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Abstract

The conversion of succinyl-coenzyme A (CoA) into methylmalonyl-CoA,
catalyzed by adenosylcobalamin-dependent methylmalonyl-CoA mutase
(MCM), represents an important source of building blocks for rifamycin SV
biosynthesis. The structural gene for MCM from rifamycin SV-producing
strain Amycolatopsis mediterranei U32 was isolated by using a heterologous
gene probe encoding the MCM of Streptomyces cinnamonensis. A 7.8-kbp frag-
ment was sequenced and four complete open reading frames (ORFs) and two
incomplete ORFs were found. Two central ORFs, ORF3 and ORF4, overlap
by four nucleotides and were found to encode MCM small (602 residues) and
large (721 residues) subunits, respectively. Comparison showed that the
MCM gene of A. mediterranei U32 was quite similar to those from other
sources. The functionally unknown ORF5, immediately downstream of
the mutAB gene, was quite similar to the ORFs downstream of mutAB from
S. cinnamonensis and Mycobacterium tuberculosis. Such a striking cross-species
conservation of gene order suggested that ORF5 could also be involved in the
metabolism of methylmalonyl-CoA. MCM gene was overexpressed in
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Escherichia coliunder T7 promoter, and MCM activity could be detected in the
recombinant E. coli clone harboring MCM gene after the addition of coen-
zyme B .. A purification procedure based on the B, affinity column was
established to purify the MCM from E. coli. The molecular weight of purified
MCM from E. coli was determined by sodium dodecyl sulfate polyacryla-
mide gel electrophoresis, which corresponds to that calculated from the MCM
protein sequence and is also the same size as that of the enzyme purified
directly from A. mediterranei U32. MCM gene was overexpressed in poly-
ketide monensin producing S. cinnamonensis, and the total monensin pro-
duction was increased by 32%.

Index Entries: Methylmalonyl-Coenzyme A mutase; cloning; expression;
rifamycin SV; monensin biosynthesis.

Introduction

Rifamycin belongs to the group of macrolide antibiotics whose gen-
eral structure consists of a chromophore and an ansa chain. Early isotope
studies with ®C-enriched precursors (1) suggested that the ansa chain is
derived from two acetate units and eight propionate units, possibly via
malonyl-coenzyme A (CoA) and methylmalonyl-CoA, respectively. The
subsequent condensation of activated acyl units to form the macrolide lac-
tonic ring is catalyzed by a polyketide synthetase system, for example, by
the synthesis of the macrolide ring of erythromycin (2) and the polyether
monensin A (3). The metabolic routes to methylmalonyl-CoA are of great
interest because they represent a limiting step in the flow of primary
metabolites into these antibiotics (3). Studies with "*C-labeled nuclear
magnetic resonance analyses showed that methylmalonyl-CoA was prob-
ably synthesized mainly from succinyl-CoA, catalyzed by an adeno-
sylcobalamin-dependent methylmalonyl-CoA mutase (MCM), inrifamycin,
leukomycin, and tylosin-producing strains (4).

In recent years, the MCM genes from Propionibacterium shermanii (5),
human (6), mouse (7), Sinorhizobium meliloti (8), and Porphyromonas
gingivalis (9) have been cloned and sequenced. The only MCM gene from
antibiotic-producing streptomycete was cloned from polyether monensin
A-producing Streptomyces cinnamonensis (10). All the MCMs occur in two
classes. The first MCM class is a large subunit homodimer (~80 kDa)
encoded by a single gene in the mammalian case. By contrast, all prokary-
otic MCMs are heterodimers, encoded by two genes (large subunit, ~75 to
79 kDa; small subunit, ~65 to 68 kDa). Three prokaryotic MCM-like pro-
teins—sbm from Escherichia coli (11), meaA from Methylobacterium extorquens
(12), and Streptomyces collinus (13)—appear as a single polypeptide of ~78 or
~80 kDa. The large subunits of MCM from prokaryotic sources show a very
high similarity in amino acid sequence to the mammalian MCM enzymes.

MCM from a rifamycin SV producing Amycolatopsis mediterranei U32
has been purified and characterized. It consists of two subunits of 75 and
65 kDa (14). Metabolic analysis showed that MCM is the main enzyme
responsible for methylmalonyl-CoA formation for rifamycin SV produc-
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tion in A. mediterranei U32, although methylmalonyl-CoA could also be
produced by methylmalonyl-CoA transcarboxylase or propionyl-CoA car-
boxylase pathways (15,16). In this article, we report on the cloning and
sequencing of MCM gene and its heterologous overexpressionin E. coliand
S.cinnamonensis, as well as its effects on monensin production. We compare
the deduced amino acid sequence with the known MCM-like sequences of
both prokaryotes and eukaryotes and discuss the possible implications of
these findings. (The nucleotide sequence data reported herein have been
submitted to Genebank under the accession no. AF117980.)

Materials and Methods
Materials and General Molecular Biology Methods

(0-*P)CTP was purchased from Amersham. The restriction enzymes
Taq polymerase and T4 ligase were from Promega (Madison, WI). Small-
and large-scale plasmid DNA preparation was done with Wizard Plus DNA
purification systems (Promega, Madison, WI). Competent cell preparation,
transformation, restriction digestion, phenol extraction, ethanol and iso-
propanol precipitation, treatment of DNA with Klenow fragment of DNA
polymerase and alkaline phosphatase, and T4 DNA ligase were done
according to the standard methods described in ref. 17.

