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ABSTRACT: A tryptophan 48 cation radical (W48+•) forms concomitantly with the Fe2(III/IV) cluster, X,
during activation of oxygen for tyrosyl radical (Y122‚) production in the R2 subunit of class I ribonucleotide
reductase (RNR) fromEscherichia coli. W48+• is also likely to be an intermediate in the long-range
radical transfer between R2 and its partner subunit, R1, during nucleotide reduction by the RNR
holoenzyme. The kinetics of decay of W48+• and formation of tyrosyl radicals during O2 activation (in
the absence of R1) in wild-type (wt) R2 and in variants with either Y122, Y356 (the residue thought to
propagate the radical from W48+• into R1 during turnover), or both replaced by phenylalanine (F) have
revealed that the presence of divalent cations at concentrations similar to the [Mg2+] employed in the
standard RNR assay (15 mM) mediates a rapid radical-transfer equilibrium between W48 and Y356.
Cation-mediated propagation of the radical from W48 to Y356 gives rise to a fast phase of Y‚ production
that is essentially coincident with W48+• formation and creates an efficient pathway for decay of W48+•.
Possible mechanisms of this cation mediation and its potential relevance to intersubunit radical transfer
during nucleotide reduction are considered.

Ribonucleotide reductases (RNRs)1 catalyze conversion of
ribonucleoside di- or triphosphates to the corresponding
2′-deoxyribonucleotides (1-4). The reaction proceeds via a
free-radical mechanism that is initiated by abstraction of the
3′-hydrogen of the substrate (5-7) by a protein radical
(8-10). The multiplicity of strategies for generation of the
3′-H-abstracting protein radical, which for all known RNRs
is believed to be a cysteine thiyl radical, is the primary basis
for the definition of three classes (I-III) of RNRs (4,
11-13). The 5′-deoxyadenosyl radical, produced either by
homolysis of the Co-C bond of 5′-deoxyadenosylcob(III)-
alamin (14) (in class II) or by reductive cleavage of the
C5′-S bond ofS-adenosyl-L-methionine (in class III) (15,
16), is the ultimate source of the oxidizing equivalent for
protein radical production in the class II and III RNRs. In
class I RNRs, such as those found in aerobically growing
Escherichia coliand in eukaryotes fromSaccharomyces
cereVisiae to Homo sapiens, activation of dioxygen at the
carboxylate-bridged diiron(II/II) cluster harbored in the

enzyme’s R2 subunit introduces a stable tyrosyl free-radical
into R2 by univalent oxidation of a buried tyrosine (Y122
in E. coli R2, which is the subject of this study) (17-20).
This stoichiometric, autoactivation process yields the active
R2 subunit, which functions catalytically in nucleotide
reduction. Transient transfer of the oxidizing equivalent from
the Y122 radical (Y122‚) to a cysteine residue in the R1
subunit (C439 (8-10)) prepares R1 for the crucial 3′-H
abstraction (21). Chemical steps involving additional cysteine
residues in R1 (C225 and C462) then convert the 3′-centered
substrate radical to the corresponding 3′ product radical, with
formation of a C225-C462 disulfide (8, 22, 23). The 3′-H
is then returned to complete the transformation to product,
and subsequent reverse radical transfer regenerates the Y122‚
in R2 and reduced (nonradical) C439 in R1 (8, 21).

