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ABSTRACT: The rate limiting step in DNA biosynthesis is the reduction of ribonucleotides to form the
corresponding deoxyribonucleotides. This reaction is catalyzed by ribonucleotide reductases (RNRs) and
is an attractive target against rapidly proliferating pathogens. Class I RNRs are binuclear non-heme iron
enzymes and can be further divided into subclasses. Class Ia is found in many organisms, including humans,
while class Ib has only been found in bacteria, notably some pathogens. Both Bacillus anthracis and
Bacillus cereus encode class Ib RNRs with over 98% sequence identity. The geometric and electronic
structure of the B. cereus diiron containing subunit (R2F) has been characterized by a combination of
circular dichroism, magnetic circular dichroism (MCD) and variable temperature variable field MCD and
is compared to class Ia RNRs. While crystallography has given several possible descriptions for the class
Ib RNR biferrous site, the spectroscopically defined active site contains a 4-coordinate and a 5-coordinate
Fe(II), weakly antiferromagnetically coupled via µ-1,3-carboxylate bridges. Class Ia biferrous sites are
also antiferromagnetically coupled 4-coordinate and 5-coordinate Fe(II), however quantitatively differ
from class Ib in bridging carboxylate conformation and tyrosine radical positioning relative to the diiron
site. Additionally, the iron binding affinity in B. cereus RNR R2F is greater than class Ia RNR and provides
the pathogen with a competitive advantage relative to host in physiological, iron-limited environments.
These structural differences have potential for the development of selective drugs.

Ribonucleotide reductases (RNRs1) catalyze the reduction
of the four ribonucleotides to the corresponding deoxyribo-
nucleotides needed for DNA synthesis and repair in all
organisms (1-10). This is the first and rate limiting step in
DNA biosynthesis thus making it an attractive target for drug
design strategies against rapidly proliferating cells such as
cancers and various pathogens (3). All known RNRs share
a common radical-based catalytic mechanism, and three
major classes are currently known (3-11). These classes
appear to have a common evolutionary relationship, though
they have diverged and different organisms have tuned their
RNRs, via allosteric regulation, to the specific base composi-
tion of their genomes (8). In addition, differences in oxygen

dependency and overall tertiary structures are observed across
the classes (1-3, 8-10). Class I RNRs are iron and dioxygen
dependent enzymes found in diverse species including
eukaryotes, bacteria, bacteriophages, and viruses. Class II
RNRs are coenzyme B12-dependent, have no oxygen depen-
dence and are found in archea, bacteria and some bacte-
riophages (11). Class III RNRs utilize a stable, but oxygen
sensitive glycyl radical that only functions during anaero-
biosis and are also found in archea, bacteria and bacterioph-
ages (1-3, 8, 9).

The best studied to date is class I RNRs, which can be
divided into subclasses Ia, Ib, and the recently described Ic,
based on differences in allosteric regulation and primary
amino acid sequence (and metal cofactor for Ic) (12). Most
class I RNRs are composed of two similar homodimeric
proteins (R1 and R2 in class Ia and Ic and R1E and R2F in
class Ib). The R1 subunit contains the ribonucleotide
reductase active site, and the R2 subunit houses the diiron
cofactor responsible for formation of the catalytic tyrosyl
radical (Y122•, using the Escherichia coli R2 numbering)
in a four R-helix bundle characteristic of most binuclear non-
heme iron enzymes (10, 13-15). The tyrosyl radical gener-
ated in the R2 subunit is transferred to the R1 subunit through
a well conserved array of hydrogen bonded amino acids to
form a thiyl radical in the R1 substrate binding site (3, 8,
16-18). Class Ia RNRs are expressed in all mammals, while
class Ib RNRs have only been found in prokaryotes including
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pathogenic strains from the Salmonella, Bacillus, Coryne-
bacterium, and Mycobacterium genera and are found in
anaerobically grown E. coli cells (19-24). The only identi-
fied member of class Ic is the RNR from Chlamydia
trachomatis which utilizes a MnFe cofactor and lacks the
catalytic tyrosyl radical (12, 25-27). Despite low sequence
homology across the subclasses (28), the amino acids that
coordinate the metal sites, the tyrosyl radical (with the
exception of Ic), and the amino acids in the proposed radical
transport chain from R2 to R1 are conserved. Differences in
pathogenic RNRs relative to human or mammalian (host)
isozymes can be exploited for the treatment of diseases, thus
a detailed understanding of class Ib RNRs relative to class
Ia is critical. Class Ib RNRs from different pathogenic
bacteria have attracted attention because of increasing
resistance against existing antibiotics. Quenching of the
essential tyrosyl radical is part of the action mechanism of
several current RNR-targeting drugs (3, 16, 29).