Cloning and Sequencing of mutAB Gene

A. mediterranei U32 was grown in medium consisting of the following
components: 10.0 g/L of glycerol, 2.0 g/L of tryptone, 1.0 g/L of yeast
extract,and 1.0 g/L of beef extract, pH 7.2. Cosmid library was constructed
from A. mediterranei U32 DNA that was partially digested with Sau3A1, and
then size fractionated by sucrose gradient centrifugation to give fragments
of about 20-30 kbp. The DNA fragments were ligated into the BamHI site
of cosmid vector pLAFR3. Competent E. coli DH50. cells were transformed
with the gene libraries and plated onto Xgal-isopropyl-B-p-thiogalactoside
(IPTG) Luria agar supplemented with 25 ug/mL of tetracycline. The result-
ing gene libraries contained 3000-4000 individual recombinant colonies.
A 4.8-kbp fragment containing mutAB of S. cinnamonensis (kindly donated
by Prof. J. A. Robinson, University of Zurich-IRCHEL) was labeled with
(0-**P)CTP using a nick translation kit (Promega) and was used as a probe
in heterologous hybridization experiments. Hybridization was carried out
in 6X saline sodium citrate (5SC) at 68°C for 16 h. The nylon membranes
were then washed in 2X SSC and 1X SSC for 45 min at 68°C. DNA sequenc-
ing was performed with an ABI PRISMTM 373 DNA Sequencer (Perkin
Elmer, Branchburg, NJ) according to the manufacturer’s recommenda-
tions. Sequence was analyzed for open reading frames (ORFs) by using
CODONPREFERENCE in Genetics Computer Group or FramePlot 2.3*
software (available at http:/ /www.nih.go.jp/~jun/cgi-bin/frameplot.pl,
from the homepage of The Society for Actinomycetes, Japan). Protein
database searches were performed with BLAST and FASTA, comparison

