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ABSTRACT. Methylmalonyl-CoA mutase belongs to the class of adenosylcobalamin (AdoCbl)-dependent
carbon skeleton isomerases and catalyzes the rearrangement of methylmalonyl-CoA to succinyl-CoA. In
this study, we have evaluated the contribution of the active site residue, R207, in the methylmalonyl-CoA
mutase-catalyzed reaction. The R207Q mutation results if-toldddecrease i, and>30-fold increase

in theKy for the substrate, methylmalonyl-CoA. R207 and the active site residue, Y89, are within hydrogen
bonding distance to the carboxylate of the substrate. In the closely related isomerase, isobutyryl-CoA
mutase the homologous residues are F80 and Q198, respectively. We therefore characterized the ability
of the double mutant (Y89F/R207Q) of methylmalonyl-CoA mutase as well as of the single mutants
(Y89F and R207Q) to catalyze the rearrangement-bfityryl-CoA to isobutyryl-CoA. While none of

the mutant enzymes is capable of isomerizing these substrates, the R207Q (single and double) mutants
exhibited irreversible inactivation upon incubation with eitmebutyryl-CoA or isobutyryl-CoA. The

two products observed during inactivation under both aerobic and strictly anaerobic conditions-were 5
deoxyadenosine and hydroxocobalamin, which suggested internal electron transfer from cob(ll)alamin to
the substrate or the'fleoxyadenosyl radical. Deuterium transfer from substrate to deoxyadenosine
demonstrated that the substrate radical is formed and is presumably the acceptor in the electron-transfer
reaction from cob(ll)alamin. These studies provide evidence for the critical role of active site residues in
controlling radical reactivity and thereby suppressing inactivating side reactions.

Methylmalonyl-CoA mutase, the only member of the HsC oy

) . . mMcMm o
Bi-dependent isomerases found in both prokaryotes and in JJ\/\
mammals {—3), cat_alyzes the rearrangement of methylma- CoA-s/\o Cons coy
lonyl-CoA to succinyl-CoA. This reaction represents an

important route for converting catabolites of odd-chain fatty HiC_  CH, 0

acids, branched-chain amino acids, and cholesterol to suc- Y em JJ\/\
cinyl-CoA, which can then enter the Krebs cycle. In bacteria, PN CoA-S CH;
the mutase is involved in the reverse metabolic direction, | CoA-S o

linking the production of propionate to succinate in a pathway
first described by Wood and co-workew).( FIGURE 1: Reactions catalyzed by;Bdependent methylmalonyl-
The closest relative of this enzyme, isobutyryl-CoA mu- CoA mutase and isobutyryl-CoA mutase.
tase, is involved in the rearrangement of isobutyryl-CoA to
n-butyryl-CoA. A 42.9% identity and 65.3% similarity was lonyl-CoA (7, 8). The biochemical pathways for intercon-
reported between ther subunit of methylmalonyl-CoA  version of methylmalonyl-CoA isomers and butyryl-CoA
mutase fronPropionibacterium shermaniind the large sub-  isomers still remain to be discovered. The structural differ-
unit of isobutyryl-CoA mutase fronBtreptomyces cinna-  ence between methylmalonyl-CoA and isobutyryl-CoA is that
monensi¢5). Both enzymes catalyze the interchange between the carboxylate in the former is replaced by a methyl group
a hydrogen atom and the carbonyl-CoA on vicinal carbons in the latter. This difference is reflected in the sequence of
(Figure 1). active site residues. Thus, sequence comparison reveals that
Isobutyryl-CoA mutase is important in polyketide antibiotic- most of the residues interacting with the substrate in
producing streptomycetes, liké. cinnamonensigshe main methylmalonyl-CoA mutase are conserved in isobutyryl-CoA
producer of the polyether antibiotic monesin 8).(Both mutase, except for those located within hydrogen-bonding
butyryl-CoA isomers are involved in even-chain fatty acid distance of the carboxylate portion of methylmalonyl-CoA
and valine catabolism and can be converted to methylma- (Figure 2).

