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ABSTRACT: Ribonucleotide reductases (RNRs) catalyze the rate-determining step in DNA biosynthesis:
conversion of nucleotides to deoxynucleotides. The RNR frioactobacillus leichmanniiutilizes
adenosylcobalamin (AdoCbl) as a cofactor and, in addition to nucleotide reduction, catalyzes the exchange
of tritum from [5'-3H]-AdoCbl with solvent. Examination of this exchange reaction offers a unique
opportunity to investigate the early stages in the nucleotide reduction process [Licht S. S., Gerfen, G. J.,
and Stubbe, J. (199&cience 27,1477—481]. The kinetics of and requirements for this exchange reaction
have been examined in detail. The turnover numbefHiowashout is 0.3, and it requires an allosteric
effector dGTP Kn = 17 + 3 uM), AdoCbl (K, = 60 + 9 uM) and no external reductant. The effects of
active-site mutants of RTPR (C119S, C419S, C731S, C736S, and C408S) on the rate of the exchange
reaction have been determined, and only C408 is essential for this process. The exchange reaction has
previously been monitored by stopped-flow bYVis spectroscopy, and cob(ll)alamin was shown to be
formed with a rate constant of 40%s[Tamao, Y., and Blakley, R. L. (19738iochemistry 1224—34].

This rate constant has now been measured 40,0with [5-2H,]-AdoChbl in H,O, and with [3-2H;]-

AdoCbl in D,O. A comparison of these results with those for AdoCbl iOHevealedky/kp of 1.6, 1.7,

and 2.7, respectively. The absolute amounts of cob(ll)alamin generated Wwith,[JSAdoCbl in DO in
comparison with AdoChbl in KD reveal twice as much cob(ll)alamin in the former case. Similar transient
kinetic studies with C408S RTPR reveal no cob(Il)alamin formation. These experiments allow proposal
of a minimal mechanism for this exchange reaction in which RNR catalyzes homolysis of the-earbon
cobalt bond in a concerted fashion, to generate a thiyl radical on C408, cob(ll)alamin,’and 5
deoxyadenosine.

The ribonucleoside triphosphate reductase (RTPR) of reducing system to effect multiple turnove8.(Ribonucle-
Lactobacillus leichmannicatalyzes the adenosylcobalamin otide reduction also requires dNTPs as allosteric effectors
(AdoCbl)-dependent reduction of nucleoside triphosphates with one binding site4), controlling both substrate specific-
to deoxyribonucleoside triphosphates (ANTP). The reducing ity and turnover rate. The fact that dNTPs are both products
equivalents are provided by a pair of cysteine residues (C419and allosteric effectors has made the steady-s&jterfd
and C119) in the enzyme’s active sitg 2). Rereduction of  transient-state@) kinetic analysis of this system complex.

the resulting cystine requires a second pair of cysteine o ever in addition to nucleotide reduction, RTPR also
residues (C731 and C736). These C-terminal cysteines Cancatalyzes an unusual reaction in which theéngidrogens of

accept reducing equivalents from small organic dithiols or AdoCbl exchange with the solvent (Scheme 7)8). This
the thioredoxin (TR)/thioredoxin reductase (TRR)/NADPH reaction procee%s in the absence (of nucleotié? substrates,

simplifying its kinetics relative to those observed for nucle-
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Scheme 1 Similar SF and RFQ experiments in the presence of
ﬁ}s‘ (RTPR, C408) 3’& substrate show that cob(Il)alamin is formed \_/vitm?aS >
HoC H,C HoC 200 st The observed paramagnetic species is almost
*H0 SH H0  SH” SH identical to that observed in the absence of substrate. These
THZ*Ad f‘JHz'Ad *CH,"Ad studies thus suggest that information on the role of AdoCbl
in thiyl radical formation, obtained by a detailed examination
@ @ of the exchange reaction, is relevant to nucleotide reduction.
' / In the present paper, requirements for the exchange
/ reaction have been identified and quantified. The effects of
deuteration of the solvent and the cofactot-g3,]-AdoChl)
on the pre-steady-state kinetics of cob(Il)alamin formation
quﬂ;’z and on the amounts of cob(ll)alamin formed have been
Se ) determined. These studies provide additional support for the
CHy"Ad Common Intermediate model in Scheme 1, and, in particular, for the importance of
a thiyl radical in catalysis. The simplest interpretation of the
PPPO— o N PPPO N reported isotope effect analysis is that this thiyl radial is
D;—Z Q;-O-Z generated by AdoCbl in a concerted fashion with formation
wd o e of cob(ll)alamin.
MATERIALS AND METHODS
HZC“}’“LL Hg(l;}’“i General Methods\ucleotides, nucleosides, and NADPH
SH' sH' were obtained from Sigma. RTPR and mutant RTPRs were
PPPO— 45 N PPPO— o N purified as reportedlQ). Wild-type (wt) RTPR has a specific
. /\ . activity of 1.4-1.5umol min~t mg~t using ATP as substrate.
HO  OH 119 —SH s HO H Prereduced and preoxidized RTPR were prepared as previ-
(mpm{ @ ously described1(3). TR and TRR were purified as previ-
C419 *=SH S ously described14, 15). HPLC analyses were carried out
\_/ on a Beckman Model 334 system. bVis spectroscopy was
TR, TRR, NADPH performed on a Cary 3 or Hewlett-Packard 8452A spectro-

photometer. Scint-A scintillation fluid was obtained from
by 3-hydrogen atom abstraction. After a complex set of Packard. Centricon-30 microconcentrators were obtained
transformations, hydrogen atom abstraction from the thiol from Millipore. SF UV—vis experiments were carried out

group by a deoxynucleotide-based radical regenerates theising an Applied Photophysics DX.17MV spectrophotom-
thiyl radical. eter. RFQ EPR experiments were carried out using an Update

Several experiments have provided evidence that the!nstruments System 1000. _
exchange reaction and nucleotide reduction share common Synthesis of [5°H]-AdoCbl. N°>-Benzoyl-2,3-O-isopro-
intermediates. First, the exchange of tritium from-J8]- pylidene adenosine (Ad) was prepared as repottéd This
AdoCbl occurs with s of 0.3 ST. The rate constant for ~ Was converted to Nbenzoyl-2,3-O-isopropylidene Ad 5
hydrogen exchange can be estimated to~g0 s by aldehyde viaa_Moffatt oxidatiorl{). The aldeh_yde hydr_ate
making the reasonable assumption of a selection effect ofWas reduced with N&H, (Dupont NEN, 50QCi, 13.8xCi/

10 on this process (due to the isotope effect on carbon 4mol) (18), and the benzoyl protecting group was removed
tritium bond cleavage) and a statistical correction of 3 (for using the method of Gaudemer et alo).

the three hydrogens of thé-8A intermediate in this process). Deprotection of [5°H]-2',3-O-isopropylidene Ad (160
This rate constant is similar to that determined for nucleotide mg) was achieved by dissolving it in 9:1 (v/v) @/

reduction (2 s%), making it likely that the exchange reaction trifluoroacetic acid (10 mL) and stirring for 3.5 h. The solvent
is a mechanistically informative process. was then removed in vacuo leaving an oil, which was

