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ABSTRACT To date, no information has been made available on the genetic traits
that lead to increased carbon flow into the fatty-acid-biosynthetic pathway in
Corynebacterium glutamicum. To develop basic technologies for engineering, we
employed an approach that begins by isolating a fatty acid-secreting mutant without
depending on mutagenic treatment. This was followed by genome analysis to
characterize the genetic background. The selection of spontaneous mutants resistant to
the palmitic acid ester surfactant Tween 40 resulted in isolation of a desired mutant that
produced oleic acid, suggesting that a single mutation would cause increased carbon
flow down the pathway and subsequent excretion of the oversupplied fatty acid into the
medium. Two additional rounds of the selection of spontaneous cerulenin-resistant
mutants led to increased production of the fatty acid in a step-wise manner. Whole
genome sequencing of the resulting best strain identified three specific mutations
(fasR20, fasA63"", and fasA2623). Allele-specific PCR analysis showed that the
mutations have arisen in that order. Reconstitution experiments using these mutations
revealed that only fasR20 gave rise to oleic acid production in the wild strain. The other
two mutations contributed to an increase in oleic acid production. Deletion of fasR in
the wild strain led to oleic acid production as well. Reverse transcription-quantitative
PCR analysis revealed that the fasR20 mutation brought about upregulation of the fasA
and fasB genes encoding fatty acid synthases IA and IB, respectively, by 1.31 +
0.11-fold and 1.29 £ 0.12-fold, respectively, and of the accD1 gene encoding the
B-subunit of acetyl-CoA carboxylase by 3.56 + 0.97-fold. On the other hand, the
fasA63"? mutation upregulated the fasA gene by 2.67 + 0.16-fold. In flask cultivation
with 1% glucose, the fasR20-fasA63"P-fasA2623 triple mutant produced approximately

280 mg of fatty acids per liter, which were comprised mainly of oleic acid (208
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mg/liter) and palmitic acid (47 mg/liter).

INTRODUCTION
Lipids and their related compounds comprise a variety of useful materials, such as
arachidonic, eicosapentaenoic, and docosahexaenoic acids that are functional lipids (1),
prostaglandins and leukotrienes that are used as pharmaceuticals (2), biotin and a-lipoic
acid that have pharmaceutical and cosmetic uses (3-5), and hydrocarbons and fatty acid
ethyl esters that are used as fuels (6, 7). Since most of these compounds are derived via
the fatty-acid-synthetic pathway, increasing carbon flow into this pathway is an
important consideration in producing these compounds by the fermentation method.
Although there are numerous articles on lipid production by oleaginous fungi
and yeasts (8, 9), attempts at using bacteria for that purpose remain limited (10-12). A
pioneering study that showed the bacterial production of fatty acids using genetically
engineered E. coli was performed by Cho and Cronan (11). They demonstrated that
cytosolic expression of the periplasmic enzyme acyl-acyl carrier protein (ACP)
thioesterase | (TesA) resulted in extracellular production of free fatty acids. This
phenomenon has been reasonably explained by avoidance of the regulatory mechanism
of fatty acid synthesis through the TesA-catalyzed cleavage of acyl-ACP, which acts as
a feedback inhibitor of fatty-acid-synthetic enzymes acetyl-CoA carboxylase, FabH, and
Fabl (11). Most of the later studies on the bacterial production of fatty acids and their
derivatives have been based on this technique (13, 14). Another representative work is
the establishment of a reversal f-oxidation cycle in E. coli, which also led to
extracellular production of free fatty acids (12). The advantage of this approach is that

the engineered pathway directly uses acetyl-CoA instead of malonyl-CoA for acyl-chain
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elongation, and can thus bypass the ATP-consuming step required for malonyl-CoA
formation. Despite these positive results, fatty acid productivities remain far below a
practical level. In addition, the bacterial production platform has exclusively depended
on E. coli, except for one example of cyanobacterium, to which the E. coli TesA
technique has been applied (13).

Our objective is to develop the basic technologies to produce fatty acids by
using Corynebacterium glutamicum. This bacterium has long been used for the
industrial production of a variety of amino acids including L-glutamic acid and L-lysine
(15). It has also recently been developed as a production platform for various
commodity chemicals (16, 17, 18), fuel alcohols (19, 20), carotenoids (21), and
heterologous proteins (22). However, there are no reports of fatty acid production by
this bacterium, except for undesired production of acetate, a water-soluble short-chain
fatty acid, as a byproduct (23). To the best of our knowledge, no attempts have been
made to improve carbon flow into the fatty-acid-biosynthetic pathway. In this context, it
seems worthwhile to verify the feasibility of this bacterium as a potential workhorse for
fatty acid production.

