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Abstract

This short review compiles high-field electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) studies on

different intermediate amino acid radicals, which emerge in wild-type and mutant class I ribonucleotide reductase (RNR) both in the reaction

of protein subunit R2 with molecular oxygen, which generates the essential tyrosyl radical, and in the catalytic reaction, which involves a

radical transfer between subunits R2 and R1. Recent examples are presented, how different amino acid radicals (tyrosyl, tryptophan, and

different cysteine-based radicals) were identified, assigned to a specific residue, and their interactions, in particular hydrogen bonding, were

investigated using high-field EPR and ENDOR spectroscopy. Thereby, unexpected diiron-radical centers, which emerge in mutants of R2

with changed iron coordination, and an important catalytic cysteine-based intermediate in the substrate turnover reaction in R1 were

identified and characterized. Experiments on the essential tyrosyl radical in R2 single crystals revealed the so far unknown conformational

changes induced by formation of the radical. Interesting structural differences between the tyrosyl radicals of class Ia and Ib enzymes were

revealed. Recently accurate distances between the tyrosyl radicals in the protein dimer R2 could be determined using pulsed electron–

electron double resonance (PELDOR), providing a new tool for docking studies of protein subunits. These studies show that high-field EPR

and ENDOR are important tools for the identification and investigation of radical intermediates, which contributed significantly to the current

understanding of the reaction mechanism of class I RNR.

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

Ribonucleotide reductase (RNR) is a long known and

probably the best-investigated radical enzyme. It catalyses

the reduction of ribonucleotides to deoxyribonucleotides

(Fig. 1), which is the rate-limiting step of DNA synthesis
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Abbreviations: EPR, electron paramagnetic resonance; ENDOR,

electron nuclear double resonance; RNR, ribonucleotide reductase; R2,

subunit of class I RNR, which carries the diiron site and the active tyrosyl

radical; R1, subunit of class I RNR, which binds the substrate; hf,

hyperfine; g, electronic g-tensor with principal values gx, gy, and gz;
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[1–5]. Therefore, RNR is an important target for cell growth

control, and several RNR inhibitors are being used, or have

been proposed, as drugs for chemotherapeutic treatment of

cancer and virus infections based on radical scavenging,

substrate analogues, or on peptidomimetic inhibitors [4–8].

Three main classes of RNRs have been described, classified

according to the radical generator driving the catalytic

reaction [4,8–13]. Class I enzymes produce a stable tyrosyl

radical on one protein subunit in a reaction of a dinuclear

iron center with molecular oxygen [1–5]. The Class II

enzymes use the cofactor cobalamin for radical generation

[4,12–14]. A thiyl radical, strongly coupled to the cobalt

ion of the cobalamin, was reported to be the active radical,

which drives substrate turnover in class II RNR [12,13].

Class III enzymes are strictly anaerobic and form a stable

glycyl radical with the help of an iron–sulfur protein and S-

adenosyl methionine [9–11,15]. Two landmarks for the
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investigation of the last two classes were the X-ray structure

analysis for the anaerobic class III enzyme in 1999 by

Logan et al. [15] and recently, in 2002, also for the class

II enzyme by Sintchak et al. [14].

Class I enzymes are found in practically all eukaryotic

organisms, from yeast and algae to plants and mammals,

and some prokaryotes and viruses also express this type.

Class I RNR of E. coli was mostly used for studying

structure/function or/reactivity relationship by investigating

the wild-type and various mutants (for reviews, see Refs.

[1–5,8]). It consists of two homodimeric proteins, R1 and

R2, see Fig. 1 [1–5]. While the substrate turnover reaction

is performed in R1, the role of protein R2 is to harbor in the

active state a tyrosyl radical, Y122
S

(E. coli numbering),

which is needed for starting the catalytic reaction in R1 (see

Fig. 1). The tyrosyl radical is located close to a diferric iron

center, which couples antiferromagnetically to form an S = 0
Fig. 1. X-ray structure of ribonucleotide reductase subunits R1 (gold) with bound

FeIII (yellow) with bridging oxygen and terminal water ligands (red), histidine ligan

Relative arrangement of both subunits in analogy to Sjöberg [1]. Bottom: Reduc
ground state. The X-ray structures have been determined

separately for R2 [16] and also for R1 with substrate and

one affector bound [17], see Fig. 1.

Catalytic models have been proposed based on these

structural data. Catalytic activity requires a holoenzyme

complex R1–R2, the structure of which is yet not known

in detail. The catalytic reaction in R1 is believed to involve

a coupled electron/proton (H
S

radical) transfer via a con-

served hydrogen-bonded pathway from the tyrosyl radical

Y122
S

in protein R2 to cysteine C439 in R1 (E. coli

numbering). In R2, the pathway is made up of the iron

ligands D84 and H118, and continues via D237 and W48,

which is located close to the protein surface. In R1, two

tyrosines Y730 and Y731 and cysteine C439, which is at the

substrate binding site, are involved in the pathway, see Fig.

2 and Refs. [1–5,8,18–21]. The substrate turnover reaction

in R1 is proposed to be initiated by a thiyl radical on C439
substrate GDP and oxidized met R2 (blue) from E. coli [16,17,49]. The two

ds, and the tyrosine Y122 (cyan) in R2 and GDP (blue) in R1 are indicated.

tion of a nucleotide to a deoxynucleotide.



Fig. 2. Structure of the diiron site with tyrosine Y122 in RNR subunit R2

[16,49] (blue) of E. coli, and of the substrate binding site in subunit R1 [17]

(gold) with bound substrate guanine diphosphate (GDP). The dashed line

indicates the proposed reversible electron/proton (H
S

) transfer pathway

along a network of conserved and hydrogen-bonded amino acid residues,

which connect the diiron site in R2 with C439 at the substrate binding site

in R1; see text and Refs. [1–5,8].
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[3–5,8,19,21], which is generated in a radical transfer

reaction from Y122
S

in R2, which thereby transiently trans-

fers its radical character to C439 and becomes reduced to

Y122-OH. The putative thiyl radical C439
S

then abstracts a

hydrogen atom from the substrate [3,4,8,19]. In the course

of the substrate turnover, a disulfide bridge is formed

between C225 and C462 at the active site in R1 (Fig. 2)

that must be reduced before a new substrate can bind. This

is accomplished by the hydrogen donor proteins, thiore-

doxin or glutaredoxin, via a second disulfide bridge located

on the surface of R1 [1–5,8,21]. After formation of the

product (deoxyribonucleotide) and its release from R1, the

radical transfer reaction is proposed to perform in the

opposite direction, thereby restoring the initial tyrosyl

radical Y122
S

in R2 [1–5,8].
In class I RNR, so far, no intermediate amino acid

radicals have been observed during the catalytic reaction

in the wild-type enzyme along the proposed pathway (Fig.

2). Neither was the proposed thiyl radical at C439 directly

observed. The involvement of this thiyl radical was, how-

ever, based on strong indirect evidence: In class II RNR a

thiyl radical, coupled to cobalamin, close to the substrate

has been observed [12,13]. Studies on class I RNR, using

mechanism-based inhibitors, which substituted the sub-

strate, showed that inhibitor radicals were generated in

subunit R1 at the expense of the tyrosyl radical in subunit

R2, in accordance with a reaction scheme assuming a thiyl

radical at C439 [1,8]. Mechanistic models for the observed

electron/proton (radical) transfer between R2 and R1 have

been proposed [1–5,8,20]. The role of protein fluctuations

involving simultaneous switching of several hydrogen

bonds was emphasized to explain the experimental findings

in wild-type and mutant RNR of E. coli [22,23]. More

rigorous density functional theory (DFT) calculations have

been performed for characterizing individual steps of the

proposed electron/proton transfer reaction along the hydro-

gen-bonded amino acid chain [20].

The tyrosyl radical in subunit R2 is generated via the

reductive cleavage of molecular oxygen at the diiron center

either from reacting the apoprotein with FeII solution and

molecular oxygen (reconstitution), or from reacting the

diferrous R2 with molecular oxygen [5,24–26]. In the

course of this reaction, a high-valent FeIIIFeIV intermediate

‘‘X’’ [27,28] is formed, probably via a peroxo-diiron inter-

mediate [29], which finally oxidises tyrosine Y122 to the

radical form Y122
S

, turning the diiron cluster into the

antiferromagnetically coupled diferric state [25–30]. The

oxygen molecule is split, one oxygen is found as A-oxo-
bridge between the two irons [1]. Different amino acid

radicals and diiron states, which emerge as intermediates

during this reaction, have been studied in wild-type R2 and

in a variety of mutants [31–36]. The iron-oxygen reconsti-

tution reaction requires an extra electron [1,5,26,35–37],

which comes from an external source, and it has been

proposed that this electron transfer pathway in R2 could

be similar to that for the catalytic transfer reaction between

Y122
S

in R2 and C439 in R1 [31,35–38].

Radicals are involved in the three reactions of class I

RNR: (i) during the generation of the essential tyrosyl

radical in a reaction of the diferrous iron center with

molecular oxygen [1,26,31–38], (ii) in the radical transfer

reaction [1–5,35,36] from the tyrosyl radical Y122
S

in R2

to the putative thiyl radical in R1, which is prerequisite for

staring substrate turnover [1,4,5,8,20], and (iii) in the

catalytic cycle of substrate turnover, which is started by

the putative thiyl radical at C439, and where intermediate

radicals of substrate or substrate analogues and amino acid

based radicals have been observed [3,8,39,40].

In all these reactions, identification and characterization

of the structure and interactions of radicals, which emerge

as intermediates in wild-type and in mutants of RNR, is of



Fig. 3. Molecular structures of the tyrosyl (top) and tryptophan (bottom)

radicals with numbering schemes. The large outer numbers are the pz-spin

densities at the respective carbon, oxygen and nitrogen nuclei, deduced

from the experimental hyperfine coupling tensors (see text). The
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key importance for understanding the mechanism. High-

field electron paramagnetic resonance (EPR) and electron

nuclear double resonance (ENDOR) spectroscopy have

proven to be powerful tools for the investigation of pro-

tein-based radicals [40–48]. There are several reviews on

the structure and function of RNR from the three classes

[1–5,8]. The present paper gives a brief summary focusing

on the different amino acid radicals, which emerge in wild

type and mutants of class I RNR. Selected examples are

presented to show how amino acid radicals can be identi-

fied, and assigned to specific residues, and their structure

and interaction (e.g. hydrogen bonds) with the protein

environment can be investigated by ENDOR and high-field

EPR spectroscopy on frozen protein solutions. Furthermore,

high-field EPR experiments on RNR single crystals [49]

yield information on the structure and orientation of the

tyrosyl radical in the active enzyme, so far not available

from X-ray crystallography.

orientations of the g-tensor axes (right) coincide with the molecular axes

for the tyrosyl radical [53]. For the tryptophan radical, the gx-axis forms an

angle of c 20j with the molecular x-axis, as indicated [44].
2. Molecular parameters measured by EPR and

ENDOR on radicals

EPR and ENDOR spectroscopy deliver information on

the electronic structure of a radical, in particular on its g-

factor and the hyperfine interactions between the unpaired

electron and the magnetic nuclei of the radical [50–57]. The

experimental spectra are interpreted based on the spin

Hamilton operator

H ¼ lSgBþ
X

k

ðlNkIkgNkBþ SAkIk þ IkQkIkÞ ð1Þ

where l and lNk are the electron and nuclear magnetons,

respectively, B is the applied magnetic field, and S and I are

the respective electron and nuclear spin operators. g is the

electronic g-tensor which is anisotropic with principle

values gx, gy, and gz, and which results from spin-orbit

coupling of the unpaired electron in the radical. Therefore,

these g-tensor values are a fingerprint for the respective type

of radical (see below). The orientation of the g-tensor

principle axes, x, y, and z reflects the orbital symmetry of

the radical. For a tyrosyl radical, these have been determined

from experiments on irradiated tyrosine single crystals [53]

and are shown in Fig. 3. Ak are the hyperfine (hf) coupling

tensors of the different magnetic nuclei k with nuclear spin

I > 0 in the radical, which have principal components Axk,

Ayk, Azk. The orientations of their principle axes are often

collinear with local bond axes and do in general not coincide

with the principle axes of the g-tensor. The isotropic part of

a particular hyperfine tensor (Aisok=(Axk + Ayk + Azk)/3)

reflects the unpaired electron spin density in the s-orbital

of the respective nucleus, from which the spin density in the

pz-orbital of nucleus k or, in case of hydrogen nuclei, the pz-

orbital of the neighboring carbon or nitrogen nucleus in the

radical can be deduced [54,55,57]. Evaluation and assign-

ment of all observed hf-tensors reveals in detail the distri-
bution of the unpaired electron in the radical [50–53]. For

nuclei with spin Iz 1 (e.g. 14N with nuclear spin I = 1) the

nuclear quadrupole coupling tensor, Qk, has to be consid-

ered [56,57], which results from interaction of the nuclear

electric quadrupole moment with the electric field gradient

tensor at the nucleus, generated by the charge distribution of

all electrons.

