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Methylmalonyl-CoA epimerase (MCE; EC 5.1.99.1)

belongs to the vicinal-oxygen-chelate superfamily

(VOC), whose members are structurally related pro-

teins that are able to catalyse a large range of divalent

metal ion-dependent reactions involving stabilization

of the respective oxyanion intermediates. All members

possess a characteristic common structural scaffold,

comprised of babbb modules, two of these usually

forming a metal-binding ⁄active site [1]. However,

assembly of the domains occurs in several different

ways, suggesting that the evolution of these proteins

probably involved multiple gene duplication, gene

fusion and domain swapping events. Members of the

family include the Fe(II)-dependent extradiol dioxy-

genase, a Mn(II)-containing glutathione S-transferase

(GST) that inactivates fosfomycin, the bleomycin-

resistance protein, the Zn(II)-dependent glyoxalase I

and the Co(II)-dependent MCE [2,3].

MCE is an enzyme involved in propionyl-CoA

metabolism, a pathway responsible for the degrada-

tion of branched amino acids and odd chain fatty

acids. The propionyl-CoA carboxylase catalyses the

formation of the S-epimer of methylmalonyl-CoA.

For further catalysis by the vitamin B12-dependent
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Methylmalonyl-CoA epimerase (MCE) is an enzyme involved in the pro-

pionyl-CoA metabolism that is responsible for the degradation of branched

amino acids and odd-chain fatty acids. This pathway typically functions in

the reversible conversion of propionyl-CoA to succinyl-CoA. The Caenor-

habditis elegans genome contains a single gene encoding MCE (mce-1) cor-

responding to a 15 kDa protein. This was expressed in Escherichia coli and

the enzymatic activity was determined. Analysis of the protein expression

pattern at both the tissue and subcellular level by microinjection of green

fluorescent protein constructs revealed expression in the pharynx, hypoder-

mis and, most prominently in body wall muscles. The subcellular pattern

agrees with predictions of mitochondrial localization. The sequence similar-

ity to an MCE of known structure was high enough to permit a three-

dimensional model to be built, suggesting conservation of ligand and metal

binding sites. Comparison with corresponding sequences from a variety of

organisms shows more than 1 ⁄6 of the sequence is completely conserved.

Mutants allelic to mce-1 showed no obvious phenotypic alterations, demon-

strating that the enzyme is not essential for normal worm development

under laboratory conditions. However, survival of the knockout mutants

was altered when exposed to stress conditions, with mutants surprisingly

showing an increased resistance to oxidative stress.

Abbreviations

Cbl, cobalamin; MCE, methylmalonyl-CoA epimerase; MCM, methylmalonyl-CoA mutase; MMA, methylmalonic aciduria; GFP, green

fluorescent protein.
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methylmalonyl-CoA mutase (MCM), the chiral mole-

cule must be in its correct isomeric form. This epime-

rization is carried out by the MCE (Fig. 1). Defects

in methylmalonyl-CoA metabolism cause methyl-

malonic aciduria (MMA), a rare disorder that is asso-

ciated with infant mortality and developmental

retardation [4]. It is still a matter of debate, whether

methylmalonic acid is the main neurotoxic metabolite

causing these pathological changes via inhibition of

mitochondrial energy metabolism [5] or whether they

are caused by ‘metabolic stroke’ due to accumulating

toxic organic acids. It has also been shown that neur-

onal damage is mainly driven via metabolites that

derive from alternative oxidation pathways of propio-

nyl-CoA, in particular 2-methylcitric acid, malonic

acid, and propionyl-CoA [6].

MCEs have been purified from rat, sheep, Propioni-

bacterium shermanii and Pyrococcus horikoshii. Further-

more, the human [7], P. horikoshii and P. shermanii

MCE have been recombinantly expressed in Escheri-

chia coli [8]. Among the prokaryotes, MCEs are

involved in autotrophic CO2 fixation via the

3-hydroxypropionate pathway and in propionate ferm-

entation [9]. In the methylotrophic bacterium Methylo-

bacterium extorquens, MCE is part of the glyoxylate

regeneration pathway, an essential element of methylo-

trophic metabolism [10]. Additionally, S-methylmalo-

nyl-CoA is the precursor of polyketides, antibiotics

that span a broad range of therapeutic areas. Heterolo-

gous production of polyketides was achieved in E. coli,

lacking needed acyl-CoA precursors, by introducing

the methylmalonyl-CoA mutase-epimerase pathway

and feeding the bacteria with propionate and hydroxo-

cobalamin [11,12].

Caenorhabditis elegans was chosen as a model sys-

tem to elucidate the properties and functions of MCE

because genetic and transgenic techniques in this con-

text are well developed and the system lends itself to

study under normal and stress conditions. A BLAST

[13] search of the C. elegans genome identified only

one potential MCE gene (mce-1). In this paper we pre-

sent a detailed study of the structure and expression of

the mce-1 gene in C. elegans.

