Lo L

P

1\

o LN A D

Heparan sulfate biosynthesis enzymes EXT1 and EXT2
affect NDST1 expression and heparan sulfate sulfation

Jenny Presto, Maria Thuveson, Pernilla Carlsson, Marta Busse, Maria Wilén, Inger Eriksson, Marion Kusche-Gullberg*,

and Lena Kjellén®

Department of Medical Biochemistry and Microbiology, Biomedical Center, University of Uppsala, Box 582, SE-751 23 Uppsala, Sweden

Edited by Chi-Huey Wong, The Scripps Research Institute, La Jolla, CA, and approved February 13, 2008 (received for review June 21, 2007)

Heparan sulfate (HS) proteoglycans influence embryonic develop-
ment and adult physiology through interactions with protein
ligands. The interactions depend on HS structure, which is deter-
mined largely during biosynthesis by Golgi enzymes. How biosyn-
thesis is regulated is more or less unknown. During polymerization
of the HS chain, carried out by a complex of the exostosin proteins
EXT1 and EXT2, the first modification enzyme, glucosaminyl N-
deacetylase/N-sulfotransferase (NDST), introduces N-sulfate
groups into the growing polymer. Unexpectedly, we found that
the level of expression of EXT1 and EXT2 affected the amount of
NDST1 present in the cell, which, in turn, greatly influenced HS
structure. Whereas overexpression of EXT2 in HEK 293 cells en-
hanced NDST1 expression, increased NDST1 N-glycosylation, and
resulted in elevated HS sulfation, overexpression of EXT1 had
opposite effects. Accordingly, heart tissue from transgenic mice
overexpressing EXT2 showed increased NDST activity. Immuno-
precipitaion experiments suggested an interaction between EXT2
and NDST1. We speculate that NDST1 competes with EXT1 for
binding to EXT2. Increased NDST activity in fibroblasts with a gene
trap mutation in EXT1 supports this notion. These results support
a model in which the enzymes of HS biosynthesis form a complex,
or a GAGosome.

H eparan sulfate (HS) is a linear polysaccharide consisting of
repeating units of N-acetylglucosamine (GlcNAc) and hex-
uronic acid (HexA) carrying sulfate groups in different positions.
HS proteoglycans are ubiquitous components of cell surfaces
and are also present in the extracellular matrix, predominantly
in basement membranes (1). Through interactions with proteins
they have important and vital functions, both during embryonic
development (2) and in adult physiology (3).

The biosynthesis of HS takes place in the Golgi network (4),
where the polysaccharide is polymerized on a linkage tetrasac-
charide attached to a serine residue of a proteoglycan core
protein. The linkage tetrasaccharide consists of xylose—
galactose—galactose—glucuronic acid, with xylose covalently
bound to the serine residue. The four monosaccharide residues
are transferred by the action of four different enzymes. The
committing step in HS biosynthesis is the tranfer of a GIcNAc
residue to the linkage region. Subsequently, the HS polymerase
complex composed of EXT1 and EXT?2 adds alternating units of
glucuronic acid (GlcA) and GlcNAc to the nonreducing end of
the chain. As the chain is growing, the first modification enzyme
GlcNAc N-deacetylase/N-sulfotransferase (NDST), removes N-
acetyl groups from selected GIcNAc residues and replaces them
with sulfate groups. After N-sulfation, the C5-epimerase con-
verts GIcA residues to iduronic acid (IdoA). Sulfation at the 2-O
position of IdoA residues and some GIcA acid is then carried out
by a 2-O-sulfotransferase, followed by glucosamine 6-O-sulfation
and, more rarely, 3-O-sulfation. The final HS biosynthesis prod-
uct has a molecular design in which clusters of N- and O-sulfated
sugar residues are separated by nonsulfated domains (4, 5).
Recent results suggest that the overall organization of HS
domains is of major importance for protein interaction (6).

