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Preface

We present here the second issue devoted entirely to the spin-labeling technique
as part of Biological Magnetic Resonance. Volume 14 commemorates a modifica-
tion in our editorial policy with the retirement of my esteemed coeditor, Jacques
Reuben. From this juncture into the future, each issue will focus on some special
topic in magnetic resonance. Each volume will be organized in most cases by guest
editors, for example forthcoming issues will address the following topics:

in vivo magnetic resonance (P. Robitaille and L. J. Berliner, eds.)
Modern techniques in proton NMR of proteins (R. Krishna and L. J. Berliner,

eds.)
Instrumental techniques of EPR (C. Bender and L. J. Berliner, eds.)

The current volume, Spin Labeling: The Next Millennium, presents an excellent
collection of techniques and applications that evolved during the past decade since
the last volume, volume 8 (1989). Some obvious omissions, such as multiquantum
EPR and very high-frequency FT-ESR were unfortunately not possible for this
volume. Perhaps they will appear in Spin Labeling: 2001.

Lastly it is a pleasure to honor two scientists whose contributions were both
pioneering and pivotal to the spin label technique: Professor Eduard G. Rozantsev
(Moscow), whose synthetic feats in nitroxyl chemistry set the broad stage for a
versatile catalog of labels; and Professor Harden M. McConnell, last year's Inter-
national ESR (EPR) Society Gold Medalist, who conceived and developed the spin
label technique to address many biological problems (proteins, enzymes, mem-
branes, cells, immune response, etc.).

Lawrence J. Berliner
Columbus, Ohio
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Introduction
Reflections on the Beginning of the
Spin Labeling Technique

Lawrence J. Berliner

This volume is dedicated to the two pioneers who contributed seminally to the
beginnings of the spin label technique, Eduard G. Rozantsev, who developed a
broad range of nitroxyl compounds and reagents; and Harden M. McConnell,
whose foresight into the areas of biological structure and function brought the world
the broad leadership that guided this technique to where it is today.

As Harden McConnell’s first graduate student assigned to spin labeling, I take
great pride in reflecting on the early days and subsequent development of the
technique from the early- to mid-60s when it first began. McConnell’s lab was
located in the Physical Chemistry Laboratories of the Department of Chemistry at
Stanford University, where his research to that point had been heavily involved in
areas of chemical physics, solid-state physics, and theoretical aspects of spin
physics. Rozantsev's lab, then at the Institute ofChemical Physics, USSR Academy
of Sciences, Moscow, was publishing extensively on the chemistry, synthesis and
physical chemistry of several nitroxyl compounds (coined iminoxyl at the time);
this research was published mainly in Russian academy journals. Since it was
difficult to obtain samples from Moscow at that time, a major synthetic effort was
launched in the McConnell lab to reproduce compounds synthesized in the Rozantsev
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lab and to develop analogues of protein modification reagents. In fact early during
this period, the first in vivo related experiment was done in the McConnell lab to
assess toxicity of nitroxyl compounds to cells or living systems. Several grams of
di-t-butyl nitroxide were dissolved in an aquarium where a goldfish swam. The
goldfish survived the nitroxyl environment, but when someone allowed hot water
to drip slowly into the aquarium, the animal died either from heat exposure or by
falling out of the aquarium when the water level reached the top and overflowed
into the sink! Another effort involved analyzing EPR lineshape and motional
characteristics of the tumbling nitroxyl group. The first paper (Stone et al., 1965)
reflected the effort of three postdoctorates, two of whom were trained as organic
chemists; the latter two authors (including McConnell) were experts in lineshape
analysis. The major efforts in the McConnell laboratory from 1966–67 focused
predominantly on protein and enzyme problems. There was another massive effort by
a team of postdoctorates who attempted to apply, in a blanket fashion, a new maleimide
spin label to a variety of enzymes and proteins (Griffith and McConnell, 1966).

The common attributes of McConnell and Rozantsev is that they were great
scientists, interested purely in the joy of pursuing important fundamental problems
(instead of what was currently politically in favor.) To the best of my knowledge,
McConnell’s conception of the spin-labeling technique was based heavily on the
pioneering fluorescence work of Gregorio Weber (University of Illinois), who
studied fluorescence depolarization, and other steady-state techniques with extrin-
sic fluorophores introduced into specific sites in proteins and enzymes. At the same
time Stanford hired Lubert Stryer in the medical school (Department of Biochem-
istry), who was a consultant in protein structure/function. Nonetheless, it is fair to
say that most of the driving force, motivation, and discovery came from within the
McConnell group through the foresight and leadership of its mentor. This of course
led to the applications of spin labeling in several other areas of biochemistry and
medicine: lipids and membranes, cellular machinery (such as the complement
system), studies of diffusion phenomena within lipid bilayers. Most recently there
were impressive in vivo applications in animals, as outlined in the chapter by Swartz
and Halpern. McConnell also applied nitroxyl groups as paramagnetic relaxation
agents to probe protein structure by NMR. This was elegantly described in volume
8 of this series by Anglister (in Berliner and Reuben, 1989). McConnell was literally
the father, grandfather, and great-grandfather of spin labeling. Rarely a publication
on the subject does not cite at least one or two of his fundamental papers. It is
certainly an honor and a tribute to recognize his contributions in this book.

Eduard Rozantsev was a prolific chemist who was also well-versed in physical
chemistry and biochemistry as well. Under the tutelage of M. B. Neiman at the
Institute of Chemical Physics, he grew to be an international giant in this field,
collaborating frequently with other physical and biophysical chemists at the Insti-
tute on applications of nitroxyl compounds, some modeled after McConnell’s early
articles. Unfortunately during Soviet times the Institute of Chemical Physics was
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not always headed by extremely benevolent directors. For reasons (all of which are
not totally known to me) Rozantsev fell into disfavor with Director V. Buchachenko,
who banished him from the Institute in the later 1970s. Rozantsev took a position
in the Institute for Applied Biotechnology in Moscow, where he continued a
research and teaching program, albeit much smaller than that at the Institute of
Chemical Physics. During the time period of Buchachenko’s reign, Rozantsev was
frequently denied travel; for example he did not attend the First International Sympo-
sium on Nitroxyl Compounds in Hungary nor the Second International Sympo-
sium in Novosibirsk in 1989. Nonetheless this editor had the pleasure and honor of
meeting him twice in Moscow, once in 1981 on a National Academy of Sciences
exchange visit to the Shemyakin Institute of Organic Chemistry, where we were
allowed to have a private meeting. This was shortly after Rozantsev and Renat
Zhdanov undertook the massive effort of translating the first volume of Spin
Labeling: Theory and Applications (Berliner, 1976) into Russian (Rozantsev, 1979)
for Mir Press. The second visit was in 1994 when I met him and one of his
postdoctoral students (an excellent physical chemist who carried on the tradition of
high-quality organic synthesis, characterization, and new insights into novel struc-
tures as a result of Rozantsev’s excellent mentoring). Rozantsev was also a true
giant in his field. His book, Free Nitroxyl Radicals (Rozantsev, 1970) still serves as a
useful guide. In fact, it is noteworthy that we continue the tradition in every spin-labeling
volume of including a complete chapter on new aspects of organic synthesis of nitroxyl
compounds, each containing detailed methods and materials sections enabling a
chemist to carry out synthesis without referring to the original publication.

The spin-labeling field blossoms even more as we head into the next millen-
nium. As exemplified by the chapters here, it has been applied to systems in food
chemistry, nucleic acid and nucleotide biochemistry, to cell applications, in vivo
applications with small animals, and most recently as a tool for specifically
incorporating spin labels at unique amino acid residue positions in mutated proteins.
As described in other chapters, new instrumental advances combined with other
techniques, such as NMR (ENDOR), allow us to probe detailed motional and
structural characteristics, especially at very high frequencies (e.g., 95 GHz). No
doubt there are many other techniques yet to come. In conclusion, speaking for the
other authors as well, we hope that the subject matter in this volume and continuing
contributions from the two honored scientists and their research groups inspire into
even more applications and techniques in the millennium to come!
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Analysis of Spin Label Line Shapes
with Novel Inhomogeneous Broadening
from Different Component Widths
Application to Spatially Disconnected
Domains in Membranes

M. B. Sankaram and Derek Marsh

1. INTRODUCTION

Electron spin resonance (ESR) line shapes of nitroxide spin labels for axially
symmetric or isotropic systems are usually Lorentzian or Voigt in nature (see, e.g.,
Bales, 1989). The Lorentzian line width of spin label ESR spectra is increased by
such dynamic effects as molecular rotation, molecular diffusion, or spin exchange.
For free radicals in solution, spin-spin relaxation determines the intrinsic line width
of the Lorentzian line shape. When static dipolar interactions are averaged out, e.g.,
by lateral diffusion in the plane of a lipid bilayer membrane, line shapes are usually
Lorentzian or Voigt. The pure Lorentzian shape arises at high concentration as a
result of a homogeneous spin-spin exchange interaction, whereas the Voigt shape
occurs at low spin concentrations, and it is due to inhomogeneous broadening from
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unresolved hyperfine structure. Another less common form of inhomogeneous
broadening arises from unresolved lines of different widths. This gives rise to line
shapes differing from those for conventional inhomogeneous broadening, and these
are the subject of this chapter.

1.1. Inhomogeneous Broadening Due to Unresolved Hyperfine Structure

For nitroxide spin labels, the unresolved hyperfine structure arises from the
interaction of the electron spin with neighboring nuclei. As a result of the interaction
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of the protons with the electron spin on the nitroxide, the otherwise single
Lorentzian line is split into a number of Lorentzians. The hyperfine-split lines
remain unresolved when the proton hyperfine coupling constant is small. Conse-
quently the ESR spectrum of a nitroxide spin label is normally broadened by the
proton hyperfine interaction. As shown in Fig. 1, the experimental spectrum may
be understood as a superposition of spectra of the same line width but centered at
different magnetic field strengths. For equivalent protons, the relative intensities of
the hyperfine lines are distributed binomially. In practice the intensity distribution
is usually well-represented by a Gaussian, and the resulting line shape is Voigt in
nature (Bales, 1989).
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1.2. Inhomogeneous Broadening Due to Different Component Widths

Spectral broadening also arises when spectra centered at the same magnetic
field strength but of different widths are superimposed (Fig. 2). This type of
inhomogeneous broadening applies to systems in which nitroxide spin labels are
spatially distributed. In general the resulting line shape is neither Gaussian,
Lorentzian, nor Voigt in nature, and it can be distinguished from these. Domain
structure in lipid monolayers formed at the air-water interface, and the reticu-
lated domain structure of one- and two-component lipid bilayer systems are
good examples of where this different type of inhomogeneous line shape is
applicable.

If a nitroxide spin label is statistically distributed in a spatially disconnected
system, the experimental ESR spectrum can be described as a superposition of
spectra of the individual domains, weighted in the line width by the concentration
of the label in the domain and in intensity by the probability that a domain contains
that concentration of the label. In the following sections, this novel kind of
inhomogeneity is developed theoretically, and examples from lipid binary mixtures
and the effect of peptide incorporation on domain structure are discussed.

2. THEORY

Inhomogeneous broadening arising from a statistical distribution of labels
among domains can be distinguished from other forms of spectral broadening (both
homogeneous and inhomogeneous) by the diagnostic line shape intensity ratio R,
which was introduced by Bales (1989) for analyzing conventional inhomogeneous
broadening. The intensity ratio is defined as:

where is the peak-to-peak amplitude of the first derivative ESR display; V´/2
is the height above the baseline at the diagnostic position in the spectral wings,
which is defined to be distant from the central resonance position, where

is the peak-to-peak line width (see Fig. 3). This intensity ratio is a property
only of the line shape, and it is independent of the magnitude of the spectral
broadening. For a Lorentzian line, it has a value of for a Gaussian line,
a value of Voigt line shapes have intermediate values of R depending
on the degree of Gaussian broadening arising from unresolved proton hyperfine
structure. A method for determining the Gaussian broadening of a Voigt line from
R is described by Bales (1982, 1989).
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2.1. Sum of Two Spectra with Different Widths

The simple case of adding two Lorentzians of different peak-to-peak line
widths in different proportions illustrates that the intensity ratio is a valuable
experimental measure for distinguishing homogeneous broadening and conven-
tional inhomogeneous broadening due to hyperfine interaction from inhomogene-
ous broadening due to different widths. The amplitude of the summed spectrum is
given by:
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where x is the area fraction of the spectrum with peak-to-peak line width
(1 – x) is the area fraction of the spectrum with peak-to-peak line width
and both arc centered at resonance position

Figure 4 shows the effect on the intensity ratio of superpositioning two
Lorentzians, as determined by computer simulations. When the fractional differ-
ence in line width between the two Lorentzians, i.e., is
greater than 0.6, the summed spectrum remains two-component in nature. At lower
values, summed spectra have an apparent single-component line shape for which
R changes both with the fractional difference in line width and with the proportion
of one spectrum to the other. The significant result is that the intensity ratio of the
composite line shape is greater than the maximum that can be attained with
conventional inhomogeneous broadening from unresolved hyperfine structure,
which is given by =0.2125. Intensity ratios greater than are therefore
diagnostic for inhomogeneous broadening arising from different component
widths. When the fractional difference in line width is less than 0.1, R does not
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change significantly from its single-component value, which in this case is This
is true irrespective of whether either or both two-component spectra are Lorentzian,
Gaussian, or Voigt in shape.

2.2. Statistical Distribution of Spin Labels

In most practical applications, spin labels are not distributed just between two
domains, but among several as previously described. In this case, a distinction is
made between the number of host molecules that make up a domain l, the number
of spin labels n in the domain of size l and the average number of host molecules
per domain L, and the average number of spin labels per domain N.

When spin labels are statistically distributed among such domains, the experi-
mental spectrum is calculated by simulating spectra from each domain and sum-
ming them by appropriate weighting. If the number of domains is and the total
number of spin labels is the probability of finding n spin labels
in a domain is given by a binomial distribution function:

When the number of domains and the total number of spin labels are
large, the binomial probability ~ that a domain contains n spin labels can be
approximated by the Poisson probability distribution function:

where N is the average number of spin labels per domain. The condition that spin
labels are distributed statistically among domains at all occupation numbers is that
in general, the spin-labeled molecule must resemble as closely as possible the
unlabeled parent molecule.

In the following, we ignore domain size heterogeneity. Thus the average
number of host molecules per domain L is the same as the number of host molecules
making up any given domain l. When the domain contains n spin labels, the
peak-to-peak line width is given by:

Here is the limiting line width in the absence of spin-spin exchange and
dipole-dipole interactions, is the mole percent of spin label in a domain, and

is the gradient with concentration of the line width. The value of
is usually 1 G and ranges from 0.1–0.8 G/mol% for a number of
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different spin labels incorporated in fluid phase lipid bilayers (Sachse et al., 1987).
By taking representative experimental values for from homogeneous
systems, statistical factors corresponding to the dependence of Heisenberg spin
exchange on the nuclear quantum numbers of the spin labels undergoing exchange
are largely corrected for.

The mole percent of spin label in a domain is given by:

Similarly the average concentration of the spin label per domain C is given by:

For a system consisting wholly of disconnected domains, this equals the net
spin label concentration in the sample; otherwise changes in the two are propor-
tional to one another. In the original formulation of Eq. 6 (Sankaram et al., 1992),
the approximation made was that the line width is directly proportional to n, i.e.,

is constant. The present version, which involves linear proportionality
with gives a more realistic representation of the fine structural details of
concentration-dependent spin-spin broadening within domains. As we see later, this
gives rise to a dependence of the diagnostic line height ratio plots on the domain
size L.

When the Poisson probability distribution function is combined with the line
shape function for a pure Lorentzian line, the amplitude of the summed spectrum
is given by.

where

Similarly when the component spectra contain conventional inhomogeneous
broadening, e.g., from an unresolved proton hyperfine structure, they can be
represented by a Gaussian convolution of individual Lorentzian lines. The ampli-
tude of the summed spectrum then consists of component spectra with Voigt line
shapes, which is given by:
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where is the Voigt line shape function (e.g., Bales, 1989).
While there are a number of algorithms available for a numerical simulation of

a convenient method is given by Bales (Wertheim et al., 1974; Bales, 1989).
According to this method, is given to a good approximation by a linear
combination of Lorentzian and Gaussian line shapes.

where is the fraction of the Lorentzian line shape in the Voigt function (Wertheim
et al., 1974; Bales, 1989).

2.3. Methods to Determine the Existence of a
Statistical Distribution of Spin Labels

The intensity ratio of the summed spectrum for a statistical distribution of spin
labels R can be calculated by numerical simulations. The value of R depends not
only on the average number of spin labels per domain N (Fig. 5), and hence on the
average mole percent of spin labels per domain C (Fig. 6), but also on the size of
the domain L. The dependence on C offers a way of determining whether a spatially
disconnected domain structure exists in a system. If the experimental intensity ratios
attained are greater than and a maximum is observed in the experimentally
determined dependence of R on spin label concentration, we can conclude that the
system possesses a spatially disconnected domain structure.

The shape of the predicted dependence of R on N (Fig. 5) changes systemati-
cally with L. A sharp maximum at a roughly fixed value of N is found for small
values of the mean domain size. With increasing values of L, this peak becomes
attenuated, and it is replaced by a broader maximum at higher values of N. When
translated to a concentration axis (Fig. 6), the position of the sharp peak depends
on the value of L that may in principle be used to determine the size of small
domains. For larger domains, insufficient resolution is obtained in the broad
maximum, so domain size must be determined from the absolute values of R;
differences between these values are rather small for large domains.

While Figs. 5 and 6 show the case of Lorentzian component line shapes, the
characteristic maximum in R as a function of spin label concentration occurs for
both Lorentzian and Voigt component line shapes. When the intensity ratio is
measured at high enough concentrations of the spin label, so that exchange
narrowing of the unresolved hyperfine structure (i.e., of the conventional Gaussian
inhomogeneous broadening) is complete, the analysis can be simplified by assum-
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ing a Lorentzian line shape for the component spectra. The intensity ratio for a pure
Lorentzian line shape is greater than that for Voigt lines regardless of line width.
As a result, even when the component spectra are non-Lorentzian in shape, an
experimentally determined value of R greater than is a strong indication of the
existence of a domain structure. Figure 7 shows representative results of the spin
label concentration dependence of the diagnostic line height ratio parameter R for
individual components that contain conventional (Gaussian) inhomogeneous
broadening In comparison with Fig. 6, the dependence of the diagnostic
ratio R on spin label concentration is very similar when the components have
Gaussian inhomogeneous broadening to that for homogeneously broadened
Lorentzian component line shapes. However depending on the degree of Gaussian
inhomogeneous broadening and on domain size, the diagnostic line height ratios
are not always greater than the value of for a pure Lorentzian line. In the presence
of strong conventional inhomogeneous broadening, this diagnostic feature of
domain formation may therefore be lost. Information on the dependence of the
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component line shapes on domain structure obtained by appropriate control experi-
ments where possible can be used in the formalism developed in Section 2.2 to
determine the exact dependence of R on C, N, and L.

The diagnostic line height ratio R has the advantage of being sensitive essen-
tially only to line shape, with relatively little (or no) sensitivity to line widths (Bales,
1989). Other spectral parameters, such as peak heights and possibly line splittings,
can be used, but these are sensitive to other variables. Line widths are of interest
because their temperature dependence is used to detect the point of domain
connectivity in disconnected systems (Sankaram et al., 1992; 1994). The line
widths also show dependence on connectivity and domain size, but with less
sensitivity than the diagnostic ratio R. Part of the sensitivity of the line width to the
point of connectivity may arise from this effect, possibly also with contributions
from the underlying continuous phase.

2.4. Experimental Considerations

To determine the intensity ratio accurately, it is important that the field positions
where the intensities are measured be determined precisely. The minimum spectral
width required for measuring R is  the maximum spectral width is usually

so that the baseline can be well-defined. Therefore to locate the field
position accurately to two significant digits relative to the line width, the spectrum
of width must be stored as points. For example, a peak-to-peak
line width of 1.0 G requires a spectral width of 10 G digitized as 1000 points.

For a pure Lorentzian line and for lines consisting of
a superposition of components with different widths, the dependence is even less
steep. Therefore for a field resolution relative to of two significant digits, the
resolution in the intensity ratio should be close to three significant digits. This is
sufficient for systems with small domains but it limits the accuracy with
which the size of larger domains can be determined (cf. Fig. 6).

3. APPLICATIONS

3.1. Domain Structure in a Two-Component,
Two-Phase Lipid Bilayer System

Lipid bilayers composed of two or more lipids have been shown to exhibit
lateral phase separations into gel and fluid phases in a temperature range that
depends on the composition. The two phases are laterally organized into domains
with connectivity properties given by percolation theory. Thus in the gel-fluid
coexistence region, a temperature exists above which the fluid phase is continuous,
thereby disconnecting the gel phase into domains. Below this point, the gel phase
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forms the continuous structure, and the fluid phase is disconnected. To illustrate
this further, Fig. 8 shows the temperature-composition phase diagram for the binary
system of l,2-dimyristoyl-sn-glycero-3-priospriocholine (DMPC) and 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC).

The theoretical formalism just developed was applied to the DMPC-DSPC
system, and average sizes of the gel and fluid domains were estimated (Sankaram
et al., 1992, 1994). The experimental strategy involves introducing either a spin-la-
beled DMPC, l-myristoyl-2[13-(4,4-dimethyloxazolidine-N-oxyl)]-myristoyl-sn-
g lycero-3-phosphochol ine (13-DMPCSL), or a sp in- labeled DSPC,
1-stearoyl-2[16-(4,4-dimethyloxazolidine-N-oxyl)]-stearoyl-sn-glycero-3-phos-
phocholine (16-DSPCSL), then measuring the intensity ratio over a range of
temperatures and composition. From the phase diagram in Fig. 8, the fraction F of
the total lipid in the fluid phase at a mole fraction of the particular lipid X is given
by the lever rule:
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where and are the mole fractions of the lipid at the solidus and fluidus
boundaries of the tie line at the relevant temperature. The fraction of the particular
lipid in the fluid phase is given by:

It is assumed that the partitioning of the spin-labeled lipid is the same as that
of the corresponding parent lipid. Thus the value for  f is the same for DMPC and
13-DMPCSL, and for DSPC and 16-DSPCSL.

Figure 9 shows the temperature dependence of the experimental intensity ratio
lor the three -hyperfine ESR lines of the 13-DMPCSL spin label at a

concentration of 3 mol% in a 50:50 (mol/mol) mixture of DMPC and DSPC. In the
region of gel-fluid coexistence, is greater than that for a pure Lorentzian
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indicating that disconnected domains are present in this region. Because the
peak-to-peak line width does not decrease by more than 10% across the region of
gel-fluid coexistence, the difference cannot he entirely accounted for
simply by the coexistence of gel and fluid domains per se. Simulations show that
when the line width difference is less than 10%, the intensity ratio for the sum of
two spectra in any proportion can be expressed as a weighted average of the
individual intensity ratios of the two spectra (Sankaram et al., 1992). This is because
R does not vary much due to admixture under these conditions, as is shown in Fig.
4. The intensity ratio for the disconnected fluid phase can thus be derived from
the experimental intensity ratio the fraction of the lipid in the fluid phase f,
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and the intensity ratio in the continuous gel phase The value for can be
measured from the spectrum at a temperature just below the solidus boundary:

As the spin label concentration is increased, increases to reach a maximum
followed by a decrease, as shown in Fig. 10. This behavior is characteristic of a
disconnected domain structure, as discussed previously and shown in Fig. 6. Figure
10 also shows data at different temperatures for an equimolar mixture of DMPC
and DSPC. At all temperatures, the maximum occurs in approximately the same
region of spin label concentration. Most probably the domains are on the whole
sufficiently large that the position of the maximum is not sensitively dependent on
domain size. The size of the domains increases as the fraction of disconnected fluid
phase or of disconnected gel phase is increased, as seen from changes in with
temperature at fixed spin label concentration (of. Fig. 10).
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3.2. Effect of a Peptide on Domain Structure

The intensity ratio method was also used to investigate the effect of incorpo-
rating Escherichia coli outer membrane protein A signal peptide, a transmembrane
peptide, on the lipid domain structure in the same DMPC/DSPC system (Sankaram
et al., 1994). Figure 11 shows the dependence of the experimental intensity ratio

on the concentration of the peptide labeled by the iodoacetamide spin label
(pOmpA-IASL). Again, is much greater than suggesting the presence of a
domain structure. The versus spin label concentration dependence also shows
a maximum diagnostic of the presence of domain structure; however in this case,
the position of the maximum in depends on the spin label concentration, at
least for the equimolar DMPC/DSPC mixture. This suggests that the average
domain size is smaller than in the lipid mixture without peptide and correspondingly
phase conversion involves an increased number of domains in addition to an
increase in domain size. Note: The temperature dependence in Fig. 11 is opposite
from that in Fig. 10, indicating a pronounced change in lipid domain structure by
the peptide.

4. CONCLUSIONS

Chapter 1 presents a theoretical formalism for the phenomenon of inhomogene-
ous broadening of spin label ESR spectra from different component widths. An
internally normalized measure of the line shape, namely, the intensity ratio, is
shown to be a diagnostic parameter for distinguishing between the conventional
origins of line broadening, including unresolved hyperfine structure and spin label
dynamics, and the novel mechanism of a statistical distribution of component lines
differing in line width. The method is applied to characterize lipid domain connec-
tivity in two-component, two-phase lipid binary mixtures and the effects of peptides
on membrane in-plane domain structure. Experimental results show that intensity
ratio measurements indicate the presence of disconnected domain structure in
membranes, and such measurements are able to distinguish domain growth in size
from growth in number.
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Progressive Saturation and Saturation
Transfer EPR for Measuring
Exchange Processes and
Proximity Relations in Membranes

Derek Marsh, Tibor and

1. INTRODUCTION

Conventional applications of spin label electron paramagnetic resonance (EPR)
spectroscopy rely mostly on the sensitivity of line shapes and line widths of
continuous wave (CW) spectra to rotational motions with correlation times ranging
from s, which are determined by the nitroxide spin-spin (i.e.,
relaxation processes (see, e.g., Marsh, 1989; Marsh and 1989). Extension
of the motional sensitivity of spin label methods to slower time scales is possible
by using the microwave saturation properties of the EPR spectrum governed by the
nitroxide spin lattice relaxation time which for relevant cases lies in the
microsecond time regime. A well-established application of this extended motional

Derek Marsh • Max-Planck-Institut biophysikalischeChemie,AbteilungSpektroskopie,D-37108
Germany Tibor and • Biological Research Centre, H-6701

Szeged, Hungary.

Biological Magnetic Resonance, Volume 14: Spin Labeling: The Next Millennium, edited by Berliner.
Plenum Press, New York, 1998.

23



24 Derek Marsh et al.

sensitivity is determination of the slow rotational diffusion rates of membrane
proteins and supramolecular aggregates by using saturation transfer (ST) EPR in
which the nonlinear EPR signal in quadrature phase with respect to the field
modulation is detected under conditions of partial microwave saturation (Thomas
et al., 1976; Marsh and 1989; and Knowles and Marsh, 1991).

Recently, there has been an upsurge in the application of CW saturation EPR
methods in spin labeling (Marsh, 1994). The reason for this lies in the unique
sensitivity of enhancements in the nitroxide spin-lattice relaxation rate to a variety
of slow exchange processes, including weak Heisenberg exchange, and to the
distance-dependent dipolar interaction with paramagnetic ions and their complexes
(Marsh, 1992a, 1993). Figure 1 shows different applications in membrane studies.
Not only is progressive saturation of the CW spectrum with increasing microwave
power used in these studies, but also a novel application of ST-EPR intensity
measurements to determine spin-lattice relaxation rates. The latter has the advan-
tage of increased sensitivity to relaxation processes for spin labels undergoing
slow rotational motion (Marsh and , 1992a). Although saturation recovery
and electron-electron double resonance (ELDOR) methods have been used with
great success in studying weak exchange phenomena (Yin et al., 1987; Yin and
Hyde, 1987; Hyde and Feix, 1989), part of the appeal of CW saturation methods
just mentioned lies in the relative ease of application to complex biological systems;
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they can also be performed straightforwardly on standard EPR spectrometers. A
particularly fruitful application of CW saturation methods is in combination with
site-directed spin labeling (Hubbell and Altenbach, 1994).

Chapter 2 deals in depth with the application of CW EPR methods, both
progressive saturation and ST-EPR intensity measurements, to determine enhance-
ments in spin-lattice relaxation rates of spin-labeled biological systems, particularly
membranes. The different processes that can be studied by these techniques are the
slow exchange of spin labels between different environments, Heisenberg exchange
between different or the same spin-labeled species, Heisenberg exchange with
paramagnetic relaxants, and dipolar-induced relaxation by paramagnetic ions.
Regarding Heisenberg spin exchange and magnetic dipole interactions, the advan-
tage of based methods is that experiments may be restricted to low concentra-
tions of both spin-labeled and paramagnetic species; in the case of dipolar
interactions, the sensitivity may be extended to longer distances. Such studies
provide important information not only on molecular dynamics of exchange
processes, but also structural information from accessibilities to relaxants and other
spin-labeled species and from distance measurements via the dipolar interactions
(compare Fig. 1).

The initial sections of Chap. 2 deal individually with relaxation enhancements
induced by different exchange processes and paramagnetic interactions and also
with possible complications arising from competing relaxation and exchange
processes. The next sections deal with extracting relaxation enhancements from
CW saturation measurements. Particular attention is paid to using integrated
intensities and the dependence of the latter on the -relaxation time for ST-EPR
spectra. Finally different applications of various CW saturation studies are re-
viewed. These sections give a good indication of the power of the methods and the
broad range of studies to which they are applicable.

1.1. Continuous Wave Saturation

Saturation of an EPR transition arises when the spin-lattice relaxation is no
longer able to compete effectively with transitions induced by the microwave
radiation field. Classically saturation of the intensity of the conventional EPR
spectrum can be described in terms of the population differences between the

levels of the ith spin system, where with the spin
populations of the two levels (compare Fig. 2). The standard expression for the
steady-state population difference under CW irradiation of the isolated kth two-
level spin system is (Slichter, 1978):
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where is the Boltzmann equilibrium population difference and W is the rate at
which transitions arc induced by the microwave field. As the transition rate W
increases with increasing microwave power, the steady-state population difference

decreases, resulting in saturation of the EPR spectrum. The dependence of on
W given in Eq. (1) defines the effective spin lattice relaxation time in a CW
saturation EPR experiment. It is used here to derive the effective -relaxation times
for more complex spin systems than a simple two-level scheme (compare Marsh,
1992b).

1.2. Effective Spin Lattice Relaxation Times

In a CW saturation EPR experiment, processes other than the intrinsic electron
spin-lattice relaxation, which occurs at a rate given by contribute to
alleviating saturation. These additional processes contributing to the effective
spin-lattice relaxation time include nuclear relaxation at a rate and Heis-
enberg spin exchange at a rate It is this effective electron spin-lattice relaxation
time that is measured in CW EPR saturation experiments.

For a nitroxide spin label system with nuclear spin , the possible
transitions between the S = 1/2 electron spin states are indicated in Fig. 2. Cross
relaxation from nonsecular terms of the electron-nuclear dipolar interaction is
ignored in this scheme. We also assume that all three hyperfine levels have the same
intrinsic spin-lattice relaxation rate (see later). Heisenberg spin exchange between
radicals in different hyperfine states depends on the radical concentration; it is
negligible at low concentrations. Steady-state rate equations for the spin population
differences in the different hyperfine levels with nuclear magnetic
quantum numbers neglecting Heisenberg exchange, are given by (cf.
Marsh, 1992b):

where is the spin population difference at Boltzmann equilibrium. Transitions
are induced by the field at a rate W, within the hyperfine manifold with
(i.e., for and 0 otherwise).

Solution of Eqs. (2) and (3) leads to a dependence on the microwave power
(i.e., on W) that conforms to the standard expression for the saturation of a simple
two-level system given by Eq. (1). Effective spin-lattice relaxation times
governing the saturation behavior of the manifolds are then, respectively
(Marsh, 1992b):
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and

where is the ratio of the nuclear to the electron relaxation rate. For
b 1, nuclear relaxation is unimportant, so each hyperfine state relaxes inde-
pendently with its intrinsic rate the transitions
are short-circuited by the nuclear relaxation, and all relax with a rate

Otherwise the relaxation rate of the = 0 transition is
faster than that of the transitions; the maximum difference is 25%, obtained
when b = 1.

The general case for Heisenberg spin exchange is considered in detail later. For
the simple scheme shown in Fig. 2, the effective relaxation times including spin
exchange between the different hyperfine manifolds are given by (compare Hyde,
Chien, and Freed, 1968):

and
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where is the normalized Heisenberg exchange rate. Unlike those of
nuclear relaxation, the effects of exchange are similar for all three hyperfine
manifolds. For the manifold, nuclear relaxation contributes to the effective
relaxation time in a manner similar to exchange. For the manifolds,
exchange is more effective than nuclear relaxation due to less restrictive selection
rules for exchange relative to those for nuclear relaxation (compare Fig. 2). The
question of determining Heisenberg exchange frequencies in the presence of
nuclear relaxation is considered in more detail later.

Note: The intrinsic electron spin-lattice relaxation rate corresponds exactly
to the nonsecular contributions to that arise solely from electron spin flips. This

term is therefore manifested in the line widths, and it can sometimes be
resolved from other contributions to the line width by the characteristic dependence
on the rotational correlation time (Goldman et al., 1972). In principle this offers a
means for determining the intrinsic spin-lattice relaxation rate rather than
by continuous wave EPR measurements (Hwang et al., 1975).

2. CONTRIBUTIONS TO INTRINSIC SPIN-LATTICE
RELAXATION RATES

Chapter 2 is concerned with enhancements in the spin-lattice relaxation rate of
spin labels by paramagnetic species, and by Heisenberg spin exchange and other
exchange processes. For such studies, the mechanism of intrinsic spin-lattice
relaxation of the spin label is not of primary importance. However the intrinsic
spin-lattice relaxation rate does affect the sensitivity of these methods; in particular
it serves as the clock by which exchange rates are measured. Therefore it is helpful
to know the intrinsic spin label relaxation rates and how these are affected by the
rotational dynamics of the spin label and its environment. For these reasons, the
present section is concerned with the mechanisms contributing to the intrinsic
spin-lattice relaxation of nitroxide spin labels. Typical values of intrinsic spin-lat-
tice relaxation times for different situations are also reviewed. Our discussion
concentrates mainly on the commonly used nitroxide spin labels, although
currently more detailed information is available from substituted spin labels
whose relaxation pathways are somewhat simpler and quantitative results are likely
to be different (Robinson et al., 1994).

2.1. Electron Relaxation Mechanisms

Classically there are two principal liquid-state mechanisms of electron spin-
lattice relaxation for nitroxide spin labels. The first is the modulation of the
hyperfine and g-value anisotropies, which leads to a relaxation rate with a Debye-
type spectral density that depends on the nuclear hyperfine manifold For
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isotropic rotational diffusion, the contribution to the relaxation rate from this
mechanism is given by (Wilson and Kivelson, 1966; Dalton et al., 1976; Freed,
1979):

where is the rotational correlation time, is the resonance magnetic
field, and is the electron Larmor frequency. Anisotropies of the
principal g-tensor elements and of the hyperfine tensor elements  are
defined by:

Hyperfine tensor elements are expressed in terms of angular frequencies:

For anisotropic rotational diffusion, the , and terms of Eq.
(8) are characterized by a rotational correlation time and the

and terms by a correlation time where
are the rotational diffusion tensor components referred to the nitroxide

z-axis and x,y-axis, respectively (Dalton et al., 1976; Goldmann et al., 1972). For
anisotropic motion with limited excursions of the z-axis specified by an order
parameter S, the terms are multiplied by a factor
(Shlenkin et al., 1993). Note: The electron spin-lattice relaxation rate arising from
modulation of the hyperfine and g-tensor anisotropies is maximum for rotational
diffusion at the Larmor frequency Because this corresponds to rather rapid
motions it is likely that fast internal motions contribute
appreciably to relaxation by this mechanism.

The second liquid-state mechanism is the spin-rotation interaction, which
gives rise to a relaxation rate that is essentially orientation-independent and also
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does not depend on the nuclear spin quantum number. For isotropic rotational
diffusion, the contribution to the spin-lattice relaxation rate from this mechanism
is (Atkins and Kivelson, 1966):

where (= 2.0023) is the free electron g-value. Here the reasonable assumption is
made that the correlation time for the molecular angular momentum is short for
all cases of interest; i.e., it is always in the motional-narrowing regime. Further, the
correlation time is related (inversely) here to that for molecular reorientation
by the Stokes–Einstein relation.

A third liquid state mechanism for the spin-lattice relaxation of nitroxide spin
labels was recently suggested (Robinson et al., 1994). This is spin diffusion that
arises from coupling of the electron spin to the nuclear spins of solvent protons.
Such a mechanism gives rise to non-Debye spectral densities characterized by the
solvent-spin label translational diffusion time, which is proportional to the rota-
tional correlation time of the spin label. Making the approximation that the diffusion
time equals the rotational correlation time, the contribution from spin diffusion to
the electron relaxation rate is given by (Robinson et al., 1994):

where is a parameter determined by the strength of the proton-electron spin
interactions and by the efficiency of spin diffusion. For a spin-labeled system of
considerably greater size than the solvent molecules, this equality with the spin
label correlation time does not hold; the diffusion time is then better determined
from the rotational correlation time of the solvent molecules. This mechanism
appears to be particularly significant at longer correlation times because of the much
weaker dependence of the spectral density on At long correlation times

the spin diffusion mechanism [Eq. (11)] predicts that the spin-lattice
relaxation rate varies as This mechanism makes its maximum contribution

to the overall rate in the shorter correlation time regime for
although in this region the classic liquid state mecha-

nisms are likely to dominate. Note: because this spin diffusion mechanism is
described in terms of intermolecular interactions, it may make a considerably
smaller contribution to the relaxation of spin labels in complex biological systems
where solvent accessibility may be limited.

Saturation recovery EPR measurements with spin labels indicate no strong
dependence of the electron spin-lattice relaxation rate on the nuclear manifold,
unlike that predicted by Eq. (8) for the contribution from modulation of the
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hyperfine and g-tensor anisotropies (Percival and Hyde, 1976). Figure 3 shows data
obtained for -hydroxy-TEMPO in sec-butyl benzene. Also the dependence on
rotational correlation time, as shown in Fig. 3 is weaker than that
predicted for either of the classic liquid-state mechanisms given by Eqs. (8) and
(10). At short correlation times (high temperatures), spin rotation can account
numerically for an appreciable part of the relaxation, but at longer correlation times
(lower temperatures), neither mechanism is adequate. This suggests that an addi-
tional mechanism, presumably spin diffusion, proposed by Robinson et al. (1994),
contributes to the electron relaxation. In a detailed study with -hydroxy-TEMPO
in glycerol-water solutions over an extremely wide range of rotational correlation
times, it was found that both electron and nuclear spin-lattice relaxation rates could
be fit consistently with the combined contributions from electron-nuclear dipolar
interactions, spin rotation, and spin diffusion without recourse to nonliquid-state
relaxation mechanisms (Robinson et al., 1994). This indicates that with a single
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adjustable parameter the spin diffusion mechanism is capable of describing
the otherwise anomalous dependence of the electron on rotational correlation
time.

Previously values of the electron spin-lattice relaxation rate obtained
from the independent contribution to the line widths, were found to depend on
rotational correlation time, which suggested that the nonsecular spectral densities
may differ from the simple Debye form. This was attributed to the contribution from
fluctuating torques (Hwang et al., 1975). At very high viscosities, little dependence
of the electron spin-lattice relaxation rate of hydroxy-TEMPO in supercooled
sec-butyl-benzene was found on the rotational correlation time in an early study.
The value of remained approximately constant at 15 for

s (Hyde, 1979).
For spin-labeled hemoglobin in aqueous glycerol solutions, no dependence of

the electron spin-lattice relaxation rate was found on either the nuclear manifold or
the spectral anisotropy (Fajer et al., 1986). The dependence of the relaxation rate
on rotational correlation time was found to be very weak in this case
over the range This dependence is that predicted for the spin
diffusion mechanism at long correlation times and also that found experimentally
for -hydroxy-TEMPO in glycerol-water mixtures at correlation times greater
than a microsecond (Robinson et al., 1994; Haas et al., 1993a). The absolute values
of the spin-lattice relaxation rate of spin-labeled hemoglobin were no more than a
factor of ten smaller than those for small nitroxides in the much faster correlation
time regime (see Table 1). At these long correlation times, the two classical
liquid-state relaxation mechanisms considered above contribute negligibly to the
overall relaxation rate measured (compare Fig. 3).

Earlier, it had been pointed out that the temperature dependence of the electron
spin-lattice relaxation rate of hydroxy-TEMPO and TEMPONE in sec-butyl-ben-
zene, was consistent with the excess relaxation rate, over that estimated for the two
classic liquid-state mechanisms, being contributed by solid-state relaxation (local
mode and two-phonon Raman) mechanisms for rotational correlation times longer
than s (Hyde and Dalton, 1979). The temperature dependence of the experi-
mental relaxation rate was found to be characterized by the following expression
(compare Thomas et al., 1976):

where the first two terms are contributions from the classic liquid-state mechanisms
[Eqs. (8) and (10)] and the temperature-dependent terms, with A, B, and C as
constants, represent the excess relaxation rate. The extensive saturation recovery
and pulse ELDOR studies of Robinson et al. (1994) on -hydroxy-TEMPO in
aqueous glycerol solutions indicate however that such solid-state mechanisms are
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Table1
Representative Values of Electron Spin-Lattice Relaxation Times and

Nuclear Spin-Lattice Relaxation Times Obtained from Saturation Recovery
and Pulsed ELDOR Measurements for Nitroxide Spin Labels
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not required for nitroxides with rotational correlation times less than s;
presumably these mechanisms must become operative at yet lower temperatures.

Table 1 gives representative values of electron spin-lattice relaxation times for
-nitroxide spin labels. For small nitroxides in low-viscosity media, is about

0.4–0.7 for nitroxide-labeled lipids in fluid lipid bilayers, is about 1–5
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depending to some extent on the position of chain labeling. For nitroxide-labeled
lipids in gel-phase bilayers, lies in the approximate range of 5–10 For
spin-labeled hemoglobin, increases from 4  to 16  over a range of rotational
correlation times spanning five orders of magnitude, starting from the submicrosec-
ond region. The value of 7 obtained for a frozen solution and lor precipitated
hemoglobin is however substantially less than that obtained for the longest rota-
tional correlation time.

2.2. Nuclear Relaxation Mechanisms

The principal mechanism for spin label nuclear relaxation is modulation of the
electron-nuclear dipolar (END) interaction. The relaxation rate for an END
mechanism and isotropic rotational diffusion is given by (Dalton et al., 1976; Freed,
1979):

where is the nuclear Larmor frequency, and the A-tensor (and the
isotropic hyperfine constant are again specified as an angular frequency. Note:
The coefficient in this equation is just one-fourth times that of the (i.e., END)
term for the electron relaxation rate in Eq. (8).

A spin diffusion mechanism involving solvent nuclear spins can contribute to
the nuclear relaxation of the spin label in much the same way as it does to the
electron relaxation (Robinson et al., 1994). The relaxation rate is given by an
expression analogous to Eq. (11) , with the electron Larmor frequency replaced
by the nuclear resonance frequency The maximum
contribution from this process occurs for a rotational correlation time (equal to the
translational diffusion time) of s. Experiments on
hydroxy-TEMPO in aqueous glycerol show that this mechanism makes a signifi-
cant contribution compared to END only for correlation times longer than
approximately 1 (Robinson et al., 1994).

Figure 4 shows the dependence on rotational correlation time of the nuclear
relaxation rate of a small spin label CTPO in heavy mineral oil, derived from pulse
ELDOR combined with saturation recovery measurements (Hyde et al., 1984). The
magnitude of the relaxation rates agrees roughly with that calculated for an END
mechanism, but the dependence on rotational correlation time is much weaker than
that predicted. Electron spin-lattice relaxation rates obtained in these experiments
were comparable to those found for hydroxy-TEMPO in sec-butyl benzene (com-
pare Fig. 3), again with a weak dependence on rotational correlation time
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Nuclear relaxation rates, normalized to the electron spin relaxation rates, were
found to be in the range of (Hyde et al., 1984). Considerably larger values
were reported for lipid spin labels in bilayer membranes: (Popp and Hyde,
1982; Yin et al., 1990). It appears that in many cases, nuclear relaxation is rapid
relative to electron relaxation. For an END mechanism, the maximum nuclear
relaxation rate is predicted to occur for a rotational
correlation time of

For hydroxy-TEMPO in aqueous glycerol, the nuclear relaxation was
found to be dominated by an END mechanism for rotational correlation times
shorter than 1 in this range it can be described essentially quantitatively by this
mechanism (Robinson et al., 1994). Over the entire correlation time range from

the nuclear relaxation can be accounted for by END and spin
diffusion mechanisms. In all cases nuclear relaxation was faster than electron
relaxation; values of b ranged from 4-600, with for

Some representative values of the nuclear spin-lattice relaxation times for
spin labels in different environments are collected in Table 1.
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3. PARAMAGNETIC RELAXATION ENHANCEMENT

Coupling a nitroxide spin system with a fast-relaxing paramagnetic species
(e.g., molecular oxygen or a paramagnetic ion) by either Heisenberg spin exchange
or a magnetic dipole-dipole interaction increases the true spin-lattice relaxation rate
rather than simply effecting a cross relaxation. The measurement of paramagnetic
effects on the saturation behavior of the spin label is important in determining
location/proximity relationships of the spin label in the case of Heisenberg spin
exchange, or intermolecular separations in the case of the dipole-dipole interaction.

Because paramagnetic species produce a true spin-lattice relaxation sink, the
steady-state rate equations for population differences between the energy levels of
the spin label (compare Fig. 5) are given by Eqs. (2) and (3) with replaced

where is the rate of the additional (paramagnetic) spin-lattice relaxa-
tion process (Marsh, 1995a). Effective spin lattice relaxation times, as determined
by CW saturation methods for the and hyperfine manifolds are,
respectively (compare Subczynski and Hyde, 1981; Marsh, 1995a):

and
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where as before the normalized nuclear relaxation rate is and
is the normalized paramagnetic relaxation enhancement rate. Thus

although the paramagnetic relaxation is a true process, complications may
arise in extracting the corresponding relaxation rate if nuclear relaxation
cannot be ignored. If paramagnetic relaxation is fast compared to the nuclear
relaxation rate and/or the nuclear relaxation rate is very slow compared
to the electron relaxation rate then a simple spin-lattice relaxation
enhancement is obtained: Corre-
spondingly if the nuclear relaxation rate is very fast then:

The paramagnetic relaxation en-
hancement rate can then be obtained in a straightforward manner.

In general the enhancement in relaxation rate of the spin label relative to the
absence of the paramagnetic sink is given by:

and

Thus for intermediate values of nuclear or paramagnetic relaxation rates, a
knowledge of b from other experiments, such as ELDOR, may be required to
determine an exact value for the paramagnetic relaxation enhancement from
CW saturation experiments, if measurements are made at only one concentra-
tion of the relaxant. The correction factor, given by the first term on the right in
Eqs. (16) and (17), in principle ranges from 1–0.333, but for useful values of
the paramagnetic relaxation enhancement, it is restricted to values closer to 1
(seeFig. 6).

3.1. Paramagnetic Enhancement by Heisenberg Exchange

The enhancement in the spin-lattice relaxation rate of the spin label due to
Heisenberg spin exchange interaction is linearly proportional to the concentration

of the relaxant; it is given by:

where is a rate constant dependent on the collisional kinetics and steric and
electrostatic factors affecting the mutual accessibility of spin label and relaxant. In
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general for fast exchange, this collision rate constant is given by the Smoluchowski
solution of the diffusion equation:

where is the translational diffusion coefficient of the relaxant (that of the
spin-labeled system is assumed to be negligible by comparison), is the interac-
tion distance between relaxant and spin label, is a steric factor, is the
electrical charge on the relaxant, and is the electrostatic surface potential of the
spin-labeled system.
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For molecular oxygen as the paramagnetic relaxant, (Windrem and
Plachy, 1980), and the diffusion coefficient in water at obtained with
1, is (Hyde and Subczynski, 1984). In fluid lipid bilayers,
the diffusion coefficient is not much smaller: in
dimyristoyl phosphatidylcholineat (Subczynski and Hyde, 1981). Thus for
oxygen where exchange is diffusion-controlled, the bimolecular rate constant is in
the region of (Subczynski and Hyde, 1984). For a detailed discussion
of the application of such methods in spin label oximetry, see Hyde and Subczynski
(1989); this includes consideration of the factor p, which represents the probability
that a productive exchange event occurs on collision, and is expected to be close to
unity for strong exchange (Molin et al., 1980).

For paramagnetic ions, electrostatic effects may play an important role in
controlling collisional kinetics. Second-order exchange rate constants for small
uncharged spin labels and paramagnetic ions (or small paramagnetic complexes)
lie in the range of (Molin et al., 1980); examples of data for
electrostatic effects are found in the same reference. Shin and Hubbell (1992) apply
the method to measuring electrostatic surface potentials by using spin label EL-
DOR.

3.2. Paramagnetic Enhancement by Magnetic Dipole-Dipole Interactions

Fast relaxing paramagnetic ions can contribute to the relaxation of spin
labels not only by the contact exchange interaction, but also through the distance-
dependent magnetic dipole-dipole interaction. For molecular oxygen, the contribu-
tion of dipole-dipole interactions to the relaxation enhancement is thought to be
negligible (Subczynski and Hyde, 1981), but this is not the case for paramagnetic
ions—especially if these do not contact the spin label directly. For the static limit,
the paramagnetic dipolar contribution to the spin label relaxation is given by
(Bloembergen, 1949; Solomon, 1955):

where is the distance of the kth paramagnetic ion from the spin label center;
and are the electron Larmor frequencies of the spin label and paramagnetic ion,

respectively; and S are the g-value and spin of the paramagnetic ion, respec-
tively; and is the electron gyromagnetic ratio of the spin label. Terms depending
on the angle between the interdipole vector and the static magnetic field direction
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are related to the absolute values of the corresponding spherical harmonics; spectral
densities are defined by: is the spin-lattice
relaxation time of the paramagnetic ion. See Bertini and Luchinat (1986) for typical
values for the latter. The static dipolar limit holds except when the spin label and
relaxant are diffusing very rapidly relative to one another (Pfeifer, 1961, 1963).
Methods for discriminating between static and diffusional dipolar mechanisms are
considered in et al. (1992).

If the angular dependence in Eq. (20) is neglected relative to the steep distance
dependence of the dipolar interaction (of. Hyde et al., 1979), integration over the
paramagnetic ion distribution yields a linear dependence of the relaxation enhance-
ment on the paramagnetic ion concentration, i.e., a form similar to that given in Eq.
(18). The strength of the concentration dependence of the paramagnetic relaxation
enhancement is then given in terms of Eq. (18) by et al., 1992):

where R is the distance of closest approach of the paramagnetic ions to the spin
label, and and are constants that contain all other parameters in Eq. (20). The
exponent m depends on the dimensionality of the paramagnetic ion distribution: m
= 3 for a three-dimensional distribution, and m = 4 for an adsorbed surface layer.
Figure 7 shows these two cases for spin labels situated within the lipid chain region
of a biological membrane with paramagnetic ions in the aqueous environment. For
spherically symmetric systems, values of are obtained,
where K is effectively a binding constant of the paramagnetic ions to the surface in
the latter case. If the angular dependences are neglected, then for a planar surface
defining the distance of closest approach, values of are
obtained. In the case of spherically symmetrical systems, the angular integrals can
be readily obtained to yield the coefficients appearing in the Solomon-Bloember-
gen equation (Bertini and Luchinat, 1986). If we assume that the paramagnetic ion
relaxation is very fast, the spectral densities can be approximated by
The Solomon–Bloembergen equation then yields the following approximation for

in spherically symmetrical systems:

where is the Bohr magneton, is Avogadro’s number, and the paramagnetic ion
concentration is expressed in molar units.
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4. SPIN-LATTICE RELAXATION ENHANCEMENT
BY EXCHANGE PROCESSES

Exchange processes can alleviate saturation in spin label EPR spectra. This
occurs either by transferring spin polarization in the case of physical or chemical
exchange, or by mutual antiparallel spin flips (cross relaxation) in the case of
Heisenberg exchange (see Fig. 8). Two different situations can be distinguished:
Exchange between spin labels at two distinct sites and concentration-dependent
Heisenberg exchange between spin labels of the same type. Measurements of
spin label saturation behavior can therefore be used to determine rates of
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physical exchange; frequencies of collision, and hence translational diffusion rates;
and in the case of different spin-labeled species, mutual accessibilities and loca-
tions.

Formally physical exchange between inequivalent sites and the Heisenberg
spin exchange between spin labels in inequivalent states are indistinguishable
(Eastman et al., 1969; Marsh, 1992b). Physical exchange between two general sites
i and j is considered first:

where is the rate of transfer per unit time from site i and that from site j
(compare Fig. 8). If Ni is the total spin population at site i and that at site j, then
the rate constants are related by detailed balance:

where is a constant. Because physical exchange occurs with conservation of spin
orientation, the rate equation for the population difference at site i is given by:

and similarly for the population difference at site j.
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The situation for Heisenberg spin exchange is somewhat more complicated.
Heisenberg exchange between spin labels at the two sites takes place between spins
of opposite orientations (i.e., cross relaxation):

where is the bimolecular rate constant for spin exchange (compare Fig. 8). The
net rate equation for the population difference at site i is therefore:

where are the spin populations of the energy levels and similarly for
This equation can be rewritten in terms of population sums and differences as

(Marsh, 1992b):

where and similarly for a similar rate equation can be derived for
the population difference at site j. The exchange frequency is defined in the usual
bimolecular formalism by We then see that Eqs. (24) and (26) are
formally equivalent, with identities and [where the fractional
population is and similarly for which are fully consistent with
Eq. (23). Alternatively Eq. (24) can be expressed in the same form as Eq. (26) by
replacing with Thus only one of the two cases must be considered to cover
both. For convenience the physical exchange formalism is adopted in treating
two-site exchange, and the Heisenberg exchange formalism is adopted for spin
exchange between a single species.

4.1. Two-Site Exchange

To differentiate from the general case, the two sites undergoing exchange are
designated b and f. If spin transitions at site b are induced by the microwave
field, the net steady-state condition for the spin population difference at this site is

where the first term on the right represents transitions induced by the microwave
field, the second is the spin-lattice relaxation, and the final terms represent the
exchange between sites (compare Fig. 8). The corresponding steady-state condition
for spins at site f which is not irradiated by the microwave field is
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Solving Eqs. (27) and (28), together with Eq. (23), which also holds for population
differences, yields the standard expression for saturation of the spin system at site
b; i.e., Eq. (1), where the effective spin-lattice relaxation time at site b is given
by (compare Marsh, 1993; et al., 1993a):

This equation can be expressed in terms of a single exchange rate by means of the
following relation for detailed balance derived from Eq. (23): where

and are the fractional spin populations at sites b and f, respectively
for two-site exchange. The corresponding result for two-site Heisen-

berg spin exchange is (Snel and Marsh, 1994):

which is obtained from the identities between the exchange rates in the two cases.
Equivalent expressions can be derived for site f by permutating the indices in Eqs.
(29)and(30).

Contributions that nuclear relaxation may make to effective spin-lattice relaxa-
tion times of spin labels undergoing two-site exchange (compare Sec. 1.2) were
considered by Marsh (1995b). Effective spin-lattice relaxation times for the
and hyperfine manifolds of the spin label at site b are found to be given by,
respectively:

where is the effective spin-lattice relaxation time for two-site exchange
ignoring nuclear relaxation that is given by Eq. (29), and b = is the ratio
of the nuclear to the electron spin-lattice relaxation rate for the spin label at site b.
Figure 9 shows the relaxation enhancement by two-site exchange in the presence
of nuclear relaxation is the effective spin-lattice
relaxation time in the presence of nuclear relaxation but in the absence of two-site
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exchange [Eqs. (4) and (5)]. The rate enhancement is normalized relative to that for
two-site exchange in the absence of nuclear relaxation given by Eq. (29).
It appears that over most of the likely range of nuclear relaxation rates (compare
Sec. 2.2), the simple model neglecting nuclear relaxation [Eq. (29)] provides a
reasonable approximation. Effects of internal exchange processes at a single site
(and equivalently of rotational diffusion) on the effective spin-lattice relaxation
times of spin labels undergoing two-site exchange are considered in a later section
dealing with Heisenberg spin exchange in the general (i.e., multisite) case.

Equations (29) and (30) are exactly of the form required for analyzing progres-
sive saturation or saturation transfer measurements. If the ratio is known,
e.g., from the ratio of the saturation transfer EPR intensities in the absence of
exchange, the effective can be expressed solely in terms of a single dimensionless
exchange rate, e.g., Depending on conditions, useful sensitivity can be
obtained for exchange rates up to five times the intrinsic spin-lattice relaxation rate.
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The greatest sensitivity is found at low exchange rates less than the intrinsic
spin-lattice relaxation rate (Marsh, 1993).

4.2. Heisenberg Spin Exchange

We now consider the effects of Heisenberg spin exchange between spin labels
of a single species on their EPR saturation properties. In contrast to the two-site
case, many different distinct transitions are coupled by exchange. These may
correspond to different hyperfine states or to different orientations of the spin labels
relative to the external magnetic field direction in a powder sample (see Fig. 10).
Equation (26) must then be summed over all states j with which the state i is
exchanging. The general steady-state rate equation for the population difference of
the ith transition is then (Marsh, 1992b):

where In Eq. (33) transitions are assumed to be induced by
the microwave field in the k th spin system; i.e., for i = k and is zero otherwise.
Summing Eq. (33) over all i gives the following relation:

Solving Eqs. (33) and (34) for i = k yields the standard expression for saturation
of the k th spin system, i.e., Eq. (1), with the effective spin-lattice relaxation time
given by (Marsh, 1992b):

where the exchange frequency is is the fractional
population (or degeneracy) of the transition being saturated. This equation was also
derived quantum mechanically for exchange between hyperfine manifolds under
the condition that nuclear relaxation can be neglected (Eastman et al., 1969). For
powder saturation transfer EPR spectra from unoriented systems (e.g., membranes),
this relaxation enhancement reduces the intensity of the spectrum without appre-
ciable changes in line shape (see Fig. 10 and Marsh and 1992a).

Figure 11 shows the dependence of the reduction in effective spin-lattice
relaxation time predicted from Eq. (35) on the Heisenberg spin exchange frequency.
When the exchange frequency is low a linear relation is obtained.
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When the degree of degeneracy is also high Heisenberg exchange has
the effect expected for a true relaxation enhancement rather than a cross relaxation,
because the redistribution of saturation between the different exchange-coupled
states does not limit the effective relaxation. In this limiting case, the effective
relaxation rate is given by the following expression:

This is found to be applicable in many cases of interest when the exchange
frequency is low. At high exchange frequencies, on the other hand, tends to a
limiting value of that represents the maximum redistribution of saturation
throughout the various distinct spin label states. Beyond this limit, the spin-spin
relaxation time becomes sensitive to the spin exchange process, so the exchange
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frequency can he determined conventionally from line widths and line shapes of
the in-phase EPR spectra (Marsh, 1989).

Possible contributions from nuclear relaxation to the effective spin-lattice
relaxation time of spin labels undergoing Heisenberg exchange are considered by
Marsh (1992b). Effective spin-lattice relaxation times for the and
hyperfine manifolds are found to be, respectively:

In general for equivalent intrinsic rates, nuclear relaxation is far less effective in
alleviating saturation than is Heisenberg exchange. This is because the
END selection rule is far more restrictive than that for Heisenberg exchange, for
which there is no restriction. Nuclear relaxation exerts its maximum effect for the

= 0 manifold in an isotropic spectrum. Then it is equivalent to Heisenberg
exchange, and Eq. (35) applies with replaced by [given by Eq. (4)]; the
exchange rate is scaled by the factor 1/(1 + b) and the degeneracy factor
by the factor (1 + 3b)/(l + b). For further discussion, see Marsh (1992b).

The situation of internal (Heisenberg) exchange at a single site for spin labels
undergoing two-site exchange has also been analyzed (Marsh, 1995b). For the case
when two-site exchange takes place only between equivalent spins at the two sites
(e.g., preserving angular orientation), the effective spin-lattice relaxation time is
given by Eq. (35), where is replaced by from Eq. (29) for two-site
exchange in the absence of internal exchange. The effective relaxation time in the
presence of Heisenberg exchange and two-site exchange is therefore:

Internal (Heisenberg) exchange rates can then be extracted in the normal way,
yielding  values which are normalized by the effective spin-lattice relaxa-
tion time for two-site exchange in the absence of Heisenberg exchange. Viewed
from the standpoint of the two-site exchange process, the relaxation rate enhance-
ment is the effective spin-lattice relaxation time in the pres-
ence of internal (Heisenberg) exchange [Eq. (35)] but in the absence of two-site
exchange is given in Fig. 12. The rate enhancement is normalized relative to that
for two-site exchange in the absence of internal exchange which is
given by Eq. (29). If the restriction that exchange takes place only between
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equivalent spins at the two sites is lifted, then the effective spin-lattice relaxation
time is given by a similar expression except that the Heisenberg spin exchange
frequency is augmented by a term that depends on the two-site exchange, being
replaced by:

This expression is substituted for in Eq. (39). These considerations are
important for extracting Heisenberg exchange frequencies in systems undergoing
two-site exchange and for determining rates of two-site exchange in the presence
of internal exchange processes (or rotational diffusion). For further discussion, see
Marsh (1995b).
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5. CONTINUOUS WAVE SATURATION MEASUREMENTS

There are two main methods for determining effective spin-lattice relaxation
times from continuous wave EPR spectroscopy. The first and standard method uses
progressive saturation of the conventional EPR spectrum with increasing micro-
wave power. The second and more novel method uses intensities of the nonlinear
EPR spectra that are detected in phase quadrature with respect to the field modu-
lation.

5.1. Progressive Saturation EPR

The rate W of spin transitions induced by the microwave field is given from
standard radiation theory by (Portis, 1953):

where is the electron gyromagnetic ratio, is the angular microwave frequency,
and ' is the line shape function for the spin packet centered at This is
the quantity required to express the microwave power dependence of the EPR
saturation under CW-irradiation given in Eq. (1).

Because the EPR absorption is proportional to both W and the spin population
difference (i.e., to the microwave susceptibility) given by Eq. (1), the line height
of the absorption spectrum is given by (compare Portis, 1953):

where the absorption line height in the absence of saturation is obtained by setting
For Lorentzian spin packets, as is the usual case, the normalized line shape

is given by:

where is the transverse (spin-spin) relaxation time. From Eqs. (42) and (43),
saturation of the absorption line shape for a homogeneously broadened Lorentzian
resonance is given by:

where is the effective saturation parameter. Therefore for a
homogeneously broadened resonance, the line shape remains Lorentzian during
saturation. The integrated intensity of the resonance is reduced by a factor of
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and line width is increased by a factor of with progres-
sively increasing microwave power. The saturation behavior of the maximum
amplitude of the nth derivative spectrum for a homogeneously broadened line is
given from Eq. (44) by:

where is the value that the maximum amplitude has if there were no saturation.
For the absorption maximum, n = 0, and Eq. (45) also holds for saturation of the
integrated intensity of the absorption with n = –1.

Figure 13 shows dependences of the degree of saturation of the integrated
intensity, absorption maximum, and peak line height of the first-derivative for a
homogeneously broadened line. The different extents of saturation of the line height
displays relative to integrated intensity arise from the progressively increasing
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Lorentzian broadening induced by saturation. For inhomogeneously broadened
lines in which inhomogeneous broadening completely outweighs saturation broad-
ening, all line height displays saturate simply as does the integrated intensity [i.e.,
with n = –1 in Eq. (45)1. Frequently with spin labels in randomly oriented systems,
we are dealing with an isotropic powder line shapes whose outer wings of the first
derivative spectra are those of the absorption line shape; these also saturate as does
the absorption (i.e., with n = 0 for homogeneous broadening) rather than exhibiting
normal first-derivative behavior (Fajer et al., 1992).

Because individual spin packets saturate independently and contribute addi-
tively to the total intensity, the integrated intensity saturates as 1/
irrespective of the degree of inhomogeneous broadening. This also holds for
anisotropic powder patterns if anisotropy in and may be neglected et al.,
1993a). For inhomogeneously broadened lines, the spin packets k are distributed
according to a normalized envelope function centered about The
absorption EPR line shape for a randomly oriented sample with axial anisotropy is
then given by (compare Fajer et al., 1992):

where is the distribution of inhomogeneously broadened lines corresponding
to the different orientations with respect to the static magnetic field direction. This
distribution ranges from which are the resonance positions
corresponding to the static magnetic field oriented perpendicular and parallel,
respectively, to the principal magnetic axis of the spin system. The total integrated
intensity of the absorption (or equivalently the double integral of the first-derivative
EPR display) S = is therefore given by:

A simple change of variables in Eq. (47) shows that the three integrals are
separable. The integral over the line shape of the envelope function is then given
by the normalization condition Therefore the integral over
the entire line shape saturates as does the integrated intensity of the individual
spin packets It is clear that this result must hold quite generally, i.e.,
independent of the degree of inhomogeneous broadening provided
varies slowly over the width of a spin packet which is the case when
inhomogeneous broadening exerts an appreciable effect. For individual spin pack-
ets with a Lorentzian line shape [i.e., Eq. (43)], the integral over  with
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respect to is given by The saturation of the overall integrated line
shape then has the form:

where contains the integral over the powder line shape  function and
is the effective saturation parameter averaged over the powder

line shape.
This simple result [i.e., Eq. (48)] obtained for the integrated intensity is not true

however for saturation curves normally deduced from the absorption line heights,
because these depend strongly on the degree of inhomogeneous broadening relative
to that of saturation broadening (Castner, 1959). Thus in complex spin systems,
CW saturation is best analyzed in terms of the second integral of the conventional
first-derivative absorption spectrum. In treating multicomponent systems, the inte-
grated intensity of the absorption spectrum has the further advantage of being
directly additive; saturation of the total integral in such multicomponent systems is
described by:

where are the fractional intensity of component i and the total integrated
absorption intensity, respectively, in the absence of saturation. An alternative
expression in terms of relaxation enhancements, which are of principal interest, is:

where are the effective saturation parameter and value of respec-
tively, in the absence of additional relaxation enhancement. In this case appropriate
to the situations to be considered, we assume that is unchanged because it is
much shorter than and therefore far less sensitive to the additional relaxation
processes than is

The effects of rotational motion on saturation of conventional EPR line heights
were analyzed by spectral simulation for the homogeneous case (Haas et al.,
1993b). It is found that the saturation curves can be described empirically by a
microwave power dependence similar to that in Eq. (45) but with the exponent in
the denominator treated as a fit parameter. For the first-derivative spectrum, the
exponent is then not always close to the value of three-halves expected for a single
homogeneous line. The apparent saturation parameter determined in this way is
directly proportional to the spin-lattice relaxation time.
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Spectral simulations were also performed to investigate the effects of rotational
motion and Zeeman modulation frequency on the saturation of the integrated
spectral intensity by using the uncorrelated jump model (Livshits et al., 1998). The
saturation curves are still independent of the degree of inhomogeneous broadening
and can be described by Eq. (48) with the fixed exponent of one-half in the
denominator. The saturation parameters extracted from the saturation curves are
directly related to For slow rotational frequencies, the saturation parameters
approximate reasonably well to those expected in the absence of rotational motion.
For intermediate rotational frequencies comparable to the anisotropy in spectral
splittings, the apparent saturation parameter is independent of because of
extreme motional broadening. In this case itself rather than the product, can
be determined directly from the saturation curves.

5.2. Saturation Transfer EPR

The experimental normalized intensity of the phase quadrature, second-har-
monic, absorption saturation transfer EPR spectrum is defined by
and Marsh, 1983):

where represents the conventional in-phase, first-harmonic, absorption EPR
signal. Early theoretical simulations of the saturation transfer spectra showed
that their intensity depends directly on the effective spin-lattice relaxation time

(Thomas et al., 1976). Experimental support for direct proportionality between
the ST-EPR intensity and comes from the linear dependence of for the
spin label on paramagnetic ion concentration, confirming that is directly
determined by the spin-lattice relaxation rate of the spin label that is enhanced by
paramagnetic relaxation (Páli et al., 1992). The dependence of the saturation
transfer integral on the effective spin label is expressed in this linear approxima-
tion as:

where and are the intrinsic saturation transfer integral and spin label
respectively, in the absence of additional relaxation enhancement.
Comparing Eqs. (48) and (52) therefore suggests that the integrated intensity

of the saturation transfer spectrum is more sensitive to changes in than is the
saturation of the conventional EPR spectrum; this is confirmed experimentally
for the integrated intensities. Using integrated ST-EPR intensities also allows
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simplifications in the analysis of more complex systems, because of the direct
additivity of the component intensities. In the linear approximation given by Eq.
(52), the total integrated ST-EPR spectral intensity for a multicomponent system is
given by:

where are the fractional intensity in the conventional spectrum of
component i and the total saturation transfer integral, respectively, in the absence
of additional relaxation processes. The usefulness of this method is demonstrated
experimentally for both two-component lipid membranes and reconstituted lipid-
protein membranes (Horváth and Marsh, 1983; Horváth et al., 1993a,b).

A more detailed analysis of the dependence of the ST-EPR intensity on can
be obtained theoretically by the Fourier expansion method of Halbach (1954). The
second harmonic EPR signal is to lowest order directly proportional to the square
of the Zeeman modulation amplitude; the corresponding Fourier component of the
magnetization is given by (compare Páli et al., 1996):

for the  out-of-phase signal, where is the Zeeman modulation frequency. For
simplicity this expression refers to the amplitude at the center of the spectrum. The
second factor on the right of Eq. (54) represents saturation of the normal, zeroth-
harmonic EPR absorption. The third factor represents additional sensitivity of the
second-harmonic, out-of-phase EPR spectrum to spin-lattice relaxation.

Figure 14 shows numerical calculations for the dependence of the normalized
integrated ST-EPR intensity on spin-lattice relaxation time. These results are
obtained from spectral simulations by using the above theoretical methods and are
given for different values of the spin-spin relaxation time It is seen that, within
limited ranges of values of practical interest, the integrated ST-EPR intensity,
is reasonably linearly dependent on Typically, enhancements in relaxation rate
might be expected to reduce from the intrinsic value over a region in which
the dependence of on remains approximately linear. This is found to be the
case experimentally for spin label relaxation enhancement by Heisenberg exchange
and by paramagnetic ions (Páli et al., 1996).

6. APPLICATIONS

The following sections are devoted to experimental results obtained by using
the CW saturation properties of the spin label EPR spectrum. Both progressive
saturation of the conventional EPR spectrum and nonlinear displays of the EPR
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signal in phase quadrature with the Zeeman modulation field at saturating micro-
wave field intensities (i.e., ST-EPR) are used. Analysis is restricted to integrated
spectral intensities because this eliminates effects of inhomogeneous broadening
and additionally because spectral intensities are linearly additive in multicom-
ponent systems. Illustrations arc given of how parameters directly related to
spin-lattice relaxation rates are obtained from experimental measurements. A broad
range of different types of experiment based on different physical processes by
which saturation can be alleviated in the spin label EPR spectra are included to
demonstrate the versatility of application of the methods. These mechanisms
include two-site lipid exchange, lipid and protein collisions, and relaxation en-
hancement by both Heisenberg spin exchange and magnetic dipole-dipole interac-
tions. Rotational diffusion is also included briefly to illustrate parallels between
standard ST-EPR experiments and some of the newer methods. Biophysical data
related to both the dynamics and the structure of spin-labeled systems are obtained
in this way.

6.1. Two-Site Lipid Exchange and Lipid-Protein Interactions

Continuous wave saturation of the integrated EPR intensity proved to be
sensitive to the physical exchange of spin-labeled lipids at the hydrophobic inter-
face with integral proteins in membranes (Horváth et al., 1993a)—compare Fig. 1.
This is illustrated by saturation curves for spin-labeled lipids in myelin proteolipid
protein/dimyristoyl phosphatidy lcholine membrane recombinants in Fig. 15. In the
gel-phase membranes at where lipid chain mobility is extremely low, the
intensity of the conventional EPR spectrum from the lipid-protein membrane
recombinant saturates as predicted for a linear combination of the two environments
in which the lipid spin label is situated [compare Eq. (49)]. In fluid lipid membranes
at the intensity of the conventional EPR spectrum from the recombinant
saturates less readily than predicted from the saturation behavior in the fluid bilayer
and protein-associated environments in isolation. The alleviation of saturation
arises from exchange of the spin-labeled lipid between these two environments,
indicating that in fluid membranes, lipid exchange must take place on the time scale
of the spin-lattice relaxation. [The two-component spectral line shapes obtained
from recombinant membranes indicate that exchange is slow on the conventional
EPR time scale (Horváth et al., 1988)].

