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ABSTRACT: Protein R2 of ribonucleotide reductase fromEscherichia colicontains a dinuclear iron cluster,
which reductively activates O2 to produce the enzyme’s functionally essential tyrosyl radical by one-
electron oxidation of residue Y122. A key step in this reaction is the rapid injection of a single electron
from an exogenous reductant (Fe2+ or ascorbate) during formation of the radical-generating intermediate,
cluster X, from the diiron(II) cluster and O2. As this step leaves only one of the two oxidizing equivalents
of the initial diiron(II)-O2 adduct, it commits the reaction to a one-electron oxidation outcome and precludes
possible two-electron alternatives (as occur in the related diiron bacterial alkane hydroxylases and fatty
acyl desaturases). In the F208Y site-directed mutant of R2, Y208 is hydroxylated (a two-electron oxidation)
in preference to the normal reaction [A° berg, A., Ormo¨, M., Nordlund, P., & Sjo¨berg, B. M. (1993)
Biochemistry 32, 9845-9850], implying that this substitution blocks electron injection or (more likely)
introduces an endogenous reductant (Y208) that effectively competes. Here we demonstrate that O2

activation in the F208Y mutant of R2 partitions between these two-electron (Y208 hydroxylation) and
one-electron (Y122 radical production) outcomes and that the latter becomes predominant under conditions
which favor electron injection (namely, high concentration of the reductant ascorbate). Moreover, we
show that the sensitivity of the partition ratio to ascorbate concentration is strictly dependent on the integrity
of a hydrogen-bond network involving the near surface residue W48: when this residue is substituted
with F, Y208 hydroxylation predominates irrespective of ascorbate concentration. These data suggest
that the hydrogen-bond network involving W48 is a specific electron-transfer pathway between the cofactor
site and the protein surface.

The R2 subunits of the ribonucleotide reductases (RNRs1)
from mammals, several medically important viruses (e.g.,
herpes simplex), and aerobically growingEscherichia coli
belong to a class of proteins that use carboxylate-bridged
diiron(II) clusters to reductively activate molecular oxygen
for difficult oxidation reactions (see refs1 and2 for recent
reviews). Other members of this class include plant fatty
acyl desaturases, such as stearoyl acyl carrier protein∆-9
desaturase (3-5), and bacterial hydrocarbon hydroxylases,
such as methane monooxygenase (6-10), toluene-4-mo-
nooxygenase (11), and alkaneω-hydroxylase (12). While

these enzymes share a common functional motif [reaction
of O2 at a diiron(II) cluster], the outcomes of their reactions
are chemically distinct: O2 activation in R2 results in one-
electron oxidation of an endogenous tyrosine residue [gen-
erating the stable tyrosyl radical that is required for RNR
catalytic activity (13, 14)], whereas the bacterial alkane
hydroxylases and fatty acyl desaturases catalyze distinct two-
electron oxidation reactionsshydroxylation and dehydroge-
nation (respectively) of unactivated hydrocarbon substituents
(15, 16). A unifying objective of research on the diiron
proteins is to understand the relationship between the
structure of each protein and its diiron cofactor and the
mechanism and outcome of its O2 reaction. Protein R2 from
E. coli presents a unique opportunity to define such
structure-function relationships. The three-dimensional
structures of its (reactant) diiron(II) and (product) diiron-
(III) forms have been solved to high resolution (17, 18), it
has been expressed to high levels inE. coli (19, 20) and can
be manipulated by mutagenesis (21), and most importantly,
the outcome of its O2 reaction can be altered: in the site-
directed mutant R2 in which residue F208 is replaced with
Y, the Y208 residue undergoeso-hydroxylation in preference
to the normal one-electron oxidation of Y122 (22). The
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Y208-derived catechol then becomes a bidentate ligand to
one Fe(III) ion of the cluster. The resulting complex
[hereafter referred to as a diiron(III)-catecholate] exhibits
an intense absorption band centered near 675 nm which acts
as a “reporter” for the altered reaction (23). A detailed
understanding of the mechanisms of the wild-type R2
reaction and the R2-F208Y hydroxylation reaction might
provide significant insight into mechanism and outcome
determinants for O2 activation by the diiron proteins.
Past investigations of the wild-type R2 reaction have

