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ABSTRACT. The adenosylcobalamin-dependent ribonucleoside triphosphate reductase (RTPRadrom
tobacillus leichmanniicatalyzes the reduction of ribonucleoside triphosphates to deoxyribonucleoside
triphosphates. RTPR also catalyzes the exchange of they@Bogens of adenosylcobalalamin with solvent
hydrogen. A thiyl radical located on Cys 408 is generated by reaction of adenosylcobalamin at the active
site and is proposed to be the intermediate for both the nucleotide reduction ardhiltedgien exchange
reactions. In the present research, a stereochemical approach is used to study the mechanism-of the Co
C5 bond cleavage of adenosylcobalamin in the reaction of RTPR. When stereoselectively deuterated
coenzyme, (R)-[5'-?H1] adenosylcobalamin (B/S = 3:1), was incubated with RTPR or the Cys 408
viariants, C408A-RTPR and C408S-RTPR in the presence of dGTP, the deuterium at#nbdh was
stereochemically scrambled, leading to epimerization of ttf®-[(5'-°H,]- and (3R)-[5'-?H,]-isotopomers.
Observation of epimerization with mutated RTPR proves that transient cleavage of t@5Cloond

occurs in the absence of the thiol group on Cys 408. The rate constants for epimerization by RTPR,
C408A-RTPR, and C408S-RTPRs in the presence of dGTP are 5.1, 0.28, and §.4@spectively.

Only the wild-type RTPR catalyzes thetydrogen exchange reaction. Both epimerization &ftd/8rogen
exchange reactions are stimulated by the allosteric effector dGTP, and epimerization is not detected in
the absence of the effector. Mechanistic implications with respect to wt-RTPR-mediated carbon cobalt
bond homolysis and the intermediacy of tHed&oxyadenosyl radical will be presented.

In vivo, deoxyribonucleotides are produced by reduction pppe o, N PPPO o N
of ribonucleotides in reactions catalyzed by ribonucleotide RTPR N\
reductases. Théactobacillus leichmanniiribonucleoside " H ®
triphosphate reductase (RTBRa class Il ribonucleotide N

. . OH OH SH s OH H
reductase, requires adenosylcobalamin and catalyzes the i I |
reaction shown in eq 1 in which reduction is accompanied NP s Ly aNTP
by active site disulfide formationlj. NeAU.C.G N
T TR
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C408S-RTPR, C408S variant of ribonucleoside triphosphate reductase./@dical- Rapid freeze quench EPR experiments have identi-
adenosylcobalamin, ieoxyadenosylcobalamin; dGTP;d@oxygua- fied the transient thiyl radical and shown it to be kinetically
nosine &triphosphate; ATP, adenosine-tsiphosphate; NADPH,  competent§, 9). Site-directed mutagenesis experiments, and

g;ﬂﬁ]?tipsg,iciﬁigfe%rggﬁ C:ie” d“féf:éﬁfbf)(ﬂjtgﬁﬂﬁ”&ﬁgg'?HTﬁmtgf’re' more recently crystallographic studies, have identified C408

proton nuclear magnetic resonance spectroscopy; TFA, trifluoroacetic @ the locus of this protein radica8,(11). The role of
acid. adenosylcobalamin is thus unique relative to othgs B
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requiring proteins; its role is to generate a transient protein rate of 5 mL/min. The loop was removed from the system,

radical, not a carbon centered radical on a substrate. and the column was washed with 200 mL of 0.02% TFA
In recent presteady state kinetic studies, which were basedA). A linear gradient starting at 100% A to 75% B (80%
on the original experiments of Blakley and Tamak®)( methanol, 0.02% TFA) was applied at 5 mL/min and over

Stubbe and co-workers proposed that both the exchange220 min. Fractions (20 mL) were collected, and aliquots were
reaction and the reduction reaction proceed through aexamined by UV/Vis spectroscopy. 'B-[5-2HiAdeno-

common intermediate: a thiyl radical, cob(ll)alamin, afd 5 gy|cobalamin emerged at 28% B. Pure fractions containing
deoxyadenosine/( 8). Analysis qf the kinetics and isotope (5'R)-[5-2H;Jadenosylcobalamin were pooled, evaporated
effects on the exchange reaction led to the proposal that,,qer reduced pressure, and redissolved in 5 mL of water.

formation of this intermediate from adenosylcobalamin and The desired product was absorbed on a SepPak C18 cartridge

