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Electron Spin Resonance of Biomolecules
Keywords

cwESR
ESR signal detected with radiation turned on continually during recording.

EPR, PMR, EMR
Synonyms, in practice, for ESR: electron paramagnetic resonance, paramagnetic
resonance, and electron magnetic resonance.

EPRI
In vivo imaging based on the ESR signal of a paramagnetic molecule.

ESR
Electron Spin Resonance. Spectroscopy involving unpaired electrons in a magnetic
field.

ENDOR
Electron-Nuclear Double Resonance spectroscopy. Spectroscopy in which NMR signals
are observed as changes in intensity of ESR signals.

ESEEM
Electron Spin Echo Envelope Modulation spectroscopy. A pulsed ESR technique in
which nuclear moments modulate time-dependent electron relaxation.

g-factor
Proportionality constant between ESR frequency applied and the magnetic field where
ESR absorption occurs.

Hyperfine Splitting
An ESR signal of an unpaired electron is split into multiple signals, one for each
dipolar interaction with a unique nuclear spin.

Isotropic or Anisotropic
Uniform or asymmetric, respectively, with regard to coordinates in space.

Pulsed ESR
ESR signal detected as a function of time after a pulse of energy.

Spin Label

Paramagnetic molecule used to provide information about a nonparamagnetic
biomolecule with which it interacts; the same term is used in nuclear magnetic
resonance imaging for manipulations of nuclei in a portion of the sample to amplify
the NMR signal from localized regions.

Spin Trap

A means of capturing information from a radical that has a short lifetime or other
properties rendering it unsuitable for ESR so that, when trapped, useful ESR
signals result.
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B Electron spin resonance (ESR) refers to spectroscopy of unpaired electrons, and
is sometimes called electron paramagnetic resonance (EPR) or electron magnetic
resonance (EMR). The theoretical bases of ESR spectroscopy are similar to those
of nuclear magnetic resonance (NMR), except that an electron spin, rather than a
nuclear spin, is the focus. Unpaired electrons in biological systems are in much
lower abundance than nuclei, so ESR is a technique that focuses on local sites while
NMR is more global.

Two electrons are paired, with antiparallel spins, in a single chemical bond. The
ESR requirement of an unpaired electron spin is met in biology when (1) a chemical
bond is broken homolytically, as in formation of a free-radical enzyme intermediate;
(2) there are unfilled valence orbitals, as there are in oxygen, nitric oxide, or
many metal ions; and (3) one-electron oxidation or reduction of a nonparamagnetic
biomolecule has occurred. Biological subjects for ESR include free-radical enzyme
intermediates, metal ions, nitric oxide and some of its complexes, and redox-active
cofactors such as quinones and flavins. The range of applications of ESR spectroscopy
is not limited to natural sources of unpaired electrons. An ESR probe technique,
site-directed spin labeling (SDSL), is widely applied to examine dynamics and folding
of biomolecules. Other paramagnetic probes can be used to image oxygen or nitric
oxide in biological tissues in vitro and in vivo.

1 is fixed for each pulse, but, because of
Basic ESR Concepts and Spectra the breadth of many ESR signals, data
may be collected at multiple steps in mag-

The term “spin” in the designations of netic field. To filter noise, a cwESR signal

various forms of magnetic resonance spec-
troscopy refers to a property of electrons (or
nuclei). Itis the interaction of the spin with
magnetic field that leads to separation of
energy levels between which spectroscopic
transitions occur. Usually, a magnetic field
is required for ESR, as well as a source of
energy to effect transitions, although a few
spin transitions can be detected in the
absence of an applied magnetic field.

ESR signals can be detected during con-
tinuous application of microwave energy of
narrow bandwidth (continuous wave ESR,
cwESR) or after a short, broader-band mi-
crowave pulse (pulsed ESR). In the former
case, the signal is detected by scanning
the external magnetic field through the
resonance condition; in the latter, the field

is recorded with an additional magnetic
field modulation and phase-sensitive de-
tection, resulting in an output that is the
derivative of the absorption. Absorption
and derivative ESR signals are illustrated
in Figs. 1(a, b).

