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ABSTRACT. TheEscherichia colgenome encodes seven paralogues of the crotonase (enoyl CoA hydratase)
superfamily. Four of these have unknown or uncertain functions; their existence was unknown prior to
the completion of theE. coli genome sequencing project. The gene encoding one of these, YgfG, is
located in a four-gene operon that encodes homologues of methylmalonyl CoA mutases (Sbm) and acyl
CoA transferases (YgfH) as well as a putative protein kinase (YgfD/ArgK). We have determined that
YgfG is methylmalonyl CoA decarboxylase, YgfH is propionyl CoA:succinate CoA transferase, and Sbm
is methylmalonyl CoA mutase. These reactions are sufficient to form a metabolic cycle by Evhgch

can catalyze the decarboxylation of succinate to propionate, although the metabolic context of this cycle
is unknown. The identification of YgfG as methylmalonyl CoA decarboxylase expands the range of
reactions catalyzed by members of the crotonase superfamily.

The results of genome sequencing projects consistentlymechanistic attribute, e.g., generation or stabilization of an
reveal that approximately 40% of the identified open reading oxyanion intermediate that otherwise would be too unstable
frames (orf$) encode proteins having uncertain or unknown to be kinetically competent. Low levels of sequence identity
function (at www.tigr.org/tdb/mdb/mdb.html): their se- (between 15 and 40%) may allow the unknown protein to
guences are judged not to be related to those of previouslybe placed in an enzyme superfamily for which the under-
characterized proteins. In eubacteria suc&ssherichia coli lying catalytic strategy is known. This information may
genes can be organized in operons that encode the enzymegrovide a sufficient clue to assign the type of reaction
of metabolic pathwayslj. In favorable cases, this organiza- catalyzed by the unknown protein, e.g., racemization,
tion can provide important clues about the identities of the dehydration, isomerization, or decarboxylation. However, the
unknown proteins, especially when the functions of one or identity of the substrate likely cannot be predicted by such
more of the proteins encoded by other genes in the operonanalyses.
are known or inferred?). In eukaryotes, the problem of For example, the members of the enolase superfamily each
assigning functions to unknown proteins is considerably more catalyze a reaction that is initiated by abstraction of the
difficult because no clues are available from the identities a-proton of a carboxylate anion substrate to generate a
of the proteins encoded by the proximal genes. Identification stabilized enolate anion intermediate; depending upon the
of the functions of the unknown proteins identified in genome overall reaction that is catalyzed, the intermediate is parti-
projects constitutes a significant challenge for the postgen-tioned to different types of products via racemization/
omic era of biochemistry. epimerization, dehydration, deamination, or cycloisomeriza-

The existence of mechanistically diverse enzyme super-tion (5). In this superfamily, the functional groups involved
families 3, 4) may provide an alternate solution for the in generation, stabilization, and conversion of the enolate
problem of assigning functions to at least some unknown anion intermediate to products are located ina)s-barrel
proteins. Members of such superfamilies catalyze different domain; the structural features that determine substrate
overall reactions that share a common partial reaction or specificity are located in a separate domain comprised of
segments from the N- and C-termini. Recognizing this
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The crotonase (enoyl CoA hydratase) superfamily also is Coy 4 .
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2-enoyl CoA substrate, and Glu 164 delivers a proton to the H O
2-carbon to yield the 3-OH acyl CoA product. The thioester N~ Sscoa FCHL H
carbonyl group of the substrate is bound in an oxyanion hole H o HO j])\
formed by two peptidic NH groups. Although an enolate  HO : OCH, HiC™ ~SCoA
anion intermediate stabilized by hydrogen bonding could lie OCH, 0 ’ o
on the reaction coordinate of a stepwise reaction, the avail- ACLD
able data are consistent with stabilization of an anionic tran- /Q)‘\SCOA — SCoA
sition state in an asynchronous concerted reactioni(1). cl HO

Even though the mechanisms of most of the diverse o HIBCH
reactions catalyzed by members of the crotonase superfamily HOH,C >(II\SCOA —o HOHZC)(KO + CoASH

