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Abstract

EPR studies on radical enzymes are reviewed under the aspects of the information that they can provide and of the techniques that are

used. An overview of organic radicals derived from amino acids, modified amino acids, and cofactors is given and g tensor data are compiled.

The information accessible from a spectroscopic point of view is contrasted with the information required to understand enzyme structure and

function, and some precautions are discussed that must be taken to derive the latter kind of information from the former. Structural dynamics

is identified as an aspect that has rarely been addressed in the past although it is highly relevant for enzyme function. It is proposed that

techniques introduced recently on other classes of proteins could help to close this gap.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Many enzymatically catalysed processes involve one-

electron oxidation or reaction steps. For a diamagnetic

resting state of the enzyme, which is the usual case, this

implies a paramagnetic transient state that is, at least in

principle, detectable by EPR spectroscopy. Often the un-

paired electron is centred at a transition metal (metalloen-

zymes), but in a number of cases the paramagnetic centre is

a radical derived from a native or post-translationally

modified amino acid (radical enzymes in a strict sense) or

from a cofactor (enzymes using a radical mechanism) [1–5].

Radical states may also be involved in suicide inactivation

of enzymes [2]. To understand the function of such enzymes

on a molecular level, it is necessary to detect and identify

the paramagnetic centre, to localise it in the protein or

protein–substrate complex, and to get information on the

reaction steps involved in its formation and decay (including

their kinetics). Finally, it may be desirable to elaborate

details of electronic and geometric structure to obtain insight

into how the protein controls its reactivity. Due to the

complexity of the structure and dynamics of such systems,
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a research program like this requires the complementary use

of different spectroscopies (EPR, NMR, Raman, UV/vis)

and, in cases where the protein can be crystallised, of X-ray

diffraction. For the radical state itself, EPR spectroscopy is

usually the method that provides the most reliable and

detailed information.

In this selective review, we illustrate how EPR spec-

troscopy has been used for this purpose and try to point

out some opportunities that have not been utilised to date.

In particular, we emphasise that modern EPR [6–10] offers

a broad variety of experimental techniques. By choosing

the experiment appropriate for the aspect of interest,

complexity can be considerably reduced. The review is

organised as follows. Section 2 provides an overview of

organic radicals that have so far been identified to be part

of an enzymatic process, excluding radicals that are

specific to photosynthetic reaction centres, which have

been reviewed recently [8,10,11], and radicals derived

from substrates. Basic information on their structure and

EPR properties is provided to set the stage for the

following discussions. Section 3 considers the structural

and dynamic information about a radical that is generally

accessible from EPR experiments, while Section 4 attempts

to relate this to the questions of interest in the context of

enzymatic catalysis. Both Sections 3 and 4 address the

choice of a technique to obtain the desired piece of

information.
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2. Radicals in enzymes

2.1. Radicals derived from intrinsic amino acids

Hydrogen abstraction from the four native amino acids

tyrosine, tryptophan, glycine, and cysteine results in forma-

tion of reasonably stable radical species, 1, 2, 3, and 4,

respectively (Scheme 1). Note that mechanistic details of

this process may differ for the different radical enzymes,

with proton-coupled electron transfer being a viable alter-

native to simple transfer of a hydrogen atom [12]. As the

time scale of both alternative processes is too fast for

reliably distinguishing between them by existing EPR

techniques, we restrict the following discussion to the

product radicals which are the same. The tyrosyl radical 1,

which occurs in class I ribonucleotide reductase, prostaglan-

din H synthase, Photosystem II, and possibly in dopamine h
monooxygenase [1,13], can be readily detected by EPR

spectroscopy. The spectrum is characterised by an ortho-

rhombic g tensor (Table 1), which can be resolved at high

fields/frequencies [8,14–17], a resolved hyperfine coupling

to one of the aliphatic h protons (Hh1, see Fig. 1) [14], and

unresolved hyperfine couplings to the other h proton and to

the aromatic protons which were determined by high-field

electron-nuclear double resonance (ENDOR) spectroscopy

[18]. For reasons discussed in Section 3, the gx value is
Scheme
rather sensitive to the protein environment [16] (see also

Table 1).

Tryptophanyl radicals 2 are involved in enzymatic action

of ribonucleotide reductase [19], DNA photolyase [20], and

cytochrome c peroxidase [15]. The occurrence of a trypto-

phanyl radical at residue Trp171 of lignin peroxidase during

oxidation of substrates by this enzyme has been proved by

spin trapping [21] with methyl nitroso propane and subse-

quent crystal structure analysis of the spin trap adduct [22].

EPR studies on tryptophanyl radicals are still scarce. How-

ever, the recent determination of the g tensor [19] (see Table

1) may open up new opportunities for these proteins as this

knowledge can aid data analysis in cases where the radical is

weakly coupled to metal centres or other radicals [15].

Glycyl radicals 3 are unique in the sense that the radical

centre is localised on the peptide main chain. They are

unstable in the presence of oxygen and thus seem to be

restricted to enzymatic processes under anaerobic condi-

tions, as in pyruvate formate-lyases, anaerobic class III

ribonucleotide reductases, and benzylsuccinate synthase

[5,23]. Resolution of the g tensor (Table 1) requires high

magnetic fields and has been achieved only very recently

[24].

Thiyl radicals 4 have been postulated as intermediates of

pyruvate formate-lyase [25] and of all three known classes of

ribonucleotide reductase [1]. Due to the large spin-orbit
1.