Second, transient-state kinetic experiments have provided'®dissolved in 7:3 (v/v) methanolfd. The solution was
direct evidence that the exchange reaction and nucleotideN@utralized with 10 mL of Dowex AG 1-X2 (56100 mesh,

reduction share common intermediates that are kinetically Nydroxide form). The resin was washed with 1.1 L of 7:3
competent in their respective transformatiofisg, 10). In methanol/HO until all of the Ad had been removed as
the exchange reaction, both cob(ll)alamin, monitored by €valuated byAsso The combined washings were pooled and
stopped-flow (SF) UV-vis spectroscopy, and-BA, moni- concentrated in vacuo to give a_vv_h|te powder. The yield of
tored by rapid acid quench methods, are produced with [5'-"HI-Ad was 94% (specific activity: % 10° cpmfumol).
observed rate constants 6f40 st (6, 10). Furthermore, [5'-*H]-5'-Chloro-8-dA was prepared from [S'H]-Ad by
rapid freeze quench (RFQ) EPR experime®s10) under reaction with thionyl chloride Z0). [5'—3H]—Ad9CbI was
identical conditions reveal an unusual paramagnetic species?repared from [5°H]-5'-chloro-5-dA by reduction of hy-
generated on the same time scale. A repetition of the RFQdroxocobalamin to cob(l)alamin, followed by nucleophilic
EPR experiments using}{?H]-cysteine-labeled RTPR and displacement of the'5:h|o_r|de @9). Partial purification of
simulation of the resulting spectraX, 10) indicate that the  [5'-*H]-AdoCbl was carried out by chromatography on
paramagnetic intermediate is a thiyl radical interacting with
cob(ll)alamin via exchange coupling and dipolar interactions.  2S. Licht and J. Stubbe, unpublished results.
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Dowex 50W X2. AdoCbl-containing fractions (as judged by reaction mixture was removed and loaded onto a Sep-Pak
UV —vis spectroscopy) were pooled, extracted into phenol, C,gcartridge which had been previously washed with 10 mL
back-extracted into water, concentrated te315 mM, and of CH;CN followed by 10 mL of HO. The cartridge was
stored in foil-wrapped containers a0 °C (18). The yield washed with 3 mL of HO, and a 1 mlaliquot of the eluate

of [5'-3H]-AdoCbl (specific activity 3.3x 10° cpmf«mol) was analyzed by scintillation counting. The reaction was
was 55 mg (5% from Rtbenzoyl-2, 3-isopropylidene Ad). initiated by the addition of RTPR (510 «L) to the reaction

The apparent increase in specific activity from-{B]-Ad mixture. At 1-2 min time intervals, 5Q:L aliquots were

to [5'-®H]-AdoCbl is probably due to nonradioactive impuri- removed and treated in the same manner as the zero time
ties in [3-3H]-Ad. point. Rates of exchange were calculated from least-squares

Purification of [5-H]-AdoChbl. [5'-®H]-AdoCbl (0.17 fits of plots of the amount of radioactivity (cpm) released to
umol) was purified directly before use by loading onto an water versus time. As an internal check, the cofactor was
Alltech Cig reverse-phase (RP) column equilibrated in 20% isolated by washing each of the columns with 3 mL of
CH;0H/80% HO. The column was washed in 20% &bH/ CH3CN, and a 1 mLaliquot was analyzed by scintillation
80% HO (flow rate 1 mL/min) for 10 min, followed by a  counting.
linear gradient from 20% to 100% GBH over 20 min, For the determination of thk, of AdoChl, the reaction
followed by isocratic elution for an additional 10 min with  mixture was identical to that described above except that
100% CHOH. [5-*H]-AdoCbl eluted at 35 min (75% the concentration of AdoCbl was varied from 20 to 424.
CHs0H), with aguocobalamin and hydroxocobalamin eluting For the determination of thi€,, of dGTP, the concentration
at 32 and 44 min (65 and 100% @BH). [5'-*H]-AdoCbl of dGTP was varied from 3 to 220M, with [AdoCbl] of

was diluted with cold material (final specific activity ofx< 200 uM. Kinetic parameters were obtained by fits to the
10°—1 x 10" cpmiumol) and concentrated to-2 mM. Michaelis—Menten equation21).
Preparation of [3-°H,]-AdoCbl. This material was pre- Analysis for Consumption of Reductant during the Ex-

pared by a modification of the procedure of Hogenkamp et change ReactionThe reaction mixture was as described
al. (8). The following components were combined in a final above except that the reaction volume was %00 and
volume of 1 mL and lyophilized: 100 mM sodium dimeth- unlabeled AdoCbl (12@M) was employed. All components
ylglutarate (pH 7.3), 2 mM dGTP, 20M TR, 1.9 mM of the assay mixture, except RTPR, were placed in a 0.75
NADPH, and 24 nmol RTPR. The residue was dissolved in mL cuvette and incubated for 5 min at 3C. The cuvette
1 mL of DO (99%), and TRR and AdoCbl (final concentra- was placed in the cell holder, and the background rate of
tions of 1uM and 100uM, respectively) were added to start NADPH oxidation was recorded at 340 nm. RTPRu({)
the reaction, which was incubated at X7 for 15 min. The was added to the cuvette, and the enzyme-dependent rate of
solution was then loaded onto agSep-Pak (Millipore) and ~ NADPH oxidation was subsequently measured. The net rate
washed with water, and BH,]-AdoChl was eluted with of NADPH oxidation was calculated as the difference
100% methanol. The AdoChl was then further purified by between the observed rate and the background rate.
Cis RP-HPLC using a 10 min isocratic elution with,®, Deoxygenation of Solutions for Kinetic Experimerise
followed by a 30 min linear gradient to 100% MeOH (flow materials (0.52 mL) were placed in a septum-sealed 10
rate= 1.0 mL/min). The appropriate fractions were pooled, mL round-bottom flask equipped with a stirrer. If 10Q
and the solvent was removed in vacuo. or less was to be used, a septum-sealed Eppendorf tube was
[5'-?H]-AdoCbl and unlabeled AdoCbl were characterized used, and the stirrer was omitted. The container was purged
by electrospray mass spectrometry. The most abundant ionwith argon (blown over the solution) for 20 min while stirring
for AdoCbl, [M + 2H]?**, has anm/z of 789.95 in good at 0°C. All materials were transferred via a gastight Hamilton
agreement with the calculated value of 790.33-2fh]- syringe. For SF experiments, the syringes and sample lines
AdoCbl has anm/z of 790.93. The shift inm/z of one unit were filled with 50 mM dithionite 12 h prior to the actual
corresponds to a change of two mass units, since the chargexperiments. They were then flushed with 20 mL of 0.2 M
of the ion is+2. A shoulder in the spectrum of the deuterated sodium dimethylglutarate, pH 7.3, which had been deoxy-
sample was observed aiz 790.4 (a shift of one mass unit genated by bubbling argon through it for-2 h. Reaction
from the unlabeled material), accounting f8d.0% of the mixtures were transferred to the loading syringes of the SF
total abundance. This shoulder was assigned as the monospectrophotometer via gastight syringe. Loading syringes,
deuterated compound. Thus, the deuterated sample consistthe windows of the drive unit, and exposed lines were
of 90% dideuterated AdoChbl and 10% monodeuterated covered in foil after addition of the reaction mixtures. Argon
AdoCbl, with an overall isotopic incorporation of 95%. was bubbled through the bath that controlled the temperature
Assay for RTPR-Catalyzed Tritium Exchange fro [5 of the sample holding unit fB h preceding data acquisition
3H]-AdoCbl. A typical assay contained in a volume of 305 and throughout the course of the experiment.
uL: 50 mM potassium phosphate (pH 7.5) or 50 mM HEPES  Ability of Cysteine-to-Serine Mutants of RTPR to Catalyze
(pH 7.5), 300uM dGTP, 4 mM EDTA, 506-300 nM wt Steady-State and Pre-Steady-State Cob(Il)alamin Formation.
RTPR (mutant concentrations wereAi C119S RTPR and  The reaction mixture included in a final volume of 60D:
23uM C419S RTPR), 56200uM [5'-*H]-AdoCbl (7—100 200 mM HEPES (pH 7.5), 5660 uM AdoCbl, 0.12 mM
x 10° cpmjumol), 0.2 mM NADPH, 65«M TR, and 0.5 TR, 1uM TRR, 1 mM NADPH, and 76-75uM C119S or
uM TRR. All reagents except [BH]-AdoChbl and RTPR C419S RTPR. This mixture was deoxygenated, and a 450
were preincubated at 37C for 3—5 min. After this uL aliquot of the reaction mixture was transferred via a
preincubation, all manipulations except for scintillation gastight syringe to a septum-sealed cuvette which had been
counting were carried out in the dark under dim red light. purged with argon. The mixture was equilibrated at°87
[5'-*H]-AdoCbl was added, and a 56L aliquot of the The UV—vis spectrum was recorded. To initiate the reaction,
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a degassed solution of dGTP was added to a final concentra10® M~ s™1. The dissociation rate constant was allowed to
tion of 5 mM. Spectra were then recorded every 15 min for vary to obtain the equilibrium constant. To accommodate

75 min.

