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Using recombinant retroviral transduction, we have
introduced the heparin/heparan sulfate (HS) 3-O-sulfo-
transferase 1 (3-OST-1) gene into Chinese hamster ovary
(CHO) cells. Expression of 3-OST-1 confers upon CHO
cells the ability to produce anticoagulantly active HS
(HS*Y). To understand how 6-OST and other proteins
regulate HS2°* biosynthesis, a CHO cell clone with three
copies of 3-OST-1 was chemically mutagenized. Result-
ing mutants that make HS but are defective in generat-
ing HS?°* were single-cell-cloned. One cell mutant makes
fewer 6-O-sulfated residues. Modification of HS chains
from the mutant with pure 6-OS7T-1 and 3'-phosphoad-
enosine 5'-phosphosulfate increased HS** from 7% to
51%. Transfection of this mutant with 6-OST-1 created a
CHO cell line that makes HS, 50% of which is HS?°t, We
discovered in this study that (i) 6-OST-1 is a limiting
enzyme in the HS?* biosynthetic pathway in vivo when
the limiting nature of 3-OST-1 is removed; (ii) HS chains
from the mutant cells serve as an excellent substrate for
demonstrating that 6-OST-1 is the limiting factor for
HS?*°* generation in vitro; (iii) in contradiction to the
literature, 6-OST-1 can add 6-O-sulfate to GlcNAc resi-
dues, especially the critical 6-O-sulfate in the antithrom-
bin binding motif; (iv) both 3-0O- and 6-O-sulfation can be
the final step in HS?>* biosynthesis in contrast to prior
publications that concluded 3-O-sulfation is the final
step in HS?°* biosynthesis; (v), in the presence of HS
interacting protein peptide, 3-O-sulfate-containing sugars
can be degraded into disaccharides by heparitinase diges-
tion as demonstrated by capillary high performance lig-
uid chromatography coupled with mass spectrometry.

Heparin/heparan sulfate (HS)! is a linear polymer covalently
attached to the protein cores of proteoglycans, which are abun-
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dant and ubiquitously expressed in almost all animal cells. HS
is assembled by the action of a large family of enzymes that
catalyze chain polymerization (alternating addition of GlcNAc
and GlcUA residues), GlcNAc N-deacetylation and N-sulfation,
glucuronic acid (GlcUA) epimerization to L-iduronic acid (Ido-
UA), 2-O-sulfation of uronic acid residues, and 3-O- and 6-O-
sulfation of glucosaminyl residues. Tissue-specific and devel-
opmentally regulated expression of the biosynthetic enzymes
and enzyme isoforms produces HS chains with distinct se-
quences (1-3). These different sequences enable interactions to
occur with a broad array of protein ligands that modulate a
wide range of biological functions in development, differentia-
tion, homeostasis, and bacterial/viral entry (reviewed in Refs.
4-11).

The specificity of any HS and protein interaction is largely
dictated by arrangements of sulfates along the chain. For ex-
ample, the pentasaccharide sequence, GleNAc/NS6S-GlcUA-
GlecNS3S+=6S-IdoUA2S-GlcNS6S, represents the minimum se-
quence for antithrombin (AT) binding, where the 3S (3-O-
sulfate) and 6S (6-O-sulfate) groups constitute the most critical
elements involved in the interaction (12-16). To delineate the
biosynthetic pathway that regulates anticoagulant heparan
sulfate (HS?%) biosynthesis, our laboratory has purified as well
as molecularly cloned 3-OST-1 (17,18). We have demonstrated
that 3-OST-1, usually existing in limited amounts, acts upon
HS? precursor to produce HS*** and upon HS™“* precursor to
produce 3-O-sulfated HS™2 (17, 19). When 3-OST-I is no
longer limiting, the capacity for HS** generation is determined
by the abundance of HS®* precursors (20). In this case, the
limitation in HS?** production is the presence of the critical
6-O-sulfate groups and/or the availability of proper epimeriza-
tion/sulfation patterns in the precursors.

In most cases, the critical 6S in the AT binding oligosaccha-
rides sequenced and characterized in heparin is attached to
GleNAc residues (a summary table for heparin is presented in
Refs. 21, 22). We previously reported that the critical 6S in
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saminoglycan; PAPS, 3’-phosphoadenosine 5’-phosphosulfate; AT,
antithrombin; 3-OST-1, glucosaminyl 3-O-sulfotransferase-1;
6-OST-1, -2, -3, glucosaminyl 6-O-sulfotransferase-1, -2, -3; GlcUA,
glucuronic acid; IdoUA, iduronic acid; 2S, 2-O-sulfate; 3S, 3-O-sul-
fate; 6S, 6-O-sulfate; NS, N-sulfate; PBS, phosphate-buffered saline;
CHO, Chinese hamster ovary; HIP, heparin/heparan sulfate interact-
ing protein; IPRP-HPLC, ion pairing reverse phase-high pressure
liquid chromatography; ESI-MS, electrospray ionization-mass spec-
trometry; FGF, fibroblast growth factor; FGFR, FGF receptor; RT-
PCR, reverse transcriptase-polymerase chain reaction; MES, 4-mor-
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HS?¢* from F9 cells is exclusively attached to GleNAc residues
(20). To date, three 6-O-sulfotransferases have been cloned, but
reported substrate specificities indicate that none of them can
put a 6-O-sulfate group on GleNAc residues (2). To understand
how specific 6-O-sulfotransferases and other factors regulate
HS?! biosynthesis, we created cell mutants that are defective
in the formation of HS2®* precursors. We chose Chinese ham-
ster ovary (CHO) cells, because a series of HS biosynthetic
mutants have been successfully made in this cell line (23-28).
However, CHO wild-type cells do not generate 3-O-sulfated
residues and therefore do not make any HS®**. Using recombi-
nant retroviral transduction, we have introduced the HS 3-O-
sulfotransferase-1 (3-OST-1) gene into CHO cells (29). 3-OST-1
expression gives rise to CHO cells with the ability to produce
HS?¢, A cell line was chosen that has three copies of 3-OST-1
as determined by Southern analysis (29). After chemical mu-
tagenesis of this cell line, mutant cells that were positive for
FGF-2 binding but negative for AT binding were FACS sorted
and cloned. The scheme for making HS** precursor mutants is
outlined in Fig. 1. The advantage of having multiple copies of
3-0OST-1 is that other upstream genes that are responsible for
generating specific HS precursor structures can be sought after
chemical mutagenesis without concern for the loss of 3-OST-1.
FGF-2 selection is employed to ensure that the mutant cells
still make HS. By using this scheme, we obtained a 6-O-sulfate-
defective mutant. After correcting the mutant with 6-O-sulfo-
transferase-1 transfection, we created a cell line that makes
HS, 50% of which is HS?**. This represents the highest percent-
age of HS?** production by any cell line reported so far.

The approach used in this study includes placing multiple
copies of a downstream enzyme in CHO cells, mutagenizing the
cells to obtain mutants deficient in upstream enzymes that are
part of the pathway, and then characterizing the mutants. This
technique may constitute a general approach for defining and
obtaining the components of biosynthetic pathways once the
terminal biosynthetic enzyme has been obtained and proteins
that recognize the final product of the pathway are available.

