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(57) ABSTRACT 
A process of increasing the cellular production of secondary 
metabolites, such as antibiotics, is provided. The process is 
particularly useful for increasing antibiotic production by 
bacterial cells, especially erythromycin. The process 
includes the step of increasing the activity of methylmalo 
nyl-CoA mutase. 
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Figure 2 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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METHODS OF INCREASING PRODUCTION OF 
SECONDARY METABOLITES BY MANIPULATING 

METABOLIC PATHWAYS THAT INCLUDE 
METHYLMALONYL-COA 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority to US. Provisional 
Patent Application 60/710,412, ?led Aug. 22, 2005, entitled 
METHODS OF INCREASING PRODUCTION OF BIO 
LOGICALLY ACTIVE MOLECULES BY MANIPULAT 
ING METHYLMALONYL-COA MUTASE, the entirety of 
Which is herein incorporated by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] The subject matter of this application may in part 
have been funded by the National Institutes of Health, Grant 
No. R43GM58943, “Antibiotic Regulatory Genes and Meta 
bolic Engineering” and Grant No. R43GM063278-0l, 
“Antibiotic Gene Clusters.” The government may have 
certain rights in this invention. 

INCORPORATION-BY-REFERENCE OF 
MATERIAL SUBMITTED ON A COMPACT 

DISC 

[0003] Not applicable. 

FIELD OF THE INVENTION 

[0004] The invention is a process for improving the pro 
duction of secondary metabolites. When this process is 
applied to an organism that makes a useful secondary 
metabolite such as an antibiotic, the organism produces 
more of the antibiotic. 

BACKGROUND OF THE INVENTION 

[0005] After a Weekend vacation, Alexander Fleming 
returned to his laboratory to discover that one of his cultures 
of bacteria had been contaminated With mold. Not only Was 
the plate contaminated, but the bacterial cells, Staphylococ 
cus aureus, had lysed. Instead of throWing the contaminated 
plates aWay, Fleming observed that bacterial cell lysis 
occurred in an area next to the mold and hypothesiZed that 
the mold had made a product responsible for the death of the 
bacteria. He later Was able to extract the diffusible substance 
from the mold, and penicillin Was born. 

[0006] Because antibiotics as a class of drugs are able to 
kill a broad spectrum of harmful bacterial pathogens, their 
use has revolutionized medicine, trivialiZing many diseases 
that had before taken millions of lives. For example, the 
plague, caused by infection With the Yersinias peslis bacte 
rium, has laid claim to nearly 200 million lives and has 
brought about monumental changes, such as the end of the 
Dark Ages and the advancement of clinical research in 
medicine. Gentamycin and streptomycin are used to treat 
patients infected With plague, thus increasing the likelihood 
of survival. Erythromycins are used to treat respiratory tract 
and Chlamydia infections, diptheria, Legionnaires’ disease, 
syphilis, anthrax and acne vulgaris. Erythromycins are also 
used to prevent Streptococcal infections in patients With a 
history of rheumatic heart disease. 
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[0007] Biological Weapons are a real and current threat. 
Antibiotics are an important defense against the possible 
devastation such Weapons can bring. 

[0008] Medically important chemical structures made in 
nature, such as antibiotics, fall into chemical classes based 
on shared routes of biosynthesis. The macrolides are a group 
of drugs characterized by the presence of a macrolide ring, 
a large lactone (a cyclic ester) to Which one or more deoxy 
sugars (in erythromycin the sugars are cladinose and des 
osamine) are attached. The lactone ring can be either l4, 15 
or l6-membered. Macrolides are polyketides, and include 
erythromycin and its derivatives, such as those marketed as 
Biaxin®, Rulid®, and Zithromax®. 

[0009] Erythromycin 
[0010] Like many secondary metabolites (a metabolite 
that is produced only under certain physiological condi 
tions), erythromycin is a tailored polymer. The building 
blocks are one molecule of propionic acid and six molecules 
of methylmalonic acid in their CoenZyme A (CoA) forms 
(Omura et al., 1984). Tailoring steps include the addition of 
tWo sugars, the addition of a methyl group to one sugar, and 
the addition of tWo hydroxyl groups to the polyketide 
polymer backbone. While the chemical building blocks are 
knoWn, the source of propionic and methylmalonic acids 
used to form the molecule are not. 

[0011] TWo sources of these building blocks have been 
reported: (1) diversion from central metabolic pathways; and 
(2) amino acid catabolic (break-down) pathWays. Evidence 
for the diversion pathWay comes from observations that 
suggest that succinyl-CoA is the major source of methyl 
malonyl-CoA via the enZyme methylmalonyl-CoA mutase 
(MCM) (Hunaiti and Kolattukudy, 1984). Decarboxylation 
of methylmalonyl-CoA gives rise to propionyl-CoA (Hsieh 
and Kolattukudy, 1994). These results imply that the pre 
cursors for erythromycin biosynthesis are taken at the 
expense of central metabolism in a reverse-anaplerotic reac 
tion (a reaction that form intermediates of the citric acid 
cycle). Consistent With these observations, When the mutAB 
gene is isolated from a rifamycin-producing strain of Amy 
colalopsis medilerranei U32 and then over-expressed in a 
monensin (another antibiotic)-producing Slreplomyces cin 
namonensis host, monensin production increased 32% 
(Zhang et al., 1999). 

