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Abstract: The R2 subunit of ribonucleotide reductase (RNR) contains a stable tyrosine radical coupled to an adjacent 
diferric center. The spin-lattice relaxation rate of the tyrosine radical is greatly enhanced above 20 K due to the 
paramagnetic excited states of the diferric center. By using saturation—recovery electron paramagnetic resonance 
(EPR) spectroscopy, we have examined the spin—lattice relaxation dynamics of the tyrosine radical in R2 proteins 
from mouse, herpes simplex virus type 1, Escherichia coli, and Salmonella thyphimurium within the temperature 
range of 4—70 K. These measurements yield the diferric exchange coupling as well as the radical—metal coupling, 
which contains both exchange and dipolar components. In all four species, the ground state of the diferric center is 
diamagnetic, indicating that the two Fe(III)S are antiferromagnetically exchange-coupled. The diferric exchange 
interaction (H = —US1S2) is found to vary from J = —66 cm-1 (herpes simplex virus type 1) to J = —92 cm-1 (E. 
coli). Measurements on samples in deuterated buffer suggest that the variation of the diferric exchange coupling 
among species may result from differences in hydrogen bonding to the fi-oxo bridge between the ferric ions. An 
interpretation of the observed spin—lattice relaxation channels of the tyrosine radicals on the basis of the spectroscopic 
data, as well as the published three-dimensional structure of the R2 protein from E. coli, is offered. 

Introduction 

Ribonucleotide reductase (RNR) catalyzes the reduction of 
ribonucleotides to their corresponding deoxy form and is found 
in a wide range of species including eukaryotes, bacteria, 
bacteriophages, and eukaryotic viruses. Due to the central role 
played by RNR in cellular reproduction, the mechanism and 
regulation of RNR has been an active research area. The RNR 
holoenzyme in its active form, aifii, consists of two proteins: 
Rl and R2. The larger subunit, Rl, provides substrate binding 
sites for the ribonucleoside diphosphates and contains the redox-
active dithiol groups for the reduction of the ribonucleotide 
groups.1 The crystal structure of the R2 protein from Escheri
chia coli has recently been determined at 2.2 A resolution.2 Each 
polypeptide chain of the R2 homodimer contains a dinuclear 
metallic center consisting of two nonheme Fe(III) ions and a 
stable tyrosine radical, Tyr 122; the centers of these two moieties 
are separated by 8.3 A. Both the tyrosine radical and the diferric 
center are required for enzymatic activity. The two Fe(IH) ions 
are linked by a ,u-oxo-^-carboxylato bridge that mediates strong 
antiferromagnetic exchange coupling between the Fe(III) ions; 
the exchange coupling between the Fe(III) ions, /ex(Fe—Fe), is 
approximately —90 cm-1 in the R2 protein from E. coli (H = 
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-2JS1S2).3 The R2 protein is structurally related to other 
proteins4 containing oxygen-bridged metallic centers such as 
hemerythrin,5 methane monooxygenase,6 purple acid phos
phatases,7 and hemocyanin.8 As intact metallic centers are 
required for protein activity, elucidation of the exchange 
interactions present in these metalloproteins is required for a 
detailed description of the interplay between the electronic 
structure of the metallic center and the dynamics of the protein 
activity. 

The spin—lattice relaxation of the tyrosine radical in the R2 
protein is greatly enhanced above 20 K due to the paramagnetic 
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excited states of the diferric center.3b'9 Two temperature regimes 
exist. At low temperature, the diferric center is in its ground 
state (S = O), and the tyrosine radical exhibits single-exponential 
spin—lattice relaxation kinetics characteristic of a noninteracting 
spin. As the temperature is increased, the paramagnetic excited 
states of the diferric center are thermally populated and the 
spin—lattice relaxation of the tyrosine radical is greatly enhanced 
and becomes non-single-exponential. We have shown in earlier 
work that an analysis of the spin—lattice relaxation kinetics in 
the high-temperature regime allows one to determine the diferric 
exchange coupling as well as the radical—metal coupling, which 
contains both exchange and dipolar components.3b 

This study presents the results of a saturation—recovery 
electron paramagnetic resonance (EPR) spectroscopic examina
tion of the spin—lattice relaxation of the tyrosine radical in the 
R2 protein from four species: E. coli, herpes simplex virus type 
1 (HSVl), mouse, and Salmonella thyphimurium. A previous 
saturation—recovery EPR investigation of the tyrosine radical 
in the R2 protein from E. coli revealed single-exponential 
recoveries at low temperatures (T < 15 K) indicative of the 
intrinsic spin—lattice relaxation.3b The analysis of the non-
exponential recoveries observed at higher temperatures allowed 
for a determination of the diferric exchange coupling, —94 ± 7 
cm - 1 . Although progressive microwave power saturation 
studies of the tyrosine radicals in the R2 proteins from HSVl 
and mouse have shown that their spin—lattice relaxation rates 
are about 2 orders of magnitude faster at 30 K than in the E. 
coli protein,910 the source of this rapid relaxation was not 
known. We have determined a significant variation in the 
diferric exchange coupling among the species, which can 
account for this difference in relaxation rate and may relate to 
variations in the chemical reactivity of the site. 

