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Ribonucleotide reductases (RNRs) catalyze the conversion of
nucleotides to deoxynucleotides in all organismshe Class |
RNRs contain two subunitsg2 and 2. Each subunit is a
homodimer and is required for activitg2 contains the binding
sites for NDP substrates and dNTP/ATP allosteric effectors which
govern substrate specificity and turnover r@@houses the diferric-
tyrosyl radical (Yi»») cofactor essential for radical propagation over
35 A between the two subunitsThis reversible long-range hole
propagation is thought to involve a pathway of conserved amino
acids and perhaps the diiron cluster:;§¥= Fe cluster= W=
Y356] within ﬁ2 to [Y731: Y730= Cyz0= nUC'eotide] withina.2.

We recently reported a method to mak&semisynthetically using
intein technology. This methodology has allowed us to study
radical propagation by site-specific incorporation of unnatural amino
acids® In one such construct, we replacegkywith 3,4-dihydroxy-
phenylalanine (DOPA) to generate DOPBR&-® While oxidation of
DOPA to a DOPA radical (DOP# by Y1,» is thermodynamically
favorable by 260 mVKeq = [Y-DOPAe]/[Y e-DOPA] ~ 2.5 x 10#

at 25°C),’ it occurs only when the second subuni, substrate
and/or effector are presehDuring the semisynthesis of DOPA-
2, a heterodimer of DOPA2 (DOPA{3f3') was produced in which
the S-monomer is full length (contains residues375 with DOPA

at residue 356) and th#-monomer is truncated (contains residues
1—-353 only, see Supporting Information Figure S1). We now report
that incubation of DOPABS" with a2, CDP, and ATP also results
in formation of DOPA concomitant with loss of Y. However,

in contrast to full length DOP#&32, DOPA-S(5' can reoxidize Yo,

to Y12, demonstrating for the first time reversible electron transfer
(ET) in the radical propagation chain.

The C-terminal 20 residues gfhave been shown to be largely
responsible for binding g82 to a2.82 Previous studies by Climent
et al. showed that a truncated heterodimer, in whictgtimonomer
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Figure 1. Kinetics of DOPA formation (blue) and Y,» disappearance
(red). Black lines indicate monoexponential fits to the déta.

for Y 1o with e = 3700 M~1cm~1).810 As shown in Figure 1, the
Y122 (red) disappears and DORAblue) grows in with similar
kinetics. The data can be fit to a single exponential witkof

1 + 0.2 s'%, which is similar to the rate constant for the slow
conformational change that gates radical propagdtiéRoint-by-
point reconstitution of the U¥vis spectrum of the new species
revealed almax at 315 nm (see Figure S3) similar to the DOPA
observed with DOPAB2. To confirm that the species is in fact
DOPAs-5f', an EPR spectrum was recorded subsequent to hand-
quenching the reaction in liquid Nat 5 s (see Figure S4). The
spectrum is identical to the one reported for DGR®R.S Thus,
DOPA34' can generate a DORAn a kinetically competent fashion
and requires the presencea?, substrate, and effectét.

A number of differences were found between the results with
DOPA-f' and those with DOPAS2 ¢ First, DOPA formation with
DOPA-32 was multiphasic withky,s of 38, 6.8, and 0.7, in
contrast to a single exponential at#1 0.2 st for DOPAS'.
Second, in DOPA3S', the yield of DOPA by UV—vis and EPR

was missing the last 30 amino acids, was incapable of making dCDPwas 244 1% and 264 2% of total Y12, respectively, whereas

in the presence ai2, CDP and ATP? In our intein wt heterodimer
construct '), in which the’-monomer lacks the last 22 residues,
we measured a specific activity25% that of the corresponding
intein wt homodimer §2). We therefore decided to investigate the
steady state and pre-steady-state reactions of D@PAvith o2,

with the homodimer, 47 and 49% of total e formed a DOPA.

The difference in kinetics between the two constructs suggests that
deletion of the C-terminal tail in th#'-monomer reduces confor-
mational flexibility in thea2/DOPA{' complex, but can preserve
the essential conformational change gating'EThe difference in

substrate and effector. Design of these experiments required athe extent of DOPAformation may be indicative of an asymmetric

knowledge of theK, for the interaction betweea2 and DOPA-
BB which we determined by the method of Climent et al. to be 11
uM (see Figure S25.

Activity assays of DOPABS' revealed no dCDP formation,
similar to results with the DOP&2 construcé® To examine the
ability of DOPA3(' to generate a DOPAstopped flow (SF) UV
vis experiments were carried out in which DOBA- and CDP in
one syringe were rapidly mixed with2 and ATP in a second
syringe. The reaction was monitored at 305 nm (the repdiitgd
of a DOPA with e = 12000 Mlcm™1), and at 410 nm (théax
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interaction between the two subunits

We next examined the fate of the DORATo increase the
sensitivity of our experiment to small changes inif¥] and
[DOPAs], we developed a new method to increase the amount of
diferric-Y12» in our constructs from~0.3 to 1.0-1.2 Y;,»S per
DOPA{32 or DOPASf'. These levels are similar to those observed
in recombinan{52 (see Figure S6). We then studied the stability
of the DOPA-(/3' generated from incubation of DOPA8'/a2
(each 2QquM) with CDP (1 mM) and ATP (3 mM) as a function of
time (Figure 2 and Table 1). The samples were hand quenched in
liquid Ny at 0.5, 2, 5, and 10 min, and the total amount of radical
as well as the distribution between;¥» and DOPA was