With respect to fatty acid biosynthesis in C. glutamicum, there are some genetic
and functional studies on the relevant genes (24-28). Unlike the majority of bacteria
including E. coli and B subtilis, coryneform bacteria, such as genera Corynebacterium
and Mycobacterium, are known to possess type | fatty acid synthase (Fas) (29), a
multienzyme that performs successive cycles of fatty acid synthesis, into which all
activities required for fatty acid elongation are integrated (29). In addition,
Corynebacterium fatty acid synthesis is thought to differ from that of common bacteria

in that the donor of two-carbon units and the end product are CoA derivatives instead of
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ACP derivatives. This was demonstrated using the purified Fas from Corynebacterium
ammoniagenes (30), which is closely related to C. glutamicum. With regard to the
regulatory mechanism of fatty acid biosynthesis, the details are not fully understood. It
was only recently shown that the relevant biosynthesis genes were transcriptionally
regulated by the TetR-type transcriptional regulator FasR (28). Fatty acid metabolism
and its predicted regulatory mechanism in C. glutamicum are shown in Fig. 1.

In this study, we initially investigated whether a desired fatty acid-producing
mutant can be obtained from wild-type C. glutamicum. Our strategies were (i) to isolate
a mutant that secretes oleic acid, a major fatty acid in the C. glutamicum membrane
lipid (27), as an index of fatty acid production, and (ii) to identify the causal mutations
through genome analysis. For this purpose, we attempted to induce mutants that
acquired desired phenotypes without using mutagenic treatment. Compared to the
conventional mutagenic procedure that depends on chemical mutagens or ultraviolet,
the selection of a desired phenotype by spontaneous mutation is undoubtedly less
efficient, but seems to permit the accumulation of a minimum number of beneficial
mutations even if the process is repeated. If this is true, genome analysis can be
expected to directly decipher the results leading to desired phenotypes, and thereby
define the genetic background that is required to achieve the production. Described
herein is the first demonstration of such strain development undertaken toward fatty

acid production by C. glutamicum.

MATERIALS AND METHODS
Bacterial strains, plasmids, primers, and chemicals. The wild-type C. glutamicum

strain ATCC 13032 was used in this study. C. glutamicum OLA-15, which was used as
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an indicator strain for agar piece assays, is an oleic acid-auxotrophic mutant derived by
a round of mutagenesis from the wild strain. Escherichia coli DH50 was used as a host
for DNA manipulation. The plasmid pCS299P (31), a C. glutamicum-E. coli shuttle
vector, was used to clone the PCR products. The plasmid pESB30 (31), which is
nonreplicative in C. glutamicum, is a vector for gene replacement in C. glutamicum. The
primer sequences used in this study are listed in Table S1. All primers were designed
based on the genomic sequence of C. glutamicum ATCC 13032 (BA000036), which is
publicly available at http://www.genome.jp/kegg/genes.html (32). The chemical
compounds Tween 40 and cerulenin were purchased from Nakalai Tesque (Kyoto,

Japan) and Wako Pure Chemical Industries, Ltd (Osaka, Japan), respectively.

Media and culture conditions. Complete medium BY (33) and minimal medium MM
(33) were used for the cultivation of wild-type ATCC 13032 and its derivatives. MM
medium contained 1% glucose as the sole carbon source. Solid plates were made by the
addition of Bacto agar (Difco) to 1.5%. For lipid production in liquid culture, a 3-ml
sample of the seed culture grown in BY medium to the mid-exponential phase at 30°C
was inoculated into a 300-ml baffled Erlenmeyer flask containing 30 ml of MM

medium, followed by cultivation at 30°C using a rotary shaker at 200 rpm.

Agar piece assays for oleic acid production. Microbiological assay for oleic acid was

performed with an agar piece method, essentially as described previously (34).

Recombinant DNA techniques. Standard protocols (35) were used for the construction,

purification, and analysis of plasmid DNA and for the transformation of E. coli. The
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extraction of C. glutamicum chromosomal DNA and transformation of C. glutamicum

by electroporation were carried out as described previously (33).

Identification of mutations in fatty acid-producing mutants. Mutations in strain
PCC-6 were identified via a comparative genome analysis using the wild-type ATCC
13032 genome as a reference (http://www.genome.jp/kegg/genes.html). Whole genome
sequencing of strain PCC-6 was conducted by Takara Bio Inc (Shiga, Japan) using
Illumina Genome Analyzer 1Ix (Illumina, San Diego, CA). In regard to the three specific
mutations found in strain PCC-6, allele-specific PCR (36) was conducted to examine

the presence or absence of each specific mutation in strains PAS-15 and PC-33.

