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ABSTRACT: A conventional class I (subclass a or b) ribonucleotide reductase (RNR) employs a tyrosyl
radical (Y•) in its R2 subunit for reversible generation of a 3′-hydrogen-abstracting cysteine radical in its
R1 subunit by proton-coupled electron transfer (PCET) through a network of aromatic amino acids spanning
the two subunits. The class Ic RNR from the human pathogen Chlamydia trachomatis (Ct) uses a MnIV/
FeIII cofactor (specifically, the MnIV ion) in place of the Y• for radical initiation. Ct R2 is activated when
its MnII/FeII form reacts with O2 to generate a MnIV/FeIV intermediate, which decays by reduction of the
FeIV site to the active MnIV/FeIII state. Here we show that the reduction step in this sequence is mediated
by residue Y222. Substitution of Y222 with F retards the intrinsic decay of the MnIV/FeIV intermediate by
∼10-fold and diminishes the ability of ascorbate to accelerate the decay by ∼65-fold but has no detectable
effect on the catalytic activity of the MnIV/FeIII-R2 product. By contrast, substitution of Y338, the cognate
of the subunit interfacial R2 residue in the R1 S R2 PCET pathway of the conventional class I RNRs
[Y356 in Escherichia coli (Ec) R2], has almost no effect on decay of the MnIV/FeIV intermediate but
abolishes catalytic activity. Substitution of W51, the Ct R2 cognate of the cofactor-proximal R1 S R2
PCET pathway residue in the conventional class I RNRs (W48 in Ec R2), both retards reduction of the
MnIV/FeIV intermediate and abolishes catalytic activity. These observations imply that Ct R2 has evolved
branched pathways for electron relay to the cofactor during activation and catalysis. Other R2s predicted
also to employ the Mn/Fe cofactor have Y or W (also competent for electron relay) aligning with Y222
of Ct R2. By contrast, many R2s known or expected to use the conventional Y•-based system have redox-
inactive L or F residues at this position. Thus, the presence of branched activation- and catalysis-specific
electron relay pathways may be functionally important uniquely in the Mn/Fe-dependent class Ic R2s.

Ribonucleotide reductases (RNRs)1 catalyze the reduction
of ribonucleotides to deoxyribonucleotides, the precursors

for DNA synthesis and repair (1). This remarkable reaction
proceeds via a free radical mechanism. Conventional class I
RNRs [e.g., from Homo sapiens or aerobically growing
Escherichia coli (Ec)] consist of R1 and R2 subunits. R1 is
the catalytic subunit and contains the site of ribonucleotide
reduction. R2 is the cofactor subunit, harboring a stable
tyrosyl radical (Y•) in the proximity of a carboxylate-bridged
Fe2

III/III cluster (2). It is believed that, during catalysis, the
Y• in R2 transiently oxidizes a conserved cysteine residue
in the R1 active site to a cysteinyl radical (C•) (3) by a long-
distance (∼35 Å), intersubunit (4), proton-coupled electron
transfer (PCET) reaction (5). The C• then initiates reduction
of the substrate by abstracting its 3′-hydrogen atom (3, 6–9).
For the best-studied class I RNR from Ec, it is thought that
the PCET step is mediated by several redox-active amino
acid residues, including W48 and Y356 in R2 and Y730 and
Y731 in R1 (3–5, 10–17).

The cofactor in R2 is generated in a post-translational
autoactivation reaction, in which O2 adds to the reduced
(Fe2

II/II) diiron cluster (18, 19). In this reaction, O2 is reduced
by four electrons to the oxidation state of water. The
reduction is balanced by oxidation of two FeII ions to FeIII,

† This work was supported by the National Institutes of Health (Grant
GM-55365 to J.M.B.), the Beckman Foundation (Young Investigator
Award to C.K.), and the Dreyfus Foundation (Teacher Scholar Award
to C.K.).

* To whom correspondence should be addressed. J.M.B.: Department
of Chemistry, 336 Chemistry Building, University Park, PA 16802.
Phone: (814) 863-5707. Fax: (814) 865-2927. E-mail: jmb21@psu.edu.
C.K.: Department of Chemistry, 332 Chemistry Building, University
Park, PA 16802. Phone: (814) 865-6089. Fax: (814) 865-2927. E-mail:
ckrebs@psu.edu.