Results and Discussion

Identification and sequence analysis

of C. elegans MCE

Searches in the C. elegans databases [14–16] identified

D2030.5 with a conceptual open reading frame for

MCE (mce-1). The gene of 906 bp, is localized on

chromosome I and is composed of three exons with

two intervening sequences (Fig. 2). The complete

cDNA sequence, as well as the start of transcription

were determined by RT-PCR and DNA sequencing

(Fig. 3). The message possesses a 5¢-spliced leader

(SL1) sequence, followed by 17 nucleotides before the

initiation codon AUG at nucleotide 40. The cDNA

sequence confirmed the intron-exon boundaries of all

three exons predicted from the genomic sequence in

the worm database. When comparing the cDNA

sequence with the genomic DNA exons for nucleotide

differences, no changes were observed. The 489 bp

Fig. 1. Coenzyme B12-dependent propionyl CoA dependent path-

way. The first step in handling the three-carbon propionyl-CoA is

carboxylation by the biotin-dependent propionyl-CoA carboxylase in

an ATP-requiring reaction. The S-enantiomer of methylmalonyl-CoA

is then converted to the R-enantiomer by the RS-methylmalonyl-

CoA epimerase. In the final step, the R-enantiomer is converted to

succinyl-CoA by coenzyme B12-dependent methylmalonyl-CoA

mutase. Succinyl-CoA can then be metabolized through the tricarb-

oxylic acid cycle.

Fig. 2. Structural organization of the mce-1 from C. elegans. Exons are indicated by boxes, whereas introns are symbolized by lines. The

chromosomal localization is given below.
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cDNA possesses a 162 amino acid open reading frame

with a calculated mass of 17.6 kDa.

Figure 4 shows a multiple sequence alignment of

MCE-1 from C. elegans with the available prokaryotic

and eukaryotic MCEs. Like the human and mouse

sequences, the C. elegans sequence has additional

N-terminal 22 residues for mitochondrial targeting

with the peptide being cleaved once the protein has

reached its target. This targeting is supported by

results from the MITOPROT server which suggests a

95% chance of mitochondrial localization [17,18]. The

multiple sequence alignment also shows 23 amino acids

which are conserved across all organisms and the

sequence similarity to human, mouse and M. extor-

quens counterparts is very high (over 65% sequence

identity). In contrast the relationship to MCE from

P. shermanii, P. abyssi and P. horikoshii MCE is much

more distant (sequence identity near 30%). Other

members of the VOC superfamily are even more

remote (Fig. 5) with sequence identity less than 25%.

Homology model

The three dimensional model of MCE-1 (Fig. 6) was

based on the structure of the corresponding enzyme

from P. shermanii [19]. Although the sequence homol-

ogy is not high, the proteins are of similar size and the

alignment suggests the template has only a single small

insertion of six residues. Most importantly, the model

serves to locate some of the functionally important

residues. As described for the P. shermanii enzyme, the

MCE-1 monomer from C. elegans is folded into two

tandem babbb modules each spanning around 60

amino acid residues. Within the two modules, the con-

nectivity of the strands are b1, b4, b3, b2 and b5, b8, b6,
b7. They pack edge-to-edge to create an eight-stranded

b-sheet that curves around to create a cleft, with the

first strand of the N-terminal module antiparallel to

the first strand of the C-terminal module. At the bot-

tom of this U-shaped cavity is the metal binding site,

where the divalent metal ion binds. In MCE-1, the

metal ion is coordinated to the side chains of His15,

Glu61, His86 and Glu136, the binding to the same res-

idues occuring in pairs at equivalent positions along

strands b1 and b4 (Fig. 6).
These positions correspond to the metal binding

ligand positions of other members of the VOC

superfamily. Superimposing P. shermanii MCE on the

human glyoxalase structure shows that the Co2+ ion

of the MCE is only 0.2 Å from the position of the

Zn2+ ion in the glyoxalase [19] and it was suggested

that the formation of a symmetric, oligomeric protein

with the ability to bind a metal ion via four side chains

was a crucial step in the evolution of the modern VOC

superfamily [20].

Biochemical evidence suggests the participation of

two active site functional groups that act as acid ⁄base
catalysts in the epimerization reaction [21], wherein

one base abstracts the C2 proton of the S-epimer of

methylmalonyl-CoA, the C2 configuration inverts and

SL1
GGTTTAATTAGGGAAGTTTGAGATTAATTAATTTTGAAA   39

ATG GCA TCC TTC CGT TCT ACA CTC GCC CTT GTC AAT TCT GCT AAG CTT TCG   90
M A S F R S T L A L V N S A K L S    17

CTG TCC ACA AGA ACC ATG GCT TCC CAT CCA TTG GCA GGA CTT CTC GGA AAG  141
L S T R T   M   A   S   H   P   L   A   G   L   L   G   K    34

TTG AAC CAC GTC GCC ATT GCC ACA CCA GAT CTC AAG AAA TCA TCG GAA TTC  192
 L   N   H   V   A   I   A   T   P   D   L   K   K   S   S   E   F    51

