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ABSTRACT: Ribonucleotide reductases (RNR) catalyze the rate-limiting step in the synthesis of deoxyri-
bonucleotides from the corresponding ribonucleotides in the synthesis of DNA. Class I RNR has two
subunits: R1 with the substrate binding and active site and R2 with a stable tyrosyl radical and diiron
cluster. Biferrous R2 reacts with oxygen to form the tyrosyl radical needed for enzymatic activity. A
novel R2 form, p53R2, is a 351-amino acid protein induced by the “tumor suppressor gene” p53. p53R2
has been studied using a combination of circular dichroism, magnetic circular dichroism, variable-
temperature variable-field MCD, and EPR spectroscopies. The active site of biferrous p53R2 in both the
human (hp53R2) and mouse (mp53R2) forms is found to have one five-coordinate and one four-coordinate
iron, which are weakly antiferromagnetically coupled throughµ-1,3-carboxylate bridges. These spectro-
scopic data are very similar to those ofEscherichia coliR2, and mouse R2, with a stronger resemblance
to data of the former. Titrations of apo-hp53R2 and apo-mp53R2 with Fe(II) were pursued for the purpose
of comparing their metal binding affinities to those of other R2s. Both p53R2s were found to have a high
affinity for Fe(II), which is different from that of mouse R2 and may reflect differences in the regulation
of enzymatic activity, as p53R2 is mainly triggered during DNA repair. The difference in ferrous affinity
between mammalian R2 and p53R2 suggests the possibility of specific inhibition of DNA precursor
synthesis during cell division.

Ribonucleotide reductases (RNRs)1 catalyze the rate-
limiting step in the synthesis of deoxyribonucleotides from
the corresponding ribonucleotides in the synthesis of DNA
(1-3). There are three classes of RNR, but the most prevalent
is the oxygen-dependent class I RNR, which is found in all
eukaryotes andEscherichia coli(4). This class contains a
complex of two homodimeric proteins, R1 and R2. R2
contains a binuclear iron center and a stable tyrosyl radical
required for the reduction of nucleotides (5-10). The tyrosyl
radical is generated by the reaction of the reduced biferrous
active site with dioxygen (5-10). Class I RNR is further
divided into two subclasses, class Ia and Ib (9, 11-13), and
recently, a new subclass (Ic) has been proposed (14).

E. coli R2 and mouse R2 (mR2) have been characterized
by spectroscopy and crystallography (13, 15-19). The level
of overall amino acid sequence identity between theE. coli
R2 and mR2 is∼25% (20). The higher level of sequence
identity of mR2 with human R2 (98% homologous) makes
it a better model for investigating the chemistry of human
R2. However,E. coli R2 is the most well characterized
member of the class Ia R2 family. Several crystal structures
of the reduced binuclear iron site ofE. coli R2 have been
solved (21-23), and the spectroscopically supported crystal
structure of the biferrous site has been determined to contain
a four- and five-coordinate (4C,5C) Fe2(II) center with two
µ-1,3-carboxylate bridges (16-18). The recently determined
crystal structure of the biferrous site of mR2 is similar to
that ofE. coli R2, but mR2 was noted to have a more open
coordination site since an acetate at pH 6 can bind to one of
the irons (24).

Recently, p53R2, a 351-amino acid p53-inducible protein
that is strikingly similar to mammalian R2, has been isolated
(25, 26). Thep53gene was discovered in 1979 (27-30) and
is well-known as the “tumor suppressor gene” as it is
inactivated more frequently than any other gene in a wide
range of human cancers (27-30). In its normal state,p53
exerts a tumor suppressing function by regulating cell-cycle
arrest or by inducing apoptosis. The biological role of the
p53R2 protein is significant as transgenic mice without the
p53R2 gene can only live 8-14 weeks (31, 32).
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p53R2 is different from normal RNR R2s because it is
induced in response to DNA damage, whereas normal R2 is
only active during mitosis (25, 33-37). The function of
p53R2 is so critical that it can also be induced by alternative
pathways in cells carrying a defective p53 gene (38). In
addition, it has been shown that p53R2 can form a complex
with R1 to supply cells with deoxyribonucleotides for DNA
repair (25, 26). p53R2 is thought to interact with the R1
subunit of mouse RNR which has been suggested to occur
in an active hexameric form (39-42). The formation of a
complex between R1 and R2 is vital, as the tyrosyl radical
produced in R2 must be transferred to the active site of R1
for successful reduction of ribonucleotides (6-9, 43, 44).
An iron-tyrosyl free radical center in active human p53R2
(hp53R2), which is analogous to mammalian R2, has been
observed and confirms that p53R2 reacts with O2 to generate
a tyrosine radical (26). Tyrosyl radicals are essential for the
initiation of the nucleotide reduction process that take place
at the active site in R1. Human and mouse p53R2 (mam-
malian) are 80% homologous to mR2 and 30% homologous
to E. coli R2, but the residues involved in the active site of
hp53R2, as well as the metal ligation and tyrosine radical
site, are conserved (25, 26). Although crystal structures of
p53 have been determined, there is no crystal structure
available for hp53R2.

