J. Microbiol. Biotechnol. (2004), 14(6), 1327–1332

Cloning and Expression of the Rhodobacter capsulatus hemA Gene in E. coli
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Abstract The hemA gene encoding 5-aminolevulinic acid
synthase (ALAS) was cloned from Rhodobacter capsulatus,
and its nucleotide sequence was determined. DNA sequencing
data revealed one open reading frame coding for a protein
with 401 amino acids that displayed high similarity to the
amino acid sequences of other known ALASs. The hemA
gene was then cloned and expressed under the control of
constitutive promotor in E. coli. The recombinant E. coli
strain was able to accumulate 5-aminolevulinic acid to 21 mM
in the liquid medium supplemented with 45 mM glycine and
120 mM succinate. In addition, a marked effect of the pH of
the culture medium on ALA production was observed, and
the optimum pH for culture medium was determined to be
5.8- 6.3.
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5-Aminolevulinic acid (ALA) is the first compound in the
tetrapyrrole biosynthesis pathway that leads to the formation
of hemes, chlorophylls, corrins, and bile pigment [2, 11].
ALA is synthesized by either of two major pathways. In
the C4 pathway, ALA is formed by the condensation of
glycine and succinyl-CoA [3, 16]. This reaction is catalyzed
by ALA synthase (ALAS), which is found in animal cells,
yeasts, fungi, and certain bacteria. In the C5 pathway, ALA
is formed from glutamate by a series of reactions,
including the activation of glutamate by ligation to tRNA,
reduction of the activated glutamate to yield glutamate-1semialdehyde (GSA) by an NAD(P)H-dependent reductase,
and transamination of GSA to form ALA by a GSA
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2,1-aminotransferase [3, 4]. The C5 pathway is found in
plant chloroplasts, cyanobacteria, anaerobic archaebacteria,
Escherichia coli, and Salmonella typhimurium [9, 13].
ALA has a variety of agricultural applications not only
as an herbicide, insecticide, and growth promoting factor
[25, 27], but also some based on its ability to confer salt
and cold temperature tolerance to plants [14]. In animal
fields, new applications to improve animal productivity are
being tested. In addition, several medical applications,
including tumor diagnosis and cancer treatment, have been
reported [27]. Due to its physiological significance, genes
encoding ALA synthase have been cloned from diverse
organisms, including bacteria, fungi, plants, and animals.
Much of the research on ALA production microbially have
so far been focused on using whole-cell system [6, 7,
17, 20, 27, 30]. Photosynthetic bacteria, especially purple
nonsulfur bacteria, accumulate ALA under light illumination
in the presence of levulinic acid [8, 23]. However, the
use of light illumination on an industrial scale is not
economical, and the levels of ALA accumulated by these
microorganisms were less than 2.0 mM [28]. Recently,
ALA production from recombinant E. coli by overexpression
of the hemA gene placed under the inducible promotor has
been reported [6, 30].
We describe here the cloning of the hemA gene encoding
ALA synthase from Rhodobacter capsulatus, and the
production of ALA, without the addition of LA, higher
than any concentration reported before, by recombinant
E. coli containing R. capsulatus hemA gene.
Bacterial Strains, Plasmids, and Growth Conditions
The strains and plasmids used in this study are listed in
Table 1. E. coli was grown in Luria-Bertani (LB) medium
[26] at 37oC on a rotary shaker at 200 rpm. Where necessary,
ampicillin was used at a final concentration of 50 µg/ml.
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Table 1. Bacterial strains and plasmids used.
Strains or plasmids

Relevant properties

Referenece or source

Rhodobacter capsulatus ATCC11166
E. coli strains
DH5α
supE44 ∆lacU169 (φ80 lacZ∆M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1
BLR(DE3)
F- ompT hsdSB(rB- mB- ) gal dcm∆(srl-recA)306::Tn10(TcR)(DE3)
Plasmids
pHCE-IIB
Expression vector; Apr
pHEMA
pHCE IIB harboring a 1.2kb NdeI/HindIII fragment from R. capsulatus encoding hemA
BH3
Apr; 1.2 kb NdeI/HindIII fragment inserted

R. capsulatus was grown in PYE medium (0.3% Bacto
peptone, 0.3% yeast extract) at 37oC on a rotary shaker
at 200 rpm. For the extracellular ALA production, the
transformant E. coli was cultivated in the ALA production
medium, containing 1% NaCl, 0.7% yeast extract, 30 mM
glycine, and 90 mM succinate [6].

