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Ribonucleotide reductases (RNRs) catalyze the conversion of
nucleotides to deoxynucleotides in all organisms, providing the
monomeric precursors required for DNA replication and repair.1

The class Ia RNR inE. coli is composed of a complex of two
homodimeric subunits:R2 andâ2. R2 houses the site for nucleotide
reduction and additional binding sites for dNTP and ATP/dATP
effectors that control substrate specificity and turnover rates.â2
contains the diferric-tyrosyl radical cofactor (Y122•), essential for
initiation of the radical-dependent reduction process. The mecha-
nism of nucleotide reduction withinR2 is thought to be initiated
by hydrogen atom abstraction from the nucleotide by a transiently
generated thiyl radical (C439•).2 The mechanism of radical propaga-
tion, however, how Y122• in â2 generates this transient C439• in R2
over a distance of 35 Å, remains unresolved.3 The current proposal
for the radical propagation pathway, shown in Figure 1, is based
on a docking model ofR2 andâ2 structures and involves aromatic
amino acid residues.3a Evidence in support of the long distance and
the docking model has recently been obtained by pulsed EPR
methods.4 Evidence has also been obtained for the role of Y356 in
the pathway by site-specific incorporation of FnYs (n ) 1-4)5 and
3-NO2-Y6 into this position by intein technology. In this com-
munication, we report the semi-synthesis ofâ2, where Y356 has
been replaced with 3,4-dihydroxyphenylalanine (DOPA).7 This
construct (DOPA356-â2) is then used to trap the DOPA radical
intermediate (DOPA•) in the presence ofR2, substrate (CDP or
GDP), and effector (ATP, TTP); it is also used as a reporter of
conformational gating betweenR2 andâ2.8

The choice of DOPA as a probe was based on its reduction
potential of 570 mV (vs NHE), 260 mV lower than Y at pH 7.0,10

suggesting that it could be readily oxidized and serve as a radical
trap during the propagation step. However, a DOPA• would be
unlikely to oxidize Y731 in R2, thus preventing nucleotide reduction.
Activity assays of DOPA356-â2 with R2, CDP, and ATP revealed
no deoxynucleotide formation; that is, the rate was 104-fold less
than that of intein-generated wt-â2,11 consistent with this proposal.
To examine this model further, stopped flow (SF) UV-vis
experiments were carried out. DOPA356-â2 and GDP in one syringe
were rapidly mixed withR2 and effector TTP from a second
syringe.12 The reaction was monitored at 305 nm (the reportedλmax

of DOPA• with ε ) 12 000 M-1 cm-1) and at 410 nm (theλmax of
Y122• with ε ) 3700 M-1 cm-1).13 As shown in Figure 2A, Y122•
(red) disappears, while a feature at 305 nm, proposed to be the
DOPA• (blue), grows in with similar kinetics. Analysis of the kinetic
traces in the reaction with GDP/TTP reveals a fast phase, followed
by a slow phase that can be fit to two single exponentials (Table 1,
Supporting Information). A point-by-point analysis of the new
species revealed the spectrum shown in Figure 2B. This spectrum
is identical to that previously reported13a for a DOPA•, except that

it is red-shifted by 10 nm, suggesting an effect of the protein
environment at theR2/â2 interface.

To provide further support for the structure associated with the
315 nm feature, an experiment under similar conditions to those
described above was carried out. The sample was frozen at 5 s and
examined by 9 GHz EPR spectroscopy;14a the resulting spectrum
is shown in Figure 2C and consists of contributions from unreacted
Y122• and a newly formed radical (red). Subtraction of 0.53 equiv
of Y122• (green) gives rise to a spectrum identical to that of a DOPA•
(blue).14b,c Together, the data in Figure 2 provide compelling
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Figure 1. Proposed pathway for radical initiation based on theR2/â2
docking model with DOPA inserted in place of Y356. The distance between
W48 and Y731 is based on the docking model.3a Other distances are from
structures ofR23a andâ29.

