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Background: CHO-S cells produce non-anticoagulant heparan sulfate (HS) even when transfected with HS3st1 and
NDST2.
Results: Golgi targeting of HS3st1 alone in bioengineered CHO-S cells afforded anticoagulant HS.
Conclusion: Targeting of HS3st1 to the Golgi ensured its action in biosynthesis and modified the action of other biosynthetic
enzymes.
Significance: Engineering the production of HS and potentially heparin could provide a safer form of this important anticoag-
ulant drug.

HS3st1 (heparan sulfate 3-O-sulfotransferase isoform-1) is a
critical enzyme involved in the biosynthesis of the antithrombin
III (AT)-binding site in the biopharmaceutical drug heparin.
Heparin is a highly sulfated glycosaminoglycan that shares a
common biosynthetic pathway with heparan sulfate (HS).
Although only granulated cells, such asmast cells, biosynthesize
heparin, all animal cells are capable of biosynthesizing HS. As
part of an effort to bioengineer CHO cells to produce heparin,
we previously showed that the introduction of bothHS3st1 and
NDST2 (N-deacetylase/N-sulfotransferase isoform-2) afforded
HS with a very low level of anticoagulant activity. This study
demonstrated that untargeted HS3st1 is broadly distributed
throughout CHO cells and forms no detectable AT-binding
sites, whereas Golgi-targeted HS3st1 localizes in the Golgi and
results in the formation of a single type of AT-binding site and
high anti-factor Xa activity (137 � 36 units/mg). Moreover, sta-
ble overexpression of HS3st1 also results in up-regulation of
2-O-, 6-O-, and N-sulfo group-containing disaccharides, further
emphasizing a previously unknown concerted interplay between
the HS biosynthetic enzymes and suggesting the need to control
the expression level of all of the biosynthetic enzymes to produce
heparin in CHO cells.

Heparansulfate (HS)2 glycosaminoglycans (GAGs)are involved
in many cellular functions, including cell signaling cascades,

embryonic development, and blood coagulation, and in viral/
bacterial infections (1). Heparin is a highly sulfated form of HS
GAG. Heparin and low molecular weight heparin are widely
utilized as biopharmaceutical drugs for acute care and short-
term anticoagulant therapy, including cardiac bypass, hemodi-
alysis, and deep vein thrombosis.More than 100 tons of heparin
are used annually, with a market value of approximately $7
billion (2). Understanding the rate-limiting factors that govern
HS and heparin biosynthesis is critical for production of hepa-
rin-based drugs from non-animal sources.
HS and heparin are biosynthesized in the Golgi of animal

cells in three main steps involving chain initiation, polymeriza-
tion, and modification (3, 4). Initiation of GAG biosynthesis
begins with the addition of a tetrasaccharide linker (–GlcUA�13
3Gal�133Gal�134Xyl�13O-Ser) on specific serine residues
of a core protein (5–7). In the case of heparin, only serglycin is
modified with heparin GAG chains (8), whereas HS can be
found on a number of different core proteins, most typically
members of the syndecan and glypican families (9). Polymeri-
zation of HS (and heparin) occurs by action of EXT1 and EXT2
enzymes, with sequential attachment of GlcUA and GlcNAc
residues to form a linear GlcUA�134GlcNAc�134 homoco-
polymer called heparosan (10). The heparosan chain undergoes
a series of modification steps including (i) N-deacetylation and
N-sulfonation of GlcNAc to form GlcNS through action of
N-deacetylase/N-sulfotransferase (NDST1–4) (11–18), (ii) epi-
merization of glucuronic acid to form iduronic acid by action of
C5-epimerases (GLCE) (19), (iii) 2-O-sulfonation at C2 of idu-
ronic acid and glucuronic acid by 2-O-sulfotransferase (HS2st)
(20), (iv) 6-O-sulfonation of glucosamine by 6-O-sulfotrans-
ferases (HS6st1–3) (21–24), and (v) 3-O-sulfonation of glucos-
amine through action of 3-O-sulfotransferases (HS3st1–7)
(25–27). Most of the sulfotransferases have tissue-specific iso-
forms, and the action of the isoforms affords tissue-specific
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sulfated domains on HS (3, 4, 28). Partially sulfated domains in
HS can result in specific ligand binding characteristic to HS.
Completely or nearly completely sulfated domains in HS (and
heparin) are usually characterized as containing antithrombin
III (AT)-binding sites and anticoagulant activity. The AT-bind-
ing sites interact with the serine protease inhibitor AT, causing
it to undergo a conformational change and increasing the abil-
ity of AT to inhibit thrombin and factor Xa, resulting in antico-
agulation (see Fig. 1a). Pharmaceutical heparin is commonly
isolated and purified from pig or cow mucosal tissues rich in
mast cells. Concerns over the contamination or adulteration of
animal-sourced heparins motivate our efforts to produce hep-
arin from non-animal sources (2).
Production of heparin from non-animal sources will require

understanding the control and interplay of heparin/HS biosyn-
thetic enzymes. Heparin is naturally produced in serous and
connective tissue mast cells (29), and mast cell maturation is
accompanied by an increase in heparin/HS biosynthetic
enzymes (8). Heparin biosynthesis initiates on the serglycin
core protein, followed by chain elongation and chain modifica-
tion. In addition, the heparin chain is cleaved by a�-endoglucu-
ronidase called heparanase (3). The critical steps in heparin
biosynthesis involve (i) the action of NDST2 (15, 17, 30), (ii) the
action of GLCE (31), (iii) 6-O-sulfonation by HS6st1 and
HS6st2 (32, 33), and (iv) GAG chain modification by HS3st1
(34, 35) (Fig. 1b). There could also be additional factors that aid
in the production of heparin inmast cells, including the optimal
expression and localization of biosynthetic enzymes, appropri-
ate core protein biosynthesis, and the presence of as yet undis-
covered biosynthetic chaperones.
CHO have been widely utilized for the production of bio-

