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Abstract

Ribonucleotide reductases (RNRs) catalyze conversion of ribonucleotides to deoxyribonucleotides 

in all organisms via a free-radical mechanism that is essentially conserved. In class I RNRs, the 

reaction is initiated and terminated by radical translocation (RT) between the α and β subunits. In 

the class Ic RNR from Chlamydia trachomatis (Ct RNR), the initiating event converts the active S 
= 1 Mn(IV)/Fe(III) cofactor to the S = 1/2 Mn(III)/Fe(III) "RT-product" form in the β subunit and 

generates a cysteinyl radical in the α active site. The radical can be trapped via the well-described 

decomposition reaction of the mechanism-based inactivator, 2'-azido-2'-deoxyuridine-5'-

diphosphate, resulting in the generation of a long-lived, nitrogen-centered radical (N•) in α. In this 

work, we have determined the distance between the Mn(III)/Fe(III) cofactor in β and N• in α to be 

43 ± 1 Å by using double electron-electron resonance experiments. This study provides the first 

structural data on the Ct RNR holoenzyme complex and the first direct experimental measurement 

of the inter-subunit RT distance in any class I RNR.
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Introduction

Ribonucleotide reductases (RNRs) catalyze the reduction of ribonucleotides to 

deoxyribonucleotides; these enzymes occur in nearly all organisms across all three domains 

of life and provide the essential precursors for DNA replication and repair.1,2 To effect this 

transformation, RNRs employ a largely conserved free-radical mechanism, initiated by a 

transient cysteine thiyl radical (Figure 1A),3,4 and are classified by the differing mechanisms 

used to generate this cysteinyl radical.1 Class I RNRs use an oxidized cofactor generated in 

an oxygen-dependent manner at a dinuclear metal site.5 Class II enzymes harbor an 

adenosylcobalamin cofactor, of which the Co-C bond is homolytically cleaved during 

catalysis, for radical generation.3,6,7 Finally, class III RNRs depend on a glycyl radical, 

installed by an activating enzyme in the radical S-adenosylmethionine superfamily.8–11

Class I RNRs, present in eukaryotes and model organisms such as Escherichia coli (Ec), 

have been intensively studied over the past several decades and comprise two subunits, α 
and β. The α component harbors the site of nucleotide reduction and the initiating cysteine 

residue, as well as binding sites for allosteric effectors,12 whereas β harbors the dimetal site 

and a stable one-electron oxidant. The nature of this oxidant further subdivides class I.1 In 

sub-class Ia (which includes the enzymes from humans and aerobically free-living Ec), a 

carboxylate-bridged non-heme diiron cluster installs the radical equivalent, activating O2 to 

oxidize a nearby tyrosine residue to a stable tyrosyl radical (Figure 1A, top).13–17 The Ib 

enzymes employ a structurally similar dimanganese cluster along with a superoxide-

generating activator protein (designated NrdI) to install the analogous tyrosyl radical.18,19 

The class Ic RNRs, exemplified by the RNR from Chlamydia trachomatis (Ct) utilized in 

this work, are characterized by a redox-incompetent phenylalanine residue at the sequence 

position of the tyrosyl radicals in the class Ia/b enzymes, and the radical equivalent is instead 

harbored directly on a heterodinuclear Mn(IV)/Fe(III) cofactor (Figure 1A, bottom).20–23 

Regardless of subclass, binding of the substrate and allosteric effector permits the radical 
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equivalent to migrate from the dinuclear site in β to the key cysteine in α (C439 in the Ec 
enzyme; C672 in the Ct enzyme), and the thiyl radical then initiates substrate reduction by 

abstraction of a hydrogen atom from the 3' position.24,25 Among the first evidence that this 

radical translocation (RT) initiates turnover was the outcome of the interaction of Ec RNR 

with the mechanism-based inhibitor, 2'-azido-2'-deoxyuridine-5'-diphosphate (N3UDP): 

processing of this analogue leads to permanent loss of the stable radical equivalent in β and 

accumulation of a relatively stable, nitrogen-centered radical (N•) in α (Figure 1B).26–30 

