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We previously reported that the heparan sulfate 3-O-sulfo-
transferase (3OST)-5 produces a novel component of heparan
sulfate, i.e. the tetrasulfated disaccharide (Di-tetraS) unit
(Mochizuki, H., Yoshida, K., Gotoh,M., Sugioka, S., Kikuchi, N.,
Kwon, Y.-D., Tawada, A., Maeyama, K., Inaba, N., Hiruma, T.,
Kimata, K., andNarimatsu, H. (2003) J. Biol. Chem. 278, 26780–
26787). In the present study, we investigated the potential of
other 3OST isoforms to produce Di-tetraS with heparan sulfate
and heparin as acceptor substrates. 3OST-2, 3OST-3, and
3OST-4 produce Di-tetraS units as a major product from both
substrates. 3OST-5 showed the same specificity for heparin, but
the production from heparan sulfate was very low. Di-tetraS
production by 3OST-1 was negligible. We then investigated the
presence of Di-tetraS units in heparan sulfates from various rat
tissues. Di-tetraS was detected in all of the tissues analyzed.
Liver and spleen contain relatively high levels of Di-tetraS, 1.6
and 0.95%, respectively. However, the content of this unit in
heart, large intestine, ileum, and lung is low, less than 0.2%.We
further determined the expression levels of 3OST transcripts by
quantitative real time PCR. The 3OST-3 transcripts are highly
expressed in spleen and liver. The 3OST-2 and -4 are specifically
expressed in brain. These results indicate that theDi-tetraS unit
is widely distributed throughout the body as a rare and unique
component of heparan sulfate and is synthesized by tissue-spe-
cific 3OST isoforms specific for Di-tetraS production.

Heparan sulfate is synthesized by most mammalian cells as a
component of proteoglycans and interacts with numerous pro-
teins such as growth factors, morphogens, receptors, and extra-
cellular matrix proteins to regulate various physiological pro-
cesses (1–5). The heparan sulfate molecule is composed of
densely sulfated regions or sulfated domains connected by
mostly nonsulfated and N-acetyl-rich regions (6–9). Most of
the interactions between heparan sulfate and functional pro-
teins are thought to occur at the sulfated domains having spe-
cific arrangements of disaccharide isoforms (10–13). Heparan
sulfate is initially synthesized as a polymer of the repeating dis-

accharide, -glucuronic acid-�1,4-N-acetylglucosamine-�1,4-.
This polymer is then partially N-deacetylated/N-sulfated and
subsequently undergoes epimerization of glucuronic acid to
iduronic acid, 2-O-sulfation of hexuronic acid, and 6-O-sulfa-
tion of glucosamine residues. Additionally, a rare but function-
ally important modification, 3-O-sulfation of the glucosamine
residue, also occurs. Thesemodification processes are generally
not uniform and result in a variety of disaccharide isoforms
(14). There are 12 sulfation patterns of disaccharide units (Fig.
1), and some of these units have isoforms of glucuronic acid or
iduronic acid. N-Unsubstituted glucosamine residues are also
reported as minor components (15, 16). Combinations of these
sulfated isoforms enable the formation of disaccharide
sequences specific for individual ligand proteins. Rare and
heavily sulfated disaccharides in particularmay be critical com-
ponents for the formation of such specific sequences.
Most of the enzymes involved in the biosynthesis of heparan

sulfate have been cloned and characterized. Some of them are
present as isoforms andmay play important roles in generating
the diverse and specific arrangements of disaccharide units (17,
18). Six isoforms of human 3-O-sulfotransferase (3OST)2 have
been reported (19–21) and thought to produce the key struc-
ture for the functional domain. 3OST-1 transfers sulfate to
GlcA-GlcNS�6S and produces the GlcA-GlcNS3S�6S unit
essential to the antithrombin (AT)-binding domain (19, 22).
3OST-2 transfers sulfate to GlcA2S/IdoA2S-GlcNS units (23).
3OST-3A and -3B, having identical catalytic domains, transfer
sulfate to N-unsubstituted glucosamine residues and form
IdoA2S-GlcNH23S�6S units (24). 3OST-3-modified heparan
sulfate specifically binds to glycoprotein D (gD) of herpes sim-
plex virus type-1 (HSV-1) and also makes cells susceptible to
HSV-1 entry (25, 26). The reaction products of 3OST-5 have
been determined to be HexA-GlcNS3S6S (Di-(N,3,6)S),
HexA2S-GlcNS3S (Di-(2,N,3)S), and HexA2S-GlcNS3S6S (Di-
tetraS) in our previous report (27). 3OST-5-modified heparan
sulfate binds to both AT and gD (21). Recently, the Di-tetraS
unit was also detected from the products of 3OST-2, -3, and -4
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bymass spectrometry (28–30). However, the proportion of Di-
tetraS units in the product of each isoform is still unknown.
In the present study, we conducted three lines of investiga-

tion to expand our knowledge of the Di-tetraS unit and grasp
the physiological significance of this unique structure in hepa-
ran sulfate. First, we examined the potential of 3OST family
enzymes to produce Di-tetraS. Second, we investigated the
presence of the Di-tetraS unit in heparan sulfate from various
rat tissues. Third, we determined the expression levels of 3OST
isoforms in human tissues by quantitative real time PCR
analysis.