Introduction of specific mutations into the genome. Plasmids pCfasR20, pCfasA63"",
and pCfasA2623, which were used for the introduction of specific mutations into the C.
glutamicum genome, were constructed as follows. The mutated fasR gene region was
PCR amplified using primers Cgl2490up700F and Cgl2490down500RFbal with the
genomic DNA from strain PCC-6 as a template, producing the 1.3-kb fragment. On the
other hand, a region upstream of the fasA gene of strain PCC-6 was amplified using
Cgl0836up900FFbal and Cgl0836inn700RFbal, producing the 1.7-kb fragment.
Similarly, the mutated fasA gene region was amplified using primers
Cgl0836inn700FFbal and Cgl0836down200RFbal with the genomic DNA of strain
PCC-6, producing the 2.1-kb fragment. After verification by DNA sequencing, each
PCR fragment that contained the corresponding point mutation in its midportion was
digested with Bcll and then ligated to BamHI-digested pESB30 to yield the intended

plasmid. The introduction of each specific mutation into the C. glutamicum genome was
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accomplished using the corresponding plasmid via two recombination events, as
described previously (37). The presence of the mutation(s) was confirmed by

allele-specific PCR and DNA sequencing.

Chromosomal deletion of the fasR gene. Plasmid pCAfasR containing the internally
deleted fasR gene was constructed as follows. The 5’ region of the fasR gene was
amplified using primers fasRup600FBglIl and fasRFusR with wild-type ATCC 13032
genomic DNA as a template. Similarly, the 3’ region of the gene was amplified using
the primers fasRFusF and fasRdown800RBgIII. The 5’ and 3’ regions were fused by
PCR using the primers fasRup600FBglll and fasRdown800RBgll1l. The resulting 1.6-kb
fragment containing the deleted fasR gene, which was shortened by an in-frame deletion
from 639 to 60 bp, was digested with Bglll and then ligated to BamHI-digested pESB30
to yield pCAfasR. Defined chromosomal deletion of the fasR gene was accomplished

via two recombination events using the plasmid.

RNA extraction, cDNA synthesis, and quantitative PCR. Extraction of total RNASs
from C. glutamicum strains and subsequent purification were performed according to
the methods described previously (38). Synthesis of cDNA was performed using 300 ng
of RNA by the methods described by Kind et al (17). Quantitative-PCR analysis was
performed by the method described by Katayama et al (39). The gene expression levels
were standardized to the constitutive expression level of 16S rRNA, and calculated

using the comparative Ct method (40).

Quantitative determination of lipids. Total lipids were extracted from culture
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supernatant by the Bligh-Dyer method (41). The culture supernatant was prepared by
removing cells through centrifugation at 10,000xg for 20 min and subsequent filtration
with a Millex-MA filtrate unit (0.45 um pore size; Millipore Corporation, Billerica,
MA). The extracted total lipids were dissolved in 2 ml of chloroform (hereafter, the
solution is referred to as extract A). Quantitative determination of lipids was conducted
by Toray Research Center (Kanagawa, Japan) using gas chromatography and thin layer
chromatography (TLC) as follows.

For free fatty acid analysis, 1 ml of extract A was evaporated under a nitrogen
stream, suspended in a solvent containing 0.5 ml of benzene, 0.2 ml of methanol, and 1
ml of trimethylsilyldiazomethane, and then incubated at 60°C for 1 hour for
methyl-esterification of the free fatty acids. After the reaction, the mixture was
evaporated under a nitrogen stream, dissolved in 1.0 ml of chloroform containing
0.005% of methyl heneicosanoate as an internal standard, and applied to a GC-2010 gas
chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector and
an Omegawax 320 column (Sigma-Aldrich, St. Louis, MO). The column temperature
was kept at 50°C for 1 min and then ramped to 270°C at a rate of 8°C/min. The injector
and detector temperatures were held at 250°C and 270°C, respectively. Fatty acids were
identified and quantified using authentic fatty acid methyl ester standards.

For phospholipid analysis, 1 ml of extract A was evaporated under a nitrogen
stream, dissolved in 0.1 ml of chloroform, and applied onto HPTLC plates Silica gel 60
(Merck, Darmstadt, Germany). The solvent was chloroform/methanol/acetic acid/water,
125:75:6.5:5 (vol/vol/vol/vol). After separation, the plate was sprayed with 10% copper
sulfate in 8% phosphoric acid solution, and baked for 30 min at 150°C. The position of

each lipid species was identified by comparison with the corresponding standard
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supplied from Doosan Serdar Research Laboratories (Toronto, Ontario, Canada). The
intensities of each spot were measured using an Image Master 1D Elite ver. 3.00
(Amersham Bioscience, Tokyo, Japan). Lipid species were quantified using the standard

curves for each lipid drawn with serial dilutions of the standard substance.

Analysis. Bacterial growth was monitored by measuring the optical density at 660 nm
(ODggo) of the culture broth with a Miniphoto 518R spectrophotometer (Taitec, Saitama,
Japan). Glucose concentration was determined using Determinar GL-E (Kyowa Medex,

Japan).

