single-frequency pulsed meth-

ods, such as the `2+1' (Ref. 6) or SIFTER (Ref. 13) techniques

are of much more limited use. The development of single-

frequency DQC technique12 at the Advanced Centre for ESR

Technology (ACERT), Cornell University, and a broad spec-

trum of applications of this method should also be pointed out.

Recently, investigations on the structure and properties of

various biomolecular structures carried out at this research

centre have been a subject of a detailed review.155 As men-

tioned above, the DQC technique is efficient in measuring long

distances (to r& 7.0 ± 8.0 nm) and shows a higher sensitivity

owing to better excitation of the spectrum compared to the

PELDOR technique. Unfortunately, at present the DQC and

other pulsed methods are of limited use due to technical

difficulties and only available in a few research laboratories.

Distances are also successfully determined (especially, for

spin labels) by the most widely used methods of continuous

wave EPR spectroscopy, which are based on analysis of the

lineshape in the EPR spectra or on measurements of EPR

signal saturation. A drawback of these etechniques is a narrow

range of the available distances (r<2 nm). Note also the so-

called half-field technique, which is convenient for measuring

short distances. Usually, the forbidden transitions between the

levels ms=71 and ms=+1 of a triplet spin pair are allowed

for proximate spins (r& 4 ± 5 �A) and lie in the magnetic fields

1/2H0 (g& 4), whereH0 is the magnetic field for themain EPR

transition. The intensities of the lines due to these transitions

I�1 are low compared to the intensities of the lines with g& 2;

however, from a theoretical relation156

I�1
I0
� 1

r6
,

one can estimate the r value.

Various methods of continuous wave EPR spectroscopy

and a number of pulsed EPR techniques were reviewed.157 In

Fig. 33 we summarise the potential of EPR spectroscopy in

measuring distances between randomly oriented paramagnetic

particles in solid samples. As can be seen, a broad range of

nanometre distances can now be studied.

It should be emphasised again that at present EPR spectro-

scopy and especially pulsed EPR spectroscopy techniques

allows not only the distances in randomly oriented systems to

be measured to a good accuracy, but also self-organisation,

formation of supramolecular complexes and interaction of

various biologically valuable structures with membranes to be

studied. Undoubtedly, high-resolution chemical EPR spectro-

scopy will find increasing application in chemistry and biology.
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Figure 32. PELDOR signal decays at different pb values for DNA

irradiated with 100-MeV 40Ar ions to a dose of 15 kGy.152

pb=0.179 (1), 0.015 (2).
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