EXPERIMENTAL PROCEDURES

Materials—The following commercial materials were used.
Heparan sulfate from bovine kidney, heparinase, heparitinase I,
heparitinase II, and an unsaturated glycosaminoglycan disac-
charide kit were purchased from Seikagaku (Tokyo, Japan).
[35S]PAPS was obtained from PerkinElmer Life Sciences. Hep-
arin from porcine intestinal mucosa, PAPS, pepstatin A, leu-
peptin, anti-FLAG M2 agarose affinity gel, and anti-FLAG M2
peroxidase conjugate were obtained from Sigma; the CarboPac
PA1 column was from Dionex (Sunnyvale, CA); n-heptyl-�-D-
thioglucoside was from Dojindo (Kumamoto, Japan); Mara-
thon-Ready cDNAof various human tissueswas fromClontech
(MountainView,CA); PlatinumTaqDNApolymerase, pCR2.1-
TOPO vector, Escherichia coli competent cells (TOP10 and
DH10Bac), pFastBac1 vector, and Sf21 insect cells were from
Invitrogen; polyvinylidene difluoride membrane was from Bio-
Rad; SuperSignal was from Pierce; and DEAE-Sephacel was
from GE Healthcare.
Construction and Purification of 3OST Family Enzymes

Fused with FLAG Peptide—Recombinant 3OST family
enzymes were expressed as a fusion protein with FLAG peptide
and affinity-purified, based on themethods reported previously
(27). DNA fragments coding the putative catalytic domainwere
amplified by PCR using the Marathon-Ready cDNA of human
kidney or placenta as a template. The PCR was performed with

a PlatinumTaqDNApolymerase, according to themanual sup-
plied. The 5� and 3� primers for 3OST-1 were ACAGAAT-
TCAATGGCCGCGCTGCTCCTG and ACAGCATGCGTT-
TCTGAGCTTAGCTTATTGC (corresponding to amino acids
1–307), for 3OST-2 were ACAGAATTCAGACGACCT-
GGGTCGGAGC and ACAGCATGCGAGAGCCCTTTC-
CTTTCGTG (corresponding to amino acids 42–367), for
3OST-3 were ACAGAATTCACGCTGCCAGACCCTGTCC
and ACAGCATGCGTTATCCATCCCAGCCAAAG (corre-
sponding to amino acids 45–406), for 3OST-4were ACAGCG-
GCCGCCAGCGAGATGATCACGGCTC and ACAGGTAC-
CCCTCTGCCTCTCTAGCCTC (corresponding to amino
acids 147–456), and for 3OST-5 were ACAGCGGCCGCA-
GATAGGCTACAACCCATTTGC and ACAGGTACCT-
TAGGGCCAGTTCAATGTCCTC (corresponding to amino
acids 35–346), respectively. At the 5� end of the oligonucleotide
primers, restriction enzyme recognition sites were introduced,
a EcoRI or NotI site for the sense primers and a SphI or KpnI
site for the antisense primers. The PCR products were sub-
cloned into pCR2.1-TOPO vector and amplified in TOP10
competent cells, according to the manual supplied. The sub-
cloned DNAs of 3OST isoforms were sequenced on both
strands by the dideoxy chain termination method using a DNA
sequencer (Applied Biosystems 3130xl). The DNA clones hav-
ing the same nucleotide sequences found in GenBank were
used for the following study. The subcloned DNAs were
digested with appropriate restriction enzymes and cloned into
multicloning sites of pFastBac1 expression plasmid, containing
a fragment encoding a signal peptide of honeybee melittin
(MKFLVNVALVFMVVYISYIYA) or preprotrypsin (MSALLI-
LALVGAAVA) and the FLAG peptide (DYKDDDDK).
DH10Bac competent cells were transformed with the expres-
sion vectors and bacmidDNAsprepared from the cells. Recom-
binant viruses were prepared according to the instructionman-
ual of Bac-to-Bac Baculovirus Expression Systems (Invitrogen).
Sf21 insect cells were infected with the recombinant virus at
one multiplicity of infection and incubated at 27 °C for 3 days
until the survival rate was less than 50% to yield recombinant
3OST proteins fused with the FLAG peptide. The recombinant
enzymes were purified using anti-FLAG M2 agarose affinity
gels. 3OST-1 and 3OST-2 were purified from cell lysates and
other 3OSTs from various culture media. The cells were col-
lected by centrifugation and suspended to 50 mM Tris-HCl, pH
7.4, containing 150 mMNaCl, 0.5 mM EDTA, 5 �M pepstatin A,
25 �M leupeptin, and 0.5% (W/V) n-heptyl-�-D-thioglucoside.
After incubation at 0 °C for 30 min, the cell extracts were
obtained by centrifugation. To the culture medium, NaCl and
n-heptyl-�-D-thioglucoside were added to final concentrations
of 150 mM and 0.5%, respectively. The affinity gel was added to
the culture media or the cell extracts and stirred gently at 4 °C
for 5 h.After centrifugation, the supernatantwas aspirated. The
affinity gel was washed three times with 20 mM Tris-HCl, pH
7.4, containing 0.5 M NaCl and 0.5% n-heptyl-�-D-thioglu-
coside and resuspended in the same buffer containing 150 mM
NaCl to obtain 50% slurry. The immobilized enzyme was stable
at �80 °C for at least six months.
Western Blot Analysis—The affinity-purified proteins were