The prototypical bacterial and mammalian class Ia en-
zymes are from E. coli and Mus musculus (mouse), respec-
tively. Under conditions of DNA repair an additional R2
protein is expressed in mammalian cells (p53R2) which is
induced by external agents such as the tumor suppressor p53
in response to DNA damage (30). p53R2 is expressed during
all steps of the cell cycle for continuous deoxyribonucleotide
production and is important for mitochondrial deoxyribo-
nucleotide synthesis (3, 31). From crystallography and
magnetic circular dichroism (MCD) spectroscopy, the bi-
ferrous sites in each of these enzymes consist of one
4-coordinate and one 5-coordinate iron center (4C+5C)
(32-34). The irons are weakly antiferromagnetically coupled
by two µ-1,3-carboxylate bridges with the iron coordination
spheres completed by two histidine and two terminal
carboxylate ligands (one monodentate to the 4C center (Fe1,
which is proximal to the catalytic tyrosine) and the other
bidentate to the 5C iron (Fe2)) (33, 35, 36). The overall
crystal structure of mouse R2 is similar to E. coli R2, though
the diiron active site in mouse R2 is more solvent accessible,
shown by the ability of acetate to binds one iron during
crystallization and the presence of an additional water
molecule (not found in the E. coli crystal structure) that is
H-bonded to the catalytic tyrosine (Y177 in mouse) (37).
The 4C+5C biferrous site in R2 reacts rapidly with di-
oxygen to form the µ-oxo/µ-OH- localized mixed-valent
Fe(III)Fe(IV) intermediate (intermediate X) which is directly
responsible for tyrosine radical generation by a proton
coupled electron transfer process (38, 39).

The Bacillus genus consists of six different pathogens,
including Bacillus cereus, the focus of this study. There is a
high diversity in virulence across the Bacillus genus, despite
close genetic relatedness (40, 41). B. cereus is a ubiquitous
soil bacterium and opportunistic pathogen that is a common
cause of food poisoning. The very close homologue, B.
anthracis, causes the acute fatal disease anthrax and is a
potential biological weapon due to its high toxicity (29, 40,
42, 43). Specific differences in the active sites of pathogenic
and host RNRs could be exploited for drug design. To that
end, the class Ib R2F RNR from B. cereus has been
spectroscopically characterized.

Crystal structures of the class Ib R2F enzymes from
Salmonella typhimurium, Corynebacterium ammoniagenes
and Mycobacterium tuberculosis are currently available

(44-46). No crystal structure is yet available for the B.
cereus R2F; however, due to high sequence homology with
the other class Ib enzymes (∼40%) with reported crystal
structures and the conservation of all catalytically important
residues, it is expected to be similar (43). Based on
crystallography, class Ib enzymes lack the pleated sheet
feature present at the tip of the heart-shaped structure in the
E. coli enzyme and more closely resemble the mammalian
class Ia enzymes in this respect. The resting biferrous sites
in the S. typhimurium and M. tuberculosis crystal structures
are described as 4C+6C with two µ-1,3-carboxylate bridges,
two histidines, two terminal carboxylates (one monodentate
to the Fe1 and one bidentate to the Fe2) and a solvent derived
ligand (at 2.5 and 2.4 Å, respectively) completing the
coordination sphere of the 6C center (44, 46). The C.
ammoniagenes structure lacks this additional water and has
a 4C+5C site reminiscent of the class Ia active site structures
(45). Also worth noting is that the catalytic Y residue is more
distant from Fe1 in the class Ib enzymes (6.3 to 6.7 Å),
relative to E. coli (∼5 Å) and a water molecule fills the space
between the catalytic Y residue and the dangling O of the
terminal monodentate Fe1 ligand (D84 in E. coli) (44-47).
EPR studies on the Y• formed by class Ib R2F proteins show
differences between the hyperfine tensor values of the �
protons relative to the class Ia E. coli and mouse R2
indicating different orientations of the tyrosine ring planes
(3, 10, 16, 24, 43, 48).

The geometric and electronic structures of the binuclear
Fe(II) sites are not easily accessible through traditional
spectroscopic techniques such as UV/vis absorption and
electron paramagnetic resonance (EPR) (32). The d f d,
ligand field (LF) transitions are parity forbidden, hence weak
in absorption, and are in the near-IR (NIR) spectral region
(5,000-16,000 cm-1) which can be obscured by contribu-
tions from buffer and protein vibrations. However these
transitions are intense in circular dichroism (CD) and MCD
spectroscopies due to different selection rules and the inverse
temperature dependence of the MCD C-term signal arising
from a paramagnetic species (32). In the NIR region, CD
and MCD spectroscopies probe the LF excited states of
ferrous ions which reflect site geometries (32). Distorted six
coordinate (6C) high spin ferrous ions show two character-
istic transitions around 10,000 cm-1 split by 2,000 cm-1 (49).
Five coordinate (5C) square pyramidal sites have one high-
energy transition at >10,000 cm-1 and one low-energy
transition at approximately 5000 cm-1; upon rearrangement
to trigonal pyramidal geometry the transition energies are
decreased resulting in MCD transitions at <5,000 and
<10,000 cm-1. Distorted-tetrahedral (4C) sites show only
low-energy LF transitions, in the 5,000 to 7,000 cm-1 region.
Analysis of variable-temperature variable-field (VTVH)
MCD data provides information on the dimer ground state
(GS) splittings including the exchange coupling (J) which
gives molecular information about ligands bridging the irons,
and the axial (D) and rhombic (E) zero field splitting (ZFS)
provide complementary geometric insight for each iron
center.

This study utilizes a combination of NIR CD, MCD and
VTVH MCD spectroscopies to obtain insight into the
geometric and electronic structure of the reduced binuclear
iron site in B. cereus R2F. NIR CD titrations were performed
to obtain insight into its Fe(II) binding properties. These data
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and their analyses for B. cereus R2F have been compared
to parallel data on the previously studied class Ia RNR R2s
from E. coli (33), mouse R2 (36), and human p53R2 (34) to
define quantitative differences in the geometric and electronic
structure of these two subclasses of binuclear iron RNRs.