RESULTS

Screening of compounds to induce oleic acid-producing mutants. A chemical
substance that satisfies the following criteria is assumed to be a specific inhibitor of
fatty acid biosynthesis in C. glutamicum. As such, mutants resistant to the compound
are likely to overproduce oleic acid, a major component of C. glutamicum membrane
lipid (27): (i) C. glutamicum cells are subject to growth inhibition in the presence of the
compound, and (ii) the growth inhibition is restored by the co-presence of oleic acid.
After screening a variety of chemical substances, including known inhibitors of
bacterial fatty acid biosynthesis (42), for such compounds, we found that the palmitic
acid ester surfactant Tween 40, as well as the antibiotic cerulenin, satisfied the above
criteria. Both the compounds have been suggested to have targets on fatty acid
biosynthesis in the coryneform bacteria: the presence of Tween 40 in the culture caused
a decreased amount of ACC B-subunit in C. glutamicum ATCC 13869 (24), whereas

cerulenin inhibited fatty acid synthase from C. ammoniagenes in vitro (43). Both the
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compounds have also been reported to trigger L-glutamate production by C. glutamicum,

presumably by destabilization of membrane (44, 45).

Selection of spontaneous mutants resistant to Tween 40.  Although both the
compounds met our criteria, the phenotype of growth recovery by oleic acid was more
prominent when Tween 40 was used. Thus, we first attempted to isolate spontaneous
Tween 40-resistant mutants from wild-type C. glutamicum ATCC 13032. For this
purpose, appropriate dilutions (10°° cells/ml) of the culture were spread on the MM
agar plates containing the minimum inhibitory concentration (MIC) of Tween 40
(approximately 1.5 g/liter), and colonies that emerged on the plates after a 5-day
cultivation were isolated. These Tween 40-resistant colonies were obtained at a
frequency of approximately 10™. These resistant colonies were then examined for their
abilities to produce oleic acid by agar piece assay using the oleic acid auxotroph
OLA-15 as an indicator strain. As a result, more than half of the mutants examined were
found to produce oleic acid whereas the wild strain never produced the fatty acid.
Among these, the strain that gave the largest halo of the indicator strain was designated

strain PAS-15 (Fig. 2). It was used as the parent strain to induce a second mutation.

Repeated selection of spontaneous cerulenin-resistant mutants. Since strain
PAS-15 no longer exhibited sensitivity to Tween 40, even at 20 g per liter, we attempted
to isolate spontaneous mutants resistant to the other compound, cerulenin, from the
strain in the same way as when selecting Tween 40-resistant mutants. After cultivation
for several days, colonies emerged on the MM agar plates containing the MIC

(approximately 7.5 mg/liter) of cerulenin at a frequency of approximately 10™*. These
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resistant colonies were examined for their production of oleic acid by agar piece assay,
revealing that approximately 5% of colonies showed a higher production of the fatty
acid than the parental strain PAS-15. Among these, the strain that showed the highest
production was designated strain PC-33 (Fig. 2). It was used as the parent strain to
induce a third mutation. Because the strain still showed sensitivity to a higher
concentration of cerulenin, we further induced higher resistance to cerulenin from the
strain. When the spontaneous selection was conducted at the MIC (approximately 15
mg/liter) for strain PC-33, colonies emerged at a frequency of approximately 10™. Agar
piece assay revealed that approximately 10% of colonies showed a higher production of
the fatty acid than the parental strain PC-33. Among these, we selected the best producer,

which was designated PCC-6 (Fig. 2).

Identification of mutations in strains PAS-15, PC-33, and PCC-6. Since the
obtained strain PCC-6 had acquired the ability to produce a relatively large halo, for
which we estimated the oleic acid level to be between 100 and 300 mg per liter, in our
agar piece assay, we considered it worthwhile to analyze its genetic traits that were
related to fatty acid production. To identify them, we conducted whole-genome
sequencing of the strain, which revealed only three specific mutations (Fig. 3): a G-to-A
exchange at nucleotide position 59 in the fasR gene, which led to the replacement of
Ser-20 by Asn (designated mutation fasR20); a C-to-G exchange at 63 bp upstream of
the fasA gene (designated mutation fasA63""); and a C-to-T exchange at nucleotide
position 7868 in the fasA gene, which led to the replacement of Ala-2623 by Val
(designated mutation fasA2623). Since the fasR and fasA genes are known to encode the

transcriptional regulator FasR and the fatty acid synthase FasA, respectively (27, 28),

12



288  the three mutations identified were all suggested to be related to fatty acid biosynthesis.
289  Subsequent allele-specific PCR revealed that the initially obtained strain PAS-15 carried
290  the fasR20 mutation whereas the next strain PC-33 carried the fasA63"? mutation, in
291  addition to fasR20, indicating that the mutations arose in the following order: fasR20,
292  fasA63", and fasA2623 (Fig. 3). This also suggests that the fasR20 mutation is

293  responsible for the Tween 40 resistance, whereas the fasA63"" and fasA2623 mutations
294  are responsible for resistance to the lower and higher concentrations of cerulenin,

295  respectively.

