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Analysis of Sialyltransferase-Like Proteins from Oryza sativa
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Sialic acids are widely distributed among living creatures, from bacteria to mammals,
but it has been commonly accepted that they do not exist in plants. However, with the
progress of genome analyses, putative gene homologs of animal sialyltransferases have
been detected in the genome of some plants. In this study, we cloned three genes from
Oryza sativa (Japanese rice) that encode sialyltransferase-like proteins, designated
OsSTLP1, 2, and 3, and analyzed the enzymatic activity of the proteins. OsSTLP1, 2,
and 3 consist of 393, 396, and 384 amino acids, respectively, and each contains sequences
similar to the sialyl motifs that are highly conserved among animal sialyltransferases.
The recombinant soluble forms of OsSTLPs produced by COS-7 cells were analyzed
for sialyltransferase-like activity. OsSTLP1 exhibited such activity toward the oligo-
saccharide Galp1,4GlcNAc and such glycoproteins as asialofetuin, al-acid glycoprotein,
and asialo-al-acid glycoprotein; OsSTLP3 exhibited similar activity toward asialofetuin;
and OsSTLP2 exhibited no sialyltransferase-like activity. The sialic acid transferred
by OsSTLP1 or 3 was linked to galactose of Galf1,4GlcNAc through ¢2,6-linkage. This
is the first report of plant proteins having sialyltransferase-like activity.

Key words: glycoprotein, oligosaccharide, Oryza sativa, sialyl motif,
sialyltransferase.

Abbreviations: The ganglioside designations are according to the nomenclature of Svennerholm (7). The animal
sialyltransferase designations are according to the nomenclature of Tsuji et al. (2). BLAST, the basic local
alignment search tool; BSM, bovine submaxillary mucin; EST, expressed sequence tag; G3PDH, glyceraldehyde
3-phosphate dehydrogenase; HPTLC, high performance thin layer chromatography; RT, reverse transcription;
Sia, sialic acids; STLP, sialyltransferase-like protein.

Sialic acids (Sia) such as N-acetylneuraminic acid (NeuAc)
and N-glycolylneuraminic acid (NeuGce) are derivatives
of a negatively charged acidic sugar, neuraminic acid,
and usually occur at the terminal ends of carbohydrate
groups of glycoconjugates. Because of their negative charge
and wide occurrence in exposed positions of cell-surface
molecules, sialic acids function as key determinants of
oligosaccharide structures that may mediate a variety of
biological phenomena such as cell-cell communication,
cell-substrate interaction, adhesion, and protein targeting.
For the synthesis of sialylglycoconjugates, a family of
glycosyltransferases called sialyltransferases catalyzes
the transfer of a sialic acid from CMP-Sia to an acceptor
carbohydrate. All sialyltransferases from vertebrates
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characterized to date have type II transmembrane topology
and contain highly conserved motifs called sialyl motifs L
(Long), S (Short), and VS (Very Short) (3-5). Sialyl motif L
is characterized by a 45—60—amino acid region in the center
of the protein and it has been shown to be involved in the
binding of a donor substrate, CMP-Sia (6). Sialyl motif S
is located in the COOH-terminal region and consists of a
20-30—amino acid stretch. It has been shown to be involved
in the binding of both the donor and acceptor substrates (7).
Sialyl motif VS is also located in the COOH-terminal
region, within which one glutamic acid residue is always
found separated by four amino acid residues from a
highly conserved histidine residue. This motif is thought
to be involved in the catalytic activity (5, 8). Recently, the
existence of a new motif (motif III), which is located
between sialyl motifs S and VS and has the consensus
sequence of (H/y)Y(Y/F/W/h)(E/D/q/g), has been reported
(9). This motif is also involved in the catalytic activity
(9). Although bacterial sialyltransferases reported so far
do not have sialyl motifs, sialyltransferases from a virus
and insects also have sialyl motifs (10, 11). Based on
the high sequence conservation of sialyl motifs L. and S,
PCR-based cloning of sialyltransferase cDNAs has been
extensively performed (reviewed in Refs. 12 and 13).
So far, cDNA cloning of 20 members of the mammalian
sialyltransferase family has been performed, and these
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enzymes have been grouped into four families according to
the carbohydrate linkages they synthesize: B-galactoside
a2,3-sialyltransferase (ST3Gal I-VI), B-galactoside «2,6-
sialyltransferase (ST6Gal I and II), GalNAc «2,6-sialyl-
transferase (ST6GalNAc I-VI), and «2,8-sialyltransferase
(ST8Sia I-VI) (14).

Sialic acids are widely distributed among living crea-
tures, from bacteria to mammals, but it has been commonly
accepted that they do not exist in plants (15), although
the possibility remains that sialylated glycoconjugates
may exist in plant cells (16, 17). Interestingly, however,
putative gene homologs for mammalian sialyltransferases
and CMP-sialic acid transporters have been detected in
the genome and/or expressed sequence tag (EST) data-
bases of some plants, such as Arabidopsis thaliana
(thale-cress) and Oryza sativa (Japanese rice) (15, 17,
18). This suggests that plants have potential ability of
sialylation despite the absence of sialic acids in them. To
elucidate this issue, we have cloned three genes from
O. sativa, each encoding a protein having sialyl motif-
like sequences, and analyzed the enzymatic activity of
the proteins. Here, we report for the first time that
plant proteins having sialyl motif-like sequences actually
have sialyltransferase-like activity.

