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ABSTRACT

5-Aminolevulinic acid (ALA), a nonprotein amino acid involved in tetrapyrrole synthesis, has been widely applied in agriculture,
medicine, and food production. Many engineered metabolic pathways have been constructed; however, the production yields are
still low. In this study, several 5-aminolevulinic acid synthases (ALASs) from different sources were evaluated and compared
with respect to their ALA production capacities in an engineered Corynebacterium glutamicum CgS1 strain that can accumulate
succinyl-coenzyme A (CoA). A codon-optimized ALAS from Rhodobacter capsulatus SB1003 displayed the best potential. Re-
combinant strain CgS1/pEC-SB produced 7.6 g/liter ALA using a mineral salt medium in a fed-batch fermentation mode. Em-
ploying two-stage fermentation, 12.46 g/liter ALA was produced within 17 h, with a productivity of 0.73 g/liter/h, in recombinant
C. glutamicum. Through overexpression of the heterologous nonspecific ALA exporter RhtA from Escherichia coli, the titer was
further increased to 14.7 g/liter. This indicated that strain CgS1/pEC-SB-rhtA holds attractive industrial application potential

for the future.

IMPORTANCE

In this study, a two-stage fermentation strategy was used for production of the value-added nonprotein amino acid 5-aminole-
vulinic acid from glucose and glycine in a generally recognized as safe (GRAS) host, Corynebacterium glutamicum. The ALA titer
represented the highest in the literature, to our knowledge. This high production capacity, combined with the potential easy
downstream processes, made the recombinant strain an attractive candidate for industrial use in the future.

s the common precursor of tetrapyrroles such as porphyrin,

heme, vitamin B,,, and chlorophyll, 5-aminolevulinic acid
(ALA) has been reported to be effective in tumor-localizing and
photodynamic therapy for various diseases (1-3). ALA can also be
used as a selective biodegradable herbicide and insecticide or an
adversity resistance and growth-accelerating agent in agriculture
(4,5).

In living organisms, two kinds of metabolic pathways have
been described for ALA biosynthesis (Fig. 1). One is the C; path-
way, which occurs in algae, higher plants, and many bacteria, in-
cluding Escherichia coli and archaea. The C; pathway involves the
following three enzymatic activities: glutamyl-tRNA synthetase
(GluRS) (encoded by gltX), a NADPH-dependent glutamyl-tRNA
reductase (HemA, encoded by hemA), and a glutamate-1-semial-
dehyde aminotransferase (HemL, encoded by hemL). The other is
the C, pathway, which is present in birds, mammals, yeast, and
purple non-sulfur-photosynthetic bacteria. In this pathway, ALA
is formed through one-step catalysis by 5-aminolevulinic acid
synthase (ALAS), which condenses glycine and succinyl-coen-
zyme A (CoA), an intermediate of the tricarboxylic acid (TCA)
cycle.

In E. coli, the native pathway for ALA biosynthesis is the Cs
pathway, which is tightly regulated by feedback inhibition of the
end product heme (6). Previously, we developed a strategy to pro-
duce ALA in recombinant E. coli via the C; pathway. Through
overexpression of heterologous stabilized HemA from Salmonella
arizona and HemL from E. coli, with the concomitant expression
of an ALA exporter, the recombinant E. coli produced 4.13 g/liter
ALA in modified minimal medium, using glucose as the sole car-
bon source (7). However, because the C5 pathway involves a num-
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ber of enzymatic activities, utilizes ATP and NADPH as cofactors,
and is dependent on tRNA-Glu, its complicated relationships with
energy metabolism, oxidation-reduction states, and protein syn-
thesis make subsequent strain improvement rather difficult (8, 9).