2

have not been investigated, their identities suggest that each
involves an oxyanion that must be stabilized to be kinetically
competent §, 4, 6, 7). Enolate anion intermediates, or Ficure 2: Reactions catalyzed by members of the crotonase
transition states that resemble enolate anion intermediatessuperfamily.
are expected to occur in the reactions (Figure 2) catalyzed
by crotonase (vide infra; ECHM)A32%enoyl (A3A2) and participate in the formation of the anionic intermediates by
A3 A24dienoyl CoA (DIEN) isomerases, carnitinyl CoA unstudied members of the crotonase superfamily. This
epimerase (CaiD), 1,4-dihydroxynaphthoyl CoA synthase deficiency likely results from the design of the active site:
(MenB), 2-ketocyclohexylcarboxyl CoA hydrolase (Badl), the secondary structure elements that deliver the acid/base
and feruloyl CoA hydratase/lyase (FCHL). An anionic functional groups also provide the specificity determinants
Meisenheimer intermediate (a mimic of an enolate anion for the substrate7-9, 12, 13). As a result, identification of
intermediate) occurs in the reaction catalyzed by 4-chlo- the chemistries catalyzed by unknown members of the
robenzoyl CoA dehalogenase (4CLD), and an anionic crotonase superfamily is expected to be more difficult than
tetrahedral intermediate likely occurs in the reaction catalyzed for members of the enolase superfamily.
by 3-hydroxyisobutyryl CoA hydrolase (HIBCH), although The E. coli genome encodes seven members of the cro-
a mechanism involving an enolate anion intermediate cannottonase superfamily (paralogues), four of which have not been
be discarded without experimentation. High-resolution X-ray characterized. Functional identification and mechanistic
structures are available for rat mitochondrial crotonase characterization of these would provide appropriate tests of
(ECHM; 8, 9), 4CLD (12), and DIEN (3). Each reveals  whether membership in mechanistically diverse enzyme
the presence of an oxyanion hole formed by two peptidic superfamilies can facilitate identification of unknown pro-
NH groups 8, 4, 6, 7); these occur in consensus sequences teins.
(Figure 3), suggesting that an oxyanion hole is crucial to  One of these paralogues, YgfG, is the subject of the studies
the reaction catalyzed by each member of the crotonasereported in this and the companion paper. Alignment of the
superfamily. These hydrogen bond donors can be expectedsequence of YgfG with those of other members of the
to provide significant stabilization of the oxyanion intermedi- crotonase superfamily suggests the presence of a functional
ate as the negative charge is localized on the thioesterhomologue of Glu 144 (Glu 113) but not of Glu 164 in
carbonyl oxygen 14—16). ECHM. This suggests that YgfG catalyzes a new reaction
In contrast to our level of understanding of structure/ in the crotonase superfamily. The gene encoding YgfG is
function relationships in the enolase superfamily, alignment located in an four-gene operoshmygD-ygiG-ygH. Our
of the sequences of the members of the crotonase superfamilyn vitro studies suggest that three of the encoded proteins
appears insufficient to identify the acid/base catalysts that constitute a previously unrecognized adenosylcobalamin-
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dependent pathway i&. coli in which succinate is decar- 20 mM Tris-HCI, pH 7.9). Using this procedure, Sbm, YgfD,
boxylated to propionate: Sbm is methylmalonyl CoA mutase; YgfG, and YgfH each were purified to homogeneity based
YgfG is novel, biotin-independent methylmalonyl CoA on their electrophoretic behavior on SBBAGE.

decarboxylase; and YgfH is a propionyl CoA:succinate CoA  The molecular weights of the (monomeric) polypeptides
transferase. The product of the fourth gene in the operon,of Spm, YgfD, YgfG, and YgfH were verified by mass

YgfD, likely is a protein kinase that regulates the activity of spectrometry; the sequences of the encoding genes were
an as-of-yet unidentified enzyme involved in succinate and/ confirmed by DNA sequence analysis.

or propionate metabolism. The N-terminal His-tags were removed with Factor Xa

(Sbm, YgfD, YgfG) or thrombin (YgfH) according to the
MATERIALS AND METHODS supplier’s instructions. As isolated, the His-tagged Sbm and
Al restriction enzymes were purchased from Gibco BRL. Y9fD have the sequence Gs$SGHIEGRH appended to
T4 DNA ligase and T7 polynucleotide kinase were purchased their genome-encoded Met N-termini; following cleavage
from New England BioLabs. Oligonucleotide primers were With Factor Xa, the final His of the tag remains so the molec-
synthesized by Bio-Synthesis (Lewisville, TX), and DNA ular mass of Sbm is 78 036 kDa and that of YgfD is 37 215
sequencing was performed by Ana-Gen Technologies Inc.kDa. As isolated, the His-tagged YgfG has the sequence
(Palo Alto, CA) and the Genetic Engineering Facility, GHi10SSGHIEGR appended to its genome-encoded Met
University of lllinois Biotechnology Center. All other — N-terminus; following cleavage with Factor Xa, the polypep-
reagents were the highest quality grade commercially avail- tide begins with the Met so the molecular mass is 29 173
able and purchased from Sigma/Aldrich. kDa. Finally, as isolated, the His-tagged YgfH has the
Protein mass spectrometry (electrospray) was performedSequénce GHGLVPRGSH appended to its genome-encoded