Equation (1) gives the resonance condi-
tion for a free electron, where v is the
microwave frequency; ge is Zeeman split-
ting constant for a free electron; S, the
Bohr magneton, is proportional to the
charge to mass ratio of the electron; and
By is the external magnetic field in which

the sample resides.
Energy = hv = gefeBo (1)

Internal magnetic fields in molecules al-
ter the simple spectrum shown in Fig. 1(b)
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Fig. 1 Basic ESR spectra concepts are illustrated. (a) An isolated, unpaired electron has an

absorption ESR signal of Lorentzian shape; (b) in cwESR, the signal shown in (a) is
recorded as the derivative of the absorption; (c) when a nuclear spin interacts with the

unpaired electron, the signal is split into multiple lines, one for each nuclear spin state ('*N
spin states are —1, 0, and +1); (d) the time-dependent response of an unpaired electron to
a pulse is an oscillating decay; (e) and (f) are spectra with parameters typical of spin labels
recorded at 9.4 GHz (e) and 94 GHz (f). In (e) and (f), the upper spectra are calculated

with only g-factor anisotropy, while the calculations of the lower spectra include anisotropic
terms for both g-factor and hyperfine splitting. The largest hyperfine splitting, Az, is shown.

and thus provide the features that allow
information about structure and dynamics
to be deduced. The local magnetic fields
add terms to Eq. (1), and it is convenient
to refer to the proportionality between the
frequency applied and the magnetic field
at which a characteristic feature is seen in
the ESR spectrum in terms of an “effective
g-factor,” g, as given in Eq. (2).

hv = (geBeBo + other terms) = g’Be By
(2)
The “other terms” include, but are
not limited to, those of electron spin
dipolar interactions with spins of nuclei or
other unpaired electrons, spin exchange
due to overlap of the orbitals of two

electron spins, and terms arising from
strong interactions of multiple electrons
residing on the same atom. Different terms
dominate the ESR spectrum in varied
applications. Some terms are described by
expressions including magnetic field and
other terms are independent of magnetic
field. ESR spectra obtained at several
different frequencies, v, help resolve
contributions of the different terms.
Dipolar interactions of magnetic nuclei
(for instance, hydrogen or nitrogen) with
an unpaired electron render ESR spectra
sensitive to molecular structure. An un-
paired electron residing in a p- or w-orbital
on N, such as occurs in a spin label or in
nitric oxide (NO), has dipolar interactions
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of slightly different energies with each of
the nitrogen nuclear spin states (N nu-
clear spins —1, 0, and +1). As a result,
the simple unpaired electron ESR signal
becomes a spectrum with three lines, each
of one-third the intensity (Fig. 1(c)) of the
single line (Fig. 1(b)). The separation of
the lines is termed the hyperfine splitting of
the electron spin by the nuclear spins. Hy-
perfine splitting by 'H or N yields ESR
spectra divided into two lines.

The response of spins to a short pulse
of energy is recorded over time in pulsed
ESR. The time-dependent response may
be converted to the cwESR spectrum by
Fourier transformation. A Fourier trans-
form of the absorption signal (Fig. 1(a)),
which would be detected in the pulsed
experiment, is shown in Fig. 1(d). The
exponential decay is related to the line
width and the oscillations to the offset of
the absorption peak from zero magnetic
field. ESR and NMR are connected in the
variations of pulsed ESR that are termed
electron spin echo envelope modulation
(ESEEM) and electron-nuclear double res-
onance (ENDOR), in which electron tran-
sitions are modulated by nearby nuclei.
After Fourier transformation of the time
response, the characteristic frequencies of
nuclear spins near the electron spin are
displayed in these experiments. Determin-
ing the nature, geometric arrangement,
and distance of nuclei from the unpaired
electron are applications of these pulsed
ESR techniques.

Figures 1(a, b) are based on a fictitious
“free electron.” In a molecule, an unpaired
electron responds to an anisotropic (asym-
metric) environment, resulting in energies
for the magnetic interactions that depend
on the orientation of each molecule in
the magnetic field. The g-factor becomes
a matrix (g) relating the vectors of mag-
netic field, By, and electron spin, S. The