EXPERIMENTAL PROCEDURES

Materials—Fetuin, asialofetuin, bovine submaxillary
mucin (BSM, type I-S), al-acid glycoprotein, ovomucoid,
lactosyl ceramide (LacCer), GAl, CMP-NeuAc,
Galp1,3GalNAc, Galp1,3GlcNAc, Galp1,4GlcNAc, and
Triton CF-54 were purchased from Sigma. Paragloboside
and lactose were from Wako (Tokyo, Japan). CMP-
[“C]NeuAc (12.0 GBg/mmol, 925 kBg/ml) was from
Amersham Biosciences. Sialidases (NANase I and II)
were from Glyko Inc. Asialo-BSM, asialo-al-acid glyco-
protein, and asialoovomucoid were prepared as described
previously (19, 20).

Isolation of OsSTLP Genes—O. sativa DNA sequences
encoding proteins having sialyl motif-like sequences were
obtained using the Basic Local Alignment Search Tool
(BLAST) algorithm to search the nucleotide databases at
the National Center for Biotechnology Information with
sialyl motif sequences of mammalian sialyltransferases
as queries. Three O. sativa putative proteins having sialyl
motif-like sequences were deduced (GenBank accession
Nos. AK107493, AK058389, and AK104762 for cDNA
sequences (21) and GenBank accession Nos. AP003289,
AP003794, AP008207, AP008218, AL.929350, DP000011,
AL662969, AL731626, and AP008210 for genomic
sequences), which we tentatively designated O. sativa sia-
lyltransferase-like proteins (OsSTLP) 1, 2, and 3, respec-
tively. Comparison of ¢cDNA and genomic sequences of
the OsSTLP1, 2, and 3 genes revealed that each of them
consists of a single exon, so we used genomic DNA as a
template for PCR amplification to avoid difficulties in
amplifying cDNA of low expression genes. The OsSTLP1
gene was amplified by PCR (LA Taq with GC buffer,
Takara) using two primers, 5-GCGATGAAGCGGCCG-
CTGCGGCGCCCGTTC-3' (CB265+, nucleotides 134-163
of GenBank accession No. AK107493) and 5-GTCGAC-
CACCTTGCGCGCACGCGCTCTAAT-3' (CB267-, com-
plementary to nucleotides 1314-1343 of GenBank

S. Takashima et al.

accession No. AK107493; the synthetic Sall site is under-
lined) with O. sativa genomic DNA as a template. The
OsSTLP2 gene was similarly amplified by PCR using
5'-GGGATGAAGCGCCGCCACCTCCCGCCCGTC-3’
(CB361+, nucleotides 35-64 of GenBank accession
No. AKO058389) and 5-CACCTCGAGGTCACCGTCAC-
CAGTGCAACC-3' (CB363—, complementary to nucleotides
1215-1244 of GenBank accession No. AK058389; the syn-
thetic Xhol site is underlined) as primers and O. sativa
genomic DNA as a template. These PCRs were performed
as follows: 94°C for 60 s, 40 cycles of (94°C for 60 s, 50°C
for 60 s, and 72°C for 120 s), and 72°C for 7 min. The
amplified DNA fragments were cloned into pBluescript
II SK(+) vector. The OsSTLP3 gene was amplified by
PCRs wusing two primer sets, 5-GTGCTCTCTCTCC-
TCTGATACTGCAGAGG-3' (CB379+, nucleotides 1-30
of GenBank accession No. AK104762) and 5-ACC-
ACCATCCGGCGCGGCGGCCGCGGCGCC-3  (CB380-,
complementary to nucleotides 171-200 of GenBank acces-
sion No. AK104762), and 5-GAATTCCGCTGCTCC-
CAGCTGCGCCATTCC-3' (CB365+, nucleotides 135-164
of GenBank accession No. AK104762; the synthetic
EcoRI site is underlined) and 5'-CGTCGACTGTCAGC-
GGTAGAACGACACGGG-3' (CB366-, complementary to
nucleotides 1197-1226 of GenBank accession No.
AK104762; the synthetic Sall site is underlined), with
O. sativa genomic DNA as a template. The PCRs were
performed as described above, and the amplified fragments
were cloned into pBluescript II SK(+) vector, and then
combined using a common Notl site at nucleotide 177.
The nucleotide sequences were confirmed by the dideoxy
termination method using an ABI PRISM 377 DNA
sequencer (Applied Biosystems).