Quantitative conclusions regarding lipid exchange rates were reached from
measuring intensities of the saturation transfer EPR spectra. Figure 16 gives data
on the ST-EPR intensity for spin-labeled phosphatidylcholine in lipid bilayer
membranes, associated with the protein alone, and in protein-lipid membrane
recombinants. Data are also included for other spin-labeled lipids in membrane
recombinants of the same lipid/protein ratio. Because these other lipids display a
preferential interaction with the protein (compare Brophy et al., 1984), the frac-
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tional population of spin-labeled lipid associated with the protein  differs among
the different spin-labeled lipid species for membranes of fixed lipid/protein ratio.
In gel-phase membranes, the ST-EPR intensity increases linearly with the fraction
of spin-labeled lipid associated with the protein. The linear additivity of the spectral
intensity, as also that for the conventional EPR spectra under saturation, is consis-
tent with lipid exchange in gel-phase membranes being considerably slower than
spin-lattice relaxation of the nitroxide spin label.

In fluid-phase membranes however, is reduced very considerably below the
values predicted by linear additivity. The reduction in intensity represents allevia-
tion of saturation by lipid exchange at the intramembranous surface of the protein
(compare Fig. 1). The dependence of  on in the fluid membranes can be fit by
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assuming a constant (i.e., diffusion-controlled) on-rate and an off-rate
determined by the selectivity of the different lipid species for the protein (see Sec.
4.1 and caption to Fig. 16). The measured on-rate is for membranes
of lipid/protein ratio 37:1 mol/mol. This translates into intrinsic off-rates of
0.7, 0.9, 2.5, and for spin-labeled stearic acid, phosphatidic acid,
phosphatidylserine, and phosphatidylcholine, respectively, derived from detailed
balance and assuming that (Horváth et al., 1993a).

Results in Figs. 15 and 16 indicate that the saturation properties of spin-labeled
lipids associated with integral membrane proteins differ considerably from those
in lipid bilayers because of differences in lipid mobility in the two environments.
In principle this can be used to determine the rotational mobility of the protein-
associated lipids (compare Sec. 6.5). This has been done for spin-labeled lipids
associated with the Ca-ATPase in sarcoplasmic reticulum membranes (Squier and
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Thomas, 1989), although effects of lipid exchange were neglected. The latter is
probably a good approximation at low temperature, but not at higher temperatures
(compare East et al., 1985).

Although lipid exchange rates in gel-phase membranes are slower than the
spin-lattice relaxation, the difference in saturation properties in the two environ-
ments can still be used to study static properties of the lipid-protein interactions
(Horváth et al., 1993b). This is particularly useful because standard methods of
two-component line shape analysis are not applicable in gel-phase membranes due
to a lack of resolution of the spectra from the two environments (compare Marsh,
1989). In these cases, the two spectral components can be distinguished only by
their saturation properties.
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Figure 17 shows the dependence of the ST-EPR intensities of spin-labeled
phosphatidylcholinc and spin-labeled phosphatidic acid on the protein/lipid ratio
in membrane recombinants of the myelin proteolipid protein with dimyristoyl
phosphatidylcholine in the gel phase. For the phosphatidylcholine spin label, the
ST-EPR intensity increases linearly with the protein/lipid ratio, demonstrating little
selectivity between spin-labeled and unlabeled phosphatidylcholine for interaction
with the protein. Spin-labeled phosphatidic acid exhibits a selectivity relative to
phosphatidylcholine for interaction with the protein in gel-phase membranes. This
results in a higher integrated ST-EPR spectral intensity than for spin-labeled
phosphatidylcholine and a highly nonlinear dependence on protein/lipid ratio (see
Fig. 17).

The fraction of protein-associated lipid spin label L with relative association
constant is given by (Marsh, 1989):

where is the total lipid/protein ratio of the membrane and is the number of
lipid association sites on the protein. Using Eq, (55) for the equilibrium
lipid-protein association to express the total ST-EPR intensity, as given by Eq.
(53), allows us to determine the stoichiometry and specificity of lipid-
protein interaction in gel-phase membranes. Values determined for phosphatidic
acid are close to those found also in fluid-phase membranes
(compare Brophy et al., 1984). Data for phosphatidylcholinc are also consistent
with a lipid/protein stoichiometry of in gel-phase membranes (Horváth et
al., 1993b).

6.2. Lipid and Protein Collision Frequencies: Translational Diffusion

A principal application of CW saturation methods is in determining weak
Heisenberg exchange interactions. These can be related directly to collision fre-
quencies between the spin-labeled partners. Heisenberg exchange frequencies are
low whenever collision rates are intrinsically slow or the concentration of
spin-labeled species is low. In these cases, the exchange interaction is too weak
to affect hence it is not amenable to conventional line shape analysis, such as
that used to determine translational diffusion rates of spin-labeled lipids in fluid
membranes (compare Marsh, 1989).

Figure 18 illustrates the determination of the biomolecular rate constants for
Heisenberg exchange between spin-labeled lipids in gel-phase membranes, for
which the collision rates are low. The ST-EPR intensity decreases progressively
with an increasing concentration of spin-labeled lipid, as described by Eq. (35), for
gel-phase membranes of both dimyristoyl and dipalmitoyl phosphatidylcholine.
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The decrease in ST-EPR intensity can be distinguished from that arising from slow
rotational diffusion because it takes place with relatively little change in ST-EPR
line shape, and it is more sensitive to exchange than is saturation of the conventional
EPR intensity (Marsh and Horváth, 1992a). The magnitude of the exchange rate
constants obtained suggests that translational diffusion is taking place along defect
regions rather than in the bulk lipid gel phase.

A converse application of this method is used with suitable calibrations to
determine local concentrations of spin-labeled probe molecules in heterogeneous
systems. This approach has been applied successfully to study nucleation and the
growth of lipid domains in a model membrane system (Páli et al., 1993b).

Of most interest is the application to the translational diffusion of proteins,
where diffusion rates are slower than for small molecules and high concentrations
of the spin-labeled species often cannot be realized. Methods for studying local
translational diffusion of proteins in membranes are largely lacking; those based
on spin label saturation are therefore of special relevance. Viability of an approach
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based on ST-EPR intensities was demonstrated with spin-labeled human serum
albumin in homogeneous aqueous solution (Khramtsov and Marsh, 1991). Trans-
lational diffusion coefficients were obtained that agreed with those determined by
other methods; these depended on temperature and viscosity as predicted by
hydrodynamic theory.

Figure 19 shows a strategy for measuring translational diffusion rates with
spin-labeled integral membrane proteins. Detergent-solubilized, spin-labeled pro-
tein is combined with unlabeled protein at different relative proportions, then
membranes are reconstituted at the same total protein/lipid ratio to ensure a constant
effective intramembrane viscosity. By this method of varying spin concentration
rather than simply varying the spin-labeling level, intramolecular spin-spin inter-
actions that can also affect the EPR saturation properties are maintained constant
(compare Horváth et al., 1990). For spin-labeled Na,K-ATPase ion pump reconsti-
tuted at a lipid/protein ratio corresponding to that of the native membranes, the
dependence of the ST-EPR intensity on relative spin concentration was found to
conform to that predicted by Eqs. (36) and (52) up to 100% spin-labeled protein
(Esmann and Marsh, 1992). Local translational diffusion coefficients deduced from
the resulting bimolecular collision rate constants are in the
expected range depending on temperature); these are
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significantly slower than those for spin-labeled lipids in fluid membranes
They are however much larger than corre-

sponding values found for long-range protein diffusion coefficients in whole-cell
systems by photobleaching techniques. This comparison indicates considerable
barriers to long-range diffusion in cells that presumably are associated with the
cytoskeleton.

Mutual collisions between different spin-labeled species can be studied by
determining Heisenberg exchange frequencies in double-labeling experiments
(Snel and Marsh, 1994). Here exchange frequencies are likely to be relatively low
because concentrations must be limited to minimize Heisenberg exchange within
the single-labeled species. Using CW saturation methods based on integrated
intensities obviates the necessity for spectral resolution of the two spin-labeled
species provided their individual saturation properties differ sufficiently. Figure 20
shows the principles for determining the location of spin-labeled segments of
proteins in their surface-bound or membrane-penetrant forms by using spin-labeled
lipids. Apocytochrome c is the haem-free precursor of the holoprotein cytochrome
c, which is a peripheral membrane constituent of the mitochondrial electron
transport chain. The apoprotein binds strongly to negatively charged lipid mem-
branes, and this is thought to constitute an essential part of the mechanism by which
newly synthesized protein enters the mitochondrion. The degree of penetration of
the precursor protein into the membrane therefore is likely to be a determining
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parameter in the translocation of the precursor protein across the outer mitochon-
drial membrane.

Figure 21 shows progressive saturation curves for apocytochrome c spin-
labeled on cys-14 or cys-17 in the N-terminal region and bound to negatively
charged lipid membranes. When bound to membranes containing a phospholipid
spin-labeled at a chain position close to the center of the membrane (i.e., 14-PGSL),
the doubly labeled system saturates less readily than either of the corresponding
singly labeled systems. This is a direct effect of Heisenberg exchange by collision
between the spin-labeled segment of the apoprotein and the spin label on the 14-C
atom of the lipid chains; it is a clear demonstration that the N-terminal of the
apoprotein penetrates deeply into the lipid membrane. Table 2 lists reciprocal
effective products deduced from progressive saturation for spin-labeled apo-
cytochrome c bound to membranes containing lipids spin-labeled at various posi-
tions. Also given are values predicted for the absence of mutual Heisenberg spin
exchange from progressive saturation measurements on the singly spin-labeled
systems. For spin label positions on the lipid that are in the head group region or
close to the polar end of the chains, the saturation properties are similar to those of
the isolated systems. There are strong mutual collisions as reflected in the exchange
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frequencies deduced from the products only for spin labels close to the
terminal methyl of the chains. This provides clear evidence of penetration of the
N-terminal segment of apocytochrome c deep into the hydrophobic region of the
lipid membrane. For a spin label on cys-102 close to the C-terminal of yeast
holocytochrome c, the largest exchange frequency is obtained with the lipid
spin-labeled in the polar head group region, as expected for a native peripheral
membrane protein bound at the membrane surface.

6.3. Spin Label Location and Accessibility: Paramagnetic Relaxation

Another way of determining the location of spin-labeled segments in proteins
uses paramagnetic relaxation agents with preferential solubilities in polar or apolar
environments. This method’s most powerful application is in connection with
site-directed spin labeling (Hubbell and Altenbach, 1994). Figure 22 illustrates the
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principles for lipid spin labels in bilayer membranes in the presence of paramagnetic
molecular oxygen or a negatively charged paramagnetic ion complex. Both are
efficient relaxants; oxygen is preferentially concentrated in the hydrophobic region
of the membrane with a well-defined intramembranous concentration profile, and
chromium oxalate is restricted to the aqueous phase. The efficiency of relaxation
enhancement is defined in terms of the accessibility parameter, which is the increase
in the effective relaxation rate by the relaxant normalized with respect to
line width (Snel and Marsh, 1993).

This method was applied to determine the membrane location of spin-labeled
apocytochrome c and cytochrome c (Snel et al., 1994). Figure 23 shows accessibil-
ity parameters for molecular oxygen obtained from progressive saturation meas-
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urements. Results for spin-labeled lipids serve as calibrations. Protein binding was
found to have a considerable effect on local concentrations of oxygen within the
lipid bilayer membranes. Accessibilities of spin-labeled proteins relative to those
obtained for phospholipids labeled at various positions identify the location of the
spin-labeled cysteine residues in the phospholipid bilayer membrane. The spin label
on apocytochrome c bound to phosphatidylglycerol membranes lies between the
5- and 14-C positions of the lipid acyl chain. The spin label on the holoprotein
cytochrome c is located at the membrane surface. These different extents of
membrane penetration also correlate with the reduction in local oxygen concentra-
tion experienced by spin-labeled phospholipids on binding of apo- and holocyto-
chrome c (compare Fig. 23). This approach was also used to determine the
membrane location of a spin label on the single cysteine residue in the presequence
of yeast cytochrome oxidase subunit IV when bound to bilayer membranes of
phosphatidylglycerol, cardiolipin, or their (1:4) mixtures with phosphatidylcholine
by using molecular oxygen and chromium oxalate as relaxants (Snel et al., 1995).
Another application involves cysteine mutants in the precursor and native parts of
the E. coli PhoE outer membrane protein (Keller et al., 1996).

Figure 24 shows the paramagnetic relaxation induced by aqueous ions for
a series of spin-labeled cysteine mutants of the M13 bacteriophage coat protein in
its transmembrane form. Effective values for the spin-lattice relaxation time were
deduced from progressive saturation experiments combined with line width meas-
urements (Stopar et al., 1997). Close to the C-terminal (cys-49), the spin label is
relaxed efficiently by collisional Heisenberg exchange with the aqueous ions.
On proceeding closer to the membrane surface, the efficiency of collision-induced
relaxation decreases. On entering the membrane from cys-38 onward, the spin label
is shielded from direct contact with the paramagnetic ions, and the residual
relaxation enhancement is induced by magnetic dipole-dipole interactions. The
profile of paramagnetic relaxation enhancement is mirrored by the rotational
mobility of the spin label, as reflected in the conventional spectral line shapes. At
the C-terminal, the spin label is very mobile, and spectral anisotropy increases as
the labeling position approaches the membrane surface. For spin labels positioned
within the membrane, rotational mobility is reduced considerably, and line shapes
(e.g., for cys-25) approach the rigid limit of sensitivity of conventional EPR
spectroscopy.

6.4. Distance Measurements: Dipolar Relaxation

When paramagnetic ions are unable to come in direct contact with the spin
label, Heisenberg spin exchange is absent. The paramagnetic relaxation enhance-
ment of the spin label then occurs solely by through-space magnetic dipole-dipole
interactions. Because of the explicit dependence of the dipole-dipole interaction on
the separation r of the spin dipoles for individual dipole pairs), relaxation
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enhancements can be used for distance measurements on the molecular scale. In
general the relaxation enhancement depends directly on the concentration of the
paramagnetic ion. Using saturation measurements allows measurement of longer
distances and/or lower concentrations of paramagnetic species than is possible with
measurements of paramagnetic line broadening.

Figure 25 shows the method using integrated intensities of the ST-EPR spectra
for a spin-labeled phospholipid (5-PCSL) in gel-phase lipid bilayer membranes
dispersed in aqueous solutions with increasing concentrations of paramagnetic
ions. The ST-EPR spectral line shapes do not change much with increasing
ion concentration, indicating little change in the rotational motion of the lipid spin
label. The ST-EPR spectral intensities however decrease pronouncedly with in-
creasing concentration, as seen most clearly from the first integrals of the
ST-EPR spectra. The normalized reciprocal integrated ST-EPR intensities
increase linearly with ion concentration (Páli et al., 1992), corresponding to a
paramagnetic enhancement in the spin-lattice relaxation rate of the spin label
according to Eqs. (18) and (52). Because the spin label is situated in the hydrocarbon
chain region of the lipid bilayer, and therefore not directly accessible to the aqueous

ions, this relaxation enhancement must occur through the magnetic dipole-
dipole interaction.

The upper part of Figure 26 shows the dependence of the relaxation enhance-
ment induced by the ions on the position of the spin label group in the sn-2
chain of phosphatidylcholine in normal, gel-phase bilayer membranes of dipalmi-
toyl phosphatidylcholine. The increase in reciprocal ST-EPR integral intensity
induced by aqueous decreases progressively with increasing distance of the
spin label position from the polar-apolar interface toward the membrane interior.
The positional dependence can be described by the following expression derived
from Eqs. (18) and (21) (Páli et al., 1992):

where R is the distance of the spin label from the membrane surface, is the
membrane thickness, is the ion concentration, and is a constant directly
related to in Eq. (21) that also contains the proportionality between ST-EPR
intensity and [cf. Eq. (52)]. The second term in the square brackets in Eq. (56)
represents the contribution to the paramagnetic relaxation from ions on the
opposite face of the membrane from that in which the spin-labeled lipid is located.
Distances R and in Eq. (56) can be related to the spin label position in the chains
because lipid chains are in the all-trans configuration and tilted at a known angle
in gel-phase bilayer membranes. It is therefore possible to determine both bilayer
thickness and the distance of the origin of the chain numbering from the
membrane surface (i.e., the thickness of the polar region ) from the positional
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dependence of the relaxation enhancement given in Fig. 26. Values deduced in this
way are in good agreement with those obtained from independent studies with x-ray
diffraction (see Páli et al., 1992).

Comparable data on induced relaxation enhancements obtained from
gel-phase dipalmitoyl phosphatidylcholine membranes dispersed in glycerol are
given in the lower part of Fig. 26. Under these conditions, gel-phase membranes
are not of the normal lipid bilayer type but correspond to a structure in which lipid
chains from opposing bilayer faces are fully interdigitated throughout the entire
hydrophobic membrane thickness. The membrane profile of the relaxation en-
hancement is changed drastically, and it becomes symmetric for membranes in
glycerol rather than monotonic, which is the case for membranes in water. While
the spin label at C-atom position 16 in the normal bilayer has the smallest relaxation
enhancement, in the interdigitated bilayer its relaxation enhancement is the largest,
indicating that it comes in closest proximity to ions. Fitting the relaxation
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profile indicates that overall membrane thickness is reduced by 40% for the
interdigitated bilayer relative to the normal bilayer and the C-atom 16 is located in
the region of the C-3 position of the chains of the oppositely oriented phospholipid
molecules (Páli et al., 1992). The latter represents the sort of fine-structural detail
that cannot easily be obtained from diffraction methods.

The same method was applied to membranes containing the 16-lcDa channel
polypeptide from Nephrops norvegicus that has sequence homology with the
proteolipid subunit of the vacuolar ATPases (Páli et al., 1998). On the basis of its
sequence, molecular modeling, and other studies (compare Holzenburg et al., 1 993;
Páli et al., 1995), this rather hydrophobic protein is thought to possess four
transmembrane segments that most probably are in an conformation.
Figure 27 shows paramagnetic relaxation enhancements by aqueous ions

for both stearic acid spin-labeled at different positions in the lipid
chain and for spin labels attached at two different residues in the protein. Measure-
ments in the presence of   ions indicate that both protein labeling sites are located
within the hydrophobic region of the membrane. Using calibrations established by
the dipolar relaxation enhancement of spin-labeled lipids locates the maleimide
spin label (5-MSL) on the single cysteine residue, cys-54 in putative transmembrane
segment 2, as positioned in the region of the C-6 atom of the lipid chain. Corre-
spondingly the carbodiimide spin label (NCCD) on glu-140 in putative transmem-
brane segment 4 is located somewhat deeper in the membrane, in the region of the
C-8 atom of the lipid chain. Complementary studies with double labeling (compare
Sec. 6.2) indicate that these residues are also exposed to the lipid chains.

6.5. Slow Rotational Diffusion and Saturation Studies

This section draws parallels between the exchange processes already consid-
ered and the standard application of ST-EPR in studying slow rotational diffusion
[compare Thomas et al. (1976); Marsh and Horváth (1989)]. We do this primarily
because it leads to a particularly simple formulation of the dependence of diagnostic
ST-EPR line shape parameters on rotational correlation time (Marsh and Horváth,
1992b). Section 4 shows that two-site physical exchange and Heisenberg spin
exchange are kinetically equivalent. Rotational diffusion of a spin-labeled molecule
can be approximated as physical exchange in small steps. This results in a spectral
diffusion of saturation analogous to that of the Heisenberg spin exchange between
distinct transitions in an anisotropic powder spectrum of a single spin-labeled
species (compare Fig. 10).

The spectral diffusion rate arising from spin label rotation is determined by
parameters governing the angular dependence of the resonance positions and the
width of a spin packet; it is inversely proportional to the rotational correlation time

defined by where is the rotational diffusion coefficient (Fajer
et al., 1986). This spectral diffusion rate is equivalent to the exchange
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frequency introduced in Sec. 4.2. In this case however, because the spectral
diffusion ratedepends on theangular dependence of theresonancepositions, the
resultingreduction in intensity variesthroughoutthespectrum,producingalarge
changeinthesaturationtransferEPRlineshape[seeFig.10andMarshandHorvath
(1992a,b)]. Assuming line heights and.in tensities of the saturation transfer EPR
spectraaredirectlyproportionaltotheeffective [compare Eq. (52)], the spectral
line height ratios and integrated intensities R normally used to establish rotational
correlation time calibrations (compare Horvath and Marsh, 1983), may be ex-
pressed in analogy with Eq. (35) by the following general form:

where is the value of the measured parameter R in the absence of rotational
diffusion, a and b are constants to be fitted that depend only on intrinsic spectral
parameters, and the ratio a/b is equal to the orientational degeneracy parameter

Equation (57) describes rather well the dependence on rotational correla-
tion time of diagnostic line height ratios and intensities of the saturation transfer
EPR spectra from spin-labeled hemoglobin in glycerol-water mixtures (Marsh and
Horváth, 1992b).  It can therefore be used to give the following simple expression
for correlation time calibrations of the experimental ST-EPR spectra:
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where values of the experimental calibration constants and b for different
diagnostic spectral parameters are given in Table 3. This is a much more readily
accessible form for calibrations of rotational correlation time than hitherto pre-
sented and has the additional advantage of reflecting directly the underlying spectral
diffusion process.

In principle slow rotational diffusion can also be studied from the power
saturation of the conventional EPR spectra. Squier and Thomas (1986) do this in
terms of saturation factors determined from the ratio of integrated intensities of
conventional first-derivative EPR spectra recorded at low (subsaturating) and high
(partially saturating) microwave powers [compare Eq. (48)]. For calibrations for
this method equivalent to those given for ST-EPR by Eq. (58), see Marsh (1995c).

7. CONCLUSIONS

Exploitation of the characteristic time scale for nitroxide spin labels allows
us to extend the spin-label EPR method to determine slower rate processes and
weaker magnetic interactions than is possible with conventional spectral line shape
analysis. In addition to the standard application of saturation transfer EPR to
measuring slow rotational diffusion rates in the submillisecond time regime, a broad
range of different new applications are possible. These include the study of two-site
physical (or chemical) exchange, determining weak Heisenberg exchange interac-
tions and slow collision and translational diffusion rates, detecting mutual accessi-
bilities of different paramagnetic species from their (weak) spin-spin interactions,
and measuring relatively large intermolecular separations by using magnetic
dipole-dipole interactions. The great advantage of methods based on spin-lattice
relaxation is not only that sensitivity to intrinsically slow processes is increased,
but also lower concentrations of paramagnetic species can be used to obtain
detectable relaxation enhancements or for instance larger intermolecular distances
can be measured. Such methods can be used to investigate many different dynamic
processes and structural properties of biological systems, as illustrated in Sec. 6.

All of this class of measurements can be performed by CW EPR methods:
Either progressive saturation EPR or nonlinear EPR, of which saturation transfer
EPR is a particular example. The general use of integrated spectral intensities for
such measurements circumvents problems associated with inhomogeneous broad-
ening; it is especially useful in analyzing multicomponent systems, including those
involving double labeling. The wide availability of CW instrumentation will
contribute greatly to future applications of these novel spin label methods, most
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notably in rather complex areas, such as structural biology and membrane dynam-
ics.
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3

Comparative Spin Label Spectra at
X-Band and W-band

Alex I. Smirnov, R. L. Belford, and R. B. Clarkson

1. INTRODUCTION

Most electron paramagnetic resonance (EPR) experiments on spin-labeled
systems are carried out at X-band (8.8–9.5 GHz), although a few are done at Q-band
(35 GHz) and higher frequencies. At X-band the main source of spin rotational
relaxation for nitroxide spin labels is modulation of the nitrogen hyperfine A tensor.
For nitroxides this tensor is very close to axial, which limits the amount of
information on the anisotropy of rotational motion that can be obtained from
X-band spin label EPR spectra (e.g, Budil et al., 1993). At Q-band (35 GHz),
contributions to spectral densities determined by rotational modulation of the
electronic Zeeman term become comparable to those from the hyperfine tensor,
making this frequency an important tool for elucidating different models of motion
(e.g., Hwang et al., 1975; Griffith and Jost, 1976), for assigning components for
spin label spectra of lipid-protein complexes (e.g., Marsh, 1989; Horvath et al.,
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1994), and for measuring g-matrices of the spin labels more accurately (e.g.,
Goldman et al., 1972; Gaffney and McConnell, 1974).

At EPR fields corresponding to frequencies of 90 GHz and higher, the Zeeman
term in the spin Hamiltonian of a typical nitroxide radical dominates hyperfine
interactions. Electronic spin relaxation then becomes even more sensitive to the
rotational modulation of the g-matrix, which for most nitroxides has a rhombic
structure. Thus EPR at such high magnetic fields (HF) provides different informa-
tion on the anisotropy of rotational motion than conventional X-band EPR. For
example it was recently shown that by combining 9.5 and 250 GHz EPR data, one
can determine the full rotational diffusion tensor (Budil et al.,1993). Other features
include enhanced sensitivity to both fast and slow motion, angle selectivity, and
sensitivity of spectral simulations to models of rotational motion and solvent
interactions.

Although the advantages of HF EPR in spin-labeling experiments were already
demonstrated, these experiments were carried out by only a few research groups,
primarily because HF EPR instrumentation was not available commercially. Recent
announcements of commercial HF EPR spectrometers, 95 GHz in particular, are
likely to stimulate more groups to undertake applications of the spin-labeling
method at these frequencies. Chapter 3 compares continuous-wave spectra from
several selected spin-labeled systems at W-band (94 GHz) with those at the
conventional 9.5-GHz (X-band) EPR frequency to illustrate the kind of behavior
we can expect. We provide here only a general discussion of observed spectra and
leave a detailed analysis to the original literature and other chapters of this book.
We also include some essential experimental details on sample handling and
deoxygenation in HF EPR experiments.

2. COMPARATIVE X- AND W-BAND EPR SPECTRA OF
SPIN LABELS IN ISOTROPIC LIQUIDS

One of the features of HF EPR of spin labels is enhanced sensitivity to both
fast and slow motional regimes. In the fast motional regime, the line width of each
of the nitrogen hyperfine transitions can be expressed in terms of spectral parame-
ters A, B, and C:

where is the nitrogen nuclear quantum number and all frequency-independent
contributions to line width are included in the A´ term.

Secular spectral densities contributing to these line width parameters have very
different frequency dependencies. For example the secular spectral density arising
solely from rotational modulation of the electronic g-matrix depends quadratically
on the resonance frequency resulting in a large (by a factor of a hundred)
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enhancement of parameter A at 95 GHz over 9.5 GHz. Rotational modulation of
both g- and hyperfine A tensors contributes to parameter B in a correlated way,
resulting in an approximate proportionality of this parameter to (if pseudosecular
and nonsecular spectral densities are neglected). Parameter C remains approxi-
mately unchanged because the contributing secular spectral density arises from
rotational modulation of the nitrogen hyperfine tensor, and it is frequency-inde-
pendent. This characteristic frequency dependence of line width parameters is
illustrated here in examples of two different nitroxides. A more detailed analysis of
the frequency dependence of spectral densities for a general case of fully anisotropic
rotational diffusion is given by Budil et al. (1993).

2.1. Solution of Perdeuterated Tempone in Toluene

Rotational dynamics of a small molecule, perdeuterated 2,2´,6,6´-tetramethyl-
4-piperidone-l-nitroxide (perdeuterated Tempone, or PDT), in toluene was ad-
dressed in X- and Q-band studies (e.g., Hwang et al., 1975; Zager and Freed, 1982),
150 GHz (Grinberg et al,, 1980), and recently reexamined at 250 GHz (Budil et al.,
1993). The PDT represents a six-membered ring nitroxide without resolved su-
perhyperfine structure. Figure 1 shows experimental 9.0- and 95-GHz EPR spectra
from a 0.05-mM PDT solution in toluene- recorded at different temperatures.
Both samples were prepared in quartz tubes, carefully deoxygenated by a freeze-
pump-thaw technique, then sealed with a torch.

It is apparent that at room temperature, the X-band EPR spectrum of PDT falls
into the extreme narrowing regime, resulting in almost equal amplitudes of the
nitrogen hyperfine lines (Fig. 1, 291 K). The width of those lines (ca., 0.2 G
peak-to-peak) is determined primarily by inhomogeneous broadening (ca., 0.1 G
peak-to-peak) caused by unresolved hyperfine interactions with deuterons and by
homogeneous contributions from mainly the Heisenberg nitroxide-nitroxide spin
exchange and spin rotation coupling. Homogeneous line width arising from rota-
tional modulation of g- and A-tensors is small and difficult to measure under these
conditions. For example line width parameter B (Eq. 1) is only mG.

Although the 94-GHz spectrum at the same temperature (Fig. 1, 291 K) also
falls in the line width narrowing regime, the enhanced sensitivity of EPR spectra at
this frequency to the rotational motion manifests itself in unequal peak-to-peak
amplitudes of the nitrogen hyperfine components. Figure 2 summarizes line width
parameters (A + A'), B, and C measured for 0.05-mM PDT  solutions at
9.0 and 94 GHz as a function of It is apparent that at 94 GHz, parameters
(A + A') and B are substantially enhanced compared to 9.0 GHz, while parameter
C remains approximately the same. Figure 2 also illustrates that at
the sum (A  + A') measured from 94 GHz is dominated by parameter A, which is
determined primarily by rotational modulation of the g-tensor; thus it is useful for
analyzing rotational dynamics (see also Budil et al., 1993). At 9.0 GHz this sum is
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dominated by A'. This part of the relaxation includes field-independent Heisenberg
spin-spin exchange, and spin-orbital coupling which causes a noticeable increase
in (A + A') with the decrease of this complicates data analysis. Overall Fig. 2
demonstrates the enhanced sensitivity of HF EPR to fast molecular motion.

Comparing 9.0- and 94-GHz EPR spectra at different temperatures (Fig. 1) also
illustrates that at W-band, the onset of slow motional effects for the same nitroxide
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solvent system occurs at a higher temperature than it does at X-band. This effect is
also described by Budil et al. (1993) for 250 GHz. Another feature of HP EPR spin
label spectra in a slow motional regime is enhanced sensitivity to rotational
dynamics. Comparing X- and W-band spectra of PDT in toluene (Fig. 1) shows that
the EPR spectra at 130 and 149 K demonstrate more pronounced changes in line
width and field position of the characteristic features at 95 than at 9.5 GHz.

Rotational dynamics of spin labels can be analyzed if their magnetic parameters
are known to a high accuracy, having been obtained for example from the rigid-limit
(or “powder pattern”) spectrum. As previously shown (e.g., Ondar et al., 1985),
these measurements are more accurate at high magnetic fields (EPR frequencies
90 GHz). At these frequencies, turning points of spin label spectra corresponding
to principal axis orientations of the g-matrix are separated from those of the
A-matrix. For some nitroxides, nitrogen hyperfine components are resolved at 95
GHz, as illustrated in Fig. 1 (130 K) for PDT in toluene. Then both g- and
A-matrices can be accurately determined accurately by computer simulations. If
resolution of the nitrogen hyperfine structure is lost in the HF EPR spectrum, then
least-squares analysis of the rigid-limit spectra at two frequencies (9.0 and 95 GHz)
can be used to measure magnetic parameters accurately (e.g., Smirnov et al., 1995).
Magnetic parameters for many nitroxides in different solvents from measurements
at 150 GHz were published by Lebedev and coworkers (e.g., Lebedev et al., 1992;
Lebedev, 1994; and papers cited therein). Some of these values were further refined
by experiments at 249 GHz and computer simulations (e.g., Budil et al., 1993; Earle
et al., 1993, 1994). Most differences among values of magnetic parameters reported
by different laboratories for the same nitroxide/solvent are probably attributable to
errors in magnetic field calibration (e.g., see also Budil et al., 1993).

2.2. Solution of  3-Doxyl- in O-xylene

The (or ASL) represents a 5-membered
ring nitroxide whose solution X-band EPR spectrum displays a well-resolved
complex superhyperfine structure when the sample is deoxygenated (Fig. 3). This
spin label has a cigarlike shape, therefore anisotropy parameters for this molecule
in an effectively isotropic solvent, such as o-xylene
Smirnova et al., 1995), are larger than those for PDT in toluene
= 1.5 0.3; Budil et al., 1993).

Figure 3 shows comparative EPR spectra from a 0.5-mM ASL solution in
o-xylene at different temperatures. At temperatures ASL spectra at 9.0 GHz
fall into the extreme motional narrowing regime, where a complex superhyperfine
structure makes the measurement of rotational dynamics inaccurate (Smirnova et
al., 1995). This is typical for room temperature X-band spectra of many other
solutions of nondeuterated spin labels in organic solvents. In contrast the 94-GHz
spectrum at 293 K for the same system shows visible differences in peak-to-peak
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amplitudes of the three nitrogen hypcrfine components (Fig. 3, 94 GHz, T = 293
K). These unequal amplitudes are attributed to different homogeneous component
line widths, and they arise from enhanced contribution to the relaxation from
rotational modulation of the g-matrix. Because of the increased homogeneous line
width, the proton superhyperfine structure becomes unresolved even at room
temperature and for a carefully deoxygenated sample.

Fast motional EPR spectra in Fig. 3 are clearly asymmetric. This asymmetry
is caused by an admixture of dispersion into the absorption spectrum; it is usually
present in CW EPR spectra obtained with single-channel detection. A more
expensive quadrature detection scheme can eliminate this problem. Another ap-
proach accounts for the phase shift in data post processing either by calculating a
quadrature signal (generated from the Hilbert transform of the measured signal),
then adding this calculated spectrum to the experimental one until the integrated
combined spectrum displays a flat baseline (Earle et al., 1993); or simulating the
experimental spectrum with an arbitrary phase, then adjusting this phase during the
fitting procedure (e.g., Smirnov and Belford, 1995; Smirnova et al., 1995).

Slow motional effects for ASL in o-xylene become more apparent at higher
temperatures at 94 GHz than at 9.0 GHz in a manner similar to that seen for PDT.
Other features in this system are the sensitivity of slow motional HF EPR spectra
to diffusional anisotropy and the sensitivity of simulations to the rotational diffusion
model employed. For example Earle and coworkers (1993) found significant
differences in rotational anisotropy for an approximately spherical PDT molecule
and a cigar-shaped 3-doxylcholestane (CSL) probe. The best fit of 250-GHz EPR
spectra for CSL in a slow motional limit suggested even greater anisotropy than in
the fast motional limit. Since ASL has a shape similar to CSL, its rotational
dynamics at low temperatures should differ from PDT. Indeed W-band slow
motional spectra for ASL at 199 K (Fig. 3) and PDT at 158 K (Fig. 1) are quite
different, while X-band spectra at the same temperatures are more nearly similar.

In the rigid limit (Fig. 3, 153 K), the X-band ASL spectra contain little
information on the g-matrix because of a large inhomogeneous line width, primarily
caused by proton hyperfine interactions. In a contrast 95-GHz spectra at the same
temperature demonstrate well-resolved features corresponding to the principal axis'
orientations of the g-matrix. Components of the A-matrix are not resolved, with the
exception of

2.3. Resolution Enhancement in High Magnetic Fields:
Mixtures of Phenyl-tert -butylnitrone Spin Adducts

A major established advantage of high-field EPR spectroscopy is enhanced
g-factor resolution (e.g., Ondar et al., 1985). The ability to resolve two spectra from
a mixture of different species is defined by the difference in the field position of
the spectra and the line width at a given resonance frequency

90 Alex I. Smirnov et al.
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Most spin labels have close g-factors which results in strongly
overlapping X-band EPR spectra from mixtures of different nitroxides (e.g., Wang
et al., 1994) or a spin probe partitioned between the membrane aqueous and lipid
phases (e.g., Smirnov et al., 1995). The same spectral overlapping occurs for the
spin adducts formed by the same spin trap and different radical precursors.

In Fig. 4 curve A shows an X-band (9.5-GHz) spectrum from a mixture of
adducts formed by spin trap phenyl-tert-butylnitrone (PBN) and phenyl- and
trichloromethyl- radicals. Only the high-field line nitrogen hyperfine
component) has some small extra broadening on the line shoulder (shown by an
arrow) that may suggest two species. This strong overlap of the X-band spectra
makes accurately determining the number of species as well as nitrogen and

hydrogen hyperfine coupling parameters a difficult task. In Fig. 4 curve B shows
the 94.5-GHz EPR spectrum from the same mixture of spin adducts at the same
temperature.

Because spectral separation is proportional to the resonance frequency
at the same the presence of two radical adducts becomes clear at W-band. An
increase in microwave frequency also results in broader lines at 95 GHz; however
as can be seen from curve B in Fig. 4, line broadening at 95 GHz is much too small
to defeat the gain in resolution due to The latter is explained by considering the
frequency dependence of spectral densities contributing to line width. As discussed
in references to PDT, the line width parameter A is enhanced the most at high fields
because it contains the secular spectral density arising solely from the rota-
tional modulation of the electronic g-matrix, which increases as . Although this
spectral density at W-band is larger by a factor of 100 than at X-band, the
peak-to-peak width of the nitrogen transition, as seen in Fig. 4, increases
only moderately. One reason is that at X-band, the homogeneous width of the

line is dominated by rotational modulation of the hyperfine tensor, and it also
contains frequency-independent contributions (denoted as A') in equation 1, such
as spin rotation coupling and Heisenberg spin exchange. The relative contribution
from the electronic g-matrix spectral density is rather small. For example
according to data by Smirnova et al. (1997) for methyl-PBN in toluene at 260 °K,
the contribution from rotational modulation of the nitrogen hyperfine matrix is A
= 20.4 mG, while the contribution from the electronic g-matrix spectral density is
almost negligible . At 94.5 GHz (W-band), the line width parameter
A is 121 mG, and it is dominated by Therefore although is
increased more than 100-fold, overall broadening of the line for this
viscosity/temperature arising solely from the rotational modulation of g-matrix is
only about 100 mG.
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The second reason for only very moderate line broadening for this spin adduct
at the W-band is a large inhomogeneous line width which is typical of many
nondeuterated nitroxide spin labels and spin adducts. Inhomogeneous line width
caused by unresolved and partially resolved hydrogen hyperfine interactions is
typically about 0.6–1.0 G. Thus for solutions of methyl -PBN adduct in non-viscous
solvents, inhomogeneous broadening dominates the line width at both X- and
W-bands. Therefore relative broadening of the transition for these and many
other nondeuterated spin adducts at W-band EPR frequency is expected to be quite
moderate about 10% for methyl-PBN), while the difference in the field

position among species with different g-factors proportionally increases with
the EPR frequency [see Eq. (2)].

Secular spectral densities increase proportionally with rotation correlation time
and the relative line width broadening at W-band also increase as the viscosity-

to-temperature ratio increases. Estimates show that the gain in spectral resolution
at W-band disappears only when the HF EPR spectrum falls into an intermediate
motional regime.

3. SAMPLE DEOXYGENATION IN CW HF EPR EXPERIMENTS

For many spin-labeled systems, line width at W-band increases primarily
because of rotational averaging of the g-factor, which decreases the relative weight
of other contributions to the line width, such as for example Heisenberg spin
exchange with dissolved molecular oxygen. For aqueous solutions of a typical
nitroxide spin label equilibrated with air at room temperature, oxygen broadening
is only (X-band data, Smirnova et al, 1995b). However, this effect
accounts for most homogeneous line width in the nitroxides at X-band; especially
for deuterated nitroxides, it represents a substantial portion of the overall peak-to-
peak line width for PDT). At 94 GHz, the peak-to-peak line width of the

nitrogen hyperfine component for PDT increases to the relative
magnitude of the oxygen effect is somewhat smaller. However for many other
solvents (and particularly organic solvents), the product of oxygen solubility and
the diffusion coefficients significantly exceeds that for water, so careful sample
deoxygenation may be necessary.

Sample sizes for HF EPR experiments are determined by the resonator and
spectrometer configuration. For example for the Cornell 250-GHz EPR spectrome-
ter equipped with a Fabry–Perot resonator, Budil and coworkers (1993) prepared
a PDT toluene solution in a quartz tube [4–5 mm outer diameter (o.d.),
wall thickness], which they then deoxygenated by a freeze-pump-thaw method and
sealed with a torch about 20 mm from the end. Cylindrical resonators developed
for W-band EPR spectroscopy easily can accommodate longer sample tubes but of
smaller diameter (e.g., tube length o.d. (Wang et al., 1994). For



94                                                                                                              Alex I. Smirnov et al. 

example in a split-coil superconductive magnet, the cavity axis is typically directed
along the bore of the magnet, so the length of the sample tube is not limited to the
size of the cavity. Nonlossy spin-labeled samples can be placed in a quartz capillary
5-10 cm long, deoxygenated with the freeze-pump-thaw technique, then easily
flame-sealed when the sample is kept under liquid nitrogen. For solenoid-type
magnets, sample length is usually limited by the diameter of the room temperature
bore or cryostat, it is typically For such a configuration, the quartz
capillaries can be custom bent to form an L-shape and sealed at the short ends, as
described by Smirnova et al. (1995a). Under vacuum, spin label solutions can be
drawn into such capillaries (primarily into the short ends), deoxygenated by the
freeze-pump-thaw method, then sealed with a torch while the solution is kept under
liquid nitrogen away from the heat.

Unfortunately aqueous solutions of biological interest (spin-labeled proteins
and membranes) cannot be handled in 95-GHz EPR experiments the same way for
two reasons: (1) Freezing can often destroy the integrity of the sample, and (2) the
optimal diameter of the capillary for an aqueous sample at this frequency is only
0.1 -0.2 mm, which makes freeze-pump-thawing a viscous solution quite difficult
due to excessive bubbling. At the Illinois EPR Research Center, we adapted a
degassing method based on gas-permeable plastic capillaries from a procedure
previously described for X-band (e.g., Windrem and Plachy, 1980; Hyde and
Subczynski, 1989). In brief an aqueous sample is drawn into a microbore Teflon
(poly(tetrafluoroethylene), or TFE) tubing [inner diameter (i.d.) = 0.152 0.025
mm, wall thickness 0.127 0.025, Cole-Parmer Instrument Co., Vernon Hills, IL],
and the capillary ends are sealed with Critoseal tube sealant (Sherwood Medical,
purchased from Fisher Scientific, Pittsburgh, PA). The capillary is positioned
through the center of a cylindrical W-band resonator so that the ends remain
outside the cavity. A gas flow with the desired oxygen content is directed to the
cryostat enclosing the cavity and through the waveguide directly to the sample. At
room temperature, reequilibration of an aqueous PDT solution drawn inside such
a capillary occurred with a time constant of this is acceptable in many
experiments. At elevated temperatures, the oxygen permeability coefficient for TFE
increases, decreasing the time necessary for sample reequilibration (e.g., see
Smirnov et al., 1994).

Figure 5 shows the effect of deoxygenation on 9.0- and 94-GHz EPR spectra
taken at in a multibilayer aqueous dispersion of 1,2-dimyristoyl-i«-glycero-
3-phosphocholine (DMPC, 20% 1.1-M borate buffer at labeled with
16-doxyl stearic acid (16-DS, label-to-lipid ratio 1:100). Under these conditions,
EPR spectra of the 16-DS label at the X-band fall into the motional narrowing
regime. The nitroxide moiety of 16-DS is located within the center of the bilayer,
where oxygen permeability is maximal (e.g., see Kusumi et al., 1982; Smirnov et
al., 1996); thus the oxygen effect on the shape of X-band EPR spectra that are
normalized by the double integral value is seen primarily as changes in peak-to-
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peak amplitude (Fig. 5, 9.0 GHz). Oxygen-induced broadening for this sample, as
measured by a convolution-based algorithm (Smirnov et al., 1996), was 0.267
0.005 G; the peak-to-peak line width of the middle-nitrogen hyperfme component
was 1.36 G. A W-band spectrum from the same carefully deoxygenated sample
has much broader lines (ca. 10 G); therefore the oxygen effect on the overall shape
of the spectrum is much smaller than at X-band (Fig. 5).

4. COMPARATIVE X- AND W-BAND EPR SPECTRA OF
SPIN-LABELED PHOSPHOLIPIDS AND PROTEINS

4.1. Small Spin Labels in Phospholipid Membranes

Small nitroxide probes, such as 2,2,6,6,-tetramethylpiperedine-1 -oxyl (Tempo)
and di-tert-butyl nitroxide (DTBN) are useful in determining the fluid/lipid fraction
in bilayers and in monitoring phase properties of membranes (e.g., Griffith and Jost,
1976; McConnell, 1976). Partitioning these small probes between different phases
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(e.g., aqueous and lipid phases of the membrane) results in some splitting of the
HF component of the X-band EPR spectra. The relative magnitude of this splitting
is used to characterize phase properties of the membrane system.

Figure 6 shows comparative experimental 9.0- and 94-GHz spectra from
multilamellar vesicles made from 1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-
choline (DPPC) and labeled with the small nitroxide Tempo. Liposomes were
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prepared in a phosphate-buffered saline (0.15-M NaCl, 5-mM phosphate buffer,
7.0) with a final concentration of DPPC in aqueous media of 200 mg/ml; the
concentration of Tempo was Figure 6 shows that at  EPR spectra
at both frequencies reveal partitioning of the Tempo between lipid and aqueous
phases of the membrane, but spectral resolution is very different. At 94 GHz Tempo
signals arising from aqueous and hydrocarbon membrane phases are clearly re-
solved. Spectra corresponding to the lipid phase are shifted down-field because

for Tempo is greater in the lipid phase than in the aqueous phase. In contrast
X-band spectra from the same system show only partial resolution of the high-field
component.

According to calometric and EPR data (e.g., Chen and Sturtevant, 1981;
Shimshick and McConnell, 1973), phase transitions in a DPPC membrane occur at

(gel phase - ripple phase) and 40.5 °C (ripple phase - fluid bilayer
phase). The W-band EPR spectra clearly mark these transitions as abrupt changes
in partitioning and rotational dynamics of Tempo molecules in the lipid phase of
the membrane (Smirnov et al., 1995). The same research also shows that the high
spectral resolution achieved at 94 GHz is necessary to ensure uniqueness of
least-squares simulations; 9.0 GHz data may lead to multiple solutions with
essentially the same goodness of fit.

Figure 6 also demonstrates that the effect of the label microenvironment
polarity is easier to measure from HF EPR spectra than from conventional X-band
spectra. Some significant variations in and with the solvent polarity were found
in several HFEPR studies (e.g., Ondar et al., 1985; Krinichnyi et al., 1985; Lebedev
et al., 1992; Earle et al., 1994). Changes in usually correlate with (see also
Kawamura et al., 1967). For many spin-labeled systems, polarity effects on the
probe EPR spectrum can be measured more accurately from HF EPR g-factor data
than from changes in A. For example for the Tempo/DPPC system, the field shift
of lipid versus aqueous signal exceeds changes in isotropic hyperfine coupling by
a factor of three if expressed in the magnetic field scale; thus it can be measured
more accurately. For rigid- and close-to-the-rigid-limit spectra another important
factor is the gain of spectral resolution at 95 GHz, which in many cases separates
g- and A-features of the spectrum.

4.2. Doxyl Stearic Acid Labels in Phospholipid Membranes

Spin-labeled fatty acids with a nitroxide moiety attached at different positions
along the hydrocarbon chain are informative EPR probes for studying phospholipid
bilayers and lipid-protein systems (e.g., Griffith and Jost, 1976; Hyde et al., 1979;
Marsh, 1989). Figures 7–9 show representative spectra from multibilayer aqueous
dispersions of 1,2-dimyristoyl-sn-glycero-3-phosphocholine [(DMPC, 20% v/v)
labeled with 5-, 12-, and 16-doxyl-stearic acids (5-, 12-, and 16-DS, label-to-lipid
ratio 1:100)]. Sample preparation procedures are found elsewhere (e.g., Smirnov
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et al., 1996). A rather high 9.5, was chosen to ensure that all carboxyl groups
of the doxyl probes are ionized in the DMPC membrane (1.1-M borate buffer at

see Subczynski et al., 1989; Träube and Eibl, 1974).
The EPR spectra from the spin-labeled DMPC membrane demonstrate how

local chain motion of the lipids depends on position in the membrane. When the
nitroxide doxyl group is translated from C-5 (5-DS) into C-12 (12-DS) and C-16
(16-DS), outside peaks positions on 9.0-GHz spectra move closer, then disappear,
and line width becomes narrower (see also Griffith and Jost, 1976). This is a result
of an increase in motional freedom of the phospholipid chains from the polar lipid
head region to the center of the bilayer. Increased motional freedom is also observed
for each doxyl label with an increase in temperature; this is particularly noticeable
in spectra recorded at 21 and 31 °C, because the main phase transition for DMPC
occurs at about 23 °C and the membrane is more fluid above this temperature.
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Microscopic ordering of spin-labeled fatty acids is relatively high for 5-DS over
the entire temperature range shown; this ordering is substantially decreased for
12-DS, and it is almost absent for 16-DS at temperatures above the main phase
transition. The X-band EPR spectra by characterization the order parameter and
some characteristic spectra of spin-labeled fatty acids are found elsewhere (e.g.,
Gaffney, 1976). The W-band spectra of these systems show trends similar to those
observed at X-band: The overall spread of the W-band spectra decreases from 5- to
12-DS and then a little further to 16-DS because of a decrease in molecular ordering
(Figs. 7–9). However this spectral feature spread is primarily determined by
contributions from anisotropic averaging of the g-matrix at rather than from
the A-matrix, as at This last observation explains why the spectrum from
5-DS is substantially broader at W-band than X-band (Fig. 7).
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At temperatures below the main phase transition of DMPC (e.g., at 21 °C), W-band
EPR spectra from spin-labeled fatty acids fall close to the intermediate motional regime,
and these are not very characteristic (Figs. 7–9). At (above the main phase
transition) the line width for all the probes is decreased; some new spectral features
appear with a further increase in temperature Note: Changes in the
corresponding X-band spectra from 31–41 °C are relatively small. Thus HF EPR
spectra from spin-labeled membranes appear to be quite sensitive to the phase state of
the membrane and the local dynamics of phospholipids.

4.3. Binding Spin-Labeled Fatty Acids to Bovine Serum Albumin

Ability of the blood pool protein serum albumin to bind and transport fatty
acids was studied extensively by various experimental techniques (e.g., Peters and
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Sjöholm, 1978). As shown in several studies, applying the EPR spin-labeling
method to this problem can reveal details of the molecular motion of fatty acids
bound to albumin, and provide information on the structure of  the binding site (e.g.,
see Perkins et al., 1982; Ge et al., 1990, and papers cited therein).

Figure 10 shows 9.5- and EPR spectra taken from spin-labeled fatty
acids (5-, 12-, and 16-DS) added to an aqueous solution of bovine serum albumin
(BSA) at 7.0 and T = 20 °C (concentration of BSA was 1.0 mM, ratio of fatty
acids to BSA was 1 to 1). The X-band EPR spectra correspond to a slow motional
regime, and these demonstrate that fatty acids are bound to BSA, so there is no
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detectable fraction of unbound fatty acids in solution. These spectra are in agree-
ment with those in the literature (Perkins et al., 1982; Ge et al., 1990).

The W-band spectra of the bound doxyl stearic acids all fall into the slow
motional regime. Although W-band experimental spectra were taken at slightly
different frequencies (because of different resonator tuning), field positions of the
spectra shown in Fig. 9 we readjusted to exactly 94.4-GHz resonance frequency.
Spectral features corresponding to motionally-averaged x-, y-, and z-components
of the g-matrix and z-components of the A-matrix all are resolved in experimental
HF EPR spectra. There are also no traces of unbound fatty acids in the 94-GHz
spectra.

Previous studies by Ge and coworkers (1990) show that rotational diffusion
coefficients and for 5- and 12-DS are about the same, while for 16 DS
increases by more than one order of magnitude. Indeed comparing of data
(Fig. 10) shows that the overall width of the 16-DS spectrum is the narrowest in the
series, thus it corresponds to the fastest rate of rotational diffusion.

Figure 10 also demonstrates that the feature corresponding to the motional
averaging of the component for 12-DS is higher than for 5-DS (shown by the
arrows). If rotational correlation time for both spin labels is about the same (e.g.,
Ge et al., 1990), then 94-GHz data indicate that for 12 DS is higher than for 5
DS. Previously by analyzing X-band spectra, Ge and coresearchers found that

and for 12 DS bound to BSA are lower than values observed for 5 DS.
Because of the correlation between and established earlier for many nitroxide
labels (e.g.,Ondar et al., 1985; Krinichnyi et al., 1985; Lebedev et al., 1992; Earle
et al., 1994), smaller nitrogen hyperfme couplings correspond to a higher factor.
Thus the 94-GHz data in Fig. 10 are indeed in agreement with the X-band data (Ge
et al., 1990). It is anticipated that a global multifrequency simulation analysis of
these data will reveal new information on the binding potentials of BSA. Recently
250-GHz EPR experiments on several model spin-labeled systems demonstrated
that HF EPR is particularly sensitive to molecular interaction details when systems
are in the slow motional regime (Polimento and Freed, 1995).

4.4. Spin-Labeled Proteins: Immobilized Labels

The maleimide spin label [(MSL, N-(l-oxyl-2,2,6,6-tetramethyl-4-piperid-
inyl) maleimide)] is one of the nitroxides that can be attached rigidly to a protein
by entering a hydrophobic protein pocket and covalently binding to a sulfur of the
sulfhydryl (SH) group (e.g., see Ohnishi et al., 1966; Thomas et al., 1976; Beth et
al., 1980; Singh et al., 1995). The BSA has a single sulfhydryl group, which can
be labeled with MSL (e.g., Beth et al., 1980). We chose this spin-labeled protein
system as a model of a strongly immobilized label to compare X- and W-band
spectra.
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The BSA was labeled with MSL following the procedure given by Beth et al.
(1980) except that excess from the unbound label was removed by dialysis over 12
hr. Curve A in Fig. 11 compares of 9.5- and 94-GHz spectra from a lyophilized,
spin-labeled BSA sample. Principal axis components of the g-matrix are clearly
resolved in the W-band spectrum, while a considerable overlap is seen in X-band
results. Previously only a partial resolution of g-components was observed for a
BSA sample labeled with deuterated MSL (Beth et al., 1980). In Fig. 11 curve B
compares 9.5- and 94-GHz EPR spectra from a 0.5-mM solution of spin-labeled
BSA (phosphate buffer at 8.0, T = 20 °C). Both spectra show the presence of a
small fraction of a mobile component overlapping with a broad spectrum corre-
sponding to the immobilized label. The W-band spectra demonstrate that the overall
width of solution spectrum decreases compared to the lyophilized sample, primarily
because of some motional averaging. This demonstrates the sensitivity of HF EPR
in the slow motional regime. We anticipate that least-squares simulations of W-band
data will provide more accurate rotational diffusion coefficients for the protein as
a whole and also trace solvent (polarity) effects at the spin-labeled site under
physiologically relevant conditions. Previously some solvent effects on magnetic
parameters of spin-labeled human serum albumin (HSA) were described from a
150-GHz EPR study of rigid-limit spectra at 140 K (Krinichnyi et al., 1985).
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Another instructive EPR study of immobilized nitroxide spin labels at X-, Q-,
and W-bands is presented by Hustedt and coauthors (1997). By analyzing multifre-
quency EPR data from -spin-labeled coenzyme bound to spin-labeled
microcrystalline, tetrameric glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), molecular distances and angles defining the relative orientation of
dipole-coupled nitroxide labels are determined. Analyzing simulations at W-band
frequency demonstrates an exquisite sensitivity along all three principal axes of the
nitroxides’ CW EPR spectra to the magnitude of dipolar coupling and a remarkable
line shape sensitivity to angles determining the mutual orientation of the probes
(Hustedt et al., 1997).

Note: Studies of spin-labeled biological samples at W-band require only a very
small sample volume because of an increased absolute point sensitivity of HF EPR
(e.g., see Lebedev, 1990). For example for a 95-GHz EPR spectrometer constructed
at the Illinois EPR Research Center, the optimal size of an aqueous sample within
the sensitive region of the cylindrical cavity is only This can be
advantageous when only very small sample amounts are available (e.g., spin-
labeled protein or DNA). This sensitivity advantage can also be useful for samples
with lower dielectric losses.

4.5. Spin-Labeled Proteins: Mobile Labels

Nitroxide spin labels attached to proteins may exhibit substantial motional
mobility on the scale of conventional EPR (9.5 GHz) (e.g., see spectra presented
by Shin et al., 1993, and Singh et al., 1995). The X-band EPR spectra of such labels
usually reveal only a relatively small degree of the anisotropy, and these are difficult
to analyze unambiguously. Quite often the nitroxide moiety of such labels is
exposed to the aqueous phase, so that EPR spectra from those labels may severely
overlap with spectra from unbound labels in solution.

Figure 12 shows one example of such a label—succinimidyl 2,2,5,5-tetra-
methyl-3-pyrroline-1 -oxyl-3-carboxylate (SSL)—attached to free amino groups of
lysine residues of recombinant human growth hormone (rhGH, m.w. = 22,500).
Spin labeling this protein was carried out by Dr. B. Variano (Emisphere Technolo-
gies, Hawthorne, NY) by placing a mixture of 5 mg of rhGH, 0.8 mL of 10-mM
sodium phosphate buffer 10 mM of SSL, and 0.2 mL of acetonitrile in a
37 °C water bath for 2.5 hr with a consequent 48-hr, dialysis of spin-labeled rhGH
against PBS at 4 °C. In some cases, e.g., after storing the protein sample, some free
labels can be present with those bound to the protein. Whether this is the case is
rather difficult to determine by comparing X-band spectra from the free label
(Fig. 12, curve A) and the spin-labeled protein sample (Fig. 12, curve B). The
HF EPR spectra (Fig. 12, 94 GHz) partially resolve three narrower peaks
overlapping with much broader lines from the bound label. (Approximate
positions of the lines from unbound label are shown with dashed lines.) It is
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also clear that the fraction of unbound label is small and its W-band spectrum is
shifted down-field compared to the bound one; thus it corresponds to a more polar
environment. The onset of such slow motional effects as asymmetry and extensive
line broadening are noticeable in 94-GHz spectra, while 9.5-GHz spectra are almost
isotropic.
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Use of Imidazoline Nitroxides in
Studies of Chemical Reactions
ESR Measurements of the Concentration and
Reactivity of Protons, Thiols, and Nitric Oxide

Valery V. Khramtsov and Leonid B. Volodarsky

1. INTRODUCTION

Nitroxides have been widely used as paramagnetic molecular probes in chem-
istry and biochemistry for about 30 years. The grounds of these applications are
extremely stable nitroxyl fragment and sensitivity of their Electron Spin Resonance
(ESR) spectra to parameters of the probe's local environment. Chemical reactions
of nitroxides are mostly considered a factor limiting the stability of the paramag-
netic fragment and an instrument for synthesizing of new spin labels and
spin-labeled macromolecules. Of special interest are reactions of functional groups
of nitroxides resulting in changes in spin density delocalization without loss of
paramagnetic properties. The difference in magnetic resonance parameters of radical
reagent, Rl and radical product R2 of the reactions of nitroxides,
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provides the possibility of measuring reactivity and concentration of corresponding
substances A1 and A2. We review studies of three different types of chemical
reactions of imidazoline nitroxides, namely, reactions with protons, thiols, and
nitric oxide. The ESR spectroscopy allows us to follow these reactions and measure
local concentration and reactivity of proton-, thiol- or NO-donating compounds,
which arc of principal importance for many biological functions. Our two groups
at the Scientific Center in Novosibirsk are largely responsible for development and
applications of imidazoline nitroxides for measuring local concentration and reac-
tivity of protons and thiols (Volodarsky, 1988a, 1988b; Khramtsov et al., 1982,
1985a, 1989b, 199la, 1992, 1997). Recent data demonstrate the efficiency of
imidazoline nitroxides applications as paramagnetic traps for nitric oxide (Akaike
et al., 1993; Joseph et al., 1993; Woldman et al., 1994).

2. STABLE NITROXIDES IN PROTON EXCHANGE REACTIONS

All cases of reversible pH effect on ESR spectra of radicals known at present
are associated with proton exchange reactions in these radicals. First ESR studies
of proton exchange in solution were done for short-lived radicals (Carrington and
Smith, 1964; Fisher, 1965; Zeldes and Livingston, 1966); these were previously
overviewed by Khramtsov and Weiner (1988a, 1988b). These studies demonstrate
that the presence of ionizable groups in the radical structure close to the radical
center leads to the difference in ESR spectra of protonated and nonprotonated
R forms of the radical. The ability of ESR spectroscopy to obtain information about
equilibrium constants of the reactions and to measure bimolecular protonation
constants was concluded. Applications of these radicals as pH probes create
problems due to their instability. It is difficult for organic chemistry to obtain in
one molecular structure the ionizable functional group and stable paramagnetic
fragment in a distance of a few bonds. Imidazoline radicals were the most
promising structures applied as spin pH-probes (Keana et al., 1982; Khramtsov
et al., 1982) due to the presence of protonatable nitrogen atom N-3 in the radical
heterocycle.

2.1. Theoretical Considerations

The reaction of a proton exchange between conjugated bases, radical R, and
an acid, is described by:

The necessary condition for the reaction to be observed in the ESR spectra is
the difference in magnetic resonance parameters of the radical in protonated and
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unprotonated forms. In this case, chemical proton exchange results in a frequency
exchange between respective components of the ESR spectra of R and forms.
The corresponding line shape of the ESR signal is described by (Emsley et al., 1965;
Khramtsov and Weiner, 1987, 1988a):

where and are lifetimes of the radical in the forms R and and
are the constant magnetic field and the field corresponding to the center of the ESR
signal for form R, respectively; is the numerical coefficient;

where is the difference in frequencies of corresponding lines
in the ESR spectrum of the radical in the R and forms; are
transverse relaxation times of the forms R and respectively; is the electron
gyromagnetic ratio.

Analyzing the line shape in the case of intermediate frequency exchange
allows us to determine lifetimes of the radical in each form (Khramt-

sov and Weiner, 1987, 1988a) and to calculate the corresponding rate constants of
reaction (1):

In the case of fast or slow frequency
exchange in terms of the ESR time scale, only the ratio can be determined
from the ESR spectrum using Eq. (2). It allows us to calculate the equilibrium
constant K:

When the reaction (1) describes exchange with a solvated proton Eq.
(4) allows us to measure proton concentration :

which leads to the possibility in principle of using radicals as pH probes. Note: The
important consequence of Eqs. (2) and (5) for the case of fast frequency exchange
between radicals R and with different values of hyperfine interaction (hfi)
constants a(R) and a We can show that only the averaged hfi constant a is
present in the ESR spectrum; its dependence on pH is determined by the
conventional titration curve (Khramtsov and Weiner, 1988a):
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2.2. Effect of pH on ESR Spectra of Stable Nitroxides

2.2.1. Protonation of the Radical Center of Nitroxides

Protonation of the fragment of di-tert-alkylnitroxides is realized in very
acid media (Hogeveen et al., 1967; Hoffman and Eames, 1969; Malatesta and
Ingold, 1973). The protonation of widely used spin probe TEMPO in 80% aqueous
solution of sulfuric acid is described (Malatesta and Ingold, 1973) by Scheme 1.
This results in an increase in the hyperfine interaction constant hfi                                  ,
a decrease in the g-factor , and the appearance of doublet splitting
due to hyperfine interaction with a joined proton . Osiecki and Ullman
(1968) observed the protonation of an N-O fragment of nitronyl nitroxides in
benzene resulting in a decrease in hfi constants with both nitrogen atoms of the
radical heterocycle 1.8 G, and the appearance of doublet
splitting with a joined proton 4.7 G). Note: For most nitroxides, protonation
of nitroxyl fragment in aqueous solution cannot be observed due to their dispropor-
tionation in the acid medium (Golubev et al., 1965; Osiecki and Ullman, 1968).

Strong pH effect on ESR spectra of iminonitroxides
G) were observed under the protonation of the nitrogen atom of an imino group
with a radical center (Ullman and Osiecki, 1970; Helbert et al., 1975) according to
Scheme 2. Radicals 3 and 4 could be used as pH probes in a pH range of practical
value. However interpreting ESR spectra of these radicals at pH pK is rather
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complicated due to spectra superposition of R and forms, each of which
exhibits hfi constants with three nonequivalent nitrogen atoms and protons of the
substituent at C-2. Another limitation to their possible application as pH probes is the
recently obtained extremely high reduction rates of this type of nitroxides in biological
systems; in the case of thioglycerol-induced reduction, this exceeds corresponding rates
for di-tert-alkylnitroxides by about times (Woldman et al., 1994).

2.2.2. Protonation of the N-3 Atom of Imidazoline Radicals

Among stable nitroxides, only the imidazoline and imidazolidine radicals have
a protonatable group, atom N-3, directly in the radical heterocycle in the vicinity
of two bonds to a radical center. The pH effect on the ESR spectra of nitroxides
of imidazoline and imidazolidine series was first described by Keana et al. (1982)
and Khramtsov et al. (1982). Figure 1 shows the reversible influence of pH on the
ESR spectra of the imidazolidine radical 5. In the pH range from 5-7, the high-field
component of the ESR spectrum in the X band (Fig. la) is split into two resolved
components whose relative intensities vary reversibly with pH. This type of the
spectrum is shown to be due to the superposition of two triplet ESR spectra with
different hfi constants and g-factors G and
0.0002) for R and forms (Khramtsov et al., 1982, 1985) participating in proton
exchange according to Scheme 3.

In terms of resonance theory, the increase of unpaired electron density at the
nitrogen atom N-l depends on the relative contribution of the ionic resonance
structure of nitroxide moiety (indicated as the preferable structure for the unpro-
tonated form), which is destabilized by the positive charged at N-3 in the form.
Quantum chemical calculations of and g-factor in R and forms support the
conclusion that observed changes in these parameters are induced by the direct
influence of the positive charge field of the joined proton on the radical electronic
structure and spin density redistribution (Khramtsov et al., 1985a). The difference
in the line positions caused by depends on microwave frequency. Therefore
different spectral patterns were obtained when ESR spectra of radical 5 were
registered at microwave frequencies 1.1 GHz, 9.9 GHz (X band), 35.5 GHz (Q
band) and 140 GHz (2-mm band) (Fig. 1). The most distinguished signals of R and
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forms observed at 140 GHz clearly demonstrate the superposition of two triplet
ESR spectra (Fig. Id), while only a slight disturbance of low-field and high-field
components of the triplet were obtained at 1.1 GHz (Fig. 1 b). In contrast to changes
in g-factors, the difference in the hfi constants of R and forms does not depend
on microwave frequency.

Figure 2 shows the pH dependencies of hyperfine splitting for the pH-sensitive
radicals 5-11 (Table 1) and 40 (Table 2). Fitting the intrinsic pK of the radical to a
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conventional titration curve (6) yields a good agreement between experimental and
calculated data (Fig. 2) and provides the value of pK. Note: Equation (6) was
obtained (Sec. 2.1) for the case of fast frequency exchange on an ESR time scale,
which is valid only for the radicals 8 , and 10

Variations of pH for these radicals remain in the triplet form of the
spectrum, but these lead to a reversible change in constants and g-factor values.
However applying Eq. (6) to the case of slow frequency exchange between
unresolved ESR lines can be considered a satisfactory approximation of experimen-
tal data (Fig. 2). Moreover pK radical values can be determined from the pH value
corresponding to the hfi constant as well as from the
function are the peak intensities of ESR lines of R
and forms, respectively; see Fig. la, inset). Both pH dependencies of and
function/can be used as calibration curves for pH measurement by spin pH probes.
The pH values accessible for ESR measurement using one of the imidazoline
radicals range from the accuracy of pH measurements is about
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0.05 pH units. Up to the present, the pH effect on the ESR spectra of a large number
of imidazoline and imidazolidine radicals was described. Table 1 lists structures of
radicals 5–33, their pK values, constants, and g-factors for R and forms;
and the character of the R- exchange in an ESR time scale. According to Table
1 and Fig. 2, radicals with different functional groups, lipophilicity, and charge
cover total pH range from 0–14, providing the basis for spin pH probes applications
(see also Sec. 2.6.1. for pH-sensitive spin-labeling reagents).

2.2.3. Protonation of Functional Groups of Stable Nitroxides

This section summarizes observed data of the effects of pH titration on ESR
spectra of stable nitroxides derived from the protonation of functional groups
distanced from the radical center and different from atom N-3 of the imidazoline
and imidazolidine nitroxides. Table 2 lists the structures of radicals 34-59, their
pK values, changes in hfi constants on protonation/deprotonation and the character
of the exchange in the ESR time scale. The largest pH effects were found
for radicals 34-42, with the ionizable groups located at a distance of two bonds
from the radical center (Table 2). Figure 3 shows the influence of on the ESR
spectra of radicals 34 and 37 with an amino group within two bonds to nitroxyl and
a nitronylnitroxyl fragment, respectively . Decreasing the pH from 5 to 0.5 results
in a strong decrease in and an increase in for these radicals with
2 (Table 2). Aqueous solutions of nitronyl nitroxides 40–42 with the OH-group at
C-4 of the radical heterocycle show the dependencies of their hfi constant (see
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Fig. 2 for radical 40) and splitting the high-field component of the ESR spectrum
of 40 in the pH range from 7.5–10.5 similar to that for imidazoline radical 5 (Fig.

1).
The increasing distance between the ionizable group and the radical center

results in a strong decrease in the pH sensitivity of their ESR spectra. The pH effect
of the hfi constant decreases from 1.9 G for the radical 34 (Fig. 3) to 0.5 G
for radical 44 (Smith, 1972) and 45 (Mathew and Dodd, 1985), and to 0.13-0.3 G
for 49 (Hsia and Boggs, 1972) and 50, 51 (Nakaie et al, 1981, 1983) for the amino
group located in and positions to nitroxide moiety, respectively.

Regardless of protonatable (deprotonatable) group and nitroxide type, the
increase in positive molecule charge results in a decrease in  and an increase in
g-factor (when detected), which can be qualitatively explained in terms of reso-
nance theory (see Sec. 2.2.2, diagram). Intramolecular and intermolecular interac-
tions are other factors that can influence the pH sensitivity of ESR spectra of
nitroxides. Weinkman and Jorgensen (197la) show that protonation of the carboxy
group in the radical analogue of histidine 60 disturbs the ion dipole interaction
between the electron-deficient nitronylnitroxyl ring and the carboxylate anion,
which alter hfi constants with the nonequivalent of methylene group (see
Scheme 4). The influence of protonation of functional groups of nitroxides on their
intermolecular interaction with the model and biological membranes and its mani-
festation in the ESR spectra is well-known (Barrat and Laggner, 1974; Cafiso and
Hubbel, 1981; Sankaram e  t al., 1990, Bonnet e  t al., 1990; Khramtsov et al., 1992).

2.2.4. Di- and Triradical pH-Sensitive Spin Labels

Biradical ESR spectra are markedly influenced by pairwise spin exchange
between free radical subunits. When approximating single, effective conformation
of the radical in liquids of low viscosity, they can be accounted for by the isotropic
spin Hamiltonian (Luckhurst, 1976):
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where is the electron Bohr magneton, and are electron and nuclear
spin operators, respectively, and J is an exchange integral characterized by the
overlap of orbitals of unpaired electrons of the two radical fragments. This results
in additional biradical components with intensities and positions determined by the
J value in the spectrum. However analysis of most experimental situations requires
more complicated consideration of several effective conformations with nonequiva-
lent J as well as an intramolecular exchange between conformations. In this case
electrostatic interaction arising from the ionization of the monoradical fragment
should affect the statistical weight of conformations resulting in changes in the ESR
spectrum.
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Ferruti et al. (1969, 1970) show for biradicals 61–63 (Scheme 5) that proto-
nating or neutralizing functional groups of biradicals modifies electrostatic repul-
sion between radical subunits, resulting in changes in intensities of biradical
components of the ESR spectrum. Recently Martin and Keana (1995) reported the
synthesis of pH-sensitive nitroxide bi- and triradical spin labels 64–70 (Scheme 5).
The authors observed an increase in the effective exchange integral J on protonation
of the central nitrogen atom, apparently due to an decrease in angles between
substituents. That results in favoring conformations with closer nitroxide centers.