EXPERIMENTAL PROCEDURES

Cell Culture—Wild-type Chinese hamster ovary cells (CHO-K1) were
obtained from the American Type Culture Collection (CCL-61, ATCC,
Rockville, MD). Wild-type and mutant cells were maintained in Ham’s
F-12 medium supplemented with 10% fetal bovine serum (HyClone),
penicillin G (100 units/ml), and streptomycin sulfate (100 ug/ml) at
37 °C under an atmosphere of 5% CO, in air and 100% relative humid-
ity. The cells were passaged every 3—4 days with 0.125% (w/v) trypsin
and 1 mM EDTA, and after 10-15 cycles, fresh cells were revived from
stocks stored under liquid nitrogen. Low-sulfate medium was composed
of Ham’s F-12 medium supplemented with penicillin G (100 units/ml)
and 10% fetal bovine serum that had been dialyzed 200-fold against
phosphate-buffered saline (PBS) (30). Low-glucose Ham’s F-12 medium
contained 1 mm glucose supplemented with penicillin G (100 units/ml),
streptomycin sulfate (100 ug/ml), and fetal bovine serum that had been
dialyzed 200-fold against PBS (30). All tissue culture media and re-
agents were purchased from Life Technologies, Inc. (Gaithersburg, MD)
unless otherwise indicated.

3-OST-1 Recombinant Retroviral Transduction—The method of
3-OST-1 recombinant retroviral transduction into CHO cells was de-
scribed in detail in our previous publication (29).

Antithrombin and FGF-2 Labeling—The same procedure has been
used as described previously (29).

Cell Sorting—Nearly confluent monolayers of 3-OST-1-transduced
CHO-K1 cells were detached by adding 10 ml of 2 mm EDTA in PBS
containing 10% fetal bovine serum and centrifuged. The cell pellets
were placed on ice, and 50 ul each of fluorescein-AT and Alexa 594-
FGF-2 were added. After 30 min, the cells were washed once and
resuspended in 1 ml of 10% fetal bovine serum in PBS containing 2 mm
EDTA. Flow cytometry and cell sorting was performed on FACScan and
FACStar instruments (Becton Dickinson) using dual color detection
filters. Cells positive for AT and FGF-2 binding were sorted and sub-
sequently single-cell-cloned into a 96-well plate. The single-cell clones
were expanded and frozen for further analysis.
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Twelve 3-OST-1-transduced CHO-K1 clones were obtained as de-
scribed above. The number of copies of 3-OST-1 in the individual clones
was determined by Southern analysis. Genomic DNA (10 pg) was di-
gested with 40 units of EcoRI overnight at 37 °C, electrophoresed on a
0.7% (w/v) agarose gel, transferred to GeneScreen Plus (PerkinElmer
Life Sciences), and probed with 3-OST-1 cDNA labeled with the Mega-
prime labeling kit (Amersham Pharmacia Biotech). Blots were hybrid-
ized in ExpressHyb solution (CLONTECH) containing 3-OST-1 probe
(2 X 10° cpm/ml), followed by autoradiography. The cell clone with three
copies of 3-OST-1 was expanded and frozen for further studies.

Mutant Screening—Wild-type CHO cells with three copies of
3-OST-1 were mutagenized with ethylmethane sulfonate as described
in the literature (31) and frozen under liquid nitrogen. A portion of cells
was thawed, propagated for 3 days, and labeled with both Alexa 594-
FGF-2 and fluorescein-AT. The labeled cells were sorted, and FGF-2-
positive and AT-negative cells were collected. Approximately 1 X 10*
sorted cells were collected into 1 ml of complete F-12 Ham’s media then
plated in T-75 flasks. Sorted cell populations were maintained in com-
plete F-12 Ham’s medium for 1 week, then the cells were labeled and
sorted again as described above. After five rounds of sorting, FGF-2-
positive and AT-negative cells were single-cell-sorted into a 96-well
plate. The single-cell clones were expanded and frozen for further
analysis. The sorting profiles of CHO-K1 with three copies of 3-OST-1,
mutant, and the 6-OST-1 correctant of the mutant were shown by
dual-color fluorescence flow cytometric analysis (see Fig. 2)

HS Preparation and Analysis—The method was the same as one
published previously (29).

c¢DNA Cloning and Expression of CHO 6-OST-1—Sequences coding
for CHO 6-OST-1 were amplified from a CHO-K1/cDNA quick-clone
library (CLONTECH). The reaction mixture contained 2 units of Pfu
polymerase (Stratagene), 1 ng of cDNA, and 100 pmol of the primers.
The sense primer has an added BglII site (5'-GCAGATCTGCAGGAC-
CATGGTTGAGCGCGCCAGCAAGTTC-3'), and the antisense primer
has an added Xbal site (5'-GCTCTAGACTACCACTTCTCAATGATGT-
GGCTC-3’). The 6-OST-1 primer sequences are derived from the hu-
man 6-OST-1 ¢cDNA sequence (from residues 240 to 264) and to the
complement of this sequence (from residues 1147 to 1172) as reported
(32). After 30 thermal cycles (1 min of denaturation at 94 °C, 2 min of
annealing at 55 °C, 3 min of extension at 72 °C), the amplification
products were analyzed in 1% agarose gels and detected by ethidium
bromide staining. The amplification products were excised from the gel
and cleaned by Gel Extraction kit (Qiagen). The PCR product was
treated with BglII and Xbal, ligated into Xbal- and BamHI-digested
pInd/Hygro plasmid (CLONTECH), and transformed into Escherichia
coli DH5a-competent cells. Four clones from each of two separate PCR
reactions were sequenced and found to be identical. pInd/Hygro 6-OST-
I-containing plasmid was transfected into the CHO mutant cells. Cells
positive for AT and FGF-2 binding were sorted and subsequently single-
cell-cloned into a 96-well plate. The single-cell clones were expanded
and frozen for further analysis.

6-0O-Sulfation of HS in Vitro—The standard reaction mixture con-
tained 50 mm MES (pH 7.0), 1% (w/v) Triton X-100, 5 mm MnCl,, 5 mm
MgCl,, 2.5 mm CaCl,, 0.075 mg/ml protamine chloride, 1.5 mg/ml bo-
vine serum albumin, either metabolically labeled [*>SIHS or non-radio-
active HS chains, cold PAPS (0.5 mm) or [*°S]PAPS (25 um, 2 X 107
cpm), and 70 ng of purified baculovirus-expressed human 6-OST-1 in a
final volume of 50 ul. The mixtures were incubated either 20 min or
overnight at 37 °C, and 200 ug of chondroitin sulfate C was added. HS
chains were purified by phenol/chloroform extraction and anion ex-
change chromatography on 0.25-ml columns of DEAE-Sephacel packed
in 1-ml syringes (20). After ethanol precipitation, the pellets were
washed with 75% ethanol, dried briefly under vacuum, and dissolved in
water for further analysis.

Separation of HS®* and HS™* by AT-affinity Chromatography—
The procedure is identical to that described previously (29).

