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NDST1 (glucosaminyl N-deacetylase/N-sulfotransferase) is a key enzyme in heparan sulfate (HS) biosynthesis, where it is responsible for HS
N-deacetylation and N-sulfation. In addition to the full length human enzyme of 882 amino acids, here designated NDST1A, a shorter form
containing 825 amino acids (NDST1B) is synthesized after alternative splicing of the NDST1 mRNA. NDST1B is mostly expressed at a low
level, but increased amounts are seen in several types of cancer where it is associated with shorter survival. In this study, we aimed at
characterizing the enzymatic properties of NDST1B and its effect on HS biosynthesis. Purified recombinant NDST1B lacked both N-deacetylase
and N-sulfotransferase activities. Interestingly, HEK293 cells overexpressing NDST1B synthesized HS with reduced sulfation and altered domain
structure. Fluorescence resonance energy transfer-microscopy demonstrated that both NDST1A and NDST1B had the capacity to interact with
the HS copolymerase subunits EXT1 and EXT2 and also to form NDST1A/NDST1B dimers. Since lysates from cells overexpressing NDST1B
contained less NDST enzyme activity than control cells, we suggest that NDST1B works in a dominant negative manner, tentatively by replacing
the active endogenous NDST1 in the enzyme complexes taking part in biosynthesis.
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Introduction

Heparan sulfate (HS) proteoglycans are synthesized by the
vast majority of cells in the human body (Sarrazin et al.
2011; Iozzo and Schaefer 2015; Lindahl et al. 2015). In the
order of 20 different proteins have been identified as HS
proteoglycan core proteins, each carrying a few covalently
bound HS side chains. HS proteoglycans localize primarily
to the cell surface but are also found in basement mem-
branes (Iozzo and Schaefer 2015; Lindahl et al. 2015). HS is
essential for embryonic development; mouse embryos lacking
HS die before gastrulation starts (Lin et al. 2000). Besides
participating in the generation and stabilization of morphogen
gradients in the developing embryo, a major function of
the HS proteoglycans is to act as coreceptors for growth
factors and cytokines (Kjellen and Lindahl 2018). The HS
sulfation patterns, characteristic for each cell type at a given
time point, will modulate signaling as well as migration and
differentiation (Bulow and Hobert 2006). In the adult human
being, alterations in HS sulfation are associated with cancer
but also with other pathologies including amyloid diseases,
neurological disorders, infectious diseases, and inflammatory
conditions (Lindahl and Kjellen 2013).

HS biosynthesis depends on a complex machinery of
enzymes including multiple glycosyltransferases, sulfotrans-
ferases, and an epimerase, all residing in the Golgi cisternae
(Kreuger and Kjellen 2012). After biosynthesis of the

linkage tetrasaccharide sequence (glucuronic acid-galactose-
galactose-xylose), HS chain formation is initiated by the
EXTL3 glycosyltransferase that adds an N-acetylglucosamine
(GlcNAc) residue to the linker tetrasaccharide and polymer-
ization is started. EXT1 and EXT2, which together form
the functional HS–polymerase complex (Busse-Wicher et al.
2014), then transfer alternating units of glucuronic acid
(GlcA) and GlcNAc to the growing chain. Modification of the
HS backbone begins already during polymerization with N-
deacetylation/N-sulfation of a subset of the GlcNAc residues
by N-deacetylase/N-sulfotransferase (NDST) enzymes, result-
ing in the formation of N-sulfoglucosamine (GlcNS) residues.
During this process, the acetyl group of the GlcNAc residue is
removed by the N-deacetylase activity of the NDSTs to form
an N-unsubstituted glucosamine (GlcNH2), which is subse-
quently sulfated by the N-sulfotransferase domain, using 3′-
phosphoadenosine 5′-phosphosulfate (PAPS) as sulfate donor.
Many of the enzymes acting after this step require GlcNS
residues for substrate recognition and N-deacetylation/N-
sulfation is therefore of key importance for HS overall
modification (Kreuger and Kjellen 2012). The next step is
epimerization of GlcA units into iduronic acid (IdoA), which
is performed by a single C5 epimerase. Finally, 2-O-sulfation
of a majority of the IdoA units is carried out by a 2-O-
sulfotransferase followed by glucosamine 6-O-sulfation and
3-O-sulfation. The HS biosynthesis product typically displays
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highly sulfated domains (so-called NS-domains) interspersed
with less sulfated or nonsulfated stretches. The length of the
NS-domains as well as their distribution will affect the capac-
ity of HS to modulate signaling (Kjellen and Lindahl 2018).