(Ijir\(/)vge-vReIPai e(l)lfecrl;l]gtei\?e Igte?)v;ggctﬁgceﬁartiassmhl?gd ??)qiz)flvr(\ich (3 mL, Waters), and the cartridge was washed with water
’ until the flow-through was neutral. [®)-[5-°Hi]JAdeno-

a high energy Bdeoxyadenosyl radical intermediate and cob- , : )
(Ihalamin is generated followed by rapid formation of thiyl sylcobalamin was then eluted with methanol. THe&[§5-

radical and 5deoxyadenosine could not be excluded. °HjJadenosylcobalamin in methanol was diluted to 1.5 mg/
mL, and 1 mL aliquots were evaporated in vacuo in amber
Ado Ado 1.5 mL centrifuge tubes and stored-a20 °C.
B B~ . B ) . .
9{«{[“ Ey " >|C@ f: s @ General MethodsSolution concentrations were measured
8¢ ys:

spectrophotometrically using the following molar extinction
coefficients: epg0 0of 101 000 Mt cm ™! for RTPR (1), €525
= 8000 M cm™ for adenosylcobalaminl#), andeyso =

sz)Ad" " H{Aj’@(\ w 15 400 Mt cm for dGTP and ATP 15). All experiments
- ) N © involving adenosylcobalamin were carried out in dark or
/|C (h Eys408 /|C‘Q> (F?ys4os /|C‘(\H) Cysd08 9 y

under dim light. In DO solutions, all measured pHs were
corrected to pD by addition of 0.4 to the reading. Enzyme
The present work was undertaken in a search for the 5 activities were assayed by the coupled assay method using
deoxyadenosyl radical intermediate and to better understandrrRr/TR/NADPH as the reducing agents).( The assay

the mechanism of CeC5 bond cleavage in the reaction ixture (1.0 mL) contained 50 mM HEPES (pH 7.4), 1.0

catalyzed by RTPR. mM dGTP, 2.0 mM ATP, 20QM NADPH, 12 uM TR,
_ _ o The reaction was initiated by the addition of adenosylco-
Materials. Adenosylcobalamin, dGTP, ATH-nicotina- balamin (5.0uM), and the decrease in A340 nm was

mide adenine dinucleotide phosphate reduced form (NAD- monitored. Background was corrected by running a control
PH), dithiothreitol (DTT), TR, and thioredoxin reductase reaction in the absence of the added enzyme. Rates were

(TRR) were purchased from Sigma. Deuterium oxideGP calculated usingvesso= 6220 M- cm1. A specific activity
99.9 atom % D) was from Aldrich. HPLC grade methanol ¢ 47 4+ 0.05 zmol min"t mg* (keat = 0.55+ 0.07 57

was from Fisher Scientific. Microcon-30 centrifugal filter ¢ neasyred at 3. No activity for C408A-RTPR was
devices were obtained from Millipore. The filter devices detected
employ Amicon low-binding, hydrophilic regenerated cel- € '
lulose membranes of low absorption characteristics. Sep- Measurement of Adenosylcobalamin Binding to C408A-
Pak Gg cartridges were from Water&schericia colicells RTPR. Measurement of adenosylcobalamin binding was
(strain HB101) transformed with the expression plasmid carried out by ultrafiltration using Microcon-30 centrifugal
carrying the RTPR gene from leichmanniiandE. colicells filter devices (Millipore) and a 30 K cutoff filter as described
(strain BL21) transformed with the expression plasmid (16). In one set of experiments, the solution contained 50
carrying the genes for expression of C408S-RTPR and mm HEPES (pH 7.4), 10aM adenosylcobalamin, 2.0 mM
C408A-RTPR were as describeg, (L0). dGTP, 20 mM DTT, and from 40 to 520M of C408A-
Synthesis of Stereoseleally Deuterated [5°H] Adeno-  RTPR in a total volume of 50(L. The mixtures were
sylcobalaminSynthesis of (8)-[5-*HiJadenosylcobalamin - yansferred to the filter devices after being incubated at 37
['R)/(5'S) = 3:1] was carried out in the dark as described o¢ f4r 10 min and centrifuged for-35 min so that less than
elsewhere13). Stereochemical analysis B NMR showed 15% of the solution had passed into the filtrate. Controls

it to consist of a 3:1 mixture of B/5'Sepimers. This material ludi : led that th f ad |
is hereafter referred to as'®-[ 5'-?H,Jadenosylcobalamin. exciucing protein reveae that the amount of adenosylco-
balamin bound to the filters was smalk{%) under the