Most EPR and ENDOR experiments are performed on

frozen protein solutions or single crystals at low temper-

atures. Therefore, the anisotropy of the above mentioned

interactions is observed in the spectra. It should be noticed

however, that at least for larger proteins (molecular weight

larger than 10 000 Da) the time scale of rotation in liquid

solution is slow compared with the frequency scale of

hyperfine interactions and g-anisotropy, so that ‘‘immobi-

lized spectra’’ are expected also from liquid protein solu-

tions. The observed EPR spectrum of a protein-based radical

is therefore the superposition of spectra from all different

orientations of the radical with respect to the orientation of

the external magnetic field. Thereby the g-tensor gives rise

to orientation-dependent resonance positions (in analogy to

the chemical shift tensor in NMR), whereas the hf-tensors

Ak lead to orientation-dependent splitting in the spectrum.

The quadrupole interaction is in first order not observed in

EPR, but is observed in ENDOR for all nuclei with

spin Iz 1. At conventional EPR frequency (9.5 GHz

corresponding to a field of 0.34 T), the effects of g-

anisotropy and hyperfine splitting in the spectra are often

of the same order of magnitude, and consequently not all

parameters can be obtained from the EPR spectrum. In these

cases, it is advantageous to apply high-frequency/high-field

EPR (e.g. 94 GHz, corresponding to a field of 3.35 T) to

separate the g-components in the spectra thereby increasing

the spectral resolution.
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An alternative technique to improve spectral resolution is

ENDOR. In this technique, the intensity of an EPR signal is

monitored as function of an irradiated frequency in the

range of nuclear spin transitions (NMR), thereby enabling

to obtain the NMR spectrum of the paramagnetic species

with good spectral hyperfine resolution even in cases of

poorly resolved EPR spectra [48,50–57]. At conventional

9.5-GHz EPR frequency, usually all orientations of a radical

species contribute to the ENDOR spectrum recorded for the

center of the EPR spectrum, which leads to a ‘‘powder

pattern’’ line shape for all ENDOR transitions. In this case

for 1H (I = 1/2) nuclei, pairs of spectral features (turning

points or peaks in absorption mode, peaks and zero cross-

ings in derivative mode) are observed for each of the three

principal components Aj ( j = x, y, z) of a hyperfine tensor

according to the first order ENDOR resonance condition

mFðENDORÞj ¼ AmNFðAj=2ÞA ð2Þ

and the full hyperfine (hf) tensors can be obtained from the

ENDOR spectra. The spectral lines are in first order spaced

symmetrically around the nuclear Zeeman frequency mN
(for 9.5-GHz EPR, this is 14.4 MHz for 1H) in case of mN
>jAj/2j, or around the respective hyperfine value Aj/2, in

case of mN < jAj/2j [28,50,57]. For nuclei with spin Iz 1,

the quadrupole interaction IkQkIk in Eq. (1) leads to an

additional splitting in the ENDOR spectra. For 14N with

nuclear spin I = 1, an additional term of F 3Qj/2 is

obtained for the ENDOR resonance condition, Eq. (2),

where Qj is the value of the quadrupole tensor Q for the

respective axis ( j = x, y, or z) [56,57]. These first order

terms are usually appropriate for the case of free radicals.

However, spectra recorded at low fields may require

second order corrections [57]. Additional terms describing

spin coupling may be required for Eq. (1) in case of

radicals interacting with a metal center [13].

Particularly useful is the combination of high-field EPR

with ENDOR. At high magnetic field, the g-tensor compo-

nents are well separated in the EPR spectra, and ENDOR

spectra recorded for the outermost low-field and high-field

EPR positions correspond to the x- and z-orientations of the

g-tensor. In this way, ENDOR spectra are obtained, which

correspond to certain molecular orientations, even from

solution samples, and relative orientations of g- and hf-

tensor axes can be obtained with good accuracy. This

technique has been applied to the tyrosyl radical in class I

RNR from E. coli and yeast [45,47,48].

Angular dependent high field EPR spectra recorded

from protein single crystals, which are rotated in the

external field, enable not only the determination of tensor

principal values, but also the determination of g- and

hyperfine tensor axes orientations for a radical with respect

to the crystal symmetry axes. This has been achieved for

the RNR R2 protein of E. coli in one study, revealing the

amount of reorientation of the tyrosyl radical as compared

with the X-ray structure of the protein with the normal

reduced tyrosine [49].
The above mentioned EPR and ENDOR techniques can

be applied in continuous wave (cw) mode, when usually

first derivative mode spectra are recorded. In many cases,

pulsed EPR and ENDOR techniques are experimentally

advantageous, where the intensity of a spin echo signal is

monitored leading to absorption mode spectra. Both tech-

niques yield essentially the same spectral information on

g- and hyperfine tensors. Pulse EPR techniques require,

however, microwave pulses, which are short compared

with the spin relaxation times of the investigated radical,

T1 (longitudinal) and T2 (perpendicular). In a simple two

pulse spin echo experiment, a first short microwave pulse

(90j pulse) generates magnetization perpendicular to the

magnetic field, which decays due to phase decoherence

with time constant T2. After time s, a short second pulse

(180j pulse) is applied, which refocuses the magnetiza-

tion, leading to a short strong spin echo signal at time s
after the refocusing pulse. Spectra may be obtained by

recording the echo signal intensity as function of the

magnetic field. The intensity of the echo signal decays

due to spin relaxation during the time interval between the

first pulse and the echo (2s) with the time constant T2.

This offers an elegant method to discriminate between

signals from two species having different T2 values by

using appropriate s values (see below). A variety of

advanced pulse EPR and ENDOR techniques has been

developed, some of them using one or two dimensional

Fourier transformation of the recorded modulated time

traces. A detailed description of pulse-EPR and ENDOR

techniques is beyond the scope of this article and the

reader is referred to Refs. [58–61].

A new and promising pulse EPR technique, pulsed

electron–electron double resonance (PELDOR), shall be

mentioned, which enables determination of small dipolar

interactions between two radical species, from which the

accurate distance between the two species can be obtained.

This can provide important information, e.g. on docking of

protein subunits, which cannot be co-crystallized. For this

technique, the reader is referred to Refs. [61,62].
3. The tyrosyl radical in class I wild-type RNR

The tyrosyl radical Y122
S

(Fig. 3) in class Ia RNR of E.

coli was first detected by EPR by Ehrenberg and Reichard in

1972 [63] and unambiguously identified as tyrosyl radical

by Sjöberg et al. [64] using selective isotope labeling of the

tyrosines in the enzyme.

3.1. Hyperfine structure of tyrosyl radicals in RNR

The hyperfine structure of the tyrosyl radical Y122
S

in

R2 of E. coli has been characterized in detail by ENDOR

[47,51,52]. 9.5 GHz-ENDOR spectroscopy was first applied

on Y122
S

in RNR of E. coli by Bender et al. [52] and

Hoganson et al. [51] to obtain the hf tensors from the tyrosyl
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ring protons and the h-protons of the side chain (Fig. 3). An

extensive 140-GHz ENDOR study on Y122
S

has been

performed more recently, yielding the relative orientations

of g- and hyperfine tensors, and accurate values for the

small hf-tensors of the ring protons at positions 2 and 6 and

for the small hf-tensor of the second h-proton of the side

chain [48]. These studies yielded a detailed picture of the

spin density distribution of this tyrosyl radical. Fig. 3 shows

the molecular structure and the major spin densities [51]

deduced from ENDOR on Y122
S

of E. coli. The measured

hf-tensor components are collected in Table 1.

Tyrosyl radicals have been studied also from class I

RNR of other organisms. ENDOR studies have been

performed at 35 GHz on Y177
S

of the mouse enzyme

[65]. In recent years the structure and function of yeast

RNR have been investigated, which exhibits a heterodi-

meric Y2Y4 protein structure [45,66,67]. Its tyrosyl radical

has been extensively investigated by ENDOR performed at

140-GHz EPR frequency [45]. For both radicals, the

relative orientation of the axes of the g- and hf tensors

was obtained. A particular important finding was in both

these enzymes from mouse and yeast, the presence of a

hydrogen bond to the tyrosyl CMO group, as proven by
2H-ENDOR on samples exchanged in 2H2O [45,65]. This

was in contrast to the tyrosyl radical in E. coli, which is not

hydrogen-bonded (Refs.[45,65], see below).

Furthermore, tyrosyl radicals in RNR of plants [68,69]

and of a variety of microorganisms and also viruses have

been studied [65,70–76]. Of particular interest was the

observation of different hyperfine values, Aiso(Hh1,2), for

the side chain h-protons of the tyrosyl radicals from

different organisms (Table 1). Three groups of tyrosyl

radicals were observed. One group of radicals, e.g. in E.
Table 1

Hf tensor principal values [mT] of tyrosyl radicals in class I RNR from selected

Tyrosyl radical, organism Ax (3,5)
a Ay (3

Y
S

, E. coli [51]d � 0.95 � 0.3

Y
S

, E. coli [48]d � 0.94 � 0.2

Y
S

, E. coli [44]d � 0.96 � 0.2

Y
S

, yeast [45]d � 1.00 � 0.4

Y
S

, mouse [44]d � 0.91 � 0.4

� 0.75 � 0.4

Y
S

, mouse [71]d � 0.91 � 0.4

� 0.73 � 0.4

Y
S

, Arabidopsis thaliana [68,69]d n.g.f n.g.f

Y
S

, Mycobacterium Tuberculosis [72]g � 1.17 � 0.1

Y
S

, Salmonella thyphimurium [73]g � 1.15 � 0.2

a The hyperfine tensor principal axes x and y for the protons at positions 3

(position 5) with respect to the g-tensor x- and y-axes [44,45,47,51,73]. Hyperfine

and 0.08 mT for all tyrosyls [45,48,51] and correspond to a small negative spin
b z-axes of hyperfine tensors of position 3 and 5 and g-tensor z-axis are collin
c Isotropic values Aiso = 1/3(Ax +Ay +Az).
d Class Ia RNR.
e Estimated dihedral angles h from Eq. (3) using qC1

k = 0.38–0.39 and BUc 5.

coli, and yeast: h1c�10j–� 20j, h2c+ 110j– + 100j; for mouse and A. thal

class Ib enzymes of M. tuberculosis and S. thyphimurium, h1c� 50j, h2c+ 70
f Values not given in Refs. [68,69], but reported to be similar as for mouse [6
g Class Ib RNR.
coli [51,52] and yeast [45], exhibited only one large

hyperfine coupling of approximately 2.0 mT from one h-
proton of the side chain. Another group of radicals, e.g. in

mouse, Herpes simplex virus (HSV1) [65], and Arabidopsis

thaliana [68,69] exhibited one large, and one small hyper-

fine coupling (1.8–2.0 mT, and 0.6–0.7 mT) from both of

the h-protons of the side chain. A third group of tyrosyl

radicals, e.g. in Mycobacterium tuberculosis [72], Salmo-

nella typhimurium [73], and Corynebacterium ammonia-

genes [74], exhibits only one small h-proton hyperfine

coupling of 0.8–0.9 mT (see Table 1).

