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Abstract
A class I ribonucleotide reductase (RNR) uses either a tyrosyl radical (Y•) or a MnIV/FeIII cluster
in its β subunit to oxidize a cysteine residue ∼ 35 Å away in its α subunit, generating a thiyl
radical that abstracts hydrogen (H•) from the substrate. With either oxidant, the inter-subunit “hole
transfer” or “radical translocation” (RT) process is thought to occur by a “hopping” mechanism
involving multiple tyrosyl (and perhaps one tryptophanyl) radical intermediates along a specific
pathway. The hopping intermediates have never been directly detected in a Mn/Fe-dependent
(class Ic) RNR nor in any wild-type RNR. The MnIV/FeIII cofactor of Chlamydia trachomatis
RNR assembles via a MnIV/FeIV intermediate. Here we show that this cofactor-assembly
intermediate can propagate a hole into the RT pathway when α is present, accumulating radicals
with EPR spectra characteristic of Y•s. The dependence of Y• accumulation on the presence of
substrate suggests that RT within this “super-oxidized” enzyme form is gated by the protein, and
the failure of a β variant having the subunit-interfacial pathway Y substituted by phenylalanine to
support radical accumulation implies that the Y•(s) in the wild-type enzyme reside(s) within the
RT pathway. Remarkably, two variant β proteins having pathway substitutions rendering them
inactive in their MnIV/FeIII states can generate the pathway Y•s in their MnIV/FeIV states and also
effect nucleotide reduction. Thus, the use of the more oxidized cofactor permits the accumulation
of hopping intermediates and the “hurdling” of engineered defects in the RT pathway.

Keywords
Ribonucleotide reductase; tyrosyl radical; iron; manganese; electron transfer

Introduction
By catalyzing conversion of ribonucleotides to 2′-deoxyribonucleotides, ribonucleotide
reductases (RNRs) provide all organisms with the precursors for the de novo synthesis and
repair of DNA.1,2 All known RNRs use a free-radical mechanism that is initiated by the
abstraction of the hydrogen atom (H•) from the 3′-position of the nucleotide substrate by a
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transient cysteine thiyl radical (C•).3,4 The mechanism by which the C• is generated is the
primary basis for the division of RNRs into classes I–III.1,2

A class Ia RNR, such as the most extensively studied orthologue from aerobically-growing
Escherichia coli (Ec), comprises two subunits, α and β.1,5 Both subunits are homodimers,
and they form a 1:1 complex (α2•β2) in the active state.6-11 The α subunit binds substrates
and effectors10 and contains the cysteine residue (C439 in the Ec enzyme discussed
hereafter) that forms the H•-abstracting C• during turnover.5,12,13 The C439• is generated in
situ by a stable oxidant in β. This potent oxidant, a μ-oxo-Fe2

III/III/tyrosyl radical (Y•)
cofactor,14-16 is the product of an auto-activation reaction, during which the reduced
(Fe2

II/II) form of the diiron cluster reacts with O2.14 The activation reaction proceeds via a
μ-peroxo-Fe2

III/III intermediate17,18 to a state containing both a Fe2
III/IV complex,

designated X, and a cation radical residing on the near-surface residue, tryptophan 48
(W48).19 The W48 cation radical (W48

+•) can undergo rapid reduction by a number of
natural compounds (e.g., ascorbate, thiols),19,20 leaving X to oxidize the nearby (∼5 Å
away) Y122 to the Y122• as X is reduced to the μ-oxo-Fe2

III/III cluster of the active β
subunit.21,22 The net effect of the transient oxidation of W48 by the diiron–O2 adduct and
the subsequent reduction of the W48

+• from solution is the shuttling of a single electron to
the buried diiron cofactor.19

The catalytic cycle of nucleotide reduction begins with the one-electron oxidation of C439 in
α by the long-lived Y122• ∼ 35 Å away in β upon formation of the α2•β2 complex having the
nucleoside diphosphate (NDP) substrate and (deoxy)nucleoside triphosphate allosteric
effector bound in α. The long-distance, inter-subunit, radical translocation (RT) process that
generates the C439• does not occur by a simple electron-transfer (ET) step via a tunneling
mechanism. Rather, ET proceeds in multiple “hopping” steps involving a chain of aromatic
amino acid residues (Y356 and perhaps W48 in β, and Y731 and Y730 in α), which are
conserved across all class I RNRs.23-29 The stable Y122• is proposed to acquire an electron
from the closest pathway residue (W48 or Y356), and the resultant “hole” is then propagated,
residue-by-residue, via a series of similar hopping steps. It is thought that the individual ET
steps are coupled to local proton transfers, and, consequently, the term “proton-coupled
electron transfer” (PCET) has been used to describe either the overall RT process or its
constituent steps.5,11 FOOTNOTE: In this manuscript, we denote the net transfer of the hole
in β to the conserved C439 in α as “radical translocation” (RT). “Hole hopping,” “hole
translocation,” “electron relay,” and “radical transfer,” which have previously been used by
us and others, have the same meaning. We disfavor “radical transfer” because the process
invariably involves multiple ET events that interconvert different oxidized species (in most
cases pathway radicals) rather than actual transfer of a free radical per se. We also disfavor
the acronym PCET to denote the entire RT process, because the process involves multiple
discrete (PC)ET events. END FOOTNOTE It is likely that, through this coupling to proton
transfer, the thermodynamics of the individual steps and the overall process are tuned for
efficiency and reversibility. It is also likely that dynamic control of one or more of the
required proton transfers is the mechanism by which the protein controls RT so that it occurs
only in the “ready” β2•α2•substrate•effector complex.28-30

Although the mechanisms of cofactor generation and substrate reduction have been studied
extensively, the crucial RT step that initiates and terminates each turnover had, until very
recently, remained enigmatic, owing, in part, to the occurrence of a substrate-dependent
conformational change that allows the RT process to occur along the mediating pathway.30