296

297  Reconstitutions of defined mutations in a wild-type genome and their effects on
298  oleic acid production. To examine the relevance of the three mutations to oleic acid
299  production, we first introduced them into the wild-type genome separately and

300  examined their abilities to produce oleic acid (Fig. 4). Agar piece assay showed that
301  only fasR20 gave rise to oleic acid production in the wild strain, whereas the other two
302  mutations showed no significant effect on production. We also examined the effect of
303  the in-frame deletion of the fasR inner sequence (designated AfasR) on production in the
304  wild strain, which revealed that the modification resulted in almost the same level of
305  oleic acid production as in the case of fasR20 (Fig. 4). Next, we examined the effects of
306  the combination of fasR20 with either fasA63"" or fasA2623 on production (Fig. 4).

307  When fasR20 was combined with fasA63"" in the wild-type genome, increased oleic
308  acid production was observed, compared with that obtained with fasR20 alone. The

309  combination of fasR20 and fasA2623 resulted in an oleic acid production level that was
310  comparable to that obtained with fasR20 alone. On the other hand, the combination of

311  fasA63* and fasA2623 in the wild-type genome resulted in no oleic acid production.
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When all three mutations were combined in the wild-type genome, the highest oleic acid
production was observed among all combinations, as expected (Fig. 4). These results
indicate that the loss of the function of fasR is of primary importance for fatty acid
production by C. glutamicum, and that the fasA63"? and fasA2623 mutations positively
affect carbon flow down the pathway. The fasA2623 mutation seemed to be effective,

especially under the background of fasR20 and fasA63".

Effect of the fasR20 and fasA63"P mutations on the transcript levels of the fatty
acid biosynthesis genes.  Apart from the fasA2623 mutation that was thought to affect
the enzymatic properties of FasA (see Discussion), the fasR20 and fasA63"" mutations
were both considered to affect the transcript levels of the relevant genes, because the
former is a missense mutation within the transcriptional regulator FasR and the latter is
located near the predicted promoter-operator regions of the fasA gene (Fig. 3).
Accordingly, we used reverse transcription-quantitative PCR (RT-gPCR) to investigate
the transcript levels of the fatty acid biosynthesis genes fasA, fasB, accD1, and accBC in
the strains carrying the two mutations individually or in combination. As shown in Fig.
5, the fasR20 mutation increased the transcript levels of accD1 by 3.56 + 0.97-fold, as
well as both fasA and fasB by 1.31 + 0.11-fold and 1.29 + 0.12-fold, respectively,
whereas the mutation had little influence on accBC gene expression. Similar behavior in
the transcript levels was observed in the AfasR strain (Fig. 5). On the other hand, the
fasA63"P mutation led to 2.67 + 0.16-fold increase in the transcript level of fasA. The
presence of both the fasR20 and fasA63"? mutations resulted in an additive effect on

fasA gene expression.
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Lipid production by strain PCC-6. Although strain PCC-6 produced oleic acid from
glucose, we needed to determine what kinds of lipids were produced and what their
yields were. To clarify this, strain PCC-6, as well as wild-type ATCC 13032, was
aerobically cultivated in 30 ml of MM medium containing 1% glucose in a 300-ml
baffled Erlenmeyer flask (Fig. 6). Under these conditions, strain PCC-6 showed a lower
growth rate and a lower final ODgg than the wild strain, probably due to production of
fatty acids and their negative effects on cell physiology (46). After glucose was
consumed, the cells were removed by centrifugation followed by filtration and the
culture supernatant was subject to lipid analysis. As shown in Table 1, wild-type ATCC
13032 produced only a trace amount of lipids. In contrast, strain PCC-6 produced
279.95 + 8.50 mg of free fatty acids and 43.18 + 1.84 mg of phospholipids per liter. The
fatty acids consisted mainly of oleic acid (208.10 + 5.67 mg/liter) and palmitic acid
(46.93 + 2.03 mg/liter), both accounting for 91.10% of the total free fatty acids
produced in the culture supernatant. The conversion yield of the total fatty acids on
glucose was 2.80 + 0.09% (wt/wt). Since the theoretical yield of oleic acid on glucose is
estimated to be 34.8% (wt/wt) on the basis of our calculation, the production level of

strain PCC-6 is considered to be less than 10% of the theoretical yield.

DISCUSSION

Despite a broad product portfolio for C. glutamicum (15, 17, 18, 19, 21), lipids and their
related compounds have not been intensively developed for production. In this study, we
demonstrated for the first time that this organism has the capability of producing
considerable amounts of fatty acids directly from sugar, thus expanding its product

portfolio to lipids. This raises the possibility of developing production processes by C.

15



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

glutamicum not only for fatty acids but also for other useful compounds that are derived
via the fatty-acid-biosynthetic pathway. To date, no information is available on what
kind of modifications or selections contribute to increased carbon flow into the
fatty-acid-biosynthetic pathway in this organism. This study is the first to report not
only the selection methods but also the genetic traits that cause fatty acid production.