pharmaceuticals (36) and exhibit most of the biosynthetic

machinery required to prepare HS and heparin (37, 38). We
previously demonstrated that a suspension-adapted CHO cell
line (CHO-S) expressing endogenous HS biosynthetic enzymes
(NDST1, GLCE, HS2st, and HS6sts) could be sequentially bio-
engineered to stably overexpress exogenous human NDST2
andmouse HS3st1 (39). This resulted in bioengineered CHO-S
cells (40 CHO-S dual clones with varied expression of NDST2
and HS3st1) that expressed HS with a very low level of antico-
agulant activity but rich in N-sulfo groups (39). The results of
this previous study suggest that overexpression of NDST2 may
overmodify the HS chain, forming so many N-sulfoglucosamine
residues that HS3st1 might have no available substrate upon
which to act. Alternatively, there may be a limitation of sulfate
and/or a decreased activity or mislocalization of HS3st1. These
questions led us to probe factors that might impact HS3st1
activity in bioengineered CHO-S cells.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—CHO-S cells (Invitrogen) and sta-
ble recombinant CHO-S dual clones (Dual-10, Dual-3, Dual-20,
Dual-22, and Dual-29) were cultured in CDCHOmedium (Invit-
rogen) supplementedwith 8mMGlutaMAXTM (Invitrogen) and
2% hypoxanthine thymidine solution. Dual clones were rou-
tinely kept under selective pressure of 1 mg/ml G418 and 500
�g/ml Zeocin. Cells were seeded at 2 � 105 cells/ml in 125-ml
polycarbonate Erlenmeyer flasks (Corning, Corning, NY) and
cultured on orbital shakers (125 rpm) in a humidified 37 °C
incubator at 5% CO2.
Cloning and Expression of Golgi-targeted HS3st1—The

pTagRFP-Golgi expression vector (Evrogen) encodes the red fluo-
rescent protein TagRFP fused to a Golgi-targeting sequence
(fragment of human �134-galactosyltransferase). pGTS-HS3st1

FIGURE 1. Anticoagulant heparin. a, mode of action of heparin. During the blood coagulation cascade, serine proteases are activated, resulting in activation
of prothrombin to form thrombin and causing blood clot formation. Heparin catalyzes the binding of AT and thrombin, resulting in increased efficacy of the
AT-thrombin interaction and decreased clot formation. b, biosynthesis of anticoagulant heparin. The critical steps in heparin biosynthesis involve the con-
certed action of N-sulfonation (NDST2), epimerization (GLCE), 6-O-sulfonation (6-sulfotransferases, HS6sts), and, finally, GAG chain modification by 3-O-
sulfonation (HS3st1). Anticoagulant heparin is characterized by AT pentasaccharide-binding sites. IdoA, IdoUA; GlcA, GlcUA; C5epi, C5-epimerase.
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was created using the pTagRFP-Golgi expression vector by
deleting the red fluorescent protein gene and inserting the
gene encoding mouse HS3st1 (GenBankTM accession number
BC009133.1; Thermo Fisher Scientific).MouseHs3st1was ampli-
fied using a forward primer including an AgeI restriction site (5�-
CAAGGATCCACCGGTCGCCACCCACCCGGCTGCTCCT-
GGC-3�) and a reverse primer including a NotI restriction site
(5�-GGCAGAACATTCGACTGGCACTGAGCGGCCGCGA-
CTCTAG-3�) and inserted into a pTag-Golgi expression vector.
Bulk Pool Transfection of CHO-S Cells with Golgi-targeted

HS3st1 Expression Vector—The pGTS-HS3st1 expression vector
was used for transfecting CHO-S cells with a 4D-Nucleofector�
system (Kit-SG, program FF137; Lonza, Basel, Switzerland)
according to themanufacturer’s instructions.The transfectedcells
were cultured in CD CHO medium supplemented with 8 mM

GlutaMAXTM and 2% hypoxanthine thymidine solution. 48 h
post-transfection, the cells were treated with 1mg/ml G418 for
3–4 weeks to form a bulk stable transfectant pool. The bulk
pool transfection was performed on two separate occasions to
generate independent bulk stable pools for analysis of HS com-
position and function.
Transient Transfection of CHO-S Cells with EXT1/2 Expres-

sion Vectors—The EXT1, EXT2, and EXT1/2 expression vec-
tors (graciously provided by Dr. Lena Kjellén, Uppsala Univer-
sity, Uppsala, Sweden) (40) were used for transfecting CHO-S
cells using the 4D-Nucleofector� system according to theman-
ufacturer’s instructions. The transfected cells were cultured in
CDCHOmedium supplemented with 8mMGlutaMAXTM and
2% hypoxanthine thymidine solution. 36 h post-transfection,
the HS composition of the cells was analyzed.
Localization of Heparin/HS Modification Enzymes—Cells

were washed with sterile Dulbecco’s PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature. Cells were
permeabilized with permeabilization buffer (Invitrogen), 10%
FBS, and Dulbecco’s PBS for 10 min. Cells were stained with
rabbit anti-NDST2 (AP5759B, Abgent), rabbit anti-HS3st1
(ab91065, Abcam), rabbit anti-HS2st1 (ab108541, Abcam), and
goat anti-GM130 Golgi marker (ab1299, Abcam) primary anti-
bodies following the manufacturers’ instructions overnight at
4 °C in the dark. Cells were washed once and stainedwith Alexa
Fluor 647-conjugated donkey anti-rabbit IgG and Alexa Fluor
488-conjugated donkey anti-goat IgG secondary antibodies
(Molecular Probes) following the manufacturer’s instructions.
Cells were mounted onto glass slides with ProLong Gold and
DAPI (Invitrogen). Imaging was performed using an inverted
Zeiss LSM 510 laser scanning confocal microscope equipped
with a META detector. Dual-29 cells were used as a positive
control, and the other cell samples were then evaluated at the
same frequency. Images were acquired and processed using
Zeiss LSM image browser software. For imaging, signal inten-
sities were adjusted for Dual-29 cells, and other cells were
imaged at the same configurations.
Disaccharide Analysis—Cells and spent media were proteo-

lyzed with Actinase E solution, and GAGs were purified using a
strong anion exchange spin column, released with salt, and
alcohol-precipitated as described previously (41). Complete
depolymerization of the GAGs was performed using polysac-
charides lyases. A mixture of heparin/HS lyases I, II, and III (10

milliunits each) in 5 �l of 25 mM Tris, 500 mM NaCl, and 300
mM imidazole buffer (pH 7.4) was added and incubated at 35 °C
for 10 h to depolymerize heparin/HS GAGs. The heparin/HS
disaccharides were recovered by centrifugal filtration using a
YM-10 spin column, and the disaccharides were collected in
the flow-through and lyophilized.
The HS disaccharide standards had the following structures:

�UA(134)GlcNAc (0S), �UA2S(134)GlcNAc (2S), �UA(134)
GlcNcA6S (6S), �UA2S(134)GlcNAc6S (2S6S), �UA(134)GlcNS
(NS), �UA2S(134)GlcNS (NS2S), �UA(134)GlcNS6S (NS6S),
and �UA2S(134)GlcNS6S (TriS), where �UA is 4-deoxy-�-L-
threo-lex-4-enopyranosyluronic acid, GlcN is glucosamine, S is
sulfo, and Ac is acetyl. Chondroitin sulfate/dermatan sulfate (CS/
DS) disaccharide standards had the following structures:�UA(133)
GalNAc (0S), �UA(133)GalNAc6S (6S), �UA(133)GalNAc4S
(4S), �UA2S(133)GalNAc (2S), �UA(133)GalNAc4S6S (SE),
�UA2S(133)GalNAc6S (SD),�UA2S(133)GalNAc4S (SB), and
�UA2S(133)GalNAc4S6S (TriS), where GalN is galactosamine.
The HA disaccharide standard had the structure �UA(133)
GlcNAc. All disaccharide standards were from Iduron Ltd. (Man-
chester, United Kingdom).
Derivatization of unsaturated disaccharides with 2-amino-

acridine (AMAC) was performed. The freeze-dried biological
sample containing GAG-derived disaccharides (�5 �g) or a
mixture of eight heparin/HS disaccharide standards (5
�g/each disaccharide) was added to 10 �l of 0.1 M AMAC
solution in acetic acid/dimethyl sulfoxide (3:17, v/v) and
mixed by vortexing for 5 min. Next, 10 �l of 1 M NaBH3CN
was added in the reaction mixture and incubated at 45 °C for
4 h. Finally, the AMAC-tagged disaccharide mixtures were
diluted to different concentrations (0.5–100 ng) using 50%
(v/v) aqueous dimethyl sulfoxide, and AMAC/LC-MS anal-
ysis was performed.
LC-MS analyses were performed on an Agilent 1200

LC/MSD instrument equipped with a 6300 ion trap and a
binary pump. An Agilent Poroshell 120 C18 column (3.0 � 150
mm, 2.7 �m) was used at 45 °C. Eluant A was 80 mM ammo-
niumacetate solution, and eluant Bwasmethanol. EluantA and
15% eluant Bwas flowed (150�l/min) through the column for 5
min, followed by linear gradients of 15–30% eluant B from5–30
min. The column effluent entered the electrospray ionization
MS source for continuous detection by MS. The electrospray
interface was set in negative ionization mode with a skimmer
potential of �40.0 V, a capillary exit of �40.0 V, and a source
temperature of 350 °C to obtain the maximum abundance of the
ions in a full-scan spectrum (300–1200 Da). Nitrogen (8 liters/
min, 40 p.s.i.) was used as a drying and nebulizing gas.
Tetrasaccharide Analysis—GAGs were isolated from cells

and spent media; treated with heparin lyase-2 (10 milliunits) in
5 �l of 25 mM Tris, 500 mMNaCl, and 300mM imidazole buffer
(pH 7.4); and incubated at 35 °C for 10 h to depolymerize hep-
arin/HSGAGs.The depolymerized productswere recovered by
centrifugal filtration using a YM-10 spin column, collected in
the flow-through, and lyophilized.
An Agilent Poroshell 120 C18 column (2.1 � 100 mm, 2.7

�m) was used at 45 °C. Eluant A was water/acetonitrile (85:15,
v/v), and eluant B was water/acetonitrile (35:65, v/v). Both elu-
ants contained 12 mM tributylamine and 38 mM ammonium
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acetate with the pH adjusted to 6.5 with acetic acid. A gradient
of eluant A for 2 min followed by a linear gradient of 0–30%
eluant B for 2–40 min was used at flow rate of 120 �l/min. The
column effluent entered the electrospray ionizationMS source
for continuous detection byMS. The electrospray interface was
set in negative ionization mode with a skimmer potential of
�40.0 V, a capillary exit of �40.0 V, and a source temperature
of 350 °C to obtain the maximum abundance of the ions in a
full-scan spectrum (300–1500 Da). Nitrogen (8 liters/min,
40 p.s.i.) was used as a drying and nebulizing gas.
Fractionation of GAGs by Strong Anion Exchange Chro-

matography—Fractionation of heparin/HS GAGs was per-
formed using a mini strong ion exchange column to quantitate
the amounts of less sulfated HS and highly sulfated heparin/HS
(42). Briefly, cells were proteolyzed with Actinase E solution.
CS/DS GAGs were isolated from total GAGs, and the less sul-
fated HS fraction was purified using a strong anion exchange
spin column, released by washing the column three times
with 300 �l of 0.5 M NaCl, and alcohol-precipitated. The
heparin/HS fractions were released by washing the column
three times with 300 �l of 1.6 M NaCl, followed by alcohol
precipitation. Purified GAGS were quantified using AMAC/
LC-MS and/or carbazole assay as described previously (41).
Anticoagulant Activity Analysis of Bioengineered HS by Anti-

factor Xa Assay—The anti-factor Xa anticoagulation activity
assay was performed with a heparin anti-factor Xa assay kit
(HemosILTM, Instrumentation Laboratory, Bedford, MA). The
chromogenic substrate Arg-Gly-Arg-p-nitroanilide was either
from the HemosIL heparin kit or from Hyphen BioMed (Neu-
ville-sur-Oise, France). Tris, NaCl, and heparin (Sigma) were
reagent-grade or better.
In brief, 100-�l reactions in TBS (0.9% NaCl and 50 mM Tris