TAC AAG GGC CTC GGA GCA AAA GTT AGC GAG GCT GTG CCA CAA CCA GAA CAT  243
 Y   K   G   L   G   A   K   V   S   E   A   V   P   Q   P   E   H    68

GGA GTC TAC ACT GTC TTC GTT GAG CTT CCA AAC TCA AAA ATC GAG CTT CTT  294
G   V   Y   T   V   F   V   E   L   P   N   S   K   I   E   L   L    85

CAT CCA TTC GGC GAG AAA TCT CCA ATT CAA GCT TTT TTG AAT AAG AAT AAG  345
H   P   F   G   E   K   S   P   I   Q   A   F   L   N   K   N   K   102

GAC GGT GGA ATG CAT CAT ATT TGT ATT GAA GTT CGT GAT ATT CAT GAA GCT  396
D   G   G   M   H   H   I   C   I   E   V   R   D   I   H   E   A   119

GTT TCT GCT GTT AAA ACA AAA GGA ATT CGT ACT TTG GGT GAG AAA CCA AAA  447
V   S   A   V   K   T   K   G   I   R   T   L   G   E   K   P   K   136

ATT GGA GCT CAT GGA AAA GAA GTA ATG TTC TTG CAT CCA AAG GAT TGT GGA  498
I   G   A   H   G   K   E   V   M   F   L   H   P   K   D   C   G   153

GGT GTA CTT ATT GAA CTC GAG CAG GAA TAA                              528
 G   V   L   I   E   L   E   Q   E   *                               162

Fig. 3. Nucleotide and deduced amino acid

sequence of the MCE-1 from C. elegans.

Initiation and termination codons are shown

in bold. The spliced leader 1 (SL1) site is

underlined and the mitochondrial leader

sequence is boxed.
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the conjugate acid of a second symmetrically related

base, provided by the second babbb motif, donates a

proton to C2. Substrate binding to a metal stabilizes

the anionic intermediate. In the P. shermanii MCE, the

metal binding site is provided by His12, Gln65, His91

and Glu141. In the absence of crystals of an MCE-

substrate complex, McCarthy et al. [19] modelled

2-methylmalonate into the active site of the P. shermanii

MCE and two likely residues for the catalytic bases

were identified: Glu48 in position to abstract the pro-

ton and Glu141 in position to donate the proton.

Whereas Glu141 is conserved in all known MCE

sequences, Glu48 is replaced by threonine or valine

in all other known MCE sequences (Fig. 4); here the

glutamine ligand that is trans to Glu141 (Gln65 in

P. shermanii MCE) is replaced by a glutamate, allow-

ing the noncoordinated carboxyl oxygen to act as the

base instead.

Epimerase expression, purification and assay

Protein expression by an E. coli strain constructed to

produce high levels of the MCE-1 and by a control

strain (plasmid without insert) were analyzed by

SDS ⁄PAGE (Fig. 7). Large amounts of a protein with

a molecular mass of around 20 kDa were produced

Fig. 4. Alignment of known MCE sequences. C.e., Caenorhabditis elegans (P90791); P.s., Propionibakterium shermanii (Q8VQN0); P.h., Pyro-

coccus horikoshii (Q977P4); P.a., Pyrococcus abyssi (Q9V226); hu, human MCE (Q96PE7), mu, mouse MCE (Q9D1I5), M.e., Methylobacteri-

um extorquens (Q84FV9); gaps are indicated by the dash (–). The star (*) indicates identical, the dot (.), homologous amino acids. The

mitochondrial leader sequence of the MCE from C. elegans is in bold and underlined. Amino acids responsible for cobalt binding are indica-

ted with ‘#’. Bars indicate the secondary structure of the MCE from P. shermanii with ‘b’ for b-sheets and ‘a’ for a-helices.
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by the expression strain (lane 3). This is in good

agreement with the predicted molecular mass of

19 kDa (15 kDa MCE-1 plus Histidine-tag, minus

mitochondrial leader). In contrast, the control strain

produced relatively little protein near the mass of

20 kDa (lane 2).

Nickel-affinity chromatography was used to purify

the recombinant enzyme (Fig. 7, lane 4). A total of

2.1 mg MCE-1 was obtained from 28 mg of cell extract.

As the epimerase was unstable, it was immediately

assayed for enzymatic activity. The specific activity of

the purified enzyme was 191 lmolÆmin)1Æmg protein)1

and activity was dependent on the epimerase concentra-

tion. The observed epimerase activity was linear with

enzyme from 0.007 to 0.016 lg of protein concentration

(linear regression ¼ 0.98). At higher enzyme concentra-

tions, substrate concentration was limiting and activity

was underestimated (data not shown).