established that it proceeds according to the sequence shown
in Scheme 1 when carried out at 5°C with excess Fe2+ or
in the presence of the reductant ascorbate (24-27). A key
step in this mechanism is the rapid injection of an electron
(e- in Scheme 1) from Fe2+ or ascorbate during formation
of the radical-generating intermediate, cluster X, from the
diiron(II) cluster and O2 (27). This step may serve to prevent
accumulation of two-electron oxidized intermediates [such
as the (formally) diiron(IV) cluster Q that accumulates during
O2 activation by methane monooxygenase (28-30)] and
thereby to preclude possible two-electron alternatives to
tyrosyl radical production. Mediating electron injection may
thus be a means by which the R2 protein directs the outcome
of its O2 reaction. The fact that a two-electron oxidation
doesoccur in the F208Y mutant (22, 23) implies that electron
injection is subverted in this mutant. Most likely, Y208
competes effectively with electron injection for reduction of
an early, two-electron-oxidized intermediate.
Scheme 2 illustrates the hypothesis that the O2 reaction

of R2-F208Y might partition between hydroxylation of Y208
(top branch) and the normal outcome, one-electron oxidation
of Y122 (bottom branch). Indeed, a weak, sharp 410 nm
absorption (characteristic of tyrosyl radical) was observed
upon reaction of apo R2-F208Y with Fe2+ and O2 (22), and
EPR analysis indicated the formation of 0.18 equiv of tyrosyl
radical relative to R2 homodimer (31). This metastable
radical (t1/2 of 10 min at 25°C) was assigned to Y122 (as
opposed to Y208) on the basis of its EPR line shape and
relaxation properties (31).2 In the mechanism of Scheme 2,
the partition ratio would depend upon the relative rates of
electron injection (step B) versus the unimolecular step that
commits the reaction to Y208 hydroxylation (step A). The
formation of detectable quantities of Y122 radical would
imply that the rates of the bifurcating steps are similar.

Therefore, we considered that it might be possible to alter
the product distribution (partition ratio) either by changing
reaction conditions to favor electron injection or by mu-
tagenizing the protein to disfavor this step. Herein we
demonstrate that formation of the diiron(III)-catecholate is
indeed suppressed and production of the Y122 radical and
normalµ-oxo-diiron(III) cluster enhanced by the presence
of high concentrations of the reductant ascorbate. Con-
versely, we show that substitution (with phenylalanine) of
tryptophan residue 48 (W48), which is part of a surface-to-
diiron cluster hydrogen-bond network (17) that we and others
have proposed mediates electron transfer into the diiron-
radical site of R2 (17, 32-34), completely suppresses
formation of Y122 radical and drastically reduces production
of the µ-oxo-diiron(III) cluster in favor of the diiron(III)-
catecholate. Most importantly, we demonstrate that the
W48F mutation completely eliminates the effect of ascorbate
on the partition ratio. These data provide evidence that W48
is essential for electron injection into the reacting diiron site
of R2-F208Y and lend credence to our earlier proposal that
this pathway mediates rapid electron injection during the
exclusively one-electron oxidation chemistry of the wild-
type protein (32).

MATERIALS AND METHODS

Materials. E. colistrain N6405 containing the plasmid
pSPS2 (19) and oligonucleotide primers for DNA sequencing
were generously provided by Professor J. Stubbe. Culture
medium components were purchased from Marcor Develop-
ment Corp. (Hackensack, NJ). Isopropyl thiogalactopyra-
noside (IPTG) was purchased from Biosynth International
(Naperville, IL). Ampicillin and 1,10-phenanthroline were
purchased from Sigma. Oligonucleotides were purchased
from the Nucleic Acid Facility of the Penn State University
Biotechnology Institute. Reagents for the polymerase chain
reaction were purchased from New England Biolabs (Bev-
erly, MA). Restriction enzymes and other DNA modifying
enzymes were purchased from New England Biolabs, Boe-
hringer Mannheim (Indianapolis, IN), and Promega (Madi-
son, WI).
Preparation of Expression Vectors for Mutant R2 Proteins.

The F208Y and W48F mutations3 were introduced separately
into thenrdB gene (encoding R2) by using the polymerase
chain reaction (PCR). In preparation ofnrdB-F208Y, the
gene was amplified in two fragments by using four primers
and a single colony ofE. coli strain N6405/pSPS2 in each
reaction as template. The 5′-most 648 base pairs were
amplified with primers 1 (5′- CAG GAC ACA CAT ATG
GCA TAT ACC ACC -3′) and 2 (5′- GGA ACA AGC AAA
GCT TAC GTA GTA ACG AAT CGC -3′). Primer 1
introduced anNdeI restriction site (in boldface type)
incorporating the start codon ofnrdB to allow for ligation

2 The EPR line shapes of tyrosyl radicals are largely determined by
the magnitudes of theâ-proton hyperfine couplings, which are
extremely sensitive to the angle between the phenol ring and theâ-C-H
bonds (41, 42). Thus, EPR line shape is diagnostic of the conformation
of the Y radical. Moreover, the Y122 radical in R2 interacts weakly
with the diiron center, and this interaction enhances electronic relaxation
(43, 44), rendering this property also somewhat diagnostic of its
environment.