This substrate dependence has been termed conformational “gating,” and the change that
occurs in the α2•β2 complex when substrate binds as “opening of the gate.” Because the
gate-opening step is slow and subsequent events are fast, the wild-type enzyme does not
accumulate RT intermediates during turnover.5,30 In the last several years, Stubbe and co-
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workers have elegantly unveiled these intermediates by rational alterations to either the RT
pathway or the cofactor. They replaced key Y residues in Ec RNR with three different
unnatural Y analogues, 3,4-dihydroxyphenylalanine (DOPA),8,28,31 3-aminotyrosine (NH2-
Y),8,29,32-35 and 3-nitrotyrosine (NO2-Y).36-38 The two former analogues are more easily
oxidized than Y (i.e., their radicals have reduction potentials less than that of Y•).8,28,29,31-35

Effectively, their inclusion in the pathway introduces a thermodynamic depression in the
hopping pathway, and the radical can then reside on this residue to a significant extent. The
latter analogue was incorporated at position 122, and the resultant NO2-Y122• has an
elevated reduction potential relative to the natural Y122•.36,37 The presence of the more
potently oxidizing initiator appeared to subvert the gating mechanism, permitting the much
more rapid propagation of the radical into the pathway and the accumulation of hopping
intermediates.37

The class Ic RNR from Chlamydia trachomatis (Ct) differs from Ec RNR in that its β
subunit lacks the stable, radical-initiating Y•.39 The Y is replaced structurally by a redox-
inert phenylalanine (F127),39,40 and the function of the Y• is assumed by the MnIV ion of a
MnIV/FeIII cofactor.41-43 All other RT pathway residues are conserved,39 suggesting that,
aside from the identity of the C•-generating cofactor, the mechanisms of RT and nucleotide
reduction might also be conserved. Analogously to cofactor assembly in Ec RNR, the MnIV/
FeIII cofactor in Ct RNR-β assembles in a reaction of the fully reduced cofactor form (MnII/
FeII) with O2.44 The reaction proceeds via a MnIV/FeIV intermediate that accumulates to
near-stoichiometric yield and is sufficiently stable to permit its efficient trapping even in
manual-mixing experiments.45 The intermediate is subsequently reduced by one electron at
the FeIV site. The electron is shuttled through an activation-specific electron-relay
pathway46 (shown in Scheme 1) that is, to the best of our knowledge, unique to the Ct
enzyme. This pathway comprises the surface-exposed Y222 (the cognate in Ec RNR-β is a
redox-inert leucine) and W51 (the cognate of W48 in the Ec protein). As is the case with Ec
RNR, no pathway RT intermediates are observed during turnover in Ct RNR. While efforts
to incorporate unnatural amino acids into the Ct enzyme have thus far been unsuccessful,47

the longevity [t1/2 of tens of seconds at 5 °C45] of the MnIV/FeIV cofactor assembly-
intermediate, itself expected to be a more potent oxidant than the native MnIV/FeIII cofactor,
led us to consider the possibility that it could be used to alter the redox-potential landscape
of the RT pathway to favor accumulation of radical intermediates.

Indeed, we show herein that mixing the MnII/FeII-β complex of Ct RNR with an O2-
containing solution of α, substrate (CDP), and allosteric effector (ATP) to form the MnIV/
FeIV activation intermediate in the presence of all other reaction components results in
accumulation of EPR-active species with hyperfine couplings characteristic of Y•s. The data
imply the conversion of the MnIV/FeIV intermediate to a MnIV/FeIII-Y• species in a “super-
oxidized” α2•β2 complex. Site-directed mutagenesis experiments demonstrate that the Y•
resides within the RT pathway. Remarkably, two β variants with engineered RT pathway
defects that render them inactive in their MnIV/FeIII states are, in their MnIV/FeIV states,
capable of both generating Y•s and promoting a single turnover of the substrate. Thus, with
the more oxidized cofactor, intermediates of the RT process can be accumulated in Ct RNR,
and engineered defects in the RT pathway can effectively be “hurdled” to rescue nucleotide
reduction in the disabled variants.

Experimental Procedures
Materials

Restriction enzymes and calf intestinal phosphatase were purchased from New England
Biolabs (Ipswich, MA). 2-Methylbutane (iso-pentane), CDP, dCDP, ATP, DTT, MgSO4,
Dowex-1 resin, and potassium tetraborate tetrahydrate (K2B4O7•4H2O) were purchased
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from Sigma-Aldrich (St. Louis, MO). (5-3H)-CDP was purchased from ViTrax (Placentia,
CA). Ecoscint scintillation fluid was purchased from National Diagnostics (Atlanta, GA).

Over-expression and purification of Ct β and Ct α
Construction of the plasmid vectors pET28a-Ct α(Δ1-248) and pET28a-Ct β expressing the
wild type subunits and the modified vectors expressing all the variants used in this study
(except for the β-Y222F/Y338W variant) has been described elsewhere.41,46 The vector for β-
Y222F/Y338W was constructed by applying a polymerase chain reaction (PCR) with the
pET28a-Ct β-Y222F as the template and primers 1 (5′- TTA ACG CTT CAT ATG CAA
GCA GAT ATT TTA GAT GG-3′; NdeI restriction site in bold) and 2 (5′-GGT GGT GCT
CGA GCT ACC AAG TTA AGC TTG CTG CAT GTT GCC ATT CTA TAA CCC-3′;
XhoI site in bold) to introduce the desired substitution (underlined). The PCR fragment was
purified by agarose gel electrophoresis, restricted with NdeI and XhoI, repurified, and ligated
with the larger (vector) fragment of NdeI- and XhoI-restricted pET28a-Ct β-wt. The
sequence of the entire coding region of the vector was verified by ACGT, Inc. (Wheeling,
IL). Purification of the N-terminally His6-tagged proteins has also been described.41,46