Electron Spin Resonance of Biomolecules | 5

expression of the energy for the hyperfine
interaction is S A I, where electron and nu-
clear spin vectors are S and I, respectively,
and A is the interaction matrix. The diago-
nal elements of the g- and A-matrices are
gx, gy, and gz and Ax, Ay, and Az, respec-
tively. As a result of these interactions, if
a frozen solution is studied, the spectrum
will be the sum of spectra from molecules
atall orientations, and will be broader than
the free electron signal. Figures 1(e, ) il-
lustrate the type of spectra that result from
a frozen solution of nitroxide molecules.
Figure 1(e) is calculated for a frequency
of applied radiation (9.41 GHz) 10 times
lower than that of Fig. 1(f) (94.1 GHz). The
upper spectra show only the contribution
from the anisotropic g-factor. The features
corresponding to gx, gy, and gz can hardly
be seen in Fig. 1(e) (upper curve), but they
are separated as indicated in Fig. 1(f) (up-
per curve). This is because the g-factor
energy term depends on magnetic field.
In contrast, the hyperfine term is con-
stant. The lower curves indicate the Az
component of the hyperfine splitting; it is
centered on gz. Ax and Ay are smaller and
are not indicated on the figures. However,
it can be seen in Fig. 1(f) (lower curve) that
the gx and gy regions are broadened by the
smaller Ax and Ay hyperfine splittings.

2
ESR and the Roles of Naturally Occurring
Paramagnetic Biomolecules

2.1
Free-radical Enzyme Intermediates

Cofactors and amino acid side chains
are known to form radical, or para-
magnetic intermediates in enzymes. Ri-
bonucleotide reductases use a pathway of
electron transfers to carry out reduction of
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ribonucleotides to deoxyribonucleotides.
In the enzymes from different sources,
the presence of free-radical intermediates
on side chains of the amino acids tyrosine,
tryptophan, cysteine, and even glycine has
been demonstrated by ESR. ESR studies of
tyrosine radicals, in this system and also
in electron-transfer membranes, show that
the unpaired electron density at the vari-
ous carbon atoms of the tyrosine aromatic
ring is fine-tuned by hydrogen bonds to
the phenolic oxygen and by the protein
environment. ESR spectra also provide in-
formation about side-chain torsion angles
of the tyrosines giving rise to radicals.
Figure 2 gives examples of EMR spectra of
tyrosine radicals of ribonucleotide reduc-
tases from several sources.

In other proteins, tyrosine radicals
participate in the mechanisms of cy-
tochrome oxidase (mitochondrial respira-
tory complex IV), cyclooxygenase and other
heme enzymes. In other proteins, glycine

Fig.2 ESR spectra of tyrosine free
radicals of ribonucleotide reductase R2
subunits from different organisms. The
ESR spectra at ~9 GHz were recorded at
temperatures from 20 to 30 K. The
numbers given on the structure are the
spin density distributions for the
Escherichia coli (Roman letters) and
Salmonella typhimurium (italics)
enzymes. (Reprinted with permission
from Graslund, A. and Sahlin, M.
(1996) Ann. Rev. Biophys. Biomol. Struct.
27, 259-286.)

radicals have functional roles in lysine 2,3-
aminomutase, pyruvate formate-lyase, and
benzylsuccinate synthase. Enzyme-bound
substrate and cofactor radical interme-
diates have also been characterized in
enzymes dependent on S-adenosyl methio-
nine, adenosylcobalamin, and arachidonic
acid. It is often useful to use isotopic
labeling with nuclei having magnetic mo-
ments (ZH, B, 15N, 17O) in the effort
to identify the radical site in an enzyme
intermediate.

2.2
Paramagnetic Metal lons in Biology

All metal ions containing unpaired elec-
trons (paramagnetic ions) are, in principle,
subjects for study by ESR, but the exper-
imental conditions are quite varied. The
paramagnetic ions in proteins, commonly
studied by ESR, include manganese’",

copper’™, iron3*, occasionally iron®*,
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nickel>*, vanadyl (V = 0?%), and cobalt**.
The conditions for the spectroscopy dif-
fer drastically depending on which metal
is the subject of study. Manganese ions
are sometimes detected with high sensi-
tivity in solutions at room temperature.
However, detection of 17 O-threonine side-
chain ligands to manganese in p21 ras
required both low temperature and high-
frequency ESR to give optimum results.
Copper sites also can be detected at room
temperature, but sensitivity is improved by
conducting the ESR experiments at liquid
nitrogen temperature or lower. Studies of
iron are almost always done at tempera-
tures near that of liquid helium. The two
primary reasons that low temperature is
used in metal ion ESR are that relaxation
times are too fast for room temperature
studies and the signal intensity increases
inversely with temperature. The pulsed
ESR methods ENDOR and ESEEM are
chosen to detect nuclei such as nitrogen
or hydrogen bound to, or near, metal ion
sites.