Recombinant E. coli expressing ALAS, the key enzyme of the C,
pathway, has attracted much attention due to its easy regulation
and operation (10-13). In a recent study, a titer of 6.3 g/liter ALA
was achieved in a 5-liter bioreactor with the expression of hermO
from Rhodopseudomonas palustris in E. coli (14). A titer of 8.8
g/liter ALA was achieved in a 15-liter fermenter under optimized
conditions, with the addition of glycine and succinate, using a
recombinant strain harboring the ALAS of Rhodobacter capsula-
tus, i.e., E. coli Rosetta(DE3)/pET28a-R.C.hemA (15). The indus-
trial application of ALA will be viable only when it is available in
large quantities at competitive market prices. Hence, it is pressing
to improve the titer of ALA and to reduce the costs of substrates
and extraction to establish conditions favorable for industrial ap-
plication. Moreover, E. coli has been shown to produce potentially
toxic substances that are a cause of health and safety concerns
(e.g., endotoxin and lipopolysaccharide) (16, 17). In view of the
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FIG 1 ALA biosynthesis pathway in C. glutamicum. The enzymes encoded by the corresponding genes are as follows: GdhA, glutamate dehydrogenase; GItX,
glutamyl-tRNA synthetase; HemA, glutamyl-tRNA reductase; HemL, glutamate-1-semialdehyde aminotransferase (in the C5 pathway); HemA, 5-aminolevuli-
nate synthase (in the C, pathway). Cross in pathway, sucC and sucD, encoding succinyl-CoA synthetase, were deleted; circled gene, HemA in the C, pathway was

exogenously expressed.

practical applications of ALA-based porphyrin drugs, as well as
the wide use of ALA in agriculture and health care, the use of
endotoxin-free Gram-positive bacteria is preferable.

As an aerobic, Gram-positive, nonsporulating, nonpathogenic
bacterium with generally recognized as safe (GRAS) status, Co-
rynebacterium glutamicum is widely used for large-scale industrial
production of the flavor enhancer L-glutamate, the food additive
L-lysine, and vitamins. Based on the extensive knowledge regard-
ing its metabolism and regulation, together with the comprehen-
sive tools available for its genetic manipulation, considerable re-
search effort has been invested in the metabolic engineering of C.
glutamicum for production of various biologically based chemi-
cals, such as organic acids, diamines, and biofuels (18). Previously,
fermentative production of ALA in C. glutamicum via the Cy path-
way was demonstrated by our laboratory and the Han laboratory
(19, 20). Very recently, Feng et al. reported the first attempt at
using C. glutamicum for ALA production via the C, pathway. With
systematical metabolic engineering strategies, a titer of 7.53 g/liter
ALA was achieved with 5-liter bioreactor fermentation (21).

In this paper, a recombinant C. glutamicum strain with high
titer and productivity of ALA production via the C, pathway, us-
ing both fed-batch fermentation and two-stage fermentation
strategies, was demonstrated; 14.7 g/liter ALA was produced with
a high productivity of 0.92 g/liter/h. This high production capac-
ity, combined with the potential easy downstream process, made
the recombinant strain an attractive candidate for industrial use in
the future.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains and plas-
mids used in this study are listed in Table 1. E. coli DH5a was used for
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cloning purposes and was propagated in Luria-Bertani (LB) medium at
37°C, with aeration. C. glutamicum ATCC 13032 and derivatives were
propagated in BHIS medium (2.5 g/liter beef extract, 5 g/liter tryptone, 5
g/liter NaCl, 18.5 g/liter brain heart infusion, 91 g/liter sorbitol) at 30°C,
with aeration. Kanamycin (Kan) was added at a final concentration of 25
pg/ml when necessary.

Plasmid construction. The hemA gene of R. capsulatus SB1003,
encoding ALA synthetase, was synthesized with codon optimization
(GenBank accession no. KU687108). Other hemA genes were amplified by
PCR with the genomic DNA of Rhodobacter sphaeroides 2.4.1 (GenBank
accession no. ABA79145.1), Pichia pastoris GS115 (GenBank accession
no. XM_002491600), Saccharomyces cerevisiae s288¢ (GenBank accession
no. DAA12073.1), and Agrobacterium tumefaciens C58 (GenBank acces-
sion no. AAK88335.2) as the templates. The same ribosomal binding site
(AAGGAGA) was added upstream of each gene. The PCR products with
EcoRI and BamHI restriction sites at the proximal ends were cloned into
the C. glutamicum expression vector pEC-XK99E digested with the same
enzymes, resulting in pEC-SB, pEC-RS, pEC-GS, pEC-SC, and pEC-AT.
The genes cg0949 (gltA), cg0766 (icd), cg1280-cg2421-cg0441 (odhA-sucB-
Ipd), and cg1132 (coaA) were amplified by PCR with the genomic DNA of
C. glutamicum ATCC 13032 as the template, and rhtA was amplified by
PCR with the genomic DNA of E. coli MG1655 as the template. Amplified
PCR products were assembled into the vector pEC-SB digested with Xbal,
resulting in plasmids pEC-SB-gltA, pEC-SB-icd, pEC-SB-odhA, pEC-SB-
coaA, pEC-SB-rhtA, and pEC-SB-rhtA-coaA. The sequences of all con-
structed plasmids were confirmed by DNA sequencing.

