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ABSTRACT: Coenzyme Brdependent 2-methyleneglutarate mutase from the strict anaBrdizeterium

barkeri catalyzes the equilibration of 2-methyleneglutarate wil-3-methylitaconate. Proteins with
mutations in the highly conserved coenzyme binding-mb#H (X).G(X)41GG (D483N and H485Q)
exhibited decreased substrate turnover by 2000-fold =a#@00-fold, respectively. These findings are
consistent with the notion of H485 hydrogen-bonded to D483 being the lower axial ligand of
adenosylcobalamin in 2-methyleneglutarate mutdske. dnd ¢)-2-methylpent-2-enedioate and all four
stereoisomers of 1-methylcyclopropane-1,2-dicarboxylate were synthesized and tested, along with acrylate,
with respect to their inhibitory potential. Acrylate and the 2-methylpent-2-enedioates were noninhibitory.
Among the 1-methylcyclopropane-1,2-dicarboxylates only tie2R)-isomer displayed weak inhibition
(noncompetitive,K; = 13 mM). Short incubation (5 min) of 2-methyleneglutarate mutase with
2-methyleneglutarate under anaerobic conditions generated an electron paramagnetic resonance (EPR)
signal @« ~ 2.1; 9, &~ 2.0), which by analogy with the findings on glutamate mutase f@lostridium
cochlearium[Biochemistry 1998 37, 4105-4113] was assigned to cob(ll)alamin coupled to a carbon-
centered radical. At longer incubation times1( h), inactivation of the mutase occurred concomitant

with the formation of oxygen-insensitive cob(Il)alamig.(~ 2.25; g, ~ 2.0). In order to identify the
carbon-centered radical, variol®C- and one’H-labeled substrate/product molecules were synthesized.
Broadening (0.5 mT) of the EPR signal arougd= 2.1 was observed only when C2 and/or C4 of
2-methyleneglutarate was labeled. No effect on the EPR signals was seen wh@ijd8enosylcobalamin

was used as coenzyme. The inhibition and EPR data are discussed in the context of the-agdidiioation

and fragmentatiorrecombination mechanisms proposed for 2-methyleneglutarate mutase.

Within adenosylcobalamin (coenzyme;jJBdependent  Scheme 1: Isomerization of 2-Methyleneglutarate to
isomerases is a group of carbon skeleton mutases namedR)-3-Methylitaconate and Dimethylmaleate Catalyzed by
methylaspartate  (glutamate) mutase (EC 5.4.99.1), 2-Methyleneglutarate Mutase (Step 1) and 3-Methylitaconate
methylmalonyl-CoA (EC 5.4.99.2), 2-methyleneglutarate !Somerase (Step 2)

(EC 5.4.99.4), and isobutyryl-CoA mutase (EC 5.4.99:13) 0,

. . . . o
(1, 2). These enzymes have vital functions in catabolic ¢ step 1 O RQOHz step2 0,c.  cof
processes in human liver and bacterial fermentations. ©%° - yamy - =
CHs CHY CH,
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sylcobalamin; EPR, electron paramagnetic resonance. interconverts 2-methyleneglutarate, which still has the nico-
?Enzymes: 2-methyleneglutarate mutase, EC 5.4.99.4; methyl- tinate carbon skeleton, with the more highly branched

aspartate (glutamate) mutase, EC 5.4.99.1; methylmalonyl-CoA mutase,/py_a_ ; - i
EC 5.4.99.2; isobutyryl-CoA mutase, EC 5.4.99.13; 3-methylitaconate (R)-3-methylitaconate3—5) (Scheme 1, step 1). The equi

isomerase, EC 5.3.3.6; methionine synth&Benethyltetrahydrofolate- librium for this reaction disfavors 3'methy|i.tacqnate
L-homocysteines-methyltransferase, EC 2.1.1.13. (Keq = 0.06) 6). However, the subsequent reaction in the

10.1021/bi050049n CCC: $30.25 © 2005 American Chemical Society
Published on Web 07/15/2005



10542 Biochemistry, Vol. 44, No. 31, 2005 Pierik et al.

Scheme 2: AdditiorrElimination and FragmentatierRecombination Mechanisrhs
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aPath a: Additior-elimination mechanism with the participation of an intermediate radidatinethylene-1,2-cyclopropanedicarboxylate, for
which the (152R)-isomer is shown] AdoCH, = 5-deoxyadenosyl; AdoCH= 5-deoxyadenosie Path b: Fragmentatierrecombination mechanism
for 2-methyleneglutarate mutase involving an acrylate molecule and a 2-acrylate radical (“fragment rédical F

fermentation pathway (Scheme 1, step 2), the isomerizationmechanism: see Scheme 2, path 29) (from S to P is
of 3-methylitaconate to dimethylmaleate catalyzed by 3-me- possible, which requires the participation of an intermediate
thylitaconate isomeras&{y = 7), overcomes this unfavor-  radical  (1-methylene-1,2-cyclopropanedicarboxylate) that
able step §). is isomeric with Sand P. Transfer of hydrogen between
EPR spectroscopy7( 8) and X-ray crystallographic  the methyl group of 5deoxyadenosine and the product
analysis have shown that the resting forms of methylmalonyl- radical P gives product PH and regenerates thel&oxy-
CoA mutase 9) and glutamate mutasel@ 11) bind adenosyl radical, which combines with cob(Il)alamin. With
adenosylcobalamin by replacing the 5,6-dimethylbenzimid- reaction rates of Z0s™* and inactivation occurring in less
azole ligand with an imidazolyl moiety from a histidine of than 1 in 16 rearrangements, the mutases offer a high degree
the protein (“base off, his on”). For 2-methyleneglutarate of protection against unwanted side reactions of the inter-
and isobutyryl-CoA mutases, replacement of dimethyl- mediate radicals, thus illustrating the principle of negative
benzimidazole in a manner similar to that for the aforemen- catalysis 25).

