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Lycopene cyclase converts lycopene to β-carotene by
catalyzing the formation of two beta-rings at each end of
the linear carotene structure. This reaction takes place as
a two-step reaction in which both sides of of the lycopene
molecule are cyclized into β-carotene rings via the
monocyclic γ-carotene as an intermediate. The crtY gene
coding for lycopene cyclase from Paracoccus haeundaensis
consists of 1,158 base pairs encoding 386 amino acids
residues. An expression plasmid containing the crtY gene
(pET44a-CrtY) was constructed and expressed in
Escherichia coli, and produced a recombinant protein of
approximately 43 kDa, corresponding to the molecular
mass of lycopene cyclase. The expressed protein was
purified to homogeneity by His-tag affinity chromatography
and showed enzymatic activity corresponding to lycopene
cyclase. We also determined the lycopene substrate
specificity and NADPH cofactor requirements of the
purified protein. The Km values for lycopene and NADPH
were 3.5 µM and 2 mM, respectively. The results obtained
from this study will provide a wider base of knowledge on
the enzyme characterization of lycopene cyclase at the
molecular level.
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Carotenoids are the most widely distributed class of
pigments in nature, displaying yellow, orange, and red
colors, and are synthesized by microorganisms, algae, and
plants [12]. Carotenoids typically consist of a C40
hydrocarbon backbone that is often modified by different
oxygen-containing functional groups to yield cyclic or
acyclic xanthophylls [5]. Recently, carotenoids have received
a great deal of attention because of their significant
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antioxidant activities and for their important role in
inhibiting the onset of chronic diseases [1, 6, 8]. Carotenoids
are also involved in numerous biological functions including
vitamin A synthesis, gap junction communication, immune
system modulation, and antitumor activity [2, 3, 11]. A
number of carotenoid biosynthetic pathways have been
elucidated at the molecular level, through metabolic and
genetic engineering of microorganisms [9].
The carotenoid biosynthesis genes have been isolated
and characterized in previous studies [13]. Biosynthesis of
carotenoids includes the formation of geranyl geranyl
pyrophosphate (GGPP) from farnesyl pyrophosphate (FPP)
by a GGPP synthase (CrtE; encoded by a crtE gene), the
formation of phytoene from GGPP by a phytoene synthase
(CrtB; crtB gene), the formation of lycopene from phytoene
by a phytoene dehydrogenase (CrtI; crtI gene), and the
formation of β-carotene by a lycopene β-cyclase (CrtY;
crtY gene). In the final stages, β-carotene can be converted
to astaxanthin by the action of only two enzymes: a βcarotene ketolase (CrtW; crtW gene) and a β-carotene
hydroxylase (CrtZ; crtZ gene). Each of these genes has
been extensively studied with respect to its functions and
pathway [14].
The cyclization of lycopene in photosynthetic organisms
represents an important branching point in the biosynthesis
pathway of carotenoids, which all originated from the
cyclization of lycopene by lycopene cyclase. The lycopene
cyclase reaction ends either with two β-ionone rings or one
β-ionone ring and one ε-ionone ring to form β-carotene
[4, 7].
In the present study, we describe the overexpression,
purification, and characterization of lycopene cyclase from
a marine bacterium, Paracoccus haeundaensis. We also
present an approach for studying the enzymology of the
lycopene cyclization reaction and a more detailed investigation
of cofactor requirements and cofactor biosynthesis. These
results will provide a wider knowledge of the structure and
function of lycopene cyclase from P. haeundaensis at the
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molecular level and will facilitate the biotechnological
applications of carotenoid biosynthesis enzymes.
The CrtY enzyme (lycopene cyclase) reaction ends either
with two β-ionone rings or one β-ionone ring and one
ε-ionone ring, to form β-carotene. The crtY gene isolated
from P. haeundaensis was composed of 1,158 bp and
encoded a polypeptide of 386 amino acid residues.
The gene product of the carotenoid biosynthesis genes
was expressed by subcloning crtY genes into the expression
vector, pET44-a(+), which allows expression of a recombinant
protein with a C-terminal fusion His-tag. The crtY gene
was amplified by PCR using a pair of forward oligonucleotides
primer, CrtY-1 (5'-CATATGACCATGACGTGCTG-3'), and
the reverse primer CrtY-2 (5'-CTCGAGTCATGCGTT
TTCCTTCAG-3'), with the plasmid pCR-XL-TOPO-crtfull as a template, which carries the full-length astaxanthin
biosynthesis gene cluster [10]. The PCR product was
ligated into the vector pGEM-T (Promega, Madison, WI,
USA). The subcloned plasmid was digested with NdeI and
XhoI restriction enzymes, and the excised fragment was
then ligated into the expression plasmid pET44-a(+) vector.
The expression plasmids were individually constructed
under the control of the T7 promoter, and resulted in a
pET44a(+)-CrtY plasmid (Fig. 1). This plasmid was
transformed into the E. coli BL21(DE3) codon plus strain.
The overexpression of crtY was induced by adding
isopropyl-β-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.05 mM at a cell density of OD600 = 0.5.
The recombinant protein was overexpressed by adding
IPTG and incubating at 25oC. Temperature dependence of
the solubility of proteins as a result of inclusion body