The first two of these groups belong to class Ia

enzymes, which are found in mammals, plants, yeast,

DNA viruses and in E. coli; the third group belongs to

class Ib enzymes, which are found only in prokaryotic

organisms and which differ also in their pattern of alloste-

ric regulation [77].

It was found that the overall spin density distributions of

the tyrosyl radicals from all three groups in both classes Ia

and Ib were very similar [51,72]. The large difference of

the hyperfine couplings of the h-protons was instead

attributed to a different geometry of the tyrosyl side chains

(Ref. [51], see Fig. 3). The isotropic part Aiso of the

hyperfine coupling of a h-proton does not only depend

on the spin density of the adjacent carbon of the ring

system (C1, see Fig. 3, and chapter 2), but, in addition,

there is a strong dependence on the geometry of the side

chain according to

AisoðHb1;2Þ ¼ qp
C1½BVþ BWcos2ðhÞ� ð3Þ

where qp
C1 is the k-spin density at carbon C1, and h is the

dihedral angle between the respective h-proton and the pz-
organisms

,5)a Az (3,5)
b Aiso(Hh1)

c Aiso(Hh2)

0 � 0.70 2.01e � 0.01

9 � 0.69 1.97e 0.04

8 � 0.70 2.06e < 0.2

0 � 0.60 2.12e 0.29

4 � 0.66 2.06e 0.59

9 � 0.58

4 � 0.66 2.06e 0.59

8 � 0.58

n.g.f 1.80e 0.7

9 � 0.71 0.84e 0.2

5 � 0.71 0.91e < 0.3

and 5 (Fig. 3) are rotated by approximately + 25j (position 3) and � 25j
tensor components Ax,y,z for positions 2 and 6 are approximately 0.18, 0.27,

density of � 0.08 at carbons 2 and 6 [51]. 1 mT= 28.0 MHz.

ear (see Fig. 3).

24–5.7 mT [51,78] are for the tyrosyl radicals in the class Ia enzymes of E.

iana, h1c+ 10j– + 20j, h2c+ 130j– + 140j; and for the radicals in the

j. Angles are defined with respect to the pz axis, see Fig. 6B.

8,69].



Table 2

g-tensor principal values of tyrosyl and tryptophan radicals in class I RNR

from selected organisms

Radical, organism

(class)

gx
a gy

a gz
a References

Y
S

, E. coli (Ia) 2.00912 2.00457 2.00225 [42,48]

Y
S

, E. coli (Ia) 2.00912 2.00454 2.00219 [49]

Y
S

, yeast (Ia)b 2.00770 2.00435 2.00229 [45]

Y
S

, mouse (Ia)b 2.0076 2.0043 2.0022 [65,71]

Y
S

, mouse (Ia)b 2.0076 2.0044 2.0021 [44]

Y
S

, Herpes simplex

virus (HSV1) (Ia)b
2.0076 2.0043 2.0022 [65,71]

Y
S

, Arabidopsis

thaliana (Ia)

2.0078 2.0043 2.0022 [68,69]

Y
S

, Mycobacterium

tuberculosis (Ib)

2.0092 2.0046 2.0022 [70,72]

2.0080

Y
S

, Salmonella

Thyphimurium (Ib)

2.0089 2.0043 2.0021 [73]

W111
S

, E. coli Y122F 2.0033c 2.0024 2.0021 [44]

W177
S

, mouse Y177W 2.0035c 2.0025 2.0023 [44]

a For the tyrosyl radicals, high gx-values (c 2.0092) indicate a

hydrophobic environment, low gx-values (c 2.0076) indicate a hydrogen

bond to the tyrosyl oxygen; see text [41 –45,65,70 –73,82]. The

orientations of the corresponding tensor principal axes for the tyrosyl

radical [53] are shown in Fig. 3.
b A hydrogen bond to the tyrosyl oxygen was verified by 2H-ENDOR

spectroscopy [45,65].
c Tryptophan neutral radicals, both hydrogen-bonded at the nitrogen

[33,34]. The gx-axis is rotated c 20j with respect to the molecular x-axis

[44], see Fig. 3.
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axis [51]. BV and BU are empirical constants, where BV is
usually assumed to be zero and BU has a value of 5.24–5.7

mT [51,78]. Estimated side chain orientations, deduced

from the experimental Aiso(Hh1,2) values, are given in Table

1, caption. It has been proposed that different side chain

orientations might effect the redox potential, thereby influ-

encing the reactivity [79]. Theoretical studies [78] showed

that the side chain geometries of the tyrosyl radicals Y122
S

in E. coli RNR and of the tyrosyl radical in class Ib RNR,

which is very similar to the dark stable YD
S

in plant PSII

[80], correspond to two energetic minima. However, there

was a shallow broad energy minimum calculated for a large

range of side chain orientations [78] similar to that of the

class Ib tyrosyls, indicating that the actual side chain

geometry for a given species seems largely determined

by protein constraints.

It is interesting that in all class Ia RNR enzymes, the

tyrosyl radicals exhibit similar side chain orientations

(deviations are max. F10j, see Table 1, caption), whereas

in class Ib enzymes the tyrosyl side chain orientation is

c 40j different from that in E. coli and similar to that of

the tyrosyl radical YD
S

in plant PS II [51,72,80]. It has

been concluded from EPR experiments that in class Ib the

tyrosyl radical is in a more rigid protein pocket [72] as

compared with class Ia. Comparison of the X-ray structures

showed that in class Ib RNR of S. typhimurium the site of

the active tyrosine is 6.5–7.0 Å away from the diiron

center, whereas this distance is only c 5.0 Å in class Ia E.

coli [16,75,76]. In class Ib there is a water molecule

between the radical site and the aspartate ligand of Fe1,

which is absent in class Ia [16,75,76]. This explains the

different EPR relaxation behaviour found for class Ia and

class Ib tyrosyl radicals [45,51,65,68–74]. Possible func-

tional implications of this finding are still under debate

[72–76].

3.2. g-tensor of tyrosyl radicals in RNR

The three principal components, gx, gy, gz, of the g-tensor

of the tyrosyl radical are only resolved in EPR spectra

recorded at frequencies at least 10-fold higher than conven-

tional X-band frequency (9.5 GHz). First accurate determi-

nation of the g-tensor for a tyrosyl was performed by Gerfen

et al. [42] on Y122
S

of E. coli using 140-GHz high-field

EPR spectroscopy.

Unlike the hyperfine couplings, which reflect the local

spin densities at the respective nuclei, the g-tensor of an

aromatic k-radical is an integral property of its wave

function. Deviations of the principal values of the g-tensor

from the free electron value ( ge = 2.0023193) result from

spin orbit coupling, and are in k-radicals pronounced only

for the in plane tensor components gx and gy, whereas the

out-of-plane component gz is close to the free electron value

[81] (for axes, see Fig. 3). Since the spin orbit coupling

constants, n, increase with the atomic weight (n = 28, 76,
and 151 cm� 1 for C, N, and O, respectively; Ref. [54]), the
deviations from the ge-value are in organic radicals partic-

ularly large when large spin densities occur on heavier

atoms, like oxygen.

It was observed by several groups that the gx component

of tyrosyl radicals in class I RNR has not the same value

for all organisms [41–45,65,70–74,82,83]. Table 2 sum-

marizes g-tensor values for tyrosyl radicals from selected

class Ia and Ib RNRs. It is obvious that there are two

groups of tyrosyl radicals, one with gx-values around

2.0076, another group with gx-values around 2.0089–

2.0092. Fig. 4 shows a comparison of the 94-GHz EPR

spectra of the tyrosyl radical Y122
S

in E. coli with that of

the respective analogue, Y177
S

, in the mouse enzyme

(adopted from Ref. [83]). The gx-value is shifted from a

high value (c 2.0092) in E. coli to a significantly lower

value (c 2.0076) in mouse (Table 2). It has been shown,

both experimentally and theoretically, by several laborato-

ries [41,44,45,65,70–73,82,84] that the value of the gx-

component of the tyrosyl radical is sensitive to electrostatic

interactions and in particular to hydrogen bonds between

the CMO group of the tyrosyl and the protein environment

[43,44,48,65,70,82]. The different gx-values indicate that

Y122
S

in E. coli is located in a hydrophobic pocket and is

not hydrogen-bonded, whereas Y177
S

in mouse exhibits a

hydrogen bond at its carbonyl group [44,45,65,68]. The

hydrogen bonds for Y177
S

in mouse and for the tyrosyl

radical in yeast have been unambiguously confirmed by 2H



Fig. 4. 94-GHz EPR spectra of the catalytically active tyrosyl radicals

Y122
S

in RNR subunit R2 of E. coli and Y177
S

in mouse RNR (adopted

from Ref. [83]). Experimental conditions: microwave power ( PmW), 5

AW; modulation amplitude (ma), 0.4 mT; T= 20 K. Dotted lines:

simulated spectra using a program, described in Refs. [33,44]. The shift

of the gx-component in Y177
S

was attributed to a hydrogen bond; see text

and Ref. [65].
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ENDOR spectroscopy performed at 35 GHz [65] and at

140 GHz [45], respectively.

When comparing the g- and hyperfine values of the

tyrosyl radicals in the different organisms depicted in Tables

1 and 2, there seems to be no obvious correlation between

hydrogen bonding of the tyrosyl CMO group and the side

chain orientation. The tyrosyl radicals of the class Ia

enzymes of E. coli and yeast exhibit similar hf-tensor values

and side chain orientations. Their gx-values indicate, how-

ever, hydrogen bonding only for the radical in yeast.

Apparently, both these features are independently imposed

by the respective protein environment. These differences

among the tyrosyl radicals of the various species, in

particular the hydrogen bonding, are nevertheless expected

to affect the reactivity, e.g. by changing the redox potential

of the radicals. This may indicate a fine-tuning of the

physico-chemical properties of these radicals in the different

organisms.

The functional implications of the observed differences

among the tyrosyl radicals are difficult to assess. A pathway
of hydrogen bonds between amino acid residues in subunit

R2, which is extending in R1 all the way to the substrate

binding site (Fig. 2), was shown to be essential for enzyme

function. Whenever this hydrogen bond pathway was inter-

rupted by mutations, this resulted in a lack of catalytic

activity [1–5,8]. Based on this experimental finding, func-

tional models [1–5,18–20,22,23] were developed for class I

RNR, where hydrogen bonds play a major role in the

process of transferring the radical character from Y122
S

in

R2 to C439 in R1. In this context, it is amazing, and until

now not well understood, why the tyrosyl radical in some

cases, like in E. coli and in A. thaliana RNR, is not

hydrogen-bonded, whereas the tyrosyl radical in mouse, in

Herpes simplex, and in yeast RNR is hydrogen-bonded

[44,45,65,69]. It is noteworthy that the tyrosyl radical in

class IbM. tuberculosis was found to exhibit a heterogeneity

showing two gx-values, 2.0092 and 2.0080, or, in aged

samples, a broad distribution between those values. It has

been speculated that the enzyme may be activated by

connecting the radical to the chain of hydrogen bonds [70].