The mechanistic pathway for Y122‚ formation has been
mapped in some detail, beginning with the seminal studies
in the early 1990s led by Stubbe (24-30). Addition of O2

to the reactive form of the diiron(II/II) cluster, which is
formed after acquisition of two Fe(II) ions and a conforma-
tional change by the R2 protein, leads to accumulation of a
state containing the diiron(III/IV) cluster,X (24-26, 31),
and a cation radical harbored on the near-surface residue,
W48 (28, 32). In the presence of a one-electron reductant
(e.g., ascorbate, thiols, Fe(II)aq), the W48+• is rapidly reduced
(25, 28, 32). Under these conditions, the Y122‚ and (µ-oxo)-
diiron(III/III) cluster of the native protein are generated in
the last and slowest step of the reaction when clusterX
oxidizes Y122 (25, 27). The identities of precursors to the
X-W48+• state having both oxidizing equivalents of the
initial diiron(II)-O2 complex still localized on the diiron
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cluster have not been definitively established, but Stubbe and
co-workers presented evidence that aµ-(1,2-peroxo)diiron-
(III/III) complex is among them (30). Indeed, our recent
studies support this proposal (33) and further suggest (1) that
theµ-1,2-peroxide isomerizes rapidly to a state, designated
L , with two structurally distinct peroxodiiron(III/III) com-
plexes in rapid equilibrium, and (2) that this state is the
immediate precursor to theX-W48+• state (34).

The mechanism of the radical-transfer step that initiates
nucleotide reduction is less well-understood.2 The structure
of the holoenzyme (R1‚R2) complex has not been been
reported, but in silico docking of structures of the individual
subunits of theE. coli enzyme at their most likely interface
would position C439 in R1>35 Å from the buried Y122‚
in R2 (4, 10, 48), much too great a distance for the reaction
to occur at the required rate (g100-101 s-1, the rate constant
reported both for steady-state and single turnover) via a
single-step, electron-tunneling mechanism (21). A network
of hydrogen-bonded, mostly aromatic amino acid residues
that extends from Y122‚ in R2 toward the putative subunit
interface and from the interface toward C439 in the active
site of R1 (Y122‚-W48-Y356- -Y731-Y730-C439, where
the double hyphen marks the R2- -R1 interface) is thought
to mediate radical transfer by a multistep-tunneling (“radical-
hopping”) mechanism that may also involve coupled proton
transfer (21). In the simplest version of such a mechanism,
the first and second steps would be oxidation of W48 by
Y122‚ and reduction of the resulting W48+• by Y356, and
the last and penultimate steps of the reverse radical transfer
would be the reverse of these two steps, respectively. Thus,
according to this scenario, the W48+• is likely to be an
intermediate in intersubunit radical transfer, as it is in O2

activation and Y122‚ formation.
The accumulation of W48+• to more than 0.6 equiv during

O2 activation by the reducedE. coli R2 protein under
appropriate reaction conditions3 (32) creates the opportunity
to study mechanisms of electron transfer to this likely
intermediate in R1-R2 radical transfer. Earlier work showed
that, in addition to its reduction by Fe(II)aq or other agents,
the W48+• can also be reduced by Y122 (28, 32). This step,
which would be analogous to the last step in the reverse (R1
f R2) radical transfer occurring in each turnover, is∼10-
fold faster than oxidation of Y122 byX and thus gives rise
to a fast phase of Y122‚ production specifically when the

reaction is carried out in the absence of an exogenous W48+•

reductant. In this study, we have characterized the kinetics
of decay of the W48+• in the absence of reductants in the
reactions of the wild-type R2 protein and its Y122F, Y356F,
and Y122F/Y356 variants, thereby dissecting the decay
process into constituent pathways. Our purpose was to
understand more thoroughly electron/radical flow in R2 and
to provide the foundation for possible transfer into R1 of
oxidizing equivalents generated in R2 by O2 activation. The
latter notion, originally suggested by the work of Cooperman
and co-workers showing that the mouse R2-Y177F variant
(Y177 is the radical-harboring tyrosine in mouse R2,
equivalent to Y122 in theE. coli protein) retains a low level
of RNR activity in the presence of R1 (49), has become
particularly relevant with the recent report that R2 subunits
in certain hyperthermophilic archaea and pathogenic eubac-
teria lack the radical tyrosine (50, 51) and the hypothesis
that these RNRs may function by using an intermediate in
O2 activation to generate the R1 radical (51, 52). Here, we
show that the presence of Mg2+ at concentrations similar to
that used in RNR activity assays brings Y356 into a rapid
radical-transfer equilibrium with the W48+•, leading to a very
rapid phase of Y‚ formation (Y356‚) and an efficient pathway
for decay of the W48+•.