subjected to SDS-polyacrylamide gel electrophoresis (5–20%

FIGURE 1. Disaccharide units of heparan sulfate. Twelve sulfation patterns
of disaccharide units are illustrated. The abbreviations are shown under the
substance.
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gradient gel), followed by Western blot analysis according to
the manufacturer’s instructions. The separated proteins were
transferred onto polyvinylidene difluoride membrane and
probed with an anti-FLAG peroxidase conjugate. Immune
complexes were detected as positive bands using the SuperSig-
nal detection system.
Preparation of 35S-Labeled Glycosaminoglycans and Diges-

tion with Heparin Lyases—The reaction mixture (50 �l) con-
taining 50 mM PIPES, pH 7.0, 10 mM MgCl2, 150 mM NaCl, 80
�g/ml of protamine chloride, 0.5% n-heptyl-�-D-thioglucoside,
1 mg/ml of glycosaminoglycan (heparan sulfate or heparin), 3
�M [35S]PAPS (about 1 � 106 dpm), and immobilized enzyme
with the activity to yield a radiolabeled product of about 4� 104
dpm, an amount that is sufficient for composition analysis, was
incubated at 37 °C for 3 h. Then 35S-labeled glycosaminoglycan
was precipitated with 2 volumes of ethanol containing 1.3%
(w/v) potassium acetate. The precipitate was dissolved in 50 �l
of water, filtered, and reprecipitated to remove [35S]PAPS and
its degradation products. The dried precipitate was dissolved in
10 �l of 20 mM sodium acetate buffer, pH 7.0, containing 2 mM
calcium acetate and 1 mg/ml of bovine serum albumin (diges-
tion buffer). The 35S-labeled glycosaminoglycan was digested
with a mixture of 30 milliunits of heparinase, 18 milliunits of
heparitinase I, and 12 milliunits of heparitinase II in 6 �l of
digestion buffer at 37 °C for 3 h. The reaction was stopped by
heating at 100 °C for 1 min, and the reaction mixture was fil-
tered. The digested products were then subjected to HPLC
analysis. To evaluate incubation conditions, we employed a
shorter incubation time (30 min). The same results were
obtained with different isoforms.
HPLC on an Anion Exchange Column—Anion exchange

(SAX) separation was performed on a CarboPac PA1 column
(4 � 250 mm) as described elsewhere (31). A combination of
five linear LiCl gradients was used: 0–5 min, 30–180 mM; 5–8
min, 180–570 mM; 8–15 min, 0.57–1.14 M; 15–20 min, 1.14–
2.1 M; 20–28min, 2.1–2.28 M; and 28–35min, 2.28 M. The flow
rate was 0.8 ml/min, and the column temperature was 40 °C.
Fractions of 0.2 ml were collected, and the radioactivity was
determined by liquid scintillation counting.
Preparation of �Di-tetraS—The standard �Di-tetraS used in

this study was prepared as follows. Threemilligrams of heparin
was incubated with 2.6 ml of reactionmixture, containing non-
radioactive PAPS and 3OST-5, as described above. The 3-O-
sulfated heparin was digested with a mixture of heparin lyases
and separated byHPLCon a SAX column. The eluatewasmon-
itored at 232 nm, and a peak fraction of�Di-tetraSwith a reten-
tion time of 28 min was collected. The obtained fraction was
desalted and lyophilized.
Preparation of Heparan Sulfate from Rat Tissues—Heparan

sulfates fromvarious rat tissueswere prepared as described (32)
with somemodifications. Briefly, excised tissues were frozen in
liquid nitrogen immediately, crushed into small pieces, and
homogenized with acetone using a Polytron homogenizer. The
obtained powder was washed with acetone twice and dried
under vacuum. Twenty milligrams of the defatted tissue pow-
der was suspended in 200 �l of 0.5 M NaOH and incubated at
50 °C for 2 h to remove the glycosaminoglycan chains from its
core protein by �-elimination. After neutralization with 1 M