Table 1

Principal values of the g tensors of selected radicals involved in enzymatic catalysis

Radical gx gy gz Remarks References

1 2.0065–2.0091 2.0040–2.0043 2.0021 resolved proton hfi [14–17,39]

2 2.0033–2.0035 2.0024–2.0025 2.0021 [15,19]

3 2.0042–2.0047 2.0031–2.0039 2.0020–2.0025 resolved hfi a proton [23,24]

4 2.16–2.50 2.0080–2.0084 2.0080–2.0084 substantial g strain for gz component [26–29]

5 2.005 2.005 2.002 unresolved hfi [33]

7 2.0074 2.0064 2.0021 weakly resolved hfi [39]

10 2.0059 2.0054 2.0022 [48,50]

11 2.00436 2.00402 2.00228 nitrogen hfi [53]

12 2.00425 2.00360 2.00227 nitrogen hfi [54]

For structures, see Scheme 1; for further EPR parameters, see Ref. [1].
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coupling constant of sulfur, electron spin relaxation is too

fast for detection in solution, and due to near-degeneracy of

orbitals, the gx value is extremely sensitive to interactions

with the matrix, in particular, to formation of hydrogen

bonds that break axial symmetry about the CUS bond

[26]. Indirect EPR detection at room temperature is possible

by spin trapping with 5,5-dimethyl-1-pyrroline N-oxide [27]

or phenyl-N-t-butylnitrone [28], while direct detection has

been achieved after UV irradiation of Escherichia coli

ribonucleotide reductase at 77 K [29,30]. Strong g strain

along the direction of the CUS bond (x direction) renders the

gx feature unobservable for ribonucleotide reductase, while

for bovine serine albumine such a feature could be observed

( gx = 2.18), presumably due to stronger hydrogen bonding.

2.2. Radicals derived from modified amino acids

In some enzymes, such as amine oxidase, methylamine

dehydrogenase, and galactose oxidase, radical centres are

located at post-translationally modified amino acids [1,3]. In

copper-dependent amine oxidase, radical 5 is derived from

the topa quinone, which is a tyrosine residue dihydroxylated
Fig. 1. SOMO of the tyrosyl radical and overview of interactions of the

electron spin, of methods for their determination, and of the length scales

they probe.
in the 2 and 5 positions and oxidated to the quinone. Radical

5 is formed by reaction of the keto group in 5-position with

the substrate to an imine, subsequent hydrolysis of this

imine, and transfer of one electron to a nearby type 2 CuII

centre that yields CuI and the semiquinoid radical [31]. The

presence of a substrate-derived nitrogen nucleus in this

radical was detected by electron spin-echo envelope mod-

ulation (ESEEM) spectroscopy [32]. The best estimate to

date for the g tensor of this radical (Table 1) has been

obtained by Q-band EPR [33], however, resolution at this

frequency is still poor and measurements at a significantly

higher field may be necessary.

Radical 6 in methylamine dehydrogenase derives from

tryptophan tryptophanyl quinone and is unusual in that it

links two sections of the protein main chain (e.g. tryptophan

quinone residue (Trq)55 and tryptophan residue Trp 106 in

Methylobacterium extorquens). Residue (Trq)55 is a dihy-

droxylated tryptophan which has autooxidised to the ortho-

quinone. The g tensor is unresolved at X-band, the

assignment to the N-form rather than O-form of the semi-

quinone is based on an ESEEM study [34].

A linkage between two sections of the protein main chain

(Tyr272 and Cys228) is also provided by the modified

tyrosine radical 7 in galactose oxidase [35]. Although

biogenesis of this cofactor requires the presence of copper

ions [36], with Cu(I) being more effective than Cu(II) [37],

the radical can be observed by EPR only in the chemically

oxidised copper-free apoprotein, as it couples antiferromag-

netically to the copper ion in the active enzyme [38]. The

principal values of the g tensor of this radical (Table 1) are

significantly different from those ones of unsubstituted

tyrosyl radicals [39], and these differences have recently

been well understood on the basis of density functional

theory (DFT) computations [40]. Lysyl tyrosylquinone in

lysyl oxidase [41] is another source for semiquinoid radicals

derived from a modified amino acid. To the best of our

knowledge, no EPR work has been published to date with

respect to this putative radical.

2.3. Radicals derived from cofactors

Several enzymes, e.g. pyruvate formate-lyase, lysine 2,3-

aminomutase, anaerobic ribonucleotide reductase, and bio-
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tin synthase, use a one-electron transfer from a reduced

iron–sulfur cluster to S-adenosylmethionine to produce the

highly reactive 5V-deoxyadenosyl radical 8 [2]. Direct ob-

servation of this radical by EPR spectroscopy under con-

ditions typical for enzymatic catalysis has not succeeded to

date. However, using the sensitivity advantage of chemical-

ly induced dynamic electron polarization (CIDEP) after

photoinduced homolytic bond cleavage of 5V-deoxyadeno-
syl-cobalamine, this short-lived radical could be observed

[42]. The isotropic g value is 2.0097, the hyperfine splitting

due to the a protons is 2.21 mT, and two further doublet

splittings of 0.161 and 0.059 mT were assigned to the

neighbouring protons in the five-membered ring.

Pyruvate:ferredoxine oxidoreductase effects the oxida-

tive decarboxylation of pyruvate by a mechanism that

depends on the thiamine pyrophosphate (TPP) group and

two [Fe4S4] clusters as cofactors. On reaction of the enzyme

with pyruvate an EPR line centred at g= 2.008 is observed.