Gene deletion. The genes ¢g2837 (sucC) and ¢g2836 (sucD), encoding
the two subunits of succinyl-CoA synthetase, were inactivated by in-frame
deletion. A sucCD-deficient mutant of C. glutamicum ATCC 13032 was
constructed with pK-JL, using the procedure described by Niebisch and
Bott (22, 23). Briefly, upstream and downstream flanking regions of
sucCD were amplified by PCR and assembled with Smal-digested
pK19mobsacB vector using the Gibson assembly method (24), yielding
pK-JLAsucCD. Transformation of wild-type C. glutamicum and screening
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TABLE 1 Strains and plasmids used in this work

Two-Stage ALA Production

Strain or plasmid Relevant characteristic(s)

Source

Strains
E. coli DH5a Wild type; subcloning host TransGen Biotech
C. glutamicum ATCC 13032 Wild type; biotin auxotrophic ATCC
C. glutamicum CgS1 C. glutamicum ATCC 13032 AsucCD This study
C. glutamicum CgS1-ASV ASV tag added to C terminus of ALAD in CgS1 This study
Plasmids
pEC-XK99E Kan'; E. coli-C. glutamicum shuttle vector Laboratory stock
pEC-RS Kan'"; pEC-XK99E carrying gene for ALAS from R. sphaeroides 2.4.1 This study
pEC-SB Kan'"; pEC-XK99E carrying gene for ALAS from R. capsulatus SB1003 This study
pEC-GS Kan"; pEC-XK99E carrying gene for ALAS from P. pastoris GS115 This study
pEC-SC Kan'"; pEC-XK99E carrying gene for ALAS from S. cerevisiae s288¢ This study
pEC-AT Kan'"; pEC-XK99E carrying gene for ALAS from A. tumefaciens C58 This study
pEC-SB-gltA PEC-SB carrying citrate synthase (gltA) from C. glutamicum ATCC 13032 additionally This study
pEC-SB-icd pEC-SB carrying isocitrate dehydrogenase (icd) from C. glutamicum ATCC 13032 additionally This study
pEC-SB-odhA pEC-SB carrying 2-oxoglutarate dehydrogenase (odhA-sucB-Ipd) from C. glutamicum ATCC This study
13032 additionally
pEC-SB-coaA pEC-SB carrying pantothenate kinase (coaA) from C. glutamicum ATCC 13032 additionally This study
pEC-SB-rhtA pEC-SB carrying ALA exporter (rhtA) from E. coli MG1655 additionally This study
pEC-SB-rhtA-coaA pEC-SB carrying rhtA and coaA additionally This study
pK-JL pK19mobsacB derivative 23
pK-JLAsucCD Kan'; containing flanking regions of C. glutamicum sucCD genes This study

for the first and second homologous recombination events were per-
formed as described previously (25). Kanamycin-sensitive and sucrose-
resistant clones were analyzed by PCR.

ALA fermentation. For ALA batch and fed-batch fermentation, a sin-
gle colony was inoculated into 5 ml BHIS medium and incubated at 180
rpm for 22 h at 30°C. The 5-ml preculture was then inoculated into a
300-ml baffled shake flask containing 50 ml modified CGXII medium;
CGXII medium contained 20 g/liter (NH,),SO,, 5 g/liter urea, 1 g/liter
KH,PO,, 1 gfliter K,HPO,, 0.25 g/liter MgSO,-7H,0, 42 g/liter MOPS
(3-morpholinopropanesulfonic acid), 10 mg/liter CaCl,, 10 mg/liter
FeSO,-7H,0, 10 mg/liter MnSO -H,O, 1 mg/liter ZnSO,-7H,0, 0.2 mg/
liter CuSO,, 0.02 mg/liter NiCl,-6H,0, and 0.02 g/liter citrate sodium.
The initial optical density at 600 nm (ODg,,) was controlled at about 0.5,
and the glucose concentration was controlled at 40 g/liter; 0.25 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) was added at 0 h to induce the
expression of plasmid genes. Fermentation was performed at 30°C and
180 rpm, and the pH was maintained at approximately 6.5 with 4 M
NaOH throughout the fermentation. Glucose was added at 10 g/liter
when its concentration was below 5 g/liter in fed-batch fermentation. The
precursor glycine was added at 2 g/liter every 12 h, and 10 g/liter succinate
was added when needed.