The equivalent outcome was later demonstrated for the Ct enzyme and provided the most 

definitive evidence that the initiating hole in the class Ic enzyme is the Mn(IV)/Fe(III) 

cluster.20 RT in the Ec class Ia enzyme has been the subject of intense study and serves as a 

model of long-range biological electron transfer.24

Paramount to a complete understanding of this protein-gated RT process is the elucidation of 

its structural determinants. Current consensus is that the active complex of the Ec enzyme is 

a dimer of homodimers, designated α2 and β2 (Figure 1C),12,25,31 although more complex, 

differentially (in)active oligomeric forms have been reported.25,32,33 In the absence of 

evidence to the contrary, the simplest assumption is that this α2β2 arrangement of the active 

complex is conserved in Ct RNR (Figure 1C), though determination of the oligomeric states 

and structures of active complexes in RNRs from various organisms remains an area of 

active research.34–37 Despite intense scrutiny, the active α2β2 complex has evaded 

characterization at atomic resolution. Such characterization has been limited by the fact that 

α and β associate rather weakly (Kd in the 0.1–1 μM range) and the α2β2 complex is in 

equilibrium with other oligomeric forms.25 To date, analysis of the RT pathway and gating 

mechanism has been dependent on a docking model for the Ec enzyme, formulated from 

high-resolution crystal structures of the isolated α2 and β2 substituents (Figure 1C).12,38 

According to this model, RT occurs over a distance of ~35 Å from the tyrosyl radical in β to 

the initiating cysteine C439 in α (Figure 1A), too long for a direct electron transfer process.
12,24 Multiple studies have indicated that a chain of aromatic residues, predominantly 

tyrosines, spanning the α and β subunits mediates the overall RT process in discrete, radical-

hopping steps (Figure 1A, top).12,24,39–44

Despite the inherent uncertainty associated with the type of structural modeling employed 

for the α2β2 complex of Ec RNR,12 it has been shown to be fully consistent with the 

available structural data. The electron-density envelope deduced from small-angle X-ray 

scattering (SAXS) experiments25 is largely consistent with the predicted arrangement of the 

subunits. Furthermore, SAXS and cryo-electron microscopy (cryoEM) characterization of 

the active complex,31 trapped by incorporation of 3-aminotyrosine at position 730 in α,41 is 

also indicative of an α2β2 arrangement. These experiments constitute the most direct 

characterization of the active complex to date, but are limited by low resolution. Additional 

structural information has been obtained by using double electron-electron resonance 

(DEER or PELDOR) to measure precise distances between two paramagnetic species, each 

having S = 1/2.45 The class Ia β2 component contains two tyrosyl radicals, one in each β 
monomer (Figure S1A). The distance between these two tyrosine residues was determined to 

be 33.1 ± 0.2 Å and 32.5 ± 0.5 Å in the Ec and Mus musculus (mouse) RNRs, respectively,
46,47 consistent with the crystal structures.38,48,49 More recent DEER studies have exploited 

the "half-of-sites" reactivity characteristic of class I RNRs for intersubunit distance 
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measurements. Engagement in RT of a single αβ pair in the α2β2 complex results in a 

radical in α on that side of the complex and leaves the tyrosyl radical in β on the unengaged 

side (Figure S1B).40,50 By using N3UDP to trap the radical in α of the engaged αβ in Ec 
RNR, the "diagonal" distance between the N• on the engaged side and the resting tyrosyl 

radical on the other side was determined to be 48 ± 1 Å (Figure S1B).51 In a follow-up study 

by Seyedsayamdost et al., the translocating radical was instead trapped along the RT 

pathway by incorporation of the tyrosine analogs 3-hydroxytyrosine (at Y356 in β) and 3-

aminotyrosine (at Y730 and Y731 in α). The diagonal distances between these stabilized 

pathway radicals and the resting tyrosyl radical were determined to be 30.6 ± 0.5 Å, 38.7 