EXPERIMENTAL PROCEDURES

All commercial reagents were used as obtained: pET22b
plasmid (Novagen), E. coli BL21 (DE3), Gold cells (Strat-
agene), ampicillin (Sigma), ethylene diamine tetraacetic acid
(EDTA) (Sigma), Bacto yeast extract (Difco), Bacto tryptone
(Difco), isopropyl �-D-thiogalactopyranoside (IPTG) (Sigma),
4-(2-hydroxyethyl)-2-piperazineethanesulfonic acid (HEPES)
buffer (Sigma), tris(hydroxymethyl)aminomethane (Tris)
buffer (Sigma), potassium chloride (Sigma), streptomycin
sulfate (Sigma), ferrous ammonium sulfate hexahydrate
(Mallinckroft), DNEasy kit (Qiagen), deuterium oxide (99.9
atom % D, Aldrich), and d3-glycerol (98 atom %, Cambridge
Isotope Laboratories). Deuterated buffer was degassed with
99.9% pure argon for at least 1 h; d3-glycerol was degassed
with at least 10 freeze-pump-thaw cycles at 10-3 Torr.

Protein Expression and Purification. The B. cereus RNR
R2F protein was expressed and purified as followed: Ge-
nomic DNA was isolated from the Bacillus cereus strain
ATCC 14579 using the DNEasy kit. The coding sequence
of R2F including restriction sites for NdeI and HindIII was
amplified by PCR using the forward primer 5′- GGAAT-
TCCATATGCGTGCGGTAAACTGG-3′ and backward
primer 5′- AGGAAGCTTAAAAGTTAAACACGAAGT-
CATCGTC-3′. The gene was cloned into the pET22b
plasmid before it was transformed into competent BL21
(DE3) Gold cells. A 10 mL overnight culture was diluted
1:100 in 1 L of Terrific Broth medium containing 100 µg/
mL ampicillin and grown to an OD at 600 nm of 0.7-0.8 at
30 °C (18). Cultures were cooled on ice until the temperature
reached 15 °C and then induced by adding IPTG to a final
concentration of 1 mM. The cells were harvested after 15-16
h at 20 °C. Approximately 30 g of bacteria containing R2F
was lysed utilizing an X-press (50) and dissolved in 100 mL
of 100 mM Tris/HCl pH 7.5, with 10 mM EDTA before
centrifugation. DNA was precipitated by adding streptomycin
sulfate to a final concentration of 2.5% (w/v). The B. cereus
R2F protein was precipitated with ammonium sulfate (0.26
mg/ mL). Precipitated protein was dissolved in 50 mM Tris/
HCl pH 7.5 and desalted on a HiTrap desalting column (GE
Healthcare) after clarification. The desalted protein solution
was applied at a 2 × 5 mL HiTrap Q anion exchange column
(GE Healthcare) and eluted by an 80 mL 0 to 500 mM KCl,
50 mM Tris/HCl pH 7.5, gradient. The protein was treated
with 5 mM EDTA and 10 mM hydroxyurea at 4 °C for 20
min and run through a 5 mL Sephadex G25 gel filtration
column, equilibrated with 50 mM deuterated buffer (50 mM
HEPES, 100 mM KCl, pD ) 7.9), to remove any unbound
iron and reduce any radical present in the purified form.
Deuterated buffer (50 mM HEPES, 100 mM KCl, pD ) 7.9)
was added, and the protein was concentrated to ∼4 mM.
This process was repeated until the percentage of D2O was
greater than 99.9% of the solvent. The resultant solution was
reconcentrated, and the protein concentration was determined
using a Bradford protein assay (Bio-Rad) (51).

Sample Preparation. Protein samples were degassed by
being rapidly purged with at least 10 vacuum/argon cycles;

solid ferrous ammonimum sulfate salt 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. A
ferrous solution was made by dissolving ferrous ammonium
sulfate salt in degassed deuterated buffer to a final concentra-
tion of ∼50 mM. 200 µL of the degassed apoprotein was
reduced with 2 µL of 5 mM methyl viologen and 2 µL of
10 mM dithionite before the ferrous solution was added to
fully load the active site and incubated for 10 min. The
sample was transferred to an anaerobic cuvette for CD
measurements. NIR CD spectra showed no significant change
when glycerol was added to the protein sample. Protein
samples were prepared for MCD studies as they were for
CD, but with an additional step of mixing the protein with
50-60% (v/v) glycerol-d3 (pD 7.8) until it was homogeneous
to create an optical suitable. The samples were then im-
mediately frozen in liquid nitrogen.

CD and MCD Instrumentation. CD studies were performed
on a JASCO J200D spectropolarimeter operating with a
liquid nitrogen-cooled InSb detector in the 560-2,000 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 up to (7.0 T and
temperatures down to 1.6 K. Protein samples prepared for
MCD were slowly inserted into the cryostat to reduce strain
in the resulting optical glass.

