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Escherichia coliribonucleotide reductase (RNR) catalyzes the
conversion of nucleoside diphosphates (NDPs) to deoxynucleoside
diphosphates (dNDPs). This RNR is composed of two homodimeric
subunits: R1 and R2.1 R1 binds the NDPs in an active site with
three essential cysteines and houses the binding sites for the
allosteric effectors that govern turnover and specificity. R2 harbors
the essential di-iron tyrosyl radical (Y•) cofactor. The mechanism
of nucleotide reduction has been extensively studied,2 and structures
of R13,4 and of R25,6 are available. Despite this wealth of
information, a major unresolved issue is the mechanism of radical
initiation: how the Y• on R2 generates a transient thiyl radical on
R1 over a 35 Å distance based on a docking model of a 1:1 complex
of R1 and R2.7

Pulsed electron-electron double resonance (PELDOR) is a
method that monitors weak dipole-dipole interactions between the
electron spins of radicals that span distances between approximately
15 and 80 Å.8-10 This method could provide a means to measure
the distance between the active site of R1 and Y• on R2 if a
paramagnetic species could be specifically attached to one of the
cysteines within R1. As proof of concept, we have used PELDOR
to make the first direct measurement of the distance between the
Y•’s on each monomer of R2, as in the crystal structure of R25 the
Y•’s are reduced and consequently R2 is inactive. This method also
provides the first direct evidence for two Y•’s within a single R2
homodimer, giving insight into the distribution of Y• on R2.

Pulsed ELDOR spectroscopy is based on the DEER (double
electron-electron resonance) two-frequency pulse sequence.8,11We
now report experiments using an improved version of the original
sequence, a four-pulse DEER sequence,12 that allows a more precise
determination of the dipolar spectrum and of the modulation depth
parameterλ via a dead-time free detection. The four-pulse DEER
sequence was applied to samples ofE. coli R2 containing 1.07 Y•’s
and ranging in concentration from 0.23 to 2.3 mM (for sample
characterization, see Supporting Information). A control experiment
was carried out using the activeSaccharomyces ceriVisiaesubunit
(Rnr2Rnr4) containing 0.6 Y• located uniquely on the Rnr2
monomer.13

Figure 1A displays the echo detected EPR absorption of Y• and
(1B) four-pulse DEER echo modulation traces of Y• from E.coli
R2 (0.23 mM) recorded with an X-band Bruker ELEXSYS E580
spectrometer with ELDOR capability.14 The time traces (1B) show
an oscillation superimposed on an echo decay, which are typical
features of PELDOR data.9,10 For an estimate of the oscillation
frequency, the echo decay was fitted with a monoexponential
function and subtracted from the data set. Subsequent Fourier
transformation (FT) led to the frequency spectrum Figure 1C, as
illustrated for the trace (a) in Figure 1B.

The spectrum displays one peak centered at 1.39( 0.05 MHz
that we interpret as the singularity (θ ) 90°) of a dipolar powder
pattern. Because we expect the Y•’s to be at a distance of at least
30 Å,5 exchange interactions are negligible10 and the modulation
frequencyνdd of an isolated spin pair AB is related to their interspin
distancerAB by the expression for the dipolar coupling in the high-
field approximation:15
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Figure 1. (A,B,C) DEER traces of a 0.23 mM solution of R2 fromE. coli
and of a 0.31 mM solution of Rnr2Rnr4 from yeast. (1A) Spin-echo
detected spectrum of the Y• in R2 fromE. coli at 5 K. The visible doublet
arises from the hfc to oneâ-methylene proton. The arrows indicate the
position of the pump and detection frequencies with∆ν ) 70 MHz. The
shaded area illustrates the calculated excitation profile for an idealπ-pump
pulse of 12 ns. (1B) Time traces (Vt) normalized with the echo signal
intensity at zero time, that is, the time point where pump pulse and primary
echo are coincident. All pulses on the detection frequency (π/2-π-π) were
32 ns; τ (spacing betweenπ/2 and π-pulse) ) 160 ns;T ) 5 K; 12 h
acquisition time. For theE. coli RNR trace (a) and yeast RNR (c):tpump)
32 ns. For theE. coli RNR trace (b):tpump) 12 ns. Dotted line: simulation
using a model for diluted spin pairs as explained in the text. (1C) Fourier
transformation of trace (a) in (1B) after subtraction of a monoexponential
decay, Hamming filtering, and zero-filling.
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This approximation is usually valid for paramagnetic systems at
X-band wheng-anisotropy is small.9,10 In our case, theg-anisotropy
is not resolved (see Figure 1A), and we use the averageg value of
2.00516 for both gA andgB. Using this model, we determined that
the experimentally observed dipolar frequency of 1.39( 0.05 MHz
results in a point-dipole distance of 33.5( 0.4 Å. The error arises
mainly from the determination ofνdd by the FT analysis, specifically
by the subtraction of the echo decay function.