[0012] Amino acid catabolism has been identi?ed as 
another source of polyketide precursors (DotZlaf et al., 1984; 
Omura et al., 1984; Omura et al., 1983). When branched 
chain amino acids such as valine, isoleucine, leucine or 
valine catabolites (propionate and isobutyrate) and threonine 
are added to fermentation medium, an increase in a mac 
rolide antibiotic and its polyketide-derived precursors is 
observed (Omura et al., 1984; Omura et al., 1983; Tang et 
al., 1994). Conversely, When valine catabolism is blocked at 
the ?rst step (valine dehydrogenase, vdh), production of two 
different macrolide antibiotics decrease four- to six-fold 
(Tang et al., 1994). These results suggest that amino acid 
catabolism, in particular branched-chain amino acid 
(BCAA) catabolism, is another source of macrolide antibi 
otic precursors in the Actinomycetes. 

[0013] Surprisingly, When the branched-chain amino acid 
catabolic pathWay is blocked at a later step in propionyl 
CoA carboxylase, macrolide production Was not reduced 
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(Donadio et al., 1996; Hunaiti and Kolattukudy, 1984), 
con?icting With the observations by DotZlaf et al. (1984). 
These observations can be explained in part by the use of 
different macrolide-producing hosts; precursor feeding path 
Ways may not operate universally and be host-dependent. 

[0014] Methylmalonyl-CoA mutase, encoded by the 
mutAB gene pair ((Birch et al., 1993; Marsh et al., 1989); 
see FIG. 7 for a physical map of the region in S. erylhraea), 
is the key enzyme that provides methylmalonyl-CoA for 
erythromycin biosynthesis (Hunaiti and Kolattukudy, 1984; 
Zhang et al., 1999). Methylmalonyl-CoA mutase catalyZes 
the interconversion of methylmalonyl coenZyme A and 
succinyl coenZyme A; hoWever, succinyl-CoA is favored 
enZymatically by a factor of tWenty to one (Kellerrneyer et 
al., 1964; Vlasie and Banerjee, 2003). 

[0015] Commercial production of antibiotics, such as 
erythromycin, is accomplished through large fermentations. 
However, production is limited to the output that any par 
ticular strain is capable of under particular culture condi 
tions. This observation is especially true for secondary 
products, such as antibiotics, Where ef?ciency and concen 
trations are both loW. To increase ef?ciency and economy in 
antibiotic production, strains have been engineered, either 
by (1) a haphaZard, random mutational approach that 
requires either a selection (rarely available) or laborious, 
brute-force screens (and some luck), and by directed, or (2) 
targeted genetic alterations. While the mutational approach 
is simple to perform and has been successful in generating 
improved mutants, its ability to provide innovations is 
limited, and in fact, has not produced any neW genetic 
information in the understanding of strain improvement over 
the last 60 years. On the other hand, directed genetic 
manipulation alloWs not only for strain improvement, but 
also an understanding of the pathWays that produce the 
antibiotic. 

[0016] An example of the admirable results of the directed 
genetic manipulation approach is demonstrated by the tar 
geted knockout of the mutB gene in the model erythromy 
cin-producing Aeromicrobium erylhreum bacterium, Which 
resulted in improved antibiotic production (Reeves et al., 
2004). The challenge of such results, hoWever, is to transfer 
the results to a setting that is industry-applicable. 

[0017] A variable that has recently become a topic of 
controversy is the use of oils in fermentation media in the 
culture of Slreplomyces cinnamonensis and monensin pro 
duction, also a secondary metabolite (Li et al., 2004). 
HoWever, the coupling of genetic manipulation and fermen 
tation condition manipulation to improve and increase 
polyketide production from a single pathWay instead of 
shifting betWeen pathWays has not been heretofore prac 
ticed. 

SUMMARY OF THE INVENTION 

[0018] The invention is directed to methods of increasing 
polyketide production, especially polyketides, such as eryth 
romycin, by increasing the activity of methylmalonyl-CoA. 
The invention also includes bacterial cells that have been 
modi?ed to increase the activity of methylmalonyl-CoA. 
Finally, the invention is directed to methods of culturing 
modi?ed cells to increase polyketide production. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 shoWs eythromycin production of S. eryth 
raea Wild-type strain FL2267 and mutB mutant FL2281 
groWn in medium 2 (SCM+5% soybean oil). 

[0020] FIG. 2 shoWs erythromycin production of S. eryth 
raea Wild type strain FL2267 and mutB mutant FL2281 
groWn in medium 1 (SCM only). 

[0021] FIG. 3 shoWs erythromycin production of S. eryth 
raea Wild type strain FL2267 and mutB mutant FL2281 
groWn in medium 1 and medium 2. 

[0022] FIG. 4 shoWs erythromycin production of S. eryth 
raea Wild type strain FL2267 and mutB mutant FL2281 
groWn in medium 1 (SCM only) and medium 3 (SCM+4>< 
starch). 
[0023] FIG. 5 shoWs erythromycin production of S. eryth 
raea Wild type strain FL2267 and mutB mutant FL2302 
groWn in medium 1 and medium 2. 

[0024] FIG. 6 shoWs erythromycin production of S. eryth 
raea Wild type strain FL2267 and mutB mutant FL2302 
groWn in medium 3 and medium 4 (SCM+5% soybean 
oil+4>< starch). 

[0025] FIG. 7 shoWs a physical map of the S. erylhraea 
methylmalonyl-CoA mutase region. The entire region 
sequenced spans 8.6 kb, Which includes upstream and doWn 
stream sequences. The ?ve ORFs identi?ed in the region are 
mutA, mutB, gntB, gntR, and SeORFl (GenBank Accession 
Nos. DQ289499 and DQ289500 (SEQ ID NOs:12 and 13)) 
and cover about 6.5 kb. The genes are all transcribed in the 
same direction, indicated by arroWs. 