HCl, NaCl was added to a final concentration of 3 M. Insoluble
materials were removed by centrifugation, and the pH of the
supernatant was adjusted to 1.0 with 1 M HCl. Precipitated
nucleotides were removed by centrifugation, and the superna-
tant was neutralized with 1 M NaOH. The crude glycosamin-
oglycans were precipitated by the addition of two volumes of
ethanol containing 1.3% potassium acetate. After centrifuga-
tion, the precipitate was dissolved in 0.3 ml of distilled water,
dialyzed against water at 4 °C for 12 h, and lyophilized. The
obtained powder was dissolved in 10 �l of 0.2 M ammonium
acetate and applied to 30 �l of DEAE-Sephacel column. The
column was washed with 250 �l of 0.5 M ammonium acetate
and eluted with 150 �l of 3 M ammonium acetate. Finally, the
heparan sulfate fraction was lyophilized.
Analysis of the Heparan Sulfate by Post-column Fluorescent

Labeling Method—The heparan sulfates derived from rat tis-
sues were digestedwith amixture of heparin lyases as described
above. Unsaturated disaccharides produced by the digestion
were separated by reverse-phase ion pair chromatography and
detected by a post-column fluorescent labeling system as
described by Toyoda et al. (33) with a minor modification of
gradient formation. The eluents used were as follows: A, dis-
tilled water; B, 0.4 M NaCl; C, 10 mM tetra-n-butylammonium
hydrogen sulfate; D, 50% acetonitrile. The gradient program
was as follows: 0–10 min, 1–2% eluent B; 10–11 min, 2–8%
eluent B; 11–20 min, 8–13% eluent B; 20–22 min, 13–27%
eluent B; 22–29 min, 27% eluent B; 29–33 min, 27–70% eluent
B; and 33–40 min, 70% eluent B. The proportions of eluents C
andDwere constant at 12 and 17%, respectively.Other reagents
and system formations were similar to those of the previous
report (33).
Quantitative Analysis of 3OSTTranscripts inHumanTissues

using Real Time PCR—For quantification of 3OST transcripts
in cDNAs of various human tissues, we employed the real time
PCR method, as described in detail previously (34). To obtain
the DNA of human glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH), as an endogenous control, a DNA fragment was
amplified by PCR using the Marathon Ready cDNA, as a tem-
plate, and two primers, CTCCTCCTGTTCGACAGTCAGand
GGTGATGGGATTTCCATTGATG. Standard curves for the
3OST isoforms and the GAPDH were generated by serial dilu-
tion of the pCR2.1-TOPO vector DNAs containing the cloned
3OST isoform, prepared as described above, and the control
DNA of GAPDH. The primer sets and the probe with a minor
groove binder were CGGCTGCTGCTCATCCT, TCTGCAT-
GTGGTTGTAGAACACTT, and TCGGAGCGCGTGCTAT
for 3OST-1; CGAGACACCAAGCTGATCGT, GGAGAGT-
GTCTGCGTGTAATCA, and TTGTGCGGAACCCTG for
3OST-2; GGGCAGATCACCATGGAGAAG, CCTTGGA-
CATGGCCGAGATG, and ACGCCCAGTTACTTCG for
3OST-3; CAGGGCCATCTCTGACTACAC, AGGCCAG-
CACCTCAAAGG, and ACTGTCAAAGAAACCC for
3OST-4; and CAAAATGAACTCATCCATCAAGTTGT-
TGA, CCCCTCTAGCACCTGAGTATAATCA, and CAGG-
GAGCCAACCACA for 3OST-5, respectively (35). The primer
set for 3OST-3 detects both 3OST-3A and -3B having the same
sequence of the catalytic domain. For GAPDH, we used a Taq-
Man gene expression assay (assay IDHs99999905_m1; Applied
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Biosystems). PCR products were continuously measured with
an ABI PRISM 7300 sequence detection system (Applied Bio-
systems). The relative amounts of 3OST transcripts were nor-
malized to the amount of GAPDH transcript in the same cDNA
samples.

RESULTS

Molecular Cloning and Expression of 3OST Isoforms—cDNA
fragments encoding the putative catalytic domains of five 3OST
family enzymes, 3OST-1, 3OST-2, 3OST-3, 3OST-4, and
3OST-5, were obtained by PCR cloning using the human cDNA
library as a template. FLAG-tagged recombinant proteins were
produced by a baculovirus expression system and purified by
anti-FLAG affinity gel as described under “Experimental Pro-
cedures.” Individual purified proteins were detected by West-
ern blot analysis using an anti-FLAG peroxidase conjugate as
shown in Fig. 2 and used for the subsequent enzyme reaction.
Analysis of 35S-Labeled Heparan Sulfate—35S-Labeled hepa-