KCCM
Takara-Korea Biomedical
Novagen
Takara-Korea Biomedical
This study
This study

of the hemA gene from the genomic DNA. These primers
were designed with NdeI and HindIII restriction sites,
respectively, to allow in-frame insertion of the hemA gene
into the NdeI/HindIII sites of the pHCE-IIB expression
vector. PCR was performed in a 50 µl reaction mixture,
containing primers (100 pmole), template DNA (100 ng),
5 µl of 10× Taq polymerase buffer, and 4 µl of 2.5 mM

Cloning of hemA Gene from Rhodobacter capsulatus
To clone the hemA gene from R. capulatus, genomic DNA
of R. capsulatus ATCC11166 was extracted according to
the method of Mak and Ho [21]. The consensus PCR
primers, based upon a comparison of bacterial hemA gene
sequences, were RC1 (5'-ggtgacgcatatggactacaatct-3') and
RC2 (5'-cctcggcaagcttcacgcacagcg-3') for the amplification

Fig. 1. Nucleotide and deduced amino acid sequences of a
1.2 kb DNA fragment from the R. capsulatus hemA region.

Fig. 2. Aligned residues identical in Rhodobacter capsulatus
ATCC11166 HemA (Rcap), Bradyrhizobium japonicum (Bjap),
Rhodopseudomonas palustris (Rpal), and Rhodobacter sphaeroides
(Rsph) are indicated by an asterisk.

The putative Shine-Dalgarno sequence preceding the start codon is
underlined. Arrowheads indicate a 6 bp motif which is similar to sequences
at the transcriptional initiation sites of the R. capsulatus puf [1], puc [30]
operons, and of the Rhizobium meliloti ALAS gene [16].

Residues likely to be involved in pyridoxal phosphate binding are indicated
by open arrow. Two glycine-rich regions which could be involved in CoA
or pyridoxal phosphate binding are underlined. Closed arrowheads show
two cysteine residues conserved in all of the ALA synthase sequences.
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dNTP. A 1.2-kb DNA fragment carrying hemA was
isolated by PCR from chromosomal DNA of R. capsulatus
ATCC11166 (data not shown), and cloned into the pSTBlue1 cloning vector for sequencing.
Sequencing experiments showed that the hemA coding
region was 1,206 bp long starting with an ATG. This
sequence predicts a protein of 401 amino acids with a
molecular weight of 43,675 Da. The entire hemA nucleotide
sequence and translated amino acid sequence are shown in
Fig. 1. A potential ribosome-binding sequence was found
6 bp upstream of the ATG initiation codon.
The deduced amino acid sequence of R. capsulatus
hemA was aligned with those reported for other purple
bacterial ALA synthases (Fig. 2). Overall, the deduced amino
acid sequence of the R. capsulatus ATCC11166 hemA
shares 75% identity with the Rhodobacter sphaeroides
hemA, 55% identity with the Bradyrhizobium japonicum
hemA, and 57% identity with the Rhodopseudomonas
palustris hemA. Multiple amino acids sequence alignments
showed a highly conserved domain. Specifically, the amino
acid sequence around Lys248 of the cloned gene is well
conserved. The ε-amino group of the active site lysine
residue that is involved in the formation of an internal
Schiff base between the formyl group of PLP and the
residue was conserved among various ALA synthases [15].
Sequences implicated in catalytic activity and pyridoxal
phosphate cofactor binding, characterized by arginineand glycine-rich regions, are conserved [10]. Also, two
cysteine residues (C52, C201) are conserved in all of the
ALA synthase sequences.
Heterologous Expression of hemA Gene from
Rhodobacter capsulatus in E. coli
For the expression of hemA gene encoding 5-aminolevulinic
acid synthase, the constitutive expression vector pHCEIIB was employed. Using the restriction enzyme NdeI and
HindIII, the hemA gene from the recombinant pSTBlue-1
vector was digested and subsequently subcloned into the
expression vector pHCE-IIB. This placed the hemA gene
under the promotor of D-amino acid aminotransferase
(D-AAT) gene from Geobacillus toebii [21], in-frame with an
ATG start site located in the vector. The resulting plasmid,
designated pHEMA, was transformed into E. coli BLR(DE3).
After cultivation on an ALA production medium
containing 90 mM succinate and 30 mM glycine, cell
extracts of E. coli containing pHEMA were analyzed by
10% SDS-PAGE [18]. As shown in Fig. 3, ALA synthase
was detectable in the extracts of E. coli cells harboring
the R. capsulatus hemA gene, while not detectable in
the extracts of E. coli cells harboring vector only. ALAS
encoded by hemA from R. capsulatus has a molecular
mass of 44 kDa, which was estimated by its amino acid
sequences. A distinct protein band with this molecular
mass was observed only for E. coli BH3 containing pHEMA