3 The posttranslationally cleaved intiator Met is designated residue
zero and the nucleotide triplet encoding it as codon zero.

Scheme 1

Scheme 2
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directly into the pET-22b expression vector (Novagen).
Primer 2 introduced the desired mutation at codon F208
(TTC to TAC, complement of underlined triplet) and a silent
mutation (GTC to GTA) in codon V210 (mutation italicized),
which produced a uniqueHindIII site (in boldface type) for
internal ligation of the twonrdB fragments. The 3′-most
510 base pairs of the gene were amplified by using primers
3 (5′ -CGT TTC TAC GTA AGC TT T GCT TGT TCC -3′)
and 4 (5′- GTG TGC TCG AGA TGC GCA GGG TAA
CG -3′). Primer 3 introduced the aforementioned silent
mutation at codon V210 (italicized) to create the unique
HindIII site (in boldface type) for internal ligation, while
primer 4 introduced anXhoI site (in boldface type) 3′ of
nrdB for ligation into pET22b. The 5′ PCR fragment was
digested withNdeI andHindIII, the 3′ PCR fragment with
HindIII and XhoI, and the vector pET22b withNdeI and
XhoI. The fragments were joined in a three-piece ligation
reaction to give the expression vector pR2-F208Y. The
sequence of the coding region of this plasmid was verified
to ensure that no unwanted mutations had been introduced
during amplification.
The W48F mutation was introduced via PCR by making

use of the uniqueAatII restriction site in codon V55 ofnrdB.
The 220 base pairs of pR2-F208Y immediately 5′ of nrdB
and the first 172 base pairs of the gene were amplified (single
fragment) by using primers 5 (5′- GAA GTG GCG AGC
CCG ATC TTC CCC -3′) and 6 (5′- GGG AGA CGT CAA
CCT CCT CCG GAC GAA AGA AGA AAG AGA GC-
3′) and purified pR2-F208Y as template. Primer 5 was
designed to anneal∼110 base pairs 5′ of a uniqueBglII site,
which is 105 base pairs 5′ of the start ofnrdB in pR2-F208Y.
Primer 6 was designed to anneal 3′ of codon 55, span the
uniqueAatII restriction site (in boldface type), and introduce
the desired mutation at codon 48 (TGG to TTT, complement
of underlined triplet). Primer 6 also introduced silent (GAA
to GAG) mutations in codons 51 and 52 (mutations italicized)
to circumvent potential primer hairpin formation due to self-
complementarity in this portion of thenrdB sequence. The
392 base pair PCR fragment and the vector pR2-F208Y were
both digested withBglII and AatII, and the remaining 270
base pair fragment of the original PCR product was ligated
with the vector to give pR2-W48F/F208Y. The entirenrdB
coding sequence was again verified.
Hyperexpression and Purification of Mutant R2 Proteins.

E. coli strain BL21(DE3) (Novagen) transformed with pR2-
F208Y or pR2-W48F/F208Y was grown with vigorous
aeration at 37°C in LB medium supplemented with 150µg/
mL ampicillin. When the culture reached OD600 of 0.7-
0.9, 1,10-phenanthroline (100 mM dissolved in 100 mMHCl)
was added to a final concentration of 100µM. The culture
was incubated an additional 15 min, and then expression of
the R2 mutant protein was induced by addition of IPTG to
a concentration of 200µM. The culture was grown an
additional 3-4 h, cooled to∼15 °C, and harvested by
centrifugation. Pelleted cell mass was frozen in liquid N2

and stored at-80 °C until use. A typical yield was 2.5 g
of wet cell paste/L of culture.
The mutant R2 proteins were purified at 4°C by a

procedure similar to that previously used for wild-type R2
(19, 26). In a typical purification, 100 g of frozen cell paste
was thawed and resuspended in 500 mL of buffer A [50 mM
Tris-HCl, pH 7.6, and 5%(w/v) glycerol] containing 0.25