We observed the pH effect on ESR spectra of the imidazoline and imidazolidine
biradicals 71–73 (Fig. 4). Intensities of biradical spectral components were found to
be temperature- and viscosity-dependent, indicating the presence of several effective
conformations. It was observed in the disappearance of biradical components in the
ESR spectrum of 72 and their strong decrease in the spectrum of biradical 73 at low
pH (Figs. 4 and 5). This can be explained by the electrostatic repulsion of charged
monoradical fragments of fully protonated forms, which result in favoring the effective
conformation with a greater distance between fragments with J 0.

In addition characteristic changes in the hfi constant aN and g-factor described
in Sec. 2.2.2 for protonation of the N-3 atom of imidazoline monoradicals were
also observed (Fig. 5). For some applications, this bifunctional behavior of imida-
zoline biradicals may be of special advantage—for example to distinguish contri-
butions from different environmental parameters (pH, temperature, or viscosity).
For instance Fig. 4 shows that viscosity changes induced by a small addition of
glycerol can easily be detected from a decrease in the intensity of biradical spectral
components; the hfi constant measured as the distance between monoradical
components can be used for pH measurement. Note: The pH dependence of for
radical 72 (Fig. 5) clearly demonstrates the presence of two nonequivalent pK of
monoradical fragments due to the influence of the charge of the first protonated
group on the equilibrium of the protonation of the second group. In agreement with
this conclusion, the decrease in amplitudes of biradical components was observed
only on the protonation of the second monoradical fragment when electrostatic
repulsion is switched on (see Fig. 5). For radicals 71 (pK = 5.0) and 73 (pK = 2.8)
with N-3 atoms of monoradical fragments separated by a longer chain, the single
pK was observed (compare pH dependence of for 72 and 73 in Fig. 5).

2.3. pH-Sensitive Nitroxides in Studies of Proton Exchange Reactions

Proton exchange is one of the most common reactions in organic chemistry and
plays an important role in acid and alkaline catalysis and in technological and
biological processes. High rates of proton exchange reactions in solution give rise
to methodological complexities in their kinetics studies. The ESR method, which
is highly sensitive and makes it possible to follow the paramagnetic reactant and
obtain quantitative information about the kinetics of proton exchange, is promising
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(Khramtsov and Weiner, 1987). The application of ESR to the study of proton
exchange reactions in stable radicals may allow reaction data to be used as models
for obtaining quantitative information on the influence of the steric factor, the
solvent, and electron-donating and accepting substituents on kinetics and equilib-
rium parameters of the proton exchange. (For an earlier review, see Khramtsov and
Weiner, 1988a).
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2.3.1. Equilibrium Constants of Proton Exchange

The equilibrium constant of proton exchange reaction in aqueous solution or
pK of pH-sensitive radical can be determined as shown in Figs. 1 and 2; Tables 1
and 2 give the results. Values of pK for imidazoline and imidazolidine radicals
(Table 1) strongly depend on substituents at the C-4 of radical heterocycle. For
imidazoline radicals, pK values increase from -0.2 to 6.6 according to electron-
donating ability of the substituent. The radical center itself is affected on the pK of
the nitroxides' functional groups. The radical center decreases pK values of the
ionizable groups compared with that of the diamagnetic analogs in agreement with
its electron-accepting properties. The reduction of radical 10 (pK 1.3) to a corre-
sponding diamagnetic hydroxylamine increases the pK value to 3.85 (Khramtsov
et al., 1985a). Values of for the NH2 group in radicals 34–38 and of
9.2 for the OH group in 40–42 are lower by about seven units compared with those
of corresponding aliphatic amines and alcohols.
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Of special interest is the relation between the character of the frequency
exchange in the ESR spectra and the pK value. As we see from Tables 1 and

2, slow frequency exchange is observed for radicals whose pK lies in the range from
3–9, while fast frequency exchange is found for radicals with a very low
or high pK. This correlation is explained (Khramtsov et al., 1985a) by
two mechanisms of proton exchange favoring an acid or alkaline medium, respec-
tively:

Taking Eqs. (4) and (5), which relate the rate constants with lifetimes of the
radical in R and forms, the following slow exchange requirement

is easily obtained (Khramtsov et al., 1985a):

For imidazoline radicals in the case of diffusion-controlled
reactions this results in the numerical condition of slow
frequency exchange:

which describes most experimental data. Rare contradictory data should be consid-
ered in terms of Eq. (9); the lower value of indicates a specific mechanism of the
protonation. Contradictory data for enaminoketones 26 and 27 (slow exchange for

are explained by low values for the bimolecular rate constant derived
from protonation of the oxygen atom in the enaminoketone group of the radical
followed by intramolecular charge redistribution for nitrogen atom N-3 (Khramtsov
et al., 1985b).

2.3.2. Kinetic Parameters of Proton Exchange

From the analysis of Eq. (2) for the ESR signal shape, the kinetic parameters
for the proton exchange reaction (1) can be obtained only for the

intermediate frequency exchange. For the proton exchange with solvated
proton intermediate frequency exchange is observed for radicals 6,
17, 18 (see Fig. 6a), with in agreement with Eq. (10). For the proton exchange
reaction (1) with buffer molecule frequency exchange
can be accelerated without shifting the equilibrium by increasing the
buffer concentration, with the pK close to radical pK (Fig. 6b). This agrees with
Eq. (3) (Khramtsov and Weiner, 1987). This approach allows us to measure rate
constants of proton exchange reactions between buffer molecules and radicals,
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which show a slow frequency exchange in the absence of the buffer; this approach
can be applied to all radicals with (Table 1, except for 30).

Computer simulation of the high-field component of the ESR spectrum allows
us to determine lifetimes of the radical in the R and forms and the respective
rate constants of the proton exchange and (Fig. 6). Table 3 lists rate constants
for a series of proton exchange reactions between radicals and the partner
Note: There is a correlation between bimolecular protonation constants and the
steric accessibility of atom N-3. The rate constant for the exchange with solvated
proton is more than one order of magnitude higher for radical 17 compared with
that for radical 6, which has the bulky group at the N-3 atom. Replacement of
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the hydrogen atom at N-3 in radical 31 by the group (radical 5) also results in
a significant decrease in the bimolecular protonation constant of the proton ex-
change reaction with an acetic acid molecule. Values of the kinetic isotopic effect
observed for radical 17 by comparing ESR spectra in and for

and arc usual for reactions of this type, and these do
not require references to the tunneling effect.

2.4. ESR Measurements of  the Local Concentration of Protons

Measurement of pH is one of the most important problems of chemistry and
biology, since many catalytic reactions, processes of vital cell activities and cellular
organelles depend on the pH value. Application of stable pH-sensitive nitroxides
to study the acidity of the medium in the local environment of the probe seems
promising due to the high sensitivity of the ESR method and well-developed
organic chemistry of nitroxides (Volodarsky et al., 1994), and the possibility of
working in nontransparent, heterogeneous, and nonconducting systems. Recent
data demonstrating these advantages of spin pH-probes are reviewed in this section.

2.4.1. pH Measurements in Micropores of Cross-Linked Polyelectrolytes

Circumstantial evidence suggests that the state of water in ionite micropores
and the acidity of the medium significantly differ from the ones in solution
contacting the sorbent (Zundel, 1969). Therefore these parameters in the interior of
ionite grains, which determine complexating and catalytic processes, may not be
approximated by measurements in solution. Recently Molochnikov et al. (1996)
applied pH-sensitive nitroxides 5, 6, and 11 (covering the pH range from 2–7) to
measure local pH in the micropores of carboxylic cationites. The method provides
direct pK determination of carboxylic acid groups, which were found to be
substantially lower compared to that determined according to potentiometric titra-
tion. Authors conclude that using pH-sensitive radicals opens up new possibilities
for studying acid base properties of cross-linked polyelectrolytes and polycomplex-
onates on their base and for critically evaluating concepts previously formed in this
field.

2.4.2. pH Measurements in Mesopores of Zeolites and Kaolin

Mineral theories of the origin of life (Ferris and Ertem, 1992) assume that
adsorption and catalysis on mineral surfaces considerably facilitate the polymeri-
zation of aminoacids and nucleotides. Among other minerals with catalytic prop-
erties, zeolites and certain kinds of layer silicates present unique catalytic,
adsorption, and ion exchange properties. Zamaraev et al. (1995, 1997) consider the
possible catalytic role of these minerals in prebiotic oligopeptide synthesis. The
formation of linear dipeptide was found to be a rate-determined stage in the
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olygomerization of glycine, which is dramatically accelerated by the alkaline
medium or the presence of zeolites and kaolin. Actually in aqueous suspensions of
silicate cation exchangers (zeolites and clays), the equilibrium of the water disso-
ciation shifts toward higher concentration according to:

where Z is an anionic aluminosilicate framework in a zeolite or the layer in the layer
silicate. The pH-sensitive nitroxides 7, 9, 25, and 40 (covering the pH range from
5.5–12.5) have been applied to measure pH in mesopores of molecular size of
zeolites and kaolin. The ESR spectra were observed to represent narrowing lines
corresponding to fast rotation of the probe with a pH sensitivity of and a g-factor
described in Sec. 2.2. The pH values measured by ESR were found to be higher
than those determined using a pH meter in suspension (to 1.8 pH units for most
alkaline systems). This supports the conclusion about markedly higher con-
centration in mesopores of zeolites and kaolin compared to a bulk solution.

2.4.3. Determining pH in Nontransparent W/O Systems

Monitoring the pH in various drug delivery systems, such as liposomes or
water-in-oil ointments (w/o systems) is of principal importance in the field of
pharmacy. Important applications include adjusting the pH value in the various drug
delivery systems and monitoring drug degradation. Such commonly used methods
of pH measurement as glass electrodes or pH-sensitive fluorescent probes are not
applicable for nonconducting or nontransparent systems, since these do not allow
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direct, real-time pH monitoring of w/o systems. The application of pH-sensitive
nitroxides is the method of choice for overcoming these problems. The hydrophilic
imidazoline radical 11 was recently used for pH monitoring in the aqueous phase
of a w/o system during decomposition of hydrolyzable drugs (Kroll et al., 1995).
While hydrolysis of acetylsalicylic acid caused a rapid decrease in the pH value
during 5 h at room temperature within the emulsion, benzocain exhibited a
relatively higher stability (Fig. 7). Results proved the possibility of pH determina-
tion in nontransparent w/o systems using spin pH probes without expensive and
disturbing sample preparation. The high sensitivity of ESR spectroscopy allows us
to use samples with a volume of a few microliters.

2.4.4. Determining pH in the Inner Volume of Phospholipid Vesicles

Determining intraliposomal pH is of basic interest due to the wide spectrum of
liposome applications (Gregoriadis, 1993), including drug delivery and studies of
biomembrane transport processes. Molecular pH probes are usually used to meas-
ure intraliposomal pH by fluorescence (Eidelman and Cabantchik, 1989; Norris
and Powell, 1990), Nuclear Magnetic Resonance (NMR) (Taylor and Deutsch,
1988), and ESR (Bragadin and Viola, 1983; Perkins and Cafiso, 1986, 1987)
spectroscopies. However the application of fluorescent pH probes is restricted by
the optical transparency requirement of samples. The NMR is limited owing to low
sensitivity. Spin-labeled amphiphiles (Perkins and Cafiso, 1986, 1987) are re-
stricted to systems where calibration of the distribution sensitivity of spin probes
between water and lipid phases to the transmembrane pH gradient can be per-
formed. The application of pH-sensitive nitroxides for these purposes seems to be
promising, since it allows direct, real-time monitoring of intraliposomal pH. The
limitation of the approach is the requirement that the hydrophilic structure of the
radical not be penetrated across the membrane barrier for its localization in the inner
volume of liposomes. Spin-labeled glutathione 74 (Khramtsov et al., 1989a),
sulfonic acid 75, and dextrane 76 (Balakirev and Khramtsov, 1993) covering the
pH range from 1.7–7.2 were synthesized for these purposes (Scheme 6). Incorpo-
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ration of these spin pH probes in the inner water volume of the liposomes were
performed by repetitive procedures (3-4 times) of sedimentation while changing
the supernatant. These probes do not penetrate across the membrane of phospha-
tidylcholine liposomes for 5–10 h, which allows us to follow intraliposomal pH
variations induced by changing external parameters or degradation processes (see
Sec. 2.5.2).

2.4.5. In Vivo ESR Measurement of pH in Biodegradable Polymers

Progress in the development of low-frequency spectrometers during recent
years permits noninvasive in vivo measurements (Swartz and Halpern, 1998).
Recently Mäder et al. (1995) applied pH-sensitive nitroxides 5, 6, 11, 33 (Table 1),
43 (Table 2), and 77 (see Scheme 7) covering a pH range from 0–9 for in vivo pH
measurements in biodegradable implants using a 1.1-GHz ESR spectrometer (for
a 1 .1 -GHz ESR spectrum of 5 at see Fig. 1b). The authors focused their
study on poly(D,L-lactidc-co-glycolidc) 50:50 (PLGA), which is of therapeutic
importance (Schmitt et al., 1993). Tablets from a nitroxide-loaded polymer were
made by means of a hydraulic press and implanted in the backs of anaesthetized
mice. Nitroxides were observed in the mobile environment after about 1 week
except for lipophylic radical 6. The decrease in pH from 4 to 2 was observed during
the second and third weeks, as shown in Fig. 8. After about three weeks, a rapid
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decay of the ESR signal was observed. The authors conclude that the formation of
acidic compartments (pH 4 to pH 2) with low viscosity in the delivery system
catalyze the degradation of the polymer. These results may have significant effects
on drug stability and solubility, bioavailability, pharmacokinetics, and therefore on
therapeutic efficiency. These first data on pH-sensitive nitroxides applications in
vivo offer new perspectives on in vivo ESR spectroscopy. Recently in vivo applica-
tions of pH-sensitive nitroxides for noninvasive ESR measurement of the pH inside
the gut of mice have been demonstrated (Gallez et al., 1996).

2.5. ESR Studies of Proton-Related Transport Processes

2.5.1. Diffusion of Proton in Aqueous Glycerol

Studies of diffusion processes in glassy and supercooled liquids in a wide
temperature range are of principal interest for understanding their dynamic prop-
erties. Stable nitroxides were previously applied in studies of slow diffusion in
glassy and supercooled liquids (Dzuba et al, 1987; Popov et al., 1988; Mogutnov
et al., 1994). The approach is based on the concentration dependence of ESR spectra
of stable nitroxides caused by spin exchange and dipolar interactions. It results in
time dependence of the sample’s ESR spectrum, with an initial gradient of nitroxide
concentration creating the possibility of following spin probe diffusion. The limi-
tation of the approach is the requirement of high probe concentration (to 0.8 M)
and the possibility of the probe disturbing the local environment. Recently we used
spin pH probes to study proton diffusion in similar systems (Paschenko et al., 1998).
Advantages of applying pH-sensitive nitroxides include the possibility of directly
measuring the diffusion of a solvated proton in proton-containing solvents and the
avoidance of high probe concentration.

Figure 9 shows the ESR spectra of imidazolidine radical 6 in 85% aqueous
glycerol at 220 K and different proton concentrations. Spectra corresponds to the
slow rotation region of a strongly immobilized spin probe. The difference in
between R and equals 5.1 G (Fig. 9); and it seems to be mostly responsible
for changes in isotropic hfi constant of imidazoline nitroxides observed
in aqueous solutions at room temperature (Table 1). The pH dependence of the ESR
signal intensity at fixed value of a constant magnetic field  (see inset, Fig. 9) shows
a conventional titration curve. It can be used as calibration when measuring proton
concentration at this temperature. To prepare samples for proton diffusion studies,
a thin layer of aqueous glycerol containing radical 6 was created at the outer surface
of glass capillary, cooled by the liquid nitrogen, then placed in the larger capillary
containing the water-glycerol solution with a lower pH, and immediately frozen at
77 K. The prepared sample was transferred to the cavity of an ESR spectrometer,
where proton diffusion was initiated by rapidly heating this sample to the required
temperature. Figure 10 shows time evolution of the ESR spectra induced by proton
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diffusion at 220 K. The linear time dependence of intensity squared
at the beginning of diffusion is predicted by detailed analysis by Dzuba et al. (1987)
and Popov et al. (1988). The slope of this dependence allows the quantitative
determination of the diffusion coefficient. Values of the proton diffusion coefficient
measured using spin probe 6 for 85% aqueous glycerol at different temperatures
were found to range from for viscosity varying from P.

In contrast to the Stokes–Einstein equation, there was an empirical relation
between diffusion coefficient D and viscosity namely, Similar
deviation in the dependence of the diffusion coefficient on viscosity from that
predicted by the Stokes–Einstein equation was previously reported by
Popov et al. (1988) and Mogutnov et al. (1994) for the diffusion of stable nitroxide
in supercooled liquids. Analogous anomalous with viscosity dependence were
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observed for some diffusion-controlled reactions (Leone and Hamill, 1968; Mayer
et al., 1988) as well as for biochemical processes (Schlitter, 1988). These are
explained by possible microheterogeneity of glassy and supercooled liquids in
higher viscosity ranges (Mogutnov et al., 1994). The applications of spin pH probes
in proton diffusion studies in these systems seems to be promising especially when
we take into account the wide spectrum of available nitroxides with sensitivity to
different proton concentration in the range of 14 orders of value (Tables 1 and 2),
which allows us to vary characteristic kinetic time by changing the initial proton
gradient and, respectively, increasing the range of diffusion coefficients available
for measuring.

2.5.2. Proton Transport Across Phospholipid Vesicles

Proton transfer across biological membranes is of great importance in bioen-
ergetics and in the functional regulation of cell processes. Many significant results
in the study of transmembrane proton transport are obtained by measuring the
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relaxation of the pH gradient across cellular and model membranes using molecular
pH probes (Eidelman and Cabantchik, 1989; Norris and Powell, 1990; Perkins and
Cafiso, 1986, 1987). Recently pH-sensitive nitroxides were specially designed for
pH measurement in the inner volume of phospholipid vesicles (see Sec. 2.4.4).
Spin-labeled glutathione 74, sulfonic acid 75, and dextrane 76 covering a pH range
from 1.7–7.2 (Scheme 6) were used with ESR to follow the kinetics of pH variations
inside large unilamellar liposomes after creating a transmembrane proton gradient.
Figure 1 1 shows the kinetics of intraliposomal pH changes calculated from corre-
sponding time dependencies of the hfi constant The plateau in the kinetics
demonstrates the establishment of the transmembrane proton gradient, whose value
depends on the  initial  and remains for some hours.

These results are explained (Balakirev and Khramtsov, 1993) by a transmem-
brane electric potential that causes the transmembrane proton gradient to equilibrate
(see Fig. 1 1 captions). In agreement with this conclusion, the addition of counterion
for the protons or proton carriers  results in further
proton inf lux into the liposome due to a proton counterion exchange (Fig. 12). The
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biphasic kinetics of intraliposomal pH changes in the presence of 0.1-M KC1 was
explained by relaxation of transmembrane electric potential due to transport
with a permeability coefficient of in reasonable agreement with the
literature data (Deamer, 1987). The addition of K-valinomycin accelerates this slow
phase of the kinetics (Fig. 12) due to a transfer of by valiomycin. The proton
permeability coefficient obtained from the kinetics (see Fig. 12 captions) is about

which also agrees with literature data (Deamer, 1987). Studies of
proton transport in acidic pH range were performed using
spin-labeled glutathione 74.

In contrast to data observed at neutral pH, relaxation of in acidic medium
does not result in the establishment of transmembrane electric potential, but it
proceeds within a few minutes with complete equilibration of the inner and outer
pH (Khramtsov et al., 1989a). Characteristic times for the kinetics were found to
depend strongly on the type of acid used to create the proton gradient; in the case
of  liposomes kept  for an hour. It was concluded that in an acidic region,
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the main transmembrane proton transfer mechanism is transport of a proton in the
form of undissociated acid. Membrane permeability coefficients were determined
for a series of acids: cm/s for HC1, cm/s for

for and less than cm/s for These values agree with
those measured for HC1, and for planar lipid bilayers (Gutknecht
and Walter, 1981). Data demonstrate the efficiency of the application of spin pH
probes in studying biomembrane transport processes.

2.6. pH-Sensitive Spin Labels in Studies of Peptides,
Proteins, and Biomembranes

2.6.1. pH-Sensitive Spin-Labeling Reagents

The most important targets of spin labeling are probably proteins and biomem-
branes. For pertinent reviews see Wenzel et al. (1983) and Hideg and Hankovszky
(1989). To develop really promising methods of labeling proteins and biomembra-
nes with pH-sensitive nitroxides, we must design labeling reagents capable of
reacting with different functional groups. Table 2 (43–54) lists some pH-sensitive
radicals of piperidine, pyrroline, and pyrrolidine types containing labeling amino
or carboxyl group. The application of pH-sensitive imidazoline and imidazolidine
labels seems to be of particular interest due to the higher pH effect on their ESR
spectra (Table 1) and the well-developed organic chemistry of radicals of these types
(Volodarsky, 1988a, 1988b). Scheme 7 shows structures of synthesized imidazoline
and imidazolidine spin labels.

Among these the radicals containing  (99), iodoacetamido (80,89–91),
isothiocyanate (78, 81, 98), succinimido (79, 97), azide (82, 100), carbodiimide
(103), amino (84, 87), COOH (77, 83, 85, 88, 90, 95, 101), OH (86, 92, 94, 96),
and keto (93) groups are available. For most of these labels, the pK value should
not change markedly after the labeling procedure, values are indicated near the
structures (see Table 1). For biological studies, labels with pH sensitivity in
physiological pH range are of particular interest. In this respect amidine derivatives
of imidazoline 80–88 and imidazolidine 92 can be useful.
Recently we described (Balakirev et al., 1992) modifying different chemical
functions by the compound 105 with a free isocyanate group followed by alkaline
hydrolysis of the perhydrooxadiazole cycle of modified products 106 and 107 (see
Scheme 8). The resulting imidazoline nitroxides contain the pH-sensitive amidine
group with pK in the range from 4.8–6.4; these can be used in biochemical
applications.

Spin-labeled dextran 76 was applied in studies of transmembrane transport
(Balakirev and Khramtsov, 1993); label 88 was used for modification of human
serum albumin (Khramtsov et al., 1990, 1992). Compounds 109–111 with a long
methelene chain or cholesteryl substitutor can be incorporated into the phospholipid
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membranes similar to 118 (n = 16) and 119 (n = 16) (Scheme 9) (Khramtsov et al.,
1992). Structures of other pH-sensitive lipophylic derivatives of imidazoline and
imidazolidine radicals designed for biomembrane studies are shown in Scheme 9.

2.6.2. Spin-Labeled pH-Sensitive Peptides

Spin-labeled pH-sensitive derivatives of the peptide hormone angiotensin are
used to study pH-induced conformational transitions and intramolecular interac-
tions in this octapeptide (Weinkam and Jorgensen, 1971b; Nakaie et al., 1983). The
pH dependence of ESR spectra of radical analogues of angiotensin II containing
nitronyl nitroxide instead of imidazole ring of histidine was shown to be (Weinkam
and Jorgensen, 1971b) similar to that for the radical analogue of histidine 60
(Weinkam and Jorgensen, 197la). An intramolecular ion dipole bond was postu-
lated as an important feature in the conformational stability of certain nitronyl
nitroxide peptides. These results were used to describe a conformation of angioten-
sin II that involves an intramolecular ion dipole bond between the phenylalanine
carboxylate anion and the imidazole ring. The pH-induced conformational change
of angiotensin was also studied by Nakaie et al. (1983) using angiotensin deriva-
tives, containing as their N-terminal residue spin-labeled amino acid 50 (Table 2).
It was concluded that ESR spectra of the three spin-labeled angiotensins are
remarkably sensitive to the conformational change that occurs on deprotonation of
the N-terminal amino group.

The pH-sensitive analogue of tripeptide glutathione 74 was synthesized by
modifying the SH group of glutathion by alkylating imidazolidine radical 99.
Parameters of the ESR spectrum of spin-labeled glutathione are effected by pH to
a much higher extent compared to that for radical
analogues of angiotensin This made it possible to use
spin-labeled glutathione in studying proton transport through model biomembranes
(Khramtsov et al., 1989a; Sec. 2.5.2).

2.6.3. Studies of Surface Potential and Polarity of
Phospholipid Membranes and Proteins

The electrostatic surface potential plays a significant role in many biological
functions, such as transmembrane transport, membrane-protein interactions, en-
zyme catalysis, etc. Methods used to measure surface electric potential can be either
indirect, as when estimating the through electrophoretic mobility or
conductance measurements (Cafiso et al., 1989; Rottenberg, 1989) or direct ap-
proaches using NMR methods (Cafiso et al., 1989), fluorescence spectroscopy
(Fromherz, 1989), or spin probes (Cafiso and Hubbel, 1981; Sankaram et al., 1990;
Bonnet et al., 1990). Advantages of spin probes lie mainly in the possibility of direct
spectral readout related to probe location and the ability to handle opaque or highly
scattering samples as well as higher sensitivity relative to NMR. The ESR spectra
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of radicals previously used (Cafiso and Hubbel, 1981; Sankaram et al, 1990;
Bonnet et al., 1990) are not intrinsically sensitive to pH (nor electrostatic potential)
in homogeneous solutions. Their use for surface potential, or for surface polarity,
depends on changes in interactions between the radical and membrane phases,
either directly with surface potential or indirectly with pH. Such methods so far
have not proved amenable to measuring electrostatic potentials at the surface of
proteins. Therefore the application of spin labels with intrinsic spectral sensitivity
to pH seems promising for studying the electrostatic surface potential of membranes
and particular proteins.

2.6.3.1. Measuring the Surface Potential and Polarity of DMPC/DMPG Bilay-
ers. The imidazolidine radical 118 (n = 16) (Scheme 9) was used in surface
potential and polarity studies of mixed bilayers composed of dimyristoylphospha-
tidylglycerol (DMPG) and dimirystoylphosphatidylcholine (DMPC) (Khramtsov
et al., 1992). The intrinsic pK of nitrogen atom N-3 of the radical 118 (n = 16) with
very low solubility in water is expected to have a value of 4.6 close to that measured
for water soluble radicals 118 with shorter methelene chains (n = 0, pK = 4.7; n =
6, pK = 4.6). Figure 13 shows the effect of pH on ESR spectra of radical 118 (n =
16) incorporated in DMPC bilayers derived from the protonation of N-3 atom. For
radical 119 (n= 16) incorporated in DMPC bilayers on the other hand, no spectral
changes were observed over the same pH range; this agrees with the very acidic
pK (about 1) of this particular radical. Note: The main reason for the pH sensitivity
of the ESR spectrum of radical 118 (n= 16) in liposomes is not changes in  and
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between R and forms, as in the case of a homogeneous solution (see Fig.
9 for imidazoline radical 6 in aqueous glycerol), but the change in interaction
between the radical and membrane on protonation of the imidazolidine moiety. The
observed greater restriction of rotational mobility of the protonated radical may
result from a change in the vertical localization of the probe, as in spin-labeled fatty
acids (Sanson et al., 1976) or from direct interaction of the charged moiety with
the phospholipid head groups.

An interfacial of the 118 (n = 16) in DMPC as well as DMPC/DMPG
mixtures can be calculated by fitting pH dependencies of the fraction of form
(Fig. 13, inset) or spectral peak intensities ratio of the central and low-field
components (Fig. 14) as conventional titration curves. Both approaches give the
value in uncharged DMPC bilayers at The polarity-induced
shift from the value of pK in water allows us to estimate the effective
dielectric constant at the membrane surface in the region of the radical heterocycle
using calibration of of  the radical in water-ethanol solutions;

where the dielectric constant of the solution ranges from 30–78. This
gives corresponding to lower polarity at the membrane surface than in
a bulk solution, which agrees with literature data (Fromherz, 1989). The polarity-
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induced shift of pKi is temperature-dependent, as seen in Fig. 14; it corresponds to
a temperature coefficient of per degree. For a carboxylic acid
spin probe in DMPC bilayers, a similar temperature-induced shift in was found
(Bonnet et al., 1990) but of the opposite sign to that found here, as expected for the
dissociation of a molecular acid as opposed to a cationic acid.

When radical 118 (n = 16) is incorporated into negatively charged DMPG
bilayers, a positive shift is observed in the of the radical (Fig. 14). This is due
to both the polarity-induced shift and the electrostatic shift (Fromherz, 1989;
Cevc and Marsh, 1987):

The electrostatic shift is related to the surface potential by the following
equation (Cevc and Marsh, 1987):

where T is the absolute temperature, e is the elementary charge, and k is Boltzman’s
constant. Using pK = 4.6 in water, in DMPG (Fig. 14), in
DMPC yields electrostatic surface potential mV at the interface of DMPG
bilayers in a 10-mM NaOAC at The ionic strength dependence of the surface
potential of DMPG bilayers measured in the preceding manner is given in Fig. 15a.
The value of mV at 0.1 M KC1 agrees with other data (Cevc et al., 1980).
Dependencies of the electrostatic surface potential on ionic strength (Fig. 15a) and
charge density in bilayers composed of mixtures of the negatively charged lipid
DMPG with the zwitterionic lipid DMPC are in reasonable agreement with those
predicted by the Gouy–Chapman equation from the electrostatic double-layer
theory (Khramtsov et al., 1992).

Thus radical 118 (n = 16) extends the class of spin labels with ionizable head
groups that are useful for surface electrostatic measurements by ESR (Sankaram et
al., 1990; Bonnet et al., 1990;Horvath et al., 1988), and it also extends the pH range
of their applicability. Note: Other pH-scnsitive analogues are available with a higher
value of intrinsic pK as well as different lengths of alkyl chain (Scheme 9).

2.6.3.2. Measuring Surface Potential of the Protein HSA. The electrostatic
potential at the surface of a protein can be measured using pH-sensitive radicals by
comparing the pK of the radical in bulk solution with that at the surface of the
protein. The choice of the length of the linkage between the protonatable group and
the point of covalent attachment, and of the intrinsic pK of the radical, is important
For such determinations. For instance when the imidazoline spin label 88 was
covalently bound to human serum albumin (HSA) (Khramtsov et al., 1990, 1992),
a highly mobile ESR spectrum of the radical was observed (Fig. 16a). In addition
the pK of the bound radical was found to equal that of radical 88 in bulk solution
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(Fig. 16b). The motional freedom of the bound label suggests that the protonatable
atom N-3 of the radical heterocycle is located at a remote position from the protein
surface. Therefore the label pK is insensitive to the protein’s surface electrostatics
and remains unshifted from the intrinsic value (pK = 4.75, Fig. 16b), which is close
to the isoelectric point of the protein pI = 4.9.

Modification of the -SH group of HSA by spin label 99 with a short distance
between protonatable nitrogen N-3 and alkylating  Br group (Khramtsov et al.,
1985a, 1992) results in a moderately immobilized ESR spectrum of the radical (Fig.
16a). A clear shift of pK of the label bound to the -SH group located at the surface
of HSA was found relative to that for label 99 bound to the -SH group of the low
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molecular weight compound glutathione (Fig. 16b). The similar values of for
radical 99 bound to GSH and to HSA, in both protonated and unprotonated forms
of the radical (Fig. 16b), indicates that polarity at the location of the label bound to
HSA is similar to that in bulk solution. (For the dependence of on polarity, see
Griffith et al., 1974). Therefore the main reason for the shift in the radical pK at its
binding site on HSA is the nonzero electrostatic potential at the surface of the
protein. Using Eq. (12) with given by the difference between the pK for
radical 99 bound to GSH and HSA yields a value for the protein surface potential
of +33 mV at pH 2.5–3 in 10-mM KC1; the sign is consistent with the isoelectric
point of the protein (pI = 4.9).

Figure 15b shows screening the surface potential with increasing ionic strength
I. Data fit well with the linearized Poisson–Boltzmann equation for an isolated
spherical surface of  radius (Cevc and Marsh, 1987):
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where is the distance of the N-3 atom from the protein surface, is the
surface potential at zero ionic strength and is the Debye screening
length at 294 K for monovalent salt). Agreement of the ionic
strength dependence with the Debye–Hückel theory and the nearly complete
screening at a KC1 concentration of approximately 2 M further confirm that shifts
in pK for radical 99 bound to HSA are dominated by electrostatic effect; hence
these give a reliable method for estimating surface potential.

3. DISULFIDE BIRADICALS IN THE
THIOL-DISULFIDE EXCHANGE

The key role of thiols and the thiol-disulfide status of the cell in a wide array
of biochemical and biological responses is documented (Packer, 1995). Disulfide
bond formation is used biologically in such diverse processes as enzyme catalysis,
protecting against oxidative damage, stabilizing extracellular proteins, and regulat-
ing biological activity. Determining sulfhydryl groups in proteins and low molecu-
lar weight compounds is one of the most important procedures in analytical
biochemistry. Optical and chromatographic methods are used to determine quanti-
tatively sulfhydryl groups (Boyne and Ellman, 1972; Kosower and Kosower, 1995;
Newton and Fahey, 1995). Their limitations are the requirement of the optical
transparency of samples on the one hand, and labor-consuming procedures in case
of chromatographic methods, in particular HPLC, on the other hand. We propose
an ESR method of quantitatively determining sulfhydryl groups (Khramtsov et al.,
1989b) which allows us to overcome some of these limitations. The method is based
on applying a disulfide biradical that participates in reactions of thiol-disulfide
exchange with thiols, resulting in dramatic changes in the ESR spectrum. We and
others demonstrated the usefulness of this ESR approach in many chemical and
biological systems (Khramtsov et al, 1989, 199la, 1991b, 1997; Weiner et al.,
1991;Yelinova e  t al., 1993, 1995, 1996; Dolginova et al., 1992; Busse et al., 1992a,
1992b, 1993; Dikalov et al., 1996a). For recent pertinent reviews, see Weiner et al.
(1995) and Nohl et al. (1995).

3.1. Physicochemical Backgrounds

3.1.1. Basis of the ESR Applications of  Paramagnetic Disulfides

Berliner et al. (1982) shows the usefulness of paramagnetic disulfide 127 in
assaying reactive thiol groups in protein through their modification by a thiol-
disulfide exchange reaction according to Scheme 10. The label is a highly reactive
thiol-specific reagent, which is easily reversible in the presence of an excess of
dithiothreitol. One of the disadvantages of the approach is the requirement of the
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procedure to release the unreacted radical from the protein by gel filtration, dialysis,
or precipitation before ESR measurement. The other is insensitivity of ESR spectra
of 127 to the reaction with low molecular weight thiols. To overcome these
limitations, disulfide biradicals can be used (Khramtsov et al., 1989b). The
necessary requirement for this approach is a spin-spin interaction of two paramag-
netic fragments resulting in the appearance of the biradical ESR spectral
components in addition to sharp three-line ESR spectrum of nitroxide monoradicals
(see Sec. 2.2.4). The thiol-disulllde exchange reaction of with thiols

results in splitting the disulfide bond of the biradical and formation of two
monoradicals, which show conventional triplet ESR spectra.
This approach keeps all advantages of disulfide monoradical 127, allowing protein
reversible modification. In addition the application of disulfide biradicals makes it
possible to use ESR spectroscopy to follow the kinetics of the reaction (14) as well
as to determine quantitatively low molecular weight thiols.

3.1.2. Spectral Parameters of Disulfide Biradicals of
Imidazoline and Imidazolidine Types

The presence of a disulfide bond in the structure of imidazolidine biradical 73
and imidazoline biradical 128 (Scheme 11) as well as the high intensity of biradical
components in their ESR spectra (Fig. 17) opens the possibility of applying them
in ESR studies of their reaction with thiols. The ESR spectrum of imidazoline
disulfide biradical 128 is shown in Fig. 17. The ESR spectrum was found not to
vary with temperature in the range from which was interpreted in the
terms of a single effective conformation of the biradical with  (Khramtsov
et al., 1989b). The stability of the disulfide bond of biradical 128 was found to
decrease strongly with pH. In an alkaline medium (pH > 11), biradical 128
decomposes spontaneously in a few seconds, forming two monoradicals, in an
acidic medium (pH < 6), it is stable for days. The complete splitting of  the disulfide
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bond of biradical 128 results in the disappearance of biradical spectral components
and an increase in the peak intensity of monoradical ones to 18.2 times followed
by the decrease of their line width from 1.35 G to 0.95 G, while the double integral
of the spectrum does not change. This means that the initial integral intensity of
monoradical components is about 0.11 of total ESR signal intensity, which is in
very good agreement with the theoretical prediction of  (Parmon
et al., 1980) for the single effective conformation of symmetric nitroxyl biradicals.
Nitrogen nuclear spin is The rate of spontaneous disulfide bond splitting at
physiological pH is low in 10-mM sodium phosphate,
it is not critical for most of biological applications.

Figure 17 shows the ESR spectrum of the imidazolidine disulfide biradical 73.
The intensity of biradical components was found to depend on temperature and
pH (at pH < 4, see Sec. 2.2.4), which indicates the contribution of several effective
conformations with an averaged exchange integral in ESR spectra of this
biradical. Protonation of monoradical fragments at pH < 3 results in a decrease of
both the hfi constant and peak intensity of biradical components (Fig. 5). It
opens the additional possibility of applying this disulfide label as a pH-sensitive
one (see Sec. 3.4.1). The disulfide bond of biradical 73 is extremely stable in an
aqueous solution in a wide pH range from 1–12 for days or weeks.

3.1.3. Titration of ESR Spectra of Disulfide Biradicals
with Low Molecular Weight Thiols

Figure 17 shows typical changes in ESR spectra of biradicals 73 and 128
induced by the addition of thiols. Regardless of the thiol structure, ESR spectra
changes were similar for both radicals, and these include a decrease in biradical
spectral components while monoradical ones were increasing. Rates of the ob-
served spectral transformation strongly depend on pH (see Sec. 3.1.4); it takes a
few seconds (for radical 128) or minutes (for 73) for conditions shown in the figure
captions. Double integration of ESR spectra of biradicals obtained at different
concentrations of thiols indicates preservation of the integral intensity of the ESR
signal. Thus reduction of the nitroxide moiety by SH groups of the thiols has not
occurred appreciably at these conditions.
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Observed ESR spectra changes agree with splitting the disulfide bond of the
biradical and the formation of two monoradicals with conventional triplet ESR
spectra according to Eq. (14). The maximal increase in the integral intensity of the
monoradical components in excess of GSH or Cys (Fig. 17) is about 9.1 times for
radical 128, which is close to the theoretical prediction for biradicals with a single
effective conformation (see Sec. 3.1.2). For radical 73, this value is lower and equals
4.6, which is consistent with the contribution of several effective conformations in
the ESR spectrum of 73. Figure 18 shows dependencies of relative changes in
intensities of monoradical and biradical components of ESR
spectra of disulfide probes 73 and 128 on the ratio of the concentration of thiols
and biradicals. Deviation from linear dependence is due to an increasing contribu-
tion from the reverse reaction (14) at high thiol concentrations (Khramtsov et al.,
1991a). The linear part of the dependencies is described by:
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The tangent of the angle of the slope of dependencies on
equals 1, in agreement with the stoichiometry of reaction (14), it does not

depend on the nature of thiol B-SH or the biradical  The slope  of
dependencies   depends on the integral intensity of the biradical ESR signal
compared to that of monoradicals and as a consequence, on the nature of both the
thiol and biradical (see Fig. 18). In the case of GSH and cystein, similar
thiol-induced ESR changes were observed, supporting the weak influence of the
nature of low molecular weight thiol on magnetic resonance parameters of the
resulting monoradical However the structure of B-SH must be considered
when SH groups of larger molecules or the total content of different thiols are
determined. Thus the obtained dependencies (Fig. 18) can be used as calibrations
for the ESR static method of measuring SH-groups. Applications of the ratio

is more favorable due to higher sensitivity, while the advantage of the ratio
is its independence on the thiol structure.
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3.1.4. ESR Studies of the Kinetics of the Thiol-Disulfide Exchange

Kinetics of the thiol-disulfide exchange (14) strongly decrease with a pH
decrease, and these can be easily registered at for radical 73 and at
5 for 128 (see Fig. 19). The rate constant of the forward reaction (14) is determined
from the initial part of the kinetics of the decrease of biradical component and
the increase of the monoradical component by the following equation obtained
from Eqs. (14) and (15):

where  is the initial concentration of sulfhydryl groups. The rate constants
of reaction (14) of biradicals 73 and 128 with series of thiols are listed in Table

4. The strong dependence of on the pH value confirms the conclusion that the
main mechanism of reaction (14) is the reaction with mercaptide ion (Torchin-
skii, 1974). Equation (16) is the basis for the kinetic approach in assessing
concentrations of SH compounds when the rate constant  is measured in advanced.
Of particular interest is the enormous difference in the reactivity of the disulfide
bond of radicals 73 and 128 compared to the same concentration of mercaptide ion
or pH value. This allows us to use 73 and 128 as complementary labels for different
tasks. For example, they can be used to study reaction (14) as well as to measure
thiols concentrations by the kinetic approach in different pH ranges for
radical 73 and pH < 6 for radical 128). Another important application involves
measuring absolute concentrations of thiols particular to biological systems at

 For example radical 128 was successfully used (Khramtsov et al., 199la,
1991b; Weiner et al., 1991) in the static approach described in Sec. 3.1.3. The
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disadvantage of the static approach is the required excess of the biradical compared
to thiols content, which does not allow its application to SH-groups measurement
in vivo.

The application of biradical 73 in thiols measurements at physiological pH by
the static method is limited by the slow kinetics of reaction (14). Biradical 73 can
be used for SH-group measurement by the kinetic approach at when using
biradical 128 creates problems due to very fast S-S bond splitting in the reaction
with thiols For instance the rate constant

for the reaction of 73 with GSH at pH = 7.4 equals (Table 4), and,
the characteristic time of S-S bond splitting of the biradical is about 1 hour for
millimolar concentrations of GSH, which is reasonable for in vivo applications.

Note: The comparatively low values of  for the reaction of biradicals with
protein human serum albumin, which is of methodological importance, since it
allows us to ignore the protein background when the content of low molecular
weight thiols in the presence of the protein is measured.

3.2. Quantitatively Determining Thiol Groups in Biological Systems

3.2.1. Intracellular Glutathione Measurement

Among low molecular weight compounds GSH is particularly important
because it is present in all animal cells and blood in concentrations to a few
millimolars, and it is responsible for the redox state of organisms (Meister and
Anderson, 1983). Biradical 128 was used to measure GSH content in erythrocytes
(Khramtsov et al., 1989b), Chinese hamster ovary cells (Weiner et al., 1991),
murine neuroblastoma and malignant melanoma cells (Busse et al., 1992a, 1992b),
and tumor HeLa cells (Busse et al., 1993), including those during treatment by
anticancer antibiotics. Noninvasive measurement of intracellular GSH by the static
ESR approach is based on the dominant contribution of GSH in the reaction with



156 Valery V. Khramtsov and Leonid B. Volodarsky

biradical, fast diffusion of the biradical across the cellular membrane, and compara-
tively low reduction of its paramagnetic fragment. The sensitivity of the method is
sufficiently high to perform the measurements in a few cells (Weiner et al.,
1991).

3.2.2. Thiols Determination in the Blood

The concentration of thiols in the blood is an important biochemical parameter
particular for GSH. Both kinetic (Khramtsov et al, 1989b, 1997) and static
(Yelinova et al., 1995, 1996) approaches for measuring of GSH in erythrocytes,
cystein in blood plasma, as well as total thiols content in the blood were applied
using biradical 128 and 73. Recent ESR studies of thiols in human and rat blood
show an increased level of oxidized GSH in blood plasma under oxidative stress
conditions, including such human pathologies as kyphoscoliosis (Yelinova et al.,
1996). The ESR assay for thiols measurement in blood meets the requirements of
a sensitive and convenient method for express analysis that does not need compli-
cated procedures for sample preparation.

3.2.3. Noninvasive Measurement of Thiols in Isolated Organs

Nohl et al. (1995) described the application of biradical 128 to determining
thiol levels in isolated perfused hearts. Measurements were performed at a constant
rate of biradical infusion, Fig. 20, and shows results of a typical experiment.
Monoradicals released into the perfusate were considered to represent tissue GSH
levels. Maximal thiol levels of the particular organ available for thiol-disulfide
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exchange reactions are indicated by maxima of monoradical release kinetics (Fig.
20). Reappearance of the biradical in the effluent perfusion medium indicates
exhaustion of tissue GSH, since the excess of the biradical was used (0.5 mM). To
estimate the protein-bound thiols, authors proposed measuring ESR spectra of the
homogenate obtained from the organ after washing from all radicals. The

was added to retransform the diamagnetic species formed due to
reduction of radicals by incidental biochemical reactions to an ESR-sensitive
paramagnetic compound. Application of the preceding approach to a rat heart
studies under oxidative stress induced by ischemia/reperfusion shows a clear
difference in thiol levels compared to those in the control study (Nohl et al., 1995).
One of the disadvantages of this approach is the consumption of the thiols to be
detected, which irreversibly damages the system under study.

3.3. ESR Studies of Thiol-Related Processes

3.3.1. Monitoring Enzymatic Activity in Situ by ESR

Disulfide biradicals can be used to determine the activity of enzymes, including
glutathione-dependent ones, whose substrates or products are low molecular weight
thiols (Khramtsov et al., 199la). We applied this approach to measure the activity
of acetylcholinesterase (AChE). The AChE is one of the most important enzyme
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responsible for terminating neuronal transmission at cholinergic synapses by rapid
hydrolysis of the neurotransmitter acetylcholine (Quinn, 1987). The widely used
method of determining AChE activity is based on the spectrophotometric measure-
ment of the content of thiocholine (TCh) accumulated during the course of enzy-
matic hydrolysis of acctylthiocholinc (ATCh). To follow enzymatic reaction by
measuring TCh accumulation, we used biradical disulfide 128 (Khramtsov et al.,
1991). This ESR approach is similar to the spectrophotometric one applying a
disulfide reagent proposed by Ellman et al. (1961). Figure 21 shows the typical
kinetics of TCh accumulation after adding the substrate ATCh to the homogenate
from the heads of individual bollworm larvae.

The kinetic process is linear in the presence of the ATCh, and AChE activity is
easily determined. The kinetic characteristic of the enzymatic reaction was found
to be nmol/min per mg of protein, which is in
good agreement with data obtained by Ellman’s regent. The high sensitivity of the
approach allows express analysis (a few minutes, as in Fig. 21) of AChE activity in
homogenates with a protein concentration of a few (to be compared with

in the case of Ellman’s regent). This makes it possible to use the ESR
approach to measure AChE activity in individual insects and to carry out popula-
tional analysis (sec Fig. 21, inset).

3.3.2. Determining the Rate Constants of Thiols Reaction
with a Superoxide Radical

Superoxide radical generation occurs in all aerobic organisms and leads to
superoxide-mediated cell damage. Thiols are well-known antioxidants, and their
scavenging properties are of particular interest (Winterbourn and Metodieva, 1995).
Two commonly used speetrophotometric approaches for measuring the rate con-
stant of thiols with superoxide radical are based on competition between thiols and
cytochrome (Fridovich, 1986) or epinephrine (Suzuki et al., 1991) for the
superoxide radical. However authors applying both approaches must take into
account reactions of thiols with cytochrome c and adrenochromc (the product of
the reaction of epinephrine with superoxide radical) as possible sources of errors.
To overcome these drawbacks, a new ESR approach based on competition between
thiols and spin trap 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) for superoxide
radical was developed (Dikalov et al., 1996, 1997). The ESR spectroscopy was used
to determine both the spin adduct DMPO-OOH formation and the thiol concentra-
tion using disulfide biradical 128. Rates of thiol oxidation by superoxide radical
were obtained from the decrease in the amount of SH groups measured by disulfide
biradical. Rate constants of the reaction of superoxide radicals with GSH

as well as with a widely used therapeutic agent, acid
were found to be close to the value of obtained for

lipid-soluble antioxidant (Bielski et al., 1985). Taking into account
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that the amount of thiols in membrane compartments is at least 10 times higher than
that for tocopherol, we can deduce the important role of thiols in radical trapping
and thereby in inhibiting oxidative damage.

3.4. Spin Labeling SH Groups in Proteins

3.4.1. Reversible Modification of Proteins by Biradical Disulfides

Reversibility of the reaction of thiol-disulfide exchange (14) gives the basis for
reversibly modifying proteins illustrated by Eqs. (17) and (18):

where BSH is low molecular weight thiols, such as GSH, dithiotreitol, etc. Berliner
et al. (1982) used paramagnetic disulfide 127 for the reversible modification of
Cys-25 in papain. The disulfide biradical 128 was used for the reversible modifi-
cation of human serum albumin (HSA) and human hemoglobin (Khramtsov et al.,
1989b), NADPH-cytochrome P-450 reductase (Yelinova et al., 1989, 1993;
Khramtsov et al., 1991), acetylcholinesterase from Torpedo californica (Dolginova
et al., 1992), and alcohol dehydrogenase from Thermoanaerobium brockii (Wciner,
1995). Figure 22 shows the ESR spectrum of HSA modified by disulfide biradical
73. The spectrum is typical for a moderately immobilized radical; the modification
degree of HSA equals which agrees with one available SH-group in this
protein (Markus and Karush, 1957). Labeling is easily reversible according to Eq.
(18). Indeed the addition of excess GSH results in the complete disappearance of
the immobilized spectrum, while the mobile triplet spectrum of the unbound radical
with the same integral signal intensity appears. In addition we observe reversible
changes in the ESR spectrum of HSA labeled with biradical 73 in an acidic medium
at This fact is explained by the protonation of the N-3 atom of the radical
fragment of 73 in acidic region see Sec. 2.2.4, Fig. 5). As for radical 128,
both free and bound to HSA, its pK is too low to be detected at pH > 1. (See Table
1 for imidazoline radicals of similar structure.)

The observed decrease in the hfi constant for 73 bound to HSA at a low pH,
is a characteristic feature of the process of N-3 protonation of

imidazoline and imidazolidine radicals (Sec. 2.2.2). The higher mobility of the
protonated label bound to HSA indicates its weaker association with the protein
surface, which is naturally enough due to electrostatic repulsion of positively
charged radical fragments from the surface of a positive electric potential
mV for HSA at a pH from 2.5–3; see Sec. 2.6.3.2).
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The reversible modification of SH groups of enzymes by disulfide biradicals
allows us to study the influence of structural changes in protein on their enzymatic
activity. Chemical modification of NADPH-cytochrome P-450 reductase (Yelinova
et al., 1989, 1993) and alcohol dehydrogenase (Weiner, 1995) by the biradical 128
were found to result in the complete inactivation of enzymes. An immediate
reactivation of enzymes to 95% was observed after removing the radical from these
enzymes by an excess ofGSH or dithiothreitol. Recently we used a similar approach
to regulate the activity of NADPH-cytochrome P-450 reductase with a natural
disulfide compound, acid, widely used as a therapeutic agent (Slepneva et
al., 1995). In contrast to these examples, Dolginova et al. (1992) observed that
removing biradical label 128 from modified AChE does not result in the revers-
ibility of its enzymatic activity. It was proved by different physicochemical methods
that both modified and demodified enzymes are in a partially unfolded molten
globule state.
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3.4.2. Determining the Availability and Molecular
Surrounding of SH Groups in Proteins

As shown in the previous section, covalent binding of spin labels to protein is
usually followed by the appearance of the immobilized ESR spectrum of the label
(Fig. 22), which can be obtained only after release of the unreacted radical from
the reaction mixture. Direct registration of the spectrum of the bound radical during
modification is impossible due to the weak peak intensity of its ESR signal
compared to that for the unbound radical. Taking advantage of biradicals, we can
follow the kinetics of protein modification (17) directly by measuring the kinetics
of the decrease of the biradical component Ib and/or the increase of the monoradical
component  (Fig. 17). Using  has the advantage of higher sensitivity, while

does not need a calibration procedure (see Sec. 3.1.3). The kinetics of
demodifying the protein (18) can be registered by detecting the reappearance of
monoradical ESR spectrum in the bulk solution after adding low molecular weight
thiol. Such studies give important information about the availability of SH groups
in the protein. In principle the treatment of surrounding protein SH groups as well
as using and B-SH compounds with different structural properties, such
as charge, size, and polarity, provide an additional instrument for studying SH
groups and their local environment. For example the treatment of alcohol dehydro-
genase with o-phenantroline to remove a atom from its active site results in
an increase in the modification rate of the protein by biradical 128 (Weiner et al.,
1995). The authors interpreted these data as indicating the appearance of an
additional SH group accessible for interaction with the biradical, which is a
probable ligand of

4. REACTIONS OF NITRONYL NITROXIDES WITH NITRIC OXIDE

Nitric oxide (NO) was shown to be permanently synthesized in living organ-
isms and involved in many physiological processes, including vasodilatation,
neurotransmission, and cellular toxicity (Moncada and Higgs, 1993; Bredt and
Snyder, 1994; Schmidt and Walter, 1994). The methods of NO detection in
biological systems are limited because of its short half-life in vivo from less than 1
to several seconds. These methods are mostly indirect, such as those measuring
stable metabolites (nitrite, nitrate, L-citrulline); chemical reaction products, such
as methemoglobin; or biological activity (cyclic GMP, smooth muscle relaxation,
inhibition of platelet aggregation). Despite the fact that NO is a paramagnetic
molecule, it cannot be detected by ESR under normal circumstances, though
solid-state spectra were reported at 77 K (Bloom et al., 1972). Therefore methods
of NO detection in solution by ESR are based on trapping nitric oxide with a
formation of a comparatively stable paramagnetic species using (1) oxyhemoglo-
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bin, with a formation of the nitrosyl derivative (Naschimento
et al., 1991); (2) metal-chelator complexes of reduced iron with dithiocar-
hamate derivatives (Mordvintccv et al., 1991); (3) cheletropic spin traps (Korth et
al., 1994); and (4) nitronylnitroxyl radicals, NNR, which react with NO forming
stable iminonitroxides (Akaike et al., 1993; Joseph et al., 1993; Woldman et al.,
1994). Scavenging NO by NNR in chemical and biological systems was used for
NO detection by means of ESR spectroscopy as well as to antagonize biological
action of both exogenous and endogenous nitric oxide (Yoshida et al., 1993, 1994;
Az-ma et al., 1994; Maeda et al., 1994a, 1994b; Singh et al., 1995; Khramtsov et
al., 1995; Hogg et al., 1995, 1996; Fukuyama et al., 1995; Konorev et al., 1995;
Rand and Li, 1995; Pietraforte et al., 1995; Zamora et al, 1995; Utepbergenov et
al., 1995; Balakirev and Khramtsov, 1996).

4.1. Trapping Nitric Oxide by Nitronyl Nitroxides:
Physicochemical Studies

4.1.1. Titration of ESR Spectra of NNR with Nitric Oxide

Nitronyl nitroxides (see Scheme 12) as a new class of stable nitroxidcs were
obtained by Ullman et al. (1970). Later we proposed (Grigor’ev et al., 1985;
Khramtsov et al., 1986) synthesizing NNR, which allows us to obtain NNR with
various substituents in positions 4 and 5 of the radical heterocycle (see structures
135–137, 140–142 in Scheme 12).

For the first time, NNR was applied to measure an NO concentration in the gas
phase by Nadeau and Boocock (1977). The reaction of NNR with nitric oxide in
an aqueous solution is described by Akaike et al. (1993) for radicals 129–131, by
Joseph et al. (1993) for radicals 132 and 133, and by Woldman et al. (1994) for
radicals 134–137. Figure 23 shows typical changes in the ESR spectrum of 134
NNR, induced by adding an NO-saturated buffer solution. The ESR spectra of NNR
consist of a characteristic quintet of lines with the intensity ratio 1:2:3:2:1 due to
similar hyperfinc interaction constants with nuclear spins of atoms Nl and N3

(Fig. 23a). Treating NNR 134 with nitric oxide leads to the
formation of a distinctly different ESR spectrum (Fig. 23c) of seven lines

which coincides with that for the corresponding INR, 144 (Fig.
23c, dotted line). This transformation proceeds while preserving the integral
intensity of the ESR spectrum, which supports stoichiometric conversion of NNR
into the corresponding INR by the reaction:

Titration of the ESR spectrum of NNR with nitric oxide is best performed by
monitoring low-field components of the ESR spectra of NNR and INR that show
negligible overlap (see Figs. 23b and 24a). Titration results show linear depend-



Imidazoline Nitroxides 163

encies of a decrease in ESR amplitude for low-field components of NNR and an
increase in ESR amplitude for the low-field components of INR (Fig. 23, inset, for
134; Fig. 24b for 130); these results can be used as calibration for NO determination
using these NNR. Note: The transformation of NNR into INR is a specific reaction
of NNR with nitric oxide, and it was not observed in the presence of  or

(Akaike et al., 1 9 9 3;  Joseph et al., 1993).

4.1.2. Stoichiometry of the Reaction between NO and NNR

Figures 23 (inset) and 24b clearly demonstrate that the Stoichiometry of the
reaction between NNR and NO is approximately 1:2.0 and 1:1.6 for radicals 134
and 130, respectively. The distinction of this value from 1:1 was carefully discussed
by Hogg et al, (1995). Reaction (19) in solution is followed by reactions (20) and
(21), which affect both Stoichiometry and the kinetics (see Sec. 4.1.3) of the reaction
of NNR with NO:
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In aqueous solution formed hydrolyze to give nitrite and nitrate.
Computer analysis of reactions (19)–(21) results in the stoichiometry [NNR]/[NO]
= 1:2 at the high rates of NO generation or at the bolus addition of NO due to the
negligible contribution of reaction (21) in decay. However the stoichiometry
[NNR]/[NO] increases to 1:1 at the rate of NO generation less than 1 nM/s at an
NNR concentration about 1 mM (Hogg et al., 1995) when reaction (21) becomes
essential. Note: Rates of NO generation in biological systems depend on cell types
containing variable amounts of isoforms of NO synthase with different mechanisms
for regulating enzyme activity; they are usually in the range of 1-10 nM/s (Kelm
and Schrader, 1988; Beckman and Crow, 1993). The reaction of NO with oxygen:

does not effectively compete with the reaction between NO and NNR. Experimental
data of Akaike et al. (1993) on oxygen consumption induced by the bolus addition
of NO in the presence and absence of NNR 129 are in agreement with stoichiometry
1:2 between NNR and NO (Fig. 24c). Indeed in the absence of NNR, reactions (20)
and (22) give the stoichiometry between and NO in an aqueous phase as 1:4, as
shown by Wink et al. (1993). The amount of oxygen consumed was exactly 50%
of the INR generated from NNR in the reaction with NO (Fig. 24c). This means
that stoichiometry between NNR and NO is 1:2.

4.1.3. The Studies of the Kinetics of NNR with Nitric Oxide

Kinetics of the reaction of NNR with NO was studied by the stopped flow
method using ESR (Akaike et al., 1993) and the spectrophotometric method
(Woldman et al., 1994). Figure 25 shows the kinetics of the decrease of the
concentration of radical 134 in reaction with NO added to a buffer solution. To
obtain satisfactory agreement between experimental and calculated kinetics curves,
reactions (19) and (20) were taken into account as supporting the stoichiometry
between NNR and NO 1:2 (Fig. 25).

Rate constants for the reaction of a series of NNR with nitric oxide are listed
in Table 5. Present data demonstrate the possibility of applying NNR as an effective
scavenger of nitric oxide. The characteristic time of NO trapping by NNR

is close to or less than the lifetime of NO in
vivo (Ignarro, 1990; Kelm and Schrader, 1990). The ability of NNR and INR to
follow ESR spectra allows us to carry out quantitative measurements of a concen-
tration of trapped nitric oxide; the sensitivity of the approach is for detecting
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NO concentration and 0.3 nM/s for measuring rates of NO generation for 1 hour in
a sample of 0.2 ml. The method can be applied in optically nontransparent samples.
It has one order higher of sensitivity compared with that for widely used spin
trappings of NO by dithiocarbamate complexes of iron (Mordvintcev et al., 1991;
Komarov et al., 1993) due to comparatively narrow lines of NNR and INR ESR
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spectra. The serious limitation of the method is the reduction of nitroxyl radicals
into diamagnetic products in biological samples.

4.2. ESR Detection of Nitric Oxide in Chemical and Biological Systems

4.2.1. ESR Studies of NO Release from NO Donors

Recently NNR was used as traps of nitric oxide to study NO donors in both
chemical and biological systems. Joseph et al. (1993) and Singh et al. (1995)
applied NNR 130, 132, 133, and 138 to study NO release during photolytic
decomposition of sodium nitroprusside. The application of hydrophylic NNR 130
with carboxy group and hydrophobic NNR 138 with a long methelene chain may
be used to assay NO production by NO donors in both aqueous and lipid environ-
ments (Singh et al., 1995). The NNR 130 was successfully used to study NO release
from S-nitroso adducts of glutathione and bovine serum albumin (Pietraforte et al.,
1995), as well as from spontaneous NO releaser FK409, -(E)-4-ethyl-2-[(E)-hy-
droxyimino]-5-nitro-3-hexenamide (Fukuyama et al., 1995). Zamora et al. (1995)
used NNR 139 to detect NO formation under an oxidative breakdown of Piloty’s
acid. We used ESR spectroscopy to study NO liberation by 3,4-dihydro-l,2-diazete
1,2-dioxides, DDD, using NNR traps 134 and 140 (Utepbergenov et al., 1995), by
NN-bis(arylsulfonyl)hydroxylamines using NNR 141 (Balakirev and Khramtsov,
1996), and by the derivatives of N-metoxy-N-nitrosoamines using NNR 142
(Khlestkin et al., 1996). Figure 26 shows a typical transformation of the low-field
component of the ESR spectrum of NNR 134 during incubation with a DDD
derivative; this corresponds to the initial linear part of the kinetics of spontaneous
decomposition of DDD, and it allows us to calculate the rate constant of the process.

4.2.2. Quantitative Measurement of NO Released from
Cultured Endothelial Cells

The endothelium-derived relaxing factor EDRF, which is responsible for
relaxation of vascular smooth muscle cells, was proposed to be nitric oxide itself
(Palmer et al., 1987) or an NO-containing molecule from which NO is subsequently
released to target cells (Myers et al., 1990). The NO released from endothelial cells
was measured by means of chemiluminescence (Palmer et al., 1987), but because
the subject for this method is nitrite, measured data are affected in the presence of
nitrite. Az-ma et al. (1994) proposed using NNR 130 to measure NO release from
endothelial cells by ESR spectroscopy. Endothelial cells cultured on microcarriers
were packed in a column, perfused with Krebs solution, then the effluent was
mixed with the NNR. The mixture was collected in tubes with a fraction
collector, and an ESR signal amplitude of INR formed from NNR 130 due to
the reaction with NO was measured (Fig. 27). The signal amplitude was increased
by adding endothelium-dependent vasodilator bradykinin in a concentration-de-
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pendent manner; reduced by preincubation with an NO synthase inhibitor,
monomethyl- L-arginine; and reversed by following incubation with the substrate
of an NO synthase, L-arginine. These data support the usefulness of applying NNR
to measure the amount of endothelium-derived NO.

4.2.3. Measuring the Activity of NO Synthase from Rat Cerebellum

The applications of NNR to detect NO by ESR in biological systems is limited
due to the fast reduction of NNR into a diamagnetic product in biological samples.
We compared reduction rates of different types of nitroxides in the model system
with thioglycerol as a reductant (Woldman et al., 1994). Reduction rates were found
of NNR and INR by thioglycerol to be much higher compared with those for
nitroxide with an isolated fragment, hydroxy-TEMPO (Table 6). This limita-
tion requires an additional defense of NNR against reduction for effective applica-
tion in biological systems. For that purpose we propose using charged NNR 134
incorporated into the inner volume of a large unilamellar phospatidylcholine
liposomes (Woldman et al., 1994, Khramtsov et al.,1995). The presence of a charge
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in the structures of NNR 134 and corresponding INR 144, allows us to locate
definitely these radicals in the inner volume of liposomes with the characteristic
time of their efflux through the membrane  Meanwhile the low molecular
weight hydrophobic molecule NO freely diffuses across lipid bilayer. The mem-
brane barrier was found to decrease the availability of radicals 134 and 144 for
biological reductants, resulting in a strong decrease in radical reduction rates. In
the case of rat cerebella cytosol, the reduction rate of NNR 134 decreases from 10%
per second to 0.01% per second due to its location in liposomes (see Table 6). This
allows us to follow arginine-dependent NO production by ESR spectroscopy (Fig.
28). Rates of NO trapping by NNR 134 in rat cerebella cytosol were found to be in
the range (0.01–0.03) per mg of protein, which is about 10% of NO
synthase activity measured spectrophotometrically using the oxyhemoglobin
method (Doyle and Hoeksta, 1981). Applications of NNR incorporated into
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liposomes seems to be useful for increasing their efficiency and prolongating their
action as antagonists against nitric oxide both in vitro and in vivo (see Sec. 4.3).

4.3. Antagonistic Action of NNR against Nitric Oxide

Biological functions of NO are so profound, diverse, and crucial in various
biological systems that the importance of using NO scavengers or inhibitors of NO
synthase (NOS) is increasing. The advantage of NNR scavengers over widely used
NOS inhibitors is that NNR directly removes NO from the system and hence
abolishes its biological activity without inhibiting NOS. On the contrary, applying
NOS inhibitors in vivo may cause undesirable long-term inhibition of NOS and as
a consequence, of vascular, hepatocytic, or neuronal functions. Therefore the study
of this antagonistic action of NNR appears to be helpful not only in understanding
the pathophysiological role of NO but also in treating various diseases caused by
an overproduction of NO.

4.3.1. Inhibition of Endothelium-Dependent Vasorelaxation

A potent antagonistic action of NNR 129–131 against EDRF-dependent mus-
cle relaxation was demonstrated by Akaike et al. (1993) in experiments with
acetylcholine-induced vasorelaxation of rabbit aorta. The authors determined that
the inhibitory potency of these three NNR was similar to, or greater than, that of
NOS inhibitors, -nitro-L-arginine and -monomethyl-L-arginine. These NOS
inhibitors prevented both consumption of NNR and formation of INR in the
vascular system, indicating a direct reaction of NNR with NO.

Recently Rand and Li (1995) observed that NNR 130 produced concentration-
dependent reductions of relaxations elicited by exogenous NO and relaxation
mediated by acetylcholine and ATP in rings of rat aorta. The authors support the
conclusion that EDRF is free radical NO.

4.3.2. NNR As Probes for Studying the Mechanism of
Action of Exogenous Vasodilators

Despite widespread clinical use of nitrovasodilators for over a century, their
mechanisms of action are not well understood. Konorev et al. (1995) proposed NNR
as probes for studying the possible role of NO in the vasodilatory action of
nitrovasodilators, nitrone spin traps, and nitroxides. The authors demonstrate that
NNR 130 and 143 antagonize vasodilatory effects of sodium nitroprusside, SNP,
and S-nitroso-N-acetylpenicillamine, SNAP, in isolated rat hearts but did not
counteract the vasodilatory action of -N-tert-butyl nitrone,
POBN, and 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy free radical, TEMPOL.
The authors concluded that coronary vascular relaxation induced by SNP and SNAP
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is mediated by NO and the mechanism of the vasodilatory effect of POBN and
TEMPOL does not involve NO release.

4.3.3. Therapeutic Effect of NNR against Endotoxin Shock

Endotoxin (septic) shock is mediated through excessive production of NO; it
is characterized by a gradual fall in blood pressure, a high cardiac output, an
impairment in tissue perfusion, and a lack of response to vasoconstrictors. Yoshida
et al. (1994) clearly demonstrate pronounced therapeutic effects of NNR 130 on
lipopolysaccharide(LPS)-induced endotoxin shock in Wistar rats. The time profile
of LPS-induced hypotension and the restoration of blood pressure by NNR 130 are
shown in Fig. 29. Administering 130 at 0.17 or 1.7 mg/kg/min completely reversed
the effects of LPS on mean arterial blood pressure, heart rate, and lethality. About
82% of the NNR 130 injected was recovered in the urine in the forms of NNR 130
and corresponding INR by treatment with 1-mM potassium ferricyanide. The
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formation of the INR in LPS-treated rats was markedly inhibited by administering
an NOS inhibitor, -monomethyl-L-arginine, which indicates the action of NNR
through its direct reaction with NO.

4.3.4. Modulation of the Pathogenic Function of Nitric Oxide by NNR

The pathological role of nitric oxide, oxygen radicals, and peroxynitrite formed
in the reaction of NO with superoxidc is widely discussed (Beckman and Crow,
1993). Maeda et al. (1994a) observed that treating mice infected with the influenza
virus pneumonitis with NNR 130 resulted in a significant improvement in their
survival rate, which supports the role of NO in the development of this disease.
Enhanced vascular permeability in solid tumors was found to be mediated by NO
and inhibited by NOS inhibitors and NNR 130 (Maeda et al., I994b). Yoshida et
al. (1993) reported a pronounced enhancement of NO-dependent antimicrobial
action with treatment by NNR 130. Therefore it seems that NNR is a useful
instrument in studying the pathophysiological functions of NO as well as in treating
various diseases caused by an overproduction of NO.

5. CONCLUSIONS

Stable nitroxidcs with ESR spectra sensitivity to local chemical environment
open new field of applications to spin labeling. In this respect imidazoline and
imidazolidine nitroxides were found to be the most promising by offering the
possibility of following their reactions with protons, thiols, and nitric oxide by ESR.

Due to the ability of the protonation of the nitrogen atom N3 in radical
heterocycle, imidazoline and imidazolidine radicals are the most effective spin pH
probes and labels (Khramtsov et al., 1982, 1985a). These spin pH probes are useful
in measuring local pH values within the pH range from 0–14; the accuracy of
determination is 0.05 pH units. The application of these radicals provides quanti-
tative information about thermodynamic and kinetic characteristics of proton
exchange reactions, including isotopic effects. The use of spin pH probes in
biological systems seems extremely promising. Measuring local pH in nontranspar-
ent water-in-oil ointments and the inner volume of phospholipid vesicles provides
new ESR approaches for pH monitoring in these drug delivery systems, including
studies of drugs degradation (Kroll et al., 1995) and the kinetics of transmembrane
transport processes (Khramtsov et al., 1989; Balakirev and Khramtsov, 1993). The
pH titration of radicals located at the surface allows us to estimate surface polarity
and the electrostatic surface potential of biological membranes and proteins
(Khramtsov et al., 1992). We hope that recent applications of pH sensitive labels
for measurement of pH inside the gut of mice (Gallez et al., 1996) and in
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biodegradable polymers in vivo (Mäder et al., 1996) will stimulate further devel-
opment of in vivo pH studies by ESR.

Disulfide biradicals with imidazoline and imidazolidine radical fragments are
convenient labels for SH group titration in both high and low molecular weight
compounds, as well as for reversible modification of proteins. These labels are
shown to participate in thiol-disulfide exchange reactions, with dramatic changes
in ESR spectra. This creates the possibility of measuring the local concentration (to

and the reactivity of SH groups even in colored and highly absorbing
samples. The method proved highly sensitive and reproducible for intracellular
GSH measurement (Khramtsov et al., 1989b, 1991b; Weiner et al., 1991; Busse et
al., 1992a, 1992b, 1993) and thiol determination in the blood (Khramtsov et al.,
1989; Yelinova et al., 1995, 1996). The method is useful for measuring rates of
enzymatic reactions, whose products or substrates are thiols (Khramtsov et al.,
1991a), and reaction rates of thiols with a superoxide radical (Dikalov et al., 1996).
Nohl et al. (1995) demonstrated the applicability of the imidazoline disulfide
biradical for determination thiol in isolated organs. However the authors indicate a
limitation of the approach due to the ultimate consumption of thiols and irreversible
damage to the system. In this chapter we show that thiol determination by a new
imidazolidine disulfide biradical allows the application of a much lower concen-
tration of the label without essentially consuming thiols. We hope that this new
disulfide label opens the possibility of in vivo ESR measurements of thiols.

Recently the 2-imidazoline-3-oxides (nitronyl nitroxides) were shown to be
effective scavengers of nitric oxide in aqueous solutions under physiological
conditions (Akaike et al., 1993; Joseph et al., 1993; Woldman et al., 1994). Their
applications include both ESR quantification of NO in chemical and biological
systems and neutralization of biological functions of NO. An extremely fast
reduction of nitronyl nitroxides by biological reductants compared to that for
di-tert-alkylnitroxides limits their applications in biological systems and requires
special defense against the reduction, for instance, by using nitronyl nitroxides
incorporated in liposomes (Woldman et al, 1994).