Synthesis of 2′-azido-2′-deoxyuridine-5′-diphosphate analogue (N3-UDP)
2′-Azido-2′-deoxyuridine was prepared as previously described.48 The 5′-diphosphate was
appended by the method of Besada and coworkers.49 The quantity of tributylammonium
phosphate was reduced from 6 to 3 equivalents to limit formation of the iso-triphosphate
byproducts. The identity and purity of the product were verified by comparison of
its 1H-, 13C-, and 31P-NMR spectra to published data for the compound.48-50

Preparation of samples for EPR spectroscopy
All samples (except in cases otherwise indicated) were prepared by adding 0.75 equiv of
MnII and FeII to O2-free solutions of ∼ 2 mM apo-Ct β and subsequently rapidly adding an
air-saturated solution (hereafter referred to as “α mix”) containing α, CDP (or dCDP or N3-
UDP), ATP, DTT and MgSO4. Concentrations after mixing were 0.40 mM α, 0.20 mM β,
0.15 mM Mn, 0.15 mM Fe, 1 mM CDP (or dCDP or N3-UDP), 0.5 mM ATP, 10 mM DTT,
and 10 mM MgSO4. Samples made with CDP and dCDP were frozen in cold (∼ –150 °C) 2-
methylbutane 5–10 seconds after mixing (unless otherwise indicated), whereas samples with
N3-UDP were frozen 1 minute after mixing.

EPR spectroscopy
EPR spectra were acquired on an ESP300 spectrometer equipped with a 4102ST X-band
resonator and an ER 041 MR microwave bridge, all from Bruker (Billerica, MA) and
described elsewhere.51 Cryogenic temperatures were maintained with an Oxford Instruments
(Oxfordshire, UK) ESR 900 cryostat. Spectrometer conditions are provided in the figure
legends. Simulation of EPR spectra of the Y•(s) was carried out with the program
EasySpin.52 The simulation parameters were constrained as illustrated by Svistunenko53 and
described in more detail in Supporting Information. The parameters are provided in Table
S1.

“Spin” Quantification by EPR Spectroscopy
The extent of accumulation of the pathway Y•(s) was determined from analysis of the EPR
spectra of duplicate samples prepared in a sequential-mix freeze-quench experiment. An O2-
free solution of MnII/FeII-β was first mixed with an O2-saturated buffer solution, and this
solution was allowed to react for 2 s to form the MnIV/FeIV intermediate. The pre-formed
intermediate was mixed either with a solution of α, MgSO4, and DTT or with a solution of
α, CDP, ATP, MgSO4, and DTT. The resultant solution was allowed to react for 1 s
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(ongoing studies suggest that the concentration of Y•(s) reaches its maximum value at this
reaction time) before the reaction was terminated by freeze-quenching in cold (∼120 K) 2-
methylbutane. Final concentrations after mixing were: 0.2 mM β, 0.15 mM Mn, 0.15 mM
Fe, 0.3 mM α, 1 mM CDP (when present), 0.5 mM ATP (when present), 10 mM MgSO4,
and 10 mM DTT. The signal intensities attributable to the MnIV/FeIV intermediate and the
RT pathway Y•(s) were determined from the analysis of the EPR spectra as previously
described.54 The results are summarized in Table S2.

Measurement of product formation with 3H-CDP
(5-3H)-CDP with specific activity >15 Ci/mmol was acquired from ViTrax (Placentia, CA).
The assay procedure was adapted from that reported by Steeper and Steuart.55 Samples were
prepared so as to be identical to those used for EPR spectroscopy, with 1 mM (5-3H)-CDP
(∼5,000 cpm/nmol) substituted for CDP. The samples were incubated at 37 °C. Aliquots
were removed at the desired reaction times, diluted 5-fold with reaction buffer (100 mM Na-
HEPES, 10% v/v glycerol, pH 7.6), and quenched by incubation at 100 °C for 5 minutes.
Quenched samples were centrifuged at 14,000 × g for 10 minutes. The cleared supernatant
was transferred to a clean tube, and 1 μL of 10 U/μL calf intestinal phosphatase, 5 μL of 20
mM deoxycytidine, and 50 μL of 500 mM Tris-HCl (pH 8.5) were added. The resultant
solutions were incubated for 1 hour at 37 °C, and each was then loaded onto a column
containing 1.5 mL of Dowex-1 resin pretreated with 0.9 M potassium tetraborate
(K2B4O7•4H2O). The dCDP product was eluted by washing with 9 mL distilled, deionized
water. A 1 mL aliquot of the eluate was mixed with 5 mL of Ecoscint scintillation fluid;
radioactivity was quantified by counting for 5 min per sample on a Beckman LS-6500
scintillation counter.

Results
Initial observation of a possible tyrosyl radical (Y•) and requirements for its formation

The well-characterized activation reaction of the Mn- and Fe-dependent Ct RNR β subunit
begins with addition of O2 to its MnII/FeII cluster, which produces a long-lived, high-valent
MnIV/FeIV intermediate that decays by reduction of the FeIV ion to FeIII.45 This intermediate
has unique Mössbauer- and EPR-spectroscopic features (Figure 1A, spectrum i) reflecting,
first, antiferromagnetic coupling of the S = 2 FeIV and the S = 3/2 MnIV to give STotal = 1/2
and, second, strong hyperfine coupling of the I = 5/2 55Mn nucleus to the electron spin.45

