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ABSTRACT: E. coli ribonucleotide reductase (RNR) catalyzes the conversion of nucleoside diphosphates
(NDPs) to dNDPs and is composed of two homodimeric subunits: R1 and R2. R1 binds NDPs and contains
binding sites for allosteric effectors that control substrate specificity and turnover rate. R2 contains a
diiron-tyrosyl radical () cofactor that initiates nucleotide reduction. Pre-steady-state experiments with
wild type R1 or C754S/C7598R1 and R2 were carried out to determine which step(s) are rate-limiting
and whether both active sites of R1 can catalyze nucleotide reduction. Rapid chemical quench experiments
monitoring dCDP formation gavieysof 9 & 4 s~ with an amplitude of 1.7 0.4 equiv. This amplitude,
generated in experiments with pre-reduced R1 (3 oul¥® in the absence of reductant, indicates that

both monomers of R1 are active. Stopped-flow this spectroscopy monitoring the concentration of

the Y failed to reveal any changes from 2 ms to seconds under similar conditions. These pre-steady-state
experiments, in conjunction with the steady-state turnover numbers for dCDP formatierldf<2! at

RNR concentrations of 0.690.4 uM (typical assay conditions), reveal that the rate-determining step is

a physical step prior to rapid nucleotide reduction and rapid tyrosine reoxidation. tBt&ady-state
experiments conducted at RNR concentrations of 3 angMbtypical of pre-steady-state conditions,
suggest that, in addition to the slow conformational change(s) prior to chemistry, re-reduction of the
active site disulfide to dithiol or a conformational change accompanying this process can also be rate-
limiting.

Ribonucleotide reductases catalyze the reduction of ribo- Scheme 1
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adenine dinucleotide phosphate; NDP, nucleoside diphosphate; PCET,radlcal (Y) cofactor. The class Il RNRs use adenosleObal'

proton-coupled electron transfer; RNR, ribonucleotide reductase(s); amin (AdoCbl), and the class Il RNRs use a glycyl radical,
RTPR, theL. leichmanniiclass Il RNR; § thiyl radical; SA, specific generated by a process that requires an-fFecluster and
activity; SF, stopped-flow; TEAB, riethylammonium bicarbonate; TR, g_5denosyl methionine. The mechanism of nucleotide reduc-
thioredoxin; TRR, thioredoxin reductase; TTP, thymidirieriphos- - ] .
phate; UDP, uridine 'sdiphosphate; wt, wild type; ¥ tyrosyl radical; tion of the class | and Il RNRs has been studied extensively

1 U, is one nmol/min. (Scheme 1)1). In contrast to the class Il RNRZ-{12), the
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rate-limiting step or steps in the catalysis of the class | Scheme 2

enzymes have yet to be identified. Steady state and pre- a.model proposed by Erickson
steady-state experiments have been undertaken and are nov
presented in an effort to elucidate unresolved kinetic issues.
Defining the rate-limiting step(s) in the class | RNR from
Escherichia coliis essential in designing experiments that
elucidate the mechanism of radical initiation in these
enzymes.

TheE. coliclass | RNR is composed of two homodimeric
subunits: R1 and R2. The active form of the protein is
proposed to be a 1:1 complex of these suburii (4).
Nucleoside diphosphate (NDP) reduction takes place on the
large subunit R1, which contains five conserved, essential  «p»
cysteines per monomel%—20). R1 also contains at least
two, and possibly three, types of allosteric effector binding
sites that regulate enzyme activity and substrate specificity
(21—24). R2 contains a stable and essential rédical
(residue 122), which is adjacent tareoxo bridged diferric
cluster. R2 as isolated contains ©8.3 Y*s per dimer. The
unusual stoichiometry of %per R2 raises issues as to whether
both monomers of dimeric R1 are catalytically active. During
catalysis, Y122on R2 is thought to function as a radical
chain initiator by generating a*$n C439 of R1 via a
proposed long-range proton-coupled electron transfer (PCET)
pathway @5, 2. The S of C439 in turn is proposed to
abstract the ‘hydrogen atom from substrate NDP and initiate
nucleotide reduction chemistry (Scheme 19)( Two R1
active site cysteines, C225 and C462, provide the reducing g, i‘z’j
equivalents by forming a disulfide bond concomitant with ~ *
deoxynucleotide formation16—18). Two additional cys-
teines located at the C-terminus of R1, C754 and C759 (not
shown in Scheme 1), are required for the reduction of active
site disulfide by thioredoxin (TR) or glutaredoxithg). The intramolecular and intermolecular disulfide interchanges
structures of R1 determined crystallographically reveal that between the C-terminal cysteines and the active site cysteines
the C-terminus of R1 (the last 24 amino acids) is thermally are rapid relative to the rate of dCDP formation.
labile (6, 25), leaving open the question of the mechanism 14 getermine which step or steps are rate-limiting and
by which this tail, containing C754 and C759, interacts with \hether the active site in each monomer of R1 is active, we

the active site to re-reduce the C225462 disulfide and  h5ye carried out steady-state and pre-steady-state studies in
with thioredoxin to reduce the C754759 disulfide.  \yhich gCDP formation has been monitored by rapid chemi-
Structures of R2 are also availabl@7( 28). There is, cal quench experiments and the changes in theave been
however, no_structure of_ any_R_l_R_Z complex, which leaves monitored by stopped-flow (SF) UWis spectroscopy.

the mechanism of radical initiation by the®Yof R2 These studies suggest a model that differs substantially from
unresolved. A docking model based on shape complemen-y4; of Erickson (Scheme 2B). Evidence is presented on the

tarity between R1 and R_2 and extensive biochemical datay5qis of experiments with wild type (wt) R1 and the C754S/
suggests that Y122f R2 is located 35 A away from C439 C759S double mutant of R1, which suggest that both

of R1 (25). Understanding the basis for this radical initiation monomers of R1 are active and that. while disulfide
requires an understanding of RR2 interactions and which interchange between the active site cysteines and the

step or steps limit nucleotide reduction. peripheral cysteines may occur rapidly, only two dCDPs are
_ While our work was in progress, Erickson reported the rodyced in a kinetically competent fashion in the absence
first pre-steady-state experiments to investigate the kinetic of external reductants. Additional studies are presented that
mechanism oE. coli RNR (29, 30. Polyclonal antibodies  gggest that the rate determining step in the class | RNR is
were generated that recognized peptides containing C225 and, physical step gating long-range radical initiation between
the peripheral cysteines (C754 and C759). The antibodiesry and R1, and/or re-reduction of the active site disulfide.

were used to analyze rapid chemical quench samples for thq:inally, our studies suggest that thedf R2 is reduced and
rate of formation of the active site and peripheral disulfides. yidized on each turnover.

These studies led to the model summarized in Scheme 2A.