1329

Fig. 3. SDS-PAGE of ALA synthase expressed by pHEMA.
The position of the hemA gene product is indicated at the right. Lane 1,
marker; lane 2, control transformed with pHCE-IIB only; lanes 3 and 4, E.
coli BLR(DE3) containing pHEMA after incubation for 24 h, 48 h.

(Fig. 3, lanes 3 and 4). In the extracts of cells containing
plasmid pHCE-IIB only, the protein corresponding to the
estimated molecular mass was not detected (Fig. 3, lane 2).
There was no difference in the ALAS expression levels
between 24 h and 48 h of cultivation, suggesting that
ALAS is constitutively expressed.
Effect of pH of the Culture Medium on ALA Production
ALA in aquous solution is found to be unstable, which is
dependent on pH and other factors [11]. Therefore, the
effect of initial pH of the culture medium on the level of
ALA production was investigated. ALA concentrations in
the medium were measured colorimetrically [22] as
follows. To 10 µl of supernatant, 1 ml of 0.5 M sodium
acetate buffer (pH 4.7) and 50 µl of acetylacetone (2,4pentanedione) were added. Then, tubes were boiled in
a water bath for 10 min. ALA and acetylacetone were
condensed to form a pyrrole compound, 2-methy-3-acetyl4-(3-propionic acid) pyrrole, in the acetate buffer at 100oC.
After cooling, 3 ml of freshly prepared modified Ehrlich’s
reagent (1 g of ρ-dimethylamino-benzaldehyde, 8 ml of
70% perchloric acid, and 42 ml of acetic acid solution)
were added. The A555 of the mixture was measured after
5 min at room temperature. The pyrrole compound in each
tube was visualized (purple-red) by allowing it to react
with ρ-dimethylaminobenzaldehyde in Ehrlich's reagent.
As shown in Fig. 4, a marked effect of the initial pH of
the medium on ALA production by recombinant E. coli
was observed, and it was concluded that the optimum
medium pH for ALA production was 5.8- 6.3. A slightly
lower level of ALA production was observed at below pH
5.8, because of inhibition of cell growth (data not shown).
Additionally, a much lower level of ALA production was
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Fig. 4. Effect of pH of the culture medium on ALA production
in recombinant E. coli containing the hemA gene.
Cells were grown at 30oC in ALA production medium.

observed in alkaline condition, indicating that ALA
degrades into pyrazine compounds in alkaline solution [5].
This result suggests that ALA production should be carried
out at a slightly acidic condition.
Effect of Succinate and Glycine on ALA Production
Because there are several reports that succinate and
glycine enhance the ALA production as precusor or
growth substrate [6, 27, 30], we first examined the effect
of succinate level in the growth medium on ALA
production. As shown in Fig. 5, cell growth rate was
slightly inhibited as the succinate concentration increased.
However, the addition of succinate up to 120 mM resulted

in the increase of the extracellular ALA accumulation, and
a slight increase in the level of ALA synthase was also
observed (data not shown). When higher concentration
(150 mM) of succinate was added to the medium, less
ALA was produced due to the substrate inhibition [30].
Glycine is another important factor for ALA production,
because it is a precursor for ALA production [6, 27, 30].
Therefore, we investigated the effect of glycine level in the
growth medium on ALA production. As shown in Fig. 6,
cell growth was inhibited as the glycine concentration
increased. However, the addition of glycine up to 45 mM
resulted in the increase of extracellular ALA accumulation,
and a marked increase in the level of ALA synthase
activity was also observed (data not shown). When glycine
was added to the medium at higher concentration (60 mM),
less ALA was produced. Strong inhibition of cell growth
was probably due to both glycine and ammonia produced
as a result of glycine metabolism [27]. Extracellular
ALA accumulation continued for 50 h and then decreased
slightly, indicating degradation of ALA into pyrazine
compounds and tetrapyrroles [5, 11].
As shown in the above results and previous reports,
physiological factors such as medium pH and substrates
had an enormous effect on ALA production. When glycine
and succinate were added together to the concentration of
45 mM and 120 mM, respectively, ALA accumulated
in the medium up to 3.5 g/l. Much of the research on ALA
production has so far been microbially focused. Recent
investigations revealed the possibility of microbial ALA
production by overexpression of hemA genes placed under
the inducible promotor in E. coli. Werf and Zeikus [30]
achieved up to 2.25 mM ALA by recombinant E. coli
whole cell containing hemA gene, and Choi et al. [6] also
reported extracellular accumulation of ALA up to 15 mM