For SF studies under anaerobic conditionsy¥DC419S
RTPR or 70uM C408S RTPR, 2«M TR, 1 uM TRR, 2
mM NADPH, and 1 mM dGTP in 200 mM sodium
dimethylglutarate, pH 7.3, were mixed with an equal volume
of the same reaction buffer containing 20010u4M AdoCbl
and 1 mM dGTP, and the formation of cob(ll)alamin was
measured by monitoring the changeAgbs at 37 °C.

Kinetic and Equilibrium Isotope Effects on Cob(ll)alamin
Formation Using [5-'H,]- and [5'-?H,]-AdoChl in H,O and
D,0. To prepare 0.5 M dimethylglutarate buffer (pD 7.3),
the acid was dissolved inJD and titrated to pH 6.9 using
5 N NaOD. For studies in D, nonprotein components of
the reaction mixture were lyophilized and redissolved i®D
RTPR (20-30 mg,~200uL) was exchanged into {® by
dilution into 2 mL of deuterated 5 mM sodium dimethyl-
glutarate (pD 7.3) following concentration using a Centricon

30 apparatus. TR and TRR were exchanged the same wa)P

(~50uL of protein solution inr~2 mL of deuterated buffer),
except a Centricon 3 device was used. The total amount of
H,0O introduced by this exchange procedure was calculated
to be <5%. Reaction mixtures were deoxygenated by purging
with D,O-saturated argon.

RTPR (80-120 uM), 20 uM TR, 1 uM TRR, 2 mM
NADPH, and 1 mM dGTP in 200 mM sodium dimethyl-
glutarate, pH 7.3 (or pD 7.3), were mixed with an equal
volume of the same reaction buffer containing-@M0 xM
AdoCbl (or [3-°H;]-AdoCbl) and 1 mM dGTP, and the
formation of cob(ll)alamin was measured by monitoring the
change ofAsys at 37 °C. Experiments with labeled and
unlabeled coenzyme were carried out on the same day with
the same batch of RTPR-containing reaction mixture.

To ensure that isotope effects were not due to the
difference in K, between HO and DO, SF UV-vis

the rapid equilibrium assumption for thiyl radical formation
in the stepwise mechanism, we set the rate constant for thiyl
radical formation at 19s™! (~1(?-fold greater tharkoys),

and the rate constant for re-formation of thiol was allowed
to vary to obtain the equilibrium constant. Exchange of the
thiol with solvent was written as a second-order reaction of
the enzyme with solvent (@ or D,O), and the concentration
of H,O or D,O was set at 55 M. Offsets of absorbance traces
(i.e., the absorbance at time zero, which is subject to
uncertainty due to the dead time of the instrument) and
enzyme concentrations were allowed to vary to within 10%
of their input values.

RESULTS

Requirements for the Exchange Reactifarly studies
of Hogenkamp and co-worker8)(reported that the exchange
f tritium from [5'-*H]-AdoCbl with solvent required the
presence of reducing equivalents and an allosteric effector.
They measured this reaction under a variety of conditions
and observed maximum rates with 2 mM dGTP as an effector
and 30 mM dihydrolipoate as a reductant. No rate constants
were reported. In an effort to characterize quantitatively the
requirements for the exchange reaction and to determine the
appropriate conditions for pre-steady-state kinetic experi-
ments, the,, for AdoCbl and allosteric effector dGTP were
measured at 37C. The results using TR, TRR, and NADPH
as reductant and a standard kinetic analysis d&y&dochl
of 60 &+ 9 uM and aVmax of 0.3 umol min~* mg™*. These
values contrast with our recently determined constants for
ATP reduction: 0.25uM and 1.5 umol min™! mg?,
respectively.

The Km,appfor dGTP was determined to be #73 uM in
the presence of 200M AdoCbl. Saturating concentrations

experiments were also carried out at pH 6.9, the pH expectedOf AdoCbl were not used, as substrate inhibition was apparent

to be equivalent to a pD of 7.22).

Kinetic AnalysisFits to single or double exponentials were
carried out using the least-squares fitting program included
in the Applied Photophysics operating software or with
Kaleidagraph. For a single exponential, traces were fit to
the equationA; = A. + C exp(—kt), where A is the
absorbance at timg A. is the final absorbanceg is the
total absorbance change, anid the observed rate constant;
A., C, andk are the adjustable parameters. For a double
exponential, the equation used was= A, + C; exp(—kit)

+ C; exp(—kt), whereC, and C, are absorbance changes
andk; andk; are rate constants.

Kinetic simulations were carried out using HONSIM
1.3, a Macintosh version of KINSIM2@). Simulations used

at concentrations greater than 20d. The Ky, for dGTP is
5-fold lower than the value of 100M previously reported
(8). The differences may result from differences in buffer
and reductant or from the method of their analysis, as they
used only a single fixed time point assay.

While a reducing system was present in the determination
of these kinetic parameters, our model in Scheme 1 suggests
that external reductant should not affect the exchange rate,
in contrast to the original reporB). Consistent with this
model, the exchange reaction is not associated with the
consumption of NADPH when the TR/TRR/NADPH reduc-
ing system is present (data not shown). To investigate the
reductant dependence of the exchange reaction further, we
measured it under a variety of conditions, and the results

the experimentally determined concentrations of AdoChl and are summarized in Table 1. Studies with the prereduced
RTPR as starting parameters so that small differencesRTPR revealed that it catalyzes this reaction at a rate that is
between experiments with isotopically labeled materials ~60% of that observed in the presence of the TR/TRR/
could be compared. The results of these simulations and theNADPH reducing system. In fact, even oxidized RTPR, in
assumptions made are available in Supporting Information. which the active-site cysteines are present as a disulfide, is
Global analysis was carried out using the program capable of carrying out this reaction (Table 1), although the

Dynafit.220 @4). Values for rate constants not involving the
transfer of deuterium were obtained by global analysis of
the kinetics of cob(ll)alamin formation as a function of
[AdoCbl] (25). A rapid equilibrium assumption for AdoChbl
binding was made with a rate constant for the association of

rate is reduced-13-fold. These results establish that reduc-
tant is not required, but does affect the rate of the reaction.
The ability of the active-site cysteine mutants of RTPR
to catalyze this reaction has also been examined. The model
in Scheme 1 predicts that, of the five cysteines involved in
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0.25