in Mass Spectroscopy Laboratory, School of Chemical M&t N-terminus; following cleavage with thrombin, GSH
Sciences, University of lllinois!H NMR spectra were of the tag remains so the molecular mass is 54 106 kDa.
recorded with a Varian Unity INOVA 500 MHz NMR Continuous Spectrophotometric Assay of Y ethyl-
spectrometer. A Bio-Pilot FPLC (Pharmacia Biotech) was malonyl CoA Decarboxyla$€eThe spectrophotometric assay
used for purification of proteins. Spectrophotometric assays at 340 nm quantitated the conversion of methylmalonyl CoA
were performed with a Perkin-Elmer Lambda 14 spectrom- to propionyl CoA at 37°C by monitoring the oxidation of
eter. One unit of enzyme activity is the amount that converts NADH in the presence of oxalacetate, transcarboxylase, and
1 umol of substrate to product per minute. lactate dehydrogenase. With this assay, the methylmalonyl
Cloning, Expression, and Purification of Enzymé@se CoA concentration is unchanged as the reaction proceeds.

genes encoding Sbm, YgfD, YgfG, and YgfH were PCR- The reactions (1.2 mL) contained YgfG (Qué/), methyl-
amplified from chromosomal DNA isolated frof. coli malonyl CoA (3-45 uM), 8.3 mM oxalacetate, 0.33 mM
strain 1655 usin@fu DNA polymerase (Stratagene). Primers NADH, transcarboxylase (5 mU), lactate dehydrogenase (4
containing the first and last 25 bases of each gene were used"V), and 16.7 mM potassium phosphate, pH 7.2.
as primers. Forsbm ygD, and ygH, the primers also HPLC Assay of YgfHPropionyl CoA:Succinate CoA
contained restriction endonuclease cleavage sites at their 5 Transferasg The N-terminal His-tag was removed with
ends. The amplification protocol employed 40 cycles of thrombin after dialyzing YgfH into phosphate-buffered
denaturation at 98C, annealing at 50C, and elongation at  saline. The CoA transferase assays (1 mL) &t@8ontained
72 °C. The amplified genes were cloned into pET vectors propionyl CoA (35 uM), 5 mM succinate, and 50 mM
(Novagen) with the following restriction enzymesbm sodium HEPES, pH 7. The reactions were initiated by
pET16-b (5-Ndd and 3-Xhd restriction sites);ygD, addition of YgfH (1 nM). The reactions were terminated by
pPET16-b (5-Xhd and 3-BanHlI restriction sites)ygiG, a freezing aliquots in liquid nitrogen. The propionyl CoA that
modification of pET16-b made by replacing thneld site remained and the succinyl CoA that formed were measured
with a Stu site (cloned withStu using a blunt-ended by HPLC analysis of reaction aliquots using an reverse-phase
strategy); anggH, a modification of pET15-b in which the  Cig column (4.6 x 250 mm, Microsorb-MV from Rainin
N-terminal His-tag contains 10 instead of the usual 6 His Instruments) at a flow rate of 0.5 mL/min. After injection
residues (5Ndd and 3-BanHI restriction sites). All of the  of the sample and an initial wash with 1% acetonitrile/99%
resulting plasmids encode proteins with an N-terminal His- 100 mM ammonium acetate, pH 6.5, for 5 min, the various
tag containing 10 His residues to facilitate purification of species were eluted with a linear gradient of acetonitrile and
the proteins. 100 mM ammonium acetate, pH 6.5, in which the acetonitrile
All of the proteins were expressed kh coli strain BL21. concentration was increased from 5% to 25% over 50 min.