This study utilizes near-IR CD and MCD spectroscopy to
probe the coordination environment of the Fe(II)2 center in
reduced human and mouse p53R2. VTVH MCD data were
also collected to define the ground state as well as to examine
the exchange interactions between the irons in the binuclear
site which reflects the nature of the bridging ligands (45).
Electron paramagnetic resonance (EPR) studies of reduced
mouse and human p53R2 were carried out in an effort to
examine the ground spin state. Titrations were performed to
gain insight into the binding affinity and iron loading features
of p53R2. Examination of the geometric and electronic
structure of this site and comparison of these data with the
library of R2 and binuclear iron protein data obtained in our
labs allow insight into the relation of p53R2 to other biferrous
ribonucleotide reductases.

EXPERIMENTAL PROCEDURES

Sample Preparation.Materials used for sample preparation
were purchased from the following companies: Sigma
(Hepes buffer, sodium chloride), Mallinckroft (ferrous am-
monium sulfate hexahydrate), Aldrich (deuterium oxide, 99.9
at. % D, and sodium dithionite), and Cambridge Isotope
Laboratories (d3-glycerol, 98 at. % D). Deuterated buffer was
degassed with 99.9% pure argon;d3-glycerol was degassed
by heating under vacuum overnight followed by at least 10
freeze-pump-thaw cycles at 10-3 Torr. Protein samples
were degassed by being rapidly purged with at least 10
vacuum/argon cycles; solid ferrous ammonium sulfate was
pumped at 10-3 kPa for at least 1 h. The protein samples
were prepared and loaded into the sample holder in an inert
atmosphere.

Human and mouse p53R2 were expressed and purified as
previously reported (26), with slight modifications. In the
last steps, the samples were purified by being passed through
a hydrophobic interaction column (5× 5 mL HiTrap phenyl
HP column) and eluted when the conductivity was lower

than 85 mS/cm using an A¨ kta purification system (Pharma-
cia, GE-Health). p53R2 was additionally chromatographed
on an anion exchange column (prepacked 2× 5 mL HiTrap
Q HP column) equilibrated with 25 mM Tris-HCl buffer (pH
7.0) and eluted at a conductivity of∼30 mS/cm with 25
mM Tris-HCl buffer (pH 7.0) with 0.5 M KCl. The tyrosyl:
radical ratio in iron-reconstituted active p53R2 was>1 per
dimer, which is the normal radical yield for R2 proteins (4,
26). To fully remove all iron and radicals possibly present
during reconstitution, the protein was incubated with 5 mM
EDTA and hydroxyurea and the solution run through a 10
mL Sephadex G25 gel filtration column to remove all the
iron and to reduce the tyrosyl radical before reconstitution
with Fe(II). The resultant solution was reconcentrated, and
the concentration was measured using the protein absorption
peak at 280 nm. The molar extinction coefficient of murine
and human p53R2 is assumed to be the same (26) as that
for mR2 (124 000 M-1 cm-1/dimer at 280 nm) since the
difference in the calculated extinction coefficients for mR2
and the p53R2 proteins is only 2.8%. Buffer exchange was
carried out by diluting the apoprotein with deuterated buffer
[0.15 M Hepes (pD 7.6)] and reconcentrating to∼2 mM by
ultrafiltration [Amicon (Beverly, MA) stirred YM30 ultra-
filtration cell]. This process was repeated until the percentage
of D2O was greater than 99.9% of the solvent.

The degassed apoprotein was fully reduced with 1µL of
5 mM methyl viologen and 2µL of 10 mM dithionite before
the ferrous solution was added to fully load the iron center.
A ferrous ion solution was added anaerobically to the
apoprotein and incubated for 15 min. The sample was
transferred to an anaerobic cuvette for CD measurements.
The addition of glycerol did not noticeably alter the CD
spectrum. Protein samples were prepared for MCD as they
were for CD with an additional step of manually mixing the
protein with 60% (v/v) glycerol-d6 (pD 7.8) until it was
homogeneous to create a suitable glass. The samples were
then immediately frozen in liquid nitrogen.