The general reaction mechanism for methylmalonyl-CoA
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“, MMCoA intermediates formed during the reaction. Both these controls
are important in preventing undesired side reactions which
.? would lead to enzyme inactivatio®)(
,-f\ - The crystal structure of methylmalonyl-CoA mutase in
: complex with the substratel@, 11) shows that the active
N\ i site of this enzyme is deeply buried inside a TIM barrel
fﬁ\_w: } Y89 (Phes0) structure, thereby shielding the highly reactive radical inter-
ﬁ mediates from solvent. Among the multiple interactions that
» the substrate makes with the enzyme, a few polar residues
are involved in hydrogen bonds with the methymalonate
moiety (Figure 2). Previous studies showed that mutation

+
|}
|

H244 : !
.

|‘5 R207 (Q198) of H244, which interacts with the carbonyl-oxygen of the
substrate thioester, makes the enzyme extremely sensitive
‘-Jl to oxygen and lowers the protection of the reactive inter-
mediates during catalysidZ, 13). In contrast, mutation of

Y89, which hydrogen bonds with the substrate-carboxylate,
FiGURe 2: Active site residues interacting with the methylmalonate |eads to an oxygen-stable enzyme. Furthermore, cob(ll)-

portion of the substrate in methylmalonyl-CoA mutase. In paren- : : :
theses, are the corresponding residues that are different in isobu-alamln does not accumulate during turnover in these mutants

tyryl-CoA mutase. The structure was drawn from the pdb file 4REQ. e€ndering them less susceptible to oxidative side reactions
(

14).
Scheme 1 The substrate carboxylate is held in the active site of the
Ado mutase by two hydrogen-bonding interactions with R207.
CIHZ Computational studies on this electrostatic interaction predict

I that a 3 kcal/mol destabilization of the succinyl-CoA radical
and a 3 kcal/mol stabilization of the methylmalonyl-CoA
radical would result from a negative charge on the carboxy-

ico e N"HH Succel late (L5).
9 is610 { In this study, we report on the role of this active site

residue in the methylmalonyl-CoA mutase-catalyzed reaction.

o ﬁl\do " ‘I\d° R207Q has a large effect on the catalytic rate and on the
: CH, He COSCoA CH, affinity of the substrate, lowering th&. 10*-fold and
U COSCOA J * increasing theKy, for methylmalonyl-CoA>30-fold. Fur-
€Oy ¥y 0 >__€w Q thermore, the R207Q single mutant as well as the R207Q/
o7 Y89F double mutant designed to mimic the active site of
isobutyryl-CoA mutase is susceptible to suicidal inactivation
ws N we N in the presence of isobutyryl-CoA am-butyryl-CoA. A
is610 “I'Hissw mechanism involving an internal electron transfer from
cob(Il)alamin to butyryl-CoA is proposed, which leads to
(ii)” ”(m irreversible inactivation in an oxygen-independent process.
EXPERIMENTAL PROCEDURES
. Ado H COSCoA Ado
e ‘l:H H (|:H Materials. Adenosylcobalamin (AdoCbhmethylmalonyl-
X COSCoA ’ or H”’“ ’ CoA, andn-butyryl-CoA were purchased from Sigm&'T]-
€O 0 0] CHz-malonyl-CoA (56 Ci/mol) was purchased from New
T 0. ZCo 7 England Nuclear and butyric ac-was purchased from
C | g | Aldrich. All other chemicals were reagent grade commercial
ws N ws N products and were used without further purification.
'I‘f-Hisem ‘,"-Hissm Construction of Site-Specific Mutan®he plasmid vector

] . ) pKOS116-95b containing tHe. shermanimutase gene was
a substrate-centered radical (step ii), which then rearranges, gitt from Kosan Biosciencel6). Site-directed mutants were
to a product-centered radical (step iii). A hydrogen atom is created using the QuickChange kit (Stratagene) and the
reabstracted from deoxyadenosine to form the product (stepfo|iowing sense primer for the R207Q: GGAGTTCATG-
iv) followed by regeneration of the cofactor (step v). Akey GTTCAGAACACCTACATCTACC. The mutagenic codon
intermediate in this mechanism of action is the deoxyad- specifying Q is italicized. The antisense mutagenic primer
enosyl radical, which shuttles radicals to and from the naq the complementary sequence. Following PCR amplifica-
substrate and product, respectively. In contrast, cob(ll)alaminjon a 1.6-KbFsd —Apall fragment containing the mutation
formed in the initial step, is a “spectator” until the product \ya5 excised and ligated into pKOS116-95b digested with
is formed and recombines with the deoxyadenosyl radical the same restriction enzymes. The entire 1.6-Kb fragment
at the end of the turnover cycle to regenerate the cofactor.

