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ABSTRACT: We recently showed that the class Ic ribonucleotide reductase (RNR) from the human pathogen
Chlamydia trachomatis (Ct) uses a Mn!V/Fell cofactor in its R2 subunit to initiate catalysis [Jiang, W.,
Yun, D., Saleh, L., Barr, E. W., Xing, G., Hoffart, L. M., Maslak, M.-A., Krebs, C., and Bollinger, J. M.,
Jr. (2007) Science 316, 1188—1191]. The Mn'V site of the novel cofactor functionally replaces the tyrosyl
radical used by conventional class I RNRs to initiate substrate radical production. As a first step in evaluating
the hypothesis that the use of the alternative cofactor could make the RNR more robust to reactive oxygen
and nitrogen species [RO(N)S] produced by the host’s immune system [Hogbom, M., Stenmark, P.,
Voevodskaya, N., McClarty, G., Grislund, A., and Nordlund, P. (2004) Science 305, 245-248], we have
examined the reactivities of three stable redox states of the Mn/Fe cluster (Mn/Fell, Mn/Felll, and Mn!V/
Fe'l) toward hydrogen peroxide. Not only is the activity of the Mn!V/Fe'"=R2 intermediate stable to
prolonged (>1 h) incubations with as much as 5 mM H,O,, but both the fully reduced (Mn'/Fe™') and
one-electron-reduced (Mn"/Fe!™) forms of the protein are also efficiently activated by H,O,. The Mn'/
Fe'—R2 species reacts with a second-order rate constant of 8 &= 1 M~! s™! to yield the Mn!V/Fe!Y—R2
intermediate previously observed in the reaction of Mn'/Fe"-R2 with O, [Jiang, W., Hoffart, L. M.,
Krebs, C., and Bollinger, J. M., Jr. (2007) Biochemistry 46, 8709-8716]. As previously observed, the
intermediate decays by reduction of the Fe site to the active Mn'V/Fem—R2 complex. The reaction of the
Mn!/Fel"-R2 species with HyO, proceeds in three resolved steps: sequential oxidation to Mn/Felm—R2
(k=1.7 403 mM~' s7!) and Mn!V/Fe!V—R2, followed by decay of the intermediate to the active Mn'Y/
Fem—R2 product. The efficient reaction of both reduced forms with H,O, contrasts with previous
observations on the conventional class I RNR from Escherichia coli, which is efficiently converted from
the fully reduced (Fe,'"™) to the “met” (Fe,"M) form [Gerez, C., and Fontecave, M. (1992) Biochemistry
31, 780-786] but is then only very inefficiently converted from the met to the active (Fe;'™1'—Y*) form
[Sahlin, M., Sjoberg, B.-M., Backes, G., Loehr, T., and Sanders-Loehr, J. (1990) Biochem. Biophys. Res.
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Commun. 167, 813-818].

Ribonucleotide reductases (RNRs)' catalyze the reduction
of ribonucleotides to 2’-deoxyribonucleotides to provide precur-
sors for DNA synthesis and repair. A conventional class I RNR,
such as that from Escherichia coli (Ec) or Homo sapiens,
harbors in its R2 subunit a cofactor comprising a tyrosyl radical
(Y") and an adjacent carboxylate-bridged Fe,™™ cluster (/). The
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cofactor components form together by reaction of O, with the
fully reduced (Fe,™) form of the cluster (/). A Fe, ™V
intermediate, X, oxidizes the tyrosine residue to the stable Y*
as it is reduced to the product Fe,™ cluster (2—4). In the
catalytic cycle, the Y* in R2 oxidizes a cysteine residue in the
R1 subunit by a long-distance (~35 A), intersubunit, proton-
coupled electron transfer (PCET), generating a transient cysteine
thiyl radical (5, 6). The cysteine radical in R1 initiates reduction
of the ribonucleoside diphosphate (NDP) substrate by abstract-
ing the hydrogen atom from C3’ (7, 8). After reduction of the
substrate 3 radical to the product 3 radical by two additional
cysteine residues in R1 (which become oxidized to a disulfide),
the hydrogen originally abstracted from C3’ is returned to this
position, regenerating the cysteine radical and yielding the
dNDP product. The cysteine radical then reoxidizes the Y in
R2 to the stable Y".