Recently, a homologue of the small subunit of mamma-

lian RNR, p53R2, was investigated, which was induced in

response to DNA damage by the p53 protein [85]. It exhibits

a stable tyrosyl radical, which has been investigated by 9.5-

GHz EPR and showed similar hyperfine patterns as Y177
S

in class Ia mouse RNR [86]. It will be very interesting to

further investigate this tyrosyl radical in p53R2 by high-

field EPR and ENDOR. Possible differences of its structure

and interactions with the protein environment might be

related to the different function of p53R2 and its role in

tumor suppression of p53 [85,86].
4. Radicals in the iron/oxygen reconstitution reaction in

subunit R2

The radical Y122
S

(E. coli numbering) is generated from

reacting either the apoprotein with FeII-solution and molec-

ular oxygen (reconstitution), or from reacting the diferrous

R2 with molecular oxygen [5,24,26,35]. The reaction pro-

ceeds according to [35]

Apo� R2� Y122þ 2FeII þ O2 þ Hþ þ e�

Z R2� Y122Sþ FeIII � O� FeIII þ H2O: ð4Þ

During the reaction, a high-valent diiron intermediate

‘‘X’’ is formed, probably from a peroxy precursor [29,35–

37]. This intermediate ‘‘X’’ has been investigated in great

detail by ENDOR at 35 GHz, and was characterized as a

FeIIIFeIV state [27,28]. This FeIIIFeIV state has sufficient

oxidation power to finally oxidize Y122 and generate the

radical Y122
S

, thereby turning the diiron cluster into the

antiferromagnetically coupled diferric state [30,35–37]. In

the course of this reaction, the oxygen molecule is split and

one oxygen atom forms a A-oxo-bridge between the two
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irons [1,34–36]. The reaction requires one proton and one

extra electron, in addition to the three electrons from the two

irons and the tyrosine [1–5,30,34–37]. It has been proposed

that this electron could come from a reductant attached to

the surface, and that thereby the same electron/proton

transfer mechanism could be involved as for the catalytic

radical transfer between Y122
S

in R2 and C439 in R1

[30,34–37]. A series of mutants has been investigated,

where the active tyrosyl radical has been replaced by other

amino acids in order to investigate the mechanism and

intermediates of the iron/oxygen reconstitution reaction in

RNR subunit R2 in more detail, and to explore which amino

acid radicals other than tyrosine may be generated and may

be possibly functional competent.

4.1. Tryptophan radicals in mutants of R2 of E. coli and of

mouse

4.1.1. Hyperfine structure from ENDOR at 9.5 GHz

4.1.1.1. Y122F, E. coli. When tyrosine Y122 in R2 of E.

coli was replaced against phenylalanine (Y122F), several

radicals with different hyperfine structure have been ob-

served as reaction intermediates of the iron/oxygen recon-

stitution reaction, Eq. (4) [32,33,44]. 9.5-GHz EPR spectra

have been obtained from radicals both in room temperature

stopped flow EPR experiments [32] and from samples

freeze-quenched after ]30 s to 77 K and measured at 77

K [32] or 10 K [32,33]. Two of the observed radicals, one

measured in stopped flow room temperature EPR, the other

measured in freeze-quenched samples at 77 K, were iden-

tified as tryptophan radicals based on isotopic labeling using

indole-d5 tryptophan [32,33]. EPR and 9.5-GHz ENDOR

experiments performed at 10 K yielded a detailed picture of

the spin density distribution of the tryptophan radical

observed in the freeze-quenched samples. Hyperfine (hf)

tensors were obtained from simulations of the EPR spectra

and from ENDOR [33] for the 14N nucleus, two ring 1H

nuclei (protons) and for the h-protons of the side chain

attached at position C3 (for structure, see Fig. 3). Very

similar hf tensor values for the two ring protons and for
Table 3

Hf tensor principal values [mT] of tryptophan radicals in mutants of class Ia RN

Tryptophan radical, organism Tensor element Ai (
14N)a Ai (

W111
S

E. coli Y122 F [33] x z 0.10 1.36

y z 0.10 1.36

z 1.05(2) 1.36

W177
S

mouse Y177W [34] x z 0.07 2.25

y z 0.07 2.25

z 0.94(2) 2.25

a Orientation of the hyperfine tensor principal axis z is perpendicular to the m
b Side chain orientations calculated based on Eq. (2) are shown in Fig. 6.
c Orientation of the principle axis x of the hf-tensor for H(5) deviates 10j from

molecular y-axis [44], see Fig. 3.
d Hyperfine tensor from a proton hydrogen-bonded to N1, determined by H2O
14N1 were obtained for the second tryptophan radical

observed in the room temperature stopped flow spectra

[33]. An assignment of the ring protons to positions 5 and

7 (Fig. 3) was based on isotopic labeling experiments and on

DFT calculations [33]. The obtained hyperfine data are

collected in Table 3; the derived k-spin densities are

indicated in Fig. 3.

Oxidized tryptophan radicals may occur as cation rad-

icals or, when deprotonated at N1, as neutral radicals (see

Fig. 3). A tryptophan cation radical has been observed as a

catalytic intermediate in cytochrome c peroxidase [56].

Besides tyrosyl radicals [87,88], a chain of tryptophan

cation radical intermediates has been observed in the

electron transfer process in DNA photolyase, whereby

the last radical was transformed to a tryptophan neutral

radical [87,89]. Based on comparison of the observed hf

tensors with the results from density functional calculations

performed for the tryptophan cation and for the neutral

radical, both observed radicals in the R2 mutant Y122F of

E. coli were assigned to the tryptophan neutral radical

form, i.e. deprotonated at the nitrogen. The assignment to a

neutral radical was further corroborated by the observation

of a small 1H-hf-tensor by ENDOR, which agreed in all

three components with those calculated for a proton

hydrogen-bonded to N1 [33]. These radicals in mutant

Y122F of E. coli were rare examples for tryptophan

neutral free radicals, which could be fully characterized

by EPR and ENDOR in an enzyme, and which were not

affected by magnetic coupling to a metal center. An earlier

reported tryptophan cation radical in cytochrome c perox-

idase [56] showed a coupling to the heme iron, which

significantly changed its g- and hyperfine pattern. Another

example of a freeze-quenched tryptophan free radical has

been found recently in catalase peroxidase and character-

ized by high-field EPR [90].

The hf data from the h-protons of the side chain of the

observed tryptophan radicals in mutant Y122F were of

particular interest. Two large h-proton hyperfine couplings

were observed for the freeze-quenched tryptophan radical

in mutant Y122F R2 (Table 3). Since these couplings are

strongly dependent on the dihedral angle of the respective
R

h1)
b Ai(h2)

b Ai(H5)
c Ai(H7)

c Ai(HB)
d

(2) 2.83(2) � 0.63(2) zA0.15A � 0.118(5)

(2) 2.83(2) zA0.15A � 0.56(2) 0.193(5)

(2) 2.83(2) � 0.52(2) � 0.46(2) � 0.079(5)

(2) 0.15(2) � 0.65(2) zA0.14A � 0.12(1)

(2) 0.15(2) zA0.14A � 0.65(2) 0.18(1)

(2) 0.15(2) � 0.49(2) � 0.49(2) � 0.06(1)

olecular plane; see Fig. 3. 1 mT= 28.0 MHz.

molecular x-axis; principle axis y of the hf-tensor for H(7) deviates 30j from

/D2O exchange experiments [33,34].



Fig. 5. Comparison of the 9.5- and 94-GHz EPR spectra of the tyrosyl

radical Y177
S

in wild-type RNR and the tryptophan radical W177
S

in R2

mutant Y177W of mouse RNR [44]. The different g-tensor principal values

( gx,y,z, see Table 2) are fingerprints for the respective type of radical, see

text. Experimental conditions: 9.5 GHz—PmW, 10 AW; ma, 0.1 mT; 94

GHz—PmW, 2 AW; ma, 0.4 mT; T= 20 K; see Ref. [44].
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h-proton (Eq. (3)), both the spin density at carbon position

3 (Fig. 3) and the side chain orientation were obtained

from the two observed h-proton hyperfine couplings

[32,33]. Comparison of the side chain orientation obtained

from EPR with the X-ray structures of the respective

native proteins enabled an assignment of this tryptophan

radical to residue W111. The second tryptophan radical

observed in the room temperature stopped flow EPR

experiments exhibited only one h-proton hyperfine cou-

pling and was assigned in the same way to residue W107

[32,33]. The distance to the iron site (tryptophan edge to

Fe2) was c 4 Å for W111 and c 8 Å for W107 [16].

This spectroscopic assignment to a specific tryptophan

residue provided an interesting noninvasive alternative

for site-directed mutagenesis.

The generation of transient tryptophan radicals on

residue W111 and subsequently on residue W107 and

the involved electron and proton pathways were further

explored by a comparative investigation of the iron/oxygen

reconstitution reaction of Y122F and of the double mutant

Y122F/W107Y. For the double mutant, formation of a

tyrosyl radical at Y107 was observed with a rate constant

similar to that for formation of W111
S

in mutant Y122F.

This indicated that the radical transfer between W111
S

and

Y107 was very efficient in the double mutant and,

consequently, the tryptophan radical W111
S

became very

short-lived [91].

4.1.1.2. Y177W, mouse. A short-lived tryptophan radical

was also observed for mutant Y177W of the mouse RNR,

when the iron/oxygen reconstitution reaction was freeze-

quenched after c 30 s [34]. This mutant was of particular

interest, since the catalytic essential tyrosine Y177 was

directly replaced by tryptophan. Again, the radical was

identified using samples with isotopic labeling by indole-

d5 tryptophan, and its hyperfine structure was explored by

9.5-GHz ENDOR at 10 K [34]. The obtained 14N- and 1H-

hyperfine tensors are collected in Table 3 and the derived k-
spin-densities are indicated in Fig. 3. As for the two

tryptophan radicals in E. coli mutant Y122F, the radical in

Y177W of the mouse RNR was assigned to a tryptophan

neutral radical, deprotonated at the nitrogen. This was again

corroborated by the detection of a small 1H-hyperfine tensor

assigned to a proton in a hydrogen bond to N1 (Ref. [34];

for structure see Fig. 3). Based on Eq. (3), the side chain

orientation for the radical W177
S

in the R2 mutant Y177W

of mouse RNR was determined. Based on comparison with

the X-ray structure of the wild-type R2 of mouse [92],

tryptophan residues in the vicinity of the diiron center were

excluded, and the radical in the mutant R2-Y177W was

assigned to the tryptophan residue W177
S

[34].

4.1.2. g-tensor from high-field EPR

EPR spectra of tyrosyl and tryptophan radicals may look

very similar at conventional 9.5-GHz EPR frequency. This

is demonstrated in Fig. 5, top, for the spectra from the
tyrosyl radical Y177
S

in wild-type RNR of mouse and the

tryptophan radical W177
S

in mouse mutant Y177W
S

, which

both are dominated by a doublet splitting with some poorly

resolved subsplitting. However, the high-field EPR spectra

recorded at 94 GHz for the same radical species, shown in

Fig. 5, bottom, are very different. The spectrum of the

tyrosyl radical Y177
S

is significantly broadened and exhib-

its now well-resolved g-components (see also Fig. 4),

whereas the g-components from the tryptophan radical

W177
S

are still poorly resolved in the 94-GHz EPR spectra.

All three g-tensor principal components for W177
S

were

nevertheless determined from simulations of the 94-GHz

EPR spectra (Fig. 6) using the hyperfine tensors from the

previous 9.5-GHz EPR and ENDOR studies [33,34]. Sim-

ulation of the 94-GHz EPR spectrum of the tryptophan

radical W111
S

in E. coli mutant Y122F, shown in Fig. 6,

yielded g-tensor components for W111
S

which were within

experimental error the same as obtained for W177
S

.

Table 2 gives a comparison of g-tensor values of the

tyrosyl and tryptophan radicals in mutant RNR of E. coli

and mouse. It is obvious, that the g-tensor of the tryptophan

radicals exhibits much smaller anisotropy as that of the

tyrosyl radicals. Shifts of the principal values gx and gy from

the free electron value ( ge = 2.0023193) result from spin

orbit coupling [81], which increases with increasing spin

densities on heavier atoms like oxygen, due to their larger

spin orbit coupling constants (see above and Ref. [54]).