Table 1. Requirements for RTPR-Catalyzed Exchang@Hdfrom
[5'-3H]-AdoCbl
7 0.20 *
reductant k(sh c Wild-Type
wt RTPR E
prereduced none 0.11 s 0T
preoxidized none 0.008 £
wt TR/TRR/NADPH: 0.19 g Ll
wt DTTP 0.35 °
wit dihydrolipoaté 0.33 o
mutant RTPRs W gost
C731S and C736S TR/TRR/NADPH 0.22
C119S TR/TRR/NADPH 0.001
C419S TR/TRR/NADPH 0.0035 0
C408S TR/TRR/NADPE ~ <1.25x 10° o Yy T .Y 520
aTR (65uM), 0.5 «M TRR, 0.2 mM NADPH.>DTT (30 mM). Time (s)
¢ Dihydrolipoate (30 mM). FiGURE 1: Effect of the C408S mutation on carbecobalt bond

cleavage catalyzed by RTPR. C408S RTPR4K0, 20 uM TR,

- - - 1uM TRR, 2 MM NADPH, and 1 mM dGTP in 200 mM sodium
catalysis, only C408 should be essential for this process. 'ndimethylglutarate, pH 7.3, were mixed with an equal volume of

fact, our previous studies with this mutant indicated that these the same reaction buffer containing 108 AdoCbl and 1 mM
expectations are met, not only for the exchange reaction, butdGTP, and the formation of cob(ll)alamin was measured by
also for the nucleotide reduction proce&s The lower limit monitoring the change oAsys at 37 °C. The wt experiment was
of detection for the exchange reaction was set at %255 the same, with the exception that 100 wt RTPR was used. The

1 . - . solid traces show the equivalents of cob(ll)alamin formed, calcu-
s by these studies. The studies with C419S and Cllgslated directly from the SF absorbance trace using the difference in

RTPRs, in which the two cysteines delivering the reducing extinction coefficients between AdoCbl and cob(llalamin (4800
equivalents to generate deoxynucleotides are mutated, giveM— cm™2).

rate constants of 0.0035 and 0.00% sespectively, 1.5%
and 0.5% of the rate catalyzed by wt RTPR (Table 1). These that AdoCbl is never present in sufficiently high concentra-
values are substantially lower than might have been expectedions for the exchange reaction to compete with nucleotide
from the model in Scheme 1, but well above the background reduction. The exchange reaction could thus be an artifact
rate observed with C408S RTPR. These cysteines are clearlyof our in vitro analysis conditions but, as outlined subse-
not required for the exchange process, but their conformationquently, one that closely mimics the early events in nucle-
appears to play a key role in determining the rate of this otide reduction.
process. The recent structures of the R1 subunit of the Ability of Mutant RTPRs to Catalyze—<Co Bond Ho-
Escherichia colRNR in the oxidized and reduced stat28, molysis.The two simplest mechanisms to account for the
27) show remarkable conformational flexibility of C462, observed exchange reaction involve AdoCbl-mediated thiyl
corresponding to C419 in RTPR. This cysteine moves 6 A radical formation in a concerted or a stepwise process
relative to its position in the oxidized state. The similarities (Scheme 1) X0). Mutagenesis studies have suggested that
between the.actobacillus leichmanniRNR and theE. coli C408 is the source of this thiyl radical. If thiyl radical
RNR with respect to their interactions with the nucleotides formation occurs by a stepwise mechanism, mutation of C408
of 2'-chloro-2-deoxyuridine 28—30) and the unusual phe- to serine would not be expected to prevent carboobalt
notypes of their cysteine to serine active-site mutaBis-( bond cleavage from occurring transiently. For a concerted
33, 2) suggest similarites in the secondary and tertiary formation of thiyl radical and cob(ll)alamin, however, the
structures of their active-site regions. Conformational flex- difference in homolytic bond dissociation energies between
ibility corresponding to that observed with. coli RNR O—H (119 kcal/mol) and SH (88—91 kcal/mol) 84—36)
would thus offer a reasonable explanation for the observed might be expected to prevent such a reaction. C408S RTPR
rates of exchange with these mutants. has therefore been examined by pre-steady-state SF UV
The results with C736S and C731S RTPR mutants, in vis spectroscopy to determine its ability to catalyze transient
which the mutated cysteines are those that shuttle reducingformation of cob(ll)alamin. The results of these experiments
equivalents in to and out of the active site via disulfide are shown in Figure 1. Monitoring at 525 nm (or from 465
interchange from reductant TR or DTT, give rates almost to 535 nm) reveals no apparent absorbance change up to
identical to those observed with wt RTPR under identical 200 ms, indicating that0.01 equiv of cob(Il)alamin (the
conditions @). This is the expected result given that neither lower limit of detection) is generated. Thus, either C408S
of these mutants can produce dNTP using TR as a reductantRTPR is unable to catalyze transient carbanbalt bond
but that they have turnover numbers similar to wt RTPR cleavage, or if this cleavage occurs, re-formation of the
when DTT is used as a reductant. carbon-cobalt bond occurs within the dead time of the
Finally, it is surprising from a chemical perspective that instrument &5 ms).
RTPR would catalyze thiyl radical/cob(Il)alamin formation Similar pre-steady-state as well as steady-state experiments
in the absence of substrate. One might have expected thishave been carried out with the C419S and C119S RTPRs.
process to be triggered by substrate binding, to avoid radical-In the steady state, C119S gives no detectable change at 525
mediated side reactions. However, a comparison okthe  nm, while C419S gives rise to 0.36 equiv of cob(ll)alamin
for AdoCbl (~60 uM) in the exchange reaction with that after 1 h at 37°C. This slow reaction is most likely analogous
we measured in the reduction process (@5 may resolve to the slow wt RTPR-mediated breakdown of AdoCbl shown
this conundrum. Under physiological conditions, it could be by Yamada et al. to occur with a rate constant of 304
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s 1 (t2 = 38 min) @7). Consistent with this interpretation A
is the observation that when C419S is mixed with AdoCbl osok 52, rAdoCHI
in the presence of dGTP in the pre-steady stafep2 equiv ' 2 2
of cob(Il)alamin are formed. The inability to detect cob(ll)- c 025
alamin in the pre-steady state with either of these mutants is €
consistent with their slow exchange rates and suggests that ﬁ 0.20H/ Unlabeled AdoChl
these exchange rates result from an inability to cleave the g
carbon-cobalt bond efficiently. g 015
Kinetic and Equilibrium Isotope Effects on Carben g
Cobalt Bond HomolysisKinetic and equilibrium isotope 010
effects comparing rates and amounts of cob(ll)alamin formed oosk
from [5'-*H,]-AdoCbl in H,O with [5'-?H,]-AdoCbl in H,O ’
and DO have been carried out in an effort to distinguish 0 ' L . A '
between the concerted and stepwise models shown in Scheme 0 05 1 15 4 45 5
1 and egs 1a and 1b B ol N k
0
Hy P\"m Hy ‘—LLL‘ Hyl LL‘L 002 | ‘f ‘ ] |
fo o« e . T , l "Il
+ —_— —_— -0.06 |
Ha(Dy)Ad Hy(DJAd K2 CHy(Dg)Ad 08— s Ar 15 o

T T Time (s)
/ Cellh ; @ FiIGURE 2: Kinetic isotope effect using [BH,]-AdoChl as cofactor.