tioned mutases was inferred from the primary sequence |n this paper, we describe the purification of apo-2-
(12 13). methyleneglutarate mutase, which was converted into the
Concerning the reaction pathways for the mutases, the firstactive holoenzyme by addition of adenosylcobalamin. We
step is the generation of thé-8eoxyadenosyl radical and  report the effects of D483N and H485Q mutations on
cob(ll)alamin from enzyme-bound adenosylcobalamin by 2-methyleneglutarate mutase activity using a nondeleterious
homolysis of the coenzyme’s cobaltarbono-bond inthe  muytation (H464Q) as a control for expression and purifica-
presence of a substrate molecule SH)( A 10'*fold tion. Selected compounds that were structurally similar to
enhancement of the rate of this step compared to homolysisthe substrate or potential intermediates were synthesized and
of the free coenzyme at room temperature has been estimategested as inhibitors. In an attempt to detect substrate, product,
(15). For glutamate mutase, homolysis of the cobatrbon intermediate, or fragment radicals*(%, I*, or F), EPR
bond of the enzyme-bound adenosylcobalamin has beenstydies were performed using 2-methyleneglutarate or
documented experimentally by EPR spectroscopy, rapid- (R)-3-methylitaconate specifically labeled with one or more
quench, UV~ visible, and stopped-flow technique-18). 13C or 2H atoms. The data from inhibitor studies and the
Stereospecific hydrogen abstraction from a substrate mol-EpR measurements are discussed in the context of the
ecule (e.g. 4-RH. of 2-methyleneglutarate)1) by the mechanistic alternatives presented above.
5'-deoxyadenosyl radical gives-8eoxyadenosine and a
substrate radical*$e.g. 2-methylene-4-glutaryl). As observed MATERIALS AND METHODS
with glutamate mutase this step generates the predominant
form of the enzyme in the steady sta®)(with a pre-steady- Bacterial Strains, Phages, and Plasmidsubacterium
state rate fast enough for the observed overall reactiep ( barkeri(strain DSM 1223, formerlflostridium barkerj see
The intermediacy of a substrate-derived radical (4_g|utamy|) ref 26 for revision of nomendature) was obtained from the
was demonstrated by an EPR study of glutamate mudye Deutsche Sammlung von Mikroorganismen und Zellkulturen
The substrate radical*Searranges to a product radical (DSMZ, Braunschweig, Germany). Maintenance and growth
P, again under strict stereochemical Contrdj4)( For were done according to rdf2. The |IC]UId and solid media
g|utamate and 2_methy|eneg|utarate mutases a “fragmenta.for Escherichia coliDH5a were standard nutrient broth
tion—recombination” mechanism has been proposed by (Merck, Darmstadt, Germany); fdE. coli XL1-Blue, the
Buckel, Go|ding, and Co-workerQZ) in which a common double concentrated yeast extract medium (Merck, Darms-
acrylate molecule partners a fragment radicadid enables  tadt, Germany) was usef. coliwas grown as described in
the handover of the acrylate moiety from C-2 to C-3 refs27,28.
(substrate numbering) (see Scheme 2, path b). In the case of Overproduction in E. coli and Purification of Wild-Type
glutamate mutase there is direct evidence for the kinetically 2-Methyleneglutarate Mutas&rowth ofE. colitransformed
competent participation of acrylate and a glycine radical in with the plasmid pBB2 was performed essentially as
the overall reaction23). With 2-methyleneglutarate mutase, described 12). SinceE. coli lacks the ability to synthesize
however, an alternative pathway (“additiealimination” cobalamin cofactor, apo-2-methyleneglutarate mutase was
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purified aerobically without exclusion of light. However, after Site-Directed Mutagenesis and Purification of Mutants
reconstitution of the holoenzyme with adenosylcobalamin Plasmid pBB2 carrying a PCR-generated fragment of the
all operations were carried out under dim red light. The mgmgene encoding 2-methyleneglutarate mutase was orig-
holoenzyme was normally handled aerobically although inally cloned into the vector pJF119HHEZ). Mutagenesis
mutants were assayed under anaerobic conditions. Allwas carried out essentially according to the protocol of the
manipulations involving enzyme isolation and purification manufacturer (Stratagene, Amsterdam, The Netherlands). For
were carried out at 4C. Cells (typically 20 g wet mass) mutagenesis, thélindlll fragment of the pBB2 plasmid
were harvested by centrifugation (6@)Q5 min), suspended ~ containing themgmgene was subcloned into pBluescript
in buffer A (50 mM potassium phosphate, 1 mM EDTA, SK(+) and transformed int&. coli XL1-Blue. A growing

pH 7.4) containing 1 mM phenylmethylsulfonyl fluoride, and ~culture of the resulting clone was infected with the helper
disrupted by sonication (Branson sonifier B15). Cell debris Phage VCSM 13. The single-stranded DNA was recovered
and membranes were removed by ultracentrifugation (1@)000 and site-directed mutagenesis was performed according to
60 min). Apo-2-methyleneglutarate mutase was obtained bythe method of Taylor et al.3@) with the following oligo-
chromatography of the soluble fraction on a Pharmacia FPLC Nucleotide primers (mutated nucleotides underlined):
system equipped with Pharmacia cqumrjs (Freiburg, Ger- 5.-GTGGAAGTTCAAGTGGAAAAAGCCCCC-3

many). The supernatant of the ultracentrifugation step was - for H464Q
loaded onto DEAE Sepharose (column type HiLoad 26/10)

equilibrated with buffer A (3 mL/min). After washing with 9 -CCGTTGGTGCGAACGCCCATGTCAATGGG-3

100 mL of buffer A, apo-2-methyleneglutarate mutase was for DA83N

eluted with a linear gradient of-01 M NacCl in buffer A. 5-CGGATGCCCAAGTCAATGGG-3for H485Q
The fractions, which eluted at around 300 mM NaCl, ] o )
contained 2-methyleneglutarate mutase activity upon recon-For overexpression the mutated genes were cloned back into

stitution with adenosylcobalamin. Ammonium sulfate was the PJF119HE expression vector. The mutated region of the
added to a final concentratiori M to thepooled fractions. ~ MYMgeNe was sequenced using infrared dye labeled primers
The clear solution was loaded onto a phenyl-Sepharose HP(SYNthesized by MWG-Biotech, Ebersberg, Germany) and
column (HiLoad 26/10) equilibrated with buffer B (buffer € thermo sequenase fluorescent-labeled primer cycle kit
A supplemented wit 1 M ammonium sulfate) operated at a frqm Am_ersham (Fre|burg, Germany). After mixing DNA,
flow rate of 3 mL/min. A gradient of 10850% buffer Bin  Primer, dideoxynucleotides, and solutions from the sequenase
buffer A (100 mL), 56-0% buffer B in buffer A (200 mL), kit, a PCR amplification was performed. DNA fragments

and 200 mL of buffer A eluted apo-2-methyleneglutarate "¢'¢ separated on a polyacrylamide gel _in a Li-Cor DNA
mutase after about 400 mL. Frgctions wzich gxhibited Model 400 automated sequencer (MWG Biotech, Ebersber,

activity upon adenosylcobalamin reconstitution were con- Germany). The analysis of the sequence data was performed