There are 4 isoforms of NDST in mammals (NDST1-
4). Both N-deacetylase and N-sulfotransferase activities are
present in all NDST-isoforms, but the isoforms differ sig-
nificantly in their enzymatic activities (Aikawa et al. 2001);
NDST2 is more potent on N-deacetylation than NDST1,
while NDST1 is a better N-sulfotransferase (Pikas et al. 2000;
Ringvall and Kjellen 2010). NDST3 shows N-deacetylase
activity but only weak N-sulfotransferase activity, while the
opposite is true for NDST4 (Aikawa et al. 2001). In a study
by Deligny et al. (2016), it was demonstrated that the amount
of HS was increased in HEK293 cells overexpressing murine
NDST2 but not in cells overexpressing NDST1, suggesting
that NDSTs have further regulatory functions that may not be
directly linked to their enzymatic activities. This may also be
the case for HS biosynthesis enzymes shown to reside outside
the Golgi compartment as shown for the 3-O-sulfotransferase
HS3ST2, but also for EXTL3 (Delos et al. 2018 and references
therein).

NDST1 and NDST2 mRNA are expressed in all embryonic
and adult tissues, albeit at different levels, while NDST3
and NDST4 mRNA are mainly expressed during embryonic
development (Grobe et al. 2002). NDST1 deficient mice die
shortly after birth and display respiratory failure, skeletal
abnormalities, and brain defects (Aikawa et al. 2001; Grobe
et al. 2002; Ringvall and Kjellen 2010). NDST1 mutations
have been linked to pathology. In 2014, it was reported
that missense NDST1 mutations may result in a disorder
characterized by intellectual disability, muscular hypotonia,
epilepsy, and postnatal growth deficiency (Reuter et al. 2014).
A Canadian group later described a patient with one muta-
tion in the N-deacetylase and one in the N-sulfotransferase
domain with developmental delays, seizure, ataxia, and poor
postnatal growth (Ai et al. 2006). They named the condition
“NDST1 syndrome.” Recently Macchi et al. (2020) reported
that NDST1 expression positively correlated with remyeli-
nation potential in multiple sclerosis patients, while Lencz
et al. (2013) discovered that point mutations in the regulatory
region of NDST3 are associated with schizophrenia and bipo-
lar disorder. These results suggest that the family of NDSTs are
important for neural circuit development and brain functions.
In a genome-wide association study, NDST4 has also been
identified as a candidate tumor suppressor gene and to be
necessary for normal differentiation of colonic epithelial cell
in mice (Jao et al. 2016). In this report, we describe enzymatic
properties and effect on HS biosynthesis of a shorter form of
NDST1, product of an alternatively spliced mRNA.

Results

While the main product of the human NDST1 gene is a pro-
tein containing 882 amino acids (here designated NDST1A),
a shorter variant of 825 amino acids (NDST1B) is transcribed
from an alternatively spliced mRNA which lacks exon 12
encoding the 57 amino acids starting with 716H and ending
with Q772 (see Fig. 1A). To compare their enzymatic proper-
ties, HEK 293 cells stably expressing NDST1A or NDST1B,
both with a C-terminal Myc/Flag-tag were successfully gen-
erated and protein expression was confirmed by western

Fig. 1. Transcripts of NDST1 and their corresponding proteins. (A) The
main 8 kb transcript of the human NDST1 gene encoding the NDST1A
protein containing 882 amino acids (top) and the alternatively spliced
3.5 kb transcript encoding the 825 amino acid NDST1B protein lacking
exon 12. (B) SDS-PAGE followed by western blotting of cell lysates
corresponding to 40 μg protein from HEK 293 cells stably overexpressing
NDST1B and NDST1A. The proteins were detected with a polyclonal
rabbit antibody raised against mouse NDST1. Note the size difference
between NDST1A and NDST1B.

blotting (Fig. 1B). NDST1A has an apparent molecular mass
of 101 kDa, while NDST1B is smaller (94 kDa).

Enzyme activities of NDST1A and NDST1B
cell lysates

Three different assays were applied to test the enzyme activ-
ities of the transfected cells (see Fig. 2). The N-deacetylase
activity was measured with an ELISA assay where the free
amino groups generated after GlcNAc N-deacetylation are
recognized by a monoclonal antibody (van den Born et al.
2003); the N-sulfotransferase assay uses incorporation of 35S-
sulfate from [35S]PAPS into a deacetylated polysaccharide
substrate while the third assay requires both N-deacetylation
and N-sulfation and measures incorporation of 35S-sulfate
into a -(GlcA-GlcNAc)n- substrate. Since HEK 293 cells syn-
thesize HS they also show a low basal level of NDST enzyme
activity. HEK 293 cells transfected with an empty vector

Fig. 2. The 3 enzyme assays used to detect the 2 enzyme activities of
NDST enzymes. 1” N-deacetylase activity is measured in an ELISA assay
where the monoclonal antibody JM403 recognizes the free amino-groups
generated after N-deacetylation. 2” N-sulfotransferase activity is
measured after incorporation of 35S-sulfate groups from [35S]PAPS into
the deacetylated K5-polysaccharide substrate. 3” combined
N-deacetylase and N-sulfotransferase activities are measured after
incorporation of 35S-sulfate groups from [35S]PAPS into the K5-substrate.
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Fig. 3. Enzyme assays of cell lysates from control HEK 293 cells and HEK
293 cells overexpressing NDST1A or NDST1B. The assays were carried
out on similar volumes of lysates of stable cell lines expressing NDST1A
(A1, A2) and NDST1B (B1 and B2). The values given have been corrected
for protein content of the lysates. (A) N-deacetylase ELISA assay of serial
dilutions of cell lysates prepared from HEK 293 cells transfected with
empty vector (•), or from cells stably overexpressing NDST1A ( ) and
NDST1B ( ), respectively. (B) N-sulfotransferase activity and (C)
combined N-deacetylase and N-sulfotransferase activities. The values
shown are the mean of duplicates.