Two key issues in the mechanism ofiAlependent 1 Abbreviations: AdH, adenine; dAdo)-Beoxyadenosine; AdoChl,

isomerases are (i) controlling the timing of €6 bond 5'-deoxyadenosyl adenosylcobalamirBuCoA, n-butyryl coenzyme
homolysis and (ii) controlling the reactivity of the radical A; ICM, isobutyryl-CoA mutase; OHCbl, hydroxocobalamin.
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was then sequenced to confirm the desired mutation. various times, with upa 4 h incubation of the enzyme with
Construction of the Y89F mutant has been described previ- methylmalonyl-CoA and upat 2 h with n-butyryl-CoA or
ously (14). For construction of the Y89F/R207Q double isobutyryl-CoA.
mutant, the plasmids containing either the R207Q or Y89F Determination of the Inactation Rate Constant by UY
mutations were digested withsd and Hindlll. Following Visible Spectroscopyhe inactivation of R207Q and Y89F/
digestion, a 2-Kb and a 7.6-Kb fragment containing the R207Q mutant enzymes in the presencendiutyryl-CoA
R207Q and Y80F, respectively, were isolated and ligated was monitored by following the conversion of AdoCbl-bound
back together. The presence of the two mutations wasenzyme to hydroxocobalamin (OHCbI). The reaction was
confirmed by nucleotide sequence determination. monitored under aerobic or anaerobic conditions (as de-
Enzyme Expression and Purificatiofhe tag-less mutant ~ scribed above) at a constant temperature ofG7The rate
apoenzymes were purified using a modified procedure of inactivation was determined by plotting the absorbance
described previously for the purification of the wild-type at 351 nm versus time of incubation. The data were well
enzyme (7). TheEscherichia colistrain BL21(DE3) trans- fitted to a single-exponential growth functioh= A, + a(1
formed with the pKOS plasmid (containing the desired — e™), whereA is the absorbance at 351 nkis the rate
mutation(s)) were grown at 37C in LB medium supple-  constant for inactivation, ané, is the initial absorbance of
mented with 100 mg/L carbenicillin to an Qg of 0.6. The the cofactor at 351 nm.
culture was then induced at 2 with 1 mM IPTG and HPLC-Monitored Production of '8Deoxyadenosine and
grown for an additional 5 h. The cells were harvested and OHCbhl. A solution containing 100uM holoenzyme in
then disrupted by sonication. The purification procedure potassium phosphate buffer, pH 7.5, was incubated with 4
preceding reconstitution with cofactor was the same as thatmM n-butyryl-CoA at 37°C in the dark. At various times
described previously for the wild-type enzynie’). Protein ranging from 0 to 90 min, aliquots (14L) were removed
concentration was determined using the Bradford reagentand immediately quenched with 4Q of 0.5% TFA. The
(BioRad) with bovine serum albumin as a standard. guenched samples were centrifuged to remove precipitated
Enzyme Assay$pecific activity of methylmalonyl-CoA  protein. The decomposition products of AdoCbl during
mutase was determined in the radiolabeled assay 4C37 inactivation of the mutant enzyme&&eoxyadenosine and
as described previoushit®). 1 unit of activity catalyzes the ~ OHCbl were monitored by HPLC using agZeversed phase
formation of 1umol of succinyl-CoA mint. The concentra-  column with a gradient from 8 to 32% acetonitrile in 0.1%
tion of the mutant enzymes was increased 1000- to 5000-trifluoroacetic acid over 50 min at a flow rate of 1 mL/min.
fold in the standard assay with respect to the wild-type 5'-deoxyadenosine, OHCbIl, and AdoCbl eluted~ato,
enzyme. The kinetic parameters for the mutants were ~15, and ~22% acetonitrile, respectively, under these
determined by increasing the duration of the fixed timed conditions. Control reactions were performed in which either
assay from 3 to 10 min in the presence of varying concentra- apoenzyme on-butyryl-CoA was omitted from the reac-
tions of R,9-[**C]-methylmalonyl-CoA (0.0510 mM). The tion mixture. Elution was monitored at 254 and 350 nm, and
concentration of AdoCbl was kept constant in these assaysthe amount of each product formed was calculated from the
and was always at least 10-fold in excess over the apoenzymearea under the eluted peak relative to the area of known
concentration. amounts of the respective standards. The data were well fitted
Synthesis of Perdeuterated n-Butyryl-C&%®rdeuterated  with a single exponential-growth function fof-8eoxyad-
n-butyryl-CoA was synthesized using a modification of the enosine and OHCbl and a single exponential decay function
procedure described before for the synthesis of methylma-for the AdoCbl cleavage, to obtain the rate constant for
lonyl-CoA (19). Briefly, the thiophenyl ester ofif]-butyric inactivation.
acid was prepared using dicyclohexylcarbodiimide as a Attempts to Measure Rearrangement of n-Butyryl-CoA to
condensing agent, followed by transesterification with co- Isobutyryl-CoA by the Mutant EnzymeAn anaerobic
enzyme A. On the basis of HPLC analyst80% conversion  solution of 100uM holoenzyme (wild-type, Y89F, R207Q,
of the coenzyme A tm-butyryl-CoA was observed. The or Y89F/R207Q) was mixed with-butyryl-CoA to a final
product of this reaction was further purified by HPLC on a concentration of 4 mM. The reaction mixture was incubated
Cis reversed phase semipreparative column (500 mm) in the dark, at 37C for up to 2 h. Aliquots (5QuL) were
using a gradient of 832% acetonitrile in 0.1% trifluoroacetic ~ withdrawn at various times and quenched with 1Q00f
acid. The purity of the product was assessed by ESI-MS in 0.5% trifluoroacetic acid. After centrifugation, the samples
the positive ion mode. A single peak with/z 845.1 was were analyzed by HPLC using a gradient ranging from 8 to
observed corresponding te[d;]-butyryl-CoA. 32% acetonitrile in 0.1% trifluoroacetic acid at a flow rate
UV—Visible Absorption Spectroscopy of EnzynSeib- of 1 mL min~L. Under these conditions, isobutyryl-CoA and
strate ComplexesA solution of 30 uM AdoCbl-bound n-butyryl-CoA standards eluted with retention times of 27
mutase in 50 mM potassium phosphate, pH 7.5, was madeand 28 min, respectively.
anaerobic by purging the sealed cuvette with oxygen-free Characterization of 5Deoxyadenosine and n-Butyryl-CoA
argon, and the spectrum of the holoenzyme was recorded.during Inactivation of R207Q and Y89F/R207@.solution
In some experiments, sodium dithionite was added to a final of 300u«M holoenzyme was mixed in the dark at 3Z with
concentration of 1.5 mM as an additional measure for 400 uM n-butyryl-CoA or n-[d;]-butyryl-CoA in a total
ensuring anaerobiocity. Then, an anaerobic solution of volume of 100uL. After a 4 hincubation, the reaction was
methylmalonyl-CoA on-butyryl-CoA or isobutyryl-CoA (to guenched with 20Q«L of 0.5% TFA and centrifuged to
a final concentration of 4 mM) was added to initiate the remove the protein. The'leoxyadenosine anatbutyryl-
reaction. The temperature was kept constant at@Gby a CoA were purified by HPLC on a fgreversed phase column
thermostated water circulator. The spectra were recorded atusing the method described above. The fractions were pooled
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Table 1: Comparison of the Kinetic Parameters for Wild Type
versus Mutant Enzymes
wild
type Y89F R207Q Y89F/R207Q
Keat(Min~1) 7200 7.2+ 1.2 0.7024+ 0.08 0.45+ 0.06 §
Km,MMCoA 133+ 37 357+83 >4000 ND 8
(uM) S
Koncbl (0.0274 0.005y 2
(min~1) <
spectra 0.026: 0.001 0.02t 0.002
HPLC 0.030+ 0.003 0.013+ 0.002
Kado 0.036+ 0.002 0.02H 0.001
(min~1) T T T
|((Ad_0Cb{) 0.034+£0.004  0.03Gk 0.002 300 400 500 600 700
min~