The structure of HS differs between different organs and cell
types (7). There is no template in HS biosynthesis, and how the

www.pnas.org/cgi/doi/10.1073/pnas.0705807105

fine structure of HS is determined is far from fully understood.
Transcriptional regulation is, with a few exceptions (8), unex-
plored. In a study by Grobe and Esko (9), it was shown that the
expression of NDSTs and other HS biosynthesis enzymes may be
largely controlled at the translational level. In addition, it has
been suggested that the biosynthesis enzymes may be gathered
in a GAGosome where the enzymes work in close proximity of
each other (1). Different composition of the GAGosome may
result in different modification patterns of the HS chain.

The NDST enzymes are believed to have a key role in
designing the sulfation pattern during biosynthesis because
subsequent modifications occur in N-sulfated regions. Of the
four vertebrate NDSTs, NDST1 and NDST?2 have broad expres-
sion patterns and are found in most cell types and tissues during
embryonic development and adult life, whereas NDST3 and
NDST4 have a much more restricted expression pattern (10).

Several of the biosynthesis enzymes have been shown to interact,
but so far only in pairs and not in bigger complexes. EXT1 and
EXT2 have been shown to form a heterooligomeric complex that
is accumulated in the Golgi apparatus (11, 12). The EXT1/EXT2
heterooligomer has a much higher glycosyltransferase activity than
EXT1 alone, suggesting that this complex represents the biologi-
cally relevant form of the HS polymerization unit (12, 13). EXT1
alone, and the EXT1/EXT2 complex, can catalyze in vitro poly-
merization of the HS backbone structure on an oligosaccharide
primer, whereas the activity of EXT2 is much weaker (14). Inter-
actions have also been demonstrated between the C5-epimerase
and the 2-O-sulfotransferase (15) and between the xylosyltrans-
ferase and galactosyltransferase-1 (16, 17).

Here, we show that the relative amounts of the three enzymes
(EXT1, EXT2, and NDST1) will determine NDST activity and
influence HS structure. An interaction between NDST1 and
EXT2 is also demonstrated, supporting the GAGosome concept.

Results

HEK 293 cells overexpressing NDST1 were stably transfected with
EXT1 and EXT?2 alone and in combination. Several clones were
picked, expanded to cell lines, and checked for the presence of
EXT1 and EXT2 containing constructs by PCR and mRNA
expression by Northern blot analysis (data not shown). In addition
to the two parental cell lines overexpressing NDST1, two cell lines
of each with high expression of EXT1 together with NDST1, and
EXT?2 together with NDST1, and one cell line coexpressing all three
enzymes were selected for further experimentation.
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Fig. 1. Protein expression and enzyme activity of NDST1. (A and B) NDST1
protein expression was analyzed by SDS/PAGE (10% gels) and Western blot-
ting after solubilization of the cells in 1% Triton X-100-containing buffer. The
separated proteins (20 ng) were blotted to a nitrocellulose membrane, and
NDST1 was detected with anti-NDST1 peptide antibody 1A. (C and D) N-
deacetylase (C) and N-sulfotransferase (D) activity of the cell lines examined in
A were measured as described in Materials and Methods. Each bar in Cand D
represents the mean of two samples.

EXT Proteins Influence NDST Expression. The NDST1-overexpressing
cells had previously been characterized and shown by Western
blotting to express detectable levels of NDST1 (18). When NDST1
expression was assayed in the EXT-transfected cells, we were
surprised to find that coexpression of NDST1 and EXT2 resulted
in a dramatic increase in translated NDST1 (Fig. 14). In contrast,
in NDST1-expressing cells transfected with EXT1 or with both
EXT1 and EXT2, no NDSTI1 protein could be detected. The
increased amount of NDST1 in EXT2-expressing cells and the
lowered amount in the other cell lines could also be demonstrated
by enzyme activity measurements. Cells coexpressing NDST1 and
EXT2 showed an increase in both N-deacetylase and N-
sulfotransferase activity compared with cells overexpressing NDST
alone (Fig. 1 C and D), whereas cells coexpressing NDST1 and
EXT1 and the cells overexpressing all three enzymes showed a
decrease in enzyme activities (Fig. 1 C and D). As a control,
mutations were also introduced in the EXT2 construct to abolish
expression of the protein, and this construct (EXT2mut) was stably
transfected into HEK 293 cells. With Western blotting, no EXT2
protein could be detected in the EXT2mut-expressing cells,
whereas mRNA for the mutated EXT2 was indeed present in the
cell clones as demonstrated by Northern blotting (data not shown).
When these cells were tested for expression of NDST1 by Western
blotting, it was apparent that no up-regulation of NDST'1 expression
had occurred (Fig. 1B). Also, N-deacetylase activity was the same
in cells before and after EXT2mut transfection (data not shown).
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Table 1. Heparan sulfate N-sulfation in different cell lines