Experimental Section 

Recombinant mouse and HSVl R2 proteins were prepared as 
previously reported.10 Regeneration of the iron—tyrosine radical site 
in the mouse and HSVl R2 was performed by a reaction with ferrous 
iron and O2 as previously described.10 The S. thyphimurium R2 protein 
was prepared as previously described.11 The E. coli R2 protein was 
purified as previously reported.12 The radical and iron content per 
protein were also as previously reported, although 20% more radical 
per protein was occasionally observed. Protein concentrations were 
determined colorimetrically by the Bradford method using bovine serum 
albumin as a standard and from the absorbance difference at 280—310 
nm using molar extinction coefficients of 124 000 M -1 cm-1, 120 000 
M"1 cm-1, and 104 000 M -1 cm-1 for the R2 proteins from mouse, E. 
coli, and HSVl, respectively.10'12 

Samples of active R2 proteins from mouse and HSVl reconstituted 
in deuterated buffer were prepared by first exchanging the apoproteins 
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into 99.5% D2O by centrifuging apoprotein R2 using a Penefsky 
centrifuge column1314 equilibrated with 100 mM Tris-DCl (pH 7.6) 
containing 100 mM KCl (pD was corrected for the deuterium isotope 
effect). Then the active radical-containing R2 protein was prepared 
by a reaction with ferrous iron and O2 as described above but using 
the same D2O buffers. 

All R2 RNR samples used in this study were examined with respect 
to microwave power saturation by continuous wave EPR in the range 
from 25 to 77 K. The E. coli, mouse, and HSVl R2 protein samples 
showed the same behavior as reported by Sahlin et al.' and Mann et 
al.10 However, the tyrosine radical in S. thyphimurium R2 was much 
more easily saturated than the other three R2 proteins, and, at 25 K, it 
had a power at half saturation, Pm , very close to that observed for a 
free tyrosine radical without magnetic interaction with another para
magnetic center (see Sahlin et al.9 for measurements on a non-protein-
bound tyrosine radical). After reconstitution in D2O, the mouse R2 
protein showed a small decrease in Pm, whereas the HSVl R2 protein 
showed no change in Pm-

Twenty-percent (v/v) glycerol was added to each sample in order to 
form a good glass upon freezing. This fraction of glycerol has been 
shown to preserve the native protein form.3b The resulting solution 
was centrifuged, and the supernatant was examined for optical clarity 
and subsequently stored in liquid nitrogen. The R2 protein samples 
used for the EPR measurements contained 100—700 fiM radical 
concentration. 

The home-built X-band EPR spectrometer employed and the methods 
for measuring both continuous wave and saturation—recovery EPR have 
been previously described.15 The saturation—recovery EPR data were 
obtained by tuning the external magnetic field to the low-field zero 
crossing of the first-derivative absorption spectra (shown by arrows in 
Figure 1). The saturation—recovery transients were obtained with direct 
detection (without magnetic field or microwave frequency modulation) 
by using an observation microwave power of ~0.075—75 [iW. As 
high observation microwave powers are known to distort the spin-
lattice relaxation data,15 minimum observation powers were employed. 
A microwave pulse of ~0.2—20 mW excited the spin population. Care ' 
was taken to ensure that the observed relaxation dynamics displayed 
no dependence on the power of the excitation pulse. The number of 
transients averaged to achieve the desired signal-to-noise ratio varied 
from approximately 102 to 105. 

Theory 

Three processes have been found to contribute to the spin-
lattice relaxation of the tyrosine radical in the R2 subunit of E. 
coli RNR: (i) the intrinsic relaxation rate of the tyrosine radical 
in the absence of the diferric center, ku, (ii) the relaxation rate 
due to the exchange interaction between the tyrosine radical 
and the diferric center, &iex, and (iii) the relaxation rate due to 
the dipole—dipole interaction between the tyrosine radical and 
the diferric center, fcid.3b'9 Two temperature regimes were 
distinguished. In the low-temperature regime (below ~20 K), 
where only the diamagnetic ground state of the diferric center 
is populated, the spin—lattice relaxation of the tyrosine radical 
is determined by its intrinsic relaxation rate. The magnitude 
of ku depends on processes by which spin quanta are converted 
to lattice phonons of the matrix surrounding the tyrosine radical. 
Low-temperature saturation—recovery EPR data of the tyrosine 
radical in the R2 protein, thus, report on spin—phonon coupling 
mechanisms. In the high-temperature regime, the paramagnetic 
excited states of the diferric center are thermally populated, and 
the spin—lattice relaxation of the tyrosine radical is dominated 
by exchange and dipole—dipole interaction mechanisms. There
fore, the high-temperature saturation—recovery EPR data of the 
tyrosine radical in the R2 protein provide information on the 
distance and exchange interaction between the tyrosine radical 
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Figure 1. Saturation-recovery EPR transients taken at 18—19 K of the tyrosine radicals in the R2 proteins from (a) E. coli, (b) HSVl, (c) mouse, 
and (d) Salmonella. The experimental temperatures are given in the figure. The dots are the data, and the superimposed solid line is the least-
squares fit of eq 1. The residuals from the fit are shown along the bottom of each transient. The figure insets show the field-swept EPR spectra 
of the tyrosine radicals, with an arrow indicating the magnetic-field setting used for the saturation—recovery EPR experiments. 