(A) A transient maximum in cob(ll)alamin formation. Reaction

o, conditions were as described in Figure 1, exceptd0nvt RTPR
Hy o, and 100uM unlabeled AdoCbl or 8Q«M [5'-2H,]-AdoCbl were
SH(D) Ky Hz‘i’/ ko used. The fit to a double exponential is superimposed (solid line)
. e SHD) = on the data for [52H,]-AdoCbl. At longer times, a slower phase
H,(Dp)Ad Hy(D)Ad k2 of cob(Il)alamin formation becomes apparent. (B) Residuals for

the reaction.

i Co(lll) / i Co(lll) ;

Table 2: Comparison of Experimental Results with Simulafions

HZ?)R ks Hz?/n,_h ., . amp. 1 amp. 2
SH(D) s (1b) k(s ko(sh (equiv) (equiv)
- CHy(DYAd ks CHy(DAd A. AdoCbl, H,O % 2§i4 %Zzii 0.02
3 42 0.24
B. [2H]-AdoCbl, 1 22+2 1.3+0.2 0.324+0.02 —0.09+ 0.01
H.O 2 37 0.5 0.3 -0.05
Initially, the rate of cob(ll)alamin formation was measured 3 27 0.6 0.38 -0.12
with [5'-2H]-AdoCbl in HO and compared to the results C. AdoCbl, DO % igiz 11'%i 0.1 %Zzii 0.02 Odlogsi 0.01
with unlabeled AdoCbl. Tamao and Blakley have previously 3 30 10 0.20 0.22
reported a similar experiment using dihydrolipoate as a D.[?Hj-AdoCbl, 1 15+ 1 0.5+0.1 0.40+0.03 0.04+0.01
reductant and monitoring cob(ll)alamin for only 200 ré. ( D20 g g 8-%2

Fits of their data to a single exponential allowed them to

report aku/kp of 1.4. We have made a similar measurement 1= experimental data, 2 simulation of stepwise mechanism using

using TR/ITRR/NADPH as a reductant but have monitored HOPKINSIM, 3= simulation of concerted mechanism using HOP-
. - KINSIM. Amplitudes are expressed as equivalents of cob(ll)alamin.

_the regctlon fo_r 5's. The results ar_e shown in F'gur? 2. What Final concentrations after mixing were the following: A,@d RTPR,

is strikingly evident, and not previously observed, is that at 50 ,M AdoCbl, H,0, similark, (38 s%) and amplitude (0.19 equiv)

~200 ms in the case of [BH,]-AdoChl, 35% more cob-  were observed and simulated with 48 RTPR, 30uM AdoChl; B,

(Ialamin is observed than in the case of unlabeled AdoChbl. 604M RTPR, 40uM [5'-?Hz]-AdoCbl, HO; C, 60uM RTPR, 45uM
Cob(Ilalamin then declines slowly from this maximum to AdCbl, D:0; D, 40uM RTPR, 30uM [5'-*H,]-AdoCbl, D;O.

give a concentration of cob(ll)alamin identical to that

observed in the all-protonated case. The data in the all- AdoCbl of 0.3 s, measured in either the pre-steady state
protonated case fit well to a single exponential, while that or steady state2( 10).

with [5'-2H]-AdoChl fit well to two exponentials: one To obtain further insight into the mechanism of the
associated with an increase in cob(ll)alamin to a maximum exchange reaction, the SF UWis experiments were next
(22 + 2 s7Y) (ky) and the other associated with a decrease in carried out in BO with AdoCbl and in RO with [5'-?H,]-
cob(Il)alamin (1.3t 0.2 s1) (k). Comparison of thépsin AdoCbl and compared with the all-protonated case. The
the first case td in the second case gives an appaiteiit results of all of these experiments are summarized in Tables
kp = 1.7 + 0.2 (Tables 2 and 3) similar to the number 2 and 3.

reported by Tamao and Blakely. This slow decline is most  In D,O with AdoCbl, the absorbance trace can be fit to
reasonably associated with exchange of the deuterium fromtwo exponentials: one with a rate constant of 22 s
AdoCbl with solvent. This rate constant can be compared accounting for 70% of the absorbance change and a second
with the rate constant for tritium washout from'{5]- with a rate constant of 1.& 0.1 s! accounting for the
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alamin is present. In the all-deuterated case, the amplitude

Table 3: Summary of Observed and Predicted Isotope Effects > .
factors associated with the two phases are 0.4 and 0.04,

a b c
karfkao karfkao karkao respectively. The small amplitude factor associated with the
eﬁpwata 172i 0.2 1-163E 0.2 2-17§ 0.3 unexpected second phase suggests that it results from our
o e s T4 31 inability experimentally to make this system 100% deuter-

*oukoo; Ratio of rate constants obtained using AdoChl versts [5 ated® The implications of these results in terms of the two
1H/ K1D, ; P P ; ; _
2H]-AdoCbl, both in HO, under comparable conditions (see Table 2). mechanisms under consideration will be discussed subse

b k;y/kip; Ratio of rate constants obtained using AdoChl iOH/ersus quently.
D20, under comparable conditions (see Table°R)n/kip; Ratio of A number of possible mechanisms can account for the shift
rate constants obtained using AdoCbl iaQHversus [5H]-AdoCbl in equilibrium in favor of cob(ll)alamin in the totally
in DO, under comparable conditions (see Table 2). deuterium-labeled system. The favored model is that this
05 perturbation is associated with the influence that the low
A ' fractionation factor of sulfhydryl group88, 22) has on the
D20, [5"-2Hg]-AdoCbl thiyl radical/thiol equilibrium. Fractionation factors of 6:4
0.6 of thiol groups indicate that transfer of deuterium from
—SD to a group with fractionation facterl (e.g., a carbon
031 center) is thermodynamically favorabl&g9j.* Thus, accord-
Hg0, AdoChI ing to our working model for the exchange mechanism in
02| Scheme 1, deuteration of C408 should destabilize the thiol
state of the enzyme relative to the state that contains the
01 thiyl radical and cob(ll)alamin, in which the deuterium is
transferred to the methyl group of-8A. Cob(ll)alamin
0 . . , , . , . formation would therefore be more thermodynamically
0 005 01 015 02 025 03 035 04 favorable in DO than in HO?
Time (s) Rapid Reersible Binding of AdoCbl to RTPRThe
003} association and dissociation rates of substrate and cofactor
m u binding to enzymes are often obser\(ed_ to be rapid cc_)mp_ared
0 MWJMW‘MWM‘ W]_ﬁ'wy‘vﬂ,H‘m}/rﬂ‘jg,vMW\[«4\\»{%&_]“;W«W M d to su b§eqyeny stepé(( 417). When this is the case, kinetic
] ™ ’ " modeling is simplified considerably. As a preliminary step
003 toward the kinetic modeling required to distinguish between
0 ] 3 3 3 ; 5 concerted and stepwise mechanisms (eqgs l1a and 1b), we
Time (s) examined the kinetics of cob(ll)alamin formation at low
FicUrRe 3: Equilibrium isotope effect observed withO, [5-2H,]- concentrations of AdoCbl and RTPR. If the association and
AdoCbl. (A) Kinetic traces. Reaction conditions were as described dissociation rates are fast compared to the rate of carbon
K‘dﬁgﬂﬁeﬁé fggp&Rms t\;viseagf ?hned 5%10%?2'&25 ;[AS(;ZFC':Z]b] cobalt bond cleavage, cob(ll)alamin formation that follows
experiment was éiltted to a double exponenfial. (B) Residuals for monqexponentlal Kinetics vy|ll_be obseryed V\.”th no second
the reaction. kinetic phase. If the association and dissociation rates are
) _slower than or comparable to the rate of carboabalt bond
remainder of the absorbance change (Table 2). Comparison;jeavage, cob(ll)alamin formation will exhibit a second
of the rate constant for the first phase with that #OHjives  inetic phase corresponding to the approach to equilibrium
an apparent solvent isotope effect of ®.2. This isotope  f binding. This second kinetic phase will be more pro-

effect, as well as the others described later, was the samé,oynced at low substrate concentrations, since the RTPR-
whether the all-protonated experiment was carried out at pH AqoCh| association reaction is second-ordét)(

7.3 or pH 6.9 (the pH equivalent to pD 7.3), thus ruling out
the possibility that the I, difference between f® and HO

is responsible for the observed effe@®)( The second phase

is associated with the wash-in of deuterium into the cofactor
and hence an increase in cob(Il)alamin. By 5 s, 0.36 equiv
of cob(ll)alamin is present. This number is identical (within
experimental error) to that observed in the all-deuterium-

04 F

Eq. cob(ll)alamin

Evidence to support the validity of the rapid equilibrium
assumption was initially provided by the studies of Tamao
and Blakley 6). They showed that rapid mixing of RTPR
(~10uM), reductant, and dGTP with variable concentrations
of AdoCbl (25 to 150u4M) and dGTP resulted in the
formation of cob(ll)alamin, with apparent first-order rate

labeled case.