) . . with the supplied software.
cent.rated n an Amicon chamber with PM30 mgm'brane SDS-PAGE of the crude extracts showed that the mutant
(Amicon, Witten, Germany). For EPR spectroscopic inves-

L o . genes were expressed in coli at levels similar to that of
tigation requiring large amounts of protein, the apo-2-

thvl lutarat i f sufficient ity at thi the wild-type gene. The obtained mutant proteins were
n:e ygnigg;rae mu ?scci—:‘bwa(t:s or su !C|e{1'p'ur| yngS'S purified by the method used for wild-type 2-methylene-
stage (i.e: 0 as revealed by L.oomassie staining ot s glutarate mutase. SDFAGE followed by Coomassie
PAGE gels). For all kinetics experiments and the initial

) . . : staining or Western blottindl@) showed that the mutations
characterization an additional size-exclusion chromatography i ot significantly change the elution behavior. By size-

step was added. Apo-2-methyleneglutarate mutase fractions,, -|,sion chromatography (Sephadex G25, 20 mM potassium
with a purity of 95-99% eluted at a volume of about phosphate, pH 7.4) of a mixture of the H485Q mutant
250 mL from Superdex 200 prep grade (column type gn yme with adenosylcobalamin no coelution was observed.
35/600) equilibrated with buffer A supplemented with Enzyme Assaysdn the standard continuous assay of
100 mM NacCl (3.0 mL/min). Analytical gel filtr.ation Was 2 methyleneglutarate mutase, activity (0-G51 unit) was
performed on Superose 12 (HR 10/30) calibrated with measyred with 10 mM 2-methyleneglutarate as substrate in
ferritin, catalase, aldolase, bovine serum albumin, and 100 mm potassium phosphate (pH 7.4, 28) using
cytochrome C to determine the native molecular mass. 3-methylitaconate isomerase (280 units/mL) as auxiliary
Elution was performed with buffer A supplemented with enzyme. The 2,3-dimethylmaleate formed was measured by
100 mM NaCl at a flow rate of 0.5 mL/min and indicated a jts UV absorbance/Ae»ss = 0.66 mMt cm-1). The same
mass of 280 kDa. Purified apo-2-methyleneglutarate mutaseassay was performed in a discontinuous fashion for 2-methyl-
was stable for several months when stored at protein eneglutarate mutase mutants in an anaerobic chamber under
concentrations of 40 mg/mL at—80 °C. The protein  red light with an upper time limit of 30 min because of the
content was determined by the Bradford mettzsg).(Within instability of the coenzyme in the mutase. The reaction was
experimental error identical protein contents were observedstopped by acidification wit 1 M HCI, which converted

in control experiments using (1) the bicinchoninic acid dimethylmaleate to its cyclic anhydridAé,ss = 4.3 mMt
method (Pierce kit, Merck, Darmstadt, Germangy)(and cm™) (5).

(2) the UV absorbance dtnax 280 nm with the extinction Effects of Potential Inhibitors on 3-Methylitaconate
coefficient,E; mgm. = 1.23, calculated31) from the gene-  IsomeraseNo absorbance change@.001 absorbance unit/
derived amino acid sequenc&?f. N-terminal sequencing  min at 256 nm) was observed when inhibitor [e.g. 4 mM
of the purified apo-2-methyleneglutarate mutase was per- (E)- or (2)-2-methylpent-2-enedioate] was incubated in the
formed as describe®3®). presence of 3-methylitaconate isomerase (10 units/mL), but
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in the absence of the mutase. Standard isomerase assays we@hart 1: Structures of Compounds Tested as Inhibitors of
performed using isomerase (0:08.1 unit/mL) and 5 mM  2-Methyleneglutarate Mutase

rac-3-methylitaconate. WithZ)-2-methylpent-2-enedioate o 6 o ©
(0.8, 2, and 4 mM) the activity of the isomerase was reduced ~ ©2C.3,H H.s,CO2 H.5,C0: 02C. R M
to 96%, 83%, and 59%, respectively, but there was no o s f;é o S)A H CR}A
significant inhibition with up to 4 mM E)-2-methylpent-2- 023 a H@%gzc 02330 S0,C
enedioate. 7 2 3 4
Effects of Inhibitors on 2-Methyleneglutarate Mutake. o
a typical experiment the candidate inhibitor (up to 15 mM o H e _(:Hzco? CHs,  CHCO;
for sodium acrylate, 4 mM forH)- and @)-2-methylpent- Ozc'-):{ 02C'-}:{ o JEN
2-enedioate, 70 mM for 1-methylcyclopropane-1,2-dicar- H H H,C ST 0,C H

boxylates) was incubated with 1M adenosylcobalamin,
30 units of methylitaconate isomerase and 2-methylene-
glutarate until a stable absorbanced(001 absorbance unit/
min at 256 nm) was observed. 2-Methyleneglutarate mutase

(0.05-0.1 unit) was added and mutase activity was recorded gpr Spectroscopy Samples for EPR  spectroscopy
by the continuous assay. The data fdR@5)-, (1S2R)-,and  (2004L) were prepared aerobically in the dark or under dim,
(1529-1-methylcyclopropane-1,2-dicarboxylate were cor- e |ight at room temperature. 2-Methyleneglutarate mutase
rected for the presence of #20% of enantiomeric impurity. (100200 nmol of monomer in 160L of 50 MM potassium
Preincubation of 2-methyleneglutarate mutase with phosphate, pH 7.4) was mixed with saturated aqueous ca.
100 uM adenosylcobalamin and 10 mME)- or (2)-2- 16 mM adenosylcobalamin (20L), incubated for 5 min,
methylpent-2-enedioate in the absence of 2-methyleneglut-and transferred into calibrated quartz tubes &#.9.2 mm
arate for 3 min at OC in the dark showed no loss of activity outer diameter, 0.45 0.05 mm wall thickness, and 13 cm
(under similar conditions 10 mM 2-methyleneglutarate length, llmasil-PN high purity quartz obtained from Quarzsch-
caused a 10% decrease in activity). melze lImenau GmbH, Langewiesen, Germany). A neutral-