Quantitative evaluation of the number
of unpaired spins in different sites within
a complex biochemical electron-transfer
system can be made by ESR and asso-
ciated studies. For experiments of this
type, both calculations of the theoretical
spectra and a multifrequency approach in

Fig. 3 High-frequency ESR spectrum of
dicupric lactoferrin. The spectrum was
recorded at 40 K and 94.1 GHz. The two
regions from which significant
information can be obtained are
amplified in insets on the left. The
feature on the right is the ESR signal
from an impurity of manganese ion in
the sample. (Reprinted with permission
from Gaffney, B.)., Maguire, B.C.,
Weber, R.T., Maresch, G.G. (1999)
Disorder at metal sites in proteins: a
high frequency EMR study, Appl. Magn.
Res. 16, 207-222.)
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the experiments are needed for interpre-
tation. Recent advances in high-frequency
ESR provide improved resolution in sam-
ples with multiple ESR-detectable metal
sites. For example, Fig. 3 shows a high-
frequency ESR spectrum of a frozen so-
lution of copper ion in the site normally
occupied by iron in lactoferrin.

The copper spectrum, spread over the
field region from ~2.9 to 3.3 T, is well
separated from the six-line signal of a
manganese impurity near 3.4 T. At lower
ESR frequencies, the manganese signal
is superimposed on the central portion
of the copper signal. Also notable in
the high-frequency ESR spectrum shown
(Fig. 3) is that the portion (at 2.9-2.95 T)
of the spectrum arising from molecules
with a unique axis aligned close to the
magnetic field direction is well separated
from the portion (at 3.2-3.3T) arising
from molecules in which this axis is
perpendicular to the field. Additionally, the

T
Cu+2
Lactoferrin
JM carbonate
R I
f2.9 2.95
/\/\f 4 Mn*2
[ I
3.2 325 3.3
| | l
2.8 3 3.2 3.4 3.6
Field, T
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splitting of these regions into four features
arises from interaction of the unpaired
electron with the four nuclear spin states
of the copper nucleus. For copper proteins,
very low-frequency EPR is also useful in
revealing how many nitrogen ligands to
the metal there are. This approach, as well
as pulsed ESR, helped elucidate the nature
of multiple copper binding sites in the
prion protein (PrP), for example.

2.3
Protein Complexes with Nitric Oxide (NO)

Nitric oxide (NO) is a paramagnetic gas
and molecular adducts of NO in solu-
tion give ESR signals that are employed
to determine the pathway of nitric oxide
transfers in proteins or the location of
NO in tissues by in vivo ESR imaging.
The characteristic ESR signal of some NO
complexes is three lines, broader but oth-
erwise similar to the spectrum shown in
Fig. 1(c). When the N isotope (nuclear
spin states £1/2) is incorporated in NO,
the ESR spectrum simplifies to two lines.
In an NO complex with iron, copper or
other metals in proteins, broader signals
with no resolved hyperfine splitting may
or may not be observed. Three-line hy-
perfine splitting is seen in NO complexes
with 5-coordinate ferrous heme iron, with
the NO spin traps: ferrous ion chelated
with dithiocarbamate derivatives, and with

310 345

Magnetic field [mT]

diverse iron-sulfur-dinitrosyl species in
vivo.

NO is often used biochemically as an
oxygen mimic, but it binds more tightly to
metal centers than O, does and may alter
other ligand geometries. When a single
NO combines with ferrous iron, an ESR-
detectable complex is formed. The spin 1/2
of NO combines with the even spin (spin =
0 or 2) of ferrous iron to give half-integer
spin for the complex (spin = 1/2 or 3/2).
Generally, half-integer spins yield well-
resolved ESR spectra, whereas spin = 0
is not paramagnetic, and spin = 2 usually
does not give resolved signals.

The strength of the Fe—NO interaction
with iron in hemoglobin is demonstrated
under conditions in which hemoglobin
binds NO preferentially at the o-subunits;
here, NO acts transaxially to cleave the
proximal iron-His bond. ESR spectra of
the resulting five-coordinate «-subunit
heme have three resolved peaks from “N-
hyperfine interactions. A similar spectrum
of the five-coordinate NO complex with
heme in myoglobin is shown in Fig. 4.