When the reaction is carried out with'{8H,]-AdoCbl in ~ 3The [8-?H,]-AdoCbl used was prepared by RTPR-%atalyzed wash-
D,0, the resulting trace is also, unexpectedly, best it to two ?O;fpgfgéﬁgfrgg&ogqy E%mTPoer 'é‘éorporat'on was-95% by atom,
exponentials (Figure 3) givingla of 15+ 1 s™* and ak; of 4 The fractionation factor is defined as (DAd)(D/H).20, where (D/

0.5+ 0.1 s'*. Comparison of the faster rate constant with H)x.and (D/H)o are the ratios of deuterium to hydrogen at equilibrium
that measured for AdoCbl in 4 gives an apparent at the group of interest and the solvent, respectively. The fractionation

combined solvent and cofactor isotope effect of 2.0.3 ﬁgfsruigg'co'CHR and H-CHR has not to our knowledge been

(Tables 2 and 3). In addition to the differences in rate of  5in fact, a true equilibrium between these species can never be
cob(ll)alamin formation, BO also causes a dramatic per- obtained, for as outlined above, RTPR catalyzes a slow breakdown of

turbation of the amounts of cob(ll)alamin formed relative AdoCbl (2= 38 min). This rate is sufficiently slow, however, under
the conditions examined, that a pseudo-equilibrium between these

to the amount in the all-protonated case (Figure 3). In the species can be measured. All subsequent sections refer to this pseudo-
all-protonated case from 100 ms to 5 s, 0.2 equiv of cob(ll)- equilibrium as an equilibrium.
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Ficure 4: Cob(Il)alamin formation is fitted well by a single  E -AdCD,-Co(lll) ke E *AdCD; * Co(ll)
exponential even at low [AdoCbl]. Reaction conditions were as ¢

described in Figure 1, except RTPR wald and AdoCbl was K1
24 uM. (A) Cob(ll)alamin formation, fitted to a single exponential
(solid line). (B) Residuals for the fit in A.

E——SD

K13

Ficure 5: Concerted mechanism for the exchange reaction, treating

. 1 . isotopomers explicitly. Although this diagram depicts linear
constants in the range 385 s. At all concentrations of  gequences of reactions, in the kinetic simulations equilibria were

AdoCbl tested, the time dependence followed a single not treated as sequential: a, binding equilibria; b, carbmbalt
exponential. We have reproduced and extended these resultdond cleavage and thiyl radical formation reactions with mixed
AS shown in Figure &, ot 1M AdoChland M RTPR.  S000emen [ comariigpon B ond o comomalttont
t_he data are We"_'f't tq asingle equnentlal. Careful examina- carbongcobalt bor)lld cleavage and thiyl radical formation reag['ion‘s
tion of the reaction time course did not reveal any second yith D only; e, solvent exchange.
phase in the reaction kinetics at this or other low substrate
concentrations examinédlhe ty, for approach to equilib-  kinetic modeling is of necessity complex due to the mixture
rium for the binding reaction must therefore be small of isotopomers and consequently large number of unknowns,
compared to the dead time of the instrument-%3ms), as evidenced in Figures 6 and 7 and Tables 2 and 3, the
suggesting that thky,s for binding is>>200 s* (compared simulations are able to reproduce the experimental observa-
to kobs Of ~40 st for cob(ll)alamin formation). These data tions only in the case of the concerted model.
are thus consistent with the rapid equilibrium assumption. Initially, the simulations were carried out using HopKIN-
The observation of monoexponential kinetics exhibiting SIM (23). The complexity of the mechanism (Figure 5)
no lag or burst phase over a range of [AdoCbl]s also has requires a number of simplifying and chemically reasonable
consequences for distinguishing between concerted andassumptions. The details of the assumptions and the results
stepwise reactiorfsThe stepwise mechanism, which has two are available in Supporting Information. The results favor
steps, can give rise to monoexponential kinetics only in the concerted over the stepwise model, Table 2.
certain special cases, the most probable of which is slow Global analysis has also been used to determine the rate
cob(ll)alamin formation followed by rapid thiyl radical constants that provide a global best fit to all of the isotope
formation. The constraints that monoexponential kinetics put effect data. In this case minimal assumptions have been made
on the mechanistic possibilities will be examined in detail and hence this method serves as an additional check on the

in the discussion. assumptions used in the numerical integration method. The
Kinetic Modeling Using Experimental Data to Distinguish ~ global analysis method allows nonlinear least-squares regres-
Between a Stepwise and a Concerted Mechan&mula- sion analysis of an entire set of data simultaneously to find

tions using HogINSIM 1.3 and global analysis using the parameters that best fit all of the dad@)( Initially, the
DynaFit.220 24) were used in an effort to determine whether rate constants for the experiments with unlabeled cofactor
the experimental data monitoring cob(ll)alamin formation and HO were determined by global fitting of SF traces
can make a distinction between a concerted and a stepwisebtained over a range of [AdoCbl]s (2800 uM).® This
mechanism. A model for the concerted mechanism, including method allowed direct determination of values #r; ks,

all of the different isotopomers of BIA is shown in Figure andk-, (eq 1a). All of the rate constants involving transfer
5. An analogous scheme for the stepwise mechanism isof deuterium were allowed to vary as adjustable parameters.
provided in Supporting Information (Figure S1). While the Sets of data representing all four sets of isotopic conditions
(AdoCbl with H,0, [5'-?H,]-AdoCbl with H,O, AdoCbl with

6 The [AdoCbl] dependence of the kinetics of cob(ll)alamin formation D20, and [3-*Hz]-AdoCbl with D,O) were fit simultaneously.

has been investigated in deta5]. A sampling of the fits to the data for the concerted
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state isotope effect data. The fits are shown as dashed lines: A,
Unlabeled AdoCbl, HO (experimental conditions as in Figure 2); Ficure 7: Global best fit of the stepwise mechanism to pre-steady-
B, [5'-?H2]-AdoCbl, H,O (experimental conditions as in Figure 2);  state isotope effect data. The fits are shown as dashed lines: A,
C, AdoChl, DO (experimental conditions as in Figure 3, except unlabeled AdoChl, KD (experimental conditions as in Figure 2);
60uM AdoCbl was used in place of [BH,]-AdoCbl); D, [5'-?H,]- B, [5'-2H]-AdoCbl, H;0O (experimental conditions as in Figure 2);
AdoChbl, D;O (experimental conditions as in Figure 3). Each tick C, AdoChbl, DO (experimental conditions as in Figure 3, except
mark represents 0.2 equiv of cob(ll)alamin. Traces are shown offset 60 uM AdoCbl was used in place of [8H,]-AdoCbl); D, [5'-2H,]-
from each other for clarity. The residuals are derived from the AdoCbl, DO (experimental conditions as in Figure 3). Each tick
complete global analysis, which involved simultaneous fitting of mark represents 0.2 equiv of cob(ll)alamin. Traces are shown offset
seven traces. from each other for clarity. The residuals are derived from the
complete global analysis, which involved simultaneous fitting of
mechanism are shown in Figure 6. The parameters associategeven traces.
with the best fits are summarized in Table 4.
Table 4 illustrates the rate constants obtained by global Table 4: Best-Fit Rate Constants for the Concerted Mechanism

fitting of all of the isotopic experiments. Where-" are from Global Analysis

affixed, the microscopic rate constant obtained from the Ki 4000 M1 Kio 60st
global fitting was associated with an error of -5000%. EZ 2888 Mi ::*9 i?’lgll
Direct observation of the kinetics of isotopmer interconver- Kj 4000 M- ktig 42 51
sion will be required to define these rate constants more Ks 4000 M1 K11 60st
precisely. The rate constants that can be derived from Kse 4000 M K-11 28st
homoisotopic experiments alone (i.Rya1, K-11, Ky12, K-12) t” 637?1 :2“2 gzsil
are the most precisely determined. Nevertheless, the results k;; ~5 gt k;ﬁ 551

are in qualitative agreement with the values expected from K g 42 st K_13 0st
statistical effects and c;hemically reasonable isotope effects.™ 2 gate constants are as defined in Figure 5. For simulation of
For example, comparing-1; and k10, one would expect  reactions in HO, ki3 was 0 st andk_;3 was 5 st.