‡ Department of Biochemistry and Molecular Biology.
§ L.S. and W.J. both made contributions warranting primary author-

ship. Prior to the recognition of the enzyme’s manganese requirement,
L.S. discovered the electron relay function of Y222 in the reaction of
the inactive diiron form. W.J. carried out all experiments proving that
the residue functions also during activation of the Mn/Fe form.
| Present address: New England Biolabs, 240 County Rd., Ipswich,

MA 01938.
⊥ Department of Chemistry.
1 Abbreviations: RNR, ribonucleotide reductase; Ec, Escherichia coli;

Y•, tyrosyl radical; C•, cysteinyl radical; Ct, Chlamydia trachomatis;
EPR, electron paramagnetic resonance; PCET, proton-coupled electron
transfer; CDP, cytidine 5′-diphosphate; dCDP, 2′-deoxycytidine 5′-
diphosphate; wt, wild-type; DTT, dithiothreitol; EDTA, ethylenedi-
aminetetraacetic acid.

Biochemistry 2008, 47, 8477–8484 8477

10.1021/bi800881m CCC: $40.75  2008 American Chemical Society
Published on Web 07/26/2008



oxidation of Y122 by one electron to the radical, and transfer
of an “extra” electron (20–22). During activation of Ec R2,
the extra electron is transferred to a very reactive adduct
between the Fe2

II/II cluster and O2 by oxidation of the near-
surface PCET pathway residue, W48 (23–25). The resulting
state contains an Fe2

III/IV intermediate, X (19, 26–31), and a
W48 cation radical (W48+•) (23, 24), which is reduced in
vitro by exogenous reductants (e.g., FeII or ascorbate) (23).
Intermediate X oxidizes the nearby tyrosine residue (Y122)
in the final and slowest step of the reaction, yielding the
active Fe2

III/III/Y• form of the protein (19, 20). When the
activation reaction is carried out in the presence of >10 mM
Mg2+, W48+• engages in a rapid redox equilibrium with
Y356 (32), the next R2 residue in the proposed R1 S R2
PCET pathway (4, 13, 33). The reversible formation of the
Y356• radical initiates an efficient pathway for decay of
W48+• even in the absence of a facile one-electron reductant
(32). Thus, Ec R2 utilizes the same two-residue pathway for
electron relay to its cofactor during both activation and
catalysis.

We recently showed that the class Ic RNR from Chlamydia
trachomatis (Ct) employs a high-valent, heterobinuclear
MnIV/FeIII cofactor in place of the Fe2

III/III/Y• cofactor of the
conventional class I system (34, 35). Use of a mechanism-
based inactivator (2′-deoxy-2′-azidoadenosine-5′-diphos-
phate) provided evidence that the MnIV/FeIII cofactor under-
goes reduction to MnIII/FeIII during catalysis (34). Results
obtained upon treatment of the enzyme with the well-known
class I RNR inhibitor, hydroxyurea, provided additional
support for this hypothesis (36). Presumably, reduction of
the MnIV ion of the cofactor to MnIII generates the C• in the
Ct R1 subunit via the intersubunit PCET pathway, of which
all residues are conserved (Figure 1A, red dotted lines) (37).
In analogy to the conventional (Fe2

III/III/Y•) R2 proteins,
activation of Ct R2 entails reaction of its fully reduced (MnII/
FeII) cluster with O2 (34). A MnIV/FeIV intermediate ac-
cumulates almost stoichiometrically and then decays by slow

reduction of the FeIV site to FeIII (38). This decay step is
analogous to the relay of the extra electron to the diiron site
by W48 during activation of Ec R2 (23). However, no
evidence of accumulation of W+• from the corresponding
Ct R2 residue, W51, was obtained (38).

In this study, we show that Y222, a surface residue
aligning with the redox-inactive L233 of Ec R2, cooperates
with W51 to relay the extra electron to the MnIV/FeIV

intermediate during activation of Ct R2 (Figure 1A, green
dotted lines). The irrelevance of Y222 and the importance
of Y338 (the cognate of Ec Y356) for catalytic activity imply
that, unlike the Ec protein, Ct R2 uses distinct electron-relay
pathways for activation and catalysis (Figure 1A, red dotted
lines). The strict conservation of an ET-competent residue
(Y or W) at the position corresponding to Y222 in other
presumptively Mn/Fe-dependent R2 proteins2 suggests that
the novel, activation-specific, electron relay element is
functionally important in the class Ic RNRs.