CD and MCD Spectroscopy.CD studies were performed
on a JASCO J200D spectropolarimeter operating with a
liquid nitrogen-cooled InSb detector in the 560-2000 nm
region. Low-temperature MCD and VTVH MCD data were
acquired on this spectropolarimeter, modified to accom-
modate an Oxford Instrument SM4000 7T superconducting
magnet capable of magnetic fields of up to 7.0 T and
temperatures down to 1.6 K. Protein samples prepared for
MCD studies were slowly inserted into the cryostat to reduce
strain in the resulting optical glass.

The CD and MCD spectra were fit using a constrained
nonlinear least-squares procedure to find the minimum
number of ligand field transitions required to simultaneously
fit both spectra. Each spectroscopic method has a different
selection rule; thus, transitions can have different intensities
and signs but similar energies. The bands in the MCD
spectrum (1.6 K) are sharper than those in the CD spectrum
(278 K).

VTVH MCD data (MCD intensity, temperature, and
applied magnetic field) were fit with a non-Kramers doublet
model using a simplex routine that minimizes theø2 value.
A goodness of fit parameter (ø2/number of float parameters)
was utilized in the comparison of different fit results. The
g|| values of the ground and excited sublevels as well as the
energies obtained provide information about the ground spin
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states and thus bridging interactions within the dimer. In
addition, a spin-projection model was applied to confirm the
results obtained from the doublet model and identify the
specific Fe center of the dimer associated with the ligand
field transition being studied by VTVH MCD. This procedure
is described in the Results.

EPR Measurements.The EPR spectra were recorded at
X-band on a Bruker ESP 300E or a Bruker Elexsys 500 EPR
spectrometer, fitted with a Bruker ER41116DM dual-mode
cavity and an Oxford ESR 900 helium flow cryostat. The
ferrous p53R2 in presence of 5 mM dithionite was frozen in
quartz EPR tubes after they were flushed with Ar.

RESULTS AND ANALYSIS

CD and Low-Temperature MCD Spectroscopy.NIR CD
and MCD spectra for reduced human p53R2 are shown in
Figure 1, with the Gaussian fit of the data shown in red.
The CD spectrum (Figure 1A) is comprised of a positive
transition at 5700 cm-1 and two negative transitions at 8250
and 9500 cm-1. The MCD spectrum (Figure 1B) exhibits a
small positive peak at 5800 cm-1 and a large broad positive
peak at∼8500 cm-1 which can be resolved into two positive
peaks at 8050 and 9400 cm-1. The MCD spectra were
recorded at 1.6 K and, thus, have sharper bandwidths, and
the band energies shift slightly relative to the CD data
recorded at 278 K. No further transitions are observed up to
the protein absorbance at 280 nm. CD/MCD spectra of mouse
p53R2 overlay within a standard deviation of the human
p53R2 data and are shown as part A of the Supporting
Information.

The three distinct peaks of hp53R2 reflect two inequiva-
lently bound Fe(II) ions, as a single ferrous ion can give
rise to only two peaks in the near-IR region. Since a six-
coordinate (6C) Fe(II) would have two df d transitions
separated by∼2000 cm-1 around 10 000 cm-1, the presence
of only one transition above 8000 cm-1 in the CD/MCD

spectra indicates that neither iron is 6C. However, the
presence of a high-energy transition in the 10 000 cm-1

region which is not 6C can occur only for a five-coordinate
(5C) iron, as four-coordinate (4C) irons have a much lower
transition energy (vide infra). A 5C square pyramidal site
has two transitions, one at∼5000 cm-1 and a second above
10 000 cm-1, while a trigonal bipyramidal 5C site has two
transitions at below 10 000 and below 5000 cm-1. Finally,
a 4C distorted tetrahedral environment iron exhibits two low-
energy LF excited transitions around 5000 cm-1. In parallel
to our detailed studies ofE. coli R2, the band at 9500 cm-1

must be associated with a 5C iron, while the lower-energy
transitions at 7800 and 5900 cm-1 require that the second
iron be 4C.