The three specific mutations, fasR20, fasA63"", and fasA2623, identified as
genetic traits that are useful for fatty acid production are all related to fatty acid
biosynthesis, and no mutation that is related to fatty acid transport is included. This
suggests that deregulation of the fatty-acid-biosynthetic pathway would cause carbon
flow down the pathway and that the oversupplied acyl-CoAs would be excreted into the
medium as free fatty acids without undergoing degradation in this organism. The latter
hypothesis is supported by the C. glutamicum genome information, which shows a lack
of some of the genes responsible for the 3-oxidation of fatty acids (Fig. 1) (47). In fact,
unlike E. coli, wild-type C. glutamicum hardly grew on MM medium containing 10 g of
oleic acid per liter as the sole carbon source (data not shown). The relevance of each
mutation to fatty acid production is discussed below.

The fasR20 mutation conferred oleic acid production on wild-type C.
glutamicum, concomitantly with the Tween 40-resistant phenotype (Figs. 2 and 4).
Since this mutation more or less increased the expression levels of accD1, fasA, and
fasB (Fig. 5), the effect of the mutation on the production is reasonably explained by
derepression of the key regulatory genes in the fatty-acid-biosynthetic pathway.
Considering that the fasR gene product is thought to be a repressor protein for fatty acid
biosynthesis (28) and also that deletion of the gene in the wild strain caused similar

oleic acid production (Fig. 4), the fasR20 mutation would cause the functional
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impairment of the repressor protein. In this context, it has been suggested that the FasR
protein, combined with the effector acyl-CoA, binds to fasO sites upstream of the
corresponding genes, and thereby suppresses their expression (28). Based on this
mechanism, the fasR20 mutation is likely to interfere with the formation of the
FasR-acyl-CoA complex or binding of the complex to the fasO sites. Taken all together,
the reason why the Tween 40-resistant phenotype resulted in oleic acid production can
be explained as follows. In the wild strain, the palmitic acid ester surfactant Tween 40
probably triggers the FasR-mediated repression of fatty acid biosynthesis, which causes
deprivation of essential lipids and results in growth inhibition. However, this Tween
40-triggered repression mechanism can be bypassed in the fasR-defective mutant, thus
leading to the Tween 40-resistant phenotype, accompanied by derepression of fatty acid
biosynthesis and subsequent oleic acid production. This speculation is supported by our
findings that the growth inhibitory effect of Tween 40 on wild-type C. glutamicum is
restored either by the co-presence of oleic acid or by the loss of the function of fasR
(data not shown).

The fasA63"P mutation, which is located upstream of the fasA coding region,
was obtained by the selection of a relatively low concentration of cerulenin under the
genetic background of fasR20. Since the mutation significantly increased the transcript
level of the fasA gene (Fig. 5), the effect of the mutation on oleic production is
comprehensible by an increased amount of the FasA enzyme that is responsible for oleic
acid synthesis (27, 48). Considering that cerulenin is known to inhibit Fas from the
closely related C. ammoniagenes (43), as well as E. coli FabF and FabB (49, 50), it is
reasonable to assume that the agent also inhibits C. glutamicum FasA, which causes

deprivation of essential lipids and results in growth inhibition. This hypothesis is
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408  consistent with the previous observation that inactivation of FasA in C. glutamicum
409  resulted in no growth in MM medium and that this growth impairment was recovered
410 by oleic acid supplementation (27). Presumably, the mutants with increased transcript
411 levels of fasA could overcome the cerulenin-caused inhibition of FasA through the

412  dosage effect of the FasA molecules. This explains why the cerulenin-resistant

413  phenotype was caused by the mutation and resulted in increased oleic acid production.
414  Although the fasA63"" mutation is located outside of the putative promoter-operator
415  regions of the fasA gene (Fig. 3), our RT-qPCR data suggest that the mutation site is
416  undoubtedly involved in the fasA gene expression.

417 The fasA2623 mutation, which is present in the fasA coding region, was

418  obtained by the selection of a relatively high concentration of cerulenin under the

419  genetic background of fasR20 and fasA63"". The mutation is present within a motif
420  sequence (PROSITE motif PS00606) for a 3-ketoacyl-ACP synthase (KS) active site in
421  the deduced amino acid sequence of FasA. In this regard, the E. coli KS enzyme FabH,
422 which has the same motif sequence

423  (http://ccdb.wishartlab.com/CCDB/cgi-binfECARD_HTML_NEW.cgi?ECARD=FABH
424  _ECOLl.ecard), has been reported to be feedback-inhibited by long-chain (12-20

425  carbons) acyl-ACPs through a mixed type of inhibition, namely, a combination of

426 competitive and noncompetitive inhibition with respect to acetyl-CoA (51). If C.

427  glutamicum FasA is regulated at its KS domain in the same manner as seen for E. coli
428  FabH, it seems reasonable to speculate that the fasA2623 mutation alleviates the

429  feedback inhibition and thereby results in increased oleic acid production. In E. coli,
430  cerulenin is known to inhibit KS by covalently binding to the active-center cysteine (49).