Transfected cell line Degree of N-sulfation, %

NDST1? 54
NDST1 59
NDST1 + EXT1 43
NDST1 + EXT1 40
NDST1 + EXT2 84
NDST1 + EXT2 85
NDST1 + EXT1 + EXT2 13

The relative amount of N-sulfated disaccharides in HS synthesized by cells
overexpressing NDST1, EXT1, and EXT2 in different combinations was deter-
mined by RPIP HPLC. Two different cell lines were analyzed except for the
single line expressing all three enzymes. The values are means of two individ-
ual samples except for NDST1', which is the mean of four determinations.

These results demonstrate that the observed effect on NDST1
expression is mediated by the EXT2 protein.

Altered HS Sulfation After EXT1 and EXT2 Overexpression. The struc-
ture of HS synthesized by the different HEK 293 cell lines was
analyzed. Glycosaminoglycans were isolated from the cells and
subjected to digestion with the chondroitinase ABC. After chro-
matography on DEAE Sephacel to remove the chondroitin sulfate
degradation products, the remaining HS was treated with hepari-
nase I, II, and IIl. The generated HS disaccharides were then
analyzed by reversed-phase ion-pair (RPIP) HPLC. HS from cells
overexpressing NDST1 together with EXT2 contained >80%
N-sulfate groups compared with ~50% in HS from cells expressing
only NDST1 (Table 1). Cells coexpressing NDST1 and EXT1
showed a decrease in HS N-sulfation as did cells overexpressing all
three enzymes (Table 1). Also O-sulfation was affected by EXT
expression (Fig. 2). Cells coexpressing NDST1 and EXT2 synthe-
sized HS with increased 2-O and 6-O sulfation, whereas HS from
cells expressing both EXT1, EXT2, and NDST1 contained fewer
O-sulfate groups. Unlike in EXT1/NDST1-overexpressing cells,
2-0O and 6-O sulfation was increased.

NDST1 Interacts with EXT2. To look for an interaction between
NDST1 and EXT2, solubilized cells coexpressing NDST1 and
EXT2 were incubated with EXT2 antibodies followed by cap-
turing of immunocomplexes on Protein A Sepharose. After
washing, the Protein A Sepharose beads were boiled in SDS/
PAGE loading buffer and analyzed by SDS/PAGE followed by
Western blotting using an antibody recognizing NDST1. As
shown in Fig. 34, NDST1 protein was found in the immunopre-
cipitate when EXT2 antibodies were used in the immunopre-
cipitation (IP), but was absent when preimmune serum or EXT2
antibodies preincubated with an EXT2 blocking peptide were
used (Fig. 34). The interaction between NDST1 and EXT2
could also be established when NDST1/EXT?2-coexpressing cells
were incubated with NDST1 antibodies, and the presence of
EXT2 protein in the immunoprecipitates was analyzed. Western
blotting demonstrated that EXT2 protein was found in the
immunocomplexes formed with the NDST1 antibodies but was
absent when preimmune serum was used for the IP (Fig. 3B). In
cells overexpressing only EXT2, no EXT2 protein could be
detected after IP with the NDST1 antibodies (Fig. 3B).