Cell extracts from the control strain (plasmid with-

out insert), which were processed by nickel-affinity

chromatography in parallel with the expression strain,

lacked detectable epimerase activity. The assay

employed was a linked assay that requires MCM. As

expected, no epimerase activity was observed when

MCM, or coenzyme B12 was omitted from the assay

mixtures (data not shown). These controls eliminated

the possibility that the epimerase preparation con-

tained an activity that acted directly on methylmalo-

nyl-CoA. This is of potential concern, as the activity

of the epimerase in the crude cell extract could not be

measured due to a methylmalonyl-CoA hydrolase

Fig. 5. Unrooted phylogeny for the VOC

superfamily. Shaded segments of the tree

highlight clades containing sequences with

a common, characterized function. Branches

to sequences with unknown function are

unshaded and their leaves outlined in black.

The major functional classes are labeled as:

MCE, methylmalonyl-CoA epimerase; GLO,

glyoxalase I; FOS, fosfomycin resistance;

DHBD, extradiol-oxygenase (ring opening);

4HPPD, 4-hydroxy-phenylpyruvate dioxy-

genase. The minor functional branches are

bleomycin resistance (BLE1_BACSP) and

another class of extradiol-oxygenases (BHC2

and BHC3_RHOGO). The MCE-1 sequence

(with a predicted swiss-prot name

MCEE_CAEEL), and the structurally charac-

terized homologue sequence from P. Sher-

manii (MCEE_PROFR) are also labeled.

Fig. 6. Model of MCE-1 structure. View along the length of the

eight-stranded beta-barrel onto the putative metal binding site invol-

ving His15, Glu61, His86 and Glu136. For comparison, the location

of the sulfate ion from the parent structure (pdb 1jc4) is shown.

Visualization produced with UCSF CHIMERA [34].
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activity which was apparently produced by the E. coli

expression strain.

Expression pattern of mce-1::gfp fusion

constructs in C. elegans

To determine the expression pattern of the MCE-1, a

promoter reporter construct was made carrying green

fluorescent protein and the MCE-1 amino acids

(Met1–Val120). The subcellular distribution clearly

shows that it is not distributed evenly in the tissues,

but has a distinct dotted appearance, consistent with

mitochondrial localization (Fig. 8B,E). The GFP-signal

obtained was highly similar to the staining of Mito-

Tracker Red, which specifically labels mitochondria

(Fig. 8G–K). To obtain a clearer picture of the tissue

localization, a construct was made with the mito-

chondrial target sequence completely deleted. Here, the

pattern of the GFP signal indicates that MCE-1 is

expressed moderately in parts of the pharynx and the

hypodermis and, most prominently, in body wall mus-

cles. The weak striations that can be observed are the

result of partial exclusion of the fluorescence from the

contractile elements of the muscle. Similar expression

is seen in all detectable larval stages (Fig. 8D,F).

Feeding of double-stranded mce-1 RNA to the

mce-1::gfp animals strongly inhibited GFP fluorescence

(Fig. 8L,M).

Tissue distribution of MCE in eukaryotes has not

been investigated. However, expression profiles of pre-

ceeding and succeeding enzymes of the pathway have

been investigated. Here, the greatest quantitative

activity of the coenzyme B12-dependent MCM has

been found in sheep liver, correlating with the tissue

distribution of vitamin B12 [22]. Furthermore, the

distribution of proteins associated with vitamin B12

(or cobalamin, Cbl) has been described. Whereas for

one protein the transport of Cbl into mitochondria

has been proposed [23], a recent publication by

Korotkova & Lidstrom (2004) [24] demonstrates func-

tions in the protection of MCM from suicide

inactivation; the other protein appears to be an aden-

osyltransferase [25,26]. Interestingly, highest expres-

sion of both proteins was observed in skeletal

muscles and liver tissue.

Phenotypic characterization of mutants allelic

to mce-1

The mce-1 mutant worms show a normal phenotype

with several standard tests like brood size, longevity,

pharyngeal pumping, defection interval and postem-

bryonic development (data not shown). Clearly, MCE

is not essential for normal worm development under

laboratory conditions. However, mce-1 mutant worms

showed an increased resistance to artificially generated

reactive oxygen species. Furthermore, when comparing

the resistance of mutants to wild-type worms under

propionate stress conditions, the knockout mutants

had an increased survival rate compared to wild-type

C. elegans worms (Fig. 9).

The mce-1 knockout mutants are not able to pro-

duce the R-isomer of methylmalonyl-CoA via the

MCE-catalysed racemization. Whether the S-isomer of

methylmalonyl-CoA accumulates in the mce-1 mutant

or whether it is further metabolized remains to be

investigated. At this point, one can only speculate

about the behaviour of the mce-1 mutants: one possi-

bility is the conversion of the S-isomer by a S-methyl-

malonyl-CoA specific hydrolase into methylmalonic

acid and CoA; the existence of a hydrolase that is only

Fig. 7. Expression and purification of the MCE-1. SDS ⁄ PAGE was

used to analyse the expression and purification of the epimer-

ase. Lane 1, molecular mass markers containing galactosidase

(116 kDa), phosphorylase B (97.4 kDa), serum albumin (66.2 kDa),

ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), trypsin inhib-

itor (21.5 kDa), lysozyme (14.4 kDa), and aprotinin (6.5 kDa). Lane

2, 12 lg cell extract from control strain (vector without insert). Lane

3, 12 lg cell extract from epimerase expression strain. Lane 4,

2 lg of epimerase purified by nickel-affinity chromatography. The

gel used contained 12% acrylamide.
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active on the S-isomer of methylmalonyl-CoA has

been isolated from rat liver [27]. Here the authors

postulate that the enzyme accounts for the grossly

increased amounts of methylmalonic acid that is

observed during MMA. It is proposed, that the

enzyme functions as an escape valve to limit the intra-

cellular accumulation of methylmalonyl-CoA in cobal-

amin deficiency since methylmalonic acid can be

excreted in urine and is perhaps less toxic than methyl-

malonyl-CoA.