Transformed cells were grown at 3 in Luria broth (LB) ~ The retention times of succinyl CoA, methylmalonyl CoA,
to an OD at 600 nm= 2 and harvested by centrifugation Propionyl CoA, and coenzyme A are 21.6, 22.0, 32.2, and
(5000 rpm at £C) in a Sorvall JA-10 rotor. No IPTG was  23.3 min, respectively.

added to induce protein expression. The His-tagged proteins Reconstitution and HPLC Assay of Sbm (Methylmalony!
were purified with columns (16 cnx 40 cm) of chelating CoA Mutase) The N-terminal-His-tagged Sbm was recon-
Sepharose Fast Flow (Pharmacia Biotech) charged with Ni ~ stituted with adenosylcobalamin using the a modification of
Cell lysates were applied to the column in binding buffer (5 the procedure used to reconstitute the methylmalonyl CoA
mM imidazole, 0.5 M NaCl, and 20 mM Tris-HCI, pH 7.9), mutase fromPropionibacterium shermangéxpressed irkt.
washed with wash buffer (60 mM imidazole, 0.5 M NacCl, coli (17). In the dark, adenosylcobalamin (BM) was added
and 20 mM Tris-HCI, pH 7.9), and eluted with 50% binding to an ice-cold solution of Sbm (0.3 mg/mL) in 50 mM Tris-
buffer/50% strip buffer (100 mM EDTA, 0.5 M NaCl, and HCI, pH 7.5, containing 2 mM dithiothreitol. The pink
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FadB . KAA PEEQLSQWLHFANSIIFN. . ... ... RLEDLPVPTI AAVNG
YfcX KPDN GNCKTAQEAEALAR QLMAE!I HALPI QVI AAIHG
CaiD GEKF GEAPDADFGPGGFA[d. . . ..... LTEI FNLDKPVI AAVNG
MenB GDKA GGYKDDSGVHHLNVIEDF. ... .. QRQI RTCPKPVVAMVAG
PaaF . ARF MAEKDLAATLNDTRZQL. ... .. WARLQAFNKPLI AAVNG
PaaG . GRG GPAPDLGMSVERFY[UPL. ... .. VRRLAKLPKPVI CAVNG
Yng GSKV SGGRDPLSYDDPLR[I T...... R. MI QKFPKPI I SMVEG
ECHM . EKA MQNRTFQDCYSGKFIESH. . . ... WDHI TRI KKPVI AAVNG
4CLD . EDA AGVRDHFRI GALWWZIIQM. . . ... |l HKI Il RVKRPVLAAING
DIEN GKM PPGDDVARI AWYLR SRYQKTFTVIEKCPKPVI TAIHG
FadB Y A L[S CIHCVLATDYRLATPD. . LRI GLP[EHTKLGI MPEIFGGSVRMPRMLG. ADSALEIIA
YfeX A C L[S LIMLALACHGRVCTDDPKTVLGLPISVQLGLLPEISGGTQRLPRLI G. VSTALEMIL
CaiD Y AF[§ FIILALAADFI VCADN. . ASFALP|SIAKLGI VPPISGGVLRLPKILP.PAI VNEMVM
MenB Y S| [8 HWALHMMCDLTI AADN. . Al FGQT[IPKVGSFD[IGWGASYMARI VG. QKKARE | WF
PaaF Y A L[S CI3ILALLCDVVVAGEN. . ARFGLP|3I TLGI MPIEJAGGTQRLI RSVG. KSLASKMVL
PaaG VA A[S ARJLALGGD! VI AARS. . AKFVMA[fISKLGLI PDICGGTWLLPRVAG. RARAMGLAL
YgfG S V W[E FIAAMI MSSDLI | AAST. . STFSMTIAVNLGVPY[ILVGI HNLTRDAG. FHI VKELI F
ECHM Y A L[S CIZ[LAMMCDI | YAGEK. . AQFGQP|3Il LLGTI PEIAGGTQRLTRAVG. KSLAMEMVL
4CLD VA Af¢ Ll SLASDMAI CADS. . AKFVCANIHTI GI GNJMTATSYSLARI VG. MRRAME LML
DIEN GCI [§ VIEILI SACDI RYCTQD. . AFFQVKISIVDVGLAAPBIVGTLQRLPKVI GNRSLVNELTF
Ficure 3: Partial sequence alignment of the seven members of the crotonase superfamily encodéd bgligenome and the structurally

characterized members of the superfamily.