ran sulfate prepared by incubating heparan sulfate with
[35S]PAPS and one of the recombinant 3OST isoforms was
digestedwith amixture of heparin lyases and analyzed byHPLC
on a SAX column as described under “Experimental Proce-
dures.” Fig. 3 represents elution profiles of radiolabeled prod-
ucts derived from each reaction mixture. The elution profile is
similar to that of our previous report in the case of 3OST-5 (Fig.
3E), and five peaks have been characterized as follows (27).
Peaks 2, 4, and 5 are �Di-(N,3,6)S, �Di-(2,N,3)S, and �Di-tet-
raS, respectively. Peaks 1 and 3 are tetrasaccharides, named
�Tetra-1 and �Tetra-2. The arrows in Fig. 3 indicate the posi-
tions of these products. The elution profile of the radiolabeled
products derived from the 3OST-1 catalyzed reaction exhibits
twomajor peaks at the positions of�Tetra-1 and�Tetra-2 (Fig.
3A). The molecular size of these products corresponds to tet-
rasaccharide by gel filtration chromatography (data not
shown). Analysis of the radiolabeled products derived from the
reaction of 3OST-2 (Fig. 3B), 3OST-3 (Fig. 3C), and 3OST-4
(Fig. 3D) shows similar elution patterns consisting of two peaks
at the positions of�Di-(2,N,3)S and�Di-tetraS. Themolecular

sizes of all these products correspond to disaccharide by gel
filtration chromatography (data not shown). A small peak fol-
lowing the �Di-tetraS is derived from �Di-tetraS itself because
rechromatography of the parental peak resulted in the same
profile. The peakwith the retention time of 10min, because it is
not specific for the enzyme reaction, may be [35S]PAPS or its
degradation product.
Analysis of 35S-Labeled Heparin—35S-Labeled heparin was

prepared and analyzed in the same way as described above. Fig.
4 represents the elution profiles of radiolabeled products
derived from each reaction mixture. The elution profile is also

FIGURE 2. Western blot analysis of recombinant 3OST isoforms. The FLAG-
tagged 3OST proteins were expressed in insect cells, purified with an anti-
FLAG agarose gel, and subjected to Western blot analysis as described under
“Experimental Procedures.” Lanes 1–5 are 3OST-1, 3OST-2, 3OST-3, 3OST-4,
and 3OST-5, respectively. The positions of molecular size standards (in kDa)
are indicated on the left.

FIGURE 3. HPLC analysis of 35S-labeled products derived from heparan
sulfate. Heparan sulfate was incubated with [35S]PAPS and one of the recom-
binant 3OST isoforms. The 35S-labeled products were digested with a mixture
of heparin lyases, and then the digests were separated by HPLC on a SAX
column as described under “Experimental Procedures.” The fractions were
collected, and the radioactivity was determined by liquid scintillation count-
ing. The five panels (A–E), show the elution profiles of radiolabeled products
derived from the reactions of 3OST-1, 3OST-2, 3OST-3, 3OST-4, and 3OST-5,
respectively. The five peaks of panel E have been identified as �Tetra-1 (peak
1), �Di-(N,3,6)S (peak 2), �Tetra-2 (peak 3), �Di-(2,N,3)S (peak 4), and �Di-
tetraS (peak 5) in a previous study (27). These positions are also indicated
above the figure. For the abbreviations, see Fig. 1.
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similar to that of our previous report for the case of 3OST-5
(Fig. 4E). The arrows in Fig. 4 indicate the positions of the prod-
ucts described above. Analysis of the radiolabeled products
derived from the reaction of four isoforms resulted in chro-
matograms similar to Fig. 3. The products of 3OST-1 indicate
twomajor peaks at the positions of�Tetra-1 and�Tetra-2 (Fig.
4A). The products of 3OST-2 (Fig. 4B), 3OST-3 (Fig. 4C), and
3OST-4 (Fig. 4D) demonstrate two peaks at the positions of
�Di-(2,N,3)S and �Di-tetraS. 3OST-5 is the only enzyme that
shows different specificity to two glycosaminoglycans.�Di-tet-
raS is a prominent peak, and tetrasaccharides are not detected
when heparin is the acceptor substrate. Fig. 5 was calculated
from Figs. 3 and 4 to review the composition of the reaction
product from heparan sulfate and heparin, (panels A and B),
respectively. Three isoforms, 3OST-2, 3OST-3, and 3OST-4,
produce Di-tetraS units as a major product from both glycos-
aminoglycans. 3OST-5 also produces this unit as a major prod-
uct from heparin, but the production from heparan sulfate is
very low. 3OST-1 produces a negligible amount of Di-tetraS
units.
Analysis of Heparan Sulfate from Various Rat Tissues—

Heparan sulfate was purified from various rat tissues and
digested with a mixture of heparin lyases as described under
“Experimental Procedures.” The digestion products were ana-
lyzed by reverse-phase ion pair chromatography with a post-
column fluorescence labeling system. The elution condition
was optimized to elute�Di-tetraS, themost negatively charged
disaccharide unit. Fig. 6 shows a typical chromatogram of the
digestion products of heparan sulfate from rat liver (panel A),
and of standard disaccharides (panel B). �Di-tetraS is success-
fully detected with this analytical system. Table 1 shows the
disaccharide composition of heparan sulfate from various rat
tissues. �Di-tetraS was detected in all of the tissues analyzed
here. Heparan sulfate from liver and spleen contain relatively
high levels of Di-tetraS units. On the other hand, the content of
this unit in heart heparan sulfate is very low.Other 3-O-sulfated
components were not determined because we focused on the
Di-tetraS unit in the present study. Some very small peaks
around the �Di-(2,N,6)S may contain such rare components.