Another possibility lies in the reversibility of the

propionyl-CoA carboxylase reaction, converting accu-

mulated S-methylmalonyl-CoA back to propionyl-

CoA. However, while assessing the reversibility of the

anaplerotic reactions of the propionyl-CoA pathway in

hepatic biosynthetic functions and cardiac contractile

activity, it was shown that in intact normal tissue, the

reversibility of the propionyl-CoA carboxylase reaction

is minor [28], making it unlikely that in the mce-1

mutants the S-isomer is converted back to propionyl-

CoA.

Finally, reversible deacylation-reacylation of methyl-

malonyl-CoA may function as a free methylmalonic

acid shunt operating in parallel with the MCE [29] and

spontaneous racemization has also been described [30].

This evidence and the fact that none of the patients

with isolated MMA had a mutation in the MCE sug-

gest that MCE-deficiency need not be associated with

Fig. 8. Transgenic worms showing

mce-1::GFP fusion protein expression.

Two constructs, mce-1(Met1)::gfp and

mce-1(Met23)::gfp, producing two different

forms of the protein, with (A, B, E) and

without (C, D, F) mitochondrial localization

signal, were injected. GFP expression

pattern was highly variable from animal to

animal. Moderate GFP expression was

observed in parts of the pharynx and the

hypodermis and, most prominantly, in body

wall muscles. Similar expression is seen in

all detectable larval stages. With mitochon-

drial leader, the overall appearance was

granular, the subcellular pattern of expres-

sion consistent with that of a mitochondrial

enzyme. MitoTracker Red was used to

confirm this mitochondrial localization

(G) mce-1(Met1)::gfp worms (H) MitoTracker

Red localization in same animal (I) merged

image of (G) and (H); parallel rows of

tubular mitochondria in body wall muscle

(J) mce-1(Met1)::gfp worms and (K)

MitoTracker Red localization in same

animal. Treatment of mce-1(Met1)::gfp

worms with mce-1(RNAi) effectively

reduces GFP expression (L) untreated and

(M) RNAi-treated worms. C. elegans were

photographed using Nomarski optics.
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symptomatic aciduria. The phenotypic analyses of the

mce-1 mutant appear to support these results.

Various animal studies have indicated that oxidative

stress is involved in some organic acidurias and it is

assumed that the accumulation of toxic organic acids

leads to an increased production of free radicals or

that the increase of metabolic by-products directly or

indirectly depletes the tissue’s antioxidant capacity

[31].

It is difficult to explain why the mce-1 mutants cope

better under oxidative stress conditions. It is possible

that, due to the missing racemization reaction cata-

lysed by the MCE, the production of additional toxic

metabolites or metabolic by-products, derived from the

precursor molecule R-methylmalonyl CoA, is preven-

ted. A second option is that directly or indirectly the

accumulation of S-methylmalonyl-CoA or resulting

products protect against oxidative stress or prevent

further excessive production of free radicals in a not-

yet-understood way. Additionally, Fontella et al. [32]

have shown that enhanced propionic acid concentra-

tions elicit the production of reactive oxygen species in

brain tissue in vitro. Possibly the incubation of worms

under propionate stress conditions causes a similar

production of reactive oxygen species, whereby the

mutant worms again cope better under these condi-

tions. The interpretation of these observations will be

clearer after further work.

A systematic RNAi screen performed by Lee et al.

[33] identified a critical role for mitochondria in C. ele-

gans longevity and, notably, 15% of the genes influen-

cing lifespan were specific for mitochondrial functions,

corresponding to a tenfold over-representation. Inter-

estingly, some mutants and worms undergoing RNAi

inactivation of several of the electron-transport chain

components were more tolerant to oxidative stress

treatment, using hydrogen peroxide, than control

worms. The authors suggest that these RNAi clones

have a lower mitochondrial membrane potential, lead-

ing to lower free radical production and it can there-

fore be expected that they are more resistant to

additionally generated free radicals. It has been dem-

onstrated in several studies that methylmalonic acid

directly [5] or indirectly [6] – via synergistically acting

alternative metabolites – inhibits the mitochondrial res-

piratory chain. It is then tempting to speculate, that

this is the situation in the mce-1 mutants and explains

why they cope better with additionally generated react-

ive oxygen species.