Inhibition of RNRs is a proven strategy for combating
cancer and some viruses (9—17). Reduction of the catalyti-
cally essential Y* in R2 is part of the mechanisms of action
of several RNR-targeting drugs (/2—14). For example, the
anticancer drug hydroxyureareduces the Y* to tyrosine (15, 16),
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yielding a state known as met-R2. Adventitious reduction
of the potently oxidizing Y to give met-R2 may also occur
in the reducing environment of the cell. An enzymatic
reactivating system capable of slowly (over many minutes)
regenerating the Y' by mediating reduction of the Fe,"V!!
cluster in Ec met-R2 to Fe, (which then reacts with O»)
was reported and studied by Reichard, Fontecave, and
co-workers (17, 18), but its physiological relevance has not
been established. More recently, Stubbe and co-workers
identified a [2Fe-2S] cluster-containing ferredoxin, YfaE, that
can reduce Ec met-R2 rapidly (in seconds) to the Fe,™™ form,
leading to rapid formation of Y* upon exposure to O, (/9).
This reaction is likely to be relevant to control of the Y*
content of R2 in vivo. In vitro reactivation of met-R2 by
H,0, has also been reported, but this reaction is very
inefficient (regeneration of 30% of the Y* in 1.5 h) (20).
When McClarty and co-workers identified the genes
encoding the class I RNR subunits from several species of
chlamydiae, they noted that the R2 proteins have phenyl-
alanine (F) residues aligning with the radical-harboring
tyrosines of the other R2 proteins (27). They found that the
R2 from Ct is, nevertheless, catalytically active (21).
Subsequent biochemical and structural characterization of
Ct R2 by Nordlund, Grislund, and co-workers confirmed
the absence of the Y and the location of F at the corre-
sponding site, and a new subclass (Ic) was established to
comprise the Ct enzyme and the hypothetical Y"-less RNRs
encoded within the genomes of several other bacteria and
archaea (22). In that same study and in two subsequent
reports from the Gréslund group, the hypothesis was
advanced that reaction of O, with the Fe,™™ cluster generates
a high-valent Fe,™V cofactor (similar to the Y'-generating
cluster X in the conventional R2 proteins) that functionally
replaces the Y® as the radical initiator in the class Ic
RNRs (22-24). It was further speculated in the case of the
Ct RNR that the use of the novel cofactor might render the
RNR and bacterium (an obligate intracellular parasite) more
robust to reactive oxygen and nitrogen species [RO(N)S]
produced in the host’s innate immune response (22). Indeed,
several earlier studies had shown that the Y in the
conventional class I system can be targeted by RO(N)S (25-30).
We recently verified an essential aspect of the Nordlund—
Grislund hypothesis, the functional replacement of the Y*
with a high-valent metal cofactor, but showed that the Ct
R2 actually uses a heterobinuclear Mn'V/Fe' cofactor (31, 32),
rather than the homobinuclear Fe,™!V cofactor proposed by
these authors, as the radical initiator. The functional cofactor
forms via a Mn'V/Fe!V intermediate in the reaction of the
Mn'/Fe! form of the protein with O, (33). The Mn' ion
replaces the Y* of the conventional class I RNRs as the
radical initiator (37). This “metal makeover” (34) does not
rule out the second aspect of the Nordlund—Grislund
hypothesis, that the alternative radical initiation system
renders the enzyme more resistant to host-generated RO(N)S.
In fact, in light of the several precedents for the involvement
of Mn in bacterial oxidative stress responses (35-37), its
presence in the Ct RNR cofactor would seem to make this
hypothesis even more attractive. In this work, we have begun
to test the second aspect of the Nordlund—Grislund hypoth-
esis by examining the reactivity of the Mn/Fe cofactor toward
H,0,, a biologically important RO(N)S. Among the biologi-
cally important RO(N)S, hydrogen peroxide is the most stable
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and its chemistry the most simple. Moreover, its production
is known to be an important component of innate immunity
to bacteria (38). The complete stability of the active Mn'Y/
Fem—R2 species and rapid, quantitative conversion of both
fully reduced (Mn'/Fe'') and one-electron-reduced (Mn'/
Fe) forms of the protein to the active state upon their
treatment with H,O,, when contrasted with previous observa-
tions on the reactions of fully reduced (39, 40) and met forms
(20) of Ec R2 with H,O,, are consistent with the hypothesis
that the novel radical initiation system could be an adaptation
to RO(N)S produced by the host.