MATERIALS AND METHODS

Materials. Culture media components (yeast extract and
tryptone) were purchased from Marcor Development Cor-
poration (Hackensack, NJ). Isopropy-â-D-thiogalactopyra-
noside (IPTG) was purchased from Biosynth International
(Naperville, IL). Ampicillin was purchased from IBI (Shel-
ton, CT). Phenylmethylsulfonyl fluoride (PMSF), strepto-
mycin sulfate,tris-[hydroxymethyl]-aminomethane (Tris),
1,10-phenanthroline, and (N-[2-hydroxyethyl]piperazine-N′-
[3-propane-sulfonic acid]) (EPPS) were purchased from
Sigma (St. Louis, MO). Glycerol, ammonium sulfate, sodium
chloride, sodium sulfate, and potassium chloride were
purchased from EM Science (Gibbstown, NJ). Calcium
chloride was purchased from Fisher Scientific (Fair Lawn,
NJ). Magnesium sulfate and magnesium chloride were
purchased from J. T. Baker Chemical Co. (Phillipsburg, NJ).
Enzyme grade 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) was purchased from FisherBiotech (Pittsburgh,
PA). Oligonucleotide primers were purchased from Invitro-
gen (Frederick, MD). Reagents for the polymerase chain
reaction (PCR) and restriction enzymes were purchased from
New England Biolabs (Beverly, MA). T4 DNA ligase was
purchased from Roche (Indianapolis, IN). BL21(DE3) and
pET vectors were purchased from Novagen (Madison, WI).

Preparation of Expression Vectors for R2-Y122F, R2-
Y356F, and R2-Y122F/Y356F.Overexpression of R2-Y122F
was directed by the plasmid pR2-Y122F(HindIII). This
plasmid was prepared from two previously described plas-
mids: the smaller fragment (containing codons 52-210)
from digestion of pR2-W48F/Y122F (34) with AatII and
HindIII was ligated with the larger fragment from digestion
of pR2wt-HindIII ( 53) with the same enzymes. The codon
change giving the Y356F substitution was introduced into
the nrdB gene (encoding R2) by using PCR. The 3′-most
third of the gene was amplified in two fragments by using
four primers and pR2wt-HindIII ( 53), as template. Primers
1 (5′-CGT TTC TAC GTA AGC TT T GCT TGT TCC-3′)

2 In fact, radical transfer has never actually been directly demon-
strated. Indirect evidence that it occurs is, nevertheless, overwhelming
and consists of the demonstrations that (1) R2 proteins lacking the
tyrosyl radical (the “met”, apo, and reduced forms of wild-type R2’s
and the Yf F variants) are inactive (17, 19), (2) variants of R2 and
R1 with residues in the putative radical-transfer pathway replaced have
no or drastically diminished activities (8, 9, 35-39), (3) one of these
variants (the Y370W variant of mouse R2) causes loss of the tyrosyl
radical (Y177‚) in a process that is dependent on substrate and R1 (39),
(4) the C225S and E441Q variants ofE. coli R1 mediate loss of the
Y122‚ and the latter formation of new substrate and R1 radicals (in
sequence) (8, 22, 23, 40-42), and (5) substrates with radical-trapping
functional groups (e.g., 2′-deoxy-2′-azido-nucleoside diphosphates and
2′-deoxy-2′-fluoromethylene-nucleoside diphosphates) cause decay of
the tyrosyl radical and formation of new substrate- or R1-derived
radicals (43-47).