± 1.8 Å, and 38.1 ± 1.2 Å, respectively (Figures S1C and S1D).42 Each of these metrics is 

fully consistent with the proposed model of the Ec RNR complex.42,46,47,51

Despite this extensive work, direct measurement of the RT distance within the active αβ pair 

of a class I RNR has not been achieved, largely because RT in the best-studied class Ia and 

Ib enzymes moves a radical equivalent between β and α, leaving the other subunit without a 

"spin" to interrogate (Figure S1). The class Ic RNRs afford the opportunity to measure this 

distance. As noted, the prototypical Ct enzyme has a heterodinuclear, EPR-silent (S = 1) 

Mn(IV)/Fe(III) cofactor;21 the radical-harboring tyrosine found in the other two sub-classes 

is replaced by phenylalanine. The cofactor spontaneously self-assembles in a reaction among 

the apo protein, Mn(II), Fe(II), and O2. First, the protein directs formation of the Mn(II)/

Fe(II) complex with manganese in site 1 and iron in site 2.22,23,52,53 The Mn(II)/Fe(II) 

complex then reacts with O2 to generate a Mn(IV)/Fe(IV) intermediate,54,55 and the protein 

mediates one-electron reduction of the Fe(IV) site to yield the active Mn(IV)/Fe(III) 

cofactor.20,21 In the initiating RT step, the cluster is reduced by one electron to the EPR-

active Mn(III)/Fe(III) form (Figure 1C), which has an S = 1/2 ground state as a consequence 

of antiferromagnetic coupling between the high-spin Mn(III) (S = 2) and Fe(III) (S = 5/2) 

ions.22,23,43 Thus, when the enzyme processes the substrate analog N3UDP, two EPR-active 

species directly associated with a single RT pathway are formed: one in the α subunit [N•, S 
= 1/2],28,30 and the other in β [Mn(III)/Fe(III), S = 1/2] (Figure 1C). In contrast to the 

DEER studies on the class Ia enzymes, these two species lie along the same RT pathway 
(Figure 1C, red bar). Furthermore, half-of-sites reactivity precludes formation of half-

integer-spin species in the second αβ pair, reducing ambiguity in spectral interpretation 

(Figure 1C, gray shading). Finally, the DEER method is selective for the Ct RNR active 

complex, as only complexes that undergo successful RT contain the two requisite EPR-

active species.

Herein, we report the formation of the Mn(III)/Fe(III):N• form of Ct RNR and its 

characterization by DEER spectroscopy. These data yield the first direct measurement of the 

RT distance in a class I RNR, 43 ± 1 Å, and constitute the first structural data on the active 

Ct RNR complex.

Results and Discussion

To prepare samples for determination of the RT distance by DEER spectroscopy, Ct α, the 

allosteric effector, ATP, and the substrate analog, N3UDP, were mixed. RT was initiated at 

ambient temperature (~ 21 °C) by addition of Mn(IV)/Fe(III) Ct β2, and the sample was 
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frozen in liquid nitrogen after the reaction had been allowed to proceed for ~3 minutes. The 

resulting EPR spectrum (Figure 2) comprises two components with different temperature 

dependencies. One of the components is readily detected at 100 K; it is centered around g = 

2.006 and has a line shape characteristic of the N• radical (Figure 2, shaded orange). This 

line shape arises from strong hyperfine (HF) couplings with a nitrogen (A(14N) = [6, 6, 90] 

MHz) and a proton (Aiso(1H) = 18 MHz) (Figure S2).28 At diminished temperatures (14 K), 

a broad six-packet signal is also detected, attributed to the Mn(III)/Fe(III) form of the 

cofactor (Figure 2, shaded purple).20 Simulation of the spectrum yields spin Hamiltonian 

parameters similar to those previously published (A(55Mn) = [314, 396, 269] MHz and g = 

[2.009, 2.014, 2.024]) (Figure S2). Notably, the Mn(III)/Fe(III) spectrum obtained is 

identical to the spectrum generated when the pathway-radical equivalent, induced to form by 

the native substrate, CDP, is reductively trapped by the RNR inhibitor, hydroxyurea (Figure 