MATERIALS AND METHODS

Expression and Purification of Ct R2. Ct R2 with an
N-terminal 22-residue extension containing a Hise affinity
tag was expressed in E. coli, purified by chromatography
on Ni-NTA agarose, and converted to the metal-free (apo)
form as previously described (31).

Preparation of the Mn'"/Fe'"—R2 Species. To an air-
saturated solution of 370 uM (monomer concentration) apo
R2 at 5 °C were added 1.5 equiv of Mn" and 5 mM sodium
ascorbate. Fe (0.75 equiv per monomer of either natural
abundance or ~95% >"Fe-enriched Fe') was added slowly
over a period of 20 min. After 1 h at 5 °C, unbound metal
was removed by dialysis against 10 mM EDTA [in 100 mM
Na-HEPES (pH 7.6) and 10% glycerol]. The EDTA was
removed from the protein by dialysis against buffer [100 mM
Na-HEPES (pH 7.6) and 10% glycerol]. Removal of >95%
of the free Mn"" was verified by EPR spectroscopy. Moss-
bauer analysis of Y’Fe-labeled samples indicated the presence
of 85-90% of the active Mn'V/Fe™ form and 10-15% of the
inactive Fe,™ form.

Preparation of the Mn"/Fe!"—R2 Species. The Mn'V/
Fe'—R2 form was reduced in an MBraun anoxic chamber
with 1.2 molar equiv (2.4 electron equiv) of sodium dithionite
for 60 min and subsequently used for the kinetic and
spectroscopic experiments. The Mn"/Fe™—R2 species used
for the activity assays was prepared by treatment of the active
protein with 7.5 molar equiv of sodium dithionite to
completely eliminate activity. EPR spectroscopy showed that
>80% of the protein was converted to the one-electron-
reduced Mn""/Fe'! state (i.e., that <20% was further reduced
by the excess dithionite).

Activity Assays. The enzymatic activity supported by
samples of Ct R2 in the presence of excess R1, CDP, ATP,
and DTT was determined as previously described (37).

Kinetic and Spectroscopic Experiments. The stopped-flow
apparatus, the EPR and Mdssbauer spectrometers, and the
freeze-quench apparatus and procedures have been described
previously (47). Absorbance-versus-time traces from the
reactions of Mn"/Fe"—R2 and Mn'/Fe'—R2 species with
H,0, were analyzed by nonlinear regression according to
eqgs 1 and 2, respectively, in which k;—ks are apparent first-
order rate constants, AA;—AA; are amplitudes for the
exponential phases, and A, is the absorbance at time zero.
The assumption of a pseudo-first-order excess of H,O,
inherent in these equations is met by the experimental
conditions. The assumption of irreversibility is reasonable
because cleavage of H,O, to water is highly exergonic.

A=A+ AA|[1 —exp(—kt)] + AA,[1 — exp(—k,1)]
()]
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AD=A,+ AA|[1 —exp(—k1)] + AA,[1 — exp(—k,t)] +
AA[1 —exp(—k;t)] (2)

Colorimetric Assay for H>O, Concentration. All H,O,
concentrations quoted were calculated by assuming the
concentration listed on the commercially obtained stock
solution (EMD, Gibbstown, NJ). This concentration was
verified by using a previously described colorimetric assay
(42). The experimentally determined H,O, concentration (8.3
mM) agreed with the value quoted by the manufacturer (8.8
mM). The same assay was also used to monitor decomposi-
tion of H,O, in the presence of various forms of Cr R2.

RESULTS

H,0, Does Not Inactivate the Mn'V/Fe'"™—R2 Complex.
Incubation of the active Mn'V/Fe™—R2 complex with as
much as 5 mM H,0, for as long as 60 min before the protein
is used to initiate the activity assay does not result in a
detectable loss of activity.