Fe(II) CD Titrations.CD titrations were performed on apo-
mR2 with ferrous ion to determine the spectral features of
each metal binding site. The titration of apo-hp53R2 with
ferrous iron could be measured by near-infrared CD as the
Fe(II)-bound binuclear site is optically active, while unbound
ferrous iron in solution is optically silent. Figure 2 shows
the room-temperature CD titration of apo-hp53R2 with
ferrous ion. hp53R2 has two binuclear active sites in the
homodimer which can accommodate up to four iron atoms.
A very broad negative transition with a maximum at∼9000
cm-1 and a broad weak positive transition grows in at
approximately the same rate. These transitions were Gaussian
resolved into three transitions (Figure 1A, red lines), and
the three transitions in hp53R2 increase equally in intensity
with an increase in the concentration of ferrous ions,
saturating at 4 equiv of ferrous ion per homodimer (i.e., 2
equiv of iron for a binuclear site.) The binding constant (Kb)
for binding of Fe(II) to hp53R2 was found to be∼(6.4 (
1.0)× 103 M-1. Titration experiments using the same method
were conducted for mp53R2, and theKb was found to be
(5.4 ( 1.0) × 103 M-1. This behavior, which indicates a
high binding affinity, similar to that ofE. coli R2 (Kb,Fe1∼
14.3( 103 M-1 andKb,Fe2∼ 3.3( 103 M-1), is very different
for the low-affinity cooperative binding behavior found in
mR2 (Kb ∼ 0.4( 103 M-1) (16, 17). Thus, p53R2 is different
in that the binuclear site binds iron equivalently (as opposed
to E. coli R2) and with a high affinity (as opposed to mR2).
Table 1 summarizes the binding constants for the four R2s.

VTVH MCD Spectroscopy.The MCD intensity of the
biferrous site of hp53R2 increases as the temperature
decreases, indicating that these transitions are MCDC term
associated with a ground state which has paramagnetic
doublets that are split in energy by a magnetic field.

FIGURE 1: (A) CD spectrum of human p53R2, recorded at 5°C,
and (B) MCD spectrum of human p53R2, recorded at 1.6 K and 7
T. The experimental data (black line) are fit to the individual
Gaussian band shapes (red line). Green arrows denote positions
where VTVH data were collected (vide infra).

FIGURE 2: CD titration of apo human p53R2 with iron. Two
equivalents of Fe is equal to a fully loaded binuclear site (i.e., 2:1
Fe:binuclear site ratio).
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The saturation magnetization MCD curves were taken at
9,260 cm-1 (1080 nm) and 8000 cm-1 (1250 nm) (top and
bottom panels of Figure 3; green arrows in Figure 1 give
energy positions of the data collected). Satisfactory data could
not be collected on the 5800 cm-1 peak due to its low signal-
to-noise ratio. Both sets of VTVH MCD curves are nested,
with the high-temperature data offset from the low-temper-
ature data when the isotherms are plotted as a function of
âH/2kT. This is characteristic of rhombic zero-field splitting
(ZFS) of a non-Kramers doublet ground state and arises from
temperature-dependent nonlinear field-induced mixing be-
tween the sublevels of the doublet. The VTVH MCD data
for the two bands data do not overlay within a standard
deviation for the two bands. This can be due to either
different polarizations of the LF transitions on the same iron
or reflect the LF transitions belonging to the two different
irons of the biferrous site. Analysis of the VTVH MCD data
taken at 8000 and 9260 cm-1 provides the ground state of
the Fe2II center, which gives further insight into the Fe
coordination and nature of the bridging ligands.

The VTVH MCD data were first fit using the MCD
intensity expression for a non-Kramers system, allowing for
the effects of a linearB term from field-induced mixing
between states and the presence of excited sublevels of the
ground state, as given by eq 1 (46-48):

where

where (Asat lim)i, Bi, δi, g||i, andg⊥i are theC term andB term
MCD intensity, the rhombic ZFS, and the dimerg values of
the ith doublet, respectively.Ei is the energy of theith
sublevel, and the energy of the ground state is defined as
zero. The Boltzmann population over all states has been
included in both theC term and theB term intensities as the
factors Ri and γi, respectively.H is the applied magnetic
field andk the Boltzmann constant, andMz andMxy are the
transition dipole moments for the indicated directions.