For two-stage ALA fermentation, a single colony was inoculated into
50 ml LB medium containing the appropriate antibiotics, and incubation
was performed at 180 rpm for 24 h at 30°C. The preculture was then
inoculated into a second culture (200 ml LB medium with 0.25 mM IPTG
in a 1-liter baffled shake flask) to an OD, of 0.4. The cells were harvested
atan ODy, of 7 to 10 by centrifugation (6,000 rpm for 8 min at 4°C) and
were resuspended in 50 ml solution buffer (20 mM sodium phosphate
buffer unless stated otherwise) to an appropriate cell density in a 300-ml
baffled shake flask. The initial glucose concentration was 40 g/liter, and
glucose was added at 10 g/liter when its concentration was below 5 g/liter.
The precursor glycine was added at 10 g/liter at the start, and 10 g/liter
succinate was added when needed. Fermentation was performed at 30°C
and 180 rpm, and the pH was maintained at approximately 6.5 with 4 M
NaOH throughout the fermentation. Samples were taken at 1- to 2-h
intervals for analysis.

Measurement of 5-aminolevulinic acid synthase activity in cell ex-
tracts. Ten milliliters of fermentation broth from the 5 strains CgS1/pEC-
SB, CgS1/pEC-GS, CgS1/pEC-SC, CgS1/pEC-AT, and CgS1/pEC-RS in
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CGXIImedium atan ODg, of 7 to 8 was centrifuged (6,000 rpm at 4°C for
8 min). The cells were then washed in 50 mM Tris-HCI buffer (pH 7.5)
and disrupted by sonication. The crude extracts were centrifuged at
12,000 rpm for 10 min at 4°C, and the supernatants were used as cell
extracts. The assay mixture contained 50 wl of 1 mol/liter glycine, 50 .l of
2 mmol/liter succinyl-CoA, 6 pl of 1 mol/liter Tris buffer (pH 7.5), and 14
pl of 10 mmol/liter pyridoxal phosphate, as described previously (15).
One unit of enzyme activity was defined as the amount of enzyme cata-
lyzing the formation of 1 nmol ALA per min at 37°C. Protein concentra-
tions were determined by the method of Bradford (26), using bovine
serum albumin as a standard.

Analytical methods. Optical density was measured at 600 nm with a
spectrophotometer (Shimazu, Japan). Glucose, acetate, lactate, succinate,
formate, malate, and citrate were quantitatively assessed by high-perfor-
mance liquid chromatography (HPLC) (Shimadzu, Japan) with a refrac-
tive index detector (RID-10A; Shimadzu, Japan) and an Aminex HPX-
87H ion exclusion column (Bio-Rad, USA), as described previously (27).
Fumarate, isocitrate, glyoxylate, and a-ketoglutarate levels were deter-
mined by HPLC with a UV detector (SPD-20A; Shimadzu, Japan) and an
Aminex HPX-87H ion exclusion column; 2.75 mM H,SO, solution was
applied to the column as a mobile phase, at a flow rate of 0.6 ml/min, at
50°C. Glycine was assessed by HPLC with a UV detector (SPD-20A) and
an NH, column (4.6 by 250 mm) packed with packing material with a
5-mm particle size (28). ALA levels were measured using modified Eh-
rlich’s reagent after centrifugation of the cultures (8).

Nucleotide sequence accession number. The hemA gene sequence
was deposited in GenBank under accession number KU687108.