Construction of Expression Vectors—The expression
vector of the soluble OsSTLP1 was constructed as follows.
The DNA fragment encoding a truncated form of
OsSTLP1 lacking the first 26 amino acids was amplified
by PCR using primers 5-TCCGAATTCCGCAGGTCG-
GTGGGCCCGGCT-3" (CB266+, nucleotides 209-238 of
GenBank accession No. AK107493; the synthetic EcoRI
site is underlined) and CB267- with the cloned OsSTLP1
gene as a template, and it was cloned into pBluescript II
SK(+) vector. Then the 1.1-kb EcoRI-Sall fragment was
excised and subcloned into the EcoRI-Xhol sites of the
expression vector pcDSA. The resulting plasmid, desig-
nated pcDSA-OsSTLP1, encodes a soluble fusion protein
consisting of the IgM signal peptide, the Staphylococcus
aureus protein A IgG-binding domain, and the truncated
form of OsSTLP1. The expression vector of the soluble
OsSTLP2 was constructed as follows. The DNA fragment
encoding a truncated form of OsSTLP2 lacking the first
21 amino acids was amplified by PCR using primers
5-GAATTCCGCCGCCGCCTCCTCGTGCTGCAG-3'
(CB362+, nucleotides 98-127 of GenBank accession No.
AKO058389; the synthetic EcoRI site is underlined) and
CB363- with the cloned OsSTLP2 gene as a template,
and it was cloned into pBluescript II SK(+) vector. Then
the 1.1 kb EcoRI-Xhol fragment was excised and sub-
cloned into the EcoRI-Xhol sites of the expression vector
pcDSA, which was designated pcDSA-OsSTLP2. The
expression vector of the soluble OsSTLP3 was constructed
as follows. The DNA fragment encoding a truncated form
of OsSTLP3 lacking the first 25 amino acids was amplified
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by PCR using primers CB365+ and CB366— and cloned
into pBluescript II SK(+) vector as described above. Then
the 1.1-kb EcoRI-Sall fragment was excised and subcloned
into the EcoRI-Xhol sites of the expression vector pcDSA,
which was designated pcDSA-OsSTLP3.

Preparation of Soluble OsSTLPs—For production of
soluble forms of OsSTLPs, COS-7 cells were transfected
with above pcDSA-vectors using Lipofectamine™ Reagent
(Invitrogen) and cultured as described previously (19). The
protein A-fused OsSTLPs expressed in the medium were
adsorbed onto IgG-Sepharose gel (Amersham Biosciences)
and used as the enzyme source.

Enzymatic Assays and Product Characterization—We
examined whether OsSTLPs have similar activity to
animal sialyltransferases by employing the animal sialyl-
transferase assay (14). In brief, enzymatic activity was
measured in 50 mM MES (4-morpholineethanesulfonic
acid) buffer (pH 6.0), 1 mM MgCl,, 1 mM CaCly, 0.5%
Triton CF-54, 100 pM CMP-['*C]NeuAc, an acceptor sub-
strate, and an enzyme preparation, in a total volume of
10 pl. As acceptor substrates, 10 pg of glycoproteins, 5 pg
of glycolipids, or 10 pg of oligosaccharides were used. The
enzyme reaction was performed at 37°C for 3-20 h. For
glycoproteins, the reaction was terminated by the addition
of SDS-PAGE loading buffer, and the reaction mixtures
were directly subjected to SDS-PAGE. For glycolipids,
the reaction mixtures were applied to a Waters Sep-Pak
Vac Cig column (100 mg), and purified glycolipids were
subjected to high-performance thin-layer chromatography
(HPTLC, Silica-Gel 60; Merck) with a solvent system
of chloroform, methanol, and 0.02% CaCls, (565:45:10). For
oligosaccharides, the reaction mixtures were directly
subjected to HPTLC with a solvent system of 1-propanol,
aqueous ammonia, and water (6:1:2.5). The radioactive
materials were visualized and quantified with a Fuji
BAS2000 radioimage analyzer. The intensity of the radio-
activity was converted into moles using the radioactivities
of various amounts of CMP-[**C]NeuAc (12.0 GBg/mmol,
925 kBqg/ml) as standards. Quantification was performed
within the linear range of the standard radioactivity.

For kinetic analysis, the reaction was performed as
described above except for the use of various concen-
trations of acceptor substrate Galf1,4GlcNAc or donor
substrate CMP-[*C]NeuAc. Kinetic parameters were
determined from Lineweaver-Burk plots.

For linkage analysis of sialic acids, ['*C]NeuAc-
incorporated Galf1,4GlcNAc with protein A-—fused
OsSTLP1 and [**C]NeuAc-incorporated asialofetuin with
protein A-fused OsSTLP3 were digested with linkage-
specific exosialidase: NANase I (specific for «2,3-linked
sialic acids; Glyko, Inc.) or NANase II (specific for o2,3-
and o2,6-linked sialic acids; Glyko, Inc.). After treatment,
reaction mixtures were subjected to HPTLC for oligosac-
charides with a solvent systems of 1-propanol/aqueous
ammonia/water (6:1:2.5) or SDS-PAGE for glycoproteins.
The radioactive materials were visualized with the
BAS2000 radioimage analyzer.

For Sambucus nigra lectin blotting, asialofetuin (10 ng)
was incubated with 1 mM CMP-NeuAc and protein
A—fused OsSTLP1 or OsSTLP3 at 37°C for 20 h, and
the reaction products were subjected to SDS-PAGE and
transferred to a nitrocellulose membrane. The blotted
membrane was subjected to Sambucus nigra lectin
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blotting analysis (22) and glycochains containing the
Sian2,6Galp1,4GlcNAc structure were detected. Fetuin
and asialofetuin were also analyzed as positive and
negative controls, respectively.

For preparation of de-N-glycosylated asialofetuin, the
['“C]-sialylated asialofetuin was treated with recombinant
N-glycanase (glycopeptidase F, Takara), which is free
of protease activity, according to the manufacturer’s
instructions. The ['“C]-sialylated asialofetuin and de-
N-glycosylated asialofetuin were then subjected to SDS-
PAGE, and the radioactive materials were visualized
with the BAS2000 radioimage analyzer.