The lowest-temperature (1.6 K) data collected at 9260
cm-1 for p53R2 were fit using eq 1 by floatingAsatlim, B, δ,
andg|| while fixing g⊥ and the polarization ratioMz/Mxy at
zero. Additional simulations whereg⊥ and Mz/Mx,y were
allowed to vary did not improve the fit. The best fit to the
complete data set requires a single non-Kramers doublet with
a g|| of ∼8 and aδ of ∼3.8 cm-1, indicating that the ground
state isMs ) (2. Fits using other values ofg|| were poor
(graphically and goodness of fit). An excited doublet∼3.2
cm-1 above the ground state is required to fit the higher-
temperature saturation data. Inclusion of a third state does
not have a significant effect on the fitting results. A good fit
of eq 1 for the 8000 cm-1 band gives the same ground and
excited state. The parameters obtained for both bands are
very similar (consistent with both transitions arising from
the same ground state) with variations accommodated by the
A and B float parameters. These values are listed in Table
2. Included for comparison are the results for mR2 andE.
coli R2.

A spin-Hamiltonian analysis was performed on the VTVH
MCD data given above to explore the coupling between the
two irons in the binuclear center. Equation 2a gives the
expression for the spin Hamiltonian of a general biferrous
system, which operates on the uncoupled basis set|S1, S2,
Ms1, Ms2〉, where the subscripts indicate the two ferrous
centers:

Table 1: Kb Values forE. coli (20), Mouse (17), Human p53, and
Mouse p53 R2

Kb (M-1)

E. coli R2 ∼(14.3( 1) × 103, ∼(3.3( 1) × 103

mouse R2a ∼(0.4( 1) × 103

human p53R2 ∼(6.4( 1) × 103

mouse p53R2 ∼(5.4( 1) × 103

a Mouse R2 at 50% saturation due to cooperativity of the binuclear
site and weak Fe(II) binding.

FIGURE 3: Saturation magnetization behavior of the MCD signal
of human p53R2 (VTVH MCD) at 9260 (top) and 8000 cm-1

(bottom) with their respective doublet fits included. The intensity
at one wavenumber is plotted over a range of magnetic fields (0-7
T) and temperatures (1.6-25 K) and is plotted as a function of
âH/2kT, and the fit parameters are given in Table 2.

∆ε ) ∑
i [(Asat lim)i(∫0

π/2cos2 θ sin θ

Γi

g||iâHRi dθ -

x2
Mz

Mxy

∫0

π/2sin3 θ

Γi

g⊥iâHRi dθ) + BiHγi] (1)

Γi ) xδi
2 + (g||iâH cosθ)2 + (g⊥iâH sin θ)2

Ri )
e-(Ei-Γi/2)/kT - e-(Ei+Γi/2)/kT

∑
j

e-(Ej-Γj/2)/kT + e-(Ej+Γj/2)/kT

γi )
e-(Ei-δi/2)/kT + e-(Ei+δi/2)/kT

∑
j

e-(Ej -δj/2)/kT + e-(Ej+δj/2)/kT
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whereJ is the exchange coupling between the two irons,
D1, D2, E1, andE2 are the axial and rhombic ZFS parameters,
andH is the magnetic field. Zeeman terms (gz1âHz1Sz1 ... etc.)
are also included, where theg value can be coupled to the
ZFS parameters using ligand field theory as given in eqs 2b
and 2c. λ is the Fe(II) ground state spin-orbit coupling
constant (∼100 cm-1), andk2 is the Stevens orbital reduction
factor (i.e.,|k| < 1) and accounts for the effects of covalency.

A high-spin ferrous ion has anS ) 2 ground state withMs

) 0, (1, and(2. This 5-fold degeneracy will split due to
zero-field splitting. In an exchange-coupled system, the two
ferrous ions can also interact through bridging ligands to give
Stot ) |S1 + S2| ... |S1 - S2| ) 4, 3, 2, 1, and 0 levels. These
levels are split by the exchange couplingH ) -2JS1S2 to
generate (2Stot + 1)Ms degenerate levels, which are further
split in energy by the zero-field splitting (ZFS). Since the
magnitudes ofD and J are comparable in binuclear non-
heme ferrous systems, their combined effects need to be
considered.