The spectra of samples prepared by mixing a solution of MnII/FeII-β with an air-saturated
solution containing either α only (Figure 1A, ii) or α with the allosteric effector ATP (Figure
1A, iii) both reveal the presence of only the MnIV/FeIV intermediate. By contrast, when the
activation reaction is initiated by mixing the MnII/FeII-β solution with an air-saturated
solution of α and CDP substrate, an additional signal, which overlaps with the fourth line of
the spectrum of the MnIV/FeIV intermediate at g = 2.00, also develops (Figure 1A, iv). The
signal is not observed in samples having identical composition but prepared with pre-
activated β harboring the stable MnIV/FeIII cofactor (Figure 3, ii). Analysis to resolve the
new signal by subtraction of other spectral contributions shows that it is an organic radical
that has hyperfine structure characteristic of a Y• (Figure 1B, iv). Although the presence of
the substrate CDP is most crucial for the development of this signal, the effector ATP, while
having negligible effect on its own (Figure 1, iii), appears to potentiate the effect of the
substrate, resulting in greater intensity of the radical signal when both nucleotides are
present (Figure 1, compare iv and v). Thus, accumulation of this radical is gated by binding
of substrate and potentiated by binding of the allosteric effector in the same manner
previously demonstrated for the RT step in both the Ec enzyme31 and the native form of the
Ct enzyme.56 Interestingly, the product, dCDP, can replace the substrate in promoting
radical accumulation (Figure 1, vi).
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Evidence for “half-of-sites reactivity” in radical generation in the super-oxidized enzyme
The spectra of Figure 1 illustrate that accumulation of the putative Y•(s) is in no case
associated with complete decay of the MnIV/FeIV activation intermediate. This is perhaps
surprising, given that the latter species is expected to generate the former species. We
formulated three alternative explanations for their simultaneous presence in samples of the
super-oxidized enzyme complex: (1) an equilibrium between the MnIV/FeIV-containing and
MnIV/FeIII–Y•-containing forms, reflecting reversibility of RT between the cluster and the Y
residue(s); (2) incomplete complex formation between α and the MnIV/FeIV-containing β,
which would prevent the fraction of the MnIV/FeIV cluster present in unbound β from
generating a Y•; and (3) half-of-sites reactivity in RT, which would prevent one of the two
MnIV/FeIV clusters present in each β2 subunit from generating a Y•. Explanation 1 was ruled
out on the basis of the kinetics of MnIV/FeIV cluster and Y• decay following formation of
the super-oxidized enzyme form (Figure 2A). Whereas two species in rapid equilibrium
should develop and decay in constant proportion as a single kinetic entity, the residual
MnIV/FeIV complex (squares) decays considerably (∼ 6-fold) faster than the Y• (circles) in
these samples. As a test of explanation 2, the ratio of α:β was varied from 1:1 to 6:1, and the
relative proportions of MnIV/FeIV cluster and Y• were assessed by EPR (Figure 2B). No
significant change could be discerned with increasing α:β, implying that the β subunit is
almost fully saturated by α even at a 1:1 molar ratio. The results of Figure 2 thus imply that
explanation 3, half-of-sites reactivity within the α2•β2 complex, is the most likely reason for
the incomplete decay of the MnIV/FeIV cluster in its generation of the putative Y•.

To test this hypothesis further, we prepared duplicate sets of freeze-quenched EPR samples
by a double-mixing protocol. A solution of MnII/FeII-β was first mixed with O2-containing
buffer to generate the MnIV/FeIV complex, and the intermediate was then reacted for 1 s
with either α, MgSO4, DTT, CDP, and ATP in the experiment or only α, MgSO4, and DTT
in the control. Comparison of the EPR spectra of the complete-reaction samples to those of
the no-nucleotide control samples (Figure S2 and Table S2) reveals that the intensity of the
EPR signature of the MnIV/FeIV intermediate decays by an average of 45%, very similar to
the 50% loss expected under the assumption of “half-of-sites reactivity.”8,28,31,57,58 This lost
intensity is fully accounted for by the new g = 2.00 signal attributed to the Y•(s). The spin
quantification is thus completely consistent with the hypothesis that the Y•(s) is (are)
generated by the MnIV/FeIV complex on one side of each α2•β2•ATP•CDP complex.

Evidence that the radical(s) reside within the RT pathway
Our previous work provided evidence that Ct RNR possesses two orthogonal pathways for
reduction of the Mn/Fe cluster: the activation-specific pathway, comprising Y222 and W51 of
β (blue lines in Scheme 1), mediates reduction of the FeIV of the MnIV/FeIV intermediate;
the catalysis-specific RT pathway, comprising Y338 and W51 of β (in addition to Y991 and
Y990 of α; red lines in Scheme 1), mediates propagation of the oxidizing equivalent from the
MnIV ion of the functional MnIV/FeIII cofactor to the essential C672 in α during turnover.46

The primary basis for identification of the latter pathway was the undetectable catalytic
activities of the W51F and Y338F variants, but the importance of Y338 is also strongly
supported by its alignment with Y356 of Ec β, which the work of Stubbe and colleagues has
convincingly shown to undergo substrate-dependent, protein-gated, transient oxidation
during catalysis.8,27,31,33,34,36-38,59 To ascertain whether the putative Y• detected in Figure 1
resides within the catalytic RT pathway, we substituted Y338 with the redox-incompetent F
and tested for loss of, or changes to, the signal of the Y•. The EPR spectrum of a sample
prepared by mixing MnII/FeII-β-Y338F with an air-saturated solution containing α, CDP, and
ATP again has a radical signal at g = 2.00 suggestive of a Y• (Figure 3, iii). The signal is,
however, markedly different from that observed with wt β (Figure 3, i), suggesting that the
radical resides, at least in part, on a different Y residue. Previous work examining reactions
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of the Ct holoenzyme with hydroxyurea (HU) had suggested that, with Y338 replaced by F,
substrate-dependent propagation of the oxidizing equivalent from the MnIV/FeIII factor onto
Y222 can occur, initiating HU reduction of the cofactor to the MnIII/FeIII state.56 We
therefore suspected that the different signal observed in the super-oxidized complex with β-
Y338F might result from propagation of the oxidizing equivalent into the activation-specific
pathway and onto Y222. To test this possibility, we interrogated the double-variant β protein
with substitutions of both Y338 and Y222 with F. The EPR spectrum of a sample prepared
with this double variant lacks any signal for an organic radical (Figure 3, v). By contrast, the
Y222F variant supports formation of a radical with an EPR spectrum very similar to that
observed with wt β (Figure 3, vii). The simplest interpretation of the change in the radical
EPR spectrum upon substitution of Y338 alone, abolition of the spectrum upon substitution
of both electron-relaying Y residues in β, and absence of any effect of the Y222F substitution
by itself is that the Y• observed with the wt subunit resides within the catalysis-specific RT
pathway (on Y338β, Y991α, Y990α, or distributed among these residues) and that the Y338F
substitution causes aberrant propagation onto Y222 of the activation-specific RT pathway. It
is noteworthy that formation of this off-pathway (Y222) radical again requires the presence
of substrate. Thus, even the aberrant propagation into the activation-specific pathway still
behaves (as it did in the HU study56) as if gated by substrate binding. As previously noted,
this conclusion has implications for the location and nature of the conformational gate of the
RT process.