and the difenic center. In addition, the temperature dependence 
of the relaxation enhancement depends on the magnetic moment 
of the difenic center, which reflects the exchange interaction 
between the two Fe(III) ions. 

The observed saturation—recovery transient from a randomly 
ordered sample is the weighted sum of these three relaxation 
processes. The transient signal, I(t), is given by integrating over 
all orientations, 6, between the interspin vector and the static 
magnetic field: 

/(O = 1 - W/^sin f^e"**1^" + k,e}!)dd (1) 

where N is a normalization constant, &iSCaiar is the relaxation 
rate arising from isotropic processes, and k\e is the relaxation 
rate arising from the orientation-dependent dipole—dipole 
interaction.16 This analysis is applicable when the anisotropic 
contribution to the g or hyperfine tensor is appreciably less than 
the isotropic contribution,16 as is the case for the E. coli R2 
protein.3b '17 (For transitions with large g or hyperfine anisotropy, 
it may be possible to excite subsets of the molecular ensemble 
by varying the external magnetic field. However, in the present 
case of the R2 R N R tyrosine radicals, no effect on the recovery 
kinetics was observed when the external magnetic field was 
stepped through the EPR spectrum.) 

The isotropic term contains contributions from both the 
intrinsic relaxation rate and the exchange interaction (eq 2). The 

M scalar — Kn + Kh (2) 

rate constant, fcu*, for the spin—lattice relaxation due to isotropic 
exchange between the difenic center, Fe2, and the tyrosine 
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Soc. 1989, ; / / , 8076-8083. 

radical, Y, is given by eq 3 

*lex — 
2( .UFe 2 -Y) ) \ f f

2 

2/?2 lgtf cofW - - I r . 
S1 

(3) 

'2f 

where 7ex(Fe2—Y) is the exchange coupling between the difenic 
center and the tyrosine radical, [ieff is the magnetic moment of 
the diferric center, gi and gs are the g factors of the difenic 
center and tyrosine radical, respectively, /3 is the Bohr magneton, 
a>s is the Larmor frequency of the tyrosine radical, and T^ is 
the electron spin—spin correlation time of the diferric center. 

The orientation-dependent dipolar—dipole relaxation has been 
shown, in the case of the tyrosine radical in the E. coli R2 
protein,3b to arise from the "B term" of the dipolar alphabet in 
the limit where (ws — (Of)2 •« ws

2 and (cos — cof)2 Ti? •« 1 as 
in eqs 4 and 5, 

kie = kld(l - 3 cos2 6f 

Ki — 

2 2 
7si"eff 

6r6 

" • • " - r J * 

(4) 

(5) 

where ys is the magnetogyric ratio of the tyrosine radical, r is 
the length of the interspin vector, and the remaining terms are 
defined above. 

The saturation—recovery EPR transient of the tyrosine radical 
in the R2 protein changes both qualitatively and quantitatively 
as the temperature is raised. In the low-temperature regime, 
where the spin—lattice relaxation rate is given by kn, the 
saturation—recovery EPR transient is single-exponential. In the 
high-temperature regime, the exchange and dipole—dipole 
interactions not only lead to markedly faster relaxation rates, 
but the orientation dependence of the dipole—dipole interaction 
produces non-single-exponential relaxation kinetics. By fitting 
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eq 1 to the experimental saturation—recovery EPR data, we can 
extract both &iSCaiar and k\e?b 

As previously shown,3b the only temperature-dependent factor 
in eqs 3 and 5 is jit^-. Thus, &iSCakr and k\e are expected to 
have the same temperature dependence, and their temperature 
dependence will directly reflect the exchange coupling between 
the two Fe(III) ions. At very low temperatures, ksT « 7ex(Fe— 
Fe), ,Meff ~ 0. However, at higher temperatures, the excited 
triplet and higher-energy spin states of the diferric center are 
thermally populated. The magnetic moment of the diferric 
center, /*eff> is a function of the population in the excited spin 
states. Equation 6 gives ,ueff as a function of temperature in 
units of Bohr magnetons squared, assuming an isotropic 
exchange interaction (H = —2JS1S2), 