mM phenylmethanesulfonyl fluoride (PMSF) and 1 mM
1,10-phenanthroline. Cell lysis, streptomycin sulfate pre-
cipitation, and ammonium sulfate precipitation steps were
carried out as previously described, except thatneither
ferrous ammonium sulfate nor sodium ascorbate was added
to the crude cell lysate. The pellet from the ammonium
sulfate step was redissolved in 90 mL of buffer A containing
0.25 mM PMSF and 1 mM 1,10-phenanthroline, and this
solution was dialyzed for 4 h against 6 L of buffer A. An
equal volume of buffer A containing 0.25 mM PMSF was
added to the dialysate, and the solution was loaded on a 7.5
cm × 47 cm (2 L) DEAE Bio-Gel A (Bio-Rad) column
equilibrated in buffer A. The column was washed with 1.8
L of buffer A followed by 2 L of buffer A containing 105
mM NaCl. The R2 protein was then eluted with buffer A
containing 140 mM NaCl. Fractions containing protein (as
judged by their light absorption spectra) were pooled, the
pool (∼1 L) was diluted with an equal volume of buffer A
containing 0.25 mm PMSF, and this solution was loaded on
a 5 cm× 55 cm Q-Sepharose Fast Flow (Pharmacia) column
equilibrated in buffer A. The column was washed with 0.6
L of buffer A, followed by 1.5 L of buffer A containing 225
mM NaCl. The protein was then eluted with buffer A
containing 300 mm NaCl. Fractions containing the protein
were pooled (∼0.5 L), and the pool was concentrated 20-
fold by ultrafiltration (in an Amicon cell equipped with a
YM30 membrane). The protein was dialyzed to equilibrium
against 100 mM Na-Hepes buffer, pH 7.6 (buffer B), flash-
frozen in liquid N2, and stored at-80 °C. Denaturing
polyacrylamide gel electrophoresis revealed the protein to
be> 95% pure. A typical yield was 3 g.
Determination of Protein Concentration.Concentrations

of R2 mutant apoproteins were determined spectrophoto-
metrically by using molar absorption coefficients at 280 nm
(ε280) calculated by the method of Gill and von Hippel (35).
It was found that the value for wild-type apo-R2 calculated
by this method (120 mM-1 cm-1) agrees with the experi-
mentally determined value [120 mM-1 cm-1 (36)], validating
the values calculated for the mutant apoproteins (ε280) 122
mM-1 cm-1 for apo-R2-F208Y and 111 mM-1 cm-1 for apo-
R2-W48F/F208Y).
Reaction of R2 Mutants with Fe2+ and O2. Samples of

apo-R2-F208Y or apo-R2-W48F/F208Y (∼0.30 mM) in
buffer B were rendered anoxic on a vacuum line by multiple
cycles of gentle evacuation and refilling with argon (purified
through an Oxisorb-Glas cartridge from MG Industries).
After ∼5 such cycles the protein was allowed to reach
equilibrium with the vapor phase by 1 h of gentle stirring
on ice. Two additional evacuation-refill-equilibration
cycles were carried out, the vessel containing the protein
was sealed by closing the stopcock, and the protein was taken
into a glovebox (MBraun) maintained at<1 ppm O2.
Multiple 0.2 mL aliquots of the protein were adjusted to
different concentrations of ascorbate by addition of either 2
M sodium ascorbate in buffer B, buffer B lacking ascorbate,
or a combination of the two. After gentle mixing, an aliquot
of an anoxic solution of56Fe2+ (10 mM) or57Fe2+ (20 mM)
was added to each aliquot of apo-R2 so as to deliver 3 equiv
of Fe2+ relative to apo-R2 dimer. The Fe2+-R2 solutions
(with varying concentrations of ascorbate) were sealed in
microcentrifuge tubes with rubber septa, removed from the
anoxic chamber, and incubated on ice. After sufficient time

1126 Biochemistry, Vol. 37, No. 4, 1998 Parkin et al.



for temperature equilibrium to be reached (>10 min), an
equal volume of ice-cold, O2-saturated buffer B was injected
forcefully via a gastight syringe while the sample was gently
vortexed. In experiments to monitor tyrosyl radical pro-
duced, the UV-visible light absorption spectrum of each
sample was recorded on an HP8453 diode array spectrometer
(Hewlett-Packard) immediately after introduction of the O2-
saturated buffer. Identical samples prepared in parallel were
quickly transferred to EPR tubes and frozen by immersion
in liquid N2-chilled 2-methylbutane. In experiments to
characterize only the Fe products of the reaction, the samples
were incubated at ambient temperature long enough (1 h) to
allow tyrosyl radical to decay, and UV-visible light absorp-
tion spectra were then recorded. In preparation of Mo¨ssbauer
samples, four or five identical samples (prepared as above)
were combined and concentrated∼5-fold in a Centricon 30
microconcentrator (Amicon). This sample was then trans-
ferred to a Mo¨ssbauer cell and frozen in liquid N2 for later
analysis.
EPR Spectroscopy. EPR spectra at X-band were recorded