Disaccharide Analysis of HS—Heparitinase I (EC 4.2.2.8), hepariti-
nase II (no EC number), and heparinase (EC 4.2.2.7) were obtained
from Seikagaku, and heparitinase IV was a gift from Dr. Yoshida,
Seikagaku Corp., Tokyo. Heparitinase I recognizes the sequences Gle-
NAc¢/NS+6S(3S?)- | GIcUA/IdoUA-GIcNA¢/NS+6S. The arrow indi-
cates the cleavage site. Heparitinase II has broad sequence recognition:
GleNA¢/NS+6S(3S?)- | GlcUA/IdoUA*+2S-GlcNAc/NS=6S. Heparinase
(heparitinase III) and heparitinase IV recognize the sequences
GleNS+3S+68S- | [doUA2S/GIcUA2S-GleNS=6S. The reaction prod-
ucts and references can be found in Refs. 33 and 34. The digestion of
HS*** was carried out in 100 ul of 40 mM ammonium acetate (pH 7.0)
containing 3.3 mM CaCl, with 1 milliunit (mU) of heparitinase I or 1
mU of each heparitinase I, heparitinase II, heparitinase IV, and hepa-
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rinase (heparitinase III). The digestion was incubated at 37 °C over-
night unless otherwise indicated.

For low pH nitrous acid degradation, radiolabeled HS samples were
mixed with 10 pg of bovine kidney HS (ICN) and digested (35).

Disaccharides were purified by Bio-Gel P2 chromatography and re-
solved by ion pairing reverse-phase HPLC with appropriate disaccha-
ride standards (36). Bio-Gel P2 or P6 columns (0.75 X 200 cm) were
equilibrated with 100 mM ammonium bicarbonate. Radiolabeled sam-
ples (200 pl) were mixed with dextran blue (5 ug) and phenol red (5 ug)
and loaded onto the column. The samples were eluted at a flow rate of
4 ml/h with collection of 0.5-ml fractions. The desired fractions were
dried under vacuum, individually or pooled, to remove ammonium
bicarbonate.

AUA-GIcNS3S Disaccharide Structure Determination by Capillary
IPRP-HPLC Coupled with Mass Spectrometry—It has been reported
that heparin molecules exhibiting a high affinity for a synthetic peptide
(CRPKAKAKAKAKDQTK) mimicking a heparin-binding domain of
heparin interacting protein (HIP) also show an extremely high affinity
for AT (37). We expected that inclusion of this small peptide in the
heparitinase digestion solution would protect 3-O-[>*S]sulfate-labeled
HS from degrading into tetrasaccharide. Theoretically, we should re-
cover HIP peptide-protected, AT-binding HS oligosaccharides. How-
ever, in the presence of the HIP peptide, all the 3-O-[**S]sulfate-labeled
sugars were degraded into disaccharides instead of oligosaccharides or
tetrasaccharides as judged by their elution position on Bio-Gel P2 and
their unique elution positions on IPRP-HPLC (the major 3-O-[**S]sul-
fate-containing disaccharides eluted right before AUA-GlcNS6S disac-
charide standard). Because there is no AUA-GIcNS3S standard re-
ported, we decided to prove the structure. We first made stable isotope
PAP?S. The PAP?*S (99% isotope purity determined by ESI-MS) was
prepared by incubating ATP and stable isotope Na,**SO, (Isonics Corp.)
with ATP sulfurylase (Sigma Chemical Co.), adenosine 5’-phosphosul-
fate kinase (a generous gift from Dr. Irwin H. Segel), and inorganic
pyrophosphatase (Sigma) (38). HS chains from wild-type CHO cells
were labeled with pure 3-OST-1 plus PAP?*S. We then developed a
capillary IPRP-HPLC (LC Packings) method for separating HS disac-
charides, which is similar to a conventional IPRP-HPLC (29) except
that 5 mm dibutylamine is used as an ion-pairing reagent (Sigma), and
then coupled it to an electrospray ionization time-of-flight mass spec-
trometer (Mariner Workstation, PerSeptive Biosystems, Inc.) to detect
the mass of each disaccharide eluted. Six HS disaccharide standards
from Seikagaku were separated by capillary HPLC and detected by
negative polarity ESI-MS. The accuracy of the ESI-MS is = 0.001 m/z
unit after calibration with the molecular standard sets supplied by the
manufacture (bis-trifluorobenzoic acid, heptadecafluorononanoic acid,
perfluorotetradecanoic acid). 3-O-**S-labeled HS was digested with a
combination of 1 mU of each heparitinase I, heparitinase II, hepariti-
nase IV, and heparinase in the absence or presence of 0.5 mg/ml HIP
peptide. 0.5 ug of digested HS was injected into capillary HPLC coupled
with mass spectrometry (see Fig. 3). UV peak B eluted at the same time
as a AUA-GIcNS6S standard, whereas UV peak D eluted at the same
time as a AUA2S-GlcNS standard (see Fig. 3A). Three major ions with
m/z 247.5, 496.0, and 625.2 were observed in both UV peaks (see Fig. 3,
panels B and D), where 496.0 is z1 (—1)-charged, 247.5 is z2 (—2)-
charged, and 625.2 is one dibutylamine-adducted with z1 (—1)-charged
AUA-GIcNS6S or AUA2S-GIeNS disaccharides. However, when the m/z
region 494.0-501.0 from both peaks B and D were expended (panels C
and E), a non-natural abundant, z1-charged molecular ion with m/z
498.0 was observed in UV peak B but not in UV peak D. 498.0 versus
496.0 of disaccharide ions should represent AUA-GIcNS3[?4S]S and
AUA-GIcNS6S, respectively. The mass for AUA-GIcNS3[34S]S was
barely detectable in the absence of HIP peptide, which is consistent
with the literature that 3-O-sulfate-containing sugars are usually de-
graded into tetrasaccharides, not disaccharides, by a mixture of hep-
aritinase digestion (20, 33). Therefore, HIP peptide is included in hep-
aritinase digestion when we degrade 3-O-containing HS into
disaccharides.

Northern Blot Hybridization and RT-PCR—To generate specific
Northern blot hybridization probes, PCR primers were designed that
bracket unique sequences within human 6-OST-1, 6-OST-2 and
6-OST-3. A 249-bp PCR product that corresponds to a region within the
3'-UTR of the 6-OST-1 gene starting at position 1772 and ending at
2021 was used as an isoform specific probe. Similarly, a 299-bp PCR
product that corresponds to a region in the 3’-UTR of the 6-OST-2 gene
starting at position 1831 and ending at 2130, and another product
within the 3’-UTR of the 6-OST-3 gene starting at 943 and ending at
1378 (444 bp) were used as a probe. PCR was performed with
[a-*?P]dCTP (PerkinElmer Life Sciences), and isoform-specific radiola-
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beled probes were purified on G-25 Sephadex spin columns (Roche
Molecular Biochemicals). Hybridizations were carried out according to
the manufacturer’s instructions using 2 X 10° cpm probe per milliliter
of ExpressHyb solution (CLONTECH). After the hybridizations were
complete, the blots were washed twice in 2X SSC containing 0.1% SDS
and once with 0.1X SSC containing 0.1% SDS, all at room temperature.
Blots were then washed with 0.1X SSC containing 0.1% SDS at 50 °C.
For blots hybridized with the 6-OST-1 probe, this last wash was re-
peated twice at 65 °C. The membranes were then subjected to autora-
diography with BioMax imaging film (Kodak) with a BioMax MS inten-
sifying screen (Kodak).