The product was purified in the dark by reverse-phase . . _ .
chromatography on a Superformance glass cartridgex2.5 experimental conditions, and it was corrected by subtraction.
The concentration of adenosylcobalamin in the filtrate was

30 cm, E. Merck, Germany, packed with octadecyl func- : ,
tionalized silica gel from Aldrich, equilibrated in 0.02% accepted as the concentration of free adenosylcobalamin. The

trifluoroacetic acid (TFA)/water). The reaction mixture was concentration of the adenosylcobalam@408A-RTPR was
acidified with concentrated TFA to pH 1, diluted to 150 mL, calculated by subtracting the concentration of free adeno-
and transferred into a 150 mL Super-Loop (Pharmacia, Sylcobalamin from total coenzyme. The ratio of [C408A-
Sweden). The Super-Loop was connected to a FPLC systenRTPRE/[ adenosylcobalamif](c) was then plotted against
(Pharmacia, Sweden), and the sample was loaded at a flowthe concentrations of C408A-RTPR. The dissociation con-
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stant,Kg, was calculated from least-squares fitting of the data
toeq4

_ Clenzyme] @)

(K4 + [enzyme])
where C is a constant defining the maximal degree of
binding.

In a second set of experiments, fixed concentrations of
C408A-RTPR (100uM) were incubated with various
concentrations of adenosylcobalamin (from 40 to 7Z00)
in 50 mM HEPES (pH 7.4), 2.0 mM dGTP, and 20 mM
DTT in a total volume of 50@L under the same conditions

described above. The workup and analysis were as described

above (eq 4).

Assay for Epimerization at C®f (5R)-[5'-°H;]JAdeno-
sylcobalamin Catalyzed by C408A-RTPR and WT- RTPR
Epimerization of (5R)-[5'-?H;]Jadenosylcobalamin catalyzed
by mutant or wt-RTPR was analyzed by monitoring the
scrambling of the deuterium at thé-&arbon using NMR
spectroscopy. In reactions catalyzed by C408A-RTPR, the
assay mixture contained 0.6 mM'B)-[5'-°H;]Jadenosyl-
cobalamin, and 0:610.0 uM C408A-RTPR. In reactions
catalyzed by RTPR, conditions were the same except that
buffer and reagents were exchanged witbOD and the
concentrations of enzyme andRb[5'-’H;Jadenosylcobalamin
were 2.5uM and 0.5 mM, respectively. The reactions were
preincubated at 37C for 5 min before the addition of (B)-
[5'-°Hj]Jadenosylcobalamin and enzyme. After the preincu-
bation, (3R)-[5'-°H;]Jadenosylcobalamin was added, and a
0.85 mL aliquot of the reaction mixture was removeéd=(

0) and loaded onto a Sep-PakgCartridge that had been
previously washed with 10 mL of methanol followed by 15
mL of ddH,O. The reactions were initiated by the addition
of enzyme. At £8 min time intervals, 0.85 mL aliquots
were removed and loaded onto the cartridge followed by a
quick wash with 2.0 mL of ddkD to quench the reactions.
The cartridges were then further washed with 10 mL of
ddH0, and the coenzyme was eluted with methanol. The
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Ficure 1: Determination of the dissociation constant for the
complex of adenosylcobalamin and C408A-RTPR. Adenosylco-
balamin solution £105uM) was titrated with various concentra-
tions of C408A-RTPR (from 40 to 52aM) in 50 mM HEPES
buffer (pH 7.4) containing 2.0 mM dGTP and 20 mM DTT in a
total volume of 0.5 mL at 37C. The binding mixtures were then
briefly centrifuged in Microcon-30 so that less than 15% of the
binding solution had passed the filter. The concentrations of free
adenosylcobalamin in the filtrates were measured using= 8000
M~1cm~L The bound C408A-RTPR were calculated by subtracting
the concentrations of free adenosylcobalamin from that of the total
adenosylcobalamin. A dissociation constant of #320 uM was
determined by plottingx (wherea = [C408A-RTPR}/[adeno-
sylcobalaminf) vs C408A-RTPR concentrations and fitting the data
to eq 4. The inset is the Scatchard plot of the data.

integrated manually using multiple polynomial baseline
corrections. Data from the integration of the Cgsoton
peaks derived from (B)-[5'-?°H;]adenosylcobalamin, (S)-
[5'-?H,]Jadenosylcobalamin, or adenosylcobalamin were plot-
ted against reaction times and fitted to single exponentials
using the nonlinear least-squares fitting program in the
KaleidaGraph software.

