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Ribonucleotide reductase (RNR) catalyzes the reduction of 
all four ribonucleotides to their corresponding deoxyribonucle-
otides, an essential step in DNA synthesis in living cells. In 
Escherichia coli, herpes simplex viruses (HSV), and mammals, 
the enzyme is composed of two nonidentical homodimer subunits 
designated Rl andR2.' The smaller R2 subunit contains a stable 
tyrosyl free radical and a binuclear iron center within each 
polypeptide chain.1 The three-dimensional structure of E. coli 
protein R2 has been determined.2 In agreement with spectroscopic 
studies the structure shows two iron clusters, each consisting of 
two Cvderived jt-oxy- bridged antiferromagnetically coupled ferric 
ions.3 A variety of spectroscopic results show that a similar iron/ 
free radical site exists in protein R2 from mouse and HSV type 
1 (HSVl).4 

Dinuclear non-sulfur iron clusters exist in several enzymes with 
different functions.1'5 This class of iron-oxygen proteins also 
includes hemerythrin with a diferric oxy bridge,6 the hydroxylase 
component of methane monooxygenase (MMOH) with a diferric 
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Figure 1. EPR spectra of RNR R2 proteins after incubation with 
dithionite/PMS or hydrazine. EPR spectra (Bruker ESP300 spectrometer 
with an Oxford ESR 900 helium flow cryostat at 9.62 GHz, 4 K, 15.8-
mW microwave power, 100-kHz 0.1 -mT modulation of amplitude) of the 
mixed-valent R2 protein obtained by reduction of R2:1S (A) 0.2 mM E. 
coli R2 after 25-min incubation at 0 0C with 2 mM PMS and 4 reducing 
equiv from dithionite; (B) 0.2 mM mouse R2 as in spectrum A; (C) 0.2 
mM mouse R2 after 90-min incubation at room temperature with 5 mM 
hydrazine; (D) 0.2 mM HSVl R2 after 2-min incubation at 0 0C with 
2 mM PMS and 4 equiv from dithionite; (E) HSVl R2 as in spectrum 
C. The strong truncated g - 2.00 signal in the presence of PMS is from 
PMS. 

hydroxy bridge,7 purple acid phosphatases (e.g., utero-
ferrin),8 rubrerythrin,9 and a desaturase.10 In general, these 
binuclear iron sites exist in three oxidation states:5-11 diferric 
resting [Fe111Fe111], mixed valent [Fe11Fe111], and fully reduced 
[Fe11Fe11]. The mixed-valent forms of diiron clusters have been 
characterized for hemerythrin,12 the purple acid phosphatases,8'"1 

MMOH,13 and iron model compounds.11 The diferric and 
diferrous oxidation states have been extensively studied in the E. 
coli R2 protein.3 However, the mixed-valent state of E. coli 
protein R2 was previously produced only in small (<5%) amounts14 

and only by using drastic conditions. In R2 protein from mouse 
or HSVl only the oxidized form has previously been character­
ized.4 In the. present communication, we report the first direct 
spectroscopic evidence for a high yield of a mixed-valent state by 
mild chemical reduction of the diiron clusters in the R2 proteins 
of mouse and HSVl RNR. 

In EPR-monitored chemical reduction experiments with R2 
proteins15 from E. coli, HSVl, and mouse, all the samples were 
incubated at 0 0 C and pH 7.6 with 2 mM phenazine methosulfate 
(PMS) as mediator and dithionite as reductant (corresponding 
to four electrons per dimer). First the characteristic tyrosyl radical 
spectra at g = 2.0041-4 disappeared in all three proteins. 
Subsequently in mouse and HSVl R2 proteins, the EPR spectra 
exhibited new signals at g < 2 (Figure 1). These rhombic spectra 
are attributable to antiferromagnetically coupled mixed-valent 
states of the iron clusters (single S = x/i species). The apparent 
g values are g = 1.92,1.73, and 1.60 for the mouse protein (Figure 
IB) and less resolved g = 1.93, 1.75, and 1.63 for the HSVl 
protein R2 (Figure ID). In the E. coli R2 protein (Figure IA) 
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Table 1. Effect of Incubation Time and Reducing Agents on the 
Formation of the Mixed-Valent State of RNR R2 Proteins" 