Hurdling engineered defects in the RT pathway
In comparison to Ec Y356 and Ct Y338, the roles of W48 of Ec β and W51 of Ct β in catalysis
are less clear. It has been established that W48 functions in electron relay during activation
of Ec β: it is oxidized to a cation radical concomitantly with formation of the Y122•-
generating diiron intermediate, X.19 Moreover, the W48F substitution blocks electron
transfer to the cofactor in multiple contexts.60,61 Analogously, the W51F substitution in Ct β
slows reduction of the FeIV site of the MnIV/FeIV activation intermediate.46 Whether either
W residue similarly undergoes transient oxidation during RT in catalysis is not yet known.
To probe the role of W51 in the RT pathway, we tested for the ability of Ct β-W51F to
support pathway-radical accumulation in its super-oxidized state. Remarkably, despite its
incompetence for CDP reduction in the MnIV/FeIII state (most likely owing to blocked
RT),46 the variant protein is fully competent for radical accumulation in its super-oxidized
state (Figure 3, ix). The EPR spectrum in the g = 2.00 region is almost identical to that
observed with wt Ct β. Accumulation of the radical is again dependent on the presence of
the substrate CDP, suggesting proper gating of RT in the holoenzyme complex with β-W51F.

The inactivity of Ct β-W51F in the MnIV/FeIII state and competence of its MnIV/FeIV super-
oxidized state to generate a pathway radical suggest that the stringency of RT-pathway
structural requirements is relaxed in the super-oxidized state. As an additional test of this
notion, the crucial, subunit-interfacial Y338 was substituted by W, a residue that might
conceivably still function in RT but with an altered redox potential. This substitution was
combined with Y222F in Ct β, so that the ability of W338 to support pathway radical
accumulation could be assessed without interference from the signal of the off-pathway
Y222•. Not surprisingly, the β-Y222F/Y338W protein lacks detectable catalytic activity in its
MnIV/FeIII state (the double variant is fully competent to generate this form in the reaction
of its reduced enzyme form with O2). Thus, the Y338W substitution results in loss of proper
RT with the stable MnIV/FeIII cofactor. However, in the reaction of MnII/FeII -β-Y222F/
Y338W with O2 in the presence of α, CDP, and ATP, a radical signal does indeed develop
(Figure 3, xi). The shape of the spectrum is again suggestive of a Y•, which, if on the RT
pathway, would in this case necessarily be located within α. The super-oxidized complex of
this β double variant generated with the α-Y991F variant (which readily supports radical
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accumulation in complex with wt β; see Figure S1, black in the Supporting Information)
lacks a significant radical signal (Figure S1, green), providing additional evidence that the
radical in the β-Y222F/Y338W•α(wt) complex resides within α on either Y991 or Y990 (or
perhaps distributed between them).

Functional competence of the Y•(s) in the super-oxidized Ct RNR complexes
The raison d'être of forward (β → α) RT within the RNR holoenzyme complex is to initiate
nucleotide reduction by abstraction of H• from the 3′ carbon of the substrate. If the Y• or
Y•s observed in super-oxidized Ct RNR do, as the above evidence suggests, reside within
the RT pathway, they might be expected to function in initiation of turnover. The substrate
analogue, 2′-azido-2′-deoxyuridine-5′-diphosphate (N3-UDP), can serve as a reporter of 3′-
H• abstraction, because this step initiates a cascade of events leading to irreversible trapping
of the oxidizing equivalent within α in the form of an analogue-derived radical, in which the
unpaired spin resides primarily on a nitrogen atom derived from the azide moiety (this
radical is hereafter abbreviated N•).6,62 It was previously shown that treatment of the stable,
active form of β with N3-UDP in the presence of α and ATP converts the EPR-silent MnIV/
FeIII cofactor to its EPR-active MnIII/FeIII form concomitantly with the accumulation of the
N•,41 and this observation was the key evidence establishing that the MnIV/FeIII cofactor is
functional in Ct RNR.41 The distinctive EPR signature of the N• (Figure 4, i) is partially
resolved also from the spectra of the MnIV/FeIV activation intermediate and RT-pathway
Y•(s) in the super-oxidized enzyme, making the analogue potentially useful as a probe of 3′-
H• abstraction also in this state. For the wt enzyme, interpretation would be complicated by
the fact that the super-oxidized MnIV/FeIV state decays to the active MnIV/FeIII form, which
is itself known to support N• production. Thus, it would be ambiguous as to which cofactor
form had been responsible for 3′-H• abstraction in the event that abstraction were found to
occur. However, the β-W51F and β-Y222F/Y338W variants are both inactive in their MnIV/
FeIII states yet capable of supporting RT-pathway Y• accumulation in their super-oxidized
states, thereby potentially resolving this ambiguity. As expected on the basis of their
incompetence for CDP reduction, neither variant supports accumulation of the N• when its
stable MnIV/FeIII state is incubated with α, ATP, and N3-UDP (Figure 4, iii and v).
Remarkably, samples prepared by mixing the MnII/FeII form of either variant with an O2-
containing solution of α, ATP, and N3-UDP and freezing after one minute clearly do exhibit
the signature of the N• (Figure 4, ii and iv), thus associating the radicals observed in the
super-oxidized states of these RT-pathway-defective variants with successful 3′-H•
abstraction. A control reaction employing the β-Y338F variant, which is incompetent for
accumulation of RT-pathway Y•(s) but instead supports formation of the off-pathway Y222•,
shows that N3-UDP can replace CDP in the gating function, thereby supporting
development of the EPR signal assigned to Y222•, but, as expected, does not undergo
conversion to the N• in the holoenzyme complex with this β variant (Figure 4, vi).