RESULTS

Measurement of Adenosylcobalamin Binding to C408A-

solvent was removed in vacuo, and adenosylcobalamin wWasRTPR As a prelude to the investigation of whether RTPR

redissolved in 0.6 mL of BD for analysis by'H NMR
spectroscopy. In some experiments DTT was replaced with
NADPH/TR/TRR at 0.5 mM, 65M, and 0.2uM, respec-
tively.

Assay for Exchange of-blydrogens of Adenosylcobalamin
with D,O. The hydrogen exchange reactions were carried
out using buffers and reagents exchanged @ .Orhe assay
mixtures were contained in a volume of 7.0 mL:50 mM
HEPES at pD 7.4, 32@M dGTP, 20 mM DTT, 0.6 mM
adenosylcobalamin or 0.5 mM '®-[5'-?H;]adenosylco-
balamin, and 2.xM RTPR or 10.uM C408A-RTPR. The

reactions were carried out and worked up as described above

Spectrometry UV/visible spectrophotometry was per-
formed on a Hewlett-Packard model 8452A diode array
spectrometer with a thermostatically controlled cuvette
holder.'H NMR spectra were acquired on a Bruker DMX
500 MHz spectrometer at 300 K. The probe was tuned for
each sample, and the 9@ulse was calibrated. Spectral
conditions were 16 K time domain points and 256 scans,

can catalyze the CeC5 homolytic cleavage of adenosyl-
cobalamin in the absence of Cys 408, the binding of
adenosylcobalamin to C408A-RTPR was first evaluated
using the ultrafiltration method1g). Adenosylcobalamin
(205u4M) was mixed with various concentrations of C408A-
RTPR and dGTP and DTT under the conditions described
in the General Methods section. Figure 1 shows the plot of
the degree of bindingx) versus the concentration of C408A-
RTPR from one set of experiments. A value of 18210

uM for Kq was calculated by nonlinear least-squares fitting
of the data to eq 4. A Scatchard plot (inset) reveals one
adenosylcobalamin binding site per enzyme molecule. Simi-
lar results were obtained when the concentration of adeno-
sylcobalamin was varied and that of C408A-RTPR was
constant (data not shown). This valuekaf is within error

the same as the value of 20D 67 uM obtained in the
previous studies with the wild-type enzym&7), and it is
larger than that reported by Brown and 21j. Therefore,

with a 3.0 s delay between acquisitions. Spectral data werethe binding affinity between the adenosylcobalamin and the
processed with a Silicon Graphics workstation using the enzyme active site appears to be only slightly if at all affected
XWINNMR 2.6 software package. Peaks of interest were by deleting the thiol group from Cys 408.
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Ficure 2: High-field portion of thelH NMR spectra of adeno- 0 10 20 30 40 50

sylcobalamin and (R)-[5'-?H;Jadenosylcobalamin in fD. In the . .
spectrum of adenosylcobalamin (spectrum 1), the P@nd the Time (Min)
pro-Sdiastereotopic protons of the-Bethylene group give rise to  Figure 3: C5-epimerization catalyzed by C408A-RTPR. Epimer-
a triplet at 0.57 ppm and a doublet at 1.54 ppm, respectively. In jzation at C5was measured by monitoring the scrambling of the
the spectrum of [5?HJadenosylcobalamin (spectrum 2), the chirally deuterated adenosylcobalamin fromRJE[5'-2Hy]/(5'S)-
coupling patterns were changed because of the deuteration at ongs'-2H,] = 3:1 to (8R)-[5'-2H4]/(5'S-[5'-2H,] = 1:1 using*H NMR
of the C-5 positions. The doublet at 0.55 ppm and the singlet at spectroscopy. The reaction conditions were 50 mM HEPES (pH
1.52 ppm (doublet not resolved in figuré,< 2 Hz) integrate to 7.4), 320 uM dGTP, 20 mM DTT, 0.6 mM [52H,]adeno-
0.25 and 0.75, respectively, indicatingRp[5'-?HiJadenosylcobal-  sylcobalamin, and various amounts of C408A-RTPR at@7The
amin/(89)-[5'-?H;Jadenosylcobalamir 3:1. In either case, signals  concentrations of the enzyme used argNd (inverse triangles),
of the proSand proR 5'-protons of adenosylcobalamin are well-  2.5,M (triangles), 5.:M (diamonds), 7.5M (squares), and 10.0
resolved from other nearby signals. The spectra were taken with a,M (circles), respectively. The epimerization data were fitted to
500-MHz NMR spectrometer at a probe temperature of 300 K. single exponentials. The observed rate constants 8.081, 0.05
) ] o + 0.01, 0.07+ 0.01, and 0.1H 0.01 mimr?, respectively, for the