ki10 to be smaller by a factor of about 15, the product of a
statistical factor of 3 (three hydrogens f&r,; vs one The same procedure was used for fitting the same data to
deuterium forkyig), and an isotope effect of five (a value the stepwise mechanism (eq 1b, Figure 7, model Figure S1
derived from the all-protonated vs all deuterated cases), inin Supporting Information). For reasons discussed subse-
reasonable agreement with the observed values. The effectguently, thiyl radical formation was assumed to be much
of isotopes on the equilibria are also roughly in agreement faster than carboncobalt bond homolysis and this step was
with expectations based on statistical and isotope effects. Formodeled as a rapid equilibrium. The rate and equilibrium
example, the product d€; andKg should be the product of  constants that best fit the experimental data with unlabeled
a statistical factor of 2 (deriving from the fact that the product cofactor and HO were determined by global fitting of the

of reaction 8 has two stereoisotopomers, while the reactantSF traces as described ab&wéalues forKj, ky, k—», ks, and

in reaction 7 has only one) and the fractionation factor (0.3 k-3 (eq 1b) were initially determined. With these rate
from the global analysis, 0-40.6 expected from model constants fixed, the equilibrium constants involving transfer
studies). Similarly, the product & andK,o should be one-  of deuterium were allowed to vary. The fits are shown in
half of the fractionation factor. While the error in the actual Figure 7, and the parameters describing the best fits are
values is too large to interpret the comparison quantitatively, summarized in Supporting Information, Table S3. In several
the actual values~1 and~0.1) follow the same trend as cases the fits do not define the parameters to within a factor
the expected values (0.6 and 0.15). of 2 (i.e., error>100%) and therefore no value is given.
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Where the fits are associated with large uncertainties, theexplanation attributes this phenomenon to the low fraction-
rate constant is preceded by an approximation sign (Tableation factor of 0.4-0.6 associated with thiol$g, 22).
S3). The stepwise mechanism does not allow global fitting  The hypothesis that this equilibrium effect arises from
of all of the isotope effect data. None of the fits to the_data deuteration of C408 is also consistent with the unusual
are as good as for the concerted mechanism; see Figure Gpservation of a transient maximum in cob(ll)alamin forma-
and Table 3. The failure of the fit to the experimental results jgn when [3-2H,]-AdoCbl is studied in similar experiments
is most clear in the experiments vv_ith un!abeled cofactor .in (Figure 2). If C408 is relatively inaccessible to solvent,
DO (Figure 7C). The kinetic modeling using global analysis - myltiple cycles of carboncobalt bond cleavage/thiyl radical
and the numerical integration methods (Supporting Informa- formation and carboncobalt bond re-formation/thiol regen-
tion) are, therefore, most consistent with a concerted model, gration could allow deuterium to fractionate between AdoCbl
eq la. and the C408 thiol before the deuterium (or hydrogen) of
EPR Eidence for the Nature of Paramagnetic Intermedi- C408 exchanges with the solvent. This fractionation process
ates.EPR spectroscopy may also be useful in distinguishing would initially favor formation of more thiyl radical and cob-
between a stepwise and a concerted mechanism. In a stepwis@l)alamin relative to the amount in the all-protonated case.
mechanism, for example,-8A* could be detectable as an As the deuterium is washed out, the amount of cob(ll)alamin
intermediate if the rate of thiyl radical formation was should and does return to an amount identical to that
sufficiently slow to allow its accumulation. RFQ-EPR observed in the all-protonated case.
experiments with [5?H]-AdoCbl were therefore carried out The observed increase in the amount of cob(ll)alamin in

to inyestigate this poseibility. In agreement with previous presence of [FH]AdoChI or D,O suggests that the
studies §), no perturbation of the EPR spectrum quenched (qgiqye that interacts directly with AdoCbl is a cysteine,
at 28 ms (Supporting Information, Figures S4A and S4C) IS ¢onsistent with the EPR data obtained by the RFQ method
apparent. Simulations of these spectra using a carbon-using isotopically f-2H]-cysteine-labeled RTPR (Figure S4,

centered radical in place of a thiyl radical (as recently Supporting Information) X0). Furthermore, qualitatively
observed in the case of several AdoCbl-dependent enzymes;imijar inverse equilibrium isotope effects are observed in

that eatalyze re)arrangementgﬁ(—49) indicate that, if the 0 nresence of substrétsuggesting that a thiyl radical is
5'-dA" were 10% of the observed paramagnetic Species, it 5i5q an intermediate in nucleotide reduction, again in accord
should have been detected. These results contrast with thosﬁ/ith freeze quench EPR results. Obtaining evidence for a
from RFQ experiments carried out with RTPR in which all - iy radical intermediate from a continuous method carried
cysteines have beefi-fHz]-labeled (compare Figures S4A ¢ 5t 4 physiological temperature strongly supports the idea

and S4B, Supporting Information), where a marked sharpen-y,a; this species is a true catalytic intermediate and not an
ing of hyperfine features associated with cob(ll)alamin is g titact of the freeze quenching method.

detectable 10). These experiments are thus consistent with
the hypothesis that lA® is not a required intermediate. The
possibility of hydrogen atom transfer from C408 to a putative
5'-dA° during the freeze quenching process, or undetectable
amounts of 5dA* with available methods, however, cannot

Mechanism of Thiyl Radical Formation. Concertegtsus
StepwiseThe determination of whether steps in an enzymatic
mechanism occur in a concerted or stepwise fashion is
notoriously difficult. In fact, probes used to study this
guestion often alter the mechanism under investigation. We

be excluded. . . . .
have chosen to address this question using two methods: site-
DISCUSSION directed mutagenesis and isotope effects. The distinction
between these mechanistic options is required for examining
Importance of C408 in the Exchange Reactionr model the thermodynamics of carbettobalt bond homolysis

for the exchange reaction (Scheme 1) postulates a uniguglaccompanying manuscript) and understanding the observed
role for C408. Our detailed studies of this process (Table 1) rate acceleration of 10for the enzyme-catalyzed exchange
using a variety of reductants and site-directed mutants supportreaction.