3 These conditions consist of an absence of reductants and an
Fe(II)/R2 ratio, 2.7-3.0 equiv, that balances the opposing requirements
for a filled diiron site (to give rapid O2 activation) and only low levels
of unbound Fe(II) (to prevent the rapid reduction of the W48+• that
occurs if [Fe(II)aq] is present) (32).
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and 2 (5′-GAC CAGAAA AGA GCT CAC TTC CAC TTC
C-3′) were used to amplify a 456 base-pair (bp) fragment of
pR2wt-HindIII. Primer 1 anneals∼620 bp 3′ of the start of
nrdB and contains the uniqueHindIII restriction site (in
boldface type) previously introduced at codon V210 ofnrdB
(53). Primer 2 introduces both a translationally silent
substitution that creates a uniqueSacI restriction site
(underlined) at codon 354 ofnrdB for internal ligation of
the two fragments and the desired substitution at codon Y356
(TAT to TTT, complement of boldface triplet). A 1429 bp
fragment of pR2wt-HindIII was amplified by using primers
3 (5′-GTG GAA GTG AGC TCTTTT CTG GTC-3′) and
4 (5′-CGC AAC GTT GTT GCC ATT GCT GCA GGC-
3′). Primer 3 introduces the aforementionedSacIrestriction
site (underlined) and the desired substitution at codon Y356
(boldface triplet), and primer 4 contains the uniquePstI site
(in boldface type) 3′ of the nrdB gene for ligation with
pR2wt-HindIII. The 456 bp PCR fragment was digested with
HindIII andSacI, the 1429 bp PCR fragment was digested
with SacI and PstI, and the vector pR2wt-HindIII was
digested withHindIII andPstI. The fragments were joined
in a three-piece ligation reaction to give the expression vector
pR2-Y356F.

The overexpression vector for R2-Y122F/Y356F was
prepared from pR2-Y122F and pR2-Y356F. The 532 bp
HindIII -XhoI restriction fragment of pR2-Y356F was ligated
with the large (vector) fragment from restriction of pR2-
Y122F with the same enzymes to yield pR2-Y122F/Y356F.

The sequence of the coding region of each plasmid
construct was verified to ensure that no undesired mutations
had been introduced. DNA sequences were determined by
the Nucleic Acid Facility of the Pennsylvania State Univer-
sity Biotechnology Institute.

OVerexpression and Purification of R2-wt, R2-Y122F,
R2-Y356F, and R2-Y122F/Y356F.Procedures used to over-
express and purify the proteins in the apo form have been
described previously (54). Protein concentrations were
determined spectrophotometrically by using molar absorption
coefficients at 280 nm (ε280) calculated according to the
method of Gill and von Hippel (55). Theε280 values are 118

mM-1 cm-1 for apo R2-Y122F and apo R2-Y356F and 115
mM-1 cm-1 for apo R2-Y122F/Y356F.

Stopped-Flow Absorption Spectrophotometry.Stopped-
flow absorption experiments were carried out with an
Applied Photophysics SX.18MV stopped-flow apparatus
(path length of 1 cm and dead-time of 1.3 ms) equipped with
a diode array detector and housed in an anoxic chamber
(MBraun). Solutions of apo R2 proteins in 25 mM EPPS,
pH 8.2 (buffer A), were rendered free of oxygen on a
vacuum/gas manifold and then mixed with Fe(II) in the
anoxic chamber, as previously described (54). Oxygen-free
Fe(II)-R2 samples were mixed with oxygen-saturated salt
solutions prepared in buffer A. The temperature was main-
tained at 11°C with a Lauda K-4/R circulating water bath.
Kinetic traces shown represent averages of at least three
trials. Specifics of reaction conditions are given in the figure
legends.