S2).43

Preliminary experiments performed on samples in 1H2O buffer at 14 K indicated that the 

transverse relaxation, T2, of the Mn(III)/Fe(III) cluster was too short to obtain DEER data of 

acceptable quality with a span beyond ~1.5 µs. However, preparation of the sample under 

identical conditions but in 2H2O buffer was found to enhance the DEER signal significantly, 

consistent with previous reports.47 Data acquisition at diminished temperature (4 K) was 

found to afford further improvement in the signal-to-noise ratio. Figure 3A shows the four-

pulse DEER trace obtained from this sample at 4 K. In the DEER measurements, "probe" 

pulses were applied with a frequency corresponding to the signal of the N• (Figure 2, black 

arrow), and the ELDOR "pump" pulse was applied on the packet of the Mn(III)/Fe(III) 

spectrum at a field position 28 G (79 MHz) greater than that of the radical (Figure 2, red 

arrow). The data in Figure 3A show clear periodical oscillations, indicative of a small 

distance distribution between paramagnetic species. To exclude the possibility that the 

observed modulations arise from electron spin echo envelope modulation (ESEEM) effects, 

we performed an additional measurement in which the ELDOR pump pulse was applied to 

the most isotropic Mn(III)/Fe(III) packet, at a field position 77 G (214 MHz) less than that 

of the center of the N• signal (Figure S3). However, as the 214-MHz separation between the 

pump and detection frequencies dictated the use of considerably longer pulses (owing to the 

resonator bandwidth), the diminished signal intensity limited the length of the pulse 

sequence to 2 µs. Nevertheless, the trace obtained (Figure S3) is strikingly similar to the one 

described above, strongly suggesting that the observed traces arise from the interaction 

between the Mn(III)/Fe(III) cluster and the N•.

The data were analyzed by Tikhonov regularization fitting, as implemented in the 

DeerAnalysis software package (Figure 3B).56 The raw DEER trace was subjected to 

background subtraction with a second order polynomial fit (inset Figure 3A, red) to the last 

two-thirds of the data (inset Figure 3A, shaded region). Figure 3B (inset) shows the 

calculated L-curve with the optimal regularization parameter indicated (red arrow).45 The 

resulting fit (Figure 3B) shows a distinct peak with a narrow distribution centered at 43 Å. 

To illustrate the validity of the obtained distance, we analyzed the data by a second method. 

The trace was directly fit to a simple model corresponding to a Gaussian distribution of 

distances centered at 43 Å with full width at half height of 2 Å. Equivalent simulations with 
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centroids ranging from 41–45 Å were also generated for comparison (Figure S4). When 

centered at 43 Å, this simple model provided a good fit to the experimental data, but the 

distance perturbations resulted in a significant decrease in fit quality (Figure S4), suggesting 

a margin of error of approximately ± 1 Å.

These data provide, to our knowledge, the first structural information obtained for the active 

complex in Ct RNR. All previous characterization of the active complex (using DEER, 

SAXS, and cryoEM) has been performed with members of class Ia;25,31,33,42,51 therefore, 

our results provide new insight into the less well-understood class Ic RNRs. Moreover, this 

is the first direct measurement of the RT distance in any class I RNR. To date, all estimates 

of RT distance (~35 Å) have been based exclusively on the hypothetical, albeit 

experimentally supported, docking model for the Ec enzyme.12 This distance has been 

widely cited in discussions of the RNR mechanism and long-range biological electron 

transfer.1,22,24 The present study provides this RT distance, as measured between two EPR-

active species produced by RT through a single pathway in the active complex (Figure 1C, 

red bar). Although the distance measured here is significantly longer than 35 Å, these two 

distances cannot be directly compared. Specifically, the commonly cited distance 

corresponds to that between the tyrosyl radical in β (residing on Y122 in the Ec enzyme) 

and the sulfur of the initiating cysteine in α (C439 in Ec RNR and C672 in the Ct enzyme; 

Figure 1A), whereas the distance measured in this work is essentially that between the 