We hope that future developments in the application of stable nitroxides in
chemical reactions will extend both the field of ESR applications described here as
well as a number of the chemical functions available for evaluation by ESR
spectroscopy.
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ENDOR of Spin Labels for Structure
Determination:
From Small Molecules to Enzyme Reaction
Intermediates

Marvin W. Makinen, Devkumar Mustafi, and
Seppo Kasa

1. INTRODUCTION

Electron paramagnetic resonance (EPR) is a sensitive method for probing the
electronic and molecular structure of paramagnetic sites because the energies of
microwave-induced transitions of unpaired electrons are modulated by interactions
with nearby magnetic nuclei. This phenomenon is known as hyperfine (hf) interac-
tion; measuring the strength of this interaction yields precise information about the
electronic structure of the paramagnetic site and the geometric arrangement of
magnetic nuclei in its immediate environment. While the most detailed information
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is obtained from measurements in single crystals, such studies may be time
consuming when compared to the ease of experimental accessibility possible with
polycrystalline materials or frozen solutions and glasses. However, in disordered,
solid systems, spectra are a superposition of multiple orientations of the paramag-
netic sites with random variations in their immediate environments. Therefore,
resonance features are broadened, and the relationships between magnetic reso-
nance parameters and structural or physical properties may be difficult to extract.
Furthermore, hf interactions generally cannot be resolved in EPR spectra of
polycrystalline and frozen solution samples. These difficulties may be overcome
by applying electron nuclear double resonance (ENDOR), developed first by Feher
(1956, 1959).

In the ENDOR method, the spin system is irradiated by a microwave field to
saturate partially the EPR transition while simultaneously sweeping the sample
with radiofrequency radiation through nuclear resonance transitions. Not only does
ENDOR provide a means of measuring the hf and nuclear Zeeman interactions
directly, but it also yields these measurements with high precision. Since EPR
spectra of polycrystalline and amorphous systems are an average over all molecular
orientations with respect to the magnetic field, the critical objective is to determine
the angular dependence of the hf energies of ligand nuclei on the settings of the
static laboratory magnetic field. Only on this basis can the geometric location of
nearby magnetic nuclei and the spatial distribution of unpaired spin be determined.
Chapter 5 discusses spectroscopic principles through which molecular geometry
can be assigned by applying ENDOR of nitroxyl spin labels as the paramagnetic
probe in polycrystalline, amorphous glassy, and frozen solution systems. We
discuss theoretical relationships underlying the interpretation of ENDOR spectra
of nitroxyl free radicals, and we outline guiding principles for assigning molecular
structure and conformation through application of ENDOR-determined electron
nucleus dipolar distances as constraints. Illustrations are provided ranging from
small molecule spin label systems to true intermediates of enzyme-catalyzed
reactions. We also point out future directions in which this methodology may be
applied.

The general chemical bonding structure of nitroxyl spin labels is illustrated in
Fig. 1. Because nitroxyl free radicals exhibit chemical inertness that is uncharac-
teristic of other organic free radicals, they continue to be the subject of extensive
investigations, particularly in the study of biological macromolecules. After the first
synthesis of stable nitroxyl free radicals by Rozantsev and coworkers (Neiman et
al., 1962; Rozantsev et al., 1963; Rozantsev, 1970), labeling biological macromole-
cules with nitroxyl free radicals as spectroscopic probes was first introduced by
McConnell and coworkers (Stone et al., 1965; Ohnishi and McConnell, 1965;
Hamilton and McConnell, 1968). Since that time the use of these free radical probes
was largely directed toward evaluating equilibrium effects and only qualitatively
assessing changes in the conformational flexibility of macromolecules. Direct
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structural information in terms of stereochemical and steric interactions has gener-
ally not been achieved except in a relatively small number of single-crystal EPR
studies to determine spin label orientation and conformation (Chien and Dickinson,
1981; Makinen and Kuo, 1983) or in studies to determine the radial separation
between the nitroxyl group and a paramagnetic cation immobilized in freely
tumbling macromolecules in a fluid solution (Leigh, 1970; Morrisett, 1976; Ber-
liner, 1978). On the other hand, the emphasis of this chapter is to demonstrate that
application of the ENDOR method with spin label probes results in analysis of the
structure and conformation of molecules in frozen solutions at a level of accuracy
exceeded only by that of single crystal x-ray diffraction.

2. EPR AND ENDOR SPECTROSCOPY OF NITROXYL SPIN LABELS

2.1. EPR of Nitroxyl Spin Labels

2.1.1. EPR Properties of Spin Labels

Nitroxyl spin labels are widely employed in chemical, biochemical, and
biophysical studies because of their paramagnetism due to the unpaired electron in
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the nitroxyl group and their chemical stability provided by the four methyl groups
attached to the carbon atoms adjacent to the NO group (Hamilton and McConnell,
1968; McConnell and McFarland, 1970; Rozantsev, 1970). The EPR spectroscopy
of spin labels is thoroughly reviewed elsewhere (Berliner, 1976, 1978) as well as
in this volume. These studies are primarily directed to the EPR of spin labels in
single crystals, polycrystalline systems, and fluid and frozen solutions and glasses.
In contrast, our discussion of the EPR spectroscopy of nitroxyl spin labels concen-
trates only on those aspects germane to understanding the application of ENDOR
for molecular structure determination. We initially present a series of EPR and
ENDOR spectra of specifically deuteriated analogs of spin-labeled compounds to
identify the underlying spectroscopic principles for structure analysis. To this end
Fig. 2 shows the structural formulae of a series of site specifically deuteriated
analogs of spin-labeled methyl L-alanate. These derivatives were synthesized to
facilitate spectroscopic analysis of EPR and ENDOR spectra of spin labels for
structure determination (Mustafi et al., 1990b).

The first-derivative EPR absorption spectrum of nitroxyl spin labels in fluid
solutions of low viscosity consists of three sharp lines resulting from the hf
interaction of the nitroxyl with the unpaired electron. In solution, rapid
tumbling averages out anisotropic hyperfine contributions, and in degassed solu-
tions, well-resolved superhyperfine structure can be observed in the spectrum due
to the Fermi contact interactions of the unpaired electron with protons in the spin
label. As paramagnetic dioxygen is introduced into the sample, the resolution of
the superhyperfine structure deteriorates because of Heisenberg exchange, and the
resonance features are broader than in degassed samples. In contrast EPR spectra
of spin labels in frozen solutions or polycrystalline samples exhibit a spreading of
the absorption envelope because of g and A anisotropy (Hwang et al., 1975; Lee et
al,, 1984), as seen in Fig. 3.

The EPR and ENDOR spectra of spin labels can be described by the spin
Hamiltonian in Eq. (1), which includes the electronic Zeeman interaction and
the nuclear Zeeman interaction hf interactions of the unpaired electron with
different classes of nuclei are contained within

In Eq. (1), and represent the Bohr electron and nuclear magneton, the
electronic Zeeman interaction matrix, the nuclear g-factor, the external
(laboratory) magnetic field, S and I the electron and nuclear spin operators,
respectively, and A the electron nucleus hf matrix. The principal axes of the
matrix defining field orientation are designated, as shown in Diagram 1, with the
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x-axis lying along the N–O bond, z parallel to the nitrogen orbital, and y
perpendicular to the x,z-plane (Griffith et al., 1965; Capiomont et al., 1974).

In Fig. 3, the EPR spectrum of spin-labeled methyl L-alanate with a perdeute-
riated spin label is well-resolved because the dipolar broadening of nearby deuter-
ons is weaker than that of hydrogens. The values of and can be obtained
directly from the spectrum, while estimates of the other principal values of and
A require either a single-crystal study or accurate computer simulation of EPR
spectra. Following the analysis of Hwang et al. (1975) and Lee et al. (1984), we
estimated from EPR studies the values of the principal components of the and Α
matrices for methyl N-(2,2,5,5-tetramethyl-l-oxypyrrolinyl-3-carbonyl)-L-alanate
in solutions at room temperature and 40 K. Results are given in the legend to Fig.
3. The isotropic hf coupling of this five-membered nitroxyl spin label attached
to the amino group of methyl L-alanate in methanol at room temperature was 14.96
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G at 9.46 GHz. These results are in excellent agreement with the single-crystal EPR
study of 2,2,5,5-tetramethyl-l-oxypyrroline-3-carboxaniide (Griffith et al., 1965;
Capiomont et al., 1974).

2.1.2. Orientation Selection on the Basis of the EPR Spectrum

The EPR absorption spectra of spin labels in Fig. 3 are equivalent to a powder
pattern in the rigid limit of a polycrystalline sample. Under these conditions, the
spectrum is a composite of spectra from three sets of molecules differing by their
projection of the nuclear moment onto the laboratory magnetic field
designated by the values of and –1. As Fig. 3 shows,   hf  contributions
to the spec t rum produce three step shou lde r s at magne t i c f i e l d s

and six divergences at where h
is Planck's constant (Lee et al., 1984). Since the hf interaction is associated
with large anisotropy, the two step shoulders corresponding to  and –1 are
well-separated at X-band frequency from the dominant central feature of the
spectrum. Therefore, if the magnetic field is set to the high-field or low-field turning
point of the EPR absorption spectrum, the absorption feature arises from those
molecules immobilized in the frozen or polycrystalline sample for which the
laboratory magnetic field is oriented perpendicularly to the plane of the spin label.
On the other hand, the dominant central region corresponding primarily to
arises from a collection of randomly oriented molecules.

Values of corresponding to alignment of along and of
along the two extreme features in the central region of the EPR spectrum in Fig.
3, differ by only about 15 G at a microwave frequency of 9.45 GHz. Consequently,
microwave power saturation of the central region of the EPR spectrum for ENDOR
results essentially in selection of all molecular orientations, leading to a condition
that we previously termed the isotropic approximation (Wells and Makinen, 1988).
On the other hand, saturating the low-field or the high-field region of the EPR
spectrum, where is oriented perpendicularly to the molecular plane, selects
a single orientation. Orientation selection on the basis of thus allows
discrimination of ENDOR absorption features due to parallel and perpendicular
hf interactions.

2.2. Basis of ENDOR

The physical basis of ENDOR is diagrammatically illustrated in Fig. 4.
ENDOR spectroscopy is performed by saturating the electronic transitions of the
paramagnetic system under high microwave power and sweeping the system
simultaneously with a strong radiofrequency (rf) field through nuclear resonance
transitions. When the frequency of the rf field is scanned and resonance of a nucleus
interacting with the unpaired electron is reached, a forbidden transition involving
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simultaneous electron and nuclear “spin flips” is stimulated, as illustrated in Fig. 4
by diagrams IV and V. The populations of the upper and lower levels are then
“desaturated,” giving rise to increased EPR signal amplitude. Thus, the ENDOR
method is equivalent to detection of nuclear resonance absorption by observing
changes in the absorption intensity of an EPR line.

ENDOR spectroscopy is optimally carried out with paramagnetic probes that
are characterized by relatively long electronic spin-lattice relaxation times
allowing microwave power saturation of the paramagnetic center to be easily
achieved. Since EPR absorption of spin labels can be detected at room temperature,
subsequent lowering of the temperature results in achieving an electronic
spin-lattice relaxation time favorable for ENDOR spectroscopy. ENDOR spectros-
copy provides the most precise method for measuring the strength of electron-nu-
cleus hf interactions; its application results in very high resolving power for
assigning molecular structure. The high resolution of ENDOR spectroscopy is
based on three factors:

• the density of nuclear spectral lines for a multinuclear system is much
smaller for ENDOR than for EPR.

• the resonance absorption lines are much narrower for ENDOR than for EPR.
• the direct interaction of the nucleus with the static magnetic field and the

electron-nucleus hf interaction can be measured separately by ENDOR, but
not by EPR.

Since an ENDOR spectrum is a nuclear resonance spectrum, we must deter-
mine the total field at the nucleus to calculate the transition frequency. If we begin
with the spin Hamiltonian in Eq. (1), it can be shown that the first-order transition
frequencies for a nucleus are given by Eq. (2) where the are the direction cosines
of  in the molecular axis system, is the orientation

dependent value of the hf coupling (hfc), is the nuclear Larmor frequency, is
the electron spin quantum number, and represents the effective g-value defined
by the relation:

In systems of low g anisotropy, we assume the axis of quantization of the unpaired
electron spin to be the direction of the applied field  If the applied field is oriented
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parallel to the principal axis j of the hf tensor A, Eq. (2) is then simplified to that
of Eq. (3) where the

separation of about is called the ENDOR shift. For symmetric separations,
the hfc is thus twice the value of this frequency spacing. Eq. (3) applies to the
condition For some nuclei, the condition may apply; in this
case Eq. (3) becomes In this chapter, we are concerned only with
ENDOR of and for which Eq. (3) applies directly.

Within the strong-field approximation, the observed hfc component A is given
by Eq. (4) as a function of r and

where r is the modulus of the electron-nucleus position vector r and is the angle
between and r. For spin labels the axially symmetric, principal hfc components

and correspond, respectively, to the maximum and minimum ENDOR shifts
that are observed. The principal hfc components due to the dipole-dipole interaction

and correspond to the first term of Eq. (4) for values of and 90°,
respectively. Under conditions:

the traceless dipolar hfc components and can be calculated under the
constraint

2.3. ENDOR of Nitroxyl Spin Labels

2.3.1. Angle-Selected ENDOR of Nitroxyl Spin Labels

2.3.1.1. Theoretical Basis.    The concept of  “angle-selected” ENDOR by mi-
crowave saturation of the turning points in the EPR spectrum yielding single-
crystal-like spectra of molecules in polycrystalline matrices or frozen glassy
solutions was first noted by Rist and Hyde (1970). Following this seminal obser-
vation, Hoffman et al. (1984, 1985, 1989) and Kreilick and coworkers (Hurst et al.,
1985; Henderson et al, 1985; Kim et al, 1995) provided insightful theoretical
analysis of ENDOR spectra of polycrystalline or frozen glassy systems including
arbitrary field settings.

The EPR spectrum of a polycrystalline sample is a superposition of resonances
from randomly oriented molecules; the applied magnetic field takes all possible
orientations with respect to the molecular frame. ENDOR is performed at fixed



ENDOR of Spin Labels 191

magnetic field strength Therefore the ENDOR response from a polycrystalline
sample arises only from the subset of molecules having orientations such that they
contribute to the EPR intensity at However, analysis of ENDOR spectra from
polycrystalline samples requires knowledge of all polar angles that contribute
to fixed resonance fields in the EPR spectrum. The contribution of g and A
anisotropy to the EPR spectrum is well-described by the following equations:

where is the resonant field, , and Angles
and are field orientation parameters in the g-axis system, where represents

the angle between the axis and The solution of Eq. (5) gives the and
values that contribute to the resonance at any field value. When g and A anisotropy
are axial with coincident axes, as occurs to a good, first-order approximation in spin
labels, the dependence in Eqs. 5–8 vanishes and resonant field values depend only
on the angle

To determine structural information by ENDOR, we must (1) identify the
surrounding nuclei contributing to hf interactions and (2) determine the dependence
of  ENDOR spectra on external magnetic field settings with respect to magnetic axes
in the molecule. For nitroxyl spin labels, the component of the matrix is
coincident with the molecular z-axis and perpendicular to the molecular x,y -plane.
Also in spin labels, g anisotropy is very small, A anisotropy is axially symmetric,
and the and A axes are coincident. Therefore applying separately at different
EPR absorption features, namely, along the molecular z-axis and along the x,y-
plane, should provide a means for selecting different molecular orientations for
ENDOR with correspondingly distinguishable hfc components that depend only
on the dipolar angle between the applied magnetic field and the electron nucleus
dipolar vector. Such examples are given in the following section.
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2.3.1.2. Characteristics of ENDOR Spectra of Nitroxyl Spin Labels at Selected
Molecular Orientations. In a system of low g anisotropy, as for nitroxyl spin
labels (Griffith et al., 1965; Capiomont et al., 1974), the observed hf couplings A
are functions of the electron-nucleus separations r and the dipolar angle as given
by Eq. (4). Since remains essentially constant over the range of for a spectral
scan of a nitroxyl spin label, Eq. (4) implies dependence of the value of A on the
angle These relationships are illustrated in Fig. 5 by the series of ENDOR spectra
of compound VI from Fig. 2, a specifically deuteriated form of methyl N -(2,2,5,5-
tetramethy 1-1 -oxypyrrolinyl-3-carbonyl)-L-alanate synthesized to contain only one
hydrogen as the sole source of proton resonance absorption. This is covalently
bonded to in the amino acid (Mustafi et al., 1990b).

When the magnetic field is set to either the low-field or high-field turning point
in the EPR spectrum, a single molecular orientation is selected, such that is
aligned perpendicularly to the oxypyrrolinyl ring. The corresponding observed hfc
is illustrated in the topmost ENDOR spectrum. The subsequent ENDOR spectra
illustrated in descending order correspond to settings, approaching and finally
coinciding with the center of the prominent, central EPR feature. The splitting of
the innermost pair of ENDOR features does not change perceptibly with change in

while the splitting of the outermost pair of features gradually increases and
reaches a maximum value.

The ENDOR splittings in Fig. 5 are readily explained with the aid of Fig. 6.
This latter diagram illustrates schematically the expected pattern of observed
ENDOR splittings as a function of the position of the proton and the orientation of

with respect to the molecular plane. When is aligned parallel to and
therefore, perpendicular to the molecular plane, the hfc component of a proton
located along the symmetry axis or the hfc component of a proton located near
or in the molecular plane are observed. As is set to correspond closer and closer
to an orientation in and finally parallel to the molecular plane, ENDOR absorption
due to the hfc component of a proton in the molecular plane is detected together
with the absorption due to its hfc component. On this basis, if the topmost
ENDOR spectrum in Fig. 5 belongs to an axially located proton, the parallel hfc
component decreases monotonically with respect to both line splitting and intensity,
while the perpendicular hfc component appears and gradually increases in intensity
as is moved toward the central region of the EPR spectrum. However, the
innermost pair of features in Fig. 5 is observed with perpendicular to the
molecular plane; the value of this splitting is independent of the setting. The
observation that the value of this splitting is less than the largest splitting observed
with in the molecular plane, thus, identifies in spin-labeled methyl L-alanate
as lying in or nearly coincident with the plane of the oxypyrrolinyl ring.

The assignment of the principal hfc components of according to Figs. 5 and
6 is confirmed by calculating the field dependence of hf interactions, as illustrated
in Fig. 7. This diagram compares the dependence of the ENDOR shift of
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measured experimentally and calculated according to Eq. (2). When is applied
to at the high-field or low-field edge of the EPR spectrum, the intensity feature
is single-crystal like with ENDOR transitions at As is gradually
shifted from the high-field or low-field edge toward the central region of the EPR
spectrum, a second pair of absorption features is observed for which the ENDOR
shift increases smoothly until a maximum value is reached; the other two features
remain fixed at their originally observed transition frequencies. The maximum
ENDOR shift of the outer pair of resonance features occurs when is applied
within the central feature of the EPR spectrum and is coincident with and

Thus, when the central feature of the EPR spectrum of a nitroxyl spin label is
saturated for ENDOR, both the parallel and perpendicular hfc components of a
proton in the molecular plane arc observed while only the perpendicular hfc
component is observed when the low-field or high-field EPR feature is saturated.
This is explained with the aid of Fig. 8, which shows an EPR-selected orientation
superposed on the hf coordinate system of a proton located in the molecular
x,y -plane of a free radical with low g anisotropy. The surface of the sphere represents
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the isotropic distribution of molecular orientations present in a randomly oriented
sample. When g anisotropy is small compared to the average g value, the maximum
hf interaction energy occurs for a field oriented along the electron-nucleus vector

the minimum occurs when the field is in the plane. For a proton in
the x, y-plane, well-resolved features corresponding to are observed that persist
with an essentially constant ENDOR shift at all values, because on selecting
any value of an orientation set intersects the plane. This relationship is
seen in Figs. 5–7, and it provides the basis for analyzing hf interactions in terms of
nuclear coordinates with respect to the molecular axes of nitroxyl spin labels. In
this manner, as presented in Figs. 5–8, selection of molecular orientation can be
achieved with identification of both principal hfc components.
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2.3.2. Point-Dipole Approximation in Nitroxyl Spin Labels

2.3.2.1. Evaluating Quantitative Limits of Structure Determination by ENDOR.
Structures of molecules determined through ENDOR studies depend on estimates
of electron-nucleus dipolar separations, which are ordinarily calculated on the basis
of Eq. (4). Therefore it is essential to develop an accurate working model of the
spatial distribution of spin angular momentum. Although the spatial part of the wave
function of the unpaired electron spin describes the region of space to which
unpaired spin is localized, calculations to include the integrated wave function are
generally not carried out, and the unpaired electron in the paramagnetic center is
often considered as a point-dipole for purposes of simplification. To justify this
simplification, two important questions must be addressed: How localized in space
is the unpaired electron? and What fraction of the unpaired spin density has been
transferred to nearby atoms through chemical bonds? These questions cannot be
answered uniquely through theoretical calculations; therefore an experimental
approach must be developed to assign the effective position of the unpaired spin.
For certain types of paramagnetic systems, it has been established that the spin
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density of the unpaired electron behaves very closely to that of a point-dipole.
Hutchison and coworkers have shown in ENDOR studies that f-electrons of the
lanthanide ions and exhibit behavior very close to that of a point
magnetic dipole (Hutchison and McKay, 1977; Fields and Hutchison, 1985).
Atherton and Shackleton (1980, 1984) demonstrated through single-crystal EN-
DOR studies that the hf interactions of doped into crystals of

adhere closely to the point-dipole model. For these metal
ions, the traceless dipolar hfc components were shown to exhibit axial symmetry,
as expected for point-dipole interactions.

For purposes of structural analysis, we assess here the quantitative limits of
application of Eq. (4) to nitroxyl spin labels, following the earlier discussion of
Wells and Makinen (1988). Firstly, the accuracy of the strong-field approximation
improves as the g factor anisotropy decreases. Following Hutchison and McKay
(1977), we evaluate the expectation value of the electronic magnetic moment

associated with the unpaired electron of the nitroxyl group by Eq. (9):

where is considered a diagonalized matrix, the quantity is the expectation
value of S, and is the effective value of The two extreme principal values
and of model spin label systems differ by only 0.31%. On this basis, if we apply
g as the average value of and then Eq. (9) reduces to

Secondly, the accuracy of the strong-field approximation increases with in-
creasing r. For a spin system with at 3500 G, the maximum magnetic
field generated by an unpaired electron at an electron-nucleus separation of 5 Å
is This value is small compared to that of the applied laboratory field
and it is less for larger values of r. Correspondingly, the maximum angle between

and the effective field at a nucleus 5 from the nitroxyl group is
for This angle is for or the orientations that give rise to
ENDOR features corresponding to and The ratio of to is even smaller
for larger values of r.

Thirdly, the accuracy of the point-dipole approximation improves with increas-
ing r. For a nucleus at the error in applying the point-dipole approximation
for a nitroxyl group can be evaluated according to McConnell and Strathdee (1959).
For an effective nuclear charge Z ranging from 3.5 to 4.5 and with all of the spin
density localized in a orbital of the nitrogen, deviation of the hfc compo-
nents from values obtained under the point-dipole approximation ranges from 4.9
to 3.0%. The deviation decreases as r increases. Thus, the point-dipole and strong-
field approximations together contribute less than 5% error to estimates of the
principal dipolar hfc components. In view of the dependence of the electron-
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nucleus separation on the hfc component, the effect is to contribute less than 3%
error to estimates of

2.3.2.2. Effective Electronic Dipole Position in the N-O Group. It has been
shown that the unpaired electron of spin labels is almost entirely localized to the
nitroxyl group (Hayat and Silver, 1973; Davis et al., 1975). Since spin density is
distributed over both atoms of the nitroxyl group, the measured dipolar hf interac-
tion of a nearby magnetic nucleus must be viewed as a composite interaction of the
unpaired spin confined individually to the oxygen and the nitrogen atoms. On this
basis, the separate dipolar interactions depend on the interaction of the total spin
density associated with the nitrogen atom and the oxygen atom of the nitroxyl
group. The effective position of the unpaired spin acting as a point dipole through
composite contributions from both the nitrogen and oxygen atoms of the nitroxyl
group can then be represented by the relationship where is
the position vector of the nitrogen atom, is the position vector of the oxygen
atom, and the represent the corresponding fraction of spin density. The distribu-
tion of spin density can be estimated directly from the EPR measured isotropic
nitrogen hf constant of the nitroxyl group according to the relationship

originally derived by Karplus and Fraenkel (1961). Constants
and have values of 24.2 and 3.6 G, respectively (Cohen and Hoffman, 1973).

Based on the value of 14.96 ± 0.05 G estimated from the isotropic hfc of
spin-labeled methyl L-alanate in methanol, values of 0.552 and 0.448 for and

respectively, are calculated.
Since the unpaired electron is distributed over the nitroxyl group, we expect

that the hfc component of the dipole-dipole interaction of a given proton is weighted
according to the spin density distribution associated with the nitrogen and oxygen
atoms of the nitroxyl group. On this basis we can calculate the dipolar coupling
components of the ith class of protons according to Eq. (10):

where is the EPR-determined spin density of the unpaired electron at the jth
nitroxyl  atom, is the angle between the laboratory magnetic field and the i-j
internuclear vector, is the corresponding i-j internuclear distance; the remaining
symbols have their classical definitions.

To establish the effective point-dipole behavior of the nitroxyl group of spin
labels, we chose a simple spin label molecule, namely 2,2,5,5-tetramethyl-l-
oxypyrroline-3-carboxamide, whose atomic structure is well-defined by x-ray
crystallography (Turley and Boer, 1972). By ENDOR we determined both parallel
and perpendicular hfc components of the vinylic proton and of each of the two
carboxamide protons (Mustafi et al., 1991). In Table 1 we compare values of
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for the three protons calculated according to two methods. For Method I, the dipolar
hfc components were calculated as the sum of two separate interactions for each
proton with the spin density assigned to the nucleus of each of the two nitroxyl
atoms. For Method II, the dipolar hfc components were calculated by replacing the

orbital of each nitroxyl atom by a point spin in each lobe. By this method, point
spins are positioned at a separation of 0.66 Å in each lobe of the orbitals of the
nitroxyl atoms, yielding a value of 3.5 for the effective nuclear charge Z for each
nitroxyl atom. Comparing calculated dipolar hfc components with ENDOR-deter-
mined values shows a maximum discrepancy of only 4%, consistent with our
discussion in Sec. 2.3.2.1. While this comparison shows expected agreement
between calculated values and experimental results, this approach requires full
knowledge of the molecular geometry; therefore it cannot be applied ab initio to
determine structure and conformation.

We, therefore, established a geometrical solution for the effective position of
the electronic point-dipole of the nitroxyl group. The effective position of the
electronic point-dipole of the nitroxyl group can be defined as the common
intersection point of spheres of radii r1, r2, and centered, respectively, on the
two carboxamide protons H1 and H2 and the vinylic proton in the oxypyrrolinyl
moiety. For and determined by ENDOR, this common intersection point
should then simultaneously satisfy Eq. (10) for each nucleus relating the value of
its observed hfc component to the electron-nucleus separation. Two intersection
points of the three spheres were identified, as illustrated in Fig. 9. One lies almost
exactly at the midpoint of the N-O bond and deviates less than 0.04 Å from
defined by EPR; this is within experimental uncertainty. The other mathematical
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solution defines a point in space that is not contained within the van der Waals
volume of the spin label and, therefore, does not represent a physically meaningful
result. Since the unpaired electron is localized almost entirely on the nitroxyl group,
the intersection point of the three spheres along the N-O bond represents a
physically meaningful solution for and it defines the effective position of the
electronic point-dipole. This position is precisely 0.569 Å along the N-O bond from
the nitrogen atom for the oxypyrroline spin label in a high-dielectric solvent, such
as methanol. This distance corresponds to a value for of 0.552, precisely identical
to that obtained by estimating the isotropic hfc on the basis of the EPR spectrum
of the molecule in fluid methanol. Since the isotropic hfc of the nitroxyl group
is known to vary according to the polarity of the solvent (Jost and Griffith, 1978),
we estimated the maximum shift of that may occur along the N-O bond in spin
labels of the oxypyrroline type. In toluene, as a representative apolar solvent, the
value of the isotropic hfc is 14.30 G (Mustafi and Joela, 1995). This yields an
effective position at 0.610 Å along the N-O bond from the nitrogen atom, corre-
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sponding to a shift of the point-dipole from its position in a solvent of
high-dielectric constant. Assigning the position of the effective dipole of the
unpaired electron spin along the N-O bond in the oxypyrrolinyl spin label, thus,
provides a reference point defined with high precision from which all ENDOR-
determined electron-nucleus distances can be measured and correspondingly mod-
eled by molecular graphics methods.

2.4. TRIPLE Spectroscopy of Nitroxyl Spin Labels

For purposes of reviewing studies of nitroxyl spin labels based on electron
magnetic resonance methods that are important for structure assignment, we
include here a brief summary of the application of electron-nuclear-nuclear triple
resonance (TRIPLE) spectroscopy. Several monographs and review articles de-
scribe well the theory, instrumentation, and applications of TRIPLE spectroscopy
(Möbius and Biehl, 1979; Möbius and Lubitz, 1987; Kurreck et al., 1988). Conse-
quently they are not discussed here.

The application of TRIPLE spectroscopy to nitroxyl spin labels is limited
because it depends entirely on the presence of a sizable isotropic hfc associated
with the nucleus under study. Isotropic hfc in nitroxyl spin labels are observed only
for nuclei associated with the molecular ring of the spin label, since isotropic
couplings of distant nuclei in attached groups are essentially negligible, as dis-
cussed in the previous section on ENDOR of spin labels. We, therefore, review only
those TRIPLE studies where determining signs of hfc constants confirms
evaluation of ENDOR absorptions of nitroxyl spin labels and where assignment of
molecular structure or rotamer conformation was achieved.

TRIPLE is an extension of the ENDOR method in which two NMR frequencies
are used instead of one. There are two kinds of TRIPLE techniques, known as
special and general TRIPLE. In special TRIPLE, two nuclear transitions belonging
to a set of equivalent nuclei are irradiated in addition to saturating the electron spin
transition with microwave power. Since there are no applications of special TRIPLE
to nitroxyl spin labels, this spectroscopic technique is not discussed here. The
general TRIPLE technique was first introduced by Biehl et al. (1975) for radicals
in solution. The analogous procedure for solid-state samples, called double EN-
DOR, was first performed by Cook and Whiffen (1964). In the general TRIPLE
experiment, transitions of different nuclei are driven simultaneously. One ENDOR
transition is irradiated with saturating rf power at constant frequency. The entire
ENDOR frequency range is then swept to obtain the TRIPLE spectrum. If other
protons or nuclei belong to the same paramagnetic molecule, the TRIPLE spectrum
exhibits redistribution of intensities relative to the ENDOR spectrum.

In the specific example of the nitroxyl spin-label 2,2,5,5-tetramethyl-1 -oxypyr-
roline-3-carboxylic acid in Fig. 10, methyl and vinylic protons associated with the
oxypyrroline ring give rise to transitions. When the high-frequency ENDOR
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transition of the vinylic proton is irradiated, the intensity of the corresponding
low-frequency transition increases. A similar pattern is observed for the methyl
protons. These observations demonstrate that the sign of the isotropic hfc of the
methyl protons and the vinylic proton is the same (Mustafi and Joela, 1995). For
the methyl protons, this was demonstrated to be negative (Kreilick, 1967). This
observation, establishing the sign of the isotropic hfc of the vinylic proton, confirms
the assessment of the sign of of the vinylic proton made earlier in ENDOR
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studies to define the effective dipole position of  the unpaired electron of the nitroxyl
group (Mustafi et al., 1991). It is of interest to note that the value of of the
vinylic proton is temperature-dependent while of the methyl protons is not
(Hyde and Subczynski, 1984). The temperature dependence is due to an out-of-
plane displacement of the vinylic proton (Mustafi and Joela, 1995).

General TRIPLE was also applied to determine signs of hfc constants in
diphenylnitroxide and in a mixed biradical nitroxyl derivative of galvinoxy 1 (Kirste
et al., 1982). In a study by Jenzen et al. (1986) to determine the signs of the hfc of
spin-trap adducts of using TRIPLE, changes in the
magnitude of the measured hfc constants as a function of group substitution and
temperature provided a means of assigning preferred rotamer conformations of
these aminoxyl free radical species.

3. X-RAY STRUCTURE AND CONFORMATION
OF NITROXYL SPIN LABELS

3.1. Molecular Structure of Nitroxyl Spin Labels

For purposes of discussion of ENDOR results, we briefly review the salient
properties of nitroxyl spin labels that are important for spectroscopic and structural
analysis by application of EPR and ENDOR. Although a large variety of nitroxyl
spin labels have been synthesized and employed in biophysical and biochemical
investigations, there are structurally three basic types, dependent on the number of
atoms forming the closed ring into which the nitrogen atom of the nitroxyl group
is incorporated (McConnell and McFarland, 1970; Berliner, 1976; Keana, 1978).
These three categories are compared in Fig. 1. We comment here on the tendency of
each type to exhibit multiple conformations in order to identify species unlikely to be
gainfully employed as spectroscopic probes of molecular structure and function.

While it is probable that the spin label comprised of a four-membered ring in
Fig. 1 is conformationally rigid, only its synthesis was reported (Espie and Rassat,
1971), and there are no studies in which it was employed as a spectroscopic probe.
Oxypiperidinyl spin labels with a six-membered ring are probably the most fre-
quently employed in biophysical studies. However, crystallographic analyses dem-
onstrate that they undergo chair-chair inversion motions (Capiomont, 1972;
Capiomont et al., 1972), which must also occur for the spin label attached to
macromolecules in solution. As we point out later, nitroxyl spin labels exhibiting
multiple conformations in solution are associated with broadening and reduced ampli-
tudes of ENDOR absorption features. These characteristics, thus, render six-membered
spin labels of limited usefulness for ENDOR-based structural analysis.

In contrast to oxypiperidinyl spin labels, where the C(NO)C grouping of atoms
assumes a pyramidal shape and the N-O bond makes an angle of a 17° with the
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C-N-C plane (Berliner, 1970), the C(NO)C moiety is planar in the saturated (Ament
et al., 1973; Lajzerowicz–Bonneteau, 1976) and unsaturated (Boeyens and Kruger,
1970; Turley and Boer, 1972) five-membered spin labels. In the oxypyrrolidine spin
label with a saturated ring, the C(3) atom of the ring is out of the molecular plane, in
contrast to the completely planar structure of the unsaturated, five-membered oxypyr-
roline ring. For the saturated spin label, it is probable that multiple conformations are
associated with the ring, so that alternatively the C(3) or the C(4) atom is out of the
plane and both deviate from the mean plane to a variable extent. Furthermore the
saturated chemical bonding structure of five-membered oxypyrrolidine spin labels,
constrained by the planarity of the C(NO)C group, gives rise to enantiomers with a
chiral center at C(3). Although oxypyrrolidine derivatives are generally synthesized as
racemic mixtures, it was demonstrated that R(+) and S(–) isomers give rise to differen-
tial reactivity with macromolecules (Bauer and Berliner, 1979).

Comparing the ENDOR spectra of the 3-carboxylic acid derivatives of oxypyr-
roline and oxypyrrolidine spin labels in Fig. 11 shows that resonance absorptions
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of protons in the saturated spin label are broader and of diminished amplitude,
characteristic of the presence of multiple conformers (Mustafi et al., 1990c). On
the other hand, resonance features of the oxypyrrolinyl spin label are narrower and
more indicative of a conformationally inflexible molecule. This circumstance is
readily confirmed through our observations that ENDOR splittings of the methyl
and vinylic protons in the oxypyrroline derivative remain invariant when dissolved
in a wide variety of solvents, indicating no or undetectable changes in molecular
structure within the resolution of the resonance absorptions (Mustafi et al., 1991).
Also, as discussed in Sec. 2.3.2.2, defining the effective position of the electronic
point dipole is essentially invariant with solvent polarity, indicating again no change
in molecular structure or conformation of the five-membered ring.

As pointed out earlier by Makinen and Kuo (1983), the five-membered oxypyr-
roline spin label exhibits no chiral centers and retains a completely planar structure.
The invariance of the molecular structure of the five-membered oxypyrrolinyl spin
label was recently demonstrated in an interesting manner through x-ray crystal-
lographic studies (Kasa et al., 1996). In Table 2 bond lengths and bond angles are
compared for five-membered oxypyrrolinyl ring systems with a carboxamide and
a propenamide side chain; the atomic numbering scheme for the ring is shown in
Diagram 2.

Parameters in Table 2 show that the two structures are identical within the
standard deviations of x-ray results. Furthermore, determination of the molecular
structure of 3-(2,2,5,5-tetramethyl-l-oxypyrrolinyl)-2-propenamide in crystals
grown from solutions of ethyl acetate shows that there are three molecules in the
asymmetric unit of the crystal of space group C2/c that exhibit identical structural
parameters within the standard deviations of the x-ray data. Figure 12 gives a
stereo view of one of the molecules in the asymmetric unit. Not only is the N-O
group coincident with the plane of the molecular ring, but the side chain also
exhibits near coplanarity with the oxypyrrolinyl ring. The coplanar structure of
the side chain is in complete agreement with the assessment of ENDOR
absorptions of olefinic and carboxamide hydrogens (Kasa and Makinen, 1996,
unpublished observations).
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3.2. Molecular Modeling of Nitroxyl Spin Labels

Since x-ray defined coordinates are not available for spin-labeled systems
subjected to ENDOR structural analysis, it is necessary to generate their atomic
coordinates through computer-based methods for assigning structure and confor-
mation on the basis of ENDOR distance constraints. In these studies we applied
general principles of structural chemistry to generate suitable molecular models for
ENDOR data analysis, and through this experience we developed useful guidelines
for applying this approach to a wide range of molecules. All of these studies
employed the five-membered oxypyrrolinyl nucleus as the structural probe; models
were constructed on the basis of x-ray defined molecular fragments.

Since a number of our ENDOR studies are based on using derivatives of
N-acylated amino acids, we employed the acyl moiety of the x-ray defined structure
of 2,2,5,5-tetramethyl-l-oxypyrroline-3-carboxamide (Turley and Boer, 1972) as
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a molecular fragment for modeling (Mustafi et al., 1990b,c; Wells et al., 1990; Joela
et al., 1991). With respect to the atomic numbering scheme of the oxypyrroline ring
shown previously, molecular models of N-acylated amino acids were constructed
initially by least-squares superpositioning the C(3), C(6), O(2), and N(2) atoms of
the carboxamide side chain of the spin label onto the C, O, and peptide N of a
dipeptide containing the desired amino acid as the C-terminal portion. For these
four spin label atoms, this approach resulted in root-mean-square deviations of
0.032 and 0.012 Å from the corresponding atoms of L-alanyl-O-N-dimethyl-L-ty-
rosinyl-L-alanate (Bates et al., 1979) and methyl N -acetyl-L-tryptophanate (Cotrait
and Barrans, 1974), respectively. While the superpositioning is adequately close
and yields sterically acceptable assignments of conformation, this method led to
difficulties for spin-labeled L-phenylalanine derivatives because the bond
length in the peptide was not equivalent to the C(3)-C(6) bond length in the
spin-labeled carboxamide (Joela et al., 1991). Since this approach overlooks the
subtle differences in chemical-bonding structure between a carboxamide group and
a peptide bond, in that study we developed the method illustrated in Fig. 13. We,
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therefore, describe the general principles in Fig. 13 that should be applied in
constructing the model with use of molecular graphics methods. Figure 13 specifi-
cally illustrates generating atomic coordinates of spin-labeled penicillin for which
ENDOR results are described later.

In Fig. 13 bond lengths and valence angles of individual fragments are
preserved, so the resulting model resembles more closely that expected according
to its chemical bonding structure. For instance, as illustrated in Fig. 13, the
C(3)-C(6) bond length and the valence angles around C(3) are preserved, as are the
C(6)-O(2) bond length and the valence angles around C(6) in the spin-labeled
compound. The C(6) and O(2) atoms of the spin-labeled carboxamide are first
superpositioned onto the C(15) and O(16) atoms of the pseudo-peptide linkage of
amoxycillin (Boles et al., 1978). Then the C(6)-C(3) and C(6)-N(2) bond vectors
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of the spin label fragment are brought into coincidence with the C(15)-C(17) and
C(15)-N(14) bond vectors of the penicillin molecule, respectively, thereby joining
the two fragments with stereochemical parameters that closely reflect the chemical-
bonding structure of the spin-labeled penicillin molecule. We calculate positions of
hydrogen atoms according to idealized bond length and geometry (Coppens, 1967),
but we prefer to employ atomic coordinates of x-ray defined molecules for nonhy-
drogen atoms rather than derive them on the basis of idealized bond lengths and
bond angles. Through use of highly refined, atomic coordinates of x-ray defined
molecules, we conclude that the least amount of bias is subsequently associated
with assignment of resultant conformations derived through torsion angle
calculations constrained by the ENDOR determined electron-nucleus dipolar
distances.

Beginning with the atomic coordinates of the molecular model obtained, as
previously described by joining molecular fragments, the conformation of the
molecule is then assigned on the basis of torsion angle search calculations
constrained by ENDOR-determined electron-nucleus distances. In our labora-
tory we found that the SEARCH option contained within the program package
SYBYL* is ideal for analysis of molecular structure and conformation. The
calculation involves a systematic conformational analysis by checking first for van
der Waals contacts around all rotatable bonds. Within the sterically accessible
conformational space, torsional angle search calculations are then carried out to
identify which conformers accommodate the specified ENDOR distance con-
straints and their respective linewidth-determined uncertainties. A check is then
made to ensure that the conformer geometrically satisfying the distance constraints
is compatible spectroscopically with the observed pattern of ENDOR shifts and
their dependence on

As may be expected, the choice of parameters for defining van der Waals
contact radii is important, and we have tested two different models to examine
which best reproduce x-ray results. For this study we compared van der Waals radii
described by Iijima et al. (1987) for amino acids and peptides, in which, covalent
hydrogens are explicit, to van der Waals radii of Bondi( 1964), in which heavy atom
radii are spherically expanded to account for covalent hydrogens (Joela et al., 1991).
With respect to the x-ray structure of 2,2,5,5-tetramethyl-1 -oxypyrroline-3-carbox-
amide (Turley and Boer, 1972), use of the van der Waals radii of Bondi (1964)
resulted in a two-fold degeneracy of the conformation of the molecule so that the
tilt of the plane of the carboxamide group with respect to the plane of the
oxypyrrolinyl ring, as defined by the torsion angle, was
–45° or +20°. Applying the parameters of Iijima et al. (1987) yielded only one

*Further details about this program package can be obtained from Tripos Associates, Inc., 1600 S. Hanley
Road, St. Louis, Missouri 63144.
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conformation with a value of –39° for the torsion angle. The value of the torsion
angle calculated on the basis of the atomic coordinates is –31°. On this basis we
preferred to apply the parameters of Iijima et al. (1987) to assign molecular
conformation on the basis of ENDOR-determined electron-nucleus distance con-
straints. In the case of bonds within the molecule that are not rotated during the
calculation and have no direct influence in determining conformation, such as the
C-C bonds of the four methyl groups to the C(2) and C(5) atoms of the oxypyrrolinyl
ring, hydrogens are assigned to idealized staggered conformations with respect to
their [H-C-C(2)-C(3)] or [H-C-C(5)-C(4)] torsional angles.

It should be noted that the assignment of molecular conformation, as defined
on the basis of ENDOR-constrained torsional angle search calculations, yields
calculated conformers that accommodate electron-to-nucleus distances for hard-
sphere interactions only and are not based on minimization of the potential energy.
Although we have not been necessitated to apply potential energy minimization
methods in our studies thus far, such computational methods may be useful for
further refinement if multiple conformers satisfy ENDOR distance constraints. For
spin-labeled methyl L-tryptophanate (Wells et al., 1990), direct inspection of
relevant dehedral angle relationships ruled out as unlikely one of the conformers of
the side chain satisfying distance constraints because the resultant torsion angle
yielded an orientation of the side chain in an eclipsed conformation. This inspection
in principle constituted the equivalent of a potential energy calculation, albeit
carried out on the basis of visual inspection of the molecule by molecular graphics
display. These results are further described in Sec. 4.1.2.

In our studies of methyl esters of spin-labeled amino acids, we noted that the
average electron-to-(ester methyl) proton distance constraint is not a sensitive index
of conformation of the group (Mustafi et al., 1990a; Wells et al., 1990;
Joela et al., 1991) due to both the experimental uncertainty associated with the
corresponding distance and the circumstance that rotation around the carboxylate
C-O bond results in the electron-to-nucleus probe vector describing a cone with a
small apical angle. In this terminal region of the molecule, there are no steric
constraints to rotation around the ester C-O bond. This situation may also be one
where potential energy minimization more adequately assigns the lowest energy
conformation of the group that satisfies the electron-to-(methyl) proton
distance constraint.

As further studies are carried out to analyze molecular structure and conforma-
tion on the basis of ENDOR distance constraints, it is likely that potential energy
minimization methods will be useful for further refinement of the approach.
However, since no published force field parameters for the spin-label moiety exist
for such calculations, it will be necessary to develop and refine them first against
structural and spectroscopic data.
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4. STRUCTURE AND CONFORMATION OF SPIN-LABELED
MOLECULES BY ENDOR

4.1. Spin-Labeled Amino Acids

From ENDOR studies of molecules in frozen solutions, the molecular struc-
tures and conformations of several spin-labeled amino acid derivatives have been
reported from this laboratory, including L-alanine (Mustafi et al., 1990b), L-trypto-
phan (Wells et al., 1990), and L-phenylalanine (Joela et al., 1991) acylated at the
amino nitrogen position with the nitroxyl spin label 2,2,5,5-tetramethyl-1 -oxypyr-
roline-3-carboxylic acid. In these studies resonance assignments were made on the
basis of site-specific deuteriation or by use of fluorine substituted analogs. To
demonstrate the precision of determining molecular structure and conformation of
molecules in frozen solutions by ENDOR, we discuss particular aspects of each
spin-labeled amino acid to illustrate the unique structural information that can be
obtained.

4.1.1. Planarity of the Peptide Bond

In Fig. 2 we compared the series of specifically deuteriated analogs of
spin-labeled methyl L-alanate synthesized to assign resonance features (Mustafi et
al., 1990b). Figure 14 illustrates spectra showing that resonance features of in
the pseudo-peptide bond are readily identified through exchange with solvent
deuterons, in this instance, from As discussed with respect to Figs.
5-7, the resonance features of correspond to principal hfc components. Simi-
larly the features for were also shown to correspond to principal hfc components.
While the assignment of resonance features belonging to an exchangeable proton
is readily accomplished, comparing spectra in Fig. 15 illustrates the need to identify
specific resonance features of each class of protons by using site-specifically
deuteriated analogs. In this comparison with  set to the central feature of the EPR
spectrum, both the perpendicular hfc component and the parallel hfc component of
each class of protons are identified, as discussed in Sec. 2.3. Spectra in Fig. 15
exhibit two sets of resonance features that are resolved for the  protons.
One set was assigned to a single proton, the other set to the geometric mean of the
other two protons. Also, for the ester methyl protons, only one set of
resonance features was observed; therefore, it was assigned to the geometrically
averaged position of the three methyl protons of the ester group. In Table 3 the
observed principal hfc components of each class of protons of spin-labeled methyl
L-alanate are listed with estimates of values and corresponding values of r
calculated on the basis of the dipolar equation. The results show that the isotropic
hfc component is essentially negligible, as expected for protons at a distance greater
than 5 Å from the nitroxyl group. The results also show that very small uncertainties
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in r arise because of the high resolution of ENDOR spectra and relatively narrow
linewidths of resonance features.

To assign the conformation of a molecule, a torsional angle search calculation
is carried out, as described above (cf., Sec. 3.2.), to identify conformational space
within nonbonded, hard-sphere limits (Iijima et al., 1987; Naruto et al., 1985)
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compatible with ENDOR-determined electron-nucleus dipolar distances and their
respective uncertainties. The results of such a calculation for spin-labeled methyl
L-alanate to define the planarity of the pseudo-peptide bond are represented by the
angle map in Fig. 16. We discuss these results as a function of the number of
ENDOR-determined distance constraints applied. The low-density dots represent
conformational space allowed only by nonbonded van der Waals interactions. The
small region of high-density dots represents the conformational space compatible
with nonbonded van der Waals limits and distance constraints only to and



ENDOR of Spin Labels 215

Applying the distance constraint to does not significantly change the volume
of conformational space calculated for and constraints alone. On the other
hand, adding the fourth distance constraint of to the geometrically
averaged position of the other two protons listed in Table 3 sharply
reduced the allowed conformational space to almost a single point represented by
the white dot within the volume of high-density dots.

Simultaneous application of distance constraints to and limited the
dihedral angle to values between 171° and 201°, as seen in Fig.

16. This dihedral angle in spin-labeled methyl L-alanate is analogous to the dihedral
angle which defines the planarity of the peptide bond in protein structure analysis
(cf., Schulz and Schirmer, 1979). Further application of distance constraints to the

protons of the alanine side chain restricts the value of this dihedral angle
in good agreement with that of a trans peptide bond expected through

x-ray studies of a variety of simple peptides. (A cis conformation of the peptide
bond joining the spin-label moiety to alanine is incompatible with the ENDOR -
determined distance constraint of  to   alone.) Similar ENDOR
studies of spin-labeled derivatives of L-tryptophan and L-phenylalanine demon-
strated that the pseudo-peptide bond in these compounds also retains a planar trans
structure. Furthermore, the dihedral angle | retains a value of

in each of these spin-labeled amino acids, essentially identical to that (–31 °)
of 2,2,5,5-tetramethyl-l-oxypyrroline-3-carboxamide in crystals (Turley and
Boer, 1972). This particular structural detail is probably due to the tendency of

between the carbonyl group in the peptide bond with the olefinic
bond in the oxypyrrolinyl ring.

4.1.2. Conformation of Aromatic Side Chains

The conformational properties of aromatic side chains in amino acids and
peptides are not well-defined by NMR for oligopeptides in solution. While the value
of the dihedral angle of the side chain measuring rotation around the bond
can generally be estimated on the basis of NMR data, it is often not feasible to
assign the value of  the  dihedral angle for rotation around the bond, because
it is difficult to assign the individual proton resonances of the group of the
side chain.

While ENDOR spectra of spin-labeled methyl L-tryptophanate and of the
corresponding  fluoro- and fluoro-tryptophanate analogs exhibit well-re-
solved resonance features readily assigned to and ester methyl
protons, the resonance features of protons in the aromatic ring are broad and
overlapping (Wells et al., 1990). However, the conformation of the side chain can
be readily determined on the basis of the hf interaction of the nitroxyl group with
fluorine substituents in the indole ring. Figure 17 illustrates proton and fluorine
ENDOR spectra of spin-labeled methyl -fluoro-tryptophanate in two different
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solvent systems. On the right-hand side, only the ENDOR spectra are compared
for the molecule in methanol as a polar solvent and in chloroform/toluene as an
aprotic, nonpolar solvent. In the upper panel, the broad ENDOR features,
labeled for the molecule in methanol, exhibit splittings identical with those in
chloroform/toluene but of diminished peak-to-peak amplitude. However, a second
set of resonance features, labeled and , acquire greater amplitude in methanol
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and are essentially absent for the spin-labeled molecule in chloroform/toluene.
These results indicate the presence of an equilibrium between two conformers
differing in their electron-fluorine separations that is influenced by the dielectric
constant of the solvent. In Table 4, the values of electron-nuclear distances for these
two conformers are compared. In the solvent of low dielectric constant, only the
conformer with the shorter electron-fluorine distance is detectable. In methanol
both conformers exist in equilibrium.

The atomic numbering scheme of spin-labeled methyl tryptophanate is shown
in Diagram 3 for purposes of discussion. Results of the conformational analysis
based on ENDOR-determined values of r in Table 4 are illustrated in Fig. 18. As
seen in Figure 18, the distance constraints for the molecule in chloroform/toluene
limit the number of ENDOR compatible conformations to a very small range,
resulting in a nearly unique conformation of the amino acid side chain with respect
to the nitroxyl group of the spin label. This corresponds to the top-most conformer
in Fig. 18, and the distance constraints defining this structure are labeled closed in
Table 4. This conformer is also detected in methanol as evidenced by the spectra in
Fig. 17. The set of distance constraints labeled extended in Table 4 corresponds to
the second set of resonances for the molecule in methanol. Two families of
conformers are illustrated by the central and bottom-most structures in Fig. 18 that
satisfy the extended distance constraints in Table 4. This set of values for r is
observed for the spin-labeled amino acid only in a solvent of high dielectric
constant.

The conformation of the side chain of tryptophan is defined on the basis of two
dihedral angles and Torsion angle search
calculations show that conformers for each of the three families in Fig. 18 are
clustered around the value of corresponding to a rotamer;

and rotamers are incompatible with
ENDOR data. In Fig. 18 Newman projections correspond to The top and bottom
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conformers belong to the classical antiperpendicular and perpendicular
rotamers, respectively. The structure in the middle of Fig. 18 corresponds to a nearly
eclipsed conformation with therefore it is expected to be associated with
higher potential energy. Its relative population estimated on the basis of electrostatic
dipole-dipole interactions is less than 2% under the solvent and temperature
conditions used to prepare spin-labeled tryptophan for spectroscopy (Wells et al.,
1990). We consequently conclude that this nearly eclipsed conformer satisfies
geometric distance constraints by calculation, but it does not represent a molecular
species that accounts for the observed ENDOR absorption features in Fig. 17.
Furthermore, we point out that the conformer corresponding to the structure
at the bottom of Fig. 18, defined by ENDOR distance constraints for the extended
conformer of spin-labeled methyl L-tryptophanate in a polar solvent, is virtually
identical to the x-ray defined structure of methyl N-acetyl L-tryptophanate crystal-
lized from methanol (Cotrait and Barrans, 1974).

For spin-labeled L-phenylalanine and methyl L-phenylalanate, the conforma-
tion of the side chain was similarly assigned by using fluorine-substituted analogs
(Joela et al., 1991). Results of conformational search calculations are compared in
Fig. 19 for this amino acid. While regions corresponding to and conformers
are sterically allowed for both perpendicular and antiperpendicular conformations
of an ortho-fluoro-phenyl side chain, electron-proton distance constraints restrict
accessible conformational space to only the . Adding the
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distance constraint did not alter results, whereas the distance constraint to limits
the accessible space to the classical rotamer with an antiperpendicular orientation
of the ortho-fluoro-phenyl ring in both polar and apolar solvents. The structural
similarity of spin-labeled methyl L-phenylalanate to that of methyl L-tryptophanate
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is illustrated in Fig. 20. Results of electrostatic dipole-dipole calculations show that
the – orientation of the side chain is energetically favored
over the + orientation and that 90% of the molecules exhibit this conformation
(Joela et al., 1991).

4.1.3. Spin-Labeled Penicillin—an Amino Acid Like System

While spin-labeled esters of L-tryptophan and L-phenylalanine proved to be
kinetically specific substrate probes of ' '  as discussed below in Sec.
5, we found that a similarly spin-labeled derivative of 6-aminopenicillin is as
kinetically specific and catalytically reactive towards the enzyme   as is
the classical substrate benzylpenicillin (Mustafi and Makinen, 1995). This
spin-labeled derivative provided a sensitive structural probe not only of the enzyme-
catalyzed reaction but also of the solvolytic reaction that the free group
undergoes in solution.

The atomic numbering scheme for spin-labeled penicillin given in Fig. 13
preserves the classical atomic numbering scheme of the fused thiazolidine ring
system of penicillins. While assigning resonance features for H(14) and H(6) was
critical for applying distance constraints to determine conformation, this aspect is
essentially identical to that for and of spin-labeled amino acids. Conse-
quently we summarize only the spectroscopic results in Table 5, and we emphasize
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in our discussion that ENDOR investigations have revealed the probable mecha-
nism of hydrolysis of the group in solution.

Important ENDOR absorptions are identified in Fig. 21, where spectra of
spin-labeled penicillin in neat methanol are compared to that of the molecule in an
aprotic ternary solvent system to which methanol was added in 1 :1 stoichiometry.
Both principal hfc components for H(14) and H(6), labeled and
respectively, were assigned directly from the spectra. Two line pairs are present in
the middle spectrum that are not seen in the top spectrum, and these are assigned
to the parallel and perpendicular hfc components of the hydroxyl proton of the
methanol molecule on the basis of the dependence of spectra on setting and
solvent isotope composition. Despite line broadening with loss of resolution in
spectrum C due to the presence of methanol as bulk solvent, it is clear that all
ENDOR features observed in spectrum B are also evident in spectrum C. The sharp
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resonance features in spectrum B, thus, indicate the presence of a methanol OH
group tightly bound to the spin-labeled penicillin. In Table 5, the principal hfc
components of the hydroxyl proton of the bound methanol molecule and its
respective dipolar distance are also summarized.

The conformer of the spin-labeled penicillin molecule assigned on the basis of
ENDOR-determined values of r in Table 5 and on the basis of molecular modeling
(Mustafi and Makinen, 1995) proved to be essentially identical to the x-ray defined
structure of amoxycillin trihydrate (Boles et al., 1978). Since hydrogen bonding is
the most likely basis for tight binding of the methanol molecule, the only group of
hydrogen bonding potential satisfying these structural constraints is the -NH- of
the pseudo-peptide bond. The location of the hydrogen-bonded methanol identified
in spectrum B of Fig. 21 is illustrated in Fig. 22. The main spectroscopic criteria
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and the pattern of resonance features indicating that the OH group is essentially in
or very close to the plane of the oxypyrrolinyl ring. As Fig. 22 shows, the hydroxyl
group of the methanol molecule hydrogen bonded to the amide group of the
spin-labeled penicillin molecule satisfies these requirements, and it is accommo-
dated sterically by the solvent accessible surface. The ENDOR data are not
compatible with hydrogen bonding of the methanol molecule to the O(8)
alone, to the carbonyl O and the amide -NH- group simultaneously, or to
the carbonyl O(16) atom alone (cf., Fig. 13). This position of the methanol OH
group overlaps with a similarly hydrogen-bonded water molecule in the crystal
structure of amoxycillin trihydrate (Boles et al., 1978). The other two water
molecules from that structure shown in Fig. 22 illustrate that they can form a
hydrogen-bonded network that can catalyze polarization of the solvent OH bond
in solvolysis of the group by a general base-catalyzed mechanism.

An interesting contradiction concerning the reactivity of the group,
originally pointed out by R. B. Woodward, is that “exo” attack, while sterically
preferred, is not stereoelectronically allowed while “endo” attack, as the stereoelec-
tronically favored approach, is sterically hindered (Benner, 1988). As Fig. 22 shows,
the hydroxyl group of the methanol molecule is located on the endo, or concave
side of the fused ring. Nucleophilic attack on the group
from the endo side is viewed as sterically incompatible for the reaction to proceed
(Page, 1987; Sinnott, 1988). However, nucleophilic attack from the endo side is
favored on the basis of stereoelectronic grounds; i.e., the incoming nucleophile is
antiperiplanar to the lone pair orbital of the N atom (Kirby, 1983;
Deslongchamps, 1983), as Diagram 4 illustrates.

On the basis of molecular modeling studies, the ENDOR-defined methanol
molecule can become a nucleophile from its hydrogen-bonded position on the endo
surface of the penicillin moiety to form the tetrahedral adduct (Mustafi and
Makinen, 1995). Detecting a hydrogen-bonded methanol molecule (see Fig. 21)
coupled with structural data defining the path of approach of nucleophilic O •  •    •

interactions (Bürgi et al., 1974a,b), thus, provides strong arguments against
the assumption that the endo side of the fused  ring is too sterically crowded
for chemistry.



ENDOR of Spin Labels 225

4.2. Other Spin Label Derivatives

4.2.1. Parent Spin Labels

Although ENDOR spectroscopy was applied to nitroxyl spin labels in solution
by Leniart et al. (1970) over 25 years ago, until recently ENDOR studies of nitroxyl
spin labels were limited mainly to characterizing electronic and structural proper-
ties of five- or six-membered spin labels only. A single-crystal ENDOR study of a
saturated, six-membered spin label was reported by Ohzekl et al. (1982). Values of
the principal hfc components and direction cosines of protons in the spin label
moiety and of the nitroxyl nitrogen atom were assigned from this study. Brustolon
et al. (1985) and Kotake et al. (1985) reported ENDOR studies of nitroxyl spin
labels, including both the five-membered and six-membered ring in polycrystalline
materials or disordered matrices. From these studies, they reported hfc components
of ring protons in spin labels. However, these studies were not carried out with
site-specific deuteriation to assign the chemical origins of observed resonance
features.

From this laboratory ENDOR studies of parent nitroxyl spin labels including
3-carbox amide, 3-carboxylic acid, and 3-formaldehyde derivatives of  2,2,5,5-tetra-
methyl-1-oxypyrroline were reported. Unambiguous assignments of principal hfc
components for the vinylic proton and the methyl protons in the oxypyrrolinyl ring
were made on the basis of selectively deuteriated spin label analogs (Mustafi et al.,
1990c; Mustafi and Makinen, 1992). ENDOR features of the formaldehyde proton
and the exchangeable carboxylic acid proton and carboxamide protons were
assigned, and their electron-proton dipolar distances were determined. For the
3-formaldehyde and 3-carboxylic acid derivatives, ENDOR results indicate that the

torsion angle defining side chain conformation was 180°
which is in agreement with the x-ray defined structure of the 3-carboxylic

acid derivative (Boeyens and Kruger, 1970). As noted earlier (Sec. 3.2), the
ENDOR-defined conformation of the 3-carboxamide side chain is also in good
agreement with x-ray results.

4.2.2. Oxypyrrolinyl Spin Labels with Extended Side Chains

Molecular structures and conformations of oxypyrrolinyl derivatives with
conjugated polyene side chains having acid, ester, alcohol, and aldehyde function-
alities were determined by ENDOR spectroscopy and molecular modeling (Mustafi
et al., 1993a,b). We review here special aspects of these studies to illustrate the
intricate structural detail that can be achieved through ENDOR spectroscopy.

Figure 23 compares the proton ENDOR spectra of 5-(2,2,5,5-tetramethyl-l-
oxypyrrolinyl)-2,4-pentadienoic acid and the corresponding spin-labeled pentadi-
enal. Table 6 lists values of principal hfc components and electron proton
separations for each type of proton in these two compounds. While resonance



226 Makinen et al.

features corresponding to and components for and for the acid
and the aldehyde derivatives as well as the aldehydic proton  of pentadienal were
assigned from spectra like those in Fig. 23 on the basis of site-specific deuteriation,
resonance features for are assigned on the basis of spectra of the pentadi-
enoic acid derivative in an aprotic solvent system. Because of the spectral resolution
achieved with use of selectively deuteriated analogs, uncertainties associated with
values of  r were less than 2% for electron-proton distances over a 4.9-10.3 Å range.
It was shown that only a completely planar trans structure of the side chain is fully
compatible with all of the ENDOR-determined distances (Mustafi et al., 1993a).
Furthermore, ENDOR-determined values of r to and protons are
compatible only with an s-trans conformation for the terminal group of
pentadienal and with an s-cis conformation for the group of the pentadienoic
acid. Figure 24 compares the ENDOR-constrained conformation of spin-labeled
pentadienal to an ideal fully planar, all trans, s-trans structure. In the ENDOR-
constrained structure of the pentadienal in Fig. 24, the side chain deviates
from the plane of the oxypyrrolinyl ring, the deviation beginning at the atom.

For spin-labeled derivatives containing conjugated aldehyde, acid, and ester
groups, the single preferred conformation of the side chain is explained in terms of
its extended resonance structure. The ENDOR spectra of 3-(2,2,5,5-tetramethyl-
1-oxypyrrolinyl)-2-propen-1-ol, on the other hand, show multiple conformers of
the terminal _ group (Mustafi et al., 1993b). Since the terminal carbon atom
is not and rotation around the terminal bond is not restricted
as in conjugated systems, multiple conformers are not unexpected. This is directly
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confirmed by analyzing ENDOR spectra. The ENDOR spectra of spin-labeled
propenol in Fig. 25 show at least two sets of hfc components for the hydroxyl
protons labeled and

By using a specifically deuteriated, enantiomorphically pure analog synthe-
sized enzymatically as R-CHDOH (Mustafi et al., 1993b), two sets of principal hfc
components for can be identified. On the other hand, in the bottom spectrum of
Fig. 25, two well-resolved, sharper features are evident that belong to the principal
hfc components of the carboxylic acid proton of the spin-labeled propenoic acid.
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These sharp resonance absorptions indicate a single conformation of the spin-
labeled propenoic acid molecule.

The conformers identified for the terminal group are illustrated in
the form of Newman diagrams in Figure 26. The ENDOR data yield two rotamers
around the bond in the upper diagram of Fig. 26. The predominant conformer
is staggered with a value of –115° for the dihedral angle The
second conformer is almost totally eclipsed; it is therefore, expected to be of low
population. Rotamers defined by ENDOR with respect to the bond are
illustrated in the lower diagram of Fig. 26. In this figure the conformation of the
hydroxyl group is either gauche or trans with respect to the atom.
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5. INTERMEDIATES OF ENZYME-CATALYZED REACTIONS

5.1. Methods of Stabilizing Reaction Intermediates

Enzyme-catalyzed reactions occur via the sequential formation of a series of
intermediates illustrated by Eq. (11) for a one-substrate reaction.

In this scheme ES represents the initial collision (Michaelis) complex; EP, the
enzyme-product complex, and and are intermediates of the reaction. To
understand the molecular basis of enzyme function, we must determine (1) kinetic
and thermodynamic parameters governing each step; (2) structures of reaction
intermediates, the free enzyme, and the free substrate and products; and (3) the
time-dependent atomic rearrangements involving the enzyme and substrate. While
a variety of pre-steady-state and steady-state methods can be applied to estimate
kinetic rate constants and equilibrium binding constants, the main obstacle to
achieving goals (2) and (3) stems from the rapidity of enzyme catalytic action itself,
for ordinarily intermediates of enzyme catalyzed reactions are short-lived and
inaccessible to three-dimensional structure analysis. Consequently enzyme mecha-
nisms are generally inferred on the basis of x-ray determined structures of enzyme-
inhibitor complexes or on the basis of x-ray structures of enzyme-substrate
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complexes formed under such conditions as low pH, in which the enzyme is
inactive. Since non-productive structural relationships between the enzyme and
inhibitor or the enzyme and a sluggish substrate are responsible for the long-term
stability of such complexes, the observed relationships revealed by such x-ray
crystallographic studies cannot correspond entirely to those required for the cata-
lytic conversion of substrate to product. For these reasons, we must find methods
for determining structures of true catalytically competent intermediates of enzyme-
catalyzed reactions.

It has been appreciated for some time that methods of three-dimensional
structure analysis coupled with cryoenzymology can provide a means of determin-
ing molecular structures of true intermediates of enzyme-catalyzed reactions
(Makinen and Fink, 1977; Douzou, 1977; Cartwright and Fink, 1981). Cryoenzy-
mology is a methodology for kinetically isolating an enzyme reaction intermediate
by using fluid cryosolvents and subzero temperatures; it is based on the fact that
different steps in the overall reaction, such as that depicted in Eq. (11), usually have
kinetically distinguishable rate constants and activation barriers. In general, at
suitably low temperatures in fluid, organic-aqueous cosolvent mixtures, an inter-
mediate can be accumulated for which In favorable cases concen-
trations of such isolated intermediates may be stoichiometric with added enzyme,
much greater than attainable, for instance, by rapid-mixing methods followed by
freeze-quenching. Also, depending on the enthalpy of activation, the half-life of
such intermediates can be increased from milliseconds at ambient, room tempera-
ture to hours in the –40° to –80° C range.

The choice of methodology for structural analysis of reaction intermediates is
not straightforward however. Under subzero temperature conditions, cryosolvent
mixtures acquire high viscosities, which limit their usefulness. The diffusion of
substrates through solvent channels of protein crystals, already the rate-limiting
process for crystals of the dimensions required for x-ray analysis (Makinen and
Fink, 1977), becomes even slower. To circumvent the problem of viscosity and the
rate-limiting diffusion of ligands, time-resolved crystallography has been applied
to enzymes with catalytically inert, photocleavable ligands bound in the active site
which are converted to catalytically reactive species upon photoactivation (Hajdu
et al., 1988; Moffat, 1989; Duke et al., 1994). While this method still holds
considerable promise for the future, studies carried out thus far, namely, formation
of heptulose 2-phosphate by phosphorylase b (Hajdu et al., 1988; Duke et al., 1992),
hydrolysis of  GTP by ras p21 (Schlichting et al., 1990; Scheidig et al., 1992), and
photochemical deacylation of a cinnamyl derivative of (Stoddard
et al., 1991), yield data at relatively low resolution that lack the precision of
structural detail to define catalytic events.

The high viscosity of cryosolvents at low temperatures also limits application
of NMR methods to characterize enzyme reaction intermediates in solution, since
the linewidth of resonances is determined by the correlation time of the macromole-
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cule. A means of circumventing the problem of short lifetimes of reaction interme-
diates is to freeze-quench the reaction mixture in aerosolized droplets for structural
characterization by solid-state NMR. While hitherto only preliminary studies have
been published demonstrating the feasibility of the method (Evans et al., 1993),
this approach holds promise since there is no upper limit on the molecular weight
of the enzyme as there is for NMR of macromolecules in fluid solutions. Another
method based on nuclear magnetic resonance involves rotational-echo double
resonance spectroscopy (Gullion and Schaefer, 1989; Jarvie et al., 1996), which is
similarly applied to solid-state samples and could be used to characterize enzyme
reaction intermediates in frozen droplets.

5.2. Structural Characterization of True Intermediates of Enzyme-
Catalyzed Reactions by ENDOR

5.2.1.

Since hydrolysis of ester and peptide substrates by involves
formation of an acylenzyme, it is expected that a tetrahedral adduct with the side
chain of Ser-195 and the substrate is formed along the reaction pathway. Conse-
quently, aldehydes form tightly bound complexes with serine proteases and are
considered transition-state inhibitor analogs according to reaction Diagram 5
(Wolfenden, 1976). Jiang et al. (1998) synthesized the spin-labeled transition-state
inh ib i to r analog N-(2,2,5,5-tetramethyl-1-oxypyrrolinyl-3-carbonyl)-L-pheny-
lalaninal. The spin-labeled aldehyde displayed pure competitive inhibition with a

at pH 7; thus it is a tighter binding inhibitor analog than the
N-benzoyl  and N-acetyl-L-phenylalaninal
inhibitors employed in NMR studies by others (Chen et al., 1979).

Table 7 summarizes ENDOR-determined hfc components and estimates of
electron-nucleus dipolar distances for a tetrahedral methanol adduct of the transi-
tion-state inhibitor analog in solution and for the inhibitor bound in the active site
of   Figure 27 provides a stereoview of the inhibitor modeled into
the active site of according to ENDOR distance constraints; this
is similar to our study of the acylenzyme reaction intermediate formed with
spin-labeled methyl L-tryptophanate, whose description follows (Wells et al.,
1994). Conformation of the enzyme-bound inhibitor was assigned on the basis of
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the three electron-to-nucleus distances in Table 7 and the requirement, according
to the observed coupling of the analog, that the nucleus
lie in, or be positioned very close to, the plane of the oxypyrrolinyl ring. According
to these constraints, only an S configuration of the hemiacetal adduct of the
aldehyde group with the nucleophilic of Ser-195 can be accommodated by
ENDOR data (Jiang et al., 1998). That the torsional angle relationships for in
the enzyme bound spin-labeled L-phenylalaninal were comparable to those illus-
trated by the middle Newman diagram in Fig. 18 and are similar to those found for
the spin-labeled tryptophanyl acylenzyme reaction intermediate.

It was also demonstrated that when free in solution, the transition-state analog
formed a hemiacetal adduct with solvent water; in neat methanol, it formed an
adduct chemically analogous to that with the side chain of Ser-195 (Jiang et al.,
1998). The ENDOR electron-nucleus dipolar distances (cf., Table 7) for the metha-
nol adduct were compatible with both R and S configurations of the aldehyde
carbonyl carbon; for the enzyme inhibitor adduct, only an S configuration was
accommodated by the ENDOR data. Comparing the hemiacetal formed in neat
methanol with the adduct formed in the active site of illustrates
how exacting ENDOR spectroscopic constraints can be in assigning molecular
conformation and structure. In this respect, the requirement that the nucleus lie
in the plane of the oxypyrrolinyl ring, as required by the dependence of the hfc
components (Jiang et al., 1998), becomes particularly important, since the electron-
nucleus distances for the free and enzyme-bound inhibitor in Table 7 are not
distinguishably different. This situation illustrates the importance of applying not
only distance constraints when assigning structure and conformation but also the
requirement that the conformer is compatible with the pattern of the hfc components
observed spectroscopically.