Increased NDST1 Glycosylation in EXT2-Overexpressing Cells. NDST1
has four potential N-glycosylation sites. Of these at least three
are occupied, as shown by PNGaseF treatment (data not shown).
In cells overexpressing NDST1, unglycosylated and differently
N-glycosylated forms of the protein can be detected (Fig. 44). In
cells transfected with both NDST1 and EXT?2, no unglycosylated
NDST1 is found. Instead, NDST1 with two or three N-glycans
accumulate (Fig. 44). The N-glycans of NDST1 were completely
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Fig. 2. Disaccharide analysis of HS from the different cell lines. HS disaccha-
ride composition was determined by RPIP HPLC. (A) The relative amount of the
different disaccharides shown is the mean value of two determinations of
single cell lines. Nac, HexA-GIcNAC; NS, HexA-GIcNS; 6S, HexA-GIcNAc(60S); 2S,
HexA(20S5)-GIcNAC; NS6S, HexA-GIcNS(60S); NS2S, HexA(20S)-GIcNS; NS6S2S,
HexA (205)-GIcNS(605S). (B) Percentage of disaccharides with different mod-
ifications calculated from the data in A.

removed by both PNGase F and endoglycosidase H (endo H)
(Fig. 4B). The susceptibility to endo H indicates that the NDST1
glycans are of the high mannose type, which are present on
glycoproteins in the endoplasmic reticulum (ER) and in the
cis/medial compartments of Golgi but not in trans-Golgi and the
trans-Golgi network (TGN).

GAGosome Model. A model to explain our results in light of the
demonstrated interaction between NDST1 and EXT2 and the
increased N-glycosylation of NDST1 when coexpressed with
EXT?2 is presented in Fig. 5. In NDST1-overexpressing cells,
endogenous EXT?2 transports endogenous EXT1 and a fraction
of the translated NDST1, whereas nonbound excess NDST1 is
destined for degradation. When both NDST1 and EXT?2 are
overexpressed, a larger fraction of the excess NDST1 is bound to
EXT?2 and is transported to its correct location in the Golgi
compartment. If instead EXT1 is coexpressed together with
NDST1, EXT1 will occupy most of the EXT?2 proteins, resulting
in massive NDST1 degradation. Finally, when all three proteins
are overexpressed together, EXT1 wins over NDST1 and is
exported to the Golgi compartment at the expense of NDST1.
This model thus predicts that the relative concentrations of the
three proteins will determine the GAGosome composition,
which in turn will determine the structure of the HS chain
synthesized.

NDST Activities in Mice Overexpressing EXT2. Because the results
presented were obtained in vitro we wanted to test the model in
an in vivo system. We therefore analyzed NDST activities in
tissue extracts from EXT2-overexpressing mice. For unknown
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Fig. 3. Coprecipitation of NDST1 and EXT2. (A) Lysates from NDST1/EXT2-
overexpressing cells were incubated with preimmune serum or EXT2 antibod-
ies (N15) with and without prior preincubation with EXT2 blocking peptide.
NDST1 was detected after separation of immune complexes by SDS/PAGE
(10% gels) and immunoblotting using a-trunc-NDST1 antibodies. (B) Lysates
from NDST1/EXT2- or EXT2-overexpressing cells were incubated with a-trunc-
NDST1 antibodies and preimmune serum, respectively. EXT2 was detected
after separation of immune complexes by SDS/PAGE (10% gels) and immuno-
blotting using EXT2 antibodies (N15).

reasons the protein was expressed only in some tissues, but not
detected in others. Heart tissue showed a high expression of
EXT2, whereas kidney extract was devoid of the protein (as
determined by Western blotting; data not shown). Indeed, both
N-deacetylase and N-sulfotransferase activities were increased in
heart tissue from the transgenic mice compared with WT mice
(Fig. 64), whereas enzyme activity in kidney extracts from
control and transgenic mice were similar (Fig. 6B).