Synthesis of Unlabeled and Isotopically Labeled 2-Methyl- ized aqueous solution (24.) containirg 1 M 2-methylene-
eneglutarates and 3-Methylitaconates, (E)- and (2)-2-methyl- glutarate or 3-methylitaconate in 50 mM potassium phos-
pent-2-enedioic Acid and Isomeric 1-Methylcyclopropane- phate, pH 7.4, was added, mixed, incubated for 45 s, and
1,2-dicarboxylic AcidsThese compounds were prepared frozen in liquid nitrogen. For experiments with in situ
either by literature procedures or by adapting literature generation of R)-3-methylitaconate a neutralized solution
procedures (e.g34—37) (see Supporting Information for of 1 M dimethylmaleate in 50 mM potassium phosphate,
detailed procedures). pH 7.4, was preincubated for 10 min with 100 units of
3-methylitaconate isomerase. The EPR samples were stored
in the dark immersed in liquid nitrogen. Changes in the

2,3-Dimethylmaleic anhydride (purity-97%) was from coupled spectra of 2-methyleneglutarate mutase were not

Fluka (Deisenhofen, Germany). {5C]Adenosylcobalamin ~ ©Pserved during storage over2 years.

was a gift from Professor H. P. C. Hogenkamp, University ~ The EPR-spectra were recorded on a Bruker EMX-6/1 X
of Minnesota, MinneapolisSt. Paul, MN. All other chemi- ~ band EPR spectrometer composed of an ER-041 XG X-band
cals were of the highest purity available from Sigma-Aldrich, Microwave bridge and built-in ER-041-1161 microwave
Merck, or Fluka. frequency counter, EMX-1101 power supply, ER-070 6-in.
magnet, EMX-032T Hall field probe, an ER-4102 Universal
TE102 rectangular cavity, and an ESR-900 Oxford Instru-
ments Helium flow cryostat (3-:8300 K). Data acquisition
was performed with the software supplied by Bruker
(WINEPR Acquisition program, version 2.3.1.); data ma-
nipulation (determination ofg-values, subtraction, base
lining, integration, and conversion to ASCI! files for use with

Deisenhofen, Germany). The formation of cob(ll)alamin . .
during the reaction was determined by UV/visible spectros- y{;fé%snog 1Ei<CEL) was done with the WINEPR program

copy on the basis of the characteristic absorbance maxima
of the different cobalaminsi(). Purified apo-2-methylene- RESULTS AND DISCUSSION

glutarate mutase (9 mg) was incubated with 1 mM adeno-

sylcobalamin (total volume 1 mL) for 20 min in the dark, Chemical Syntheseshe compounds synthesized for EPR
followed by separation of excess of coenzyme by size and inhibition studies are collected in Chart 1. 2ef@'3C]-
exclusion chromatography (Sephadex G25, 20 mM potassiumMethyleneglutaric acid was synthesized following the pro-
phosphate, pH 7.4). The eluted protein was concentrated tocedure reported for the correspondifig-labeled compound

a volume of 2 mL with an Amicon chamber, and a spectrum (41), but replacing“C-formaldehyde witR*C-formaldehyde.

was taken. The probe was divided into two samples, to eachDisodium dimethyl[1,4°C;Jmaleate and disodium [2,3,

of which was added 2-methyleneglutarate (final concentration 3'-13C4]dimethylmaleate were obtained by hydrolysis of the

5 mM). The samples were incubated in the dark (14 h, corresponding anhydrides. These anhydrides were prepared
37 °C), one under aerobic and the other under anaerobicfrom [1,4+3C;]- and [2,343C;]maleic anhydride, respectively,
conditions. following the procedure reported for the unlabeled compound

6 7

5
a1-4: 1-Methylcyclopropane-1,2-dicarboxylatés.Acrylate.6 and
7: 2-Methylglutaconates.

Other Materials.Crystalline adenosylcobalamin (purity
>98%) was from Sigma (Deisenhofen, Germany).

The cobalamin conteiff apo-2-methyleneglutarate mutase
before and after reconstitution was determined by UV/visible
spectroscopydg, 39). Alternatively the cobalt content was
determined with a Zeeman/3030 atomic absorption spec-
trometer (Perkin-Elmer, berlingen, Germany) using a
standard solution of cobalt (990 mg/L) in 1% Higma,
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(35, 42). 2-Methylene[2'3C]glutaric acid was obtained after
hydrolysis of ethyl Stert-butyl-4-tert-butoxycarbonyl-2-
methylene[2X%C]glutarate, which was made by condensation
of di-tert-butyl malonate with ethyl 2-(bromomethyl)-[2€]-
acrylate. 2-Methylene[43C]glutaric acid was prepared by
hydrolysis of triethyl [113C]but-3-ene-1,1,2-tricarboxylate,
derived by condensation of diethyl [2€]malonate with
ethyl 2-(bromomethyl)acrylateRQ-3-Methylitaconate and
(R9-3-[**C-methy]methylitaconate were made by acidic
hydrolysis of triethyl but-1-ene-2,3,3-tricarboxylate and
triethyl [4-*C]but-1-ene-2,3,3-tricarboxylate, respectively,
which were obtained by condensation of “Malachowski’s
mixture” (triethyl prop-1-ene-1,1,2-tricarboxylatetriethyl
prop-2-ene-1,1,2-tricarboxylate}3) under basic conditions
with either iodomethane or iodS{C]methane.

(B)- and @)-2-methylpent-2-enedioic acid were prepared
from 1,1,3,3-tetracarboethoxypropenyl sodium by improving
the literature procedures4, 44, 45). Sodium methoxide
induced condensation of methyl acrylate with methyl 2-chloro-
propionate is known to afford a mixture of the stereoisomers
of methyl 1-methylcyclopropane-1,2-dicarboxyladé)( We
found that heating the reaction mixture at reflux with sodium
methoxide fo 3 h gave, under thermodynamic control, a ca.
5:1 ratio of the (R,2R)/(1S29) (trans) diesters versus the
(1R,29)/(1S2R) (cis) diesters, whereas treatment with sodium
methoxide at 20C overnight gave a ca. 1:5 ratio thng
cis (kinetic control). From the mixture obtained under
thermodynamic control, the racentians-diester was sepa-
rated chromatographically and saponified to give pure
(1R,2R)/(1S,29)-1-methylcyclopropane-1,2-dicarboxylic acid.
This was resolved with brucine to giveRPR)-1-methyl-
cyclopropane-1,2-dicarboxylic acid. The mixture of diesters
obtained under kinetic control was saponified, and the
resulting diacids were heated with acetyl chloride to give
the anhydride of the racemids-diacid. Hydrolysis of the
anhydride gave [®,29/(1S2R)-1-methylcyclopropane-1,
2-dicarboxylic acid. The racemic diacid was resolved with
brucine to give (§2R)-1-methylcyclopropane-1,2-dicar-
boxylic acid. Resolution with quinine gave RRS)-1-
methylcyclopropane-1,2-dicarboxylic acid. Base-catalyzed
equilibration of the dimethyl ester from $PR)-1-methyl-
cyclopropane-1,2-dicarboxylic acid led taS29)-1-methyl-
cyclopropane-1,2-dicarboxylic acid.RPR)-1-Methylcyclo-