solution was incubated at°€ for 30 min before assays were FadB, a multifunctional protein that catalyzes three steps
performed. in E. coli's g-oxidation pathwayZ1) contains homologues
The assays (50Q«L) were performed at 37C and of Glu 144 and Glu 164 in its crotonase domain. YfcX, a
contained succinyl CoA (243 uM; 18—20), Sbm (8 nM), putative multifunctional protein that is 35% identical to FadB,
and a kinetic excess of YgfG (methylmalonyl CoA decar- appears to contain a crotonase domain with homologues of
boxylase; see Results and Discussion) in 50 mM sodium Tris- both Glu residues in ECHM.
HCI, pH 7.5, containing 30 mM KCI. The reactions were The enantiomers of carnitine as their CoA esters are
terminated by freezing aliquots in liquid nitrogen. The precursors to crotonobetainyl CoA, an electron acceptor in
succinyl CoA that remained and the propionyl CoA that anaerobic metabolism (Cail22). The epimerization of
formed (derived from methylmalonyl CoA by irreversible carnitinyl CoA catalyzed by CaiD may proceed via a
YgfG-catalyzed decarboxylation) were measured following dehydration/rehydration mechanism analogous to that of the
HPLC of the reaction aliquots using the same protocol crotonase-catalyzed reaction, given homologues for both
described previously for propionyl CoA:succinate CoA essential Glu residues in ECHM. However, this pair of

transferase (YgfH). functional groups is expected to be insufficient to explain
the equilibration of the configuration of the chiral center,
RESULTS AND DISCUSSION e.g., catalysis of both syn and anti dehydration/rehydra-

Paralogues of the Crotonase Superfamily Encoded by thetion reactions presumably is required to accomplish epimer-
E. coli GenomeA BLASTP search (at http://www.nchi. 1zation.
nim.nih.gov/blast/blast.cgi) of the proteins encoded by the MenB catalyzes the nucleophilic attack of an enolate anion
E. coli genome using the sequence of rat mitochondrial derived from a thioester on a carboxylate group in menaquino-
crotonase (SwissProt P14604; ECHM) as the query yielded ne biosynthesis23). The sequence of MenB does not contain
seven paralogues of the crotonase superfamily. homologues of the functional groups found in the structurally

A portion of an alignment (CLUSTAL) of the sequences characterized members of the crotonase superfamily, so the
of the E. coli paralogues with those of the structurally identities of its active site functional groups are unknown.
characterized rat mitochondrial crotonase (ECHM), 4-chlo- The E. coli genome encodes a catabolic pathway for
robenzoyl CoA dehalogenase (PIR A42560; 4CLD), and rat phenylacetate 24). An operon includes two contiguous
dienoyl CoA isomerase (SwissProt P23965; DIEN) is genespaaF andpaaG, that encode members of the crotonase
presented in Figure 3. This region of sequence includes thosesuperfamily that are part of this pathway. PaaG likely
secondary structure elements that form the active sites ofcatalyzes the isomerization dfis,cismuconyl CoA to
ECHM, 4CLD, and DIEN. The consensus sequences for the transtransmuconyl CoA, perhaps using a homologue in Asp
two peptidic NH groups that comprise the oxyanion hole 204 in DIEN as a nucleophilic catalyst. PaaF contains
for the thioester carbonyl group/thioester enolate anion arehomologues for both Glu residues in ECHM and likely
highlighted in green. The catalytically important functional catalyzes the hydration ¢fanstrans-muconyl CoA formed
groups in ECHM are Glu 144 and Glu 164 (highlighted in by PaaG to initiate a modifig-oxidation pathway. Neither
red); those in 4CLD are His 90 (orange) and Asp 145 (blue), enzyme has been studied. As detailed in the next section,
and those in DIEN are Asp 176 (red), Glu 196 (red), and the seventh paralogue is YgfG.
Asp 204 (blue). Genomic Context of Ygf@Ve have focused our attention

The functions of three of the paralogues are known: FadB on establishing the identity of the reaction catalyzed by YgfG.
(SwissProt P21177); CaiD, carnitinyl CoA epimerase (Swis- YgfG contains a homologue of Glu 144 (Glu 113) but not
sProt P31551); and MenB, 1,4-dihydroxynaphthoyl CoA of Glu 164 in ECHM. As noted previously, in ECHM Glu
synthase (SwissProt P27290). The remaining four [PaaF 144 activates water for attack on the 3-carbon of enoyl CoA
(SwissProt P76082), PaaG (SwissProt P77467), YfcX (Swis- substrates, and Glu 164 delivers a proton to the 2-carbon of
sProt P77399), and YgfG (SwissProt P52045)] have not beenthe 3-OH acyl CoA product. To date, no other member of
characterized, so their functions are unknown or uncertain.the crotonase superfamily, either of known or unknown
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Ficure 4: (A) Operon containing the gene encoding YgfG. (B)
Pathway for the conversion of succinate to propionat&.ircoli.

function, contains a homologue of Glu 144 but not of Glu
164 in ECHM.