H,0; Reactivates the Mn""/Fe!"=R2 Complex Prepared
by Dithionite Reduction of the Active Form. Treatment of
the Mn"V/Fe™—R2 complex with 7.5 molar equiv of dithion-
ite per R2 monomer as described in Materials and Methods
diminishes the activity to undetectable levels (¢/[R2] < 0.02
s71). Subsequent treatment with H,O, for 10 min restores
activity (Table 1). Under these conditions, 10 molar equiv
of H,O, is required to maximally reactivate. The activity is
then not significantly different from the activity of the Mn!V/
Fe™—R2 complex before its reduction with dithionite. Upon
addition of excess H,O, (100 mM) to the inactive Mn'/
FeM—R2 complex, quantitative reactivation is complete in
less than 5 min (data not shown).

Characterization of H,O»-Mediated Reactivation by Moss-
bauer Spectroscopy. The activity assays demonstrate rapid
and quantitative reactivation of dithionite-reduced (Mn'"/Fe™)
Ct R2 by H,0,. Mdssbauer spectroscopy was used to verify
that this reactivation reflects conversion of the inactive Mn™/
Fem—R2 form to the active Mn!'V/Fe! form. First, the Mn!V/
FeM—R2 complex to be converted by dithionite treatment
to the Mn™/Fe™—R2 complex was characterized (Figure 1A).
The Mn'V/FeM—R2 species exhibits a sharp quadrupole
doublet at 4.2 K and zero field. Figure 1A shows that, in
this particular sample of the Mn'V/Fe"—R2 complex, ap-
proximately 90% of the iron is in the form of the Mn!V/Fe!
cluster. Its quadrupole doublet has an isomer shift (0) of 0.52
mm/s and a quadrupole splitting parameter (AEq) of 1.38
mm/s (solid line in Figure 1A). AEq is slightly larger than
the value reported previously [AEq = 1.32 mm/s (32)]. We
attribute this to the presence of a greater concentration of
glycerol in this sample (45%, v/v) than in the previous sample
(10%, v/v). The sample also contains a minor (~10%)
contaminant of the homobinuclear Fe,™™ complex (red line).
At 190 K and zero field (Figure 1B), the isomer shift of the
Fe' site is slightly diminished (6 = 0.47 mm/s) by the
second-order Doppler effect (43). The quadrupole splitting
is temperature-independent (AEy = 1.37 mm/s) and identical
within the experimental uncertainty (0.03 mm/s) to the value
at 4.2 K.

Treatment of this sample with 1.2 equiv of dithionite alters
the 190 K/zero field spectrum (Figure 1C) to a much broader
quadrupole doublet with parameters (6 = 0.45 mm/s, AEq
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Table 1: Relative Activity of C. trachomatis RNR upon Treatment of
the R2 Protein with H,O,

equiv of H,O, activity (%)

Mnll/Felll 0 <5
2.5 19+9
5 48 +£29
10 83 + 28
20 93 +£21
50 90 + 23

Mn!V/Fell — 100“

“The activity of the Mn!V/Fe"—R2 complex is ~0.4 s™! or 600
units/mg under the assay conditions that were used (22 + 2 °C, 10
equiv of R1).

VELOCITY (mm/s)

FIGURE 1: Mossbauer spectra showing the reduction of the Mn'v/
Fe'—=R2 complex to the Mn'//Fe"—R2 complex by dithionite and
reoxidation to the Mn!V/Fel"=R2 complex by H,0,. The temper-
ature and magnetic field are indicated on the spectra. (A and B) A
sample of the Mn!V/Fe'—R2 complex prepared as described in
Materials and Methods. (C) A sample after treatment of the Mn!V/
Fel=R2 complex with 1.2 equiv of dithionite for 1 h. (D and E)
Dithionite-reduced sample after subsequent treatment with 300 mM
H,O, for 15 min. (F) Samples prepared by exposure of the Mn!/
Fe'-R2 complex (1.5 mM R2 monomer, 1 equiv of Mn!, and 0.5
equiv of Fe") to 300 mM H,O, (hash marks) or 1 mM O, (solid
line). The solid black lines plotted over spectra A—E are simulations
with parameters quoted in the text. The red line is the experimental
spectrum of the Fe—R2 form, scaled to 10% of the total
intensity of spectrum A.