Applied Biochemistry and Biotechnology Vol. 82, 1999



212 Zhang et al.

CCGCCRAATTGTGGCGTACGGGACCGGCAGTCCCTGCAGGCTGGCCCCCARCCCGGCCGCGGCCCGCCCCCTAGCGCGACCAGACTCACAGGTCGGGCGE 99
RBS
GCCGAGTGCCTCTACCATCACAGGTTATGACTGATGTGGCCGGTCCGGAGTCAGTGCCGATCTCCGAACTCGACCTCGCGGCCGAGTTCCCCCAGGCGA 198
mutA--> Vv p I §$ E L D L A A B F P Q A T
CGCGCGAGCAGTGGCAAGAGCTGGTCGCCGGCGTGCTGCGCAAGAGCGGGAAGCTGCCGGAGGACTTCGCGGGTGCCCCGGAGAGCARGCTCGTCACGE 297
R E Q W QEBL V AG VL RZKS G KUL?PEUDTFA ASGAUPTESE KLV TR
GGACCTACGACGGGATCGAGATCCAGCCGCTGTACACGGCCGAGGACGTCCCCGGCGACATCGGCTTCCCCGGCTTGCCGCCCTACGTGCGCGGCGCCC 396
T Yy p eI EI ¢ P L YT AEDV?P GDIGPFU?PGULUPU?P Y V R G A R
GGCCGGACGGTCAGGTCAGCACCGGCTGGGACGTCCGCGCCCGGTTCACCGGCGACGACGCCCGCGCGGTCAACCAGGCGATCCTCGCCGACCTCGAARG 495
P DG QV S T GWDVRARIEFTGDDARAVUDNIQATITLATDTLE G
GCGGCGTGACGTCGATCTGGCTCTCGGTGCCGCCCGCGTCCCTCGCTGACGCCCTGRACGAGGTCTACCTCGACCTGGCGCCCGTCGTCCTGGACGCGG 594
G v TSI WL SV P PASLADA ALNEVYLLDILAU®PV VL DAG
GGACCTCGTATGAAGCGGCCGCCGAAGCCCTGTTCGAGCTCTTCGACGAGCGCGAGATCCCGGCGAGCGAAGCCACCGCCGTGCTGGGCGCCGACCCGA 693
T S YEAASAEA BRTLTFETLTFTUDETZ RKETIZ®PA ASZ EATA AV L GADTPTI
TTGGGCTGGCGGCCCGCTCCGGTTCCGCCATGGCGCTCGARCCGGCCGCCGCGCTTGCCGCGCGTGTCGCCGGGARGTACCCGARAGTGCGGACGATCG 792
G L AARSGSAMALZEZPAAALA AARUVASGI KYUPI KV RTTIV
TCGCCGACGGCCTCCCGTTCCACGRAGCGGGCGGGTCGGACGCGCAGGAGCTCGGCGCGCTTGTCGCCGCCGGCGTCACCTACCTGCGTTCTTTGACGG 891
A D G L P F HEAGSGSDAQETLGALVAAGV TYLURSULTD
ACGCGGGTCTGGACGTCGAGGCCGCCGCCGGGECAGCTCGAGTTCCGGCTCGCCGCGACCGCCGACCAGT TCTCCACCATCGCGAAGCTGCGCGCAGCAC 990
A G L DV EAAAGOQL EPF RLAATADOQF S TTITAI KTILRAABAR
GCCGCCTGTGGGCGCGCGTCGCCGAGGTCTGCGGCT TCGCCTCGCCCATGCGCCAGCACGCCGTGACGTCGCCGGCCATGCTGACCAGGCGCGATCCCT 1089
R L WAURUVAUEUV CGFASUPMURZGQCHEAV T S PAMILTRRTUDUPGW
GGGTGAACATGCTGCGCACGACCGTGGCCTGCTTCGGCGCGEGECECCGGCGGCGCCGACGCGGTCACCGTGCTGCCGTTCGACGCGGCGATCGGCCGTC 1188
VNMULIRTTV AT CTFGAGAGGADAVY TV L P F DAATIGRP
CCGACAGTTTCTCCGCGCGGATCGCCCGCARCACCCACGCCGTGCTGCTGGAGGAGGCCARGCTGGCCGGCGTGGCCGACCCGGCCGGCGGCTCCTGGT 1287
D 8 F $ A RIAURUNTITUHAUV L L EEAIZ KUILAOGV ADUPAGTG G S W Y
ACGTCGAGARGCTCACCGACGACCTCGCGCACGCGGCCTGGGCCGAGTTCACCGCCATCGAAGGCGCGGGCGGCCTGGTCGCCGAGCTCGCCTCCGGLG 1386
vV EXK L TTDDILAUHAARWATETFPTA ATIZETGH AG G GULUVAETLA AS G A
CGCTGGCCGGGCGGCTGGCTTCGACGTGGGAGARGCGCTCGAAGCGGATCGCCACCCGGCGCGACCCGCTCACCGGCGTCAGCGAGTTCCCGARCCTGG 1485
L A G RLAS TWEIZ K RS K RIATIRIRTDU®PILTGV S EF P N L A
CCGAGAARCCGGTGGTCAGGACCCGCCTCGAGTCCCCTGTGGACGGTGGGCTGCCGCGGCACCGGTACGCCGAAGGCTTCGAAGCCCTGCGGGACGCTT 1584
E K PV VRTIRILESZPV DG GUL P RHRYAUZETGT FEA ATLRDA A S
CGGACGCGTACCTCGCTTCGCACGGCGAGCGGCCGAAGGTCTTCCTGGCCACCCTCGGCCCGGTCGCCGCGCACACCGCGCGGGCCGGCTTCGCCGCCA 1683
D A YL AU SHGEIRUPI KV FLATULSG®PV A AUHT AR RATGT FAABAN
ACCTGTTCCAGGCGGGCGGGATCGAAGCCGTCAARCCCGGGCGCGACCGACGACCTGCCCGGCGCGTTCCGCGCGTCCGGCGCGAAGATCGCCTGCCTCT 1782
L F QA G G I EAVNUPGATUDUDUL?PGAV FURASGAIZ KTIA ATCTLTC
GCGGCACCGACGACGCCTACGLGGCACAGGCGGCCGAGGTCGCCGAGTCGCTCGGCGCCGARTACGTACTACTGGCGGGGAAGGGGTCCTACGACGGCG 1881
G T D DAY AAOQAAEV A E S L GAEY VL L A G K G S Y D GV
TGGACGCCARCGTCTTCGCCGGCTGCGACGCCCTGGAAGTCCTCGACGGCCTGCACGCCARGCTGBBAGT TGCGCGATGACCATCCCGARCTTCGCCGG 1980
D ANV FAGCDAILEV L D GL HAZ XKL G V A R
mutB--> M T I P N F A G
TCTCGACCTCGGCACGCCGTCGCCGGGCGACCGCGACGCETGGGCGCGCGCGGTGGAGAACGCCACCGGCARGGGCCCCGACGCCCTGGCCTGGGAGRC 2079
L p L TP S P GDRDAWARAVUVENA ATGIE XSG P DATLA AWE T
ACCCGAGGGCATCGGCGTCAAGCCCGTCTACACCGCCGCCGACCTGTCCGATGTGGACTTCCTCGGCACGTACCCCGGCATCGCGCCCTTCCTGCGCGG 2178
P E G I GV K PV Y TAADILSDVDFLGTYU®PGI A UPVFIULRG
GCCGTACCCGACGATGTACGTCAACCAGCCGTGGACCATCCGCCAGTACGCCGGGTTCTCCACCGCCGAGGAGTCCRACGCCTTCTACCGGCGCARCCT 2277
P Y PTMY VN QPWTTIRQYAGT F S TAEZ ESUN-ATFYRIRINL
CGCCGCCGGGCAGAAGGGCCTCTCGGTCGCCTTCGACCTGGCCACCCACCGCGGCTACGRCTCCGACCACCCGCGCGTGTCGGGCGACGTCGGCATGGC 2376
A A GQ K G L S VAPFPDILATHA RTGYUDSDHU®PRV S G DV G MA
GGGCGTGGCGATCGACTCCATCTACGACATGCGGCAGCTCTTGGACGGCATCCCGCTCGACARAGATGTCGGTGTCCATGACGATGAACGGCGCGGTGCT 2475
G vaAaIDSTIYDM®BROQLLDGTI PLDIKMSUV S M TMNGA AV L
GCCGGTGCTCGCGCTCTACGTCGTCGCGGCCGAGGAGCAGGGCGT CARACCCGAGCAGCTCGCGGGGACCATCCAGAACGACATCCTCAAGGAGTTCAT 2574
PV L AL YV V AAETEZQQGV K?PE.QLAGTTIQQDNDI L KE F M
GGTCCGCAACACGTACATGTACCCGCCGCAGCCGTCGATGCGGATCATCTCCGACATCTTCGCCTTCACTTCGCAGCACATGCCGRAGTACAACTCGAT 2673
VRNT Y M Y P P QP S M URTITI S DI FATFTS QHMUPI KY NS I
CTCCATCTCCGGCTACCACATGCAGGARGCCGGCGCGACGGCCGACCTGGAGCTGGCCTACACCCTCGCCGACGGCGTCGAGTACCTCCGCTCGGGCGT 2772
§ 1 $ G Y HM (QEAGATADILUETLAYTULADSGV EJY LRSS GV
CGACGCGGGGCTGAGTGACRAGT TCGCGCCGCGGCTGTCGTTCTTCTGGGCGATCGGCATGAACTTCTTCATGGAGGTCGCGAAGCTGCGCGCGGCCCG 2871
D AGL SD X FAP RILZST FT FWATIGMNT FFMEUVAI KTILIZ RAAR
GCTGCTGTGGGCGARGCTGGTGAAGGGCTTCGACCCTTCGTCTTCGRAGTCGCTTTCGCTGCGTACGCACTCCCAGACGTCGGGCTGGTCGCTGACCGE 2970
L LW AIKULUV K GFDU?P S S S K S L S L RTUHS QTS G W S L T A
GCAGGACGTCTACAACAACGTCGTCCGGACGTGCGTCGAGGCGATGGCGGCAACCCAGGGGCACACGCAGTCGCTGCACACCARCGCCCTCGACGAGGE 3069
Q D'V Y NNV VRTTCVEAMABAzRZTUOGHTOGQQSL HTNA ATILDE A