The model would also predict that lowering the concentration
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Fig.4. Glycosylation of NDST1 protein. (A) Cell lysates were analyzed by 10%
SDS/PAGE and Western blotting as described in the legend to Fig. 1, apart from
a longer separation time. (B) Lysates from NDST1/EXT2-overexpressing cells
were incubated with the indicated amounts of PNGaseF or endo H followed
by SDS/PAGE (7.5% gel) and Western blotting.
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of the EXT proteins also would affect NDST1 levels. To
investigate whether this was the case, we took advantage of
EXT16YCt fibroblasts, which through a gene trap mutation in
EXT1 express drastically reduced levels of the protein (19). As
predicted, the N-deacetylase activity in EXT16VGt fibroblasts
was higher compared with WT cells (Fig. 6C).

Discussion

The GAGosome concept was introduced in a review by Esko and
Selleck in 2002 (1), where the GAGosome was defined as a
physical complex of enzymes committed to the assembly of HS.
It was also speculated that the stochiometry and composition of
the complexes could affect the fine structure of the chains.
Colocalization and complex formation of HS biosynthesis en-
zymes have previously been shown for EXT1 and EXT?2 and for
the 2-O-sulfotransferase and the CS-epimerase (11, 12, 15). An
interaction between the xylosyltransferase and galactosyltrans-
ferase 1 has also been reported (16, 17). Here, we demonstrate
that the relative amounts of NDST1, EXT1, and EXT2 deter-
mine the outcome of HS biosynthesis. The results obtained in the
EXT?2 transgenic mice (Fig. 6 A and B) demonstrate that the
relative expression of the enzymes will influence enzyme activity
also in vivo. In addition, the increased N-deacetylase activity in
EXT16YCt fibroblasts supports a reverse relationship between
these two enzymes.

The massive increase in NDST activity and protein content in
EXT2-coexpressing cells (Fig. 1) can be explained if NDST1
depends on EXT?2 for transport to the Golgi compartment. The
reduction of NDST1 protein and enzyme activity in the presence
of EXT1 may indicate that NDST1 and EXT1 compete for
binding to EXT2, with unbound NDST1 possibly retained in the
ER and degraded. Also, in HEK293 cells transfected with EXT1
but not with NDST1, a reduction in the endogenous NDST
activity could be recorded, whereas no or little effect on NDST
activity was seen in EXT2-transfected cells (data not shown). As
recently discussed (26), EXT2 appears to be present in a molar
excess over EXT1 and the lack of effect of EXT2 overexpression
on endogenous NDST1 may simply be caused by the limited
availability of NDST1 in HEK 293 cells.
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Fig.6. Validation of the GAGosome model. (A) N-deacetylase activity (open
bars, as measured by an ELISA method) and N-sulfotransferase activity (filled
bars) in heart tissue from two control and two EXT2 transgenic mice. (B)
N-deacetylase activity in heart and kidney tissue from one control and one
transgenic mouse, measured in duplicate. (C) N-deacetylase activity in fibro-
blasts from EXT1Gt/Gt and control mice. Each sample was measured in
triplicate.

Most interestingly, the altered levels of NDST1 expression
have prominent effects on HS structure. In HS from EXT2/
NDST1-overexpressing cells, the content of N-sulfate groups was
increased to >80% compared with 54% in NDST1-overexpress-
ing cells (Table 1), and also O-sulfation was increased (Fig. 2).
The polysaccharide synthesized in these cells actually resembles
heparin. In EXT1/NDST1-overexpressing cells HS N-sulfation
had dropped to ~40%), whereas the N-sulfate content in HS from
the cells overexpressing all three enzymes was as low as 13%
(Table 1). Although we would like to think that the large
decrease in HS N-sulfation in these cells is caused by a higher
affinity of the EXT1-EXT2 than the NDST1-EXT?2 interaction,
it is possible that ER stress may have caused an increased protein
degradation (20).