Quantitative Analysis of 3OST
Isoforms in Human Tissues—
The tissue distribution and expres-
sion levels of 3OST transcripts were
determined by a real time PCR
method. The expression levels of
3OST transcripts in various tissues
are shown in relative amounts com-
pared with the GAPDH transcripts
(Fig. 7). The 3OST-1 transcripts
(green bar) are widely distributed in
various tissues. The expression of
3OST-2 (orange bar) is very specific
for cerebral cortex. 3OST-3 (red
bar) transcripts are also widely dis-
tributed in many tissues, but prom-
inent in spleen and liver. 3OST-4
(violet bar) and 3OST-5 (blue bar)
transcripts are mainly expressed in

FIGURE 4. HPLC analysis of 35S-labeled products derived from heparin. Heparin
was incubated with [35S]PAPS and one of the recombinant 3OST isoforms. The 35S-
labeled products were digested with a mixture of heparin lyases and analyzed by
HPLC on a SAX column as described under “Experimental Procedures.” The five pan-
els(A–E)showtheelutionprofileofradiolabeledproductsderivedfromthereactions
of 3OST-1, 3OST-2, 3OST-3, 3OST-4, and 3OST-5, respectively. The arrows indicate
the elution positions of �Tetra-1 (peak 1), �Di-(N,3,6)S (peak 2), �Tetra-2 (peak 3),
�Di-(2,N,3)S (peak 4), and �Di-tetraS (peak 5). For the abbreviations, see Fig. 1.

FIGURE 5. A comparison of 35S-labeled products derived from heparan sulfate and heparin by the reac-
tion of 3OST isoforms. Percentages of radiolabeled products were calculated from Figs. 3 and 4. A, composi-
tions of radiolabeled products derived from heparan sulfate by the reactions of 3OST isoforms, as indicated on
the left. B, compositions of radiolabeled products derived from heparin by the reactions of 3OST isoforms.
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cerebral cortex and cerebellum, but the expression levels of
3OST-5 are relatively low in all tissues.
Analysis of Heparan Sulfate andHeparin Sulfated by 3OST-3—

Heparan sulfate or heparin was incubated with nonradioactive
PAPS and excess amounts of 3OST-3 in the standard reaction

mixture, digestedwith amixture of heparin lyases, and analyzed
by reverse-phase ion pair chromatography with a post-column
fluorescence labeling system as described under “Experimental
Procedures.” Panels A and B in Fig. 8 show the disaccharide
analysis of heparan sulfate, before and after the sulfation reac-
tion with 3OST-3, respectively. Panels C and D show that of
heparin. Most �Di-(2,N,6)S in both acceptor substrates, peak a
in panels A andC, was converted to�Di-tetraS, peak b in panels
B andD, respectively. A peak c in panel Bwith a retention time
later than�Di-(2,N,6)S is an unidentified 3-O-sulfated product
that may be �Di-(2,N,3)S.

DISCUSSION

We previously cloned human 3OST-5, expressed it in insect
cells, and characterized the reaction products of the expressed
enzyme (27). Three disaccharide structures, Di-(N,3,6)S,
Di-(2,N,3)S, and Di-tetraS, were determined as the reaction
products by 3OST-5 using heparan sulfate and heparin as
acceptor substrate.We then analyzed bovine intestinal heparan
sulfate and successfully detected Di-tetraS units as a minor
component (0.15% of total disaccharides). This was the first
report to demonstrate the natural presence of Di-tetraS units.
However, there has been no report showing the tissue distribu-
tion of this unique structure or the content of Di-tetraS units in
natural glycosaminoglycans except intestinal heparan sulfate.
The present study was conducted to obtain a better under-
standing of the physiological function of this unique structure
as an ordinary component of heparan sulfate.
First, we investigated the potential of other 3OST isoforms to

produce Di-tetraS and analyzed the reaction products of five
human 3OST family enzymes in the same way as our previous
study using heparan sulfate and heparin as acceptor substrates.
The result obtained with 3OST-5 is consistent with our previ-
ous report (27), indicating reproducibility. A summary of the
composition analysis of the reaction products (Fig. 5) suggests
that the reaction products of each of the 3OST isoforms
reflected the physiological activities of the products previously
reported. For example, 3OST-1 is a specific enzyme for the
production of AT-binding heparan sulfate (36), and the prod-
uct is resistant to the enzyme digestion, giving tetrasaccharides
of�Tetra-1 and -2. It has been reported that the glucosaminidic
linkage adjacent to GlcA-GlcNS3S�6S units, which is a critical
component of the AT-binding site, is resistant to heparin lyases