The functional competence of the RT-pathway Y•(s) was further assessed by testing directly
for CDP reduction to dCDP. A published assay55 employing tritium-labeled CDP substrate
(3H-CDP, labeled at C5 of cytidine) was used to quantify the product. Background levels of
radioactivity were observed in the product fractions from reactions initiated by mixing the
stable MnIV/FeIII forms of the β-Y338F, β-Y222F/Y338W, and β-W51F with α, ATP, and 3H-
CDP (Figure 5, orange, black, gray, respectively). By contrast, reactions initiated by
mixing the MnII/FeII forms of the variants with O2-containing solutions of the other reaction
components (so as to generate the super-oxidized enzyme form) produced ∼ 0.5 equiv
dCDP per β for the two variants [β-Y222F/Y338W (red) and β-W51F (blue)] shown above to
support 3′-H• abstraction from N3-UDP, but gave no significant product-associated
radioactivity in excess of the background for the uniformly inactive β-Y338F variant (green).
The activity profile of the variants is entirely consistent with that deduced both by EPR
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[accumulation of pathway Y•(s) or absence thereof] and by use of the radical-trapping N3-
UDP analogue (production of the N• or failure thereto). The correlation implies that the
radicals observed in the super-oxidized enzyme forms are functionally competent. The
quantity of dCDP observed with the conditionally active β-Y222F/Y338W and β-W51F
variants suggests that only a single turnover can occur and that the known half-of-sites
reactivity limits the super-oxidized forms to a single-turnover within just one side of the
hetero-tetrameric α2•β2 complex. The conclusion of a single turnover suggests, in turn, that
the bi-directionality of RT between β and α that is required for catalysis may be deranged as
the enzyme operates with the more oxidized cofactor and RT pathway defects, thus
precluding subsequent turnovers. The conclusion of a single turnover is also consistent with
observations by Stubbe and co-workers on RT-pathway variants of the class Ia Ec RNR.28,37

Discussion
The characteristics of free-radical accumulation upon generation of the MnIV/FeIV activation
intermediate in Ct RNR-β in the presence of α, a substrate (CDP), substrate analogue (N3-
UDP), or product (dCDP), and an allosteric effector (ATP) provide convincing evidence for
the location of the radical(s) within the RT pathway. Radical formation requires the
substrate and is potentiated by the effector, implying gating in the same manner previously
demonstrated for both Ct and Ec RNR.28-30,56 The line shape of the g = 2.00 EPR signal is
consistent with that of a Y• (with appropriate dihedral angles between the ring and Cβ–H
bonds),53,63 and Ct RNR has three Y residues (β-Y338, α-Y991, and α-Y990)39 that align in
sequence with those shown by Stubbe and co-workers to undergo transient oxidation during
catalysis by Ec RNR.27-31,37 The Y338F substitution in β changes the EPR spectrum and thus
the identity of the accumulating radical (putatively to Y222•), and the combination of this
substitution with the Y222F substitution in β, which disables the activation-specific electron-
transfer pathway unique to the Ct enzyme,46 abolishes radical accumulation altogether. In
the context of the β-Y222F/Y338X double variant, swapping the completely non-functional F
for the potentially oxidizable W at position 338 restores radical accumulation, showing that
a redox-active “stepping stone” is required at this position but need not be the native Y when
the cofactor is in its super-oxidized state. By far the most compelling evidence for the
location of the accumulating radicals within the RT pathway, however, is their association
with 3′-H• abstraction: the variants that are competent for radical accumulation (β-W51F and
β-Y222F/Y338W) also support both N• formation from the N3-UDP analog and a single
turnover (reduction) of CDP substrate in their super-oxidized states, despite being
essentially devoid of either activity in their stable MnIV/FeIII oxidation states.

The above observations on the super-oxidized state of Ct RNR have some analogy to recent
studies by Stubbe and co-workers examining RT and turnover in the Ec RNR holoenzyme
complex of a β variant with the radical harboring Y122 replaced by 3-nitrotyrosine (NO2-
Y).37 The NO2-Y radical (NO2-Y•) is a more potent oxidant (by ∼ 200 mV) than Y•.37 As
in our study, the “hot oxidant” (NO2-Y122•) was formed in situ in β, in this case immediately
before mixing the subunits, because it is stable only for tens of seconds (half-life of ∼ 40 s
at 25 °C). Whereas turnover by the wt Ec enzyme initiated by Y122• normally occurs at < 10
s-1,30 owing to a rate-limiting conformational change that is probably part of the opening of
the gate for Y122• reduction and RT, both reduction of NO2-Y122• and dCDP production
were found to be much faster in the variant [biphasic kinetics with observed first-order rate
constants of ∼ 300 s-1 and ∼ 70 s-1 for NO2-Y122• reduction and ∼ 100 s-1 for dCDP
production].37 The authors concluded that the more potent oxidant essentially permits
hurdling of the conformational gate in a manner analogous to the hurdling of engineered
pathway defects in the super-oxidized Ct enzyme we report in this manuscript. Their results
are also consistent with the hypothesis that the gating mechanism involves dynamic control
of proton transfer to Y122•, because the rapid, putatively “ungated” reduction of the NO2-
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Y122• in the variant is not associated with protonation of the radical (i.e., the 3-
nitrophenolate form is produced). Apparently, even without coupled proton transfer, the
initial electron transfer from W48 or Y356 to the more potently oxidizing NO2-Y122• radical
is still favorable, permitting forward RT into α. In addition, one or more new Y• was shown
to accumulate at nearly the same rate constant as for dCDP production. More recent electron
double resonance spectroscopic experiments have provided evidence that the oxidizing
equivalent actually becomes distributed over Y356 of β, Y731 of α, and Y730 of α,38

suggesting that the reduction potentials of the individual Y•s are similar. The kinetics of RT-
pathway Y• accumulation and the location(s) of the radical(s) within the pathway in the Ct
RNR super-oxidized state and variants thereof are actively being pursued and may shed light
on the extent to which the class Ia and class Ic enzymes behave similarly in this key step.