Because no pulsed ELDOR experiments have been previously
performed on any class I RNR, care was taken to establish that the
echo modulation observed arises from intramolecular Y• interactions
within an R2. First, if the modulation effect were caused by Y•’s
on different R2’s, then the modulation frequency should be
dependent on the protein concentration, as the average distance
between R2’s in a homogeneously distributed solution decreases
with increasing protein concentration. We therefore recorded the
modulation traces at several R2 concentrations (0.23, 0.57, and 2.3
mM, Supporting Information). No changes in the modulation
frequency were observed, indicating that the observed oscillation
is due to intramolecular interactions.

Second, effects from hyperfine coupling (ESEEM) must also be
excluded as a basis of the echo modulation. These effects are usually
strongly attenuated if the pump and detecting frequencies are not
coherent, as in this case. Furthermore, because hyperfine interactions
are local, they should also be visible in R2 samples containing only
one Y•. An experiment with the yeast Rnr2Rnr4 (0.31 mM) was
carried out to eliminate the possibility that the modulations observed
(Figure 1B) are caused by hyperfine interactions. The four-pulse
DEER experiment under experimental conditions identical to those
with E. coli R2 is displayed in Figure 1B (c) and clearly shows no
modulation. This experiment unambiguously demonstrates that the
echo modulation effect observed inE.coli R2 arises from a dipolar
interaction between Y•’s on a single R2.

We have performed simulations assuming that the Y• radical pairs
in R2 are located at a well-defined distance and orientation relative
to one another and that their conformational distribution within R2
is negligible. Using this assumption, we have calculated the time
traces according to the model for diluted spin pairs, whereV(t) is
described as a product of an intramolecular contribution (Vintra) from
the isolated spin pairs and an intermolecular contribution (Vinter)
from the homogeneous distribution of the radicals in solution9

(Supporting Information). In Figure 1B, we display a simulation
of the trace (b) which leads to the parametersλ ) 0.25,νdd ) 1.44
MHz; consequently,r ) 33.1 Å. The error inνdd is estimatede0.03
MHz, giving an error in the distance ofe0.2 Å.

The distancer ) 33.1( 0.2 Å has now to be related to the spin
density distribution on Y• and to the distance and orientation of
the Y• pair. In previous work,17,18 the point-dipole interaction
between delocalized radicals at long distances (r g approximately
25 Å) was interpreted as between the center of gravity of the spin
density. Accordingly, the center of gravity for the spin density on
Y• in R219 is located on the axis connecting the ring center and the
aromatic C4, resulting in a distance of 32.6 Å based on the recent
R2 crystal structure at 1.4 Å resolution.6 This value agrees well
with the determined effective point-dipole distance of 33.1 Å.
However, we point out that the observed dipolar coupling results
as a sum of the individual dipolar interactions at the different spin
density sites. Performing this summation using the coordinates from
ref 6, we calculate an effective dipolar coupling of 1.53 MHz as
compared to 1.44 MHz from the PELDOR analysis. The close
agreement verifies that the structure in the crystal (with reduced
Y122’s, pH 6) is similar to that in solution (pH 7.6).

Finally, we note that the modulation depth gives insight into the
population of the Y• pairs as it is directly proportional to the fraction
of excited spins and the fraction of radical pairs.9,10The determined
valueλ ) 0.25 indicates that at least 25% of the Y•’s are paired.
Further, we expect that the population of the pairs is larger than
0.25 due to the partial excitation of the Y•’s by the pump pulse
(Figure 1A). A precise determination is in progress using a
calibration ofλ with standards.

In conclusion, the reported PELDOR experiments have demon-
strated that this method will be useful in determining the distance
between the R1 active site and the Y• in R2, as the active site of
R1 can be specifically labeled using a number of mechanism-based
inhibitors that generate well-characterized organic radicals. The
distance between these two active sites is a critical piece of
information in thinking about long-range radical initiation in class
I RNRs. Efforts are underway to make this measurement using 2′-
azido-2′-deoxynucleotide, a stoichiometric inhibitor that generates
a nitrogen-centered radical covalently bound to Cys 225 and the
nucleotide in the active site of R1.20
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