S(S + 1)(25 + 1) exp[-E(S)/khT] 
f*J = gfZ " (6) 

s Z 

10' 

Temperature (K) 
Figure 2. Temperature dependence of the scalar component (£iSCaiar) 
of the spin—lattice relaxation of the tyrosine radicals in the R2 proteins 
from E. coli (O), HSVl (D), mouse (•), and Salmonella (A). Data 
for the dark-stable tyrosine radical, YD*, in photosystem II (x) are shown 
for comparison (taken from ref 16). The values of £iSCaiar were obtained 
by least-squares fits of eq 1 to saturation—recovery EPR transients taken 
at each temperature. 

where fo is the Boltzmann factor, T is the temperature, E(S) = 
~/ex(Fe-Fe)5(5 + 1), and Z = E*(2S + 1) e\p[-E(S)/kBT]. 
At low temperatures (i.e. below 77 K), only the S = 0 and S = 
1 states of the diferric center are significantly populated, and 
eq 6 can be simplified to eq 7. Equations 3, 5, and 7 predict 

Ii J = gt
2{6 exp[2/ex(Fe-Fe)/*Br]} (7) 

that a plot of In (fciex) or In (ku) vs l/T will have a slope of 
2J6x(Fe-Fe)^Br. 

Results 

Identification of Spin-Lattice Relaxation Channels. The 
spin—lattice relaxation rates of the tyrosine radical of R2 
ribonucleotide reductase from E. coli, HSVl, mouse, and 
Salmonella have been measured over 4 orders of magnitude by 
using saturation—recovery EPR spectroscopy. The observed 
recoveries for the four proteins are all single exponential in the 
low-temperature regime, T < 10 K; the spin—lattice relaxation 
rates below 10 K are also similar to those previously measured 
for a UV-generated tyrosine radical, which has been shown to 
be a good model for a noninteracting tyrosine radical.3b'9 These 
observations indicate that the diferric center is diamagnetic at 
low temperature in all four proteins, due to antiferromagnetic 
exchange coupling of the two Fe(III) ions. As the temperature 
is increased, the tyrosine radicals in all four proteins show non-
single-exponential recoveries with a marked increase in the 
temperature dependence of the relaxation rate. Figure 1 displays 
a saturation—recovery EPR transient from each R2 RNR at ~19 
K. The dots are the data, and the superimposed solid line is 
the best fit of eq 1. From this fit, the scalar relaxation rate, 
fciscaiar, and the dipolar rate, ku, are extracted. The residuals 
from the fit are shown at the bottom of each transient. 

Figure 2 displays the scalar component of the tyrosine 
radical's spin—lattice relaxation for HSVl, mouse, E. coli, and 
Salmonella R2 RNR. In the low-temperature regime, T < 10 
K, the spin—lattice relaxation rates for the former three proteins 
are equivalent. As spin—phonon coupling is the mechanism 
of spin—lattice relaxation in this temperature region, it seems 
that the tyrosine radicals of these three species are accessing 
similar spin—phonon conversion pathways. However, the 
tyrosine radical in Salmonella R2 RNR relaxes approximately 
5 times more slowly than the R2 RNR from the other species, 
for T < 10 K. In this low-temperature regime, the spin—lattice 
relaxation rates for Salmonella R2 RNR are equivalent to those 
of the dark-stable tyrosine radical, YD", of photosystem II, which 
are shown in Figure 2 for comparison. 

As the temperature increases, there is a dramatic diversion 
among the spin—lattice relaxation rates of HSVl, mouse, and 
E. coli R2 RNR. The temperature dependence of the relaxation 
rates increases sharply above approximately 15 K, indicating 
new relaxation channels available to the radical spin. It is in 
this temperature region that population of paramagnetic excited 
states of the diferric center begins to occur, and this results in 
new exchange and dipole—dipole coupling relaxation mecha
nisms. At 30 K, the scalar component of the spin—lattice 
relaxation rate of the tyrosine radical in the R2 proteins from 
HSVl and mouse is approximately 2 orders of magnitude larger 
than that observed for the E. coli protein (Figure T). These 
results are in good agreement with progressive microwave power 
saturation studies at the same temperature.910 

The rate and temperature dependence of the spin—lattice 
relaxation also increased for the tyrosine radical in the Salmo
nella R2 protein in the high-temperature regime, although not 
as dramatically as observed in the other species. At 50 K, the 
spin—lattice relaxation of the tyrosine radical in the Salmonella 
R2 protein is 5 times slower than in the E. coli R2 protein and 
approximately 4 orders of magnitude slower than in the HSVl 
and mouse R2 proteins. 