were therefore used as a control. As shown in Figure 3A,
extracts of both NDST1A and NDST1B cells display N-
deacetylase activity. However, while the N-deacetylase activ-
ity in lysates of NDST1A overexpressing cells is very high,
NDST1B lysates contain less N-deacetylase activity than the
control HEK 293 cells. Similar results were found for the
N-sulfotransferase activities (Fig. 3B) as well as in the assay
measuring combined N-deacetylase and N-sulfotransferase
activities (Fig. 3C). Extracts of control HEK 293 cells con-
tained roughly twice as much enzyme activity as extracts from
cells overexpressing NDST1B.

NDST enzyme activities of purified NDST1A
and NDST1B

The cell lysates were used for purification of NDST1A
and B using anti-Flag magnetic beads (Fig. 4A) and the

purified enzymes were again assayed for enzyme activity
(Fig. 4B, C, and D). HEK 293 cells transfected with empty
vector were as before used as a control. However, this time
endogenous NDST enzymes lacking the Flag-tag were not
expected to bind to the magnetic beads. As shown in Figure 4,
all 3 assays failed to detect any enzyme activity in purified
NDST1B.

NDST1B affects HS composition and domain
structure

Previous studies have shown that overexpression of full length
mouse NDST1 results in increased HS sulfation (Pikas et al.
2000; Presto et al. 2008). This result was confirmed for the
human enzyme when HS disaccharide analysis was performed
on NDST1A overexpressing HEK293 cells (Fig. 5A and B).
Interestingly, the opposite was seen in HEK 293 cells
overexpressing NDST1B (Fig. 5A and B), demonstrating that
the lowered NDST enzyme activity in these cells affected
HS biosynthesis; Total N-sulfation and 2-O-sulfation were
decreased (Fig. 5A), mostly caused by a reduction in mono
N-sulfated disaccharides and in disaccharides substituted
with both an N- and a 2-O-sulfate group (Fig. 5B). As a
compensation, the levels of 6-O-sulfated disaccharides were
slightly increased (Fig. 5B). Chondroitin sulfate composition
was not affected by NDST1B overexpression while a slight
increase in CS 4-O-sulfation was observed in the NDST1A
overexpressing cells (Fig. 5C). To confirm the ability of
NDST1B to affect HS biosynthesis, the disaccharide compo-
sition of HS from HeLa cells transiently transfected with the
NDST1B construct was also tested (Supplementary Fig. S1).
Similar to HS isolated from HEK293 cells, a larger portion
of the disaccharides from HeLa cell HS were non-sulfated.
However in HeLa cell HS, also 6-O-sulfation was decreased.

To study the effects of the lowered N-sulfation in the
NDST1B overexpressing HEK 293 cells on HS domain
structure, HS metabolically labeled with [3H]glucosamine
isolated from control cells and cells overexpressing NDST1B,
respectively, was treated with HNO2 at pH 1.5 followed by
separation of the cleavage products on a Bio-Gel P-10 column
(Fig. 6A). [3H]Glucosamine-labeled HS from NDST1A
overexpressing and HEK 293 control cells were also analyzed
in the same fashion (Fig. 6B). Since HNO2 cleaves HS at every
GlcNS residue, the cleavage pattern can be used to calculate
overall N-sulfation but it also gives information about
distribution of the N-sulfate groups (Dagalv et al. 2015).
P10 gel filtration of the NDST1A HS demonstrated that
disaccharides and tetrasaccharides were the main products
(Fig. 6B), while the NDST1B sample contained relatively
more of the tetrasaccharide peak (Fig. 6A). Interestingly, the
cleavage pattern of HS in the NDST1B overexpressing cells
was different from that of control HS (Fig. 6A). In comparison
with the cleaved HS from control cells, the tetrasaccharide
peak as well as the hexa- and octa-saccharide peaks were
larger in the cleaved HS from NDST1B overexpressing cells,
while the disaccharide peak was smaller, indicating that the
NS-domains in this HS may be shorter than in HS from
control cells (see model in Fig. 6C).