This model requires that only one of the two monomers of pATERIALS AND METHODS

R1 is active and that the active site cysteines of one monomer

that become oxidized during dCDP formation can be Materials. [2-1%C]-Cytidine (250 «Ci, 55 mCi/mmol,
re-reduced by the peripheral cysteines on either of the R199.2% pure) was purchased from Moravek Biochemicals
monomers. The model further predicts that 3 equiv of ACDP (MC128, lot #146-229-055). Triethylamine (99% pure) was
are produced in a single-exponential phase and that bothavailable from AcrosN-(2-Hydroxyethyl)piperaziné¥'-(2-
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ethanesulfonic acid) (HEPES) was purchased from US TEAB. [*“C]-CDP eluted at 0.35 M TEAB. The pooled
Biochemicals. 1,4-Dithiothreitol (DTT) was purchased from fractions were evaporated to dryness, redissolved in 1:1
Mallinckrodt. DEAE Sephadex A-25 was purchased from mixture of ethanol and kD, and re-evaporated3 times to
Pharmacia. Boronate Affi-Gel 601 and Dowex AGx18 remove TEAB. }*C]-CDP (max = 269 nm,Amin = 247 nm)
were purchased from Bio-Rad. Myokinase [M3003, specific was redissolved in 1.2 mL of 20 mM HEPES, 6 mM Mg$0
activity (SA) = 1750 U/mg], cytidine, ATP, dATP, CDP, 0.4 mM EDTA, pH 7.6, and loaded onto a Sephadex G-25
B-NADPH, EDTA, hydroxyurea, and other chemicals were column (1.5x 20 cm) equilibrated with the same buffer.
purchased from Sigma. Calf intestine alkaline phosphataseFractions containingfC]-CDP were pooled, evaporated, and
was purchased from RochE. coli TR was isolated from  redissolved in 1.5 mL of kD to give 18.1umol (65% yield,
strain SK3981 and later pTrX BL21 (DE3) and has a SA of SA 1.80 x 10* cpm/nmol) in 360 mM HEPES, 108 mM
40 unitsmg* (31, 32). E. colithioredoxin reductase (TRR) MgSQ,, 7.2 mM EDTA, pH 7.6. Judging from &max of 270
was isolated from strain pMR14 K91 and has a SA of 1600 nm and almi, of 249 nm, little dADP, if any, was present in
unitsmg! (33). E. coli R1 was purified as previously the final }4C]-CDP. The product was analyzed by HPLC
described34) and has a SA of 12663000 nmoimin—t-mg? on a Partisil 10 SAX column (Whatman, 4>6 250 mm).
using a spectrophotometric assay as previously described**C]-CDP constituted 90.5% of total radioactivity. A late
(35). R1 concentration was determined usiagp nm = 189 migrating peak accounted for another 8.2% of radioactivity.
mM~t-cm™L. Pre-reduced R1 was generated by incubation Before use, nonradioactive CDP was added to give a final
of 1060 uM R1 with 20 or 30 mM DTT for 20 min at 25  SA of 4000-8000 cpm/nmol.
°C. At the end of incubation, hydroxyurea was added to final ~ Y* of R2 Monitored by SF-UV/Vis Spectroscofyperi-
concentration of 20 mM, and the reaction mixture was ments were performed on an Applied Photophysics SX.18MV
incubated for another 5 min. This procedure is required to SF-UV/Vis instrument equipped with a Xenon arc lamp and
reduce the Yin the trace amounts of R2 that always co- a Lauda RM6 circulating water bath (Brinkmann). The Y
purifies with R1. R1 was then desalted on a Sephadex G-250f R2 was monitored at 404, 410, and 414 nm atQ4using
column. Preoxidized R1 was prepared as previously de-a A4 nmdropline formula Puiodrop= Aa10 £ ((2 x Asosa+ 3
scribed 84). E. coliR2 was isolated as previously described x A414/5)] as previously described3®). In a typical
and has a SA of 50088000 nmoimin~t-mg* (36). R2 experiment, syringe A contained 3M R1, 3.2 mM ATP,
concentrations were determined usiagy nm = 130.5 2.0 mM CDP, and was mixed with an equal volume of
mM~t-cm™ and typically contained 0:91.3 equiv of ¥ per solution from syringe B that contained 301 R2 (1.1-1.3
dimer. All R1 and R2 concentrations are reported per dimer. Y*) in 50 mM HEPES (pH 7.6), 15 mM MgSP1.0 mM
Preparation of [23C]-CDP.[2-1C]-CDP was synthesized EDTA. The effect of reductant was measured in a second
enzymatically from [2Y“C]-cytidine using human deoxy- set of experiments. Syringe A contained 2.0 mM NADPH
cytidine kinase (dCK) and myokinase. The expression vectorin addition to the contents listed above, while syringe B
for human dCK was a gift from Dr. Stefan Eriksson. Human contained 25:M TR and 5.0«uM TRR in addition. The
dCK (SA = 150 nmotmin~'-mg') was isolated as previ- effect of the allosteric effector was examined in a third set
ously described37). [2-1%C]-Cytidine (250uCi, 55 mCi/ of experiments. Syringe A contained 6:M R1, 33uM R2
mmol, 4.5umol) was diluted with 23..xmol of cytidine to (1.2 Y*), and the contents were mixed with the solution from
a SA of~20 000 cpm/nmol. The dCK reaction contained in syringe B containing 2.2 mM CDP but no ATP in 50 mM
a final volume of 28.0 mL: 1.0 mMYC]-cytidine (250uCi, HEPES (pH 7.6), 15 mM MgS©1.0 mM EDTA. Similar
28.0 umol), 2.0 mM ATP, 0.50 mg/mL bovine serum experiments were carried out at’€ and 12°C and at pH
albumin, 2.0 mM DTT, and 3.1 mg human dCK in 50 mM 6.6. In addition, experiments were carried out with UDP (2.0
Tris-HCI, 100 mM KCI, 5 mM MgC}, pH 7.6. The reaction =~ mM) and 0.09 mM TTP, with ADP (1.0 mM) and 0.1 mM
was incubated at 37C for 3 h. The mixture was then loaded dGTP, with [3-2H]-UDP, and in the presence of,D.
onto a DEAE Sephadex A-25 column (25610.3 cm) and dCDP Formation Monitored by Rapid Chemical Quench.
eluted with a 425x 425 mL linear gradient of 0:20.6 M Rapid chemical quench experiments were performed at 25
triethylammonium bicarbonate, pH7.2 (TEAB). Fractions °C on a KinTek RQF-3 instrument equipped with a Lauda
containing [4C]-CMP were pooled and evaporated to dryness RM6 circulating water bath. The mixing conditions are
to remove TEAB. Conversion of CMP to CDP was carried summarized in Table 1. Experiments were performed at final
out in a final volume of 28.0 mL containing 1.0 m\¥C]- concentrations of 1aM R1, 15-33uM R2, 1.6 mM ATP
CMP (SA 1.75x 10* cpm/nmol), 24.5 mM dATP (pH  (or 3uM R1, 6 uM R2, 3 mM ATP), and 1.0 mM¥C]-
readjusted to 7.5), and 4000 units of myokinase (2.3 mg) in CDP in 50 mM HEPES, 15 mM MgSQ1.0 mM EDTA,
80 mM Tris-HCI, 40 mM KCI, 10 mM MgdC, pH 7.5. The pH 7.6. Under multiple-turnover conditions, TR, TRR, and
reaction proceeded for 30 min at 3¢ and was then diluted  NADPH were included to give final concentrations of 40
with 1.0 M TEAB, pH 9.0, to~100 mL (~0.7 M TEAB uM, 0.8 uM, and 1.0 mM, respectively. In a separate
final), before loading onto a Boronate Affi-Gel 601 column experiment, the role of the allosteric effector was tested by
(2.5 x 9.3 cm, binding capacity o#0.70 umol/mL) omitting ATP. Typically 28 or 4Q«L from each syringe were
preequilibrated with 1.0 M TEAB, pH 9.0. The column was mixed and quenched with 197L of 2.0% HCIQ. The
washed with 4 column volumes of the same buffer and then reaction time varied from 5.0 ms to 5 min. The zero time
eluted with CQ-acidified HO. Fractions containing radio-  point was generated by placing buffer in syringe B. Triplicate
activity were pooled and evaporated to dryness to removeruns were performed for each time point. Immediately after
TEAB. The residue was redissolved in 50 mM TEAB, loaded quenching, 0.4 M KOH (18%L) was added to neutralize
onto a DEAE Sephadex A-25 column (2610.3 cm), and each solution. Samples were maintained on ice until the
eluted with a 400x 400 mL linear gradient of 0:20.6 M completion of the entire time course. At this time, calf
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Table 1: Mixing Conditions and Results of Rapid Chemical Quench Experiments