on a Bruker ESP 300 spectrometer maintained at 100 K by
a Bruker ER4111VT cryostat system. Spectral parameters
are given in the figure legends. Concentrations of tyrosyl
radical were determined by double integration and compari-
son to a Cu2+-perchlorate standard (37). Double integrals
of sample and standards were corrected for differences in
g-value as previously described (38).
Mössbauer Spectroscopy.Mössbauer spectra were re-

corded at 4.2 K with a magnetic field of 0.05 T applied
parallel to the incidentγ-beam. The spectrometer has been
described (39).

RESULTS AND DISCUSSION

Preparation of Unmodified Apo-R2-F208Y and Apo-R2-
W48F/F208Y. The hydroxylation of Y208 that occurs in the
R2-F208Y mutant protein (22, 23) is an irreversible, sto-
ichiometric (as opposed to catalytic) reaction. Therefore,
investigation of the reaction in vitro requires a method for
isolating the protein in its unmodified form, which requires
preventing its exposure to Fe2+ or O2 (or both) during
expression and purification. We judged that the published
procedure (22) would not be cost-effective for obtaining the
gram quantities of protein needed for our studies, and
therefore, we developed an alternative method. The simple
strategy of chelating available Fe2+ by addition of the cell-
permeative 1,10-phenanthroline shortly before induction of
protein expression4 and again during early steps of purifica-
tion proved effective. The R2 mutant proteins prepared in
this manner have<0.2 Fe/R2 dimer (as determined by a
published colorimetric assay) and take up 3.0-3.2 Fe2+/R2
dimer during “reconstitution” (as determined by spectropho-
tometrically monitored aerobic titration of the protein with
Fe2+ and subsequent analysis of stably bound Fe; data not
shown). These values are comparable to those determined
for the wild-type protein isolated by the traditional method
(26, 40), which involves a postpurification, denaturing
chelation step (13).5 Moreover, this procedure is quite
amenable to large-scale fermentations, and we have used it

to obtain multigram quantities of the unmodified forms of
these and other R2 mutant apoproteins.
Effect of Varying Ascorbate Concentration on Products

of O2 Reaction of R2-F208Y.In agreement with the work
of Åberg et al. (22), reaction of the Fe2+ complex of R2-
F208Y with O2 results in the development of an absorption
spectrum that is very different from that of wild-type R2
and that is characterized by a broad absorption band centered
at∼675 nm (Figure 1, thicker solid line). It was previously
inferred by comparison of this spectrum to those of model
complexes, and subsequently confirmed by X-ray crystal-
lographic analysis of R2-F208Y, that this feature arises from
hydroxylation of Y208 and chelation of one of the Fe(III)
ions of the cluster by the resulting catechol (23). In addition
to this altered product, a significant quantity of tyrosyl radical
is also produced (22), as reflected by the sharp absorption
peak at 410 nm and the characteristic EPR doublet (Figure
2, spectrum A). Spin quantitation from this EPR spectrum
gave 0.25( 0.04 equiv of tyrosyl radical, in agreement with
previous reports (22, 31). The Mössbauer spectrum of a
sample prepared identically (Figure 3, spectrum A) is
dominated by a central doublet (82%( 4% of the total iron
absorption), which can be analyzed either as a single
quadrupole doublet with the Mo¨ssbauer parameters shown
in Table 1 or as two unresolved quadrupole doublets with
only slightly different parameters and somewhat reduced line
widths. As the additional complexity of the latter analysis
is not justified by a significant improvement in agreement
with the experimental spectrum, only the former is shown
in Figure 3A (dashed line plotted above the experimental
spectrum). We assign this apparent doublet to the two
(unresolved) sites of the diiron(III)-catecholate product, on
the following basis: (1) it is the primary product, and X-ray
crystallographic analysis of R2-F208Y implies that the
diiron(III)-catecholate is the primary product (22); (2) these
parameters are typical for high-spin Fe(III) ions, and the
much reduced∆EQ value relative to the two sites of the
µ-oxo-diiron(III) cluster is consistent with the absence of a

4 Note that the concentration of phenanthroline needed to reduce
available Fe2+ to acceptable levels is dependent on the composition of
the growth medium and must be empirically determined.