Therefore, radicals with large spin densities on oxygen are

expected to have generally larger gx- and gy-components as

compared with radicals exhibiting spin densities only on



Fig. 6. (A) Comparison of the 94-GHz EPR spectra of the tryptophan

radicals W111
S

in R2 mutant Y122F of E. coli RNR, and W177
S

in R2

mutant Y177W of mouse RNR [44]. Experimental conditions: PmW, 2

AW; ma, 0.4 mT; T= 20 K. Dashed lines, simulated spectra, see text. (B)

Edge on view of the tryptophan radical (Fig. 3) showing the side chain

orientations and dihedral angles of the h-protons, deduced for both

tryptophan radicals from the experimental hyperfine values of their side

chain h-protons, see text. Obtained dihedral angles were h1c13j,
h2c 133j for W111

S

, and h1c� 90j, h2c 30j for W177
S

[44].
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carbon and nitrogen atoms. Furthermore, the energy gaps

between the involved orbitals, e.g. non-bonding orbitals and

the k-orbital carrying the unpaired electron, also determine

the magnitude of spin-orbit coupling [43,82]. As a result,

the observed g-tensor is a fingerprint for the particular type

of radical and can be used for radical identification (Table 2,

see below).

The situation is different for the hyperfine couplings.

Fig. 6A shows a comparison of the 94-GHz EPR spectra of

the tryptophan radicals W111
S

in E. coli mutant Y122F and

W177
S

in mouse mutant Y177W. Both spectra are domi-

nated by the large hf tensors of the h-protons from the side

chain, but they look entirely different. The spectrum of
W111
S

exhibits two large splittings, giving rise to four

major lines, whereas the spectrum of W177
S

shows a

doublet structure resulting form only one large hyperfine

splitting. This demonstrates that it can be misleading to base

radical identification on the hyperfine structure alone (com-

pare Fig. 5). The g-tensor values, however, which were

found to be identical for both radicals in Fig. 6A within

experimental error (Table 2), show that both radicals are

indeed the same species, which had been assigned by

isotopic labeling to tryptophan radicals [33,34]. The differ-

ent hyperfine couplings of the h-protons in both tryptophan

radicals were a result of significantly different orientations

of their side chains. These orientations were determined

form the respective hf couplings according to Eq. (3) and

are shown in Fig. 6B. Based on these side chain orienta-

tions, the radicals were assigned to the specific tryptophan

residues, W111 in E. coli Y122F and W177 in mouse, by

comparison with the X-ray structure of the respective wild-

type enzymes [16,32–34,92].

Standard activity assays performed with the E. coli and

mouse mutants exhibiting tryptophan radicals (Y122F,

Y177W) showed no catalytic activity [33,34]. In particular

for mutant Y177W of mouse RNR, where the radical

W177
S

was assigned to the same site as the tyrosyl radical

Y177
S

in wild type, some activity could be expected for

the case that a tryptophan radical could take over the

catalytic role of the tyrosyl radical. In view of the reported

short lifetime (30 s) [34] and the experimental conditions

for the assay (multi-turnover conditions), a possible single-

turnover activity for this mutant seemed not rigorously

excluded.

4.1.3. Tryptophan cation radical at W48

A tryptophan cation radical, which was assigned to

residue W48, has been reported as freeze-quenched inter-

mediate in the radical generation reaction of the diferrous

iron site in wild-type R2 of E. coli with molecular oxygen

in the absence of an exogenous source for the required

extra electron [35,36]. The transient cation radical was

characterized by an optical absorption band centered at 560

nm, and an EPR signal at gc 2.0 [36]. The assignment to

residue W48 was based on experiments with mutant W48F

[36]. No detailed hyperfine data were given for the

tryptophan cation radical in [36], probably because it

was generated in superposition with the EPR signal of

the FeIIIFeIV intermediate ‘‘X’’ [36]. While the above

tryptophan neutral radicals W111
S

in E. coli and W177
S

in mouse were not proposed to play a catalytic role, the

observation of a transient tryptophan cation radical at W48

was of particular importance, since this residue is part of

the hydrogen bond pathway proposed for the catalytic

radical transfer between the tyrosyl radical in R2 and

C439 in R1 (see above). The radical generation reaction

of the diferrous iron site with molecular oxygen requires

an extra electron from an exogenous source (see above),

and it was shown in Ref. [36] that the transfer of this
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electron from the protein surface to the diiron site is

mediated by residue W48. It has been proposed by

functional models and by theoretical studies [20] that a

similar cation radical W48 also emerges as intermediate

during the long-range electron/proton transfer between

Y122
S

in R2 and C439 in R1.

4.1.4. Sulfinyl radical in subunit mutant R2

In an attempt to generate a cysteine radical in protein

subunit R2, the double mutant Y177F/I263C of mouse RNR

has been generated. In this mutant, C263 is located at a

similar distance to the diiron center as Y177 in the wild-type

enzyme. The iron-oxygen reconstitution reaction was inves-

tigated by freeze-quench and subsequent EPR spectroscopy.

A radical which emerged as product of this reaction was

identified by 9.5-GHz EPR and by 285-GHz EPR as sulfinyl

radical based on its large g-tensor components ( gx, 2.0206;

gy, 2.0093; gz, 2.0022, see Ref. [93]). The unusual stability

of the radical was explained by its hydrophobic surround-

ing. No catalytic activity was observed for mutant Y177F/

I263C as was the case for the above described mutants with

tryptophan neutral radicals. This work demonstrated, how-

ever, the ability of the enzyme to generate also cysteine-

based radicals in the iron-oxygen reconstitution reaction.

The observed sulfinyl radical (Cys-SO
S

) was considered as

a stabilized form of a putative precursor thiyl (Cys-S
S

)

radical [93].

4.2. Diiron-radical centers in mutants with hydroxylated

F208 in R2 of E. coli

The iron/oxygen reconstitution and radical generation

reaction in R2 (Eq. (4)) is in many aspects similar to the

oxygen activation reaction in other diiron enzymes. For

reviews on nonheme iron enzymes and their reactions with

molecular oxygen, see Refs. [94,95]. There is a high

structural similarity between the diiron centers in R2 of

RNR and in the hydroxylase subunit of methane monoox-

ygenase (MMO) [94–96] where the reaction of the diferrous

iron center with molecular oxygen leads to hydroxylation of

the substrate methane [94,95]. The oxygen activation reac-

tion in MMO and its intermediates has been investigated in

great detail [94,95,97].

In several mutants of E. coli RNR, where amino acids

near the diiron site of R2 had been replaced (Y122F/E238A,

F208Y, and W48F/D84E), a self-hydroxylation of an aro-

matic amino acid residue (F208) next to the diiron site was

observed [98,99]. Apparently, small changes in the diiron

ligand sphere can redirect the iron-oxygen reaction resulting

in oxidation of a hydrocarbon—as in MMO—instead of

radical generation, as required for RNR function. From a

mechanistic point of view, these mutants are very interest-

ing, even though they are lacking catalytic RNR active

[98,99]. Double mutant W48F/D84E was engineered and its

iron-oxygen reaction studied to demonstrate the change of

function from RNR to MMO [99]. Based on optical ab-
sorption, and in particular on Raman spectroscopy, it was

proposed that F208 was oxidized and became a phenolate,

coordinated to one iron [99]. For mutants Y122F/E238A

and F208Y, oxidation of F208 to a phenolate, coordinated to

Fe1, was evidenced by the X-ray structure [98]. These

mutants with replaced amino acids, in the iron coordination

sphere, offered a unique possibility to investigate the influ-

ence of small changes in the diiron coordination on the

pathway, intermediates, and products of the iron/oxygen

reaction. For mutant E238A, which showed no ability to

generate a radical, it was shown that proper radical gener-

ation could be restored by azide binding to the iron site. It

was concluded that tyrosyl radical generation at Y122

requires a four-coordinated Fe1 and a six-coordinated Fe2

after oxygen binding to the diferrous site [100].

A new class of coupled radical-iron centers has been

observed in some of these mutants. In F208Y, the iron/

oxygen reconstitution reaction was reported to show a

branching [101], dependent on ascorbate concentration.

One branch leads to an additional oxidation of Y208 to

Dopa208, which then became twofold coordinated to Fe1,

as evidenced by the X-ray structure [98]. A second branch

of the reaction was reported to lead to an EPR singlet

signal with different saturation properties as compared

with the wild-type Y122
S

, which was attributed to a

paramagnetic center ‘‘Z’’. An oxo-ferryl species was

proposed for ‘‘Z’’, possibly in equilibrium with a radical

on Y208 [101].

A similar EPR signal was observed in another mutant,

Y122H, originally designed to generate a histidinyl radical.

Samples from the respective mutant grown on 57Fe-enriched

medium showed a significant isotope effect in the EPR

spectra [102]. 1H- and 57Fe-ENDOR spectroscopy have

been used to investigate the nature of this paramagnetic

center ‘‘H’’ in mutant Y122H in more detail [102]. Fig. 7

shows pulse ENDOR spectra of this mutant in comparison

with Y122
S

in wild-type R2 of E. coli. The pulse ENDOR

spectrum of the tyrosyl radical Y122
S

in wild-type R2 (Fig.

7, trace a; data from Ref. [102]) shows lines only from 1H

nuclei and extends to 43 MHz. An intense and narrow

feature is observed around the 1H nuclear Zeeman frequency

mN(
14N)c 14.5 MHz. Several hyperfine shifted patterns

according to Eq. (2) are observed. A rhombic pattern with

turning points at c 28 MHz (Ax) and c 19 MHz (Ay) and a

central peak at c 24 MHz (Az) is observed, which was

assigned already in previous studies to the ring protons at

positions 3 and 5 [51,52]. Another rhombic pattern is

observed between c 16 and c 18 MHz with a low-

frequency counterpart between c 11 and c 13 MHz.

The corresponding small hf tensor was assigned already

previously to the ring protons at positions 2 and 4

(Refs.[51,52]; see Fig. 3). The large hf-tensor of the h-
proton of the side chain gives rise to the broad peak

between c 41 and c 43 MHz. The obtained hf tensor

values were in good agreement with those from earlier

studies given in Table 1 [47,51,52].



Table 4

g-tensor and 57Fe-hf tensor principal values [mT] of the diiron radical

center ‘‘H’’ (FeIIIFeIII-F208
S

) in mutant Y122H RNR and of the FeIIIFeIV

intermediate ‘‘X’’ of E. coli

Paramagnetic

centera
Tensor

element

g-tensor 57Fe-hf tensor

Fe2

57Fe-hf tensor

Fe1b

‘‘H’’ x 2.0088(1) FeIII 2.59(1)b FeIII 1.86(1)b

(FeIIIFeIII) y 2.0040(1) 2.49(1) 1.70(1)

-F208-O
S

in E. coli

Y122H

[102]

z 1.9960(2) 2.38(1) 1.61(1)

‘‘X’’ x 2.007 FeIII 2.65c FeIV 0.98c

(FeIIIFeIV) y 1.999 2.58 1.31

in E. coli

Y122F

[28]

z 1.994 2.61 1.31

a ‘‘H’’ is proposed to be a three-spin (S1 = 5/2, S2 = 5/2, S3 = 1/2)

system [102], ‘‘X’’ is a two-spin (S1 = 5/2, S2 = 2) system [28]. Both

centers show antiferromagnetic coupling and have an S= 1/2 ground state,

see text.
b Absolute values sorted bymagnitude, 1 mT= 28.0MHz. Assignment to

Fe1 or Fe2 (Fig. 2) could be exchanged [102]. A three-spin coupling model

predicts spin projection factors, to which the isotropic 57Fe hyperfine values

are proportional, of 7/3 (57Fe2III), � 14/9 (57Fe1III), and 2/9 (radical
S

) for the

antiferromagnetically coupled (FeIIIFeIII)-radical
S

system ‘‘H’’ [102,106], in

good agreement with the experimental 57Fe-hf tensor values; see text.
c Spin projection factors, 7/3 (57Fe2III) and � 4/3 (57Fe2IV), in

agreement with the experimental 57Fe-hf tensor values [28].