[0026] FIG. 8 shoWs erythromycin production of the S. 
erylhraea mmCoA mutase over-expression strain FL2385. 
Erythromycin production levels are given as the average of 
triplicate shake ?asks. 

DETAILED DESCRIPTION 

[0027] The invention is based on the ?nding that manipu 
lating metabolic pathWays that lead to or from a metabolite 
pool of methylmalonyl CoA Within the cell can result in an 
increase in production of secondary metabolites derived 
from methylmalonyl CoA. The invention came about 
because of a striking result that shoWed that erythromycin 
production could be increased by increasing the activity of 
methylmalonyl-CoA mutase, Whether directly or indirectly, 
as Well as manipulating culture conditions (Reeves et al., 
2006). This result is especially striking When previous 
results are considered, Wherein erythromycin production 
Was increased by decreasing methylmalonyl-CoA mutase 
activity (Reeves et al., 2004). 

[0028] Based on these results, the invention exploits the 
?nding and applies it more universally. By increasing the 
overall concentration of methylmalonyl CoA in the cell, 
production of important secondary metabolites, including 
metabolites such as erythromycin, is signi?cantly increased. 
The methylmalonyl CoA metabolite pool can be increased 
using a variety of “tools,” Which tinker With the input into 
the pool, as Well as With the output. Input is increased by 
increasing the activity of enZymes, or the concentration of 
enZymes, that result in the production of methylmamlonyl 
CoA. Either simultaneously or alternatively, the output 
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from, or draining of, the methylmalonyl-CoA pool is 
restricted by decreasing the activity of one or more enzymes 
that use methylmalonyl-CoA as a substrate, except, for 
example, the polyketide synthase used in erythromycin 
biosynthesis. 
[0029] Several tools in the invention’s tool box include 
various genetic manipulations of the enZymes in pathWays 
that lead to and from the methylmalonyl-CoA pool, as Well 
as culture condition manipulations, notably the choice of 
carbon sourceifor example, selecting betWeen carbohy 
drate and oil. Using the different tools together can produce 
in some cases optimal results and can be used to “?ne-tune” 
production of the target metabolite. 

[0030] Aeromicrobium erylhreum MCM mutants lacking 
MCM activity produce about tWo-fold more erythromycin 
than the parent strain (Reeves et al., 2004). This technology 
Was transferred to Saccharopolyspora erylhraea, the most 
common, if not universal, industrial erythromycin-producer. 
Accordingly, an MCM-mutant Was generated and tested in 
shake ?ask fermentations using standard laboratory 
medium, soluble complete medium (SCM). As expected, 
four-fold increase in erythromycin production Was observed. 
mutB mutants also produced as much erythromycin in 
medium Without soybean oil addition (in medium With loWer 
starch concentrations) as the Wild-type strains. 

[0031] HoWever, When the MCM-S. erylhraea mutant Was 
cultured in a soy ?our-based industrial medium (insoluble 
production medium) instead of laboratory medium, the 
mutant unexpectedly produced signi?cantly less erythromy 
cin than the parent strain. 

[0032] Because the only variable besides the media Was 
the genetic ablation of MCM expression, an MCM over 
expression strain Was produced and cultured in the tWo 
media. This strain had not previously been developed, 
although a Slreplomyces cinnamonensis mutant Was pro 
duced to over-express an Amycolalopsis medilerranei 
MCM, resulting in a modest increase in monensin produc 
tion of 32% in laboratory medium (Zhang et al., 1999). The 
MCM over-expression mutant increased erythromycin out 
put by 200% in SCM medium and 48% in industrial 
medium. 

[0033] Based on these unexpected results, the invention 
provides for compositions, methods and systems for the 
improvement of antibiotic production, especially erythro 
mycin. 

DEFINITIONS 

[0034] SCM means Soluble Complete Medium 
(McAlpine et al., 1987). A typical formulation appropriate 
for S. erylhraea is per liter: 15 g soluble starch; 20 g Bacto 
soytone (soybean peptone; Becton-Dickinson); 0.1 g cal 
cium chloride; 1.5 g yeast extract; 10.5 g 3-(N-Morpholi 
no)propanesulfonic acid (MOPS), pH 6.8. 

[0035] Soy ?our is a ?ne poWder made from soybeans 
(Glycine max). 
[0036] Unre?ned soy source is any form of soybean that 
can be even partially dissolved in solution, such as SCM or 
IPM media. “Unre?ned” means that the soybean has under 
gone minimal processing, but does not mean no processing. 
For example, soy ?our is an unre?ned soy source. An 
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example of processing includes the production of soybean 
peptone, such as Bacto soytone. 

[0037] MCM means the enZyme methylmalonyl-CoA 
mutase. Any MCM having at least 64% sequence identity to 
the polynucleotide sequence (SEQ ID NO:8) or polypeptide 
sequence (SEQ ID NOs:9 and 10) of S. erylheae falls Within 
the scope of the invention. For example, BLAST analysis 
shoWs 64% amino acid sequence identity betWeen the mutB 
polypeptide of A. erylhreum and the equivalent human 
sequence. A high degree of identity exists to all other mutB 
genes in the database. Also included are those polypeptides 
having MCM-activity, de?ned as catalyZing reactants that 
result in the interconversion of methylmalony-CoA and 
succinyl-CoA, regardless of the amino acid sequence of the 
polypeptide. 

[0038] Regulator means a substance, process, gene, or 
gene product that controls another substance, process, gene 
or gene product. A negative regulator is a regulator that 
decreases another substance, process, gene or gene product; 
a positive regulator increases another substance, process, 
gene or gene product. 