dCDP/R1, dCDP/R1, burst phase
exp. syringe A syringe B before exp  after exp Kobs amplitude
1 6uM R1, 6.0 MM ATP, 2.0 mM 12.0uM R2 (1.2 Y 3.122.8¢ ND 10.3s!  2.16 equiv
[*C]-CDP
2 30uM R1, 3.2 mM ATP, 2.0 mM 30uM R2 (0.9 Y) 3.123.2 3.2 6.5st ND
[*C]-CDP
3 30uM R1, 3.2 mM ATP, 2.0 mM 65uM R2 (0.9 Y% 3.0,2.9 2.8 8.0s! 1.55equiv
[*“C]-CDP
4 30uM R1, 3.2 mM ATP, 2.0 mM 60uM R2 (1.0 Y*) 3.423.0 3. 16.5s! 1.88equiv
[*4C]-CDP
5 30uM R1, 30uM R2 (0.9 Y*), 40uM 3.2 mM ATP, 2.0 mM }4C]-CDP, ND ND 52s! ND
TR, 1.6uM TRR, 2.0 mM NADPH 40uM TR
6 30uM R1, 3.2 MM ATP, 2.0 mM 65uM R2 (0.9 ¥*), 80uM TR, ND ND 6.1st 1.34 equiv
[*4C]-CDP, 2.0 MM NADPH 1.6uM TRR
7 30uM R1, 30uM R2 (1.0 Y*) 3.2 mM ATP, 2.0 mM }4C]-CDP 3.623.2 2@ 44s' ND
8 30uM R1, 3.2 mM ATP 3uM R2 (0.9 ¥), 2.0 mM 4C]-CDP 3.2 2.8 6.4st ND
9 30xM R1, 30uM R2 (0.9 ¥*), 200uM 2.0 mM [%C]-CDP 3.0,3.h 2.9 42s! ND
TTP
10  30uMR1, 2.0 mM [“C]-CDP 651uM R2 (0.9 Y 2.5 ND 2.2s!  1.35equiv
11 30uM R1 C754S/C759S, 3.2 mM ATP, 60uM R2 (1.2 Y*) 1.7 ND 20.9s!  1.90 equiv
2.0 mM [C]-CDP
12 1.7 1.9 20.0s!  1.48 equiv
13 30uM R1 C754S/C759S, 3.2 mM ATP, 3MR2(1.2Y) 2.1,2.00 18,16 125s!' 1.37equiv
2.0 mM [14C]-CDP 1.4
2.0,1.8

aHand quench? Equal volumes of samples from each syringe were mixed and quenched on rapid chemical quench apfarapie.quenched
on rapid chemical quench apparatus after 10 min. ND, not determined.

intestine alkaline phosphatase (20 U) and 400 nmol of carrier NADPH. The concentrations of TR and TRR were chosen

deoxycytidine (dC) in 1.0 M Tris-HCI, 10 mM EDTA, pH

such that the rate of NADPH consumption using the

8.5, were added to each sample to give a solution of 100 spectrophotometric assay under identical conditions was

mM Tris-HCI, pH ~ 8. The mixtures were incubated at 37

saturated with regard to TR and TRR. Equal volumes of

°C for 2 h. dC and cytidine were separated on Dowex-1 solution from each syringe were rapidly mixed, and samples

borate columns by the procedures of Steeper and St@%art (
One mL of the 12 mL eluent was mixed with 9 mL of
Emulsifier-Safe scintillation fluid (Packard) and analyzed for
radioactivity on a Beckman LS 6500 Scintillation Counter.

Preparation and Characterization of C754S/C75%8L.
C754S/C759S5R1 was purified as previously described from
BL21(DES3) containing pMJ1 C754S/C7598g]. A typical
assay contained in a volume of 0.46 mL: 4N R1 C754S/
C759S, 5.uM R2, 1.6 mM ATP, 1.0 mM J*C]-CDP, and
20 mM DTT in 50 mM HEPES (pH 7.6), 15 mM MgSQO
1.0 mM EDTA. Aliquots (10QuL) were taken from O to 15
min and quenched by immersion in a boiling water bath.
The C754S/C759SR1 mutant exhibited a SA of 4659
nmokmin~t-mgt. Wt R1 under the same conditions exhib-
ited a SA of 83-95 nmotmin~t-mg . In the absence of
any external reductant, pre-reduced C754S/C#3R8 pro-
duced 1.4-1.7 equiv of dCDP after 5 min incubation with
equimolar R2, 1.6 mM ATP, and 1.0 mM*C]-CDP under
conditions identical to those used in the assay.

dCDP Formation with C754S/C7598R1 Monitored by
Rapid Chemical QuenctRapid chemical quench experi-
ments were carried out with C754S/C75981, ATP, and
[*“C]-CDP in syringe A and R2 in syringe B. The final
concentrations were 1oM C754S/C7595R1, 15uM R2
(1.1 Y*), 1.6 mM ATP, and 1.0 mM¥C]-CDP in 50 mM
HEPES buffer (pH 7.6), 15 mM MgS»1.0 mM EDTA.

were quenched and analyzed as described above.

Data Analysis.Curve fitting was performed using the
program KaleidaGraph. For data points between 0 and 400
ms, product formation in the absence of external reductant
(single turnover conditions) was fit with a single-exponential
functiony = A x [1 — exp(—kopd)], whereA represents the
amplitude andkgps is the observed rate constant. For data
points collected over a-05 min time course, data were fit
with a double exponential function= A; x [1 — exp(—
kit)] + Az x [1 — exp(—kat)] + ¢, whereA; andA, represent
amplitudesk; andk; are the rate constants for each kinetic
phase, and is a constant. Under multiple turnover condi-
tions, product formation was fit with the equatigr= A x
[1 — exp(—kopd)] + Kineart + C, wherekinear is keat for the
steady-state turnover aradis a constant. Rates of product
formation with preoxidized R1 were fit using the program
Dynafit (40) and the kinetic mechanism in Figure 1. The
best fit to the lag phase required a minimum of two slow
steps for the re-reduction of the active site disulfide.