RESULTS AND DISCUSSION

The kinetic and mechanistic complexity of the R2 reaction
makes it advantageous to have an overview of the mechanism
as a framework for subsequent interpretation of the data.
Previous results and those presented below are consistent
with the following mechanism. Decay of the W48+• is
complex and consists of at least four constituent pathways
(Scheme 1). Fast reduction of the W48+• by thiols, ascorbate,
or Fe(II)aq when one of these is present (pathway A) and
somewhat slower reduction by Y122 when reductants are
absent (pathway B) have previously been demonstrated (28,
32).4 A third pathway (C) explains the eventual decay of
the W48+• even when reductants and both relevant tyrosines
(Y122 and Y356) are absent (i.e., in R2-Y122F/Y356F).
Associated with this pathway, a transient Y‚ is produced from
one of the 14 remaining (irrelevant) tyrosines. Thus, transient
Y radicals are observed in the reactions of both R2-Y122F

4 The cited study was conducted at 5°C. The presence of the Y122F
substitution introduces kinetic complexity in the O2 addition step below
10°C. This study has been carried out at 11°C to obviate this additional
complexity.

Scheme 1: Pathways for Decay of the W48+• Intermediate in Oxygen Activation byE. coli R2
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and R2-Y122F/Y356F, but only for R2-Y122F are the
kinetics of the transient Y‚ sensitive to variation in [Mg2+]
(as described in detail below). Because the quantity of
transient Y‚ in the reaction of the double variant appears to
be insufficient to account for all the W48+• that decays (based
on the known molar absorptivity of the W48+• (28, 32) and
reasonable estimates for that of the Y‚), this pathway is
probably decomposable into additional components, of which
one (or more) generates a Y‚ and one (or more) does not.
Because all of its constituent processes are relatively slow,
this pathway competes ineffectively with other pathways in
all reactions but that of the double variant and is not
considered in detail. Pathways A-C are all independent of
both Mg2+ and Y356. The fourth and, for the purposes of
this study, most interesting pathway (D) results from a Mg2+-
dependent interaction of the W48+• with Y356. Kinetic
manifestations of it and evidence that it results from a Mg2+-
dependent radical-transfer equilibrium between W48 and
Y356 will now be summarized.

Consistent with previous studies carried out at a reaction
temperature of 5°C (32), mixing of the Fe(II)-R2-wt
complex at 11°C with O2-saturated buffer results in the rapid
development of the broad 560-nm absorption band of the
W48+•, followed by decay of this feature and formation of

the sharp 411-nm feature characteristic of tyrosyl radical (not
shown). Inclusion of Mg2+ in the O2-saturated buffer solution
markedly affects the kinetics (Figure 1). Previous studies (32)
have shown that theA560 traces (Figure 1A) have three kinetic
phases: a rapid rise phase, which corresponds to formation
of theX-W48+• state; a fast decay phase, which corresponds
to the sum of pathways A-C in Scheme 1; and a slower
decay phase, which corresponds to reduction ofX either by
Y122 or an unknown exogenous source (two steps leading
to native R2 in top right corner of Scheme 1). TheA560 traces
were therefore fit by the equation for three exponential phases
in order to resolve and quantify the contribution of pathway
D in Scheme 1 to decay of W48+•. The fits reveal that Mg2+

affects the effective first-order rate constant for formation
of W48+• to only a minor extent (<2-fold faster at the highest
[Mg2+]). By contrast, increasing [Mg2+] markedly accelerates
decay of W48+• (Figure 1A). The observed first-order rate
constant for decay increases hyperbolically with [Mg2+]
(Figure 2, filled circles and solid line), “saturating” at a value
of 108( 3 s-1, 9 times thekobs in the absence of Mg2+. The
effect of Mg2+ on the kinetics of Y‚ formation (as assessed
by the intensity of the diagnostic sharp∼411 nm peak
characteristic of Y radicals) is complex (Figure 1B). At high
[Mg2+], a minor phase of very rapid Y‚ formation is observed
and is nearly coincident with development of the 560-nm
feature of the W48+•. This rapid phase is followed by overall
slower formation of stable Y‚ (presumably Y122‚). The
overall slowing of Y122‚ production by increasing [Mg2+]
is attributable to engagement of a more efficient pathway
for decay of W48+• (pathway D). When the Mg2+-dependent
pathway isnotengaged, W48+• decays primarily by oxidation
of Y122 (pathway B). This step is faster than oxidation of
Y122 by X, which occurs following decay of W48+• by