5 It remains unclear why R2 proteins isolated to date in different
laboratories by different methods (20, 40, 45) bind less than the
theoretical complement of Fe (4 Fe/R2 dimer).

FIGURE 1: UV-visible light absorption spectra produced upon
reaction at 5( 3 °C of Fe2+-R2-F208Y (0.10 mM protein, Fe2+/
R2 ) 3) with excess O2 (∼650 µM) in the absence of reductant
(thicker solid line) and in the presence of 106 mM sodium ascorbate
(thinner solid line). The dashed line is a reference spectrum of wild-
type R2 reacted in the absence of ascorbate under identical
conditions, with the exception that the Fe2+/R2 ratio was 4 (to
ensure that Fe2+ was in excess). The inset is a “blow-up” of the
sharp 410 nm feature of the tyrosyl radical. Details of sample
preparation are given in Materials and Methods.
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µ-oxo bridge, as was seen crystallographically for the diiron-
(III)-catecholate (22); and (3) in experiments with increasing
concentration of ascorbate, the intensity of this Mo¨ssbauer

doublet was found to decrease in parallel with the intensity
of the optical absorption feature at 675 nm (vide infra). In
addition to the central doublet of the diiron(III)-catecholate,
the Mössbauer spectrum has weaker features (16%( 4%,
solid line plotted above the data) that can be analyzed with
parameters that are virtually identical with those of the wild-
type µ-oxo-diiron(III) cluster (Table 1). The 0.24( 0.06
equiv ofµ-oxo-diiron(III) cluster reflected by these features
correlates well with the 0.25( 0.04 equiv of Y122 radical
detected by EPR. Subtraction of the sum of the diiron(III)-
catecholate andµ-oxo-diiron(III) cluster spectra (solid line
plotted over the experimental spectrum) from the experi-
mental spectrum reveals the presence of a third, minor
component, which we have not yet definitively assigned.6

As noted above, the formation of∼0.25 equiv [out of 1.5
equiv total diiron(III) product] of the wild-type reaction
products [µ-oxo-diiron(III) cluster and Y122 radical] suggests
that the reaction partitions as depicted in Scheme 2. We
reasoned that the partition ratio might be shifted to favor
Y122 radical production (which involves injection of an
exogenous electron from solution; step B of Scheme 2) over
Y208 hydroxylation by carrying out the reaction in the
presence of a facile one-electron donor, such as ascorbate.
Indeed, with increasing concentration of ascorbate, the 675
nm band of the diiron(III)-catecholate develops to a lesser
extent and the 365 nm feature of theµ-oxo-diiron(III) cluster
to a greater extent upon reaction of the Fe2+-R2-F208Y
complex with O2 (Figure 4). At the highest concentration
of ascorbate, under which conditions the 675 nm feature of
the diiron(III)-catecholate is nearly absent, the sharp 410
nm feature of the tyrosyl radical (Figure 1, thinner solid line)
is comparable in intensity to that produced in the wild-type
protein (Figure 1, dashed line) in the absence of ascorbate.
Spin quantitation by EPR of this R2-F208Y sample (Figure
2, spectrum B) gave 1.0( 0.1 equiv of tyrosyl radical,
comparable to the 1.2( 0.1 equiv formed in the wild-type
protein (Figure 2, spectrum C). Similarly, the Mo¨ssbauer
spectrum (Figure 3, spectrum B) indicates that 1.14( 0.1
equiv of theµ-oxo-diiron(III) cluster (solid line above the
data) and only 0.15( 0.06 equiv of the diiron(III)-
catecholate (dashed line above the data) are produced in the

6 The unassigned features (marked by the bracket in Figure 3B) are
observed both in the absence and in the presence of ascorbate, but they
increase in intensity with increasing ascorbate concentration in parallel
with the features of theµ-oxo-diiron(III) cluster. It is possible that they
arise from a cluster in which the unmodified Y208 (lower pathway of
Scheme 2) ligates FeA in monodentate fashion [i.e., a diiron(III)-
tyrosinate].

FIGURE 2: Electron paramagnetic resonance spectra at 100 K of
R2-F208Y reacted as described in the legend to Figure 1 (A) in
the absence of ascorbate and (B) in the presence of 106 mM sodium
ascorbate. Spectrum C is of the wild-type R2 reference sample
described in the legend to Figure 1. The spectra were acquired with
a microwave power of 0.2 mW and a modulation amplitude of 4
G.