PMS/dithionite hydrazine (5 mM) 

samples 2 min 25 min 2 min 90 min 

E.coli 0% 0% 0% 0% 
mouse 17% 39% 0% 9% 
HSVl 11% 10% 0% 13% 

" Amounts of spins (S = 1/2) are estimated relative to the total protein 
concentration by double integration versus 1 mM Cu2+. Experimental 
conditions15 were as in Figure 1. 

there is no detectable g < 2 signal under the same conditions. 
Identical g < 2 signals were detected when R2 proteins from 
mouse (Figure IC) and HSVl (Figure IB) were instead reduced 
by incubation with 5 mM hydrazine at pH 7.5, while no signal 
was observed with E. coli R2 (data not shown). The observed 
g values from R2 resemble most the acid forms of mammalian 
purple acid phosphates8"-'' with g - 1.93, 1.75, and 1.59. 

In our search for optimal conditions to produce the mixed-
valent state we found that the presence of glycerol (20%) and a 
low incubation temperature were generally favorable for a high 
yield. Table 1 shows the effect of incubation time and method 
of reduction on the intensity of the mixed-valent EPR signal of 
the R2 proteins. With 2 mM PMS as mediator and four electrons 
per protein R2 from dithionite as reductant at 0 0C, the signal 
reached maximum intensity after 20-25 min of incubation for 
R2 protein from mouse (39%) and 2 min from HSVl (11%). 
When the incubation was performed at room temperature, in the 
presence or absence of glycerol, the same mixed-valent signals 
were detectable, but with lower intensity. With 0.5-2 mM 
ascorbate as reductant and/or 0.1 mM PMS as mediator, the 
mixed-valent states were formed, but again with lower yields. 
Introduction of air into the EPR tubes with mixed-valent protein 
R2 resulted in instantaneous oxidation of the PMS, no significant 
increase at g - 4.3, no formation of tyrosyl radical, and only 
small loss of the g < 2 signal. 

The mixed-valent EPR signals are difficult to saturate with 
microwave power. At 3.6-3.7 K the P\/i of the g - 1.73 and g 
= 1.75 signals of the mixed-valent R2 proteins are 14 mW (mouse) 
and 25 mW (HSVl). For both proteins, In P1/2 was found to be 
a linear function of the inverse absolute temperature (3.6-11 K, 
data not shown). The temperature of the EPR samples was 
obtained from the Curie dependence of a 1 mM copper perchlorate 
solution under nonsaturating microwave power conditions. From 
the slopes of the lines (In P1/2 vs I/T) we could estimate16" the 
coupling constant J for the Heisenberg exchange (H = JSiS2) 

(11) (a) Lippard, S. J. Angew. Chem., Int. Ed. Eng.\9S», 27, 344-361. 
(b) Kurtz, D. M., Jr. Chem. Rev. 1990, 90, 585-606. 

(12) (a) Muhoberac, B. B.; Wharton, D. C; Babcock, L. M.; Harrington, 
P. C; Wilkins, R. G. Biochim. Biophys. Acta 1980, 626, 337-345. (b) 
McCormick, J. M.; Reem, R. C; Solomon, E. I. J. Am. Chem. Soc. 1991,113, 
9066-9079. 

(13) (a) Woodland, M. P.; Patil, D. S.; Cammack, R.; Dalton, H. Biochim. 
Biophys. Acta 1986, «73, 237-242. (b) Fox, B. G.; Surerus, K. K.; MOnck, 
E.; Lipscomb, J. D. J. Biol. Chem. 1988, 263,10553-10556. (c) Hendrich, 
M. P.; Fox, B. G.; Andersson, K. K.; Debrunner, P. G.; Lipscomb, J. D. J. 
Biol. Chem. 1992, 267, 261-269. 