This line has been assigned to radical 9 in which the acetyl

group derives from the substrate, as was demonstrated by

substitution of the three protons of the methyl group (carbon

3) of pyruvate by deuterons [43]. An ENDOR study

provided the proton hyperfine couplings and revealed a
31P hyperfine coupling of approximately 0.4 MHz [44].

The latter results could be modelled with a j-type radical

with few spin density distributed over the thiamine moiety

or, alternatively, by a k-type radical with a methyl group

that is rapidly rotating at a temperature of 4 K. A recent

crystal structure of the free radical intermediate shows that

the thiamine moiety is not planar and thus suggests a

slightly different electronic structure than 9 [45]. Measuring

the principal values of the g tensor by high-field EPR and

comparing them to DFT computations would probably

definitively clarify the electronic structure.

Quinones are nearly ubiquitous cofactors in redox-active

enzymes [46], and consequently a whole book had been

devoted to their EPR spectra as early as 1985 [47]. One-

electron reduction of quinones leads to semiquinone radi-

cals, for which the anion radical 10 derived from ubiquinone

in quinol oxidase is an example [48]. The g tensor of such

semiquinone radicals is partially resolved at Q-band fre-

quencies of about 35 GHz [49] and almost completely

resolved at W-band frequencies of about 95 GHz [50].

Principal values of the g tensor are sensitive to the type of

quinone (substituents) and to hydrogen bonding [49,51].

Recent DFT computations reproduce experimental results

quite well and provide a good overview of these dependen-

cies [52].

Flavin semiquinones, such as anion radical 11 observed

in Na+-translocating NADH:quinone oxidoreductase [53],

can be readily distinguished from other semiquinones due to

the substantial hyperfine couplings to the nitrogen nuclei

N(5) and N(10) (Az= 22.8 MHz) normal to the plane of the

aromatic system, which are Az = 57.6 and 22.8 MHz, re-

spectively. Slightly different values are found for the neutral

radical 12. There are also slight but perceptible differences
in the g tensor principal values of the anion radical (Table 1)

and the neutral flavine radical [54].
3. The spectroscopist’s view: what an electron spin can

see

3.1. Electronic structure

The organic radicals considered in this review have one

unpaired electron, i.e. total electron spin S = 1/2. Three

interactions of the electron spin with its environment are

directly related to the electronic structure of the paramag-

netic centre. These are the spin-orbit interaction that causes

a shift of the g value with respect to the free electron value

ge = 2.002319, which is usually anisotropic, the Fermi

contact interaction with nuclei which causes isotropic hy-

perfine couplings, and the exchange interaction with the

unpaired electrons of other paramagnetic centres. The ex-

change interaction is due to partial overlap of orbitals which

causes anisotropic exchange coupling at short distances r

between centres (less than 5 Å) and isotropic exchange

coupling at larger distances r. The isotropic exchange

coupling scales roughly with exp(� r).

The shifts in the g value are a global characteristic of the

singly occupied molecular orbital (SOMO) and of the

molecular orbitals of low-lying excited states. The impor-

tance of excited states derives from the fact that orbital

momentum is quenched in a non-degenerate electronic

ground state, so that the g shifts are usually related to an

admixture of excited states [55]. As this admixture requires

overlap of orbitals and the SOMO is always involved, the

symmetry or pseudosymmetry of the g tensor is often a

good indication for the symmetry of the SOMO. According

to perturbation theory, the extent of the admixture and thus

the magnitude of the g shifts increases with decreasing

energy difference between the ground state and the excited

states and with increasing spin-orbit coupling constant. As a

rule of thumb, the spin-orbit coupling constant increases

with the atomic number as spin-orbit coupling is a relativ-

istic effect. For instance, this constant is 382 cm� 1 for

sulfur, but only 151 cm� 1 for oxygen. Therefore, organic

radicals, which consist of light elements, usually feature

only small g shifts (less than 10� 2, see Table 1). Alkyl thiyl

radicals such as the one derived from cysteine are an

exception for two reasons. First, they have a first excited

state that is nearly degenerate with the ground state, and

second, spin-orbit coupling is larger for sulfur than for

second-row elements.

The g shifts are also sensitive to the environment of the

paramagnetic centre, since the presence of electric dipoles in

polar solvents or the formation of hydrogen bonds influence

the energy difference between the ground state and the first

excited state [49,51,56]. Precise measurements of g shifts

and comparison among different proteins [16], with model

systems [39], or with DFT computations [52] may thus
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provide information that goes beyond the fingerprint infor-

mation of the g tensor for identifying the radical. Such

precise measurements for organic radicals require at least Q-

band frequencies (35 GHz) and in most cases even higher

frequencies and fields (W-band, 95 GHz; D-band, 140

GHz). In a sizeable number of cases, complete resolution

of the g tensor requires frequencies above 140 GHz. If g

anisotropy does not clearly dominate the spectral line shape

at the highest available fields and frequencies, multi-fre-

quency EPR is required to separate the g tensor from other

interactions. In this approach, the EPR spectrum is mea-

sured at several frequencies spread over at least one order of

magnitude and the frequency dependence of the line shape

is analysed.