RESULTS

Construction of C. glutamicum ATCC 13032 mutant strain de-
ficient in sucCD. In C. glutamicum, succinyl-CoA synthetase,
which catalyzes the reversible reaction of succinate + ATP + co-
enzyme A <> succinyl-CoA + ADP + phosphate, is encoded by
two neighboring genes, i.e., sucC (cg2837) and sucD (cg2836). As
reported previously, inactivation of sucCD would redirect succi-
nyl-CoA from the TCA cycle to the ALA synthesis branch (29).
Thus, as a first step for constructing an ALA production strain,
sucCD was inactivated. In-frame deletion of the sucC and sucD
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TABLE 2 Determination of TCA intermediate levels in wild-type C. glutamicum and CgS1“

Intermediate level (g/liter)

Strain Citrate Isocitrate a-Ketoglutarate Succinate Fumarate Malate Glyoxylate
Wild type 1.25 + 0.09 1.62 £ 0.21 0.63 = 0.11 0.13 = 0.03 0.15 = 0.02 0.22 £ 0.03 0.34 = 0.02
CgS1 1.16 £ 0.1 1.42 £ 0.13 0.54 = 0.09 0.13 = 0.02 0.16 = 0.02 0.25 = 0.01 0.36 £ 0.01

“Wild-type C. glutamicum and CgS1 strains were cultured in modified CGXII medium for 24 h, and fermentation supernatants were analyzed for related intermediates.

genes was achieved with the use of a suicide vector, pK-JL, which
enabled two rounds of positive-negative selection for homologous
recombination events. The resulting strain was named CgSI.
Compared with the wild-type strain, CgS1 showed a similar TCA
cycle intermediate pattern (Table 2), with almost equal amounts
of these intermediates, which may indicate activation of alterna-
tive pathways (e.g., the glyoxylate cycle and the a-ketoglutarate
decarboxylase pathway) (30). The CgS1 mutant exhibited an only
slightly reduced specific growth rate (0.31 h™', compared with a
wild-type value of 0.35 h™"), which may be beneficial for indus-
trial use.

To assess the effects of sucCD inactivation on ALA production,
we performed ALA fermentation using the wild-type strain or the
mutant harboring the ALAS of R. sphaeroides 2.4.1 (Fig. 2). In the
wild-type strain, a low titer of ALA (25.1 mg/liter) was achieved,
perhaps due to a shortage of the succinyl-CoA precursor, which
was readily converted to other TCA cycle metabolites. Succinate
addition improved the ALA titer to 44.61 mg/liter. This improve-
ment may be due to conversion of succinate to succinyl-CoA by
the reversible SucCD. The sucCD inactivation led to an ALA titer
3.7-fold greater than that of the wild-type strain (92.87 mg/liter
versus 25.1 mg/liter), an indication of redirection of succinyl-CoA
into ALA synthesis. However, succinate addition to the mutant
did not result in a further improved titer. In a sucCD deletion
scenario, added succinate could turn into succinyl-CoA via the

—— CgS1-Glc+Suc+Gly
—@— CgS1-Glc+Gly

90 4 |——Wild type-Glc+Suc+Gly
—O—Wild type-Glc+Gly

100 4

80 +
70 4
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(3]
o
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ALA (mg/L)
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FIG 2 Time course of ALA production by recombinant C. glutamicum strains.
Wild-type C. glutamicum and CgS1 harboring the ALAS of R. sphaeroides 2.4.1
were cultured in a 300-ml baffled shake flask containing 50 ml modified CGXII
medium, at 30°C and 180 rpm, and the pH was maintained at approximately
6.5. The initial glucose (Glc) concentration was 40 g/liter. The precursor gly-
cine (Gly) was added at 2 g/liter every 12 h, and 10 g/liter succinate (Suc) was
added when needed. Results are averages from three independent experi-
ments, with standard deviations indicated by error bars.
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forward TCA cycle, but the decreased ALA titer indicated that this
pathway was inefficient under these conditions.

Screen of ALASs for ALA production in CgS1. ALAS catalyzes
aone-step condensation of succinyl-CoA and glycine to form ALA
and is the key enzyme involved in the C, pathway. Since C. glu-
tamicum does not possess an ALAS naturally, a heterologous
ALAS must be introduced to complement the C, pathway. Differ-
ent ALASs could show wide differences in solubility, gene expres-
sion levels, and mRNA stability, resulting in distinctive enzyme
specific activities, which ultimately determine ALA production.
With this in mind, four ALASs (from R. capsulatus SB1003, P.
pastoris GS115, S. cerevisiae s288c, and A. tumefaciens C58) in
addition to the one from R. sphaeroides 2.4.1 were selected and
investigated in strain CgS1; the resulting strains harboring ALASs
from different sources were named CgS1/pEC-SB, CgS1/pEC-GS,
CgS1/pEC-SC, CgS1/pEC-AT, and CgS1/pEC-RS, respectively.
The ALAS from R. capsulatus SB1003 displayed the best potential
for ALA production, with an ALA titer of 2.7 g/liter (Fig. 3). Con-
sistently, enzyme activity measurements confirmed that the spe-
cific ALAS activity of strain CgS1/pEC-SB was the highest (39.3 +
3.6 U/mg protein). However, the other four enzymes displayed
similar specific ALAS activities in recombinant CgS1, indicating
that different metabolic perturbations may be brought about by
overexpression of different ALASs.