= 0.83 mm/s) still characteristic of high-spin Fe (43),
implying [as previously noted (37)] that the Fe site of the
cofactor is not reduced. The 4.2 K/53 mT spectrum of the
reduced sample is broad and magnetically split (Figure S1).
These observations are consistent with reduction of the Mn'v
site to yield a Mn"™/Fe' cluster with an S = !/, ground state,
as previously reported (37).

The Mossbauer spectra of this sample after its subsequent
treatment with excess H,O, (300 mM or 100 equiv for 15
min) confirm the essentially quantitative conversion of the
dithionite-inactivated (Mn""/Fe™) R2 back to the active Mn!/
Fe' state (Figure 1D,E). The spectra are identical within
the experimental uncertainty to those of the Mn!V/Fe"—R2
sample prior to its reduction with dithionite (Figure 1A,B).
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FIGURE 2: Kinetics of the reactions of the (A) Mn//Fel'—R2 and
(B) Mn'/Fel"-R2 complexes with excess HyO,. The final H,O,
concentrations are 5 (red), 15 (blue), 50 (green), and 150 mM
(black). (A) A sample of the Mn"/Fe"-R2 complex (0.40 mM
R2 monomer, 0.75 equiv of Fe, and 0.75 equiv of Mn), prepared
as described in Materials and Methods by dithionite reduction of
the Mn!V/Fel"-R2 complex, was mixed at 5 °C with an equal
volume of an H,O, solution in the same buffer. The green circles
are the EPR signal intensities from the experiment of Figure 3 scaled
for direct comparison to the absorbance changes. The solid lines
are fits according to eq 1. The inset shows the apparent first-order
rate constants (kobs,1 and kops2) for the formation and decay phases
(blue circles and red squares, respectively) vs H,O, concentration,
which gives a second-order rate constant (slope) of 8 £ 1 M~ s7!
for formation and a limiting rate constant of 0.06 £ 0.01 s~! for
decay. (B) A solution of the Mn'/Fe!'-R2 complex (0.40 mM R2
monomer, 0.5 equiv of Fe', and 1.5 equiv of Mn'') was mixed at
5 °C with an equal volume of an H,O, solution. The solid lines are
fits according to eq 2. The inset shows k. values for the two
formation phases of the reaction vs H,O, concentration. The plot
gives second-order rate constants of 1.7 + 0.3 mM~! s™! for the
first phase (gray diamonds) and 8 & 1 M~! s7! for the second phase
(blue circles).

As the solid lines in D and E indicate, ~90% of the intensity
can again be attributed to the quadrupole doublet of the Mn!Y/
Fe''—R2 complex [0 = 0.47 mm/s and AEq = 1.34 mm/s
at 190 K (D), and 6 = 0.52 mm/s and AEq = 1.35 mm/s at
42 K (B)].

Kinetics and Mechanisms of the Reaction of the Mn'/
Fe'"™=R2 Complex with H,0; by Stopped-Flow Absorption
and Freeze-Quench EPR Spectroscopies. Stopped-flow ab-
sorption and freeze-quench EPR experiments were used to
define the kinetics and mechanism of H,O,-mediated reac-
tivation of the dithionite-generated Mn"/Fe™—R2 complex.
An intense ~390 nm absorption band, similar to the feature
associated with the Mn'V/FeV—R2 intermediate in the
reaction of the fully reduced (Mn'/Fel") protein with O, (33),
develops rapidly upon mixing of the Mn'""/Fe"—R2 complex
with H,O, and then decays slowly (Figure S2). Analysis of
Asgp-versus-time traces for the reaction (Figure 2A) according
to eq 1 reveals that the formation phase has the expected
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FIGURE 3: X-Band EPR spectra at 14.0 & 0.2 K of freeze-quenched
samples from the reaction between the Mn'!//Fe!"—R2 complex and
50 mM H,0,. The reaction was initiated by mixing the Mn!!/
Fe'—R2 sample (0.90 mM R2 monomer and 0.75 equiv of each
metal) with 0.5 equivalent volume of 150 mM H,0,, and samples
were rapidly frozen at the indicated reaction times. For the spectra
of the three freeze-quenched samples that are shown (indicated by
reaction time), the spectrum of the reactant sample was scaled
appropriately and then subtracted from the experimental spectrum
of each sample to resolve the contribution of the Mn!V/Fe!V—R2
intermediate. The dashed spectrum, taken from ref 33, is that of
the Mn!V/Fe!V—R2 intermediate in the reaction of the Mn'/Fe"-R2
complex with O,. Spectrometer conditions were as follows:
microwave frequency, 9.45 GHz; microwave power, 200 uW;
modulation frequency, 100 kHz; modulation amplitude, 10 G; scan
time, 167 s; time constant, 167 ms.