Data Analysis. To find the minimum number of LF
transitions required to simultaneously fit both spectra, the
baseline-corrected CD and MCD spectra were fit to Gaussian
band shapes using a constrained nonlinear least-squares
fitting procedure. Each spectroscopic method has different
selection rules, hence, transitions can have different intensi-
ties and signs but similar energies. The MCD spectra are
taken at low temperature (3 K) and thus have significantly
sharper bandwidths and the energies may shift by a limited
amount relative to the room-temperature CD data. Thus in
the analysis bands were allowed to shift by 300 cm-1 and
widths were allowed to sharpen with decreasing temperature.

VTVH MCD data (MCD intensity data, temperature, and
applied magnetic field) were fit with a non-Kramers doublet
model using a simplex routine that minimized the �2 value
using methods previously developed (33, 52-54). A good-
ness of fit parameter (�2/number of float parameters) was
utilized to compare the different fitting results. A spin-
projection model was then applied to confirm the results
obtained from the doublet model and identify the specific
Fe center associated with the LF transition based on the ZFS.
This procedure is described in Results and Analysis.

RESULTS AND ANALYSIS

CD and Low-Temperature MCD Spectroscopy. NIR CD
and MCD spectra for the fully loaded reduced B. cereus R2F
are shown in Figure 1. The CD spectrum clearly shows one
asymmetric negative high energy feature ∼10,000 cm-1, one
positive feature at ∼7,500 cm-1 and the shoulder of a lower
energy positive feature. In the MCD spectrum, a positive
low energy feature with a maximum at 5,800 cm-1 is present
in addition to a broad positive feature centered at 8,000 cm-1.
Both spectroscopic methods have different selection rules,
hence, the d f d transitions can have different intensities
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and signs, but must have similar energies. A minimum of
three transitions are required to well describe both spectra,
shown in red in Figure 1. The CD spectrum, collected at 4
°C (Figure 1A), is resolved into two positive transitions at
∼5,300 and ∼7,800 cm-1 and a negative transition at ∼9,000
cm-1 which overlaps with the 7,800 cm-1 feature to produce
the negative asymmetric feature observed. The MCD spec-
trum (Figure 1B) is analogously resolved into three transi-
tions at 5,400, 7,800 and 8,800 cm-1 that correlate with the
CD transitions. The MCD spectrum has sharper bandwidths
and slight shift in the energies, relative to the CD spectrum,
because it is recorded at low temperature (∼3 K). The
presence of three transitions in this region requires that the
two Fe(II) centers have inequivalent coordination geometries
(49). The characteristic MCD features of a 6C iron are not
observed, and thus the transition above 8,000 cm-1 in the
CD/MCD spectra requires one of the irons to be 5C (53).
Additionally, the presence of low energy features suggests
a 4C Fe(II) is present. From the energy positions for the d
f d transition in CD and MCD the B. cereus R2F site is
tentatively assigned as 4C+5C with the two lower energy
transitions arising from a 4C site and the 8,800 cm-1 MCD
band from a 5C center for which the second transition is
below the low energy detection limit of the instrument.

Ferrous iron was titrated into apo B. cereus R2F samples,
and binding was monitored by CD spectroscopy, to estimate
the binding constants and confirm the active site stoichiom-
etry, Figures 2 and S1 in the Supporting Information. Based
on a correlation to the crystal structures of other class Ib
ribonucleotide reductases, the B. cereus R2F protein is a
homodimer and each monomer can accommodate two Fe
atoms. Titration curves were plotted from the CD intensity
at 7,600 and 10,100 cm-1 (arrows in Figure 2), corresponding
to the 4C and 5C site, respectively, Figure S1 in the
Supporting Information. The CD intensity increases with the
addition of iron and both titration curves exhibit similar

saturation behavior maximizing at ∼1.5 equiv of Fe(II) per
R2F monomer, where 2 equiv of Fe is equal to a fully loaded
binuclear site. The equivalent saturation behavior of the CD
bands indicates that the binding affinities of each individual
iron site are similar and allows the binding of both metal
ions to be approximated by a single binding event. Substo-
ichiometric binding is due to partial occupancy of the active
sites in the “apo” form (ICP-analysis shows that the “apo”
protein contained ∼0.17 equivalents of iron even after
treatment with chelating agents). This shows up in CD as
residual spectra (Figure 2, apo spectra) as ∼10% of the fully
loaded enzyme and with the same spectral shape. The
titration curves corrected to the actual Fe (II) concentrations
were fitted to eq 1 (55)

A) ε{(Kd + cn+M)- [(Kd + cn+M)2 - 4cnM]0.5} ⁄ 2
(1)

where A is the CD intensity at the selected wavelength with
the corresponding absorption coefficient ε, c is the B. cereus
R2F monomer concentration, n is the number of iron binding
sites, and M is the metal ion concentration. In this CD
experiment, the metal and protein concentrations are similar,
thus a general form of a ligand binding equation is required.
The number of binding sites (n) was included as a fit
parameter and found to be 2 per monomer. This gives the
binding constant (Kb ) 1/Kd) estimated to be greater than
104 M-1 for both Fe(II) sites (Figure S1 in the Supporting
Information).