Determination of the Diferric Exchange Coupling, Jgx(JFe-
Fe). In the high-temperature regime, the spin—lattice relaxation 
of the tyrosine radical in the R2 protein is completely dominated 
by the exchange and dipolar mechanisms described by eqs 3 
and 5, respectively. Consider, for example, the values of fciscaiar 
plotted in Figure 2 for the HSVl and mouse R2 proteins. Above 
about 20 K, the observed relaxation rates greatly exceed the 
expected intrinsic spin—lattice relaxation rates, based on an 
extrapolation of the low-temperature data to higher temperatures. 
Recalling eq 2 and in the limit where &iSCaiar ^ ku, we conclude 
that fciscaiar = &iex in the high-temperature regime. 

There are two potentially temperature-dependent terms in the 
expressions for fciex and ku, eqs 3 and 5, respectively. The 
magnetic moment of the diferric center, fi^, will change with 
temperature as higher spin states are thermally populated. The 
spin—spin correlation time of the diferric center, 7», is also 
potentially temperature-dependent. However, T̂ f is not expected 
to be temperature-dependent for an ensemble of noninteracting 
spins held in a rigid matrix such as a glass. Indeed, it was 
concluded that the value of Ta of the diferric center in the E. 
coli R2 protein was not significantly temperature-dependent up 
to 77 K.3b When the temperature dependence of Ty is negligible 
with respect to the temperature dependence of the magnetic 
moment of the diferric center, then the temperature dependence 
of the tyrosine radical's spin—lattice relaxation rate (eqs 3, 5, 
and 7) can be used to determine the diferric exchange coupling, 
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Figure 3. Plots of In (fciscaiar) (solid symbols) and In (km) (open 
symbols) vs VT for data from the tyrosine radicals in the R2 proteins 
from (a) mouse, (b) HSVl, and (c) Salmonella. The values of fcucaiar 
and ku were obtained by least-squares fits of eq 1 to saturation-
recovery EPR transients taken at each temperature. In the high-
temperature regime, the slopes of these plots yield /M(Fe—Fe), see eqs 
3, 5, and 7 and text. The superimposed solid line is the best linear 
least-squares fit to the data, and the resulting values of 7ex(Fe—Fe) are 
given in Table 1. 

Table 1. Exchange and Dipolar Interactions of the Diferric Center 
in the R2 Proteins 

protein source 
-7ex(Fe-Fe) 

(cm-1)0 
dr. ZFe-O 

(A)* mJhi)mY 
E. coli (data not shown) 
herpes (HSVl) 
mouse 
Salmonella 

92 ± 6 
66 ± 5 
77 ± 4 
69 ± 3 

1.81 
1.84 
1.82 
1.83 

0.57 ± 0.05 
0.40 ± 0.06 
0.50 ± 0.04 
0.56 ± 0.04 

" Determined from the slopes of the plots shown in Figure 3. b <ht-o 
is the iron— î-oxo bond length calculated using the values of —7ex(Fe— 
Fe) and the correlation of Gorun and Lippard.20 c Calculated from the 
values obtained from least-squares fits of the data shown in Figure 3. 

/ex(Fe—Fe). This method was used to determine Jex(Fe—Fe) 
= —94 ± 7 cm - 1 in the E. coli R2 protein,3b which compares 
well with values of — 108*20 c m _ 1 and —84 ± 5 cm - 1 

determined by static magnetic susceptibility measurements.3"'0 

Plots of In fciscaiai and In ku vs 1/T are shown in Figure 3 
for data from the tyrosine radicals in the R2 proteins from 
HSVl, mouse, and Salmonella. The slopes of the plots are, as 
expected, equivalent to within experimental error for a given 
species. Also, as expected from the divergence among species 
in the values of fciscaiar depicted in Figure 2, -7 e x(Fe-Fe) for 
the HSVl and mouse proteins is appreciably smaller than for 
the E. coli protein (Table 1). The value of 7ex(Fe-Fe) for the 
R2 protein from E. coli obtained previously (—94 ± 7 cm~1)3b 

was reproduced in the present study (—92 ± 6 cm - 1 , data not 
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Figure 4. Effect of D2O exchange on the temperature dependence of 
the scalar (fciscaiar, squares) and dipolar (Md, circles) components of the 
spin-lattice relaxation of the tyrosine radicals in the R2 proteins from 
(a) HSVl and (b) mouse. The open symbols are the data from the 
proteins in natural media, and the filled symbols are the data from the 
proteins in deuterated media. The values of ifeiscaiar and ku were obtained 
by least-squares fits of eq 1 to saturation—recovery EPR transients taken 
at each temperature. The superimposed lines are the best linear least-
squares fits to the data: solid lines, natural media and dashed lines, 
deuterated media. 

shown). Quite unexpected was the finding of —69 ± 3 cm - 1 

for 7ex(Fe—Fe) in Salmonella R2 RNR, in which the tyrosine 
radical is more easily saturated by microwave power and could 
perhaps have been expected to have a much larger value of 
—/ex(Fe—Fe). Thus, there is no straightforward relationship 
between the progressive microwave power saturation of the 
radical and the exchange coupling of the diferric center in these 
proteins. Also, structural differences have to be considered, as 
will be discussed below. 