first-order dependence on H,O, concentration, whereas the
decay phase is relatively insensitive to HO, concentration
(inset of Figure 2A). The slope of the plot of the apparent
first-order rate constant for the formation phase (kops) versus
H,0, concentration [inset of Figure 2A (circles)] gives a
second-order rate constant of 8 & 1 M~! s~! for the reaction
of the Mn"/Fe™—R2 complex with H,O,. The kinetics of
the decay phase (limiting kes = 0.06 £+ 0.01 s7!) are
consistent with those previously observed for decay of the
Mn!V/FeV complex to Mn"V/Fe™=R2 complex (33). Thus,
both the character of the spectral changes and the kinetics
suggest the accumulation of the Mn!V/Fe'V—R2 intermediate.

The accumulation of this complex was directly demon-
strated by freeze-quench EPR experiments (Figure 3). The
dithionite-reduced R2 reactant exhibits a broad, poorly
defined g ~ 2 EPR spectrum (top spectrum) from the
antiferromagnetically coupled (S = /,) Mn!/Fe'! cluster.”
When this reactant is mixed with H,O,, the well-defined,
sharp, six-line signal characteristic of the Mn'V/FeV—R2
intermediate [dashed spectrum (33)] develops rapidly and
then slowly decays. The kinetics of the intermediate obtained
from the intensity of the EPR signal at different reaction
times (green circles in Figure 2A) agree well with the Asgo-
versus-time trace from the stopped-flow experiment with the
same H,O, concentration.

2 We have seen marked variability in the shape of this signal. In
particular, it varies considerably with the Mn/R2 stoichiometry and
the details of how the protein has been reconstituted prior to reduction.
We are investigating the structural basis for this variability.
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Activation of the Fully Reduced Mn"/Fe'"—R2 Complex
with H,0,. Previous studies have shown that the fully
reduced (Fe,") form of Ec R2 reacts with H,O, to produce
met-R2 (39, 40). The cognate reaction in Ct R2 would
convert the Mn"/Fe'' complex to the Mn'"/Fe"™-R2 complex,
which should, as demonstrated above, then react with a
second equivalent of H,O; to yield the active state. Indeed,
treatment of the Mn"/Fe'=R2 complex with excess H,O,
results in an activity equivalent to that produced by treatment
with O,. In addition, the 4.2 K/zero field Mdssbauer spectra
(Figure 1F) of the products of the H,O, (hash marks) and
O, (solid line) reactions are nearly identical.’ In both cases,
application of the 53 mT magnetic field elicits the same
diagnostic broadening of the quadrupole doublet (data not
shown), confirming the formation of the Mn!'V/Fe'—R2
complex as the ultimate product also in the reaction of the
fully reduced protein with H,O,.