- Wavelength, nm
aThe values were taken from r&f. ® The rate of OHCbl formation

was measured spectrophotometrically under anaerobic conditions. ~ FIGURE 3: UV—visible spectra of Y89F (a), wild-type (b), and
R207Q (c) enzyme in the presencerabutyryl-CoA. The spectra

. e . were taken aftea 1 hincubation of the enzymes in 50
and dried by lyophilization and further characterized by ESI- mm potassium phosphate buffer, pH 7.5) v)\//ith 4 mutwyp
MS in a positive ion mode. CoA.

Inactivation experiments in f» were performed under
the same conditions as described above. To ensure thafup to 4 h) at 37C. Interestingly, in the presence of either
>80% of the exchangeable protons are replaced by deuten-butyryl-CoA or isobutyryl-CoA, the R207Q and Y89/
rium, the enzyme stock solution was washed with 10 volumes R207Q mutants showed conversion of AdoChl to OHChl,
of potassium phosphate buffer, pH 7.5 prepared @ prior signaling inactivation of the enzyme (Figure 3). When the
to the start of the reaction. same reactions were performed under strictly anaerobic

Stopped-Flow Scanning UWisible Spectroscopyrest- conditions, i.e., by purging the solutions with oxygen-free
eady-state kinetic experiments were carried out in an OLIS argon and in the presence of the reducing agent, sodium
stopped-flow U\-visible spectrophotometer equipped with  dithionite as described under Experimental Procedures, the
a diode array detector (Applied Photophysics). An external same spectral changes were observed with the R207 mutants.
water bath was used to maintain the temperature &C37  In contrast, no changes in the spectrum of the wild-type and
Holoenzyme, (R207Q or Y89F/R207Q (1QtM before Y89F mutant were observed in the presencen-tiutyryl-
mixing)) in 50 mM potassium phosphate buffer, pH 7.5, was CoA even afte 4 h incubation (Figure 3). Thus, formation
rapidly mixed with an equal volume of the same buffer of OHCbl was observed only when R207 was mutated.
containing eitherR,S)-methylmalonyl-CoA (18 mM before OHCbl represents an inactive cofactor form and does not
mixing) or with n-butyryl-CoA (8 mM before mixing) and  support activity of the wild type or the mutant enzymes used
the spectral changes were recorded between 200 and 806h this study (not shown). Furthermore, OHCbl binds tightly
nm. Scanning was performed at a rate of 800 scans/s, ando methylmalonyl-CoA mutase and does not exchange with