Fig. 7. 9.5-GHz Davies pulse ENDOR [58] spectra of the proposed coupled

FeIIIFeIII-F208-O
S

(radical) center ‘‘H’’ in R2 mutant Y122H of E. coli

RNR in comparison with the spectrum of the tyrosine radical Y122
S

in the

wild type [102], see text. Center ‘‘H’’ (trace b) exhibits only small 1H-

ENDOR splittings, but four 14N-ENDOR lines. 57Fe-enriched samples

show two additional groups of 57Fe-ENDOR lines at 24 and 34 MHz (pulse

ENDOR, absorption mode, trace c; cw-ENDOR spectrum in first derivative

mode for better resolution, trace d). Traces a–c: microwave ESR pulses,

192, 96, 192 ns; radio frequency (rf) NMR pulse, 8 As; T= 10 K. Trace d:

cw-ENDOR, PmW, 8 mW; Prf, 150 W; ma, 150 kHz; T= 8 K. Dotted trace,

simulation [102]. 57Fe hf-tensor values, see Table 4.
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In contrast to the tyrosyl radical Y122
S

, the ENDOR

spectrum of the paramagnetic center ‘‘H’’ in mutant

Y122H (Fig. 7, trace b) shows only small 1H hyperfine

splittings, giving rise to the broad poorly resolved intense

structure restricted to the spectral region between 11 and

18 MHz. The corresponding hyperfine couplings were all

V 7 MHz. However, there were four additional lines in the

spectrum of ‘‘H’’, between 5 and 10 MHz, which were

absent in Y122
S

. They were assigned to the two 14N

nuclei, from histidines H118 and H241 [102] which

coordinate to the two irons; see Fig. 2. Similar ENDOR

lines have been observed for the diiron site of the

structural similar enzyme MMO, which is also coordinated

by two histidines [94,103]. In 57Fe-enriched samples, two

additional strong groups of 57Fe ENDOR lines were

observed centered about c 24 and c 36 MHz (Fig. 7,

trace c). According to Eq. (2), each of the two groups of

lines is made up of three pairs of lines, centered around the

respective 57Fe hf-tensor principal components Aj ( j = x, y,

z), and separated by 2mN(
57Fe)c 1.8 MHz. Simulation of

the 57Fe-ENDOR spectra recorded in the continuous wave

(cw) first derivative mode (dotted line, trace d) yielded all
three principal components of two 57Fe hyperfine tensors,

which are collected in Table 4 [102]. The two large 57Fe hf

tensors clearly show the involvement of the two irons in

center ‘‘H’’.

The cw-ENDOR spectra for ‘‘H’’ in Y122H and inter-

mediate ‘‘X’’ in wild-type R2 are compared in Fig. 8 (Ref.

[104], M. Kolberg, D.T. Logan, G. Bleifuss, S. Pötsch, A.

Gräslund, W. Lubitz, G. Lassmann, and F. Lendzian, (2004),

submitted to J. Biol. Chem.). Intermediate ‘‘X’’ has been

investigated extensively earlier by 35-GHz ENDOR [27,28]

and was identified as an antiferromagnetically coupled

FeIIIFeIV center with a total electron spin S = 1/2. A struc-

tural model for the intermediate ‘‘X’’ based on the X-ray

structure of an azide complex of R2 was given in Ref. [105].

The groups of 57Fe ENDOR lines at c 36 MHz are very

similar in the spectra of ‘‘X’’ and ‘‘H’’ in Y122H (Fig. 8c

and d), both with respect to their frequencies and the

observed subsplitting. The obtained 57Fe hf tensor values,

assigned to Fe2, are given in (Table 4). The low hyperfine

anisotropy was consistent with a high spin (S = 5/2) FeIII

state [27,28,106]. However, there is a significant difference

between the two smaller 57Fe hf-tensors of ‘‘X’’ and ‘‘H’’ in

Y122H, with corresponding groups of lines at lower fre-

quencies of ]25 MHz (see Fig. 8, traces c, and d). This

smaller 57Fe hf tensor was assigned in ‘‘X’’ to the FeIV ion

[28] and has for ‘‘X’’ much smaller but more anisotropic

components than observed for ‘‘H’’ in Y122H (compare

Table 4). Generally, for high spin 57FeIII, only small hyper-



Fig. 8. cw-ENDOR spectra (first derivative mode) of the proposed diiron

radical center FeIIIFeIII-F208-O
S

in R2 mutant Y122H (traces a–c) and of

the intermediate FeIIIFeIV center ‘‘X’’ in Y122F (trace d). PmW, 8 mW; Prf,

150 W; ma, 150 kHz; T= 8 K. Spectra from samples with selectively

labelled phenylalanine (Phe-D8) show changes in the 1H-ENDOR range and

additional 2H-ENDOR lines (trace b). An oxidized phenoxyl radical at F208

was proposed for the radical site in Y122H (Refs. [104,107], M. Kolberg,

D.T. Logan, G. Bleifuss, S. Pötsch, B.M. Sjöberg, A. Gräslund, W. Lubitz,

G. Lassmann, and F. Lendzian, (2004), submitted to J. Biol. Chem.), see

text. The groups of 57Fe-ENDOR lines of ‘‘H’’ in Y122H (trace c) and ‘‘X’’

(trace d) at c 34 MHz with corresponding 57Fe-hf tensor values of c 2.5

mT (Table 4, 1 mT= 28.0 MHz) are assigned in both systems to high spin

FeIII. The second group of 57Fe ENDOR lines (c 24 MHz in Y122H (trace

c) and 11–18 MHz in ‘‘X’’ (trace d), with corresponding different 57Fe-hf

tensor values (Table 4) were assigned to high spin FeIII for ‘‘H’’ in Y122H,

and to high spin FeIV for ‘‘X’’ [28,102], see text.
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fine anisotropy is expected, since each d-orbital is occupied

by one single electron, resulting in an almost spherical spin

distribution [28,106]. Therefore, both 57Fe hf tensors of

‘‘H’’ in Y122H were assigned to 57FeIII. In order to explain

the observed overall S = 1/2 spin state, a coupled FeIIIFeIII-

radical center was proposed for ‘‘H’’ in Ref. [102].

Recently, it was shown by 1H and 2H ENDOR experi-

ments on Y122H with selectively 2H-labeled phenylalanines

(Phe-D8) that the radical in center ‘‘H’’ resides on a

phenylalanine (Refs. [104,107], M. Kolberg, D.T. Logan,

G. Bleifuss, S. Pötsch, B.M. Sjöberg, A. Gräslund, W.

Lubitz, G. Lassmann, and F. Lendzian, (2004), submitted

to J. Biol. Chem.). Fig. 8, trace b, shows a cw-ENDOR
spectrum of a labelled Phe-D8 sample of Y122H with an

additional pair of 2H ENDOR lines centered around 2.2

MHz, which result from 2H-phenylalanine. Since the for-

mation of a phenyl radical seemed unlikely, it was proposed

that F208, which is the phenylalanine closest to the irons,

becomes in Y122H hydroxylated, like it was observed for

mutant Y122F/E238A [98], and further oxidized to a

phenoxyl radical, which is then probably coordinated to

one of the irons [102,104,107]. The observed magnitudes of

both 57Fe hf tensors in ‘‘H’’ of Y122H (see Table 4) as well

as the small magnitude of the hyperfine values from the

phenoxyl radical on F208 were in good agreement with a

three-spin coupling model for such a spin system (S = 5/2

for each of the high spin FeIII and S = 1/2 for the radical)

[106], which predicts large spin projection factors (7/3 and

� 14/9) for the two FeIII and only a small spin projection

factor (2/9) for the radical [102,106]. The proposed FeIII-

FeIII-F208 phenoxyl radical center for Y122H is further

supported by the strong similarity of its ENDOR spectrum

with that recorded in our laboratory from center ‘‘Z’’ in

mutant F208Y (data not shown), where the phenylalanine is

replaced by a tyrosine. Studies on mononuclear iron model

complexes have shown that a FeIII complex with phenoxyl

radical ligands can indeed be rather stable [108].

Comparison of Figs. 7 and 8 shows that an antiferro-

magnetically coupled FeIIIFeIII-tyrosyl radical (S = 1/2)

spin system exhibits an ENDOR spectrum more similar

to that of a FeIIIFeIV (S = 1/2) system but very different

from that of a free tyrosyl radical. Mutants with such

diiron-radical centers do not show catalytic activity.

However, they indicate how small changes in the iron

coordination sphere can change significantly the reaction

of the diiron center with molecular oxygen. They may

also serve as models for coordinated radical-metal centers

e.g. in galactose oxidase [109,110], or in other metal

enzymes, where such centers were proposed as functional

intermediates.
5. High-field EPR on Y122
S

in R2 single crystals from

wild-type E. coli

5.1. Structural changes induced by tyrosyl radical

formation

Crystal structures of E. coli R2 are available for both the

reduced diferrous (FeIIFeII-Y122-OH) form [111] and the

diferric, met form lacking the radical (FeIIIFeIII-Y122-OH)

[16]. The structural data has together with kinetic data, and

theoretical calculations, served as the basis for the formula-

tion of mechanistic proposals for the radical generation in

R2 as well as for the radical migration from Y122
S

in R2 to

C439 in R1 in the catalytic reaction [1–5,8,18–23]. The

radical migrations involve coupled electron/proton transfer

reactions, which are expected to be very sensitive to the

structure and distances of the reaction partners. However, no



Fig. 9. 94-GHz EPR spectra (black experiment, grey simulation) of Y122
S

in R2 frozen solution (top trace) and of Y122
S

generated with H2O2 in a R2

single crystal from RNR of E. coli [49]. Full 180j rotation pattern recorded

in 7.5j steps (see text). Colored cosine patterns indicate the angular

dependence of the effective g-values for all four sites in the unit cell (space

group P212121) for both protein chains A and B (see text, data adopted from

Ref. [49]). The same g-tensor parameters were obtained from simulations of

protein frozen solution and single crystal spectra (top two traces, for g-

values see Table 2). The hf-tensor values obtained from simulations were:

� 0.97(6), � 0.28(6), and � 0.74(6) mT for Ax,y,z, respectively, of positions

3 and 5, see Fig. 3; numbers in brackets are errors in the last digit; x- and y-

axes were rotated by + 24j (position 3) and � 24j (position 5) with respect
to the g-axes; and 2.10(6), 1.85(6), and 1.96(6) mT for Ax,y,z(Hh1), in good

agreement with Refs. [44,47,51]. Experimental conditions: PmW=2 AW;

ma, 0.2 mT; T= 80 K.
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structure has been available for the radical containing form

of R2, because the tyrosyl radical Y122
S

is too short-lived to

survive crystallization of the protein.

The problem of the amount of displacement of the

tyrosine Y122 upon radical formation has been investigated

recently in a combined high-field EPR and high-resolution

(1.4 Å) X-ray single crystal study by Högbom et al. [49]. In

that work, the orientation of the g-tensor of the radical

Y122
S

in the crystal was determined with high precision by

single crystal high-field EPR. The g-tensor axes of the

tyrosyl radical are collinear with its molecular axes (Fig.