Determination of the Diferric Exchange Coupling for 
Proteins in Deuterated Buffer. In order to explore a possible 
role of hydrogen bonding to the /i-oxo bridge in the diferric 
exchange coupling, the tyrosine radical's spin—lattice relaxation 
was measured in the R2 proteins from HSVl and mouse after 
reconstitution in deuterated buffer. Progressive microwave 
power saturation experiments at 25 K on the tyrosine radical in 
the R2 protein from HSVl grown in deuterated media showed 
no difference from the natural media counterpart. The results 
of the saturation—recovery EPR investigation (Figure 4) show 
both the scalar and dipolar relaxation components in the 
deuterium-substituted sample to be the same, within the 
experimental error, as those from the sample in natural media. 

The tyrosine radical in the R2 protein from mouse reconsti
tuted in deuterated buffer, however, saturated at 25 K at about 
0.5 the power required to saturate the tyrosine radical in the 
nondeuterated sample. As seen in Figure 4, the spin—lattice 
relaxation rates of the tyrosine radical in the deuterium-
substituted sample are consistently lower than those of the 
nondeuterated sample. Analysis of the temperature dependence 
of the data in Figure 4 from the mouse R2 protein (eqs 3, 5, 
and 7) indicates that -7ex(Fe-Fe) is about 3 cm - 1 smaller in 
the deuterium-exchanged sample than in the nondeuterated 
sample. Although the difference in these two values is not 
outside the experimental error of the measurement, it is 
consistent with the difference of about a factor of 2 observed 
in the progressive microwave power saturation measurements. 



Variations of the Diferric Exchange Coupling 

Such a difference in the diferric exchange coupling would be 
predicted for a change in the hydrogen bonding interactions 
experienced by the /i-oxo bridge. 

Distance and Exchange Interaction between the Tyrosine 
Radical and the Diferric Center. While the different tem
perature dependences of the spin—lattice relaxation rates 
observed for the tyrosine radical in the R2 proteins can be 
explained by variations in /ex(Fe—Fe), there are also differences 
in the magnitudes of the spin—lattice relaxation rates that arise 
from variations among the proteins in the distance between the 
tyrosine radical and the diferric center, r, and/or the exchange 
interaction between the tyrosine radical and the diferric center, 
/ex(Fe2—Y). Rearrangement of eqs 3 and 5 yields an expression 
for (fciex/fcid)1'2 (eq 8). Table 1 gives the values obtained for the 

/ I ^ _ 2^Jn(Fe2-Y) 

V *id fa ft W 

ratio (kuJk\i)m for the R2 RNR proteins. If one makes the 
reasonable assumption that the species-dependent variation in 
gt is small compared to the observed range of (fciex/̂ id)1'2, then 
a difference in r and/or 7ex(Fe2—Y) is the source of the (k\cJ 
k\i)m variation. 

/ex(Fe2—Y) depends on the spatial overlap of the electronic 
wave functions of the diferric center and the tyrosine radical. 
The value of this coupling may be determined within the present 
model by the rearrangement of eq 8 to give eq 9. Evaluation of 

PYS ft2 l^ux |7ex(Fe2-Y)|= - ^ x / - ^ (9) 
Ir V id 

the expression given in eq 9 by using the distance of 8.3 A 
between the center of the tyrosine ring to the midpoint between 
the two Fe(IEl) ions observed in the E. coli R2 protein crystal 
structure yields a value of 0.0047 ± 0.0003 cm-1 for 7ex(Fe2-
Y) in the E. coli R2 protein.3b This value was reproduced in 
the present study. 

The point dipole model used by Hirsh et al.3b to describe the 
magnetic interactions between the tyrosine spin and the diferric 
center spin may be extended by considering the spatial distribu
tion of the electron spins responsible for the couplings. When 
the spin derealization is large with respect to the interspin 
distance, the point dipole model may be inadequate to describe 
êx(Fe2—Y). Figure 5 depicts the atoms comprising the tyrosine 

radical and the iron center in the E. coli R2 protein. The letters 
adjacent to the atoms indicate their crystallographic labels. The 
dipolar coupling between the spins on the tyrosine ring and the 
diferric center may be modeled as distributed dipoles comprised 
of pairwise interactions of spin densities localized on the point 
atoms of the interacting groups. The spin density distribution 
of the tyrosine radical in the E. coli R2 protein has been 
determined by EPR spectroscopy173 and refined by ENDOR 
spectroscopy;17b the resulting values17b are indicated by the size 
of the filled circle on each atom in Figure 5. The diferric S = 
1 spin state is expected to be isotropic over FeI and Fe2; 
therefore, a normalized spin density value of 0.5 is assigned to 
these atoms for the calculation. The spin density of atom i of 
the tyrosine radical, g>, interacts with the spin density of the 
iron atomy of the diferric center, Qj. These pairwise interactions 
are summed as in eq 10. Use of this spin-weighted interaction 