Biochemistry, Vol. 44, No. 31, 2003.0545

Table 1: Effects on Activity of Mutagenesis of the
Cobalamin-Binding Domain in Cobalamin-Dependent Enzymes

rel act. (%)
compared to

enzyme mutation  activity (8) wild type  ref
2-methylene- none 20+ 0.3 100 b
glutarate mutase
H464Q 6.9:0.7 35 b
D483N  0.012+ 0.002 0.06 b
H485Q <0.005 <0.03 b
glutamate mutase none 18 100 63
D14N 0.021 0.12 63
D14A  0.043 0.24 63
D14E 0.014 0.08 63
H16G 0.016 0.09 63
H16Q 0.023 0.13 63
methylmalonyl- none 120 100 64
CoA mutase
H610N  0.003 0.003 64
H610A 0.024 0.02 64
methionine synthase none 27.1 100 65
D757N 1.5 6 65
D757E  0.99 4 65
H759G O 0 65

aMeasured with 10 mM 2-methyleneglutarat&his work.

eneglutarate mutase activity, whereas addition of adenosyl-
cobalamin resulted in immediate activatioh2). In the
present study, the 2-methyleneglutarate mutase activity in a
cell-free extract corresponded to a 20-fold overproduction
of the mutase as compared . barkeri Purification
typically yielded 30 mg of homogeneous, colorless apo-2-
methyleneglutarate mutase. Gel filtration showed that wild-
type apo-2-methyleneglutarate mutase and the mutants
prepared (see below) were already assembled into a homo-
tetramer. After addition of adenosylcobalamin the specific
activity (28 units/mgk.a: 31 s'1) was ca. twice the activity
of enzyme prepared fronk. barkeri (39). The first 10
N-terminal amino acids of the apo-mutase were identical to
those of the enzyme from the eubacterial source.
Site-Directed Mutagenesis:rom amino acid sequence
alignment of cobalamin-containing enzymds)(as well as
structural data on glutamate mutasée, (49) and methyl-
malonyl-CoA mutase9), it was inferred that His485 of
2-methyleneglutarate mutase acts as the lower axial ligand
to the cofactor 12). This His485 belongs to the fully

propane-1,2-dicarboxylic acid was determined to be ca. 100%conserved motif DXH(X)G(X)41GG, which forms the

enantiopure, whereas the other diacids contained9806
of the desired isomei3{, 46).

Enzyme Purification2-Methyleneglutarate mutase purified
from E. barkeriwas shown to be a homotetrameuw;(4 x
67 kDa) containing 24 cobalamin molecules38, 39). By

N-terminal part of the cobalamin-binding domain comprising
about 120 amino acids. As shown on a structural basis for
other mutases and methionine synth&s® if was anticipated
that an aspartate residue (Asp483) forms a hydrogen bond
to the His485 of 2-methyleneglutarate mutade®)( To

UV/visible and EPR spectroscopy the cobalamins were confirm the postulated roles for His485 and Asp483, site-
identified as a mixture of adenosylcobalamin and oxygen- directed mutagenesis (H485Q and D483N) was performed
stable cob(ll)alamin. Only 50% of cobalamin could be along with mutation of the nonconserved His464 (H464Q),
removed by treatment wit8 M urea, with concomitant loss  which should be nonessential for catalytic function and
of activity. Dialysis in the presence of dithiothreitol and therefore acted as a control for the mutagenesis procedure
addition of adenosylcobalamin resulted in complete activa- and expression i&. coli. As expected, the H485Q mutation
tion. Thus, the tightly bound cob(Il)alamin was presumed gave an inactive enzyme, while the D483N mutation
to be an artifact, not involved in catalysi8§ 39), arising decreased the activity by a factor of ca. 2000. Table 1
from endogenous cobalamin(s) and the lengthy purification summarizes the data for mutagenesis experiments and
of the light sensitive mutase?, 47). presents comparative data for other carbon skeleton mutases
Subsequently, the gene encoding 2-methyleneglutarateand methionine synthase. Rate measurements with a suf-
mutase was cloned and overexpressddl.iooli (12). A cell- ficient accuracy for MichaelisMenten kinetics were not
free extract of the transformed strain showed no 2-methyl- possible due to the low activity and the lack of highly
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Ficure 1: UV-visible spectrum of reconstituted 2-methylene- B (mT)

glutarate mutase in the absence and presence of 2-methylene- o . . .
glutarate in comparison with free adenosylcobalamin. Trace 1, FIGURE2: EPR spectra indicative of the substrate-induced inactiva-
20 uM holo-2-methyleneglutarate mutase (subunit concentration); tion (‘suicide”) of 2-methyleneglutarate mutase. (A) Apo-2-
trace 2, as in trace 1 after incubation with 10 mM 2-methylene- Methyleneglutarate mutase (248 monomer) incubated under

glutarate for 5 min at ambient temperature; trace 3,;M anaerobic conditions (5 min, 38C) in the presence of 3 mM
adenosylcobalamin. coenzyme B, 33 mM potassium phosphate pH 7.4, 3 mM

p-mercaptoethanol, and 33 mM 2-methyleneglutarate. (B) Apo-2-

radiolabeled substrates. The slight activity of the D483N methyleneglutarate mutase (final concentration ABI) incubated
mutant was shown to be dependent on the added substrader an2Erobi condions (14 1, ) e presence o1 v
concentration, thus reflecting a “real” enzymatic activity. In - 2_methyleneglutarate. (C) Sample as in B incubated in the presence
contrast, the H464Q mutant retained substantial activity. The of air (EPR conditions: temperature 77 K, microwave power
conclusions regarding mutase activities were confirmed by 25 mW, modulation frequency 100 kHz, modulation amplitude
measurements with cell-free extracts of each mutant. That9-4 MT, microwave frequency 91G8 5 MHz).
loss of activity of the H485Q mutant is due to its inability
to bind the B, cofactor was shown by size-exclusion
chromatography of a mixture of the apoprotein and cobal- A
amin. The eluted protein contained no detectable amounts
of cobalamin. Neither the H485Q nor the D483N mutant
gave detectable EPR signals when incubated with adeno- B
sylcobalamin and substrate (vide infra).