Methodology for employing a paramagnetic spin-labeled substrate to analyze
the structure of an enzyme reaction intermediate is perhaps best illustrated by
our studies using methyl N-(2,2,5,5-tetramethyl-1-oxypyrrolinyl-3-carbonyl)-L-
tryptophanate as a substrate of Conformational properties of the
free spin-labeled molecule in solution are described in Sec. 4.1.2. The mechanism
of   catalyzed hydrolysis of peptides and esters has been established
to proceed according to the reaction Scheme in Eq. (12):

where ES is the Michaelis complex, EY is an acylenzyme intermediate formed
through nucleophilic attack of the  side chain of Ser-195 on the substrate,

is the first product (in this case methanol) released from the active site on
formation of the acylenzyme, and is the second product (in this case spin-labeled
L-tryptophan) formed by breakdown of the acylenzyme intermediate, is the
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equilibrium constant for formation of the Michaelis complex, and rate constants
and govern the reaction in the forward direction. (Backward reactions are

omitted for ease of discussion, since formation of the reaction intermediate is
considered here only under initial velocity conditions.) In general, it has been shown
for a variety of substrates that is rate-determining in the hydrolysis of peptides,
while is rate-limiting in the hydrolysis of esters (Hess, 1971). Since in Eq. (12)
S, ES, EY, and contain the paramagnetic spin label, reaction conditions for the
enzyme in solution must be found where only the acylenzyme species EY over-
whelmingly predominates to facilitate straightforward spectroscopic and structural
analysis.

Reaction conditions favoring formation of EY as the predominant species were
determined by investigating the pH and temperature dependence of kinetic rate
constants governing the reaction (Wells, 1987; Wells et al., 1994). Since formation
of the Michaelis complex ES occurs under diffusion controlled conditions, we need
concern ourselves in Eq. 12 only with steps governed by the rate constants  and

under initial velocity conditions corresponding to two consecutive unimolecular
reactions. For two consecutive unimolecular steps, differential equations describing
the time-dependent formation and disappearance of each chemical species can be
solved exactly, as illustrated in Fig. 28. In this figure the acylenzyme species EY
has a maximum concentration approximately 2 minutes after initiating the reaction
at 0° C and pD 4.7. Since other paramagnetic species are at low concentrations at
this time, kinetic relationships favor a brief “window” approximately 2 minutes
after mixing for maximum buildup of the paramagnetic spin-labeled acylenzyme
reaction intermediate. The reaction is then quenched by rapid freezing to ensure
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preservation of the acylenzyme as the predominant species in the frozen solution.
Such facile formation and breakdown of a reaction intermediate with a specific
substrate having a short lifetime stands in marked contrast to the situation with
nonspecific substrates e.g., p-nitrophenyl 2-(5-n-propyl)-furoate, for which the
corresponding acylenzyme species has a half-life of approximately 15 minutes at
22° C (Wang et al., 1981). For the latter substrate, nonproductive relationships
between substrate and enzyme are responsible for its long-term stability while
catalytically productive relationships account for the lability of reaction intermedi-
ates formed with highly specific substrates. Clearly the objective of structurally
characterizing intermediates of enzyme catalyzed reactions should be carried out
using only kinetically specific substrates.

Figure 29 shows proton ENDOR spectra of the acylenzyme reaction interme-
diate, spin-labeled   L-tryptophanyl   The spectra indicate that reso-
nances for of the amino acid substrate can be identified through their absence
upon specific deuterium substitution. Similarly using a fluorine-substituted trypto-
phan leads to identifying resonance features that specify side chain orientation
(Wells et al., 1994). The conformation of the acyl portion of the substrate was then
modeled according to the electron-nucleus distances estimated on the basis of the
ENDOR splittings. Figure 30 shows the acyl portion of the substrate and its
relationship to critical active site residues constructed on the basis of such ENDOR
experiments. The indole side chain was positioned in the hydrophobic pocket of
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the enzyme, and an ester linkage of the substrate’s carboxylate group was con-
structed with the side chain of Ser-195. The conformation of the acyl
moiety of the substrate in the active site of the reaction intermediate differs
significantly from that of the free substrate in solution and is torsionally similar to
the nearly eclipsed structure of high potential energy with respect to the  bond
in Fig. 18. Torsional alterations induced in the substrate by binding to the enzyme
to form a catalytically productive acylenzyme reaction intermediate underlie the
basis of specificity of substrate recognition in the enzyme-catalyzed reaction (Wells
et al., 1994).

5.2.2. Carboxypeptidase A

Applying cryoenzymologic methods to elucidate the reaction mechanism of
carboxy peptidase A, an important example of a proteolytic enzyme in all major
biochemistry textbooks (cf., Parson, 1993; Stryer, 1995), brought perhaps the
greatest amount of new information about its mechanism of action than for any
other enzyme. For instance, by using organic aqueous solvents and subzero tem-
peratures, kinetic (Makinen et al., 1976, 1979, 1982), nucleophile trapping (Sander,
1984; Sander and Witzel, 1985), and spectroscopic (Kuo and Makinen, 1982; Kuo
et al., 1983; Kuo and Makinen, 1985; Mustafi and Makinen, 1994) studies show
that (1) reaction for both ester and peptide hydrolysis catalyzed by carboxypepti-
dase A proceeds by formation of a mixed anhydride, acylenzyme intermediate; (2)
metal-bound water is responsible for hydrolytic breakdown of the acylenzyme; and
(3) metal ion becomes penta-liganded in the acylenzyme reaction intermediate to
accommodate coordination of both the metal-bound water molecule and the car-
bonyl oxygen of the scissile bond. In contrast results of x-ray studies of enzyme-
inhibitor complexes (Quiocho and Lipscomb, 1971; Christianson and Lipscomb,
1989) and chemical (Breslow and Wernick, 1977) and kinetic (Vallee et al., 1983;
Vallee and Galdes, 1984) studies were invoked earlier to suggest that (1) the reaction
proceeds through a general base-catalyzed mechanism; (2) the substrate displaces
the metal-bound water; and (3) the active site metal ion remains tetra-liganded
throughout the reaction. These vastly different interpretations of the reaction
mechanism derive simply by chemical and structural characterization of a true
reaction intermediate.

Kuo et al. (1983) demonstrated that O-[3-(2,2,5,5-tetramethyl-l-oxypyr-
rolinyl)-propen-2oyl]                                  (TEPOPL), a spin-label analog of the
highly specific substrate O-(para-chlorocinnamoyl) is an
esterolytic substrate of Carboxypeptidase A with high catalytic reactivity. Cryoki-
netic studies were carried out to stabilize a reaction intermediate of carboxypepti-
dase A formed with TEPOPL for combined ENDOR and molecular graphics-based
structural analysis of the mixed anhydride (acylenzyme) intermediate (Mustafi and
Makinen, 1994). Tyrosine residues were acetylated to distinguish resonances of
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Tyr-198 or Tyr-248 from other residues in the active site and to determine their
positions relative to the nitroxyl group in the reaction intermediate. Figure 31 shows
ENDOR spectra of the reaction intermediate to illustrate proton resonances from
the position of the substrate analog and from the

group of acetyl-Tyr-198 of the chemically modified enzyme. Figure 32 shows
conformation of the substrate in the active site based on ENDOR studies.

An important aspect of the structural analysis of the reaction intermediate of
carboxypeptidase A in Fig. 32 is that the ENDOR spectrum of the reaction
intermediate can be accounted for only by a mixed anhydride acylenzyme species
in which the spin-labeled propenoyl moiety has covalently acylated the carboxylate
group of Glu-270 (Mustafi and Makinen, 1994). Kinetic and spectroscopic results
for stabilizing the intermediate in a ternary organic aqueous (40% MeOH:20%

cosolvent mixture at –60 °C were compared to those in aqueous,
saturated NaCl at –20° C. Both sets of results confirm a previous EPR-based
structure analysis of the reaction intermediate (Kuo et al., 1983) and extend the
methodology to identify positions of active site amino acid side chains in the
reaction intermediate.

6. FUTURE DIRECTIONS

6.1. Enhanced Resolution of ENDOR Spectra

To consider other areas in which to apply ENDOR spectroscopy of nitroxyl
spin labels, we evaluate first those factors that govern the resolving power of
ENDOR. The variety of ENDOR spectra presented in this chapter, particularly in
Figs. 17, 29, and 31, demonstrate that resonances of distant protons are clustered
near the free proton Larmor frequency according to the dipolar relationships
depicted in Eq. (4). Thus, the intrinsic linewidth of ENDOR features limit the
accuracy of identifying different classes of nuclei on the basis of the electron-to-
nucleus separation r. As pointed out by Wells and Makinen (1988), to resolve the
ENDOR lines of  two closely spaced protons with r values of electron-nucleus
separations must differ by at least 0.2 Å for a 20 kHz peak-to-peak separation. This
is generally the linewidth of resonance features and the modulation depth of the rf
field in our experiments. For r values of electron-nucleus separations must
differ  by for the same 20 kHz peak-to-peak separation. These estimates are
readily borne out by results in Fig. 15 and Table 3 for spin-labeled methyl L-alanate.
Two sets of hfc components were resolved for protons differing in
electron-proton separations by about 0.4 Å for values of Torsional angle
calculations constrained by ENDOR distances confirmed the interpretation that two
of the protons were equidistant from the unpaired electron in the nitroxyl
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group, while the third was sufficiently further away to be resolved in the ENDOR
spectrum.

While factors just described provide quantitative limits for ENDOR linewidths
and electron-to-nucleus distances governing spectral resolution, another factor that
must be addressed to study macromolecules is that disordered hydrogens in the
protein provide overlapping contributions clustered around the Larmor frequency
and these are an important source of dipolar broadening of the resonance features
of interest. For instance, although protons of aromatic side chains of
spin-labeled amino acids were readily resolved for the free substrates or products
(Wells et al., 1990; Joela et al., 1991; Jiang et al., 1998), we were not able to identify

protons of the spin-labeled tryptophanyl residue in the acylenzyme
reaction intermediate of (Wells, 1987; Wells et al., 1994) or of the
spin-labeled L-phenylalaninal adduct in (Jiang et al., 1998) be-
cause of broad overlapping contributions from active site residues (cf., Table 7). In
further studies of macromolecules, it will be necessary to decrease or remove
overlapping contributions of distant, disordered protons near the Larmor frequency.
This objective can be met only by biosynthetic deuteriation of proteins. In addition
to eliminating overlapping resonances, generating a deuteriated background should
also improve the resolution of proton ENDOR features of individual residues
because of decreased dipolar broadening.

There are three general patterns of deuterium protein enrichment that can be
achieved by biosynthetic methods: Random fractional deuteriation where all carbon-
bound hydrogen positions are uniformly enriched to an intermediate level from
0–100%, selective incorporation of deuteriated residues in a protiated background,
and selective incorporation of protiated residues in a protein uniformly enriched
with deuterium (LeMaster, 1989). Since a variety of isotope enrichment methods
are applied in present day macromolecular structure analysis by multinuclear NMR
methods, including deuterium (Crespi et al., 1968; LeMaster, 1989; Venters et al.,
1995; Nietlispach et al., 1996), this methodology can be similarly applied for
ENDOR investigations by using strains of E. coli engineered to overproduce
specific gene products. It is probable that not only background resonances can be
eliminated but also the resolution of proton resonance features of both active site
residues and the substrate will be enhanced against a deuteriated background.

It was observed in NMR studies of proteins that the resolution and sensitivity
of NMR experiments are improved by fractional deuteration because the
dipole-dipole broadening by nearby nuclei is decreased (Crespi et al., 1968;
Markley et al., 1968; LeMaster, 1989). Similarly eliminating the source of
dipole-dipole broadening of ENDOR features should enhance resolution and
increase sensitivity. Comparing ENDOR spectra of specifically deuteriated analogs
of spin-labeled amino acids, for instance, those of spin-labeled phenylalanine (Joela
et al., 1991), shows that individual proton resonance features are greatly enhanced
by deuteriation of nearby sites on the molecule.
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In addition to chemical and biosynthetic methods for deuterium enrichment,
enhancing spectral resolution may also be achieved through application of new
developments in instrumentation, such as pulsed ENDOR (Schweiger, 1982; Togni
et al., 1993), ENDOR with higher frequency (20–35 GHz) EPR spectrometers, and
stochastic ENDOR (Brüggeman and Niklas, 1994), which are known to provide
substantial improvement in signal-to-noise and spectral resolution over that of
continuous wave X-band methodology. We believe that these combined newer
developments will extend investigation of structure-function relationships of bio-
logical macromolecules by ENDOR spectroscopy. When directed toward problems
that cannot be readily addressed by other physical methods and demand precise
characterization of local structure, the rewards of applying ENDOR spectroscopy
can be great. We personally feel that our initiatives to characterize true intermediates
of enzyme-catalyzed reactions, as described in Sec. 5, are modest beginnings
compared to the wealth of structural information yet to be gained by studying
macromolecular structure and function through ENDOR spectroscopy.

6.2. Enzyme Reaction Intermediates

Applying EPR methods to characterize structural properties of true catalyti-
cally competent enzyme reaction intermediates requires a paramagnetic probe that
is not chemically modified in the course of the reaction. Naturally occurring
paramagnetic sites in enzymes often exhibit such spectroscopic properties as high
anisotropy, which renders structural analysis difficult [c f . , Hurst et al. (1985)], or
they undergo changes in spin and oxidation state through chemical modification in
the course of the reaction. Structural characterization of enzyme reaction interme-
diates by EPR and ENDOR, thus, requires introduction of an artificial, stable
paramagnetic probe. This requirement can be addressed incisively by introducing
nitroxyl spin-labeled molecules as catalytically specific, spectroscopic substrate-
probes in the active site as a direct means of investigating the structural basis of
enzyme action. An important objective in such studies is of course to design a
spectroscopic substrate-probe that does not perturb the enzyme from its native
functional structure. By carefully selecting the attachment site of the spin label to
the substrate, we found that spin-labeled substrates can be synthesized that accord-
ing to kinetic criteria exhibit high specificity comparable to that of “classical”
substrates. Table 8 lists a variety of spin-labeled substrates synthesized in our
laboratory that illustrate this point; kinetic parameters of structurally similar
“classical” substrates are provided for comparison.

In our laboratory we endeavored to develop a method of three-dimensional
structure determination and conformation analysis of cryokinetically stabilized
enzyme reaction intermediates by applying ENDOR spectroscopy, and the results
employing and carboxypeptidase A provide general guiding prin-
ciples for further applying this methodology to a variety of enzyme-catalyzed
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reactions. Since reaction intermediates are accumulated in fluid organic aqueous
cosolvent mixtures that form glasses upon freezing, there appears to be no delete-
rious effect on protein structure. The concentration of the intermediate, as just
described, can be made high aiding signal detection. As demonstrated
in Sec. 4, ENDOR provides a precise means for determining structures of the free
substrate and product. We find that the structure and conformation of the free
substrate and product are conformationally distinct from that of the enzyme-bound
molecule (Wells et al., 1994; Mustafi and Makinen, 1994). This structural compari-
son yields important insights into the molecular basis of the specificity of substrate
recognition by the enzyme and how the substrate is conformationally (torsionally)
altered during the binding process to be accommodated into the active site.

It is important to carry out further studies in this direction to unravel details of
the structural basis of enzyme catalytic action by monitoring catalytically produc-
tive stereochemical interactions in the active site. For all of the enzymes listed in
Table 8, cryoenzymologic studies have been carried out with “classical” substrates
(Cartwright and Fink, 1981). Extending such studies to include spin-labeled sub-
strates for ENDOR structural investigations of reaction intermediates can therefore
be relatively straightforward.

6.3. Spin-Labeled Proteins for ENDOR

From this chapter it is evident that ENDOR spectroscopy of nitroxyl spin labels
is most incisively applied to problems where local structural details must be
precisely determined. While we demonstrated that the nitroxyl group can be used
as the paramagnetic probe for assigning geometric locations of protons and fluorine
substituents up to 11 Å from the unpaired electron (Wells and Makinen, 1988; Wells
et al., 1990; Joela et al., 1991; Wells et al., 1994), biosynthetic methods for
deuteriation of proteins, as described in Sec. 6.1., ensure that adequate resolution
of resonance features can be achieved for structural analysis. However, the appli-
cation of ENDOR with nitroxyl spin label probes need not be viewed only as a method
suitable for enzyme reaction intermediates. This methodology is well-designed to
investigate structure-function relationships of biological macromolecules in gen-
eral on a variety of problems, for example protein folding, formation of multicom-
ponent complexes, and photoactivated conformational changes in protein structure.

The method of site-directed spin-labeling of proteins, based on analysis of EPR
spectra, has proven to be a useful approach for investigating protein structure and
dynamics (Hubbell and Altenbach, 1994). This methodology could be further
extended by applying ENDOR spectroscopy. The general approach is to incorporate
single reactive cysteine residues biosynthetically into proteins to provide points of
attachment for nitroxyl spin labels. Reaction of the spin label (2,2,5,5-tetramethyl-
l-oxypyrrolinyl-3-methyl)methane thiolsulfonate (Berliner et al., 1982) according
to the reaction scheme in Diagram 6 is highly specific. The technique is based on



ENDOR of Spin Labels 245

the use of methyl methane thiolsulfonate to incorporate radioisotopically labeled
methyl groups into proteins to quantify the number of free sulfhydryl residues
(Kenyon and Bruice, 1977). The spin label reagent reacts with both exposed and
buried cysteine residues.

Site-directed spin labeling was applied to determine topology in membrane
proteins, locate helical and regions in proteins, and to follow protein
conformational changes (Hubbell and Altenbach, 1994). Using a thiolsulfonate
derivative with the unsaturated five-membered oxypyrrolinyl ring, as shown in the
preceding reaction diagram, ensures that the spin label probe is suitable as a
structural probe for ENDOR spectroscopy. Coupled with biosynthetic methods for
random or site-specific deuteriation of proteins, site-specific spin labeling, thus
could be advantageously applied with ENDOR spectroscopy to determine structure
and conformation in a variety of structure-function studies of biological macro-
molecules.
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Site-Directed Spin Labeling of
Membrane Proteins and
Peptide-Membrane Interactions

Jimmy B. Feix and Candice S. Klug

1. INTRODUCTION

Site-directed spin labeling (SDSL) has emerged as a powerful method for
examining structure-function relationships in proteins. It is particularly useful in
studying large membrane proteins that are not amenable to study by modern nuclear
magnetic resonance (NMR) methods and do not readily crystallize. The sensitivities
of spin label electron spin resonance (ESR) spectra to molecular dynamics on an
appropriate time scale and interactions with paramagnetic relaxation agents have
also proven useful in studying small peptides and their association with membranes.
The ability to specifically introduce labeling sites at a series of selected residues in
a given protein or peptide greatly enhances the ability of the spin-labeling technique
to provide detailed information on structure and dynamics.

Jimmy B. Feix and Candice S. Klug • National Biomedical ESR Center, Biophysics Research
Institute, Medical College of Wisconsin, Milwaukee, WI 53226.

Biological Magnetic Resonance, Volume 14: Spin Labeling: The Next Millennium, edited by Berliner.
Plenum Press, New York, 1998.

251



252 Jimmy B. Feix and Candice S. Klug

2. THE SDSL PARADIGM

SDSL consists of (1) manipulating the system of interest so that it contains a
single reactive amino acid residue, usually a cysteine, that may be selectively
modified with an appropriate spin label; (2) selectively labeling the site; (3)
examining the functional viability of the mutants, preferably before and after spin
labeling; and (4) characterizing the spin-labeled site by a variety of ESR methods.
This approach was introduced as an adjunct to the original spin-labeling technique
(Ogawa and McConnell, 1967; Hubbell and McConnell, 1968; McConnell and
McFarland, 1970; reviewed in Berliner, 1976, 1979) by Hubbell and coworkers,
who recognized that the rapid advancement in site-directed mutagenesis could solve
a problem that had plagued spin labeling since its inception—the relative scarcity
of proteins containing unique reactive cysteines. Indeed its relatively low abun-
dance makes cysteine the residue of choice in SDSL studies; however lysine
residues can also be readily spin labeled. Alternatively, small peptides (i.e., less than
50 amino acids) may be simply prepared using solid-phase synthesis with cysteine
or lysine residues at desired labeling sites.

Early applications of SDSL were previously reviewed (Millhauser, 1992;
Hubbell and Altenbach, 1994a, 1994b). At present the method appears generally
applicable to any protein with a cloned gene that can be expressed, with the
exception of proteins containing multiple essential disulfide bonds that may be-
come scrambled by introducing additional cysteines. These proteins may later
become amenable to SDSL when their folding pathways are more fully understood.
However for other proteins containing natural disulfide bonds and/or multiple
cysteines, such as rhodopsin and FepA, introducing additional cysteine residues
has not disrupted their native structure. SDSL provides information on local
structure, polarity, accessibility to various solutes, and dynamic conformational
changes in response to a given stimulus or perturbation. As illustrated in this
chapter, the ability to study selected single sites in addition to compiling such
information for several sites in the same protein may provide numerous insights
into its structural and functional dynamics.

The growth of SDSL stems from a number of unrelated developments that
combined to enable experiments that could not have previously been accomplished.
In addition to advances in site-directed mutagenesis and solid-phase peptide syn-
thesis, introduction of the loop-gap resonator (Froncisz and Hyde, 1982) permitted
ESR studies on relatively small amounts of protein with good sensitivity, and
saturation studies using either continuous wave (CW) or time domain techniques
on aqueous samples without the problems associated with sample heating due to
high microwave power. Using gas-permeable sample capillaries (Popp and Hyde,
1981) allowed control and manipulation of concentration without subjecting
sensitive biological samples to deoxygenation by freeze-pump methods. The ensu-
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ing ease of saturation studies greatly complemented the traditional sensitivity of
the ESR spectrum to spin label motion.

2.1. Spin Labeling Cysteine

Cysteine residues may be modified with a variety of reagents (Means and
Feeny, 1971; Berliner, 1983; Gaffney, 1976), but is most often spin labeled with
either methanethiosulfonate or a maleimide. The methanethiosulfonate spin label
1-oxyl-2,2,5,5-tetramethylpyrroline-3-methylmethanethiosulfonate (MTSL;
Scheme 1) was initially introduced as a sulfhydryl-specific label that was readily
released by mild reducing agents, greatly facilitating spin label quantitation (Ber-
liner et al., 1982; Berliner, 1983). On the other hand, maleimide labels, such as
2,2,6,6-tetramethyl-4-maleimidopiperidine-1 -oxyl (MAL-6) form stable thio-ether
bonds (Scheme 1), which is of value in systems where reducing equivalents are
present. MTSL has the distinct advantage of specificity for the cysteine sulfhydryl
moiety of proteins, whereas MAL-6 can also modify the amino group of lysines.
MTSL readily labels sites in both hydrophilic and hydrophobic environments,
although partial denaturation may be needed to modify sites buried in protein
tertiary structure. MTSL has a relatively small molecular volume, similar to the
natural tryptophan or phenylalanine side chains, so it represents a minimal pertur-
bation. One of the emerging lessons of SDSL is that proteins are remarkably
resilient with regard to structure and function following cysteine mutagenesis and
MTSL labeling.

2.2. Spin Label Motion in SDSL

The sensitivity of ESR spectra to nitroxide motion is a fundamental aspect of
spin labeling extensively reviewed in previous monographs in this series (Berliner,
1976, 1979; Berliner and Reuben, 1989). Spin labels attached to single cysteine
residues in a protein so often exhibit spectra composed of at least two motional
components that this is the rule rather than the exception (e.g., Todd et al., 1989;
Greenhalgh et al., 1991; Altenbach et al., 1990; Resek et al, 1993; Mchaourab et
al., 1996; Klug et al., 1997). Although in principle such spectra may arise from
anisotropic motion in a single population (Meirovich and Freed, 1984), in
spin-labeled proteins they are more likely the result of alternative conformations of
the nitroxide relative to the peptide backbone (Resek et al., 1993; Mchaourab et al.,
1996). This result is somewhat fortuitous, since changes in relative intensities of
motional components serve as a sensitive indicator of a conformational change
(e.g., Ogawa and McConnell, 1967). Changes in relative populations of motional
components provide evidence of structural alterations in systems containing mul-
tiple spin-labeled sites (Butterfield et al., 1976), and these are even more informa-
tive when dealing with a single labeled site. Such effects have allowed time-resolved
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ESR studies of the membrane insertion of colicin E1 (Shin et al., 1993), structural
changes in rhodopsin on photoactivation (Farahbakhsh et al., 1993), and receptor
dynamics during in vivo transport of ferric enterobactin and colicin B by FepA
(Jiang et al., 1997).

2.3. CW Saturation in SDSL

Changes in spin label motion or relative intensities of motional components
may provide compelling evidence of structural change at a labeled site. In mem-
branes however, where motion is often damped, the accessibility of a given site to
various fast-relaxing agents (e.g., paramagnetic metal complexes, molecular oxy-
gen) may be more informative in characterizing the overall protein structure and
(by inference) the precise nature of conformational changes. Accessibilities are
implied by Heisenberg exchange rates, which are directly determined by using
either time domain methods (e.g., saturation recovery measurement of the electron
spin lattice relaxation time or empirical CW saturation methods. Since the latter
requires no specialized instrumentation beyond a conventional spectrometer and a
loop-gap resonator, it has been the method of choice. A typical set of CW saturation
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curves is shown in Fig. 1. At low incident microwave power, the first derivative
peak-to-peak amplitude shows a linear increase with , as expected for a
Lorentzian line (Poole, 1983). As the spin system begins to saturate, the increase
in amplitude becomes less than linear with respect to reaches a maximum, and
then decreases. The curves are fit to the function (Altenbach et al., 1994; Yu et al.,
1994):

where A is the peak-to-peak amplitude of the first derivative center line (in arbitrary
units), P is the incident microwave power, Y is a scaling parameter, is a parameter
related to the homogeneity of the line with and limits for
inhomogeneous and homogeneous saturation, respectively (Altenbach et al., 1994);
and the half-saturation parameter, is the power at which the amplitude is
exactly half that which would be observed in the absence of saturation (Subczynski
and Hyde, 1981; Altenbach et al., 1989a). is a function of

where is the electron gyromagnetic ratio and is a constant dependent on the
cavity or resonator (Poole, 1983; Altenbach et al., 1989a). Interactions with
paramagnetic species that shorten the nitroxide make saturation more difficult
to achieve, resulting in an increase in

In the limit where interaction between the relaxation agent and the spin label
is dominated by Heisenberg exchange, the change in the nitroxide spin lattice
relaxation rate is proportional to the bimolecular collision frequency

where ° refers to the absence of a paramagnetic relaxation agent, is the collision
efficiency, and f  is a statistical factor (Subczynski and Hyde, 1981).

Since is typically about an order of magnitude faster than for
nitroxides in the liquid phase, as a first approximation it can be assumed unchanged
by the relaxation agent, so that:

(Altenbach et al., 1989a). Thus for a given line width, is proportional to the
collision frequency between the spin label and relaxation agent. Measuring the
change in the half-saturation parameter is the basis of CW saturation acces-
sibility studies.
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Curves in Fig. 1 were generated with three samples (one for and and one
each for NiAA and CROX) of spin labeled protein. Due to the high microwave
field per unit power in the loop-gap resonator (5–9 G of field per watt; Froncisz
and Hyde, 1982), it is typically possible to obtain a full saturation curve from
mW incident microwave power. Because the electric field component of micro-
waves is largely confined to a region outside the resonator, problems due to sample
heating are virtually eliminated. Sufficient microwave powers to obtain full satura-
tion curves are typically not attained in a conventional rectangular cavity, and
sample heating may be troublesome. Thus with a small investment of sample, one
can obtain relative bimolecular collision frequencies between the spin label and a
variety of paramagnetic relaxation agents.

Accessibility studies with complementary relaxation agents are most informa-
tive, especially for membrane-exposed sites. Many early studies relied on chro-
mium(III) oxalate [potassium tris(oxalatochromate); CROX] as a fast-relaxing,
polar reagent confined almost exclusively to the aqueous phase. Although a very
effective reagent, CROX carries a negative charge (–2 to –3 at physiological pH)
that influences its interactions. More recent experiments introduced a number of
polar, neutral paramagnetic complexes, including nickel(II) acetylacetonate
(NiAA) and nickel(II) ethylenediaminediacetate (NiEDDA) (Altenbach et al.,
1994), and chromium maltolate (Burchfield et al., 1994). These compounds are
found mostly in the aqueous phase, but do partition into the lipid bilayer (discussed
later). In addition, molecular is a very effective nonpolar relaxation agent,
preferentially partitions into lipid bilayers relative to the surrounding aqueous phase
at a ratio of approximately 10:1, and it exhibits a depth-dependent concentration
gradient in the membrane (Windrem and Plachy, 1980; Subczynski and Hyde,
1981) with maximum concentration at the bilayer center. The produces changes
in that are linear in concentration (Hyde et al., 1990), as expected for a
bimolecular-collision based mechanism, and it is readily introduced and removed
from samples in a nondestructive fashion. Although its small size makes
accessible to most sites, it does not penetrate the hydrophobic core of folded
water-soluble proteins (Calhoun et al., 1988), and it may thus have little effect on
relaxation rates of truly buried sites.

Inverse concentration profiles of oxygen and the polar Ni(II) complexes in a lipid
bilayer can be exploited to measure the depth of lipid-exposed sites in a membrane
(Altenbach et al., 1994). Altenbach et al. (1994) defined the parameter such that:

where NP refers to the nonpolar reagent (typically ) and P the polar reagent (e.g.,
NiAA or NiEDDA). This relation results from the fact that is directly
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proportional to the collision frequency with a given relaxation agent, (Eq. 4),
which in turn depends on the local concentration of that particular species at the
site of the nitroxide.

To obtain depth measurements of lipid-exposed sites in a membrane, is
calibrated for the system under study using n-doxyl phosphatidylcholine (PC) spin
labels (Dalton et al., 1987) as standards (Altenbach et al., 1994; Qin and Cafiso,
1996; Klug et al., 1997). We observed an essentially linear relationship between

and bilayer depth for 7-, 10-, and 12-doxylPC (Fig. 2), which agrees with the
original observations of Altenbach et al. (1994). We also find that 5-doxylPC gives
a value slightly greater than predicted for linear dependence; this may be due to
its localization in the aqueous/hydrophobic interface. The 16-doxylPC gives
values significantly lower than expected for its position in the membrane (Alten-
bach et al., 1994) due to the tendency of this label to undergo vertical fluctuations
toward the membrane surface (Feix et al., 1984, 1987). It is noteworthy that the
dependence of on depth varies depending on the composition of the host
membrane. Thus a calibration curve must be established for each new membrane
or micellar system studied.

Using bacteriorhodopsin in model membranes (discussed later), varied
linearly with bilayer depth across the lipid-exposed surface of a transmembrane

(Altenbach et al., 1994). This initial study employed NiAA and and
since both are relatively small molecules, the authors argued that differences in
accessibility from steric constraints (i.e., local structure around the nitroxide)
tended to cancel. This argument is less certain when the larger NiEDDA complex
is used as the polar relaxation agent, although values based on relative accessibilities
to and NiEDDA have shown good reliability in providing bilayer depths (e.g.,
Fig. 2). Nonetheless it is worth remembering that local tertiary structure in a protein
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may influence results, particularly at sites where nitroxide motion indicates a
sterically hindered environment (e.g., Altenbach et al., 1996). is independent of
ESR line shape, since effects of on (Eq. 4) cancel.

3. SDSL OF MEMBRANE PROTEINS

Perhaps the most effective way to appreciate the utility of SDSL is to consider
how it is applied in investigating membrane proteins and peptide-membrane
interactions. The representative studies that follow illustrate how SDSL provides
insight into protein structure and conformational dynamics.

3.1. Structure-Function Studies of

SDSL began with studies of the soluble C-terminal domain of colicin E1 (Todd
et al., 1989) and four single-cysteine mutants of bacteriorhodopsin (Flitsch and
Khorana, 1989; Altenbach et al., 1989a). Since then rhodopsin and bacteriorhodop-
sin (bR) have been by far the most extensively studied membrane proteins using
this technique, with much of the basic methodology used in SDSL was developed
in these systems.

3.1.1. Bacteriorhodopsin

Bacteriorhodopsin, an integral membrane protein found in the purple mem-
brane of Halobacterium halobium, functions as a light-driven proton pump. It is
proposed to contain seven membrane-spanning designated A-G, based
on hydrophobicity analysis and cryoelectron microscopy (Baldwin et al., 1988).
Like many bacterial membrane proteins, bR contains no native cysteines, making
it an attractive candidate for SDSL.

Of the initial four single-cysteine mutants of bR, three were quantitatively
labeled with MTSL (or another spin label based on pyridine disulfide) in the
presence of SDS/urea, then refolded, with regeneration of the bR chromophore used
to assess nativelike structure (Altenbach et al., 1989a). To establish the location of
spin labeled sites in the folded bR tertiary structure, accessibility to and CROX
was determined by CW saturation. Although unusually high concentrations of
relaxation agents (100% and 50 mM CROX) were used in this early study, results
were consistent with the localization of two sites in interhelical loops and another
site buried in the membrane.

In a subsequent seminal study that introduced nitroxide scanning, 18 consecu-
tive single-cysteine mutants in bR were generated and analyzed, beginning at the
C-terminal end of helix D, traversing an interhelix loop, and extending well into
helix E (Altenbach et al., 1990). When values for were plotted against
residue number, a striking 3.6 residue/turn periodicity was observed, coincident
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with that of an (Fig. 3). A pronounced spike in  values for CROX
identified the location of the interhelix loop, and accessibility data led to a model
for the orientation of helix E with respect to the rest of the seven-helix bundle. This
work demonstrated the power of SDSL in providing refined structural data for an
integral membrane protein. Key elements of the SDSL methodology—CW satura-
tion experiments, employing a loop-gap resonator to minimize sample require-
ments, and using MTSL as a sulfhydry1-specific labeling reagent—were introduced
to the general scientific community, and it was established that a protein may sustain
numerous different cysteine substitutions without undue disruption of its native
structure.

3.1.2. Rhodopsin

Rhodopsin is the light-sensitive protein-chromophore complex found in the
vertebrate retinal rod outer segment (ROS) membrane. On photon absorption by
the 11-cis-retinal chromophore, rhodopsin passes through several intermediate
states. One such state, the meta II (MII) state, binds and activates the specialized
G-protein transducin. Rhodopsin is a member of the family of G-protein-coupled
receptors that contain seven transmembrane Electron cryomicroscopy of
two-dimensional crystals provided structural data on the transmembrane helices
(Unger and Schertler, 1995), and a model of the membrane topology was proposed
based on sequence comparisons with other G-protein-coupled receptors (Baldwin,
1993). This model served as an excellent starting point for designing SDSL studies
on rhodopsin; results from SDSL studies have in turn refined the model (e.g.,
Farahbakhsh et al., 1995a; Farrens et al., 1996).

Unlike bR, rhodopsin contains ten native cysteine residues. In isolated ROS
membranes, Farahbakhsh et al. (1992) demonstrated that it was possible to selectively
label a single site with stoichiometric amounts of a p-chloromercuribenzamide
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spin label, with a second site also labeling at higher spin label:protein ratios. To
establish the location of the uniquely labeled native cysteine, accessibilities to
CROX and were determined and compared to values obtained for lipid analog
spin labels intercalated into the ROS membrane bilayer. Two important advances
in SDSL methodology arose from this approach. First, since is proportional
to line width, values were corrected for differences in among different
sites by dividing each by the peak-to-peak width of the center line

This corrected value was then converted into the dimensionless accessibility
parameter  by normalizing to the half-saturation power and line width of a DPPH
standard to compensate for differences in the amount of microwave field per unit
microwave power among resonators.

Correcting for line width differences was important in this study, given the extreme
differences in observed among lipid analog spin labels and between these labels
and a protein-bound nitroxide. Normalizing resonator performance was the first
attempt to put CW saturation parameters on a scale that was reliably compared
between laboratories.

In addition to introducing this study was the first to consider the ratios of
collision rates among the nitroxide and different relaxation agents as a way of
assessing local polarity; the argument was that ratios of accessibility parameters
tend to eliminate effects due to local structure, providing a better measure of the
hydrophobicity of the spin label environment. A linear relationship was observed
between and the bilayer depth of the nitroxide for a series of lipid
analog spin labels intercalated into the ROS membrane. Comparing this parameter
for the spin labeled cysteine indicated a binding site in the head group region of the
bilayer, helping to identify the modified residue (Farahbakhsh et al., 1992). This
concept was further developed into the depth parameter (Eq. 5) using model
bilayers containing reconstituted bR (Altenbach et al., 1994, previously discussed).

Much of the remaining SDSL work on rhodopsin focused on elucidating
structural changes both induced by light absorption and involved in transducin
activation. For example, selectively labeling rhodopsin in ROS membranes at either
C140 or C316 (accomplished by alternately protecting each cysteine with 4,4-
dithiopyridine) with MTSL results in spectra that contain two motional components
(Farahbakhsh et al., 1993). Photoexcitation of rhodopsin results in a marked
decrease in the more mobile spectral component of MTSL bound to C140, with a
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concomitant increase in the strongly immobilized component, reflecting a confor-
mational change in the region of the protein occupied by C140. Effects were
apparently not global, since little change was observed at C316. This illustrates one
of the key advantages of SDSL, the ability to detect local conformational changes
without respect to global changes in protein structure.

To examine the physiological relevance of these effects, time-resolved ESR
studies were used to examine light-induced changes in spin label motion. Kinetics
of the decrease in the more mobile MTSL-C140 population closely matched the
increase in that is associated with formation of the MII state under a variety
of conditions, thereby providing an important link between structural changes
observed by SDSL and optical changes in the chromophore.

To further analyze light-induced structural changes by SDSL, a synthetic
rhodopsin gene was developed and five mutants constructed, each containing a
single reactive cysteine (Resek et al., 1993). Mutant gene constructs were placed
in an appropriate plasmid vector and expressed in mammalian COS-1 cells.
Cysteine labeling site environments were characterized by accessibility to CROX,
NiAA, and using CW saturation. The photoinduced conformational change
previously noted was confirmed for MTSL-C140 in lauryl maltosidc micelles
(which support MII formation), but not in digitonin (which does not support MII
formation). Perhaps more importantly this study demonstrated that it was possible
to express a vertebrate protein in an eukaryotic cell line to obtain sufficient material
for SDSL.

With the preceding genetic approach, Khorana, Hubbell and coworkers pro-
duced more than 50 additional rhodopsin mutants, focused primarily in the C-D
(Ridge et al., 1995; Farahbakhsh et al., 1995a) and E-F (Yang et al., 1996;
Altenbach et al., 1996) interhelical loops. Each mutant was functionally charac-
terized according to its spectral properties and the ability to activate transducin, the
MTSL-labeled cysteine localized with respect to the membrane by examining
accessibility to and NiEDDA in dodecyl maltoside (DM) micelles, and exam-
ined for conformational changes at the spin label site on photoactivation. The

values for and NiEDDA confirmed that most residues under study were
in a hydrophilic environment, as indicated by higher accessibility to NiEDDA than
to Because differences in are often relatively small among labeling sites
exposed to the aqueous phase, variation in which is simply the ratio

(NiEDDA), was compared for mutants at 20 consecutive sites in the
C-D loop (Farahbakhsh et al., 1995a) and 30 consecutive mutants encompassing
the E-F interhelical loop (Altenbach et al., 1996). In both studies sharp changes in

occurred at the hydrophilic/hydrophobic interface, definitively showing the
insertion of these helices into the nonpolar core of the DM micelle and presumably
the membrane bilayer. In the E-F interhelical domain, a periodicity in both

(NiEDDA) and was evident, indicating regular secondary structure, and
accessibilities to and NiEDDA were in phase with one another. As discussed
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later, this is a characteristic of aqueous domains, where residues are either exposed
or completely buried in the tertiary structure of the protein. In contrast accessibili-
ties to polar and nonpolar relaxation agents for membrane-spanning domains are
typically out of phase. Similar variability was observed in the reciprocal line width
of the center line although the periodicity was less well-defined.

To explore dynamic effects of photoactivation on rhodopsin structure, this large
collection of site-specific mutants was surveyed for alterations in its conventional
ESR spectra. Most spectra were relatively unchanged, reflecting only minor per-
turbations in spin label motion; however for a handful of mutants, changes in
rotational mobility after photobleaching were quite dramatic. Results were inter-
preted in terms of rigid-body motions of the helices with respect to one another,
causing changes in helix-helix interactions (Farahbakhsh et al., 1995a; Altenbach
et al., 1996).

3.1.3. SDSL Using Double Cysteines

To test the concept of rigid-body helix movement in more detail, rhodopsin
mutants were constructed containing two reactive cysteines, and the spatial prox-
imity of those cysteines was determined based on their ability to form disulfide
bonds and by examining spin-spin interactions between the two sites after spin
labeling. Farrens et al. (1996) explored static dipolar interactions between a single
site in helix C and a series of sites near the cytoplasmic end of helix F. Rigid-lattice
ESR spectra were recorded (i.e., in a frozen micellar solution at 183 K) before and
after photoactivation. Dipolar interactions between sites in relatively close proxim-
ity (10–20 Å in this study) resulted in a marked spectral broadening and loss of
signal amplitude. Dipolar interaction decreased after photoactivation for three
mutant pairs, increased for one pair, and remained relatively unchanged for another.
Mild oxidation with Cu(phenanthroline) resulted in disulfide bond formations
between all but one of the pairs. Interestingly, disulfide formation precluded the
ability of these otherwise functional mutants to activate transducin, suggesting that
helix movement relative to one another is a functionally important conformational
change.

Distance constraints provided by the preceding experiments were used to
construct a model of the photoinduced conformational change in rhodopsin. Results
from SDSL studies could be matched only by postulating both a tilt and a rotation
of helix F (Fig. 4). Clearly, the insight from such studies are far beyond what is
currently available from crystallography.

This same approach was used to examine interaction between single sites near
the cytoplasmic ends of helices A (H65C) and G (C316) (Yang et al., 1996). The
spectrum of the MTSL-labeled double mutant was compared with the computa-
tional sum of the single-mutant spectra at room temperature and at 183 K. Even at
room temperature, dipolar interactions in the doubly labeled mutant produced
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marked broadening of the spectra in the dark state. Photoactivation largely elimi-
nated the broadening, indicating displacement of labeled sites from one another. As
expected, single mutants produced powder spectra in the frozen state. Samples
frozen in the dark state showed extreme broadening, but samples frozen after
photoactivation showed much less broadening, although some dipolar interaction
was suggested by failure of the spectrum to return to baseline in the regions between
the center line and both the low- and high-field turning points. Simulations on
frozen state spectra gave distance separations between the two nitroxides of

in the dark state and after photoactivation.

3.1.4. Additional Double Cysteine SDSL

Using spin-spin interactions between two suitably placed cysteines is a pow-
erful method of analyzing structure and conformational dynamics. These effects
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can arise from either dipolar (as discussed) or exchange (Fiori et al., 1993; Qin and
Cafiso, 1996; Wertz et al., 1996) mechanisms. In the rhodopsin studies, the effects
of dipolar interactions on ESR spectra were simulated using a model that assumes
an isotropic distribution of the interspin vector (as expected for a powder or frozen
solution) and of the relative orientations of the two nitroxides (Farahbakhsh et al.,
1995b). Under such conditions, the observed effect is general line broadening
(Likhtenshtein, 1976; Steinhoff et al., 1991; Anthony-Cahill et al., 1992). Under
very favorable conditions where the two nitroxides have specific relative orienta-
tions, broadening can be resolved into a definitive splitting of the lines (Pake, 1948;
Beth et al., 1984; Hustedt et al., 1997). A different method, based on Fourier
transform deconvolution, was also introduced (Rabenstein and Shin, 1995). In each
case quantitation is possible in the 8–25 Å range. Below 8 Å, through-space
exchange dominates, and nitroxides are essentially in contact. Rigorously, all of the
preceding methods require complete immobilization of the nitroxide for quantita-
tive analysis. Due to the way that spin labels are tethered to the peptide backbone,
this almost always requires going to a frozen solution. Nonetheless, it is noteworthy
that Yang et al. (1996) observed qualitative effects at room temperature that were
easily interpretable as evidence of spin-spin interaction. Mchaourab et al. (1997)
recently introduced a convolution method for room temperature distance measure-
ments based on dynamic modulation of the dipole-dipole interaction by rotational
motion. Unfortunately, such analysis requires relatively narrow ESR lines and
moderately fast rotation of the protein, both of which are seldom observed for
membrane proteins. As a general theme, interaction patterns between one fixed site
and a series of sites in a region of interest provide useful insights into conforma-
tional changes and the way that distinct regions of a protein pack together in a
tertiary  structure  (Farrens et al., 1996; Mchaourab et al., 1997). The use  of  double
mutants is developing into an important site-directed spin labeling technique.

3.2. SDSL of the Ferric Enterobactin Receptor FepA

The ferric enterobactin receptor FepA, is an 81 -kDa integral membrane protein
found in E. coli and many related enteric bacteria. FepA is responsible for the
acquisition of iron via binding and transport of the complex ferric enterobactin
(FeEnt). Enterobactin is a 750 Da cyclic triester of dihydroxybenzoylserine that is
secreted into the extracellular environment in response to low iron availability
(Neilands, 1981). The association constant between enterobactin and ferric iron is
estimated at (Harris et al., 1979), the largest known for any ferric complex.
The FeEnt complex binding and uptake by FepA thus allows enteric bacteria to
compete effectively for extremely limited amounts of iron present in vivo.

The ferric enterobactin receptor of gram-negative bacteria differs from any
other protein studied by site-directed spin labeling thus far. In contrast to
comprising rhodopsin and bacteriorhodopsin, the membrane-spanning region of
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FepA is thought to he composed of a series of antiparallel Hydrophobic-
ity analysis of the FepA primary structure also suggests that the transmembrane
domain must indeed be composed of since there are no stretches of
hydrophobic residues long enough to span the bilayer in an configuration
(Murphy et al., 1990). In addition, several crystal structures have emerged in recent
years Cor bacterial outer-membrane porins (e.g., Weiss et al., 1991; Cowan et al.,
1992; Kreusch et al., 1994; Schirmer et al., 1995). Porins form nonspecific, open
channels that allow diffusion of solutes with molecular weights less than ca. 600
Da through the outer membrane. Structural characteristics common to all crystal-
lized porins are a transmembrane with an aqueous central channel and
surface loops that fold back into the channel, limiting access and determining the
exclusion limit of the pore. FepA is thus thought to represent a further development
of porins where surface loops have evolved not only to limit channel access, but
also to bind a specific ligand with high affinity. SDSL studies of FepA have focused
on determining structure and conformational changes that occur in ligand-binding
surface loop upon association of FeEnt and in verifying the hypothesis that the
transmembrane domain is composed of antiparallel

3.2.1. Surface-Loop Domain

Initial SDSL studies on FepA focused on two residues, E280 and E310, located
in the large cell-surface loop containing the ligand-binding site, as well as prelimi-
nary studies examining labeling two native cysteines present in wild type FepA (Liu
et al., 1994). Using protein purified by differential extraction of the OM with Triton
X-100 followed by ion exchange chromatography on DEAE-cellulose (Hollifield
and Neilands, 1978), native cysteines could be labeled only after both reduction
with a thiol-reducing agent (e.g., DTT) and unfolding in 6 M urea. These results
indicated that native cysteines were disulfide-linked and also buried in what is
evidently a highly restricted site. Essentially no labeling of native cysteines was
observed at urea concentrations less than 4 M, and only partial labeling could be
obtained from 4–6 M urea. These results agree with subsequent studies demonstrat-
ing the unfolding of the FepA ligand-binding domain in this same range of
denaturant concentrations (Klug et al., 1995). In contrast both E280C and E310C
mutants were readily labeled with MTSL during a 4-hour incubation at 4 °C without
the addition of either a reducing agent or denaturant. Consequently these studies
indicated the ability to introduce and spin label unique cysteines in FepA without
first having to delete native cysteine residues. This important conclusion must be
individually evaluated for each protein under study.

Conventional CW ESR spectra of MTSL-labeled E280C and E310C produced
strongly immobilized spectra at room temperature (Liu et al., 1994). It is remark-
able that despite the hydrophilic nature of the surface loop as a whole, each of these
labels resides in a highly restricted environment with little freedom of rotational
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motion. This was further borne out by CW saturation studies on the accessibility
of these sites to and CROX (Liu et al., 1994). Thus it appears that the
ligand-binding surface loop of FepA exits in a tightly packed conformation having
a large number of tertiary contacts, perhaps by analogy to porins, folding back into
the transmembrane channel.

3.2.2.

SDSL was used as the first direct experimental test of the model for
FepA (Klug et al., 1997). This was also the first SDSL study of a transmembrane

Nine consecutive residues comprising a proposed immediately
adjacent to the ligand-binding domain were individually mutated to cysteine,
labeled with MTSL, and examined for accessibility to paramagnetic relaxation
agents in a reconstituted liposome system. Figure 5 shows relative collision rates
with and NiEDDA. Both reagents show a striking biphasic periodicity that is
characteristic of   structure; accessibilities to polar and nonpolar reagents are
precisely out of phase. Odd-numbered residues (Q245C, L247C, L249C,
A251C, Y253C) are relatively more exposed to indicating that they face the
lipid phase of the bilayer and even-numbered residues (S246C, E248C, E250C,
G252C) are more exposed to NiEDDA, indicating that these sites are oriented
toward the aqueous channel. Thus, SDSL confirms that these residues form a
transmembrane and provide strong support for the model of the
channel domain.

The phase relationship of values for and NiEDDA is worth comment. As
previously noted, for the transmembrane in FepA, and  (NiEDDA)
are out of  phase (Fig. 5). Residues on the polar side of the sheet are solvent-exposed,
in this case extending into the hydrophilic channel through which FeEnt must
presumably pass, while residues on the hydrophobic side are sequestered from the
aqueous solvent but remain accessible to high concentrations of found in the
membrane. Conversely in soluble proteins containing the hydrophobic
face is typically buried through tertiary interactions, so it is inaccessible to both
polar and nonpolar relaxation agents. Consequently, values retain the charac-
teristic periodicity of 2, but are in phase. This is precisely what was observed for
retinal-binding protein (Hubbell et al., 1996), which was the first example of

secondary structure studied by SDSL in a soluble protein.

3.2.3. Denaturation of FepA and Use of SDSL in Protein Folding Studies

In the past few years there has been explosion of interest in understanding
protein folding mechanisms. Most studies use circular dichroism (CD),
uv-vis, or fluorescence spectroscopy to monitor global changes in protein struc-
ture as a function of temperature or denaturant concentration. In contrast SDSL is
able to follow local structural changes in a specified spin-labeled site. Given that
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many proteins (and essentially all membrane proteins) consist of multiple
domains, which in general have differing stabilities, SDSL offers enormous
advantages for providing a more well-defined understanding of folding-unfold-
ing processes.

To characterize the thermodynamic stability of the ligand-binding domain of
FepA, changes in the rotational mobility of MTSL bound at E280C were followed
as a function of denaturant concentration (Klug et al., 1995). Unfolding of the
region surrounding E280C with either guanidine hydrochloride (Gdn-HCl) or urea
resulted in conversion from a native environment where spin label motion was
strongly restricted to a rotationally mobile state (Fig. 6). In the native state, spin
label accessibility to hydrophilic relaxation agents was partially limited, whereas
following denaturation the nitroxide became fully accessible to CROX. These
changes and an increase in the isotropic hyperfine coupling constant suggest that
the large surface loop containing E280C becomes unfolded on denaturation,
thereby converting into a random coil configuration extending into the aqueous
phase.

The fraction of protein in the denatured state can be quantitated by comparing
integrated signal intensities before and after spectral subtraction of the rotationally
mobile component (using the fully denatured spectrum obtained in 4-M Gdn-HCl
for subtraction). Plots of the fraction of unfolded protein (i.e., freely mobile spins)
against denaturant concentration produced curves (Fig. 7) typical of rapid
cooperative unfolding (reviewed by Pace, 1986). Modeling this process as a
two-state equilibrium between native and denatured states provides a Gibbs free
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energy of unfolding for the region of the protein surrounding the spin label, in
this case The kinetics of unfolding decreased markedly in the
presence of bound ferric enterobactin, demonstrating an in vitro ligand-induced
stabilization of the surface loop occupied by E280C. This approach can be used to
compare thermodynamic stabilities in different regions of a protein, as well as to
compare stabilities of different mutants. Using the spin-labeling approach in
conjunction with other spectroscopic methods (i.e., CD) provides information on
global versus local stability (Gibney et al., 1997).

Although the preceding study was reasonably well-fit with a two-state model,
spin labeling also provides evidence of stable or quasi-stable folding intermediates.
These may show up as either complex denaturation curves with multiple transitions
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(e.g., Lindgren et al., 1995) or as spectral components with motional characteristics
distinct from either the native or fully unfolded state (Lindgren et al., 1995;
Svensson et al., 1995).

3.2.4. Ligand-Induced Conformational Changes in FepA

The nature of structural changes that occur with ligand binding and how
binding results in transport or transmembrane signaling are key questions about any
ligand-gated receptor. For FepA it was interesting to characterize structural changes
that may occur on FeEnt binding in vitro. Effects of FeEnt binding on spin label
motion and accessibility were examined using E280C and E310C, spin labeled with
MTSL and reconstituted into liposomes (Liu et al., 1994). Ligand binding produced
a small concentration-dependent change in conventional ESR spectra, with de-
creased motion at both sites. These changes were confirmed using saturation
transfer ESR, which is more sensitive to effects in the slow-motion regime (Thomas
et al., 1976). The FeEnt binding did not in itself alter the CW saturation properties
of either site (of interest, since the ligand contains high-spin ferric iron, discussed
later), but it did alter accessibilities of both sites to Thus, this study demonstrated
that the large extracellular ligand-binding surface loop of FepA does indeed
undergo a conformational change on ligand binding in vitro. Observed changes
were distinct from those seen in vivo (Jiang et al., 1997).

3.3. Metal-Nitroxide Distance Measurements

3.3.1. FepA

The fact that the ligand for FepA, ferric enterobactin, contains high-spin
(Pecoraro et al., 1983) conveniently allows distance measurements from the bound
ligand to various spin labels as a way of defining the ligand-binding site in FepA.
Yet despite the apparent proximity of MTSL-E280C and MTSL-E310C to the
ligand-binding site, there was no effect of FeEnt on their ESR spectra, at least at
room temperature. This was not surprising, since the metal is not an effective
broadening agent if its spin lattice relaxation time is much less than the
magnitude of the metal nitroxide spin-spin coupling (Hyde et al., 1979; Budker et
al., 1995). It is likely that low-temperature studies will be required to lengthen
of the to observe its dipolar effects. Alternatively, it may be possible to replace
iron with a metal having more desirable relaxation properties, although this will
require verification that the complex is recognized by the receptor.

Time domain ESR techniques that examine effects of the faster relaxing metal
ion on nitroxide relaxation properties can in principle be used to measure longer
distances than can be determined by CW techniques. Budker et al. (1995) observed
a strong effect of the low-spin heme iron in methemoglobin on the phase memory
time of a spin label at a distance of 15 Å using spin echo ESR and distances were
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accurately measured for spin-labeled low-spin iron porphyrins in the range of
10–15 Å using saturation recovery ESR to observe the nitroxyl  (Rakowsky et
al., 1995). Interaction between high-spin iron and a stable semiquinone radical in
neuronal nitric oxide synthase was observed by both CW saturation (at 6 K) and
saturation recovery (at 22 K), but it was not interpreted in terms of distance (Galli
et al., 1996).

A double electron-electron resonance (DEER) spin echo technique was used
to measure a distance of  20 Å between nitroxides in a biradical and it was suggested
that this approach should be capable of determining distances up to 50 Å (Larsen
and Singel, 1993). Data derived from a related “2+1” spin echo method applied to
distance measurements between nitroxides attached to two different subunits of
hemoglobin indicated a distance of 34 Å (Raitsimring et al., 1992). These methods
should also be applicable to measuring metal-nitroxide distances, although they
remain to be more fully tested in biological systems.

The preceding studies were all performed at low temperatures (4–70 K) and
the effects of freezing the protein, usually in the presence of a cryoprotectant, such
as glycerol, is a concern. Nonetheless studies of methemoglobin (Budker et al.,
1995) and frozen micellar solutions of rhodopsin (Yang et al., 1996; Farrens et al.,
1996) gave results consistent with their accepted structure.

3.3.2. Lac Permease

Kaback, Hubbell, and coworkers carried out an extensive series of SDSL
experiments on the Lac permease, a bacterial inner membrane protein that trans-
ports lactose into the cytoplasm (He et al., 1995; Voss et al. 1995a, 1995b). They
introduced two important advances to SDSL methodology: Engineering histidine
residues into the protein structure as metal-binding sites for determining helix
proximity and metal-nitroxide distance measurements between the engineered
histidine-metal site and a spin-labeled cysteine residue.

Lac permease contains 12 transmembrane helices. To determine the packing
arrangement of the helices and the relative proximity of sites along the transmem-
brane helices, histidine residues were substituted on the inner faces of helices at
sites thought to interact in the native structure (He et al., 1995). These mutants were
assayed for transport activity and the ability to bind Manganese binding was
quantitated by observing the decrease in the signal amplitude that accompa-
nied association with the metal with the protein. Only sites in close proximity bound

When metal binding was titrated, a transition midpoint with a pK of 6.2 was
observed, confirming histidines as the metal binding site.

Voss et al. (1995b) further studied the structure of Lac permease by introducing
a series of spin labels along one helix and making distance measurements to
bound to six contiguous histidines introduced into a turn between helices. Distance-
dependent broadening of spin label spectra was observed when was bound to
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the protein. Metal-nitroxide distances in the range of 8-25 Å were estimated using
Leigh theory (Leigh, 1970). These measurements were made at room temperature
on spectra that were not at the rigid limit but in good agreement with distances
estimated from modeling the helix. This was somewhat surprising, since Leigh
theory is rigorously valid only for rigid-limit spectra, and it offers promise for
measuring metal-nitroxide distances in the intermediate motional regime.

This approach was further developed using T4 lysozyme (Voss et al., 1995a)
for which distances based on crytallograpic data are available. Distances were
measured from a ion bound at an engineered bis-histidine site and spin-labeled
cysteine mutations along a well-defined Consistent distance measurements
were made using Leigh theory at both room temperature and in the frozen state.
The effects of having less than stoichiometric occupancy of the metal site were also
considered. Together these studies provide optimism that reliable metal-nitroxide
distance measurements can be made even at room temperature. This approach is a
powerful addition to the SDSL technique, and it can be applied to both natural
metalloproteins and proteins containing engineered metal-binding sites.

4. SDSL STUDIES OF PEPTIDE-MEMBRANE INTERACTIONS

The ability of SDSL to distinguish between membrane-bound and soluble
forms of spin-labeled peptides and to provide information on the localization of the
spin-labeled site with respect to the lipid bilayer makes it a valuable technique in
studying peptides whose biological activity involves association with, or incorpo-
ration into, the cell membrane. Such peptides can be obtained with unique labeling
sites by either molecular genetic methods or solid-phase synthesis. Several exam-
ples follow that illustrate how SDSL can be used to define factors that influence
membrane binding and insertion.

4.1. Diphtheria Toxin

Diphtheria toxin (DT) contains both a catalytic domain and a translocation (T)
domain. The T-domain binds to a eukaryotic cell membrane receptor, and after
endocytosis, it delivers the catalytic domain to the cytoplasm, where it causes cell
death by inhibiting protein synthesis. A conformational change, elicited by the low
pH of the endosomal compartment, initiates insertion of the T-domain into the
endosomal membrane, ultimately resulting in transport of the catalytic subunit.
Although this is a common theme for many toxins, mechanistic details of this
process are poorly understood.

Zhan et al. (1995) generated four cysteine mutants in the T-domain of DT and
examined conformational changes accompanying exposure to low pH in solution
and in the presence of membrane vesicles. Two of the four MTSL-labeled mutants
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experienced changes in their CW spectra with a shift to a solution at pH 4.6, both
consistent with increased immobilization. All four mutants showed motional
changes at pH 4.6 with vesicles present; three had decreased motion, and one
showed an increase in spin label mobility. Changes in NiEDDA and accessibility
in going from a solution at pH 8 to the membrane-bound state at pH 4.6 were more
revealing. One buried site was converted into a lipid environment with a high
whereas another site changed from an exposed location with high accessibility to
both and NiEDDA to a location buried in the protein tertiary fold. This study
thus provides an excellent example of dynamic conformational changes inferred
from comparing static accessibilities.

In a further SDSL study of the diphtheria toxin T-domain, 21 consecutive
cysteine mutants were constructed spanning a helical segment (helix 9 in the
transmembrane domain, TH9). In the crystal structure of soluble DT, TH9 is
inaccessible to solvent due to helix packing (Choe et al., 1992; Bennett et al., 1994);
it was proposed to insert into the endosomal membrane as part of a helical hairpin
along with an adjacent helix TH8.

In a manner reminiscent of transmembrane helices of bacteriorhodopsin (Al-
tenbach et al., 1990; Fig. 3), accessibilities to and NiEDDA showed a marked
3.5 residue periodicity throughout the sequence, indicative of secondary
structure (Oh et al., 1996). The periodicities of and were out of
phase. This phase relationship is consistent with either of two conformations in the
membrane: One where the helix lies along the plane of the bilayer surface and one
where the helix spans the membrane with an aqueous channel on one side and the
lipid bilayer on the other. Depth measurements based on were able to resolve the
two possible models suggested by accessibility, thus showing that this segment of
the T-domain inserts into the bilayer as a transmembrane and providing
strong evidence that TH9 participates in the formation of an aqueous transmem-
brane channel.

4.2. Cecropins

Cecropins are small peptides in the range of 35–39 amino acids produced by
a variety of insect species as a primitive form of immunological defense against
bacterial infection (Steiner et al., 1981). These peptides have potent antibiotic
activity, but interestingly these do not hemolyze human erythrocytes. They induce
membrane leakage in liposomes (Steiner et al., 1988) and form voltage-gated ion
channels in planar bilayers (Christensen et al., 1988). A cecropin analog was
isolated from porcine intestine (Lee et al., 1989), raising speculation that they may
be widespread among many species.

Cecropins have no native cysteine residues, although they do contain 6–7
lysines that with two arginine residues make them highly positively charged. To
examine the structure and membrane interactions of these peptides, a single-
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cysteine mutant of cecropin AD, one of the more potent analogs, was prepared by
solid-phase synthesis and spin labeled with MTSL (Mchaourab et al., 1993). This
peptide was largely unstructured in aqueous solution, giving rise to a sharp
three-line ESR spectrum, but it could be induced to undergo conformational
transitions by adding the helix-promoting solvent hexafluoro-2-propanol (HFP).
This confirmed earlier NMR studies indicating the formation of a helix-turn-helix
motif in 15% HFP (Holak et al., 1988). In addition, spin label studies demonstrated
aggregate formation at lower HFP concentrations as a preliminary step toward
structural organization, and it was suggested that this process may be related to
channel formation in membranes.

Unlike diphtheria toxin, cecropins partition between the membrane and aque-
ous phases. In the presence of liposomes, MTSL-labeled cecropin AD gives a
distinct two-component spectrum that is a superposition of a rapidly rotating
aqueous component with a subnanosecond rotational correlation time and a
membrane-bound component with slower motion (Fig. 8). It was shown that for
such a spectrum, the amplitude of the high-field line can be used to determine the
fraction of peptide free in solution, therefore providing a direct measure of the
extent of binding (Castle and Hubbell, 1976; Archer et al., 1991). This approach
can be used to characterize peptide-membrane interactions as a function of pH,
ionic strength, membrane surface charge, lipid acyl chain composition, and a
number of other experimental variables. For MTSL-cecropin AD, it was shown that
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membrane binding was cooperative and dependent on pH, surface charge, and alkyl
chain length. In addition, accessibility to was used to determine the depth of
spin-labeled residue in the bilayer for the membrane-bound component
(Mchaourab et al., 1994). Thus, these SDSL studies allowed determination of
physical parameters governing membrane insertion of cecropins and identification
of the membrane orientation of the inserted peptide.

4.3. Alamethicin

Alamethicin is a 20-amino acid fungal peptide containing eight residues of the
atypical amino acid and no cysteines. Alamethicin produces
voltage-gated ion conductance across lipid bilayers, and has been intensively
studied as a model for voltage-gated ion channels.

Spin-labeled derivatives of alamethicin were prepared with the nitroxide at-
tached at either the N- or C-terminus, or at cysteine residues introduced during
solid-phase synthesis (Archer et al., 1991; Barranger–Mathys and Cafiso, 1996).
Like the cecropins, these peptides partition between the lipid bilayer and the
aqueous phase, yielding two-component spectra similar to those in Fig. 8 (Archer
et al., 1991). Analysis of these spectra demonstrated cooperativity in membrane
binding. Free energy of binding becomes more negative as the peptideilipid ratio
increases, which is consistent with earlier studies based on changes in CD
spectra. Spin-labeled derivatives showed no evidence of spin-spin interactions or
concentration-dependent changes in indicating that aggregation does not play a
role in cooperativity. The CW saturation accessibility studies were used to map
depths of specific residues in the membrane and showed that the peptide was
inserted into the membrane parallel to the bilayer normal, supporting a model where
the peptide is in an extended conformation and refuting an alternative bent configu-
ration (Barranger–Mathys and Cafiso, 1996). Thus again SDSL was able to provide
insights into the process of membrane association and the structure and organization
of the peptide in the membrane-bound state that are not readily available through
other spectroscopic techniques.

4.4. Influenza Virus Hemagglutinin

A similar SDSL approach was used to examine a model for the membrane
insertion of a 40-amino acid loop of the influenza virus hemagglutinin, HA (Yu et
al., 1994). Influenza HA also undergoes a pH-dependent conformational change
that initiates fusion of the viral and endosomal membranes, delivering the viral
genome into the cell cytoplasm (Carr and Kim, 1993; Bullough et al., 1994). Two
mutants of the HA peptide containing single-cysteine substitutions were prepared
by solid-phase synthesis, labeled with MTSL, and their membrane-binding equili-
bria studied as a function of solution pH. In solution, these peptides yielded spectra
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characteristic of rapid motion. One peptide lost significant signal amplitude at a
low pH without substantial line shape change, suggesting the formation of an
equilibrium between monomers and an oligomer where nitroxides were in such
close proximity as to be effectively exchange-broadened into the baseline. This
effect was reversible, providing confidence that the loss in amplitude was not due
to chemical reduction of the nitroxide.

Both peptides showed a decrease in spin label motion upon binding to phos-
pholipid vesicles, allowing quantitation of their membrane-binding equilibria as
previously described for cecropin and alamethicin. Oxygen accessibility confirmed
that nitroxides were inserted into the lipid bilayer, apparently near the membrane
surface, since they retained some exposure to CROX. Membrane-binding isotherms
as a function of pH closely followed those observed for HA-induced fusion, thereby
providing evidence supporting the physiological relevance of ESR studies.

4.5. Melittin

Melittin is a water soluble 26-amino acid peptide that is the principle compo-
nent of bee venom. It causes cell lysis and forms voltage-gated ion channels in
planar lipid bilayers (Tosteson and Tosteson, 1981). As with many membrane-active
peptides, it contains a high percentage of cationic residues, with three lysines and
two arginines in addition to the positive charge carried on the N-terminus. Alten-
bach and Hubbell (1988) spin labeled melittin with the amino-specific nitroxide,
succinimidyl-2,2,5,5-tetramethyl-3-pyrroline-1 -oxyl-3-carboxylate (SSL). Using
reverse-phase HPLC, they were able to isolate all 16 statistically possible reaction
products, containing 0,1,2,3, or 4 attached spin labels. Of most use were the singly
labeled species derivatized with SSL at either Lys7, Lys21, Lys23, or at the
N-terminus. Each of these species possessed hemolytic activity comparable to
native melittin, and the Lys7 and N-terminally spin-labeled species were shown to
form voltage-gated channels (Tosteson et al., 1990).

As monomers, all singly labeled mutants gave spectra characteristic of rapid
motion in aqueous solution, with rotational correlation times in the 1–2 nanosecond
range. Salt-induced tetramer formation decreased spin label mobility in all cases
and produced apparent spin-spin broadening. Effects of motion and spin-spin
interactions could be separated by diluting spin-labeled peptides with enough
unlabeled melittin so that the average spin concentration was less than one per
tetramer, clearly indicating that both a decrease in motion and the onset of spin-spin
broadening occurred upon tetramer formation at all four labeling sites.

To separate dipolar effects from Heisenberg exchange, spin-labeled tetramers
were examined in frozen solution. With excess unlabeled melittin present, typical
powder spectra were obtained. However marked dipolar broadening was observed
for each of the tetramers composed of purely spin-labeled peptide. Although the
broadening was somewhat greater for the Lys7-SSL peptide than for other isomers,
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the presence of four interacting spin labels precluded quantitative analysis of the
spin-spin interaction.

In addition, these peptides were also used to examine the interaction of melittin
with membranes. Binding singly labeled species resulted in a decrease in nitroxide
mobility at all four sites, with essentially identical spectra observed for neutral and
negatively charged bilayers. In contrast to many other small peptides (e.g., ce-
cropins, alamethicin, HA), 100% binding was observed in each case. The absence
of spin-spin broadening led to the important conclusion that membrane-bound
melittin was monomeric and all four sites were at least qualitatively exposed to
CROX.

The orientation of melittin in the membrane was further studied using CW
saturation and saturation recovery (SR) methods (Altenbach et al., 1989b). Acces-
sibility to CROX was ordered as with the N-terminal label
showing two populations with different accessibilities. However, compared to
hydrophobic sites in integral membrane proteins, all melittin sites had relatively
high CROX accessibilities. Consistent with this, a model was proposed where the
peptide lies horizontally along the membrane surface in an configuration
with Lys7 oriented toward the aqueous phase and Lys23 oriented toward the
membrane interior (Altenbach et al., 1989b). An important point of methodological
interest in this study was that the dependence of collision frequency on both CROX
concentration and spin label position determined by CW saturation and SR were in
agreement.

5. CONCLUSION

In summary, SDSL is rapidly becoming a mature technique with which to
approach questions related to structure-function relationships in proteins. This ESR
method is uniquely suited to membrane proteins, and it can provide information on
systems that are not amenable to modern NMR and crystallographic methods.
SDSL methods are adept at defining local secondary structure (e.g., and

through nitroxide-scanning experiments and the sensitivity of the ESR
spin label spectrum to molecular motion can give insights into both local and global
conformational changes that accompany such events as ligand binding and denatu-
ration. Continued improvements in methods for making distance measurements for
both nitroxide:nitroxide and metal:nitroxide pairs will enhance the future applica-
tion of the site-directed spin-labeling approach even further.
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Spin-Labeled Nucleic Acids

Robert S. Keyes and Albert M. Bobst

1. INTRODUCTION

Numerous spectroscopic techniques have been used to investigate structure-
function relationships of nucleic acids. These investigations are often limited
however because the nucleic acid signals monitored by such techniques as ultra-
violet, fluorescence, circular dichroism (CD), infrared, or nuclear magnetic reso-
nance (NMR) spectroscopy are too complicated to be rigorously examined due to
interference from surrounding molecules. The concept of using a reporter group to
analyze local macromolecular conformations and interaction processes can on the
other hand help simplify a complex biological system, provided due regard is given
to inherent possible nitroxidc perturbations. While nitroxide labels as reporter
groups have been successfully applied to analyze many different systems, spin
labeling nucleic acids has not been so prevalent. As pointed out earlier (Bobst,
1979), the application of nitroxide labeling to the field of nucleic acids can in
principle be divided into two groups. In one group the nitroxide is attached to small
ligands known to interact with nucleic acids; in the other group the label is directly
linked to the nucleic acid lattice.

While the chemistry required to attach a label covalently to a small nucleic-
acid-binding ligand is relatively straightforward provided the ligand contains an
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appropriate functional group, the challenge of introducing a reporter group se-
quence specifically into a nucleic acid is substantial. Significant progress was made
in preparing and characterizing nucleic acids with probes covalently attached to
well-defined sites as well as in developing theoretical concepts to analyze their EPR
spectra. This chapter focuses on these more recent developments.