Fig. 1. The nucleotide and deduced amino acid sequences of a 5509-bp fragment
from A. mediterranei U32, including genes for small and large subunits (mutA and
mutB) of MCM and its downstream ORFs. The putative ribosome-binding sites (RBS)
are in boldface. The nucleotide sequence data were submitted to Genebank under
accession no. AF117980.

with COMPARE, and sequence alignments with LINEUP and PILEUP,
all from the University of Wisconsin Genetics Computer Group Package
(Madison, WI).
Expression in E. coli and Gene Product Purification

An Sacl/ Pstl fragment containing mut AB was cloned into the Smal / Pst1
sites of pALTER-1 (Promega, Madison, WI), and an Ndel site was intro-
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CCTCGCGCTGCCGACGGACTTCTCCGCGCGGATCGCCCGCAACACCCAGCTGCTGCTGCAGCAGGAGTCCGGCACCACGCGCGTGATCGACCCGTGGGE
L AL PTDF S ARTIARUSNTIGQQETLILTILIQOQZESGTTRUV I DZPWG
CGGCAGCGCCTTCGTCGAGAAGCTGACCTACGACCTCGCGCGCARGGCGTGGGGACACATCACCGAGGTCGAGCGGGCCGGCGGCATGGCCAAGGCGAT
G $ A F V EKXKTULTYDULARIEKABAWGHTITH EVETRAGS GMATZEKATI
CGACGCGGGCATCCCGAAGCTGCGCATCGAGGARGCCGCCGCGCGCACCCAGGCGCGCATCGACTCCGGCCGGCAGCCGGTGATCGGCGTCAACAAGTA
D AG I P KUILURTIEEA BAAARARTI QA ARTIUDSGRIQPVI GV NIK]Y
CCAGGTCACCGACGACGAAGAGATCGACGTCCTCAAGGTCGACARCGCCGGCGTCCGGGCCCAGCAGCTGGAGRAGC TGCGGCGGCTGCGGTCCGRACG

v T b DE&E I DVL KV DU N ASGVRATI QU QLEIZ KTILRI RTILIERSTE R
CGACTCCGCCGCCACCGAAGACGCGCTGCGGCGGCTCACCGRAGGTGCCGGCAACGGGGGARACCTCCTGGAACTGGCCATCGACGCGGCCCGCGCGAA
D S AATETDU AL RIRTLTETGA AGNGT GN?NTULTZLETLATLIDHA aAATRAK
GGCCACGGTCGGCGAGATCTCCGACGCGCTCGAGAAGATCTGGGGACGGCACTCCGGCCAGATCCGGACCATCTCGGGGGTGTACCGCGAGGAGGT GGG
ATV GE I S DA AZLTEZ KTIWGRUHSGQTIRTTIS GGV Y REEVG
GAAGACGCAGAACGTCGAGAAGGCCCGTCAGCTGGTCGACGAGTTCGCCGCGGAGGAGGGCCGGCGGCCGCGGATCCTCGTCGCCARGATGGGCCAGGA
K T Q NV EKARQULV DEFA AATETESGRIRPIRTITLVAIKMMGZ QD
CGGCCACGACCGCGGCCAGAAGGTGATCGCCACCGGCTTCGCCGACCTCGGCTTCGACGTCGACGTCGGCCCGCTGTTCTCCACCCCGGCCGAGGTCGT
G H DR G (O KV I A TGVF¥ ADILGVF DV DV GG?PTLF S TZPAE VA
CCGCCAGGCGATCGAGGCGGACGTGCACGTCGTCGGCGTTTCGTCGCTGGCCGCCGGGCACCTCTCGCTGGTGCCCGCGCTGCGCCACGAGCTCGCCGA
R Q A I EADV HV V GV S SLAAGHTLSTU LV PAILIRIHEETLAE
GCTGGGCCGCGAGGACATCATGGTCGTGGTCGGCGGCGTCATCCCGCCGCAGGACTACCCGGCGCTGGCGGAGGCCGGTGCGGCGGCGATCTTCGGCCT
L G R EDIMUV VYV GGV IPPOQDY?PALA AEA ASGAAATLTFGTP
CGGCACGGTGCTCGCGGACGCGGCCATCGACCTGCTCGGCCAGCTGTCGGCGCAGGAGTCCTGACCGTTGCCGCGCARGATCGACGTCACCGCCTACGC