Even without knowledge of the kinetics and precise location of the pathway radical(s), the
observations on the class Ic enzyme and its super-oxidized state speak to two outstanding
questions regarding the key RT step. One key question concerns the role of W48/W51. There
is no evidence to date that either undergoes transient oxidation in RT during catalysis. The
inactivity of the Ct β-W51F variant might be taken as evidence that W51 has such a role, but
the absence of any evidence for a W51-derived radical in the super-oxidized holoenzyme
complex with the β-Y222F/Y338F double variant, in which radical propagation beyond W51
is blocked, suggests that W51 is not readily oxidized, even by the more oxidized MnIV/FeIV

cofactor form. Coupled with our earlier evidence that W51 is oxidized to a radical during the
reaction of the Fe2II/II complex of the Y222F variant of Ct β with O2,46 the apparent absence
of any W51 oxidation by the MnIV/FeIV activation intermediate can be viewed as argument
against its transient oxidation during propagation of the oxidizing equivalent from the less
potent MnIV/FeIII cluster toward α during catalysis. A caveat to this conclusion is the
possibility that oxidation of W51 by the Mn/Fe cofactor (in either oxidation state) might be
thermodynamically disfavored, causing very little W51-derived radical to accumulate, even
in the super-oxidized complex of β-Y222F/Y338F. Indeed, recent work by Gray, Winkler, and
coworkers has shown that electron hopping can proceed even with an element that is
thermodynamically uphill by as much as 200 mV,64-67 which would correspond to an
equilibrium between the MnIV/FeIV–W51 and MnIV/FeIII–W51• forms of the super-oxidized
complex favoring the W51-reduced (non-radical) form by more than 1000-fold.
Determination of the kinetics of Y• formation in super-oxidized Ct RNR and the impact of
the W51F substitution thereupon might provide a quantitative assessment of the importance
of this residue in the process.

A second outstanding question concerns the nature and location of the gate for RT. In
previous work, we interpreted data on the reduction of the Ct RNR cofactor from the MnIV/
FeIII state to the MnIII/FeIII state by HU and the dependence thereof on the presence of the
substrate and certain key electron-relaying residues as implying that the gate is adjacent to
the cofactor and largely independent of the aromatic residues of the RT pathway, involving,
at most, W51 of the pathway.56 The observation here that the W51F variant supports radical
accumulation, again dependent on the presence of the substrate, suggests that W51 is
dispensable at least for the apparent gating being manifested by the super-oxidized enzyme.
This observation would imply that the gating function is contained within the immediate
vicinity of the cofactor. Intriguingly, in addition to signaling the cofactor-proximal physical
gate to open, the conformational change upon substrate binding in α must have additional
impact on the RT pathway in β that allows the hole to propagate outward from the cofactor
into α once the gate has opened. In the absence of α, the MnIV/FeIV cluster in β must
propagate a hole into the activation-specific pathway involving Y222 more efficiently than it
does into the catalysis-specific pathway involving Y338, because replacement of the former
residue by F slows reduction of the FeIV site by 10–65-fold,46 whereas substitution of the
latter has no effect on the kinetics of FeIV-site reduction.56 Conversely, in the holoenzyme
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complex, it seems that Y338 is oxidized to a radical in great preference to Y222, and only
with the former residue replaced by the redox-incompetent F does Y222 undergo oxidation.
Thus, the conformational change in some way switches the relative reactivities of Y222 and
Y338 toward one-electron oxidation.

On the basis of these observations and those by Stubbe and co-workers on their Ec β-
Y122NO2-Y variant,37 our working hypothesis is that the key event in opening of the RT
gate in both class Ia and class Ic RNRs is a conformational change, driven by binding of the
substrate in α and propagated across the subunit interface into β, that engages the
mechanism by which a proton is transferred to or within the initial oxidant (Y122• or the
MnIV/Fe(III,IV) cluster). This proton transfer (PT) is coupled to ET from the cofactor
proximal RT residue (W48/51 or Y356/338) and makes this redox step sufficiently favorable to
initiate the cascade of hopping events. For the case of Ec RNR, our recent collaborative
study with the Stubbe group has provided evidence in support of their prior suggestion that
the water bound to Fe1 of the μ-oxo-Fe2

III/III cluster is the proton donor to the Y122•
oxidant.68 Thus, it is likely that the D84 ligand to Fe1 in Ec β, which is (i) completely
conserved among class Ia orthologues but invariably replaced by E in the class Ic
orthologues and (ii) in hydrogen-bonding distance from both Y122 and the Fe1 water ligand
in crystal structures of Ec β15,69 mediates the crucial PT. Therefore, the gate-opening
transition could well involve re-orientation of this carboxylate ligand or enhancement of its
conformational dynamics in a manner that enables its PT mediation. In consideration of this
hypothesis, the behavior of the Ec β-D84E variant, which we previously showed is fully
competent for cofactor assembly,70 in the holoenzyme complex becomes an intriguing issue
for future examination, because it is expected that even subtle re-orientation of the
carboxylate group by the presence of the additional methylene unit in the E84 side chain
could either completely disable the crucial PT pathway or derange its conformational
modulation, rendering the variant protein inactive, ungated, or both. Additionally, we43 and
others71 previously have speculated that the gate-opening step in Ct RNR may involve
protonation of either the oxo- or hydroxo-bridge of the μ-oxo-μ-hydroxo-bridged MnIV/FeIII

cofactor.72 Whether the cognate residue in Ct β, E89, might also mediate the gatekeeping
proton transfer is an open question.
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Abbreviations