Fig. 5. Effect of succinate on the growth and ALA production of the recombinant E. coli containing the hemA gene.

í

Symbols used for 60 mM ( ); 90 mM ( 0 ); 120 mM ( 5 ); 150 mM ( ; ).
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Fig. 6. Effect of glycine concentration on the growth and ALA production of recombinant E. coli containing the hemA gene.

í

Symbols used for 15 mM ( ); 30 mM ( 0 ); 45 mM ( 5 ); 60 mM ( ; ).

from recombinant E. coli containing Bradyrhizobium japonicum
ALA synthase under the control of inducible promotor.
The recombinant E. coli containing R. capsulatus hemA
gene under the control of constitutive promotor produced
ALA at a maximum concentration of 21 mM in the absence
of levulinic acid, an inhibitor of ALA dehydratase. Through
a further metabolic pathway engineering and optimization
of large-scale production conditions, we expect to be
able to economically supply microbial-produced ALA for
industrial applications.

REFERENCES
1. Adams, C. W., M. E. Forrest, S. N. Cohen, and T. Beatty.
1989. Structural and functional analysis of transcriptional
control of the Rhodobacter capsulatus puf operon. J.
Bacteriol. 171: 473- 482.
2. Atri, N. and L. C. Rai. 2003. Differential responses of three
cyanobacteria to UV-B and Cd. J. Microbiol. Biotechnol.
13(4): 544- 551.
3. Avissar, Y. J. and S. I. Beale. 1989. Identification of the enzymatic
basis for δ-aminolevulinic acid auxotrophy in a hemA
mutant of Escherichia coli. J. Bacteriol. 171: 2919- 2924.
4. Beale, S. J. and P. A. Castelfranco. 1974. The biosynthesis of
δ-aminolevulinic acid in higher plants. II. Formation of 14Cδ-aminolevulinic acid from labeled precursors in greening
plant tissue. Plant Physiol. 53: 297- 303.
5. Bunke, A., H. Schmid, G. Burmeister, H. P. Merkle, and
B. Gander. 2000. Validation of a capillary electrophoresis
method for determination of 5-aminolevulinic acid and
degradation products. J. Chromatogr. 883: 285- 290.
6. Choi, C., B.-S. Hong, H.-C. Sung, H.-S. Lee, and J.-H. Kim.
1999. Optimization of extracellular 5-aminolevulinic acid
production from Escherichia coli transformed with ALA

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

synthase gene of Bradyrhizobium japonicum. Biotechnol.
Lett. 21: 551- 554.
Choi, H.-P., H.-J. Kang, H.-C. Seo, and H.-C. Sung. 2002.
Isolation and identification of photosynthetic bacterium
useful for wastewater treatment. J. Microbiol. Biotechnol.
12(4): 643- 648.
Choi, K.-M., W.-J. Lim, and S.-Y. Hwang. 1993. Influence
of C5-precursors on δ-aminolevulinic acid biosynthesis in
Rhodocyclus gelatinosus KUP-74. Kor. J. Appl. Microbiol.
Biotechnol. 21: 527- 533.
Elliott, T. and J. R. Roth. 1989. Heme-deficient mutants of
Salmonella typhimurium: Two genes required for ALA
synthesis. Mol. Gen. Genet. 216: 303- 314.
Ferreira, G. and J. Gong. 1995. 5-Aminolevulinate synthase
and the first step of heme biosynthesis. J. Bioenerg. Biomembr.
27: 151- 159.
Gadmar O. B., J. Moan, E. Scheie, L.-W. Ma, and Q. Peng.
2002. The stability of 5-aminolevulinic acid in solution. J.
Photochem. Photobiol. 67: 187- 193.
Granick, S. and S. I. Beale. 1978. Hemes, chlorophylls, and
related compound: Biosynthesis and metabolic regulation.
Adv. Enzymol. 46: 33- 203.
Grimm, B., A. Kumar, P. Talmage, and D. Shemin. 1991.
Structural gene of glutamate-1-semialdehyde aminotransferase
for porphyrin synthesis in a cyanobacterium and Escherichia
coli. Mol. Gen. Genet. 225: 1- 10.
Hotta, Y. and K. Watanabe. 1999. Plants growth-regulating
activities of 5-aminolevulinic acid. Syokubutu-no-KagakuTyousetu (Chemical regulation of plants) 34: 85- 96.
Hunter, G. A. and G. C. Ferreira. 1999. Lycine-313 of
5-aminolevulinate synthase acts as a general base during
formation of the quinonoid reaction intermediates. Biochemistry
38: 3711- 3718.
Kikuchi, G., A. Kumor, P. Talmage, and D. Shemin. 1958.
The enzymatic synthesis of δ-aminolevulinic acid. J. Biol.
Chem. 233: 1214- 1219.