Fed-batch fermentation with CgS1/pEC-SB for ALA produc-
tion. As the best potential producer, CgS1/pEC-SB was em-
ployed for fed-batch fermentation in a 1-liter baffled shake
flask containing 100 ml modified CGXII medium. The ODg,
gradually increased throughout the fermentation, and the ALA
titer increased concomitantly, reaching 7.6 g/liter at 80 h (Fig.
4). At the end of the fermentation, 79.22 g/liter glucose was
consumed. In analysis of the fermentation broth, very small
amounts of by-products were found in the supernatant (total
organic acid levels of less than 2 g/liter), indicating conversion
of the carbon source to biomass (ODg, of 103.24) and CO,.
This led to a low ALA yield of 0.096 g/g glucose.

Two-stage fermentation with CgS1/pEC-SB for improved
ALA production. Two-stage fermentation has been used to produce
2,3-butanediol, succinate, and cyclohexanone derivatives in C. glu-
tamicum (31-34). In this strategy, a first stage of biomass produc-
tion is followed by a second stage of product fermentation. The
decoupling of growth and product synthesis leads to a high yield
and productivity; furthermore, the simple buffer system is condu-
cive to the downstream separation and purification of products.

After growth, cells were transferred into fermentation buffer
supplied with glucose and glycine for the second stage of fermen-
tation. As shown in Table 3, CgS1/pEC-SB showed an ALA titer of
7.49 g/liter at 15 h. Succinate addition slightly decreased the titer,
indicating the inefficiency of conversion of succinate to succinyl-
CoA in strain CgS1. This titer was comparable to that observed
with a fed-batch fermentation strategy (7.49 g/liter versus 7.6 g/li-
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FIG 3 Comparison of ALASs from different sources. CgSl1 strains harboring different ALASs were compared for ALA production in batch fermentation
performed under the same conditions as in Fig. 2. Cell extracts of the five strains were used to determine ALAS activity as described previously (15). Results are
averages from three independent experiments, with standard deviations indicated by error bars.

ter), but only 15 h was needed. This yielded a 4.26-fold improve-
ment in productivity (0.5 g/liter/h) when two-stage fermentation
was employed. In both cases, total organic acid by-product levels
were less than 2 g/liter.

To improve the overall titer and to decrease the cost, we opti-
mized the fermentation conditions. Using the optimized condi-
tions, 12.46 g/liter ALA was produced within 17 h, with a produc-
tivity of 0.73 g/liter/h in the accumulation stage, which was 66%
improved in comparison with the nonoptimized fermentation
(Fig. 5). In total, 36.6 g/liter glucose or 9.42 g/liter glycine was

consumed, giving an ALA yield of 0.47 mol ALA/mol glucose or
0.76 mol ALA/mol glycine, respectively.

Metabolic flux redirection for further increases in ALA pro-
duction. Metabolic flux redirection, including enhancing product
pathway flux and minimizing off-pathway and competitive path-
way flux, has proven crucial for increasing target product titers in
metabolic engineering. To improve ALA production in CgS1/
PEC-SB, we rebalanced the pathway flux by increasing the succi-
nyl-CoA supply, diminishing downstream drain and increasing
export of ALA.
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FIG 4 Fed-batch fermentation profile of CgS1/pEC-SB for ALA production. Fermentation was performed in a 1-liter baffled shake flask containing 100 ml
modified CGXII medium, at 30°C and 180 rpm, and the pH was maintained at approximately 6.5. The initial glucose concentration was about 40 g/liter. The
precursor glycine was added at 2 g/liter every 12 h. For clarity, a representative curve from three independent experiments is shown, with standard differences

(relative standard deviations [RSDs]) of less than 10%.
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TABLE 3 Two-stage fermentation for ALA production in an engineered C. glutamicum strain”

ALA titer ALA productivity Yield (mol/mol)
Strain Substrates (g/liter) (g/liter/h) ALA/glucose ALA/glycine
CgS1/pEC-SB Glucose, succinate, glycine 6.82 = 0.11 0.45 = 0.007 0.31 = 0.01 0.69 = 0.06
Glucose, glycine 7.49 = 0.09 0.50 = 0.006 0.35 = 0.02 0.51 = 0.04

@ The results presented are means * standard deviations from three independent experiments.