Enzyme–enzyme interactions

It has become increasingly clear that enzyme–enzyme inter-
actions take place in the Golgi compartment and that they
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Fig. 4. Affinity purification and enzyme activities of recombinant NDST1A
and NDST1B. (A) SDS-PAGE followed by western blotting of purified
NDST1 proteins detected with α-DDK (FLAG) mouse monoclonal
antibody. An eluate from anti-FLAG-tag magnetic beads previously
incubated with a lysate of untransfected HEK 293 cells was used as a
control. Lane 1: 10 μL NDST1A; lane 2: 2.5 μL NDST1A; lane 3: 10 μL
“control”; lane 4: 10 μL NDST1B; lane 5: 2.5 μL NDST1B; lane 6: 20 μL
NDST1B. Note that the protein concentration in the 200 μL eluates was
too low to allow for determination of protein concentration. (B)
N-deacetylase ELISA assay of serial dilutions of purified protein from HEK
293 cells as control (•), and transfected with NDST1A ( ) and NDST1B
( ), respectively. (C) N-sulfotransferase activity and (D) combined
N-deacetylase and N-sulfotransferase activities. The values shown are
the mean of duplicates.

have great impact on glycan synthesis. Using coimmunopre-
cipitation, we have previously shown that NDST1 (NDST1A)
interacts with EXT2 (Presto et al. 2008), but lack of high
quality EXT1 antibodies have prevented us from investi-
gating NDST–EXT1 interactions. Using fluorescence reso-
nance energy transfer (FRET)-microscopy, we now show that
NDST1A can bind to EXT1 and that this ability is shared by
NDST1B (Fig. 7). Likewise, the ability of NDST1A to interact
with EXT2 was also shared with NDST1B (Fig. 7).

NDST1B and cancer

So, besides serving as a tool to understand HS biosynthe-
sis, does NDST1B have any physiological or pathological
function? Removing exon 12 is obviously a quick way to
downregulate NDST activity and generate an inactive enzyme
with an impact on HS biosynthesis. By exploring data from
The Cancer Genome Atlas (TCGA) project (Cancer Genome
Atlas Research et al. 2013), we found that high expression
of NDST1B in adrenocortical carcinoma, kidney renal clear
cell carcinoma, mesothelioma and uveal melanoma is associ-
ated with shorter survival (Fig. 8A). A significantly increased
expression of NDST1B compared to normal tissue is also seen
in several other types of cancer (Fig. 8B).

Discussion

NDST1A and NDST1B are the 2 main transcripts of the
human NDST1 gene. Exon 12, absent in NDST1B, encodes
aa 716–772 (see Fig. 1A). This part of the protein is found
in the C-terminal half of the protein which contains the N-
sulfotransferase active site. The N-sulfotransferase part of
the protein has been crystallized (Kakuta et al. 1999, 2003)
but crystallization of the entire protein has so far failed.
Interestingly, modeling of the structure of the C-terminal part
of the protein with a hexasaccharide substrate indicated that
His716 and His720 take part in substrate binding. In the 2003
paper (Kakuta et al. 2003), it was also shown that mutation
of either of these residues to alanine resulted in drastically
reduced N-sulfotransferase activity. Since both histidines are
absent in NDST1B, the lack of N-sulfotransferase activity
of NDST1B could be expected (Fig. 4C). However, NDST1B
also lacked N-deacetylase activity (Fig. 4B) and no enzyme
activity could be detected with the combined assay (Fig. 4C).
Thus, this part of the protein seems to be directly or indirectly
involved also in N-deacetylation. Interesting to note is that
one of the mutations in the patient with NDST1 syndrome,
A736V, is located in the region that is absent in NDST1B
(Armstrong et al. 2017).

Unexpectedly at first, enzyme activities in lysates of cells
overexpressing NDST1B were consistently lower than in
mock-transfected HEK 293 cells (Figs 3 and 4). The decreased
activity also affected the structure of HS produced by the
cells, resulting in lowered sulfation (Fig. 5). While N-sulfation
and 2-O-sulfation were decreased, a small but significant
increase in 6-O-sulfation could be detected. These structural
alterations could tentatively all be due to a lowered N-
sulfation since 2-O-sulfation depends on epimerization of
GlcA into IdoA which occurs in N-sulfated regions (Kreuger
and Kjellen 2012) and 6-O-sulfation often compensates for
lost N- and/or 2-O-sulfation (Merry et al. 2001; Ringvall and
Kjellen 2010). In addition, the domain structure of HS was
influenced by NDST1B overexpression, tentatively resulting
in shorter N-sulfated domains (Fig. 6).
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Fig. 5. HS and CS disaccharide composition. Disaccharide composition of HS (A and B) and CS (C) produced by HEK 293 cell lines overexpressing
NDST1A (light gray bars) or NDST1B (dark gray bars) or transfected with empty vector (black bars) analyzed by RPIP-HPLC. The values for the different
cell lines shown are the mean of triplets ± SD. An asterisk ∗ indicates a significant difference (P < 0.05), calculated using the 2-tailed Student’s t-test.
(A) HS disaccharide composition: D0A0, HexAGlcNAc; D0S0, HexAGlcNS; D0A6, HexAGlcNAc(6S); D2A0, HexA(2S) GlcNAc; D0S6, HexAGlcNS(6S);
D2S0, HexA(2S)GlcNS; D26S, HexA(2S) GlcNS(6S). (B) Percentage of unsulfated disaccharides (OS), N-sulfated disaccharides (NS), 6-O-sulfated
disaccharides (6S), and 2-O-sulfated disaccharides (2S). Total sulfation is the sum of N-sulfate, 2-O-sulfate, and 6-O-sulfate groups in 100 disaccharides.
(C) CS disaccharide composition: D0a0: HexAGalNAc; D0a4: HexAGalNAc(4S); D0a6: HexAGalNAc(6S); D2a4: HexA(2S)GalNAc(4S); D0a10
HexAGalNAc4S6S. Disaccharide abbreviations are according to the published structural code in Lawrence et al. (2008).