Activity of R1 and R2: Eidence for Y Reduction and
Reoxidation on Each Turner. The turnover numbers of
R1 and R2 were determined independently using the coupled
assay withE. coli TR and TRR monitoring NADPH
consumption at 340 nm at 2%. R1 (0.0%3.0 uM) was
assayed with a 5-fold molar excess of R2. Conversely, R2
(0.01-2.0uM) was assayed with a 5-fold excess of R1. All

Samples were quenched and analyzed as described abovessay mixtures contained in a volume of 0.35 mL: 1.6 mM

dCDP Formation with Preoxidized R1 Monitored by Rapid
Chemical QuenchSyringe A contained 3@M preoxidized
R1, 654M R2, and 5.0uM TRR, and syringe B contained
3.2mM ATP, 2.0 mM {*C]-CDP, 250uM TR, and 2.0 mM

ATP, 1.0 mM CDP, TR, TRR, and 1.0 mM NADPH in 50
mM HEPES (pH 7.6), 15 mM MgS©1.0 mM EDTA. TR
and TRR were 40 and 1.6M, respectively, when the
concentrations of R1 and R2 were in the range of 0.01 to
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Ficure 1: Proposed kinetic mechanism of tBecoliclass | RNR.

(E) and [E] represent two different enzyme conformations of RNR,
the latter being the “active” conformation. SH represents C439 on
R1, Y* represents Y122 on R2. Step K4 from the work of von
Dobeln and Reichardbg). Step 2, this work. Steps 3 and 4, modeled
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using TR/TRR/NADPH or DTT as reductant. In an effort to
slow the chemistry, [3°H]-UDP was used as a substrate,
experiments were carried out in,O, and the pH of the
reaction mixture was lowered to 6.6 (at this pH, the rate of
RNR is 30% of that at pH 7.6). The reaction temperature
was also varied from 2 to 25C (41, 42). No changes in the

Y* were detected under any of these conditions. The simplest
model that accommodates inability to detect changes in the
Y* concentration is that a physical step prior to radical
initiation is rate-limiting and that Yreduction, the nucleotide
reduction chemistry, and Y reoxidation are all rapid (Figure
1). Thus, even though the* ¥ reduced and reoxidized, this
change is kinetically invisible. This model further predicts
that the rate constant of disulfide formation and dNDP
formation in the pre-steady state should be identical to each

rate constants are required to account for our inability to detect other [limited by the conformational change(s)] and to the

any changes in the *Ysignal (<5%), the lack of aVnyax isotope
effect on nucleotide reduction, and V/K isotope effects observed
with [3'-°?H]-NDP as substrate4(). Step 5, the irreversibility of
this step is based on studies from Stubbe etdd). (Step 6, the{y
from the work of Allard et al. 49). The rate constants given in

rate constant for deoxynucleotide formation in the steady
state Keay.

Quality Control of the Reduction State of R1 during Pre-
Steady-State Rapid Chemical Quench Experimd&gfore

parentheses are representative values that are able to account fasmbarking on measurement of deoxynucleotide formation

the experimental data using kinetic simulatio65)(

0.2 uM. At higher RNR concentrations, TR and TRR
concentrations were scaled proportionally. At 2/ R1,
15uM R2, TR and TRR concentrations were 600 and 24
uM, respectively. When the reaction was too fast to be
monitored by hand mixing, NADPH consumption was
measured by SF-UV/vis spectroscopy at°Zh

RESULTS

in the pre-steady state, the sensitivity of the active site (C225,
C462) and peripheral cysteines (C754, C759) in R1 to
spontaneous oxidation was determined. An experiment in
which R1 had been pre-reduced and no external reductant
was added (single turnover conditions) could yield up to 4
dCDPs when incubated in the presence of R2 and CDP.
Experimentally, we found that only 3:(8.5 dCDPs are
generated, possibly due to our inability to completely reduce
R1, folding problems with recombinant R1, or the sensitivity

Pre-Steady-State Experiments Monitoring Changes in the of the catalytic cysteines in R1 to oxidatioh8j. A set of

Y. Our efforts to understand radical initiation in the class |

control experiments to monitor oxidation therefore ac-

RNRs, that is, PCET, requires an understanding of which companied each pre-steady-state experiment described in the

step (or steps) are rate-limiting in this system. Our favored

following sections. Formation of dCDP was monitored in

mechanistic hypothesis for the class | RNR is developed from the beginning and upon completion of each set of experi-
the structural and functional congruence of the class | and ments. A typical set of rapid chemical quench experiments

I RNRs and their similar turnover numbers<{20 s1). The
Lactobacillus leichmanniRNR is monomeric and uses NTPs

can take up to 1 h. The results of many experiments are
summarized in Table 1. They demonstrate that, at the start

as substrates. Mechanistic studies using site-directed mutantf an experiment, usually as soon as R1 is pre-reducest, 2.8
mechanism-based inhibitors, and the normal substrate with3.5 equiv of dCDP is observed, and at the end of a set of
the wt enzyme have established striking similarities between experiment, 2.8 3.0 equiv of dCDP is observed. Thus R1,

this class Il RNR and th&. coli class | RNR. In thel.
leichmanniiRNR, the rate-limiting step has been established

as we have observed, is never in the completely reduced state,
and 16-20% oxidation can occur over the course of a

as the re-reduction of the active site or peripheral disulfides chemical quench experiment. Similar experiments were

or a conformational change associated with these s#ps (
Furthermore, in this class Il RNR, the homolysis of the
carbon-cobalt bond of AdoChbl (the radical initiator) and
its re-formation was readily observedfarenof 250 st and
30 s1, respectively) 7T—12). Thus, if the class | RNR

carried out with C754S/C759R1 (Scheme 2) in which a
theoretical maximum of 2 dCDPs could be generated. The
results showed 142.0 equiv of product formation before
an experiment and 1-61.9 equiv at the end of an experiment
(Table 1). Thus the peripheral cysteines (which are mutated

behaves in a similar fashion, one might expect to observein C754S/C759SR1) appear to be more sensitive to

the disappearance and re-appearance of theorY R2

oxidation relative to the active site cysteines. Finally, the

(Scheme 1). This radical is detectable by electron paramag-number of dCDPs generated by R1 in these control experi-
netic resonance (EPR) spectroscopy and by visible spectrosiments (that is, over extended incubation times) should not
copy, as it has a sharp absorption feature at 410 nm. Bothbe confused with our kinetic model in which dCDPs are
spectroscopic methods are amenable to monitor changes irmonitored on millisecond to second time scale.

its redox state. We chose to use SF-vis methods to monitor

changes in the ¥in the pre-steady state under a wide range
of conditions. No changes in the Were observed between

An additional quality control issue should be noted.
Despite the fact that R2 is a homodimer, the recombinant
protein isolated in many different labs contains 0.9 to 1.3

2 ms and minutes regardless of the substrate (UDP, CDP,Y"s. The number of radicals per dimierzivo is unknown.
ADP) used, or whether the appropriate allosteric effector This stoichiometry has implications, as noted above, in any

(ATP, TTP, dGTP) was present (data not shown). In addition,

model for an R+R2 complex and its ability to produce

no changes were observed under multiple turnover conditionsdNDPs in a single turnover (no external reductant).