For RT-PCR, poly(A)-purified or DNase I-treated total RNA was
used. Primer pairs were designed that bracket isoform-specific regions
within the human sequences for both 6-OST-2 and 6-OST-3. For
6-OST-1, a 569-bp fragment corresponding to nt 54 (GCG TGC TTC
ATG CTC ATC CT) to 622 (GTG CGC CCA TCA CAC ATG T) within the
hamster sequence was used. For 6-OST-2, PCR targets included regions
starting at nt 23 (CTG CTG CTG GCT TTG GTG AT) and 346 (GCA
GAA GAA ATG CAC TTG CCA) and ending at nt 1471 (GCC GCT ATC
ACC TTG TCC CT), 1491 (TCA TTG GTG CCA TTG CTG G), and 1532
(TGA GTG CCA GTT AGC GCC A). For 6-OST-3, the targets included
regions that start at nt 5 (CCG GTG CTC ACT TTC CTC TTC) and 353
(TTC ACC CTC AAG GAC CTG ACC) and end at nt 988 (GCT CTG CAG
CAG GAT GGT GT) and 1217 (GCT GGA AGA GAT CCT TCG CAT
AC). Total RNA was purified from wild-type and mutant CHO-K1 cells
using the RNeasy total RNA kit from Qiagen according to the manu-
facturer’s instructions. RNA was quantitated by absorbance at 260 nm,
and 100 ug of total RNA was reacted with DNase I (Ambion) at 37 °C for
45 min, twice extracted with equal volumes of acid phenol/chloroform,
precipitated in ethanol, and reconstituted in diethyl pyrocarbonate-
treated water. Further selection of poly(A) plus RNA was carried out
with the Oligotex mRNA kit (Qiagen). RNA integrity was checked after
electrophoresis on a 1% agarose gel, and all RT reactions were run with
Moloney murine leukemia virus reverse transcriptase (Ambion) accord-
ing to manufacturer’s instructions. PCR was performed with Super Taq
polymerase (Ambion).

Baculovirus Expression and Purification of 6-OST-1—Human
6-OST-1 recombinant baculovirus was prepared using the pFastBas HT
donor plasmid modified by the insertion of honeybee mellitin signal
peptide (36) and the Bac-to-Bac baculovirus expression system (Life
Technologies, Inc.) according to the manufacturer’s protocol, except that
recombinant bacmid DNA was purified using an endotoxin-free plasmid
purification kit (Qiagen, Inc.) and transfection of Sf9 cells was scaled up
to employ 3 pg of bacmid DNA and 6 X 10° exponentially growing cells
in a 100-mm dish. At day 3 post-transfection, baculovirus was precipi-
tated from the medium with 10% polyethylene glycol, 0.5 M NaCl at
12,000 X g, re-suspended in 14 ml of medium, and applied to a 100-mm
dish seeded with 1.5 X 107 Sf9 cells. Medium from the infected cells was
harvested after 90 h of growth at 27 °C, centrifuged at 400 X g, made to
10 mM in Tris, adjusted to pH 8.0, and centrifuged at 4000 X g. Clarified
medium was diluted with an equal volume of cold 10 mm Tris-HCl, pH
8.0, and stirred for 30 min with 0.6 ml (packed volume) of Toyopearl
650M chromatographic media (TosoHaas). The heparin-Sepharose was
packed into a column (0.4 X 4.75 cm), washed with 5 ml of TCG 50 (10
mM Tris-HCl, pH 8.0, 2% glycerol, 0.6% CHAPS, 50 mm NaCl), eluted
with 1.2 ml of TCG 1000 (as above, but 1 M in NaCl) containing 10 mm
imidazole, and concentrated to 0.25 ml in a Microcon YM-10 centrifugal
filter (Millipore Corp.).

Histidine-tagged recombinant 6-OST-1 was affinity-purified by mix-
ing the product eluted from heparin-Sepharose for 90 min at 4 °C with
nickel-nitrilotriacetic acid magnetic agarose beads (Qiagen, Inc.) mag-
netically sedimented from 60 ul of suspension. The beads were washed
twice with 0.125 ml of TCG 400 containing 20 mM imidazole and eluted
twice with 0.03 ml of TCG 400 containing 250 mM imidazole. The
combined elution fractions contained ~25% of the sulfotransferase ac-
tivity present in the starting medium.

Bacterial Expression and Purification of 6-OST-1—Expression vector
pET15b was purchased from Novagen (Madison, WI). E. coli strains
BL21 and DH5« were obtained through the ATCC (Manassas, VA). An
Asel restriction site was introduced at 211-216 bp, and a BamHI
restriction site was introduced at 1344-1349 bp of human 6-OST-1 (32)
by PCR. The 6-OST-1 gene was then ligated into Ndel- and BamHI-
digested pET15b and transformed into competent E. coli strain DH5a.
A BL21 colony containing 6-OST-1 in pET15b with confirmed sequence
was used to inoculate 2 liters of LB containing 100 pg/ml ampicillin.
The cultures were shaken in flasks at 250 rpm at 37 °C. When the
optical density at 600 nm reached 1.2, 1 mMm isopropyl-1-thio-B-D-galac-
topyranoside was added to the cultures. The cultures were then agi-
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{ 30ST-1 Transduction with
retroviral vector

{ AT* FACS Sorting and Southern
Analysis

| AT* CHO K1 with 3 Copies of 30ST-1

{ EMS Mutagenesis

* Flow Sort for FGF-2% & AT Cells

Mutants Defective in Precursor Formation

FiG. 1. Scheme for making mutants. Using recombinant retroviral
transduction, the human HS 3-O-sulfotransferase 1 (3-OST-1) gene was
transduced into CHO cells. 3-OST-1 expression gives rise to CHO cells
with the ability to produce anticoagulant HS (HS**"). A cell line that has
three copies of 3-OST-1 was chosen by Southern analysis. After chem-
ical mutagenesis of this cell line, FGF-2 binding-positive and AT bind-
ing-negative mutant cells were FACS-sorted and cloned. The advantage
of having three copies of 3-OST-1 is that upstream genes that are
responsible for generating specific HS precursor structures can be
sought after chemical mutagenesis without losing 3-OST-1. FGF-2 se-
lection is employed to make certain that the mutant cells still make HS.

tated at 250 rpm overnight at room temperature. The cells were pel-
leted at 5000 rpm for 15 min. The supernatant was discarded, and the
cell pellet was resuspended in 40 ml of 20 mm Tris, 500 mm NaCl, 0.6%
CHAPS, 1% glycerol, and 5 mm imidazole, pH 7.9 (“binding buffer”). The
cells were homogenized, and the homogenate was centrifuged at 13,000
rpm for 20 min. The supernatant was filtered through 0.2-pum filter
paper and loaded onto a BioCAD HPLC system (PerSeptive Biosystems,
Cambridge, MA) and purified using Ni?* chelate chromatography.
Briefly, the supernatant was loaded onto the column and washed with
binding buffer until unbound material was washed off the column.
Then, low affinity material was washed off the column using 20 mm
Tris, 500 mm NaCl, 0.6% CHAPS, 1% glycerol, and 55 mM imidazole, pH
7.9, and 6-OST-1 was eluted from the column with 20 mMm Tris, 500 mm
NaCl, 0.6% CHAPS, 1% glycerol, and 500 mm imidazole, pH 7.9. The
purity of the recombinant 6-OST-1 was determined using a silver-
stained protein gel.

