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Here, we report cloning of cyanobacterial genes encoding pteridine glycosyltransferases that catalyze glu-
cosyl or xylosyl transfer from UDP-sugars to tetrahydrobiopterin. The genes were cloned by PCR amplification
from genomic DNA which was isolated from culture and environmental samples and overexpressed in Esch-
erichia coli for an in vitro activity assay.

Tetrahydrobiopterin (BH4) is well known among pteridine
compounds as a cofactor for aromatic amino acid hydroxylases
and nitric oxide synthases in animals (19). Pteridine glycosides
such as biopterin and 6-hydroxymethylpterin glycosides have
been found in cyanobacteria and anaerobic photosynthetic
bacteria (2, 4, 5, 8, 11, 13, 15, 17, 21). Although the function of
these glycosides remains unknown, they are abundant and
ubiquitous in cyanobacteria, implying some essential role (3, 6,
16–18, 21). There is a group of enzymes, named pteridine
glycosyltransferases (PGTs), known to catalyze a variety of
glycosyl transfers to pteridines. The first PGT isolated from the
cyanobacterium Synechococcus sp. PCC 7942 was shown to
catalyze a glucosyl transfer from UDP-glucose to BH4 and
was therefore named UDP-glucose:BH4 glucosyltransferase
(BGluT) (7). After cloning of the gene encoding BGluT (6), a
PGT that catalyzes the transfer of glucuronic acid for cyanop-
terin synthesis was identified (12). In addition, there are many
putative PGT homologs encoded in bacterial genomes, al-
though their exact catalytic functions have not been deter-
mined. We recently found that BGluT is useful for the simul-
taneous detection of oxidized and reduced forms of BH4 in
animal samples (14). Glycosyltransferases are also being stud-
ied intensively for applications in the design of novel pharma-
ceutical derivatives (1, 10). We were thus encouraged to find
PGTs with new substrate specificities or enzymatic properties
not only for study of protein structure and function but also for
application in BH4 research. In this study, we succeeded in
cloning four cyanobacterial genes encoding PGTs with either
glucosyl- or xylosyltransferase activity, and here we report the
results.

PGT genes were cloned from Arthrospira platensis CY-007
(obtained through Hawaii Oceanic Institute sampling) and
Arthrospira maxima CY-049 (UTEX 2342), which were cul-
tured in the Korea Marine Microalgae Culture Center, and
from environmental DNA sequences (designated UCNR-001
and UCNR-002) isolated from wild algal mats in the Nakdong

River, South Korea. In order to amplify conserved internal
sequences of the unknown PGT genes, degenerate PCR prim-
ers were designed from the nucleotide sequences of cyanobac-
terial PGT homologs using GeneFisher2 (9). A protein homol-
ogy search with BGluT against the bacterial genome database
in NCBI revealed more than a hundred PGT homologs. When
a phylogenetic tree was constructed from the putative se-
quences, there was a separate group comprising cyanobacterial
PGTs. Figure 1 shows the cyanobacterial cluster, in which
members shared sequence identities of more than 34%. Be-
cause the degenerate primers designed from all of the cya-
nobacterial PGTs were too highly degenerate, the cluster was
divided into four subgroups, as shown in Fig. 1: this division
allowed primers to be designed for each of the four subgroups.
The PGTs in subgroup I were clearly distinguishable from the
others, because they all originated from marine picocyanobac-
teria, which are abundant in the pelagic realm. Subgroup I
could be divided further into two groups comprising PGTs
from either Prochlorococcus species (CIA) or marine Synecho-
coccus species (CIB). Subgroup II was also divided into two
groups, CIIA, consisting mostly of PGTs from Synechococcus
species, and CIIB, containing the other PGTs. Among the
primers designed for each subgroup, those for the CIIA and
CIIB subgroups successfully amplified DNA sequences of the
expected sizes. The primer sequences were 5�-GTTCAGGAW
TAGGAGGTGGAGT-3� (CIIA-forward)/5�-CGCYTCAAT
WGCTACATTTCCA-3� (CIIA-reverse) and 5�-ACGACTGG
CTMYCGYTTTAYCTGA-3� (CIIB-forward)/5�-GCYTCCA
CCCAYTTRGGGGTCA-3� (CIIB-reverse). Based on the
determined partial gene sequences, additional sets of primer
pairs were designed for the inverse PCR method (20). The
sequences were 5�-GATGAACTACAACAGGGTCTGCGT
C-3� (CY-007 forward)/5�-CGGCTTTTTAAGGCTTTTGCC
ATATTC-3� (CY-007 reverse), 5�-GTCTGCGTGAATGTCG
AGG-3� (CY-047 forward)/5�-ATGACCTCGGCTGTGTAA
G-3� (CY-047 reverse), and 5�-CCTACAAAAAGAGCTAGG
CGACTGTTTTG-3� (UCNR forward)/5�-CCAAAGAAACG
GAAGCCATGCTG-3� (UCNR reverse). Total genomic DNA
samples were partially digested with RsaI and then self-ligated
to be used as templates for PCR amplification with the primer
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pairs. The amplified DNA sequences revealed the missing 5�-
and 3�-end sequences of the genes.