(pH 8.4)) containing 5�l (5mIU) of antithrombin solution, 2�l
(0.0272 nanokatals) of factor Xa solution, and the purifiedGAG
or standard heparin samples (at various concentrations) were
covered in a 96-well plate (Costar) and incubated for 1 h on a
rocking platform. Next, 20 �l of a 0.75 mg/ml solution of the
chromogenic substrate in TBS was added to each well. The rate
of hydrolysis of the substrate was monitored by measuring
the absorbance at 410 nm over the course of 1 h in a Tecan
InfiniteM200 plate reader operating at themaximum sampling
rate. The rate curves were linearized by taking into account the
decreasing substrate concentration as the reaction progressed.
The concentrations of standard heparin samples were then
plotted against the reciprocal of their rates of hydrolysis, and
the slope was used to determine analyte concentrations. Statis-
tical analysiswas performedby comparisonwith Student’s t test
(n � 3).
Quantification of AT and FGF-2 Binding by Flow Cytometry—

AT and FGF-2 were labeled with amine-reactive BODIPY�
R6G SE (4,4-difluoro-5-phenyl-4-bora-3,4a-diaza-s-indacene-
3-propionic acid succinimidyl ester, Invitrogen) (39). In brief,
BODIPY R6G solution (10 �l) was added to the AT or FGF-2
solution (1 mg of AT or FGF-2 in 100ml of 0.1 M sodium bicar-
bonate buffer), and the reactionmixtures were incubated in the
dark at 37 °C for 1 h with continuous stirring. The reactions
were stopped by adding 1ml of sterile PBS and purified withMr
3000 cutoff spin columns (Millipore, Bedford, MA). Concen-

trated BODIPY R6G-conjugated FGF-2 or AT was diluted in 1
ml of PBS containing 10% FBS and stored at�20 °C for up to 14
days until used directly for labeling cells.
Flow cytometry experiments were performed with BODIPY

R6G-conjugated AT or FGF-2. Briefly, 106 exponentially grow-
ing cells were washed with cold sterile Dulbecco’s PBS contain-
ing 10% FBS. The cells were incubated with BODIPY R6G-con-
jugated AT or FGF-2 for 30 min at 4 °C in the dark. The cells
were washed with cold sterile Dulbecco’s PBS containing 10%
FBS. The cells were fixed with freshly prepared 4% paraformal-
dehyde and analyzed. A minimum of 10,000 cells from each
sample was analyzed on a BD LSR II flow cytometer with FITC
excitation filters (530 nm; BDBiosciences). A 488-nmargon ion
laser was used for excitation, and a 530/30-nm band pass emis-
sion filter was used to detect fluorescence.

RESULTS AND DISCUSSION

Pharmaceutical heparin characteristically has a varied disac-
charide composition, composed of seven to eight different
disaccharides and dominated by a preponderance of TriS (43,
44). In contrast, CHO-S cells produce HS with a simpler struc-
ture, primarily composed of the N-acetylated 0S disaccharide
with smaller amounts of NS as well as minor amounts of disac-
charides containing O-sulfo groups. The bioengineering of
CHO-S cells to produce heparin requires decreasing N-acetyl-
containing disaccharides from 80 to 10% and increasing the
N-sulfo group-containing disaccharides from 20 to 90% while
enhancing the level ofO-sulfo groups and increasing structural
diversity. Thus, a balancing of the activities of the required bio-
synthetic enzymes is critical in the bioengineering of CHO-S
cells to prepare heparin.
Structure, expression, localization, and substrate availability

are crucial for the proper activity of biosynthetic enzymes. The
incorporation of sulfo groups into HS occurs within the Golgi.
With the exception of HS3sts, all of the HS modification
enzymes, including NDSTs, GLCE, HS2st, and HS6sts, have
transmembrane domains causing them to localize within the
Golgi (3). HS3st1 is crucial for generating the AT-binding site
in both HS and heparin. Indeed, mice deficient in HS3st1 lack
anticoagulant heparin production in their mast cells (34, 35),
yet HS3st1 is a soluble Golgi-resident protein with a small
transmembrane domain.
In our previous study, CHO-S cells were stably transfected

with human NDST2 and mouse Hs3st1 (to produce 40 dual
expression clones) (Fig. 2a), and the expression levels of HS3st1
and NDST2 were evaluated (39). Characterization of two dual
clones, Dual-29 andDual-3, showed anHSwith a high percent-
age of N-sulfo group-containing disaccharide residues (39). In
this study, we began by screening the disaccharide composition
of HS produced in the dual clones from cell pellets (Fig. 2b) and
spent media (data not shown). In parallel, the expression and
localization of NDST2 and HS3st1 were evaluated (Fig. 3). The
parent CHO-S cells showed no detectable HS3st1 and NDST2
(Fig. 3), and the HS disaccharide composition was dominated
by unsulfated disaccharides (0S) (Fig. 2b). Screening of dual
clones that express variable levels of HS3st1 and NDST2
showed that the bioengineeredHS compositionwas dominated
by NS, in conjunction with diverse ratios of NS, NS2S, and 0S
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disaccharides (Fig. 2b). In Dual-29 cells, which express a high
level of HS3st1 and NDST2, HS3st1 showed a broad distribu-
tion (Fig. 3); however,NDST2was localized in theGolgi (Fig. 3).
The disaccharide composition of Dual-29 cells also included
TriS in addition to the NS, NS2S, and 0S observed in all of the
dual clones. In contrast, in Dual-10 cells, which express a
lower level of HS3st1, HS3st1 was correctly localized to the
Golgi (Fig. 3) and contained the highest level of 0S. All of the
dual clones afforded an HS that was much higher in NS
disaccharide content compared with the parent CHO-S cell
HS or heparin (Fig. 2b).
Expression of Golgi-targeted HS3ST1 in CHO-S Cells Results

in Remodeling of the Proteoglycanome of Bioengineered CHO-
gt31 Cells—Because of the variability of the individual dual
clones, bulk pool stable CHO-S cell transfectants with Golgi-
targeted HS3st1 were created to ensure the correct localization
ofHS3st1 (Fig. 2, c and d). TheseCHO-gt31 cells showedGolgi-
localized expression of HS3st1 but no detectable expression of
NDST2 compared with Dual-29 cells (Fig. 3).
HS GAGs were isolated and purified from CHO-S, CHO-