Based on the current results, the role of MCE, at

least in C. elegans is not clear, but the enyzme is prob-

ably not just an evolutionary relic. Not only is it pre-

sent in a wide range of organisms, but more than 1 ⁄6
of the residues are conserved across a wide range of

species. The observed phenotype of the mce-1 mutants

under stress condition is noteworthy and, most import-

antly, the close relationship of the MCE-1 from

C. elegans to mouse and human enzymes suggests that

the worm model system may help explain the role of

the protein in higher organisms.
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Fig. 9. Survival of the mce-1 knockout mutants under different

stress conditions. Wild-type (WT) and mce-1 mutants were cultiva-

ted in the presence of different stressor concentrations and the

survival (%) of worms was determined after 2 h. The mean values

were calculated from four independent experiments each with at

least three survival assays using worms from different generations.

*Significance based on Kruskal–Wallis test for two groups (P-value

< 0.05).
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Experimental procedures

Culture conditions and nucleic acid preparation

N2 Bristol wild-type strain and LGIII, pha-1(e2123) and

LGI, mce-1(ok234) were cultured in nematode growth med-

ium [NGM: 25 mm potassium phosphate, pH 6.0, 50 mm

NaCl, 0.25% (w ⁄ v) peptone, 0.5% (w ⁄ v) cholesterol, 1 mm

MgCl2, 1 mm CaCl2] and fed with Escherichia coli strain

OP50 (Caenorhabditis Genetics Center), grown in 3XD

medium. Animals were grown at 25 �C (Bristol N2 and

RB512; obtained from Caenorhabditis Genetics Center) or

15 �C (pha-1), respectively. For high yields, large liquid

cultures were grown in bulk, followed by the removal of

the bacteria by washing and floatation on sucrose gradient.

Genomic DNA was prepared from worms by proteinase K

digestion (Roche Applied Science, Mannheim, Germany),

followed by standard phenol ⁄ chloroform extraction and

ethanol precipitation. Total RNA was prepared using

TRIZOL extraction according to the manufacturer’s

instructions (Invitrogen, Karlsruhe, Germany).

DNA sequencing

The nucleotide sequence was determined either by the Sang-

er dideoxy-chain-termination method on double-stranded

DNA using [S35]dATP and Sequenase (Amersham-Buchler,

Braunschweig, Germany) or by terminator cycle sequencing

using Ampli Taq DNA polymerase (Applied Biosystems,

Darmstadt, Germany) on an Abi PrismTM automated

sequencer (Perkin Elmer, Rodgau-Jügesheim, Germany).

Database search and identification of the

C. elegans MCE

The MCE from C. elegans (D2030.5; mce-1) was identified

by a blast search of wormbase [14–16] using the sequences

of Pyrococcus horikoshii (Q977P4) and the human MCE

(Q96PE7). The gene is located on chromosome I at the

position 7505012–7505917 (Fig. 2). The mce-1 cDNA clone

was obtained by reverse transcription polymerase chain

reaction on mRNA from mixed stage C. elegans cultures

(strain Bristol N2). Poly(A)+ selected RNA (2 lg) were

reverse transcribed using random hexamer primers. This

was followed by PCR using oligo(dT) primer and the gene-

specific sense primer 5¢-ATGGCATCCTTCCGTTCTACA

CTCGCCCTTGTC-3¢. To obtain the complete 5¢-end of

the cDNA, the RACE (Rapid amplification of cDNA ends;

Invitrogen, Karlsruhe, Germany) method was used.

First strand cDNA synthesis was primed with the gene-

specific antisense oligonucleotide D20 ⁄A 5¢-GCCATG

GTTCTTGTGGACAG-3¢. Following cDNA synthesis a

homopolymeric dC tail was attached and the tailed cDNA

was amplified with the nested primer D20 ⁄B 5¢-GCA

ATGGCGACGTGGTTCAACTTTCC-3¢ and the comple-

mentary homopolymer-containing anchor primer. The PCR

fragment was ligated into pCR-TOPO, using the TA clo-

ning system (Invitrogen). The mce-1 gene and cDNA were

sequenced in both directions to confirm the proposed

intron-exon boundaries and the predicted amino acid

sequence.

Phylogenetic analysis

A study of the VOC phylogeny was carried out, to clarify

the homology between MCE and other VOC protein famil-

ies. A set of VOC sequences was collected by using the

MCE-1 protein sequence as a query in the CONSEQ server

(BLAST E-value threshold 10)2, Maximum number of

homologs 500, five iterations) [34]. Seven sequences known

to arise from shift-errors (Swiss-Prot codes of the form

FUNC_ORGN_2) were removed, and the remaining

70 sequences (including the MCE-1 query) were combined

with MCE sequences from human, mouse, M. extorquens,

P. shermanii, P. abyssi and P. horikoshii. A multiple seq-

uence alignment was made using MUSCLE (v 3.51) [35],

with default parameters, and used to construct an unrooted

phylogeny using the tree building facility of clustal-w

(version 1.82) [36–38].