In contrast, when NO is in a six-
coordinate complex with ferrous heme,
a broad ESR signal, without hyperfine,
is observed. NO activation at heme in
guanyl cyclases also involves breaking an
Fe-His bond, and the NO-Fe complex
is ESR detectable. Interaction of NO
or nitrite with oxyhemoglobin, or with
methemoglobin, leads to a third species,
S-nitrosyl hemoglobin. NO also reacts with

Fig.4 The ESR spectrum of
deoxymyoglobin to which nitric oxide
(NO) gas was added. The spectrum was
recorded at 77 K and a frequency of

9.1 GHz. (Reprinted with permission
from Singel, D. J., Lancaster, J. R. Jr.,
(1996) Methods in Nitric Oxide Research,
Feelisch, M., Stamler, . S. (Eds.) John
Wiley & Sons Ltd Ch. 23, pp. 341-356.)
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the iron in iron-sulfur proteins. In the case
of aconitase, one iron of the 4Fe-4S is lost
upon reaction with NO and ESR signals
of a protein-bound iron-(NO), complex
can be seen. This complex is likely an
intermediate in the conversion to 3Fe-4S
apoaconitase.

2.4
Factors Directing Electron Flow in Energetic
Membranes

Mitochondrial and photosynthetic mem-
branes are rich in species giving ESR
signals during electron transfer. The full
range of recent chemical bonding theory
and ESR instrumentation is brought to
bear in determining the electron-transfer
pathways through the multiple interme-
diates. ESR studies provide electronic
structures of intermediates in electron-
transfer pathways, including electron spin
density around the ring of an aromatic
radical and the overlap of electron orbitals
between two paramagnetic intermediates.
This information is essential for determin-
ing how the surrounding protein matrix
influences the path that electrons fol-
low from one paramagnetic intermediate

Electron Spin Resonance of Biomolecules |9

to another. Key electron-transfer species
that are observed by ESR methods are
summarized in Table 1. The list is not
comprehensive. ESR examines the species
listed either individually, or in pairs.

2.41 ESR Studies of Photosynthesis

The components of photosynthetic
electron-transfer pathways, chlorophylls,
quinones, and metal ions, are selected for
ESR studies by preparations that include
optical excitation, selective depletion of
some components, and molecular biology.
Because electron transfer can be primed
by optical excitation in the preparations,
it is possible to trap very short-lived
intermediates by optical excitation of
low-temperature glasses. High-frequency
ESR is applied in some cases to
improve resolution of ESR spectral
components, much as higher frequency
NMR gives better resolution of different
nuclei (see also Sect.2.2). In bacterial
reaction centers, electrons flow from
an excited bacteriochlorophyll dimer to
bacteriopheophytin, to quinone A (Qa),
and to quinone B (Qg). The electronic
interactions between these sites are
influenced by a > Fe ion on the pathway.

Tab.1 Some Components of Energetic Membranes Detected by ESR.

Component Abbreviation Membrane
Donor cation (a chlorophyll) BChly, P7oo™* chlorophyll b, Pggo™ RC,PS I, PS I
Reduced quinones Qa5 Qs Q™ RC, PS I, PS I
Iron-sulfur clusters [2Fe2S] ", [4Fe4S] ™", or [4Fe4S] T3 PS I, Fd, Cplx Il
Manganese clusters Mn(lll) 4+ 3 Mn(1V) PS 1I-S,

Tyr radical Tyrte PS I

Ferric heme heme-Fe3t Cplx IV

Copper Cu?t Cplx IV

Notes: RC: reaction center of purple bacteria; PS I: photosystem | of plants, cyanobacteria,

green sulfur bacteria, and algae; PS II: photosystem

Il of plants, cyanobacteria, and algae; Fd:

ferrodoxin; Cplx: one of the electron-transfer complexes of mitochondria; PS 11-S;: the S;

intermediate of PS |l photocycle.
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Distances between electron sites on the
intermediates, and the term describing
electron exchange interactions between
them, have now been tabulated for the
bacterial system. Good agreement between
these ESR measurements and electron-
transfer theory is observed.

In plant photosynthetic membranes,
ESR is used to examine the manner in
which electrons flow ultimately into the
photosynthetic oxygen-evolving complex
that contains varied numbers of unpaired
electrons associated with a cluster of
four manganese atoms. A tyrosine radical
abstracts an electron and a proton from
the manganese cluster and water in steps,
leading to oxygen evolution. Determining
how the protein environment influences
the electronic structure of the tyrosine
radical and its coupling to the manganese
cluster are subjects of study by the pulsed
ESR techniques ESEEM and ENDOR.