Expression Analysis of the OsSTLP Genes—Total RNA
was extracted from 3-week-old O. sativa seedlings using
ISOGEN (Wako), and first-strand cDNA was synthesized
using SuperScript II reverse transcriptase (Invitogen).
Relative expression levels of OsSTLP mRNAs were esti-
mated by semiquantitative RT-PCR using the above first-
strand cDNA as a template. For the analysis of OsSTLP1
gene expression, OsSTLP1 specific primers CB266+ and
CB267- were used. For the analysis of OsSTLP2 gene
expression, OsSTLP2 specific primers CB362+ and
CB363— were used. For the analysis of OsSTLP3 gene
expression, OsSTLP3 specific primers CB365+ and
CB366— were used. As a control, O. sativa glyceraldehyde
3-phosphate dehydrogenase (G3PDH) gene expression
was also measured using G3PDH-specific primers 5'-AA-
AGGAGGCTTCTCTTACAGTGGCCAGAAG-3" (CB400+,
nucleotides 871-900 of GenBank accession No.
AF357884) and 5'-TCAGCCCATGGTGTAGGATGGAGAT-
GGTAG-3' (CB401-, complementary to nucleotides 1495—
1524 of GenBank accession No. AF357884). PCRs were
performed as follows: 94°C for 60 s; 40 cycles of 94°C for
60 s, 50°C for 60 s, and 72°C for 120 s for OsSTLP genes
and 30 cycles for G3PDH gene; and 72°C for 7 min. The
PCR products were electrophoresed on a 2% agarose
gel, stained with ethidium bromide, and then visualized
under UV light.

RESULTS

Cloning of OsSTLP Genes—Using the BLAST algorithm
to search the O. sativa nucleotide sequence databases
with sialyl motif sequences of mammalian sialyltrans-
ferases as queries, we found three genes which encode
proteins having sialyl motif-like sequences. We cloned
these genes by PCR and tentatively designated them as
the OsSTLP1, 2 and 3 genes. The OsSTLP1, 2, and 3 genes
consist of a single exon located on chromosome 1, 12, and
4 and encode a protein of 393, 396, and 384 amino acids,
respectively. Their GC contents are 71.2%, 72.1%, and
71.1%, respectively. Hydropathy analysis (23) of each of
deduced proteins OsSTLP1, 2, and 3 indicated one promi-
nent hydrophobic sequence in the NH,-terminal region of
each protein, predicting that these proteins have type II
transmembrane topology characteristic of many glyco-
syltransferases cloned to date. The overall amino acid
sequence of OsSTLP1 showed 43.9% and 61.3% sequence
identity with OsSTLP2 and 3, respectively, and OsSTLP2
showed 48.2% sequence identity with OsSTLP3 (Fig. 1).
Although OsSTLP1, 2, and 3 have sialyl motif-like
sequences, their overall amino acid sequences did not
otherwise show any significant similarity with mammalian

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

282 S. Takashima et al.
08STLP1 1 HPLR-R pEgviEd- - - ﬂpzm AT 53 Fig. 1. Sequence comparison of
0sSTLE2 1 MKRRHLE- Ls Ae Q PSSSSSSRH 52 OsSTLP1, 2, and 3. The conserved amino
OfSTLEY 1 = AEFELI DG @DGG"GR“E‘; VDE &0 acid residues are boxed. Sequences corre-

0sSTLP1 54 RROVDD LECPRSSAW
OsSTLE2 53 LFALASISTFPSLGNHH PYAF‘SPR.AP
085TLP3 61 AMAVL RLCEGN- - - —-PE E

0sSTLE1 114 HD@LE}(B;PR@{LDP

0sSTLE2 111 BVPVDA GELLASFER. =

Edunorpdvreanen 113

R-cEH- -Ew-[- - -Bro-8 107

LRNLES LSL 172
169
=R=-=- 150

sponding to sialyl motifs L, S, and III are
doubly underlined, dashed underlined, and
singly underlined, respectively. The cor-
responding His and Glu residues that are
conserved in sialyl motif VS are marked
with asterisks.

-PEKTVARL 110

0s5TLP3 108 V-—MS-— -VE- LIKEPI—-— Y MG -EGQ- E

0sS5TLP1 173 225
OsSTLEP2 170 227
O0sSTLP3 151 207

OsSTLP3 208

0sSTLP1 226 ﬁ LOv[ -
0sSTLPZ 228 def- b HLL ATP sp-F---_B-LijToak 280

AADATARHPVI 267

O0sSTLP1 279 LCARIVEYYSLRERF T3 EEWSSTRHAR FHYSSGMQAIM
0sSTLP2 281 [LCARIEKYYSLRRF PRl TR ]
OsSTLP3 268 LCARIVEYYSLERHARETGRPAEEWAR ElE] ’ J
==
DSSTLEL 339 ranviefoReELoLEnxREY
0sSTLE2 341 KHHYHTNQHKELDLHDYEAE