First, we tried to increase the flux through the forward TCA
cycle, and thus the supply of succinyl-CoA, by overexpressing ci-
trate synthase (gltA), isocitrate dehydrogenase (icd), or 2-oxoglu-
tarate dehydrogenase (odhA-sucB-Ipd), together with the R. cap-
sulatus ALAS (hemA), to form a series of polycistronic plasmids,
namely, pEC-SB-gltA, pEC-SB-icd, and pEC-SB-odhA, as shown
in Table 1. Pantothenate kinase (coaA), which was reported pre-
viously to be important for CoA synthesis, was also overexpressed
(PEC-SB-coaA) (35). As a result, gltA overexpression substantially
decreased ALA production (by 30%), with decreased glucose con-
sumption (23 g/liter versus 36 g/liter), compared with CgS1/pEC-
SB; odhA-sucB-Ipd overexpression increased ALA production by
about 6%, icd overexpression resulted in no obvious improve-
ment, and coaA overexpression resulted in a moderate improve-
ment of 10% to 13.7 g/liter (Fig. 6). We then tried to diminish
downstream flux by downregulating the enzymatic activity of
ALA dehydratase (ALAD) (encoded by hemB, the first enzyme
downstream of ALA in the heme synthesis pathway) through ad-
dition of an ASV degradation tag (AAEKSQRDYAASV) to the C
terminus of ALAD, to increase its degradation rate (20). This did
not improve the titer, however, which was different from our re-
sults for the C; pathway of ALA biosynthesis (Fig. 6) (20). Finally,
we overexpressed the heterologous nonspecific ALA exporter
RhtA from E. coli together with the R. capsulatus ALAS (hemA)
(7). This modification increased the ALA titer from 12.46 g/liter to

14.7 g/liter in 16 h, resulting in a high productivity of 0.92 g/liter/h
(Fig. 6).

Encouraged by these results, we overexpressed coaA and rhtA
together with the R. capsulatus ALAS (hemA) to construct pEC-
SB-rhtA-coaA. However, this trial did not increase the titer fur-
ther (data not shown).

DISCUSSION

The application of ALA in various fields has led to increasing de-
mand for ALA production. Compared with E. coli, the most widely
used host for microbial production of ALA, the GRAS organism C.
glutamicum holds certain advantages concerning the broad use of
ALA in agriculture and health care. In this study, two-stage high-
yield ALA production in recombinant C. glutamicum via the C,
pathway was demonstrated.

In the C, pathway, ALA is formed through one-step conden-
sation of glycine and succinyl-CoA by ALAS. Most studies on ALA
production required the addition of glycine and succinate as pre-
cursors, resulting in high production costs. Recently, Ma and col-
leagues investigated ALA production in sdhAB- and sucCD-defi-
cient E. coli strains without the addition of succinate and
improved ALA titers by 25.59% and 12.40%, respectively (29). We
deleted sucCD from C. glutamicum ATCC 13032 in a similar way,
resulting in strain CgS1. This modification also made succinate
addition unnecessary (Fig. 2). Apparently, sucCD inactivation did
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FIG 5 Two-stage fermentation profile of CgS1/pEC-SB for ALA production under optimized conditions. Fermentation was performed in a 300-ml baffled shake
flask containing 50 ml 2 mM MgSO,, in 250 mM potassium phosphate buffer, at 30°C and 180 rpm, and the pH was maintained at approximately 6.5. The initial
glucose and glycine concentrations were ~20 g/liter. For clarity, a representative curve from three independent experiments is shown, with standard differences
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FIG 6 ALA production by two-stage fermentation in various recombinant C.
glutamicum strains. Fermentation was performed under the same conditions
as in Fig. 5. Results are averages from three independent experiments, with
standard deviations indicated by error bars.

not impair cell growth. Levels of TCA intermediate accumulation
in CgS1 and the wild-type strain were essentially the same. All of
these results indicated that the disturbed TCA cycle was rescued by
alternative pathways in CgS1 (30).