The deduced protein sequences were multiply aligned with
BGluT (Fig. 2). Amino acid identities for all sequences in

pairwise comparisons are given as percentages in Fig. 2. Re-
cently, draft assemblies of the genome sequences of Arthrospira
platensis strain Paraca and Arthrospira maxima CS-328 (UTEX
2342) were announced. The annotated PGT (GenBank acces-

FIG. 1. Neighbor-joining phylogenetic tree of cyanobacterial PGT protein sequences, identified by NCBI accession numbers. Bootstrap values
are presented at the nodes. The names of strains whose PGTs are characterized are in bold.

FIG. 2. Alignment of multiple PGT sequences. Conserved sequences are shaded at four levels using GeneDoc software. At the end of the
alignment, amino acid identities in percentages are given for all sequences in pairwise comparisons.
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sion no. EDZ91868) of Arthrospira maxima CS-328 was iden-
tical to the PGT of CY-049 at both the amino acid and nucle-
otide levels, proving that the two organisms originated from
the same UTEX stock (UTEX 2342). On the other hand, the
PGTs of Arthrospira platensis strains Paraca and CY-007 were
different at nine individual nucleotides, resulting in seven
amino acid differences. A phylogenetic analysis showed that
CY-007 and CY-049 PGTs belonged to the CIIB subgroup and
that UCNR-001 and UCNR-002 PGTs clustered in the CIIA
subgroup (data not shown).

In order to identify the catalytic function of the putative
PGTs, the recombinant proteins were produced in Escherichia
coli. The complete open reading frame (ORF) sequences were
amplified by PCR from the genomic DNA samples, cloned into
the pGEM-T vector, and subsequently cloned as NdeI/BamHI
restriction fragments into pET-28b (for CY-007 and CY-049
sequences) or pET-15b (for UCNR-001 and UCNR-002 se-
quences). E. coli BL21(DE3)/pLysS transformants were in-
duced with 0.05 to 0.2 mM isopropyl-�-D-thiogalactopyrano-
side and were cultured for 8 h at 22°C. The recombinant
proteins were purified by chromatography on Ni-nitrilotriace-
tic acid gel according to the instructions of the manufacturer
(Qiagen). The proteins were eluted with 250 mM imidazole,
dialyzed against a mixture of 20 mM Tris-HCl (pH 7.5) and
30% (vol/vol) glycerol, and stored in aliquots at �70°C until
use. Purification of the proteins was confirmed by electro-
phoresis on an SDS-polyacrylamide gel (Fig. 3A). BGluT from
a previous purification was used (6). Aliquots of PGT were
assayed at 37°C for 10 min in a reaction mixture of 100 �l
containing 50 mM sodium phosphate, pH 7.5, 10 mM MnCl2,
0.2% ascorbic acid, 1 �M BH4 (Schircks Lab, Switzerland),
and 100 �M UDP-glucose or UDP-xylose. The reaction mix-
ture was combined with an equal volume of acidic iodine so-
lution (2% KI and 1% I2 in 1 N HCl) for 1 h in the dark. After
centrifugation, the supernatant was mixed in a 10:1 volume
ratio with 5% ascorbic acid and subjected to high-performance
liquid chromatography (HPLC). HPLC was performed with a
Gilson 321 pump equipped with an Inertsil ODS-3 column
(150 by 2.3 mm; particle size, 5 �m [GL Science, Japan]) and
a fluorescence detector (Shimadzu RF-10AXL). Pteridines
were eluted with 10 mM potassium phosphate buffer (pH 6.0)
at a flow rate of 1.2 ml/min and were monitored at excitation
and emission wavelengths of 350 and 450 nm, respectively.