We have previously shown that NDST1 can form a complex
with EXT2 and that overexpression of EXT2 results in
increased HS N-sulfation (Presto et al. 2008). If NDST1B
also has the ability to interact with EXT2, it may compete
with endogenous NDST1A for binding to EXT2 and thereby
inhibit N-sulfation. Using high-content FRET-microscopy
analysis of cells expressing enzymes tagged with donor
and acceptor fluorophores, we indeed found that NDST1B
has the capacity to interact with EXT2 (Fig. 7). The result
demonstrating that EXT1 also may serve as a binding partner
for both NDST1A and NDST1B calls for more experiments
to further understand the interplay between the enzymes.

The potential role of enzyme–enzyme interactions has
long been discussed in the field and enzyme complexes have
previously been shown to exist for N-glycan trimming N-
acetylglycosyltransferases (36) (Khoder-Agha et al. 2019a,
2019b). In an article published in 2002, Esko and Selleck
(2002) coined the term “GAGosome” to describe a tentative
enzyme machinery responsible for elongation and modifi-
cation of glycosaminoglycans. Even though the presence
of a big complex comprising all enzymes seems less likely,
several investigations have reported on interactions between
2 (Schwartz et al. 1974; Kobayashi et al. 2000; McCormick
et al. 2000; Pinhal et al. 2001), and more rarely, 3 enzymes
(Dejima et al. 2013). For instance, it was demonstrated that
the polymerases EXT1 and EXT2 form a functional complex
and are more active when they are co-expressed (Senay et al.

2000). Interaction between HS C-5 epimerase and the HS
2-O-sulfotransferase (Pinhal et al. 2001) are other examples.

Our data demonstrates that the enzymatically dead
NDST1B splice variant still has the capacity to influence
HS structure, most likely by competing with the endogenous
active NDST1 and replacing it in the enzyme complex. These
results are important when it comes to understanding the
regulation of HS biosynthesis in general; HS structure is
influenced by the composition of the enzyme complexes;
Exchanging one enzyme for another will alter the structure
according to the loss or gain of the enzymatic activities
but also indirectly through the substrate specificities of the
enzymes acting after the exchanged enzyme. So, when an
active NDST is replaced by an inactive, N-sulfation will
decrease, but also epimerization of GlcA into IdoA which
is the preferred substrate for 2-O-sulfation. Why expression
of NDST1B in HEK293 cells resulted in slightly increased
6-O-sulfation while a decrease instead was seen in HeLa
cells could tentatively be due to different expression of
the 3 6-O-sulfotransferases in the 2 cell types. Another
illustration of the effect of substituting an enzyme for another
is the increased sulfation of mast cell heparin as a result
of lowered expression of NDST1 (Dagalv et al. 2011);
The tentative explanation of this finding is that the more
efficient NDST2 in the absence of NDST1 could occupy
more of the actively synthesizing enzyme complexes in
the cell.
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Fig. 6. HS domain structure. Gel chromatography on bio-gel P-10 of
3H-labeled HS after treatment of the polysaccharide with nitrous acid at
pH 1.5. (A) HS from control HEK 293 cells (black line) and from cells
overexpressing NDST1B (gray line). (B) HS from cells overexpressing
NDST1A. (C) Tentative model of an NS-domain in HEK 293 cells (top) and
in HEK 293 cells overexpressing NDST1B (bottom). The arrows indicate
HNO2-sensitive cleavage sites. Note that 2 disaccharides and 1
tetrasaccharide will be generated from the upper saccharide after HNO2
treatment, while the lower saccharide instead will be cleaved into 1
disaccharide and 2 tetrasaccharides. In addition, 2 oligosaccharides of
larger size will be generated from both saccharides.

It is interesting that high expression of NDST1B is asso-
ciated with shorter survival of patients with different types
of cancer and that a significantly increased expression of
NDST1B compared to normal tissue is seen in several other
types of cancer (Fig. 8). Even though the lowering effect on
HS sulfation is modest, it will result in altered binding of
growth factors/cytokines (Kjellen and Lindahl 2018), which
could alter the growth and metastatic properties of the cells.
Future studies will hopefully reveal to what degree alternative
splicing of HS biosynthesis enzymes will contribute to cancer
pathology.