Catalysis of Epimerization by C408A-RTPR and C408S- different enzyme concentrations) are proportional to the enzyme

RTPR The thiyl radical responsible for nucleotide reduction concentration.

and the 5hydrogen exchange has been located on residue

Cys 408 8, 11). Previous studies have shown that C408S- Scheme 1

RTPR does not catalyze substrate reduction or the exchange g, o =X~ gy —% - por =X E + A%
of tritium from the 3-carbon of adenosylcobalamin with k

water Kops < 1.25 x 1075 s71). Furthermore, formation of A = (5R)-[5-2Hladenosylcobalamin

cob(Ihalamin from adenosylcobalamin could not be detected A* = (5'S)-[5'-2H]adenosylcobalamin

in reactions of C408S-RTPR under presteady state conditions

(7), in contrast with wt-RTPR, in which cob(Il)alamin is  ppm, in place of the triplet in the parent coenzyme, and the
formed quickly kops = 40 s*) to the extent of 0.2 equiv of .55 proton appears as a broadened singlet at 1.52 ppm.
cob(ll)alamin per equivalent of RTPR. These observations The doublet at 0.55 ppm of the deuterated coenzyme arises
do not, however, bear directly on the question of whether fom coupling between the CBproton and the C4proton
Co—CS5 bond cleavage by RTPR requires the thiol group (1g) The signal for the C% proton of the deuterated

of Cys 408. To determine whether Cys 408 is required for 54enosylcobalamin appears as an unresolved singlet because
this homolysis, and to obtain information bearing on the 4t 5 much smaller coupling constant with the Cpfoton

concerted versus the stepwise mechanism for this procesg < Hz as calculated from a Lorentzian curve fitting routine
(egs 2 and 3), the ability of C408A-RTPR to catalyze the \ithin the XWINNMR software).

Co—C5 bond cleavage of adenosylcobalamin was examined
by a stereochemical method:Rp[5'-?H;JAdenosylcobalamin
(5'R/S = 3:1) was synthesized and incubated with C408
RTPR. Transient cleavage of the €65 bond would
convert the 5carbon of the coenzyme into a torsiosymmetric
5'-deoxyadenosyl radical. Rotation of the methylene group
about the C4-C5 bond followed by reformation of the
carbon cobalt bond would lead to'8-[5'-?H;]adenosyl-
cobalamin. Epimerization resulting from transient cleavage

After incubation of the stereoselectively deuterated ad-
A. enosylcobalamin with various concentrations of C408A-
RTPR in the presence of dGTP and DTT, the coenzyme was
re-isolated and examined Byl NMR spectroscopy. The data,
such as those presented in Figure 3, indicate epimerization.
Therefore, transient cleavage of the-&@5 bond of the
coenzyme must occur in these reactions of C408A-RTPR,
and Cys 408 is not required for this cleavage. Epimerization

of the Co-C5 bond can be observed Byl NMR spectro- requires the presence of C408A-RTPR, and the extent of

scopy (L3) as the praSand proR hydrogens on the' &arbon epimerization depends on.the reac_:tion timg and the concen-
of adenosylcobalamin display distinct chemical shifts and tration of enzyme. The epimerization reaction also requires
coupling interactions1(8, 19). t_he presence of the e_lllosterlc effector dGTP. No epimeriza-
The 'H NMR spectra of adenosylcobalamin andR5 tion was detecteq in the ab;erjce of'dGTP under the
[5'-2H,]Jadenosylcobalamin in the upfield region are shown exper!mental conditions and within the time frame of our
in Figure 2. The signals at 0.57 and 1.54 ppm are theRpro- €Xperiments.
and proS C-5 protons, respectivelyl@), and are well- The simplest kinetic mechanism for epimerization would
resolved from other signals. Owing to the change of coupling be that of Scheme 1. On the basis of this mechanism, the
between the C‘Hrotons in (5R)-[5'-’H;Jadenosylcobalamin,  observed pseudo-first-order rate constants for epimerization,
the signal of the C-R proton appears as a doublet at 0.55 which display a linear relationship with enzyme concentra-
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tion, can be calculated from nonlinear least-squares fittings
of the data to eq 5

1
R=1- 5 exp(—kd) (5)
whereR s the percentage of epimerization. The rate constant
(keafP) for epimerization catalyzed by C408A-RTPR can be
calculated using eq 6, whekg,f? = 2k in Scheme 1.

o KondAL 7 + K)
g [El,

The kops is the observed first-order rate constant obtained
from fitting data to eq 5, [A} is the concentration of the
stereoselectively labeled adenosylcobalarfinis the dis-
sociation constant for the enzymeoenzyme complex, and
[Elr is the total enzyme concentration. The valu&kgff =
0.284 0.04 s* was obtained for C408A-RTPR.