[0039] Complementary refers to Watson-Crick or Hoogs 
teen base pairing betWeen nucleotides units of a nucleic acid 
molecule, and the term “binding” means the physical or 
chemical interaction betWeen tWo polypeptides or com 
pounds or associated polypeptides or compounds or com 
binations thereof. Binding includes ionic, non-ionic, van der 
Waals, hydrophobic interactions, and the like. A physical 
interaction can be either direct or indirect. Indirect interac 
tions may be through or due to the effects of another 
polypeptide or compound. Direct binding refers to interac 
tions that do not take place through, or due to, the effect of 
another polypeptide or compound, but instead are Without 
other substantial chemical intermediates. 

[0040] Nucleic acid fragments are at least 6 (contiguous) 
nucleic acids or at least 4 (contiguous) amino acids, a length 
suf?cient to alloW for speci?c hybridiZation in the case of 
nucleic acids or for speci?c recognition of an epitope in the 
case of amino acids, respectively, and are at most some 
portion less than a full-length sequence. Fragments may be 
derived from any contiguous portion of a nucleic acid or 
amino acid sequence of choice. 

[0041] A homologous nucleic acid sequence or homolo 
gous amino acid sequence, or variations thereof, refer to 
sequences characteriZed by a homology at the nucleotide 
level or amino acid level. Homologous nucleotide sequences 
encode those sequences coding for isoforms of MCM. 
Isoforms can be expressed in different tissues of the same 
organism as a result of, for example, alternative splicing of 
RNA. Alternatively, different genes can encode isoforms. In 
the invention, homologous nucleotide sequences include 
nucleotide sequences encoding for a MCM of species other 
than bacteria, including, but not limited to: vertebrates, and 
thus can include, e.g., frog, mouse, rat, rabbit, dog, cat, coW, 
horse, and any organism, including all polyketide-producers. 
Homologous nucleotide sequences also include, but are not 
limited to, naturally occurring allelic variations and muta 
tions of the nucleotide sequences set forth herein. Ahomolo 
gous nucleotide sequence does not, hoWever, include the 
exact nucleotide sequence encoding human MCM. Homolo 
gous nucleic acid sequences include those nucleic acid 
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sequences that encode conservative amino acid substitutions 
in SEQ ID NOs:9 and 10, as Well as a polypeptide possess 
ing MCM biological activity. 

[0042] An open reading frame (ORF) of a MCM gene 
encodes MCM. An ORF is a nucleotide sequence that has a 
start codon (ATG) and terminates With one of the three 
“stop” codons (TAA, TAG, or TGA). In this invention, 
hoWever, an ORF may be any part of a coding sequence that 
may or may not comprise a start codon and a stop codon. To 
achieve a unique sequence, preferable MCM ORFs encode 
at least 50 amino acids. 

[0043] Operably linked means a polynucleotide that is in 
a functional relationship With another nucleic acid sequence. 
For example, a promoter or enhancer is operably linked to 
a coding sequence if it affects the transcription of the 
sequence; or a ribosome binding site is operably linked to a 
coding sequence if it is positioned so as to facilitate trans 
lation. Generally, “operably linked” means that the DNA 
sequences being linked are contiguous. Enhancers do not 
have to be contiguous. Linking is accomplished by ligation 
at convenient restriction sites. If such sites do not exist, the 
synthetic oligonucleotide adaptors or linkers can be used. 

[0044] An isolated MCM-encoding polynucleotide is a 
nucleic acid molecule that is identi?ed and separated from at 
least one contaminant nucleic acid molecule With Which it is 
ordinarily associated in the natural source of the MCM 
nucleic acid. An isolated MCM nucleic acid molecule 
includes those contained in cells that ordinarily express the 
MCM polypeptide Where, for example, the nucleic acid is in 
a chromosomal location different from that of natural cells, 
or as provided extra-chromosomally. 

[0045] An isolated or puri?ed polypeptide, protein or 
biologically active fragment is separated and/or recovered 
from a component of its natural environment. Contaminant 
components include materials that Would typically interfere 
With diagnostic or therapeutic uses for the polypeptide, and 
may include enZymes, hormones, and other proteinaceous or 
non-proteinaceous materials. Preferably, the polypeptide is 
puri?ed to a suf?cient degree to obtain at least 15 residues 
of N-terminal or internal amino acid sequence. To be sub 
stantially isolated, preparations having less than 30% by dry 
Weight of non-MCM contaminating material (contami 
nants), more preferably less than 20%, 10% and most 
preferably less than 5% contaminants. An isolated, recom 
binantly-produced MCM or biologically active portion is 
preferably substantially free of culture medium, i.e., culture 
medium represents less than 20%, more preferably less than 
about 10%, and most preferably less than about 5% of the 
volume of the MCM preparation. Examples of contaminants 
include cell debris, culture media, and substances used and 
produced during in vitro synthesis of MCM. 

[0046] An active MCM polypeptide or MCM polypeptide 
fragment retains a biological and/ or an immunological activ 
ity similar, but not necessarily identical, to an activity of a 
naturally-occurring (Wild-type) MCM polypeptide of the 
invention, including mature forms. A particular biological 
assay, With or Without dose dependency, can be used to 
determine MCM activity. A nucleic acid fragment encoding 
a biologically-active portion of MCM can be prepared by 
isolating a portion of SEQ ID NO:8 that encodes a polypep 
tide having a MCM biological activity (the biological activi 
ties of the MCM are described beloW), expressing the 
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encoded portion of MCM (e.g., by recombinant expression 
in vitro) and assessing the activity of the encoded portion of 
MCM. Immunological activity refers to the ability to induce 
the production of an antibody against an antigenic epitope 
possessed by a native MCM; biological activity refers to a 
function, either inhibitory or stimulatory, caused by a native 
MCM that excludes immunological activity. 