Materials and methods

cDNA constructs
For transfection of HEK 293 and HeLa cells

A pCMV6-vector containing cDNA (RC221638) encoding
human NDST1(NM__01543) with a C-terminal

Myc/Flag-tag was obtained from Origene. The corresponding
protein product is in this report denoted NDST1A. This
vector was also used to generate the shorter form of NDST1,
here denoted NDST1B, through a Quick Change mutagenesis
approach removing the cDNA corresponding to exon 12 (see
Fig. 1). The primers were designed to delete 171 bp at the
position marked with an asterisk:

NDST1B QC fw: CTATTCCTGGTACCAG∗ATTCTGGT-
CTTGGA

NDST1B QC rv: TCCAAGACCAGAAT∗CTGTTACCAG-
GAATAG

The mutant version was amplified using Phusion High
FidelityPolymerase (Thermo) according to the manufacturer’s
instructions (30 s at 98 ◦C, 20 cycles of 10 s at 98 ◦C and
3:45 min at 72 ◦C, finally 10 min at 72 ◦C). Following
DNA amplification the remaining template was digested with
DpnI (Thermo) and the PCR product was transformed into
TOP10 cells (Thermo) following the manufacturer’s instruc-
tions. Introduction of the desired mutation was confirmed by
sequencing before the construct was used for transfection of
cells.

For FRET interaction assays

Plasmids for enzyme interaction study (FRET) were all based
on a pcDNA3 vector backbone (Invitrogen) and the constructs
were prepared using the full-length cDNA clones for NDST1A
and NDST1B described above, a full-length clone for human
NDST2 with a C-terminal Myc/Flag-tag (from Origene)
and plasmids expressing full-length human C-terminal myc-
DDK-tagged EXT1 in the pCMV6-entry vector and Turbo
green fluorescent protein (GFP) (tGFP)-tagged EXT2 in the
pCMV6-AC-GFP vector (both from Origene) using PCR
amplification with specific primers (see below). For each
enzyme, the PCR product was inserted into the pcDNA3
vector and the sequence was verified before use. The vector
also contained sequences encoding a C-terminal monomeric
Venus (mVen) and monomeric Cherry (mChe) (Khoder-Agha
et al. 2019b).

EXT1 EcoRI fw: ATTGCGAATTCATGCAGGCCAAAA-
AACGC

EXT1 XbaI rv: ATTGCTCTAGAAAGTCGCTCAATGT-
CTCGG

EXT2 EcoRI fw: ATTGCGAATTCATGTGTGCGTCGG-
TCAAG

EXT2 XbaI rv: ATTGCTCTAGATAAGCTGCCAATGT-
TGGGG

NDST1A/B EcoRI fw: ATTGCGAATTCATGCCTGCCC-
TGGCATG

NDST1A/B XbaI rv: ATTGCTCTAGACCTGGTGTTCT-
GGAGGTCCTC

NDST2 EcoRI fw: ATTGCGAATTCATGCTCCAGTTGT-
GGAAGG

NDST2 XbaI rv: ATTGCTCTAGAGCCCAGACTGGAA-
TGCTG

Transfection of HEK 293 and HeLa cells

Cells (human embryonic kidney (HEK) 293 cells or HeLa
cells) were grown in Dulbecco’s Modified Eagle Medium
(Gibco DMEM) containing 10% of fetal bovine serum
and 60 μg/mL penicillin and 50 μg/mL streptomycin.
HEK 293 cell lines overexpressing NDST1A and NDST1B,
were generated by transfection of the pCMV6-vectors using
Lipofectamine2000 reagent from Invitrogen according to
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Fig. 7. Mutual interactions of EXT1, EXT2, NDST1A, and NDST1B in the Golgi compartment in transfected COS-7 cells. (A) Coimmunostaining of the
Venus-tagged EXT1, EXT2, NDST1A, and NDST1B with the cis-Golgi marker protein GM130 in COS-7 cells. For visualization of GM130, a specific
antibody and Alexa 594 secondary antibody were used. (B) FRET signals measured after coexpression of the depicted mVenus and mCherry-tagged
enzyme constructs. FRET efficiencies were normalized against the positive control values (blue bar, the mVenus–mCherry fusion protein), and presented
as percentages of positive control. As a negative control, an O-glycosylation enzyme (GNTII) and NDST2 was used as a FRET pair. For each FRET pair,
the mean FRET efficiency was determined in triplicate (± SD, n = 3) from 12,000 cells in each case (∗∗, P < 0.01; ∗∗∗, P < 0.001). (C) The localization and
specificity of the FRET signal in the transfected cells. Fluorescence microscopy of the COS-7 cells transfected with EXT1-Venus/NDST1A-mCherry (top
row) or EXT1/NDST1B-mCherry (bottom row) enzyme pairs. Note that cells express either both (yellow) or only one of the constructs (red, green; boxed
areas) after merging the Venus and mCherry channels (left panel). FRET signal (pseudocolored as blue) from the same cells is shown in the middle
panel. Superimposition of the 2 channels (right panel) shows that only cells that express both constructs display FRET signal (white dots), while those
expressing only one of the constructs do not (boxed cells). The presence of cells that express only 1 of the 2 constructs constitute 10–15% of the
transfected cells. The true FRET efficiency percentages are therefore somewhat higher than those shown in (B).
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Fig. 8. NDST1B expression in cancer. (A) NDST1B expression and overall survival probability of patients involved in TCGA project (Cancer Genome Atlas
Research et al. 2013). Data were downloaded from TSVdb (Sun et al. 2018) and a log-rank test was used for calculating difference between NDST1b
transcript expression groups with expression above and below the third quartile levels. (B) Data describing significant exon skipping of NDST1 exon 12 in
tumors and their corresponding normal tissues from TCGA project (Cancer Genome Atlas Research et al. 2013). The percent spliced-in value indicates
the number of transcripts including exon 12. Data were downloaded from TCGASpliceSeq (Ryan et al. 2016) and a 2-tailed Student’s t-test were used for
calculating significant differences. Asterisk ∗ indicates a significant difference ∗ = P ≤ 0.05, ∗∗ = P ≤ 0.01, ∗∗∗ = P ≤ 0.001. BLCA, bladder urothelial
carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; ESCA, Esophageal carcinoma; HNSC, head and neck squamous cell
carcinoma; LUAD lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