Because no fraction of the analyzed NDST1 proteins con-
tained endo H-resistant glycans (Fig. 4B), it appears likely that
the mature protein is localized to cis/medial Golgi and less likely
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that the endo H-susceptible NDST1 molecules all represent
newly synthesized unprocessed ER components. Also, other HS
biosynthesis enzymes have previously been demonstrated to
colocalize with markers for medial Golgi (15, 21, 22), and studies
with brefeldin A have suggested that HS biosynthesis occurs
proximal to trans-Golgi/TGN where CS biosynthesis takes place
(23, 24). So, from our present data we cannot determine whether
the interaction between NDST1 and EXT?2 occurs in the ER or
the Golgi compartment or if it is already established in the ER
and persists to the Golgi compartment.

However, what we can conclude is that the relative concen-
tration of EXT1, EXT2, and NDST1 will greatly influence the
sulfation pattern of HS synthesized just as predicted in the
GAGosome model (1).

Materials and Methods

Cloning, Transfection, and Cell Lines. Mouse EXT1 and EXT2 ¢cDNA (GenBank
accession nos. NM_010162 and NM_010163, respectively) alone or in combi-
nation, were cloned into the pBudCE4.1 vector (Invitrogen), which contains
two multiple cloning sites (MCS) and is designed for simultaneous expression
of two proteins. EXT1 was cloned into the MCS with the cytomegalovirus
(CMV) immediate-early promotor and EXT2 into the MCS with the human
elongation factor 1a (EF1a) promotor. The three constructs and empty
pBudCE4.1 vector alone were transfected into human embryonickidney (HEK)
293 cells stably expressing NDST1 from the pCDNA3 vector (25), by using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Stable clones were selected by using 0.4 mg/ml Zeocin and 0.8 mg/ml G-418
and were grown in DMEM + L-glutamine, containing 10% FCS, 2.5 units/ml
fungizone, and 100 units/ml per 100 png/ml penicillin/streptomycin. Two clones
expressing EXT1 or EXT2 together with NDST1 and mock-transfected NDST1-
expressing cells, and one clone coexpressing EXT1, EXT2, and NDST1 were
selected and maintained. HEK 293 cells overexpressing EXT2 have been
described (26).

Two point mutations were introduced into EXT2 cDNA to prevent its transla-
tion. The QuikChangessite-directed mutagenesis kit (Stratagene) was used for this
purpose. The first mutation was made by using the primer 5'-CTCATCCCAAG-
GATGTAGACCAAGCACCGAATC-3' and its complementary sequence, with the
altered nucleotide in bold. This alteration introduces a stop codon at position
55-57 bp of the coding sequence. The second mutation was made by using primer
5'-CATACGTGTTTCGATGTCTAGCGCTGCGGCTTC-3'and its complementary se-
quence, with the altered nucleotide in bold, which will introduce a stop codon at
position 280-282 bp. The mutated EXT2 (EXT2mut) ¢cDNA cloned into the
pBudCE4.1 vector was transfected into HEK 293 cells overexpressing NDST1, and
stable clones were selected as described above. Immortalized fibroblasts ob-
tained from WT and homozygous EXT16%Gt mice (19), were cultured in DMEM as
described above, but without G418 and zeocin.

PCR of Cell Clones. Cells from a T 25 flask were trypsinized and washed with
cold PBS. Approximately 5% of the cells were solubilized in 0.03 M NaOH and
0.05% SDS. After incubation at 95°C the lysates, diluted 25 times, were used
for PCR. Primers for verification of EXT1 transfections were forward primer
5'-TAATACGACTCACTATAGGG, specific for the CMV promotor, and reverse
primer 5'-TCAGTGTAGTCAGGCC, specific for EXT1. Primers for verification of
EXT2 transfection were forward primer 5'-TCAAGCCTCAGACAGTGGTTC, spe-
cific for the EF1a promotor, and reverse primer 5'-GAGCTCCAGGCAACATA,
specific for EXT2.