<JY3 
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Figure 5. Structure2 and spin distribution17 of the E. coli R2 RNR 
tyrosine radical and diferric center. The atoms are labeled with the 
crystallographic labels, and the axes are in units of angstroms. The 
spin density values, shown by the size of the circles on each atom, 
were used in the calculations of the distributed dipole interaction 
between the tyrosine ring and the diferric center. In the cases of CDl, 
CD2, and CZ, the spin densities are negative. The coordinates2 are 
taken from the known structure of the radical-free form of the R2 
protein, which is assumed to be similar to the active protein with Tyr 
122 in its radical form. 

distance, (r-3), in the evaluation of 7ex(Fe2-Y) yields 0.0068 
cm-1, an increase over the point dipole result of ~45%. 

A consideration of the distributed dipole interactions suggests 
the possibility that a variation in the spin density distribution 
may be one source of the variation in (kuJkid)1'2 among the 
different R2 proteins investigated. The static EPR spectra of 
the tyrosine radicals of the E. coli, HSVl, and mouse R2 
proteins show sufficient similarity to suggest similar spin 
distributions over the tyrosine ring. On the other hand, it is 
possible that the distance and/or orientation of Tyr 122 with 
respect to the diferric center varies among the different R2 
proteins. One possible structural variation among these proteins 
is the dihedral angle, 4>, which describes the ring rotation about 
the bond CB-CG (see Figure 5). This dihedral angle deter
mines the magnitude of the hyperfine coupling to the methylene 
protons adjacent to the tyrosine ring.17 In order to investigate 
the impact of a variation of cj> among species, (r~3) was 
calculated as a function of </> over a 2JT rotation of the tyrosine 
ring, by using eq 10 and assuming the structure and the spin 
densities on the tyrosine ring of the E. coli R2 protein shown 
in Figure 5. Because (k\eJk\i)m is proportional to r3 (eq 8), 
we consider the variation of ((r-3))-1 with <f>. ((r~3))-1 changed 
~20%, occurring over a 120° range about the equilibrium value, 
<ps. Rotation of the tyrosine ring about the CB-CG bond does 
not bring about larger changes in ((r~3))-1 mainly because the 
two large spin densities of the radical, 0.49 on CG and 0.16 on 
the tyrosine oxygen, lie on, or very nearly on, the axis of 
rotation. The effect of the remaining two large spin densities, 
0.26 on both CEl and CE2, is to somewhat cancel out the 
variation in <f>. The quantity (k\eJk\a)m is also proportional to 
7ex(Fe2—Y); however, this value cannot be calculated as a 
function of 0 without large assumptions regarding the constituent 
molecular orbitals. Although the structural basis for the 
variation of (k\exlk\d)m among the four different R2 proteins 
remains to be determined, a change in the orientation of the 
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tyrosine ring relative to the diferric center could be sufficient 
to explain the variation. The static EPR spectrum of the tyrosine 
radical in the Salmonella R2 protein strongly resembles that of 
YD* in photosystem II.18 Since YD* clearly differs from the 
tyrosine radical in the E. coli R2 protein in spin density 
distribution as well as dihedral angle,19 it presents a special case 
in this comparison. 

Discussion 

We have confirmed the rapid spin—lattice relaxation of the 
tyrosine radical in the R2 proteins from HSVl and mouse 
relative to that observed in the E. coli protein and have identified 
the primary source as a variation in the diferric exchange 
coupling, /ex(Fe—Fe). The values determined for the diferric 
exchange for these three species are consistent with the observed 
spin-lattice relaxation rates. Such is not the case, however, for 
the spin—lattice relaxation rates of the tyrosine radical in the 
R2 protein from S. typhimunium, which, in the high-temperature 
regime, are on the order of 10—15 times slower than predicted 
by the diferric exchange coupling for this protein. In the low-
temperature regime, as shown in Figure 2, the spin—lattice 
relaxation of the tyrosine radical in the R2 protein from 
Salmonella is appreciably lower than it is for the tyrosine 
radicals in the R2 proteins from other species. As mentioned 
above, the relaxation times of the tyrosine radical from 
Salmonella in this temperature regime are equivalent to those 
observed for the tyrosine radical, YD', of photosystem II, which 
are plotted in Figure 2 for comparison. The static EPR spectra 
of the R2 proteins in the insets of Figure 1 show the Salmonella 
tyrosine radical to be quite unique with respect to the other 
protein radical spectra; the Salmonella R2 protein spectrum 
strongly resembles that of the YD" of photosystem II.18 As this 
spectrum is dominated by hyperfine interactions between the 
radical spin and the tyrosine ring protons, and the low-
temperature regime relaxation rates of the Salmonella R2 RNR 
are equivalent to those of the YD* of photosystem II, it seems 
likely that modulation of the hyperfine interaction is the 
dominant spin—lattice coupling mechanism. 