A 25 × 25 matrix describing the interaction of theMs

sublevels with each other as functions ofJ and D is
generated, and diagonalization of this matrix in zero magnetic
field gives the wave functions of the binuclear ferrous spin
states and their energies. These are dependent on the relative
magnitudes and signs of the exchange coupling and the ZFS.
The magnitude of theD values are constrained to be less
than|15| cm-1 (the largest value observed in model systems
and ligand field calculations); the maximum|E/D| is 1/3 by

definition. The fits using the results obtained from the doublet
model are summarized in the bottom of Table 2. From Table
2, hp53R2 has a ground state withMs ) (2 (g ) 8) and a
lowest excited state of a doublet with anMs ) (1 (g ) 4).
This situation occurs when the twoD values have opposite
signs andJ is negative. TheJ value for hp53R2 is-0.6 (
0.1 cm-1, indicating an antiferromagnetically coupled system.
Part B of the Supporting Information gives a condensed
correlation diagram of the energy levels of the binuclear
ferrous ground state with aD1 of -10 cm-1 and aD2 of 5
cm-1 with the positions of mR2,E. coli R2, and hp53R2
shown.

In the analysis of the VTVH MCD data for hp53R2 given
above, second-order Zeeman contributions have been incor-
porated via the inclusion of the empiricalB term in the MCD
intensity expression (Bi in eq 1). These empirical float
parameters are used to account for the field-induced mixing
between sublevels of the ground state. The data can also be
fit directly with the spin-Hamiltonian wave functions and
the fact that the MCD intensity is proportional to the spin-
expectation values of the single iron center being studied
by MCD projected onto the dimer states. This complementary
fitting approach uses the parametersD1, E1, D2, E2, andJ
and the effective transition moment productsMxy, Mxz, and
Myz to obtain the best fit. In this approach,D1 is the Fe(II)
center associated with the df d transition studied by VTVH
MCD. Thus, through correlation ofD1 with VTVH MCD
data for a specific LF transition, it is sometimes possible to
identify which of the irons in the binuclear site is associated
with the MCD transition being studied. This has been carried
out in previous studies, and details of the simulation program
are given in ref16. The best spin-Hamiltonian fit to the
VTVH MCD data taken at 9260 cm-1 is shown in Figure
4A. The data were best fit with aD1 of -9.26 cm-1 and a
D2 of 5.8 cm-1 with a negativeJ value of -0.6 cm-1. A
good fit could not be obtained with a positiveD1 value; thus,
the transition at 9260 cm-1 could be associated with only
the 5C iron.

Initially, a variety of VTVH MCD simulations were
performed to map out the solution space for the 8000 cm-1

saturation magnetization data in Figure 3. The data could
only be reasonably fit with either a combination of two
negativeD values of different magnitudes or a postive and
negativeD for the two ferrous centers (Figure 4B). However,
from the doublet fitting, we were able to eliminate the former
option as a local minimum. The final fit for the 8000 cm-1

peak was aD1 of 5.6 cm-1 and aD2 of -10 cm-1 with a
negativeJ value of-0.6 cm-1. Thus, the 8000 cm-1 band
reflects a 4C iron since this Fe(II) center has a positive ZFS.

The J andD values which result from the VTVH MCD
data fit with the spin-Hamiltonian method are consistent with
these obtained from the doublet fitting method and the band
assignments made in the previous section. Table 3 presents
the spin-Hamiltonian fits for the three R2 systems. Note that
these fits using the method described above were not
sensitive to the rhombicity of the Fe(II) site. However, the
fits using the doublet model (eq 1) require anE/D of >0 for
each Fe(II), as the non-Kramers doublets exhibit significant
splitting.

Integer Spin EPR Studies.Biferrous mR2 has a strong
integer spin X-band EPR signal ing20% glycerol with a
gobsaround 12 (49) that can be observed in both perpendicular

Table 2: Summary of VTVH MCD Parameters for the Ground and
Excited States of the Reduced Binuclear Non-Heme Site forE. coli
R2 (16, 18), Mouse R2 (17), and Human p53R2 (top) and
Spin-Hamiltonian Fit for the Reduced Binuclear Non-HemeE. coli
R2, mR2, and hp53R2 from eq 2a (bottom)

E. coli R2
mouse R2
(mp53R2)

human
p53R2 (hp53R2)

peak (cm-1) 7700 6250 8000 9260
δ1 (cm-1) 3.5 2.0 3.8 3.8
g 8.0 8.0 8.0 8.0
δ2 (cm-1) 10.0 1.7 3.5 3.5
g 4.0 4.0 4.0 4.0
energy (cm-1) 4.0 5.0 3.2 3.2

J (cm-1) -0.4 -J (very small) -0.6 -0.6
Da (cm-1) -10.0 -10.0 -10.0 -10.0
Da (cm-1) 4.0 5.0 5.0 5.0

a Note that combinations of either two positive or two negativeD
values do not give the experimentalMs ) (2 ground state. The fitting
program used to obtain theseD andJ values cannot distinguish which
iron is associated with each transition. This can be obtained from the
spin projection model.
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2 - 1/3S(S+ 1)] + E1(Ŝx1
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Ŝy1

2) + D2[Ŝz2
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and parallel mode X-band EPR spectra in the temperature
range of 4-10 K. hp53R2 and mp53R2 do not have any
detectable X-band integer spin EPR signal in perpendicular
and parallel mode (data not shown), as observed forE. coli
R2.