[0047] Practicing the Invention 

[0048] The invention is exempli?ed by the situation 
Wherein erythromycin production is increased by increasing 
activity of the MCM, using erythromycin-producing strains 
to exemplify the methods. Various tools that can be used to 
manipulate other enZymes that lead to or from the methyl 
malonyl-CoA metabolite pool are also discussed. Culture 
conditions are discussed that can be used to maximiZe 
antibiotic production, especially using commercial culture 
conditions. 

[0049] 
[0050] In one embodiment, a process of the present inven 
tion includes increasing the activity of methylmalonyl-CoA 
mutase, the enZyme that catalyZes the inter-conversion of 
methylmalonyl-CoA and succinyl-CoA. 

Increasing methylmalonyl-CoA mutase Activity 

[0051] The activity of methylmalonyl-CoA mutase can be 
increased by any means that results in an increase in 
production of methylmalonyl-CoA, and ultimately, a 
polyketide. When increasing the activity of MCM, care 
should be taken that sufficient substrate and co-factors are 
available to accommodate the increased activity, including 
the co-enZyme B12. In some cases, increasing MCM activity 
simply requires providing additional substrate and co-fac 
tors. 

[0052] The activity of methylmalonyl-CoA mutase 
(MCM) can also be increased by increasing the amount of 
enZyme that is expressed. Means of increasing the amount of 
MCM include: (1) increasing the transcription, translation or 
copy number of the MCM gene; (2) increasing the tran 
scription, translation, or copy number of a positive regulator 
of the MCM gene; and (3) decreasing the transcription or 
translation of a negative regulator of the MCM gene, includ 
ing genetically inactivating the gene. These approaches can 
be combined to maximiZe MCM activity. 

[0053] Increasing the Transcription, Translation or Copy 
Number of the MCM Gene or Positive Regulator of the 
MCM Gene 

[0054] (a) Control Sequences 

[0055] One method of increasing transcription is to enlist 
poWerful control sequences. “Control sequences” refers to 
nucleotide sequences that enable expression of an operably 
linked coding sequence in a particular host organism. 
Prokaryotic control sequences include (1) a promoter, (2) 
optionally an operator sequence, and (3) a ribosome-binding 
site. Enhancers, Which are often separated from the gene of 
interest, can also be used. 

[0056] Examples of constitutive promoters include the int 
promoter of bacteriophage .lambda., the bla promoter of the 
[3-lactamase gene sequence of pBR322, and the promoter of 
the chloramphenicol acetyl transferase gene sequence of 
pPR325, and the like. Examples of inducible prokaryotic 
promoters include the major right and left promoters of 
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bacteriophage 7» (PL and PR), the trp, recA, k acZ, 7t acI, and 
gal promoters of E. coli the ot-amylase (Ulmanen et al., 
1985) and the <Q-28-speci?c promoters of B. sublilis (Gilman 
et al., 1984), the promoters of the bacteriophages of Bacillus 
(Gilman et al., 1984), and Slreplomyces promoters (Ward et 
al., 1986). Prokaryotic promoters are reviewed by (Cenati 
empo, 1986); and Gottesman (Gottesman, 1984). 

[0057] (b) Extra Copies 

[0058] Another method of increasing MCM activity 
includes introducing additional copies of an MCM poly 
nucleotide. These extra copies can be extra-chromosomal or 
integrated into the host organism’s genome, or both. Expres 
sion from these additional copies can be enhanced using 
control elements, such as promoters (including inducible 
promoters), enhancers, etc.. Nucleic acid variants encoding 
MCM can be used, as Well as those that encode polypeptide 
MCM variants. 

[0059] Alternatively, additional copies of MCM poly 
nucleotides can be introduced by cross-mating bacteria. 

[0060] The invention further encompasses using nucleic 
acid molecules that dilTer from the nucleotide sequences 
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shoWn in SEQ ID NO:8 (shoWn in Table 2; SEQ ID NO:8 
shoWs the MCM operon of S. erylhraea; nucleotides 258 
2114 encode mutA, the small subunit of MCM; nucleotides 
2111-4405 encode mutB, the large subunit of MCM; nucle 
otides 4408-5394 encode meaB; and nucleotides 5394-5753 
encode gntR) due to degeneracy of the genetic code and thus 
encode the same MCM as that encoded by the nucleotide 

sequences shoWn in SEQ ID N018. An isolated nucleic acid 
molecule useful in the invention has a nucleotide sequence 

encoding proteins, among others, having amino acid 
sequences shoWn in SEQ ID NOs:9 and 10 (shoWn in Table 

1). 

[0061] Table 3 shoWs SEQ ID NOsz12 and 13, Wherein 
SEQ ID NO:12 represents the genomic sequences that are 
upstream of mutA, and includes ORFSel from nucleotide 
236 to 1147. In SEQ ID NO:13, shoWing the genomic 
sequence doWnstream of gntR, encodes from nucleotide 
500-1234, ORFSe6, a protein that is similar to putative 
lipoproteins in Slreplomyces coelicolor and Slreplomyces 
avermililis. 