MATERIALS AND METHODS

Construction of Vectors for OVerexpressing His6-Affinity-
Tagged Versions of Ct R2 Variants Y222F, Y338F, and
W51F. Construction of the plasmid vector, pET28a-CtR2-
wt, which directs overexpression of the N-terminally His6-
tagged wild-type (wt) Ct R2 protein, was described previ-
ously (34). The vector for directing overexpression of the
Y222F variant was constructed by using the Quikchange XL
site-directed mutagenesis kit (Stratagene, La Jolla, CA), with
pET28a-CtR2-wt as the template and primers 1 (5′-GGA
GAA CAA TAT CAA TTC ATC TTA AGA GAT GAG
ACA ATC C-3′; AflII site in bold) and 2 (5′-GGA TTG TCT
CAT CTC TTA AGA TGA ATT GAT ATT GTT CTC
CAA TAC C-3′; AflII site in bold) encoding the desired
substitution (underlined in primer sequences). The Quikchange
kit was also used to construct the vector for the W51F
variant, with the same template and primers 3 (5′-GGC TGC
GCA AAT AAC TTT CTC CCT ACA GAG ATC CCC
ATG GGG AAA GAC ATC G-3′; NcoI site in bold) and 4
(5′-CTT TCC CCA TGG GGA TCT CTG TAG GGA GAA
AGT TAT TTG CGC AGC C-3′; NcoI site in bold)
introducing the desired substitution (underlined). The se-
quences of the coding regions of both vectors were verified
by ACGT, Inc. (Wheeling, IL).

The Y338F substitution was introduced by the polymerase
chain reaction (PCR) by using pET28a-CtR2-wt as the
template and primers 5 (5′-TTA ACG GTT CAT ATG CAA
GCA GAT ATT TTA GAT GG-3′; NdeI restriction site in
bold) and 6 (5′-GGT GGT GCT CGA GCT ACC AAG
TTA AGC TTG CTG CAT GTT GAA ATT CTA TAA
CCC-3′; XhoI site in bold) to introduce the desired substitu-
tion (underlined). The 1086 bp PCR fragment was gel
purified, restricted with NdeI and XhoI, repurified, and ligated
with NdeI- and XhoI-restricted pET28a-CtR2-wt. The se-
quence of the coding region of the vector was verified.

2 Presumptive Mn/Fe-dependent R2 proteins were identified by
pBLAST queries of the NCBI nr protein database with the sequence
of Ct R2. As previously reported (42), R2s with F and E aligning with
F127 and E89 of Ct R2 (which are Y122 and D84, respectively, in Ec
R2) are assigned to class Ic and are expected to employ MnIV/FeIII

cofactors. Among the ∼30 presumptive Mn/Fe-dependent class Ic R2s
identified by this search, all possess Y or W at the position aligning
with Y222 of Ct R2.

FIGURE 1: Branched electron relay pathways in Ct RNR. (A) The
catalysis-specific intersubunit pathway between the Mn/Fe cluster
in R2 and the conserved cysteine residue in R1, C672, is indicated
by the red dotted lines. The conserved residues proposed to
participate in electron relay are indicated. The activation-specific
pathway is indicated by green dotted lines. This figure was adapted
from the docking model for Ec RNR (4, 5). (B) Schematic based
on the X-ray crystal structure of Ct R2 (42) showing the positions
of residues in the aforementioned electron relay pathways.
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OVerexpression and Purification of Ct R2 Proteins. The
variant Ct R2 proteins were prepared as previously described
for the wt protein (34). His6-tagged proteins were overex-
pressed in E. coli BL21(DE3) (Novagen, Madison, WI),
purified by metal ion affinity chromatography, and depleted
of metal ions by the previously described reductive chelation
and EDTA dialysis steps (34). The concentrations of apo-
proteins were determined by absorbance at 280 nm with
monomeric molar absorptivities (57750 M-1 cm-1 for the
wt, 56470 M-1 cm-1 for Y222F and Y338F, and 52060 M-1

cm-1 for W51F) calculated by the method of Gill and von
Hippel (39).