G T VL ADA AA ATIDIULULGOQTL S A QE S
CAAGGGGTGCTCGCGGGTGACCGCGGACGCTGTCGAAGCGATCACGCTGGTCGAGTCGCAGCGGGAGGACCACCGGGCGCTGGCGCAGGAGCTGCTGGT
ORF5--> V. T A D AV E A I T L V E S Q R EDHU RATILAQETLTLV
CGAGCTGCTGCCCGCGGCCGGCGGCGCLCGGCGCETCGGCATCACCGGCGTCCCCGGAGTCGGCAAGTCGACGTCATCGACCAGCTGGCACCGACCTGA
E L L PAAGGAIRU RV YV GITGVY PGV G K S TS S T S WHRPD
CCGCGGCCGGCACCGGGTGGCCGTGCTGGCCGTCGACCCGTCGTCGACCCGGACCGGCGGGTCGATCCTCGGCGACARGACCCGGATGGCGCGGCTGGL
R G R HR VAV LAV DU®PSSTRTGGS$S I L 6DZXTIRMARTILA
GTGGACGAACGCGCGTTCAATCCGGCCGTCGCCGACGTCCGGGACGCTCGGCGGCGTCGCGCGGGCGACCCGCGAGACGATCGTGCTGATGGAGGCGGT
W T N AR S$ I R P S$ P T S GTUL GGV ARA AT RETTIV L MEAA
CGGCTACGACATCGTCCTGGTCGAGACGGTCGGCGTCGGGCAGTCCGAGGTGACCGTGGCGAACATGGTCGACTGCTTCCTGTTCCTGACCCTGGCCCG
G Yy DpiIlivuLwsvVvVeEeETV GV G QS EVTVANMVYDCFTLTFILTIL AR
CACCGGTGACCAGCTCCAGGGCATCARGAAGGGCGTCCTGGAGCTCGCCGACGTCATCGCGGTCAACARGGCCGACGGCGACCACGAGCGGGACGLCCG
T G D QL Q G I XK K GGV L ELA ARDUV I AV NI KA AZDGSGDUHERIDAR
GCGCGCGGCGCGGGAGCTGGCGGGCGCECTGCGGATGATCTACGGGCCCGAAGCGTCGTGGACGCCCCCGGTGCTGACCTGCAGCGGCCTGCACAACCT
R A A RETULAGAULURMTIYG?PEA ASWT?PU®PVL T CS GUL HIUNL
GCGTCTCGACGAGGTCTGGGGCGCGATCGAGCAGCACCGCGACACGCTGACGGCGTCCGGCGAGCTCGACGCCCGGCGGCGGCAGCAGCAGGTCGACTG
R L DEV W GATIZEOQHU RDTTLTH®BASGETULUDA ARI RIRIOQOQOQV D W
GACGTGGGCGATGGTCCGCGAACAGCTGCTGGGTCGGTTGGCGGCGCATCCGGAGGTGCGAACGGTCGTTCCCGACGTCGAACGGGCGGTGCGGGACGG
T WA MV RE QL L GRLAAH®PEUVRTUVV PDVEZRA AVYVRDG
TGAACTGACGGCTACCCTCGGTGCACAGCGGATCCTCGACGCGTTCGGTGGCTGACGTGCGGGARGTTCGTGGGCAGAATGCCTGGTCGCGGCGAAGGG
E L T ATULGAOQURTIILDA ATFGG
ATGACATGGCGRAACTGCGGGGTCTGGTCCTGGTCGGGCTGCTGEGEAGCGGTGCTGTTCACCGCGTCGCCGGCGCTGGCCGAGCCGGTGCGTCCGGLCE
ORF6--> V L F T A § P A L A E P V R P A A
CCGTCACGATGAGCGTGGCGCACGCGGCCGCGGTGCCGGCCCCGGACGCAGACGCARCCCCCCGGCCCGETCCTCGACCCGGCCCAGACGGACAAGGCE
vV T M $ V A HA A AV P AP DA ADA ATPRZPG?PRZPGUPUDG QG Q
AACACCGAAAAGACCAAGAACAAGCTGATCGCGGGCCTGCTCGCGGTGGTCCTGCTCGGCATCGTGATCTGGGGGCGCAAGATCCGTTCGAAGCGGGCT
H R KD QE Q ADU RTGZPHA ARG G?PARIUHI®RDILGA AQQTDZ?PTFEAGQ
AAGAAGTCCTGAGGTTTTCGGCTTTGCCGAAGTGGTGCACGCCGTTCARCGCAGATCCGGTACC
E VL RF S A L P K W CTPFDNA ADUPV

Fig. 1. (continued).
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duced before the mutAB ORF by site-directed mutagenesis, with Altered
Sites® II in vitro mutagenesis systems (Promega, Madison, WI). The
mutagenesis oligo 5' CTACCATCACAGCATATGACTGATGT 3' synthe-
sized corresponds to the DNA sequence nucleotide (nt) 111-136 (Ndel site is
underlined) in Fig. 1. The mutagenesis was done according to the condi-
tions suggested in the manufacturer’s manual (Promega). The Ndel / HindIII
fragment from pALTER-1 recombinant plasmid was then cloned into
Ndel/HindIII sites of pET28b(+) (Novagen, Madison, WI), resulting in
pYL28-MCM for expression. A 0.1-mL overnight culture of E. coli BL21(DH3)
(pYL28-MCM) was inoculated into 200 mL of Luria-Bertani medium (with
12 pg/mL of kanamycin), and then incubated at 37°C for 2 to 3 h. IPTG was
added to a final concentration of 0.4 mM and the medium was further
incubated for 3-5 h at 25°C. Harvested cells were washed twice in buffer A
(50 mM NaH,PO,, pH 7.5) and then disrupted by sonication. The crude
cellular extract of E. coli BL21(DE3) (pYL28) was obtained after centrifuga-
tion at 36,000g for 20 min. The cellular extract was precipitated with
(NH,),SO, at 90% saturation. The protein collected was dialyzed with 2 L
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of buffer A for 2h and then was loaded into a coenzyme B,, affinity column
(91.5 cm x 6.5 cm) (Sigma, St. Louis, MO). The column was washed com-
pletely with 50 mL of 50 mM phosphate buffer containing 1.0 M NaCl.
The MCM was then eluted with 50 mM phosphate buffer containing
1.0 M NaCl and 3 mM coenzyme B, (14).

The MCM assay was based on the rate of conversion of succinyl-CoA
to methylmalonyl-CoA, which can be assayed spectrophotometrically by
means of a series of coupled reactions (18). The following were combined
in a final volume of 1.0 mL: 2.5 umol of succinyl-CoA, 2.5 umol of reduced
glutathione, 10 umol of sodium pyruvate, 0.1 U of methymalonyl-CoA
transcarboxylase and 0.1 U of methylmalonyl-CoA racemase (both puri-
fied from A. mediterranei U32; [14,16]), 3 X 10~* nmol of coenzyme B,
(pH 7.0), 50 mmol phosphate buffer, and enzyme solution. Succinyl-CoA
was omitted for the blank. The reaction was stopped by adding 0.2 mL of
10% (w/v) trichloroacetic acid, the precipitate was removed by centrifuga-
tion, and the supernatant was then neutralized by adding 1 N NaOH. Then
2.5 umol of NADH and 0.1 U of malic dehydrogenase (Sigma) were added
to measure produced oxaloacetate at 340 nm. Succinyl-CoA was prepared
chemically by the method of Simon and Shemin (19) or purchased from
Sigma. One unit of enzyme is defined as the consumption of 1.0 umol of
substrate/min at 25°C.