Os5TLE3 328 DES HYHT RRELODLHDYEAEY]
— * *

™M Stem

VCDRVSVFGFGH kkl:)
verfeldrerey 340

393

L l vS

= Wl
- I ) N
-
i [ g g ke %
e | e v
T ¥
gt T | s
1 e
0s5STLP1 n LT s nanf]ef - - -FAAN[G LSFINSN H
0s5STLP2 PQ danfufl - - -FaapvdvikTsLsFVN SN H
0sSTLP3 OGHEL| 84\1N GRYARHVARRIGLAFLNSN H
STeGal I 1Al YTIRLVNSO c
STeGal IT 1sHHAMLE TTVRIINSQ o
sTeGalNAc T Azt suH vl s FyarTar O
STGallAc IT (IR nn:w’iﬂpq TSFYGFTVN bl D)
STeGalNAc IIT  [NH OHASCT WM MvrRvVSHT 3 ¥
STGalNAc IV [JHS| deaecfuiEmdol TLRVISHT 2 ¥,
STeGalNAc V Heo HoTE B rils LEVIAHS 3 b
STGallAc VI [N E:RAECTIR ot TTFRVVAHS b) ¥
sTacal T HrrlEvvansdy s videk 1 Je nEFfuiddx Jl:llHHL\f‘r I s H
ST3Gal IT CRREAVVGN SANRGEEYH SHNFIMR0 SRITHHFMYHE ] HRHWE
5T3Gal III HREHI IVGNGEVHANKSLES I OD Y Iﬁl LS| vJ ITLRITYHE | I
ST3Gal IV R REVIVVGRGHE H'TESLGGVIIFK‘(»V TR VRSKITIRLFYHE ¥ I
sTagal V clcrpfvfrve Arflicneiduar NGP"\IHI L= «GN%’LTIRMTY I b 1
ST3Gal VI drrvrveneRvi ki TLEA T s vigv T IRMNGE i R e i
sTeSia I LrxpRvvesHIfkvBacarolidern oL vaskTloLvTaNgs H
STESia IT PQT"P'IGNSGVLT.- cBeE rdrrs AR Lo LV TIMNES ¥
sTesia ITI yuvEavvensdrpiredoct k. sHF chuF EA- - - FHEPVARKTNL TTEN|HS ¥
sTESia IV rrTRavvensdrfluodecHkE 1dsan e RO VE- - - FAADVATHSDF T THN[ES ¥
sTeSia V FKKCA‘JVGI\FFIL c s;xg . ﬁc I ISEI——YTTﬁE DV TVNHS H
STBSia VI ynopavveradI ch 1dks S(j cr e TS - - AsKpvgskNLvTVNgs H
* * * *

Fig. 2. Comparison of the sialyl motif-like sequences of
OsSTLPs and the sialyl motif sequences of 20 mouse sialyl-
transferases. The sialyl motif-like sequences of OsSTLPs and the
sialyl motif sequences of 20 mouse sialyltransferases are aligned.

sialyltransferases. There are highly conserved amino acid
residues in the sialyl motifs of mammalian sialyltrans-
ferases (14), and some of these amino acid residues are
also conserved among the sialyl motif-like sequences of
OsSTLP1-3 (Fig. 2), suggesting that the plant sialyl
motif-like sequences may function as sialyl motifs.
Enzymatic Activity of OsSTLPs—To facilitate deter-
mination of the enzymatic activity of OsSTLPs, we con-
structed the expression plasmids pcDSA-OsSTLP1, 2,
and 3, which allow expression of OsSTLPs lacking the

The conserved amino acid residues are boxed. The highly conserved
amino acid residues are marked with asterisks. TM, transmem-
brane domain; L, sialyl motif L; S, sialyl motif S; III, sialyl motif
III; VS, sialyl motif VS.

transmembrane domain as secretable proteins fused
with the IgG-binding domain of Staphylococcus aureus
protein A. These expression plasmids were then trans-
fected into COS-7 cells, and the protein A—fused OsSTLPs
secreted into the medium were adsorbed onto IgG-
Sepharose resin for use as the enzyme sources. Enzymatic
activity was measured with CMP-[*C]NeuAc as a donor
substrate of sialic acid and various oligosaccharides, gly-
coproteins from animals, and glycolipids as acceptor sub-
strates according to the animal sialyltransferase assay
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A

Oligosaccharides

CMP-["“C]
NeuAc

B

Fig. 3. Analysis of sialyltransferase-like activity of OsSTLP1.
The various oligosaccharides (10 pg/lane, A) or glycoproteins
(10 pg/lane, B) indicated were incubated with CMP-[**C]NeuAc
and protein A—fused OsSTLP1 at 37°C for 20 h, and the
reaction mixtures were analyzed by high performance thin-layer
chromatography (HPTLC) for oligosaccharides with a solvent
system of 1-propanol, aqueous ammonia, and water (6:1:2.5) or
by SDS-PAGE for glycoproteins. The [**C]NeuAc incorporated
products (indicated by arrowheads) were visualized and quantified
with a Fuji BAS2000 radioimage analyzer. (A) The standard
[*“C]-NeuAco2,6Galpl,4GlcNAc  produced by mouse o2,6-
sialyltransferase ST6Gal I (mST6Gal I) (I14) was applied in
lane 6. (B) BSM, bovine submaxillary mucin; a1-AGP, al-acid
glycoprotein.

(14). Note that the assay conditions are quite artificial and
unphysiological for plant OsSTLPs.