The Fermi contact interaction of the electron spin with a

nuclear spin is directly related to spin density in the s orbital

of this nucleus, it thus provides information on the delocal-

isation of the SOMO. This is most conveniently probed by

proton hyperfine couplings, which, mediated by a spin

polarisation mechanism, reflect spin density on the atom to

which the proton is bound. The anisotropic hyperfine cou-

pling is more difficult to interpret, as it may contain con-

tributions from spin density in p or d orbitals on the nucleus

under consideration as well as a through-space contribution

due to dipole–dipole coupling to electron spin density in

other parts of the radical. The former contribution dominates

if the spin is centred on this nucleus, the latter contribution

usually dominates for spin densities of less than 1% at this

nucleus. An analysis of the anisotropic hyperfine coupling

therefore presupposes a full understanding of the electronic

structure. Recent advances in computational chemistry

[40,57,58] allow for such an understanding to be gained.

Hyperfine couplings are also influenced by the environ-

ment of the paramagnetic centre, but in contrast to the global

sensitivity of the g tensor, they exhibit local sensitivity in

the vicinity of the nucleus under consideration. This differ-

ence can be used to separate effects due to polarity of the

environment from effects due to hydrogen bonding, as has

recently been demonstrated for nitroxide spin labels in

bacteriorhodopsin [59].

Hyperfine couplings larger than approximately 10 MHz

or 0.4 mT are often resolved in EPR spectra. For measure-

ments with higher precision or measurements of smaller

hyperfine couplings, ENDOR techniques are usually best

suited. Among them, CW ENDOR [60] is the method of

choice for work in solution. For the investigation of freeze-

quenched preparations at low temperature, pulse ENDOR

methods [7] are often, though not always, more favourable.

For the measurement of very small couplings, ESEEM

techniques [7,61] can be advantageous. This applies in

particular to nuclei with low gyromagnetic ratio, such as
14N and 2H, when the measurements are performed at EPR

frequencies up to X-band. While high-field ENDOR (at Q-

band and in particular, at W-band frequencies) appears to be

even better for 2H, ESEEM at X-band frequencies or at

multiple frequencies up to Q-band is probably the best
choice for weakly coupled 14N nuclei. This is also due to

the fact that two-dimensional techniques such as HYS-

CORE [62] and DONUT-HYSCORE [63] significantly aid

peak assignment and increase the reliability of spectral

analysis. Magnitude and asymmetry of the nuclear quadru-

pole coupling of a 14N nucleus are related to the type of

bonding and can often be used to distinguish between

nitrogens in cofactors, amide nitrogens of the peptide bond,

and additional nitrogen atoms in amino acids such as

histidine or arginine.

Primary radicals in proteins are often located close to

another paramagnetic centre as they are usually generated

by one-electron transfer from a metal cofactor [1]. This

transfer creates a second paramagnetic centre at the metal,

except for the case of Cu(II) cofactors which are reduced to

diamagnetic Cu(I) centres. In a non-conducting matrix, the

wave functions of paramagnetic centres overlap significant-

ly, i.e. exhibit observable exchange coupling, up to distances

between the centres of at least 10 Å. If the matrix favours

electron transfer, as may be expected for redox active

enzymes, significant overlap may be observable at even

larger distances. A particularly large antiferromagnetic ex-

change coupling of 0.72 cm� 1 between an [4Fe–4S]+

cluster and a flavine mononucleotide radical has been

observed in trimethylamine dehydrogenase where the cen-

tre-to-centre distance according to the crystal structure is

10.6 Å, suggesting that exchange proceeds along a network

of covalent bonds and hydrogen bonds rather than through

space [64]. Large exchange couplings can be determined by

line shape analysis of EPR spectra, in particular, when

measurements at multiple frequencies have been performed

[64]. Small exchange couplings between an organic radical

centre and the much faster relaxing electron spin of a metal

centre can be inferred from saturation-recovery relaxation

measurements as a function of temperature [65,66]. In

photosynthetic reaction centres from Rh. sphaeroides, an

intermediate semiquinone biradical state QA
� SQB

� S could be

trapped and the dipole–dipole and exchange coupling

between the constituent radicals could be determined by

analysing spectra obtained at frequencies of 9.6, 35, and 94

GHz [67]. This analysis provided information on the relative

position and orientation of the two radicals, which compared

well with X-ray diffraction data for the QAQB
� S state.

3.2. Geometric structure

The electron spin of a paramagnetic centre and the

nuclear spins surrounding it are magnetic dipoles. For the

moment, we assume that the two spins are well localised on

the length scale of the distance between them. This point–

dipole approximation generally applies to nuclear spins, but

may be violated for electron spins. Within the point–dipole

approximation, the dipole–dipole interaction between a pair

of spins with distance r is proportional to r� 3. The orien-

tation dependence of this interaction is particularly simple

when both spins are quantised along the external magnetic
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field. This is true for electron spins with small g anisotropy

(all organic radicals except, perhaps, alkyl thiyl radicals)

and for the nuclear spins of atoms where few electron spin

density is located. In this case, the orientation dependence of

the dipole–dipole coupling is completely characterised by

the second Legendre polynomial (3cos2 h� 1)/2 of the

angle h between the external field and the spin–spin vector.

By measuring the magnitude of the dipole–dipole interac-

tion and its orientation dependence in a reference frame, it is

thus possible to completely determine length and orientation

of the spin–spin vector. If single crystals are available, a

crystallographic frame related to the unit cell can be used as

the reference frame, otherwise it may be possible to use the

principal axis frame of the g tensor (molecular frame). The

latter frame can in turn be related to the molecular geometry

by symmetry considerations, considerations on the main

contributions to the SOMO, or by quantum-chemical com-

putations (for instance, DFT computations).