Variable-Temperature Variable Field MCD. The observed
MCD intensity is inversely related to the temperature
confirming that these transitions are MCD C-terms and
associated with a paramagnetic GS. Saturation magnetization
data were collected at 9,310 cm-1 (Figure 3A), 7,190 cm-1

(Figure 3B) and 6,080 cm-1 (Figure S2 in the Supporting
Information). These energies where chosen to minimize the
contributions from the overlap of bands. When the MCD
intensity is plotted as a function of �H/2kT, the VTVH MCD
curves (isotherms) are nested, with the high-temperature data
offset from the low-temperature data, indicative of rhombic
ZFS of a non-Kramers doublet GS due to nonlinear field-
induced mixing between the sublevels of the doublet (56).
The observed saturation magnetization behavior at 7,190 and
9,310 cm-1 does not overlay (Figure 4A), suggesting that
the associated transitions arise from different ferrous centers.
The data collected at 6,080 cm-1 overlay well with the 7,190

FIGURE 1: (A) CD spectrum of B. cereus R2F, recorded at 4 °C,
and (B) MCD spectrum of B. cereus R2F, recorded at 3 K and 7
T. The experimental data (black line) are fit to the individual
Gaussian band shapes (red line). The arrows mark where VTVH
MCD data were collected.

FIGURE 2: CD titration of B. cereus R2F with iron at 4 °C. Two
equivalents of Fe is equal to a fully loaded binuclear site. The arrows
show where the titration curves (Figure S1 in the Supporting
Information) were plotted.
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cm-1 data set (Figure 4B), however these data have a smaller
signal-to-noise ratio due to interference with solvent vibra-
tions in this energy region and were not used for the analysis
below.

The saturation magnetization data were analyzed using a
doublet model (53), which includes the following float
parameters: (Asat lim), Bi, δi, g|, g⊥i, Ei, and Mz/Mxy which are
the C- and B-term MCD intensity, the dimer rhombic ZFS,
the dimer parallel and perpendicular g values of the ith
sublevel, and the energy of the ith level (note, the doublet
GS energy is defined as zero) and the ratio of the transition
polarizations in the listed directions, respectively. Initially,
only a single doublet and the lowest temperature isotherm
were considered. Fits to the data collected at both energies
required a gGS| = 3.8 and δGS ∼ 3.7 cm-1, where a dimer g|
value of ∼4 indicates a Ms ) (1 state. Fits using g| ) 8
(Ms ) (2), 12 (Ms ) (3) or 16 (Ms ) (4) do not well
describe the data sets, both graphically and based on
goodness of fit parameters. In these initial fits g⊥ and Mz/
Mxy were fixed at zero, but later allowed to vary and found
not to statistically improve the fit. Additional isotherms were
sequentially added until the single state model could no
longer reproduce the VTVH MCD data. This occurred with
the inclusion of the fourth, 7.5 K temperature isotherm, and
an additional excited state (ES) was added to the model.
Addition of an excited doublet at ∼6 cm-1 above the ground
doublet with g| ∼ 8 well reproduced all the experimental
data (up to 25 K) for both the 9,310 and 7,190 cm-1 data
sets. Attempts to include an ES singlet or doublet with g| )
12 or 16 at various energies above the GS could not
reproduce the magnetization behavior. The parameters
obtained for fits to the entire data sets are given in the insets
in Figure 3 and summarized in Table 1. Table 1 also includes
the results from mouse R2, E. coli R2 and human p53R2
for comparison. The parameters from independent fits to both
data sets are internally consistent with some variations in
the C- and B-term values, as expected for a coupled biferrous
system. The Ms ) (1 GS can only arise in coupled biferrous
sites when the axial ZFS values (D) of each iron are
oppositely signed (Vide infra). From LF theory, 6C sites can
have both positive and negative D values, however, the MCD
results above rule out any 6C Fe(II). 5C trigional bipyramidal
sites in proteins are typically described by -D values and
4C sites by +D values. From the signs of the D’s required
to produce the experimentally observed dimer ground and
excited sublevels, the active site in B. cereus R2F can be
assigned as 4C+5C consistent with the assignment from the
energy positions of the MCD transitions (Vide supra).

These doublets represent the energy levels of a binuclear
iron site which arise from ZFS of each Fe(II) and exchange
coupling between the irons in the dimer system. Deviation

FIGURE 3: Saturation magnetization behavior of the MCD signal
of B. cereus R2F (VTVH MCD data collected at 9,310 cm-1 (A)
and 7,190 cm-1 (B) with their respected doublet fit included, red
line). The intensity at one wavenumber obtained at ∼1.8, 3, 5, 7.5,
10, 15, 20 and 25 K and 0, 0.35, 0.7, 1.4, 2.1, 2.8, 3.5, 4.2, 4.7,
5.6, 6.3, 7.0 T for each temperature. The data are the averaged of
both positive and negative fields (to account for any field dependent
baseline effects) plotted as a function of �H/2kT. Temperatures at
which each isotherm was collected are shown in Figure 3A. The
fit parameters are given in Table 2.

FIGURE 4: Overlay of VTVH MCD data taken at (A) 9,310 cm-1

(red) and 7,190 cm-1 (black) and (B) 7,190 cm-1 (red) and 6,080
cm-1 (black).