Cobalamin Content of 2-Methyleneglutarate Mutase and

Stability of the EnzymeApo-2-methyleneglutarate mutase c
was shown to be devoid of cobalamins and cobalt
(<0.01 mol of Co/67 kDa subunit) by UV/visible and atomic D
absorption spectroscopy. After incubation of the apoprotein
with an excess of adenosylcobalamin the maximum specific E
activity of 28 units/mg was immediately obtained. Removal
of excess of coenzyme by size-exclusion chromatography F

did not change the specific activity; upon supplementation
with adenosylcobalamin no significant increase was ob-
served. Hence the coenzyme remained tightly bound to the
enzyme. UV/visible spectroscopy of the holoenzyme showed
Amax 378 and 570 nm (Figure 1) typical for adenosylco- _
balamin bound to a protein5{). Neither cob(ll)alamin Ficure 3: EPR spectra of enzyme bound cob(ll)alamins and

- L . radicals. (A) Uncoupled cob(Il)alamin in methanol:coenzyme M
(Amax 470 nm) nor its oxidation product aguocobalamin methyltransferase MtaC subunit, adapted from 6éf (B) A

(Amax 352 nm) were detected. According to UV/visible simulated malonyl radical, parameters see2®f(C) Glutamate
spectroscopy and atomic absorption spectroscopy the ad-mutase and9)-glutamate, adapted from réfl. (D) 2-Methylene-
enosylcobalamin content of five independent preparations glutarate mutase and 2-methyleneglutarate. (E) Methylmalonyl-CoA
was determined as 055 0.1 mol/67 kDa subunit. Probably mutase and succinyl-CoA, adapted from3éf (F) Ribonucleotide
- . o triphosphate reductase, reductant and dGTP, adapted frod7.ref

the tetrameric enzyme shows half-of-the-sites reacti®®;(  Tpe spectra have been converted pwaluex-axis to allow better
only two of the four sites are occupied by cobalamin, whereas comparison.
the other two sites are empty, an arrangement different from
glutamate mutasel(). In contrast, a 2-methyleneglutarate EPR-silent, indicating that no cob(ll)alamin was formed
mutase preparation frof. barkericontained 0.8 0.2 mol during reconstitution of the active enzyme (data not shown).
of cobalamin/subunit, with the cobalamin being a mixture After short incubations (up to 5 min) with the substrate,
of adenosylcobalamin, aquocobalamin, and cob(ll)alamin EPR-signals were obtained (Figures 2A, 3D, and 4A) that
(38). were similar but not identical to the substrate-induced signals

A mixture of apo-2-methyleneglutarate mutase with an of coenzyme B,-dependent glutamate mutase fr@ncoch-
excess of adenosylcobalamin in the absence of substrate wakearium (Figure 3C) 21), methylmalonyl-CoA mutase from

25 23 21 1.9 1.7
g-value
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FicurRe 4: EPR spectra of 2-methyleneglutarate mutase and o opr
13C-labeled 2_methy|eneg|utarates_ (A) Incubated with unlabeled Ficure 5: Structures of the labeled and unlabeled Compounds used

2-methyleneglutarate (natural abundarié@; for structures see  for the EPR spectra (Figure 4). The compound on each left side
Figure 5). (B) 2-[2-13C]Methyleneglutarate. (C) 3-[33C]methyl- was used to start the reaction with 2-methyleneglutarate mutase.
itaconate. (D) 2-Methylene[#C]glutarate. (E) 2-Methylene[$C]- Incubation F contained in addition 3-methylitaconate isomerase.
glutarate. (F) [2,23,3-13C,]Dimethylmaleate with R)-3-methyl- The *3C atoms are indicated by black squares.

itaconate isomerase. (G) 2-f#]Methyleneglutarate, for structures

see Figure 5. EPR conditions: temperature 40 K, microwave power probably concealed in a pocket of the enzyme and hence is

2 mW, modulation frequency 100 kHz, modulation amplitude ot accessible to oxygen. The 2-methyleneglutarate mutase

0.5 mT, microwave frequency 9468 1 MHz. Spectra similar to . - . L
spectrum A were obtained from botR®-3-methylitaconate and isolated fromE. barkerialso contained cob(Il)alamin inac-

(R)-3-methyl[1,433C,Jitaconate, generated in situ by the action of Cessible to oxygen3@, 39). In the paper by Michel et al.
3-methylitaconate isomerase on dimethyl[13@;]maleate. (39) it was assumed that cob(ll)alamin might act as prosthetic

o ] o group in addition to adenosylcobalamin. The results reported
Propionibacterium shermani{Figure 3E) 63, 54), and here rule out this possibility.

ribonucleoside triphosphate reductase (Figure 3B). (The
spectra are typical for cob(ll)alamin coupled to an organic
radical: theg,y region (zero-crossing &~ 2.10, 310 mT)
showed no clear resolution d®Co hyperfine and“N
superhyperfine coupling, while thg line (g = 2.00, 320
mT) was split into eight hyperfine lines due to coupling with
%Co (I = 7/2) without resolution of the superhyperfine
coupling with the axial*N ligand ( = 1). For comparison
the EPR spectrum of cob(ll)alamin in the absence of a radical
(Figure 3A) and that of a carbon centered radical alone
(Figure 3B) are included in Figure 3.

Prolonged aerobic or anaerobic incubation of apo-2
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EPR-Spectroscopic Characterizatiorhe EPR spectrum
of 2-methyleneglutarate mutase in the presence of 2-methyl-
eneglutarate (Figures 2A, 3D, and 4A) exhibited an average
g value of 2.102 that arises from coupling between a carbon-
centered radicalg(~ 2.0023) with cob(ll)alamin day =
2.18). The data are in good agreement with values for
glutamate and methylmalonyl-CoA mutase (2.100.001)
(21, 56). The observed spectrum was not changed by
replacing adenosylcobalamin with '{5Cladenosylco-
balamin, as was also observed with glutamate mutase (Bothe,
_ Pierik, and Buckel, unpublished results). To try to pinpoint
methyleneglutarate mutase with cobalamin and 2-methyl- Ehe site(s) of the carbon-centered radical(s), a_series of
eneglutarate (14 h at 37C) elicited dramatic changes in 3C_Z-Iabeled 2-methyleneg|utarates and 3'methy"t?‘c9f_‘ates
the UVAvisible (peak at 470 nm; see Figure 1) and EPR (Figure 5) was studied. None of these showed any significant