Homology modelling

A three-dimensional model of the MCE-1 was built based

on the crystal structure of the MCE from P. shermanii

(Protein Data Bank entry code 1jc4) [19]. Modelling fol-

lowed a standard stepwise procedure. The N-terminal 22

residues (MASFRSTLALVNSAKLSLSTRT) were omitted

from the model as they are a mitochondrial leader sequence

typical of proteins destined for transport into mitochondria.

The sequence alignment and initial coordinates were gener-

ated using WURST which combines a sequence-sequence

profile alignment with structural terms [39]. Coordinates for

residues in loops were generated using modeller 6 (v2)

[40] and the final structure energy-minimized using GRO-

MOS96 [41]. Model quality was assessed with the WHAT

IF ‘bump check’ [42], WHAT CHECK and the ‘Verify3D

Structure Evaluation Server’ [43].

Construction of the MCE-1 expression vector

To synthesize the mce-1 coding region for the expression

in E. coli, the sense primer D20C 5¢-GGAATTCCA

TATGGCTTCCCATCCATTGGCAGGACTTC-3¢, enco-

ding the first eight amino acid residues following the

mitochondrial signal peptide and the antisense oligonucleo-

tide D20D 5¢-ATCGCGGATCCTTATTCCTGCTCGAGT

TCA-3¢ encoding the last six residues of the MCE-1 were

used in PCR with the complete cDNA as template. The

sense primer contained an NdeI restriction site and the anti-

J. Kühnl et al. Methylmalonyl-CoA epimerase from C. elegans

FEBS Journal 272 (2005) 1465–1477 ª 2005 FEBS 1473



sense primer a BamHI restriction site (both underlined) to

simplify directed, in-frame cloning into pJC40 [44]. The

constructs were transformed into BL21DE3 RIL (Strata-

gene, La Jolla, CA, USA) and used for expression of

rMCE-1. The epimerase expression strain was grown in

Luria–Bertani medium supplemented with 100 lgÆmL)1

ampicillin at 37 �C with shaking at 250 r.p.m. Cells were

grown to an optical density of 0.6–0.8 at 600 nm. Then,

expression of the epimerase was induced by the addition of

isopropyl thio-b-d-galactoside to a final concentration of

0.5 mm. Cultures were incubated at 37 �C with shaking at

250 r.p.m. for an additional 2 h. Cells were collected by

centrifugation, resuspended in 3 mL of 50 mm sodium

phosphate pH 7, 300 mm NaCl, and broken using a French

Pressure Cell (SLM Aminco, Urbana, IL, USA). The cell

lysate was centrifuged for 30 min at 31 000 g using a Beck-

man JA20 rotor. The supernatant was used for protein

purification.

Purification of the recombinant MCE-1

from C. elegans

Nickel-affinity chromatography was used to purify rMCE-

1. A 1 mL Ni-nitrilotriacetic acid column (Qiagen, Chats-

worth, CA, USA) was equilibrated with 10 mL of 50 mm

sodium phosphate, pH 7.3. The supernatant, prepared as

described above, was filtered through a 0.22 lm pore size

filter, and 1 mL of filtered extract (28 mg protein) was

applied to the Ni-nitrilotriacetic acid column. The column

was washed with 10 mL of equilibration buffer, and 20 mL

of equilibration buffer plus 40 mm imidazole. Then, the col-

umn was eluted with 3 mL of equilibration buffer contain-

ing 175 mm imidazole. The epimerase was exchanged into

buffer containing 10 mm Hepes pH 7, 50 mm NaCl and

10 mm KCl, using a Vivaspin 4 centrifugal concentrator

(Viva Science, Binbrook, UK).

RS-Methylmalonyl-CoA epimerase assay

RS-Methylmalonyl-CoA epimerase activity was measured

using a coupled assay. In this assay, (2S)-methylmalonyl-

CoA is converted to (2R)-methylmalonyl-CoA by MCE.

Then (2R)-methylmalonyl-CoA is converted to succinyl-

CoA by the coenzyme B12-dependent MCM, and the MCE

activity is determined by quantifying the disappearance of

methylmalonyl-CoA by HPLC. As the commercially avail-

able methylmalonyl-CoA contains both the (2S)- and the

(2R)-isomer, it was necessary to deplete the (2R)-isomer

prior to addition of MCE. This was done by a 5 min incu-

bation at 37 �C with 2.8 lg of holo-MCM, prepared as

described previously [7]. The assay mixture contained

50 mm potassium phosphate (pH 7), 25 mm NaCl, 2 mm

MgCl2, 75 lm methylmalonyl-CoA. After the initial 5 min

incubation, purified MCE was added and incubation was

continued for an additional 1–5 min. Reactions were

terminated by the addition of 100 lL of 1 m acetic acid,

and the disappearance of methylmalonyl-CoA was meas-

ured by HPLC. Conditions were as follows: solvent A,

100 mm Na+ acetate (pH 4.6) in 10% methanol in water;

solvent B, 100 mm Na+ acetate (pH 4.6) in 90% methanol

in water. The column used was a 3.9 · 150 mm NovaPak

C18 column equipped with a C18 Sentry guard column;

following incubation with buffer A, a linear gradient from

0 to 60% buffer B was run over 12 min at a flow rate of

1 mLÆmin)1. Quantification was by integration of peak areas

using breeze software (Waters, Milford, MA, USA). The

MCE activity was determined over a range of enzyme con-

centrations.