the manufacturer’s protocol. GFP plasmid was used as a
positive control for monitoring the transfection efficiency.
The pCMV6 vector carries neomycin resistance and stable
clones were selected using Geneticin (G418) (Gibco). A

high level of G418, 1 mg/mL, was used for selection of
the clones while selected clones were maintained at a
concentration of 0.2 mg/mL G418. Transient transfection
of HeLa cells was carried out using Lipofectamine3000
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reagent from Invitrogen according to the manufacturer’s
protocol.

Solubilization of HEK 293 cells

Cells were harvested at 90% confluency. After washing twice
with PBS, the cells were gently washed off the T75 flasks in
PBS and transferred to a 15 mL tube followed by centrifuga-
tion at 1000 rpm for 4 min to pellet the cells. The pelleted cells
were stored at −20 ◦C. Cell lysates were generated by addition
of cell lysis buffer (50 mM Tris–HCl, pH 7.4, 0.15 M NaCl,
1% Triton X-100 and EDTA-free protease inhibitor cocktail
(Roche) to the pellets (1 mL/cells recovered from a T75 flask)
followed by end-over-end incubation for 1 h at 4 ◦C. After cen-
trifugation at 13,200 rpm, at 4 ◦C for 15 min, the supernatants
were recovered and assayed directly for enzyme activities or
used for purification of the recombinant proteins. Aliquots
were also used for determination of protein concentration and
for SDS-PAGE followed by western blotting.

Purification of recombinant proteins

The lysates were passed through Filtropur Syringe Filters,
0.45 μm pore size (Sarstedt) before addition to 100 μL
slurry/mL lysate of anti-FLAG-tag magnetic beads (Sigma-
Aldrich), previously washed with TBS. After end-over-end
incubation for 1 h at 4 ◦C, the “unbound” fraction was
recovered and the beads were washed at least 3 times with
1 mL 50 mM Tris–HCl pH 8, 138 mM NaCl and 2.7 mM KCl,
1% Triton X-100 and 1% Roche protease inhibitor cocktail.
After the last washing step, the absorbance was measured
to check for remaining protein. When the absorbance at
280 nm of the last washing was <0.05 the beads were eluted
with 200 μL portions of 2% Flag-peptide (Sigma-Aldrich)
dissolved in the washing buffer.

SDS-PAGE and western blotting

Cell lysates corresponding to 40 μg of protein (Fig. 1) and
aliquots from fractions obtained during the purification pro-
cedure (Fig. 4) were run on 4–15% mini-PROTEAN SDS-
polyacrylamide gels (Bio-Rad) followed by blotting to nitro-
cellulose membranes. Next the membranes were blocked with
5% milk powder in TBS-T for 60 min and then incubated with
the indicated primary antibodies (rabbit anti-trunc-NDST1;
Presto et al. 2008), diluted 1:1,000 in blocking buffer or
anti-DDK (FLAG) mouse monoclonal antibody (ORIGENE),
diluted 1:2,000 in blocking buffer). After the membranes
had been washed in TBS-T they were incubated in blocking
buffer with secondary antibody (goat anti-rabbit horseradish
peroxidase antibodies, diluted 1:5,000 and goat anti-mouse
horseradish peroxidase antibodies, diluted 1:4,000, respec-
tively) for 60 min at room temperature. The membranes
were then extensively washed and the peroxidase activity
was detected using the Prime-ECL reagent (GE Healthcare)
captured with a Bio-Rad Western Blot Imaging System.

NDST enzyme activity assays

Oligosaccharides derived from Escherichia coli K5 capsular
polysaccharide, composed of alternating GlcA-GlcNAc-
residues, were used as substrate in the N-deacetylase
and the combined N-deacetylase/N-sulfotransferase assays.
N-Sulfotransferase activity was analyzed using an N-
deacetylated K5 polysaccharide as substrate. All samples from
at least 2 independent experiments were analyzed in duplicate
with the 3 different assays described below.