FIGURE 3: Mössbauer spectra at 4.2 K of R2-F208Y reacted as
described in the legend to Figure 1 (A) in the absence of ascorbate
and (B) in the presence of 106 mM sodium ascorbate. The solid
and dashed lines plotted above each experimental spectrum are the
reference spectra of theµ-oxo-diiron(III) cluster and the diiron-
(III)-catecholate, respectively. For spectrum A, their intensities
correspond to 16% [µ-oxo-diiron(III) cluster] and 82% [diiron(III)-
catecholate] of the total iron absorption, and for spectrum B, 76%
[µ-oxo-diiron(III) cluster] and 10% [diiron(III)-catecholate] of the
total iron absorption. The solid line plotted over each spectrum is
the sum of the reference spectra at the indicated percentages. For
each Mössbauer sample, five identical 500µL samples of [R2-
F208Y] ) 0.10 mM were pooled and concentrated to 500µL, as
described in Materials and Methods. Spectral parameters are given
in Materials and Methods.

Table 1: Mössbauer Parameters of the Diiron(III)-Catecholate and
theµ-Oxo-diiron(III) Cluster in R2-F208Ya

diiron(III) product
Fe
site δ (mm/s) ∆EQ (mm/s)

line
width,Γ
(mm/s)

R2-F208Y diiron(III)- 1 0.54( 0.02 0.60( 0.03 0.32catecholate 2

R2-F208Y µ-oxo-diiron(III) 1 0.45( 0.02 2.50( 0.04 0.27
cluster 2 0.55( 0.04 1.70( 0.06 0.27

R2-wtb µ-oxo-diiron(III) 1 0.45( 0.02 2.41( 0.04 0.27
cluster 2 0.54( 0.02 1.64( 0.04 0.27

a The parameters for theµ-oxo-diiron(III) cluster in wild-type R2
are also shown for comparison.bData taken from ref26.
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O2 reaction with 106 mM ascorbate, compared to 0.24(
0.06 and 1.23( 0.06 equiv, respectively, in the absence of
ascorbate (Figure 3A).6 Thus, ascorbatecan shift the
partition ratio (by nearly 40-fold at 106 mM) to favor the
normal products [tyrosyl radical andµ-oxo-diiron(III) cluster]
over the Y208-derived diiron(III)-catecholate, consistent
with the original hypothesis that it might promote electron
injection and render this step increasingly rapid relative to
the competing unimolecular step that leads to Y208 hy-
droxylation (Scheme 2, step A). An alternative explanation
is that, at these high concentrations, ascorbate may diffuse
into the cluster site and act as an “inner-sphere” reductant
to alter the reaction outcome.

Effect of Varying Ascorbate Concentration on Products
of O2 Reaction of R2-W48F/F208Y. To distinguish between
these possibilities, we sought to assess whether a specific
electron-transfer pathway mediates the effect of ascorbate
on the partition ratio (which would argue for electron
injection over inner-sphere reduction). We have proposed
for wild-type R2 that a hydrogen-bond network involving
W48, D237, and H118 mediates the rapid electron injection
that occurs during its O2 reaction (32),7 a hypothesis that is
supported by our recent studies on the W48F site-directed
mutant of R2.8 To assess whether this pathway might
mediate electron injection from ascorbate in the R2-F208Y
reaction, we introduced the W48F mutation into R2-F208Y.
As in the single mutant, reaction of the Fe2+ complex of
R2-W48F/F208Y with O2 in the absence of ascorbate results
in the development of the 675 nm absorption characteristic
of the diiron(III)-catecholate (Figure 5, solid line). Notably,
the 410 nm feature characteristic of the tyrosyl radical does
not develop, in contrast to the reaction of the F208Y single
mutant. The Mo¨ssbauer spectrum of the product (Figure 6,
spectrum A) indicates that 1.41( 0.06 equiv of the diiron-
(III)-catecholate but only 0.06( 0.04 (near the limit of

detection) of theµ-oxo-diiron(III) cluster are produced. Thus,
the W48F mutation shifts the partition ratio almost com-
pletely to hydroxylation of Y208. Most significantly, the
W48F mutation completely eliminates the effect of ascorbate
on the partition ratio: even 128 mM ascorbate hasno
significant effecton the UV-visible (Figure 5, dotted line)
or Mössbauer spectra (Figure 6, spectrum B) of the products
of the R2-W48F/F208Y O2 reaction.
The most obvious interpretation of these data is that W48F