FIGURE 6. Typical chromatograms of unsaturated disaccharides pre-
pared from rat tissue heparan sulfate. A, heparan sulfate isolated from rat
liver was digested with a mixture of heparin lyases, and the resultant disac-
charides were subjected to reverse-phase ion pair chromatography with
post-column fluorescence labeling as described under “Experimental Proce-
dures.” B, nine disaccharide standards are �Di-0S (peak 1), �Di-NS (peak 2),
�Di-6S (peak 3), �Di-2S (peak 4), �Di-(N,6)S (peak 5), �Di-(2,N)S (peak 6), �Di-
(2,6)S (peak 7), �Di-(2,N,6)S (peak 8), and �Di-tetraS (peak 9). For the abbrevi-
ations, see Fig. 1.

TABLE 1
The disaccharide composition of heparan sulfate from various rat tissues (molar percent)

Di-0Sa Di-NS Di-6S Di-2S Di-(N,6)S Di-(2,N)S Di-(2,6)S Di-(2,N,6)S Di-tetraS
Cerebrum 52b 19 7.4 0.85 5.9 8.3 NDc 6.0 0.26
Cerebellum 53 18 6.6 0.62 5.9 7.4 ND 8.0 0.20
Lung 52 21 8.4 1.6 4.5 7.4 ND 4.1 0.16
Heart 62 19 6.4 0.35 3.6 4.4 ND 3.9 0.026
Kidney 44 19 15 0.63 7.8 5.7 ND 7.4 0.21
Liver 47 19 8.2 0.46 4.2 6.0 ND 13 1.6
Spleen 46 13 17 0.14 15 2.1 ND 5.7 0.95
Pancreas 58 21 7.6 0.45 4.5 4.4 ND 4.4 0.20
Stomach 59 21 6.2 0.56 3.0 5.9 ND 4.6 0.22
Ileum 60 22 5.7 1.0 2.6 4.9 ND 4.2 0.13
Large intestine 60 21 5.7 0.61 2.6 5.8 ND 4.2 0.12
Testis 60 16 7.7 0.35 3.6 7.3 ND 4.3 0.29

a For the abbreviations, see Fig. 1.
b The values represent the averages of two independent experiments.
c ND, not detected.
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(37, 38). Therefore, �Tetra-1 and -2 may contain these disac-
charide units at the reducing terminal. 3OST-5 has also been
reported to produce AT-binding heparan sulfate (21) and also
produces�Tetra-1 and -2. Four 3OST isoforms except 3OST-1
have been reported to make cells susceptible to HSV-1 entry
(21, 30) and produce two disaccharides of �Di-(2,N,3)S and
�Di-tetraS as common products. On the other hand,N-unsub-
stituted and 3-O-sulfated glucosamine residue, which has been
identified as the product of 3OST-3, has been reported as a

specific component for heparan sul-
fate binding to gD (26). Therefore, it
may be necessary to re-examine the
components essential for HSV-1
entry. 3OST-5 is a unique enzyme
having broad specificity to produce
both AT-binding and gD-binding
heparan sulfate, and the product is
partially resistant to enzyme diges-
tion, giving both tetrasaccharides
and disaccharides as described
above.
We confirmed that most of the

Di-(2,N,6)S units in heparan sulfate
and heparin are available as sub-
strates for the Di-tetraS formation.
It was reported that most of the
Di-(2,N,6)S units in heparan sulfate
contain iduronic acid (8), i.e.
IdoA2S-GlcNS6S unit. Therefore
the Di-tetraS units should contain

the same hexuronic acid isomer, i.e. iduronic acid. However,
Di-tetraS unit having glucuronic acid residue is still possible
because the GlcA2S-GlcNS6S unit has been reported to be a
minor component of heparin (39).
We examined the disaccharide compositions of the heparan