RESULTS

Similar Charge Density in GAGs from HS*" Defective Mu-
tant and Wild-type Cells—The interaction of AT with hepa-
rin/HS depends on a pentasaccharide sequence consisting of
GlecNAc/NS6S-GlcUA-GIeNS3S +6S-IdoUA2S-GleNS6S, where
the 3S and 6S groups constitute the most critical elements
involved in the interaction. We reasoned that mutant cells,
which make HS lacking the critical 6S group or having an
improper N-sulfation/epimerization pattern that fails to gener-
ate HS**' precursor, should not bind to AT. By using the
scheme shown in Fig. 1, we obtained cell mutants that are
defective in AT-binding (Fig. 2B). We first examined the syn-
thesis of GAGs in the HS***-defective mutant by biosynthetic
labeling studies with [6-°H]GlcN (Fig. 3). HPLC anion-ex-
change analysis of the [PHIGAG chains from the mutant cells
resolved HS (0.31-0.50 M NaCl) from chondroitin sulfate (0.52—
0.60 m NaCl) (Fig. 4, solid tracer). The GAG chains from the
3-OST-1-expressing wild-type resolved into a similar profile to
that of the mutant (Fig. 4, broken tracer). This finding implies
that the HS from the mutant has a similar charge density to
that of the wild-type.

HS*-defective Mutant Makes Less 6-O-Sulfate-containing
Disaccharides—Because HS from the mutant has similar
charge density to that of the wild-type, the decrease in AT
binding in the mutant should correlate with a change in the
structure of the HS chains.

We checked the synthesis of GAGs in the mutant by biosyn-
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thetic labeling studies with [*®S]sulfate. The 3-OST-1-express-
ing wild-type and mutant cells produced the same amount of
[**S]HS and contained ~70% HS and ~30% chondroitin sulfate
(data not shown), which is consistent with the result shown in
Fig. 4 (68% of HS in the mutant versus 66% of HS in the
3-OST-I-expressing wild-type). [2°S]Sulfate-labeled HS chains
from the 3-OST-1-expressing wild-type and mutant cells were
then digested with a mixture of heparitinases. The resulting
disaccharides (~93% of total [3°S]sulfate counts) were sepa-
rated on a Bio-Gel P2 column and then further resolved by
IPRP-HPLC with appropriate internal standards (Table I). The
mutant cells make decreased amounts of 6-O-sulfated disac-
charides, including AUA-GIcNAc6S, AUA-GIcNS6S, and
AUA2S-GIcNS6S (Table I).

HS-defective Mutant and Wild-type CHO Cells Express
6-OST-1 but Not 6-OST-2 and 6-OST-3 mRNA—To explain the
reduced levels of 6-O-sulfate-containing disaccharides in the
mutant, we first checked how many 6-OST isoforms are ex-
pressed in CHO wild-type versus mutant cells. Three murine
6-OST isoforms have been cloned (2). We have cloned and used
human 6-OST-1, 6-OST-2, and 6-OST-3 ¢cDNA as probes and
conducted both Northern and RT-PCR studies in the mutant
and the 3-OST-I-expressing wild-type CHO cells. Northern
analysis indicates that the mutant and the 3-OST-1-expressing
wild-type have the same level of 6-OST-1 mRNA. No 6-OST-2
and 6-OST-3 mRNA was detected on the same blot (data not
shown). These results suggest that CHO cells might only ex-
press 6-OST-1. To prove this, one set of PCR primers for
6-OST-1, three sets of PCR primers for 6-OST-2, and two sets
of PCR primers for 6-OST-3 were made and RT-PCR reactions
were conducted using wild-type and mutant mRNA as tem-
plates (see “Experimental Procedures”). The same level of
6-OST-1 PCR products was observed for both wild-type and the
mutant, but no amplification was observed for three sets of
6-OST-2 and two sets of 6-OST-3 RT-PCR reactions. These
results confirm the Northern analysis that CHO cells express
6-OST-1, but not 6-OST-2 and 6-OST-3.

HS-defective Mutant Does Not Contain a Point Mutation in
6-OST-1 Coding Region—Because Northern and RT-PCR anal-
yses indicate that the mutant and wild-type have the same
level of 6-OST-1, this observation raises the possibility that the
mutant might have point mutation(s) in the 6-OST-1 amino
acid coding region that cause decreased 6-O-sulfotransferase
activities. The coding regions of 6-OST-1 RT-PCR products
from the mutant were double-strand-sequenced. No point mu-
tation was observed compared with wild-type (data not shown).

HS"-defective Mutant Has Decreased 6-O-Sulfotransferase
Activities—The mutant cells are defective in AT binding (Fig.
2E). Disaccharide compositional studies indicate that the mu-
tant makes less 6-O-sulfated residues (Table I); however, there
was no change in either the level of mRNA expression nor the
mutation of the coding sequence of 6-OST-1 (data not shown).
These results suggest that the mutant might have a defect in
6-OST-1 activities. To test this hypothesis, sulfotransferase
activity assays were conducted using HS from wild-type CHO
cells, N-, O-desulfated, re-N-sulfated heparin (CDSNS-hepa-
rin) and 6-O-desulfated heparin (a generous gift from Dr. Jef-
frey D. Esko) as substrates and crude cell homogenates from
wild-type and mutant CHO cells as a source of enzyme. In the
wild-type, enzyme activity was proportional to time for ~2 h
and with the amount of cell protein added up to100 pg. The
reaction products were digested by a combination of hepariti-
nase digestion, followed by Bio-Gel P2 chromatography. The
disaccharides collected were subjected to IPRP-HPLC analysis.
Both 2-O-[3®S]sulfate- and 6-O-[*°S]sulfate-labeled disacchar-
ides were quantitated in both the 3-OST-1-expressing wild-
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type and mutants. 2-O-Sulfotransferase activity was similar in
mutant cells (118 * 3 pmol/min/mg) and the wild-type cells
(122 = 2 pmol/min/mg) when CDSNS-heparin was used as
substrate. However, 30—39% reduction of 6-O-sulfotransferase
activities in the mutant was observed with all three substrates
(Table II).