the reaction time was varied fro1 s to 10min. free AdoCbl (present in the assay mixture) under the assay
conditions. The R207Q mutant but not the wild-type enzyme
RESULTS lost activity when preincubated with butyryl-CoA (not

Steady-State Kinetic Properties of the Mutafitse mutant shown), consistent with formation of OHCDbl in the mutant.
enzymes were expressed at levels comparable to that of wild-  Kinetics of OHCbl and 5Deoxyadenosine Formatiohe
type protein and were purified to near homogeneity under time-dependent formation of OHCbl from AdoCbl in the
the same conditions. Both mutations, Y89F and R207Q, haveR207Q mutant was followed by UWisible spectroscopy
a profound effect on catalysis (Table 1). Thus, for the Y89F (Figure 4) and is indicated by the increase in absorbance at
mutant, k., for the conversion of methylmalonyl-CoA to 351 nm together with the blue-shift in tlés bands for the
succinyl-CoA is decreased 1000-fold, whereas for the R207Q cobalamin cofactor. OHCbl formation was measured under
and Y89F/R207Q mutants thie, is further diminished both aerobic and anaerobic conditions, and the rates were
10 000- and 20 000-fold, respectively. Neither of the R207Q the same within experimental error (Table 1). The same rate
mutant enzymes appear to affect cofactor binding (data notof OHCbI formation was obtained when the R207Q mutant
shown) but the affinity of the substrate, methylmalonyl-CoA, was incubated with 4 mM of isobutyryl-CoA (data not
is greatly reduced for the R207Q and Y89F/R207Q mutations Shown). Clear isosbestic points were observed during con-
(Km = 4 mM) versus the wild-type enzyme (1281) or the version of AdoChbl to OHCbl and indicate that no intermedi-
single mutant, Y89F (357ZM). ate accumulates to detectable levels during inactivation.

UV—Visible Spectrum of the Mutant Enzymes in Complex The rate of inactivation of methylmalonyl-CoA mutase
with the Substrate and with n-Butyryl-Co&he spectrum  containing the R207Q mutation was also measured in the
of the wild-type enzyme in the presence of methylmalonyl- presence of perdeuterated butyryl-CoA and was shown to
CoA under steady-state turnover conditions shows accumula-be ~7-fold slower than that in the presence of the protiated
tion of cob(ll)alamin 20). Although all three mutants, Y89F,  butyryl-CoA (Figure 5). The rate of OHCbI formation with
R207Q, and Y89F/R207Q exhibit isomerase activity, none butyryl-CoA was unchanged when the reaction was con-
showed any significant change in the spectrum in the ducted in deuterated versus protiated buffer.
presence of methylmalonyl-CoA under steady-state turnover The other product formed during inactivation in the
conditions, even after prolonged incubation with the substrate presence ofi-butyryl-CoA was identified by HPLC analysis
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Absorbance
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Wavelength, nm
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Ficure 4: UV—visible spectral changes induced by the reaction
of Y89F/R207Q withn-butyryl-CoA. 25uM holoenzyme in 50
mM potassium phosphate buffer, pH 7.5 was incubated with 4 mM
n-butyryl-CoA, in the dark, at 37C. The spectra were recorded
between 5 and 60 min.

04

YR + n-BuCoA
0.3 4

0.2 1

AA351nm

YR + n-Bu(d,)CoA
0.1 -

0.0 4

40 60 80
time, min

Ficure 5: Isotope effect on OHCbI formation during inactivation

of YB9F/R207Q in the presence of butyryl-CoA. Enzyme (30

in 50 mM potassium phosphate buffer, pH 7.5) was mixed with

n-butyryl-CoA (4 mM) or perdeuterated-butyryl-CoA (4 mM),

at 37°C and OHCbI formation was monitored by the increase in

absorbance at 351 nm. A control experiment, in which the

holoenzyme alone was monitored at the same wavelength, was als

performed. A 7-fold difference was observed from the linear fits

of the initial velocities in the presence of protiated vs deuterated

butyryl-CoA.

20 100

to be 3-deoxyadenosine. The rate of appearance 'ef 5
deoxyadenosine was similar to that of OHCbI formation
(Figure 6).