sulfate preparations from various rat tissues to clarify the tissue
distribution ofDi-tetraS units. Interestingly, all tissues analyzed
here contain this unique disaccharide unit. Heparan sulfate
from liver and spleen in particular contained relatively high
levels of this unit. This is the first report demonstrating the
content of Di-tetraS in heparan sulfate from various tissues,
although several reports show the disaccharide compositions of
heparan sulfate from various sources (8, 33, 40–42). Some liv-
er-specific functions of heparan sulfate have been reported. For
example, exogenous and endogenous triglycerides enter the
circulation as chylomicron and very low density lipoprotein,
respectively. After the release of fatty acids for the peripheral
tissues by lipoprotein lipase, the remnant particles are captured
by hepatocytes. Hepatic clearance of these triglyceride-rich
lipoproteins is mediated by heparan sulfate (43). In malaria
infection, Plasmodium sporozoites injected into the skin by
infected mosquitoes are carried to the liver in the bloodstream,
where the sporozoites invade hepatocytes and develop into
exoerythrocytic forms. It has been shown that the liver-specific
heparan sulfate activates sporozoites to begin the invasion
process (44). There is evidence that infections caused by some
viruses in liver, such as hepatitis B virus, hepatitis C virus, and
dengue virus, are alsomediated by liver-specific heparan sulfate
(45–47). Di-tetraS-rich heparan sulfate in liver may be a target
of infection by these pathogens.
To discover how the Di-tetraS units are derived, we exam-

ined the expression levels of 3OST isoforms in various human
tissues by quantitative real time PCR. Northern blot analysis of
the 3OST isoforms, from 3OST-1 to -4, has already been
reported by others (20). Our present results are consistent with
the reported expression pattern, such as brain-specific expres-
sion of 3OST-2 and -4. Further, our quantitative analyses give

FIGURE 7. Quantitative analysis of 3OST isoform transcripts in human tissues using real time PCR. Stand-
ard curves for 3OST isoforms and GAPDH were generated by serial dilution of plasmid DNA or control DNA as
described under “Experimental Procedures.” The expression levels of 3OST isoforms were normalized to that of
the GAPDH transcript, which was measured in the same cDNAs. The data were obtained from triplicate exper-
iments and given as the means � S.D.

FIGURE 8. Analysis of heparan sulfate and heparin sulfated by excess
amounts of 3OST-3. Ten micrograms of heparan sulfate or heparin were
incubated with nonradioactive PAPS and an excess amount of 3OST-3 in the
standard reaction mixture and digested with a mixture of heparin lyases, as
described under “Experimental Procedures.” The resultant disaccharides
were subjected to reverse-phase ion pair chromatography with post-column
fluorescence labeling. A and C show the analysis of heparan sulfate and hep-
arin, without sulfation reaction, respectively. B and D show the analysis of
reaction products from heparan sulfate and heparin, respectively. The elution
positions of standard disaccharides are indicated by numbers; see legend to
Fig. 6.

Tetrasulfated Disaccharide Unit in Heparan Sulfate

NOVEMBER 7, 2008 • VOLUME 283 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31243



more detailed information. For example, high expression levels
of 3OST-3 in spleen and liver account for the high levels of
Di-tetraS units in these tissues. Therefore, some physiological
roles of 3OST-3 in liver-specific phenomena such as those
described above can be expected. The expression profiles of
isoforms in cerebral cortex and cerebellum are clearly different
from each other. 3OST-2 is very specific for the cerebral cortex,
and 3OST-1 is highly expressed in the cerebellum. Some cere-
bellum-specific function of 3OST-1 can also be expected.
As shown in Fig. 7, some 3OST isoforms are coexpressed in

the same tissues. Synergistic effects have been reported
between heparan sulfate synthesizing enzymes or isoforms. For
example, complex formation of EXT1 and 2 elicits heparan sul-
fate polymerase activities (48, 49). Uronosyl 5-epimerase needs
interaction with 2-O-sulfotransferase for its activity and local-
ization to Golgi (50). However, there is no evidence for a syn-
ergistic effect of 3OSTs. We mixed some 3OST isoforms and
examined the sulfotransferase activities, but no synergistic
effect was observed (data not shown). The observed activities
were the total sum of each isoform, suggesting that a team of
isoforms coexpressed in the same tissue produced the func-
tional domains.More detailed studies on coexpression inmam-
malian cells are required to clarify these questions.
The biological significance of 3-O-sulfate other than the reg-

ulation of blood coagulation and HSV-1 entry remains
unknown at the present time. However, there are a few impor-
tant reports that suggest the physiological importance of this
modification. Hs3st1�/� knock-out mice showed postnatal
lethality and intrauterine growth retardation (51). Reduction of
3OST-B, a Drosophila homolog of 3OST family enzyme, by
transgenic RNA interference technique revealed phenotypes of
Notch signaling deficiency (52). Kuberan et al. (53) analyzed
heparan sulfate from rat pineal gland using mass spectrometry
and detected Di-tetraS units only from daytime pineal gland. In
addition, we have investigated the expressions of 3OSTs in var-
ious tissues and found that, corresponding to the tissue-specific
expression of 3OST isoforms, Di-tetraS units of heparan sulfate
increased, suggesting the existence of a regulation mechanism
of 3-O-sulfation by the enzyme. Overall, the present study has
demonstrated that some 3OST isoforms are Di-tetraS-produc-
ing enzymes and that heparan sulfate in most tissues possess
this rare and unique component, suggesting that it may have
some significant physiological function.
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