ndst2, Dual-29, andCHO-gt31 cell lines and subjected to disac-
charide composition analysis byAMAC/LC-MS. Because of the
absence of detectable NDST2, the HS from the CHO-gt31 cells
had a disaccharide composition with considerably less
N-sulfo group-containing disaccharides (�40%) than either
the NDST2 stable clone or any of the dual transfectants (Fig.
2d). TheHS from the CHO-gt31 cells wasmore varied in disac-
charide composition, composed of seven different disaccha-
rides, richer in TriS disaccharides, and more structurally simi-
lar to heparin than any of the dual transfectants (Table 1). To
our surprise, by correctly targeting HS3st1 and without intro-

ducing exogenous NDST2, it appeared that we may have
increased the action of the endogenous CHO cell NDST1,
GLCE, HS2st, and HS6sts. In addition, this observation is con-
sistent with the results obtained using a mastocytoma cell line,
where up-regulation of HS3st1 in a Furthmurinemastocytoma
cell line resulted in generation of AT-binding sites and an
increase in TriS HS disaccharides (45, 46). These data suggest a

FIGURE 2. CHO-S dual clones demonstrate highly N-sulfated heparin/HS.
a, metabolic engineering strategy showing that CHO-S cells were first bioen-
gineered to stably overexpress NDST2 before being stably transfected with
HS3st1 to prepare 40 stable dual clones. b, HS disaccharide composition anal-
ysis performed on GAGs isolated from CHO-S, CHO-ndst2, and dual clones.
Heparin/HS disaccharide composition analysis was performed on GAGs iso-
lated from the cell pellet. All of the dual clones showed highly N-sulfated HS.
Expression of NDST2 and HS3st1 varied among the selected clones (Dual-3,
Dual-10, Dual-20, Dual-22, and Dual-29). c, metabolic engineering strategy
showing CHO-S cells stably transfected with Golgi-targeted HS3st1 plasmid.
d, HS disaccharide composition analysis performed on GAGs isolated from
parental CHO-S and CHO-gt31 cell pellets. CHO-gt31 cells demonstrated an
increase in TriS. HS disaccharide analysis was performed by AMAC/LC-MS.
Heparin was used as a positive control.

FIGURE 3. Expression and localization of HS3st1 and NDST2 in CHO-S,
Dual-29, Dual-10, and CHO-gt31 cells. Overexpression of HS3st1 in Dual-29
cells resulted in a broad distribution of HS3st1. Overexpression of HS3st1 in
Dual-10 cells localized HS3st1 in the Golgi. Overexpression of Golgi-targeted
HS3st1 in CHO-gt31 localized HS3st1 in the Golgi. NDST2 was localized in the
Golgi. DAPI was used to visualize nuclei, and anti-GM130 Golgi marker antibodies
were used to stain the Golgi compartment. Colocalization experiments were per-
formed using confocal microscopy. Dual-29 cells were used as the positive con-
trol. For imaging, signal intensities were adjusted for Dual-29 cells, and other cells
were imaged at the same frequencies and configurations.
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previously unknown concerted interplay between the HS bio-
synthetic enzymes.
Heparin/HS andCS/DSbiosynthesis beginswith initiation of

a tetrasaccharide linker on serine-rich residues in core proteins.
The fate of the tetrasaccharide linker to form heparin/HS or
CS/DS depends upon the addition of the next monosaccharide
to the glucuronic acid residue. The addition ofGalNAc initiates
the polymerization of CS/DS (3). Polymerization of CS/DS is
followed by modification of the nascent CS/DS chain, namely
(a) epimerization of GlcUA to form IdoUA by action of GlcUA
C5-epimerase and (b) sulfonation at positions 4 and 6 of
GalNAc residues and at position 2 of GlcUA residues. CS/DS
glycosaminoglycans are also found inCHOcells, andCHOcells
express CS/DS sulfotransferases, as evidenced by CS/DS sul-
fonation patterns in adherent CHO cells (47–49). As hepa-
rin/HS and CS/DS share similar resources, including precursor
molecules, uridine diphosphate sugars, and 3�-phosphoadeno-
sine 5�-phosphosulfate (PAPS), our next question was how up-
regulation of HS3st1 impacts CS/DS glycomics in CHO-gt31
cells (Fig. 4, a and b). To determine the effects of HS3st1 up-
regulation on the CS/DS pathway, total GAGs were isolated
from the cell pellet and purified. Total GAGs, heparin/HS, and
CS/DS were isolated from the cell pellet and quantified by car-
bazole assays and AMAC/LC-MS (Table 2). In wild-type
CHO-S cells, the primary GAGs were HS (3.33 �g/107 cells),
followed by CS/DS (0.44 �g/107 cells). In CHO-gt31 cells, the
amount of HSwas 3.68�g/107 cells, and that of CS/DSwas 0.36
�g/107 cells. The ratios of heparin/HS andCS/DS isolated from
cell pellets of CHO-S, CHO-ndst2, Dual-10, Dual-29, and
CHO-gt31 cells were similar (n� 2) (Fig. 4a). The variability in
the ratios of heparin/HS andCS/DS inCHO-gt31 cells was high
as expected, as the CHO-gt31 cells were bulk stable pools. The
CHO-gt31 cellswere created by stably transfectingCHO-S cells
with Golgi-targeted HS3st1 plasmid, resulting in a stable bulk
pool expressing varied amounts of exogenous HS3st1. Stable
transfection is the result of random integration of the expres-
sion vector in the daughter cell’s chromosome and may impact
other cellular processes directly or indirectly (36). The compo-
sition of CS/DSwas determined byAMAC/LC-MS. TheCS/DS
composition of CHO-S cells was simple, containing only a 4-O-
sulfo group (Fig. 4b). However, the CS/DS composition of
CHO-gt31 cells included mainly 4S CS/DS disaccharides and
increases in 0S, SB, and SE CS/DS disaccharides (Fig. 4b). The
changes in CS/DS glycomics were interesting, as similar

changes were not observed in the Dual-29 cell CS/DS compo-
sition; however, similar changes were observed in the CS/DS
composition in a mastocytoma cell line overexpressing exoge-
nous HS3st1 (45). These results further reiterate the complex
interplay of biosynthetic enzymes in the biosynthetic pathway
of proteoglycans in mammalian systems.
Heparin/HS and CS/DS proteoglycanomics is a non-tem-

plate-driven process. The up-regulation of HS3st1 in CHO-S
cells resulted in changes in proteoglycanomics in CHO-gt31
cells. In similar studies, the up-regulation of EXT1/2 glycosyl-
transferases, which have been associated with heparin/HS
chain elongation (40), showed changes in the heparin/HS and
CS/DS proteoglycanome in CHO-S cells, including increased
binding affinity for FGF-2 (Fig. 5). In a parallel study, transient
overexpression of HS2sts and HS6st1 in CHO-ndst2 cell lines
showed a significant increase in the 2-O-sulfo and 6-O-sulfo