Table 1: Summary of VTVH MCD Parameters for the Ground and
Excited States of the Reduced Binuclear Non-Heme Site for B. cereus
R2F, E. coli R2 (33), Mouse R2 (36), and Human p53R2 (34)

B. cereus
R2F

E. coli
R2

mouse
R2

human
p53R2

peak (cm-1) 7190 9310 7700 6250 8000
δ1 (cm-1) 3.7 3.7 3.5 2.0 4.1
g| 3.8 3.8 8.0 8.0 8.0
A(sat lim) 1.4 2.3 1.2 1.7 5.7
B 3.9 0.1 13.9 1.9 15.3
δ2 (cm-1) 1.0 1.0 10.0 1.7 3.5
g| 8.0 8.0 4.0 4.0 4.0
A(sat lim) 1.3 1.7 2.7 6.2 8.7
B -0.1 2.3 -6.4 -5.5 4.2
energy (cm-1) to

first excited state
6.0 6.0 4.0 5.0 3.2
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from Oh or Td symmetry in ferrous ion results in splitting of
the S ) 2 non-Kramers ions due to axial and rhombic ZFS
effects, while bridging ligands will split the energy levels
of the two S ) 2 ions by J, to give Stot ) 4, 3, 2, 1 and 0
states. The combined effect is to produce 25 spin state levels.
Since the exchange and ZFS terms are comparable in
magnitude for binuclear ferrous systems, they need to be
simultaneously considered using the appropriate spin-Hamil-
tonian:

H)-2JŜ · Ŝ+D1(Ŝz1
2 - 1 ⁄ 3S(S+ 1))+E1(Ŝx1

2 - Ŝy1
2 )+

D2(Ŝz2
2 - 1 ⁄ 3S(S+ 1))+E2(Ŝx2

2 - Ŝy2
2 ) (2)

where J is the isotropic exchange coupling between the two
iron sites, and D1, D2, E1, and E2 are the axial and rhombic
ZFS parameters for each iron arising from the single Fe(II)
spin-orbit coupling. Different combinations of the exchange
and ZFS parameters produce correlation (i.e., J/D) diagrams
with different spin ladders and splitting patterns that predict
different VTVH MCD behaviors (32). Figure 5 shows a
representative energy level diagram with D1 ) -10 cm-1,
D2 ) +5 cm-1 where the ZFS tensors are assumed collinear,
and E1 ) E2 ) 0, using the (MS1, MS2) notation for the wave
functions when J ) 0. Figure S4 in the Supporting Informa-
tion shows the same diagram over a wider range of J values
using |Stotal, Ms(total)〉 notation, in the large J limit, where these
are good wave functions. When J and D are comparable,

the wave functions from either limit are mixed and (|MS|)
have been used to label the state as this expectation value
determines the different VTVH MCD saturation curves,
Figure 5. Noncollinearity of the ZFS tensors does not change
the order of the states up to ∼40 cm-1 (beyond the limit of
the low temperature VTVH MCD experimental data), but
the energy splittings are affected (32). The possibility of
noncollinear ZFS is allowed in the analysis below where E/D
can be greater than 1/3 (corresponding to a rotation of the
ZFS axes). The right side of Figure 5 represents ferromag-
netic coupling (J > 0), the center shows the uncoupled case
(J ) 0), and the left represents antiferromagnetic coupling
(J < 0), From the doublet model analysis above, B. cereus
R2F has a gGS| ∼ 4 and gES| ∼ 8, i.e. the GS is Ms ) (1
and the first ES is Ms ) (2. From Figure 5, this situation
occurs when the antiferromagnetic coupling is in the range
of -1.0 to -2.5 cm-1. Weak antiferromagnetic coupling of
this magnitude is consistent with µ-1,3-carboxylate bridges.

The VTVH MCD data can be fit directly to the spin-
Hamiltonian (eq 2) to extract quantitative values of the
parameters and to correlate the LF transitions being studied
with the individual irons through their ZFS. This comple-
mentary fitting approach uses the parameters D1, E1, D2, E2,

J and the effective transition moment products Mxy, Mxz, and
Myz as variables to obtain the best fit (33). In this approach,
D1 is the Fe(II) center associated with the d f d transition
studied by VTVH MCD. A variety of VTVH MCD simula-
tions were performed to map out the solution space for the
9,310 and 7,190 cm-1 saturation data. From the previous
results and the J/D diagram, the J-coupling was constrained
to -4 < J < 0 and the individual iron centers were required
to have opposite signed D values constrained to be less than
|15 cm-1| (maximum value observed in enzyme and model
studies (32)). Figure 6A shows the best fit to the VTVH
MCD data taken at 9,310 cm-1 on the iron assigned as 5C.
These data are best described with D1 ) -9.9 cm-1, D2 )
+5.0 cm-1 and J ) -2.2 cm-1. Additionally, the -D iron
required an E/D of <0.1, and the +D iron is fully rhombic
(E/D of ∼ 0.33). Optimized spin-Hamiltonian fits with
exchange of the D values (i.e., D1 > 0 and D2 < 0) do not
accurately reproduce the data set (Figure 6C). The 7,190
cm-1 saturation data can be well simulated with D1 ) +5.1
cm-1, D2 ) -10.0 cm-1 and J ) -1.8 cm-1 (Figure 6B).
Again, the -D iron requires an E/D of <0.1 and the +D
iron an E/D of ∼0.33. The best fit obtained switching the
signs of the D’s is show in Figure 6D and does not well
reproduce the data. The best spin-Hamiltonian fits for the
9,310 and 7,190 cm-1 data sets are internally consistent,
reproduce the energy spacings obtained from the doublet