Figure 2. (A) Kinetics of DOPA• formation (blue) and Y122• disappearance
(red) with GDP/TTP. Black lines indicate fits to the data. (B) Point-by-
point reconstruction of the DOPA• spectrum. (C) EPR spectrum of the
radicals observed by reacting DOPA356-â2 with R2/GDP/TTP (red);
contribution to the spectrum by unreacted Y122• (green) and subtraction of
Y122•, yielding the DOPA• spectrum (blue).
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evidence for the first trapping of a redox-active residue in the radical
propagation pathway.

Two additional experiments were carried out to examine the
affect of substrate, GDP, and effector, TTP, individually. In the
former case, the kinetics are similar to that observed in the GDP/
TTP case (Table 1, 2nd row). In the latter case, a single, slow kinetic
phase is observed (Table 1, 3rd row).

Several controls were carried out to ensure that formation of
DOPA• is associated with the pathway for radical propagation
betweenR2 andâ2 (Table 1). In one control, DOPA356-â2 was
examined alone. In the second control, DOPA356-â2 andR2 were
rapidly mixed in the absence of substrate and effector, and in the
third control, met-DOPA356-â2 (DOPA356-â2 with its Y122• reduced
to Y122) and substrate were mixed withR2 and effector. No spectral
changes were observed in any of these cases. The formation of
DOPA• appears to be kinetically linked to Y122• loss and is only
triggered by the presence of substrate and/or effector.

The observed rate constants for the fast and slow phases of
DOPA• formation may be providing insight into the radical
propagation step. The rate constant for the slow phase is close to
the turnover number of intein-generated wt-â2 under similar
conditions. Thus DOPA• formation in the slow phase may be
reporting directly on the conformational gating event, which has
previously been postulated to be rate-determining in the reaction
of non-intein wt-â2.15 We suggest that the rapid phases are
substrate-mediated conformational changes that place∼50% of the
R2/â2 complex into an active conformation for turnover. Because
of the enhanced sensitivity of DOPA to oxidation, the radical
perhaps equilibrates within the aromatic residues ofâ2 and gets
trapped at 356. With effector alone, however, after 1 s, only∼10%
of the complex is in its active form. These results suggest that
substrate plays a major role in conformational gating. This
interpretation is consistent with experiments carried out on CDP/
ATP, CDP/TTP, and CDP alone, where regardless of the nature or
presence of the effector, similar kinetics of DOPA• formation are
observed (Table 1).

One puzzling observation remains unexplained: in all substrate/
effector reactions examined, only∼50% of total Y122• is consumed.
While at present we do not understand this result, it is in line with
results from a mechanism-based inhibitor and pulsed EPR studies,4

and pre-steady-state experiments monitoring dCDP15 and disulfide
bond16 formation inR2, all of which suggest that the active RNR
complex is asymmetric.

The studies reported in this contribution have provided the first
kinetically competent trapping of a redox-active residue in the
proposed radical propagation pathway. The requirement for the

presence of substrate and/or effector strongly implies pathway
dependence. The kinetic data provide the first information about
rate constants for conformational changes triggered by substrate
and/or effector binding. Further studies will establish if these
changes also provide insight into the asymmetry within the active
RNR complex.
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Table 1. Characterization of DOPA356-â2/R2 with Various Substrate/Effector Pairs by SF UV-vis and EPR

a The rate constants reported are the average of those measured at 410 nm for Y122• loss and at 305 nm for DOPA• formation. In the case of DOPA•, the
ε was calculated using the following:13a ε (305) ) ε (315) × (Abs305/Abs315). b Amp ) amplitude; the amount of Y122• trapped in each kinetic phase is
indicated as a % oftotal initial Y122• in SF and EPR experiments.c EPR quantitation was carried out using CuII as standard.d nd ) not determined.
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