TABLE 1
Quantification analysis of heparin/HS disaccharides by AMAC-LC/MS
HS was isolated from wild-type CHO-S, CHO-ndst2, Dual-10, Dual-29, and CHO-gt31 cell pellets. CHO-S cells were stably transfected with human NDST2 to form the
CHO-ndst2 cell line, which was subsequently stably transfected with mouse HS3st1 to form the Dual-29 and Dual-10 cell lines. CHO-S cells stably transfected with
Golgi-targeted mouse HS3st1 formed the CHO-gt31 cell line. Heparin was used as a positive control. The results represent the mean � S.D. (n � 2–3 independent
experiments). ND, not determined.

Sample
Heparin/HS

TriS NS6S NS2S NS 2S6S 6S 2S 0S

%mol
CHO-S cell pellet (n � 2) 2.6 � 3.7 ND 1.6 � 2.3 12.7 � 3.5 ND 2.7 � 0.9 ND 80.4 � 10.6
CHO-ndst2 cell pellet (n � 2) 1.3 � 0.1 1.7 � 0.4 16.5 � 0.9 70.6 � 1.8 ND 9.9 � 0.4 ND ND
Dual-10 cell pellet (n � 2) 0.7 � 0.4 0.6 � 0.7 10.1 � 4.7 72.7 � 11.2 ND ND ND 15.9 � 17.7
Dual-29 cell pellet (n � 2) 2.8 � 0.1 ND 5.1 � 0.4 88.1 � 2.5 ND ND ND 4.3 � 4.3
CHO-gt31 cell pellet (n � 3) 9.7 � 6.8 1.1 � 0.1 6.3 � 2.9 17.1 � 2.0 ND 1.5 � 0.1 2.7 � 1.2 61.6 � 8.0
CHO-gt31 spent medium (n � 2) 10.9 � 6.4 1.7 � 1.2 5.7 � 1.2 14.0 � 0.1 ND 1.8 � 0.0 2.1 � 1.2 63.8 � 7.5
Heparin 75.3 10.4 5.1 2.3 0.8 3.2 1.8 1.1

FIGURE 4. CS/DS structural glycomics of CHO-S, CHO-ndst2, Dual-10,
Dual-29, and CHO-gt31 cells. a, ratio of HS and CS/DS from total GAGs iso-
lated from cell pellets. Data represents the mean � S.D. (n � 2). b, CS/DS
disaccharide composition analysis.

TABLE 2
Amount of total GAG, heparin/HS, and CS/DS in cell pellets

GAG CHO-S cells CHO-gt31 cells

GAGs (�g/107 cells) 3.77 4.04
Heparin/HS (�g/107 cells) 3.33 3.68
CS/DS (�g/107 cells) 0.44 0.36
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group-containing bioengineered HS and little or no changes in
the CS/DS composition (data not shown). On the basis of the
results obtained from the disaccharide analysis of bioengi-
neered heparin/HS in this study, we hypothesize that hepa-
rin/HS biosynthetic enzymesmay interact indirectly or directly
to regulate the composition of heparin/HS and that bioengi-
neering the heparin pathway in CHO cells would require
controlled regulation of heparin/HS biosynthesis, including
polymerization (glycosyltransferases) and modification pro-
cesses. In addition, the levels of sulfation of GAGs depend upon
the rate of synthesis, and in a parallel experiment (data not
shown), we observed that the heparin/HS composition of

GAGs isolated from spent media in CHO-S and Dual-29 cells
varied depending on culture duration.
Fractionation of HS GAGs by Strong Anion Exchange Chro-

matography Demonstrates the Existence of Distinct Populations
of Sulfated HS in Wild-type and Recombinant CHO Cells—
Next, the HS isolated from wild-type CHO-S, Dual-10, Dual-
29, and CHO-gt31 cell pellets was fractionated by ion exchange
chromatography to remove less sulfated HS chains (released
with low salt) to provide a better understanding of the HS sul-
fation level (Fig. 6a) (42). The CHO-S, Dual-10, Dual-29, and
CHO-gt31 cell pellets contained two populations of HS GAG
chains (Fig. 6b). The CHO-S cell pellet contained 72% less sul-
fated HS chains and 28% highly sulfated HS. The Dual-10 cell
pellet, with low expression of NDST2 and HS3st1, contained
34% less sulfated HS chains and 66% highly sulfated HS. The
Dual-29 cell pellet, with high expression ofNDST2 andHS3st1,
contained 6% less sulfated HS chains and 94% highly sulfated
HS. Despite their high content of more highly sulfated HS
chains (released with high salt), tetrasaccharide analysis of the
fractionated HS from the Dual-29 and Dual-10 cell pellets did
not demonstrate the presence of 3-O-sulfo groups. Moreover,

FIGURE 5. Proteglycanomics (GAGs from the cell pellet) of wild-type
CHO-S cells and CHO-S cells overexpressing EXT1, EXT2 and EXT1/2 bio-
synthetic enzymes. a, HS GAGs were isolated from the cell pellet, and HS
disaccharide composition was analyzed by AMAC/LC-MS. An increase in TriS
HS disaccharides, suggestive of elevated action of N-, 2-O-, and 6-O-sulfo-
transferases, was observed in CHO-S cells overexpressing EXT2 (CHO-ext2)
and EXT1 and EXT2 (CHO-ext1/2). b, CS/DS GAGs disaccharide analysis. An
increase in 0S CS disaccharides was observed in CHO-S cells overexpressing
EXT1 and EXT2. c, percentage of HS and CS/DS GAGs. An increase in CS/DS
GAGs was seen in CHO-S cells overexpressing EXT1 and EXT2. d, normalized
binding activity of AT and FGF-2 in wild-type, EXT1-overexpressing, EXT2-
overexpressing, and EXT1/2-overexpressing CHO-S cells by flow cytometry
(n � 10000 events). wrt, with respect to.