Mn(III)/Fe(III) cluster and the N•. Published work implies that, in Ec RNR, this N• is 

bonded to C225, which corresponds to C485 of the Ct enzyme (Figure 1B).28,30

To enable deeper interpretation of the distance obtained and provide more direct comparison 

with the aforementioned Ec RNR docking model, we generated a structural model for the Ct 
RNR active complex using a simple molecular dynamics approach (for details, see Materials 

and Methods). Given the lack of available data concerning the subunit arrangement in Ct 
RNR, we have constructed our model under the simplest assumption that, like the Ec RNR, 

the active Ct RNR forms an α2β2 complex. During the course of the simulation, subtle 

rearrangements occurred in the structure, particularly the α/β binding region. Despite the 

fact that no distance restraints were imposed in this model, the distance between the 

dinuclear metal center and the nitrogen atom of N• (presumably covalently linked to C485, 

Figure 1B), approaches the experimentally observed value quite closely (~43 Å, Figure 4A). 

The arrangement of the two αβ pairs is slightly asymmetric as a result of a tilting of the β2 

dimer toward one side of the α2 dimer, resulting in slightly different average distances of 42 

Å and 44 Å. Obviously, this predicted deviation is potentially relevant to the half-of-sites 

reactivity observed for class I RNRs, but this possibility requires further inquiry.

In our model, the average distance between the dinuclear metal center and C485 is in good 

agreement with the experimentally determined value, within experimental error (Figure 3). 

Given that our model is predicated on the assumption of an α2β2 subunit arrangement 

similar to that predicted for the Ec enzyme, this level of consistency between the 

experimental observation and model provides the first evidence that the class Ic and Ia 

enzymes share a similar active complex topology. Furthermore, the comparable distance in 

the Ec RNR docking model, that between the diiron center and N•-C225, is 41–42 Å. 

Although slightly less than the value for Ct RNR, this small difference could readily be 
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attributed to i) minor inaccuracies in one or both models (e.g. the position of the C-terminal 

region of β) or ii) small structural differences between the orthologs. Furthermore, because 

the Mn(III)/Fe(III) cofactor does not constitute a point dipole, the spectroscopically 

observed distance may not, a priori, represent the actual distance between the geometric 

center of the cofactor and N•. Rather, both the S = 2 Mn(III) and S = 5/2 Fe(III) centers 

contribute to the observed dipolar coupling, according to the spin-projection factors, −4/3 

and +7/3, respectively.57–60 Our calculations show (see Supporting Information) that in the 

extreme cases in which the Mn-Fe vector is colinear with the dipolar vector, the deviation 

can be up to 9 Å, whereas in the perpendicular case there is no deviation (Figure S5), 

consistent with published work.59,60 In this case, both the Ec RNR model and our Ct RNR 

model indicate that the angle between the metal-metal vector and the dipolar vector is within 

8° of the perpendicular case, and the resulting deviation (~0.6 Å) is within the experimental 

error.

It is also noteworthy that the overall distribution of the distance observed in our DEER 

measurements is rather narrow, especially considering that the formation of the active 

complex is most likely transient. These data suggest, in agreement with previous reports,
42,51 that the association between α and β is relatively rigid and well defined in states of the 

catalytic cycle having the radical equivalent away from its resting position in β. Such tight 

association is likely important for efficient coupling of RT and nucleotide reduction.

This study has provided new insight into the structural arrangement of the active complex in 

class Ic RNRs, supporting the conclusion that Ct RNR shares a subunit arrangement similar 

to that proposed for class Ia RNRs. Furthermore, these data furnish the first direct 

measurement of the intersubunit RT distance in any class I RNR, enhancing the quantitative 

understanding of this canonical long-range electron transfer event.