spectra (shift of the positive lobe of the spectrum from 300 €ffECt 0N the goaraier Coball(ll) hyperfine region of the
to 280 mT in Figure 2Cga, = 2.10 to 2.18 with a clear spectrum (Figure 4BF), unlike the dramatic effect observed

appearance i, = 2.3), which demonstrates the formation When [4#*Clglutamate was employed with glutamate mutase.
of cob(Il)alamin. Anaerobic incubation in the dark led to This was true irrespective of whethe_r the starting r_natenal
the formation of only cob(ll)alamin (Figure 2B), whereas WaS 2—methyleneg|u§arate 0r3-_methylltaconate (or dlmethyl—
after aerobic incubation aquocobalamin was formed in maleate+ 3-methylitaconate isomerase). However, with
addition to cob(ll)alamin (Figure 2C). In both cases the 2-methylene[4H;]glutarate a significant change of the
enzyme was inactivated. Subsequent aeration of the anaerobiéPectrum was observed (Figure 4G), possibly indicative of
sample gave incomplete conversion of the cob(ll)alamin to & contribution from the substrate radicat,(3-methylene-
aquocobalamin. The results indicate that aerobic and anaero4-glutaryl).

bic incubation with the substrate caused the formation of Inhibition ExperimentsThe effects of acrylate, 1-methyl-
both oxygen-stable and oxygen-sensitive cob(ll)alamin. Free cyclopropane-1,2-dicarboxylates, arfifj-(and ¢)-2-methyl-
cob(ll)alamin and loosely bound cob(ll)alamin were oxidized pent-2-enedioate on 2-methyleneglutarate mutase were de-
to aquocobalamin, whereas the tightly bound cobalamin is termined using standard assay procedures as described in
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Ficure 6: Noncompetitive inhibition of 2-methyleneglutarate by
(1R,2R)-1-methylcyclopropane-1,2-dicarboxylate at 0 mM (tri-
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propane-1,2-dicarboxylate radical and make the relative
stabilities of substrate and product radicals closer than
predicted from considerations of model radicals (i.e. a
nonstabilized methylene radical versus a carboxy-stabilized
methine radical).

In the present work, the possible intermediacy of the
1-methylenecyclopropane-1,2-dicarboxylate radical was ex-
plored by the synthesis and assay of all four isomers of
1-methylcyclopropane-1,2-dicarboxylate (Chart 1). The clas-
sical studies of Kung and Stadtman had claimed that the
trans-pair (IR/2R and 15/25) was a competitive inhibitor of
2-methyleneglutarate mutase, while ttis-pair (1IR/2S and
192R) exhibited weak noncompetitive inhibitiod)( Given
that the absolute stereochemistry of product 3-methylita-
conate isR (19), the expected stereochemistry of the
intermediate 1-methylenecyclopropane-1,2-dicarboxylate radi-

angles), at 10 mM (diamonds), at 20 mM (crosses), and at 30 mm @l is either (R/2R) or (192R). We found thanoneof the

(squares).

isomers acted as a competitive inhibitor although the
(1R/2R)-isomer was a weak noncompetitive inhibitor (Figure

Materials and Methods. In contrast to earlier results we found 6). This result does not exclude the intermediacy of a

that acrylate (up to 15 mM) was not an inhibitor of the

1-methylenecyclopropane-1,2-dicarboxylate radical because

enzyme. Currently we have no explanation why in earlier the bound state of this radical may not allow exchange with
experiments we observed an inhibition, which, furthermore, external 1-methylcyclopropane-1,2-dicarboxylate. Alterna-
was claimed to be linearly dependent on the square of thetively, there could be a conformational change of the enzyme

acrylate concentratior2®, 57). None of the 1-methylcyclo-

propane-1,2-dicarboxylates exhibited competitive inhibition,

although the (R,2R)-isomer was a weak noncompetitive
inhibitor, Ki = 13 mM (Figure 6). E)- and ¢)-2-methylpent-

during the reaction such that the free enzyme is unable to
bind this compound.

In the fragmentatiorrecombination mechanism there is
participation of a fragment radical, 2-acrylate, and an acrylate

2-enedioate failed to show any competitive or noncompetitive molecule. We therefore investigated whether acrylate inhibits
inhibitory behavior and did not show mechanism-based 2-methyleneglutarate mutase and if so there was a square

inactivation in the absence of 2-methyleneglutarate.
Mechanistic ImplicationsThe major aim of the present

dependence on acrylate concentration. We have previously
claimed such an effectty), but careful repetition of the

study was to acquire experimental evidence that would enableearlier experiments failed to demonstrate any acrylate in-

a distinction to be made between the additi@imination
(24) and fragmentationrecombination 22) mechanisms

hibition.(E)- and @)-2-methylpent-2-enedioate were selected
because they potentially provided interesting alternative

(Scheme 2) proposed for 2-methyleneglutarate mutase. Formodes of inhibition. These molecules are conformationally
the related enzyme glutamate mutase, for which an analogousestricted analogues, with respect to the C-2/C-3 bond, of

addition—elimination mechanism is impossible, the ac-
cumulated evidencel{, 2123, 58) supports the fragmenta-
tion—recombination mechanism2%). For 2-methylene-

2-methyleneglutarate or the derived 2-methylene-4-glutaryl
radical, and one or the other could act as a competitive
inhibitor. If one of the isomers binds at the active site,

glutarate mutase, ab initio molecular orbital calculations have abstraction of a C-4 hydrogen atom would generate an allyl

shown that the additionelimination pathway is energetically
more favorable than fragmentatienecombination, with the
latter having an intrinsic energy barrier 100 kJ mot*?
(59). The possibility of the additionelimination pathway
was demonstrated by early model studia$.(Recent model

radical, which could be a thermodynamic sink. The confor-
mational requirements of the additioelimination pathway
clearly differ from that of the fragmentatierrecombination
pathway. For additiorelimination there are only two
conformers for the 2-methylene-4-glutaryl radical that permit

studies concluded, however, that the rate of formation of the optimal stereoelectronics for the formation of the 1-methyl-
1-methylenecyclopropane-1,2-dicarboxylate radical is “nearly enecyclopropane-1,2-dicarboxylate radical (cf. Scheme 3,