Fig. 1. Construction of plamid pET44a(+)-CrtY.

formation has been reported for several recombinant
proteins. Cultivating this E. coli transformant with the crtY
gene at 37oC and lower temperatures showed that 25oC
was the optimum growth temperature for obtaining soluble
lycopene cyclase in an active form. The yield at 25oC
was 35.7 mg of soluble protein (from 100 ml of cells), with
a lycopene cyclase activity of 103 ng β-carotene ml-1
supernatant h-1.
The expression and purification of the recombinant
CrtY protein was analyzed by 12% SDS-PAGE, as shown
in Fig. 2A. The recombinant CrtY protein was confirmed
by Western blot analysis, as shown in Fig. 2B. The optimal
induction time of recombinant CrtY protein was achieved
at 7 h after IPTG induction (Fig. 2).

Fig. 2. SDS-PAGE of fractions obtained during purification of lycopene cyclase (A) and Western blot (B).
(A), The lane M indicates molecular weight marker (molecular masses shown at left, in kDa); lane 1, proteins from uninduced cell extracts (control); lanes
2, proteins from induced cell extracts 0 h after IPTG induction; lanes 3, proteins from induced cell extracts 1 h after IPTG induction; lanes 4, proteins from
induced cell extracts 3 h after IPTG induction; lane 5, proteins from induced cell extracts 5 h after IPTG induction; lane 6, proteins from induced cell
extracts 7 h after IPTG induction; lane 7, proteins from induced cell extracts 9 h after IPTG induction; lane 8, proteins from induced cell extracts 18 h after
IPTG induction; lane 8, purified CrtY protein. (B) Western blot analysis of proteins used the same as (A).
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Table 1. Purificaton of the recombinant lycopene cyclase from P. haeundaensis.
Step
Homogenate
Supernatant
His-tag purification fraction