Mössbauer-Spectroscopic Characterization of the MnIV/
FeIII Complexes of the Ct R2 Proteins. The MnIV/FeIII

products of the O2 reactions of wt, Y222F, Y338F, and W51F
Ct R2 proteins were prepared with ∼95% 57Fe-enriched FeII

as previously described (40). The Mössbauer spectrometer
has been described previously (41).

Stopped-Flow Absorption and Freeze-Quench EPR Kinet-
ics Experiments. The stopped-flow and freeze-quench ap-
paratus and procedures and the EPR spectrometer have been
described previously (41). Kinetic traces from the reactions
of the MnII/FeII-R2 complexes with O2 were analyzed by
nonlinear regression according to eq 1, which gives absor-
bance as a function of time (At) for a system of two parallel,
irreversible, first-order reactions in terms of rate constants
for the two steps (k1 and k2), their associated amplitudes (∆A1

and ∆A2), and the absorbance at time zero (A0).

At)A0 +∆A1[1- exp(-k1t)]+∆A2[1- exp(-k2t)] (1)

Although the Ct R2 reaction comprises two sequential
irreversible steps, formation of the intermediate is so much
faster than its decay (k1 > 300k2) that the equation describing
the sequential case simplifies to that describing the parallel
case. (The approximation of the second-order formation step
as a pseudo-first-order step is acceptable with the excess of
O2 employed.) The kinetics of the MnIV/FeIV-R2 intermedi-
ate predicted by the fit rate constants were calculated
according to eq 2, to which eq 1 simplifies in considering
concentration rather than absorbance (again, appropriate only
for the case of k1 . k2).

[MnIV⁄FeIV-R2]t)[MnII⁄FeII-R2]0[exp(-k2t)- exp(-k1t)]
(2)

Determination of Catalytic ActiVities of the Ct R2 Proteins.
The same MnIV/FeIII-R2 samples characterized by Möss-
bauer spectroscopy were used to determine the catalytic
activities of the wt and variant proteins. Activity was
quantified by the previously described mass spectrometric
assay (34). In assays of the active wt and Y222F R2 proteins,
1 µM R2 monomer was used. To improve the detection limit
in assays of the inactive Y338F and W51F variant proteins,
40 µM R2 monomer was used. Reactions were initiated by
addition of R2. They contained in a final volume of 200 µL
a 10-fold excess of ∆(1-248) Ct R1 (34, 37), 2 mM CDP,
0.5 mM ATP, and 10 mM DTT in 20 mM Na-Hepes buffer
(pH 7.6). They were allowed to proceed at 37 °C for 30
min. They were terminated by addition of HCl to a final
concentration of 100 mM. Precipitated protein was removed
by filtration through a Microcon YM-3 device (Millipore
Corp.). A 10 µL aliquot of the filtrate was injected with a

mobile phase of 10% acetonitrile, 90% water, and 0.5 mM
HCl running at 0.05 mL/min onto a Waters (Milford, MA)
Micromass ZQ 2000 mass spectrometer with an electrospray
ionization probe operating in the negative ion mode. Spec-
trometer conditions were as follows: capillary voltage, 4.00
kV; cone voltage, -50 V; extractor voltage, -2 V; RF lens
voltage, 0 V; source temperature, 80 °C; desolvation tem-
perature, 450 °C; desolvation gas flow rate, 150 L/h; cone
gas flow rate, 60 L/h. The ion currents at m/z 402 and 386
(M- for CDP and dCDP, respectively) were continuously
and simultaneously monitored after injection. Triplicate
injections of each reaction sample were performed. The ratio
of the heights of the CDP and dCDP peaks to the sum of
these peak heights was multiplied by the initial concentration
of CDP (2 mM) to give the concentrations of substrate and
product in each reaction sample. Validation of the assay
method is provided in the Supporting Information.