Attempts to Measure Intercoersion of n-Butyryl-CoA and
Isobutyryl-CoA by Methylmalonyl-CoA Mutag&reviously,

a gas chromatographic assay was reported to follow the in-

terconversion ofn-butyryl-CoA and isobutyryl-CoA by
isobutyryl-CoA mutaseX, 21). Here, we describe an alter-

Vlasie and Banerjee

0.8
0.7
0.6 1
0.5 1
0.4 1

0.3 1

mol/mol enzyme

0.2

0.1 1

0.0 T T T T
0 20 40 60 80
time, min

Ficure 6: Formation of OHChIl and 'sdeoxyadenosine during
suicide inactivation of R207Q in the presencendbutyryl-CoA.

The decay of AdoChl (triangles) to OHCbI (squares) is accompanied
by the formation of deoxyadenosine (circles). The kinetics of OHCbl
and 3-deoxyadenosine formation and AdoCbl decay were measured
by HPLC as described under Experimental Methods. The rate
constants from these data are listed in Table 1.

different pathways: the Cecarbon bond of the cofactor
could be cleaved heterolytically or homolytically (Scheme
2). Our analysis reveals that the major products formed
during cleavage of the cofactor aredeoxyadenosine and
OHChbl, thereby ruling out the heterolytic pathway as a
plausible mechanism for the €& bond cleavage. In
Birdependent lysine-5,6-aminomutase, Frey and co-workers
also observed formation of OHCbl ant¢tdeoxyadenosine
during inactivation by a substrate analogue, consistent with
an initial homolytic cleavage of the Caarbon bondZ2).

We attempted to measure cob(ll)alamin formation by the
R207Q mutants by rapid scanning stopped-flow spectroscopy
in the presence of eitherbutyryl-CoA or the true substrate,
methylmalonyl-CoA. Although cob(ll)alamin formation was
observed over a 10-min time period, control experiments in
which the enzyme was rapidly mixed with buffer showed

dhe same spectral changes (not shown). Thus, we concluded

that the formation of cob(ll)alamin under these conditions
is due to photolysis of the sample exposed to the high energy
xenon lamp of the diode-array of the detector than due to
homolysis of the Ce-C bond during the reaction.

Reaction of the R207Q Mutants in®@with Protiated and
Deuterated n-Butyryl-CoAFollowing homolysis of the
Co—carbon bond, an internal electron transfer could occur
from cob(ll)alamin to the deoxyadenosyl radical, leading to
the formation of a carbanion which would be quenched by
protonation (Scheme 2B, upper). Alternatively, a hydrogen
atom could be abstracted fronrbutyryl-CoA by the deoxy-
adenosyl radical to form a substrate radical which subse-

native assay using reverse-phase HPLC. The assays condiguently accepts an electron from cob(ll)alamin to form a
tions were such that production of isobutyryl-CoA would carbanion that is quenched by protonation (Scheme 2B,
have been easily detected in a single turnover of the enzymejower). Interception of the radical intermediates by oxygen
However, no rearrangement of either isomer of butyryl-CoA can be ruled out since inactivation of the R207Q mutant
was detected aftea 2 hincubation for the R207Q mutants  enzymes occur under both aerobic and strictly anaerobic
(during which time OHCbl formation was observed) or after conditions at similar rates. To distinguish between electron
10 h for the wild-type and Y89F mutant enzymes. Thus, transfer occurring to the deoxyadenosyl versus substrate
butyryl-CoA is not a substrate for wild-type methylmalonyl- radical, the reactions were conducted in deuterated buffer.
CoA mutase or the YBOF/R207Q mutaist @1). The prediction was that deuterium incorporation would label
Stopped-Flow Scanning Spectroscopy for the R207Q andthe product (deoxyadenosine or substrate) to which electron
Y89F/R207Q.In principle, the mutant enzymes could transfer from cob(Il)alamin had occurred. However, we were
undergo inactivation leading to formation of OHCbl by two unable to detect by mass spectrometry incorporation of
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Scheme 2

0) OH H30+ H,

+ AdH + = H
“I'

OH OH
Ad
o Y o ssOH o
OH OH -6
OH E; OH AdHE; i + — H
s~ Co ~ 7~ Co ~ E
OH OH
B Ado- CH; Ado- CH,
&~ ‘_w
':\d° Ado- CHZZ//
CH2
P “ﬁ'
\ Ado- CH3 e'
S=H
HA
& L7
Table 2: Comparison of Masses dfBeoxyadenosine and 200 [CHD2}-Ado
n-Butyryl-CoA Isolated during Inactivation of Y89F/R207Q with 2
n-Butyryl-CoA in H,O and BO 160 [CD3]-Ado
substrate solvent m/z of 5-dAdenosine m/zof n-BuCoA 120
n-BuCoA O 252 837
ZF||4220 252 837 [CH2B}-Ado
n{d]-BUCOA  H,0 253; 254; 255 NB 80 1
°H,0 253; 254, 255 ND
40
aND, not determined. [CH]-dAdo,
. . . . 0 T
deuterium from solvent into eithef-8eoxyadenosine or to
n-butyryl-CoA (Table 2). T T T T T T