As shown in Fig. 3 and Table 1, OsSTLP1 exhibited
sialyltransferase-like activity toward an oligosaccharide
Galp1,4GlcNAc and such mammalian glycoproteins as
asialofetuin, al-acid glycoprotein, and asialo-al-acid gly-
coprotein. These glycoproteins are considered to have the
Galp1,4GlcNAc structure at the nonreducing end of some
of their carbohydrate groups. However, OsSTLP1 did not
exhibit sialyltransferase-like activity toward glycolipids
examined in this study, including paragloboside, which
has a GalPB1,4GlcNAc structure at the nonreducing end
of its carbohydrate group.

OsSTLP3 exhibited sialyltransferase-like activity
toward asialofetuin (Table 1), but not toward other
glycoproteins, glycolipids, and oligosaccharides examined.

OsSTLP2 exhibited no sialyltransferase-like activity
toward any of the acceptor substrates examined (Table 1).

Linkage Specificity of OsSTLP1 and 3—The linkages
of the incorporated sialic acids were also examined.
Galp1,4GlcNAc was [14C]-sialylated with OsSTLP1,
then treated with linkage-specific exosialidases (Fig. 4A).
The incorporated sialic acid residue, [**C]NeuAc, was
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resistant to treatment with «2,3-linkage—specific exo-
sialidase (NANase I), but it was digested by «2,3- and
a2,6-linkage—specific exosialidase (NANase II). Note that
Galp1,4GlcNAc ['“C]-sialylated by OsSTLP1 co-migrated
with [1*C]-NeuAcu2,6Galp1,4GlcNAc produced by mouse
02,6-sialyltransferase ST6Gal 1 (Fig. 3A). Asialofetuin
was similarly [**C]-sialylated with OsSTLP3 and treated
with linkage-specific exosialidases (Fig. 4B). The incorpo-
rated sialic acid residue was resistant to treatment with
a2,3-linkage—specific exosialidase, but it was digested by
22,3- and o2,6-linkage—specific exosialidase. In addition,
when asialofetuin was sialylated with OsSTLP1 or
OsSTLP3, the reaction products were detected by the
lectin blot with Sambucus nigra agglutinin, which binds
the Siac2,6Galpl,4GlcNAc structure (Fig. 4C). The
Sian2,6Galp1,4GlcNAc structures produced by OsSTLP1
or OsSTLP3 were involved in N-glycans of asialofetuin
(Fig. 4D). These results indicate that although assay con-
ditions are unphysiological, OsSTLP1 and 3 can transfer
sialic acid onto galactose of the Galpl,4GlcNAc struct-
ure on oligosaccharides or some glycoproteins through
o2,6-linkage. The apparent K, value of OsSTLP1 for
GalB1,4GlcNAc was estimated to be 2.5 mM, which was
comparable to that of mammalian «2,6-sialyltransferase
ST6Gal I (2-10 mM) (24). However, the apparent K,
value of OsSTLP1 for CMP-NeuAc was estimated to be
33.3 mM, which was much higher than that of ST6Gal I
(30-50 pM) (29).

Expression of the OsSTLP Genes—The expression levels
of the OsSTLP genes in 3-week-old O. sativa seedlings
were examined by RT-PCR (Fig. 5). Significant levels of
the OsSTLP1 gene expression were detected in leaf and
stalk, and very low expression was also detected in root.
The expression of the OsSTLP2 gene was detected in stalk
only at this stage. It should be noted that the EST clones
of the OsSTLP2 gene (GenBank accession Nos. AU078330,
AU078331, AU163987, CK053361, and C20201) have been
cloned from panicle at ripening stage. The expression of
the OsSTLP3 gene was not detected in any tissues at
this stage under the conditions employed. However, an
EST clone of the OsSTLP3 gene (GenBank accession No.
CA755189) has been cloned from roots of 3,4-week-old
plants, which had undergone the 200 mM NaCl treatment
for 19 h, suggesting that the expression of the OsSTLP3
gene may be induced by stress.

DISCUSSION

We have shown here for the first time that plant proteins
having sialyltransferase-like activity exist in O. sativa.
OsSTLP1 and 3 transferred NeuAc to the galactose of
the terminal Galf1,4GlcNAc structure on N-glycans of
some glycoproteins through «2,6-linkage. But we could
not detect any sialyltransferase-like activity of OsSTLP2.
We also examined whether an A. thaliana protein homo-
logous to OsSTLP (GenBank accession No. NM_100701;
tentatively designated AtSTLP1) has sialyltransferase-
like activity. However, like OsSTLP2, AtSTLP1 had no
detectable sialyltransferase-like activity (data not shown).
In a sense, it is natural that OsSTLP2 and AtSTLP1 did
not exhibit sialyltransferase-like activity, because there
should be no CMP-NeuAc in plants (15) and it is not con-
sidered to be a physiological substrate of plant STLPs.
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Table 1. Analysis of sialyltransferase-like activity of OsSTLP1, 2, and 3. Various acceptor substrates were incubated in the
standard assay mixture using soluble OsSTLP fused with protein A as an enzyme source. Each substrate was used at the concentration
of 0.5 mg/ml for glycolipids and 1 mg/ml for glycoproteins and oligosaccharides. Relative rates are calculated as a percentage of the
incorporation obtained with asialofetuin. R represents the remainder of the N-linked oligosaccharide chain. ¥0.0374 pmol/h/ml medium;

*%0.0234 pmol/h/ml medium.