10076 Biochemistry, Vol. 42, No. 34, 2003 Ge et al.
A. 20
2.0 T T T T LR B T T
L] ]
= 15[
g q
-1 [+ 4
& ]
5 2 1.0
8 3]
o ©
= o
o w
w 0.50
Y
;. 0. L 1 L 1
e T T S P 0.0 1.0 20 30 4.0 5.0
0.0 0050 010 015 020 025 030 0835 040
Time / sec Time/ sec
B. 35 : . : - : Ficure 3: Rapid chemical quench experiments monitoring dCDP
[ 1 formation in the absence of effector ATP using wt RNR. Final
i 1 concentrations were 1M R1, 33uM R2, and 1.0 mM CDP. The
3.0r . {: data were fit to a single-exponential function (solid line), giving a
: o - ¢ kops Of 2.2 st and an amplitude of 1.35 equiv
L [ ] 4
= 25 — . .
g i ] ° ] absence of the reducing system (TR/TRR/NADPH) did not
E [ ] significantly affect the rate constant of this phase (Table 1,
- 20r ¢ ] compare exp 24 and 5, 6). Furthermore, similar rate
g ; ° constants were measured au8l (10 s'%, Table 1, exp 1)
a 15F e ] and 154M enzyme concentrations (@ 5 s'%, Table 1, exp
3_ i ] 2—6) within the range of error. Additional experiments
& 10f ° ] carried out in the absence of effector ATP gé&ygof 2 st
i 1 (Table 1, exp 10 and Figure 3). The rate constants for dCDP
0.50[ ] formation in these experiments are very similar to the
A ] turnover number of RNR in the presence of effectqy: of
006 e+ et tieil vt 10 st and 14 s?, Figure 6) and in the absence of effector
1 10 100 1000 10 10° (keat Of 2 s71) Obtained from steady-state experiments under
Time / msec standard assay conditions (0-68.4 uM). The similarities

, ) , o in the rate constants for dCDP formation between the pre-
Ficure 2: Rapid chemical quench experiments monitoring dCDP

formation using wt RNR. (A) dCDP formation in the pre-steady .Stea.d.y'State and Steady-s',tate experlm.en'ts, as W.e.‘” as our
state under conditions described in Table 1: exp 1, orange triangles;nability to detect changes in the Mnder similar conditions,
exp 2, blue diamonds; exp 3, green squares; and exp 4, red circlessupport the model that a conformational step prior to radical
(B) Reaction carried out for a longer time period (note the initiation and the chemistry is rate-limiting.
logarithmic time scale). dCDP formation in the pre-steady state  Ccgn Effectors or Substrate Gate the Conformational
under conditions in Table 1, exp 4. Changes that Limit dNDP FormatioriPbinding of substrate
or an allosteric effector (ATP or TTP) to the R1R2 complex,

dCDP Formation under Pre-Steady-State Conditions. or R2 binding to R1 is slow, then different kinetics of dCDP
Having established the maximum number of dCDPs that canformation could be observed in the pre-steady state under
be generated by RNR, experiments to monitor dCDP different mixing conditions. The results of several experi-
formation on millisecond to second time scale have been ments to test this hypothesis are presented in Table 1 (exp
carried out. If the rate-limiting step precedes deoxynucleotide 1—9). Similar rate constants were observed under all mixing
formation, then the rate of product formation should be conditions, given the error in the data. The similarities in
governed by this step and be the same as the steady-statthekqsprovide the first indication that the rate-limiting step
kear If, instead, the rate determining step occurs after the occurs after the assembly of the RR2—substrate ternary
nucleotide reduction chemistry, then the pre-steady-state ratecomplex, or the quaternary complex of RR2—effector-
of dCDP formation should be faster than the rate measuredsubstrate. These results further support a rate-limiting con-

in the steady state. Rapid mixing of R1, ATP, adtC]-
CDP with an equal volume of solution containing R2 (6.9
1.3 equiv of ¥) gave results shown in Figure 2A. Analysis

formational change required to trigger PCET. Unfortunately,
steady state kinetic experiments using a coupled spectro-
photometric assay with TR, TRR, and monitoring NADPH

of multiple data sets using many different preparations of consumption, are sufficiently complex that the order of

enzymes gave a rapid phase of dCDP formation Vjthof
9 + 4 stand an amplitude of 1.F 0.4 equiv of dCDP per
R1 dimer (Table 1, average of exp-f). The presence or

addition and dissociation of all the components cannot be
determined [Chalfoun and Stubbe, unpublished results, and
Thelander 43)].
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Multiphasic Kinetics of dCDP Formation under Single [T
Turnaver Conditions.As noted above, pre-reduced R1 in o0 b ® H i
the absence of external reductant, when incubated with R2 I 1
and CDP for 5 min gave rise to 2-:8.5 equiv of dCDP. In
the rapid phase (200 ms, Figure 2A) of the pre-steady-state
experiments, however, only 147 0.4 equiv of dCDP (Table
1, Scheme 2B) was formed. Thus experiments were carried
out for a longer time period to look for the missing dCDPs.
In the absence of any external reductants, a second kinetic
phase, or phases, with an amplitude of 0.8 equiv of dCDP
was observed, giving a total of 3 0.2 equiv (Figure 2B).
The number of 3 dCDPs agrees with our control experiments
(Table 1) and earlier studies by ThelandéB)( As noted
above, oxidation of R1, or inability to completely reduce
R1, is likely responsible for the observed stoichiometry. The
scatter in the data makes it impossible to obtain a good rate
constant for the slow phase; however, the rate constant (on 0.0 '
the order of 0.19!) is clearly much slower than the steady- 00 0050 010 015 020 025 030 035 040
statek.q; Of 1.0 s observed at the same enzyme concentra- Time / sec
tion (15 uM) [note, as discussed subsequently, that the figure 4: dCDP formation in the pre-steady state using C754S/

turnover numbers for dCDP formation vary with the con- C759S-R1. In the rapid chemical quench experiments, C754S/
centration of R1 and R2 in an unusual fashion]. Thus C759S-R1, ATP, and CDP were mixed with an equal volume of

nucleotide reduction in this phase(s) is not kinetically R2 to give final concentrations of 1aM C754S/C759SR1, 30
competent for normal catalysis. The observation of a rapid ’S‘un;‘is(;T:fgelé" g)r(geilt’ri;endgfe"sgl,els_)é %,\ﬁﬁ? éﬁépl.lOtht?\IAugDpl
phase of deoxynucleotide formation followed by a second
slow kinetic phase is very similar to the results of analogous of the reducing system TR/TRR/NADPH, a linear phase with
experiments carried out with the monomericdeichmannii a rate constant of 0.9°%follows the rapid phase (Figure
RNR. This enzyme (structurally homologous to the class | 5A). The rate constants for the rapid phase in both experi-
RNR) (44) also possesses two pairs of redox cysteines perments are identical within experimental errors (Table 1). The
polypeptide chain. In the absence of any reducing system,rate constant for the slow phase, 1t,showever, is much
the enzyme rapidly produces 6:0.8 equiv of deoxynucle-  slower than the steady-state turnover of-1@ s * measured
otide product and, at longer incubation time, gives a total of under typical assay conditions of 0:06.4uM enzyme. Thus
1.6 equiv of product45). The amount of dCDP produced a coupled spectrophotometric assay using TR/ITRR/NADPH
by the E. coli class | RNR in each kinetic phase supports was carried out under conditions identical to the rapid
the model in Scheme 2B, in which both monomers of R1 chemical quench experiments (M RNR). The turnover
are active. number under these conditions is 1:0,3n agreement with