According to the GenBank annotation (GenBank AEOQO-
375), YgfG is encoded by the third gene in a four-gene
operon (Figure 4A). The protein encoded by the first gene,
Sbm, is 59% identical to the structurally characterized meth-
ylmalonyl CoA mutase fronfPropionibacterium shermanii
Despite this high level of sequence identity, Sbm has not
been thought to catalyze the methylmalonyl CoA mutase
reaction (P. F. Leadlay and J. Roth, personal communica-
tions): hence, the name Sbm3eepingbeautymutase 25).

The protein encoded by the second gene, YgfD, contains

a consensus binding sequence for ATP and recently was

described to catalyze the phosphorylation of two periplasmic
binding proteins involved in cationic amino acid transport
(26). The gene encoding this protein was reported to
complement a mutant deficient in transport that was char-
acterized by reduced levels of phosphorylation of the
periplasmic binding proteins.

BLASTP searches using the sequence of YgfH, the protein

Haller et al.
Table 1: Kinetic Constants
Keal K
protein Keat (S71) Kn@M) (M7ts?)

methylmalonyl CoA 1.6+0.14 13.6+£33 1.2x10°
decarboxylase (YgfG)

propionyl CoA:succinate
CoA transferase (YgfH)

methylmalonyl CoA

mutase (Sbhn)

a Propionyl CoA varied; succinate constant at 5 ni\succinyl CoA
substrate.

0.72+£0.07 7.1£1.9 1x 10°

0.2+0.02 11.2+1.6 1.8x 10

Instead, YgfG was found to inhibit reactions that utilize
methylmalonyl CoA as substrate, including transcarboxylase
that is used to assay methylmalonyl CoA epimerase. Given
the fact that such inhibition could be produced by decar-
boxylation of methylmalonyl CoA, we assayed YgfG for this
activity. The decarboxylation of methylmalonyl CoA, like
the epimerization of methylmalonyl CoA, would involve the
formation of a thioester enolate anion intermediate that would
be stabilized in the oxyanion hole deduced to be present in
this member of the crotonase superfamily.

0 [ o | 0
H
H3C\;€J\SC0A — 3c\,/'\S(:oA — H3CE&SC0A
0,C H Coy H COy
S-MM CoA R-MM CoA
(o] [ o} ] (0]
H,C H,C
X SCoA —— HzC\(‘\SCOA — = 3 ?(U\SCOA
H CO, I H H
MM CoA Propionyl CoA

As explained below, we later determined that methylmalonyl
CoA epimerase is not encoded by tBecoli genome.

As quantitated in Table 1, YgfG catalyzes the efficient
decarboxylation of methylmalonyl CoA, with the value of
keaf K in the range expected for an evolved protein catalyst
(33). No attempt was made to optimize the conditions of

encoded by the fourth gene, as query, and reveals that it isthis @ssay, so the values we report for bleth and kealKm

homologous to acyl CoA transferases that utilize acetyl CoA
or succinyl CoA as coenzyme A donors and 4-OH butyrate
or butyrate as acceptorg%).

Function of YgfG.The gene encoding YgfG was PCR-
amplified and expressed i. coli; YgfG was purified to
homogeneity via an N-terminal His-tag as described in the

can be considered estimates of their lower limits.

The previously characterized methylmalonyl CoA decar-
boxylases occur in membrane-associated multiprotein com-
plexes that utilize the free energy derived from decarboxy-
lation to transport sodiun84—36). These complexes include
a biotin-containing protein as well as enzymes that catalyze

Materials and Methods section. On the basis of the presencéhe transfer of the carboxyl group to and from the biotin
of a gene in the same operon that encodes Sbm, a homo|ogu§ofactor. YgfG has no detectable sequence similarity with

of methylmalonyl CoA mutase, we first assayed YgfG for
methylmalonyl CoA epimerase activity. A pripd member

these proteins and also lacks the consensus sequence for
covalent acylation by biotin (Prosite sequence 00188).

of the crotonase superfamily could be expected to catalyze Although YgfG catalyzes the efficient decarboxylation of

this reaction because it likely would involve a thioester
enolate anion intermediate3,(4). Methylmalonyl CoA
mutases catalyze the isomerization of tRg-diastereomer
of methylmalonyl CoA and succinyl CoA28—31). In the

methylmalonyl CoA, we were concerned that this could be
an adventitious/promiscuous activity of the protein we
isolated: the decarboxylation of methylmalonyl CoA should
be a facile reaction in an active site that is designed to

catabolism of branched chain amino acids and odd-chain fattystabilize an enolate anion derived from a CoA thioester. This

acids B2), propionyl CoA is carboxylated (by propionyl CoA
carboxylase) to thegj-diastereomer of methylmalonyl CoA;
the epimerase catalyzes its conversion to R)ed{astereomer
so that it can be isomerized to succinyl CoA by methylma-
lonyl CoA mutase. However, YgfG did not catalyze the
methylmalonyl CoA epimerase reaction.