In Vivo 6-OST-1-corrected Mutant (Correctant) Makes HS,
50% of Which Is HS*“—Decreased 6-OST-1 activity in the
mutant might be responsible for its deficiency in AT binding.
To test this idea, the CHO 6-OST-1 coding region was success-
fully amplified and sequenced from the CHO-K1 quick-clone
cDNA library by PCR, because only partial 6-OST-1 coding
sequence from CHO cells has been reported (32). The CHO
6-OST-1 sequence has been deposited in GenBank® (accession
number AB006180; the differences in the amino acid residues
from the previously reported partial sequence of the same
cDNA (32) are commented upon). CHO 6-OST-1 ¢cDNA was
then expressed in the mutant. The stable transfectants were
labeled with fluorescein-AT and Alexa 594-FGF-2 and sub-
jected to dual-color FACS. The correctants with high AT bind-
ing affinity were single-cell-cloned (Fig. 2G). [**S]Sulfate met-
abolically labeled HS from correctants was isolated. AT-affinity
chromatography of [**S]HS indicates that the correctant makes
50% HS** chain. This represents the highest percentage of
HS** production by any cell lines reported so far. We then
analyzed the disaccharide composition of the correctant cells.
[35S]Sulfate metabolically labeled HS from 3-OST-I expression
wild-type, mutant, and correctant cell clones were isolated and

digested with a mixture of heparitinases. The resulting disac-
charides were separated on a Bio-Gel P2 column and were then
further resolved by IPRP-HPLC (Fig. 4). The correctant exhib-
ited a greatly increased amount of both GlcNAc6S (9% versus
5%) and GlcNS6S (13% versus 4%) residues compared with the
mutant. The amount of GleNAc6S and GlcNS6S residues in the
correctant cells exceeded the amount of GlcNAc6S and
GleNS6S residues in the wild-type CHO-K1 cells with three
copies of 3-OST-1 (GleNAc6S (9% versus 7%) and GleNS6S
(13% versus 9%)) (Table I).

In Vitro 6-OST-1 Sulfation Generates Three Kinds of 6-O-
containing Disaccharides—To explain the difference between
6-OST-1 substrate specificity observed in vivo and the pub-
lished data (2), we expressed and purified 6-OST-1 in bacteria
and baculovirus. [2°S]Sulfate metabolic-labeled mutant HS
chains were treated with baculovirus-expressed pure 3-OST-1,
6-OST-1, or both plus cold PAPS and AT-affinity purified.
HS?*** was isolated and HS?“'% was quantitated (Table III). For
the HS chain from mutant, 3-OST-1 modification alone in-
creases HS*'% from 7% to 12%, 6-OST-1 modification alone
increases HS2*% from 7% to 51%, both 3-OST-1 and 6-OST-1
modification increases HS**% from 7% to 64%. For the HS
chain from wild-type with three copies of 3-OST-1 genes,
3-OST-1 modification alone increases HS**% from 26% to 40%,
6-OST-1 modification alone increases HS***% from 26% to 64%,
both 3-OST-1 and 6-OST-1 modification increases HS***% from
26% to 70%. These results indicate both 3-OST-1 and 6-OST-1
are critical enzymes involved in HS*** production. The yield of
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Fi6. 3. AUA-GIcNS3S disaccharide
structure determination by capillary
IPRP-HPLC coupled with mass spec-
trometry. Cold HS-chain form wild-type
CHO cells were labeled with 3-OST-1 plus
PAP?4S. Purified HS was digested with a
combination of 1 mU of each heparitinase
I, heparitinase II, heparitinase IV, and
heparinase in the presence of 0.5 mg/ml
heparin/heparan sulfate interacting pro-
tein (HIP) peptide. 0.5 pg of digested HS
was injected into capillary IPRP-HPLC
coupled with MS. A, UV tracer of capillary
IPRP-HPLC from 35.85 to 39.71 min;
peak B contains both AUA-GIcNS6S and
AUA-GIcNS3S, and peak D contains
AUA2S-GIcNS; B, negative polarity MS
spectra from 37.44 to 38.17 min, which
equals the UV peak from 36.64 to 37.37
min; C, amplification of the m/z 494.0—
501.0 region from panel B; D, negative
polarity MS spectra from 38.17 to 39.06
min, which equals the UV peak from
37.37 to 38.26 min; E, amplification of the
m/z 494.0-501.0 region from panel D.
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HS** by 6-OST-1 treatment of mutant HS chain is similar to

that of the wild-type even though
decreased in the mutant (Table I,

Fraction

6-O-sulfation is severely
Fig. 5). To locate where

6-OST-1 adds 68S residues along the HS chains, equal amounts
of HS from 3-OST-1-expressing wild-type and mutant cells
were in vitro labeled with purified baculovirus expressed
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TaBLE I
Disaccharide composition of HS from mutant, wild-type,
and 6-OST-1 correctant cells

[5S]Sulfate metabolicly labeled HSs from 3-OST-I-expressing wild-
type, mutant, and 6-OST-1 correctant cells were isolated and digested
with a mixture of heparitinases. The resulting disaccharides were sep-
arated on a Bio-Gel P2 column and were then further resolved by
IPRP-HPLC with appropriate internal standards. In duplicate experi-
ments, the values varied by =20% of those shown.

Name Mutant Wild-type Correctant
%
AUA-GIcNS 35 30 27
AUA-GIcNAc6S 5 7 9
AUA-GIcNS6S 4 9 13
AUA2S-GlIeNS 36 20 22
AUA2S-GIeNS6S 19 34 29

6-OST-1 and [3°S]PAPS either for 20 min or overnight. Only
~1/3 as much radioactivity was incorporated into wild-type HS
as compared with the mutant. [3°S]Sulfate-labeled HSs were
isolated and digested with a mixture of heparitinases. The
resulting disaccharides (~94% of [3®°S]sulfate counts) were sep-
arated on a Bio-Gel P2 column and were then further resolved
by IPRP-HPLC with appropriate internal standards (Fig. 6,
mutant, solid tracer; wild-type, broken tracer). Indeed, 6-OST-1
not only adds a 6S group on GlcNS but also on GlcNAc residues
in both wild-type and mutant HS. Much more AUA-
GlcNAc6%°S and AUA-GIecNS625S disaccharides were observed
from reactions run overnight than after just 20 min (63°S-
sulfate distribution in AUA-GIcNAc62°S, AUA-GIcNS62°S, and
AUA2S-GIeNS6%°S = 29%, 18%, and 53% for overnight labeling
versus 18%, 12%, and 70% for 20-min labeling in the mutant).
We noticed that the 6-O-sulfate incorporation was 10 times
higher from baculovirus-expressed 6-OST-1 than bacteria-ex-
pressed 6-OST-1 when the same amount of 6-OST-1 protein
and mutant HS was used. However, three 6-O-sulfated disac-
charides generated by bacterial 6-OST-1 with overnight label-
ing had the ratio, AUA-GIcNAc63°S (25%), AUA-GIcNS63°S
(20%), and AUA2S-GIcNS6°S (55%), and is very similar to
that observed in baculovirus 6-OST-1 overnight-labeled disac-
charides (Fig. 6B).