Volume (ml)
50
50
1

Protein (mg)
108
35
0.3

Lycopene cyclase (mg)
2
1
0.3

Specific activity (nmol/h per mg)
0.7
0.6
21.36

Subcloning of the crtY gene into pET-44a(+) produced a
CrtY-His fusion protein that was purified by affinity
chromatography using a single-step purification, in order
to separate the CrtY protein using a specific interaction
with a ligand that specifically binds to that protein from
among the cellular total proteins. Using this technique, the
CrtY protein was purified to homogeneity and the purified
protein shows enzymatic activity. The molecular mass of
the purified protein was 43 kDa, which agreed with the
value calculated from the gene sequence. The purified
enzyme had a specific activity of 21.3b nmol/h per mg of
protein (Table 1). The optimum pH and incubation
temperature for the cyclization reaction was determined as
6.5 and 30oC, respectively. The biological activity of the
purified lycopene cyclase was tested by incubation with
the reaction substrates and showed strong enzymatic
activity (Table 2).
Purified lycopene cyclase, the product of the reaction
mixture, was incubated with lycopene cyclase and its
substrates, and the reaction products were analyzed by
HPLC. The assay mixture (200 µl) was made using 50 mM
Tris/HCl buffer, pH 6.5, containing 4 mM NADPH, substrate
(10 µM lycopene), and the purified enzyme (approximately
25 µg of CrtY protein). Assays were carried out at 30oC for
4 h under constant shaking in the dark. After termination
of the enzyme reaction by the addition of 2.5 ml of
methanol, the β-carotene was partitioned into 10% diethyl
ether in petrol, evaporated, redissolved in acetone, and
then separated and quantified by HPLC analysis. For
HPLC separation, chromatography was performed using a
Waters HPLC system equipped with an Inertsil ODS-3
column (5 micron, steel, 150 mm long × 4.6 mm ID; GL
Sciences) at room temperature. The mobile phase was
methanol/water [85/15 (v/v)] at a flow rate of 0.5 ml/min.
The injection volume was 20 µl. The β-carotene product
was detected at an absorbance of 450 nm. A β-carotene
standard was purchased from Sigma (Germany) as for use
as an authentic sample. As shown in Fig. 3, the expressed
enzyme demonstrated activity. After incubation, three peaks

appeared, with retention times of 10, 16, and 22 min (Fig. 3).
Peak 1 of the HPLC analysis was identified as lycopene by
comparing it with a known standard of lycopene. This
peak was eluted at retention time 22 min and absorbed
maximally at a wavelength of 450 nm. The elution peaks
(peaks 2 and 3) of the HPLC analysis from the incubation
mixtures were identified as two pigments corresponding to
β-carotene and γ-carotene, respectively, and eluted at 10
and 16 min, respectively. The purified lycopene cyclase
was therefore able to perform an efficient conversion of
lycopene (peak 1) as a substrate via the intermediate γcarotene (peak 3), to β-carotene (peak 2).

Table 2. Stimulation of enzyme activity by various cofactors.

Fig. 3. Conversion of different carotenes by purified lycopene
cyclase.

Addition
Control
NADPH
NADH

Enzyme activity
(% conversion to β-carotene)
1.5
14.6
11.2

Substrates were lycopene, β-carotene, lycopene and β-carotene. Reaction
(enzyme assay): the applied substrate in each experiment is indicated by a
straight-line. Peak 1, lycopene; peak 2, β-carotene; peak 3, γ-carotene. The
substrate in each experiment was applied in a concentration of about
40 µM. The identified carotene products were β-carotene (peak 2), and γcarotene (peak 3).
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resulted in a good linear regression with a correlation
coefficient of 0.97 and enabled the determination of a
reproducible Km value of 3.5 µM for lycopene. The Vmax
corresponding to the amount of lycopene cyclase in the
assay was 40.8 nmol/h/mg. The Km was also determined in
the same way for the substrate neurosporene, resulting in a
value of 7 µM.
In the present study, we have reported the overexpression
of lycopene cyclase from P. haeundaensis, its purification,
and the characterization of the purified enzyme using
chromatographic and spectroscopic analyses. This protein
may provide a very useful model for the study of the
mechanism of carotenoid biosynthesis. In addition, these
findings can be used to develop methods for enhanced
production of useful carotenoids of high economic value
through the manipulation of lycopene cyclase genes in
P. haeundaensis.
Fig. 4. Dependence of lycopene cyclization on the concentration
of the cofactor NADPH, and Lineweaver-Burk plot to determine
the Km for NADPH.
The concentration of the substrate lycopene was 7 µM.

Enzyme kinetic studies were performed using the purified
lycopene cyclase to determine Km values for the principal
substrate, lycopene, and for the cofactor NADPH. Enzyme
kinetics studies carried out using various concentrations of
NADPH (Fig. 4) indicated a saturation point at 4 mM
NADPH. From the Lineweaver-Burk plot, a Km of 2 mM
was determined for the cofactor NADPH and the Vmax was
23.8 nmol/h/mg of protein. For lycopene, the saturation
point was reached at 7 µM (Fig. 5). The double reciprocal
plot obtained using ten data points from the linear range

Fig. 5. Concentration dependency of lycopene cyclization on the
substrate lycopene, and Lineweaver-Burke plot to determine the
Km for lycopene. The concentration of NADPH was 4 mM.
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