3) as shown in a previous study on irradiated tyrosine

crystals [53]. The radical Y122
S

was generated in single

crystals of R2 both by the shunt reaction of met-R2

(FeIIIFeIII-Y122-OH) with H2O2 [112] and by the iron/

oxygen reconstitution reaction [24] with crystals of the

apoprotein as described in [49]. Both methods have been

used previously for R2 protein solutions to generate the

tyrosyl radical and restore catalytic activity [24,112]. The

estimated radical yields in the crystals, k10%, were too low

for determining the X-ray structure for the radical state, but

sufficient to obtain well-resolved single crystal EPR spectra

with good signal to noise ratio. Large crystals

(c 0.7	 0.3	 0.2 mm3) suitable for single crystal EPR

were grown from met-R2. They were mounted to a high

precision EPR quartz capillary and then soaked with H2O2

and shockfrozen in liquid nitrogen.

94-GHz high-field EPR spectra were recorded for these

R2 single crystals and a full 180j rotation pattern of the

spectra in 7.5j steps is shown in Fig. 9 (black traces). The

spectra were analyzed with a program, which enabled simul-

taneous simulation of the spectra for all eight sites in the

crystal and for all orientations [49]. This was achieved using

a spin Hamilton operator, which was based on the same

electron Zeeman, nuclear Zeeman, and hyperfine terms, as in

Eq. (1), but extended by the crystal symmetry operations

known from the X-ray structure analysis. In this way, spectra

for all four magnetically inequivalent sites of the crystal

(orthorhombic space group P212121) for both chains A and B

of the protein homodimer were simultaneously generated. In

addition, a simulated annealing and fit routine was included

in order to find the global minimum for the fitting process

[49]. The analysis yielded the orientation of the g-tensor axes

in the crystal axis system and the orientation of the crystal

axes in the laboratory frame. The latter was additionally

verified by X-ray diffraction of the same crystal mounted to

the EPR capillary [49]. The finally obtained best simulta-

neous fit for all spectra and all orientations of Y122
S

in the

R2 single crystal is shown in Fig. 9 (light blue-grey traces).

Effective g-values for each site in the protein chain A and B

are also indicated (cosine patterns in different colors).

Analysis of these data revealed several interesting results:

The obtained principle values of g- and hyperfine tensors

were the same as in frozen protein solution (see Tables 1 and

2, and Fig. 9, caption), indicating that the tyrosyl radical

generated with H2O2 in the crystal had the same structure
and the same hydrophobic environment (no hydrogen bond,

see above) as in active enzyme solutions. The simulations

showed that 60–70% of the relative radical yield was



Fig. 10. X-ray structure [16,49] of met-R2 (FeIIIFeIII-Y122-OH) showing the diiron site and its amino acid environment together with the hydrogen-bonded

conserved amino acid residues making up the proposed electron/proton transfer pathway [1–5,8] between the diiron site in R2 and the substrate binding site in

R1. Green: orientation of the radical Y122
S

and its g-tensor axes (yellow) as obtained from the single crystal EPR analysis (Fig. 9). The radical orientation

deviates from that of the reduced tyrosine (X-ray structure), and can be obtained by 11j and � 3j free bond rotations (red) around Ca–Ch and Ch–C1, [49].

This conformational change disconnects the tyrosyl radical oxygen from the hydrogen bond pathway, see text.
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observed in protein chain A and only 30–40% in chain B.

Interestingly, the maximum radical yield determined from

reconstituted frozen solutions of R2 was also reported to

have a nonstoichiometric value of c 1.2 per protein dimer

[113].

The key result of that single crystal EPR study was,

however, the orientation of the g-tensor axes and hence

those of the radical Y122
S

with respect to the X-ray

structure of Y122-OH in met R2. The radical Y122
S

was

found to be rotated with respect to the reduced tyrosine,

Y122-OH), leading to angles of 10j, 8j, and 5j
(errorsF 1j)1 between their respective molecular x, y, and

z axes (see Fig. 3 for axes). For an estimation of the location

of the radical, it was assumed that the origin of the measured

rotation was in the flexible tyrosine side chain and that no

energy costly translational motion of the helix backbone
1 The small error is due to the fact that the information on the relative

orientations of g-tensor and crystal axes systems is contained in the spectra

and does not require similar high precision for crystal mounting [49]. The

error was estimated from several fit and annealing procedures and from

simulations using deviating angles. In theoretical studies, the gx axis is

reported to be collinear with the tyrosine CMO bond orientation [84]. EPR

studies on irradiated tyrosine crystals indicate only small deviation of the gx
axis from the CMO axis (]2j as estimated from Fig. 5 in Ref. [53]).
should occur. The energetically most favorable way to

obtain the observed radical orientation within less than 2j
was by rotations of 11jabout the Ca–Ch and � 3j about the
Ch–C1 bonds. Fig. 10 shows the obtained location of the

radical Y122
S

for these rotations. It is noteworthy that the

larger rotation of 11j about Ca–Ch does not affect the

dihedral angles for the h-protons; see above. The rotation

about Ch–C1 (Fig. 3), which changes these dihedral angles,

was only � 3j, and too small for a significant change of the

isotropic hyperfine coupling Aiso(Hh1) of the h-protons;
compare Eq. (3). This finding was in line with the earlier

conclusion that the hyperfine coupling of the h-proton
agrees with the X-ray structure of the reduced tyrosine

Y122-OH [51,52].

In this model, the radical was found to be rotated away

from the diiron center, as compared with the reduced

tyrosine; see Fig. 10. The largest displacement was found

for the tyrosine oxygen. In the met form of R2 (FeIIIFeIII-

Y122-OH, X-ray structure), the oxygen of the reduced

tyrosine has a distance of about 3.2 Å from one of the

oxygens of Asp84, probably forming a weak H-bond

[16,49]. The rotation of the radical increased this distance

to over 4 Å, which is too far for hydrogen bonding to

Asp84. This finding was consistent with the large gx-

component ( gx = 2.00912) observed for Y122
S

both in

frozen solution and in the crystal, and which is indicative
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of a nonpolar and not hydrogen bonding environment [42–

44,47,49,65].

The observed displacement of the tyrosine oxygen has

probably functional implications. The radical transfer path

between Y122
S

in R2 and C439 at the active site in R1 has

been suggested to involve in R2 the conserved residues

D84, H118, D237, and W48, depicted in Fig. 10, and

Y730 and Y731 close to the active site C439 in R1 [1–

5,16,17], see Fig. 2. Most of these residues form conserved

hydrogen bonds, which served as a basis for detailed

proposals for a coupled proton/electron transfer mechanism

along this chain [1–5,8,18–21,21–23]. It has been pro-

posed in a theoretical study that the first step of the long-

range radical transfer reaction is a transient hydrogen atom

abstraction from the water coordinated to Fe1 (Fig. 10) by

the radical Y122
S

, and subsequent formation of a radical

character on W48 within one step [20]. The location of the

reduced tyrosine, Y122-OH, shown in the X-ray structure

of met-R2, Fig. 10, cyan, may be similar to that of the

transient state of this proposed hydrogen abstraction reac-

tion, where Y122
S

becomes transiently reduced to Y122-

OH. The observed conformational change, coupling or

uncoupling Y122 from the metal site and from the hydro-

gen bond network, may assist in controlling this reversible

protonation/deprotonation reaction.

Similar small conformational changes, which are suffi-

cient to form or to break hydrogen bonds, may occur during

the long-range electron/proton transfer also for other amino

acids along the hydrogen bond pathway, a process which

may be supported by protein structural fluctuations pro-

posed in mechanistic models for this reversible radical

transfer reaction [22,23], which performs over a remarkable

distance of 35 Å and bridges two protein subunits [1–5,8].

The combined high-field EPR and X-ray single crystal study

[49] demonstrated that small conformational changes upon

radical formation (10j rotations) can be resolved by this

approach.
6. Radicals in subunit R1 of RNR of E. coli

6.1. Inhibitor radicals in R1

Mechanism-based inhibitors were designed, which

bound like the substrate, but performed only part of the

substrate turnover reaction leading to rather stable inhibitor

radicals fixed in the substrate binding pocket, which

blocked further RNR activity [1,5,8,114–120]. The sub-

strate analogues acting as inhibitors had antiviral and anti-

tumor activity and were found to be important for the design

of mechanism based new inhibitors of RNR [8]. The study

of various substrate-analogue inhibitors was a powerful tool

for investigating the substrate turnover cycle in subunit R1

[1,5,8,114–120]. In these studies, besides the inhibitor

radicals, also protein-based radicals in R1, e.g. dithiyl

radicals (R-SS
S

), were observed [120]. Kinetic studies
showed that the inhibitor radical intensities build up in

subunit R1 on the expense of the tyrosyl radical signal from

subunit R2, which was strong evidence for the proposed

radical transfer mechanism involving both, R2 and R1

[1,5,8,114–120]. The studies of such inhibitor radicals

constitute its own field and are beyond the scope of this

report on amino acid radicals in class I RNR. For reviews

and recent high-field EPR studies, the reader is referred to

Refs. [1,5,8,40,47,114–120].

6.2. Thiyl radicals from cysteines in proteins

The widely accepted mechanistic model for RNR func-

tion involves a long-range electron/proton (radical) transfer

from the tyrosyl radical Y122
S

in R2 to C439 at the

substrate binding site in R1 [1–5,8]. The putative thiyl

radical C439 is then believed to attack the substrate and start

the turnover reaction by abstracting the 3VH-atom [1,8]; see

Fig. 1. There is strong indirect evidence for the involvement

of the thiyl radical at C439 from studies on mechanism-

based inhibitors (see above) and from the observation of a

thiyl radical, coupled to cobalamin in class II RNR [12–14].

So far, the putative thiyl radical at C439 in R1 has, however,

not been observed. For its detection and identification, it

was important to characterize spectral properties of thiyl

radicals by EPR. Thiyl radicals, generated in cysteine and

other thiols by irradiation with UV at low temperatures, had

been investigated by 9.5-GHz EPR [121]. They exhibited

EPR properties quite unusual and differing from those of

aromatic amino acid radicals. Their g-tensor is very aniso-

tropic with a g?-value of c 2.00 and a gN-value as large as

c 2.3 [121]. This was attributed to the larger spin orbit

coupling constant of sulfur (383 cm� 1) [54] as compared

with carbon, nitrogen or oxygen (see above) and to the near

degeneracy of the sulfur orbitals [121,122].

Protein-based thiyl radicals have been artificially gen-

erated by low temperature (T= 77 K) UV irradiation and

investigated by 9.5-GHz EPR [123]. Fig. 11 shows EPR

spectra obtained from UV irradiated bovine serum albu-

min (BSA, trace b) as model protein, and R1 (trace c) in

comparison with polycrystalline cysteine (trace a). The

obtained gN-values were c 2.3 for the thiyl radicals in

polycrystalline cysteine and 2.18 for the thiyl radicals in

BSA. The difference of the gN-values for polycrystalline

cysteine and for BSA was attributed to the presence of

hydrogen bonding for the thiyl radicals in BSA. This was

expected to lower the energy of orbitals involved in

hydrogen bonding, thereby lifting degeneracy of sulfur

non-bonding orbitals and reducing the g-anisotropy, sim-

ilar to what was observed for tyrosyl radicals (see above),

but much more pronounced [123]. Recent theoretical g-

tensor calculations for thiyl radicals are in good agreement

with the experimental values [124]. A broad gN-feature,

extending from c 2.3 to c 2.15, was found for the thiyl

radicals in R1, which is barely seen in trace c, but became

more evident in integrated spectra [123]. This broadening



 

 

 

 

 

 

 

 

 

Fig. 11. 9.5-GHz EPR spectra of thiyl radicals in UV-irradiated frozen

aqueous solutions of R1 protein of E. coli RNR (0.5 mM, trace c), bovine

serum albumin (BSA, 4 mM, trace b) and cysteine (300 mM, trace a). All

samples anaerobic, UV irradiated at T= 77 K. Trace a: PmW, 0.1 mW; T= 10

K. Traces b and a: PmW, 200 mW; T= 80 K. (Adopted from Ref. [123].)

Cysteine: non-H-bonded, gN= 2.29; BSA: H-bonded, gN = 2.18; R1: 11

cysteines per R1 monomer, heterogeneous H-bonds, see text. Dithiyl

radicals indicated by asterisks.
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was attributed to heterogeneous hydrogen bonding for

thiyl radicals from the 11 cysteines [17] found in each

monomer of the R1 protein. The protein-based thiyl

radicals were found to exhibit anisotropic EPR relaxation

with half saturation powers much larger than those for

aromatic amino acids [123,124]. Consequently, they were

detectable by EPR only at low temperatures < 150 K. The

radicals were found to be stable only at low temperatures

up to 170 K [123].

