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The R2 subunit of ribonucleotide reductase (RNR), the rate
limiting enzyme in DNA synthesis, contains an antiferromag-
netically coupledµ-oxo bridged diferric center and, in the active
state, a stable tyrosyl radical at residue 122 inE. coli.1 The diferric
site and the tyrosyl radical can be generated from apo R2 in a
reaction with molecular oxygen and FeII.2 This reaction involves
oxygen activation as in similar dinuclear iron enzymes such as
methane monooxygenase (MMO)3c and has found considerable
interest in recent years.3 During this reaction in R2 a short-lived
antiferromagnetically coupled intermediate state X is observed,
which has been assigned to an FeIIIFeIV state on the basis of
ENDOR and Mo¨ssbauer experiments.4 This state subsequently
oxidizes Y122 to its radical form in wild-type R2.

In this communication we describe a new unusually stable (two
weeks at room temperature) paramagnetic diiron center, named
“H”, which has been detected and identified by EPR and ENDOR
spectroscopy inE. coli mutant R2-Y122H. Center H is formed
spontaneously with about 3% yield in R2-Y122H in contrast to
the amino acid radicals in other R2-Y122 mutants5 which are
formed only by the standard reconstitution reaction.2 So far it
has not been possible to increase the yield of center H. However,
since we have also obtained the EPR signal of center H in single
crystals of R2-Y122H (data not shown), it can be ruled out that
center H is a contamination from a different protein.

In X-band EPR a single line of width 2.2 mT is observed for
center H below 40 K (Figure 1A) and in W-band all three principal
g-tensor components are resolved (Figure 1C and Table 1).57Fe
substituted R2-Y122H exhibits a larger EPR line width of 4.3
mT at X-band (see Figure 1B) and a pronounced broadening of
each of the threeg-components at W-band (Figure 1D) which
indicates that significant spin density is localized on iron. This is
also reflected in the EPR saturation behavior shown in Figure 1
(insert); atT ) 20 K the EPR signal of center H is saturated at

2 orders of magnitude higher microwave power even than the
FeIIIFeIV intermediate X. At higher temperatures (T > 80 K) the
spectrum is broadened beyond detection. Theg-tensor values of
center H are listed in Table 1 together with those of the FeIIFeIII

center in MMO6 and the FeIIIFeIV center in R2-Y122F (intermedi-
ate X)4 and show good agreement with an FeIIIFeIV center.

The pulse ENDOR spectra of center H exhibit resonances from
proton (12-18 MHz) and14N nuclei (4-10 MHz) (Figure 2A,B)
which will be analyzed in a forthcoming paper.7 The weak broad
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Figure 1. cw-EPR spectra of center H inE. coli RNR R2-Y122H. (A)
X-band spectrum atT ) 30 K of 56Fe R2-Y122H (1.0 mM) and (B) of
57Fe R2-Y122H (0.9 mM); Bruker ESP 300E spectrometer, 1 mW
microwave power (Pmw), 12.5 kHz modulation frequency (mf), 0.7 mT
modulation amplitude (ma). (C) W-band spectrum atT ) 20 K of 56Fe
R2-Y122H (3.6 mM) and (D) of57Fe R2-Y122H (3.0 mM); Bruker
Elexsys 680E 94 GHz spectrometer,Pmw ) 1.58 mW, mf) 100 kHz,
ma) 0.6 mT. Insert: X-band EPR microwave saturation atT ) 20 K of
center H from R2-Y122H, intermediate X (FeIIIFeIV) from R2-Y122F,
and Y122• from wild-type R2. Residual wild-type tyrosyl radical is
suppressed by hydroxyurea, which had no effect on center H. Dotted
traces: simulations with parameters from Table 1.

Table 1. g and57Fe Hyperfine Data of Center H and Other Diiron
Centers

paramagnetic center g-tensor 57Fe hyperfine tensors (MHz)

center H inE. coli 2.0088(1) 72.5(2) 52.1(2)
RNR R2-Y122Ha 2.0040(1) 69.7(2) Fe2 47.6(2) Fe1

1.9960(2) 66.6(2) 45.1(2)

intermediate X (FeIII /FeIV) 2.007 -74.2 27.5
in E. coli RNR R2-Y122Fb,4 1.999 -72.2 FeIII 36.8 FeIV

1.994 -73.2 36.8

FeII/FeIII center inM. 1.95 62 36
cap-sulatusMMO + 1.87 68 FeIII 38 FeII

dimethyl sulfoxide6 1.82 76 <20

a Absolute values sorted by magnitude; numbers in parentheses are
errors in the last digit.b Similarg-components of 2.011, 1.997, 1.986,13a

and 57Fe hf tensor components of-64.5,-64.5,-64.5 MHz (FeIII ),
+36.5,+36,5,+20 MHz (FeIV)13b have been found for FeIIIFeIV model
complexes.
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features near 26 and 42 MHz result from the Y122 radical in
residual wild-type R2 (compare Figure 2C). In57Fe substituted
R2-Y122H two additional groups of lines appear around 25 and
35 MHz (Figure 2A). Each group consists of three pairs of peaks
which are centered around the three57Fe hyperfine (hf) tensor
principal components (A1,2,3/2) and split by 2ν57Fe (0.9 MHz at
X-band). All three components of the two57Fe hf tensors have
been obtained by simulation of the well-resolved continuous wave
(cw) 57Fe-ENDOR spectrum (trace a in Figure 2A, Table 1).