The enzymatic products of PGTs (Fig. 3) appeared only
when enzymes were incubated with BH4 as a sugar acceptor

and either UDP-glucose (for CY-007, UCNR-001, and
UNCR-002 PGTs) or UDP-xylose (for CY-049 PGT) as a
sugar donor. HPLC analysis of cultured CY-007 and CY-049
cells confirmed the presence of the corresponding biopterin
glycosides (data not shown), supporting the conclusion that the
PGTs exhibited genuine in vivo activities. This is the first report
of a gene encoding a PGT that catalyzes xylosyl transfer to
BH4. Although the data are not shown here, we found addi-
tional xylosyl transfer PGTs in Anabaena sp. PCC 7120,
Gloeobacter violaceus PCC 7421, and Thermosynechococcus
elongatus BP-1, whose genomic sequences were determined.
The putative PGT genes (represented in Fig. 1) were amplified
by PCR from the genomic DNA, which was a kind gift from the
Kazusa DNA Research Institute (http://genome.kazusa.or.jp
/cyanobase/). The recombinant proteins for the in vitro activity
assay were prepared by cloning the genes into pET-28b and
overexpressing the proteins in E. coli according to the same
procedures performed for the other PGTs. Interestingly, CY-
007 and CY-049 PGTs exhibited different substrate specifici-
ties, although they share 93% protein sequence identity, and
they also had higher specific activities than the other PGTs
(Fig. 4). The three-dimensional structures of the proteins are
currently being investigated to further understanding of the
structural properties involved. Considering the cyanobacterial
PGTs hitherto identified, there seems to be little correlation
between their substrate preferences and phylogenetic classifi-
cation. However, the CI group PGTs, which diverged early
from the CII group PGTs, might have some distinctive fea-
tures. Finally, the successful cloning of PGT genes from envi-
ronmental DNA allows for potentially new PGTs to be isolated
from cyanobacteria, which are abundant in nature.

Nucleotide sequence accession numbers. The complete
ORF sequences were deposited in GenBank under accession
numbers GU812289 (for strain CY-007), GU812291 (for strain
CY-049), GU812292 (for the UCNR-001 sequence), and
GU812293 (for the UCNR-002 sequence).

This work was supported by a 2006 grant from Inje University.

FIG. 3. Analysis of purified recombinant PGTs on an SDS–12.5%
polyacrylamide gel (A) and HPLC analysis of the enzymatic products (B).

FIG. 4. Comparative analysis of PGT activities. The maximal ac-
tivity (100%) corresponds to complete glycosylation of 1 �M BH4 in
the reaction mixture, which contained 0.5 mM UDP-xylose for CY-049
PGT or 0.5 mM UDP-glucose for the other PGTs. The mixtures were
incubated for 10 min with the indicated amounts of proteins.
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