dCDP Formation with C754S/C759R1 Mutant.The the rapid chemical quench experiments. The observed
complexity of dCDP stoichiometry and the observation of dependence of turnover number on the concentrations of R1
two kinetically distinct phases of product formation (Figure and R2 is addressed subsequently. These results suggest that,
2B) raised the question of which pairs of cysteines are under nonphysiological concentrations, the rate-determining
oxidized in each kinetic phase. Our model (Scheme 2B) step has changed and is now associated with re-reduction of
requires that each pair of active site cysteines (C225, C462)the disulfide generated during nucleotide reduction. This
of R1 is oxidized to generate 2 dCDPs in the rapid kinetic process may well be effected by the protein concentration,
phase. The model (Scheme 2A) requires that only one activeas R2 may be required to dissociate from R1 in order to
site in the R1 dimer is active, but that 3 dCDPs can be allow the access of the reductant TR to the peripheral
produced in a single kinetic phase due to rapid disulfide disulfide (C754-C759). This model is appealing in that the
interchange with the peripheral cysteines in each monomerstructurally homologous class II monomeric RNR, as noted
(Scheme 2A) 29). above, has a turnover number of 2 ¢hat is also limited

As a direct test of the model in Scheme 2A, a pre-steady- by disulfide re-reductionl)).
state experiment with C754S/C759R1 has been carried Rapid Chemical Quench Experiments with Fully Oxidized
out. This model requires that this mutant should generate R1. To obtain support for the hypothesis that re-reduction
only 1 equiv of dCDP in the rapid kinetic phase under pre- of R1 can be rate-limiting under conditions in which R1 and
steady state conditions, given that only one active site R2 are present at high concentrations, preliminary studies
participates in catalysis. The results of three experiments areto monitor the reduction of oxidized R1 by the TR/TRR/
shown in Figure 4. The observation of 1460.3 equiv of NADPH system were undertaken. Starting from fully oxi-
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dCDP formed with a rate constant of #84 s™* (Table 1, dized R1, several steps, including the reduction of peripheral

average of exp 1113) indicate the model in Scheme 2A disulfide by TR, disulfide interchange (resulting in the

cannot be correct. reduction of active site disulfide, C22%462, and reoxi-
Rapid Chemical Quench under Multiple Tueres Condi- dation of C754/C759 dithiol), and possibly re-reduction of

tions: A Second Rate Determining Stép.contrast to the  the peripheral disulfide, are minimally required before CDP
time course of dCDP formation observed with pre-reduced reduction can take placel§). dCDP formation was thus
R1 in the absence of reductant (Figure 2B), in the presencemonitored by rapid chemical quench experiments in which
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A. 70 Steady-State Kinetics in Conjunction with Pre-Steady-State
Experiments Support a Model in whichilf R2 is Oxidized
60F and Reduced during Each Turser. Our steady-state kinetic
studies on the class Il RNR, which utilizes AdoCbl as radical
initiator, have revealed that the carbecobalt bond of
AdoCbl is cleaved and re-formed on every turnovgr The
weak binding of AdoCbl to RTPRKy > 100uM) is unusual

for such a large molecule and is consistent with AdoChbl
being able to service more than one RTPR before the
peripheral disulfide is converted to a form capable of further
deoxynucleotide formation. Steady-state experiments mod-
eled after those carried out with the class Il enzyme have
been performed in an effort to understand if reduction and
reoxidation of the Y on R2 occurs during each turnover.

As with AdoCbl for RTPR, R2 has a weak affinity for R1
P T e P —— (Kq of 0.2 uM).(46, 47) This weak affinity is the basis for
the unusual conditions used to measure turnovers in the
Time/sec steady state. In a typical assay, the concentrations of R1 and
R2 are in the range of 0.69.4 uM. To ensure that R1 and
R2 form the “active” 1:1 complex, one subunit is always
assayed in the presence of an excess of the other subunit
with the excess used being based on the meadKigddr
subunit interactions. The results of the experiments in which
R1 is assayed in the presence of 5-fold excess of R2 and
vice versa, however, do not give rise to the same turnover
numbers (Figure 6A,B). A, 0f 10 s'* was obtained when
R1 was the limiting reagent, compared to 14 $or R2
(Figure 6A, B, inset) in the concentration range of 6-05
0.4 uM. In our lab over many years, different preparations
of R1 and R2 have given variabke, values: 3-10 s for
R1 and #14 s for R2. The turnover number of R2 is
consistently higher than the turnover number of R1 at all
protein concentrations. Similar observations have been
reported by other laboratories.

50
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Eq. dCDP per R1 dimer
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0.0 10 20 2.0 40 50 The data in Figure 6 also reveal an unusual effect of
enzyme concentration ol As first documented by

Time / sec Erickson @0), with increasing concentrations of R1 and R2,

FiIGURE5: (A) dCDP formation measured under multiple turnover the ke, values for both R1 and R2 increase, plateau and

conditions. Final concentrations were A8 R1, 33uM R2, 1.6 then decrease (Figure 6A,B). The initial increase in turnover

mM ATP, 1.0 mM CDP, 4uM TR, 0.8uM TRR, and 1.0 mM - ; ; ;
NADPH (Table 1, exp 6). (B) dCDP formation with preoxidized numbers with increasing R1 or R2 concentrations (in the

R1 under multiple-turnover conditions. In this experiment, oxidized range of 0'0%9'4 #M) is presumably associated Wi_th
R1, R2, and TRR were mixed against ATP, CDP, TR, and NADPH complex formation between R1 and R2. At concentrations
to give final concentrations of 18V R1, 33uM R2, 1.6 mM ATP, of R1 and R2 higher than 0.4M, the turnover numbers

1.0 mM CDP, 125M TR, 2.5uM TRR, and 1.0 mM NADPH.  decrease. At M R1 and 15uM R2, for example, thé.q
for R1is 2.8 s?, reduced from the value of 10%observed
- . . in the range of 0.050.4uM R1. At 15u4M R1 and 33uM
preoxidized R1, R2, and TRR were mixed with ATP, CDP,  p> (conditions used for some of the pre-steady-state experi-
TR, and NADPH. The results, shown in Figure 5B, display ments described aboveéde further declines to 1.0°8. This
a lag phase in dCDP formation, followed by a linear steady yacline in turnover numbers may be associated in part with
state with a rate constant of 0.9'sKinetic modeling (Figure change in the rate-limiting step at high protein concentra-