Since C. glutamicum does not possess an ALAS naturally, a
heterologous ALAS must be introduced to complement the C,
pathway. Of the five ALASs investigated, the one from R. capsula-
tus SB1003 displayed the best potential for ALA production. Re-
cently, three ALASs, from Agrobacterium radiobacter, R. spha-
eroides, and R. capsulatus, were purified and characterized (15).
The specific activity of R. capsulatus ALAS (198.2 U/mg) was
about 31.2% higher than that of A. radiobacter ALAS (151.1
U/mg) and 69.5% higher than that of R. sphaeroides ALAS (116.9
U/mg). In vivo, the level of ALAS was tightly regulated at the level
of either transcription or enzymatic activity (36-38). Thus, exten-
sive screening of ALASs with higher activity, combined with ex-
pression optimization and protein evolution, may facilitate the
identification of a better catalyzer in follow-up studies (10, 11,
39-43).

In a trial to increase the supply of succinyl-CoA, odhA-sucB-Ipd
and coaA overexpression increased ALA titers moderately, by 6%
and 10%, respectively, while gltA overexpression substantially re-
duced titers. OdhA-SucB-Lpd catalyzes the reaction for succinyl-
CoA synthesis directly, and CoaA increases the CoA substrate sup-
ply for this reaction; odhA-sucB-Ipd and coaA overexpression
improved ALA production but icd overexpression did not, which
indicated an off-pathway flux through 2-oxoglutarate. Because
organic acid by-products were very limited (total amounts of less
than 2 g/liter) in the fermentation supernatant from CgS1/pEC-
SB-gltA, we speculated that gltA overexpression may result in an
imbalance between the reverse and forward TCA cycles and thus
impaired glucose decomposition in a sucCD deletion scenario.
Accelerated degradation of ALAD through addition of the ASV tag
to the C terminus of ALAD did not increase the titer, which is
different from the results reported previously for the C, pathway.
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This indicated that the downstream flux was limited, compared
with ALA synthesis, and the heterologous HemA may be less feed-
back inhibited by downstream tetrapyrroles. Heterologous ex-
pression of rhitA from E. coli proved effective for ALA production
in C. glutamicum, but simple overexpression of coaA and rhtA
with hemA did not result in additive effects, which indicated that
further optimization for combinational expression of related
genes is needed.

In the past 2 decades, much attention has been paid to cultiva-
tion process optimization, medium composition investigation,
and ALAS expression and pathway optimization for ALA produc-
tion (44, 45). As a widely used and efficient strategy, two-stage
fermentation was employed in this study for ALA production by
nongrowing cells, with related parameters being optimized by
uniformity design. In two-stage fermentation, production of the
target compound is decoupled from cell growth, so cell resources
can be more dedicated to product synthesis. Also, potential inhib-
itors (e.g., heme in this ALA production case) are removed after
the cell growth stage and, due to cessation of cell growth in the
production stage, accumulation of these inhibitors may be much
less. Finally, the simple buffer system is conducive to the down-
stream processes. Notably, the output of ALA here was nearly
1.67-fold greater than that from E. coli Rosetta(DE3)/pET28a-
hemA (15), although the latter has been optimized and scaled up
in a fermenter with added succinate. During preparation of the
manuscript, production of ALA in C. glutamicum via the C, path-
way, with titers of 3.14 g/liter in a shake flask and 7.53 g/liter in a
5-liter bioreactor, was reported (21). Those authors demonstrated
how metabolic engineering improved strain capacity through
elimination of competitive pathways, increases in precursor sup-
ply, modification of cell permeability, and expression of an ALA
exporter (21). With system biology and synthetic biology tools,
CgS1 may be engineered to improve its production capacity fur-
ther in the future.

In conclusion, this work demonstrated ALA production in C.
glutamicum with high titers and productivity. Recombinant C.
glutamicum CgS1/pEC-SB-rhtA produced 14.7 g/liter ALA with a
volumetric productivity of 0.92 g/liter/h in a two-stage fermenta-
tion mode. This study paves the way for development of low-cost
processes for production of ALA from glucose and glycine using a
GRAS organism.
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