2.42 ESR Studies of Respiratory Enzymes
In the synthesis of ATP, the mitochon-
drial respiratory chain employs many
of the same cofactors as photosynthetic
membranes, although the electron/proton
transfers are not photochemically initiated.
Instead, reductants or oxidants are used
to isolate states with unpaired electrons.
ESR contributes to understanding the elec-
tronic structure of the oxidized or reduced
cofactors. In one example, ESR studies
reveal an asymmetric hydrogen-bonding
environment for a ubisemiquinone (Q ™)
bound to bacterial quinol oxidase (QOX),
boz. QOX is structurally and functionally
related to mammalian cytochrome oxi-
dases. In these experiments, quinones,
13C-labeled individually at the carbonyl
carbons, were substituted for the nat-
ural ubiquinone in QOX by detergent
extraction and reconstitution. Control ESR
experiments (*N-ESEEM) demonstrated

that the reconstituted, labeled quinones
had the same hydrogen-bonding environ-
ment as native quinones. The line widths
of the high-frequency ESR spectra from
13C-labeled quinones differed, depend-
ing on whether the label was located on
carbonyl-1 or -4. This shows that the un-
paired electron spin distribution is asym-
metric in the ubiquinone radical when the
radical is bound to its cognate protein.
The spin distribution is, in turn, related
to an asymmetric hydrogen-bonding envi-
ronment for the protein-bound Q.

3
ESR Probes of Biological Structure
and Function

3.1
Spin Labeling

Nature does not always provide a free-
radical ESR subject at a site of inter-
est. Spin labels are stable, paramagnetic
molecules that can be easily tailor-made by
organic synthesis to provide selective struc-
tural and dynamical information via ESR
spectroscopy. Most spin labels are nitrox-
ide molecules. An advantage of spin label
ESR studies is that they can be carried
out at physiologically relevant tempera-
tures and they are therefore sensitive to
molecular motion. Nitroxide labeled nu-
cleic acids, lipids, and enzyme cofactors are
among the variations of spin label analogs
that have been made. The largest area of
applications to proteins is a molecular bi-
ology—based approach called site-directed
spin labeling (SDSL) for studying the dy-
namics, folding, and structure of proteins.

3.1.1 Dynamics of Proteins, DNA,

and Membranes

The effects of motion of a spin labeled
macromolecule can be observed indirectly,
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as averaging of features in the ESR spec-
trum or directly, by time domain ESR
experiments. Effects of motion on a spin
label ESR spectrum arise because the un-
paired electron in the nitroxide molecule
is in an asymmetric environment that
renders the magnetic interactions sensi-
tive to the orientation of the spin label
in the field. When the spin label is
rigidly attached to a larger molecule, ESR
spectra reflect the motion of the macro-
molecule. The frequency of the particular
ESR spectrometer used and the details
of the detection scheme determine the
timescale of motions that can be de-
tected using spin label ESR. Motions
occurring on timescales from millisec-
onds to fractions of a nanosecond have
been measured. Applications in the area
of dynamics include resolving spectra from
distinct motional states of muscle, de-
tecting time-dependent structural changes
in bacteriorhodopsin, studies of the per-
sistence length for DNA bending and
measurements of anisotropic motion of
lipids in membranes.

Figure 5 illustrates the sensitivity of ESR
to spin label motion in an isotropic paraffin
liquid and in a lipid membrane. The nitrox-
ide molecules pictured have shapes thatare
roughly a sphere, a rectangular prism, and
a long cylinder. The three peaks of equal
intensity in ESR spectra of the spherical
molecule, TEMPO (2,2,6,6-tetramethyl-4-
ketopiperidine-1-oxygl), rotating in paraf-
fin are characteristic of isotropic motion.
The other spin labels move in paraffin
with only slightly different rates about x, y,
and z molecular axes (slight broadening
of the third peak results). In contrast,
motion of the larger spin labels is quite
restricted in a lipid bilayer, as indicated by
the broader ESR spectra. ESR of the fatty
acid spin label reveals that the molecule
rotates about the bilayer normal and
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has some internal flexibility. The lower
spectrum from TEMPO in membranes
was obtained from a more dilute lipid
preparation than the upper one. The addi-
tional peak results from some TEMPO in
water.