Materials & Methods

Cloning and preparation of α2 and β2 proteins

Wild-type Ct β and Ct Δ(1–248)α were overexpressed in pET28a vectors and purified via 
nickel affinity chromatography according to established procedures.20 In this study, as in 

prior work, the first 248 residues of the α subunit are absent because the truncation improves 

protein overexpression and solubility. Our previous mechanistic studies of Δ(1–248)α20,23 

and observation of RT products in the current experiments imply that the activity of Ct RNR 

is not affected by this modification. Proteins were rendered metal-free by dialysis of Δ(1–

248)α against buffer containing EDTA and by ferrozine chelation of β, which was 

subsequently removed using a Sephadex G-50 column.55 Reconstitution to generate the 

active Mn(IV)/Fe(III) cofactor was also performed according to previously reported 

methods.55 The extent of active cofactor formation and specific activity were found to be 

consistent with previous reports.55

EPR sample preparation

Exchange of the protein into 2H2O buffer (100 mM sodium HEPES, pD 8.0) was performed 

by 10-fold dilution of ~ 2 mL of concentrated protein (~1 mM) with 2H2O buffer and 
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subsequent concentration to the original volume in an Amicon ultrafiltration cell with a 

YM30 membrane. This procedure was repeated twice. Removal of O2 from preparation of 

the α and β proteins was performed as previously described.61 Following deoxygenation, all 

sample manipulations were carried out in an anaerobic chamber (Coy Laboratories, Grass 

Lake, MI). Dithiothreitol (DTT) (Sigma Aldrich), present in the purification buffer, was 

removed from the α sample by passing it through a PD-10 desalting column (GE 

Healthcare, Little Chalfont, UK). The α protein, the allosteric effector ATP (Sigma Aldrich), 

and the substrate analog N3UDP were mixed to a final volume of 0.20 mL with final 

concentrations of 2.4 mM, 2 mM, and 2 mM, respectively. RT was initiated by adding 0.075 

mL of 3 mM β2 to the mixture. Addition of glycerol (0–40% final v/v) was evaluated, and 

found not to have a significant effect on signal quality. The mixture was then transferred to a 

3.8 mm O.D./2.8 mm I.D. quartz EPR tube (QSIL Corp.), incubated for 3 min, and 

subsequently frozen in liquid N2. Spin quantitation indicated final spin concentrations of 250 

and 370 µM for N• and Mn(III)/Fe(III), respectively. Incubation time was varied in a 

separate experiment at lower protein concentration (1 mM β), and no increase in the signal 

intensity of the radical was observed at time points after 1 min.

EPR Measurements

All EPR measurements were performed on a Bruker Elexsys E580 X-band spectrometer 

equipped with a SuperX-FT microwave bridge. CW EPR measurements were performed 

using an ER 4122 SHQE SuperX high-sensitivity cavity in combination with an ER 4112-

HV Oxford Instruments variable temperature liquid helium flow cryostat. For pulse EPR/

DEER measurements, a Bruker EN 4118X-MD4 dielectric ENDOR resonator was used in 

concert with an Oxford CF935 helium flow cryostat. Microwave pulses generated by the 

microwave bridge were amplified by a 1 kW traveling wave tube (TWT) amplifier (Applied 

Systems Engineering, model 117×). The field-swept EPR spectra were obtained using a 2-

pulse Hahn echo sequence with a π-pulse of 24 ns and τ of 212 ns. The following 4-pulse 

sequence45 was used to perform DEER measurements: [π/2] − τ − [π] − t1 − [ELDOR] − t2 

− [π], where t(π/2) = 12 ns, t(π) = 24ns, τ = 400 ns, t1,start = 200 ns, t(ELDOR) = 32 ns, 

t2,start = 3.5 µs, t(step) = 28 ns. The shot repetition rate was 50 ms with 20 shots per point, 

averaged for ~600 scans. DEER results were obtained by applying the pump pulse to the 

Mn(III)/Fe(III) signal and observing on the N• signal. The inverse was also attempted, and 

found not to significantly alter data quality.

Molecular dynamics simulations

Initial coordinates for the putative α2β2 complex were generated by the following approach. 