Complications in this procedure occur for measurements

of the distance between the electron spin of an organic

radical and a metal centre, when the metal centre has large g

anisotropy. In this case, the electron spin of the metal centre

is not necessarily quantised along the external field and the

orientation dependence of the dipole–dipole coupling

becomes more complicated [7]. A more intricate complica-

tion has been found recently for strongly coupled clusters of

several metal ions [68]. In this case, the dipole–dipole

coupling depends on the inner structure of the cluster, i.e.

on the coupling scheme for the metal ions.

The procedure for determining the spin–spin vector also

needs to be modified when the electron spin is significantly

delocalised on the length scale of the spin–spin distance. In

this situation, some model for the delocalisation of the

electron spin has to be assumed, for instance, a model

derived from a measurement of isotropic hyperfine cou-

plings. Fractions of spin density can then be assigned to the

atoms in the radical, the point–dipole approximation is

applied to each atom separately, and the spin-density-

weighted average of the coupling is computed [7]. Alterna-

tively, the measured values for the dipole–dipole interaction

can be compared to values from a quantum-chemical

computation and can be used to refine the geometry as-

sumed in this computation.

For electron-nuclear spin pairs, the dipolar part of the

hyperfine coupling can be measured with ENDOR and

ESEEM techniques as discussed above. In ESEEM spectra,

the dipolar part of the coupling causes a shift of the sum

combination frequency with respect to twice the nuclear

Zeeman frequency [7]. This shift can be measured most

precisely by four-pulse ESEEM spectroscopy [69,70]. The

dipolar part also determines the modulation depth in

ESEEM experiments, which is proportional to r� 6 and to

the number of contributing nuclei [7]. The decay of the

modulation also depends on r and the number of nuclei, but

in a different way, so that the two parameters can be

separated [70,71].
The dipole–dipole coupling between electron spins can

be determined from measurements of the intensity of the

half-field transition (r= 5–10 Å), from line shape analysis

in CW EPR spectra (r = 10–20 Å), and by several pulse

EPR techniques (r = 20–80 Å) [66]. Measurements by pulse

techniques and the corresponding data analysis have been

discussed in detail recently [72].

3.3. Dynamics

EPR experiments can directly detect dynamic processes

over a broad range of time scales from the picosecond to

the millisecond range. Processes that have shorter correla-

tion times sc than 1–10 ps cause complete isotropic

averaging of the spectra (Fig. 2a) and do not significantly

influence relaxation times. Processes with sc>1 ms cannot

usually be detected as the electron spins lose memory on

the time scale of their longitudinal relaxation time which

may range from 100 ns to 1 ms for the species and

temperature range of interest in this review. Kinetics can

be followed on time scales from seconds to hours if the

process of interest creates or destroys paramagnetic centres

or changes their spectra. In this case the EPR spectrum is

measured repeatedly and changes in radical concentration

(double integral of the CW EPR spectra, integral of FT EPR

or echo-detected EPR spectra) or in the line shape are

analysed.

For 1 As < sc < 1 ms, dynamics can be characterised by

pulse EPR measurements [7] or by saturation transfer

methods [73]. Simple and sensitive CW EPR measurements

may provide a wealth of information on rotational diffusion

when the correlation times correspond to the slow tumbling

regime [74,75]. The upper limit of correlation times for this

regime is set by the transverse relaxation time T2. Slower

motion does not affect the EPR line shape (Fig. 2c). Line

broadening due to unresolved hyperfine interaction with a

typical line width C can mask even faster dynamics down to

correlation times scc 1/C. The lower correlation time limit

for the slow tumbling regime depends on the total anisot-

ropy Dm (in MHz) of the EPR spectrum, which is usually

well approximated by the total width of the spectrum (Fig.

2c). Slow tumbling extends down to correlation times of

approximately 1/(10Dm). Faster motion is still relevant for

transverse relaxation and can thus be studied by analysing

line widths [76].

CW EPR spectra are most sensitive to the details of the

rotational diffusion process for scc 1/Dm (Fig. 2b). It is

possible to infer from the line shapes whether reorientation

dynamics is restricted or unrestricted. For unrestricted

Brownian diffusion, it is possible to determine rotational

diffusion tensors, in other words, to decide whether a

molecule has a preferential axis of rotation (Fig. 2d).

Restricted motion of nitroxide spin labels could be success-

fully simulated by deriving a potential from a molecular

dynamics run and computing the EPR line shape for

Brownian motion in this potential [77].



Fig. 2. Influence of rotational diffusion on the W-band EPR spectrum of a perdeuterated tyrosyl radical (simulations using the software package described in