In the high-temperature regime from 40 < T < 70, the spin-
lattice relaxation rates of the tyrosine radical in the Salmonella 
R2 protein are about 10—15 times slower than predicted by eqs 
3 and 5, using the diferric exchange coupling for this species 
and the E. coli values for the remainder of the terms. There 
are a number of plausible explanations for the discrepancy. One 
factor is that the spin density distributions of the tyrosine radicals 
in the E. coli and Salmonella R2 proteins are different.18-19 Even 
with the same spin distribution, the range of ((r-3))-1 as a 
function of tyrosine ring rotation was shown above to be 
sufficient to account for the observed range of (k\eJk\&)112. 
However, a structural source for the slow spin-lattice relaxation 
of Salmonella R2 RNR would require a difference in tyrosine 
ring—diferric center orientation along some other degree of 
freedom, such as a ring bend or translation. Considering the 
unique local environment of the tyrosine radical in the Salmo
nella R2 protein indicated by the distinct static EPR spectrum, 
this is certainly possible. Another possibility is a difference 
among the proteins in the correlation time, Tit, of the diferric 
center. It should also be noted that, as the spin-lattice relaxation 
times for the tyrosine radical in the Salmonella R2 protein in 
this temperature regime are not much greater than the relaxation 
times measured for UV-generated, isolated tyrosine radicals,3b 

(18) Atta, M.; Barra, A.-L.; Andersson, K. K.; Allard, P.; Graslund, A., 
manuscript in preparation. 

(19) Hoganson, C. W.; Babcock, G. T. Biochemistry 1992, 31, 11874— 
11880. 

the high-temperature assumption that fciSCaiai ̂  fen may not be 
valid for this species. 

Having analyzed the structural and magnetic properties of 
36 (M-oxo)diiron(III) complexes, Gorun and Lippard20 proposed 
a correlation between the exchange interaction, 7ex(Fe—Fe), and 
the Fe-O distance (P), where P is the shortest exchange 
pathway between the two Fe(III) ions. Introducing the above 
•4x(Fe—Fe) values into this relation leads to values of the Fe-O 
distance included in Table 1. It is important to note that these 
Fe-O distances are as expected for a (w-oxo)(«-carboxylato)-
diiron entity. These distances seem to correlate with what is 
observed from EXAFS studies of proteins, although the Fe-O 
distance was reported to be 2.0 A in the crystallographic 
structure of the E. coli R2 protein.2 In methemerythrin 
(~ êx(Fe—Fe) = 135 cm-1) and azidomethemerythrin (—/ex(Fe— 
Fe) calculated to be 142 cm-1), the corresponding distances were 
reported as 1.80 and 1.76 A, respectively.21 Our observed 
variations in —/ex(Fe—Fe) in the R2 proteins between 66 and 
92 cm-1 could arise from small Fe-O distance variations 
between 1.84 and 1.81 A, respectively. 

Clearly, the present data on the R2 RNR proteins do not 
indicate the presence of a ,M-OH bridge in any diferric R2 
protein; a /<-OH-bridged diferric center would be expected to 
have a value of —7ex(Fe—Fe) smaller than 17 cm-1.20. For 
instance, the hydroxylase component of methane monooxyge-
nase, with a demonstrated ^-OH bridge,6 has — 7ex(Fe—Fe) = 
7.5 cm-1.22 The decrease in —/ex(Fe—Fe) from 135 cm-1 in 
hemerythrin to around 77 cm-1 in oxyhemerythrin has been 
suggested to result from an additional hydrogen bond to its 
/i-oxo bridge.50'20 We do not, at present, think that the HSVl 
or mouse R2 proteins resemble oxyhemerythrin with respect to 
a bound O2 molecule, but the presence of a weak hydrogen bond 
to the /<-oxo bridge cannot be excluded. The presence or 
absence of hydrogen bond interactions might be consistent with 
the changes in /ex(Fe—Fe) observed between the species and 
the observed small effect of deuteration on the microwave power 
saturation properties. The use of other techniques is needed 
for a definitive answer. Such structural differences, although 
very subtle, could influence the redox properties of the iron 
centers. They might, therefore, also be related to the observation 
that it is easily possible to make mixed-valence forms of the 
mouse and HSVl R2 proteins by mild chemical reduction, but 
not of the E. coli protein, which requires much more drastic 
methods.23 
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