Nucleic acids offer a number of potentially reactive sites for covalently attach-
ing a tethered nitroxide. However it is difficult to achieve base and sequence-
specific spin labeling through direct chemical modification if only the four common
bases are present and a chemically reactive base analog is absent. Alkylation of
DNA with various hydrazine mustard spin labels were found to give some prefer-
ential labeling of the four bases (Raikova et al., 1982, 1983). Some of the labels
had a strong denaturing effect on double-stranded DNA (Ivanov et al., 1983);
studies on DNA fragments of  plasmid   suggested sequence-dependent spin
labeling (Weygand-Durasevic and Susic, 1990). Selective modification was
achieved in the case of T4 phage DNA using a nonglucosylated mutant and spin
labeling hydroxyl groups of the hydroxymethyl-2-deoxycytidines (Kamzolova,
1987).

New synthetic approaches have been developed that make it possible to spin
label oligonucleotides sequence specifically with great accuracy by either chemical
or enzymatic means or a combination of both approaches. Nucleotides labeled by
chemical oligonucleotide synthesis offers the possibility of synthesizing
spin-labeled oligonucleotides with any desired sequence in relatively large amounts
(5–10 OD). Sequence-specific enzymatic incorporation of appropriate spin-labeled
substrates into DNA with a variety of enzymes yields spin-labeled oligonucleotides
and polynucleotides with some limitation in the possible sequences and in some-
what smaller quantities (0.2–1 OD). However the chemical synthesis approach
requires elaborate protocols to ensure the preservation of nitroxide during various
chemical reaction steps; it also necessitates complicated purification procedures to
yield pure spin-labeled oligonucleotides. Such difficulties do not arise with enzy-
matically prepared spin-labeled nucleic acids.

In principle it is also possible to synthesize oligonucleotides first with adopting
groups, then to modify these groups specifically with appropriate reporter groups,
such as fluorophores (Gibson and Benkovic, 1987; Haralambidis et al., 1987) or
nitroxides (Fidanza and McLaughlin, 1989). Unfortunately this approach can
readily lead to side reactions giving rise to other labeled products exhibiting
additional motional states. In view of the great sensitivity of electron paramagnetic
resonance (EPR) spectroscopy, which can detect picomole quantities of a nitroxide,
the adopting group approach for spin labeling nucleic acids is believed to be less
reliable than methods discussed in detail in this chapter.

Besides the difficulty of preparing clean products containing sequence specifi-
cally incorporated nitroxides, a fundamental issue concerns the accuracy with
which a tethered nitroxide reflects the motion of the assembly to which it is attached.
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It would be ideal to attach the nitroxide rigidly to prevent independent label motion
without causing structural perturbation. However the design of such ideal labels for
nucleic acids has to this point remained elusive. Figure 1 lists in order of increasing
tether length chemical structures of spin-labeled bases that were incorporated into
nucleic acid sequences by chemical oligonucleotide synthesis or enzymatic tech-
niques.

This chapter reviews synthesizing and characterizing spin-labeled nucleic
acids, theoretical analyses of resulting EPR spectra, and biological applications of
spin-labeled nucleic acids. Emphasis is placed on research performed since the last
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review from this laboratory (Bobst, 1979). [In the meantime a few reviews dealing
specifically with spin-labeling nucleic acid were published (Kamzolova and Post-
nikova, 1981a, 1981b; Nöthig-Laslo et al., 1987).]

2. SYNTHESES OF SPIN-LABELED NUCLEIC ACIDS

2.1. Chemical Oligonucleotide Synthesis

Chemical synthesis of spin-labeled oligonucleotides can in principle be
achieved by using either phosphoramidite or phosphotriester chemistry to incorpo-
rate spin-labeled bases into oligonucleotides. In view of the reaction conditions
required for either method, it was found helpful first to evaluate the stability of 5-
and 6-membered ring nitroxides under these required conditions. For instance it is
well-known that the chemical stability of a nitroxide is strongly affected by a
number of chemicals (for a review on nitroxide chemistry, see Aurich, 1989).

The phosphotriester method is usually preferred for sensitive modified bases
(Kaplan and Itakura, 1987), because the coupling unit for phosphoramidite chem-
istry is relatively reactive. On the other hand the coupling yield of the former method
is about 90%, whereas the latter one gives yields close to 100%. A high-coupling
yield is particularly important when preparing long oligomers. While the phos-
phoramidite method is advantageous with its high-coupling yields, it calls for an
oxidation step not required with phosphotriester chemistry. Unfortunately the
nitroxide undergoes a 10–20% destruction under published oxidation conditions
consisting of lutidine/THF (Atkinson and Smith, 1984).

Regarding the chemistry common with phosphotriester and phosphoramidite
chemistry, the acidic detritylation step can be potentially hazardous to the nitroxide
moiety. While protonation of the nitroxide group does not change the oxidation
level of the molecule, stabilization due to delocalization of the unpaired electron is
essentially lost (Aurich, 1989). Various detritylation conditions, including protic,
aprotic, and Lewis acids, were explored, and detritylation protocols were found that
cause minimal damage to the nitroxide (Duh, 1990; Kryak, 1990).

Since phosphotriester chemistry does not need an oxidation step, it was
originally the preferred method in this laboratory to prepare spin-labeled oligonu-
cleotides. Subsequently we discovered that the phosphoramidite protocol of Phar-
macia requires only 0.01-M for the oxidation step. When repeating EPR
experiments with this tenfold lower concentration, the rate of nitroxide destruc-
tion was significantly reduced. In view of the possibility of working with less
we prepared some DUTA-labeled oligomers with the phosphoramidite protocol of
Pharmacia. Reaction products were then purified in the same way as spin-labeled
material obtained by phosphotriester chemistry. It was determined that EPR-specific
activity (see Sec. 3.2) of the oligomer prepared by phosphotriester chemistry
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was still by about 20% greater that the of a product obtained by the phos-
phoramidite method (Persichetti et al., 1991).

2.1.1. Synthesis of Some Spin-Labeled Building Blocks for the
Phosphotriester or Phosphoramidite Method

The one-atom-tethered C-5 spin-labeled nucleosides DUTA, 5-[(l-Oxyl-
2,2,6,6-tetramethyl-4-piperidinyl)amino]-2´-deoxyuridine (Bobst et al., 1983) and
DUPDA, 5-[(1-Oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl)amino]-2´-deoxyuridine
(Duh, 1990) are obtained by a condensation reaction between 4-amino-TEMPO or
3-amino-PROXYL with 5-hydroxy-2´-deoxyuridine (Fig. 2). The method, origi-
nally described for DUTA by Bobst et al. (1983), was applied more recently to the
synthesis of DUPDA (Duh, 1990). The DUTA and DUPDA are very stable under
basic deprotection conditions (cone.  NH3 at 25–60 °C).

Figure 3 shows the addition of six- and five-membered nitroxide rings to
3,5-dUCHO (4) to form DUMTA (5) and DUMPDA (6), respectively. The synthetic
method for preparing these 2-atom-tethered nitroxides is relatively simple and
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economical. The EPR spectra of spin-labeled nucleosides are typical for uridine
analogs labeled with five- and six-membered ring nitroxides (Kryak and Bobst,
1990).

2.1.2. Phosphotriester Synthesis

Spin-labeled oligonucleotides are synthesized according to standard solid-
phase phosphotriester chemistry, as described in Gait (1984). Coupling time with
spin-labeled derivatives is usually increased by about a factor of two compared to
the time needed for unlabeled derivatives. Spin-labeled oligonucleotides are
cleaved from the support and deblocked at internucleotide phosphates by treatment
with cone. overnight at The trityl group is removed by a short exposure
to 40% (v/v) acetic acid; after neutralization with cone. the spin-labeled
material is desalted with a Bio Gel P-2 column before FPLC purification.

2.1.3. Phosphoramidite Synthesis

Reaction steps required for synthesis arc shown with Fig. 4. Preparation of
from the phosphoramidites, DMTr-DUTA-PA and commer-
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cially available 5´-O-DMTr-thymidine-3´-(2-cyanoethyl-N,N-diisopropyl)phos-
phoramidite can be achieved with DMTr-dT-CPG as the solid support on a fully
automated Pharmacia Assembler DNA . Synthesis is carried out
with the Pharmacia protocol with the exception of about doubling coupling time for
the spin-labeled derivative. Note: Pharmacia protocol calls for only while
standard protocol for the Applied Biosystems instrument requires
Unlike phosphotriester synthesis, capping is carried out after each coupling, and the
final detritylation is directly performed on the column. The final product is removed
from the solid support by heating the support in conc.
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2.1.4. Purification of Spin-Labeled Oligonucleotides by FPLC

Considerable effort has to be put into purifying spin-labeled oligomers by
HPLC and/or FPLC to isolate pure products with optimal values; however
these can be considerably reduced when using steel columns together with acetoni-
trile as a solvent component. Fully deprotected oligonucleotides are best purified
by anion exchange Mono Q FPLC using a sodium hydroxide/sodium chloride
gradient (pH 12). The last major peak usually contains the desired material, which,
depending on the spin-labeled derivative used, may contain pure material. Most
often however, it is necessary to add a reverse-phase ProRPC FPLC purification
step with an acetonitrile/triethylammonium gradient (pH 7.0).

2.1.5. Enzymatic Digestion of Spin-Labeled Oligonucleotides and HPLC
Analysis of Digest

The base composition of spin-labeled nucleic acids can be verified by enzyme
digestion and subsequent HPLC analysis. The 0.1 of FPLC-purified
spin-labeled oligomer is digested with a 0.1 unit of alkaline phosphatase in 50-mM
Tris-HC1, pH 8.5, 10-mM in a total volume of for 1 h before adding
0.02 unit of phosphodiesterase, then keeping the mixture for 16 h at room tempera-
ture. An aliquot of the digestion is analyzed by reverse-phase chromatography with
a Delta- C-18 column (Waters, ) (Duh and Bobst, 1991).

2.2. Enzymatic Incorporation of Spin-Labeled Substrates

Our laboratory developed a variety of nitroxide-labeled uridine, deoxyuridine,
and deoxycytidine derivatives to serve as substrates for nucleic-acid-synthesizing
enzymes. Either template-independent enzymes, such as polynucleotide phospho-
rylase (Bobst and Torrence, 1978; Hakam et al., 1980; Kao et al., 1983; Toppin et
al., 1983a) and terminal deoxynucleotidyl transferase (Toppin et al., 1983b; Bobst
et al., 1984a), or template-dependent enzymes, such as reverse transcriptase from
avian myeloblastosis virus (Warwick–Koochaki et al., 1983), DNA polymerase I
from E. coli (Pauly et al., 1987; Strobel et al., 1989), T-4 DNA polymerase (Pauly
et al., 1989), Micrococcus luteus DNA polymerase (Strobel et al., 1995), and
AmpliTaq DNA polymerase Stoffel fragment (Strobel et al., 1995) were used for
this purpose. The enzymatic incorporation of spin-labeled substrates was successful
provided the tether used to couple the nitroxide to the base exhibited some
flexibility. The only labeled derivative to fail as a substrate for any polymerase so
far tested was the one-atom tethered DUTA (Toppin, 1983). However DUTA’s
excellent thermal stability, its chemical stability, and its ease of preparation on a
large scale made the one-atom-tethered compound a good candidate for sequence-
specific incorporation by chemical oligonucleotide synthesis (see Sec. 2.1).
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2.2.1. Preparation of Spin-Labeled Lambda Phage DNA by Nick
Translation or End Replacement

The spin-labeled thymidine analogs ppp-DUAT, ppp-DUPAT, and ppp-
DUAVAP were incorporated into lambda phage DNA by nick translation (Pauly et
al., 1989). Control experiments with to monitor incorporation kinetics
show that these analogs are good substrates in a nick translation system. Preparation
of radiolabeled and spin-labeled lambda phage DNA is best carried out in
polypropylene tubes. Each reaction requires 30 of a solution of  0.1 -M Tris-HCl
(pH7.5), 0.01-M  0.001-M dl-dithiothreitol, l nuclease free BSA,

lambda phage DNA, 2.4 nmol each of dGTP, dCTP, dATP (spec, activity
650 Ci/mol), and 0.5-nmol TTP as well as 1.9 nmol of the spin-labeled thymidine
analog ppp-dL (in the absence of TTP, the resulting lambda phage DNA spectrum
exhibits significant broadening due to Heisenberg spin exchange. (For an analysis
of broadened EPR spectra due to a large incorporation of nitroxides into a single-
stranded nucleic acid lattice, see Kao and Bobst, 1986.) The 10 of Pol I/DNAse
I in 50-mM Tris-HCl (pH 7.5), 5-mM Mg acetate, 1-mM 2-mercaptoethanol,
0.1 -mM phenylmethylsulphonyl fluoride, 50% (v/v) glycerol, and nu-
clease-free BSA are added before incubating the mixture at 16 °C. At appropriate
time intervals samples are spotted on Whatman DE81 filters, then counted.
After establishing an optimal nick translation conditions, the reaction is carried out
without tritiated material and scaled up threefold. After incubation at for 90
min, (pH 8.0) and 2.5 5% (w/v) SDS are added to stop
incorporation.

The ppp-DUAVAP was incorporated into Hind-III-restriction fragments of
lambda phage DNA by end replacement with T-4 DNA polymerase. For that
purpose 10 of a solution of 50-mM Tris-acetate (pH 7.9), 50-mM sodium acetate,
10-mM magnesium acetate, 0.5-mM dl-dithiothreitol, nuclease-free
BSA is added to 10 of 0.3-M sodium acetate containing 5.5 of chloride-free
Hind III digested lambda phage DNA. This mixture is incubated together with 5
units of T-4 DNA polymerase for 15 min at 37 °C, then 7 of a solution containing
3 nmol each of dATP, dGTP, and dCTP are added together with 2 an aqueous
solution containing 3.8-nmol ppp-DUAVAP. After incubation at for 35 min,
the reaction is stopped by adding 0.3-M (pH 8.0) and 2.5-ml 5%
(w/v) SDS.

2.2.2. End Filling with Klenovv Fragment

Figure 5 shows the enzymatic reaction required for end filling a partially
complementary 17mer with the large DNA polymerase (Klenow) fragment. The
reaction leads to the formation of a 26mer containing a sequence specifically
incorporated spin-labeled nucleotide (L). The L corresponds to analogs DUAT,
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DUAP, or DUAVAP; from Fig. 5 it is apparent that positioning L in the 26mer can
he readily changed by changing the position of the A residue in the 17mer.

Preparation of radiolabeled and spin-labeled 26mer is best carried out in
propylene tubes with 0.2-nmol 17mer, 4-nmol ppp-DUAT or 4-nmol ppp-DUAP
or 4-nmol ppp-DUAVAP, 30-nmol (specific activity 17 cpm/pmol), and
6.6 units of a Klenow fragment in a total volume of containing 0.14-M
Tris-HCl, 0.05-M NaCl, pH 7.8, 0.014-M 1.4-mM dl-dithiothreitol, and

bovine serum albumin. The mixture is incubated at room temperature,
and aliquots are withdrawn at appropriate time intervals, spotted on Whatman
DE 81 filters, then counted. Kinetics of dGMP incorporation showed that
spin-labeled analogs are excellent substrates. After establishing the best reaction
conditions, end fil l ing is done without the radiolabel; by increasing individual
component amounts fourfold, about 0.4 nmol of spin-labeled 26mer can be isolated.
As noted earlier (Bobst et al., 1988), sequence specifically spin-labeled oligonu-
cleotides prepared enzymatically are more easily purified than those prepared by
chemical oligonucleotide synthesis.

2.2.3. Spin Labeling with M. Luteus DNA Polymerase or Taq DNA
Polymerase

DNA-containing layer is drawn off, then transferred to another glass tube. The
extraction procedure is repeated four times before separating polymers from the
unincorporated nucleotides by size exclusion chromatography (Strobel et al.,
1995).
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With Taq DNA Polymerase, the reaction (per ml) in 10-mM Tris-HCI (pH 8.3),
10-mM KCl, 4-mM 1-mM dATP, 1-mM dTTP, 4-mM-dGTP, and 4-mM
ppp-DCAVAP contains 100-mg pRDZ8/pUC8 hybrid and 100 units of AmpliTaq
DNA Polymerase. The reaction mixture (with mineral oil layered on top of it) is
incubated at and after 45 min, the reaction is supplied with dCTP to bring
its concentration to 4 mM. The reaction is stopped after 2 hours by extracting three
times with phenol and three times with alcohol (24:1, v/v). The
DNA is loaded onto a Sephacryl S-200 ( mm) size-exclusion column, then
eluted with (pH 7.5). The DNA-containing eluate is collected
and freeze dried repeatedly (Strobel et at., 1995).

2.2.4. Purification of Enzymatically Spin-Labeled Nucleic Acids

Purification of spin-labeled DNA for EPR analysis is usually accomplished by
exclusion chromatography over a Sephadex G-50 column with 150-mM NaCl,
15-mM Na-citrate pH 7 with 0.1% (w/v) SDS. Polymer-containing fractions are
concentrated by centrifugation with an Amicon K-30 Centricon filtration device,
and the buffer is exchanged by washing through the Centricon filter three times
with 1.5 ml of a 10-mM Tris-HCl, 10-mM NaCl buffer pH 7.9.

In Fig. 6 FPLC elution profiles confirm that a 26mer prepared enzymatically
has the same retention time as a 26mer constructed with a DNA synthesizer. The
EPR spectrum in the inset also establishes that the enzymatically incorporated
nitroxides endure the FPLC analysis condition (Keyes et al., 1996).

2.3. Spin Labeling Oligonucleotides by Spin Trapping

A procedure was developed for making a 0-tether spin-labeled 15mer contain-
ing DUNtB as the main reporter group (Bobst et al., 1997). A 15mer containing a
C5-iodo-deoxyuridine placed in position 8 was prepared by phosphoramidite
chemistry, purified by FPLC, then irradiated in the presence of the spin trap
2-methyl-2-nitrosopropane (MNP) (Fig. 7a). Originally irradiation was carried out
with a 150-W Xenon lamp and an filter #59423 (transmission at 260 nm
and higher) to yield a stable spin adduct nitroxide = 36 h at 4 in solution)
with a primary triplet (A = 15 G) due to the nucleus and some additional
secondary splitting. Earlier studies with C5-iodo-uridine showed that the formation
of RUNtB, the RNA analog of DUNtB, under similar irradiation conditions
displayed only a triplet spectrum with A = 15 G after purification with a small
reverse phase cartridge (Sep- , Waters, ) (Ozinskas, 1981). However
removing the secondary splitting formed on irradiating C5-iodo-deoxyuridine
embedded in an oligodeoxynucleotide has so far not been successful. It is believed
that this splitting arises from an additional trapped species that may originate from
an H-abstraction radical formed in the (5´) position in view of spin-trapping studies
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by others (Kuwabara et al., 1981). Changing the irradiation source to a
HeCd laser (325 nm, power output 8 decreased secondary splitting by
about 30%. Capillary electrophoresis (CE) analysis of the DUNtB-labeled 15mer
showed that the oligomer is not fragmented by the laser (Fig. 7b). (Note: We refer
to the spin-trapped 15mer as the DUNtB-labeled 15mer out of convenience; the
15mer is of uniform size, but besides DUNtB it contains a covalently bound minor
EPR active contamination.) The EPR spectra obtained after annealing DUNtB-
labeled to either or are given in Fig. 7c; these indicate that the
EPR signal responds to the change in duplex size (see Sec. 4.2).
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3. CHARACTERIZATION OF SPIN-LABELED NUCLEIC ACIDS

3.1. Free Spin Test

To record the EPR signal from a spin label incorporated into a nucleic acid
accurately, background signals must be minimized. In contrast to NMR spectros-
copy where inherent insensitivity is almost an advantage when dealing with sample
purity [as much as 5% impurity in an NMR sample does not usually interfere with
a one- or two-dimensional NMR spectrum (Parraga and Klevit, 1991)], the high
sensitivity of EPR spectroscopy detects the slightest EPR-active impurity. The
greatest potential source of an extraneous signal is from unincorporated labels.
These free spins yield sharp lines of large amplitude that can mask other signals.
Sometimes an incorporated spin label produces a line shape broad enough so that
a free spin is clearly seen as a second spectral component, but this is not always the
case.
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A free spin test can be applied to a spin-labeled nucleic acid solution to verify
that there is no unincorporated label present. An assay using poly-L-lysine was
found to be the most effective means of detecting minute amounts of noncovalently
bound probes in nucleic acids (Bobst, 1979). Poly-L-lysine is a polycation at neutral
pH that binds to the polyanion nucleic acid, thereby restricting the mobility of
incorporated spin labels. If free spins are present, their diffusion rate is not
affected (see Bobst, 1979, Fig. 4). About 10–20 nmol (amount of nucleotide) of
a spin-labeled oligomer is titrated with aliquots of a poly-L-lysine stock solution
until broadening of the EPR line shape is essentially complete; with 10mers–
15mers, this requires a poly-L-lysine to nucleotide ratio of 1.7 to 2 (Table 1). When
the test is applied to spin-labeled polymers, a 1 to 1 ratio saturates available lattices
due to a higher binding affinity. In the case of free spin contamination, one or more
gel chromatography steps with either Sephacryl or Bio-Gel usually eliminates the
problem.

3.2. EPR-Specific Activity of Spin-Labeled Nucleic Acids

Although it is difficult and tedious to quantify EPR signal intensity when
preparing spin-labeled oligonucleotides by chemical or enzymatic synthesis to
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yield sequence-specific EPR-active nucleic acids, it is beneficial to do so to compare
the quality of the labeled products from synthesis to synthesis. Mild conditions used
to prepare enzymatically labeled nucleic acids cause little damage to the nitroxide
moiety, thereby making it possible routinely to synthesize labeled material with
EPR signal intensities that vary little from one preparation to another. This was
found not to be the case with spin-labeled oligonucleotides prepared by chemical
synthesis.

The relatively harsh chemistry encountered in oligonucleotide synthesis makes
it necessary to follow the integrity of the nitroxide moiety during various reaction
steps by EPR. By keeping experimental conditions (solvent, temperature, etc.) and
instrument parameters constant (Dalal et al., 1981) and normalizing for concentra-
tion, can be determined for spin-labeled nucleic acids (Strobel, 1992). The

is expressed as S/OD, where S is the absolute   h0 signal intensity (peak-to-peak
height) of the center field line and optical density (OD) is the nucleic acid
concentration at neutral where OD = The is measured under
very specific conditions (Strobel et al., 1991), since signal intensity is influenced
by a number of variables, including the cavity filling factor , cavity quality factor
(Q), and incident microwave power (Dalal et al., 1981). Power saturation studies
arc performed to ensure that spectra are recorded under nonsaturating conditions
where EPR signal intensity is proportional to microwave power. Although the
number of nitroxides is directly proportional to the area under the EPR absorption
curve and it is normally obtained by double integration of the spectrum, values of
integrated numbers can often be misleading due to subtle problems with the base
line (Ireland, 1984). Therefore it is more convenient routinely to quantify the EPR
signal measuring peak-to-peak height of  for a particular category of compounds
characterized by the same line shape. Peak height is a good approximation in the
motional-narrowing region where lines are Lorentzian.

To quantify the EPR signal from a Varian E-104 spectrometer, the Bobst group
developed a standard based on the height of the centerfield peak. The magnitude of

is measured in centimeters (where Varian digital units are converted into
centimeters within the acquisition program). This value is normalized to 1 OD and
a receiver gain (RG) of 10,000. Therefore standardized values are recorded in
cm/OD at 10,000 RG; these are calculated by:

When operating more than one EPR spectrometer in a lab, it is often necessary
to compare spectra from the different instruments (Keyes, 1994) quantitatively. A
case where Varian E-104 and Bruker ESP 300 spectral data are compared illustrates
how this can be done. Spectral data arc acquired on the Bruker ESP 300 EPR
spectrometer through the ER 023M signal channel. The sweep time for an experi-
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ment equals the number of data points sampled (i.e., x-axis resolution) multiplied
by the time taken for each data point to be converted from its analog signal into its
digital representation (i.e., conversion time). When a conversion time is chosen, it
automatically sets the digitizer resolution (DR) with a value from 9–22. The
digitizer resolution determines the number of bits that will represent full-scale
voltage, which in turn will represent the maximum y-scale resolution of a particular
spectrum. The larger the digitizer resolution, the greater the resulting digitized
intensity values during acquisition.

After acquisition data on the ESP 300 are displayed on the computer monitor
so that the resulting spectrum fills a large part of the screen. The computer changes
scale, ranging from 9 to 32, to accommodate the intensities of a particular spectrum.
The magnitude of the scale is defined by a scaling factor (SF) that is the power to
which two is raised to achieve a particular scale:

For example a scaling factor of 16 provides a scale of 65,536. Since the data baseline
is defined to be zero so that intensities take both positive and negative values; in
this case the bottom edge of the spectral display corresponds to –32,768 and the
top edge represents 32,768. For a single scan, the scaling factor equals the digitizer
resolution. When spectra are time-averaged (in the Add mode), the scaling factor
increases further as spectral intensity sums become larger.

Such factors as receiver gain, type of cavity, sample concentration, sample
volume, different EPR cells, and variations in microwave source can influence the
magnitude of an EPR signal (Dalal et al., 1981). If a measure of the is required,
then standards must be established to allow valid comparisons. Comparing two
spectra from the same EPR spectrometer is straightforward: If  the same cell, cavity,
and sample volume are maintained and the microwave source has not changed
between measurements, then the EPR signal is linearly related to both receiver gain
and sample concentration. However when comparing spectra from two different
EPR spectrometers, an empirical conversion factor must be determined to account
for instrument differences.

For the Bruker ESP 300 EPR spectrometer, the definition of was extended
and a relationship developed to compare values between the two instruments.
There are three differences between Varian and Bruker definitions. First ' is
defined in terms of digital bits of peak intensity, which are arbitrarily called Bruker
units (BU). Note: The number of BU depends on the digitizer resolution (DR) set
when the spectrum is taken (i.e., at a DR of 17, maximum voltage of the signal
channel is divided into = 131,072 units; minimum and maximum values are
–65,536 and 65,536, respectively). A second distinction in calculating is the
difference in time averaging between the two instruments. When multiple scans are
taken with the Varian E-104, the acquisition program averages spectral data over
the number of scans (NS) to provide the final spectrum (Ireland et al., 1983); the
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Bruker ESP 300 program sums spectral intensities of each scan to yield the final
spectrum. Therefore intensities of a Bruker spectrum expressed in BU is divided
by NS. A third difference is that the ESP 300 receiver gain is normalized to 100,000
rather than 10,000 as with the E-104. Thus for a given DR, for a Bruker
spectrum is

Varian and Bruker values are related by an empirically determined conversion
factor (CF) (Strobel, 1992). The relationship is

where CF = 4900 is defined at a DR of 18. Note: The CF depends on the two
spectrometers being compared due to variations in machine characteristics, such as
the quality of the microwave source and noise level of the detector diode. These
properties may change as a function of time, so CF must periodically be redeter-
mined.

Table 1 lists both Bruker and Varian values of some spin-labeled mono-
and oligonucleotides (Kryak, 1990). The values quantitatively follow ex-
pected trends in signal intensity. Since the monomer, 12mer, and 15mer molecules
are 100%, 8.3%, and 6.7% spin-labeled, respectively, their S/OD reflects the
effective spin dilution. The values of the DUMPDA-labeled 12mer and 15mer
are 7.5–9.5% and 5.7%, respectively, of the DUMPDA monomer these
correlate well with the percent labeling. For a given system, the six-membered ring
spectra contain broader peaks than those of the five-membered ring; thus their
amplitudes and corresponding are smaller.

3.3. Influence of Spin Label on Native Nucleic Acid Duplex Conformation

Whenever a probe is placed in a system, there is usually a trade-off between
sensitivity to the system and perturbation of the system. With respect to nitroxide
spin labels, it was found that when the reporter group is attached to the base by a
four-atom tether, there is no perturbation of the native RNA duplex (Langemeier
and Bobst, 1981). The uv-melting study (260 nm) of DNA 26mers spin labeled with
either DUAT or DUAP also indicated no destabilization of the helix based on the

value (Bobst et al., 1988). Both labeled and unlabeled oligomers yielded nearly
identical melting profiles. In contrast Froehler et al. (1992) demonstrated that the
presence of a propyne group in the C5 position of pyrimidine bases stabilizes the
DNA duplex. Examining the melting profile of a monoacetylene-labeled dode-
camer indicates both hypochromic stabilization of the helix prior to the melting
transition and an increase in the value (Spaltenstein et al., 1988). This increase
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in duplex thermostability caused by propyne is currently used by others who employ
nucleotide bases chemically modified by adding a propyne group to increase
dramatically the affinity of antisense oligonucleotides to their target sequence
(Wagner et al,, 1996). For this reason conclusions based on studies performed with
spin labels containing such acetylenic tethers as ACET and DIACET (Fig. 1)
(Hustedt et al., 1993a, 1995) are questionable. In a recent study, an attempt to
include a nitroxide reporter group within the ring system of a base analog resulted
in significant destabilization of the helix (Miller et al., 1995).

Another test of the influence of the spin label on DNA conformation involves
monitoring whether or not a repair enzyme excises the modified nucleotide from
the duplex. A preliminary study with the uvrABC protein complex showed that
substituting a five-atom-tethered nitroxide in position C5 of thymidine does not
cause distortional sites in the duplex (Kao and Bobst, 1985).

3.4. Evaluation of Spin-Label Rigid-Limit Tensors

Zeeman and hyperfine splittings result from the interaction of the nitroxide's
paramagnetic electron with the static magnetic field and nitroxide nitrogen, respec-
tively. These two effects induce primary electronic energy level splittings defining
the EPR spectrum. The first two terms of the spin Hamiltonian represent these
primary interactions, and these are generally the most important energy contribu-
tions:

The g and A tensors represent both the magnitude and anisotropy of the Zeeman
and hyperfine splittings. They are generally defined with respect to their diagonal
elements:

An immobilized nitroxide determines values of an EPR spectrum’s rigid-limit
g and A tensors. The goal is to achieve an environment for the spin-labeled system
that does not allow residual motion faster than the rigid limit and also
maintains a polarity similar to that in the solvent in dynamics experiments. Both
changes in motion and solvent polarity (including hydrogen bonding) affect tensor
values (Hwang et al., 1975).

Different methods have been used to determine rigid-limit magnetic tensors
(Keyes and Bobst, 1995). Freezing or lyophilizing the spin-labeled sample immo-
bilizes the nitroxide and provides solvent interactions, but it can also result in
hydrogen bonding (Hustedt et al., 1993a). Johnson (1981) proposed a two-state
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model to separate effects due to hydrogen-bonded and nonbonded states. This
approach helped explain hydrogen-bonding observations of Hwang et a1. (1975),
but it did not work for systems described by Keyes and Bobst (1995).

Another approach involves preparing an aqueous solution of the spin label in
glycerol or sucrose, then cooling the sample without freezing. This provides an
effective environment for reducing nitroxide motion while minimizing hydrogen
bonding beyond what occurs with water in an aqueous solution (Hustedt et al.,
1993a). Table 2 lists experimental tensor values of four spin-labeled nucleotides.
The isotropic values for DUMTA, DUAT, and DUAP were determined
from spectra taken at room temperature (Keyes and Bobst, 1995). Because the
frequency meter provided only three significant figures, the value was determined
relative to a chromium standard in a polyethylene matrix) (Bobst et al., 1984b)
according to the relationship:

where is the field value of the major peak of is the field value of the
nitroxide centerfield peak, and = 1.9804 0.0002. The value for was taken
as the difference between the center field line and either the up- or down-field line
that were symmetrically split.

The rigid-limit values are measured in a 75% (w/w) glycerol aqueous solution
at 233 K. The value of is obtained as half the field difference between the two
extreme peaks; was calculated from the field position midpoint between the two
extrema relative to a chromium standard according to Eq. (7). The other g and A
diagonal elements are obtained by simulating spectra with a rigid-limit routine
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(Hustedt el al., 1993b; Keyes and Bobst, 1995). Tensor elements for ACET are
determined in a 51 % (w/w) sucrose buffer at 273 K (Hustedt et al., 1993a).

The consistency of a set of rigid-limit tensor elements can be tested by either
measuring the isotropic (i.e., fast limit) values or determining partially
averaged tensor elements when motion is introduced within the EPR time scale (see
Sec. 4.1.3). Tensors must exhibit rotational invariance where traces remain constant
for different motional rates and equal three times the isotropic values (i.e.,

where the prime indicates an
averaged tensor). Variance in tensor traces indicates that rigid-limit values may have
been affected by differences in environmental polarity.

4. MOTIONAL ANALYSIS OF SPIN-LABELED NUCLEIC ACIDS

4.1. Theoretical Approaches to Modeling Nucleic Acid Dynamics

Various approaches can be used to analyze nucleic acid dynamics. Molecular
dynamics (MD) attempts to model the classic trajectory of all atoms in the molecule
according to a force field (Fritsch et al., 1993). This is helpful in addressing
femtosecond-to-picosecond dynamic processes, but slower motional modes on the
nanosecond time scale and longer are difficult to model with MD, since the
algorithms are computationally intensive. By grouping atoms together and taking
larger time steps between iterations, Brownian dynamics yields trajectories that
provide a detailed simulation of DNA diffusion, including collective bending,
twisting modes, and global tumbling (Robinson et al., 1992). Alternatively by
making a few simplifying assumptions, theoretical frameworks can be formulated
that contain very few adjustable parameters but still provide a realistic model of
DNA motion. The weakly bending rod model of Schurr and coworkers (Schurr et
al., 1992), the slowly relaxing local structure (SRLS) model of Freed’s group
(Polimeno and Freed, 1995), and the model-free approach of Lipari and Szabo
(1982) are three such schemes.

Robinson and Drobny (1995) describe and compare the weakly bending rod
model with the model-free approach. This model pictures the DNA as a series of
coupled oscillators consisting of base pairs connected by Hookean springlike
bonds. The dynamics are characterized by the effect of global tumbling, collective
bending, and twisting modes on diffusion of an individual base pair element. This
model has four adjustable parameters; describe axially symmetric
diffusion of the DNA helix and the twisting and bending force constants.

The SRLS model and the model-free approach are more generalized motional
frameworks (Fig. 8). In the SRLS model internal dynamics diffuse within a
surrounding cage that relaxes more slowly. Internal and global motions are effec-
tively modeled as two rigid rotors at a fixed angle coupled by an interaction



potential. The diffusion of each rotor is characterized by correlation times and an
order parameter. For DNA oligomer diffusion, the cage rotor diffuses axially
symmetrically with a magnitude of . The internal rotor can also be
described by an axially symmetric diffusion tensor.

The model-free approach decouples global dynamics from internal dynamics
as motionally independent processes. For a DNA helix global diffusion is also
described by as in the other two models. Internal dynamics are
described by an order parameter and an internal correlation time. These two
model-independent parameters of internal motion can be related to bending and
twisting modes (Robinson and Drobny, 1995).

Two other motional components complicate the dynamics picture. First indi-
vidual bases within a base pair experience independent fluctuations that are not
coupled to other base pairs. The magnitude of these motions range from small
amplitude librations to large amplitude base pair opening/closing reactions. This
spectrum of values is due to the kinetics of base pair oscillations resulting in a large
population of small-amplitude fluctuations, where only a small population of
large-amplitude base pair openings permit hydrogen exchange. Opening reactions
were monitored by NMR using hydrogen exchange; these occur on the
s time scale (Leroy et al., 1988; Folta–Stogniew and Russu, 1994). Although some
researchers argue that most base oscillations are limited to small amplitudes (<

(Allison et al., 1982; Schurr and Fujimoto, 1988; Hustedt  et al., 1993a, 1995),
a large body of data suggests that magnitude is considerably larger (Eimer et al.,
1990; Georghiou et al., 1996 and references therein).

The other motion to be considered when a probe is used to monitor nucleic acid
dynamics is the probe itself relative to the base. An ideal dynamics probe does not
introduce perturbation into the system it is monitoring but accurately reports the
actual base motion; this is difficult to achieve in practice. The compromise is
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between effectively coupling a probe to the system while introducing minimal
perturbation (see Sec. 3.3.).

These two motions can be included in dynamics models by correlating mo-
tional parameters to independent base and probe motions. However if a model is
applied to interpret the meaning of motional parameters in terms of specific
contributions, such as bending modes, then the ability to interpret experimental data
correctly depends on the suitability of the model.

4.2. Spin-Labeled Nucleic Acid Dynamics Detected by EPR

From the previous analysis, the dynamics of DNA can be broken down into
specific contributions or modes. For instance the motion of an individual base
consists of twisting, tilting, and torsional components. However due to difficulties
in separating these numerous contributions, motions are generally classified into
sets of increasing scope. These include base oscillations of different amplitudes,
multiple base opening breathing reactions, collective bending and twisting modes,
and global tumbling. These various motions all have similar time scales (at least
for oligomers) such that motions are coupled and on the EPR time scale, these all
influence the spectral line shape. The spin label is progressively coupled to the
dynamics of the nucleic acid depending on the motional coupling between various
components (Fig. 9).

To interpret EPR spectra of spin-labeled nucleic acids quantitatively and
consistently, a motional model is used to explain spectral features. In the case of
fast motions, relative peak heights and widths provide the necessary information
for determining rates and anisotropy (Nordio, 1976; Bobst, 1979; Marsh, 1989).
However for slower motions, the entire line shape is simulated according to the
motional model. There are essentially two ways that motion is introduced into
spectral simulations of spin-labeled nucleic acids. The first is by modeling the
diffusion of the label around one or more axes while rigid-limit magnetic tensors
are kept fixed. The rate of motion is characterized by correlation times. The second
method assumes there is very fast diffusion (i.e., fast motional limit), so magnetic
tensors are preaveraged by moving them from their rigid-limit values toward their
fast-limit values. The rate of diffusion is often not quantifiable in this case, so
averaged tensors are used to measure the geometry of motion or to determine an
order parameter.

4.2.1. Measuring Motional Rates

In fast rotational diffusion where nitroxide magnetic anisotropies’ average
results in three sharp lines, perturbation theory can be applied to extract motional
rates from line widths and heights (Nordio, 1976; Bobst, 1979; Marsh, 1989). This
motional-narrowing  region  extends  from  about s. When dynamics occur
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on the time scale of nanoseconds or slower magnetic interactions
become orientation-dependent, so the g and A tensor anisotropies are apparent in
the line shape. Slow motional spectra are more sensitive to the model used for
microscopic diffusion than are fast motional spectra (Freed, 1998). For these slower
motions, the entire line shape must be simulated to determine motional rates. The
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current standard approach to this problem is to solve the Stochastic Liouville
equation (SLE) of motion for a given set of rigid-limit tensors with various values
for the correlation time, then fit the resulting line shape to experimental spectra
(Freed, 1976; Schneider and Freed, 1989a, 1989b).

Correlation time provides a measure of spin correlation decay. For an axially
symmetric system, it is related to diffusion coefficients by:
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Kao et al. (1983) developed an axially symmetric motional model for
spin-labeled nucleic acids termed the base disk model (Fig. 10). The principal
diffusion axis corresponds to the first tether bond connecting the spin label to the
C5 position of the nucleotide base. The principal magnetic axis runs through the

orbital of the nitroxide nitrogen atom to make an angle defined as the tilt
angle, with the principal diffusion axis.

This model was successfully applied to many different spin-labeled systems,
which resulted in well-characterized values for model parameters (Kao et al., 1983;
Kao and Bobst, 1985; Pauly et al., 1987; Strobel et al., 1990a, 1990b; Keyes and
Bobst, 1995; Keyes et al., 1997). The  primarily represents motion of the nitroxide
about the tether; thus its magnitude is strongly tether-dependent. There is an
approximately linear relationship between tether length and (Keyes et al., 1997).
The correlates well with motion of the base within the duplex; it is sensitive to
changes in both conformation and global tumbling (Keyes and Bobst, 1995; Keyes
et al., 1997). The B-to-Z transition was effectively monitored for a randomly labeled
dG-dC polymer (Strobel et al., 1990b; see Sec. 5.3); indicated that a motional
slowing of the base dynamics from 4 ns to 7 ns occurred during the conformational
change.

4.2.2. Measuring Motional Restriction

When diffusion of a nitroxide is fast on the EPR time scale, the g and A tensors
can be averaged to account for the motion. The averaging method used to simulate
spectral data is determined by the motional model chosen. A particular geometry
of motion is associated with the model. This type of analysis can yield amplitudes
as well as order parameters. An important characteristic of motionally averaging
magnetic tensors is that the trace of tensor matrices must remain constant when
dynamics change. This follows from the property that second-rank tensors are
rotationally invariant. If the trace changes, this indicates that environment polarity
is varying.

Van et al. (1974) developed three models for tensor averaging when a spin label
is undergoing fast anisotropic motion. The first is when rapid rotation occurs about
a single molecular axis not necessarily coincident with a nitroxide axis. For this
model, tensors average according to:

where are the axially symmetric averaged hyperfine tensor elements
and and are rigid-limit values. The and are standard Euler angles
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defining nitroxide magnetic axes orientation with respect to the molecular diffusion
coordinate system. The is the tilt angle between the principal magnetic and
principal diffusion axes; is the angle of rotation about the principal magnetic axis.
Figure 11a shows that averaged hyperfine tensor elements change as a function of

Note: Although individual elements change in value, the tensor trace remains
constant.

The Wobble model (Fig. 11 b) allows the principal diffusion axis to randomly
walk over a section of a sphere’s surface, thereby restricting motion to a cone with

half-angle the axis points to all allowed directions with equal probability. The
tensor averaging for this wobble model follows:

where and are defined according to Eqs. (10) and (11) . Thus this model also
maintains axial symmetry and depends on Euler angles and The W is a wobble
parameter ranging from 1/3–1; W = 1/3 corresponds to  where Eqs. (12)
and (13) describe isotropic diffusion [i.e., =1/3 When
W = 1, so Eqs. (12) and (13) reduce to Eqs. (10) and (11) for the Rapid
Rotation model. Figure 11 b depicts tensor averaging for the Wobble model as a
function of W.

The Oscillation (Fig. 11 c) model restricts spin label diffusion to motions in a

plane. Oscillations occur with a half-amplitude resulting in averaging that is
not axially symmetric:

where nitroxide axes (x, y, z) coincide with molecular axes The P ranges
in value from 0–1; P = 1 when     so Eqs. (14)–(16) become rigid limit. At the
other extreme, P = 0 when representing large amplitude oscillations, and
the oscillation model approaches the rapid rotation model for . Traces
illustrated in Fig. 1 1 c show that the hyperfine elements  and  average for the
oscillation model as the element remains constant for different values of P. The
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g tensor is averaged for various models by equations equivalent to Eqs. (14)–(16)
for hyperfine tensors, where and are substituted for and

An extension of the previous approach involves embedding the rapidly diffus-
ing label within a slowly tumbling macromolecule. Hustedt et al. (1993a) developed
this framework for nucleic acid oligomers spin labeled with an acetylene-tethered
nitroxide. Duplex global tumbling is modeled as a rigid cylinder diffusing accord-
ing to the hydrodynamic equations of Tirado and García de la Torre (1980):

where are end-effect correction factors parametrized by Spaltenstein et
al. (1989a):

and

Remaining parameters are Boltzmann’s constant
temperature (K), viscosity cylinder length (L = number of base pairs ×
3.4 Å), and cylinder radius (Å); constant A equals 3.841.

Internal dynamics are characterized by a mean-square amplitude, and these are
divided into contributions from bending and probe/base librations. This averaging
model yields values interpreted in terms of the dynamic persistence length within
the weakly bending rod framework. Although a tether that rigidly couples the
nitroxide to motions of the base plane may seem to be an ideal probe, attaching a
propyne group to the C5 position of a pyrimidine base was found to stabilize the
DNA helix (Froehler et al., 1992). This may be the reason that monoacetylenic
tethers resulted in near-rigid-limit EPR spectra (Hustedt et al., 1993a, 1995). The
relative insensitivity of these labels to motional effects leads to uncertainty in the
persistence length of several hundred angstroms (Keyes et al., 1997). If the
monoacetylenic spin label stabilizes the duplex as near-rigid-limit spectra seem to
suggest, then it is doubtful that changes in internal dynamics of a duplex, such as
those associated with a helix conformational change, are observed.
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Hustedt et al. (1995) extended earlier work by employing a diacetylene-
tethered nitroxide that yielded spectra containing considerably faster motional
components (Kirchner et al., 1990). This spin label was modeled in terms of rapid
uniaxial rotation coupled to the globally diffusing cylinder to account for increased
motion. However simulating experimental data according to this model yielded
poor fits in the up-field line, which suggests that uniaxial rotation was not in the
fast motional l imit . When the authors simulated EPR data according to the base
disk model (Sec. 4.2.1), a good fit was obtained. Hustedt and coworkers state that
the value of 9 ns obtained for argues against the ca. 4-ns base dynamics seen
with more flexible tethers. It may be that as in the case of the monoacetylenic tether,
propyne stabilization of base stacking is restricting base motion. Since both
monoacetylenic and diacetylenic tethers inherently possess the potential to perturb
DNA dynamics due to the presence of the propyne group, a similar conclusion is
expected with either one of the probes.

Keyes and Bobst (1995) used a similar approach, termed the dynamic cylinder
model (Fig. 12) to interpret their EPR spectra from a two-atom-tethered spin label
attached to oligomers of various lengths. The principal magnetic axis through the

orbital of the nitroxide nitrogen is at an angle (Note: The corresponds
to in Hustedt et al., 1993a) with respect to the principal diffusion axis of the
cylinder. In the dynamic cylinder model, internal dynamics are interpreted accord-
ing to a simple linear averaging of magnetic tensors (Fig. 11d). This yields an order
parameter defined as:

where represents a rigid-limit element and is an averaged value. Although
this model does not have axial symmetry, averaging is approximately axially
symmetric when which is often the case (see Table 2). As defined by Eq.
(22), S varies linearly as tensor elements move from their rigid-limit values toward
the isotropic value. This method of calculating the order parameter can be derived
(Griffith and Jost, 1976) from the second Legendre polynomial of the excursion
angle (Saupe, 1964). The S indicates motional restriction of the spin-labeled base.
Because there is some independent motion of the nitroxide with respect to the base,
S of the spin label is somewhat smaller than that of the base itself. However since
it was demonstrated that nitroxide is coupled to the base (see Sec. 5.3), the order
parameter serves as a valuable characterization of spin-labeled base dynamics.

Figure 13a and b shows experimental spectra and dynamic cylinder simulations
for series of two- (DUMTA, Keyes and Bobst, 1995) and five- (DUAP, Keyes et
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al., 1997) atom-tethered nucleic acids, respectively. Line shape features of both
spectral series change in response to the decreasing global tumbling rate due to
increasing cylinder size is the rigid-body correlation time of the DNA helix,
Keyes and Bobst, 1995). The order parameter [Eq. (22)] for DUAP is smaller than
that for DUMTA as a result of increased nitroxide mobility on the longer tether.
The DUAP was also shown to be sensitive to local motional effects arising from
conformational changes (Secs. 5.3 and 5.4) and protein binding (Sec. 5.6). The
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longer tethered spin label DUAP was used for many biological studies because of
benefits incorporating spin labels enzymatically into DNA (Sec. 3.2).

Timofeev and Samarianov (1993, 1995) developed a simulation approach that
uses a framework similar to that of Hustedt et al. (1993a). Spin label dynamics arc
considered to arise from two independent reorientation processes consisting of label
diffusion relative to the macromolecule and diffusion of the macromolecule itself.
Macromolecular motion is described by an effective correlation time. Label dynam-
ics are assumed to be chaotic, rapid, and anisotropic. Magnetic tensors are averaged
according to models like those of Van et al. (1974). Groups of spin-labeled
macromolecules with similar dynamic properties are defined as clusters. Each
cluster is characterized by the same averaged g and A tensors. The EPR spectral
simulation is calculated by assigning a weight to each cluster, then summing
contributions.

4.2.3. Correlating Motional Parameters

In some cases it is helpful to extract both the rate and geometry from an EPR
spectrum. Polnaszek and Freed (1975) developed what they term the SRLS model,
where the internal dynamics are characterized by both a correlation time and an
order parameter. Relaxation due to global motion, solvent structure, or other
nonlocal phenomena are considered to contribute to a slowly relaxing cage that
surrounds internal dynamics. Simulating 250-GHz EPR spectra according to the
SRLS model resulted in better line shape fits than when a Brownian motional model
was used (Polimeno and Freed, 1995). The model-free approach of Lipari and
Szabo (1982) derived a similar theoretical framework for NMR; however it is not
directly applicable to EPR due to the way slow motional effects contribute to line
shape. Robinson and Drobny (1995) compare an application of the model-free
approach to Schurr’s weakly bending rod model for interpreting DNA dynamics.

Steinhoff (1988) presents a simple graphic correlation between the order
parameter and rotational correlation time. A series of EPR spectra were generated
for different correlation times using the axially symmetric diffusion program of
Freed (1976). These spectra were then fitted with a rigid-limit program that yielded
averaged magnetic tensor values from which values of S were calculated. The
resulting plot yielded a sigmoidal relationship between the two parameters when
there was a large increase in S from about 0.2–0.8 as correlation time increased
from about s (see Steinhoff, 1988, Fig. 3).

Both the base disk model and the dynamic cylinder model are special cases of
the SRLS model. When the local structure relaxes beyond the rigid limit, then the
internal dynamics of the base disk model remain. If internal dynamics diffuse
rapidly and are decoupled from the global tumbling, then the dynamic cylinder
model results. These two models were empirically correlated to determine both the
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order parameter and correlation time for internal dynamics (Keyes and Bobst,
1995).

5. BIOLOGICAL APPLICATIONS OF SPIN-LABELED
NUCLEIC ACIDS

The sensitivity of spin-labeled bases to nucleic acid dynamics has allowed a
number of biological structures and phenomena to be observed. The A-RNA (Kao
et al., 1983; Kao and Bobst, 1985), B-DNA (Bobst et al, 1984a; Kao and Bobst,
1985; Pauly et al., 1987; Bobst et al., 1988; Pauly et al., 1989; Strobel et al., 1989,
1991; Hustedt et al., 1993a; Keyes and Bobst, 1995; Hustedt et al., 1995), Z-DNA
(Strobel et al., 1990a, 1990b, 1995), a mismatch-bearing DNA sequence (Spalten-
stein et al., 1989a), a hairpin loop (Spaltenstein et al., 1989b), and an AAA
triplet-induced bend (Bobst et al., 1996a) are all nucleic acid structures successfully
monitored with spin-labeled bases. Studies were performed on interactions of
spin-labeled nucleic acids with single-strand binding proteins, the EcoRI endonu-
clease (Keyes et  al., 1996), and the Homeodomain (Bobst et  al., 1996b); biomolecu-
lar associations between membranes and nucleic acids were examined by
incorporating spin labels into nucleic acids as well (Zhdanov et al., 1994). Recently
progress was made in using spin-labeled psoralen probes to study DNA dynamics
(Spielmann et al., 1995) to obtain a better understanding of the signal involved in
recognizing DNA lesions.

5.1. Spin-Labeled Nucleic Acids As Monitors in Biological Studies

Enzymatically prepared spin-labeled copolymers of were tested for their
ability to direct polyphenylalanine synthesis in vitro with E. coli B enzymes and
ribosomes (Ozinskas et al., 1981). Spin-labeling the C5 position did not alter the
amount of polyphenylalanine formed in comparison to while C4 spin-labeled
copolymers reduced phenylalanine incorporation by 70–75% of the control
levels. The EPR studies on E. coli labeled in position 8 revealed that this
tRNA exists in solution as a mixture of two conformers. The equilibrium of the
conformers was found to depend on pH, concentration and on whether the
tRNA was deacetylated or not (Bondarev et al., 1982). It was inferred that there are
no overall structural rearrangements on aminoacetylation or peptidylation of

The effect of nitroxide radicals incorporated into nucleic acid duplexes on
interferon-inducing activity was investigated by spin labeling the strand of the

duplex chemically or enzymatically to various degrees. It was found that
spin-labeled interferon inducers maintain their activity provided duplexes
contain no less than approximately 16 uninterrupted base pairs (Bobst et al., 1981).
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It was concluded that double-helical segments of approximately 16 base pairs
partitioned by nonintrahelical residues suffice to trigger the interferon response.

Yeast spin labeled in the isopentenyladenosine residue adjacent to the
anticodon was analyzed by EPR as a function of temperature at various sper-
mine/tRNA ratios. Based on Scatchard plots analyses, it was estimated that two to
three new binding sites are created for divalent cations on binding spermine to

(Nöthig-Laslo et al., 1981, 1985). The EPR spectrum of the uncomplexed
spin-labeled changed to a spectrum with extensively broadened lines on
adding E. coli ribosomes, thereby suggesting P-site binding (Weygand-Durasevic
et al., 1984).

The relative affinity of avian myeloblastosis virus reverse transcriptase for
and a series of analogs were measured directly in solution by EPR (Warwick
and Bobst, 1984). It was shown that the affinity of for reverse transcriptase
can be affected by modifying the matrix as well as by the molecular weight of
the polynucleotide.

Polyribonucleotides spin labeled at the 2'-OH (Petrov and Sukhorukov, 1980)
were used to determine exchange kinetics in duplexes with EPR stop-flow meas-
urements (Petrov et al., 1985). A slow exchange in the minute time scale was
determined with polymers, whereas the exchange with the nucleoside adenosine
took a few milliseconds.

The 4-Amino-2,2,6,6-tetramethylpiperidiny 1-1-oxy was covalently linked to
the UCUA 3'-terminus of the yeast 5S rRNA to facilitate base pair proton peak
assignments by NMR (Lee and Marshall, 1987); namely, proton NMR signals from
the hydrogen bond imino protons of base pairs closest to the nitroxide exhibit
substantial peak broadening, which gives a starting point for base pair sequencing.
This approach makes it possible to sequence eight of the nine base pairs in the
terminal helix by primary and secondary nuclear overhauser enhancements
(NOEs).

5.2. Spin-Labeled Hybridization Probes

Since their inception nucleic acid hybridization techniques relying on radioac-
tively labeled probes predominated, mainly for reasons of sensitivity, over nonra-
dioactive probes in research and diagnostics laboratories. However increasing
public concern for the environment has magnified the acuteness of some problems
inherent to radioisotopes, such as personnel exposure, storage, purchase and
disposal cost, and record keeping and monitoring. User safety and economic factors
coupled with short shelf lives and long development times caused the waning use
of radioisotopic probes, and in turn spawned the development of many nonradioac-
tive nucleic acid probes. A nitroxide-labeled oligonucleotide is an example of a
nonradioactive hybridization probe. It was shown that such probes, which possess
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EPR signatures characteristic of single- and double-stranded nucleic acids, can be
readily detected at the picomole level in a loop-gap resonator (Strobel et al., 1991).

Figure 14 shows the hybridization assay components with corresponding EPR
spectra: A centrally labeled 15mer, a complementary polymer, and a right-handed
duplex with the reporter molecule positioned within the major groove. The experi-
mental EPR spectra represent 3.3 pmol of a oligomer probe as DUMPDA-labeled

before (top) and after (bottom) annealing to a large excess of
The S/N in the duplex spectrum in Fig. 14 is the result of a 14-minute

acquisition period. It would be difficult to extract meaningful numerical values from
spectra with S/N values much below that of the duplex spectrum. Without increas-
ing acquisition time, one method of enhancing S/N, and thus lowering the detection
limit, is through signal conditioning by a Fourier transformation. Since broad EPR
lines arising from nitroxides are low in frequency as compared to noise,
successfully separating high-frequency noise from the low-frequency nitroxide
signal is readily accomplished. After the EPR spectrum is recorded, it is trans-
formed, the high-frequency portion of the spectrum is deleted, then the spectrum
is retransformed back into the familiar three-line nitroxide line shape with a
substantially reduced noise level. Figure 14 shows an example of an S/N increase
realized with Fourier transformations. The two duplex spectra represent the same
data, but the bottom spectrum was digitally filtered where most of the high-fre-
quency noise was eliminated without distorting the low-frequency (nitroxide line
shape) EPR signal of interest. In this case an approximate factor of four increase in
S/N is gained with the on-board Bruker Fourier Transform software. This in turn
further reduces the amount of spin-labeled probe required for detection.

The large difference in the EPR signature observed between unhybridized and
hybridized nitroxide-labeled oligonucleotides should facilitate detecting single-
base mismatches. The mobility of a mismatched base is greater than the correspond-
ing paired base, so the order parameter is smaller in the case of an unpaired base.
Such probes may be important in EPR assays designed specifically to detect point
mutations directly.

The detection limit of this solution phase assay is set by the minimum number
of nitroxides that can be measured by the EPR spectrometer to give spectra with an
S/N usable for analyses. The EPR spectra in Fig. 14 represent this limit achieved
with -DUMPDA- and the LGR. With signal conditioning the limit is
further reduced by a factor of three to four, so that no more than 1 pmole of target
DNA is required for detection. This makes the EPR assay only slightly less sensitive
than a solution phase fluorescence assay (Morrison et al., 1989) within similar time
frames. In view of the possibility of one millionfold target amplification by PCR
technology, the need for methods capable of ultrasensitive target detection no longer
exists.

The di- and pentanucleotides spin labeled with 4-amino-2,2,6,6-tetra-
methylpiperidine-N-oxyl (4-amino-TEMPO) at the 5´-end internucleotide linkage,
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dTpLT and dTpLTpTpTpT, were also successfully prepared (Makino el al., 1988,
1989) with the aid of H-phosphonate intermediates. Significant spectrum broaden-
ing was observed on adding the to the spin-labeled pentanucleotide, thereby
indicating duplex formation. To prepare oligos through spacers, such diamines as
ethylenediamine and hexamethylenediamine were first introduced at the 5´-end
internucleotide bond (Murakami et al., 1989). The same group succeeded in
enhancing the sensitivity of the EPR hybridization assay significantly by substitut-
ing 4-amino-2,2,6,6-tetramethylpiperidine-N-oxyl with either 4-amino-2,2,6,6-

tetramethylpiperidine- -oxyl or 4-amino-2,2,6,6-tetramethylpiperidine-
(Makino et al., 1993). Such 4-amino-TEMPO-labeled oligonu-

cleotides were also used to monitor hybrid formation in a M 13mp8 single-stranded
DNA containing an EcoRI recognition site (Murakami et al., 1993).

Thus nitroxide-labeled probes join the small number of nucleic acid probes
using spectroscopic labels to facilitate the direct detection of hybridization. The
ease of analysis as well as the potential for automation with EPR hybridization
assay makes it suitable for large-scale testing, and it also offers the potential of
direct in vivo target detection. In conclusion the availability of probes with high

values, the use of an LGR, and spectral signal conditioning collectively form
an EPR-based DNA hybridization assay that requires only picomole quantities of
a spin-labeled oligomer.

5.3. Detecting Local Z-DNA Conformations

The sensitivity of a five-atom-tethered spin label in detecting a change in
nucleic acid conformation was demonstrated with DCAT, a cytidine analog of
DUAP (Strobel et al., 1990a, 1990b; Keyes et al., 1997). The EPR spectrum of

spin labeled with DCAT showed significant line broadening when placed
in 4.5-M NaCl. Circular Dirchroism confirmed that the effect was the result of a
B-to-Z conformational transition. The EPR broadening was attributed to a nucleic
acid conformational change, and not just to a viscosity change of the solution, and
verified by running control experiments with spin-labeled since
is known not to undergo a salt dependent B-to-Z transition. Indeed no EPR line
shape change was observed between the low and high salt EPR spectra (Strobel et
al., 1990b). The B–Z effect was also observed with more flexible 11-atom-tethered
labels in both a polymer (Strobel et al., 1990a) and a plasmid containing
a Z-forming region (Strobel et al., 1995).

Molecular models of the B- and Z-DNA conformations (Fig. 15) show that the
nitroxide is positioned further from the helix in the Z form. If the spin label reported
only probe motion independent of the base, as was suggested (Spaltenstein et al.,
1989a), then the Z-DNA line shape would reflect faster nitroxide diffusion. In fact
the EPR spectrum indicates that slower motion is occurring. This observation
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supports the claim that nitroxide dynamics are coupled to base dynamics; thus the
spin label is sensitive to conformational changes.

A motional analysis of the DCAT-labeled B- and Z-DNA EPR spectra accord-
ing to the dynamic cylinder model indicates that the order parameter increases from
0.15 to 0.26. This suggests that the bases are motionally restricted in the Z form
(Keyes et al., 1997). This increased base ordering is also observed in the 11-atom-
tethered systems (Strobel el al., 1995). These results are consistent with the
hypothesis that Z-DNA is more rigid than B-DNA with a correspondingly greater
persistence length (Hagerman, 1988).

There is evidence that several human genetic diseases, including fragile X
syndrome, myotonic dystrophy, and spinocerebellar ataxia type 1, are associated
with the presence of defined ordered sequence DNA (dosDNA) (Wells and Sinden,
1993; Sinden, 1994; Chastain et al., 1995; Godde and Wolffe, 1996). Various
conformations can form from dosDNA, including bends, cruciforms, intramolecu-
lar triplexes, Z-DNA, and quadruplexes. The connection between structural and
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dynamic features of these alternative DNA structures and their mutagenic influence
on humans most likely involves various mechanisms, including DNA replication,
repair, and recombination. Two possible conformations arising from dosDNA,
namely, Z-DNA and bending (see Sec. 5.4) were successfully detected by EPR.

Recent attention focused on biophysical properties of expanded CTG trinu-
cleotide repeats. The CTG repeats from genes associated with various diseases
confer anomalous rapid electrophoretic gel mobility on DNA (Chastain et al.,
1995). For instance linear nontreated HindIII/EcoRI fragments migrate anomal-
ously fast; the 164 bp fragment migrates as 156bp, and the263bp
fragment migrates as 232 bp (Pearson and Sinden, 1996). The anomalous gel
mobility is consistent with a 20% increase in DNA persistence length, which is
most readily explained by a reduction in flexibility relative to canonical DNA. This
increase in rigidity is similar to the phenomenon observed in the B-to-Z transition
by EPR.

5.4. Detecting Local DNA Bending

One of the most exciting areas of current research in nucleic acid conformations
is that of bending (Crothers et al., 1990; Hagerman, 1992; Sinden, 1994). The
ability of DNA to adopt curvature in its helical axis is important in nucleosome
structure, gene regulation, and the formation of higher order nucleoprotein com-
plexes (Love et al., 1995; Jacobson and Tjian, 1996). For example the formation of
a bend in the arabinose operon was found to repress expression of the Ara proteins
(Schleif, 1992). Energetics favor bending toward one groove or the other using the
sugar phosphate backbone as a hinge (Hagerman, 1992). Even a small sequence-
induced bend can greatly reduce the energy required to achieve a full bend in a
protein complex (Crothers, 1994).

A global bend results from the accumulation of a series of localized structural
distortions that occur in phase (i.e., every helical turn) with one another. These large
conformational changes were detected by gel migration assays where curvature of
the nucleic acid slows the diffusion. Studies on the sequence dependence of DNA
bending indicate that A-tracts are associated with significant bending. Currently
there is discussion as to whether bending occurs within an A-tract or at its junction
with flanking sequences.

Individual base pair steps contribute to bending to various degrees depending
on the particular bases involved. The global result of these localized effects depends
on a statistical average over the helix length (Zhurkin et al., 1991). Crystallographic
studies attempted to categorize the effect of specific base pair steps on the resulting
nucleic acid curvature (Young et  al., 1995). Whether a bend occurs toward the major
or minor groove also depends on individual base pair steps (Zhurkin et al., 1991;
Young et al., 1995).
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With its ability to detect local conformational changes, spin-labeling studies
should yield further insight into sequence-dependent effects of bending. To this end
initial studies were performed with the four DUAP-labeled DNA 15mers

5´CCACCGAATTCGCCC3´     5´CCCACGAATTCGCCC3´

3´GGLGGCTTAAGCGGG5´, 3´GGGLGCTTAAGCGGG5´,

5´CCCCAGAATTCGCCC3´               5´CCCCGAAATTCGCCC3´
and

3´GGGGLCTTAAGCGGG5´, 3´GGGGCLTTAAGCGGG5´

(Bobst et al., 1996). Three of these contain the AATT sequence with the DUAP spin
label located in different positions. The fourth 15mer contains AAATT spin-labeled
within the AAA triplet. It was found that when an A-tract occurs in both strands, a
sequence as short as results in bending (Hagerman, 1985).
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Experimental EPR spectra are nearly identical except for the AAATT-containing
sequence that displays a distinct broadening in all three lines. Figure 16 illustrates
that a structural distortion in the DNA helix results in a motionally restricted
spectrum with respect to canonical DNA. When simulated according to the dynamic
cylinder model, the spectra of AATT sequences yield an order parameter of 0.20,
while the spectrum of the AAATT sequence contains increased ordering where S
is 0.32. This increased ordering is similar to that in the B–Z transition (see Sec.
5.3), where S increased from 0.15 to 0.26. Since global diffusion was assumed to
be constant for all four oligomers, increased ordering indicates that the spin-labeled
base is experiencing greater motional restriction due to a localized structural
change. Since DUAP places the nitroxide in the major groove, this restriction in the
AAA triplet sequence appears to result from narrowing the major groove due to
bending. These results correlate with crystallographic studies that found AA steps
compress the major groove (Young et al., 1995).

5.5. Relative Binding Affinities of Single-Strand
Nucleic Acid Binding Proteins

A number of cellular processes involve single-strand binding proteins, includ-
ing replication, recombination, and repair. During transcription these proteins
function by maintaining strand separation at the replication fork, and these protect
the strand from nuclease activity. By exhibiting highly cooperative nonspecific
binding, proteins form a tight coat along the single strand that contains a sequence
of all four bases. However single-strand binding proteins can also function in a
feedback control loop that requires base preference. For instance gene 32 protein
of bacteriophage T4 regulates its own synthesis by maintaining a difference in
affinity for DNA and RNA. Gene 32 protein preferentially binds all available
single-stranded DNA, then binds to its own mRNA, thus repressing its production
(Russel et al., 1976).

To quantify the binding affinity of a protein for a particular sequence, an EPR
competition assay using spin-labeled nucleic acids was developed and applied to a
variety of systems (Bobst et al., 1982a, 1982b; Warwick–Koochaki et al., 1983;
Bobst et al., 1984b, 1985; Keyes and Bobst, 1993). Due to the difficulty in
experimentally determining absolute binding affinities, this approach yields a
binding affinity ratio between two nucleic acid sequences A and B. A
spin-labeled nucleic acid is prepared that serves as a monitor of protein binding.
Protein is added to the labeled lattice to achieve an initial fraction of saturation

An unlabeled nucleic acid is then titrated into the solution; this results in protein
being pulled from the labeled lattice onto the unlabeled lattice. A second experiment
is performed with an equivalent amount of protein using an unlabeled lattice with
a different sequence. This experiment is terminated when the same final fraction of
saturation  of the labeled lattice is reached as in the first experiment. The smaller
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the amount of unlabeled lattice required to pull a given amount of protein, the
greater the affinity of the protein for that lattice. The ratio of binding affinities for
lattices A and B can be derived in terms of the number of free binding sites S
remaining on the lattices at the end of competition experiments (Keyes and Bobst,
1993):

This inverse relationship corresponds to the intuitive recognition that the fewer the
number of free binding sites on the unlabeled lattice, the greater the binding
constant.

Equation (23) expresses a thermodynamic relationship that is independent of
the model used to define S. If the absolute binding constant is being determined,
then a statistical analysis accounting for site overlap such as that found in the linear
lattice model of McGhee and von Hippel (1974) is the proper approach. However
when the ratio of binding constants is calculated for systems displaying moderate-
to-high cooperativity, a Scatchard-type model of nonoverlapping sites can be used
in the analysis. The affinity ratio relationship for nonoverlapping sites (Bobst et al.,
1982a) is
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where is the moles of unlabeled nucleic acid residue, s is the stoichiometric ratio
of nucleic acid residue to protein, is the total amount of protein, and

represents the fraction of protein stripped from the labeled lattice. The
main advantages of this approach are that all variables are experimentally deter-
mined and such complicating factors as secondary structure (e.g., hairpins) and
multiple intrinsic binding constants due to differences in the protein’s base prefer-
ence are subsumed in the analysis. Data obtained by this approach for three
single-strand binding proteins are summarized in Table 3 (Keyes and Bobst, 1993).

5.6. Monitoring the Dynamics of EcoRI Endonuclease and Homeodomain
Protein Spin-Labeled Oligonucleotide Complexes

Site-specific protein nucleic acid interactions are involved in the fundamental
processes by which information flows through living systems. Interaction mecha-
nisms often involve deformation of the nucleic acid lattice; examples include the
DNA kink that forms within the EcoRI endonuclease complex (Kim et al., 1994)
and bending (see Sec. 5.4). In gene control various modes of action are proposed
to explain how binding a protein to a control site can be transmitted to the coding
region to regulate transcription.

The site-specific EcoRI endonuclease was thoroughly studied to determine
what interactions define specificity and how the protein and nucleic acid respond
due to binding. The EcoRI endonuclease consists of two identical subunits that
recognize the inverted repeat

GAATTC
CTTAAG·

The protein nucleic acid complex was the first to be cocrystallized (Frederick et al.,
1984); its structure was determined to 2.8- resolution by x-ray crystallography
(Kim et al., 1990; Duan et al., 1996). Studies indicate that a pair of hydrogen bonds
to each of the six cognate base pairs determines sequence specificity.

The EcoRI complex contains a localized disruption of DNA helix that was
termed the EcoRI kink (Kim et al., 1994). There is uncertainty about whether the
kink is present in the free binding site or induced by protein binding. Recent MD
calculations suggest that the kink is an example of a molecular strain (Kumar et al.,
1994). It was proposed that these local structural changes may extend beyond the
binding site to induce long-range effects allosterically in the DNA. Whether such
action at a distance involves transmitting a structural deformation or forming a bend
are questions of interest.

To explore the boundary of the DNA binding site as it is occupied by the EcoRI
endonuclease and to monitor structural distortions propagated along the DNA
duplex, a 26mer sequence was constructed that contains the EcoRI recognition site
flanked on both sides by spin labels in three different positions (Table 4) (Keyes et



330 Robert S. Keyes and Albert M. Bobst

al., 1996). By choosing three positions at increasing distances from the EcoRI
binding site, the extent of a structural change beyond the site can be detected. Since
the DUAP spin label was well-characterized in terms of its sensitivity to changes
in both local conformation and global tumbling (see Sec. 4.2.2), it was selected as
the probe.

The EPR spectra indicated that only in the position closest to the binding site
(position 6) was there a small decrease in the mobility of the spin label correspond-
ing to an order parameter increase from 0.20 to 0.25 (Table 4). The constancy of
the trace of the hyperfine tensor that can be calculated from Table 4 also suggests
that the spectral effect is not due to attraction to the EcoRl endonuclease, since
nitroxide interaction with the polar protein surface would change the trace. Similar
MD nitroxide trajectories are observed for DUAP-labeled 26mers with and without
bound EcoRI protein, thereby supporting this conclusion (Keyes et al., 1996). The
small position 6 effect is attributed to some deformation in the major groove of the
DNA at this location due to endonuclease binding; this is similar to a bending
distortion observed with DUAP at an AAA triplet (Bobst et al., 1996a; see Sec.
5.4). These results indicate that although a subtle conformational change occurs
close to the binding site, there is no significant structural variation propagated along
the DNA helix.

Furthermore spectral line shapes apparently do not reflect the change in
molecular volume of the macromolecule due to protein binding. The global dynam-
ics of the uncomplexed 26mers are modeled satisfactorily by hydrodynamic
Eqs. (17) and (18) for a cylinder. According to molecular modeling, the protein
nucleic acid complex can be approximated as a sphere (Fig. 17a). The
Stokes–Einstein equation provides the correlation time for the hydrodynamic
diffusion of a sphere:

where r is the radius of the sphere. Modeling the complex as a sphere (T = 44
ns) resulted in a simulation that did not fit the up-field line well. Since DUAP was
shown to monitor global diffusion successfully (Keyes et al., 1997), this was
unexpected. A satisfactory simulation can be obtained for EcoRI complexes if the
global tumbling rate is increased to 19.5 ns. Cassol et al. (1993) found that the
influence of global dynamics on EPR line shapes of macromolecules containing
long tether spin labels was greatest in the upfield line. They discovered that by
increasing the global dynamics rate, multiple turning points evident in this line were
averaged into a smooth peak.

This suggests that one or more additional relaxation processes contribute to
line shape. The MD simulations performed on the EcoRI endonuclease complex
indicate that there are long-range correlations within the system (Rosenberg et al.,
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1994). These MD results support the hypothesis that mutually induced motions
exist between the protein and nucleic acid. Experimental EPR observations are also
consistent with the system behaving as a dynamic unit of coupled fluctuations.