FIGURE 1: Effect of increasing [MgCl2] on the kinetics of (A) the
transient W48+• monitored at 560 nm and (B) Y‚ monitored by
the 411-nm peak height [A411 - (A405 + A417)/2] in the reaction of
Fe(II)-R2-wt with O2. A solution of O2-free Fe(II)-R2-wt in
buffer A was mixed at 11°C with an equal volume of O2-saturated
buffer A containing different concentrations of MgCl2. The final
concentration of R2 after mixing was 0.1 mM (Fe(II)/R2) 2.7).
The final concentrations of MgCl2 after mixing were 0 mM (red
circles), 21 mM (blue squares), and 210 mM (black triangles). The
solid lines in panel A are fits, as described in the text.

FIGURE 2: Dependence of the observed rate constant of W48+•

decay on [MgCl2] in the reactions of R2-wt (filled circles and
solid line), R2-Y122F (filled squares and dashed line), R2-Y356F
(open circles and dotted line), and R2-Y122F/Y356F (open squares
and dotted-dashed line). The solid and dashed lines are fits of the
equation for a hyperbola to the data and correspond toK0.5 values
of 26 ( 3 mM and 8( 1 mM andkmax values of 108( 4 s-1 and
37 ( 2 s-1 for R2-wt and R2-Y122F, respectively. The dotted
and dotted-dashed lines are lines of zero slope to indicate the near
absence of an effect of Mg2+ on the reaction of proteins lacking
Y356. The experimental conditions are described in legends to
Figure 1 (R2-wt), Figure 3 (R2-Y356F), Figure 4 (R2-Y122F),
and Figure 5 (R2-Y122F/Y356F).
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pathway A, C, or D. Thus, the overall slowing of Y122‚
production when pathway D is engaged by high [Mg2+] is
similar to that previously reported for inclusion of a reductant
to quench the W48+• via pathway A.

The results of identical experiments on the reaction of
R2-Y356F (Figure 3) demonstrate that the pronounced effects
of Mg2+ on W48+• decay and Y‚ formation depend on the
presence of Y356. Increasing [Mg2+] does not accelerate
decay of the 560-nm absorption feature in this variant (or
does so to a much lesser extent) (Figure 3A and Figure 2,
open circles and dotted line). In addition, Mg2+ barely affects
the kinetics of Y122‚ formation (Figure 3B). Notably, the
very fast phase of Y‚ formation is absent in the variant,
implying that the fast phase of Y‚ formation in the reaction
of R2-wt at high [Mg2+] arises from Y356‚ formation.
Evidence for oxidation of Y356 upon O2 activation by
R2-Y122F was previously presented (24, 56), but the linkage
of this process to the presence of cations was not explored.
The fact that Y356‚ formation is, at high [Mg2+], roughly
coincident with W48+• formation suggests that the two
radicals are in equilibrium, and the fact that the fast phase
has a much smaller amplitude than that of subsequent Y122‚
formation implies that the Y356‚ is disfavored in its
equilibrium with W48+•.