Generation and expression of C. elegans reporter

gene constructs

In order to investigate the cell-specific, developmentally

regulated transcription of mce-1, lines of transgenic nema-

todes were created. The basic strategy involved the insertion

of several fragments of the 5¢-region of mce-1 into the mul-

tiple cloning site of the vector pPD95.77 provided by A.

Fire (Carnegie Institute, Baltimore, MD, USA). The inser-

ted promoter sequence then drives the expression of green

fluorescent protein (GFP) reporter gene. The GFP coding

region is then followed by translation termination and

poly(A) addition signals. The putative promoter region of

the mce-1 was amplified using the expand high fidelity PCR

system (Roche) with C. elegans genomic DNA as template

and the gene specific oligonucleotides 8060 5¢-CTAGTCTA

GAATTTTCTTC TCTACCACCACTG-3¢ (sense, 3326 bp

upstream of the translation start site) and 8071

5¢-GGCCAATCCCGGGGAAACAGCTTCATGAATATC

ACGAAC-3¢ (antisense, in exon III); to obtain cytosolic

GFP-expression, the oligonucleotide 2201 5¢-GCCATTC

CCGGGGCCATTTTCAAAAGAAGAATCTAT-3¢ (anti-

sense, 5¢ directly preceding the translational start site of

mce-1) was used. For microinjection, the plasmid DNA was

prepared using the Endo Free Plasmid Maxi Kit (Qiagen,

Hilden, Germany).

Worms used for mitochondrial colocalization experiments

were grown in the dark on NGM agar plates containing

MitoTracker Red CMXRos (1 lgÆmL)1, Molecular Probes,

Karlsruhe, Germany).

Microinjection

Germline transformation was carried out using C. elegans

pha-1(e2123) mutants. The pha-1 ⁄pBX system (a kind gift

from R. Schnabel, Technical University of Braunschweig,

Germany) is based on the temperature-sensitive embryonic

lethal mutation pha-1. The fusion construct (80 lgÆml)1)

was microinjected into the distal arm of the hermaphrodite

gonad as described previously [45]. The pBX plasmid that
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contained a wild-type copy of the pha-1 gene was coinjected

with the fusion construct [46]. Following microinjection, the

animals were transferred to 25 �C. In transgenic animals

carrying the pBX plasmid, the embryo lethality caused by

the pha-1 mutation is complemented. Thus, transgenic ani-

mals can be selected by shifting the F1 larvae of injected

hermaphrodites from 15 �C to 25 �C. Only transformed

progeny survive this selection and can be maintained by

cultivation at 25 �C. For each construct, phenotypes of

multiple animals from at least three independent lines were

examined using Nomarski optics.

RNA-mediated interference (RNAi)

RNAi was performed as described in an established proto-

col [47]. Briefly, double-stranded RNA was produced in

HT115 E. coli strain transformed with pPD129.36 contain-

ing a 300 bp cDNA fragment starting directly after the

5¢spliced leader (SL1) sequence (Fig. 3; nucleotides 23–325).

Isopropyl thio-b-d-galactoside (1 mm) was added to the

media and agar plates to induce transcription of the double

stranded RNA. L4-staged hermaphrodites were placed onto

the plates and their progeny were evaluated.

Analyses of mce-1(ok243) mutant

The mutant strain RB512 (Caenorhabditis Genetics Center,

University of Minnesota, MN, USA) was kindly provided

by G. Moulder of the C. elegans gene knockout consor-

tium. Worm libraries mutated with trimethylpsoralen and

UV irradiation were screened for a deletion mutation. After

chemical mutagenesis, PCR with nested primers was used

to identify animals in the mutated population with deletions

at the targeted locus. PCR on single worms was carried out

according to Jansen et al. [48]. Homozygous animals were

obtained and the exact deletion site was determined by

sequencing the resulting PCR fragment.

Stress resistance assays

The survival assays were performed in M9 medium at

20 �C for the given time period using ELISA plates with 10

worms per well. The animals were incubated with the stres-

sors t-butylhydrogenperoxide, glucose ⁄ glucose oxidase and

propionic acid. The survival rate of the mce-1 mutants was

compared to the wild-type worm culture. The mean values

were calculated from four independent experiments each

with at least three survival assays using worms from differ-

ent generations. To exclude the possible effect of the sol-

vents used, controls with equal amounts of solvent were

performed. Furthermore, controls using only the enzyme

(glucose oxidase) or substrate (glucose) were performed

(data not shown). A worm was scored as dead when it did

not respond to a mechanical stimulus.
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