FIGURE 6. Fractionation of GAGs by strong anion exchange chromatog-
raphy demonstrates the existence of different populations of sulfated
HS in wild-type and recombinant CHO cells. The CS/DS GAGs were
removed from the preparation before heparin/HS GAG quantification. a,
experimental design showing that total GAGs were isolated from cell samples
and subjected to a salt gradient. Fraction 1 (eluted at 0.5 M NaCl) contained
mainly less sulfated HS GAGs, and Fraction 2 (eluted at 1.6 M NaCl) contained
mainly highly sulfated heparin/HS GAGs. b, quantification of Fractions 1 and
2. c, disaccharide profile of fractionated GAGs from Fraction 1. d, disaccharide
analysis of fractionated GAGs from Fraction 2. The composition of pharma-
ceutical heparin is shown in both c and d for comparison.
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the major structure in the dual expression cell lines was not the
TriS disaccharide found in heparin but the NS disaccharide
(Fig. 2b). This suggests that the expression level of NDST2may
be too high, possibly overwhelming the actions of other
enzymes. It has been hypothesized that NDST is involved in the
termination of sulfonation in heparin/HS (28), and it may be
that overexpression of NDST terminates the sulfonation of HS
before the O-sulfotransferases can act on the HS chain. The
GAGs from the CHO-gt31 cell pellet contained 42.5� 29% less

sulfated HS chains and 57.5 � 29% highly sulfated HS (mean �
S.D., where n � 2 independent bulk pool CHO-gt31 stable
transfectants), suggesting that some HS GAG chains from
CHO-gt31 cells were undersulfated.
Next, the composition of the fractionated heparin/HS from

Dual-10, Dual-29, and CHO-gt31 cells was analyzed (Fig. 6, c
and d). Fig. 6c shows the composition of theGAGs recovered by
elution with 0.5 M NaCl (Fraction 1). Fig. 6d shows the compo-
sition of the GAGs recovered by elution with 1.6 M NaCl (Frac-

FIGURE 7. Oligosaccharide mapping of bovine lung heparin and HS GAGS from CHO-gt31, Dual-29, Dual-10, and wild-type CHO-S cells by AMAC/
LC-MS analysis. a, tetrasaccharide structures in CHO-S, Dual-29, Dual-10, and CH-GT31 cell pellets are compared with bovine lung heparin. b, structures were
assigned by MS analysis. The degree of sulfation of tetrasaccharide structures increased in successive tetrasaccharides, i.e. T1 � T2 � T3 � T4 � T5.
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tion 2). As expected, GAGs recovered in Fraction 1 (Fig. 6c) had
less sulfated HS GAGs compared with the highly sulfated HS
GAGs recovered in Fraction 2 (Fig. 6d). The main GAG recov-
ered from the CHO-S cell pellet in 0.5 M NaCl (Fraction 1)
consisted mainly of less sulfated HS (Fig. 6c). The sulfated hep-
arin/HS GAG from Fraction 2 of CHO-S cells was composed
mainly of 0S, NS, and NS2S disaccharides (Fig. 6d). However,
the HS from Dual-10 and Dual-29 cells consisted primarily of
NS disaccharides (Fig. 6, c and d). The CHO-gt31 cells also
contained two populations of HS GAGs. Notably, there was a
significant increase in the TriS heparin/HS in Fraction 2. The
failure of any of the engineered cell lines to showpredominantly
trisulfated GAGsmight be the result of sulfate limitation in the
media or limitation of the required biosynthetic enzymes, chap-
erones, or core proteins.
Role of HS3st1 Expression in Generation of the AT-binding

Site in HS GAGs—Next, we turned our attention to the role of
HS3st1 expression in the biosynthesis of the AT-binding site.
When pharmaceutical heparins are treated with heparin
lyase-2, as many as five tetrasaccharides are formed, with 3-O-
sulfoglucosamine at their reducing ends (50). These correspond
to a structural signature of the AT-binding site structural variants
correlating with the anticoagulant activity of heparin (44). A tet-
rasaccharide analysis was performed on heparin lyase-2-treated
HS fromCHO-S,Dual-29,Dual-10, andCHO-gt31cells andspent
media. Only CHO-gt31 cells (3.2%) (Fig. 7) and spent media
(0.6%) affordedHSwith a heparin lyase-2-resistant tetrasaccha-
ride of the structure �UA-GlcNAc6S-GlcUA-GlcNS3S, con-
sistent with the action of HS3st1 creating an AT-binding site in
HS fromCHO-gt31 cells (Table 3). Based on biochemical stud-
ies and the crystal structure of the ternary complex of HS3st1
with PAPS and an HS oligosaccharide, HS3st1 has a known
substrate specificity that indicates that it can act on GlcN(Ac/
S)6(S/OH)-GlcUA-GlcNS3OH(6S/OH)-IdoUA2S-GlcNS(6S/OH)
(51), resulting in as many as the five structural variants of AT-
binding sites observed in pharmaceutical heparins (44). Although
CHO-gt31 cells and spent media contain an HS with a
GlcNAc6S-GlcUA-GlcNS3S6S-IdoUA2S-GlcNS(6S/OH) AT-
binding site, these cells have only exogenous HS3st1; endogenous
levels of NDST1, HS2st, GLCE, and HS6sts; and no detectable
levels ofNDST2 (38, 39).Thus, it is surprising that the overexpres-
sion of Golgi-targeted HS3st1 in CHO-S cells resulted in the for-
mation of this AT-binding site.