Expression in S. cinnamonensis and Monensin Production

Ndel/HindIIl fragment from pYL28-MCM was cloned into pIJ4123.
S. cinnamonensis protoplast was prepared and transformed according to
the methods described by Hopwood et al. (20). Monensin production was
checked by thin-layer chromatography (TLC) or high-performance liquid
chromatography (HPLC) according to the methods described by Reynolds
etal. (21) and Beran and Zima (22), respectively. A two-stage fermentation
cycle was used. A vegetative culture consisted of 0.25% glucose, 1.5% soy-
bean, 0.3% CaCO,, 0.03% FeSO,, and 0.003% MnCl, was grown at 30°C for
30 h. In the second stage, medium contained the same constituents as seed
medium except 5% glucose was used. Fermentation was carried out at 30°C
for 6 d. Monensin was extracted with chloroform after the whole broth was
homogenized with methanol. Chloroform fractions containing monensin
A and Bwere evaporated in a spray drier followed by suspension of brown-
ish powder in methanol. After filtration, the methanolic solution was
directly injected for HPLC analysis as described by Beran et al. (22). The total
production of monensin A and B was calculated by comparing the
monensin A and B peaks with monensin standard.

Results and Discussion
Cloning of MCM Gene

A DNA probe encoding the S. cinnamonensis mutAB gene (kindly
donated by Prof. J. A. Robinson) was labeled and used to identify cross-
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hybridizing bands in a Southern blotting experiment with A. mediterranei
U32 genomic DNA digested with various restriction enzymes. Bands were
easily detected even at high stringency (washing with 0.2X SSC-0.1% sodium
dodecyl sulfate at 68°C for 45 min twice), indicating the presence of similar
sequences in the A. mediterranei U32 genome. Two gene libraries were con-
structed from A. mediterranei U32 DNA. A 4.8-kbp fragment containing
mutAB of S. cinnamonensis was labeled with o-**P(dCTP) using a nick trans-
lation kit (Promega) and was used as a probe in heterologous hybridization
experiments. Hybridization was conducted in 6X SSC at 68°C for 16 h. The
nylon membranes were then washed in 2X SSC and 1X SSC for 45 min at
68°C. Two positive clones with inserts of ~22 kbp were obtained. Restric-
tion mapping of the clones showed that they overlapped by 8 kbp and that
they both contained complete mutAB gene. One clone (pCZ31) was selected
for further work.

Sequencing and Analysis of MCM Gene

An ~7.8-kbp Kpnl fragment from pCZ31 was subcloned into pUC18,
generating pCZ8. The complete nucleotide sequence of pCZ8 was deter-
mined. It contained two incomplete and four complete ORFs with typical
streptomycete codon bias. The two central overlapping ORFs, ORF3 and
ORF4, were found to contain the mutA and mutB genes. ORF2, upstream of
mutAB, which is transcribed in the opposite direction from mutAB, has
been identified as a novel serine/threonine protein kinase-like gene (data
not given). Herein, we reported the sequence analysis of an ~5.5-kbp frag-
ment containing mutAB and its downstream ORF5 (Fig. 1).

ORF3, which starts at nt 153 (GTG) and ends at nt 1961, appears to
encode a 602 amino acid small subunit of MCM, and has a G+C% of 73%.
ORF4 starts from nt 1958 (ATG) to nt 4123, encodes a 721 amino acid large
subunit of MCM, and has a G+C% of 68%. These two ORFs possess over-
lapping stop and start codons at nt 1958-1961 (ATGA), the device that is
thought to lead to translational coupling and hence the production of
stoichiometric amounts of the respective polypeptides, also found in
S. cinnamonensis mutAB gene (10). The small subunit of A. mediterranei U32
MCM shows 53.3% similarity (29.0% identity) to its own large subunit.
Very high similarity (identity) between two subunits occurs especially in
the middle region of two subunits, amino acids 220-410 of the small sub-
unit and amino acids 240-440 of the large subunit, suggesting that the two
genes may have arisen via a gene duplication event (5). mutA and mutB are
both preceded by potential streptomycete ribosome binding sequences
GGAG at nt 146-149 and nt 1947-1950, on the basis of reasonable comple-
mentarity to the 3' end of the 16S rRNA sequence (23). No putative E. coli
67%-like promoter element was found upstream of the mutAB gene (24).

Protein sequences for some of the MCMs available in the database
were extracted and compared with the protein sequence deduced for
A. mediterranei U32 MCM (Fig. 2). o-Subunit of MCM from A. mediterranei
U32 showed the highest similarity (identity) to that of S. cinnamonensis,
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Fig. 2. Multiple alignment of A. mediterranei U32 MCM protein large subunit

and other known MCM and MCM-like proteins. The alignment was generated
using GCG Pileup. The positions conserved in all proteins are marked with an
asterisk. The amino acids that have been shown to be involved in substrate
binding in P. shermanii are underlined (26). Sites that are important for B,,
coenzyme binding in methionine synthase are marked with a plus sign (25). S.c,
S. cinnamonensis (GeneBank accession no. L10064); P. shermanii (X14965); M.t,
M. tuberculosis (279701); P.g, P. gingivalis (L30136); E.c, E. coli sbm gene (X66836);
M.e, M. extorquens (U28335); Mouse, (X51941); Human, (M65131); A.m, A. mediterranei
U32 (AF117980).
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Fig. 2. (continued).