NDST Assays of Cell Clones. Cells in a T 25 flask were solubilized for 30 min at
4°C in 0.15 ml of solubilization buffer [1% Triton X-100, 50 mM Tris-HCl (pH
7.4),2mM EDTA, 1 mM PMSF, and 10 ng/ml pepstatin]. Protein concentration
was determined by using the Bio-Rad protein assay. N-deacetylase and N-
sulfotransferase activities were analyzed as described (27). Shortly, N-
deacetylase activity was measured by incubating solubilized cells (80 ng of
protein) and 10,000 cpm of N-[3H]acetyl-labeled K5 capsular polysaccharide
for30 minat37°Cin 0.2 ml, containing 50 mM Mes (pH 6.3), 10 mM MnCly, and
1% Triton X-100. The released [3H]acetate was detected in a biphasic scintil-
lation counting system.

N-sulfotransferase activity was analyzed by measuring incorporation of 3°S
from the sulfate donor [35S]PAPS into N-deacetylated Escherichia coli capsular
K5 polysaccharide as a substrate. Solubilized cells (80 ug of protein) were
incubated with substrate and 2 wCi [3>S]PAPS in 50 mM Hepes (pH 7.4), 10 mM
MgCl, 10 MM MnCly, 5 mM CacCly, 3.5 uM NaF, and 1% Triton X-100in 0.1 ml
for 30 min at 37°C. The polysaccharide was precipitated with ethanol for 4 h,
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separated from excess [3°S]PAPS by Sephadex G25 superfine (GE Healthcare)
gel filtration, and quantified by scintillation counting.

Generation of Transgenic Mice Overexpressing EXT2. EXT2 ¢cDNA was also
inserted into the pCAGGS expression vector (gift from J. Minyazaki, Osaka
University, Osaka, Japan). The expression is under the control of the CMV
immediate-early enhancer and the chicken B-actin promoter (CAG) for con-
stitutively high tissue expression from fertilized eggs and early embryonic
stage through adulthood. The ¢cDNA construct was cloned into the unique
EcoR1 site between the CAG promoter and the rabbit B-globin sequence.
Verification of 5’ to 3’ direction of the construct was made by PCR, using
forward primer 5’-CATGCCTTCTTCTTTTTCCT-3’, specific for the CAG promoter
of the vector, and reverse primer 5'-GGCTTCTAGTTCCTCTCTGTACTC-3', spe-
cific for EXT2 ¢DNA. The vector was linearized with BamH1 and Sall and
injected into B6CBAF1 oocytes. Genomic integration was verified by PCR of
genomic DNA obtained by extractions of tail biopsies. PCR was performed
with the primers specific for the CAG promoter of the vector and for EXT2
cDNA as described above. Transgene progeny (founder mice) from implanted
foster mice were mated with WT B6CBAF1 mice to generate Fi generation.
Mating of Fy siblings was performed to generate F; transgenic mice.

NDST Assays on Heart and Kidney Tissue from EXT2-Overexpressing Mice. Heart
and kidney tissue from control and EXT2-overexpressing adult mice were
homogenized in solubilization buffer containing 1% Triton-X100, 50 mM
Tris'*HCl (pH 7.5), 2 mM EDTA, 1 mM Pefablock, and 10 ug/ml pepstatin A.
N-deacetylase activity was analyzed by using an ELISA-based assay. Shortly, 50
pg/ml of E. coli K5 capsular polysaccharide in PBS was used to coat a F96
Maxisorp Nunc-immuno plate (Nunc) overnight. After washing with TBS-
Tween, N-deacetylase assay mix (as described above) was added to the wells
together with the samples (0.1 mg of solubilized protein) and incubated for 30
min at 37°C. Another washing step with TBS-Tween was performed, and the
wells were then blocked with 1% gelatin in TBS for 2 h in room temperature.
Incubation with mAb JM 403 (28), diluted 1:20,000 in TBS-Tween for 1 h was
followed by washing and incubation with anti-mouse IgM-peroxidase, diluted
1:800 in TBS-Tween for 1 h at room temperature. The ELISA was developed by
incubating 15 min with peroxidase substrate containing 0.11 M NaAc, 80
ng/ml 3,5,3,5" tetramethylbenzidine, and 0.03% H,0,. The reaction was
stopped by the addition of 2 M H,SO4 and absorbance was measured at 450
nm. N-sulfotransferase assay was performed on 0.1 mg solubilized protein as
described above, using 1.25 uCi [3>S]PAPS.