The effects of Mg2+ on the kinetics of the reactions of
R2-Y122F and R2-Y122F/Y356F are consistent with the
above interpretation. W48+• decay is slower overall in these
variants, as a result of the absence of the pathway for its
reduction by Y122 (pathway B). In addition, and as expected,
no stable Y‚ is produced. In the single variant, increasing
[Mg2+] is associated with increasingly rapid decay of the
W48+• (Figure 4A), as in the reaction of R2-wt. The
dependence on [Mg2+] is again hyperbolic (Figure 2, filled
squares and dashed line), in this case reaching a limiting
value forkobs of 37 ( 2 s-1. This value represents a 12-fold
acceleration relative to decay in the absence of Mg2+. The
K0.5 is 8 ( 1 mM, ∼3-fold less than that for R2-wt.
Associated with the faster decay of W48+•, formation and
decay of a transient Y‚ become much faster at high [Mg2+]
(Figure 4B). The peak of [Y‚] shifts to earlier time by
∼17-fold, and the formation phase becomes roughly coin-
cident with formation of the W48+•, as in the R2-wt
reaction. None of these effects occur in R2-Y122F/Y356F:
W48+• is accelerated to a minor extent (Figure 5A and Figure
2, open squares and dotted-dashed line), and the kinetics of
transient Y‚ are hardly affected (Figure 5B) by increasing
[Mg2+]. The fact that a transient Y‚ is observed at all in the
double variant implies that one or more of the 14 tyrosines

FIGURE 3: Effect of increasing [MgCl2] on the kinetics of (A) the
transient W48+• monitored at 560 nm and (B) Y‚ monitored by
the 411-nm peak height [A411 - (A405 + A417)/2] in the reaction of
Fe(II)-R2-Y356F with O2. A solution of O2-free Fe(II)-R2-
Y356F in buffer A was mixed at 11°C with an equal volume of
O2-saturated buffer A containing different concentrations of MgCl2.
The final concentration of the protein after mixing was 0.1 mM
(Fe(II)/R2) 2.7). The final concentrations of MgCl2 after mixing
were 0 mM (red circles), 21 mM (blue squares), and 210 mM (black
triangles). The solid lines in panel A are fits, as described in the
text.

FIGURE 4: Effect of increasing [MgCl2] on the kinetics of (A) the
transient W48+• monitored at 560 nm and (B) Y‚ monitored by
the 411-nm peak height [A411 - (A405 + A417)/2] in the reaction of
Fe(II)-R2-Y122F with O2. A solution of O2-free Fe(II)-R2-
Y122F in buffer A was mixed at 11°C with an equal volume of
O2-saturated buffer A containing different concentrations of MgCl2.
The final concentration of the protein after mixing was 0.06 mM
(Fe(II)/R2) 2.7). The final concentrations of MgCl2 after mixing
were 0 mM (red circles), 5 mM (blue squares), and 50 mM (black
triangles). The solid lines in panel A are fits, as described in the
text.

Cation-Mediated W48-Y356 Radical Transfer in RNR-R2 Biochemistry, Vol. 45, No. 29, 20068827



other than Y122 and Y356 can be oxidized during decay of
W48+•. The important point is that this process is very slow
and unaffected by Mg2+. In contrast, the transient Y‚ in the
presence of both Y356 and high [Mg2+] develops rapidly,
on the same time scale as O2 addition.

Variation of the anion and cation in the reaction of
R2-Y122F was undertaken to verify that the latter is the
relevant mediator of the W48-Y356 radical-transfer equi-
librium (Figure 6). Chloride and sulfate salts of Mg2+ and
Ca2+ have equivalent effects and concentration dependencies
(filled symbols). The identity of the anion is unimportant.
Salts of monovalent cations also mediate the effect, but much
higher concentrations (hundreds of millimolar) are required
(open symbols). Again, the identity of the anion is unim-
portant. These data establish that the cation is the mediator
and that divalent cations are∼33-fold more efficient as
mediators than monovalent cations (comparing the limiting
slopes of plots ofkobsversus [Mn+]). Notably, this difference
is greater than the 3-fold difference between monovalent and
divalent cations that would be expected if the effect were
due merely to increasing ionic strength.