RNR ribonucleotide reductase

Ct Chlamydia trachomatis

Ec Escherichia coli

β cofactor subunit of class I RNR

α catalytic subunit of class I RNR

PCET proton-coupled electron transfer

Y• tyrosyl radical

RT radical-translocation

NDP nucleoside 5′-diphosphate

wt wild-type

CDP cytidine 5′-diphosphate

dCDP deoxycytidine 5′-diphosphate

H• hydrogen atom

C• cysteine thiyl radical

N3-UDP 2′-azido-2′-deoxyuridine-5′-diphosphate

W• tryptophan radical

N• nitrogen-centered radical

PT proton transfer

ET electron transfer
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Figure 1.
X-band EPR spectroscopic evidence for Y• accumulation in the super-oxidized Ct RNR
holoenzyme complex. At ambient temperature (22 ± 2 °C), an O2-free solution of β (∼ 2
mM) containing 0.75 equiv each of MnII and FeII was mixed with a solution containing the
other RNR reaction components to give final concentrations of: 0.2 mM β; 0 (i) or 0.4 mM
(ii-vi) α; 0 (i-iii) or 1 mM (iv-vi) CDP; and 0 (i, ii, and iv) or 0.5 mM (iii, v, and vi) ATP.
Reaction solutions were transferred to an EPR tube and frozen in cold iso-pentane (T∼ 125
K) 5 seconds after being thoroughly mixed. (A) Delineation of the requirements for radical
formation, with spectra acquired over a wide range of the magnetic field. The spectrometer
conditions were: T = 14 ± 0.2 K, microwave frequency = 9.47 GHz, microwave power = 20
μW, modulation frequency = 100 KHz, modulation amplitude = 10 G, time constant = 167
ms, scan time = 167 s. (B) Spectra acquired over a narrow range of the magnetic field with a
smaller modulation amplitude (2 G) and 5 scans summed per spectrum to provide better
resolution of the g ∼ 2 region. In B, the contribution of the spectrum of the MnIV/FeIV

complex has been subtracted to resolve the signal of the organic radical component.
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Figure 2.
Tests of two possible explanations for the persistence of a fraction of the MnIV/FeIV

complex even after maximal accumulation of the putative Y•(s). (A) Kinetics of decay of the
putative Y•(s) (circles) and the MnIV/FeIV complex (squares). Traces were fit by the
equation describing a single-exponential decay process, giving rate constants of 0.017 s-1

and 0.1 s-1, respectively. The difference in decay rate constants rules out the possibility that
the two species are in rapid equilibrium. (B) X-band EPR of samples prepared with ratios of
α:β ranging from 1:1 to 6:1. Samples were prepared as described for Figure 1, except they
contained 0.14 mM β and 0.14 – 0.84 mM α. The failures of the radical signal to increase
and the MnIV/FeIV signal to be diminished rules out the possibility that weak binding
between the two subunits results in a fraction of the MnIV/FeIV-β remaining unbound and
unable to generate the radical. Spectrometer conditions are the same as for Figure 1.

Dassama et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2014 February 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
X-band EPR spectra illustrating the effects of substitutions of residues in the two orthogonal
electron-relay pathways in Ct β on the nature of accumulating radical species in reactions of
the MnII/FeII-β complexes with O2 in the presence of α, CDP, ATP, DTT, and MgSO4. A
schematic of the electron-relay pathways is provided at the left, with the non-native cluster
redox state and substituted amino acid residues highlighted in red. Sample preparation was
as described in the legend of Figure 1. For samples containing the MnIV/FeIII states, each β
protein was pre-treated by adding air-saturated 100 mM HEPES, 10% (v/v) glycerol buffer
to the MnII/FeII-β complex, and incubating for 60 minutes at 5 °C. This solution was then
mixed with the remaining components (α, CDP, ATP, MgSO4, and DTT) and frozen after ∼
5 s. A displays the “raw” experimental spectra, and, in B, the contribution of the MnIV/FeIV

intermediate has been removed to resolve the spectra of the radical components. The red
and blue dashed spectra in B are simulations with parameters provided in Supporting
Information. Spectrometer conditions are provided in the legend of Figure 1.
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Figure 4.
X-band EPR spectra of samples employing the radical-trapping substrate analogue, 2′-
azido-2′-deoxyuridine-5′-diphosphate (N3-UDP), to provide evidence for the functional
competence of the RT-pathway radicals in the super-oxidized enzyme for 3′-H• abstraction.
(A) Raw experimental spectra acquired over a wide range of the magnetic field and (B)
spectra acquired over a narrow range of the magnetic field and processed by subtraction of
the contributions from either the MnIII/FeIII complex (i) or the MnIV/FeIV complex (ii, iv,
and vi) to resolve the spectra of the organic-radical components. The method of sample
preparation and the spectrometer conditions are the same as for Figures 1 and 2.

Dassama et al. Page 18

J Am Chem Soc. Author manuscript; available in PMC 2014 February 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Product (dCDP) yields demonstrating the functional competence of RT-pathway radicals in
the super-oxidized states of Ct β variants with pathway substitutions rendering them inactive
for CDP reduction in their stable MnIV/FeIII states. Reactions were initiated by mixing the
indicated MnII/FeII-β complex or the pre-formed MnIV/FeIII-β complex with an air-saturated
solution containing the other reactions components, as in preparation of the EPR samples,
but with [3H]-CDP (the site of labeling and specific activity are provided in the
Experimental Procedures section) included as radioactive tracer for product quantification.
After a one-minute reaction, samples were processed (as described in Procedures) based on
a published method to separate substrate and product. The dCDP product was then
quantified by scintillation counting.
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Scheme 1.
Orthogonal activation- and catalysis-specific electron-relay pathways in Ct RNR. At bottom
is a simple schematic that is used throughout this work to assist in interpretation of the
figures.
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