3.1.2 Site-directed Spin Labeling (SDSL)
In SDSL, a reactive nitroxide (e.g. a
methanethiosulfonate) reacts with a cys-
teine side chain that has been placed
at one or more selected sites in a pro-
tein by site-directed mutagenesis. Figure 6
shows the reaction scheme most often
used in the SDSL approach. Secondary
structure determination is one application
of SDSL, and the approach involves step-
wise substitution of nitroxides on a protein
structural element. The surface exposure
of the SDSL sites is determined through
magnetic effects of oxygen or paramag-
netic ions on ESR spectra. Interresidue
distances between two spin label sites
can also be determined as illustrated in
Fig. 7 for phage T4 lysozyme. The over-
all structure of the protein shown in (a)
indicates the close proximity of the two
spin label side chains at residues 3 and
71. The inset (b) shows ESR spectra of
folded, di-spin labeled phage lysozyme
(bottom) and the same protein unfolded
in urea (top). Spin labels separated by
10 to 25 A give broadened spectra from
which the interresidue distance can be
determined. Once a protein derivative
has been prepared with two interacting
spin labels, spectral changes may be em-
ployed to determine refolding kinetics as
illustrated in Fig. 7(c). Interresidue dis-
tances in membrane proteins, such as
rhodopsin, are estimated by the comple-
mentary techniques of cysteine-scanning
mutagenesis and paired site-directed spin
labeling.
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Fig. 5 The effects of restricted motion on the ESR spectra of molecules of different
shapes and sizes. The spectra in the left column were obtained using a liquid paraffin
solvent (isotropic) and those in the right column were with lipid bilayers (anisotropic
fluid), both at 37 °C. Two concentrations of lipid were used for the upper right pair of
spectra, a higher concentration in the top and a lower on below. (Redrawn with
permission from Gaffney, B.]., Chen, S.C. (1977) Methods in Membrane Biology, Korn, E.D.
(Ed.) Plenum Press, New York, Vol. 7, pp. 291-353.)
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Fig. 6 Introduction of a site-directed spin label. A methanethiosulfonate
spin label reacts with the natural, or genetically engineered thiol side chain of
a protein to give a site-directed, spin-labeled protein. (Redrawn with
permission from Hubbell, W.L., Mchaourab, H.S., Altenbach, C.,

Lietzow, M.A. (1996) Watching proteins move using site-directed spin
labeling, Structure 4, 779-783, Fig. 1.)
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Fig. 7 Spin labeling of phage T4 lysozyme. The structure of a mutant T4
lysozyme in which two free cysteine residues were introduced (13C and
V71C) after reaction with spin labels is shown after reaction with spin
labels, as in the scheme of Fig. 6. The proximity of the spin labels leads
to the broad ESR spectrum shown in red in the inset (b, lower). The ESR
spectrum of the same sample unfolded in urea is sharp and shows little
interaction between spin labels (b, upper). The time-resolved rate of
refolding can be followed by ESR (c). (Reproduced with permission from
Hubbell, W.L., Mchaourab, H.S., Altenbach, C., Lietzow, M.A. (1996)
Watching proteins move using site-directed spin labeling, Structure 4,
779-783, Fig. 5.)

3.2 challenging demand on ESR, because
Spin Trapping the radicals have short lifetimes and

are of low abundance. Free radicals can
Detection of free radicals that occur be detected indirectly by trapping them
transiently in cells places perhaps the most  to give a longer-lived, secondary radical
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in the technique called spin trapping.
This technique usually employs nitroxide
synthetic precursors to trap unstable
free radicals such as xenobiotic radicals,
superoxide, and hydroxyl radical. When
there is one hydrogen on the carbon
next to the nitrogen of a spin trap, the
hyperfine splittings in ESR signals of the
trapped radical are sensitive to whether
an oxygen- or carbon-centered radical was
trapped. The scheme below gives the
chemistry of a spin trap nitrone reacting
with trichloromethyl radical, derived from
carbon tetrachloride. This approach has
been used to trap similar radicals from
halothane in vivo.

+
(CH3)3C—ITI:|CR +:CCly ——
O_H

CCly

|
(CH)sC-N—CR

O- H

Spin traps can exhibit therapeutic ef-
fects in vivo, for instance, by inhibition
of lipoprotein oxidation. Immunological
methods are also used to detect spin-
trapped sites on biomolecules.