RESULTS

DiscoVery of Electron Relay by Y222 during O2 ActiVation
by the Fe2

II/II Form of Ct R2. Prior to our discovery that the
active form of Ct R2 contains a heterobinuclear MnIV/FeIII

cofactor that forms by reaction of the MnII/FeII cluster with
O2 (34), our initial experiments on the catalytically inactive
homobinuclear (Fe2) form of the protein revealed the
participation of Y222 in electron relay to the cofactor during
O2 activation. Reaction of the Fe2

II/II-R2 protein (1.5 equiv
of FeII per monomer) at 5 °C with O2 results in rapid
development of the sharp ∼410 nm absorption signature of
a tyrosyl radical (Figure 2A, marked by the arrow). This
peak decays within 50 s to yield the featureless spectrum of
the Fe2

III/III product (blue spectrum).3 During activation of
Ec R2, a transient W48 cation radical (W48+•) accumulates
under these conditions (23, 24), and the presence of a high
concentration (>10 mM) of Mg2+ engages a rapid redox
equilibrium between W48 and the next residue in the PCET
pathway, Y356, resulting in co-accumulation of Y356• and
W48+• (32). To test whether the transient Y• detected in the
Ct R2 reaction resides on Y338, the cognate of Ec R2 residue
Y356, Y338 was replaced with F and O2 activation by the
Y338F variant examined. The absorption signature of the
transient Y• is not diminished in the variant (Figure 2B,
arrow) and is even somewhat enhanced, implying that Y338
is not the primary site of the transient Y• in the Ct R2
reaction. Similarly, substitution (by F) of Y112, a residue
near the cofactor but with no cognate in the Ec protein and
no known or suspected role in PCET, does not diminish the
absorption signature of the transient Y• (not shown).

Prospecting for other candidates for the site of the transient
Y•, we noted that Y222 is close to W51 (see Figure 1 (42)),
the Ct R2 cognate of W48 in Ec R2, and hypothesized that
it could be the site of the transient Y•. Indeed, the signature
of the transient Y• is not observed (or is much less prominent)
in the reaction of the Y222F variant of Ct R2 (Figure 2C).
Rather, a new, broad, transient absorption centered at ∼550
nm develops instead (marked by the arrow). This feature is

3 The lack of intense absorption features for the Fe2
III/III cluster in the

360-600 nm regime, which contrasts with the spectrum of the Fe2
III/III

cluster in Ec R2, is consistent with the conclusion from X-ray crystal-
lography that the Ct R2 product has two bridging hydroxo or water ligands
(42) rather than the single µ-oxo of the Ec cluster (12).
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reminiscent of the signature of W48+• in the Ec R2
reaction (23, 24). These observations suggest that Y222 is
the site of the transient Y• in the reaction of the wild-type
Ct R2 protein and that its substitution with F causes
accumulation of W+•, presumably residing on W51. The latter
assignment is supported by experiments with the W51F
variant (Figure 2D). Reaction of the Fe2

II/II complex of W51F
Ct R2 with O2 does not result in accumulation of the transient
absorption band at ∼550 nm. Rather, yet another transient
absorption feature, a broad intense band at ∼700 nm (arrow)
that our previous work on D84E variants of Ec R2 implies
can be attributed to a µ-(1,2-peroxo)-Fe2

III/III complex (43–45),
is observed.4 Thus, an oxidized diiron intermediate ac-
cumulates in place of Y222• (or W51+•) in the W51F variant.
The simplest interpretation of these results is that W51 and
Y222 cooperate to relay an electron to the diiron cluster
during O2 activation, with Y222• being the more stable of
the pathway radicals.

EVidence for Electron Relay by Y222 Also during O2

ActiVation by the MnII/FeII Form of Ct R2. To test whether
the novel electron relay element, Y222, functions during

formation of the active MnIV/FeIII form of Ct R2, the kinetics
of the O2 reactions of the aforementioned variant proteins
(W51F, Y222F, and Y338F) in their MnII/FeII forms were
compared to those of the wt protein (Figure 3A).5 The
substitutions have either no effect (Y222F and Y338F) or a
minor effect (W51F) on the development of the 390 nm

4 The Mössbauer spectra of freeze-quenched samples exhibit the
signature of the peroxide complex (43, 46) and confirm this assignment.
These results will be presented elsewhere.

5 As previously observed for the Fe2
IV/IV complex, Q, in the reaction

of soluble methane monooxygenase (47), the MnIV/FeIV intermediate
in Ct R2 is photosensitive: its decay is accelerated by the intense white
light source used with the photodiode array detector in our previous
studies. The kinetic traces shown in Figure 3A were acquired with
monochromatic 390 nm light and a photomultiplier detector. Figure
S1 illustrates the marked acceleration of decay of the intermediate by
the white light source in the reaction of R2 Y222F.