Contribution of 6-OST-1 in Generating HS*" Oligosaccha-
rides—To further locate the 6-O-sulfate addition in AT-binding
HS** oligosaccharides, cold mutant HS chains were treated
with purified baculovirus-expressed 6-OST-1 with [*>S]PAPS
overnight. After heparitinase I digestion, HS*** oligosaccharides
were affinity-purified (7% of 6-O-[>°S|sulfate-labeled HS™!),
The HS** oligosaccharides were then treated with low pH ni-
trous acid that cleaves N-sulfated residues, and a combination of
heparitinases that cleaves 3-O-sulfate-containing sugar into tet-
rasaccharides and all other sugars into disaccharides. Treated
and untreated HS*" oligosaccharides were run on Bio-Gel P6
columns (Fig. 7). Di- and tetrasaccharides were collected from
enzyme and low pH nitrous-treated samples as indicated. The
tetrasaccharides resistant to a combination of heparitinases I
and II and heparinase digestion represented the 3-O-sulfate-
containing tetrasaccharides as reported earlier (20, 33). The pres-
ence of similar amounts of tetrasaccharides from both nitrous
and enzyme degradation suggests the 3-O-containing tetrasac-
charides have the structures, UA=*2S-GlcNAc6°°S-GlcUA-
GlcNS3S+63°S. To prove this, the tetrasaccharides (Fig. 8A)
collected from enzyme digestion (Fig. 7C) were further digested
into disaccharides (Fig. 8B) with heparitinase I in the presence of
HIP peptide (the same method as shown in Fig. 3). IPRP-HPLC
profiles of 6-O-sulfate-tagged HS** di- and tetrasaccharides from
Fig. 7C were shown in Fig. 8. Table IV summarizes the 6-O-
[3®S]sulfate-labeled disaccharide compositions calculated based
on the HPLC data (Fig. 8). In HS®* oligosaccharides, 6-OST-1
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TaBLE 1T
Decreased 6-OST-1 activities in HS*" defective mutant
Sulfotransferase activities were assayed using three different sub-
strates and crude cell homogenates from wild-type and mutant CHO
cells as a source of enzyme.

6-O-sulfotransferase activities

Substrates
Wild-type Mutant
pmol/min/mg
HS (CHO-K1) 56 *+0.3 3.9 + 0.4 (70%)*
6-O-Desulfated heparin 44+ 0.3 2.7 + 0.5 (61%)
CDSNS-heparin 11+2 7+ 1(62%)

“ Numbers in parentheses represent percentage of wild-type activity.

TasLE III
6-OST-1 limits the anticoagulant HS generation
Treated with baculovirus-expressed pure 3-OST-1, 6-OST-1, or both
plus cold PAPS, the modified [**S]sulfate metabolic-labeled mutant and
wild-type HS chains were AT-affinity purified. HS*** was isolated and
HS*'% was quantitated. In different experiments, the values varied by
=2% of those shown.

[SSS]Hsact%

Control
+3-0ST-1 +6-0OST-1 +3&6-0ST-1
%
Mutant 7 12 51 64
Wild-type 26 40 64 70

adds 6-O-sulfates not only at GlcUA/IdoUA-GlcNS, GlcUA-Glc-
NAc, and IdoUA2S-GIeNS, but also at GlcUA-GIcNS3S. These
results show that 6-OST-1 is the enzyme that not only puts the
critical 6-O-sulfate group in HS*** oligosaccharides but also other
6-O-sulfate groups in HS*** oligosaccharides as well. 3-OST-1
and 6-OST-1 are, therefore, the critical enzymes for the genera-
tion of HS?,

DISCUSSION

A new approach for generating HS*** biosynthetic mutants
and a novel method for characterizing 6-O-sulfotransferase
substrate specificity have been developed in this study. This
approach includes placing multiple copies of a downstream
enzyme into CHO cells and then mutagenizing these cells.
Mutants defective in upstream enzymes that are part of the
anticoagulant HS biosynthetic pathway were then sorted by
FACS. A mutant was then characterized both in vivo and in
vitro to delineate enzymes involved in generating anticoagu-
lant HS. The advantage of sorting is that it targets GAG syn-
thesis selectively and very large populations of cells can be
screened, which make it possible to detect specific mutations in
effecting distinct HS structures. This technique may constitute
a general approach for defining, obtaining, and characterizing
the components of a biosynthetic pathway once the terminal
biosynthetic enzyme is obtained and proteins that recognize
the final product of the pathway are available.

It has been reported that a type of size exclusion chromatog-
raphy coupled with mass spectrometry is effective for compo-
sitional analysis of chondroitin sulfate oligosaccharides. Mass
spectrometric detection produces far more information than
conventional UV or fluorescent detectors and allows the mon-
osaccharide composition of individual components to be deter-
mined (39). Introducing the stable isotope PAP34S into the 3-O
position of HS by pure 3-OST-1 as described in Fig. 3, a 3-O-
sulfate-containing disaccharide with a unique mass, which has
not been reported before, was readily identified by a combina-
tion of capillary IPRP-HPLC coupled with mass spectrometry.
The method developed in this paper consumes 0.5 pg of total
HS for separating and detecting different HS disaccharides. It
will serve as a practical way of accomplishing HS disaccharide
analysis of general HS samples from cells or tissues without
radioisotope labeling. Furthermore, we could treat biologically



42318

Anticoagulant Heparan Sulfate Biosynthesis

20000

Fic. 5. IPRP-HPLC of [**S]sulfate
metabolic-labeled HS disaccharides.
[**S]Sulfate metabolically labeled HS
from parental wild-type, mutant, and cor-
rectant were isolated and digested with a
mixture of heparitinases. The resulting
disaccharides were separated on a Bio-
Gel P2 column and were then further re-
solved by IPRP-HPLC with appropriate
internal standards. 7, AUA-GIcNS; 2, AUA-
GleNACc6S; 3, AUA-GIeNS6S; 4, AUA2S-Gle-
NS; and 5, AUA2S-GIcNS6S. Blue tracer,
mutant; red tracer, correctant; black broken
tracer, wild-type. The broken line indicates
the gradient of acetonitrile.
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Fic. 6. IPRP-HPLC of 6-OST-1 and
[3*S]PAPS-labeled HS disaccharides.
Cold HS from 3-OST-1-expressing CHO
wild-type and mutant were in vitro la-
beled with purified baculovirus-expressed
6-OST-1 and [**S]PAPS for 20 min (A) or

T overnight (B). [**S]Sulfate-labeled HSs
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120 were isolated and digested with a mixture
of heparitinases. The resulting disaccha-
rides were separated on a Bio-Gel P2 col-
umn and were then further resolved by
IPRP-HPLC with appropriate internal
standards. 1, AUA-GIcNAc6S; 2, AUA-
GIeNS6S; 3, AUA2S-GIeNS6S.  Solid
i 2 tracer, mutant; broken tracer, wild-type.
i oM The broken line indicates the gradient of
acetonitrile.
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inactive HS oligosaccharides in vitro with different pure sulfo-
transferases plus stable sulfur isotopes of PAPS (PAP?3S and
PAP3*S). Labeled oligosaccharides should regain biological
function. The different stable isotope-tagged, biologically active
oligosaccharides could then be sequenced by a combination of
capillary IPRP-HPLC for separation and mass spectrometry for
detection. In this manner, biologically critical regions can be
pinpointed and sequenced.