The kinetic data for the reactions of the four R2 proteins
thus reveal a cation-dependent radical-transfer equilibrium

between W48 and Y356. The mechanism and functional
significance of the phenomenon remain open questions.
Although there are multiple possible mechanisms, we
consider the simplest and most probable to be binding of
the cation in the vicinity of Y356. Cation binding could
influence the relative potentials of W48 and Y356. Alter-
natively (or in addition), simultaneous coordination of one
or more side chain both in the C-terminus and in the main
domain of the protein could “tether” the flexible C-terminus
to the protein to decrease the effective distance between W48
and Y356. Indeed, X-ray crystal structures of R2 reveal two
carboxylate residues within 8 Å of W48 (20, 57, 58). E51
and E52 would be excellent candidates for C-terminus-
tethering Mg2+ ligands. In fact, E52 is conserved among R2
sequences. In addition, the C-terminus is rich in residues that
could serve as Mg2+ ligands (E and D residues and perhaps
even Y356 itself). Intriguingly, C-terminal carboxylate
residue E350 is also conserved (one of a few residues in the
C-terminus) and has been subjected to site-directed mu-
tagenesis (35). The E350A variant was found to beinactiVe
in nucleotide reduction, even though its affinity for R1 is
normal (35). To our knowledge, the inactivity of this variant
has not yet been explained. It raises the possibility that E350
may function as a Mg2+ ligand to mediate communication
between W48 and Y356 as part of the radical-transfer steps
that initiate and culminate nucleotide reduction. It is note-
worthy that the standard RNR assay includes 15 mM Mg2+,
similar to the K0.5 value determined for R2-wt in our
experiments and greater than that for R2-Y122F. Moreover,

FIGURE 5: Effect of increasing [MgCl2] on the kinetics of (A) the
transient W48+• monitored at 560 nm and (B) Y‚ monitored by
the 411-nm peak height [A411 - (A405 + A417)/2] in the reaction of
Fe(II)-R2-Y122F/Y356F with O2. A solution of O2-free Fe(II)-
R2-Y122F/Y356F in buffer A was mixed at 11°C with an equal
volume of O2-saturated buffer A containing different concentrations
of MgCl2. The final concentration of the protein after mixing was
0.09 mM (Fe(II)/R2) 2.7). The final concentrations of MgCl2 after
mixing were 0 mM (red circles), 21 mM (blue squares), and 210
mM (black triangles). The solid lines in panel A are fits, as
described in the text.

FIGURE 6: Titration of the effects of different salts on the observed
rate constant for decay of W48+• in the reaction of R2-Y122F. A
solution of O2-free Fe(II)-R2-Y122F complex (0.1-0.2 mM;
Fe(II)/R2 ) 2.7) was mixed at 11°C with an equal volume of
O2-saturated buffer containing different concentrations of Na2SO4
(open squares), NaCl (open circles), KCl (open triangles), MgCl2
(closed squares), CaCl2 (closed circles), or MgSO4 (closed triangles)
in the stopped-flow apparatus. The rate constants for decay of
W48+• were obtained from the fits of the kinetic traces of W48+•

(as described in the text). The solid and dashed lines are fits of the
equation for a hyperbola to the data for the divalent cations and
monovalent cations, respectively, and the values at half-maximal
enhancement of W48+• decay (K0.5) are calculated to be 8.6( 0.5
mM for the divalent cations and 210( 27 mM for the monovalent
cations. As a control, a solution of O2-free Fe(II)-R2-Y122F/
Y356F complex (0.13 mM; Fe(II)/R2) 2.7) was mixed at 11°C
with an equal volume of O2-saturated buffer containing different
concentrations of MgSO4 (open diamonds).
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binding of Mg2+ and R1 by R2 could be synergistic, reducing
the concentration of Mg2+ needed to mediate communication
between Y356 and W48 in the R1‚R2 complex. We are not
aware of any report in which the dependence of turnover on
[Mg2+] was documented, and so our suggestion that one role
of Mg2+ [in addition to binding of nucleotides and its
reported requirement for maintenance of the functional R1
homodimer (59)] could be to mediate intersubunit radical
transfer must be considered as speculative. Mutagenesis
experiments and activity measurements to test the intriguing
possibility are in progress.
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