1) using Dynafit 40), in which the lag phase involves two  tions and/or altered aggregation states of B2, 49.
slow steps with rate constants of 1.7%,sfollowed by a

physical step of~10 s, can account for the observed p|scussiON

kinetics and the steady-state turnover of 0.2 $herefore,

fully oxidized R1 can be a kinetically viable intermediate in A Model to Accommodate the Kinetic Resulise radical

the reaction cycle of RNR. The observation of a lag phase initiation process in the class | RNRs remains a major
further corroborates the presence of slow step(s) in the re-unsolved mechanistic problem. Specifically, how threo¥
reduction of R1 at high enzyme concentrations employed in R2 is involved in generation of a transient & R1, and
these chemical quench experiments. These results, i.e.whether this process involves reversible long range PCET,
detection of a lag phase followed by a linear rate approachingis presently the focus of a number of laboratories. To design
that observed in the steady state, are also very similar toexperiments to examine PCET requires an understanding of
those observed with oxidizeld leichmanniiRNR. which steps are rate-limiting in the RNR catalyzed reaction
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A. formation. The values of & 3 st and of 1.5+ 0.2 s for
16r disulfide formation, measured in the presence and absence
; 4'_ 1 of effector ATP @0), respectively, agree with our findings
3 2 of 9 + 4 st in the presence of ATP and 2.2%sin the
12f ool e absence of the effector, determined at 3 andudb R1
= re . concentrations. The additional agreement between thgse
g 10p°", 49 values and the turnover numbers of R1 and R2 in the steady
E ao; . PP S———— state under typical assay conditions (G-@&4 uM) suggests
c o that a physical step prior to radical initiation and chemistry
2 6ol is rate-limiting under dilute enzyme conditions.
x° F * More recent pre-steady-state experiments by Erickson, in
40 * which disulfide formation between both C228462 and
[ d C754-C759 were measured (oM R1, 30 uM R2 and
2'0:" ATP), reported a rate constant of 2'dor a single kinetic
004 ) s ) \ \ phase 29). This number is not kinetically competent, that
0.0 1.0 20 3.0 is, it is too slow to be reconciled with our observed value of
[R1] in uM 9 4+ 4 s! for dCDP formation under nearly identical

conditions. In this second paper, Erickson reported problems
with nonenzymatic oxidation of R1, consequently R1 was

B. 161 placed in a buffer at pH 6.5 in all of the experiments. This
[ eeq contrasts with the buffer conditions used in his first paper
“;' o’ (pH 7.6) and in all of our experiment8@. As noted in
12k ¢ Table 1, our control experiments revealed minimal oxidation
- . ¢ of R1 during the period of the pre-steady-state experiments.
_g 108 . Erickson’s studies with the antibodies to the peripheral
2 o cysteines led to his model in Scheme 2A, in which only one
€ 800 — * active site of the dimeric R1 was able to generate dCDP,
& b o - and the peripheral cysteines from either monomer could
o E e, rapidly re-reduce the active site disulfide in this one
aof " monomer, leading to the prediction that 3 dCDPs should be
[ 40 generated in a single kinetic phase. Our studies using the
20t | C754/C759S double mutant of R1, in which 2 dCDPs (Table
0 [ 89 oo om0 00 1, Figure 4) were generated, suggest that this model is not
8o 1.0 20 3.0 valid. At present, we do not understand the basis for the
[R2] in pM experimental observations in the second paper and the

FiGurRe 6: Steady-state kinetics @&. coli RNR using TR/TRR/ discrepancy between thpse and our_results._
assay monitoring NADPH consumption at 340 nm. (A) R1 is the first set of experiments reported by Erickson and together

assayed in the presence of 5-fold excess R2 at all concentrationshave led to an alternative model shown in Scheme 3. (
indicated. The turnover number is calculated per R1 dimer (2 active This model requires that two dCDPs are formed rapidly in

sites). Inset: under dilute concentratioks;per R1= 10 s'L. (B) . S . .
R2 is assayed in the presence of 5-fold excess R1 at all concentra® single fast kinetic phase and that while re-reduction of the

tions indicated. Turnover number is calculated per R2 dimer (1.0 active site disulfides formed may well be rapid, in the
Y*). Inset: under dilute conditiong., per R2= 14 s, absence of external reductant, the second set of dCDPs is

generated at a rate that is not kinetically competent.

and, furthermore, requires an understanding of the inter- The pre-steady-state and steady-state experiments reported
actions between the two subunits, and how they change inin this paper and our previous studies on the class | and Il
the presence of nucleotide substrate and effectors and as &NRs have resulted in our working kinetic model for subunit
function of the concentration of the proteins. Thus, this is a interactions, radical initiation, and nucleotide reduction
very complex system, and the pre-steady state and steadyshown in Figure 11, 26). The model has several steps and
state experiments presented here have provided a startingissociated rate constants that are experimentally under-
point for the formulation of our minimal mechanistic model determined, but is serving as a guide for future experiments
(Figure 1). and accommodates all known experimental facts about the

Our pre-steady-state experiments, monitoring product system to date. First, rapid reversible binding of substrate,
(dCDP) formation and changes in oncentration, comple-  effectors, and products to R1 of RNR have previously been
ment the pre-steady-state experiments of Erickson monitoringdetermined (steps 1 and 6) and are assumed to be the same
disulfide formation at the active site that accompanies dCDP in the presence of R2 in our kinetic modé3; 49-53).
formation (Scheme 2). The observation that no changes inSecond, the rate-determining step from the present steady-
the Y* concentration can be observed under a variety of state and pre-steady-state experiments is proposed to be a
conditions clearly limits our mechanistic options. In addition, conformational change (step 2) triggered by ternary or
the chemical mechanism for dCDP reduction requires that quaternary complex formation (RR2—NDP or RI-R2—
the rate of disulfide formation between C225 and C462 NDP—dNTP). Apparent rate constants of-20 s have
(Scheme 1) must be greater than or equal to the rate of AdCDPbeen measured in the absence and presence of allosteric
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FiGure 7: The proposed PCET pathway for the communication
between each monomer of Rland RZB)( As indicated by the
solid line, an alternative ET pathway is proposed to account for
the amplitude of the single-exponential phase of dCDP formation
in the pre-steady state relative to the amount af IW this case,

ET may proceed from Y122 to W48 (monomer R2) to W48
Y356 (monomer R9 to Y731, Y730 to C439 (monomer RI).

Ge et al.

of very high specific activity41). Once dNDP has dissoci-

ated, oxidized RNR must reorganize itself so that it can
catalyze additional rounds of nucleotide reduction. The
details of this reduction remain to be elucidated, but likely
involve the dissociation of R1 from R2, possible changes in
the oligomeric state of R1, binding of R1 to reductant TR,
and then reassociation with R2, substrate, and effector.

A number of previous experimental observations can be
accommodated by this model (Figure 1). First we have
previously shown that there are V/K isotope effects on the
nucleotide reduction proces4l(, 4. Using the®H and?H
isotope effects measured with{81]-UDP, one can calculate
aPk of 5, based on the SwaitSchaad relationship and the
Northrop equationg7, 58. While we have not yet attempted
to measure the deuterium isotope effectkgr in the pre-
steady state using [8H]-NDPs, it has been demonstrated
that, using [3?H]-UDP as substrate, no changes in the
concentration of Yis observed. Using the present kinetic
model, slowing the chemistry down to 100 $s insufficient
to cause a detectable change in thte iM agreement with
the experimental observations.