is [as we previously proposed (32)] an essential constituent
of a specific pathway for electron transfer between the R2
surface and the diiron cluster and that this pathway mediates
electron injection by ascorbate, thereby allowing the partition
ratio to be shifted to favor Y122 one-electron oxidation over
Y208 hydroxylation by increasing concentration of the
reductant. In the simplest case, the W48F mutation abolishes
electron injection from ascorbate by disrupting this pathway.
Alternatively, the electron transfer step may be “conforma-
tionally gated,” and the W48F mutation may alter important
local conformational dynamics. In either case, the conclusion
that there is a specific pathway for electron transfer into the

7We note that Nordlund and co-workers first proposed, on the basis
of the three-dimensional structure of R2, that this network is a specific
pathway for electron transfer from the R1 subunit of RNR to the tyrosyl
radical in R2 during the enzyme’s catalytic mechanism.

8 S. Chen, S. E. Parkin, C. Krebs, B. A. Ley, D. E. Edmondson, B.
H. Huynh, and J. M. Bollinger, Jr., manuscript in preparation.

FIGURE 4: Effect of increasing ascorbate concentration on the
diiron(III) products of the reaction of Fe2+-R2-F208Y with excess
O2, as monitored by UV-visible absorption spectroscopy. For these
samples, tyrosyl radical was allowed to decay for 1 h prior to
acquisition of the spectra in order to highlight the features of the
two different diiron(III) products. The sodium ascorbate concentra-
tions were (0) 0 mM, (2) 1.6 mM, (O) 6.6 mM, (- - -) 13 mM,
(‚‚‚) 26 mM, and (s) 106 mM. Details of sample preparation are
given in Materials and Methods.

FIGURE 5: UV-visible light absorption spectra produced upon
reaction at 5( 3 °C of Fe2+-R2-W48F/F208Y (0.10 mM protein,
Fe2+/R2) 3) with excess O2 (∼650µM) in the absence of reductant
(s) or in the presence of 128 mM sodium ascobate (‚‚‚). Details
of sample preparation are given in Materials and Methods.

FIGURE 6: Mössbauer spectra of R2-W48F/F208Y reacted as
described in the legend to Figure 5 (A) in the absence of ascorbate
and (B) in the presence of 128 mM sodium ascorbate. For each
Mössbauer sample, five identical 500µL samples of [R2-W48F/
F208Y] ) 0.10 mM were pooled and concentrated to 500µL, as
described in Materials and Methods.
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R2 cofactor would be valid, given that ascorbate bathing the
surface of R2-W48F/F208Y is ineffective for electron
injection. A third possibility is that ascorbate accesses the
cluster site directly in R2-F208Y but is precluded from
cluster access in R2-W48F/F208Y by a structural or dynami-
cal perturbation resulting from the nonisosteric W48F
mutation. We consider this possibility to be unlikely, as we
have seen that the W48F mutationdoes notsignificantly
perturb the rate constant of the slow protein conformational
change that is required for formation of the O2-reactive
Fe2+-R2 complex from apo-R2 and Fe2+ (27) (e.g., in
comparing wild-type R2 with R2-W48F).8 This observation
suggests that access to the active site by Fe2+ is not
noticeably altered by the W48F mutation. We hope ulti-
mately to distinguish among the above possibilities by direct
measurement of the individual rate constants of the consti-
tutent steps of Scheme 2 in ongoing freeze-quench EPR
and Mössbauer experiments.
The present data are consistent with the hypothesis that

W48F is part of a specific electron-transfer pathway into the
R2 cluster site of R2-F208Y. This conclusion lends credence
to the hypothesis that the pathway involving W48 is operant
in electron injection in the wild-type R2 reaction (32).
Facilitating this process may be a (perhaps the) primary
means by which the R2 protein directs the mechanism and
outcome of its O2 reaction, as this step ensures that no
intermediate containing two oxidizing equivalents [such as
the (formally) diiron(IV) compound Q that is thought to be
the hydroxylating intermediate in the catalytic cycle of
methane monooxygenase (28-30)] will accumulate. Were
such a species to form in the R2 active site, alternative
reactions such as self-hydroxylation might compete with the
desired one-electron oxidation of Y122.
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20. Sjöberg, B.-M., Hahne, S., Karlsson, M., Jo¨rnvall, H., Görans-

son, M., and Uhlin, B. E. (1986)J. Biol. Chem. 261, 5658-
5662.
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