concern was accentuated by our recent discovery that the
o-succinylbenzoate synthase frohmycolaptosislso cata-
lyzes the inefficient racemization of N-acylamino acids, a
reaction that we believe is metabolically unimportadif)(

As such, we also purified and studied the possible reactions
catalyzed by YgfH, Sbm, and YgfD to establish whether
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these would facilitate a description of a metabolic context  The kinetic constants for the Sbm-catalyzed reaction for
for the decarboxylation of methylmalonyl CoA. the conversion of succinyl CoA to methylmalonyl CoA are

Function of YgfH The gene encoding YgfH was PCR- included in Table 1. Using the reported equilibrium constant
amp“ﬁed and expressed iB. COIi; Yng was puriﬁed to for the interconversion of methylmalonyl and SUCCinyl CoAs
homogeneity via an N-terminal His-tag as described in the (23.5), we calculate that the value d¢f./Ky for the
Materials and Methods section. The His-tagged YgfH lacked conversion of methylmalonyl CoA to succinyl CoA is 4.2
catalytic activity. After cleavage of the His-tag, the “native” x 10° M~ s™%. This latter value is comparable to the value
YgfH was catalytically active but had limited solubility. of 57 x 10° M™* s™* reported recently 41) for the

We hypothesized that (i) YgfH catalyzes a CoA transferase conversion of methyimalonyl CoA to SUCC.'.nyl CoA by the
reaction and (ii) its substrate specificity would provide clues methylmalonyl COA mutase frof. shermaniiWe therefore
both as to the physiological context of the decarboxylation conclude that Sbris methylmalonyl CoA mutase.
reaction catalyzed by YgfG as well as the identities of the Sbm has not be(_en reported to cataly_zg the methylmalonyl
substrates and/or products of the reactions catalyzed by botfﬁOA mutase reaction. Perhaps the activity we measured can

Sbm and YgfD. Recall that Sbm was thought not to catalyze € attribgted to the presence of the N-terminal His—tgg we
the methylmalonyl CoA mutase reaction used to isolate the protein: after cleavage of the His-tag,

the level of mutase activity that we measure<i% that
We observed that YgfH catalyzes a CoA transferase

- i ; observed with the His-tag present. Other prokaryotic meth-
reaction: succinyl CoA and propionyl CoA are the preferred yimalonyl CoA mutases are dimeric proteins, so the N-

coefnzyrge A donors; _shugcwk\‘ate and prgptl)onate are t_heterminal His-tag we use for purification may favor an
preterre a(_:ceptors, with both acetate and butyrate Se.rv!ngoligomerization that is necessary for catalytic activity. We
as less efficient acceptors. No attempt was made to optimize, ,va ot investigated further why attempts by others to

the conditions of our assay. Despite these caveats, the valug,oasure Sbm's methylmalonyl CoA mutase activity have
we determined fokea/Km (Table 1) using propionyl COAas  ¢ai1aq.

donor and succinate as acceptor is consistent with those
reported for homologous CoA transferases. We conclude thatthe assistance of David Graham, Department of Microbiol-