Table 2: Summary of Spin-Hamiltonian Parameters for Reduced Binuclear Non-Heme B. cereus R2F, E. coli R2 (33), Mouse R2 (36), and Human
p53R2 (34)

B. cereus R2F

at 9310 cm-1 a at 7190 cm-1 E. coli R2 at 7700 cm-1 mouse R2 at 6250 cm-1 human p53R2 at 8000 cm-1

J (cm-1) -2.2 < J < -1.8 -2.2 < J < -1.8 -0.65 < J < -0.3 -0.5 < J < 0.5 -0.6 < J < - 0.54
D1

b (cm-1) - 9 < D < -11 5 < D < 7 3 < D < 9 8 < D < 10 4 < D < 6
E1/D1 (cm-1) <0.1 0.33 0.33 0.23-0.33 >0
D2

b (cm-1) 5 < D < 7 - 8 < D < -11 -11 < D < -7 -15 < D < -10 -11 < D < -8
E2/D2 (cm-1) 0.33 <0.1 0.33 0.23-0.33 >0

a Indicates the energy at which the VTVH MCD data was collected and fit for extraction of parameters. b D1 is assigned to the Fe(II) center
associated with the d f d transition studied by VTVH MCD. In this case, D1 (7,190 cm-1) is four coordinated Fe and D1 (9,310 cm-1) is five
coordinated Fe.

FIGURE 5: Energy level diagram of a binuclear ferrous system with
D1 ) +5 cm-1 and D2 ) -10 cm-1. The exchange coupling (J) is
varied from -6 to +6 cm-1. The right side of the diagram
corresponds to a ferromagnetic interaction (J > 0) between the
ferrous ions, and the left an antiferromagnetic interaction (J < 0).
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model above and provide a detailed electronic structure
description of the B. cereus R2F biferrous site. Table 2
summarizes the spin-Hamiltonian parameters (reported are
ranges for each value that still reproduce the VTVH MCD,
within experimental error) extracted from the VTVH MCD
data for B. cereus R2F with those of E. coli R2, mouse R2,
and human p53R2 for comparison. From this analysis the
9,310 cm-1 MCD transition is associated with the negative
axial ZFS parameter (-9 to -11 cm-1) and the 7,190 cm-1

transition with the +D value (5 to 7 cm-1). These are the
5C and 4C irons, respectively, and consistent with the above
MCD assignment. From the above analyses the B. cereus
R2F active site is best described as a 4C+5C weakly
antiferromagnetically coupled (J ) -2.0 ( 0.2 cm-1)
biferrous site.

DISCUSSION

Crystallographic results on class Ib RNRs are ambiguous
with respect to coordination number at the diiron active site
with two of the three available structures describing the site
as 4C+6C (Fe1 and Fe2, respectively, analogous to E. coli
R2) and one as 4C+5C. The major difference between these
structures is the presence of an additional water ligand
saturating the coordination sphere of Fe2. CD, MCD (Figure
1) and VTVH MCD (Figure 3) results on the solution phase
B. cereus R2F protein show that the biferrous site is 4C+5C
based on the energies of the LF transitions and the signs of
the D values associated with the transitions. We cannot rule
out a water molecule present in the active site at distances
greater than ∼2.5 Å from Fe2 as this would not influence
the ligand field of this iron, but may play a role in reactivity
(i.e., access to the site, or function as a proton source in
turnover) (57). A 4C+5C active site structure is required
for the rapid 2e- reduction of dioxygen bound to the site in
a bridging mode, whereas a 4C+6C site would require ligand
dissociation prior to dioxygen binding and electron transfer

from the irons thus the reaction rate would be expected to
be significantly slower.

The B. cereus R2F reaction rate, monitored by tyrosine
radical formation, occurs at 0.2 s-1 (Figure S3 in the
Supporting Information), which is 4 times slower than the
E. coli R2 rate of 0.8 s-1 (58). Due to the high similarity
between the spectroscopy it is likely that the structural
reasons for the slower rate are not at the diiron site. One
possibility is simply that the catalytic tyrosine is further away
from the diiron center in the class Ib enzymes (6.8 Å relative
to 4.8 Å in E. coli R2) and has an intervening water molecule
in the H-bond network between the tyrosine and diiron site
resulting in the slower overall rate (16, 37, 44-47).
Alternatively, an additional water molecule near Fe2 (ob-
served in two of the class Ib crystal structures) could slow
the rate by disrupting the approach of O2 to the site. Tyrosyl
radical formation is the last step in the reaction, thus a more
detailed kinetic dissection of the B. cereus catalytic mech-
anism is needed for firm insight regarding the kinetic
difference, and these studies are currently underway.