431  This cysteine residue is assumed to correspond to Cys2619 of the deduced amino acid
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sequence of C. glutamicum FasA, based on sequence alignment. Taking this into
consideration, it is likely that the fasA2623 mutation, which is located very near to the
predicted active center and gives rise to a change from alanine to valine with a longer
side chain, may cause steric hindrance to the binding of cerulenin, thereby resulting in
cerulenin resistance. This may also be the mechanism of the possible relief of the
mutated FasA enzyme from the feedback inhibition.

The reconstitution experiments of three specific mutations under the wild-type
background (Fig. 4) have demonstrated that the fasR mutation is of primary importance
for fatty acid production by C. glutamicum. To confirm this, we sequenced the fasR
genes from an additional 30 oleic acid-producing mutants selected by Tween 40
resistance and found that all fasR genes carried mutations, including single-base
substitutions (10 cases of 30 mutants), single-base insertions (3 cases), a 165-bp
deletion (1 case), and insertion of ISCgla (15 cases) or ISCg13b (1 case) (data not
shown). These results strongly suggest that the loss of the function of fasR is essential
for fatty acid production by C. glutamicum. To date, it has not been reported that
inactivation of fasR induces fatty acid production in C. glutamicum, despite the study on
the fasR gene (28).

As described in the Introduction section, E. coli has recently been used for
studying fatty acid production. Since the first report on fatty acid production by E. coli
overexpressing the modified acyl-ACP thioesterase gene ‘tesA (11), overexpression of
the enzyme has become a common strategy for fatty acid production by E. coli. A basic
concept for the production is avoidance of the regulatory mechanism of fatty acid
synthesis through the thioesterase-catalyzed cleavage of acyl-ACP. On the other hand,

in our case with C. glutamicum, the defined genetic modifications to fatty acid
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biosynthesis resulted in fatty acid production without modification to the acyl-ACP
thioesterase enzyme. This raises a question of how the oversupplied acyl-CoAs, end
products of the fatty acid biosynthesis in this organism, would be excreted into the
medium as free fatty acids. In regard to this, we found that C. glutamicum originally had
a high level of thioesterase activity (1.27 + 0.018 units/mg of protein) in the soluble
fraction prepared from cells grown in MM medium. This activity is of a level
comparable to that obtained from a ‘tesA-overexpressing E. coli (1.29 = 0.11 units/mg
of protein) and is of an approximately 16-fold higher level compared with that from a
non-‘tesA-overexpressing E. coli. Taking this into consideration, C. glutamicum is likely
to possess a specific mechanism for maintaining lipid homeostasis even in the presence
of high thioesterase activity. The C. glutamicum genome indicates the presence of three
putative acyl-CoA thioesterases (Cgl0091, Cgl1664, and Cgl2451). The involvement of
these genes in fatty acid production, along with the mechanism of free fatty acid

secretion, needs to be clarified in a future study.
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FIGURE LEGENDS

FIG 1 Fatty acid metabolism and its predicted regulatory mechanism in C. glutamicum.
In coryneform bacteria, fatty acids are believed to be synthesized as acyl-CoAs (30),
which are destined for incorporation into the membrane phospholipid and the outer
layer component mycolic acid. Three genes responsible for the B-oxidation of fatty
acids are missing in the C. glutamicum genome (gray arrows) (47). The Tes enzyme is
assumed to be involved in the cleavage of oversupplied acyl-CoA to produce free fatty
acids, considering the predicted role of the enzyme in fatty acid production in E. coli
(11). The excretion process of free fatty acids remains to be elucidated. Acyl-CoA is
thought to inhibit acetyl-CoA carboxylase (a complex of AccBC and AccD1), FasA, and
FasB, based on the knowledge in the related bacteria (52, 53). The repressor protein
FasR, combined with the effector acyl-CoA, represses the genes for these four proteins
(28). Repression and predicted inhibition are indicated by double lines. Arrows with
solid and dotted lines represent single and multiple enzymatic processes, respectively.
AccBC, acetyl-CoA carboxylase a-subunit; AccD1, acetyl-CoA carboxylase B-subunit;
FasA, fatty acid synthase IA; FasB, fatty acid synthase IB; Tes, acyl-CoA thioesterase;
FadE, acyl-CoA dehydrogenase; EchA, enoyl-CoA hydratase; FadB, hydroxyacyl-CoA
dehydrogenase; FadA, ketoacyl-CoA reductase; PM, plasma membrane; OL, outer

layer.

FIG 2 Oleic acid-producing abilities of strains PAS-15, PC-33, and PCC-6. The three
strains, as well as wild-type ATCC 13032, were cultivated on MM agar pieces. After
cultivation for 2 days, the agar pieces were transferred onto bioassay plates containing

the oleic acid auxotroph OLA-15 as the indicator strain. The plates were incubated for 1
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day at 30°C. The images show one representative result from three independent
experiments. Arrows represent the lineage relationship. Tween 40 and cerulenin were
used as the potential specific inhibitors of fatty acid biosynthesis in C. glutamicum to
induce oleic acid-producing mutants. Cerulenin", resistance to a relatively low
concentration of cerulenin; Cerulenin™, resistance to a relatively high concentration of

cerulenin.