In summary, from the analysis of the CD, MCD, and
VTVH data, the reduced form of hp53R2 contains a 4C,5C
diiron center, with peaks at 5700, 8400, and 9500 cm-1. The
peak at 9500 cm-1 is associated with the 5C Fe(II), and the
5700 cm-1 and 8400 cm-1 transitions are associated with
the 4C Fe(II). The complex has a weak antiferromagnetic
coupling J value of -0.6 cm-1 indicating the presence of
µ-1,3-carboxylate bridges.

DISCUSSION

The ability of both hp53R2 and mp53R2 to generate a
tyrosine radical with EPR properties similar to those of mR2
andE. coli R2 indicated its potential as a class I ribonucle-
otide reductase with a similar binuclear iron site. The CD/
MCD/VTVH MCD spectroscopic studies on the reduced
hp53R2 and mp53R2 presented here reveal that the overall
structure of the biferrous site of mammalian p53R2 bears a
strong resemblance to the structures of other members of
the R2 family (16, 17). The hp53R2 and mp53R2 X-band
tyrosyl radicals are also very similar to the mR2 radical (26,
50). This is not surprising since the active form of p53R2
binds and performs turnovers with the same RNR R1 subunit
used by normal R2. Figure 5 shows the CD (A) and MCD
(B) spectra of hp53R2 overlaid with those of R2 fromE.
coli and mouse. All three exhibit the spectroscopic features
of a 4C,5C biferrous center. Analysis of the VTVH MCD
data in Figure 3 indicates that hp53R2 has a non-Kramers
doublet ground state (Ms ) (2) with the ferrous ions

antiferromagnetically coupled (J ) -0.6 cm-1). Previous
studies concluded that binuclear ferrous sites with weak
antiferromagnetism arise from carboxylate bridges providing
a poor superexchange pathway for electron transfer. Com-
plexes with both carboxylates bridged in aµ-1,3 fashion
exhibit a similar weak antiferromagnetic interaction (51). The
ground state of hp53R2 further reflects one Fe(II) with a
positive smallD and the second Fe(II) with a larger negative
D. This also mirrors the results of the R2 family, further
defining a model where one iron is 4C (positiveD) and the
other iron is 5C (negativeD).

While the spectroscopic similarity of hp53R2 and mp53R2
to the R2 family was anticipated, from Figure 5B, the
intensity pattern of both mammalian p53R2s in MCD bears
a greater similarity to that ofE. coli R2 than to that of mR2.
In addition, the ground state parameters of hp53R2 from
Table 2 more closely resemble those ofE. coli R2, with a
largerJ (ca.-0.5 cm-1) andδ (∼3.8 cm-1) in comparison
to those of mR2 (J ∼ 0, δ ∼ 2.0 cm-1). This is consistent
with the absence of an X-band integer spin EPR signal for
both mammalian p53R2s andE. coli R2, while reduced mR2
exhibits an integer EPR signal which reflects its smallerδ.
This greater similarity toE. coli R2 shown by human and
mouse p53R2 is interesting, considering the homology
between mR2 and human and mouse p53R2. While the CD/
MCD data of human and mouse p53R2 are similar with those
of the other R2 families, the CD sign in human and mouse
p53R2 (∼7000-8000 cm-1) is negative. This indicates that
there is a conformational difference in the vicinity of this
iron center, although the iron remains 4C. In addition, the
sign of the highest-energy peak (∼9500 cm-1) in the MCD
spectrum of human and mouse p53R2 is positive, in
comparison to those ofE. coli and mouse R2, which have a
negative sign for this transition. This indicates a perturbation
in the electronic structure of the 5C iron center. It should be
noted that while the CD and MCD signs of mR2 andE. coli
R2 are the same, the middle transition (∼7000 cm-1) of mR2
is 300-600 cm-1 lower in energy. Table 4 gives the
transitions and signs of human and mouse p53R2 and
compares these to the equivalent transitions ofE. coli R2
and mouse (mammalian) R2.