TABLE 1 

Methylmalonyl CoA operon — encoded polypeptides 
(SEQ ID NOs: 7 , 9, 10 and 11) 

mutA (SEQ ID NO:9) 
Met Ala His Ser 
1 

Glu Ala 
15 

Thr Thr Ser Asp Gly Pro Ala 
5 10 

Leu Pro Leu 

Glu 

Val 

Pro 

His 
65 

Ala 

Trp 

Arg 

Glu 

Glu 
145 

Glu 

Gly 

Ser 

Glu 

Phe 

Leu 

Val 

Pro 

Pro 

Asp 

Glu 

Leu 

130 

Gly 

Ala 

Val 

Thr 

Val 

210 

Pro 

Arg 

Glu 

Leu 

Tyr 

Val 

Ile 
115 

Gly 

Val 

Ala 

Arg 

Trp 
195 

Ala 

Glu 
20 

Arg 

Asp 

Tyr 

Val 

Arg 
100 

Leu 

Pro 

His 

Arg 

Pro 

180 

Ala 

Ala 

Pro 

Ser 

Val 

Thr 

Arg 
85 

Gln 

Ala 

Thr 

Leu 

Ala 
165 

Ser 

Arg 

His 

Ala 

Gly 

Leu 

Glu 
70 

Gly 

His 

Asp 

Gly 

Asp 
150 

Ala 

Ala 

Thr 

Cys 

Arg 

Leu 

Ala 

Gly 

Ser 

His 

Leu 

Leu 

135 

Met 

Ser 

Leu 

Gly 

Ala 

215 

Gln 

Leu 

40 

Ser 

Pro 

Arg 

Ala 

Tyr 
120 

Pro 

Ile 

Ala 

Arg 

Gln 

200 

Ser 

25 

Pro 

Ala 

Ala 

Ala 

His 
105 

Asn 

Val 

Gly 

Leu 

Ala 

185 

Glu 

His 

Trp 

Glu 

Thr 

Ser 

Gln 
90 

Pro 

Gly 

Asp 

Val 

Leu 

170 

Asn 

Arg 

Pro 

Arg 

Gly 

Tyr 

Ser 

75 

Gly 

Asp 

Thr 

Ser 

Val 
155 

Glu 

Leu 

Asp 

Gly 

Gln 

Arg 

Asp 

Gly 

Cys 

Ala 

Thr 

Leu 

140 

Leu 

Leu 

Gly 

Leu 

Leu 

220 

Gln 

Pro 

45 

Gly 

Val 

Val 

Ser 

Ser 

125 

Ala 

Asp 

Ala 

Ala 

Gly 
205 

Arg 

Val 
30 

Ala 

Ile 

Pro 

Ser 

Glu 
110 

Leu 

Asp 

Ala 

Arg 

Asp 
190 

Leu 

Ala 

Glu 

Pro 

Thr 

Gly 

Glu 
95 

Thr 

Trp 

Ala 

Gly 

Glu 
175 

Pro 

Ala 

Ile 

Lys 

Glu 

Val 

Leu 

80 

Gly 

Asn 

Leu 

Leu 

Asp 
160 

Gln 

Leu 

Ala 

Thr 
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TABLE l-oontinued 

Methylmalonyl CoA operon — encoded polypeptides 

(SEQ ID NOs: 7, 9, l0 and 11) 

Val Asp Gly Leu Pro Tyr His Glu Ala Gly Gly Ser Asp Ala Glu Glu 
225 230 235 240 

Leu Gly Cys Ser Ile Ala Ala Gly Val Thr Tyr Leu Arg Val Leu Ala 
245 250 255 

Gly Glu Leu Gly Ala Glu Ala Ala Ser Gly Leu Leu Glu Phe Arg Tyr 
260 265 270 

Ala Ala Thr Ala Asp Gln Phe Leu Thr Ile Ala Lys Leu Arg Ala Ala 
275 280 285 

Arg Arg Leu Trp Glu Arg Val Thr Arg Glu Ile Gly Val Ala Glu Arg 
290 295 300 

Ala Gln Leu Gln His Ala Val Thr Ser Ser Ala Met Leu Thr Arg Arg 
305 310 315 320 

Asp Pro Trp Val Asn Met Leu Arg Thr Thr Ile Ala Thr Phe Ala Ala 
325 330 335 

Gly Val Gly Gly Ala Arg Ser Val Thr Val Arg Pro Phe Asp Ala Ala 
340 345 350 

Ile Gly Leu Pro Asp Pro Phe Ser Arg Arg Ile Ala Arg Asn Thr Gln 
355 360 365 

Ser Leu Leu Leu Glu Glu Ser His Leu Ala Gln Val Ile Asp Pro Ala 
370 375 380 

Gly Gly Ser Trp Tyr Val Glu Thr Leu Thr Asp Glu Leu Ala His Lys 
385 390 395 400 

Ala Trp Glu Trp Phe Arg Arg Ile Glu Ala Glu Gly Gly Leu Pro Ala 
405 410 415 

Ala Leu Arg Ser Gly Leu Val Ala Asp Arg Leu Ala Glu Thr Trp Gln 
420 425 430 

Arg Arg Arg Asp Ala Val Ala His Arg Thr Asp Pro Ile Thr Gly Val 
435 440 445 

Thr Glu Phe Pro Asn Leu Glu Glu Pro Ala Leu Arg Arg Asp Pro Ala 
450 455 460 

Pro Glu Pro Leu Ser Gly Gly Leu Pro Arg His Arg Tyr Ala Glu Asp 
465 470 475 480 

Phe Glu Arg Leu Arg Asp Ala Ser Asp Ala His Leu Ala Glu Thr Gly 
485 490 495 

Ala Arg Pro Lys Val Phe Leu Ala Thr Leu Gly Ser Leu Ala Glu His 
500 505 510 

Asn Ala Arg Ala Ser Phe Ala Arg Asn Leu Phe Gly Ala Gly Gly Leu 
515 520 525 

Glu Thr Pro Asp Ala Gly Pro Thr Glu Ser Thr Glu Asp Val Val Lys 
530 535 540 

Ala Phe Ala Gly Ser Gly Thr Pro Val Ala Cys Leu Cys Ser Gly Asp 
545 550 555 560 

Arg Ile Tyr Gly Glu His Ala Glu Glu Thr Ala Arg Ala Leu Arg Glu 
565 570 575 

Ala Gly Ala Asp Gln Val Leu Leu Ala Gly Ser Leu Glu Val Pro Gly 
580 585 590 

Val Asp Gly Arg Val Phe Gly Gly Cys Asn Ala Leu Glu Val Leu Gln 
595 600 605 
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TABLE l-oontinued 