Kinetics and Mechanism of the Reaction of the Mn'/
Fe™=R2 Complex with H>O, The expectation that this
conversion proceeds by two sequential reactions with H,O,
via Mn"/Fe™—R2 and Mn'V/Fe'V—R2 intermediates was
confirmed by stopped-flow absorption (spectra of selected
reaction times are shown in Figure S3) and freeze-quench
EPR experiments. Aszg-versus-time traces from the reaction
exhibit two resolved development phases followed by a
slower decay phase (Figure 2B). Both development phases
exhibit an approximately first-order dependence on H,O,
concentration (inset of Figure 2B). The plot of ks for the
slower of the two phases versus H,O, concentration (blue
circles) gives a second-order rate constant (8 & 1 M~! s71)
for combination with H,O, that is indistinguishable from the
value determined for the reaction of the Mn"/Fe"™—R2
complex with H,O,. Values of ks for the decay phase are
also indistinguishable from those for the decay phase in the
reaction of the Mn"/Fe™—R2 complex at equivalent con-
centrations of H,O; (not shown). Thus, the slower develop-
ment phase and the decay phase reflect conversion of the
Mn""/Fem—R2 complex to the Mn!V/FeV—R2 complex
(development) and then to the Mn™V/Fe™—R2 complex (the
decay). The more rapid development phase corresponds to
conversion of the Mn/Fe'-R2 complex to the Mn'/
Fe"™-R2 complex by the first reaction with H,O,. The
second-order rate constant for this step, 1.7 & 0.3 mM ™! s!
[from the inset of Figure 2B (gray diamonds)], is ~200 times
that for the second H,O,-mediated cluster oxidation and
similar to the rate constant for conversion of fully reduced
(Fex™M) Ec R2 to met-R2 by HyOp [6 £ 1 mM™! s7!1 (W,
Jiang, C. Krebs, and J. M. Bollinger, Jr., unpublished data)].

EPR spectra of samples freeze-quenched during the
reaction provide additional evidence for sequential ac-
cumulation of Mn"/Fe™—R2 and Mn'V/Fe'Y—R2 intermedi-
ates (Figure 4). The spectral features of the first intermediate
are broad” and thus neither as intense nor as easily quantifi-
able as the features of the Mn'V/Fe'V—R2 intermediate.
Nevertheless, these features can readily be discerned (arrows
in Figure 4) at shorter reaction times (e.g., 0.090 and 1.5 s)
in the regions outside the sharp six-line spectrum of the Mn'/
Fe™V—R2 complex and can be seen to decay at longer times
(13 s). The much sharper and more well-defined features of

3 The spectrum is published again here for comparison to the spectra
of the R2 sample converted to the Mn'V/Fe!'' state by H,0,.
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FIGURE 4: X-Band EPR spectra at 14.0 4= 0.2 K of freeze-quenched
samples from the reaction of the Mn'/Fe'=R2 complex and H,0,.
The reaction was initiated by mixing the Mn'/Fe'=R2 complex
(0.90 mM R2 monomer, 0.5 equiv of Fell, and 1.0 equiv of Mn)
with 0.5 equivalent volume of 45 mM H,0,, and samples were
rapidly frozen at the indicated reaction times. For the spectra of
the three freeze-quenched samples that are shown (indicated by
reaction time), the spectrum of the reactant sample was scaled
appropriately and then subtracted from the experimental spectra to
resolve the contributions of the Mn!"/Fe!"'—R2 and Mn'V/Fe!Y—R2
intermediates. The arrows in the spectra of 0.09 and 1.5 s samples
indicate features of the Mn""/Fe''—R2 intermediate. Spectrometer
conditions were as follows: microwave frequency, 9.45 GHz;
microwave power, 200 xW; modulation frequency, 100 kHz;
modulation amplitude, 10 G; scan time, 167 s; time constant, 167
ms.

the Mn!V/FeV—R2 complex become apparent even early in
the reaction but increase and become predominant at longer
reaction times (13 s). Thus, the kinetics reflected in the EPR
spectra are qualitatively consistent with the sequential
formation of Mn"/Fe™—-R2 and Mn'V/Fe'V—R2 intermediates
on the pathway to the active Mn!V/Fe'™—R2 product.