One explanation for the failure to observe deuterium 252 283 254 256 286 257 258
incorporation from the solvent is that the carbanion formed m/z, amu
in the reaction could in principle abstract a proton from an Figure 7: ESI-MS analysis for deuterium incorporation from
amino acid side chain that is shielded in the active site and n-[d/]-butyryl-CoA to 5-deoxyadenosine in the presence of the
is slow to exchange, or from a nonacidic proton bonded to Y89F/R207Q mutant. The reaction conditions are described under

a carbon atom. The experimental results obtained in the EXPerimental Methods.

reaction performed in BD therefore did not permit distinc- . .
tion between the two alternative acceptors for electron 10%. In addition, MS-MS for these peaks confirmed the

transfer from cob(ll)alamin. identity of B-deo_xyadenosine by revealing the presence of
The crystal structure of the me}{wlmalonyl-CoA mutase the adenine moietynf’z 136) (data not shown).

substrate complex reveals arb A distance between the

cobalt atom and the C2 carbon of the substrate from whereDISCUSSlOI\I

the hydrogen atom is abstracté&8). Although the structure Effect of the R207Q Mutation on CatalysiBrevious

of Y89F/R207Q in complex withn-butyryl-CoA is not investigations on the role of the Y89 residue in the mutase-

available, a similar distance could be expected for this catalyzed reaction revealed that it plays an important role in

substrate bound to the mutant enzyme. Therefore, thehomolysis of the Ce-carbon bond, presumably by destroying

possibility of an electron transfer from cob(ll)alamin to the deoxyadenosine binding site in the enzyisebstrate

n-butyryl-CoA is plausible. Since the pathway involving complex (L4). The hydroxyl group in Y89 is involved in a

electron transfer to-butyryl-CoA radical involves a hydro-  hydrogen-bonding interaction with the carboxylate of the

gen atom transfer from the substrate analogue to thesubstrate. Loss of this interaction could differentially affect

deoxyadenosyl radical, we next tried to detect incorporation the stability of the radical intermediate®4j. Computational

of deuterium into deoxyadenosine frarjd;]-butyryl-CoA. studies predict that loss of this hydrogen-bonding interaction

ESI-MS revealed three major peaks witliz 253.1, 254.1, will preferentially destabilize the succinyl-CoA radical but

and 255.1 corresponding to mono-, di-, and trideuterated 5 have a small effect on the rearrangement barrier for the

deoxyadenosine (Figure 7). The amount of nondeuteratedinterconversion of the two radicals increasing it by 1 kcal/

deoxyadenosine in this samplavg 252.1) was less than  mol (25—27).
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The substrate carboxylate is held in the active site of the transfer from cob(ll)alamin to either thé-8eoxyadenosyl
mutase by two additional hydrogen-bonding interactions with radical or the substrate radical would lead to formation of
R207. Theoretical studies on this electrostatic interaction OHCbl and a transient carbanion which is rapidly quenched
predid a 3 kcal/mol destabilization of the succinyl-CoA by protonation. Electron transfer from cob(ll)alamin to a
radical would result from a negative charge on the carboxy- carbon radical to generate a carbanion is thermodynamically
late while the methylmalonyl-CoA radical would be stabi- unfavorable, since the cob(ll)alamin/cob(lIl)alamin redox
lized by 3 kcal/mol 15). potential is high £+0.2 V (30)), whereas the carbon radical/

Here we report the effects of the R207Q mutation on the carbanion potential is expected to be quite low. Coupling of
mutase-catalyzed reaction. The R207Q mutation has a drathe electron transfer to a favorable proton transfer to quench
matic effect on catalysis and on substrate affinity. The the highly unstable carbanion intermediate would be critical
observed 16fold decrease ik, would account for an-5 for driving the overall reaction in the forward reaction.
kcal mol™* contribution of this residue to the overall ener- Our results from the inactivation reaction in® failed
getics of the reaction provided that the effect of the R207Q to distinguish between the two acceptor sites for the electron-
change is restricted to the site of mutation. However, it is transfer reaction. Neithef-Bleoxyadenosine nor butyryl-CoA
important to note that that the structure of the R207Q mutant exhibited deuterium incorporation from solvent. The simplest
is presently not available. explanation for this observation is that protonation of the