YgiH is propionyl CoA:succinate CoA transferase. ogy, University of lllinois, we have observed that YqjC, a
Function of SbmOn the basis of the ability of YgfG to  protein of unknown function encoded by tBacillus subtilis
catalyze the decarboxylation of methylmalonyl CoA to genome, catalyzes the methylmalonyl CoA epimerase reac-
propionyl CoA and of YgfH to catalyze the transfer of tion (data not shown). The gene encoding YqjC is proximal
coenzyme A from propionyl CoA to succinate, we suspected to the gene encoding that is a homologue of the transcar-
that Sbrmustbe methylmalonyl CoA mutase, despite “lore”  poxylase components of acetyl/propionyl CoA carboxylases
to the contrary. The gene encoding Sbm was PCR-amplified and biotin-dependent methylmalonyl CoA decarboxylases,
and expressed i&. coli; Sbm was purified to homogeneity 3 |ocation that is consistent with a carboxylation reaction
via an N-terminal His-tag as described in the Materials and jnvolving the required epimerization ofS¢- and ®)-
Methods section. When the His-tagged Sbm was reconsti-methylmalonyl CoAs, although the metabolic context of the
tuted with adenosylcobalamin according to the procedure epimerization reaction is unknown. Homologues of YgjC are
described for reconstitution of the methylmalonyl CoA encoded by genes adjacent to those encoding biotin-depend-
mutase fromP. shermaniiexpressed irE. coli (17), we ent methylmalonyl CoA decarboxylases Archaeglobus
observed both the conversion of methylmalonyl CoA to fulgidusandVeillonella parula. YgjC has no close homo-
succinyl CoA and the conversion of succinyl CoA to |ogues inE. coli, although it is a member of the vicinal
methylmalonyl CoA using an HPLC assaft. [colidoes not  oxygen chelate superfamily(4) that includes glyoxalase
synthesize adenosylcobalamin de novo, although it canj, the only member of this superfamily encoded by the
synthesize the cofactor from exogenous hydroxocobalamincoli genome. Our observations are consistent with a report
(38). Thus, the Sbm purified frork. coliis an apoenzyme  that methylmalonyl CoA epimerase froR. shermaniiis
that must be reconstituted with exogenous adenosylcobal-optimally activated by C& and is a dimer of identical 16.5
amin.] We subsequently determined that reproducible re- kDa polypeptides4?2).
constitution of apoShm requires only adenosylcobalamin and  Cycle for the Copersion of Succinate to Propionatén
dithiothreitol. the basis of the activities we have demonstrated for YgfG,
Although the equilibrium position of the isomerization YgfH, and Sbm, we predict that the operon that contains
reaction lies in the direction of succinyl CoA [the reported their genes likely encodes a cycle for the decarboxylation
equilibrium constant is 23.530, 40)], our HPLC protocol of succinate to propionate (Figure 4B). That tBe coli
does not cleanly separate methylmalonyl CoA and succinyl genome apparently does not encode either propionyl CoA
CoA, making quantitation of the values of kinetic constants carboxylase (as evidenced by the lack of a homologue for
by this procedure difficult. However, in the presence of YgfG both prokaryotic and eukaryotic carboxylases) or methyl-
(methylmalonyl CoA decarboxylase), the quantitative con- malonyl CoA epimerase (vide infra) requires that this
version of succinyl CoA to propionyl CoA via methylma- methylmalonyl CoA mutase and the pathway in which it
lonyl CoA, but without its accumulation, could also be functions have metabolic roles that differ from those involved
demonstrated; propionyl CoA is well-separated from both in valine and odd-chain fatty acid catabolism.
succinyl CoA and coenzyme A with our HPLC protocol. We were unable to measure any effect of hydroxocobal-
Thus, we determined the values of the kinetic constants for amin on the growth rate and cell yield Bf coli under several
the Sbm-catalyzed isomerization by quantitating the forma- conditions, including (i) aerobic growth with either succinate
tion of propionyl CoA in this coupled-enzyme assay. or propionate as carbon source and (ii) anaerobic growth with

Identification of a Methylmalonyl CoA Epimeras#/ith
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succinate as carbon source in the presence of either fumarat&'gfG, a previously unidentified member of the crotonase
or trimethylamineN-oxide as electron acceptor. We also were superfamily, catalyzes the decarboxylation of methylmalonyl
unable to detect any effect of hydroxocobalamin on the CoA to propionyl CoA. Sbm catalyzes the methylmalonyl
identities and amounts of fermentation products wiaeooli CoA mutase reaction. YgfH catalyzes the interconversion
was grown anaerobically with glucose as carbon source andof propionyl CoA and succinate, providing persuasive
the content of the culture medium was determined'tdy evidence that these are the substrates and products of the
NMR spectroscopy [succinate, lactate, acetate, and formatepathway encoded by the operon.

but not propionate are produced in the same amounts both The methylmalonyl CoA decarboxylation reaction cata-

in the absence and presence of hydroxocobalam8)].( lyzed by YgfG represents an expansion of the chemistries
Hence, the metabolic context of the decarboxylation of known to be catalyzed by members of the crotonase
succinate irE. coliis unknown. superfamily. Structures of YgfG determined both in the

Function of YgfD.The gene encoding YgfD was PCR- absence of ligands and in the presence of an inert analogue
amplified and expressed i&. coli; YgfD was purified to of methylmalonyl CoA are reported in the companion paper
homogeneity via an N-terminal His-tag as described in the (45).

Materials and Methods section. Although YgfD has been
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