Because in vitro 3-O-sulfation can transform anticoagulantly
inactive HS chain into anticoagulantly active HS chain, it has
been concluded that 3-O-sulfation is the final modification step

100 120

during HS biosynthesis. This study shows in vitro 6-O-sulfation
can transform 3-O-sulfate-containing anticoagulant inactive
HS chain into anticoagulant active HS chain as well. It shows
that it is still unclear whether 6-O-sulfation occurs before or
after 3-O-sulfation during biosynthesis.

Three 6-OST genes have been cloned and shown to be ex-
pressed in a tissue-specific pattern. Furthermore, the individ-
ual isozymes appear to differ in substrate specificity. We do not
know how 6-OST-2 and 6-OST-3 contribute in HS*** generation
in vivo. However, by comparing baculovirus-expressed and pu-
rified human 6-OST-1, 6-OST-2, and 6-OST-3, we found
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Fic. 7. Bio-Gel P6 fractionation of
digested HS. 6-O-[*S|Sulfate-tagged 0-
[*HJHS from mutant were digested with 1 10000
mU of heparitinase I for 1 h. HS*** oligo- B
saccharides were obtained by AT-affinity
chromatography (see “Experimental Pro- 2500
cedures”). HS** oligosaccharides were
treated with low pH nitrous acid and then =}
either NaBH,-reduced or treated with he- &
paritinase I, II, and heparinase was ana- 5{5 5000
lyzed by Bio-Gel P6 chromatography -
(“Experimental Procedures”). The frac-
tions indicated were pooled for further 2500
analysis. A, 6-O-[>S|sulfate-tagged mu-
tant HS** oligosaccharides; B, 6-O-
[**S]sulfate-tagged mutant HS** oligo- 0-
saccharides treated with low pH nitrous
acid and NaBH,; C, 6-O-[**S]sulfate- 8000 c
tagged mutant HS*** oligosaccharides di-
gested with heparitinases. n = the num-
ber of monosaccharide units in each peak. 6000
4000
2000
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6-OST-1 is the most potent enzyme in generating HS*** by the
in vitro assay we describe in this report.?

It has been shown that the critical 6-O- and 3-O-sulfates in
HS** oligosaccharides function in a thermodynamically linked
fashion and work as a pincer in terms of AT binding. Previously
we showed that there were multiple 3-O-sulfation sites in F9
HS*! and that 3-O-sulfates are either added to all the sites or
none of the sites. In other words, 3-OST-1 works in a processive
mode during biosynthesis by an unknown mechanism. Because
CHO wild-type makes HS** precursor with the critical 6S in
the absence of 3-OST-1 and the mutant makes HS?** precursor
with the critical 3S in the lower level of 6-OST-1, it suggests
that 6-OST-1 and 3-OST-1 might not be physically coupled in a
processive mode in making HS?** during biosynthesis.

It has been observed that two different sulfated domains are
present in HS, the NS domain, and NA¢/NS domains (40, 41).
The NS domains consist of contiguous iduronosyl N-sulfoglu-
cosamine units, whereas the NAc/NS domain consists of alter-
nating N-acetylated and N-sulfated disaccharides. From the
acceptor specificities of 6-OST-1, 6-OST-2, and 6-OST-3 using
N-sulfated heparosan and desulfated re-N-sulfated heparin as
substrate, it has been suggested that sulfation of position 6 of
the N-sulfoglucosamine residues in the NS domain may be
catalyzed by 6-OST-1, whereas sulfation of position 6 of the

2L. Zhang, D. L. Beeler, and R. D. Rosenberg, unpublished
observation.
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N-sulfoglucosamine residues in the NA/NS domain may be
catalyzed by 6-OST-2 and 6-OST-3 (2). Because there is no
6-OST-2 and 6-OST-3 in CHO cells, our results indicate that
6-OST-1 makes all 6-O-sulfated residues in CHO cells (Tables
I and IV, Figs. 5 and 6). Furthermore, 30% reduction in
6-OST-1 activities in the mutant results in 3.7-fold reduction in
HS** production, which suggests that in vivo 6-O-sulfation of
GlcNAc residues might be very sensitive to the level of 6-OST-1
activity. Indeed, overexpression of 6-OST-1 in the mutant re-
sults in the greatest increase in GlcNAc6S-containing disac-
charide (Fig. 5). In vitro 6-O-sulfation at different time inter-
vals (Fig. 6) also demonstrated that IdoUA2S-GIcNS is the
preferred substrate for 6-O-sulfation. The in vitro studies (Fig.
6) may explain why GlcNAc6S-containing disaccharides were
not observed in previous publications (2, 32, 42).

The mutant characterized in this manuscript is defective in
AT binding (Fig. 2E), because it has decreased 6-O-sulfotrans-
ferase activities (Table II) and makes decreased amounts of
6-O-sulfated residues (Table I). The defect in this mutant can
be corrected by both in vivo and in vitro 6-O-sulfations (Tables
IIT and IV, Figs. 5-7). All the results show that 6-O-sulfotrans-
ferase-1 represents a critical enzyme in the anticoagulant HS
biosynthetic pathway in CHO cells. However, the cause of
decreased 6-O-sulfotransferase activities in the mutant is un-
clear. Because 6-OST-1 enzyme functions in vitro, a defect
effecting an auxiliary protein is unlikely. The possibility re-
mains that a defect in either mRNA stabilization or transla-
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TaBLE IV
Disaccharide compositions of 6-O-sulfate-tagged
HS?* oligosaccharides

In vitro 6-O-sulfated and AT-affinity purified [*HJ/HS*** oligosaccha-
rides were digested with a mixture of heparitinases. The resulting di-
and tetrasaccharides were separated on a Bio-Gel P6 column (Fig. 7C).
The tetrasaccharides collected from Fig. 7C were further degraded into
disaccharides in the presence of HIP peptide. The disaccharides col-
lected (Fig. 7C), and the disaccharides derived from the tetrasacchar-
ides (Fig. 7C) were resolved by IPRP-HPLC with appropriate internal
standards (Fig. 8) and quantitated. In duplicate experiments, the val-
ues varied by =15% of those shown.

Name
%
AUA-GIcNS6°°S 6
AUA2S-GIcNS6°°S 50
AUA-GIcNAc6°°S 29
AUA-GIcNS3S6°°S 15

tional competence is responsible for these effects. Unfortu-
nately no good antibodies exist that would allow us to monitor
the expression and the post-modification of 6-OST-1.
6-O-Sulfation has been shown to be critical not only in AT
binding, but also in FGF-FGFR interactions and other biolog-
ically important protein-HS interactions (5—11). The contribu-
tions of each 6-OST isoform in generating specific biologically
active HS sequences are unknown. Because 6-OST-2 and

6-OST-3 are not present in CHO cells, CHO wild-type cells and
our 6-OST-1-defective mutant cells are ideal for studying the in
vivo and in vitro substrate specificity for 6-OST-2 and 6-OST-3
in terms of AT-binding, FGF-FGFR-activating, and other bio-
logically relevant sequence generations.
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