Suicide Inactation of R207Q and Y89F/R207@lthough carbanion occurs from a proximal active site residue that is
most of the active site residues are conserved betweenshielded from solvent or from a nonacidic proton bonded to
methylmalonyl-CoA mutase and isobutyryl-CoA mutase, the a carbon atom.
two residues interacting with the carboxylate portion of the ~ When the R207Q mutants were incubated writhd;]-
substrate in methylmalonyl-CoA mutase, Y89F and R207, butyryl-CoA, an isotopic effect of~7 was measured and
are replaced in isobutyryl-CoA mutase by F80 and Q198, deuterium incorporation into deoxyadenosine was observed
respectively. In this study, we have tested the possibility that (Figure 5). Although there is no turnover of the enzyme in
these two residues are solely responsible for substratethe presence of butyryl-CoA, a mixture of mono-, di-, and
recognition and catalysis by the sister mutases. However,trideuterated deoxyadenosine was isolated from the inactiva-
butyryl-CoA proved not to be a substrate for either the wild- tion reaction revealing multiple rapid rounds of hydrogen
type or any of the other mutants generated in this study. atom exchange between the two transient radicals, deoxy-
Instead, the R207Q mutants in the presence-bfityryl- adenosyl and butyryl-CoA, before electron transfer from cob-
CoA or isobutyryl-CoA undergo an undesired side reaction (ll)alamin to butyryl-CoA, followed by quenching by
leading to irreversible inactivation of the enzyme. If the protonation (Figure 7). These observations suggest that the
effects of the R207Q mutation are indeed restricted to observed isotope effect, since it involves multiple rounds of
the site of change, this would represent an excellent ex- hydrogen transfer, is suppressed. Furthermore, the anoma-
ample of the role of a single residue in affecting “nega- lously large deuterium isotope effect observed in wild-type
tive catalysis” as described by Rete38) in which the re- methylmalonyl-CoA mutase3() is not observed with the
activity of intermediates are finely tuned by multiple inter- mutant, suggesting a change in the pathway for hydrogen
actions with the protein so that unwanted side reactions areatom transfer from quantum mechanical tunneling to a
suppressed. semiclassical over-the-barrier process. These results favor

Our results on the mechanism of mutase inactivation showthe route in Scheme 2B as the likely mechanism for
that it is accompanied by formation of-8eoxyadenosine inactivation of the mutant enzymes.
and OHCDbI, at similar rates, in an oxygen-independent Suicide inactivation by internal electron transfer from cob-
process. The simplest routes by which this inactivation can (Il)alamin has been reported in other®lependent enzymes
occur are depicted in Scheme 2. (22, 32—35). Marsh and co-workers reported that glutamate

In principle, the Ce-carbon bond of the cofactor could mutase catalyzed the rapid formation of a Michael adduct
be cleaved heterolytically or homolytically. Two different between the deoxyadenosyl radical and the substrate ana-
acid-induced mechanisms for €oarbon bond heterolysis  logue, 2-methyleneglutarate. This step was followed by an
have been previously described9. One involves ring- electron transfer from cob(ll)alamin to the adduct and
opening and protonation of the ribofuranosyl oxygen (Scheme formation of OHCDbl, leading to irreversible inactivation of
2A, upper) and the other involves initial cleavage of the the enzyme3?2). Previous work done by Frey and co-workers
adenine moiety followed by hydrolysis of the €deoxy- on lysine 5,6-aminomutase showed that the enzyme under-
furanosyl complex (Scheme 2A, lower). In both cases, went substrate-dependent inactivation with concomitant
heterolysis of the Cecarbon bond would lead to the formation of OHCbIl and 5deoxyadenosine. Furthermore,
production of adenine and dihydroxy-pentanal instead of incorporation of a hydrogen atom from the labeled sub-
5'-deoxyadenosine. strate into deoxyadenosine was observed, suggesting a

The other possible mechanism for enzyme inactivation is mechanism for inactivation that is similar to that described
via initial homolysis of the Ce-carbon bond of the cofactor, in Scheme 2B.
which is the first step in the reaction mechanism by the  The work described herein is the first example in which
mutase. This would lead to formation of cob(Il)alamin and the B,>-dependent enzyme, methylmalonyl-CoA mutase,
5'-deoxyadenosine radical (Scheme 2B). misfires by an internal electron transfer. Our results illustrate

Although cob(ll)alamin does not accumulate as an inter- that the protein not only enhances the reaction rate as it
mediate in the active site of the mutants, the identities of guides a radical-mediated rearrangement, but that it also
the products formed during inactivation rule out-Gmarbon exercises exquisite control over the reactivities of intermedi-
bond heterolysis as a likely mechanism. An internal electron ates, thereby suppressing suicidal side reactions.
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