Ref. [75], gx = 2.0091, gy = 2.0046, gz = 2.0021, Ah1 = 0.3 mT). (a) Fast limit, sc = 10 ps. (b) Slow tumbling, sc = 1/Dm= 3 ns. (c) Rigid limit, sc = 1 As. (d)
Anisotropic rotational diffusion with a rotational diffusion tensor of axial symmetry, rotation about the axis parallel to the CUO� bond with sc = 0.3 ns, rotation

about the other axes with sc = 30 ns.
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To the best of our knowledge, reorientation dynamics of

native radical species in enzymes has not yet been charac-

terised by EPR spectroscopy. To some extent, this is because

radicals in electron transfer chains are too short-lived to be

studied at room temperature. However, spectra can be

acquired at room temperature in several cases, for instance

for tyrosyl radicals in Photosystem II [78] and tryptophanyl

radicals in ribonucleotide reductase [79]. Since rotational

correlation times of soluble proteins at room temperature are

of the order of 10 ns these spectra are likely to correspond to

the slow tumbling regime if the hyperfine anisotropy is of

the order of 10 MHz or if the measurements are performed

at high fields. A rotational correlation time of approximately

2 ns was recently found by fluorescence techniques for a

bound flavin cofactor in flavocytochrome(b2) at room

temperature [80]. As shown in Fig. 2, correlation times like

this correspond to the slow tumbling regime in high-field

EPR.
4. The biochemist’s view: getting information on protein

function

4.1. Identification of radical species

Enzymes that catalyse processes involving a one-electron

reduction or oxidation step are candidates for the occurrence

of transient radicals. Detection of such radicals is sometimes
possible by just adding the substrate to the enzyme and

measuring the EPR spectrum at room temperature. In other

cases, measurements must be performed at low temperatures

to obtain sufficient sensitivity or resolution. To check

whether the observed radical is in fact the initially formed

and kinetically competent radical or the product of a side

reaction, it may be necessary to perform freeze-quench

experiments at a time scale of a few seconds [1].

Once it is ascertained that the observed radical is of

interest for enzyme function, its structure has to be identi-

fied. The classical way for this is observing EPR spectral

changes caused by isotope substitution. By comparing

spectra of the B2 subunit of ribonucleotide reductase from

E. coli bacteria grown in H2O and D2O medium, the

hyperfine splitting of approximately 1.6 mT could be traced

back to a proton [81]. Using D2O growth media with

different combinations of deuterated and non-deuterated

amino acids, the radical could be attributed to a tyrosine

residue 1. The glycyl radical 2 in pyruvate formate-lyase

was identified by a similar procedure [82]. However, in this

case 13C substitution instead of deuteration was found to be

necessary as the a hydrogen of the glycyl radical proved to

be solvent-exchangeable.

The advent of high-field/high-frequency EPR has made it

possible to identify known radicals by their g tensor prin-

cipal values (Table 1). For previously unknown radicals or

in ambiguous situations, isotope substitution may, however,

still be the most reliable procedure. Increasingly, DFT
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computations can help in identification and in assigning

lines in the spectra.

If the EPR spectrum is much too broadened or untypical,

which may be caused by coupling to a nearby metal centre,

both approaches discussed above may fail. This problem

was solved in the identification of the tryptophanyl radical

in cytochrome c peroxidase by resorting to ENDOR experi-

ments on isotopically substituted samples [83]. In this case,

weak exchange coupling to the oxyferryl heme suffices to

spoil EPR resolution but does not significantly influence the

apparent hyperfine couplings observed in the ENDOR

experiments. As an additional benefit of a full analysis of

the hyperfine structure, it could be shown that the species is

a k cation radical rather than a neutral tryptophanyl radical.

Another instance of a featureless EPR line is the trypto-

phanyl tryptophyl-semiquinone intermediate of methyl-

amine dehydrogenase [34]. Here, ESEEM spectroscopy

was applied to measure 14N hyperfine and nuclear quadru-

pole couplings and isotope substitution of 14N by 15N in the

substrate served to prove that the semiquinone exist in the

N-form with a substrate-derived imine-nitrogen.

4.2. Separation of several species

For some radical enzymes, it has been suggested that

their mechanism involves the transfer of the unpaired

electron via several residues over distances of some 10 Å

[1]. Freeze-quenched samples may then contain several

radical species whose EPR spectra overlap. A case in point

are observations on the E441Q mutant of the R1 subunit of

the E. coli class I ribonucleotide reductase [84]. At a

temperature of 20 K, the high-frequency (140 GHz) stimu-

lated echo-detected EPR spectrum of a freeze-quenched

reaction mixture with cystidine 5V-diphosphate exhibits a

superposition of at least two spectral components, one of

which could be assigned to a tyrosyl radical 1 based on its g

tensor principal values. Increasing the temperature to 60 K

results in suppression of the tyrosyl contribution due to fast

relaxation of the electron spins induced by the nearby

diferric cluster. This suppression of fast-relaxing compo-

nents is a feature of the stimulated echo sequence used for

detection. The spectrum at 60 K still consists of two

components which could be separated by their kinetics by

measuring samples quenched at different waiting times after

preparing the reaction mixture. One of the components was

identified as a disulfide radical which is probably involved

in the normal reaction pathway of this enzyme, while the

second component may be a ketyl radical that is not on this

pathway. Relaxation contrast as used in this example might

also become a valuable tool for separating contributions of

organic radicals from those of paramagnetic metal centres.

4.3. Radical quantification and reaction kinetics

Understanding mechanism and function of radical

enzymes requires some information on radical concentration
and lifetime. Absolute measurements of radical concentra-

tions are usually performed by comparing the double

integral of the CW EPR spectrum of the enzyme radical

to the double integral of the spectrum an external standard,

such as a nitroxide radical [85]. The external standard

should be dissolved in a solvent that mimics as closely as

possible the dielectric properties of the enzyme sample.

Furthermore, measurement conditions, including position-

ing of the sample in the resonator, have to be exactly the

same for both samples. Saturation must be avoided for either

of the two samples. Adjustment of the phase and baseline

correction before integration are critical. Even if all these

precautions are taken, absolute concentrations determined

by EPR spectroscopy with external standards may deviate

from true values by up to f 30%, a fact that is sometimes

not appreciated.