Similar experiments with C408S-RTPR also led to epimer-
ization of (BR)-[5'-?H;]Jadenosylcobalamin with dependence
on the presence of dGTP. A control experiment showed that
no cob(Il)alamin formation could be detected spectropho-
tometrically, and no organic radical could be detected by

(6)
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Ficure 4: Exchange of Bhydrogens of adenosylcobalamin with
solvent deuterium catalyzed by RTPR and C408A-RTPR. The
reactions were carried out using buffer and reagents made with
D,0. The reaction conditions are 50 mM HEPES (pD 7.4), 320
uM dGTP, 20 mM DTT, and 0.6 mM adenosylcobalamin at 37
°C. The proR and proS 5'-hydrogens (circles and diamonds)
exchange rapidly and at the same rate in the RTPR catalyzed
reaction. The data were fitted to single exponentials, and an
observed rate constant of 0.#50.02 min! was determined. No
apparent 5hydrogen exchanges (squares and triangles) could be
observed in reactions catalyzed by C408A-RTPR.

EPR spectrometry in the reaction mixtures. Thus, the mutatedScheme 2

RTPR is not catalyzing decomposition of the cofactor on

the time scale of the experiment. The catalytic rate constant

(keafP) for epimerization by C408S-RTPR is 0.420.1 51,
similar to that calculated for C408A-RTPR.
Although a reducing agent is not required for epimeriza-

K

€X
kcat

E+A EA EA* E + A*

A = adenosylcobalamin
A* = [5-2H,]adenosylcobalamin

tion, DTT greatly stimulates epimerization. Epimerization when exchange of unlabeled adenosylcobalamin takes place
is also supported by TR/TRR/NADPH as the reducing system in pure DO, so the central step is treated as irreversible.
(data not shown). At 10.8M enzyme in the absence of any On the basis of this mechanism, the pseudo-first-order rate
added reductant, little epimerization could be observed after constant for exchange can be obtained by fitting data to eq
prolonged incubation (45 min). This suggests that the enzyme7
functions in a reduced state, although the process of transient
cleavage and reformation of the €685 bond itself does

not consume reducing equivalents from an external source.

R=1— exp(- kyd) @

The results clearly show that C408A-RTPR catalyzes the
transient cleavage of the €&&5 bond and that cleavage
does not require thiyl radical formation.

Catalysis of Hydrogen Exchange by Wild-Type RTP&R
compare epimerization with'#iydrogen exchange with
solvent, the rate of the'fhydrogen exchange of adenosyl-
cobalamin with RO catalyzed by RTPR was examined under
the same conditions as the epimerization reactions with
mutated RTPRs. The results are given in Figure 4. TheRopro-
and proS 5-hydrogens of adenosylcobalamin undergo
exchange with deuterium of X at the same rate. This
indicates the two Shydrogens become equivalent in the
intermediate, which is consistent with rotation of the deu-
teriomethylene group upon transient cleavage of the-Co
C5 bond. No exchange could be observed when C408A-
RTPR was used in the reaction, in agreement with previous
studies that set a lower limit of exchange910° st and
the proposed mechanism, in which the thiyl radical on Cys
408 is an intermediate in thé-Bydrogen exchange3( 7,

8).

The simplest kinetic mechanism for the exchange reaction

is that of Scheme 2. In this mechanism, the parant¢teas

whereR is the percentage of fiydrogens exchanged, and
kobsis the observed rate constant. In this kinetic mechanism
(Scheme 2), the exchange rate constan$) is given by

eq 8

ex kObin + [5'-hydr0gen])
" [l

where kqps is the observed rate constant, {H$ the total
enzyme concentration, ariy is the dissociation constant
of adenosylcobalamin from RTPR. The valuekgf*= 1.5
+ 0.3 st was calculated for the' $iydrogen exchange using
eq 8 and assuming the value of 2@0 67 uM for the
dissociation constant of adenosylcobalamin from wt-RTPR
(17). The value of 200t 67 uM for Kq is within error of
our value for C408A-RTPR.