First, crystallographic data on Ct β2 (PDB 4D8F52) were complemented with ab initio 
modeling (as implemented in I-TASSER modeling62–64) of the unstructured portions of the 

protein not included in the crystallographic dataset. Second, a structural homology model of 

the putative Ct α2 subunit was generated, starting from the crystallographically determined 

yeast α2 structure, using the I-TASSER structure prediction server.62–64 Third, these 

structures for α2 and β2 were arranged on the basis of the Ec RNR docking model and the 

available experimental data (vide supra). The resulting α2β2 complex was subjected to 

molecular dynamics simulations in which the initial model was allowed to evolve for >20 ns 
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(Figure 4). After 10 ns, the conformation of the complex remained relatively stable, with 

small perturbations (Figure 4A).

All calculations were performed using the NAMD simulation package.65 The CHARMM27 

force field was employed for all protein interactions.66 CHARMM parameters for the Cys-

N-UDP construct and the dinuclear cofactor (including amino acid ligands) were generated 

using the paratool plugin of the VMD visualization package.67 Partial charges and Hessian 

matrices were calculated using UB3LYP/6-311G density functional theory and the Gaussian 

03 software package.68 The structure was encapsulated in a water sphere of 72-Å radius, and 

simulation was performed using spherical boundary conditions. The time step was set to 2 fs 

throughout the simulation. Aside from the initial equilibration for 1000 steps, all simulations 

were performed at constant volume and temperature (310 K). Temperature was regulated 

using Langevin dynamics with damping constants of 5 ps−1 as implemented in NAMD 

package.65

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure and function of the class I ribonucleotide reductases (RNRs). A) Key residues in 

the RT pathway that generates the catalytically essential thiyl radical in Ec (top) and Ct 
(bottom) RNRs. The resting states, prior to forward RT, are depicted, and the black arrows 

schematically depict the direction of electron transfer. B) Conversion of the mechanism-

based inhibitor N3UDP to a long-lived radical (N•). Amino acid position labels use Ct RNR 

numbering. C) Location of paramagnetic species in the putative Ct RNR α2β2 complex 

before (left) and after (right) RT in the presence of N3UDP. Grey shading indicates the α/β 
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pair that is inactive as a result of the "half-of-sites" reactivity demonstrated for both the Ec 
and Ct enzymes.

Livada et al. Page 15

J Phys Chem B. Author manuscript; available in PMC 2018 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Pulse electron-spin-echo-detected EPR spectrum of Ct RNR in the presence of N3UDP. 

Experimental spectrum (blue) and simulations (Mn(III)/Fe(III), shaded purple; N•, shaded 

orange). Simulation parameters are presented in the Supporting Information. Arrows and 

dotted lines indicate the portion of the spectrum probed by the detection (obs) and ELDOR 

(pump) pulses in DEER experiments. Experimental conditions: microwave frequency, 9.767 

GHz; t(π/2) = 12 ns; τ = 336 ns; temperature, 14 K; shot repetition time, 1.5 ms.
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Figure 3. 
Double electron-electron resonance (DEER) analysis of the Mn(III)/Fe(III):N• state of Ct 
RNR. A) DEER spectrum obtained for Ct RNR in 2H2O buffer at 4 K (blue) and simulation 

(red). The inset shows the background subtraction (red line) and the region of the data that 

was fit (gray shading). B) Tikhonov regularization analysis of the data in panel A. The inset 

shows the choice of regularization parameter (red arrow) based on the calculated L-curve. 

Experimental conditions: microwave frequency, 9.767 GHz; ELDOR frequency, 9.688 GHz; 

temperature, 4 K; τ, 400 ns; t1,start, 200 ns; t2,start, 3.2 µs; shot repetition time, 50 ms.
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Figure 4. 
Structural modeling of the putative Ct RNR α2β2 complex. A) Variation of the distance 

between the dinuclear metal center and N• during the course of the molecular dynamics 

simulation. The distance was calculated for both electron transfer pathways, which are 

shown separately in black and blue. The experimental value for this distance is indicated by 

the red bar, with uncertainty indicated by dotted lines. B) Ribbon representation of the 

resulting model, with key residues and distances highlighted.
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