Measurements of relative concentrations in a series of

spectra with the same line shape do not require double

integration, but can rather be done by comparing signal

amplitudes. This eliminates baseline uncertainty as a major

error source, so that data points in a kinetic trace can be

determined with a precision of f 5%.

Based on such measurements, it is possible to compare

the kinetics of formation and decay of EPR-detectable

radicals to the kinetics of metabolite formation and decay.

For instance, a semiquantitative kinetic analysis of EPR-

detectable tyrosyl radicals 1 in prostaglandin H synthase on

a minute time scale by a freeze-quench technique revealed

that these radicals are not catalytically competent intermedi-

ates in the cyclooxygenase activity of this enzyme [85].

Furthermore, this study indicated that, for the enzyme

reconstituted with Fe(III)-protoporphyrin IX, the radicals

are in some way related to peroxidase activity. In a study on

DNA photolyase, kinetics could be observed on a much

shorter time scale by time-resolved EPR techniques, since in

this case the reaction can be initiated by a light flash [86].

The observations suggests that the characteristic decay time

of the photoinitiated tryptophan radicals is not much longer

than the duration of the applied light flash (17 As).

4.4. Localisation of radicals

Identification of the structure of the radical is usually

insufficient for determining where exactly in the protein the

radical is generated. In the case of glycine radicals, this

question can be solved by fragmenting the peptide chain at

the radical site with oxygen and determining the terminal

sequences of the resulting fragments [82]. Another non-EPR

technique for identifying the residue that corresponds to an

amino acid radical is site-directed mutagenesis. It should be

noted, however, that mutation of residues close to the

catalytical centre may cause self-destruction of the enzyme

whether or not the residue is directly involved in the

electron transfer [1].

As primary radicals in enzymes are usually generated by

electron transfer from a metal centre, they are likely to be
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close to such a centre. Such proximity between the tyrosyl

radical and the dinuclear iron cluster cofactor was proved

for ribonucleotide reductase of E. coli by iron isotope

substitution (57Fe), which led to broadening of the signal

[87]. A more quantitative characterisation of this interaction

was achieved by analysing the enhancement of longitudinal

relaxation of the tyrosyl radical by the iron cluster [65]. An

interaction between a thiyl radical and the Cob(II)alamin

cofactor in ribonucleoside triphosphate reductase from Lac-

tobacillus leichmannii was indicated by observing changes

in the EPR spectrum on substituting cysteine by (h-2H-
cysteine) and by successful simulation of the EPR spectra

measured at X-band and Q-band with the same parameters

set for a two-spin model, whereas a single-spin model could

not fit the spectra [88].

A hitherto unused possibility of localising radicals in a

protein derives from site-directed spin labeling techniques,

in which selected residues are mutated to cysteins and a

thiol-specific nitroxide spin label is attached to them [89].

Distances up to 20 Å between two such labels can be

estimated from CW EPR spectra with small amounts (50–

100 pmol) of doubly spin-labeled protein. The same method

should be applicable to estimating the distance between a

native radical in an enzyme and one nitroxide label at a

known residue. Precise measurements of such spin-to-spin

distances between 20 and at least 50 Å and the character-

isation of distance distributions are possible with pulse EPR

methods [66,72]. Our own recent experiments indicate that

at least 5–10 nmol protein are required in this case.

Accessing such large distances would allow to use nitroxide

spin labels at residues that are sufficiently far removed from

the active centre, so that function is not influenced. Using

triangulation techniques [90], it may then be possible to

localise the radical with a precision of approximately 1–2 Å.

Such precision may still be insufficient for discussing

certain aspects of the structure–function relationship. A

case in point is the displacement of the tyrosyl radical

cofactor in ribonucleotide reductase in the active state

compared to the resting state [91]. By high-frequency (94

GHz) EPR on a single crystal it was possible to derive the

orientation of the g tensor principal axes and thus of the

molecular frame with respect to the crystal frame. Compared

to the X-ray crystal structure of the resting state, the tyrosyl

side chain is rotated by approximately 10j away from the

diiron centre, which probably corresponds to the breaking of

a weak hydrogen bond to the diiron site. This conforma-

tional change may be connected to the stabilisation of the

radical. It should be noted, however, that conformational

changes in protein crystals are likely to be smaller than in

vivo. This is because packing effects in the crystal may

restrict the freedom of flexible parts of the protein, as was

found by comparison of NMR and X-ray structures (for a

recent example, see Ref. [92]). By comparing structures of

proteins that have been crystallised in different unit cells, it

was found that amino acid side-chain conformations are

quite often influenced by such packing effects [93].
In the case of pyruvate formate-lyase activating enzyme a

precursor of an adenosyl radical could be precisely localised

by an Q-band ENDOR study on the [4Fe–4S]+ cluster in the

presence of S-adenosylmethionine (AdoMet) [94]. Addition

of AdoMet to the photoreduced enzyme results in a change

of the g tensor of the iron–sulfur cluster from rhombic to

nearly axial symmetry. Field-dependent 2H ENDOR (orien-

tation selection) using CD3-AdoMet and 13C ENDOR using
13CH3-AdoMet provided estimates for the distance of the

methyl group of AdoMet from the iron cluster, which in turn

suggested a structural model for the coordination and a

proposal for the mechanism of formation of the adenosyl

radical.