Methylmalonyl CoA operon — encoded polypeptides 

(SEQ ID NOs: 7, 9, 10 and 11) 

Asp Val His Arg Arg Leu Gly Val Gln Gln 
610 615 

mutB (SEQ ID NO:10) 
Met Thr Ala His Glu His Glu Pro Ile Pro Ser Phe Ala Gly Val Glu 
l 5 l0 l5 

Leu Gly Glu Pro Ala Pro Ala Pro Ala Gly Arg Trp Asn Asp Ala Leu 
20 25 30 

Leu Ala Glu Thr Gly Lys Glu Ala Asp Ala Leu Val Trp Glu Ala Pro 

Glu Gly Ile Gly Val Lys Pro Leu Tyr Thr Glu Ala Asp Thr Arg Gly 
50 55 60 

Leu Asp Phe Leu Arg Thr Tyr Pro Gly Ile Ala Pro Phe Leu Arg Gly 
65 70 75 80 

Pro Tyr Pro Thr Met Tyr Val Asn Gln Pro Trp Thr Val Arg Gln Tyr 
85 90 95 

Ala Gly Phe Ser Thr Ala Glu Gln Ser Asn Ala Phe Tyr Arg Arg Asn 
100 105 110 

Leu Ala Ala Gly Gln Lys Gly Leu Ser Val Ala Phe Asp Leu Ala Thr 
115 120 125 

His Arg Gly Tyr Asp Ser Asp His Pro Arg Val Gly Gly Asp Val Gly 
130 135 140 

Met Ala Gly Val Ala Ile Asp Ser Ile Tyr Asp Met Arg Arg Leu Phe 
145 150 155 160 

Asp Gly Ile Pro Leu Asp Arg Met Ser Val Ser Met Thr Met Asn Gly 
165 170 175 

Ala Val Leu Pro Val Met Ala Leu Tyr Ile Val Ala Ala Glu Glu Gln 
180 185 190 

Gly Val Ala Pro Glu Lys Leu Ala Gly Thr Ile Gln Asn Asp Ile Leu 
195 200 205 

Lys Glu Phe Met Val Arg Asn Thr Tyr Ile Tyr Pro Pro Gln Pro Ser 
210 215 220 

Met Arg Ile Ile Ser Asp Ile Phe Ala Tyr Ala Ser Arg Arg Met Pro 
225 230 235 240 

Lys Phe Asn Ser Ile Ser Ile Ser Gly Tyr His Ile Gln Glu Ala Gly 
245 250 255 

Ala Thr Ala Asp Leu Glu Leu Ala Tyr Thr Leu Ala Asp Gly Val Glu 
260 265 270 

Tyr Leu Arg Ala Gly Arg Gln Ala Gly Leu Asp Ile Asp Ser Phe Ala 
275 280 285 

Pro Arg Leu Ser Phe Phe Trp Gly Ile Gly Met Asn Phe Ala Met Glu 
290 295 300 

Val Ala Lys Leu Arg Ala Ala Arg Leu Leu Trp Ala Lys Leu Val Lys 
305 310 315 320 

Arg Phe Glu Pro Ser Asp Pro Lys Ser Leu Ser Leu Arg Thr His Ser 
325 330 335 

Gln Thr Ser Gly Trp Ser Leu Thr Ala Gln Asp Val Tyr Asn Asn Val 
340 345 350 

Val Arg Thr Cys Val Glu Ala Met Ala Ala Thr Gln Gly His Thr Gln 
355 360 365 
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TABLE l-oontinued 

Methylmalonyl CoA operon — encoded polypeptides 

(SEQ ID NOs: 7, 9, 10 and 11) 