Epimerization of (R)-[5'-?H;]JAdenosylcobalamin Cata-
lyzed by Wild-Type RTPRhe ability to measure ks for
the exchange of the hydrogens, which destroys the chirality
of the adenosylcobalamin, suggests that it might be possible
to measure the rate constant for epimerizatigu® by wt-
RTPR. Because the exhange of theh$drogen requires

®

the same meaning as in Scheme 1. While exchange iscarbon-cobalt bond homolysis, the rate of the-©€65 bond
reversible, the data collected describe an irreversible processleavage must be greater than or equal to that of hydrogen
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% w0k 1 cleavage of the CeC5 bond of adenosylcobalamin at the

—e— %Epimerization 1 active site of the B-dependent RTPR. This follows from
! —=— %(C5' hydrogen exchange 1 the fact that both C408S-RTPR and C408A-RTPR and wit-
20F ] RTPR catalyze the'&pimerization of (FR)-[5'-2H;]adeno-
[ ] sylcobalamin. Epimerization at C-& a newly discovered
L reaction of RTPR, and the only one catalyzed by both the
0 5 10 15 wild-type enzyme and its variants mutated at Cys 408.
Time (min) Epimerization at C-5must proceed through CeC5 bond
FiGURE 5: Rates of epimerization and'-Bydrogen exchange Cleavage, and it is observed under the conditions of the
catalyzed by RTPR. The reactions were carried out using buffer present experiments when the allosteric activator dGTP is
and reagents made with,0. The reaction conditions are 50 MM present. These are the same requirements as for the overall
'2"HEPES (pD 7.4), 320M dGTP,’ Zo_mM DTT, 0.5 MM (R)-[5- reduction reaction (eq 1) and of-Bydrogen exchange by
1Jadenosylcobalamin [(B)/(5'S) = 3:1], and 2.5«M of RTPR .
at 37°C. The Co-C5 bond cleavage was measured by monitoring Wild-type RTPR. Because the C408S-RTPR and C408A-
the epimerization of the two chirally deuterated isomers. The RTPR cannot form thiyl radicals, they do not catalyze either
hydrogen exchange was measured by monitoring the total loss ofthe 3-hydrogen exchange of adenosylcobalamin or the
signals of the C-5hydrogens because of exchange with solvent radqyction of NTPs.

deuterium. Data were fitted to single exponentials as described in : . .
the text. The observed rate constants were 8:5509 and 0.36t The simplest mechanism by which C408A-RTPR and

0.04 mirr® for epimerization and 'shydrogen exchange, respec- C408S-RTPR can catalyze G&pimerization is that shown
tively. in Scheme 3. The CeC5 bond undergoes cleavage to cob-

(Ihalamin and the 5deoxy[3-°HiJadenosyl radical. The
exchange. To compare the' rate"s 20f these two processes, thgeteriomethylene group of the radical can then either rapidly
stere_oselectlvely_ labeled _EE)-[S— Hl]adenosylc_obalamm recombine K,) or rotate about its bond to Cand then
was incubated with RTPR in buffer prepared with@Dand  recombine with cob(ll)alamin to generate the epimer.
in the presence of dGTP and DTT. The rate of epimerization gecayse no cob(ll)alamin was detected in the course of
was measured by monitoring the relative signal intensity epimerization by the Cys 408 variants, the equilibrium for
change of the C-5 and C-5R protons. The rate of C:5  (jeavage of the CeC5 bond must be unfavorable, that is
hydrogen exchange was measured by monitoring the totaly, > 5ok, in the presence of the allosteric activator dGTP.
loss of signals of the C:Sprotons. The data for both  The value ofk, may be in the range of the recombination
epimerization and hydrogen exchange are displayed in Figure e constant after flash photolytic cleavage of adenosylco-
5. Corrections for washout are not necessary because thgyajamin, approximately G2 (20). It follows that the value
C-5Sand C-5R protons undergo exchange at the same rate, ¢ k <2 x 100 sL
and only the change in relative signal intensities of thé€-5  gpimerization arises from torsion of the deuteriomethylene
and C-3R protons are measured for the epimerization gyop in the cleaved state of the coenzyme. The rate constant
reaction. The observed rate constants for epimerization andss, torsion in Scheme 3 iks. If deuteriomethylene rotation
the 3-hydrogen exchange were obtained from least-squaresis ot hindered in the active site, an estimate g2 0! for
fittings of the data to egqs 5 and 7, respectively. The rate s rate constant can be obtained from the energy barrier of
constants for epimerization anttdydrogen exchange were 15 kcal mot? for rotation about a €C bond 02 23). In
calculated using eqs 6 and 8, respectively. It should be s case, torsion is expected to be 2 or 3 orders of magnitude
mentioned that the total concentration 6flydrogen was  ¢5ster than recombination. Then. €65 bond cleavage
the same as that of the coenzyme whefRK§5'-?Hi]- oyemed byk, should be rate limiting in epimerization. In
adenosylcobalamin was used, whereas the total concentratiofl,e mechanism of Scheme 1, the rate constdsthalf the