The model also provides an explanation for the unusual
enzyme concentration dependence on dCDP formation

effectors, respectively. The appropriate conformational change(Figure 6), as first reported by Erickso80). Studies with

is proposed to trigger long-range PCET from theori R2
to generate the transient 8n R1 (step 3). If this radical

the class Il RNR have previously demonstrated that the rate-
limiting step is re-reduction of the enzym@é)( presumably

initiation process is in fact long range, then it must involve the peripheral disulfide, as suggested by the rapid disulfide
amino acid radical intermediate6). The current models  interchange observed by Ericksd@8). Re-reduction, in the

for PCET suggest that the distances between the intermedicase of the class | RNRs, is much more complex due to the
ates are short, thus the PCET process would be ra20Q presence of the second subunit and the dimeric nature of R1
s 1) and possibly limited by the conformational changes and R2. As the concentrations of the proteins (R1, R2, TR)
associated with the precise positioning and/or deprotonationare increased, one can readily rationalize why certain steps
of Y356 (Figure 7). Furthermore, this process must be during re-reduction would be slowed. The complexity
reversible in order to account for our inability to observe associated with re-reduction of R1 also explains the unusual
any changes in the*Yoncentration and for the V/K isotope  fact that the specific activity of R1, measured in the presence
effects on nucleotide reduction observed in the steady stateof saturating R2, is always less than the specific activity of
(41, 42). No Vmax isotope effects for nucleotide reduction R2 in the presence of saturating R1. When R2 is assayed in
have been observed with either the class | or Il RNRs using the presence of excess R1, there are additional R1 molecules
the normal substrate and wt enzyrdd,(54). The conversion  in the reduced state after the first dNDP formation, with
of NDP to dNDP is complex (chemistry, step 4), in which which R2 can interact to generate additional dNDPs. Servic-
loss of water from the'Zposition of NDP is proposed to be ing a second R1, however, requires the re-formation of the
irreversible, providing an important driving force for the Y® on R2. These data suggest that the tyrosine on R2 is
overall reduction proces$¥%). In addition, the rate-limiting reoxidized to Y after each turnover. R1 in the presence of
step within the chemistry is proposed to be the reduction of excess R2, on the other hand, must be re-converted into the
the 3-ketodeoxynucleotide intermediate (Scheme 1) via a reduced form for additional turnovers to occur, a process
disulfide radical aniong6). Kinetic modeling suggests that that is complex and can be partially rate-limiting depending
the chemistry (up to and including the first irreversible step) on the protein concentrations. These results are strikingly
must occur with a rate constant 8500 s%, or changes in  similar to the class Il RNR, where one AdoCbl can service
the concentration of ¥(our lower limit of detection is~5% multiple RNRs before the first RNR is re-reducef).(The

of the total ¥) would have been detected. The value of 500 model presented in Figure 1 is useful as the starting point
s lis reasonable, given the rates of dNTP production of 20  for designing experiments to study radical initiation and to
50 s* measured for the structurally homologous class Il understand the dynamics of protein interactions necessary
RNR. In the chemical reaction catalyzed by both the class | for nucleotide reduction.

and 1l RNRs, reduction of the'&etodeoxynucleotide, but Finally, one perplexing observation from the pre-steady-
not 3-carbon hydrogen bond cleavage, is thought to be the state experiments remains to be explained. The stoichiometry
rate-limiting step in deoxynucleotide formation. For the class of dCDP formation, observed with both wt R1 and C754/

| enzyme, step 4 is followed by an irreversible PCET step, C759S R1 in the rapid single kinetic phase under pre-steady-
a process that is favored thermodynamically and would also state conditions, is greater than the amount ofp¥r R2.
involve amino acid radical intermediates. We have assigned The numbers of dCDPs (1# 0.4 and 1.6+ 0.3 equiv, wt

a modest rate constant efLl0® s™* for this process as well.  and mutant R1, respectively) support the model that both
The irreversibility of step 5 is consistent with our inability monomers of R1 are active. The present structural model of
to detecfH,O when RNR was incubated with'{3H]-dUDP RNR as a symmetrical (1:1) complex between R1 and R2
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(25, 27) and the observation that the number of dCDPs is conformational change preceding rapid PCEIgé&heration,

greater than the number of¥together demand that one Y  and rapid nucleotide reduction. Second, comparison of kinetic

is able to access and initiate nucleotide reduction in eachdata from the pre-steady-state and steady-state experiments

active site of the R1 dimer. at physiological concentrations of R1, R2, and thioredoxin
One possible model is that the ¥n one monomer of R2  suggest that, in the steady state, re-reduction of oxidized R1

can rapidly generate a*Yon the second monomer of R2, becomes at least partially rate-limiting. Third, our data

thereby catalyzing formation of two dCDPs, one in the active suggest that the *Yis reduced and reoxidized on each

site of each monomer of R1, without dissociation of the turnover. To formulate a detailed kinetic model now requires

R1R2 complex. However, Sperg et al have demonstrated, an understanding of the amount ofper R2 preserih vivo,

using a heterodimer of R2 in which one monomer has 30 and the kinetic as well as the structural details forfRR

amino acids removed from its C-terminus, that theov interactions fine-tuned by nucleotide substrates and deoxy-

one subunit cannot re-distribute to the second subunit, evennucleotide effectors.

in the presence of R1, substrate, and effects).(The

simplest interpretation of these results is that ET between REFERENCES

Y122 of each monomer of R2 is unlikely. Nonetheless, one

cannot exclude the possibility that the C-terminal tail missing 1. |icht, S., and Stubbe, J. (1999)@mprehense Natural Products

in the construct, or more specifically, Y356 (Figure 7), plays Chemistry(Barton, S. D., Nakanishi, K., Meth-Cohn, O., and

an essential role in the generation of theor the second Poulter, C. D., Eds.) pp 163, Elsevier Science, New York.
monomer of R2. 2. Jordan, A., and Reichard, P. (1998) Ribonucleotide reductases,

Annu. Re. Biochem. 6771—-98.

~ A second possible model is that a singleper R2 dimer 3. Elledge, S. J., Zhou, Z., Allen, J. B., and Navas, T. A. (1993)
is capable of generating a # each monomer of R1 (R1 DNA damage and cell cycle regulation of ribonucleotide reductase,
and R1, Figure 7). This communication could occur through BioEssays 15333-9.

f _ At 4. Stubbe, J. (1998) Ribonucleotide reductases in the twenty-first
an alternative ET pathway, or through re-organization of R2 century, Proc. Natl. Acad. Sci. U.S.A. 987234,

within an R1R2 complex. The ET between R1 and R2 most 5. Stubbe, J., and van der Donk, W. A. (1998) Protein radicals in
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monomers of R1 (R1 and RXdashed line on the left, Figure 7 icni"s s " Lawrence, C. C., and Stubbe, J. (1999) Class Il
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