5 orders of magnitude too slow” for it to be a kinetically
competent intermediate in the enzymatic pathw&g®).(
Likewise, it was claimed that results from the equilibration
of (2)-3-methyl[2-?H,]itaconate and Z)-3-[2'-?H;,methy}
2Hzlmethylitaconate with theitE-isomers and the corre-
sponding E)- and @)-2-methylene[2?H;]glutarates cata-

path a). With fragmentationrecombination there are an
infinite number of conformers of the 2-methylene-4-glutaryl
radical about the C-2/C-3 bond that permit fragmentation to
the 2-acrylate radical (cf. Scheme 3, path b). In the event,
neither E)- nor (£)-2-methylpent-2-enedioate showed any
inhibitory properties up to the maximum concentration of

lyzed by 2-methyleneglutarate mutase could not be satisfac-4 mM possible for the steady-state kinetics. It is notable that

torily explained by the additionelimination pathway §1).
The data were rationalized by a fragmentatioacombina-

these isomers cannot adopt conformations that correspond
to the ideal conformers for additierelimination. Indeed, the

tion pathway, in which there were two states for the fragment Z-isomer approximates to the conformer of the 2-methylene-
radical separated by an energy barrier. However, the pos-4-glutaryl radical, in which the dihedral angle (C-1/C-2/
sibility that the enzyme might destabilize the substrate radical C-3/C-4) is 0 (cf. Scheme 3). Th&-isomer approximates
was not taken into account. The effect of this could be to to the conformer of the 2-methylene-4-glutaryl radical in

enhance the rate of formation of the 1-methylenecyclo-

which the dihedral angle (CYZ-2/C-3/C-4) is 0. These
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Scheme 3: Formation of a 2-Methylene-4-glutaryl Radical and an Alternative Conformer of 2-Methylenedlutarate
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aPath a: Formation of a 2-methylene-4-glutaryl radical from a specific conformer of 2-methyleneglutarate that can undergo botk addition
elimination to the ($2R)-1-methylenecyclopropane-1,2-dicarboxylate radical and fragmentatoombination to acrylate and the 2-acrylate radical.
Path b: An alternative conformer of 2-methyleneglutarate achieved by rotating’tgb®0t the C-2/C-3 bond of the conformer shown for path a;
this conformer can be approximately mimicked I&)-2-methylpent-2-enedioate. It can only undergo fragmentatienombination. Rotation by
180° about the C-2/C-3 bond of the conformer shown for path a affords the only other conformer ideal for additionation [leading to the
(1R,2R)-1-methylenecyclopropane-1,2-dicarboxylate radical]. Rotation by @aBOut the C-2/C-3 bond of the conformer shown for path b affords
a conformer that can be approximately mimicked By2-methylpent-2-enedioate and can only undergo fragmentateombination. The additien
elimination pathway requires that the C-3/C-4 bond (highlighted in red) is perpendicular te=t6e C

conformers are the least ideal for additieglimination but sp-type orbital) with the latter able to interact more strongly
can permit fragmentatiearecombination (Scheme 3). The with the adjacent carbon nucleusdj.
failure of the 2-methylpent-2-enedioates to inhibit 2-meth-  In summary, the EPR data presented in this paper indicates
yleneglutarate mutase may be taken to indicate that the boundhat 2-methyleneglutarate mutase involves a cob(ll)alamin
conformation of 2-methyleneglutarate and the derived 2-me- organic radical partnership similar to that in glutamate
thylene-4-glutaryl radical has a dihedral angle (C-1/C-2/C- mutase, although firm conclusions could not be derived on
3/C-4 or C-2/C-2/C-3/C-4) that significantly deviates from the basis ot°C-labeling. To aid the interpretation of the EPR
0°, but is not necessarily the 9@equired by the addition data, additional selectively deuterated 2-methyleneglutarates
elimination pathway. would be useful in conjunction with high frequency and
EPR data for glutamate mutase obtained in the presencepulsed EPR techniques. Further progress requires the crystal
of isotopically labeled substrate molecules was clearly structure of 2-methyleneglutarate mutase. The purification
indicative of the presence of a dominant 4-glutamyl radical of substantial quantities of enzyme as reported herein makes
(22). Similar measurements for 2-methyleneglutarate mutasethis now a realistic prospect.
repqrted in 'ghis paper cannot be so decisively interpreteq. IN ACKNOWLEDGMENT
particular, disappearance of the cobalt(Il) hyperfine coupling . )
of the octuplet between 330 and 360 mT was not observed Ve thank the anonymous reviewers of this paper for many
with any of the®C-labeled substrate or product molecules. helpful comments. The assistance of Dr. S. P. J. Albrapht
There were subtle broadening effects in the central part of (E- C. Slater Institute, Amsterdam, The Netherlands) with
the spectra (around 320 mT), but these were insufficient to the early EPR experiments of B. Beatrix is greatly acknowl-
draw any firm conclusions. It was however shown that €dged. We thank Professor G. Gerfen (Albert Einstein
2-methylene[£H]glutarate induced significant sharpening €ollege, New York, NY) for helpful discussion of the EPR
of the EPR signal aroung = 2.10 implying a contribution ~ SPectra. Professor' R. K. Thauer of the Max-PIanck-InsUtut
from a C-4 centered radical. The degree of interaction fUr terrestrische Mikrobiologie (Marburg, Germany) kindly
between the coupling partners (cob(ll)alamin and organic allowed us to use atomic absor_ptl(_)n and_ EP.R spe_ctrometers.
radical) depends on distance and angular factors, as well a®"- D. Linder (Justus von Liebig UniversttaGiessen,
the nature of the organic radical. The width and shape of Ge€rmany) sequenced the N-terminus of 2-methyleneglutarate
the overall EPR signal is similar to that observed with Mutase produced i&. coli
glutamate mutase and indicates a distance-af 8 between SUPPORTING INFORMATION AVAILABLE
cobalt(ll) and the organic radical. Owing to angular factors,
it is possible that the effect dfC hyperfine splitting at,
of the coupled system might not manifest itself as in
glutamate mutase. Finally, the hybridization state of the
organic radical will influence th&C-hyperfine coupling. The
substrate, product, and intermediate radicals are expected t
occupy2p-type orbitals, whereas there is a potential ambigu-
ity for the 2-acrylate radical because this can in principle be REFERENCES

"ne_ar (with the unpaired e!eCtron occupying an-t_ype 1. Golding, B. T., and Buckel, W. (1998) Corrin dependent reactions,
orbital) (62) or bent (unpaired electron occupying an in Comprehensie Biological Catalysis-a mechanistic reference

Supporting Information containing synthesis procedures
of unlabeled and isotopically labeled 2-methyleneglutarates,
3-methylitaconates, dimethylmaleatds)-(and @)-2-methyl-
pent-2-enedioic acid, and 1-methylcyclopropane-1,2-dicar-
boxylic acids. This material is available free of charge via
%he Internet at http://pubs.acs.org.
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