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Escherichia coliribonucleotide reductase (RNR) catalyzes the

conversion of nucleotides td-Aeoxynucleotides and consists of a 74A it
1:1 complex of homodimeric subunié® andg2.! a2 is the siteof )=~

. . . . . . e 25 A
nucleotide reduction and contains binding sites for allosteric L ABA QA Tt
effectors, which control the rate and specificity of turnovand p
B2 harbors a diferric tyrosyl radical (¥») cofactor, which is Ea Yas
essential for catalysisEach turnover requires radical propagation (?)

from the Yi,» in 52 to the active site im2,* where a cysteinyl
radical (Gse) initiates nucleotide reductionA model for radical

propagation has been postulated based on in silico docking of the

individual structures 062 and$2.46 This model suggests that the
Y1, is >35 A removed from Ggoin 2. For radical propagation
to occur at a reasonable rate over this long distdrec@athway,

proposed to consist of the conserved residues shown in Figure 1

is required. Each active232 complex contains two pathways for
radical initiation, one within eacls pair (Figure 1). However,
experimental validation of the positions of aromatic pathway

residues that are involved in radical transfer, specifically those at

Y356 Y730, and Yzz;, remains elusivé? Direct spectroscopic analysis

of these residues is hampered by the transient nature of their

oxidized forms'® In this study, we assess the positions of these
residues using PELDOR (pulsed electrariectron double reso-

nance) spectroscopy, an emerging method of choice for distance

measurements between two unpaired spins separatecH801511

The Y12 in  is one paramagnetic species; a second one, required
for PELDOR studies, must be generated. We have recently

developed a method to site-specifically incorporate 3-hydroxyty-
rosine (DOPA) intgs2 and 3-aminotyrosine (NFY) into a2 and
have shown that they function as radical traps within 252
complex in the presence of substrate and effettofhe DOPA
radical (DOPA) and NHY radical (NHY ) thus generated provide
the second required radical for PELDOR experiments. We now
report the first distance measurements between residues R@PA
NH,Y 7358, or NH,Y 730 in 0neos pair and the Y,z in the second

o pair!? The distances provide the first structural constraints for

the essential tyrosine residues in the pathway and further support

the docking model.
To generate a stable pathway radical at the desired residue, w

have taken advantage of expressed protein ligation and suppresso

tRNA/aminoacyl-tRNA synthetase methodologies to site-specifi-
cally replace ¥ss in 2 and YzsdY731 in a2, respectively. In the
former case, we inserted DOPA, which has a reduction potential
260 mV lower than that of Tyr (pH 7% and demonstrated
formation of a DOPA. in a kinetically competent fashion only in
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Figure 1. The proposed radical initiation pathway within ey pair46
Residues in gray have been shown to be redox-active using D§2PA-
and NHY-a2s? respectively. Note that the position 0§ is unknown.

the presence of substrate (GDP or CDP) and/or effector (TTP or
ATP). In the latter case, we incorporated NH which has a

'reduction potential 190 mV lower than that of Tyr (pH?)and

observed kinetically competent formation of an NH in the
presence of CDP/ATP. We have now used these unnatusd
andf?2 variants to measure the distance between the newly formed
radical in oneo pair and the remaining ¥ in the adjacenty3

pair. At least 25% of the w2 population contains 2 ¥»/dimer
which allows PELDOR interactions diagonally across t#52
complex to be observed:16

DOPA-328 (0.3 Yi2»/dimer) and pre-reduced? were concen-
trated to 25Q«M. Formation of DOPA was induced by addition
of GDP/TTP. After 30 s, the sample was supplemented with
glycerol (final 6% v/v) and the reaction was quenched by hand-
freezing in liquid N. Figure 2A (gray trace) shows the X-band
spin—echo detected absorption spectrum of this reaction along with
the pump and detect frequencies used in the four-pulse DEER
sequencé’ The spectrum is a composite of DOPANd Yio»
signals. Subtraction of the¥» component (black, 54%) yields
the DOPA (blue, 46%). Figure 2B (blue) shows the echo
modulation trace recorded at the detection frequency after subtrac-
tion of a monoexponential signal decay functiéié The modula-
tion frequency of this spectrum is indicative of the distance between
Y 1,2—DOPAs, the modulation depth{, is a function of the
concentration of radical paif8.Analysis of this trace using the
distance-domain Tikhonov regularization procedtresults in the
gistance distribution profile in Figure 2C (blue), which indicates a
distance of 30.6t 0.5 A2 between Y,» and DOPA. Residue
356 lies on the disordered C-terminal tail#; thus, the distance
determined here is the first structural information for this residue,
which is invisible in all crystal structures solved to date.

A similar analysis has been carried out withsy\H,Y-02 and
Y721NHoY-a2.2 In these cases, a 1:1 complex 82 (1.2 Yio»/
dimer) and NHY-a2 was concentrated to 8@00«M. Formation
of the NH,Ye, quenching, data acquisition, and analysis were carried
out as described for DOPA2 abovel>18 The modulation traces
for Y73iNH2Y-a2 (red) and YsdNH.Y-02 (green) are shown in
Figure 2B. Thel observed in Figure 2B is proportional to the radical
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D pathways. In the case of DOPA2 and NHY-a2, radical transfer
results in formation of a new DORAor NH,Ye at the expense of
Y12 in oneaf pair. The Yo within the otheraj pair, where
radical initiation does not occur, is preserved, thus allowing distance
measurements diagonally across ot882 complex between these

<+—7T

two radicals.
To analyze the distances, we consider the docking model,
3120 oa10 3200 ai80 3300 3520 generated from the individual structures @? and$2 based on
Field (G) shape and charge complementarities and conserved residues (Figure
100F & 3.06 c 3)48 As noted above, ¥g is not visible in any structures g¢f2
S oesl /\ and its position is unknown. Thus, the data provide the first
< structural constraint for residuesy in the activea232 complex.
3 oor A/\““ On the basis of the docking model, the diagonal distances across
< 0851 3.32 the a262 dimer interface for the ¥%,—Y 731 and Yi2o—Y 73 pairs
S osol are 38.5+ 1.3 and 40. 1 1.3 A, respectively. Within error, these
E orsl 327 N387 distances are similar to the 38.1 and 38.7 A that we report here.
2 Accordingly, our studies establish the position of the critical Tyr
00— o5 10 15 20 25 2 3 . 5 pathway residues in the232 complex, as presaged by the docking
Time (s) Distance distribution (nm) model, and also support a long-range radical transfer mechanism

Figure 2. (A) Spin—echo detected EPR spectrum after reaction of DOPA- for Casee formation. This study sets the stage for further X-band
202 with GDP/TTP. The spectrum of unreacteg,¥ (black) has been and high-field PELDOR experimertswhich could be used to
subtracted from the observed spectrum (gray), yielding the DGBéctrum measure the orientation between two radicals and ultimately report
(blue). Pump (P) and detect (D) frequencies are indicated by arrows. (B) gn the distance from ¥o 10 Y731,

Normalized four-pulse DEERt& K for DOPA52a2 (blue) and NHY-

a2B2 (red and green) with GDP/TTP. The overlaid black lines describe ~ Acknowledgment. We thank Dr. Paul Hubbard for help with
fits using the Tikhonov regularization procedure. (C) Resulting distance Figures 1 and 3, and the DFG Priority Program SPP1071 (M.B.)

distributions obtained from the analysis in (B) are shown for each gnd the National Institutes of Health Grant GM 29595 (3.S.) for
NH.Y-02 and DOPAS2 variant. The distances of 3.32 and 3.27 nm (black) support

are related to Yo»—Y 120 pairsi®
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