Biological Characterization of Bioengineered Heparin/HS
fromCHO-gt31 Cells—CHO-gt31 cells produce anHS contain-
ing a GlcNAc6S-GlcUA-GlcNS3S6S-IdoUA2S-GlcNS(6S/OH)
AT-binding site, comprising 4% of the total HS isolated from
the cell pellet (Table 3). The anticoagulant activity was assessed
using an anti-factor Xa chromogenic assay, which determines
the ability of the GAG to bind to and mediate the AT inactiva-
tion of factor Xa. The activation of AT by heparin relies on a
bridging mechanism for thrombin and is sensitive only to
conformational change (allosteric) for factors Xa and IXa.
Pharmaceutical heparin from different sources has differential
amounts of AT-binding sites and exhibits some differences in
anti-factor Xa activity (44). The highly N-sulfated HS from
Dual-29 cells does not contain any 3-O-sulfo groups as deter-
mined by tetrasaccharide analysis and thus does not contain
AT-binding sites and shows a relatively low anti-factor Xa
activity (2–4 units/mg) (39). The wild-type CHO-S cell unsul-
fated HS similarly shows no evidence of AT-binding sites and
an anti-factor Xa activity of 0.2 units/mg. The HS isolated from
CHO-gt31 cells was fractionated to obtain Fraction 1 (contain-
ing less sulfated HS chains) and Fraction 2 (containing highly
sulfated heparin/HS-like GAG). The anti-factor Xa activity of
the two fractions was measured (Fig. 8). Fraction 1 had an anti-
factor Xa activity of 0.6 � 0.5 units/mg, whereas Fraction 2
showed an anti-factor Xa activity of 137 � 36 units/mg. The
anti-factor Xa activity of pharmaceutical heparin is 	180
units/mg (44).
Conclusions—HS3st transfers a sulfo group fromPAPS to the

3-OHofN-sulfoglucosamine to form 3-O-sulfo-N-sulfoglucos-
amine-containing (GlcNS3S�6S) HS chains. In vivo, HS can be

FIGURE 8. Anti-factor Xa assay. Bioengineered HS from CHO-gt31 cells was
fractionated, and anti-factor Xa activity was assessed with heparin as the con-
trol. Values are the mean � S.E. (n � 3).

TABLE 3
Quantification of the total amount of 3-O-sulfo group-containing oligosaccharides in total heparin/HS in bovine lung heparin and HS GAGs
isolated from the cell pellets and media of wild-type CHO-S, Dual-29, and CHO-gt31 cells
The degree of sulfation of T1 � T2 � T3 � T4 � T5 increases is as follows: T1 � �UA-GlcNAc6S-GlcA-GlcNS3S, T2 � �UA-GlcNS-GlcA-GlcNS3S6S, T3 �
�UA-GlcNS6S-GlcA-GlcNS3S, T4 � �UA-GlcNAc6S-GlcA-GlcNS3S6S, and T5 � �UA-GlcNS6S-GlcA-GlcNS3S6S. The results represent the mean � S.D. (n � 2).

Sample
3-O-Sulfated oligosaccharide fraction Total amount of 3-O-sulfated oligosaccharide

fractions in total heparin/HST1 T2 T3 T4 T5

%
Bovine lung heparin � � � � � 4.00 � 1.41
CHO cell pellet � � � � �
CHO spent medium � � � � �
Dual-29 cell pellet � � � � �
Dual-29 spent medium � � � � �
CHO-gt31 cell pellet � � � � � 3.20 � 0.57
CHO-gt31 spent medium � � � � � 0.6
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modified by seven different HS3st isoforms that exhibit differ-
ent physiological and pathophysiological functions (52, 53).
HS3st1 has been shown to be critical in forming the AT-binding
site on anticoagulant HS and heparin. In previous studies, in an
effort to bioengineer heparin in CHO cells, two critical enzymes,
NDST2 and HS3st1, were stably overexpressed in suspension-
adaptedCHO-S cells, resulting in 40 stable dual clones (39). Char-
acterization of two dual clones (Dual-3 and Dual-29) showed that
the bioengineered HS from these cells was highly N-sulfated but
showed only modest increases in anti-factor Xa activity. These
results suggest a low activity of HS3st1 compared with its expres-
sion level and imply either that HS3st1 is inactive or there is a
limitation inHS3st1 substratesorchaperones.Thesequestions led
us to probe factors that might impact HS3st1 activity in bioengi-
neered CHO-S cells.
The results from this study confirmed the activity of HS3st1

in transfectedCHO-S cells (bioengineeredCHO-gt31 cells). HS
from bioengineered CHO-S cells with Golgi-targeted HS3st1
(CHO-gt31 cells) showed the presence of a tetrasaccharide that
is a structural signature of the AT-binding site and demon-
strated the stable overexpression of Golgi-targeted HS3st1 in
these cells. It is still unclear, however, why only a single type of
AT-binding site was observed instead of themultiple AT-bind-
ing sites characterized from animal-sourced pharmaceutical
heparins. One might speculate that the controlled expression of
othermodification enzymes inCHO-S cells, specificallyNDST2,
HS6sts, GLCE, andHS2st, will be needed to produce anHSwith
a heparin-like disaccharide composition having multiple AT-
binding sites. Moreover, this study showed that overexpression
of N-sulfotransferase reduced the action of HS3st1 in CHO-S
cells (e.g. in bioengineered dual clones), indicating that con-
trolled expression of HS enzymes will be crucial for obtaining
heparin-like GAGs from CHO cells. In addition, HS3st1
expression in CHO-gt31 cells also resulted in an increase in
TriS HS disaccharides in the HS isolated from the cell pellet.
TriS HS disaccharide formation is a result of the action of N-,
2-O-, and 6-O-sulfotransferases, indicating that overexpression
of Golgi-targeted HS3st1 in CHO-S cells can increase the
action of other sulfotransferases.
Heparin/HS biosynthesis involves a non-template-driven

process. The EXT glycosyltransferases are involved inHS chain
elongation during heparin/HS biosynthesis (40), affecting
NDST activity (54), which in turn impacts the CHO-S pro-
teoglycanome. The HS3st1 heparin/HS biosynthetic enzyme
has been postulated to work in the final step of the heparin/HS
biosynthetic pathway (4, 39); however, the current study sug-
gests a previously unknown interplay between HS3st1 and
upstream HS biosynthetic enzymes. In conclusion, it appears
that the production of biopharmaceutical heparin in CHO cells
will require the controlled regulation of heparin/HS polymeri-
zation (glycosyltransferases) and modification processes.
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