Acceptors

Representative structures of carbohydrates

Relative rate (%)

OsSTLP1 OsSTLP2 OsSTLP3
Oligosaccharides
Type II Galp1,4GlcNAc 371.7 0 0
Type I Galp1,3GlcNAc 0 0 0
Type III Galp1,3GalNAc 0 0 0
Lactose Galp1,4Glc 0 0 0
Glycoproteins
Fetuin NeuAca2,3Galp1,3GalNAc-O-Ser/Thr
NeuAca2,3Galp1,3(NeuAca2,6)GalNAc-O-Ser/Thr
NeuAcoa2,6(3)Galp1,4GlcNAc-R 0 0 0
Asialofetuin 100* 0 100%*
BSM NeuAca2,6GalNAc-O-Ser/Thr
GleNAcB1,3(NeuAca2,6)GalNAc-O-Ser/Thr 0 0 0
Asialo-BSM 0 0 0
Ovomucoid NeuAca2,3Galp1,4GlcNAc-R 0 0 0
Asialoovomucoid 0 0 0
a1-Acid glycoprotein (NeuAcu2,6(3))Galp1,4GlcNAc-R 31.3 0 0
Asialo-a1-acid glycoprotein 374 0 0
Glycolipids
Lactosylceramide Galp1,4Glcp1-Cer 0 0 0
GA1l Galp1,3GalNAcp1,4Galp1,4Glcp1-Cer 0 0 0
Paragloboside Galp1,4GlecNAcp1,3Galp1,4Glepf1-Cer 0 0 0

CMP-["*C]-
NeuAc

P3

-+

N-glycanase treatment

Fig. 4. Linkage analysis of incor-
porated sialic acids by OsSTLP1
and 3. (A) [14C]NeuAc—inc0rporated
Galp1,4GlcNAc  sialylated  with
OsSTLP1 (left, indicated by an
arrowhead) was treated with
02,3-linkage—specific exosialidase
(NANase I, middle) or «2,3- and
02,6-linkage—specific exosialidase
(NANase II, right), and the reaction
mixtures were analyzed by HPTLC.
(B) [*C]NeuAc-incorporated asia-
lofetuin sialylated with OsSTLP3
(left) was treated with NANase I
(middle) or NANase II (right), and
the reaction mixtures were analyzed
by SDS-PAGE. (C) Asialofetuin was
incubated with CMP-NeuAc and
OsSTLP1 or 3 at 37°C for 20 h, and
the reaction products were subjected
to SDS-PAGE and transferred to
a nitrocellulose membrane. The
blotted membrane was subjected
to Sambucus nigra lectin blotting
analysis and glycochains contain-
ing Siaa2,6Galp1,4GlcNAc structures
were detected. Fetuin and asialofe-
tuin were also analyzed as positive
and negative controls, respectively.
(D) Asialofetuin (10 pg/reaction) was
[“C]-sialylated with OsSTLP1 or 3
and then treated with N-glycanase.
The resulting glycoproteins were
subjected to SDS-PAGE, and the
radioactive materials were visualized
with a BAS2000 radioimage analyzer.
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The acceptor glycoproteins used in this study were from
animals and were not physiological substrates of plant
STLPs at all. However, although the assay system is quite
artificial, it is still interesting that some plant proteins

OsSTLP1

ossTie: N o

ossTLPs N o
cspoH  IECEETEEE] %o

Fig. 5. Expression analysis of the OsSTLP1, 3, and 3 genes.
Relative expression levels of the OsSTLP1, 2, and 3 genes in
3-week-old O. sativa seedlings were measured by semiquantitative
RT-PCR.
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having sialyl motif-like sequences have the ability
to use CMP-NeuAc as a donor substrate and the
Galp1,4GlcNAc structure as an acceptor substrate and
exhibit sialyltransferase-like activity.

The apparent K, value of OsSTLP1 for CMP-NeuAc was
much higher than that of mammalian o2,6-sialyltransfer-
ase, also suggesting that CMP-NeuAc is not a physiological
substrate of STLPs. STLPs may utilize a compound that
has a similar structure to CMP-NeuAc as a physiological
substrate. It is likely that OsSTLP1 and 3 have broad sub-
strate specificity and can utilize CMP-NeuAc as a donor
substrate, whereas OsSTLP2 and AtSTLP1 have narrow
substrate specificity and cannot utilize CMP-NeuAc as a
donor substrate. Although sialic acids, which have a nine-
carbon framework structure, have not been considered to
exist in plants, the eight-carbon acidic sugar 3-deoxy-D-
manno-2-octulosonate (KDO) is involved in a plant pectin
component, rhamnogalacturonan II (25). There are some
structural similarities between CMP-Sia and the sugar
nucleotide form of KDO, CMP-KDO. Thus, CMP-KDO
may be a physiological donor substrate of STLPs, although

0.1121__ Mouse ST6Gal | f‘lllg %T?(n}e lp}fl-ylo.gienet.ic1 tllt-ee of
Mus musculus e al family sialyltrans-
0.1433 (Mus musculus) ferases and plant STLPs. The phy-
= Human ST6Gal | ttl)lgenetic 'tlifte dwas_ constructedthbz
- ; e unweighted pair group metho
0.1533 (Homo sapiens) with arithmetic mean (UPGMA).
Chicken ST6Gal |