(14) (a) Hendrich, M. P.; Elgren, T. E.; Que, L., Jr. Biochem. Biophys. 
Res. Commun. 1991,176,705-710. (b) Ehrenberg, A.; Davydov, R.; Allard, 
P.; Kuprin, S. J. Inorg. Biochem. 1991, 43, 535. (c) Gerez, C; Gaillard, J.; 
Latour, J.-M.; Fontecave, M. Angew. Chem., Int. Ed. Engl. 1991,1135-1136. 
(d) Gerez, C; Fontecave, M. Biochemistry 1992, 31, 780-786. 

(15) R2 protein*4* samples (0.2 mM in total volume of 200 /»L in 0.1 M 
Tris-Cl pH 7.5 containing 20% of glycerol) were incubated in EPR tubes with 
sodium dithionite at 0 0C. The samples were made anaerobic by repeated 
cycles of evacuation and flushing with 02-free argon gas. Phenazine 
methosulfate (2 mM) was added to the EPR tubes, and the samples were 
incubated for 2 min at 0 0C, then frozen in liquid nitrogen for EPR 
measurement, and thawed for further incubations. All solutions were prepared 
in anearobic buffered solutions. Sodium dithionite was quantified before use 
by titration with potassium ferricyanide solution. Anaerobic incubation with 
5 mM hydrazine, made from neutralized hydrazine dihydrochloride, was made 
as above but at room temperature. 

to be J = -15 ± 2 cm-1 for mouse R2 and / = -11 ± 2 cm-1 for 
HSVl R2. Similar small J values have been determined for 
mixed-valent hemerythrin,120 MMOH,16 and purple acid 
phosphates.8"-" Recent ENDOR17 and ESEEM1 n studies of both 
hemerythrin and MMOH mixed-valent clusters show a strongly 
hyperfine coupled proton from a hydroxy bridge. Thus, the small 
J values of the two R2 proteins fall in a range typical for 
demonstrated hydroxy bridges while an oxy bridge should show 
stronger magnetic coupling.5'11 We conclude that, as in hem­
erythrin,17 the oxy bridge in the diferric R2 proteins from mouse 
and HSVl most likely converts into a hydroxy bridge upon 
reduction to the mixed-valent form. 

In the previous studies of the mixed-valent forms in E. coli 
protein R2, reduction by hydrazine at basic pHtesulted in an S 
= V2 species.14c'd In agreement with the present study this state 
could not be formed in E. coli R2 by hydrazine at pH 7.6. 
Preliminary experiments show that, for the mixed-valent R2 
produced by the methods presented here, the EPR spectrum is 
not affected by the presence of glycerol, azide (0.5 M), or 
hydrazine (10 mM). In contrast, azide binding is known to change 
the EPR spectrum of mixed-valent hemerythrin.12 In MMOH 
relatively large hydrocarbons, which bind to7c or can approach130 

the iron cluster, readily change the mixed-valent EPR signal.130'160 

By low-temperature X-irradiation of E. coli protein R2 a 
ferromagnetically coupled S = 9/2 system was observed,14*>bwhich 
however was not stable in solution.14*'0'18 

Our data show that the redox properties of protein R2 from 
mouse andHSVlare significantly different from those of protein 
R2 from E. coli. In E. coli R2, the redox potential for a direct 
two-electron transfer resulting in the diferrous state has been 
determined at pH 7.6 and 4 0C to be -115 mV.19 This agrees 
with the fact that we cannot observe any reduction with PMS 
(Ea of +141 mV20" at 4 0C and pH 7.0) of the E. coli R2. In 
fact, R2 protein from mouse21 and HSVl might be considered 
related to MMOH in terms of the redox potentials of the iron 
clusters.20 The MMOH studied by Lipscomb et a/.20" has Eml 
= +76 mV and Em2 = +21 mV at 4 0C and pH 7.0, for the first 
and second electron transfers, respectively. Reduction with PMS 
alone of this MMOH yields about equal amounts of all three 
redox states,160 which might be the case also for mouse R2 
protein.21 Furthermore, it seems that the iron center is much less 
reactive and more tightly bound to the R2 protein in E. coli than 
in HSV1/2 and mouse.22 
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