From studies of regulatory genes within the fruitfly, Drosophila melanogaster
(McGinnis et al., 1984; Scott and Weiner, 1984), a 180-bp DNA sequence common
to many eukaryotic regulatory genes (e.g., worms, frogs, and mice) was found
(Levine and Hoey, 1988). This sequence motif was termed the homeobox, since it
was first found in homeotic genes of Drosophila. The homeobox encodes the 60
amino acid homeodomain (HD) which corresponds to the DNA-binding domain of
the much larger full-length HD protein. The HD is the region responsible for the
sequence-specific recognition capability of the full-length HD proteins that act as
transcription factors to regulate target genes. The global mode of binding the Antp
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HD monomer to a 14mer DNA duplex was determined by NMR spectroscopy
(Otting et al., 1990). The complete structure of the Antp (C39S) HD-DNA complex
was determined by NMR in solution (Billeter et al., 1993). Crystal structure
determinations of the engrailed and Mat a2 HD-DNA complexes showed that these
proteins have a binding mode similar to the Antp HD (Kissinger et al., 1990;
Wolberger et al., 1991). The HD-DNA complex also revealed that the structure of
the free HD is largely preserved in the complex; the dissociation constant is on the
order of by gel mobility shift assay (Gehring et al., 1994), and the
cognate decanucleotide sequence is d(AGCCATTAGA) (Gehring, private commu-
nication). Comparing the backbone structure of the helix-turn-helix motif of five
prokaryotic gene-regulatory proteins with that of the Antp HD revealed that these
motifs are readily superimposable (Qian et al., 1989; Gehring et al., 1990).

A model system was developed to study the effect of the Antennapedia (C39S)
HD regulatory protein on the DNA 26mer

5´ GAAAGCCATTAGAGAAAAAAAAAAA3´
3´CTTTCGGTAATCTCTTTTLTTTTTT5´

containing the HD cognate sequence (indicated by the bar) and to determine the
extent of structural distortions induced on complex formation. The two-atom-teth-
ered spin label DUMPDA was incorporated into position 8 using a combination of
phosphoramidite and enzymatic synthesis techniques. Gel mobility shift assays
demonstrate that both the HD and full-length protein bind to the 26mer.

The EPR spectra of the 26mer before and after titration with HD indicate that
very little change occurs in the line shape. Repeating this experiment with full-
length protein resulted in the same effect. Both the HD (MW = 7817) and full-length
protein (MW = 42,800) complexes yield similar line shapes. These results are
unexpected due to the sensitivity of two- and five-atom-tethered spin labels to
changes in the molecular volume (Keyes and Bobst, 1995; Keyes et al., 1997).
However these observations corroborate those made with the EcoRI endonuclease
complex regarding intermediate molecular volume-independent relaxation proc-
esses; these observations actually extend EcoRI results, since two proteins of very
different volume produce the same line shape change (Fig. 17b). In this case
fluctuations within the complex may drive a side chain scanning process at the
protein-DNA interface subsequent to binding to the DNA. It was suggested that
functionally important side chains may form a fluctuating network of short-lived
contacts with nucleotide bases and interfacial water molecules (Gehring et al.,
1994).

The dynamics of nucleic acid and protein molecules consist of various compo-
nents including residue fluctuations, collective residue motion, and global tum-
bling. These results suggest that a protein nucleic acid complex may exhibit a
different set of dynamics from those of individual molecules, and it may behave as
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a dynamical entity resulting from coupled molecular fluctuations between the
protein and nucleic acid.

6. CONCLUSIONS

Major progress was made during recent years in applying spin-labeled nucleic
acids to biological systems due to the synthesis of new spin-labeled nucleic acid
substrates recognized by a variety of nucleic acid polymerizing enzymes. The ready
availability of  oligonucleotides of defined sequence to serve as templates or primers
has made it possible to incorporate spin-labeled bases sequence-specifically enzy-
matically into DNAs of small as well as large molecular weight. Secondly the
synthesis of phosphotriester and phosphoramidate derivatives of spin-labeled nu-
cleotides made it practical routinely to incorporate spin-labeled bases sequence
specifically into oligonucleotides with a DNA synthesizer. In addition better
analytical methods based on HPLC, FPLC, and CE technology can now be routinely
used to verify the quality of spin-labeled nucleic acids. Progress in designing and
automating EPR instrumentation and data collection also makes it feasible to work
quantitatively with small amounts of spin-labeled oligonucleotides that can serve
for instance as hybridization probes with as little as picomole amounts of material.
Lastly new theoretical models were developed to allow the extraction of motional
ordering and of global and local motion rates from spin-labeled nucleic acid EPR
spectra. Success in addressing the question of how to decouple global motion from
internal motions now makes it possible to work on gaining a more comprehensive
understanding phenomena involving nucleic acids that are critical in cellular
development.
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Spin Label Applications to Food Science

Marcus A. Hemminga and Ivon J. van den Dries

1. INTRODUCTION

In general food systems are multicomponent, multiphase systems with com-
plicated structures that in most cases are not in equilibrium. In such systems, a
variety of changes often occurs, most of which are only partly understood. These
macroscopic changes are induced on a molecular level by structural changes in the
molecules and by molecular motions. An example is the glass-rubber transition of
solid food materials, which is important for processing, quality, and storage stability
of food. Below the glass transition temperature, very low molecular mobility
predicts good food stability. For example, knowledge about molecular processes in
food systems is important for new food products developed for magnetron ovens
of which the quality after manufacturing should remain constant upon freezing for
storage and heating for consumption. Of special concern in this respect is including
and limiting diffusion of water and small organic molecules that act as plasticizers
of the food material. Most of the basic work in this area was been carried out in
sugar water systems used to model much more complicated food systems.
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Electron spin resonance (ESR) spectroscopy and saturation transfer (ST) ESR
are suitable magnetic resonance tools for obtaining information about the rotational
mobility of nitroxide spin-labeled molecules over a very large motional range of
rotational correlation times of eight decades from Conventional
ESR is sensitive in the motional region for values from s. In the
motional region for s, ST-ESR may be used to obtain spectra sensitive to
molecular motions to a final limit of s. This limit can be further increased
to values up to s by using the integral of ST-ESR spectra (van den Dries et
al., 1998). For glassy systems it was found that this information is related to the
presence of molecular cavities, solvent interactions, and arrangement of the hydrogen-
bonded network in the matrix.

Another application of ESR and ST-ESR spectroscopy is found in the study of
wheat proteins. The bread-making quality of flours is related to the quantity and
nature of glutenins and gliadins, which are water-insoluble proteins that form a
network, called gluten, established on hydration and subsequent mixing. The ESR
and ST-ESR spectroscopy are used in this case to provide information about the
protein network by specifically labeling cysteine residues of proteins with nitroxide
spin labels.

The application of ESR and ESR to food and related model systems is still
scarce, and the present chapter reviews some of the author’s work carried out in
collaboration with European scientists. Note: The ESR spin labeling is also used to
relate the properties of sugar-water systems with desiccation tolerance of biological
objects (Dzuba et al., 1993a,b; Golovina and Tikhonov, 1994; Buitink, et al., 1998).

2. SPIN LABELS

In general food systems do not possess intrinsic paramagnetism; hence in the
unlabeled state these do not give rise to an ESR spectrum. Introducing a stable free
radical (spin label) is a method using ESR spectroscopy to study specific molecular
environments within a food system. The spin label almost exclusively used is the
nitroxide radical, which has very high stability.

Figure 1 shows two useful examples of spin-labeled molecules for application
in food materials. Nitroxide spin label I (4-hydroxy-TEMPO, which is often
referred to as TEMPOL) is an alcohol derivative applied to monitor changes in
hydrogen bond formations in carbohydrate water systems. To spin label proteins,
several nitroxide analogues of standard protein modifying agents can be used, e.g.,
maleimide, iodoacetamide, and isothiocyanate derivatives. These agents are capa-
ble of labeling nucleophilic groups by aqueous reaction, particularly sulphydryl or
amino groups; specificity to some extent depends on reaction conditions. It is
generally observed that amino groups are not labeled very extensively at pH values
below their p thus sulphydryl group labeling is normally favored at a neutral pH.
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In the present chapter results obtained with maleimide spin label II (3-maleimido-
PROXYL) or spin label III (4-maleimido-TEMPO) covalently attached to sulphy-
dryl groups of gluten are discussed. Spin label II was used in some sugar water
model studies as well. Because of the high sensitivity of ESR spectroscopy, only a
small amount of labeling is required.

Nitroxide radicals have a three-line nitrogen hyperfine spectrum whose split-
ting varies with the orientation of the nitroxide moiety with respect to the externally
applied magnetic field; this is necessary to obtain ESR spectra, and this makes ESR
spectra very sensitive to rotational motions, as Fig. 2 illustrates. The nitroxide group
can be attached to various molecules with different functionality. The motion of the
nitroxide then directly reflects the motion of the labeled part. Note: With the spin
label technique, a foreign molecule whose properties deviate from the system’s
natural components is introduced into the system, by adding chemical and steric
perturbations. When spin labeling biomolecules, the perturbation is generally
relatively small. If small spin label molecules are examined in solutions, this effect
is explicitly taken into account.

Spin label ESR spectroscopy is complementary to nuclear magnetic resonance
(NMR) spectroscopy in determining molecular motion. However the advantage of
spin label ESR is that this information is obtained from specifically labeled sites in
the system. As compared to optical methods, the technique does not require
transparent samples; therefore it is applicable to virtually all food systems.

3. ANALYSIS OF ESR AND ST-ESR SPECTRA

The major use of spin label ESR to food systems is in determining the molecular
motion of nitroxide spin labels. Molecular motion is generally expressed by an
isotropic rotational correlation time Figure 2 shows a survey of various motional
regions and characteristic ESR spectra for isotropic motion of nitroxide spin labels.
The success and importance of the spin label method in studying molecular
dynamics is based on the fact that g and A tensors are anisotropic; this makes ESR
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spectra critically dependent on the orientation of the spin label in space (Hemminga,
1983). The principal values of g and A tensors of nitroxides are given by:

These values may differ slightly from one system to another depending on the
polarity of the environment.

When nitroxide spin labels are allowed to tumble rapidly in an isotropic way,
as in the case of a liquid, tensor components are completely averaged to the isotropic
values:

This arises for s; the ESR spectrum consists of three sharp lines of
equal height, with a  splitting 1.5 mT, and center determined by As the
motion becomes progressively slower, there is differential broadening of lines in
the spectrum, while line positions remain constant. This is the fast motional region,
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where the rotational correlation time (in s) may be obtained directly from spectra
by the simple relation (Knowles et al., 1976):

where are the heights of the high field and central lines in the ESR spectra,
respectively; is the line width of the central line in Tesla (T). The rotational
motion of spin labels is assumed to be isotropic. Note: Equation (5) applies for ESR
spectra obtained in the X-band microwave region at a microwave frequency of about
9.5 GHz.

For values of s, averaging tensor components is no longer com-
plete; line position and line shape distortions are observed. This region is called the
slow motional region. In this motional region it is possible to characterize changes
in spectral line shape by an empirical Eq. (6), where is one-half the separation
of outer hyperfine extremes in the ESR spectrum, and is the rigid limiting value
for the same quantity.

From computer simulations (Freed, 1976) it is possible to determine constants
a and b, which depend on the nature of the motion of the spin label and the intrinsic
line width of the spectra. For a Brownian diffusion model s and
b = –1.05 (Hyde, 1978). This model was employed in analyzing ESR spectra of
labels in glassy materials (Le Meste and Simatos, 1980; Roozen and Hemminga,
1990).

In the very slow motional region the rigid powder spectrum is
reached for conventional ESR, in which the full effects of anisotropic g and A tensor
interactions are observed. The powder line shape is then insensitive to the rate of
molecular motion; this region is called the slow motional region. It is possible
however, to obtain line shapes sensitive to even slower motions by carrying out ESR
spectroscopy under saturation conditions. This nonlinear ESR technique is referred
to as ST ESR spectroscopy. This method measures the transfer of saturation
throughout a spectrum by reorientational molecular motions. Therefore the shape
of ST-ESR spectra is not only sensitive to molecular motion but also depends on
saturation properties of the spin label.

Figure 2 shows a survey of characteristic ST-ESR spectra, recorded in quadra-
ture out-of-phase with respect to field modulation) at the second harmonic,
where the final limit of sensitivity for molecular motions is Maximal
effects in ST-ESR spectra arise if the spin lattice relaxation time and field
modulation frequency obey the following equation:
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Since is about ST-ESR spectroscopy is most sensitive to values
of  around s and to modulation frequencies around 100 kHz. In ST-ESR
spectroscopy the rotational correlation time is usually obtained empirically from
calibration curves of the line shape against the value of obtained from reference
spectra of spin labels in suitable solvents (Thomas et al., 1976; Hemminga, 1983;
Hemminga and De Jager, 1989).

Recently it has been found that beyond the upper limit of sensitivity for
rotational mobility ST-ESR spectra are still sensitive to saturation
recovery, governed by in competition with field modulation. Because is still
dependent on for s, the integral of the ST-ESR spectra is sensitive
to This provides a means to measure extremely long rotational correlation
times up to (van den Dries et al., 1998). This method gives a further
extension by seven decades for the rotational correlation time, as compared to the
method of analyzing the line shape using calibration curves.

4. MOLECULAR MOTION IN LIQUID SAMPLES

Before discussing the properties of spin labels in glassy materials, we illustrate
the application of ESR spectroscopy to spin labels in the liquid state. A remarkable
finding is that spin labels often rotate faster in liquids than expected on basis of
their volume. To describe this effect, a modified Stokes–Einstein relationship was
successfully employed; it is given by (McClung and Kivelson, 1968; Kivelson et
al., 1970; Dote et al., 1981; Roozen and Hemminga, 1990):

where is the rotational correlation time, is the solvent viscosity, is
Boltzmann’s constant, V the volume of the rotating molecule, T the absolute
temperature, is the zero viscosity rotational correlation time, and k a dimension-
less interaction parameter. The parameter k is a measure of coupling rotational
motions of the spin label to shear modes of the fluid. In many cases interaction
parameter and k is independent of temperature and viscosity. However,
parameter k depends on specific solvent spin label interactions and the geometry
of molecules considered, since nonspherical molecules must displace a solvent as
they rotate. This can be expressed as follows (Hoel and Kivelson, 1975):
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where S is the stickiness factor that depends on coupling between the rotating
molecule and the liquid. If S = 0, there is no interaction, so molecules experience
complete slip conditions. For S = 1, boundary layer conditions are completely
sticking. The parameter     is the ratio of the effectiveness of torques under slip to
those under stick conditions; it depends on the geometry of the rotating molecule.
Values derived from hydrodynamic theory were tabulated for prolate and oblate
spheroids as a function of the ratio of the short and long molecular axes (Hu and
Zwanzig, 1974). For nitroxide spin labels I (TEMPOL) and II, these values were
determined by means of Stuart Briebleb atomic models, as given in Table 1 (Roozen
and Hemminga, 1990). To study variations of the stickiness factor S with solvent
composition, the value for     is considered to be independent of temperature and
solvent effects.

For nonspherical molecules, the stickiness factor S can be negative; this implies
that molecules displace less solvent as expected on the basis of their geometry. This
is the case for example when a cavity is formed whose spin label can carry out free
rotation. The parameter k then equals zero, so that S equals [see Eq. (9)].

4.1. Glycerol Water Systems

To analyze the interaction between the spin label and the solvent in glycerol
water mixtures at temperatures above the freezing point, graphs of values for
versus were plotted according to the modified Stokes–Einstein Eq. (8). To
obtain values for k from the slope of these graphs, the volume of the spin label is
considered to be independent of the solution composition (Roozen and Hemminga,
1990). In the temperature range considered here, k was found to be independent of
temperature. Graph intercepts are from s, which agrees with results
of other studies (Kivelson et al., 1970).

Figure 3 shows the resulting stickiness factor S as a function of the glycerol
content in different glycerol water mixtures. For both spin labels, a decrease in S
with an increasing glycerol content is observed to a glycerol content of 95 wt%,
which agrees with other work on glycerol water solutions (Le Meste and Voilley,
1988). The decrease in S implies that both spin labels interact stronger with water
than with glycerol molecules; therefore at increasing glycerol contents, the slip
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increases. Clearly glycerol is sufficiently more basic in character than water to
behave as a hydrogen acceptor rather than as an amphoteric compound. The
TEMPOL spin label I is a secondary alcohol, so it slightly prefers to accept a
hydrogen bond rather than to offer it. Spin label II is a di-ketone, so it is a stronger
base than TEMPOL spin label I. The decrease in S with glycerol content in aqueous
glycerol mixtures is therefore in agreement with the acid base aspects of hydrogen
bond formation (Roozen and Hemminga, 1990).

Above 95 wt% glycerol, an extreme increase in S of spin label II is observed.
This is not the case for TEMPOL spin label I, which shows a continuous decrease
to anhydrous glycerol. This arises because TEMPOL spin label I hardly interacts
with anhydrous glycerol; however spin label II interacts strongly with this solvent.
This is explained by the fact that due to its relatively strong basic character, this
spin label forms a solvation shell with the amphoteric glycerol molecules. If a small
amount of water is added to anhydrous glycerol, glycerol molecules in the solvation
shell of spin label II are replaced by smaller water molecules. This leads to a
decrease of its hydrodynamic volume, giving rise to the minimum of parameter S
at low water contents (Roozen and Hemminga, 1990).

Observed differences between values for parameter S of the two spin labels at
low glycerol contents are relatively small. Since S is independent of the molecular
shape of spin labels, this is explained by a different dynamic behavior of spin labels
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(i.e., anisotropic and internal motion) as well as by uncertainties of values calculated
for V and 0 (Roozen and Hemminga, 1990).

4.2. Sucrose Water Systems

For sucrose water mixtures the interaction parameter k as a function of the
sucrose content is given in Fig. 4. The value of k at which the stickiness factor S
becomes negative is indicated by Arrow 1 in Fig. 4. At concentrations above 40
wt% sucrose, a decrease of k is observed; this point is indicated by Arrow 2.

In Fig. 4 we see that the value of the interaction parameter k in sucrose-water
mixtures from 0–40 wt% (corresponding to 3.4 mol is constant and close
to 1. This arises because the spin label molecules can form many hydrogen bonds with
the liquid. Due to the relative basic character of spin labels, they form hydrogen bonds
with water rather than with sucrose molecules (Roozen and Hemminga, 1990).

At concentrations above 40 wt% sucrose, a decrease in parameter k is observed
(Arrow 2 in Fig. 4) because fewer hydrogen bonds are formed between spin labels
and the solvent. This agrees with the conclusions of Flink (1983) that sucrose water
mixtures at concentrations over 30–40 wt% sucrose change from a solution of
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hydrated sucrose molecules to a sucrose water phase, where all water molecules
directly or indirectly (i.e., as a second layer) are involved in hydrogen bonds with
sucrose (Roozen and Hemminga, 1990).

Arrow 1 in Fig. 4 shows that parameter k equals [thus S becomes negative;
see Eq. (9)] at about 70 wt% sucrose (corresponding to 11 mol A
negative value of S indicates the formation of cavities. Such cavities may be formed
if spin labels are not part of the lattice. Since the ESR technique is based on a
labeling method, it is possible that cavities are not a property of the lattice but
induced by spin labels themselves. Nevertheless hydrogen binding spin labels with
surrounding molecules gives indirect information about the lattice (Roozen and
Hemminga, 1990).

5. MOLECULAR MOBILITY IN SUGAR WATER GLASSES

In carrying out ESR and ST-ESR spectroscopy on spin labels in sugar water
glasses, results depend on the measuring protocol and the nonequilibrium state of
the samples. For samples containing 20 wt% sugar in water, a protocol is followed
where prior to ESR experiments, samples are quickly cooled to about 180 K. During
this process the solution concentrates to a value of about 80 wt% for most
sugars; as a result the solution goes into very high viscosity amorphous state and
becomes a solid glass (see Fig. 5). The remaining water crystallizes as ice (Levine
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and Slade, 1992). During ice crystallization spin labels are concentrated in the
amorphous solution (Yoshioka, 1977; Roozen and Hemminga, 1990). The ESR and
ST-ESR spectra are then recorded on heating the sample. When rewarming such a
mixture, the Stokes viscosity of the amorphous solution starts to decrease above

; this is followed by ice melting above
Note: Such a measuring protocol and alternatives (such as annealing, or

cycling) can be fully automated on a new range of computer-controlled ESR
spectrometers, for example the Bruker ESR spectrometer ESP with a
nitrogen flow temperature control accessory.

5.1. Glassy State

This is a long lasting nonequilibrium state characterized by a spatially homo-
geneous distribution of molecules without a long-range lattice order. Amorphous
materials show a glass transition where the solid phase displays a discontinuous
change in the specific heat on changing temperature. An essential prerequisite for
glass formation from a solution is that the cooling rate must be sufficiently fast to
prevent nucleation and crystal growth. At the glass transition temperature, there is
not only a sudden change in thermal and mechanical properties of the system but
also an extreme decrease in molecular translation diffusion rates (Franks, 1985). In
theory molecular mobility in glassy state systems is many orders of magnitude
lower than in liquid systems (Roos, 1995). Below the glass transition temperature

the very low molecular mobility predicts good stability in food products, such
as ice cream, bakery products, meat, and fish.

Figure 5 shows the state diagram of a sugar water system where the glass
transition temperature is a function of composition. Important parameters in the
state diagram are , the specific glass transition temperature of the maximally
freeze concentrated solution, and the corresponding composition (wt% solute
in the glassy phase). At temperatures above (in the rubbery state), the sample
becomes unstable in its supersaturated state, and it risks crystallization of the solute
dictated by nucleation and crystal growth kinetics.

In general when a maximally frozen aqueous sugar solution is warmed from
below its , there is a sudden increase in molecular mobility due to passing the
glass-rubber transition. This mobility increase is followed by, and cannot always
be separated from, a further strong increase in mobility due to subsequent ice
melting and accompanying dilution of dissolved solids.

5.2. Sugar Water Systems

Figure 6 shows rotational correlation time for spin labels I and II after
rewarming a rapidly cooled 20 wt% sucrose water mixture (Roozen and Hemminga,
1990). From –70– –31 °C, log  decreases almost linearly with temperature; at
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temperatures from –33– –28 °C (as indicated by arrows in Fig. 6), exhibits a
much stronger decrease. This strong increase in mobility arises from the mixture’s
melting transition, which is at –32 °C (Levine and Slade, 1988; Roos, 1995). Due
to the glass transition, the Stokes viscosity of the concentrated amorphous solution
decreases. The reduction of viscosity for a 20 wt% sucrose-water is from about
Pa.s at the glass transition temperature to about 103 Pa.s at temperatures 20 °C above
the glass transition (Franks, 1985). However the relative decrease in as shown
in Fig. 6, is much smaller. Note: A 20 wt% sucrose water mixture at temperatures
below the glass transition consists of ice and a glassy sucrose water mixture. When
the ice starts to melt due to the glass transition, the interaction parameter k increases
strongly, as seen from Fig. 4. This effect reduces the decrease of due to the
melting transition.

At –50 °C the rotational correlation time is about s (Fig. 6), so that k
is about [given a viscosity of Pa.s (Franks, 1985)]. This very low value
for the interaction parameter k implies that spin labels are present in cavities in the
lattice of the amorphous solution, similar to those found in liquid samples. Figure
6 shows that spin label II is somewhat more mobile in the glassy sucrose system
than TEMPOL spin label I. This may be due to the fact that lattice distortion due
to the presence of TEMPOL spin label I is smaller than that arising from the
presence of less spherical spin label II.
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Similar observations were made about TEMPOL spin label I incorporated into
various other water-carbohydrate (fructose, maltose, trehalose) systems. Table 2
compares and summarizes values for (the temperature of ice melting in
freeze-concentrated systems) obtained with ESR and DSC (van den Berg et al.,
1995). In general there is a good agreement between ESR and differential scanning
calorimetry (DSC) results. This observation confirms that for these carbohydrate-
water systems there is a direct relation between molecular mobility and a change
in specific heat given by macroscopic sample properties. However a change in
mobility during warming up is often detected earlier by ESR than by DSC in 40
and 55 wt% glucose with 4° and 9°, respectively, and for 20 and 40 wt% sucrose
with 6°. This effect may be related to a local interaction effect between the
TEMPOL spin label I and saccharide, which is not exhibited in the DSC curves
(van den Berg et al., 1995).

Mobility in the glassy state is affected significantly by the initial carbohydrate
concentration. In all cases the glassy system made from dilute 20 wt% concentration
exhibits a higher mobility than systems with concentrations of 40 and 55 wt%. This
effect of concentration is somewhat unexpected, since theoretically we would
expect equal mobilities in maximally frozen systems produced with initially
different concentrations. This effect may be caused by an inhomogeneous spin label
distribution due to the amount and size of ice crystals in the sample (van den Berg
et al., 1995). However it may also be related to the fact that samples are quench-
cooled, so that they probably are not maximally freeze concentrated.

5.3. Molecular Mobility in Maltooligosaccharide Water Glasses

The rotational correlation time of TEMPOL spin label I in a 20 wt%
maltooligosaccharide water mixture was determined similarly to sucrose water
systems (Roozen et al., 1991); Table 3 lists melting temperatures. A comparison
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with DSC results (Levine and Slade, 1988) shows an excellent agreement. For
relatively dry sugar water systems, the ESR technique can be applied as well (see
Fig. 7).

Figure 7 shows the rotational mobility of TEMPOL spin label I in a concen-
trated maltoheptaose-water mixture stored at an equilibrium relative humidity of
33% (Roozen et al., 1991). The glass transition temperature takes place at 42 °C.
Due to higher viscosity, the value of at temperatures above is higher than in
samples where ice melts (see Fig. 6). In addition Fig. 7 shows the resulting curve
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for a completely dried maltoheptaose sample. Due to a decrease in the water
content, shifts upward to about 100 °C, as may be qualitatively expected from
the state diagram (Fig. 5).

The molecular mobility of the TEMPOL spin label I was examined using ESR
and ST-ESR in 20 wt% sugar glasses consisting of a range of malto-n-ose molecules
with n = 1 to 7 (M. Nijman et al, unpublished results). Figure 8 shows results for
extreme-case glucose (n = 1) and maltoheptaose (n = 7). Intermediate sugars fall
systematically in between these two extremes. In addition to a change in glass
transition in agreement with DSC results, Fig. 8 shows the mobility state of
TEMPOL spin label I in the glassy material. We see that in maltoheptaose, mobility
increases with respect to glucose. This result strongly indicates that free volume
effects play a role in spin label mobility in the sugar lattice. Glucose molecules are
relatively small, so these can be densely packed when concentrated in a glassy state.
Maltoheptaose on the other hand is a glucose oligomer, which has a lower packing
ratio in the glassy state; TEMPOL spin label I molecules can rotate more freely in
its small holes as that in glucose.

Apart from the free volume effect, hydrophilic interactions (i.e., hydrogen
bonds) between the sugar and TEMPOL spin label I can be expected to influence
rotational correlation times It is well-known that deuterated hydrogen bonds are
stronger than protonated hydrogen bonds (March, 1985). Comparing the ESR
analysis of a glucose sample made up in and shows a reduction of motion
in the sample in the glassy state. This suggests that hydrophilic interactions
effect the rotational motion of TEMPOL spin label I in sugar water systems. This
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also indicates that TEMPOL spin label I is able to probe molecular dynamics as
well as molecular structure in glassy sugar water mixtures. It can also provide
insight into the hydrogen-bonding network of the glass.

5.4. Glucose Water Systems

The molecular mobility of the TEMPOL spin label I in a 20 wt% glucose-water
sample has been examined using both the L"/L ratio and the relative integrated
intensity ofthe ST-ESR spectra (van den Dries et al., 1998). The results are
shown in Figure 9. Upon cooling this sample a phase separation takes place, because
ice is formed. Upon rewarming, the melting of ice then starts at the melting
temperature The process of ice formation upon cooling concentrates the
remaining glucose solution containing the spin label, and finally the supersaturated
solution undergoes a glass transition at a temperature

From Figure 9, it can be seen that the glass transition temperature (210 K)
and the melting temperature (223 K) are well identified as breaks in the plot
determined from the relative integrated intensity These values of and are
in agreement with the literature (Roos, 1995). Furthermore, values can be
determined at temperatures far below the glass transition temperature  can
be determined in the glassy state up to a value of about s. In contrast, the
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L"/L ratio levels off at a value of about 2.1, giving values around s. At these
values the limit of sensitivity for mobility for the L"/L ratio is reached. This effect
can be explained by realizing that the L"/L ratio is almost insensitive to effects,
and that changes in are the main cause for sensitivity for motion for

This also implies that by using the relative integrated intensity of
ST-ESR spectra, the range of sensitivity for mobility can be strongly extended, as
compared to using the L"/L ratio.

5.5. Commercial Maltodextrin

It is interesting to compare results for model oligo-saccharides with those for
materials used in the food industry, such as enzymatically converted starch, which
is a mixture of dextrin molecules of different molecular weight. Figure 10 shows
the rotational mobility of TEMPOL spin label I in a commercially available sample
of maltodextrin (average molecular weight of 8000 Da) as a function of temperature
(Roozen et al., 1991). The sudden change in the temperature dependence of the
rotational correlation time at 30 °C represents the glass-rubber transition.

By adding 8 wt% glucose to the polymer (Fig. 10), we observed a decrease of
the glass transition temperature by 5 °C. This indicates that glucose acts as a
plasticizer in maltodextrin. Several effects may contribute to this decrease: the
addition of glucose results in a small increase in the water-to-dextrin ratio or glucose
may act as a plasticizer to dextrin, although water molecules that interact with
glucose molecules may not be able to plasticize the polymer chain.
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5.6. Activation Energy for Molecular Reorientation

It was shown that the temperature dependency of the correlation time of spin
labels in the glassy state is described by an Arrhenius-type equation (Roozen et al.,
1991):

The parameter is a temperature-independent factor, R and T have their usual
meaning; is interpreted as an activation energy for molecular reorientation.

As discussed before TEMPOL spin label I is present in cavities in the glass;
however values for indicate that the spin label does not rotate freely in
the cavities. Activation energy  corresponds not only to the number and strength
of hydrogen bonds formed between the spin label and its surrounding, but it is also
determined by the free volume of the system. This latter effect is observed in Fig.
10 on adding glucose to maltodextrin, where the strong increase in,Ea from 8 to 60
kJ/mol is related to the decrease in the free volume of the sample.

6. GLUTEN SYSTEMS

Gluten is a protein part of dough that gives it unique technological charac-
teristics that make wheat the most widespread cereal. The protein network of gluten
composed mainly of monomeric (gliadins) and polymeric (glutenins) water-insol-
uble storage proteins; these are associated into aggregates that interact by weak
bonds (see Fig. 11) (Shewry et al., 1994). The viscoelastic properties of gluten
depend largely on relative proportions of the two components; too few gliadins
compared to glutenins results in a rigid mass, while too many gliadins make it too
slack. In native gluten the proportion of gliadins is about 40 wt%. Although it is
accepted that gliadins contribute to flow and glutenins to elasticity (Kaufman et al.,
1986), the molecular basis of the functionality of the protein network of gluten is
still unclear.

The ESR spectroscopy was used to understand the properties of functional
gluten. Spin probing by using the small spin label TEMPO provided information
about the compartmentation of the liquid phase of hydrated gluten. This showed
the existence of lipid and aqueous phases (Pearce et al., 1988; Hargreaves et al.,
1994b), and the presence of two different microenvironments in the water phase
(Hargreaves et al., 1994a; Hargreaves et al., 1995b). In the application of ESR and
ST-ESR spectroscopy to the study of gluten discussed here in more detail, we follow
an approach where ESR spin labels are attached to polypeptide chains by covalently
labeling SH groups. This provides information about polypeptide flexibility, de-
pending on the organization and gliadin/glutenin ratio of the gluten (Hargreaves et
al., 1994b; Hargreaves et al., 1995a; Hemminga, 1995).
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6.1. ESR Spectra

Figure 12 shows ESR spectra of a gluten system, labeled with maleimide spin
label III. The spectrum consists of a mixture of labels at different positions on
proteins; this gives rise to composite ESR spectra in which at least two populations
of spin labels largely differing in molecular mobility can be observed. On increasing
the temperature, there is a progressive transfer of spin labels with a slow motion to
a more mobile population of spin labels. At 90 °C all spin labels are in the mobile
state. Concomitantly the rotational correlation time of the mobile fraction
decreases with increasing temperature. Two parameters are used to describe the
spectra. The parameter R, given by the ratio (see Fig. 12), reflects the number
of immobile with respect to mobile spin labels. The
rotational correlation time determined from the sharp three-line spectrum
according to Eq. 5, describes the molecular mobility of the mobile spin label
population.

For the gluten system and various gliadin or glutenin-enriched fractions,
parameters R and decrease monotonous with increasing temperature (Hargreaves
et al., 1995a; Hemminga, 1995), representing the increase in molecular dynamics
by both a transfer of spin labels from the immobile to the mobile population and
increased motion of mobile spin labels. This means that local molecular motion as
sensed by the maleimide spin label attached to cysteine residues on the polypeptide
chains changes gradually with temperature.
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Strikingly the absence of a transition in the segmental flexibility of hydrated
gluten proteins in the temperature range explored is opposite to the viscoelastic
behavior of gluten. From rheological studies we find that the height of the rubbery
plateau decreases on heating from 10 to 50 °C (103 to then
increases strongly, reaching 104 at 80 °C. The effect with ESR is therefore
proposed to be related to a reduction of hydrogen bonds, possibly corresponding
to a disruption of in the gluten system (Hargreaves et al., 1995a;
Hemminga, 1995).

Parameters R and show a linear dependence when drawn according to the
Arrhenius equation (10). Activation energy for the spin label motion derived
from the values is about 13.5 kJ/mol, which is much lower than that found from
rheological studies (90 kJ/mol). This difference may be explained if the activation
energy of 90 kJ/mol represents the contribution of low-energy interactions (hydro-
gen bonds, hydrophobic interactions, and entanglement points) between two cova-
lent bonds in the gluten, whereas the value of determined by ESR spectroscopy
(13.5 kJ/mol) is related to low-energy bonds in the immediate surrounding of the
spin label; this corresponds to about one-sixth of the unit polymer bond (Hargreaves
et al., 1995a).

6.2. ST-ESR Spectra

Figure 13 shows ST-ESR measurements on maleimide spin-labeled gluten.
Only approximate values for the rotational correlation time can be obtained in
this case due to the spectral contribution of fast moving spin labels. Because of the
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overlap of the mobile fraction, the high-field region is taken to calculate Values
of H"/H vary from 0.6–0.9. In comparing these values with those of reference
experiments, it follows that is between and s for the slow moving
population (Hargreaves et al., 1995a). These large values, compared to those for
the mobile fraction, stress the very slow motional properties of the immobile
fraction. This suggests that the spin label is rigidly bound to the gluten with virtually
no internal flexibility.

7. CONCLUSIONS

From the present overview we can conclude that spin label ESR and ST-ESR
spectroscopy are useful techniques for providing physical insights into the molecu-
lar dynamics of food systems and related model systems.

Although spin labels provide only indirect information about their local envi-
ronment, these techniques are especially powerful in obtaining data about molecu-
lar mobilities that can not be obtained in alternative ways. Taking into account the
lower limit of conventional ESR is for values of rotational correlation times       of
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about s and the upper limit is around s, it will be clear that a single set
of equipment for ESR spectroscopy is able to cover an immense range of rotational
molecular motions. In carbohydrate water systems, glass transition temperatures
can be obtained that agree very well with those obtained from DSC measurements.
In addition the technique provides information about hydrogen bonds and the
presence of cavities in these systems. Table 4 summarizes the information accessi-
ble with spin label ESR and ST-ESR on carbohydrate-water systems. The ESR
technique is also suitable for characterizing gluten proteins on a molecular basis.
This information complements such techniques as microscopy and rheology, which
reflect the macroscopic network organization.

Food materials are complex and heterogeneous systems. Up to now a strong
emphasis was placed on applying the ESR spin label technique to model com-
pounds. However this will make it possible to develop general rules for handling
more complex systems in the future.
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APPENDIX: CALIBRATION PROCEDURE FOR ST-ESR SPECTRA

Calibration of ST-ESR Spectra

To carry out ST-ESR spectroscopy of spin labels in sugar water systems, it is
necessary to calibrate ST-ESR spectra to the rotational correlation time This is
done by taking glycerol water systems as a reference system. The strategy of this
calibration procedure is to select a reference system whose viscosity is known over
a large temperature range and that resembles most carbohydrate molecules. The
TEMPOL spin label I in anhydrous glycerol, which has a close chemical resem-
blance to carbohydrates, turns out to be the most suitable reference system for
calibrating ST-ESR spectra. The calibration procedure is carried out in the following
steps:

1. Conventional ESR spectra of TEMPOL spin label I in anhydrous glycerol
are recorded between room temperature and 100 °C, and the rotational
correlation time of the spin label is determined from ESR spectra using
Eq. (6). A plot of against is shown in Fig. A1. Data for viscosity
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are obtained from (Glycerine Producers' Association, 1969). According
to the modified Stokes Einstein equation (8), the slope yields a value for
the interaction parameter k. The intercept at gives the zero
viscosity rotational correlation time, which is generally negligible.

2. Since ST-ESR spectra are recorded in the temperature range from 170–
280 K, we must know viscosities in this temperature range. However
viscosity data of anhydrous glycerol are known only for temperatures
above 240 K (Glycerine Producers' Association, 1969). Therefore known
data are fitted to the Williams–Landel–Ferry (WLF) equation (Williams
et al., 1955):

where is a reference temperature, the corresponding viscosity, and
are universal constants. Using

this equation is then extrapolated to lower temperatures, as illustrated in
Fig. A2. From this extrapolation the rotational correlation time of
TEMPOL spin label I can be calculated as a function of temperature.

3. In the final step, the ST-ESR spectra of TEMPOL spin label I in anhydrous
glycerol are recorded at various temperatures in the low-temperature
range (see Fig. A3). Line heights L and L" that determine the characteristic
low-field ratio L"/L are used to relate spectra to the rotational correlation
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time as shown in Fig. A4. Alternatively, the relative integrated inten-
sity can be taken to determine (van den Dries et al., 1998). A
comparison of the use of the L"/L ratio and the relative integrated
intensity is given in Fig. A5. Note that the lineheight ratio L"/L levels
off and loses motional sensitivity for values of above whereas
the relative integrated intensity continues to change in this region.
The assumption in the calibration procedure is that the molecular motion
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of  TEMPOL spin label I is isotropic, and it has the same nature in glycerol
water and sugar water systems. Furthermore it is assumed that the spin
lattice relaxation time of TEMPOL and the dielectric properties of the
systems are comparable.

The center-field ratio C'/C and the high-field ratio H"/H can be used for the
calibration as well (Thomas et al., 1976; Hemminga, 1983; Hemminga and De
Jager, 1989). Since the center-field ratio is sensitive to small missettings of the phase
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of the ST-ESR spectrum, it gives less accurate values for as compared to the ratio
L"/L. The high-field ratio is often more difficult to determine. Therefore the
low-field ratio is used to calibrate rotational correlation times in sugar water systems
(Roozen and Hemminga, 1990; Roozen and Hemminga, 1991; Roozen et al, 1991;
van den Berg et al, 1995).

NOTES

1. Note: In contrast to conventional ESR, which is generally carried out below saturation and with
small-field modulation amplitudes, ST-ESR is a highly nonlinear ESR technique. To observe
saturation transfer, the experiment is performed under saturating conditions, and high-field
modulation amplitudes are used. Since the microwave field strength and field modulation
amplitude vary over the cavity, the resulting ST-ESR spectrum strongly depends on values and
distribution of these parameters. Therefore care should be taken that all experimental conditions
for the reference set and actual samples are the same. This also applies to the sample size and
height (Hemminga et al., 1984; Hemminga and De Jager, 1989).

2. In the literature spin-labeled hemoglobin in glycerol water systems is often used as a reference
system. These reference data cannot be applied to TEMPOL spin label 1 in sugar water systems,
because motional properties of large molecules, such as spin-labeled hemoglobin, are not directly
comparable to those of the small molecule TEMPOL. To analyze ST-ESR spectra spin-labeled
gluten (Hargreaves el al., 1995a) however, spin-labeled hemoglobin was taken as a reference
system.

3. In carrying out ESR spectroscopy on spin labels in glassy sugar water mixtures, we found it
important routinely to take ST-ESR spectra and ESR spectra at the same temperature. Since these
systems are generally not in equilibrium, it is important to check for phase separations (for example
crystallization) in the sample and for spin label-spin label interactions (during freeze concentration
the spin label is also concentrated) that may disturb determination. This is better observed in
ESR than in ST-ESR spectra.
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EPR Studies of Living Animals and
Related Model Systems (In Vivo EPR)

Harold M. Swartz and Howard Halpern

1. INTRODUCTION

The aim of this chapter is to provide the reader with an understanding of what
is in vivo Electron paramagnetic resonance (EPR), why it may be important, how
it is carried out, what results were obtained with it so far, and where it may go in
the future. This chapter is especially intended for readers who are not closely
involved with these techniques but may become so in the future. Given these aims
and the limitations of space, we do not consider the details of instrumentation,
although this is certainly a critical aspect for the development of this field.

In this chapter in vivo EPR encompasses a range of techniques in which
parameters of EPR spectra are obtained from functional multicellular systems. This
chapter focuses on approaches that obtain EPR spectra or images directly from the
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functioning biological system and considers only in passing the often useful
approaches in which samples are removed from the biological system, then studied
by EPR. (Examples of the latter are studies that have demonstrated the occurrence
of free radicals in vivo by administering spin traps, then removing tissue for study
in vitro. We also do not cover the important related field in which EPR and
Nuclear magnetic resonance (NMR) are combined to provide information with
proton electron double-resonance imaging (PEDRI) and dynamic nuclear polariza-
tion (DNP), with the aim of providing spatial information on the distribution of
paramagnetic substances by their effects on NMR images.

Even within this restricted definition, in vivo EPR encompasses a considerable
range of techniques and studies, including microscopic imaging of small biological
samples, such as spheroids, high-resolution spectroscopic studies of intact animals
or isolated organs; and images obtained from isolated organs or intact animals.

This chapter emphasizes the current state of knowledge and directions that are
likely to be pursued in the future. We have paid only modest attention to historical
aspects. While major types of applications are considered and many major results
summarized, there is no attempt to cover this field comprehensively because it is
rapidly growing and therefore any such effort would soon be out of date. An attempt
was made, however, to provide an up-to-date bibliography that covers pertinent
literature at the time this chapter was completed (November 1996).

2. RATIONALE FOR DEVELOPING AND USING IN VIVO EPR

Much of the motivation for developing in vivo EPR initially arose from a desire
to determine the real biological role and consequences of processes involving
unpaired electron species, especially free radicals. The perception of a need for
carrying out such studies in intact organisms was based on concerns that procedures
required to remove samples for examination in conventional EPR spectrometers
may alter significantly what was measured. While such goals remain valid and
pertinent, other considerations have driven most developments of in vivo EPR. This
occurred because it rapidly became obvious that the level of naturally occurring
free radicals was so low, it was likely to be very difficult to observe them in vivo.
Problems caused by these low levels are significantly augmented by the lower
sensitivity of EPR when applied to such systems as live animals, which contain
large amounts of lossy materials such as water (i.e., materials that nonresonantly
absorb frequencies used for EPR).

Consequently the development of in vivo EPR occurred especially through two
key elements: Going to lower frequencies (1.2 GHz or less), which decreases
nonresonant losses due to water and adding stable paramagnetic materials to
biological systems, so that the concentration of materials is sufficient to be meas-
ured. As a consequence initial principal applications of in vivo EPR were based on
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measuring the distribution and environment of added paramagnetic materials.
Using low frequency EPR, recently it was possible to obtain measurements from
free radicals generated within the biological system, there were also
a few studies in vivo using higher frequencies, such as X-band (9 GHz) to study
blood in the tail and in extra corporeal circuits.

In view of the many formidable technical problems involved in doing EPR in
vivo (details follow), there should be strong reasons for attempting such a difficult
approach. The technical challenge of conducting such studies is probably not a
sufficient reason for going beyond a demonstration of the feasibility of the tech-
niques; instead the rationale should be based on information obtained, and this
indeed is the case. A number of studies already demonstrated that in vivo EPR
presents an opportunity to obtain valuable biomedical information that cannot be
obtained by other methods or can be obtained better by EPR. Better includes
obtaining better quality data, obtaining data more easily, or with less cost. One
important aspect of the value of in vivo EPR is that data are obtained under the most
physiological conditions. Recent developments enable studies to be made even in
unanesthetized animals, avoiding some potential artifacts associated with anesthe-
sia required for many other in vivo measurements in experimental animals.

Here we discuss the general principles of types of information available with
in vivo EPR that are useful for both fundamental and applied studies. Later in this
chapter we provide details about what types of information were so far especially
valuable to obtain with in vivo EPR.

In vivo EPR can potentially provide both anatomical and functional informa-
tion. Because EPR is a magnetic resonance technique, using magnetic field gradi-
ents allows spatial localization of the signal. This adds information on spatial
localization to information on processes provided by the spectrum; potentially
changes in the processes can then be studied over various anatomical regions in the
animal.

Given the power of EPR to reflect local environment and the availability of
many other excellent techniques for providing anatomical information, it is not
surprising that the principal applications so far have focused on providing informa-
tion on function. This was facilitated by the absolute specificity of EPR for unpaired
electron species, principally free radicals and/or paramagnetic metal ions. Unpaired
electron species can be either naturally occurring, in which case EPR provides a
uniquely specific window on biochemical processes, or introduced, in which case
there is a very specific label.

With most introduced paramagnetic materials, uses have usually involved
exploiting the sensitivity of EPR spectra to the environment around the unpaired
electron. Biologically useful aspects of the environment studied with in vivo EPR
or related model systems include the amount of molecular oxygen, pH, molecular
motion, viscosity, polarity, temperature, and redox potential. The latter is usually
measured indirectly by monitoring the bioreduction of nitroxides. Another impor-
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tant and growing set of applications uses paramagnetism as a label or tag to
investigate such processes as local perfusion, permeability, and distribution of the
molecule or structure on which the paramagnetic tag is located.

Although administering exogenous probes adds an element of invasiveness and
experimental complication, it may allow an additional means of controlling the
location from which an EPR signal arises. For example by modifying a small,
otherwise nonessential group on the probe, the distribution in the aqueous compart-
ment of a spin probe can be controlled.

The ultimate rationale for using EPR in specific experiment should depend on
the value of data obtained, including considerations of alternative methods that
could be used to obtain similar information. The value and, presumably the degree
of in vivo EPR use, should be related to the usefulness of the information.

3. IMAGING AND SPECTROSCOPY

Imaging and spectroscopy can be quite different in their technical requirements
and the type of information that can be obtained. Typically EPR imaging provides
a one-, two-, or three-dimensional representation of the distribution of a particular
parameter—most typically the intensity of the EPR spectrum of the paramagnetic
species used for imaging. Spatially resolved data obtainable by imaging can be a
rich source of information, especially if the imaged parameter can be directly related
to a physiological process of interest, such as diffusion or the concentration of
oxygen. Obtaining a good image, of course, requires a way of obtaining and
presenting the spatial distribution of the paramagnetic species; most typically this
involves magnetic field gradients and computer reconstruction with back projection
or similar methods. Elements of the image (voxels) must have sufficient intensity
to be differentiated from adjacent voxels; this requires a good signal-to-noise ratio
and/or long periods of time. Thus potential limitations of imaging center on the
time required to obtain an acceptable image. In addition the amount of information
presented in the image may be limited.

In in vivo spectroscopy high-resolution spectra are obtained from a defined
volume of a whole animal (including human subjects). The volume from which
spectra are obtained can be as large as the animal (currently small rodents are the
largest size animal from which spectra have been obtained from the entire animal)
or as small as a microscopic crystal in an animal tissue. Most typically data are
obtained from a region of the animal defined by a combination of the detector's
sensitive volume and the location of the paramagnetic material. The major strength
of spectroscopy is its ability to provide the full range of information potentially
available in an EPR spectrum, including such parameters as motion, concentration
of oxygen, pH, polarity, etc. Any or all of these processes can in principal be studied
simultaneously, and these can be followed through time. The major limitation of
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spectroscopy is the lack of spatial information with the detail obtainable from
imaging. This includes not only the failure to indicate the distribution of the
phenomenon being investigated but perhaps more importantly, combining informa-
tion from different regions or processes whose differences are of critical biological
importance. For example EPR spectra in a tumor should ideally be used to
characterize differences between the tumor and adjacent normal tissues; however
if only a single spectrum is obtained from the entire sensitive volume, then it
contains contributions from both tumor and normal tissues.

The spectral spatial technique yields aspects of both imaging and spectroscopy.
In principle it is possible to obtain complete spectra from very small volumes, then
use any or all of the spectral line shape to provide a one-, two-, or three-dimensional
image based on that spectroscopic feature. This approach may be especially feasible
with the high resolution obtainable at higher frequencies, but technical difficulties
must be confronted at lower frequencies, including the development of paramag-
netic materials with narrow lines, as discussed later.

On the other hand it is possible, especially with particulate or otherwise
localized paramagnetic materials, to obtain high-quality spectra from several sites
simultaneously in the presence of a gradient to separate spectra.(166) The latter
approach is especially promising for measuring oxygen concentration with such
particulate paramagnetic materials as lithium phthalocyanine or fusinite. This
hybrid technique is included in the section on in vivo spectroscopy, since its use
especially has emphasized spectroscopic considerations.

Recently we conceptualized another way that spectroscopy and imaging can
be combined to provide maximum benefits from the strengths of each; this involves
using imaging to define areas of interest and spectroscopy to follow processes with
sensitivity and specificity. Any imaging modality can be used, such as magnetic
resonance imaging (MRI), CAT scanning, or EPR imaging, to define macroscopic
regions of interest (e.g., areas of tumor with good blood flow, areas of tumor with
poor blood flow, and nontumor regions), then EPR imaging techniques can be used
to collect spectroscopic data from these biologically relevant areas of interest. The
result would then be EPR spectra from volumes that involve the biological proc-
esses that are being investigated. Defined regions need not correspond to simple
geometric shapes because they can be defined and shaped to the extent of the
resolution available with gradients used for the EPR-imaging process.

4. POTENTIAL CONSTRAINTS ON IN VIVO EPR

In spite of their potential attractiveness, in vivo EPR studies developed slowly
because of formidable technical problems. We now describe the major types of
problems and how they may be overcome. The reader should not be overwhelmed
by this long list. Despite these problems, very fruitful experiments have already
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been carried out, and the rate of such successful experiments appears to be
increasing rapidly, including extending the technique to new areas.

4.1. Nonresonant Absorption of the Exciting Frequency
(Usually Microwaves)

The usual EPR frequencies used to yield well-resolved spectra (i.e., 9 GHz and
higher) arc readily absorbed by materials with a high dielectric constant, such as
water, and most functional biological systems have a water content as high as 90%.
As a consequence conventional EPR spectra usually cannot be obtained from most
functional biological systems whose dimensions exceed 1 millimeter. The most
feasible solution to this problem so far was to use lower frequencies. This was
effective, but of course it results in a very significant decrease in the sensitivity of
the EPR experiment.

For very small objects, such as the tumor model spheroids, higher frequency
EPR can successfully be used if samples are small enough and/or oriented to
minimize interactions with the electric field.

4.2. Concentration of Paramagnetic Species

EPR spectroscopy of course requires the presence of paramagnetic materials.
In living systems, however, concentrations of free radicals or other paramagnetic
species with relaxation times suitable for measurement at room temperature are
very low. Consequently with the exception of melanin and perhaps the ascorbyl
radical, it is unlikely that any presently envisioned EPR instrumentation will be
able to obtain a useful signal-to-noise based on naturally occurring paramagnetic
species at body temperatures. Melanin, the pigment responsible for the dark color
of hair and skin, is a stable-free radical; in some tissues the concentration is
sufficiently high, so that it may be detectable by EPR in functional biological
systems. The ascorbyl radical occurs in lower concentrations than melanin, but
because of its very narrow line width, it was observed in some tissue preparations
and it may be detectable in vivo under suitable conditions.

One solution to the problem is to increase the concentration of paramagnetic
materials that occur as a result of cellular functions. This can be accomplished by
administering drugs, etc., to generate free radical intermediates and/or using such
methods as spin trapping to stabilize radicals produced by metabolism. The latter
method has the potential of increasing the amount of free radicals by prolonging
their lifetimes, so that the concentration builds up for a species whose lifetime
ordinarily leads to a steady-state level too low to be detected directly by EPR.

The more general solution to the problem, however, is to add stable paramag-
netic materials to the system, then use these as the basis for imaging or spectroscopy.
This has the potential disadvantage of requiring the addition of a substance, usually
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by injection; consequently there is the potential for toxic effects from these
substances. There is also a potential upper concentration limit for materials intro-
duced before encountering significant spin–spin interactions that significantly alter
the resulting line shape; this limit is a function of the spin probe used. To consider
concentration-dependent effects, common materials that have been used can be
divided into two groups: Molecular free radicals, such as nitroxides, which have
one unpaired electron in every molecule and particulates, such as coal, which have
unpaired electrons distributed throughout the particle. The latter have essentially
no concentration-dependent changes and reasonably narrow line widths affected
by therefore these have been used mostly to measure oxygen.

On the other hand such molecular free radicals as nitroxides have concentra-
tion-dependent effects on the spectra over essentially the whole range of useful
concentrations; this may be a critical factor in interpreting results from in vivo EPR.
The extent of the effect can be decreased by using a charged species, so that
electrostatic effects decrease the ease of molecules approaching each other. Halpern
et al. developed an elegant method to account for spin–spin interactions with a
nitroxide used for measurements; this method may be applicable to other free
radicals as well. Some general solutions are to overmodulate the signal to
overwhelm concentration-dependent broadening or to correct for concentration-
dependent line broadening by estimating the concentration by integration or
from Heisenberg spin exchange theory. The latter is especially difficult to do
accurately. Newer, very narrow-line, infusible, stable free radicals developed by
Nycomed, Inc., have a line width that is essentially independent of concentration.
These were designed to make access to the unpaired electron by another free radical
far more difficult than for simpler molecules, such as oxygen. These free radicals
are sufficiently bulky to prevent paramagnetic centers from overlapping when two
molecules collide, so there is only a small probability of spin exchange; hence there
is no concentration broadening until high concentrations are reached. Oxygen on
the other hand still has easy access to the paramagnetic center of free radicals;
therefore it broadens the spectral line.

4.3. Bioreduction

Bioreduction (or more generally metabolism) of added paramagnetic materials
is another potential limiting factor. This is especially important with nitroxides, but
it can occur with other species as well. It can be decreased by appropriately selecting
nitroxide species: Nitroxides based on the pyrrolidine ring are inherently much
more stable to bioreduction than those based on the piperidine or doxyl rings. (Ref.
92 provides a comprehensive summary of interactions of nitroxides with biological
systems.)
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4.4. Excretion

Excretion of added paramagnetic materials is another source of limitation. The
most common route for excretion of soluble species is by the kidneys, and unless
charged species are attached to macromolecules such as polysaccharide poly-
mers(90), these are excreted fairly rapidly. Particulate paramagnetic materials may
remain at the site of administration indefinitely, but it is also possible for some of
them to be removed through phagocytosis by macrophages.

4.5. Physiological Motions

Some of the same factors that make in vivo EPR so valuable, i.e., the ability to
provide data under fully physiological conditions, lead to significant technical
problems. Physiological conditions imply a variety of motions associated with the
normal functions of circulatory, respiratory, and intestinal systems, and voluntary
motions can also occur, especially in conscious subjects. When we try to deal with
the latter by anesthetizing the animal, other problems may occur due to changes in
physiology associated with the anesthesia.

The motions cause several different problems. They can be a source of noise
from microphonics and/or changing the tuning of the resonator; they can move the
paramagnetic species into a region out of the applied magnetic field, secondary
(gradient) magnetic field, or modulation field; or change the distribution of the
microwave field. The most obvious effects lead to increased noise, and these are
likely to be detected, then, to a greater or lesser extent, corrected. The more subtle
effects may change spectral shape without causing obvious noise, therefore these
can be especially troublesome.

4.6. Accurate Localization of Paramagnetic Materials

Physiological motion can contribute to another potential problem; Inaccurate
localization of the site of paramagnetic materials; nonuniformity of applied and
gradient fields can also contribute to this problem. These problems are especially
important in imaging studies because they can lead to errors in the apparent
distribution of paramagnetic species. New approaches to generating high uniform-
ity gradients will improve this situation considerably.

4.7. Penetration of Microwaves

Penetration of exciting radiation is perhaps the most pervasive limitation. This
leads to a need to trade off sensitivity (which increases with frequency) and
penetration depth (which decreases with frequency). A measure of penetration is
skin depth, the depth at which an electromagnetic wave diminished to 37% (1/e) of
its initial amplitude; at X-band (9.5 GHz frequency) this is less than 1.0 mm in
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tissue; at L-band ( 1.5 GHz frequency) this is less than 10 mm, and at 250 MHz,
this is approximately 6 cm.

5. SENSITIVITY CONSIDERATIONS FOR IN VIVO EPR

5.1. Concentrations of Naturally Occurring Free Radicals and Other
Paramagnetic Materials In Vivo

The capabilities of in vivo EPR and consequently directions of instrumental
development and choices of instrumental conditions for specific applications are
closely tied to the levels of paramagnetic materials that can be measured with the
required signal/noise. Most free radicals produced in physiological reactions (e.g.,
free radical intermediates from enzymatic reactions) are in the submicromolar
concentration range. As noted later, direct detection in vivo of such a low concen-
tration is very difficult using existing instrumental approaches. On the other hand
when the application involves paramagnetic species at higher concentrations due
to particular conditions of the experiment (e.g., administering of a stable free radical
or the metabolizing a drug to a free radical intermediate), these low levels of
naturally present paramagnetic species have the advantage of reducing background
signals from paramagnetic species other than those being measured.

Several approaches were successfully used to achieve levels of paramagnetic
species detected in vivo; these include administering such precursors as drugs or
metal ions that were converted into paramagnetic species in vivo, using spin traps
to stabilize free radical intermediates, and administering stable free radicals.

5.2. Sensitivity of in Vivo EPR Spectrometers

The ultimate limitation of any noninvasive analytical method is the limiting
signal/noise for the lowest possible amount (i.e., concentration) of material. The
reduction of frequency usually employed with in vivo EPR (to overcome the
problem of nonresonant absorption of the microwave by aqueous components of
tissues, which dominate at conventional EPR frequencies) results in a theoretical
decrease in signal proportional to frequency squared. In addition to the decrease in
sensitivity, however, there is a decrease in noise for nonlossy samples proportional
to the frequency to the one-half power; for lossy samples it is directly proportional
to the frequency. For the latter, sensitivity or signal-to-noise ratio diminishes
more nearly proportional to the operating frequency. Given the large increase in the
accessible volume of a living sample, the molar concentration sensitivity of the EPR
technique may even increase at lower frequency.

As mentioned elsewhere in addition to decreasing the frequency by almost an
order of magnitude (e.g., to L-band), there is also usually a much reduced resonator
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Q due to the still considerable lossiness of tissues (factors of 5–10 depending on
the final loaded Q with a live animal). Consequently the theoretical decrease in
sensitivity can amount to a factor of 50 to 1000 versus a commercial X-band
spectrometer with a flat cell in a or cavity. Hence one of the challenges
was to redesign and optimize L-band spectrometer bridges and resonators. While
bridge designs vary somewhat from lab to lab, the loop-gap resonator proved to be
very useful for many investigators. An advantage of loop-gap resonators is their
very large filling factors, making efficient use of the electromagnetic energy they
store in the sample. This more than offsets their lower Q values, giving a much
higher signal-to-noise ratio for extremely small samples or those with high non-
resonant absorption of electromagnetic radiation. The geometry of loop-gap
resonators at 1 . 1 GHz can be suitable for inserting a mouse or small rat.

Although sensitivity in a live animal is difficult to compare precisely from lab
to lab, since spectrometers, resonators, and exact conditions of animal placement
vary, some comparisons can be made on phantoms of aqueous nitroxide solutions.
To date both Zweier and Kuppusamy (Ref. 202) and Koscielniak and Berliner (Ref.
94) have reported successfully detecting of concentrations of µm for noniso-
topically substituted Tempo or CTPO.

6. RESULTS OF IN VIVO EPR SPECTROSCOPY OF FUNCTIONAL
BIOLOGICAL SYSTEMS

6.1. Initial Studies

The pioneering experiment by Feldman et al. published in 1975 is usually
considered to be the first in vivo EPR spectroscopic study. There were in fact earlier
unpublished studies by Rowlands and colleagues at the Southwest Research Insti-
tute on whole animals using low-frequency EPR and injection of nitroxides into
mice which then were placed inside a rectangular cavity. The signal-to-noise ratio
however was very poor, so resulting data were quite limited; and the experiments
were never published in the refereed literature. There was a published study by
Hutchinson and Mallard in 1971 in which they discussed their development of an
EPR instrument designed for in vivo; while they were able to obtain spectra from
excised guinea pig liver, they were not able to obtain data from an intact mouse.
Hutchinson also provided an analysis of the potential optimum frequency for in
vivo EPR. There were also some unpublished studies in which the tail of a mouse
was inserted into the EPR cavity of an X-band spectrometer and data were obtained
from free radicals circulating in the blood.

In the study by Feldman et al., they implanted a resonator in the liver of a
rat, then administered high doses of the nitroxide, Tempol. They observed an EPR
spectrum with a relatively poor signal-to-noise ratio, but they were able to follow
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the pharmacokinetics of the disappearance of the nitroxide in a semiquantitative
manner. They also reported the spectrum of a spin-labeled drug obtained in vivo by
the same apparatus.

Subsequently there have been a large number of studies in which EPR spectra
were obtained from functional biological systems, and some recent reviews are
available. Rather than provide a comprehensive review, we discuss
some of the more promising and extensively investigated areas of applications.
Note: Some of the most interesting and important uses of in vivo EPR techniques
combine other techniques, such as NMR, where the specificity and sensitivity of
EPR is used to interpret measurements made with the other techniques (e.g., Refs.
6,7,23,33,47,48).

6.2. Types of Studies with in Vivo EPR Spectroscopy

6.2.1. Level of Oxygen in Tissues

The use of in vivo EPR to measure the concentration or partial pressure
of oxygen in tissues has received the most attention because there is great need
for such measurements and EPR oximetry appears to have distinct advan-
tages. Many of these advantages arise from the development
of oxygen-sensitive particulate materials that combine a high degree of sensitivity
to the with favorable biological properties, including inertness to such factors
as oxidation and pH, leading to the possibility of taking repeated
measurements from the same site over long periods of time, without undesirable
side effects. This technique has now been applied to measure in skin,
brain, the peritoneal cavity, skeletal muscle, cardiac muscle,
liver, kidneys, and tumors. There appears to be consider-
able potential for its application to clinical medicine, especially in radiation
oncology and peripheral vascular disease; the feasibility of using
a material already approved for use in humans, India ink, was shown.

6.1.2. Reactive Intermediates

In vivo EPR spectroscopy appears to have considerable potential for applica-
tions in a number of other areas as well. Initially the possibility of detecting reactive
intermediates was a strong factor in the interest in in vivo EPR techniques, but that
proved to be more difficult than anticipated by some because of low steady-state
concentrations of reactive intermediates and the lack of spin-trapping systems that
are sufficiently stable in vivo. Recently, however, some progress was made with
trapping sulfite anion radicals and thiyl radicals and directly detecting a
paramagnetic ion intermediate, Cr(V). Spin trapping ionizing radiation-
induced hydroxyl radicals in vivo was also recently reported.
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There has also been significant and growing progress in detecting radical
intermediates of such drugs and xenobiotics as nitrosobenzene, as discussed
in the following section.

These direct demonstrations of the occurrence of free radicals in vivo provide
powerful support for such indirect methods as chemiluminesence; in vivo spin
trapping where spin traps are administered, then tissues or fluids extracted, and spin
adducts measured; fast freezing after adding spin traps; and spin trapping in
effluents from organs.

6.1.3. Pharmacokinetics

There appears to be great potential for the use of in vivo EPR in the study of
pharmacokinetics and other aspects of interactions of drugs in vivo. Initially in
vivo spectroscopy emphasized studies of the distribution and metabolism of the
nitroxides per se, as part of the development of the system and also in recognition
of the potential use of nitroxides as both active agents themselves (e.g., as imaging
agents for EPR, contrast agents for MRI, or as redox markers) and potential labels
for other agents.
Subsequently more specific uses of nitroxides in pharmacokinetic studies have
emerged; these were used to follow the mechanisms of drug delivery sys-
tems, measure local changes in pH, and to measure perfusion and
absorption. In vivo EPR spectroscopy was also useful in directly following
free radical intermediates of some drugs. In a related type of study, in vitro
EPR spectroscopy provided critical information on the status of an MRI contrast
agent based on a complex of paramagnetic manganese and followed the fate of

encapsulated in liposomes; with the current state of instrumental develop-
ment, these studies could probably now be done in vivo.

6.3. Specific Results Obtained with in Vivo EPR Spectroscopy

6.3.1. Biodistribution and Metabolism of Administered Free Radicals

These studies have had a prominent role in initial studies with in vivo EPR, and
these continue to be an area of intense interest. Interest arises from using both
nitroxides as imaging/tracing agents and their potential as therapeutic (e.g., super-
oxide dismutases) and diagnostic agents (e.g., contrast agents for NMR).

6.3.1.1. Nitroxides and Other Soluble Stable Free Radicals These s tud i e s
usually involve administering a nitroxide by injection, although some studies
employed absorption through the skin or the lungs. The concentration of nitroxide
is followed by measuring the rate of disappearance of nitroxides in either the whole
animal (usually by inserting a mouse or small rat entirely into a resonator) or in
localized regions. Localization is usually achieved on the basis of the sensitive
region characteristic for the particular configuration of the animal and the resonator,
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although more complex approaches are possible that could provide more control
of the volume being studied. Examples of the latter include delineating the sensitive
volume by the shape of the effective modulation field or by the region of magnetic
field homogeneity.

The kinetics observed are a result of the usual factors affecting distribution of
drugs: Uptake into the circulation, diffusion from the circulatory system, diffusion
into tissues, excretion, and metabolism to products. The latter has proven to be an
extremely important aspect because of the tendency of nitroxides to be bioreduced
to the corresponding nonparamagntic hydroxylamines. Relative rates of reduction
in vivo appear to parallel those observed in cellular suspensions, with the reduction
occurring primarily intracellularly. Piperidine- and doxyl-type nitroxides are re-
duced fairly rapidly, and pyrroline and pyrrolidine nitroxides are more resistant to
reduction. As in cells in vivo there can also be enzymatic and nonenzymatic
oxidation of hydroxylamines back to nitroxides. (Ref. 92 provides an extensive
summary of literature on the interactions of nitroxides with biological systems,
including in vivo studies.) Similar studies in the isolated beating heart indicate that
metabolism of nitroxides is similar under these conditions.

A few studies used higher frequency EPR (X-band) to make measurements in
rodent tails; taking advantage of the relatively low lossiness of this structure it is
therefore possible to tune a conventional spectrometer with the tail inserted in the
resonant structure. Pharmacokinetics of nitroxides was also studied
at X-band by using cxtracorporeal circulation through the EPR resonator.

In rats blood levels of the commonly used nitroxide CTPO were followed
after single, multiple, and continuous IP injections. Urine was periodically sampled
to indicate the role of  renal excretion for this nitroxide.(15) Using a similar approach
absorption into the blood of an inhaled volatile nitroxide (di-tert-butyl-nitroxide or
DTBN) was demonstrated, and the constant for its disappearance from blood was
measured to be This study also demonstrated an important
capability of in vivo EPR: In a single spectrum DTBN spectra arising from two
different environments differing in polarity were observed. Similarly the transcu-
taneous absorption rate into the blood was studied.

A paramagnetic metal in the form of dextran magnetite was also studied with
this approach. Although spectra were very broad, they were sufficiently intense
to enable the pharmacokinetics of different preparations of the dextran magnetite
to be followed quantitatively.

Most studies used low-frequency EPR in the range of 0.7–1.2 GHz, especially
at the higher end of this range, to follow rates of change of the concentration of
nitroxides in vivo in both the whole animal and specific regions. Lifetimes in vivo
tend to be relatively short due to both bioreduction and excretion. By placing the
resonator over the bladder, the rate of excretion by the kidney can be followed; this
turns out to be the major excretory route for most nitroxides. The rate of metabolism
to nonparamagnetic hydroxylamine can be determined by combining the measure-
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ment over the bladder (to measure losses due to excretion of active nitroxide) with
a second measurement over another region or the whole animal. Relative rates
of bioreduction of nitroxides in vivo parallel those of nitroxides in isolated cells,
with most of the reduction occurring intracellularly (and hence greatly influenced
by factors that affect entrance of the nitroxides into cells), and the structure of the
ring on which the nitroxide group is located.

Other factors affecting the pharmacokinetics of the nitroxides which have been
studied by in vivo EPR techniques include the effects of the concentration of oxygen
that is breathed, the effects of multiple repeated injections of
nitroxides or continuous infusions on the kinetics of the concentration of the
nitroxides, the effects of age, the effect of food restriction, the mode
of administration, the effect of heating, the role of the lungs,
the effect of anti-oxidants, the effects of ischemia-reperfusion, and
the effect of binding to macromolecules.

Some very useful data have been obtained by following the pharmacokinetics
in isolated organs, where it is possible to investigate variables that occur at the tissue
level such as metabolism and compartmentalization from other factors that occur
at the whole organism level such as distribution and excretion.

6.3.1.2. Particulate Paramagnetic Materials Several different particulate
paramagnetic materials were used extensively to measure molecular oxygen (and
to a very limited extent, nitric oxide), including several types of carbon-based
materials (coals, chars, India ink) and lithium phthalocyanine. These are generally
quite unreactive materials—stable to oxidation, reduction, and extremes of pH. It
is not surprising, therefore that these materials have essentially no demonstrated
metabolic interactions. Their distribution is primarily affected by their size. Most
typically these materials are injected directly into tissues in which measurements
are to be made. Particles too large to be incorporated into cells tend to remain
indefinitely in the tissues, causing little or no reaction. Smaller particles may be
taken into cells in the vicinity, especially phagocytic cells, but unless the concen-
tration is very high, there is no apparent deleterious effect from such particles. If
particles are injected into the blood stream, larger particles are trapped in the first
capillary network that they encounter, (i.e., if injected into a vein, they localize in
the lungs; if injected into an artery, they localize in the organ supplied by that artery.)
Particles small enough to pass through capillary networks are removed from the
blood if they are in the range readily phagocytized by reticuloendothelial cells; this
is the case with India ink, which has particles of carbon in the range readily
phagocytized. Consequently these then concentrate selectively in the liver in the
highly phagocytic Kupffer cells.

6.3.1.3. Paramagnetic Materials in Supramolecular Structures The distribu-
tion and the subsequent metabolism of paramagnetic materials are likely to be
altered if contained in such structures as liposomes or aggregates of albumin.

In this type of situation, the paramagnetic material can act as a
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tag or tracer to monitor structures where they are located. In vivo EPR spectroscopy
was used to follow such aggregates to determine how long they stay in the
circulatory system and the factors affecting their integrity and/or distribution. Some
of these studies take advantage of the metabolism of nitroxides to obtain more
information than that available from an inert tag: e.g., using readily metabolizable
nitroxides trapped inside a liposome, these remain paramagnetic only while the
liposome wall remains fully intact; consequently the disappearance of the EPR
signal is an excellent marker for the loss of integrity of the liposome wall. These
structures can also be used to make the trapped environment more optimal for
measurement; e.g., by trapping a lipid-rich environment (e.g., cyclohexane) within
an albumin microsphere, the sensitivity of a nitroxide to the concentration of
oxygen can be enhanced several fold because of the greater solubility of oxygen in
lipids.(110) A similar use of lipophilic materials to enhance sensitivity to oxygen was
previously used by placing a gas-permeable capsule containing a nitroxide (Tem-
pone) in paraffin oil in the peritoneum of a mouse.