FIGURE 2: Time-dependent UV-visible absorption spectra from the
reactions of the Fe2

II/II forms of (A) wt Ct R2 and its (B) Y338F,
(C) Y222F, and (D) W51F variants with O2 at 5 °C. Spectra were
recorded at the indicated reaction time after mixing of an O2-free
solution of 0.20 mM R2 (0.40 mM monomer) and 0.60 mM FeII

with an equal volume of O2-saturated buffer. For each spectrum
that is shown, the 1.3 ms spectrum has been subtracted from the
experimental spectrum at the indicated reaction time to illustrate
the changes with time.

FIGURE 3: Kinetics of the MnIV/FeIV intermediate during reaction
of the MnII/FeII complexes of wt (black), Y338F (red), Y222F
(blue), and W51F (green) R2 proteins at 5 °C with O2, and the
effect of ascorbate thereupon. (A) Absorbance vs time traces for
the reactions in the absence of ascorbate. The reactions were
initiated by mixing of an O2-free solution of 0.40 mM R2 (0.80
mM R2 monomer), 0.32 mM FeII, and 0.96 mM MnII with an equal
volume of O2-saturated buffer at 5 °C. (B) Kinetics of the MnIV/
FeIV intermediate from the intensity of its six-line EPR spectrum
centered at g ∼ 2. The freeze-quench EPR samples were prepared
under reaction conditions identical to those described for panel A.
The solid lines are kinetics of the intermediate for the wt (black)
and Y222F (blue) reactions calculated according to rate constants
extracted from the stopped-flow results: kform,wt ) 6.7 s-1, kdecay,wt
) 0.021 s-1, kform,Y222F ) 7.0 s-1, and kdecay,Y222F ) 0.0021 s-1.
Spectrometer conditions were as follows: temperature, 14.0 ( 0.2
K; microwave frequency, 9.45 GHz; microwave power, 20 µW;
modulation frequency, 100 kHz; modulation amplitude, 10 G; scan
time, 167 s; and time constant, 167 ms. (C) Dependence of the
apparent first-order rate constant for decay of the MnIV/FeIV

intermediate (monitored by absorbance at 390 nm) on the concen-
tration of ascorbate. The stopped-flow experiments were carried
out under conditions identical to those described for panel A, with
the exception of the presence of ascorbate (sufficient to give the
indicated concentrations after mixing) in the protein solution. The
rate constants for decay of the MnIV/FeIV intermediate were
extracted by fitting eq 1 to the 390 nm kinetic traces (Figure S3).
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absorption of the MnIV/FeIV intermediate, and the Y338F
substitution has no effect on the decay of this feature. By
contrast, both the W51F and the Y222F substitutions retard
decay of this feature by ∼10-fold (Table 1). Freeze-quench
EPR experiments on the reactions of the wt, W51F, and
Y222F were conducted to confirm that the absorbance-
versus-time traces accurately reflect the kinetics of the
intermediate (Figure 3B). The kinetics (black squares, blue
circles, and green triangles) extracted from the intensities
of the sharp six-line EPR feature of the MnIV/FeIV complex
(Supporting Information, Figure S2) agree well with traces
calculated by using the rate constants extracted from the
stopped-flow data (solid black and blue lines), confirming
that both the W51F and Y222F mutations stabilize the
intermediate by retarding its reduction.

It was previously shown that ascorbate can accelerate the
reduction of the MnIV/FeIV intermediate in the reaction of
wt Ct R2 (38). Additional stopped-flow absorption experi-
ments were conducted to test whether reduction by ascorbate
is mediated by Y222 (Figure 3C). As previously reported,
decay of the intermediate is accelerated with a hyperbolic
dependence on ascorbate concentration in the reaction of the
wt protein (black squares and fit line). The Y338F substitu-
tion has no significant effect on this behavior (red diamonds
and fit line), consistent with its failure to retard the intrinsic
(i.e., in the absence of ascorbate) decay of the intermediate.
By contrast, the Y222F substitution drastically diminishes
(by ∼65-fold) the efficiency of ascorbate reduction (blue
circles and fit line) from an apparent second-order rate
constant (k) of (1.3 ( 0.3) × 10-1 mM-1 s-1 for the wt and
Y338F proteins to a k of (2.0 ( 0.5) × 10-3 mM-1 s-1 for
the Y222F variant (Table 1). The results imply that Y222
mediates reduction of the intermediate both in the absence
and in the presence of ascorbate.