0.2554

0.0569 | (Gallus gallus)
L Zebrafish ST6Gal |
0.1866 04987 (Danio rerio)
01173 Mouse ST6Gal Il
0.0660 (Mus musculus)
‘ Human ST6Gal Il
0.2041 o1t (Homo sapiens)
‘ Chicken ST6Gal Il
01833 (Gallus gallus)
0.0782 |
L Zebrafish ST6Gal Il
0.7439 03874 (Danio rerio)
00160 Fly STEGal I
0.0487 | (Drosophila melanogaster)
Fly ST6Gal /Il
03154 > 116° (Drosophila yakuba)
Fly ST6Gal /1l
0.0647  (Drosophila pseudoobscura)
0.2721
Mosquito ST6Gal I/11
0-3801 (Anopheles gambiae)
02944 (OsSTLP1
0.1415 (Oryza sativa)
L OsSTLP3
0.0256 0-2944 (Oryza sativa)
OsSTLP2
04359 (Oryza sativa)
0.9346
AtSTLP1
0.4615
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KDO in rhamnogalacturonan II is linked to galacturonic
acid through o2,3-linkage (26) and is unlikely to be
transferred by STLPs which have ¢2,6-sialyltransferase—
like activity. It is also possible that a new type of sialic acid
that has not been detected by ordinary methods because
of its very small amount and/or structural features exists
in plants and is transferred by STLPs onto their physiolo-
gical acceptor substrates.

It should be also noted that the terminal Galf1,4GlcNAc
structure that OsSTLP1 and 3 utilize as an acceptor
substrate has not been detected in plants (27). Therefore,
more preferable acceptor substrates of OsSTLP1 and 3 may
exist in plants. It is also possible that STLPs are involved
in the defense system of plants and recognize Galfl,
4GlcNAc or a similar structure of pathogens. STLPs
have type II transmembrane topology characteristic of
many glycosyltransferases cloned to date, and are most
likely to be members of a glycosyltransferase family. But
if STLPs do not act as a glycosyltransferase in plants
and have other physiological functions, elucidation of
such functions may help predict the unknown functions
which mammalian sialyltransferases may have. Identifica-
tion of physiological substrates and elucidation of physio-
logical functions of STLPs are problems to be solved.

From an evolutional point of view, there are two types
of sialyltransferases. Those from eukaryotes have sialyl
motifs, and those from prokaryotes do not. It seems that
they have evolved independently. Among eukaryotic sia-
lyltransferases, the p-galactoside 2,6-sialyltransferase
family (ST6Gal family) is considered to have appeared
first, followed by the GalNAc o2,6-sialyltransferase
family (ST6GalNAc family), the p-galactoside o2,3-
sialyltransferase family (ST3Gal family), and finally the
a2,8-sialyltransferase family (ST8Sia family) (18). At pre-
sent, neither sialyltransferase nor sialic acid has been
detected in nematodes such as Caenorhabditis elegans,
but sialyltransferases of the ST6Gal family have been
detected in insects, suggesting that the first precursor
gene of the animal sialyltransferase series might be a
member of the ST6Gal family from insects (11, 18). The
insect sialyltransferases constitute a new group ortholog
to the common ancestor (ST6Gal I/II) that was present
before the split of animal ST6Gal I and II subfamilies
(18). Both ST6Gal I and II utilize Galf1,4GlcNAc structure
as the acceptor substrate, but their enzymatic properties
are different (14, 28, 29). The plant STLPs have sialyl
motif-like sequences and some of them exhibit «2,6-
sialyltransferase—like activity toward the Galf1,4GlcNAc
structure. We therefore investigated the evolutional
relation between plant STLPs and animal «2,6-
sialyltransferases. The phylogenic analysis reveals that
plant STLPs branch out from the tree before the split of
insect and vertebrate sialyltransferases, and constitute a
new group (Fig. 6). The divergence of plant and metazoan
is estimated to have taken place 1.2 billion years ago,
whereas the appearance of sialyltransferase activity in
animals is estimated to be a more recent event (18, 30).
In addition, it should be noted that OsSTLP genes and the
AtSTLP1 gene consist of a single exon, whereas all animal
sialyltransferase genes so far analyzed consist of multiple
exons (I18). These suggest that plant STLP genes and
animal sialyltransferase genes evolved independently
and in different manners. It is not clear whether plant

S. Takashima et al.

STLPs and animal sialyltransferases actually share a
common ancestor, but if so, it seems that they split at
very early stage from the ancestor.

At present, one promising host for the production of
therapeutically valuable mammalian proteins is plant.
Unlike in bacterial systems, mammalian proteins are
glycosylated on the proper glycosylation sites in a plant
system. However, the fact that the structure of plant
N-glycans differs from those of mammals may affect
the biological activity of plant-made mammalian glyco-
proteins and/or cause undesirable immune responses in
mammals. The most critical difference is the absence of
sialic acid on plant glycoconjugates. To obtain sialylated
plant-made mammalian glycoproteins, the input and
expression of several mammalian genes, such as genes
related to CMP-sialic acid biosynthesis pathway, will be
required. In part, the sialylation machinery present in
plants may be available. In that case, sialyltransferase-
like activity of plant STLPs would be a promising
candidate for the sialyltransferase activity.
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