of S-hydrogen was two times higher than that of the \gjue ofk..e?, and it represents the summation of processes
coenzyme when the undeuterated adenosylcobalamin Wagyoverned byki, ke, andks in Scheme 3. Therefore, it may
used. This was because of the presence of tWgyBrogens e thatk, in Scheme 3 is approximately equakin Scheme
to be exchanged in the undeuterated coenzyme. The catalytch that is, 0.14 &t for C408A-RTPR, 0.21 ¢ for C408S-
rate Cf”St"?‘”“‘@atex)_fO_r the 3-hydrogen exchange is 14 RTPT, and 2.45 for wt-RTPR. If there is an unusualy high
0.2 s, which is W'”I'” experimental error the same as the papyier o torsion of the deuteriomethylene group in the [5
value of 1.5+ 0.3 s measured for exchange of unlabeled  2.yjgeoxyadenosyl radical, these values will be lower limits
gde.nosylcce)balamm in . The rate constant for epimer- oy the rate constants governing €65 bond cleavage. We
ization (kaff) by Wt-RTPR is 5.14 1 s Faster epimer- gt that dGTP is much more effective in promoting the
ization than hydrogen exchange and substrate reduction isexchange reaction than other effectors, and we do not know
consistent with the proposed mechanismg). whether it is more effective in promoting epimerization.
o N
DISCUSSION The values okgaf Pcan be.used to palculate the activation
energy for each epimerization reaction. The differential free
Mechanism of C5EpimerizationThe present work shows  energies of activationNAG*) between the wild-type and
that the thiol group of Cys 408 is not required for the Cys 408 variants for catalysis of epimerization are 1.4 and
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Table 1: Rates of Nucleotide Reduction,-©@05 Bond Cleavage,
and 3-Hydrogen Exchange Catalyzed by RTPR and Cys 408
Variants

Rate constants

C408A-RTPR C408S-RTPR RTPR
reaction (s (sh (s
nucleotide reductich 0 0 0.55+ 0.07
epimerization k..f?)¢  0.28+ 0.04 0.42+0.10 5.1+ 1.0
5'-H exchangek..£)¢ 0 0 1.5+ 0.3
5'-D exchangel)¢ 0 0 1.44+0.2

@ Nucleotide reaction was measured in 50 mM HEPES buffer (pH
7.4) using the coupled assay method as describeld PeStandard errors
were determined from least-squares fittings of the data using Kaleida-
Graph software¢ Epimerization was measured by monitoring the
stereochemical scrambling of the Celeuterium on (R)-[5'-2H;]adeno-
sylcobalamind 5'-Hydrogen exchange was measured using buffer and
reagents made with O (pD 7.4) by monitoring the loss of the-5
hydrogens from adenosylcobalamfrt’-Exchange was measured by
observing the loss of Sleuterium from (3R)-[5'-H]adenosylcobalamin.

1.6 kcal mot? for C408S-RTPR and C408A-RTPR, respec-
tively. The similarities in thes@AG* values support similar
epimerization mechanisms for the wild-type and Cys 408
variants.

We do not know the basis for the modest differences in
epimerization rates between the wild-type and the mutated
RTPRs. However, if the rates are controlled by the dissocia-
tion rates of adenosylcobalamin, it could be that the off rates
differ for the wild-type and mutated enzymes. We do not
know the dissociation rate constants for adenosylcobalamin,
which is rather weakly bound to RTPR.

Enhancement of CobalCarbon Bond Cleaage in Ad-
enosylcobalamin.In the presence of dGTP, wt-RTPR
enhances the rate of €&&5 bond cleavage by a factor of
4 x 10 based on the rate constant of 40'sn the

Chen et al.

in eq 3 shares its first step with the mechanism for
epimerization. The values &f.f? for epimerization by Cys
408 variants are within factors of 3 or 4 k& for solvent
hydrogen exchange by the wild-type enzyme (Table 1).
Solvent exchange requires the intermediate formation of the
Cys 408-thiyl radical. The stepwise mechanism of eq 3 for
thiyl radical formation should thus be regarded as a viable
and possible mechanism.
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