1332

KANG et al.

17. Kim, N.-J., I. S. Suh, B.-K. Hur, and C.-G. Lee. 2002.
Simple monodimensional model for linear growth rate of
photosynthetic microorganisms in flat-plate photobioreactors.
12(6): 962- 971.
18. Laemmli, U. K. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
(London) 227: 680- 685.
19. Leong, S. A., P. H. Williams, and G. S. Ditta. 1985. Analysis
of the 5' regulatory region of the gene for 5-aminolevulinic
acid synthetase of Rhizobium meliloti. Nucleic Acids Res.
13: 5965- 5976.
20. Lim, W.-J., K.-M., Choi, and S.-Y. Whang. 1993.
Optimization of an intact cell system of Rhodobacter
gelatinosus KUP-74 for δ-aminolevulinic acid production. J.
Microbiol. Biotechnol. 3: 244- 251.
21. Mak, Y. M. and K. K. Ho. 1992. An improved method for
isolation of chromosomal DNA from various bacteria and
cyanobacteria. Nucleic Acids Res. 20: 4101- 4102.
22. Mauzerall, D. and S. Granick. 1956. The occurrence and
determination of 5-aminolevulinic acid and porphobilinogen
in urine. J. Biol. Chem. 219: 435- 446.
23. Nishkawa, S., K. Watanabe, T. Tanaka, N. Miyachi, Y. Hotta,
and Y. Murooka. 1999. Rhodobacter sphaeroides mutants
which accumulate 5-aminolevulinic acid under aerobic and
dark conditions. J. Biosci. Bioeng. 87: 798- 804.
24. Poo, H., J. J. Song, S.-P. Hong, Y.-H. Choi, S. W. Yun, J.-H.
Kim, S. C. Lee, S.-G. Lee, and M. H. Sung. 2002. Novel
high-level constitutive expression system, pHCE vector, for

25.

26.

27.

28.

29.

30.

31.

a convenient and cost-effective soluble production of human
tumor necrosis factor. Biotechnol. Lett. 24: 1185- 1189.
Rebeiz, C. A., A. Montazer-Zouhool, H. Hopen, and
S. M. Wu. 1984. Photodynamic herbicides. I. Concepts and
phenomenology. Enzyme Microb. Technol. 6: 390- 401.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
Cloning: A Laboratory Manual, 2nd ed. Cold Spring Harbor
Laboratory Press, New York, U.S.A.
Sasaki, K., M. Watanabe, T. Tanaka, and T. Tanaka. 2002.
Biosynthesis, biotechnological production and applications
of 5-aminolevulinic acid. Appl. Microbiol. Biotechnol. 58:
23- 29.
Sasaki, K., S. Ikeda, Y. Nishizawa, and M. Hayashi. 1987.
Production of 5-aminolevulinic acid by photosynthetic
bacteria. J. Ferment. Technol. 65: 511- 515.
Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994.
CLUSTAL W: Improving the sensitivity of progressive
multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22: 4673- 4680.
Werf, M. and J. G. Zeikus. 1996. 5-Aminolevulinate production
by Escherichia coli containing the Rhodobacter sphaeroides
hemA gene. Appl. Environ. Microbiol. 62: 3560- 3566.
Zucconi, A. P. and J. T. Beatty. 1988. Posttranscriptional
regulation by light of the steady-state levels of mature B800850 light-harvesting complexes in Rhodobacter capsulatus.
J. Bacteriol. 170: 877- 882.