N-Deacetylase ELISA assay: This assay was carried out
as previously described (Dagalv et al. 2015). Briefly, a 96
flat bottom well (Nunc MaxiSorp) plate was coated with K5
polysaccharide. After washing with TBS-T, cell lysates were
added and the plate was incubated at 37 ◦C for 30 min fol-
lowed by washing with TBS-T. After blocking with 1% gelatin
in TBS, the JM 403 antibody recognizing the deacetylated
substrate (van den Born et al. 2003) was added to the wells
followed by incubation for 1 h at room temperature. After
washing, the wells were incubated with goat anti-mouse IgM-
peroxidase solution for 1 h at room temperature. Peroxidase
substrate mix was then added after washing. The reaction was
stopped after 10–15 min with 2 M H2SO4 and absorbance at
450 nm was measured in a spectrophotometer plate reader.

N-Sulfotransferase and combined N-Deacetylase/N-Sulfot-
ransferase assay: N-Sulfotransferase activity was analyzed
by measuring incorporation of 35S from the sulfate donor
[35S]PAPS into N-deacetylated K5 polysaccharide substrate.
Cell lysates or purified recombinant proteins were incubated
with substrate and 2 μCi of [35S]PAPS in 50 mM Hepes,
pH 7.4, 10 mM MgCl2, 10 mM MnCl2, 5 mM CaCl2, 3.5 μM
NaF, and 1% Triton X-100 in 0.1 mL for 30 min at 37 ◦C.
The polysaccharide substrate was precipitated with ethanol
for 4 h, separated from excess [35S]PAPS by Sephadex G-
25 superfine (GE Healthcare) gel filtration, and quantified
by scintillation counting (Dagalv et al. 2015). The same
protocol was followed for the combined N-deacetylase/N-
sulfotransferase assay, but the substrate was exchanged for K5
polysaccharide which had not been N-deacetylated.

Metabolic labeling and isolation of 3H-labeled
heparan sulfate

The HEK 293 cell lines were incubated with 50 μCi/mL 3H-
glucosamine in the cell culture medium described above at
37 ◦C for 24 h. 3H-labeled proteoglycans were then purified
from the cell lysates after DEAE-ion exchange chromatog-
raphy and gel chromatography on Superose 6 columns as
previously described in detail (Dagalv et al. 2015). After
alkali treatment, the released glycosaminoglycan chains were
incubated with chondroitinase ABC and subjected to another
gel chromatography on Superose 6 to remove 3H-labeled CS
degradation products (Dagalv et al. 2015). After desalting on
PD-10 columns (GE Healthcare) the 3H-labeled HS-chains
were ready for analysis of domain structure.

Analysis of HS domain structure
3H-Labeled purified HS chains (20,000 cpm) were treated
with nitrous acid at pH 1.5, which cleaves the polysaccharide
at GlcNS residues (Shively and Conrad 1976), followed by
size-dependent separation of the generated fragments on a
1 × 200 cm Bio-Rad Bio-gel P-10 Fine column eluted with
0.2 M NH4HCO3. Heparin was used as a carrier and dextran
blue and [3H] H2O were used as markers for the void volume
and total volume, respectively. 155 fractions of 1 mL were
collected and analyzed for radioactivity (Dagalv et al. 2015).

GAG compositional analysis

Glycosaminoglycans were isolated from the HEK 293 cell
lines or the transiently transfected HeLa cells as described
previously (Ledin et al. 2004 and modified by Dagalv et al.
2011). Chondroitin sulfate and HS disaccharides generated
after digestion with chondroitinase ABC and heparinase I, II,
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and III, respectively, were subjected to RPIP-HPLC analysis
followed by postcolumn derivatization with cyanoacetamide
and detection in a fluorescence detector (Ledin et al. 2004).

High-content FRET interaction assay
and quantification

COS-7 cells were transfected with Lipofectamine 3000 kit
(Invitrogen) with the relevant FRET plasmid. Cells were
seeded onto Cell Carrier Ultra 96-well plates and allowed
to attach for 6 h. 400 ng/ mL of each construct, mVenus
(mVen, donor), and mCherry (mChe, acceptor), was used
for transfection of 10,000 cells per well. 18 h after post
transfection, cells were fixed with 4% paraformaldehyde
(PFA) and washed with PBS (pH 7.4). Using Operetta (Perkin-
Elmer Inc.), with appropriate filter sets for mVenus and
mCherry, FRET signals were measured. Quantification was
performed with Harmony 4.6 software using the Youvan
FRET formula (Hassinen et al. 2011). Data are shown as the
average FRET signal from 2,000 cells/well, performed in 6
wells each in triplicates (± S.D., no. of wells = 18).

Colocalization studies with fluorescence
microscopy

Colocalization studies were performed in the cells expressing
the selected mVenus-tagged enzyme constructs as described
previously (Kokkonen et al. 2004). 20 h post-transfection, cell
were fixed as above and stained with the antibody against the
endogenous cis-Golgi marker protein GM130 and species-
specific Alexa fluor-594-conjugated anti-mouse and anti-
rabbit secondary antibodies (Invitrogen, Carlsbad, CA, USA),
mounted and imaged using the Olympus BX51 microscope
(Olympus Optical Co., Ltd, Japan) equipped with a 60X
Plan-Apo oil-immersion objective and appropriate filter sets
for each dye.

Supplementary data

Supplementary material is available at Glycobiology Journal online.
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