10.1021/ja0685607 CCC: $37.00 © 2007 American Chemical Society
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Figure 2. Fate of the DOPAin the DOPASS'/a2/CDP/ATP complex.
The reaction was initiated by mixing DOPAS'/CDP with a2/ATP and
guenched by hand-freezing in liquid,NEPR spectra were recorded after
0.5 min (blue), 2 min (red), 5 min (green), and 10 min (orange) of reaction
time. Results of the analysis of each spectrum are listed in Table 1.
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Table 1. Determination of the Changes in [DOPAs] and [Y122¢] in
the Reaction of DOPA-S4'/CDP with a2/ATP by EPR Methods

time? [spin]® %° %° [Y122s] [DOPAe]
(min) (uM) Yige DOPAs (uM) (uM)
0 22.3 100 22.3
0.08 22.0 72 28 15.8 6.2
0.5 21.8 73 27 15.9 5.9
2 19.8 83 17 16.4 3.4
5 19.6 87 12 171 2.3
10 18.8 >97 <3 >18.2 <0.5

of DOPAes-Sf' from a2/CDP/ATP. A unique conformation within
the population of DOPASf's leads to reverse ETk( Figure 3)
and re-formation of Y>» concomitant with loss of DOPA The
~30-fold weaker interaction betweer2/DOPAS(' relative toa2/
DOPA-32 is consistent with subunit dissociation prior to back ET
and with the failure to detect reverse ET with DOBA45

The results with DOPAGfS' are of interest for several reasons.
First, the amounts of DORAsuggest that the interaction of the
a2/p2 complex is asymmetric, in line with our recent observa-
tions %1314 Second, they indicate that carefully orchestrated con-
formational changes shift the equilibrium initially favoringoye
in DOPAS(', toward DOPA in the complex witha2, substrate
and effector. Finally, these results constitute the first direct
observation of reverse ET between residues 356 and 122 i the
subunit of RNR.
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Supporting Information Available: Purification of DOPASS', Ky
determination of DOPAG2 and DOPASS' for a2, reconstructed UV
vis and EPR spectrum of DORASS', reaction of DOPASS" with a2
in the absence of substrate and effector monitored by SF/and
EPR spectroscopies, UWis spectrum of DOPAZS" with 1.1 Yio»/
heterodimer, reaction of DOPAS’ with a2 and substrate/effector at
various subunit concentrations, and analysis of reactions of DOPA-
pp' and DOPAS2 with a2 and various substrate/effector pairs. This
material is available free of charge via the Internet at http://pubs.acs.org.

aReaction time? Radical content was 1.1 per DOR#. EPR spin
quantitation was performed using Cas standard: Spectral point-by-point
subtractions were performed using2%-DOPA3' as reference. The %
of Y120 and DOPA out of total spin at each time point is shown.

Y+-DOPA-BB/CDP + W2/ ATP—d Y+—-DOPA-Bp'/02/CDP/ATP
Y+-DOPA-BB_ | lkc
rY—DOPA--BB‘?Y—DOPA--BB‘/QZ/CDP/ATP
a 2/CDP/ATP L
Y-DOPA-BB'/a2/CDP/ATP

Figure 3. A model for loss of DOPA. Y«-DOPA{33'/0.2/CDP/ATP exists
in rapid equilibrium with Y%-DOPAA' and a2. Addition of CDP/ATP
triggers a conformational chande)(generating DOPAwithin the complex.
DOPAe can be quenched within the complekg)( or subsequent to
dissociation of DOPA3S" from o2/CDP/ATP (k). Quenching of the
DOPAe also occurs by re-forming ¥» via reverse ETK).

Y-DOPA-Bp'

determined. At 0.5 min, 27% of the total radical was present as
DOPAs, and 73% as Y,». By 10 min, <3% DOP/A remained,
but the amount of Y,» unexpectedly increased byl4% relative
to the 0.5 min signal. The experiment has been replicated five times
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studies, we conclude that 36 4% of the initially formed DOPA
is capable of regenerating: ¥» (k., Figure 3). The remaining 64%
is quenched by alternative mechanisrkgend K, Figure 3).

To examine the generality of this observation, experiments were
performed on DOPAGS" with GDP/TTP, UDP/ATP, and CDP
without effector, as well as on DOPA2 with CDP/ATP and CDP
alone (see Tables S156). While in all experiments DORAIS
observed, no increase in {¥s] occurred on quenching of DORA
Thus the conformation ai2/DOPAe-3f5' in the presence of CDP/
ATP is unique relative to all other combinations of protein,
substrate, and effector tested.

Our model to account for these observations is shown in Figure
3. It suggests that regeneration of,¥ occurs upon dissociation

DOPAs is observed in DOPAB#' alone by UV-vis or EPR. Further, when
DOPA-3f" is mixed witha2, in the absence of substrate and effector, no
Y12 decay or DOPAformation is observed by SF or EPR spectroscopies
(see Figure S5).

Our previous studies withgNDP (ref 14) as well as with DOPA&2 (ref

6) have suggested an asymmetry in &®#32 interaction. With DOPA-
B, additional asymmetry is provided by removal of the last 22 residues
in the 5'-monomer. A model to account for differences in the yield of
DOPAs between DOPA32 and DOPASS' will be described in detail
elsewhere (manuscript in preparation).
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This model also provides an explanation for how 25% D©PB#n be
generated with similak.ps regardless of the amount a2/DOPASS'
complex initially formed (see Figure S7). Generation of DORAIfts

the equilibrium to the right driving the reaction to completion. Because
of fast equilibration Kg), the rate of DOPA formation is limited bykc.

JA0685607

(13)

(14
(15)

J. AM. CHEM. SOC. = VOL. 129, NO. 8, 2007 2227