4.5. Control of the reaction mechanism by the radical

environment

Radical enzymes are studied with the ultimate goal to

understand how these natural systems catalyse chemical

reactions with high specificity and under mild conditions.

This is a complex problem which involves, among others,

questions about control of the spatial arrangement of educts

and catalytic centre, about fine-tuning of chemical poten-

tials, and about stabilisation of reactive intermediates. In the

context of radical enzymes, these questions are closely

related to differences in electronic structure and in mobility

between a freely diffusing radical with low molecular mass

on the one hand and a protein-bound or protein-embedded

radical on the other hand. To date, the mechanism of none of

the known radical enzymes appears to be understood in such

detail.

On the other hand, many tools for addressing the

underlying questions by EPR spectroscopy have been de-

veloped in the past few years and continue to be developed.

The sensitivity of the g tensor and of hyperfine tensors to

polarity of the environment and formation of hydrogen

bonds will allow for comparison of electronic structures in

different environments once a sufficiently large database is

established. For instance, protein-bound or -embedded semi-

quinone radicals appear to be stabilised by hydrogen-bond-

ing whose details differ between different proteins. A recent

multi-frequency EPR study of ubiquinol oxidase bo3 from

E. coli with ubiquinone selectively 13C-labeled at either the

1- or 4-carbonyl carbon demonstrates that the spin density

distribution is strongly asymmetric in this case, which may

be related to the direction of electron transfer via this

semiquinone [48]. DFT computations should be helpful

for understanding such differences and to relate them to

changes in chemical potential or, in the case at hand, to the

proposed ‘‘diode’’ function of the quinone in electron

transfer.

Insight into control of the reaction mechanism can also

be expected from the characterisation of the geometry of

intermediates by ENDOR or ESEEM spectroscopy and

from monitoring conformational changes between the rest-

ing state and the active state in protein crystals by high-field
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EPR or by combining site-directed spin labeling and EPR

distance measurements. The latter approach, which has been

fairly successful for other proteins [89], has the advantage

that it does not rely on protein crystals and may thus more

closely mimic the situation in vivo.

Finally, control of radical reactions in proteins is very

likely related to the restricted mobility of the radical. By

kinetic control, this restriction can prevent side reactions

which would be thermodynamically feasible. Concepts of

polymer dynamics and experimental data on protein dynam-

ics gathered by site-directed spin-labeling studies or by

NMR techniques could guide such work. It remains an

experimental challenge, however, to obtain high-field CW

EPR spectra of radicals in proteins with a sufficient signal-

to-noise ratio for line shape analysis.
5. Conclusion

EPR spectroscopy is the main technique for identifying

radicals in enzymes. Beyond that, advances in high-frequen-

cy and multi-frequency EPR spectroscopy, in DFT compu-

tations of hyperfine couplings and g tensors, and in the

application of ENDOR and ESEEM techniques to proteins

increasingly provide insight into interactions of these radi-

cals with the protein and with other cofactors. Character-

ising and understanding global and local conformational

changes in the enzyme and their relation to reaction control

may be one of the challenges for future EPR studies in this

field. The parallel development during the past few years of

site-directed spin-labeling and of EPR techniques for dis-

tance measurements may have created the tools for meeting

this challenge.
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[10] K. Möbius, Primary processes in photosynthesis: what do we learn

from high-field EPR spectroscopy? Chem. Soc. Rev. 29 (2000)

129–139.

[11] W. Lubitz, F. Lendzian, R. Bittl, Radicals, radical pairs and triplet

states in photosynthesis, Acc. Chem. Rev. 35 (2002) 313–320.

[12] F. Rappaport, J. Lavergne, BBA Bioenerg. 1503 (2001) 246–259.

[13] R.P. Pesavento, W.A. Van Der Donk, Tyrosyl radical cofactors, Adv.

Protein Chem. 58 (2001) 317–385.

[14] G.J. Gerfen, B.F. Bellew, S. Un, J.M. Bollinger, J.A. Stubbe, R.G.

Griffin, D.J. Singel, High-frequency (139.5 GHz) EPR spectroscopy

of the tyrosyl radical in Escherichia coli ribonucleotide reductase,

J. Am. Chem. Soc. 115 (1993) 6420–6421.

[15] A. Ivancich, P. Dorlet, D.B. Goodin, S. Un, Multifrequency high-field

EPR study of the tryptophanyl and tyrosyl radical intermediates in

wild-type and the W191G mutant of cytochrome c peroxidase, J. Am.

Chem. Soc. 123 (2001) 5050–5058.

[16] S. Un, C. Gerez, E. Elleingand, M. Fontecave, Sensitivity of tyrosyl

radical g-values to changes in protein structure: a high-field EPR

study of mutants of ribonucleotide reductase, J. Am. Chem. Soc.

123 (2001) 3048–3054.

[17] K.K. Andersson, A.L. Barra, The use of high field/frequency EPR in

studies of radical and metal sites in proteins and small inorganic

models, Spectrochim. Acta, A Mol. Spectrosc. 58 (2002) 1101–1112.

[18] M. Bennati, C.T. Farrar, J.A. Bryant, S.J. Inati, V. Weis, G.J. Gerfen,

P. Riggs-Gelasco, J. Stubbe, R.G. Griffin, Pulsed electron-nuclear

double resonance (ENDOR) at 140 GHz, J. Magn. Reson. 138

(1999) 232–243.
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