6.3.2. Perfusion Studies

The perfusion of tissue is an important parameter in both physiology and
pathophysiology; while there are a number of other methods available to measure
perfusion in vivo, they all have some significant limitations. The feasibility of using
in vivo EPR for this type of measurement was demonstrated using the washout of
injected nitroxides. Potential advantages of this approach include the specificity
of the end point of wash out for the administered nitroxide (due to selectivity of
EPR of paramagnetic materials and the lack of significant amounts of other
paramagnetic materials in tissues at concentrations that would be detectable by in
vivo EPR), the ability to vary the type of behavior by the material used for tagging
(using the availability of nitroxides with different charges, solubilities, etc.), and
the potential for combining measurement of perfusion with measurements of redox
status and (using the rate of reduction of the nitroxide for redox status and the
line width dependency of the nitroxide on

6.3.3. Direct Observation of Free Radical Intermediates
from Drugs and/or Metabolism

The potential for directly observing free radicals in vivo was an important
motivation for developing in vivo EPR techniques. This has, however, proven to be
a challenging task because relatively high concentrations of free radicals needed to
detect them in vivo. The detectable concentration is a function of a number of factors
including line widths of the radical; sites where it occurs; and such instrumental
parameters as effective microwave power, overall sensitivity of the instrument, and
stability of the spectrometer. The latter may be especially important because with
sufficient stability, averaging techniques can be used quite effectively. In general
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the lower limit of detectability of free radicals is likely to be 10–100 micromolar
or greater.

In spite of potential difficulties, some notable successes have now been reported
in observing free radical intermediates of drugs or other administered compounds,
and it seems likely that this approach will receive considerable attention in the
future. Fuj i i et al. followed the kinetics of the generation and decay of the
toxin nitrosobenzene in the mouse; with the addition of experiments on isolated
tissues and in vitro models, they proposed the metabolic pathway involved.

Mader et al. demonstrated that in vivo EPR can be used to follow the metabo-
lism of some drugs that have free radical products. They studied the metabolism of
anthralin in the skin of mice by using the same formulation of the drug as that used
for human applications. They were able to demonstrate the formation of a
frce-radical-containing polymer derived from anthralin and also to determine some
factors affecting the amount of polymer formed. (Antioxidants reduced the amount
of polymer detected by EPR.)

6.3.4. Spin Trapping Free Radicals

The usual spin traps are nonparamagnetic materials which become converted
to relatively stable spin adducts on reacting with many types of free radicals. This
technique was applied with great success in model systems; there are, however,
considerable technical problems in carrying out spin trapping in vivo. The principal
limitation is probably the paucity of spin traps whose spin adducts have sufficient
stability in the presence of cells, especially water soluble spin adducts derived from
oxygen-centered radicals. Another significant problem is the relatively
high concentration of spin traps usually needed for effective trapping of reactive
free radicals; concentrations in the range of 10–50 millimolar are often used to
compete effectively for reactive free radicals because such free radicals react with
a variety of substances. Despite these limitations direct in vivo spin trapping has
now been reported for the sulfite radical anion and the hemoglobin-thiyl
radical.

The potential value of using in vivo EPR in this type of investigation was
illustrated in these studies by determining factors that affect the amount of detect-
able spin adduct. Due to the complexity of interactions in vivo, it would be very
difficult to determine such overall effects only by the use of model systems, because
of the involvement of physiological parameters such as biodistribution and com-
pensatory physiological changes in response to the biochemical events.

There have also been a number of indirect in vivo studies where free radicals
were spin-trapped in vivo, then tissues or fluids were extracted and studied ex vivo
at 9 GHz (see Ref. 91). These studies usually use lipophilic spin traps/adducts
because these have sufficient stability to be extracted, especially when extracted
into organic solvents. This approach was also used to demonstrate that chromium
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can generate free radicals in vivo, which can then be trapped and studied ex vivo.
The validity of the indirect in vivo type of experiment was confirmed by direct in
vivo spin trapping of the hemoglobin-thiyl radical, which was previously reported
using the technique of extraction with ex vivo analysis.

A special type of spin trapping was successfully used in vitro and in vivo to
detect nitric oxide. This approach is based on the formation of stable complexes of
nitric oxide with metal (usually iron) containing dithiocarbamates. Komarov et
al. took advantage of the relatively small amount of lossy material in the tail of
a mouse to study spin-trapped nitric oxide at a relatively high frequency, 3.5 GHz
(S-Band), using a dithiocarbamate to trap the nitric oxide. This appears to be the
first report of in vivo trapping of nitric oxide. This technique was extended by the
same group to study such problems as the role of nitric oxide in shock syn-
dromes. Zweier and associates extended this approach to measure at L-band
in functioning, isolated hearts; they were also able to obtain images based
on complexes with nitric oxide in the isolated heart and brain . Another group
demonstrated directly the trapping nitric oxide in vivo and followed the time course
of its detectability, although quantitative measurements were not possible with this
system. Given the potential importance of nitric oxide in physiology and

pathophysiology and the complexity of its production, interactions, and metabo-
lism/reactions, it seems likely that using in vivo EPR to study nitric oxide in vivo
will be very productive. Note: Useful studies of the role of nitric oxide may also be
made less directly by using EPR oximetry to study the effects of nitric oxide on
local as recently illustrated in the kidney.

6.3.5. Direct Studies of Metal Ions

While most paramagnetic metal ions have very short relaxation times, so they
are difficult to detect at physiologically pertinent temperatures, there are some
interesting exceptions. In vivo EPR studies were used to study some of these and
more such studies seem possible. The potential advantage of such studies rests on
the fact that in vivo systems are so complex that it seems essential eventually to
demonstrate the occurrence of postulated mechanisms by direct in vivo studies.

Chromium is an especially interesting metal ion because of the potential link
to carcinogenesis of the widely occurring nonparamagnetic Cr(VI). The pathway
is postulated to occur via conversion to paramagnetic states that are thought to react
with such key molecules as DNA, perhaps by catalyzing a Fenton-like reaction with
endogenous hydrogen peroxide. The paramagnetic intermediate Cr(V) was suc-
cessfully detected in vivo in mice, and some of the factors affecting its concentration
were studied.

The vanadyl metal ion was also studied in vivo in rats. Researchers
circulated blood through the EPR cavity using a surgical connection between an
artery and a vein.
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Iron in the form of dextran magnetite was studied in the circulation of living
rats, using 9-GHz EPR and the tail for measurements.

6.3.6. Measurements of pH

The extent of the hyperfine splitting of the three lines of the spectrum of the
nitrogen atom in nitroxides is sensitive to a number of environmental factors that
affect the charge distribution around the nitrogen atom, including pH. This was
exploited by developing nitroxides with a relatively large pH-sensitive change in
specific pH ranges. Using a set of such nitroxides, we can use EPR spectroscopy
to follow changes in pH in model systems with considerable accuracy and sensi-
tivity. This capability was extended to in vivo EPR, providing perhaps a unique
capability to follow pH changes noninvasively at sites where appropriate nitroxides
are located. The feasibility and usefulness of this approach was demonstrated for
following the pH in the stomach and polymeric implants used for drug deliv-
ery. In principle, this approach can be used at any site in vivo where a
pH-sensitive nitroxide can be localized and its spectrum measured.

6.3.7. Monitoring the Functioning of Implanted Drug Delivery Systems

In vivo EPR studies of implanted drug delivery systems provide useful infor-
mation for noninvasively following some key aspects of the functioning of drug
delivery systems. These include pH within the implant, penetration of water, and
the mobility of tagged material. These studies take advantage of the sensitivity of
EPR spectra of nitroxides to environmental factors, including pH (by changes in
hyperfine splitting) and molecular motion (by changes in the shape of spectra, since
more freely moving nitroxides exhibit less anisotropy in their EPR spectra). Using
this approach several different types of polymers used to deliver drugs in experi-
mental animals and human patients were characterized using in vivo EPR.

There were also studies that used naturally occurring EPR signals in
certain drug delivery systems; these were due to high doses of ionizing radiation,
which are sometimes used to sterilize drug delivery systems. Radiation-induced
free radicals arc stable as long as they are relatively immobile, and not accessible
to such solvents as water. Therefore their line shapes indicate their mobility; as
water penetrates sites where they are located, the intensity of the EPR signal
decreases.

Using such data, conclusions may be drawn about the mechanism of release of
the drug which occurs in vivo. This type of use of in vivo EPR is likely to become
more widespread because of the importance of implanted drug delivery systems,
the lack of alternative ways of following their in vivo functioning (except for
following drug levels in the blood), and the location of implanted drugs near the
surface where in vivo EPR is especially sensitive.
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6.3.8. Measuring Transport in the Skin

These studies are aimed at following various clinically and/or experimentally
important processes involving transport through the skin. A paramagnetic label,
usually a nitroxide, is used to follow penetration of the drug through the skin directly
or to follow the penetration of a larger molecule or structure (e.g., a liposome) to
which the paramagnetic label is attached. Studies usually use high-resolution
spectroscopy to follow a parameter that changes as the paramagnetic material is
transported through the skin. It is sometimes feasible to follow the transport into
the blood by monitoring blood levels of transcutaneously administered nitrox-
ides,(135) although due to subsequent metabolism and distribution, it may be a
complex task to use such data to determine the kinetics of the absorption process.

A number of studies exploited the ability of EPR imaging to follow the passage
of nitroxides through the skin, which are described in the section
on imaging. The studies usually use either a 1-, 2-, or 3-dimensional image to follow
the process directly.

6.3.9. Measuring Oxygen in Specific Organ Systems

The measurement of oxygen in tissues has been a major area of application of
in vivo EPR and is likely to be a dominant use in the future as well. As noted
previously this is because of the ability of in vivo EPR to make such measurements
and the experimental and clinical need for such information.

The sensitivity of EPR spectra to oxygen occurs because molecular oxygen is
paramagnetic (it is a stable triplet with two unpaired electrons); therefore it affects
paramagnetic properties of other paramagnetic molecules. The effect is usually
manifested by a change in relaxation times, leading to line broadening. Other
parameters of the spectra can also be used to observe the effect (e.g., changes in
relaxation times, decreases in resolution of superhyperfine splitting). The effects of
oxygen may also occur because of other mechanisms, especially changes in the
localization of unpaired electrons in such complex paramagnetic systems as coals
and lithium phthalocyanine.

Two principal types of information about oxygen are obtained with EPR
techniques used in vivo: the concentration of oxygen and the partial pressure
of oxygen With small molecules having one unpaired electron (molecular-
free radicals) such as nitroxides, effects of oxygen on the EPR spectra are directly
proportional to collision rates for oxygen with molecules; therefore these reflect
the (assuming that diffusion rates do not change). In contrast many of the
paniculate oxygen-sensitive paramagnetic particles, such as coals, India ink, and
lithium phthalocyanine, respond to the Depending on circumstances, one of
these parameters may be preferable for a particular study, but the most important
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aspect is to understand which parameter is being measured in the study and what
factors may affect the validity and/or the interpretation of that measurement.

While in principle the maximum information on the level of oxygen within
tissues would he in the form of images which reflect the relative or absolute levels
of oxygen, in practice it may be difficult to have sufficient sensitivity to make such
an image; therefore required information is often obtained by a single measurement
using EPR spectroscopy. It is also possible to obtain measurements at several sites
using spectroscopy in the presence of magnetic field gradients combined with
injections of oxygen-sensitive paramagnetic materials at two or more discrete sites.
The usefulness of this approach was demonstrated in the heart, kidney, and
brain.

6.3.9.1. Brain and Spinal Cord The metabolism of the brain usually involves
a high rate of oxidative phosphorylation, so the brain is potentially quite vulnerable
to changes in The EPR oximetry provides a potentially useful method to follow
changes in the directly under various physiological and pathophysiological
conditions. This seems especially useful for situations in which repeated measure-
ments of brain are needed over a period of time. Lithium phthalocyanine was
especially useful for in vivo studies of the   in the central nervous system because
of its sensitivity to the relatively high concentrations of oxygen that occur normally
in these tissues. Some results were already obtained with in vivo EPR on in the
brain as a function of breathing gas by using various anesthetics, on adaptations to
chronic hypoxia of the type likely to occur at high altitudes, and on the extent of
ischemia and reperfusion. These studies included measuring simul-
taneously, at more than one site, which provides a very effective comparison
between the experimentally manipulated side and the control side in the brain. EPR
oximetry was also used to follow effects of ionizing radiation on in the spinal
cord (unpublished, Dartmouth group).

6.3.9.2. Heart Measuring in the beating heart is important be-
cause of the significant role which oxygen has in this organ with a high rate of
aerobic metabolism. EPR oximetry provides a means of making measurements in
a non-destructive way with the required accuracy and sensitivity for these meas-
urements. While a few studies were carried out in the heart in situ in the rat, most
EPR oximetry studies of the heart used an isolated beating heart. These studies
provided some excellent insights into various physiological parameters affecting
the level of oxygen in the wall of the heart, the effects of some drugs on in the
heart, and effects of such treatments as ischemic preconditioning.
The relationship of the amount of oxygen in the heart to oxidative damage
associated with ischemia reperfusion injury is a particular focus for many of the
studies reported; this approach appears to be quite fruitful.

Preliminary measurements of the concentration of oxygen in the heart were
also made using dynamic nuclear polarization techniques; this technique may
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become a useful approach, especially for noninvasive measurements in large
subjects, including humans.

6.3.9.3. Skeletal Muscle The measurement of in skeletal muscle is im-
portant for understanding the energetics of muscle function. It is especially valuable
to be able to relate to measurements of  key metabolites, such as those measured
by NMR (e.g., ATP, inorganic phosphate, and lactic acid). EPR oximetry appears
capable of making the desired measurement of in skeletal muscle; some results
were reported using both carbon-based materials and lithium phthalocyanine

and also nitroxides in cyclohexane-filled albumin microspheres. More
extensive use of these measurements seems likely in the near future given the value
of such data.

6.3.9.4. Liver The liver has a very complex blood supply, receiving blood
from both the hepatic artery and the portal vein. It also has a complex microscopic
anatomy with regard to circulation of blood, with input from the portal triad,
distribution by the sinusoids, then collection by the central veins. Consequently the
liver has a number of pathophysiological conditions that seem to be affected by
local but the number of direct measurements of in the liver is very limited.
Thus EPR oximetry was used to study in the liver, and some useful data have
already emerged. It is possible to use different physical properties
of paramagnetic materials and/or the effect of how they are administered on their
localization within the liver to obtain measurements at functionally different sites
within the liver. Using either liposomes of the appropriate size or particles of India
ink results in the selective accumulation of the paramagnetic material in the Kupffer
cells, which provides measurements of the at this site. Average global can
be obtained by using macroscopic materials as lithium phthalocyanine crystals.
Preliminary evidence from using such both types of measurements in the same
animal, indicates that in Kupffer cells may be lower than in hepatocytes. Effects
of acute ligation on were also studied. The effects on in Kupffer cells from
the hepatotoxin carbon tetrachloride, were followed over a 2-week period by using
India ink particles which localized in Kupffer cells.

6.3.9.5. Kidney The kidney has a very complex blood supply with regard to
both variations within different parts of the kidney and changes due to physiological
and pathophysiological factors. To date the number of measurements of levels of
oxygen in the kidney are limited because of technical difficulties involved. Diffi-
culties arise because of the deep location of the kidneys, the complex pattern of
blood supply within the kidney, and the motion of kidneys due to respiration;
therefore EPR oximetry may be very important for this organ. Some results were
already reported for EPR measurements of in both isolated perfused kidneys
and in vivo. Techniques used for these measurements included simultane-
ous measurements in the cortex and medulla of the kidney; these are useful because
of their different blood supplies and different responses to changes in the circulatory
system. As expected from results with other techniques, the baseline of the
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cortex was higher than that of the medulla. In response to an injection of endotoxin
the of the medulla increased, while that of the cortex decreased, so that the two
became approximately equal. This effect could be eliminated by administering of
an inhibitor of nitric oxide synthase, suggesting that the effect was mediated by
nitric oxide.

6.3.9.6. Skin and Underlying Tissues Using EPR oximetry to measure oxy-
gen in the skin has a number of attractive aspects. The skin is a tissue that can be
subject to a number of processes which should be greatly affected by the amount
of oxygen, including burns and wounds, especially with regard to factors which
may affect the rate of healing. If we extend the definition of skin to include
immediately underlying tissues including some muscles, then skin encompasses a
region of great potential clinical importance: The status of tissues at risk in
peripheral vascular disease.(181) Because of its location, the skin is fully accessible
to the relatively higher frequency in vivo EPR (e.g., 1 GHz), unlike many other sites
where depth of sensitivity can be limiting.

To date there are only a few reported studies of EPR oximetry on skin,
but this seems likely to change in the near future. Areas that are likely to receive

particular emphasis include wound healing and peripheral vascular disease. There
is considerable potential for early clinical studies using EPR oximetry on skin,
including the advantage of India ink for EPR oximetry. India ink is the usual source
of black pigment already used extensively in humans for both decorative tattoos
and a number of medical applications (marking margins for radiation therapy,
surgical margins in operative fields, and tracing lymphatics). Its usefulness in EPR
oximetry was demonstrated, and the feasibility of using preexisting tattoos was
shown.

6.3.9.7. Tumors The response of tumors to ionizing radiation and in some
cases, to chemotherapy, is greatly affected by the local amount of oxygen. Sensi-
tivity decreases by as much as a factor of 3 when partial pressure is below 5–10
torr EPR oximetry has the potential to make such measurements accurately and
perhaps most importantly, on a repeated basis; therefore there is considerable
interest in using EPR oximetry to measure oxygen in tumors, and some very
promising results were obtained.

So far most studies were done at 1 GHz, but by using a very low-frequency in
vivo EPR spectrometer (250 ± 20 MHz), Halpern et al. measured the
concentration of oxygen in a fibrosarcoma in mice and the effect of perfluorocar-
bon/carbogen on the oxygen concentration, using a specially designed nitroxide
that may also provide information on viscosity.

Using particulate oxygen-sensitive paramagnetic materials, the group at Dart-
mouth demonstrated the potential value of in vivo EPR for following in
tumors. Their experimental approach usually involves placing
one or more deposits of oxygen-sensitive paramagnetic materials at sites of interest
in rodents, then taking repeated measurements over several days or weeks using
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restrained but awake animals and a surface detector. Their results include the
following:

• Measuring in several different types of tumors
• Following changes in during growth
• Measuring effects of therapy on in tumors
• Using radiation-induced changes in to enhance the effectiveness of

subsequent doses of radiation by delivering these doses when was
relatively high

• Combining EPR oximetry with NMR techniques, especially to enhance the
interpretation of NMR studies, so that the latter can be more widely used.

These approaches may provide clinical physicians with a method for individualizing
therapy for each patient by selecting type and timing of treatment based on the
measured in the patient's tumor both initially and then during the course of therapy.

6.3.10. Ischemia Reperfusion

An important role of free radicals in the damage associated with ischemia and
reperfusion was postulated, and considerable indirect evidence was accumulated
using model systems. Recently data indicating the occurrence of increased amounts
of free radicals on reperfusion was demonstrated in in vitro samples in a number of
different species, including rodents, horses, and man using spin traps
and in rodents using chemiluminesence. Attempts to demonstrate such effects
directly in vivo are underway, but these are technically difficult because of the
limited stability of spin adducts.

While direct studies of the kinetics of free radicals in ischemia reperfusion injury
are difficult, many phenomena associated with ischemia reperfusion can be studied
successfully. This is the driving force for many spectroscopic and
imaging studies in isolated hearts (see the section on imaging).

The effects of acute ischemia in the liver were also studied in preliminary
experiments.

6.3.11. Indicators of Oxidative Stress and/or Redox Metabolism

Several different approaches were suggested for using in vivo EPR to measure
parameters related to oxidative stress or the redox state in an animal: The rate of
metabolism of nitroxides, the level of ascorbyl radicals, and the generation of free
radicals. All of these approaches address a topic of great contemporary interest: The
role of oxidative damage in various diseases and types of pathophysiology. It is not
yet clear whether any of these approaches with in vivo EPR will lead to widely
useful assays, but it certainly seems possible. The rationale for using the rate of
metabolism of nitroxides to measure oxidative stress is their metabolism is oxygen-
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dependent and if the nitroxides interact with strong redox reagents, such as reactive
free radicals, they are changed to a nonparamagnetic state.

The basis for using ascorbyl radical is the key role ascorbate has in redox
metabolism and observing ascorbyl radicals in biological systems. The latter is
facilitated by the very narrow and characteristic pattern of the lines of the EPR
spectrum of the ascorbyl radical, which makes it readily detected (Ref. 147 reviews
this topic). The ascorbyl radical was studied in vivo in a rat with X-Band, using an
extracorporeal circulatory loop that flowed through an aqueous sample cell in the
EPR spectrometer. This method used an injection of ferric citrate and/or ascorbate
to generate the signal that was observed.

6.3.12. In Vivo Dosimetry of Unplanned Exposures to Ionizing Radiation

Ionizing radiation generates large numbers of free radicals. In vivo most of
these react very rapidly, then disappear, but in some tissues, such as bone, teeth,
and hair, where diffusion of the induced paramagnetic centers is restricted, these
EPR centers can be very long lived. As early as 1967 it was suggested that these
could be used for retrospective dosimetry of significant radiation exposures.
With the development of in vivo EPR techniques, the principles of design for
spectrometers to be used specifically for in vivo dosimetry were described and
prototypes constructed to take measurements in teeth in vivo. This method
was applied to determine exposure dose in the Chernobyl accident. The usfeulnes
of this approach remains to be demonstrated, but the method seems quite promising
for potentially significant exposures where conventional dosimetry is inadequate.

7. RESULTS OF IN VIVO EPR IMAGING OF FUNCTIONAL
BIOLOGICAL SYSTEMS

There are a number of very promising uses for information obtainable from
EPR imaging. Like NMR imaging, EPR imaging can be done in two ways. The
first is analogous to proton density imaging. The goal is to image parameters related
to the concentration distribution of an infused spin probe, basically signal height.
The spin probes imaged heretofore have been nearly entirely nitroxides. Here, the
imaging algorithm regards the spectral shape as a complication. The effects due to
the spectral shape can be eliminated or minimized through the process of deconvo-

lution. Since the fluid compartment in which a nitroxide distributes can
be altered by modest changes in the nitroxide structure, this form of imaging has
significant implications for the study of pharmacokinetics. Since nitroxides can be
covalently attached to other molecules of interest, they hold the promise of
following drug distribution as in nuclear medicine.
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A second use for EPR imaging lies in spectral spatial imaging, where the
spectral shape is incorporated into the image to become an additional dimen-
sion. Thus a spectrum is obtained at each spatial point in the image. The spectral
information described in the spectroscopy section is available at each point in the
image. In this sense spectral spatial images are more analogous to relaxographic
imaging and chemical shift imaging, also referred to as spectroscopic

imaging. They may, however, contain a larger pool of physiologic information
and higher specificity than measurements made with MRI. Spectroscopic parame-
ters provide information (e.g., oxygen concentrations, polarity, and microviscosity)
about the fluid compartment in which the spin probe distributes; thus the spectral
spatial image gives an anatomic map of physiologically relevant parameters in
living tissue.

The large amount of information provided by imaging occurs at a cost in
sensitivity, as noted earlier. It is important to recognize, however, that the number
of projections necessary to reconstruct three-dimensional volume with voxels
is approximately Thus an increase in voxel spatial resolution requires less
than a proportional increase in the number of gradient spectra to be obtained. This
can be further compensated for by taking extra time to obtain images and developing
narrower line width spin probes. The latter give higher signal per molecule, better
spatial resolution, and higher sensitivity to physiologically relevant aspects of the
fluid compartment. Effort is currently being devoted to spin probe development,

and there are further indications that this effort continues in several laboratories.
Model studies have allowed development of algorithms to extract spectra
with relatively low gradients; extraction of oxygen concentrations from phantoms
was studied as well.

While there were other earlier reports of imaging substances by EPR, the
first actual applications to biological systems were reported by Berliner and Fujii
in 1985 on plant specimens. It was necessary to work at a lower than conventional
frequency (1 GHz), where they employed a primitive single flat-loop coil system
adapted to a Varian E-4 console. The object was placed concentrically through
the (ca. 10-mm diameter) loop. The first paper showed the gradient projection
spectra of Tempol in the capillaries of a celery stem, while another looked at coleus
roots. The first application to living animals was also from the same laboratory,
where a cross-sectional image of the nitroxide CTPO was followed in an
implanted melanoma tumor in the tail of a mouse using one-dimensional,
filtered back-projection reconstruction methods.

7.1. Imaging Studies of Pharmacokinetics of Nitroxides

More recently several low-field imaging studies of whole mice or organs were
reported. These used primarily the first of the two strategies for
imaging, producing concentration images of radical species within each voxel of
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the sample. They were aimed at the pharmacokinetics of nitroxides in a living
sample or organ preparation.

Working at radio frequency (280 MHz), the nitroxide 2,2,5,5- tetramethylpyr-
rolidine-l-oxyl-3-carboxylic acid (PCA) was studied in the rat abdomen and
thorax. Another study involved time sequences of images of a series of nitrox-
ides differing principally in the polarity of their side groups (3-trimethylami-
nomethyl iodide, 3-carhoxy, 3-hydroxymethyl- and 3-carbamoyl-). This showed
reproducible differences in the timing of the change from hepatic to bladder location
depending on nitroxide polarity. The signal-to-noise ratio for these images was
modest, and it will must be enhanced to obtain quantitatively useful data. In a related
study, it was shown that by covalently binding a nitroxide (Tempo) to a macromole-
cule (dextran), the lifetime of the imaging agent can be greatly extended; this
probably occurs by preventing the nitroxide from entering cells where bioreduction
usually occurs. Similar results were reported in the isolated heart using a
polynitroxylated albumin. A lipophilic nitroxide (16-doxyl stearate) was also
imaged using 0.7-GHz EPR imaging; the authors concluded that this agent crosses
the blood-brain barrier. The availability of paramagnetic agents that cross the
blood-brain barrier may be an important factor in facilitating the study of the central
nervous system. Studies with water-soluble nitroxides previously indicated that
these do not readily cross the blood-brain barrier.

Extensive work with myocardial imaging of nitroxide distribution in rat heart
models was pursued by the Johns Hopkins group. They described
the development and optimization procedures for obtaining high-quality three-
dimensional spatial EPR images of large lossy samples at 1 GHz. Strategies for
selecting optimized parameters for projection acquisition, instrumentation, and
algorithms to correct drifts in microwave frequency and inaccuracies in static and
gradient magnetic fields were described. Image reconstruction was performed
using a two-stage, filtered back-projection method with spectral deconvolution.
With this instrumentation, correction algorithms, and image reconstruction method,
spatially accurate three-dimensional images of radical distribution were observed
in complex phantoms using 0.5-mM nitroxide. Working with a high gradient system
(up to 150 G/cm [15 mT/cm]), these workers developed sophisticated deconvolu-
tion methods to generate high-resolution images of the rat heart from deuterated
nitroxides with line widths on the order of several hundred mG (tens of mT). They
project spatial resolutions in three-dimensional phantoms with 10-20 G/cm gradi-
ents as low as 0.2 mm with spectral deconvolution. Images of the rat heart
confirmed the ability to image coronary arteries in the rat heart with diameters as
small as to 0.2 mm.

Effects of physical factors (local pressure) were followed in the myocardial
walls of the isolated heart during the cardiac cycle, showing in detail the distribution
through various stages.



In Vivo EPR 393

7.2. Imaging Studies of Tumors and Tumor Oxygenation

EPR imaging of tumors has considerable potential for defining aspects of the
physiology of tumors. It was driving force for instrumental development.

Berliner et al. demonstrated the potential of EPR imaging of tumors by
publishing low-resolution images of a melanoma in a rat tail using 1.5-GHz EPR.
The image derived was a two-spatial-dimensional image of nitroxide concentration
distributions in tumors. It demonstrated heterogeneities that appeared to indicate
hypovascular regions in the tumors.

Several studies in model systems demonstrated the potential of EPR imaging
for measuring and imaging oxygen concentrations in living systems. Tumor meas-
urements are of particular importance because the radiation response of tumors is
sensitive to oxygen: It diminishes in regions with low oxygen tension or concen-
tration. Halpern et al. published an oxygen-sensitive two-dimensional (one
spatial dimension), full spectral spatial image of a mouse tumor. In this proof of
principle study, the oxygen tension resolution was approximately 5 torr, and spatial
resolution was one mm. Analysis of the image with spectral fitting promises a
quantitative map of oxygen concentrations. Even this initial tumor image shows
lower oxygen tension in the center of the tumor mass than in the periphery,
consistent with the expectation of an hypoxic tumor core. Improved resolution may
be necessary for this technique to be of clinical relevance, although even that is
controversial.

7.3. Imaging of Diffusion in Skin and Related Systems

In view of the accessibility of the skin and underlying structures and the
importance of processes occurring within the skin, it is not surprising that EPR
imaging techniques focused on this system. Earliest studies used isolated skin and
other tissues to image the diffusion of nitroxides. Bioreduction was a moder-
ate problem, but it could be overcome by using appropriate oxidizing substances
and/or inactivating reducing systems.

The EPR imaging studies were undertaken with the modulated field gradient
technique to investigate biophysical and biochemical properties of skin. This
technique employed specific nitroxide spin probes, and included X-band studies of
biopsies. Modulated field gradients make it possible to obtain an EPR
spectrum in a selected volume. Using this method, a distinct increase in polarity
from epidermis toward lower dermis was observed with the spin label di-t-butylni-
troxide (DTBN). The effect of the natural antioxidant dihydrolipoate on skin
membrane polarity was studied by EPR imaging. One- and two-dimensional EPR
images of the persistent free radical di-t-butyl-nitroxide were shown with
two-dimensional images in skin biopsies with an actual point distinction reso-
lution of 25 microns.
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Selective imaging of lipid-rich and lipid-poor regions of isolated subcutaneous
tissue were obtained by using four different approaches/principles: Differential
solubility of oxygen in lipid versus aqueous compartments, nitroxides with different
lipophilicities, differences in viscosity, and differences in concentrations of metal
ions. These results suggest that in vivo EPR has the potential for providing very
useful data on pharmacokinetics and pathophysiology that involve lipid-rich tissues
as an important part of the system.

7.4. Imaging Studies of the Concentration of Nitric Oxide

Images showing the spatial distribution of nitric oxide in the isolated heart were
obtained using iron dithiocarbamates. They were able to follow the distribution
and timing of nitric oxide concentrations under ischemia. Using a similar approach
but freezing the organ before imaging, the distribution of nitric oxide was also
imaged in the brain. Frozen tissue can be used for these experiments because
unlike nitroxides, the three-line EPR spectrum of nitric oxide can usually be
resolved even when the molecule to which it is attached is immobilized.

7.5. Imaging Studies at the Microscopic Level

Functional biological systems were studied in only a few studies at the
microscopic level by EPR imaging, usually using higher frequencies. Dobrucki and
colleagues demonstrated that very useful images could be obtained from multicel-
lular spheroids which are widely used models for tumors. The most
definitive results were obtained in imaging the viability of cells in the spheroid. The
viability was imaged on the basis that viable cells are able to exclude paramagnetic
metal ions and therefore in the presence of nitroxides which could penetrate cells,
the spectra could be seen only from the viable cells, which were able to exclude the
paramagnetic ions which were placed in the suspension. Microscopic imaging of
teeth was suggested as a means of obtaining detailed information on the absorption
of ionizing radiation. Finally, X-Band studies of skin biopsies just described
approach microscopic resolution.

7.6. Use of Gated and Pulsed Methods to Obtaining Images

in vivo EPR presents several challenges and opportunities for methods that
provide time resolution. Some of the most demanding challenges, as noted pre-
viously, are various motions that occur in vivo. Important physiological information
is available if data can be obtained that are synchronized with such physiological
cycles as heart rate and respiration. Testa et al. reported success in synchroniz-
ing signal acquisition from a moving perfused beating heart in EPR-imaging
experiments. The apparatus was a low-frequency bridge at 1.5 GHz, with a reentrant
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cavity for sample and air coils for field gradients. Kuppusamy et al. elegantly used
gating techniques to follow infused radicals in a heart with three-dimensional
imaging.

7.7. Using of Pulsed Methods in In Vivo EPR

The possibility of carrying out pulsed FT in vivo EPR was frequently discussed
but until recently, there were few if any real attempts at pulsed EPR and imaging
at low frequency (L-band or lower). Concerns include short relaxation times of
radicals, microphonics, and long ring-down times. Also the larger the resonator, the
greater the power needed to achieve the same B1 at the sample. Last but not least,
the power required for each pulse is high. If the dead time of the duty cycle of the
pulse source and amplifier are large, there may be little advantage compared to a
single acquisition with C.W. with high filtration.

In principle, however, the buildup of sensitivity through acquisition of multiple
signals or free induction decay gives the same theoretical advantage to in vivo
pulsed EPR as it does to NMR. The limiting difficulty appears to be that the time
scale of EPR is a factor of shorter. This means that data must be acquired
nearly a million times more rapidly and pulses of high power must be generated,
shaped, then allowed to dissipate in times of the same order of magnitude. This
presents problems that have recently begun to be solved with evolving state-of-the-
art equipment. Limitations on the field or frequency interval of the EPR spectrum
excited in a single pulse arise from limits on available power; this forces compro-
mise on the spectral interval to be detected with a pulse spectrometer operating at
frequencies low enough for tissue penetration. Nonetheless Bourg et al. from the
NIH developed a sensitive pulsed radio frequency (300 MHz) spectrometer, and more
recently, then accumulated enough of the FID of nitroxide to obtain a usable signal by
using a state-of-the-art homemade transient recording unit. While we also note that FT
approaches in, e.g., IR or NMR, offer a multichannel advantage for a spectrum rich in
features, an EPR spectrum of perhaps two-to-three lines does not appear to take
advantage of this technique fully. We recall, however, that natural abundance C-13
NMR was not possible until the advent of the pulsed FT NMR spectrometer.

7.8. Review of Spectral Spatial-Imaging Studies

The spectral spatial approach was successfully used in several studies to obtain
data from functioning biological systems. Woods et al. described the conceptual
basis for this approach, especially for imaging of oxygen. . While this
approach has the potential for providing the most extensive data possible from in
vivo EPR, it also has the greatest technical difficulties because of the need for high
signal/noise and spatial resolution. Halpern et al. reported a spectral spatial
image of a tumor indicating a hypoxic tumor center as previsouly noted. Kup-
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pusamy et al. developed techniques described by Woods et al. and applied these
very elegantly to the isolated heart. They reported the results of preliminary
studies of three-dimensional spectral spatial images of free radicals infused into the
heart and large vessels, of gated images to resolve changes during the cardiac
cycle, and of four-dimensional spectral spatial images of an oxygen-sensitive
char suspension.

7.9. Issues in EPR Imaging

Resolution is the key limitation in an imaging modality and in vivo EPR
experiences major difficulties in this regard. Consider the fact that the typical line
width for, e.g., a freely tumbling nitroxide is 0.5–1.0 G, which corresponds to a
complete proton NMR spectral width several times over! That is, the magnitude of
field gradients required for EPR versus NMR imaging of the same resolution should
be about 100-fold larger, which requires some unique engineering tasks. By
choosing totally perdeuterated N-15-labeled nitroxides, this requirement is some-
what relieved. The optimal imaging agent for EPR should, however, have even
lower intrinsic line widths, preferably in the low-mG range. Spectral technique
changes must be implemented (reduction of modulation field frequency and ampli-
tude as well as electromagnetic radiation power), but these should not confuse the
fact that even under these conditions narrower line spin probes give more robust
signals. Magnetic susceptibility differences in vivo can distort lines but only if spin
probes, like water, have access to protein-bound iron and copper, which is unlikely.
Of course these concerns are in addition to homogeneity and stability requirements
that were also discussed.

The Nycomed company (Oslo, Norway) produced a new type of stable free
radicals that appear capable of providing the stability and narrow line widths of an
ideal EPR-imaging agent, but to date these are not generally available. As more
ideal imaging agents do become available, microwave and magnetic field absolute
homogeneity and stability must be much higher than that typically found in X-Band
laboratory EPR spectrometers. At the lower frequencies used for in vivo measure-
ments, however, fractional homogeneity and stability requirements are relaxed. For
example at 1 GHz relative homogeneity and stability are one-tenth that (1 part in

versus 1 part in at X-Band. A number of technical aspects of in
vivo EPR imaging must be dealt with before it can be regularly applied to biological
problems; nonetheless it has high a potential for analyzing tissue physiology. EPR
microscopy on small biological objects, such as cells, has great potential, and it
should compete effectively with MRI.

A major improvement in both resolution and information content in in vivo
EPR imaging is attainable by designing specific targeted spin labels/spin probes to
be localized in specific organs and suborganelles. Other forms of targeting include
specific fluid compartments, e.g., extracellular water (using highly polar molecular
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substituents on a nitroxide), intracellular water (using ester molecular substituents),
or intravascular water (using albumen bound nitroxides). The literature abounds
with examples of site-specific spin labels and membrane probes that can be adapted
to in vivo problems. A sensitivity problem may exist unless the localized spin probe
reaches a significantly high concentration; for example spin probes targeted for
specific cell surface receptors or labeled antibodies may not reach a high enough
level for detection unless each label is polymeric.

8. SUMMARY AND CONCLUSIONS

In vivo EPR techniques have a surprisingly long history, but they began to yield
data of direct biomedical value only very recently. The nature of the data, and the
high rate of developments now occurring, lead to an optimistic assessment of the
future for these approaches. The role of high-resolution EPR imaging is likely to
be limited, but under the right conditions it can, provide very useful data. EPR
spectroscopy is likely to be a more widespread and versatile approach because of
the wider range of systems in which it can be used to obtain a useful signal/noise.
Hybrid approaches, especially spatially resolved EPR imaging at several sites
simultaneously may be especially useful. While the direction of developments for
the next 50 years (or even the next 10 years) cannot be predicted with certainty, we
can predict with a high degree of confidence that these techniques will be used
increasingly and productively.
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Appendix: Corrections for
Anisotropically Averaged Hyperfine
Splittings and Order Parameters from
Pseudopowder Electron Paramagnetic
Resonance (EPR) Line Shapes
An Update for Slow-Motion Contributions to
Lipid Spin Label Spectra from Membranes

Derek Marsh and Karl Schorn

In the first volume of this series (Berliner, 1976), consideration was given to
corrections that must be made to extract order parameters from the EPR spectra of
lipid spin labels in randomly oriented membrane dispersions (Gaffney, 1976;
Griffith and Jost, 1976). A similar analysis leading to a somewhat different correc-
tion was also given previously by Hubbell and McConnell (1971). A hybrid of these
results, depending on the range of order parameters studied
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was given later by Marsh (1985), based on results of simulations
presented by Griffith and Jost (1976). These corrections were widely used to
analyze membrane EPR spectra from doxyl-labeled lipid chains, and these continue
to be so. The purpose of this appendix is to update these corrections to account for
components of lipid chain motion in fluid membranes that are now known to be in
the slow regime of conventional nitroxide EPR spectroscopy (compare Freed, 1976;
Schneider and Freed, 1989).

Restricted anisotropic rotation of spin-labeled lipid chain segments in fluid
membranes is specified by an order tensor with principal element (relative to
the membrane normal). This limited anisotropic reorientation results in the follow-
ing principal elements of the partially motionally averaged hyperfine tensor (see,
e.g., Seelig, 1976; Marsh and Horváth, 1989):

where with a the isotropic hyperfine cou-
pling constant is and the maximum extent of the axial
hyperfine anisotropy is Here it is assumed that the
z -principal axis of the hyperfine tensor is oriented parallel to the molecular
axis, as for stereospecifically doxyl- or proxyl-labeled lipid chains. It is also
assumed that the nonaxiality of the hyperfine tensor is small, as is found
experimentally, such that only the principal element of the ordering tensor is
required to describe its anisotropic motional averaging.

For a powder pattern EPR line shape or a partially averaged EPR spectrum
resulting from fast anisotropic reorientation in an unoriented membrane suspen-
sion, the splitting between the outer hyperfine extrema of the first-derivative
spectrum rigorously equal to (Weil and Hecht, 1963; Hubbell and
McConnell, 1971). However the effective splitting of the inner hyperfine extrema

is complicated by spectral overlap in this region of the (pseudo-)powder line
shape. Previous corrections proposed to determine order parameters from randomly
oriented samples related this effective inner splitting to the true value of the
hyperfine splitting given by (Hubbell and McConnell, 1971; Griffith and Jost,
1976; Gaffney, 1976). These empirical corrections were based on the simulation of
powder spectra corresponding to the motionally averaged hyperfine tensor

These corrections therefore correspond to fast partial motional
averaging of the hyperfine anisotropy. Unlike the situation in soap systems, which
exhibit fast motional averaging and high order (Schindler and Seelig, 1971; Seelig,
1976), EPR spectra from chain-labeled lipids in fluid phospholipid membranes
contain important features corresponding to motional components that are slow on
the conventional nitroxide EPR time scale (Lange et al., 1985; Moser et al., 1989).



Appendix 407

In the pseudopowder EPR spectra from spin-labeled lipids in fluid phospholipid
bilayers or biological membranes, the low-field perpendicular peak is charac-
teristically less deep than that of the central line (see Fig. 1); this feature is reversed
in soap systems, and it cannot be reproduced by simulations based on fast motional
narrowing theory (Schindler and Seelig, 1973; Seelig, 1976). Furthermore the
high-field parallel peak is less deep than the overshoot feature from the high-field
perpendicular peak (see experimental spectra in Fig. 1); this feature is not repro-
duced by previous simulations used to obtain corrections for calcu-
lating order parameters (see Griffith and Jost, 1976; Gaffney, 1976).

To account for slow-motional contributions with spin-labeled lipids in mem-
branes, spectral simulations were made using the very anisotropic reorientation
(VAR) model (see Meirovitch et al., 1984). This is the very simplest of the slow
motional models that emulates, although it does not describe exactly, anisotropic
local ordering in macroscopically unoriented samples. Nevertheless it was found
to be very successful in systematically representing spin label EPR spectra from a
variety of different lipid spin labels in bilayer membranes over a wide range of
temperature and membrane lipid compositions (Schorn and Marsh, 1996). Figure
1 shows representative simulations of experimental spectra from different posi-
tional isomers of the l-acyl-2-(n-doxyl stearoyl)-phosphatidylcholines (n-PCSL)
in fluid lipid membranes. Unlike the fast-motional analysis, experimental spectra
can be fitted with a high degree of precision by simulations using the VAR model.
Further refinement of the model is not justified by the relatively low resolution
obtained in experimental spectra from nonaligned membrane samples.

The EPR spectra were simulated for nitroxide spin labels at a microwave
frequency of 9.0 GHz for the full range of molecular order parameters.
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by using the VAR model (Schorn and Marsh, 1997). The spin Hamiltonian parame-
ters used were A = (5.9 G, 5.4 G, 32.9 G) and g = (2.0076, 2.0072, 2.0021) (Schorn
and Marsh, 1996). This g-tensor differs slightly from single-crystal values for a
doxyl nitroxide (Jost et al., 1971) because it has reduced nonaxiality to account in
part for some of the effects of rapid trans-gauche isomerism not explicitly included
in the model. Dynamic parameters and intrinsic line widths were chosen to
reproduce experimental spectra typical of n-PCSL spin labels in membranes (see
Schorn and Marsh, 1996; compare Fig. 1). Splittings between the outer peaks

and between the inner peaks in simulated spectra were measured
to establish empirical corrections that must be made to obtain the true hyperfine
splittings respectively, which are used to determine the order parame-
ter from Eqs. (1) and (2).

Values of measured from the simulated spectra vary linearly with
from (Schorn and Marsh, 1997),
as would be predicted by Eq. (1) from motional narrowing theory. For spectra that
contain contributions from slow motional components however, this is neither an
evitable nor necessarily expected result. It arises from a balance of the effects
parallel and perpendicular components of the diffusion tensor have on the outer
spectral line positions. Although somewhat fortuitous, this simple result corre-
sponds best to experimental spectra in this model (Schorn and Marsh, 1996; see
Fig. 1); it has the advantage that the relationship normally used may be
retained to a reasonable degree of approximation.

Values of the inner splittings obtained from the simulated spectra do not
correspond to Eq. (2) nor to those obtained previously from fast motional narrowing
simulations. The dependence of on the order parameter is linear, at least over
the range (for values outside this range, the inner splitting is difficult
to resolve). This leads to the following relation for the motionally averaged
tensor element (Schorn and Marsh, 1997):

This correction is similar in form to that introduced previously from motional
narrowing simulations (Gaffney, 1976) except that in the latter case, both numerical
terms had a value of 1.4 G.

Finally, the order parameter may be expressed in terms of the experimentally
accessible parameter

where This very simple form allows immediate estimation of by
using values of and obtained from experimental spectra. If necessary a
further correction may be applied to account for differences in spin label environ-
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ment polarity by using the ratio of the isotropic hyperfine coupling constants
(Hubbell and McConnell, 1979; Gaffney, 1976; Jost and Griffith, 1976). The
hyperfine tensor used here to determine the corrections corresponds to a value of

which is reasonably close to the mean value for doxyl labels in the acyl
chain regions of lipid membranes (Marsh and Watts, 1981).

Including the polarity correction, which corresponds to
gives rise to a quadratic equation for The solution of this may be approximated
by:

where are expressed in gauss. Values for the order parameter obtained
in this way agree quite well with those obtained by direct simulations, such as are
given in Fig. 1 (Schorn and Marsh, 1997). The method may therefore be used with
experimental spectra to yield order parameters that closely approximate those
obtained by spectral simulations using the VAR slow motional model.
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Absorption, 90
Accessibility parameter,
ACET, 285, 302–304
Acetyl-carboxypeptidase, 238
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Acetylcholine, 158, 172
Acetylcholinesterase

enzymatic activity by ESR, 157
modified by biradical disulfide, 159,

160
Acetylthiocholine, 158
Activation energy, for molecular motion,

356,  358,  360
Affinity, 298, 302, 320, 327–328
Alamethicin, 276
Alcohol dehydrogenase, 159–161
Alkylating nitroxide, 141, 147
Amidino nitroxide, 140
Amino nitroxide, 122, 140
3-Amino-PROXYL, 289, 290
4-Amino-TEMPO, 289, 290, 321, 323
Androstane spin label: see ASL
Angiotensin, spin-labeled, 141
Anisotropic rotational diffusion, 29
Anisotropy, hyperfine, 88
Apocytochrome c, 66
L-Arginine, 169, 171. 172
Arrhenius equation, 356, 358

33,  88–90
A tensor, 341, 343

isotropic value, 342
principal value, 342

vacuolar, 73
Azido nitroxide, 140

Bacteriorhodospin, 258–260

Benzocaine, 131, 132
Bi(di)radical

disulfide, 149
exchange integral, 124, 150
pH-sensitivity, 123, 125, 151

Bilayer membrane, 42, 73
Binomial distribution

hyperfine multiplet, 6
spin label population,  11

Bioreduction, 373
Bovine serum albumin (BSA), 100–103
Broadening

homogeneous, 53
inhomogeneous, 6, 9, 14, 16, 54–55, 85, 90, 93

C-5 spin-labeled nucleoside (DUPDA), 285, 289
C-5 spin-labeled nucleoside (DUTA), 285, 288,

289, 292
Capillary electrophoresis (CE), 296, 297, 334

gas permeable, 94
Carbodiimide nitroxide, 140

spin label, 77
Carbohydrate, 340, 351, 360
Carboxypeptidase A, 237, 243

acetyl, 238
mixed anhydride reaction intermediate of, 237
spin-labeled substrates, 237
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Cavity
in a glass, 356
in a lattice, 345, 348, 350, 360
microwave, 365

Cecropins, 274–276
Center-field ratio: see Line height ratio
Chromium oxalate, paramagnetic relaxant, 69

Chymotryspin, 231–232, 243
spin-labeled acylenzyme, 233, 236
transition state inhibitor analog, 231

Coat protein, M13, 71
Comparative X- and W-band, EPR, 84–93

bovine serum albumin, spin-labeled fatty
acid binding, 100–102

O-xylene, 88–90
doxyl stearic acid labels in phospholipid

membranes, 97–100
mixtures of phenyl-tert-butylnitrone spin

adducts, 90–93
perdeuterated TEMPONE in toluene, 85–

88
small spin labels in phospholipid mem-

branes, 95–97
spin labeled phospholipids and proteins,

95–105
spin labeled proteins

immobilized labels, 102–104
mobile labels, 104–105

Correlation time, 29, 33, 35, 78, 305–306, 308,
315, 318–319, 330; see also Rota-
tional correlation time

Cryoenzymology, 230
Crystallization, 348, 349

crystals, 351
formation, 354
ice, 150
melting, 349–352

CSL (3-doxylcholestane) cholestane spin
probe, 90

CTPO, 33, 35–36, 379, 391; see also Spin la-
bel

CW saturation, 255–256
fast acting agents, 255

Cysteine labeling, 152, 154–156, 159,
340–341, 356–357

Cytochrome c, 66
Cytochrome P-450 reductase, 159, 160

DCAT, 286, 323, 324
DCAVAP, 287, 295
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Degeneracy, 47
Denaturation of FepA, 267–271
Deoxygenation, CW HF EPR experiments,

93–95
Desiccation tolerance, 340
Deuterium hyperfine, 85
Dextrin, 355
DIACET, 286, 302
Di-t-butylnitroxide, DTBN, 393
Diagnostic intensity ratio, inhomogeneous

broadening, 9, 14, 16
Dielectric properties, 364
Differential scanning calorimetry, 351–353,

360; see also DSC
Diffusion, 349

Brownian, 343
rotational, 29, 77
slow rotational, 77
spin, 30, 35
translational, 39–40, 63–65, 349
water, 339

Diffusion coefficient, translational, 39–40,
65

3,4-Dihydro-l,2-diazete, 1,2-dioxides, 168,
169

5, 5-Dimethyl-1-pyrroline-N-oxide, 158
l,2-dipalmitoyl-sn-glycero-3-phosphatidyl-

choline (DPPC), 96, 97
Diphtheria toxin, 273–274
Dipolar interaction, 40, 72, 263, 265

(END) electron nuclear dipolar, 35
spin–spin interactions, 11

Dipolar relaxation, 40, 72
Dipole coupled nitroxide labels, 104
Dipole–dipole interaction, 40, 72
Distance measurements, 40, 73
Dispersion, 90
Distance measurements

metal–nitroxide, 271–273
nitroxide–nitroxide, 263–265

Disulfide
biradical, 149
thiol–disulfide exchange, 149, 150

Dithiocarbamates, 162, 167
Dithioerythritol, 149, 160
DMPC (l,2-dimyristoyl-sn-glycero-3-

-phosphocholine), 94–100
DMPC-DSPC, 17–21
DMPG spin label, 67–68
B-DNA, 319, 323–324, 326
Z-DNA, 323–325
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Domains
disconnected, 19
size, 1 1 , 13

Dosimetry, by EPR, 390
Double cysteines, 263–265

dipolar interactions, 263
distance, 263

Double labeling, 66
Dough, 356

88, 89
Doxyl stearic acid, 94, 95, 97–102
DPPC (1,2-dipalmitoyl-sn-glycero-3-

-phosphatidylcholine), 96–99
DSPC spin label (DMPCSL), 17–20, 34, 68, 70
DTBN, di-t-butylnitroxide, 393
DUAP, 286, 294, 296, 301, 303, 310, 314–318,

323, 326, 327, 330
DUAT, 286, 293, 294, 301, 303
DUAVAP, 287, 293, 294
DUMPDA, 285, 289. 290, 298, 301, 321, 322
DUMTA, 285, 290, 298, 303, 315, 316
DUNtB, 285, 295–297
DUPAT, 286, 293
DUPDA, 5-[( 1-Oxyl-2,2,5,5-tetramethyl-3-

pyrrolidinyl)amino]-2´-deoxyuridine,
 285, 289

DUTA, 5-[( 1-Oxyl-2,2,6,6-tetramethyl-4-
piperidinyl)amino]-2´-deoxyuridine,
285, 288, 289, 292

Drug delivery systems, measurement in tissues,
377

DSC, see also Differential scanning calorime-
try

molecular, 341, 354, 357, 359

Electron–nuclear dipolar interaction (END), 35
Electron relaxation, mechanism, 28
Electrostatic potential

human serum albumin, 147, 148, 159
phospholipid membranes, 138, 139, 143–146

Enaminoketone nitroxide, 128
Endothelium-derived relaxing factor, EDRF,

168
ENDOR

angle-selected, 190
basis of torsion angle search, 187–188
constraints, 209

shift, 190
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Enzymatic synthesis
digestion of spin-labeled oligomers, 292
incorporation, 284, 292–294, 299
spin labeled oligonucleotides, 284, 292,

299
spin labeling, 284, 292–295, 299

template-independent enzymes, 292
template dependent enzymes, 292

AmpliTaq DNA polymerase, 292, 294,
295

DNA polymerase I, 292
DNA polymerase, Klenow fragment,

293, 294
M. luteus DNA polymerase. 292, 294
reverse transcriptase, 292
T-4 DNA polymerase, 292, 293, 295

Enzyme reaction intermediates, 229, 242
EPR (electron paramagnetic resonance) or ESR

(electron spin resonance)
CW, 252, 255
CW saturation, 255–257
orientation selection in ENDOR, 187

signal quanti tat ion, 299–301
specific activity, AEPR, 288, 289, 292,

298–301
spin echo, 271

Exchange interaction, 42, 265, 256, 85, 86, 91,
93

frequency, 68
Heisenberg, 27, 42–43, 45, 47, 50, 63, 66,

72, 85, 86, 91, 93, 265, 256, 293
rate, 46
two-site, 43, 50, 59

FepA, 252, 265–272
Ferric enterobactin, 265, 271–272
Field modulation, 343, 344

amplitude
frequency

Fluid phase, 16

Gaussian lineshape, 7, 13
Food stability, 339–341, 355, 359; see also

Stability
Free radicals, 378

biodistribution and measurement in vivo,
378

drug intermediate, 381
Free spin test, 297, 298
Free volume: see Volume
Freeze concentrated solution, 348, 349, 365
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Freeze pump-thaw, 93, 94
Fructose, 351

g-factor shift, 97
tensor, 341, 343

Gas permeable capillary, 94
Gel phase, 16, 97

interdigitated, 75
membranes, 62–64, 73

Gene-32 protein, 327–328
Glass, 343, 348–353, 356

carbohydrate-water, 351
glucose-water, 354
maltodextrin-water, 355
maltoheptaose-water, 352
specific transition temperature
sucrose-water, 350
sugar-water, 348, 353, 365
transition

Glass–rubber transition, 339, 349, 355
Gliadin, 356, 357
Glucose, 351, 353–356
Glutathione

ESR detection, 152, 153
intracellular, 155, 156
spin labeled, 132, 141

Gluten, 356–360
maleimide spin labeled, 341, 356–360

Glutenin, 356
Glycerol, 345, 346, 354, 361–365

glycerol water, 345, 361, 364, 365

Heisenberg spin exchange, 27, 42–43, 45, 47,
50, 63, 66, 72, 85, 86, 91, 93, 265,
256, 293

helix, 259–260, 274
in gluten, 358

Hemagglutinin, 276–277
Hemoglobin, 159

spin labeled, 32, 34, 365
High-field ratio: see Line height ratio
Homogenous broadening, 53
Human growth hormone, recombinant, 104–

105
Human serum albumin

electrostatic potential, 147–148, 159
reaction with disulfide biradicals, 155
spin-labeled, 147–149, 159

Hybridization, 320–323, 334
Hydrodynamic theory, 345
Hydrodynamic volume, 34–36; see also Volume

Index

Hydrogen bond, 340, 346–348, 353, 356, 358, 360
network, 354

Hydroxylamine, 127
Hydroxy-TEMPO, (TEMPOL), 31, 33, 35–36,

340–341, 376
derivative, 31–35

Hyperfine, 83–105
anisotropy, 406
coupling, 192
deuterium, 85
interaction, 192
isotropic, 406
principal axes, 196
tensor, 196

Ice, 350
crystallization, 348, 349
crystals, 351
formation, 354
melting, 349–352

Imidazolidine nitroxides, 113, 122, 125, 127,
140, 141, 145, 150, 174, 175; see
also Imidazoline nitroxides

Imidazoline nitroxides
pK, 114–122, 127–129, 140, 142–143
protonation, functional groups, 113, 122
spin-labeling reagents, 140

2-lmidazoline-3-oxides, 175; see also Nitronyl
nitroxides

Inhomogeneous broadening, 6, 9, 14, 16,
54–55, 85, 90, 93

Interaction parameter (k), 344, 347, 350, 362
Interactions

ligand–protein, 271–272
peptide–membrane, 273–278

In vivo EPR, 367–404
rationale, 368
potential constraints, 371
sensitivity considerations, 375

pH measurement, 134, 135
spin trapping, 382

Iodoacetamide nitroxide, 140, 340
Isothiocyanate nitroxide, 140, 340
Isotropic hyperfine coupling, 406

K, interaction parameter, 344, 347, 350, 362
Kaolin, pH in mesopores, 130, 131

Lac permease, 271–272
lactamase, 243

L-band EPR, 375–376
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Lever rule, 17
Line height ratio

center-field ratio C´/C, 364
high-field ratio H´´/H, 359, 364
low-field ratio L´´/L, 354, 355, 362–365
R parameter

Ligand–protein interaction, 271–272
Linewidth parameters, 84, 85, 87, 91
Lineshape, Lorentzian, 6, 9, 13
Lipid

bilayer, 16, 42, 73
exchange, 59
phase diagram, 17
protein interactions, 59, 62
spin label, 33, 59, 63, 69, 405
translational diffusion, 63

Lipopolysaccharide, 173
Liposomes

nitronylnitroxide incorporation, 169, 171
pH in the inner volume, 132
transmembrane transport, 138, 139

Liver alcohol dehydrogenase, 243
Loop-gap resonator, 252, 321
Lorentzian lineshape, 6, 9, 13
Lysine labeling, 104–105
T4 lysozyme, 273

M13 bacteriophage coat protein, 71
MAL-6, 254

spin labeling, 253
Maleimide spin label (MSL), 2,2,6,6-tetra-

methyl-4-maleimidopiperidine-1 -oxyl,
34, 77, 102–103, 253–254, 341

Maltodextrin, 355, 356
Maltoheptaose, 352, 353
Malto-oligosaccharide, 351
Maltopentaose, 352
Maltose, 351
Maltotriose, 352
McConnell, Harden, 1–2
Melittin, 277–278
Melting temperature

special
Membrane, 59, 64, 66, 405

gel phase, 62–64, 73
Membrane depth, 257–258
Membrane proteins, 251–259

bacteriorhodopsin, 258, 259–260
FepA, 252, 265–272
lac permease, 272–273
rhodopsin, 260–264
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Metal ions, measurement in tissues, 377
N-methoxy-N-nitrosoamines, 68
S-Methyl-2-nitrosopropane (MNP), spin trap-

ping, 91, 295–297, 382
Microscopic ordering, 99
Microwave power saturation, 299

cavity, 365
Microwave radiation

field strength
frequency, 343
X-band, 343

MNP (S-methyl-2-nitrosopropane)
spin trapping, 91, 295–297, 382

Mobility, see motion
Modulation, field

amplitude, 361, 363, 365
Zeeman, 58

frequency, 343, 363
Zeeman, 56, 58

Molecular distances, 104
Molecular dynamics (MD), 304, 330, 332
Molecular modeling, 206, 223
Motion

isotropic, 341, 342, 364
molecular, 341, 344, 349, 353
rotational, 341, 352
sensitivity for, 343, 355, 363

Motional region
fast, 342
slow, 343
very slow, 343

MSL (2,2,6,6-tetramethyl-4-
maleimidopiperidine-1 -oxyl), male-
imide spin label, 34, 77, 102–103,
253–254, 341

MTSL, l-oxyl-2,2,5,5-tetramethylpyrroline-3-
methylmethanethiosulfonate,
244–245, 253–255

Multilamellar vesicles, 96
Myelin proteolipid protein, 59–60

ions, paramagnetic relaxant, 71, 76
N-methoxy-N-nitrosoamines, 68
Nitric oxide, see also NO

donors, 168
ESR detection, 162
reaction with nitronylnitroxides, 162–168
synthase, 169, 171, 172

monomethyl-L-arginine, 172, 174
nitro-L-arginine, 172, 174
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Nitronyl nitroxides
his t idine analog, 123
incorporated protonation, 112
NO liposome, 168–172
reaction with NO, 162–168, 172
spin-labeled angiotensin, 141

Nitroprusside, 168
Nitroxide, see also spin label

alkylat ing, 141, 147
amidino, 140
amino, 122, 140
3-amino-PROXYL, 289, 290
4-amino-TEMPO, 289, 290, 321, 323
azido, 140
bioreduction, 373
carbodiimide spin label, 77, 140
enaminoketone, 128
imaging, 390
iodoacetamide, 140, 340
isothiocyanate, 140, 340
5-membered ring, 285–289
6-membered ring, 285–289
metabolism, 378
MSL (2,2,6,6-tetramethyl-4-maleimidopiper-

idine-1 -oxyl), maleimide spin label, 34,
77, 102–103, 253–254, 341

MTSL (l-oxyl-2,2,5,5-tetramethylpyrroline-
3-methylmethanethiosulfonate),
244–245, 253–255

pH sensitive nitroxides, 384
pharmacokinetics, 391
succinimido, 140
SSL (succmimidyl-2,2,5,5-tetramethyl-3-pyr-

roline-l-oxyl-3-carboxylate), 104, 105
TEMPO (2,2,6,6-tetramethyl-piperidine-1-

oxyl), 95–97, 356
TEMPOL (Hydroxy-TEMPO, TANOL), 31,

33, 35–36, 340–341, 340, 345, 346,
350–356, 361, 365, 376

derivative, 31–35
TEMPONE (2,2,6,6-tetramethyl-piperidone-

1-nitroxide), 32, 85–87, 94
S-Nitroso-N-acetylpenicillamine (SNAP), 172
NMR, 341
NO, see also Nitr ic oxide

donors, 168
ESR detection, 162
reaction with nitronylnitroxides, 162–168
synthase, 169, 1 7 1 , 172

Nuclear relaxation, 26, 37, 39, 50
mechanisms, 35

Index

Oligonucleotides, spin labeled chemical syn-
thesis, 284, 287–291, 299, 334

Oligosaccharide, 351, 352
OmpA, presequence, 21
Order parameter, 314, 315, 318, 405

tensor, 406
Oxygen

measurement in tissues, 377, 385
paramagnetic relaxant, 40, 69
particulate paramagnetic materials for meas-

uring, 380
in tumors, 388

5-[( 1 -Oxyl-2,2,5,5-tetramethyl-3-
pyrrolidinyl)amino]-2'-deoxyuridine
(DUPDA), 285, 289

5-[( 1 -Oxyl-2,2,6,6-tetramethyl-4-
piperidinyl)amino]-2´-deoxyuridine
(DUTA), 285, 288, 289, 292

accessibility parameter
definition, 261
periodicity, 267, 268, 274
values, 257–267
definition, 257–259
depth, 257–258
for FepA mutants, 258, 267–268
for lipids, 258

definition, 256
Papain, 243
Paramagnetic relaxant

chromium oxalate, 69
ions, 40

ions, 71, 76
oxygen, 40, 69

Partitioning, 96
PBN, Phenyl-tert-butylnitrone, 91, 92
PD-TEMPONE (perdeuterated 2,2,6,6-tetrameth-

yl-4-piperidone-l-oxyl), 86–88, 93
Peptide-membrane interactions, 273–278
Peptides

alamethicin, 276
cecropins, 274–276
diphtheria toxin, 273–274
hemagglutinin, 276–277
melitt in, 277–278

Periodicity, 268
PGSL phosphatidyl glycerol spin label, 67–71
pH measurement

in cross-linked polyelectrolytes, 130
in kaolin, 130, 131
in phospholipid vesicles, 132
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pH measurement (cont.)
in tissues, 377
in vivo, 134, 135
in water-in-oil systems, 131
in zeolites, 130, 131

pH sensitive nitroxides, 384
biradicals, 124, 125
iminonitroxides, 112
nitronylnitroxides, 112, 122
spin labeling reagents, 140
triradicals, 125

Pharmacokinetics, 378, 391–392
Phase diagram, lipid, 17
Phase separation, 365
Phase transition, 97, 98, 100
Phenyl-tert-butylnitrone (PBN), 91, 92
Phenyl radical, 91, 92
Phospatidylcholine, 134, 143, 169
Phospholipid, 94, 95
Phospholipid membranes

electrostatic potential, 138–139, 143–146
intraliposomal pH, 132
surface potential, 143–146
transmembrane potential, 138, 139
transmembrane transport, 137–140

Phosphoramidite chemistry, 288, 291, 295–296
Phosphotriester chemistry, 288–291
Plasticizer, 355
POBN,

nitrone, 172
Point-dipole

approximation, 196
dihedral angle, 217

Point of connectivity, 17
Poisson distribution

inhomogeneous broadening, 7
spin label population, 1 1

Polarity, 97, 103
Powder pattern, 88, 406
PreOmpA, 21
Protein, wheat, 356
Proton exchange

isotopic effect, 130
pK for nitroxides, 112, 114–122, 125,

127–129, 140, 142–147
rate constants. 1 1 1 , 129
titration curve, 111, 115, 135, 144, 145

Proton transport
in aqueous glycerol, 135–137
across phospholipid membrane, 137, 138
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Purification, spin-labeled oligonucleotides,
292,  295–296,

Pulsed EPR, in vivo studies, 395

(POBN), 172

Reactive intermediates, in tissues, 377
Recombinant human growth hormone, 104–105
Relaxation agents, 251, 255, 257
Relaxation

dipolar, 40, 72
enhancement, paramagnetic, 37, 69, 72
nuclear, 26, 37, 39, 50
time, effective spin lattice (T1), 26, 37, 45,

47, 50, 343, 344, 355, 364
Resolution, EPR spectra, 90, 97
Rheological studies, 358, 360
Rhodopsin, 252, 260–264
Rigid limit, spectra, 88, 97
Ripple phase, 97
Rotational correlation time, 29, 33, 35, 78, 341–

344, 349, 350, 355–359, 361, 365
calibrations, 78
isotropic, 341

Rotational diffusion, 29, 77
Rozantsev, Eduard, 2–4
Rubbery state, 349

Sample deoxygenation, CW HF EPR experi-
ments, 93-95

Saturation, 24, 45, 52, 343, 365
CW, 25, 52, 255–256
first derivative, 53, 55
integrated intensity, 53, 55
parameter, 52
progressive, 55ff, 59, 68, 70-71
recovery, 272, 344
transfer, 343, 365

Saturation transfer EPR, see ST-ESR
SDSL (site-directed spin labeling), 251–252

depth, 257-258
membrane proteins, 259

Simulation, 304, 306, 314, 316, 330, 331
Site-directed spin labeling (SDSL), 251–252

depth, 257–258
membrane proteins, 259

Slip, 345, 360
Slow motional effects, 86, 90, 102, 105, 405,

407
Slowly relaxing local structure (SRLS), 304,

305, 318

   

β-lactam group, 224
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S-Methyl-2-nitrosopropane (MNP), spin trap-
ping, 91, 295–297, 382

S-Nitroso-N-acetylpenicillamine (SNAP), 172
Spectral densities, 28, 40, 84. 85, 91, 93
Spin label, 339–342, 348, 356

accessibility, 255
carbodiimide, 77
CTPO, 33
deuteriated, 185
fast l imi t values, 306
g tensors, 302–303, 307, 310
immobile, 357, 359
lipid, 33, 59, 63, 69, 405
mobile, 357
molecular shape, 345–346
molecular structure, 185
motion, 253
oxypyrrolinyl, 185
rigid-limit tensors, 302

A tensors, 302-303, 307, 310
SSL (succinimidyl 2,2,5,5-tetramethyl-3-

pyrroline-1 -oxyl-3-carboxylate), 104,
105; see also Nitroxide

sulfonic acid, 132, 138
triple spectroscopy, 201

Spin labeled
26-mer, 293–296, 301, 329, 331, 333
g tensors, 302–303, 307, 310
amino acids, 211
deoxycytidine analog

DCAT, 286, 323, 324
DCAVAP, 287, 295

fatty acid, 97–102
methane thiolsulfonate, 244
methylalanate, 184, 2 1 1 – 2 1 5
methyl tryptophanate, 215, 218–219
oligonucleotides, 284, 287–288, 290–292, 294

chemical synthesis, 284, 287–291, 299, 334
enzymatic synthesis, 284, 292, 299

penicillin, 208–209, 221, 233
phenylalanine, 219, 220
proteins, 82–105
thymidine analogs, 285–287, 293

ACET, 285, 302–304
DUAP, 286, 294, 296, 301, 303, 310,

314–318, 323, 326, 327, 330
DUAT, 286, 293, 294, 301, 303
DUAVAP, 287, 293, 294
DUMPDA, 285, 289, 290, 298, 301, 321, 322
DUMTA, 285, 290, 298, 303, 315, 316
DUPA, 286, 293

Index

Spin labeling
cysteine, 253
double cysteines, 263–265
with MAL-6, 253
membrane proteins, 259–273
with MTSL, 253
sequence-specific, 284, 293–294, 296, 299
site-directed, 251, 252

Spin pH probes, 110, 115, 130, 132, 140
Spin–spin interactions, 11
Spin trapping, 91, 382, 295

C5-iodo-deoxyuridine, 295
in vivo EPR, 382
2-methyl-2-nitrosopropane (MNP), 295–297
POBN, (4-pyridyl-1 -oxide)-N-tert-butyl

nitrone, 172
SRLS (slowly relaxing local structure), 304,

305, 318
Stability

food, 339, 349
nitroxide, 340
storage, 339

Starch, 355
State diagram, 348, 349, 353
Statistical distribution, spin labels, 13
ST-ESR, 56, 58, 62, 64–65, 74, 76–77,

340–343, 348, 356–359, 365
calibration spectrum, 344, 354, 363
integral measuring protocol, 348–349
phase reference experiments, 359
reference spectra, 365
spectrum, 344, 361

Stickiness parameter S, 345–347, 360
Stokes–Einstein equation modified, 344, 345, 362
Structure, nitroxide spin labels, 341
Succinimido nitroxide, 140
Succinimidyl-2,2,5,5-tetramethyl-3-pyrroline-

l-oxyl-3-carboxylate (SSL), 104, 105
Sucrose, 347–351
Sugar, 339–341, 348–354, 361, 364, 365
Sulfonic acid spin label, 132, 138
Superhyperfine, 88, 89
Superoxide radical, reaction with thiols, 158

see Spin-lattice relaxation time
TEMPO, (2,2,6,6-tetramethyl-piperidine-l-

oxyl), 33, 95, 96, 97, 356
TEMPOL (Hydroxy-TEMPO), 31, 33, 35–36,

340–341, 340, 345, 346, 350–356,
361, 365, 376

derivative, 31–35
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TEMPONE (2,2,6,6-tetramethyl-4-piperidone-
1-nitroxide), 32, 63, 85, 86, 87, 94

Tensor: see A tensor; g tensor
TEPOPL,O-[3-(2,2,5,5-tetramethyl-l -

oxypyrrolinyl)-propen-2-
-oyl]-L -phenyllactate, 237-240

2,2,5,5-tetramethyl-1 -oxypyrrolinyl-3-
carbonyl)-L-alanate (methyl-L-
alanate spin label), 184–186,
192-193, 195, 198–201

2,2,5,5-tetramethyl-l-oxypyrrolinyl-3-
carboxylic acid, 201–206

4-(2,2,5,5-tetramethyl-l-oxypyrrolinyl-3-
carbonyl)-L-phenylalaninal, 231–237

3-(2,2,5,5-tetramethyl-l-oxypyrrolinyl)-2,4-
pentadienal, 225–227

3-(2,2,5,5-tetramethyl-l -oxypyrrolinyl)-2,4-
pentadienoic acid, 225–228

3-(2,2,5,5-tetramethyl-l -oxypyrrolinyl)-2-pro-
penamide, 207

Thiocholine, 158
Thioglycerol, 113, 169–170
Thiols

in the blood, 156
ESR detection, 149, 155–157
in isolated organs, 156–157
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Thiols (cont.)
spin-labeling SH-groups, 159
thiol–disulfide exchange, 149, 150

Translational diffusion, lipids, 63
Trehalose, 351
Trichloromethyl radical, 91, 92
Triradicals, 123, 125

Valinomycin, 139
Van der Waals volume: see Volume
VAR (very anisotropic reorientation) model, 407
Varian E-104, 298–301
Very anisotropic reorientation (VAR) model, 407
Viscosity, 344, 349, 350, 362
Voigt lineshape, 7, 13
Volume

free, 353, 356, 360
hydrodynamic, 346
Van der Waals, 345

W-band EPR, 83–107
Williams–Landel–Ferry (WLF) equation, 362

X-band EPR: see Microwave radiation

Zeolites, pH in mesopores, 130, 131
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