VTVH MCD shows the GS of B. cereus R2F to be an Ms

) (1 non-Kramers doublet with an Ms ) (2 first excited
doublet approximately 6 cm-1 above the GS. From Figure
5, this situation only arises in weakly antiferromagnetically
coupled biferrous systems (with one positive and one
negative D) and is indicative of µ-1,3 carboxylate bridges
(59). From Figure 5, only a small increase in the strength of
antiferromagnetic coupling in B. cereus R2F is required to
interchange the ground and first excited states relative to the
E. coli and mouse R2’s. Crystallographic comparisons show
one of the bridging Glu residues (E238 in E. coli and E267
in mouse) has changed from an anti/syn (Fe1/Fe2) asym-
metric bridging mode to a more symmetric syn/anti confor-
mation in all class Ib structures (Figure 7A shows the 4C+5C
class Ib C. ammoniagenes R2F structure overlaid with the
class Ia E. coli R2 structure). This altered bridging config-

FIGURE 6: The best spin-Hamiltonian fits (red lines) using the spin projection model of B. cereus R2 VTVH MCD data taken at (A) 9,310
cm-1 and (B) 7,190 cm-1. Physical parameters extracted from the data are summarized in Table 1. VTVH MCD data with the spin-
Hamiltonian using the spin projection model with exchange of the D values at (C) 9,310 cm-1 and (D) 7,190 cm-1.
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uration appears to increase the overlap of the magnetic
orbitals involved in superexchange resulting in the experi-
mentally observed strengthening of the antiferromagnetic
coupling in B. cereus R2F relative to class Ia RNRs.

Figure 8 and Table 3 compare the CD/MCD results for
B. cereus R2F with three class Ia R2 enzymes (33-36). The
energy positions of the transitions are very similar, with B.
cereus R2F and E. coli R2 being the most similar. However
the sign of the highest energy MCD transition (assigned to

the 5C iron) is positive in B. cereus R2F and p53R2 but
negative in E. coli and mouse R2. This reflects structural
differences at Fe2. Most high-spin ferrous sites show all
positive MCD C-term signals due to the lack of spin-orbit
coupling between the dσ excited states (i.e., there is no
spin-orbit matrix element coupling the dz2 and dx2-y2

orbitals). The negative feature observed for the higher energy
transition in E. coli R2 likely results from mixing of some
of the dπ GS into the excited dσ orbitials through a rhombic
distortion of the ligand field. This mixing allows components
of the ES to spin-orbit couple to produce equal and opposite
MCD signals for the transtions to the two LF excited states,
hence the negative MCD intensity of the 9,000 cm-1 band
in E. coli and mouse R2, Figure 8, red and blue (49). The
observation that this feature is positive in B. cereus R2F
(Figure 8, green) requires that its 5C site is more axial than
the 5C site in E. coli and mouse R2. Indeed, VTVH MCD
data show that the B. cereus R2F 5C iron is more axial (E/D
< 0.1) relative to E. coli or mouse R2 (E/D ∼ 0.33), Table
2 (32, 35, 37). This is consistent with the crystal structures;
looking down the Fe2-N bond (Figure 7B) the class Ib
enzymes more closely approach an idealized square pyra-
midal geometry (arrow in Figure 7B) than the class Ia R2’s.
Fe2 is less rhombically distorted in class Ib due to both the
closer terminal bidentate carboxylate and alteration of the
bridging carboxylate mode. An interesting final note is that
the iron binding behavior observed for B. cereus R2F is more
similar to that of E. coli R2 (strong noncooperative binding)
relative to the observed cooperative binding in mouse
R2 (33, 36). This higher iron binding affinity would give
the pathogen a competitive advantage relative to the host
and under physiological, iron-limited conditions.

This study experimentally describes the electronic and
geometric structure of the solution phase reduced binuclear
active site of B. cereus R2F a class Ib RNR and correlates
it to the E. coli, mouse and p53 R2 subunits. Quantitative
differences in pathogenic RNRs relative to host can be
exploited for selective therapies against infections. B. an-
thracis R2F is sensitive to radical scavengers, such as
N-hydroxylamines, and these have been suggested for use
in combination therapies (43). Also, there is a remarkable
difference between B. cereus and B. anthracis R2F relative
to E. coli R2 in the sensitivity toward the radical scavenger,
hydroxyurea with E. coli growth more strongly inhibited.
Thus drug designs exploiting differences in pathogenic
relative to host (i.e., class Ib vs class Ia) active site structures,
such as described above, should be explored.

FIGURE 7: (A) Overlay of class Ia E. coli R2 (green, PDB ID 1PIY) with C. ammoniagenes R2F (red, PDB ID 1KGO). (B) This panel
shows the 5C from down the Fe-N bond.

FIGURE 8: (A) CD spectra of mouse R2 (blue) (36), E. coli R2 (red)
(33), human p53R2 (maroon) (34), and B. cereus R2F (green)
recorded at 4 °C. (B) MCD spectra of mouse R2 (blue) (36), E.
coli R2 (red) (33), human p53R2 (maroon) (34), and B. cereus R2F
(green) recorded at 1.6 K and 7 T.

Table 3: Summary of the Ligand-Field Transition Energies from CD
and MCD Gaussian Resolution Analysis for Reduced Binuclear
Non-Heme Ribonucleotide Reductase from B. cereus R2F, E. coli R2
(33), Mouse R2 (36), and Human p53R2 (34)

B. cereus R2F E. coli R2 mouse R2 human p53R2

CD 5300 (+) 5500 (+) 5600 (+) 5600 (+)
7800 (+) 7000 (+) 6700 (+) 8250 (-)
9000 (-) 9700 (-) 9600 (-) 9500 (-)

MCD 5400 (+) 5200 (+) 5500 (+) 5700 (+)
7800 (+) 7400 (+) 6800 (+) 8100 (+)
8800 (+) 9100 (-)a 10000 (-) 9500 (+)

a The peak at 9100 cm-1 is seen at low Fe(II) concentration.
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