Verification by Mössbauer Spectroscopy of Formation of
the MnIV/FeIII Product in the Reactions of the Variant R2s.
To verify that, despite the altered kinetics, decay of the MnIV/
FeIV intermediate in the W51F and Y222F variants still yields
the MnIV/FeIII product previously described for the wt protein,
Mössbauer spectra of the products were recorded (Figure
4). The MnIV/FeIII cofactor has a triplet (Stotal ) 1) ground
state resulting from antiferromagnetic coupling of its MnIV

(SMn ) 3/2) and high-spin FeIII (SFe ) 5/2) ions. It gives rise
to a sharp quadrupole doublet at 4.2 K in zero field and a
diagnostic broadening (due to the hyperfine interaction
between the S ) 1 electron spin ground state and the 57Fe
nuclear spin) in the presence of weak external magnetic fields
(35). Products of the Y222F, Y338F, and W51F reactions
have spectra essentially identical to those of the wt protein
in both 0 and 53 mT field, implying that all reactions form
the MnIV/FeIII cofactor.6

Catalytic ActiVities of wt and Variant Ct R2s Implying Branched
ActiVation- and Catalysis-Specific Electron Relay Pathways. The
capacities of the wt and variant R2 products characterized by
Mössbauer spectroscopy to support RNR activity in the
presence of Ct R1 were quantified to examine the roles of

the three aromatic residues in catalysis. The wt and Y222F
Ct R2 samples supported indistinguishable activities of 0.60
( 0.06 and 0.58 ( 0.02 s-1 (mean ( standard deviation of
four trials), respectively, implying that Y222 has no important
role in the intersubunit PCET step that initiates turnover.
By contrast, the activities of the Y338F and W51F variants
were less than the detection limit of the assay (0.001 s-1;
Table 1), suggesting that Y338 and W51, like their cognates
in the mouse and Ec R2 proteins (13, 14, 33), are both
essential for the intersubunit PCET step. Thus, Ct R2 uses
branched electron relay pathways for activation (W51-Y222)
and catalysis (W51-Y338), of which the former is absent
in Ec R2.

DISCUSSION

Previous studies on the activation of the conventional
Fe2

III/III/Y•-dependent Ec and Mus musculus (mouse) R2
proteins have extensively documented the requirement for,
and mechanism of, the transfer of the extra electron that
balances the four-electron reduction of O2 with the oxidation
of two FeII ions and the tyrosine residue by one electron
each (19–23, 25, 32, 48). The same requirement applies to
activation of the Mn/Fe-dependent Ct R2 (34), but compari-
son of published data for this reaction (38) with those for
the conventional R2 proteins suggests that kinetic details of
the steps are quite different. It has been shown that diiron-O2

complexes that are more oxidized than the product (Fe2
III/III)

cluster by two electrons (i.e., peroxo-Fe2
III/III or Fe2

IV/IV

complexes) are fleeting during activation of the conventional
R2 proteins (23, 49), at least in part because transfer of the
extra electron from the cofactor-proximal PCET tryptophan
residue (W48 in Ec R2) is so rapid (>400 s-1 at 5 °C in the
Ec R2 reaction) (23). Further evidence suggests that this
electron relay step occurs concomitantly (perhaps even
concertedly) with cleavage of the O-O bond of a (putatively)
peroxo-Fe2

III/III complex (50). The coupling of the oxidation
of the tryptophan to O-O bond cleavage should make this

6 The 53 mT spectra display some broad absorption at -4 and +4
mm/s. Spectra collected over a wider range of Doppler velocities (Figure
S4) reveal that these features are caused by a paramagnetic complex.
The spectra resemble those previously reported for the MnIII/FeIII

complex (Stotal ) 1/2) (40).