Prior studies of mononuclear ferrous systems showed that
MCD d f d transitions are often both positive, which is a
deviation from the sum rule (equal in magnitude but opposite
in sign). This all-positive MCD spectrum arises from the
removal of the orbital degeneracy of the ground state and
introduction of spin orbit coupling (SOC) between its
rhombically split components. Since there is no matrix
element of the orbital angular momentum,L, between the
components of the excited state levels, they cannot directly
spin orbit couple. This would preclude the MCD intensity
which arises from the pseudo-A mechanism (52). In E. coli
R2 and mR2, the negative MCD transition in Figure 5 reflects
a distortion of the ligand field in the 5C iron which would
allow mixing between the dπ and dσ orbitals. This provides
a mechanism for SOC between the excited states (53). A
positive peak in the MCD spectrum of p53R2 in the higher-
energy band in Figure 1 indicates that the 5C center is more
axial than inE. coli R2 or mR2. In addition to the sign
differences, the middle transition in p53R2 (∼8250-8400
cm-1) has significantly shifted to higher energy in compari-
son to the R2s previously studied. This shift to higher energy

FIGURE 4: Spin-Hamiltonian fits using the spin projection model
of the p53R2 VTVH MCD data taken at (A) 1080 nm (9260 cm-1)
and (B) 1250 nm (8000 cm-1). Parameters are summarized in Table
3.
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indicates the 4C iron is more distorted away from a
tetrahedral geometry.

There are a number of possible small structural distortions
that can cause these spectral changes, including a shift of a
bridging carboxylate and distortion of the axial ligand on
one Fe(II) center. Crystal structures of mR2 have been
determined and indicate that mR2 has a more labile iron
center as well as a more open structure thanE. coli R2 (25,
54). Comparison of theJ values of the three R2s (Table 2)
indicates that p53R2 of both human and mouse are closer to
E. coli R2 than mR2. Recently determined crystal structures
have shown that the Fe(II)-Fe(II) distance is longer forE.
coli R2 than for mR2 (25). Both the dithionite-reduced and
Fe(II)-soakedE. coli R2 have an Fe(II)-Fe(II) distance of
3.9-3.6 Å, while the Fe(II)-soaked mR2 iron-iron distance
was 3.4 Å. Examination of the crystal structure of mouse
andE. coli R2 shows that one of the bridging carboxylates
(E267) was shifted more toward the 5C iron in a more
bidentate fashion in mR2. The carboxylate (E238 inE. coli

R2) which bridges the two irons inE. coli R2 is more
centered between the two irons of the biferrous site in mR2.

Finally, the main difference between p53R2 and mR2 is
in the mode and ability to bind iron. The free radical iron
center in mR2 is more labile, losing 50% of its iron after 30
min at 37°C (44, 45). Although hp53R2 is most homologous
with mammalian (mouse) R2, its binding constant for ferrous
iron is more similar to that ofE. coli R2. In addition, p53R2
lacks the cooperative Fe(II) binding found in mR2 (7, 17,
54). Four crystal structures of mR2 at pH 6 (and lower)
soaked with iron(II) under different aerobic reducing condi-
tions exhibit significant carboxylate shifts (7, 24). The CD/
MCD spectra of mR2 at pD 7.9 (pH 7.5) in 50 mM HEPES
and 100 mM KCl buffer exhibited only one species but
confirmed the lower affinity for iron in titration experiments.
The fact that p53R2 binds Fe(II) quite readily as opposed to
mR2 may reflect a regulatory mechanism in mammalian R2
which prevents formation of excess tyrosyl radicals or other
harmful reactive species in a resting, undamaged cell. As
p53R2 is triggered only during DNA repair, regulation by
ferrous ion may be unnecessary. This difference in ferrous
iron affinity between mammalian p53R2 and mR2 could be
exploited for the therapeutic inhibition of R2 during rapid
cell division, e.g., the growth cycle of certain cancer cells,
with the use of Fe(II) chelators.

In summary, this study presents detailed electronic and
geometric structural insight into the active site of the p53R2
enzyme. The spectroscopic methodology shows that the
biferrous center for p53R2 consists of one five- and one four-
coordinate iron which are weakly antiferromagnetically
coupled throughµ-1,3 bridging carboxylates. The active site
structure obtained for the reduced form of p53R2 has been
correlated to those ofE. coli R2 and mR2. These species
have a common structure for the dioxygen reactive forms
of R2; however, they differ in iron binding ability, which
may relate to regulation and function.
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