Ser Leu His Thr Asn Ala Leu Asp Glu Ala Leu Ala Leu Pro Thr Asp 
370 375 380 

Phe Ser Ala Arg Ile Ala Arg Asn Thr Gln Leu Val Leu Gln Gln Glu 
385 390 395 400 

Ser Gly Thr Thr Arg Val Ile Asp Pro Trp Gly Gly Ser His Tyr Ile 
405 410 415 

Glu Arg Leu Thr Gln Asp Leu Ala Glu Arg Ala Trp Ala His Ile Thr 
420 425 430 

Glu Val Glu Asp Ala Gly Gly Met Ala Gln Ala Ile Asp Ala Gly Ile 
435 440 445 

Pro Lys Met Arg Ile Glu Glu Ala Ala Ala Arg Thr Gln Ala Arg Ile 
450 455 460 

Asp Ser Gly Arg Gln Pro Leu Ile Gly Val Asn Lys Tyr Arg Tyr Asp 
465 470 475 480 

Gly Asp Glu Gln Ile Glu Val Leu Lys Val Asp Asn Ala Gly Val Arg 
485 490 495 

Ala Gln Gln Leu Asp Lys Leu Arg Arg Leu Arg Glu Glu Arg Asp Ser 
500 505 510 

Glu Ala Cys Glu Thr Ala Leu Arg Arg Leu Thr Gly Ala Ala Glu Ala 
515 520 525 

Ala Leu Glu Asp Asn Arg Pro Asp Asp Leu Ala His Asn Leu Leu Thr 
530 535 540 

Leu Ala Val Asp Ala Ala Arg His Lys Ala Thr Val Gly Glu Ile Ser 
545 550 555 560 

Asp Ala Leu Glu Lys Val Phe Gly Arg His Ser Gly Gln Ile Arg Thr 
565 570 575 

Ile Ser Gly Val Tyr Arg Glu Glu Ser Gly Thr Ser Glu Ser Leu Glu 
580 585 590 

Arg Ala Arg Arg Lys Val Glu Glu Phe Asp Glu Ala Glu Gly Arg Arg 
595 600 605 

Pro Arg Ile Leu Val Ala Lys Met Gly Gln Asp Gly His Asp Arg Gly 
610 615 620 

Gln Lys Val Ile Ala Thr Ala Phe Ala Asp Ile Gly Phe Asp Val Asp 
625 630 635 640 

Val Gly Pro Leu Phe Gln Thr Pro Ala Glu Val Ala Arg Gln Ala Val 
645 650 655 

Glu Ser Asp Val His Val Val Gly Val Ser Ser Leu Ala Ala Gly His 
660 665 670 

Leu Thr Leu Val Pro Ala Leu Arg Asp Glu Leu Ala Gly Leu Gly Arg 
675 680 685 

Ser Asp Ile Met Ile Val Val Gly Gly Val Ile Pro Pro Ala Asp Phe 
690 695 700 

Asp Ala Leu Arg Gln Gly Gly Ala Ser Ala Ile Phe Pro Pro Gly Thr 
705 710 715 720 

Val Ile Ala Asp Ala Ala Leu Gly Leu Leu Asp Gln Leu Arg Ala Val 
725 730 735 

Leu Asp His Pro Ala Pro Gly Glu Pro Ala Gly Glu Ser Asp Gly Ala 
740 745 750 
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TABLE l-oontinued 

Methylmalonyl CoA operon — encoded polypeptides 

(SEQ ID NOs: 7, 9, 10 and 11) 

Arg Gly Gly Ser Pro Gly Glu Thr Ser Ser Ala Gly 
755 760 

meaB (SEQ ID NO:8) 
Met Pro Arg Glu Ile Asp Val Gln Asp Tyr Ala Lys Gly Val Leu Gly 
1 5 10 15 

Gly Ser Arg Ala Lys Leu Ala Gln Ala Ile Thr Leu Val Glu Ser Thr 
20 25 30 

Arg Ala Glu His Arg Ala Lys Ala Gln Glu Leu Leu Val Glu Leu Leu 

Pro His Ser Gly Gly Ala His Arg Val Gly Ile Thr Gly Val Pro Gly 
50 55 60 

Val Gly Lys Ser Thr Phe Ile Glu Ser Leu Gly Thr Met Leu Thr Ala 
65 70 75 80 

Gln Gly His Arg Val Ala Val Leu Ala Val Asp Pro Ser Ser Thr Arg 
85 90 95 

Ser Gly Gly Ser Ile Leu Gly Asp Lys Thr Arg Met Pro Lys Phe Ala 
100 105 110 

Ser Asp Ser Gly Ala Phe Val Arg Pro Ser Pro Ser Ala Gly Thr Leu 
115 120 125 

Gly Gly Val Ala Arg Ala Thr Arg Glu Thr Ile Val Leu Met Glu Ala 
130 135 140 

Ala Gly Phe Asp Val Val Leu Val Glu Thr Val Gly Val Gly Gln Ser 
145 150 155 160 

Glu Val Ala Val Ala Gly Met Val Asp Cys Phe Leu Leu Leu Thr Leu 
165 170 175 

Ala Arg Thr Gly Asp Gln Leu Gln Gly Ile Lys Lys Gly Val Leu Glu 
180 185 190 

Leu Ala Asp Leu Val Ala Val Asn Lys Ala Asp Gly Pro His Glu Gly 
195 200 205 

Glu Ala Arg Lys Ala Ala Arg Glu Leu Arg Gly Ala Leu Arg Leu Leu 
210 215 220 

Thr Pro Val Ser Thr Ser Trp Arg Pro Pro Val Val Thr Cys Ser Gly 
225 230 235 240 

Leu Thr Gly Ala Gly Leu Asp Thr Leu Trp Glu Gln Val Glu Gln His 
245 250 255 

Arg Ala Thr Leu Thr Glu Thr Gly Glu Leu Ala Glu Lys Arg Ser Arg 
260 265 270 

Gln Gln Val Asp Trp Thr Trp Ala Leu Val Arg Asp Gln Leu Met Ser 
275 280 285 

Asp Leu Thr Arg His Pro Ala Val Arg Arg Ile Val Asp Glu Val Glu 
290 295 300 

Ser Asp Val Arg Ala Gly Glu Leu Thr Ala Gly Ile Ala Ala Glu Arg 
305 310 315 320 

Leu Leu Asp Ala Phe Arg Glu Arg 
325 

gntR (SEQ ID NO:11) 
Met Leu Ala Val Thr Val Asp Pro Asn Ser Ala Val Ala Pro Phe Glu 
1 5 10 15 

Gln Val Arg Thr Gln Ile Ala Gln Gln Ile Asn Asp Arg Val Leu Pro 
20 25 30 






















