FIGURE 4: Mössbauer spectra of the final products of the O2 reactions
of the MnII/FeII cluster in wt, Y222F, Y338F, and W51F Ct R2.
Spectra were collected at 4.2 K in external magnetic fields of 0
(A) and 53 mT (B) oriented parallel to the γ-beam. Samples were
prepared as previously described (40) and concentrated to ∼3 mM
monomer prior to being frozen in liquid nitrogen. Spectra recorded
over a wider range of Doppler velocities are shown in Figure S4.
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step thermodynamically favorable, resulting in the observed
accumulation of the amino acid radical (W+•) (23, 24). By
contrast, previous work on activation of Ct R2 revealed
stoichiometric accumulation of the MnIV/FeIV complex, in
which the O-O bond of O2 has presumably already been
cleaved (without net reduction), and no evidence for the
accumulation of an amino acid radical during the subsequent,
very slow reduction of the MnIV/FeIV complex to the stable,
catalytically active MnIV/FeIII form (38). In this case, the
failure of a state containing the MnIV/FeIII cofactor and an
amino acid radical [the cognate of the X-W48+• “diradical”
state in Ec R2 (23)] to accumulate could be explained by
the lack of coupling of amino acid oxidation to O-O
cleavage and the relatively modest reduction potential of the
MnIV/FeIV intermediate (Scheme 1, bottom). It appears that
substitution of the metal ion is more important than active
site tuning in causing these differences, given that addition
of O2 to the Fe2

II/II cluster in Ct R2 does result (as in the Ec
reaction) in the rapid accumulation of a state containing the
Fe2

III/IV complex, X [shown previously (42, 51–53)], and an
amino acid radical (Figure 2A,B and Scheme 1, top). The
difference in the location of the transient radical in the diiron
reactions (Y222 in Ct R2 vs W48 in Ec R2) can be explained
by the lower reduction potential of (neutral) Y• com-
pared to W+• (5). The phenolic hydroxyl of Y222 projects
outward from the surface of Ct R2 into solution (Figure 1B)
and should readily lose its proton to solvent or buffer upon
phenol oxidation, localizing the “hole” at this site in
preference to the more solvent-protected W51, which hy-
drogen bonds via its indole NH group to Asp226 (42) and
may lose its proton less readily upon oxidation to the cation
radical. From a chemical perspective, these considerations
can explain the importance of the additional electron relay
element in the Mn/Fe-dependent R2: the more favorable
oxidation of Y222 (by PCET) may be required for efficient
electron relay to the relatively stable MnIV/FeIV complex.

The biological and evolutionary rationale for the additional
electron relay element is less apparent. The Y222F variant
successfully assembles the MnIV/FeIII cofactor and is then
fully catalytically active. Thus, in vitro and upon a single
activation event, Y222 is completely dispensable. The
conservation among all presumptively Mn/Fe-dependent R2s
of an electron relay-competent residue at this position might
reflect a selective advantage conferred by ensuring that the
protein is stable to repeated activation events occurring in
vivo. Adventitious reduction of Y• in the conventional R2s
is known to occur (54), and the corresponding reduction of
the MnIV site in the active form of the class Ic proteins would
produce the inactive MnIII/FeIII form. Reactivation of this
form, either by reduction to MnII/FeII followed by reaction
with O2 or by direct reaction with H2O2 (40), would obviate

the more costly de novo resynthesis of R2. The extra relay
element may be conserved because it prevents deleterious
side reactions that might otherwise lead to progressive
inactivation during this redox cycling of the protein in vivo.
The conservation of Y or W at this position could also reflect
the existence of a specific accessory protein for delivering
electrons in vivo. Recent studies on the Ec protein YfaE have
suggested that it is just such a specific accessory factor,
serving either to reduce the Fe2

III/III cluster in the inactive
“met” (Y•-reduced) form of the protein to Fe2

II/II for
subsequent reactivation by O2, to deliver the extra electron
during the activation reaction, or both (55). Y222 in Ct R2
seems ideally positioned to interact with a functionally
homologous protein in C. trachomatis (Figure 1). Prospecting
for genes that might encode such a factor is in progress.

SUPPORTING INFORMATION AVAILABLE

Comparison of the kinetics of the O2 reaction of MnII/FeII

Y222F Ct R2 obtained with the white light source and
photodiode array detector to those obtained with the mono-
chromatic light source and photomultiplier detector; time-
dependent EPR spectra from the reactions of the wt, Y222F,
and W51F R2 proteins with O2; dependence of the kinetics
of the MnIV/FeIV intermediate on the concentration of
ascorbate in the reactions of the wt, Y338F, and Y222F
proteins; Mössbauer spectra of the final products of the O2

reactions of the wt, Y222F, Y338F, and W51F proteins
recorded over a wide range of Doppler velocities; and figures
validating the mass spectrometric activity assay. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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