SDS/PAGE and Western Blotting. Trypsinized cells were solubilized and protein
concentration was determined by using the Bio-Rad assay. After SDS/PAGE,
the separated proteins were electroblotted (Bio-Rad) to Hybond ECL nitro-
cellulose membranes (GE Healthcare). The membranes were blocked in 7%
milk in TBS-Tween buffer, followed by incubation with the indicated anti-
bodies in blocking buffer. As secondary antibody, anti-rabbit HRP-conjugated
antibody (GE Healthcare), or anti-goat IgG (HRP; Santa Cruz) diluted 1:5,000
were used. The filters were developed in an ECL system (RPN 2106; Amersham
Biosciences) and exposed to Fuji film.

Structural Analysis of HS Using RPIP HPLC. Unlabeled glycosaminoglycans were
isolated from one T175 flask for each of the different cell lines as described (7).
The isolated polysaccharide was degraded to disaccharides by enzymatic
cleavage. The generated HS disaccharides were subjected to RPIP HPLC anal-
ysis followed by post column derivatization with cyanoacetamide and detec-
tion in a fluorescence detector (7).

Preparation of Rabbit a-Trunc-NDST1 Antibody. Recombinant mNDST1 (amino
acids 48-882) with an added N-terminal His tag was produced in HEK 293 cells.
The recombinant enzyme lacks the cytoplasmic tail and transmembrane re-
gion and is secreted into the culture medium. After affinity-chromatography
on Ni-NTA agarose (Qiagen), the purified protein was used to produce anti-
bodies in a rabbit (a-trunc-NDST1).

Immunoprecipitation. Cells coexpressing NDST1 and EXT2 and cells overexpress-
ing only EXT2 (see above) were harvested from T75 cell flasks, washed in PBS, and
solubilized in 750 ul of solubilization buffer. For EXT2 IP, cells coexpressing NDST1
and EXT2 from three T75 flasks were pooled, solubilized, and divided into three
equal parts. NaCl was added to the supernatants to a final concentration of 0.15
M followed by preincubation end over end for 1 h at 4°C with 40 ul/sample of
Protein A Sepharose CL-4B (50/50slurry) (GE Healthcare). The Protein A Sepharose
was discarded after centrifugation at 16,000 X g for 205, and to the supernatants
was added either 5 ul of rabbit a-trunc-NDST1 antibody or 5 ul of goat anti-EXT2
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antibody N15 (Santa Cruz) followed by end-over-end incubation for 1 h at 4°C.
One sample was incubated with EXT2 antibody that had been preincubated 30
min with the corresponding blocking peptide (Santa Cruz) in a 1:200 molar ratio.
As a negative control, one sample was incubated with preimmune serum from
the rabbit injected with trunc-NDST1. Samples containing the EXT2 antibody
were incubated an extra hour with rabbit anti-goat IgG (Jackson ImmunoRe-
search). Next, 40 ul of Protein A Sepharose (50/50 slurry) was added to each
sample followed by incubation for 1 h as before. The Protein A Sepharose beads
were washed once with 0.5 M Nacl, 0.1% Triton X-100 in 50 mM Tris-HCI, pH 7.4.
After a final centrifugation at 16,000 X g, 18 ul of washing buffer and 6 ul of 4x
SDS/PAGE loading dye were added to each pellet followed by denaturation for 5
min at 96°C. SDS/PAGE and Western blotting were performed as described above
by using 1:1,000 dilutions of both primary antibodies.
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Deglycosylation. One hundred micrograms of protein from lysates of cells
overexpressing NDST1 alone or NDST1 and EXT2 in combination was treated
for 2 h at 37°C with either PNGaseF (Calbiochem; no. 362185) or endo H
(Calbiochem; no. 324717) according to the manufacturer’s protocol. After
incubation, one-third of the samples were analyzed by SDS/PAGE followed by
Western blotting with NDST1 antibody 1A (18).
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