The 57Fe-ENDOR results clearly show that center H is atwo-
iron site. Theg-values nearg ∼ 2 and the small hf anisotropy of
57Fe suggest an antiferromagnetically coupled diiron site with an
S) 1/2 ground state. To obtain information about the valence of
the irons we compare the57Fe hf tensors of center H with data
from mixed valence diiron centers (Table 1). The larger57Fe tensor
of center H (Fe2 in Figure 2a) has similar components to those
reported for FeIII in both the FeIIIFeIV center of intermediate X4

and in the FeIIFeIII of MMO,6 and we therefore assign this tensor
to FeIII . The smaller57Fe tensor assigned to FeIV in X4 and to FeII

in MMO6 exhibits in both these cases a significant axial
anisotropy, whereas the smaller57Fe tensor of center H (Fe1 in
Figure 2a) is more isotropic and the magnitude of its isotropic
part is considerably larger than those of FeIV in X and FeII in
MMO.

The 57Fe hf tensors (A) of antiferromagnetically coupledS )
5/2 and 2 spin systems, like both the FeIIIFeII and the FeIIIFeIV in
Table 1, are related to the intrinsic tensors (ai) of the uncoupled
irons by the spin projection factors7/3 and-4/3, i.e., A(FeIII ) )
7/3ai(FeIII ) and A(FeIV) ) -4/3ai(FeIV).4,8 Considering the small
anisotropy of both57Fe hf tensors in center H we compare the
isotropic traces of the respective tensors (A) (A1 + A2 + A3)/3;

ai ) (ai1 + ai2 + ai3)/3). The obtained intrinsic value for the larger
57Fe tensor (Fe2III ) in center H,|ai| ) 29.8 MHz, agrees well
with the values reported for Fe sites with octahedral coordination
(-28 to -30 MHz) and also with the value reported for FeIII in
intermediate X, 31.4 MHz.4 However, the intrinsic value obtained
for the smaller57Fe tensor,|ai| ) 36.2 MHz, is considerably larger
than the respective intrinsic value reported for X,|ai| ) 25.3
MHz.4 This could indicate that center H may be better described
as an FeIIIFeIII center strongly coupled to a radical, as earlier
suggested for intermediate X by Ravi et al.8 These authors
described a spin coupling model where the radical spinS ) 1/2
first couples to one FeIII to form aSi ) 2 or 3 intermediate spin,
which then couples antiferromagnetically to the other FeIII to form
a S) 1/2 ground state. In this model large spin projection factors
can be calculated for both FeIII , depending on the relative
contribution of the two different intermediate spin states to the
total spin in the ground state. For a pureSi ) 2 or 3 intermediate
spin state contribution the calculated spin projection factors are
7/3, -14/9, 2/9 for Si ) 2 and-5/3, 20/9, 4/9 for Si ) 3 for the three
spin system FeIII (S ) 5/2), FeIII (S ) 5/2), R• (S ) 1/2).8 The
obtained intrinsic hyperfine values|ai| for Fe2III and Fe1III in
center H, 29.8 and 31.05 MHz forSi ) 2 and 31.3 and 29.0 MHz
for Si ) 3, agree remarkably well with those for FeIII in X, 31.4
MHz.4 This model also explains the small anisotropy of the
smaller hyperfine tensor of Fe1 in center H, which is more typical
for FeIII and too small for FeIV.

We therefore suggest that center H is an FeIIIFeIII center with
a strongly coupled, probably ligated radical. Possible candidates
are a hydroxylated amino acid radical, or an oxygen derived ligand
radical. Hydroxylation of F208 was observed in other mutants.9

A phenoxyl type radical ligated to one of the irons could explain
the stability of center H compared to X. Relatively stable phenoxyl
ligand radicals have been reported for FeIII model complexes.10

In H2O/D2O exchange experiments we found a significant
narrowing of the low-field side of the X-band EPR spectrum (not
shown). Simulations of the spectra indicate that a large anisotropic
hyperfine coupling of an exchangeable proton with tensor
components up to 1.0 mT contributes to the spectrum of center
H. The coupling could result from bridging or terminal OH or
from water ligands of the irons. Large exchangeable hyperfine
tensor components have been observed by ENDOR of MMO11

and of X.12 Such a large anisotropic coupling is, however, difficult
to detect in the ENDOR spectra and we failed to observe it,
probably due to the low yield of center H (3%). A more detailed
report about mutagenesis, biochemical characterization, X-ray
structure, and ligand ENDOR on R2-Y122H will be published
in a forthcoming paper.7
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Figure 2. X-band Pulse Davies ENDOR spectra atT ) 10 K of center
H in E. coli RNR R2-Y122H: (A)57Fe R2-Y122H(2.1 mM), (B) 56Fe
R2-Y122H (1.5 mM), and (C) Y122• in wild-type R2 (1.0 mM); Bruker
ESP 380E, microwave pulses 192, 96, 192 ns; radio frequency (rf) pulse
8 µs; accumulation time 10 h (A, B), 0.5 h (C). Inserts: X-band cw-
ENDOR spectra (first derivative) atT ) 8 K of center H: (a) in57Fe
R2-Y122H and (b) in56Fe R2-Y122H; Bruker ESP 300E,Pmw ) 8 mW,
Prf ) 100-150 W, mf) 12.5 kHz, ma) (150 kHz; accumulation time
3 h. Dotted trace: simulation, see text.
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