Low-temperature UV-irradiation was a nonspecific meth-

od, which generated also traces of carbon centered radicals;

see Fig. 11, trace a. Furthermore, thiyl radicals could be also

expected from methionines [123]. Two specific methods for

generation of thiyl radicals only from cysteines in protein

liquid solutions have been used: (i) chemical oxidation of

cysteines with CeIV/nitrilotriacetate (NTA) and (ii) laser

flash photolysis of R1 and BSA, where the cysteines had

been previously nitrosylated with S-nitrosopenicillamine

(SNAP), thereby generating RSNO groups, from which

the NO was then flashed off [125]. Both methods have

been applied for BSA and R1 and transient thiyl radicals

were indirectly evidenced by EPR using the spin trap
technique, where the intermediate thiyl radical was trans-

formed in a chemical reaction with a spin trap to a stable

spin adduct radical [125]. These adduct radicals, however,

gave no information on the yield and lifetime of the thiyl

radical precursor. Recently in our laboratory, chemical

oxidation with CeIV/NTA was used in combination with

rapid freeze quench techniques and subsequent low temper-

ature EPR. These experiments (data not shown) indicate a

room temperature lifetime of 1–2 s for the protein-based

thiyl radicals in the model protein BSA.

These studies on artificial thiyl radicals in proteins

characterized their EPR spectra and lifetimes. However,

they were generated randomly from all cysteines. For

proving the functional model for RNR, the future challenge

will be to artificially generate a thiyl radical specifically at

C439 and then prove its functional capability for substrate

turnover.

6.3. Cysteine-based radicals during substrate turnover in

mutants of R1

Site-directed mutagenesis has been applied as a second

approach besides the use of mechanism-based substrate

analogue inhibitors (see above) to investigate the turnover

reaction in R1 in solutions of the holoenzyme. A detailed

model for the substrate turnover cycle was proposed based

on the experiments with mechanism-based inhibitors [8],

where amino acid residues, in particular cysteines C225,

C462, and E441, were involved in deprotonation/proton-

ation reactions with the substrate [1,8,126]. Recently, R1

mutant E441Q, which is in close proximity to the substrate

(see Fig. 2), was prepared and investigated by two groups in

order to explore the role of this amino acid in more detail

[39,40,126]. Two subsequent radicals were detected by 9.5-

GHz EPR in holoenzyme samples, which had reacted with

substrate (cytosine diphosphate, CDP) and were subsequent-

ly frozen after different incubation times. The first radical

detected on a time scale of seconds was assigned in Ref.

[39] to a cysteinyl radical based on isotopic labeling; the

second radical observed on a minute time scale was

assigned to a substrate derived radical [39,126].

A high-field 140-GHz pulse EPR study has been per-

formed on R1 mutant E441Q, by which the proposed

transient cysteinyl radical [39] was characterized in more

detail [40]. 140-GHz pulse EPR spectra obtained from E

441Q R1–R2 holoenzyme samples freeze-quenched after 10

s are shown in Fig. 12. Three different radicals contributed

to these spectra. Their individual contributions could be

separated using high-field pulse EPR techniques taking

advantage of the different spin relaxation times of the

radicals (Ref. [40], see above). For reviews on pulse EPR

and ENDOR methods, the reader is referred to Ref. [58–61].

The spectra shown in Fig. 12 were obtained by recording

the intensity of the EPR spin echo [58,61] signal as function

of the magnetic field [40]. The echo signal occurs with a

delay time s1 (230 ns) after the third microwave pulse (see



 

 

 

 

 

 

 

 

Fig. 12. 140-GHz pulse EPR spectra of RNR R1 mutant E441Q of E. coli.

Data from M. Bennati, private communication [40]. Reaction of R2 and R1

with substrate freeze-quenched after 10 s (A–C). Insert: microwave pulses,

s1 = s2 = 230 ns. (A) T= 20 K, showing Y122
S

in R2 and RSS�
S

R in R1.

(B) Y122
S

in R2 alone. (C) T= 60 K, showing RSS�
S

R and a substrate

derived radical. (D) Reaction freeze-quenched after 5 min, only the

substrate-derived radical is observed [40]. (E) Traces C–D.
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insert, top), and the contributions of the different radical

species to this echo signal decay during the time interval s2
by their individual spin relaxation times T2 (Refs. [58–61],

see above). At T= 20 K (trace A), the spectrum is dominated

by the strong signal of the tyrosyl radical Y122
S

in subunit

R2. The pure spectrum of Y122
S

from a frozen R2 solution

is shown in trace B for comparison. The weak EPR

spectrum of a second radical species is seen on the low-

field side of trace A, insert, with higher amplification. It is

known that the spin relaxation time of the tyrosyl radical

Y122
S

becomes very short at increased temperatures, due to

the magnetic coupling to the diferric iron center, which is at

low temperature in the S = 0 ground state, but acquires

increasing paramagnetic character at higher temperature

due to population of higher spin states [30]. Trace C shows

the pulse EPR spectrum obtained at T= 60 K. No signal

from the tyrosyl radical was observed in this spectrum, since
its spin relaxation time T2 was now short as compared with

the echo delay time s2 (insert, top), which prevented

formation of a spin echo. The spectrum of the second

radical, which exhibited long relaxation times also at

T= 60 K, is still present on the low-field side. On the

high-field side, now a third spectrum is seen, which was

attributed to a not fully identified substrate-derived radical

[40]. This substrate-derived radical was the only remaining

species observable at T= 60 K after 3-min incubation at

room temperature, trace D. Trace E shows the pure spectrum

of the first intermediate radical species obtained by subtrac-

tion of traces C and D. The obtained g-values for the first

radical intermediate (after 10-s incubation, trace E) were:

g1 = 2.023, g2 = 2.0148, and g3 = 2.0023 [40].

There are several structurally different radicals that may

be derived from cysteines, which all have different g-values

by which they can be identified. Besides the thiyl radical R-

S
S

with g1 = 2.18–2.3, g2 = g3c 2.00, see above [121–123],

these are the dithiyl radical, R-S-S
S

, with g1 = 2.052–2.062,

g2 = 2.023–2.027, g3c 2.00 [121,123,127], the sulfinyl

radical, R-SO
S

, which may emerge in case of aerobic

conditions, with g1 = 2.0206, g2 = 2.0093, g3 = 2.0022

[93,125,127], and the charged disulfide anion radical, R-S-

S�
S

-R, with g1 = 2.0017–2.0024, g2 = 2.0014–2.0020, and

g3 = 2.002 [127,128]. By comparison with the g-values of

these species, the first intermediate (10-s incubation) radical

species in E411Q was identified as a disulfide anion radical

[40] which was assigned to the adjacent cysteines C225 and

C462 next to the substrate (see Fig. 2). Both cysteines were

long known to be involved in the substrate turnover reac-

tions, since they form a disulfide bond in the course of the

reaction and have to be reduced with the help of thioredoxins

before a new substrate molecule can bind [1,8]. The ob-

served disulfide radical has been proposed as an intermediate

during the substrate reaction in a detailed model for the

substrate turnover cycle [8,126] and more recently also from

theoretical DFT studies [19,129].

The high-field EPR study on E441Q [40] represents a

beautiful example how different radical species can be

separated by combining high spectral resolution and time

resolution in pulse high-field EPR. They enabled the clear

identification of the disulfide anion radical (C225 and C462)

as an important intermediate of the substrate reaction cycle.
7. Outlook

Redox active amino acid radicals occur as intermediates

in different reactions of class I RNR: in the radical gener-

ating iron/oxygen reconstitution reaction in subunit R2 (Eq.

(4)), in the electron/proton (radical) transfer reaction be-

tween Y122
S

in R2 and C439 in R1 (Fig. 2), and during the

substrate turnover reaction in subunit R1. This short review

intended to show that high-field EPR and ENDOR spectros-

copies are important tools for the investigation of radical

intermediates in all these reactions. The presented examples
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demonstrated how different amino acid radicals could be

identified based on their g-values [40–44]. Assignments to

specific residues could be achieved using the information of

the side chain orientation, which was obtained from the

hyperfine splittings of hydrogen atoms of the side chain

[32–34]. Furthermore, interactions with the environment

could be sensed by changes in the g-tensor values

[43,44,47,48,65,82], in particular hydrogen bondings, which

are important for the proposed electron/proton transfer

mechanism, and may be expected to also influence redox

potentials and reactivity. Coupled diiron radical centers,

which were observed in R2 mutants showing hydroxylation

of F208, were identified and characterized by 57Fe-ENDOR

[102]. Overlapping spectra from tyrosine, disulfide and

substrate-derived radicals in samples of the R1–R2 complex

were separated by combining the enhanced spectral resolu-

tion and time resolution using pulse high-field EPR techni-

ques at 140 GHz [40]. High-field EPR experiments on the

tyrosyl radical generated in R2 single crystals yielded for the

first time information on the amount of conformational

change of the tyrosine upon radical formation [49]. Such

conformational changes may also occur during the coupled

electron/proton (radical) transfer from Y122
S

in R2 to C439

in R1.

Future studies will certainly extend the structural

information on the amino acid radicals by increasing

applications of advanced EPR techniques. Further high-

field EPR studies on trapped short-lived intermediates in

RNR single crystals, which might be generated only with

low yield, will deliver important structural information,

which will supplement the information from X-ray crys-

tallography on the more stable states. Advanced pulse

EPR methods will extend the obtained information to-

wards dynamics. Pulse EPR was shown to yield infor-

mation on the time scale and amplitudes of libration

motion of radicals [59]. Furthermore, PELDOR spectros-

copy has been used to obtain interactions and distances

of radical pairs in disordered samples (Refs .

[61,62,130,131]). Recently, this technique has been ap-

plied to determine accurately the distance between the

two tyrosine radicals in chains A and B of R2 of E. coli,

giving unequivocal proof that the radical indeed occupies

both chains, though with different yields [131]. This

technique has a large potential since it does not require

crystals. The catalytic reaction of class I RNR involves

electron/proton transfer through the interface of R1 and

R2 and requires proper docking to a R1–R2 holoenzyme

complex, the structure of which is not known in detail.

PELDOR experiments on R1–R2 samples (which are in

progress, M. Bennati, private communication), with one

tyrosyl radical in subunit R2 and one inhibitor radical in

subunit R1, or on non-endogenous radical pairs covalent-

ly attached to the R1–R2 complex using site-directed

spin labeling [132], may open a new way for investigat-

ing the structure and function of the active R2–R1

holoenzyme complex.
Acknowledgements

The author thanks his present and previous coworkers

and colleagues, G. Bleifuß, M. Galander, M. Kolberg, and
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berg, A. Gräslund, M. Högbom, and P. Nordlund,

University Stockholm, was the basis for the own work

presented in this article. Financial support by Deutsche

Forschungsgemeinschaft (DFG La 751/3-1, DFG Le 812/1-

2, and DFG Le 812/1-3) is gratefully acknowledged.
References
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netic evidence that a radical transfer pathway in protein R2 of mouse

ribonucleotide reductase is involved in generation of the tyrosyl free

radical, J. Biol. Chem. 273 (34) (1998) 21463–21472.

[39] A.L. Persson, M. Sahlin, B.M. Sjöberg, Cysteinyl and substrate
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