Reaction of the Fey™""—R2 Species with H;O» Monitored
by Stopped-Flow Absorption Spectroscopy. The demonstra-
tion described above that the Mn™/Fe™ form of Cr R2 readily
reacts with H,O, contrasts with previous reports of very slow
and inefficient conversion of the cognate (Fe,™™ or met)
form of Ec R2 to the active, Fe,™/Y* state (20). To assess
whether (i) the substitution of the metal ion, (ii) additional,
more subtle structural differences between the active sites
of the Ct and Ec R2 proteins, or (iii) some combination of
these factors is primarily responsible for the greater reactivity
of the Ct protein, the reaction of the homobinuclear Fe, ™™
form of Ct R2 with H,O, was examined by stopped-flow
absorption spectroscopy. Development of absorption is much
(~10-fold) slower in this reaction than in the reaction of the
Mn™/Fe™ protein (Figure S4). The conclusion that the
Fe,™MT form reacts sluggishly was verified by directly
monitoring decomposition of H,O, in the presence of the
apo, Mn'V/Fe'll, Fe,™I and Mn"//Fe'! forms of Ct R2. As
illustrated in Figure S5, all four forms accelerate decay of
H,0, to some extent. However, only for the Mn"/Fe™ form
is there an obvious, stoichimetric “burst” of H,O, decom-
position. These results establish that substitution of the Fe!
with Mn'" is important, if not primarily determinant, in the
greater H,O, reactivity of the III/III oxidation state of the
Ct R2 protein compared to Ec R2.
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Scheme 1: Interconversions of Oxidation States of the Mn/Fe
Cluster in C. trachomatis R2
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DISCUSSION

Scheme 1 summarizes the demonstrated redox intercon-
versions of the Ct R2 Mn/Fe cofactor. In considering the
potential relevance of the conversions mediated by H,O; to
the evolution and function of the novel cofactor, it is
important to note that H,O, is but one of several RO(N)S
generated by the host’s innate immune response. Others,
including nitric oxide (NO"), superoxide, and peroxynitrite,
are in some respects more reactive and seemingly more likely
to target a bacterium’s RNR. Indeed, NO* (25, 26, 28, 29),
superoxide (27), and peroxynitrite (30) have been reported
to target the Y's of conventional class I RNRs, but we are
not aware of any report that HO, does so. Nevertheless, a
plausible mechanism by which H>O, might inhibit a con-
ventional class I RNR can be formulated from published data.
As previously noted, it is known that regeneration of the Y*
by in situ reduction of the Fe,™M cluster to Fe,™ and
reaction of O, with the fully reduced cluster occurs in E.
coli (18, 19) and probably also in other organisms. The
presence of H,O, would lead to a partition of the Fe,™ form
between conversion to active R2 (by O,) and conversion to
met-R2 (by Hy0,). For the case of the Ec protein, the rate
constant for reaction of the fully reduced protein with O is
only ~50 times greater than the rate constant for its reaction
with H,O,. Thus, H,O, in the millimolar concentration range
should be capable of competing effectively with ambient O,
in aerobically growing cells for reaction with the Fe,™—R2
complex. The resulting conversion to met-R2 would delay
reactivation by requiring (at least) another round of cluster
reduction. Reaction of the met form with H,O, to regenerate
the active state directly, without the need for cluster
reduction, is so inefficient in vitro (20) that it is not expected
to be important in vivo. By contrast, trapping of the Mn'/
Fe!' form of Ct R2 by H,0, gives a form, Mn"/Fe'-R2,
that reacts efficiently with H,O, to generate the active form.
Thus, if inhibition of the ancestral form of the class Ic RNR
(which might have been a Fe,_containing enzyme) by
H,0, was an important defense mechanism for the ancestral
host, then the advent of the Mn/Fe cofactor could have
conferred a selective advantage to the mutant bacterium.

The structural changes to R2 (and perhaps also to R1) that
might have been needed for this evolutionary “metal make-
over” (34) remain to be defined. Likewise, there may be
multiple contributors to the relatively high H,O, reactivity
of the Ct R2 cofactor in its III/III oxidation state. However,
the comparatively meager H,O, reactivity of the correspond-
ing homobinuclear (diiron) cluster form implies that the metal
substitution itself is crucial to the enhanced H,O; reactivity.
What additional enhanced, diminished, or novel reactivities
toward RO(N)S might be conferred by the metal substitution
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remain to be established and may shed more light on the
evolution of the cofactor.

SUPPORTING INFORMATION AVAILABLE

A 4.2 K/53 mT Mossbauer spectrum of a sample prepared
by treating the Mn'V/Fe™—R2 complex with 1.2 equiv of
dithionite, selected time-dependent UV —visible absorption
spectra from the reactions of the Mn'"/Fe™R2 and Mn™/
Fe™—R2 species with H,O,, absorbance-versus-time traces
from the reaction of the Fe,™M—R2 complex with H,O,,
and kinetics of the decomposition of H,O, by various forms
of R2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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