89.2 (82.0%), followed by 84.4 (75.7%) to its counterpart in Mycobacterium
tuberculosis, 83.3 (74.6%) to that of P. shermanii, 79.3 (65.5%) to that of
P. gingivalis, 77.7 (64.1%) to that of human, 76.9 (61.6%) to that of mouse,
76.5 (60.2%) to sbm in E. coli, 73 (59%) to that of S. meliloti, 58.1 (37.6%) to
MCM-like gene meaA of M. extorquens, and 53 (37%) to meaA in S. collinus.
Such a high similarity between o-subunits from both bacterial and eukary-
otic sources suggests that MCM has been rather conserved during evolution.
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Identification of Putative B,, and Substrate Binding Domains

The alignment of large subunit peptide sequences of some MCMs,
E. coli sbm,and M. extorquens meaA gene product was utilized toidentify the
possible B , coenzyme and substrate-binding sites (Fig. 2). High identity of
amino acid sequences was particularly prevalent in two regions, amino
acids 109-410, and amino acids 651-754. In earlier research with methion-
ine synthase, Drennan et al. (25) indicated that sequences DxH"*xxxG,
SxL¥®, and G**G** of P. shermanii are diagnostic for cobalamin binding,
which corresponds to the second conserved region. The lack of this motif
in the small subunit is consistent with only 1 mol of B , coenzyme binding
per heterodimer.

The recently published MCM crystal structure of P. shermanii (26)
showed a (B/a), or TIM-barrel structure at the substrate—enzyme binding
region. In the structure, the center of the barrel is typical filled with large,
oftenbranched, hydrophobicside chains. In the large subunit of P. shermanii
MCM, the barrel is lined by Thr®, Ser'*, Ser'®?, Ser'**, Thr'®, Thr'®®, Ser*”,
Ser®, and Ser*®?, creating a hole through which the CoA can thread, and
providing hydrogen bonds to the amide groups of CoA. His*** is in a posi-
tion to bind to the carbonyl oxygen in the rearrangement reaction and is
likely to be the major catalytic residue. Arg*” and Tyr® in the small subunit
of mutase are also involved in substrate binding. All of these amino acids
are conserved in the first conserved region (Fig. 2). It seems that this region
is involved in the formation of suitable catalytic architecture of MCM.
Because a very high similarity was seen throughout the whole sequence, no
very clear motif for substrate binding could be identified.

Roy (27) found that Cys** in the large subunit of P. shermanii MCM is
important for the enzymatic activity, but for MCMs of other sources, this
position is replaced by alanine. Although it is conserved in all the amino
acid residues thought to be important for B ,-dependent enzymes, meaA
from M. extorquens presents a huge difference between other MCM and
MCM-like proteins, suggesting that this enzyme may have a function other
than as MCM.

Sequence Analysis of Downstream Region of mutAB

ORF5, immediately downstream of mutAB, starts at nt 4175 and ends
atnt4104. No typical streptomycete RBS was found before the translational
start codon and no putative E. coli 67°-like promoter elements were found
upstream of ORF5 (24). A search of the protein sequence database failed to
correlate the gene with any specific function. The gene does have a very
high similarity to the incomplete ORF3 of S. cinnamonensis, which is also
located immediately downstream mutAB (10). An ~0.9-kbp downstream
OREF of M. tuberculosis mutAB, a ~0.8-kbp ORF2 lying downstream of E. coli
sbm, and a functionally unknown ~0.9-kbp ORF from Caulobacter crescentus
(28) (Fig. 3) also showed significant similarity to ORF5. The striking cross-
species conservation of gene order (mutAB plus ~0.9-kbp ORF) and protein
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Fig. 3. Multiple alignment of A. mediterranei U32 ORF5 and other similar proteins.
The alignment was generated using GCG Pileup. The positions conserved in all
proteins are marked by with an asterisk. S.c, S. cinnamonensis (L10064); E.c, E. coli
sbm (X66836); A.m, A. mediterranei U32 (AF117980); M.t, M. tuberculosis (279701);
C.c, C. crescentus (M91449).

sequence may reflect a common biochemical function for gene products,
perhaps in the metabolism of methylmalonyl-CoA in the aforementioned
microorganisms (Fig. 3). No stem-loop structure, corresponding to a tran-
scriptional termination, was found in the small intergenic region between
mutAB and ORF5. Further experiments are under way in our group to
determine whether mutAB and ORF5 are organized in one operon. A search
of the protein database failed to reveal any sequences with similarity to the
incomplete ORF6.

Overexpression in E. coli and Gene Product Purification

mutAB containing fragment was cloned into pBluescript and trans-
formedinto E. coli DH50 to detect activity (18). In this case, the recombinant
E. coli DH5a. (mutAB) cell extract gave a very low MCM specific activity of
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Fig. 4. Physical map of the expression plasmid pYL28-MCM. The Sacl/Pstl frag-
ment containing mutAB was cloned into the Smal/Pst] sites of pALTER-1 (Promega),
an Ndel site was introduced before the mutAB ORF by site-directed mutagenesis, and
the Ndel/HindlIl fragment from pALTER-1 recombinant plasmid was then cloned into
Ndel/HindlIll sites of pET28b(+) (Novagen), resulting in pYL28-MCM for expression.

0.012-0.030 U/mg, which is similar to the activity level in cell extracts of
A. mediterranei U32 (15), and no obvious extra protein band could be
detected in sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Omission of B, coenzyme from the assay system reduced
expressed MCM activity to zero, indicating that the MCM being produced
in E. coli was an apoenzyme.