FIG 3 Three specific mutations identified in the oleic acid-producing mutants.
Locations of mutations fasR20, fasA63"°, and fasA2623 are indicated by dotted lines.
The order in which these mutations arose is shown by circled digits. The fasR20
mutation is located at nucleotide position 59 in the fasR gene (gray gene). The fasA63""
mutation is located at 63 bp upstream of the fasA gene. The nucleotide sequence of its
surrounding region is also shown. The fasA63"" mutation is indicated by the larger
character than those of its neighbors. The FasR-biding site fasO is boxed (28). The -10
and -35 regions of a potential promoter of fasA are underlined, and the transcriptional
start site is also indicated by a bold and underlined character (28). Hatched boxes (boxes
A-G) along the fasA gene represent nucleotide regions for putative catalytic domains
involving in fatty acid synthesis (29, 48). A white part within box G represents a region
for a motif sequence (PROSITE motif PS00606) for a 3-ketoacyl-ACP synthase active
site. The fasA2623 mutation is located within the motif. Box A represents a region for
acetyl-CoA transferase, box B for enoyl-ACP reductase, box C for 3-ketoacyl-ACP
dehydratase, box D for malonyl/palmitoyl transferase, box E for a substrate binding site
of ACP, box F for 3-ketoacyl-ACP reductase, and box G for 3-ketoacyl-ACP synthase.

The genes whose expression is thought to depend on FasR (28) are painted in black.
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FIG 4 Reconstitutions of defined mutations in the wild-type genome and their effects
on oleic acid production. Wild-type ATCC 13032 carrying the mutations fasR20,
fasA63", fasA2623, and AfasR separately or in combination were examined for their
abilities to produce oleic acid by using the same agar piece assay as conducted in Fig. 2.
The images show one representative result from three independent experiments. Plus
and minus signs represent the presence and absence of the corresponding mutation in
the wild-type background, respectively. The AfasR strain carries no other mutation,

except for the deleted fasR gene.

FIG 5 Relative mRNA levels of the fatty acid biosynthesis genes in wild-type ATCC
13032 carrying the mutations fasR20, AfasR, and fasA63"" separately or in combination.
Total RNAs were prepared from cells grown to the early exponential phase (ODggo =
approximately 2.5) in MM medium. Aliquots of RNAs were reverse-transcribed, and
subjected to quantitative PCR. The transcript levels of fasA (white bars), accD1 (black
bars), accBC (hatched bars), and fasB (dotted bars) were standardized to the constitutive
expression level of 16S rRNA. The transcript levels in wild-type ATCC 13032 were set
to 1.0. Data represent mean values from three independent cultures, and the standard

deviation from the mean is indicated as error bars.

FIG 6 Time course of growth and glucose consumption in wild-type ATCC 13032 and
strain PCC-6. The two strains were cultivated in 30 ml of MM medium by rotary
shaking. Symbols: e, growth of wild-type ATCC 13032; m, growth of strain PCC-6; o,

residual glucose in ATCC 13032; o, residual glucose in strain PCC-6. Values are means
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707  of replicated cultures, which showed <5% differences between each other. Arrows
708 indicate the time points at which culture supernatants were prepared for lipid analysis.

709
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710  TABLE 1 Lipid production by wild-type ATCC 13032 and strain PCC-6°
Lipid Wild Strain PCC-6
Production Weight Production Weight
(mg/liter) percentage (%) (mgl/liter) percentage (%)
Free fatty acid
C151 161+0.04 50.00 £ 0.16 2.93+0.06 1.05+0.02
C16:0 - - 46.93 £ 2.03 16.76 £ 0.22
C16:1 0.71+0.04 21.95 + 0.68 6.39+0.21 2.28+0.00
C18:0 - - 12.35+ 0.46 441 +0.03
C18:1 0.90zx0.01 28.06 + 0.84 208.10 £ 5.67 74.34+0.23
Cc20:0 - - 2.50 £ 0.06 0.89+0.11
c20:1 - - 0.77 £ 0.03 0.28 £ 0.00
Total 3.21+0.06 100.00 = 0.00 279.95+8.50 100.00 +0.00
Phospholipid
DPG 9.76 £ 0.47 100.00 = 0.00 43.18+1.84 100.00 £ 0.00
Total 9.76 £ 0.47 100.00 £ 0.00 43.18+1.84 100.00 £ 0.00

711 *Culture supernatants were prepared at the points indicated by arrows in Fig. 6, and then
712  subjected to lipid analysis. The amounts of lipids were determined using two

713  independent cultures performed in Fig. 6. Values are represented as mean + standard
714  deviation. DPG indicates diphosphatidylglycerol. Other phospholipids (e.g.,

715  phosphatidylinositol, phosphatidylglycerol, and phosphatidic acid) were not detected in

716  either strain. -, not detected.

717
718
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