this proposal and eliminate previous proposals that invoked The concerted mechanism is appealing because it helps
the requirement for and direct involvement of the reductant exp|ain how RTPR Cata|yzes two thermodynamica”y unfa-
(8, 50). Furthermore, these studies suggest that carbon yorable reactions. The homolytic bond dissociation energy
cobalt bond homolysis and formation of the thiyl radical are of AdoCbl is reported to be-30 kcal/mol in solution %2,
Subtly dependent on the prOtein Conformation, which in turn 53), which makes carboncobalt bond Cleavage very en-
is influenced by active-site Cysteine conformation and/or dergonic ina Stepwise mechanism. However, Coup”ng this
allosteric binding of reductant. The rate constants and step to G-H bond formation and SH bond cleavage would
requirements for the exchange process suggest, as Wee expected to reduce the enthalpic costd0 kcal/mol,
originally proposed 10), that it is an excellent model for  sjnce the homolytic bond dissociation energy eftSis 88—
the early stages in the nucleotide reduction process. Henceg1 kcal/mol, while that of &H of a CHs is ~100 kcal/mol
the detailed analysis of this simplified system was under- (34—3g). Similarly, coupling the thiyl radical’s unfavorable
taken. re-abstraction of hydrogen from the methyl group 688
Equilibrium Sobent and Cofactor Isotope Effects as to carbor-cobalt bond re-formation would be expected to
Evidence for a Thiyl Radical in the Exchange Reaction. result in a net negative enthalpy change. This coupling is
Further evidence that supports the role of the thiyl radical not possible in the stepwise mechanisms. The concerted
in the exchange process comes from the observation Hiat D reaction is similar to a well-characterized class of radical
increases the amount of cob(Il)alamin formed at equilibrium reactions described as molecule-induced homolyses. In these
(Figure 3) by a factor of-2 relative to HO. The simplest reactions homolytic cleavage of a non-radical species is
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accelerated by interaction with another non-radical speciesstepwise mechanism is thus the case in which hydrogen atom
(54, 55). abstraction is much faster than cobatarbon bond homoly-
The Inability of C408S RTPR to Catalyze -&© Bond sis and reformation. The remainder of the discussion will
Cleavage is Consistent with a Concerted Mechanidine thus focus on making a distinction between the concerted
observation that replacement of C408 with a serine, which case (eq 1a) and the stepwise case in which the first step is
makes hydrogen atom abstraction energetically unfavorableslow (eq 1b).
(O—Hvs S—H, 120 vs 88-91 kcal/mol) also makes carben Sobent and Cofactor Kinetic Isotope Effects on Cob(ll)-
cobalt bond cleavage unfavorable suggests that these twaalamin Make Distinct Predictions about Concerted and
reactions take place in a single step. Alternatively, this Stepwise Mechanism3.o make this distinction, kinetic
phenotype is consistent with a stepwise mechanism in whichisotope effects have been measured with?f5]-AdoChbl,
the first step (carboncobalt bond cleavage) is thermody- D,0, and both [52H;]-AdoCbl and BO. Recall that the
namically unfavorable, while the second step (thiyl radical observed isotope effects are composites of forward and
formation) is thermodynamically more favorable and drives reverse rate constants and hence difficult to predict. The two
the reaction toward products. mechanisms do, however, predict different isotope effects
This phenotype is furthermore inconsistent with two on microscopic steps, which in turn predict different observed
additional stepwise mechanisms: one in which the rate of kinetic and equilibrium isotope effects.
carbon cobalt bond homolysis is greater than the rate of thiyl The stepwise mechanism (eq 1b) predicts a secondary
radical formation (case A) and one in which the rates are kinetic isotope effect ok, andk_, and an inverse equilibrium
comparable (case B). Chemical precedent indicates thatisotope effect (0.40.6) between 5dA* and the thiyl radical
hydrogen abstraction from thiols by carbon-centered radicals(22). A secondary isotope effect ¢ would be expected to
occurs at~10® M~ s7 (56), while thiyl radical abstraction  be normal and no greater thanl.25 per deuterium3Q),
of a hydrogen atom from 2-propanol occurs with a rate while that onk_, would be expected to be inverse. These
constant of~10°*—10* M~1 s71 (57). Thus, with even modest  two steps in concert would not be expected to substantially
effective concentrations ef1 M for 5'-dA* and thiyl radical alter the rate of approach to equilibrium. The equilibrium
at the active site of RTPR, the rate of approach to equilibrium effect is thus likely to have the largest impact on the observed
would be~10*—10° s1, 1?—1C® faster thankyys for cob- rate and equilibrium constants.
(INalamin formation. It is thus difficult to rationalize why The concerted mechanism, in contrast, predicts primary
the approach to equilibrium for a thermodynamically favor- isotope effects on botk, andk-, (eq 1a). When deuterium
able hydrogen atom abstraction step in the stepwise mech-4s present on the thiol of C408, a primary kinetic isotope
anism would be slower than or comparable in rate to carbon effect would be expected ok,, and when deuterium is
cobalt bond cleavage, unless a slow protein conformational present at the'$osition of B-dA, a primary kinetic isotope
change were required for this step to occur. However, if a effect would be expected da,. This mechanism, as with
conformational change were rate-limiting in thiyl radical the stepwise mechanism, also predicts an inverse equilibrium
formation, it would be difficult to explain the observed isotope effect K,, eq 1a) of 0.40.6 due to the low
magnitude of the isotope effects (Tables 2 and 3), as therefractionation factor of the thiol grou®2@). The magnitude
would be only a secondary isotope effect on carboobalt of the observed isotope effect of 2.7 (Table 3) on cob(ll)-
bond homolysis and no isotope effect on thiyl radical alamin formation in the all-protonated versus all-deuterated
formation. Thus, the inability to observe cob(ll)alamin with case thus favors a concerted model.
C408S RTPR supports a concerted mechanism or a stepwise Global Analysis of Isotope Effect Data to Obtain Bests
mechanism in which carbercobalt bond homolysis is slow  Fit Rate and Equilibrium Constants: Further Support for a
and thiyl radical formation is rapid. Concerted Mechanisn®ur simulations using HopKINSIM
Additional arguments against a stepwise mechanism in (Supporting Information) demonstrated that our isotope effect
which the rate constant for carbenobalt bond cleavage is  data could be modeled qualitatively to the concerted mech-
greater than or equal to thiyl radical formation are provided anism (eq 1a) with a small number of chemically reasonable
by the observation that cob(ll)alamin formation monitored assumptions. For the stepwise mechanism, however, a set
in the pre-steady state occurs without any observable lagof rate constants that both satisfied the initial assumptions
phase and is well-described by a single exponential (Figureand fit the data was not found. The unigqueness of the fits
4). The stepwise mechanism case A predicts biphasic kineticsfor the concerted mechanism is unknown, as is the question
in which a burst followed by a slower increase in cob(ll)- of whether acceptable sets of kinetic parameters actually exist
alamin formation would be observed. Case B also predicts for the stepwise mechanism. Global kinetic analysis methods
biphasic behavior, unless the rate constants for the two stepsave therefore been used to examine, with minimal assump-
happen to be equal or very close to equal. Under conditionstions, our ability to fit all of the isotope effect data
designed to maximize detection of two kinetic phases (i.e., quantitatively for the concerted and for the stepwise mech-
low [AdoCbl] and [RTPR]), the data are best fit to a single anisms.
exponential. The large number of isotopomers dfdA (Figures 5 and
Finally, EPR evidence provides additional evidence against S1 (Supporting Information)) complicates the analysis and
these two stepwise mechanisms (cases A and B). Both predictmakes it impossible to determine with high precision all of
that 8-dA* should be observable. However, RFQ EPR the rate constants in the mechanism using the data obtained
experiments carried out using’{&H,]-AdoCbl provide no to date. The presence of statistical effects also makes it
evidence for its production (Figure S4, Supporting Informa- difficult to determine accurately the true kinetic isotope
tion) (9, 10). Given the experimental evidence and the effects on microscopic steps. However, despite this complex-
chemical precedents, the most plausible possibility for the ity, the modeling is able to reproduce, in the concerted case
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only, the unusual isotope effects (Figures 2, 3, and 6 andof the thermodynamics and activation parameters of this
Tables 3 and 4). Figure 6 shows remarkably good fits to the reaction £5).

data under a variety of conditions. From these simulations
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