Better overexpression was achieved by using pET28b(+) expression
vector (Novagen, Madison, WI). To provide the convenience to the clon-
ing, site-directed mutagenesis was performed to introduce an Ndel site
before the ORF of mutA. Then an ~4.9-kbp Ndel-HindIIl fragment was
cloned into pET28b(+), and the resulting expression plasmid, pYL28-
MCM, was transformed into E. coli BL21(DE3) for expression (Fig. 4). A
0.1-mL overnight culture of E. coli BL21(DH3) (pYL28-MCM) was inocu-
lated into 200 mL of LB medium (with 12 pg/mL of kanamycin) and
incubated at 37°C for 2 to 3h (when OD, , value reached 0.4). The cultures
were transferred to a 25°C incubator for a further 1-5 h after IPTG was
added to a final concentration of 0.4 mM. Overexpression was confirmed
by SDS-PAGE, in which two clear extra bands of ~75 and ~65 kDa were
found (Fig. 5A). Analysis by scanning densitometry of the SDS-PAGE of
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Fig. 5. (A) SDS-PAGE of the overexpression of MCM in E. coli BL21(DE3) (pYL28-
MCM). Lane 0, molecular mass standard (kDa); lane 1, E. coli BL21(DE3) with pET28(+),
notinduced by IPTG;lanes2 and 3, E. coli BL21(DE3) with pET28b(+), induced by IPTG
for 3 h; lane 4, E. coli BL21(DE3) with pYL28-MCM, induced by IPTG for 3 h; lane 5,
E. coli BL21(DE3) with pYL28-MCM, induced by IPTG for 5 h. (B) SDS-PAGE of puri-
fied MCM. Lane 1, molecular mass standard; lane 2, purified MCM.

the crude extract indicated that insoluble mutase constituted approx 30%
of the total soluble protein (Fig. 5A).

The purification procedure developed previously (see ref. [15]) was
used to purify the MCM from E. coli BL21(DE3) (pYL28-MCM). The puri-
fication centered on an affinity column of coenzyme B,, Sepharose (Fig. 5B).
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SDS-PAGE of the purified MCM separated the native enzyme into two
bands corresponding to a mol wt of ~75 and ~65 kDa (Fig. 5B), which is the
same pattern as the MCM purified directly from A. mediterranei U32 (14).

Kinetic Analysis of Purified MCM from E. coli

The effects of the concentration of succinyl-CoA and coenzyme B ,on
the activity of MCM were studied with enzyme purified from E. coli. The
reactions were time and concentration dependent. The reciprocal plots
showed normal Michaelis-Menten kinetics with the apparentK _of 14.2 uM
for succinyl-CoA and 0.5504 uM for B, , coenzyme. These values were simi-
lar to those of enzyme directly purified from A. mediterranei U32 (9.72 uM
for succinyl-CoA and 0.1277 uM for coenzyme B,,)) (14).

Overexpression of mutAB
in S. cinnamonensis and Monensin Production

We have conducted many experiments to transform rifamycin
SV-producing strain A. mediterranei U32 in our laboratory, but until now
no success has been achieved with this industrially used strain. The lack of
asuitable gene expression system impedes our further attempt to study the
mutAB function in A. mediterranei U32. Alternatively, the mutAB gene was
overexpressed in polyketide monensin producing S. cinnamonensis. The
Ndel/HindlIIl fragment containing complete mutAB genes was cloned into
plJ4123 expression plasmid. The resulting construct, pZW22, was trans-
formed into S. cinnamonensis. Transformant was checked for monensin
production and MCM activity (Table 1). In the complex fermentation
medium, the S. cinnamonensis (mutAB) strain gave a4.2-fold greater increase
in MCM activity, and a 32% greater increase in overall production of
monensin than the control strains grown under the same conditions. The
smaller increase in monensin production compared to the change in MCM
activity might have resulted for the following reasons. First, MCM cata-
lyzes the transformation of succinyl-CoA to R-methylmalonyl-CoA,
another enzyme. Methylmalonyl-CoA racemase is necessary to transform
R-methylmalonyl-CoA to S-methylmalonyl-CoA, which is the substrate
with the correct conformation recognized by polyketide synthase.
Our earlier biochemical and physiological studies showed that methyl-
malony-CoA racemaseactivity isat the samelevelasMCM in A. mediterranei
U32 (15). It is speculative that methylmalonyl-CoA racemase becomes the
limiting step for the S-methylmalonyl-CoA supply in the mutAB over-
expressed strain. Second, monensin polyketide synthase can utilize either
methylmalonyl-CoA or ethylmalonyl-CoA asits starter units, which results
in the production of a mixture of monensin A and B; monensin A contains
a butyryl unit in its polyketide chain. In this case, the availability of
ethylmalonyl-CoA could also be a limiting factor for monensin A produc-
tion. To prove this prediction, we isolated and checked the individual
monensin A and B production. Theresultsin Fig. 6 show that overexpressed
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Table 1
MCM Activity and Total Monensin Production
in Wild-Type and mutAB Overexpression S. cinnamonensis Strains’

Wild type Wild type
Wild type  (with pIJ4123)  (with pZW22)
MCM activity (U/mg protein) 0.045 0.047 0.2340
Monensin AB production 83 79 109

(mg/500 mL medium)

“Data are the average of four individual experiments.

P
[\
W

S

monensin A

>

——
.,

monensin B

#

Fig. 6. TLC of monensin A and B. The mobile phase was composed of ethyl-
acetate:methylene chloride (3:1), and the monensin was detected by staining with
vanillin. Lane 1, monensin A and B production from S. cinnamonensis strain; lanes 2 and
3, monensin A and B production from mutAB overexpression of S. cinnamonensis.

mutABresulted in an increased production of mainly monensin B, whereas
little change can be seen in the production of monensin A.

Conclusion

We have reported herein the complete sequence of methylmalonyl-
CoA gene from a rifamycin SV-producing strain, A. mediterranei U32. The
gene was expressed in E. coli and the active recombinant protein was
purified. The deduced amino acid sequence showed very high homology
to other MCM from both prokaryotic and eukaryotic sources. The mutAB
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gene was overexpressed in monensin producing S. cinnamonensis, which
resulted in an increase in total production of monensin by 32%. This is the
tirst report of mutAB gene being used to increase the production of antibi-
otics. The results showed that manipulation of the mutAB enzymatic level
through a genetic approach could be a useful method to increase the pro-
duction of polyketide antibiotics. In the future, the mutAB gene will be
expressed in A. mediterranei U32, and its effects on rifamycin SV production
will be investigated in detail.
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