33
ESR Imaging

Relaxation of spins is a dominant theme
in ESR because the lifetimes of spins ex-
cited to upper energy levels are typically of
the order of microseconds. A window on
biological rates from 10° to about 100 s~*
results from the effects of magnetic relax-
ation on ESR spectra. Collision frequencies
of molecules in solution, at biological con-
centrations, are in the range suitable for
ESR relaxation responses. Relaxation of a
spin probe depends on the frequency of

collisions with paramagnetic oxygen. The
simplest manifestation of relaxation is a
change in line width of the ESR signal.
This interaction is exploited to create im-
ages of oxygen levels in tissues. Spin traps
selective for NO provide another basis for
ESR imaging.

3.3.1 ESR Imaging of Oxygen in Tissues
The ESR spectrum of dissolved oxygen
is not suitable for sensitive detection, but
the ESR line width of a spin probe does
respond to physiological concentrations
of oxygen. EPR imaging, a technique
under development, relies on spin probe
relaxation to provide information about
spatial distribution of oxygen in tissues,
for instance, in tumors. In a sense,
ESR imaging of oxygen concentration in
tissues is a spin trap experiment in which
the magnetism of oxygen is “trapped”
through its magnetic, but not chemical,
interactions with a stable spin probe. The
degree of broadening of the ESR signal is
transformed into an image.

A direct comparison of images of the
same mouse tumor obtained by ESR imag-
ing (EPRI) and by MRI has been made. In
the experimental design, the leg bearing
the tumor is centered in an ESR resonator
or an MRI coil for the two imaging modal-
ities. Paramagnetic reagents are applied
intravenously in the ESR experiment, at a
level similar to that used for MRI contrast
agents. Both stable trityl (triphenylmethyl)
radicals and nitroxides are used in EPRI,
but the extremely narrow signal from trityl
probes provides spatial resolution of about
1mm in a tumor of 7 x 7 x 10 mm. An
ESR spectrum of the reagent in each pixel
is obtained (spectral-spatial imaging). Sep-
arate calibration experiments demonstrate
linear response of the ESR line width to
oxygen concentration in the range 0 to
75 torr £ ~3 torr. ESR and MRI obtain
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comparable images of regions of the spa-
tial distribution of oxygen, but the ESR
experiment has the advantage that the
oxygen concentrations are measured quan-
titatively. ESR imaging is performed at low
frequency because the higher frequencies
used in most ESR spectroscopy cannot
penetrate far into wet tissues.

3.3.2 ESRImaging of NO

A focus of ESR imaging has been to ex-
amine formation of NO from nitrite in
ischemic rat hearts. With increasing du-
rations of ischemia, the myocardial pH
drops and this facilitates reduction of ni-
trite to NO. For example, both ex vivo
and in vivo experiments are conducted
in hearts loaded with ~1 mM nitrite and
the NO spin trap, ferrous (N-methyl-D-
glucamine dithiocarbamate),. By compar-
ing pH measurements from BP-NMR
with the quantity of trapped NO in the
heart, significant NO formation from ni-
trite is demonstrated. Control experiments
with inhibitors of nitric oxide synthase
(NOS) and cytochrome oxidase augment
these experiments.

34
Long-range Distance (6—60 A)
Measurements by ESR

The influence by one spin on the relaxation
of another can also extend over a distance.
In practice, this makes it possible to
measure, by ESR, the distance between
two paramagnetic centers, separated by up
to 60 A, in a biomolecule.

The advantages of using ESR methods to
measure selected nonbonding distances in
biomolecules are that the measurements
are usually free of paramagnetic sites
other than those involved in the measure-
ment, and the sample can be opaque or
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semisolid. Recently, methods for ESR dis-
tance measurement have been tested and
refined. The choice of a method depends
on the relative relaxation rates of the two
paramagnets between which a distance is
sought. Generally, organic radicals such
as spin labels and tyrosine radicals have
spins with slow relaxation rates, whereas
metal ion spins relax faster. Thus, specific
methods are chosen for cases in which a
slow relaxer is paired with either a second
slow, or second fast relaxing paramagnetic
species. The range 6 to 60 A is a conser-
vative estimate of distances that can be
determined by ESR studies of two interact-
ing paramagnets.
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